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Preface

Protein-based therapeutics constitute an important class of drugs used for the
treatment of multiple diseases, including cancers, genetic disorders, autoimmune
diseases, and infectious diseases. In recent years, significant progress and
advancements have been made in the techniques and approaches used for the
production, modification, qualitative analysis, and delivery of therapeutic proteins.
Novel design and delivery strategies of therapeutic proteins have improved signifi-
cantly, triumphing many drawbacks, challenges, and issues. One of the critical
challenges for protein-based therapeutics is poor membrane permeability, whereas
another challenge is poor in vivo stability and short half-life. Advances in structural
biology, recombinant biology, biochemistry, biophysics, drug design and discovery,
synthetic biology, and pharmacogenomics have endowed new landmarks for peptide
drug discovery, synthesis, and clinical applications. Today, a large number of
approved therapeutic proteins are available in the market for clinical applications,
and many are in the clinical, preclinical, or development phases. The global market
and demand for therapeutic proteins are increasing rapidly, but the manufacturing
and production of protein-based therapeutics are highly complex processes. A
detailed comprehension of pathways targeted by therapeutic proteins and issues
related to safety and efficacy are significant from an application point of view.
This book provides a thorough and descriptive knowledge of various topics related
to protein-based therapeutics, such as their clinical applications, methods and
strategies to design, recombinant production, antibodies as protein therapeutics,
success history of streptokinase, formulation and systemic delivery strategies,
biochemical targets, pharmacogenetic biomarkers, immunogenicity, safety and effi-
cacy issues, emerging trends and challenges in the field of protein therapeutics,
biosimilar, biobetter, and biosuperior protein therapeutics, and therapeutic protein-
based vaccines. The chapters discuss diverse aspects of protein-based thera-
peutics, their production, application, delivery, safety, efficacy, immunogenicity,
and pharmacogenomic information.

The book has been written considering the demand for researchers and students
looking to study disease treatment using proteins as therapeutic agents. It includes
a large number of figures and illustrations for a better and clearer understanding.
The collection will also help provide insights into therapeutic proteins for post-
graduate and research students studying drug design, discovery, and development,
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pharmacology, pharmaceutics, pharmacogenomics, medicinal chemistry, biochem-
istry, structural biology, protein chemistry, etc. We are confident that the book will
be beneficial for readers to understand broad aspects of protein-based therapeutics.
We look forward to the valuable suggestions and feedback of readers related to the
content of this book.
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Siddharth Nagar, Uttar Pradesh, India Dev Bukhsh Singh
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Introduction to Protein Therapeutics 1
Monika Jain, Ankit Kumar, Rameez Jabeer Khan, Rajat Kumar Jha,
Ekampreet Singh, Jayaraman Muthukumaran,
and Amit Kumar Singh

Abstract

Proteins are a group of biomolecules that serve as functional and structural
constituents of cells. The 20 standard amino acids combine to synthesize poly-
peptide chains, and their sequence in protein offers insights into their three-
dimensional structure and biological roles, which depend on their physical
interaction with other molecules. Proteins function as hormones, enzymes, and
cytokines and play a crucial role in biological pathways and intercellular commu-
nication. Therapeutic proteins are drugs that are recombinantly modified versions
of naturally existing human proteins. The complicated structure of proteins can be
portrayed in multiple ways to aid scientists in studying their properties. The use of
therapeutic proteins in treating cancer, HIV, and other disorders is common. Here,
we introduce the functional aspects of therapeutic proteins and their applications.
Moreover, we discuss the available computational resources for studying thera-
peutic proteins and their related information.
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1.1 Introduction

Proteins are the most innumerable biological macromolecules in all cells and
subcellular organelles. They exhibit great diversity in terms of structure and function
even within a single cell [1]. These complex biopolymers are comprised of simple
monomeric units known as amino acids. The twenty universal amino acids are
utilized inside a cell for protein synthesis. The amino acids are linearly joined via
covalent peptide bonds to form proteins. By different combinations of the amino
acid monomers, cells can generate a vast diversity in protein functionality [2, 3].

1.1.1 Structural Organization of Proteins

Proteins exhibit different levels of complexity in their structure. Protein architecture
is categorized into four levels: primary, secondary, tertiary, and quaternary, with the
intricacy of the structure increasing as we progress up the hierarchy (Fig. 1.1). The
primary structure of proteins depicts the sequence of amino acids in which they are
arranged in a particular protein. It describes the covalent bonds that link amino acids
(peptide bonds). The secondary structure informs about the spatial arrangement of
amino acids for a particular segment of protein. Interaction with other segments of
proteins and positioning of side chains is not considered while describing the
secondary structures. There are different types of secondary structures that are stable
and are observed in proteins; these include α-helices, β-sheets, coils, turns, etc.
[4, 5].

α-helix is the principal secondary structural element commonly found in almost
all proteins. This structure is formed around an imaginary central axis running
longitudinally. There are 3.6 amino acid residues in one turn of the helix, with one
complete turn of the helix being 5.4 Å in length. The α-helix could be either right-

Fig. 1.1 Structural organization of proteins
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handed or left-handed. However, the right-handed alpha helix is most common in
proteins. The stability of α-helical structures is mainly contributed by intramolecular
hydrogen bonding. The hydrogen bonds are formed between the hydrogen atom
linked to the electronegative nitrogen atom of nth to the carbonyl group oxygen of
the n+4th amino acid residue [4, 2]. Other helices sometimes observed in protein
structures are π helix and 310 helix. In the π helix, the hydrogen bond is formed
between the first and fifth amino acid residues, while, in the 310 helix, the first and the
third residues are involved in hydrogen bonding [4, 3]. The β pleated sheets are
formed when hydrogen bonding (intermolecular) forms between neighboring poly-
peptide chains. Here the backbone of the polypeptide acquires a zigzag shape, giving
the overall structure a pleated (ridge-like) appearance. β sheets possess two different
orientations of polypeptide strands in their structure, parallel and antiparallel [4, 3]. β
turns are found in globular proteins with compact folded structures. Few residues are
present in turns or loops where the polypeptide chain reverses its direction. β turns
are the most common type of nonrepetitive structures and constitute, on average,
25% of the protein structure [6]. Protein stability, molecular recognition, and protein
folding rely heavily on the formation of β turns. β turns are the linking components
that connect consecutive helix or conformation turns. Four amino acid residues
rotate 180° degrees in the turn structure. The first residue’s carbonyl oxygen creates
a hydrogen connection with the amino group hydrogen in the fourth. Interhydrogen
bonding connection does not occur between the peptide groups of the two core
residues [2, 7].

The tertiary structure of proteins is an all-inclusive three-dimensional silhouette
of protein. This structure is the collective result of interactions among side chains of
amino acid residues, hydrophobic interactions, hydrogen bonding, ionic interactions,
and weak Van der Waals forces [8]. The hydrophobic interaction is a key player in
the proper folding of protein to its tertiary structure. As discussed earlier, the amino
acid side chains exhibit different properties; they may be polar, nonpolar, or charged.
Being hydrophobic, nonpolar amino acids aggregate toward the interior of proteins,
and the polar and charged residues, which are hydrophilic, accumulate toward the
periphery. Inside the core of the tertiary structure, the nonpolar amino acids come
close enough to provide an opportunity for weak van der Waals forces to play a role
in protein stabilization. Hydrogen bonding and ionic interactions between polar and
charged amino acids also play a part in structure stabilization. When proteins fold,
cysteine residues are brought in close proximity to each other, allowing their
sulfhydryl groups to form disulfide linkages. The disulfide bonds further enhance
the overall stability of protein structure [9–11].

Quaternary structure is found in proteins that are composed of more than one
polypeptide chain (subunits). These subunits interact in a specific geometric fashion.
The conformational organization of multiple protein subunits in 3D space is called
quaternary structure. The subunits can be either identical or different and can work
independently or in conjunction to carry out a particular function [12].
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1.2 Functions of Proteins

Proteins have a wide range of functionality inside cells. They are involved in
almost every biochemical reaction occurring inside biological systems. Enzymes
that act as biocatalysts and catalyze biological reactions inside the cell are
proteins, for example, alcohol dehydrogenase (oxidoreductases), methyltransferase
(transferases), aminopeptidase (hydrolases), aldehyde-lyases (lyases), glutamate
racemase (isomerases), and DNA ligase (ligases) [2]. Proteins also function as
hormones, which act as chemical messengers to regulate physiological processes.
Insulin, glucagon, and growth hormone are some examples of peptide hormones
[13]. Receptors present on the surface of cells that aid in cell-to-cell communication
are also proteins, such as GPCRs [14], hormonal receptors, and cell-specific markers
such as CD4 helper T cells and CD8 cytotoxic T cells [2]. Proteins also act as
transporter molecules to aid in the movement of other molecules, atoms, or other
chemical substances across the cell membrane, such as ABC transporters and ion
channels [15]. Various biological roles of proteins are shown in Fig. 1.2. The
biological functions are determined by how it interacts with other molecules.
Ligands bind to protein receptors present on cells for cellular communication
and play a vital part in biochemical processes and intercellular interactions. Proteins
play an essential role in the protection against harmful substances and diseases.
All life forms, including plants, bacteria, and mammals, possess these defense
proteins.

Fig. 1.2 Important biological
roles of proteins
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1.3 Therapeutic Proteins

Therapeutic proteins are medicines that are recombinantly modified versions of
naturally existing human proteins. The three-dimensional structure of a protein can
be used to study its interactions and functions. The use of therapeutic proteins in the
treatment of cancer, HIV, and other disorders is common. Major therapeutic proteins
include monoclonal antibodies, interferons, and cytokines. The US FDA has
approved over 100 therapeutic proteins widely utilized to treat diseases such as
cancer, diabetes, anemia, and infections. Engineered protein scaffolds, antibodies,
bone, anticoagulants, blood factors, Fc fusion proteins, enzymes, hormones,
interferons, morphogenetic proteins, interleukins, growth factors, and thrombolytics
are among the molecular categories of therapeutic proteins [16]. Therapeutic
proteins have transformed disease treatment as they are highly effective in vivo.
Protein treatments aid a precisely targeted therapeutic process by correcting for a
crucial protein deficiency, allowing for a more tailored approach to treatment.
Protein therapeutics, compared to small molecule drugs, offer superior binding
selectivity and specificity, allowing them to target specific phases in disease patho-
physiology. Most drugs used to suppress the immune response in long-term inflam-
matory diseases were restricted to small molecule drugs like corticosteroids and
cyclosporine A before the introduction of protein therapies. However, therapeutic
proteins work broadly and indiscriminately to block both beneficial and detrimental
immune responses, resulting in substantial adverse effects [17]. With the advent of
recombinant DNA (rDNA) technology, various human proteins have been
commercialized. In addition, many human proteins are now expressed heterolo-
gously in bacteria, yeast, or mammalian systems and are available to treat various
diseases [18].

However, there are various advantages of protein therapeutics, such as (i) they
have a sophisticated and highly specialized set of functions, (b) there is a lower risk
of interfering with normal biological processes and causing negative consequences,
and (c) immune responses are less likely to be elicited, and the drug is well tolerated,
and (d) gene therapy is not required for effective replacement therapy. The mode of
action of protein therapeutics depends on the pathology of the disease. First, if some
unwanted extracellular molecule like cellular metabolite exists, the therapeutic
protein (such as some enzyme) can degrade it. Secondly, if there is a protein
deficiency in the body, external therapeutic protein can restore its deficiency and
the health of the individual. Thirdly, if there are improper signaling or immune
responses, therapeutic proteins can act as activators or inhibitors of receptors,
triggering these responses. In contrast to small-molecule medications, therapeutic
proteins cannot diffuse across cell membranes due to their large size. As a result,
they are mostly used after cell surface receptors or extracellular substances.

Engineering therapeutic proteins involves various strategies considering their
half-life in the body, shelf life, immunogenicity, pharmacokinetics, and pharmaco-
dynamics. These involve the use of fusion proteins and posttranslational or chemical
modifications. For example, glycosylation helps increase the size of protein, which
in turn reduces renal clearance. It can also enhance the solubility and stability,
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thereby increasing the half-life of the protein. Similarly, chemical modification can
be done by PEGylation, where polyethylene glycol is attached to drug molecules,
therapeutic proteins, or vesicles, both covalently and noncovalently, to increase the
half-life of protein therapeutics.

1.3.1 Classification of Therapeutic Proteins

Therapeutic proteins can be classified based on function, clinical applications, and
pharmacological properties [17]. In general, the therapeutic proteins are classified
into four groups, which are as follows:

1.3.1.1 Group I: Therapeutic Proteins with Enzymatic Activity
This includes the classic strategy of replacing the deficient enzyme or protein that
causes a particular disorder or disease. Protein hormones, such as human growth
hormone and insulin, are well-known examples of group I therapeutic proteins.
Insulin is used in the treatment of diabetes mellitus Type I (insulin dependent) and
Type II (insulin independent). There are various analogues of insulin available that
are produced by genetic engineering. They differ in amino acid sequence and
chemical modifications. Examples are long-acting insulin glargine, diarginyl insulin,
and fast-acting insulin lispro [19]. Recombinant human growth hormone (rhGH) is
used to treat various diseases resulting from its deficiency [20]. Other examples
include lactase for patients lacking this enzyme in the gastrointestinal (GI) tract and
blood clotting factors in hemophiliacs.

The second strategy in this group involves enhancing the magnitude or
modulating the expression timing of a particular normal protein. For example,
recombinant erythropoietin released by the kidney stimulates RBC production in
the bone marrow, especially in chemotherapy-induced anemia patients. Similarly,
patients with renal failure are also given this to help with anemia [21]. IVF
treatments also use the recombinant follicle-stimulating hormone that leads to the
maturation of a large number of follicles and recombinant HCG to promote follicle
rupture [22]. Another example is Alteplase (recombinant tissue plasminogen activa-
tor; tPA) for the treatment of blood clots.

The third approach in the group I category is to add a novel function to the
naturally occurring protein spatially and temporally. There are various examples of
such protein therapeutics. For example, recombinant human deoxyribonuclease I
(DNAse I) is used to clear leftover DNA in neutrophils in the respiratory tract of
patients suffering from cystic fibrosis [23]. Other examples include enzymes from
bacteria and yeast, such as collagenase, used in chronic dermal ulcers and severe
burns [24]. Similarly, botulinum toxin is used for dystonia and cosmetic purposes
[25]. A few group I therapeutic proteins are listed in Table 1.1 [17].

1.3.1.2 Group II: Therapeutic Proteins with Special Targeting Activity
Group II therapeutic proteins include two categories: (a) proteins that interfere with
some other molecules in the body and (b) molecules that are delivered at a specific
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Table 1.1 Few vital therapeutic proteins of the group I category

S. No. Therapeutic protein Role Trade name Clinical use

1. Insulin Replacement Humulin,
Glargine, NPH,
Lispro, etc.

Diabetes mellitus

2. Growth hormone Replacement Genotropin,
Norditropin,
Serostim, etc.

Growth failure due to
GH deficiency, Turner
syndrome

3. Factor VIII Replacement Bioclate,
Helixate,
Recombinate,
etc.

Hemophilia A

4. Lactase Replacement Lactaid Inability to digest
lactose

5. Human albumin Replacement Albumarc,
Albutein,
Plasbumin

Hypovolemia,
hyperbilirubinemia

6. β-Glucocerebrosidase Replacement Cerezyme Gaucher’s disease

7. Pancreatic enzymes Replacement Cotazym,
Pancrease

Cystic fibrosis,
pancreatic
insufficiency, etc.

8. Immunoglobulins Replacement Octagam Immunodeficiencies

9. Erythropoietin Augmenting
of existing
protein

Epogen Anemia due to renal
failure or
chemotherapy

10. Human follicle-
stimulating
Hormone (FSH)

Augmenting Follistim Assisted reproduction,
IVF

11. Human chorionic
gonadotropin
(HCG)

Augmenting Ovidrel Assisted reproduction,
IVF

12. Alteplase Augmenting Activase Myocardial infarction

13. Botulinum toxin type
A

Augmenting Botox Dystonia, cosmetic
uses

14. Collagenase Augmenting Santyl,
collagenase etc.

Dermal ulcers, burns,
etc.

15. Human
deoxyribonuclease I

Augmenting Pulmozyme Cystic fibrosis,
respiratory diseases

site in the body. Both these approaches are carried out by using monoclonal
antibodies (mAbs). The mAbs are a type of protein therapy that has revolutionized
preventive medicine and helped treat diseases like cancer, immune system disorders,
and viral infections. They are based on natural antibodies produced against foreign
particles and pathogens inside the body. Since the mAbs are made by a single clone
of B cells, they are monospecific and homogeneous. Natural antibodies are used as
antigen binders, and the binding domains of ligands are fused with the antibodies to
create a target-specific binder that triggers the immune system to destroy specific
cells or tissues. Many such mAbs have been constructed by rDNA technology. The
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mAbs are less likely to produce off-target effects due to their high affinity and
selectivity for their molecular target. This makes them especially valuable in experi-
mental models for determining the role of a target in disease pathogenesis. Currently,
the majority of approved fusion proteins are Fc fusions [26]. Many mAbs are used in
treating autoimmune disorders, such as Alemtuzumab for treating multiple sclerosis,
Benralizumab for asthma, and Ocrelizumab for rheumatoid arthritis and lupus
erythematosus. The mAbs can decrease the overactive immunological responses
that characterize autoimmune disorders by targeting distinct components of the
immune system. Many mAbs have been developed for the target-specific killing of
cancer cells by blocking some receptors and ligands. The main targets for therapeutic
mAbs are growth factor receptors that are upregulated in tumor cells, like epidermal
growth factor receptor and human epidermal growth factor receptor 2 (HER). For
example, Trastuzumab prevents dimerization and internalization of the HER2 recep-
tor, resulting in receptor endocytic degradation and activation of the immune system
in breast cancer. Cetuximab is a chimeric mAb used in the treatment of colorectal
and head and neck cancer [27].

The mAbs are also used to selectively deliver toxic compounds inside cancer
cells, for example, ibritumomab tiuxetan is an anti-CD20 mAb labeled with yttrium-
90 or indium-111 and used to treat non-Hodgkin’s lymphoma [28]. Some mAbs can
target the tumor microenvironment, thus preventing metastasis and angiogenesis.
Bevacizumab inhibits the binding of vascular endothelial growth factor (VEGF) to
receptors on vascular endothelial cells, thus preventing angiogenesis. Some mAbs
enhance antitumor immune response, such as ipilimumab and nivolumab. Many
mAbs are used in the treatment of infectious diseases, such as those caused by
cytomegalovirus, hepatitis A and B viruses, HIV-1, hepatitis B, Ebola, SARS-COV-
2, etc. [29]. Many more mAbs have been produced for antiplatelet therapy, migraine
prevention, treatment, and the production of immune complex vaccines for both
preventive and therapeutic vaccination. Various applications of mAbs are shown
in Fig. 1.3, and some examples of mAbs used as therapeutic proteins are given in
Table 1.2 [17]. A wide range of mAb-based techniques has shown to be effective in
treating the cancer patients. Examples include unlabelled IgG that attaches directly
to cancer cells, mAb that affects the active host response to cancer,
immunoconjugates that transport deadly moieties to cancer, and constructions that
leverage the specificity of mAb to retarget cellular immunity toward the cancer
cell [30].

1.3.1.3 Group III: Therapeutic Protein Vaccines
The group III category of therapeutic proteins includes three approaches:
(a) protection against deleterious agents, (b) treatment of autoimmune disorders,
and (c) cancer treatments. Adaptive immunity plays a vital role in the fight against
foreign particles and cancer cells. The cell-mediated immune response includes the
activation of T cells by antigen presentation. Various vaccines involve injecting
killed or attenuated pathogens or their proteins inside the body to generate an
immune response against them [31]. They have certain side effects, which can be
avoided by using therapeutic protein vaccines, which are highly target-specific.
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Fig. 1.3 Various clinical applications of monoclonal antibodies as protein therapeutics

Table 1.2 Few important therapeutic monoclonal antibodies

Monoclonal
antibody

1. Alemtuzumab CD52 Multiple sclerosis, B-cell chronic
lymphocytic leukemia

2. Adalimumab TNF-α Rheumatoid arthritis

3. Benralizumab CD125 Asthma

4. Ocrelizumab CD20 Rheumatoid arthritis, lupus erythematosus

5. Tocilizumab IL-6 receptor Rheumatoid arthritis

6. Bevacizumab VEGF Colorectal cancer

7. Trastuzumab HER2 Breast cancer

8. Cetuximab EGFR Head and neck cancer

9. Ibritumomab
tiuxetan

CD20 Non-Hodgkin’s lymphoma

10. Pembrolizumab PD-1 Melanoma and other cancers

11. Rituximab CD20 Chronic lymphocytic leukemia

12. Ibalizumab CD4 MDR HIV

13. Oblitoxaximab Bacillus anthracis Anthrax

14. Ibalizumab CD4 MDR HIV

15. Rmab Rabies virus
glycoprotein

Rabies



10 M. Jain et al.

Many such vaccines are still in clinical trials. A few important examples of such
vaccines are the recombinant hepatitis B surface antigen (HBsAg) protein vaccine
[17] and the human papillomavirus vaccine (HPV), responsible for causing cervical
cancer and genital warts. Recombinant proteins protect against the overactive
immune system; for example, anti-Rhesus D Ag immunoglobulin prevents the
Rh-positive fetus in an Rh-negative mother. Many therapeutic protein vaccines for
cancer treatment are in clinical trials [17].

1.3.1.4 Group IV: Therapeutic Protein Diagnostics
Many therapeutic proteins are used only for diagnostic purposes. They can be used
in vivo as well as in vitro. One of the important examples of protein diagnostics is the
purified protein derivative (PPD) test used to detect Mycobacterium tuberculosis
infection cases [32]. Another example is human protein secretin, which is used to
trigger the secretion of the pancreas and thus helps detect pancreatic exocrine
dysfunction. Similarly, the TSH is used to diagnose residual thyroid cancer cells.
Various protein diagnostics are used as imaging agents to detect multiple infections
and pathological conditions. These imaging agents are frequently used to detect
otherwise undetectable diseases. Diagnosis of cancer, myocardial injury, and loca-
tion of occult infection sites are a few examples of protein-based imaging [33].

1.3.2 Challenges for Therapeutic Proteins

Therapeutic proteins are expressed in bacteria, yeasts, and mammalian cell cultures
and are used to treat or prevent diseases. They are among the latest scientific
innovations in pharmaceuticals. Unlike traditional chemically manufactured drugs,
recombinant proteins are large and complex molecules with sophisticated and
unique mode of action. Since the chemical production of proteins is challenging
due to their size and complexity, they are made biologically using the protein
synthesis machinery of cells. Protein solubility, delivery method, distribution, and
stability are significant factors when using protein therapies [34]. The success of
protein-based therapeutics depends on safety, efficacy, and quality. However,
the protein therapeutics can have side effects due to their interactions with intended
and unintended targets inside the body. The side effects can be suppressive or
stimulatory to the immune system, which can lead to deleterious impacts [16].

1.3.2.1 Efficacy
Efficacy is an essential parameter for the approval of protein therapeutics by
regulatory bodies. There is a requirement for gradual improvement in the efficacy
of therapeutic protein-based therapies and to make them applicable to many more
diseases. Another challenge involves the development of personalized treatments for
diseases like cancer and autoimmune disorders and the prediction of toxicity levels.
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1.3.2.2 Quality
Quality is also required for approval by the regulatory bodies. Developing protein
therapeutics and delivery mechanisms involves complex steps and present signifi-
cant challenges for quality control. For safety and approval issues, high-quality
protein therapeutics with minimum heterogeneity and contamination are required.
With the advent of computational technologies and high-throughput protein engi-
neering experimental methods, there is ample scope for research and development in
protein therapeutics, evaluating associated risks, and designing new technologies to
limit them.

1.3.2.3 Stability
The stability of therapeutic proteins is also an important concern among researchers
[35]. The stability of peptides and proteins over their shelf-life is a fundamental
barrier in their preparation into effective dosage forms. A minimum shelf life of 1.5
or 2 years is desirable at room temperature or refrigeration storage. The stability
issue can be associated with either physical instability or chemical instability.
Physical stability is defined as the change in protein structure through denaturation,
precipitation, and aggregation. Chemical instability can result from various
pathways like deamidation, β-elimination, racemization, disulfide exchange, hydro-
lysis, and oxidation. Oxidation can degrade proteins in both solution and lyophilized
states. The primary structure often indicates chemical degradation sites, while the
physical destabilization is challenging to predict based on the primary structure.
However, if the majority of the residues are hydrophobic, it implies a considerable
susceptibility to adsorption and aggregation. Various genetic engineering
approaches and computational protein design techniques are being used to improve
the stability of therapeutic proteins [36].

1.3.2.4 Immunogenicity
Immunogenicity is the tendency to trigger an immune response. An immunological
reaction is initiated if the body perceives the protein as foreign. The proteins derived
from animal sources are potentially immunogenic. Even recombinant human
proteins are generally immunogenic for various reasons, though to a lower extent.
One reason is the presence of impurities like oxidized forms, aggregates, media, or
residual host cell proteins (HCPs). Another reason for immunogenicity is the dose
and route of administration. Subcutaneous routes are more immunogenic as com-
pared to intramuscular and intravenous. T-cells have a role in the immunological
response to protein-based therapeutics by activating B cells, which then generate
antibodies, including those that obstruct protein therapeutics [37]. The amount and
kind of post-translational modifications in a protein (such as glycosylation) can
significantly affect the immunogenicity of the protein [38]. As a result, a protein
expressed in E. coli that is not glycosylated is likely to elicit a different immunologi-
cal response than a protein produced in a mammalian cell line because the latter is
glycosylated. Antibodies raised against an immunogenic protein can sometimes
reduce the protein’s potency. These antibodies generally do not induce severe
allergic or anaphylactic reactions, but if they deactivate the original protein, they
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can have fatal implications. Diverse analytical techniques are available to evaluate
proteins’ features correlating to their immunogenicity [39].

1.4 Methods for Production of Therapeutic Proteins

The production of next-generation protein therapeutics with improved efficacy,
safety profiles, and delivery is a hot area of pharmaceutical research. Various
techniques have been developed in the last two decades to design new protein
therapeutics with excellent efficacy and safety. The two important approaches for
protein engineering are directed evolution and rational design.

Directed evolution depends on mutant library generation with desired properties.
Several systems have been constructed for high-throughput screening of vast
libraries of protein mutants coupled to phage, bacteria, yeast, mRNA, or ribosomes.
Directed evolution can be achieved by random mutagenesis, scanning mutagenesis,
and block mutagenesis. A random mutagenesis is a powerful tool for identifying
amino acid locations in a protein that are linked to its role in a particular type of
activity or metabolic pathway. Similarly, scanning mutagenesis is a frequently used
approach for replacing amino acids in a protein in a systematic manner to better
understand the structure-function link. Block mutagenesis or simultaneous satura-
tion mutagenesis of many adjacent residues can quickly access combinations of
mutations that may elicit synergism [40].

The structural study of proteins is used in rational design to discover sites where
mutations might be introduced to introduce or enhance desirable features. Several
therapeutic enzymes with novel or enhanced activity have been successfully devel-
oped using rational design approaches. High-throughput computational design
approaches are major contributors to the rational approach. Various characteristic
features of protein therapeutics that can be modified, improved, or developed by
protein engineering methods are affinity, specificity, cross-reactivity, half-life, sta-
bility, efficacy, and immunogenicity [41].

1.5 Delivery of Therapeutic Proteins

Thanks to improvements in rDNA technology and various protein engineering
methodologies, many proteins and peptides have been commercialized as therapeu-
tics. Protein-based treatments have shown to be beneficial in treating various cardio-
vascular, metabolic, and cancer diseases. The high specificity of protein therapeutics
decreases their interference with normal biological processes and makes them less
immunogenic. Despite these benefits, there are obstacles in administering these
medications effectively compared to small molecule therapies delivered through
oral or inhalation routes. When protein-based medicines are taken orally, they are
degraded by enzymes in the Gastrointestinal tract (GI) tract and liver, lowering their
therapeutic efficacy. The inhalation delivery avoids GI tract and liver breakdown;
however, it still involves bypassing innate defense mechanisms of the lungs, such as
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Fig. 1.4 Various methods of protein therapeutics delivery

macrophages and enzymes. Proteins are degraded less in the lungs than in the GI
tract, yet protein therapeutics are too bulky to be absorbed in the lungs [42]. The
various delivery mechanisms of protein therapeutics are shown in Fig. 1.4.

Due to the difficulties in oral and inhalation delivery, the injection has become the
primary delivery route for protein therapies. The short biological half-lives, fragile
structures, and specific physicochemical properties of therapeutic proteins affect
their delivery. As a result, developing novel delivery strategies for protein-based
treatments is in great demand, and researchers are exploring potential options.
However, clinical acceptance sometimes becomes difficult due to their therapeutic
efficacy and the targeted delivery, emphasizing the need for controlled-release
delivery systems. The design of consistent delivery systems for the efficient admin-
istration of therapeutic proteins in steady and physiologically active forms has lately
piqued interest [43].

1.5.1 Invasive Delivery Systems

When therapeutic protein is directly delivered into the blood, it is called the invasive
delivery system. Invasive delivery routes usually include subcutaneous (SC), intra-
muscular (IM), and intravenous (IV). However, there are certain disadvantages of
invasive delivery routes. These are (i) pain at the site of injection, (ii) possibility of
infection at the site, (iii) hypersensitivity reactions, (iv) more time consuming with
respect to expertise to inject and repeated visits to hospitals, and (v) complicating
manufacturing process increasing the cost. Successful delivery of protein therapeu-
tics via invasive mechanisms requires overcoming these disadvantages.
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In recent years, various advancements have been made in the invasive delivery of
therapeutic proteins. Chemical modification and/or colloidal carrier systems are the
most commonly explored techniques [42]. The problems of instability and rapid
clearance can be achieved by modifying the structure of protein therapeutics.
PEGylation, which involves the covalent coupling of activated polyethylene glycol
(PEG) with targeted proteins, has been intensively researched for the delivery of
therapeutic proteins via invasive pathways [44]. PEG moieties are repeating units of
ethylene glycol that are both neutral and amphiphilic. PEGylation also prevents
protein degradation leading to decreased protein clearance [45]. Without biodegra-
dation, intact PEG is excreted from the body. PEGylation can change a variety of
physicochemical properties of the protein therapeutics, such as (i) increased size and
molecular weight, (ii) modification in conformation, (iii) intermolecular interactions
are hampered, (iv) enhanced hydrophilicity, (v) changes in binding properties, etc.
All these significantly affect the pharmacological behavior of protein therapeutics.
Because of a slower rate of renal removal and a reduction of proteolytic degradation
and opsonization, PEGylation results in a longer circulation duration of conjugated
molecules [46]. PEG is thought to improve the in vivo efficacy of protein therapeu-
tics by regulating the pharmacokinetic and pharmacodynamic effects.

Glycosylation and mannosylation are other chemical changes that can be
introduced into therapeutic proteins. Glycoengineering is the process of modifying
the carbohydrates linked to the protein to change its pharmacokinetic properties.
Invasive delivery of many therapeutic proteins has been examined using these
methods. Proteins that have been glycosylated or mannosylated have better pharma-
cological characteristics than those that have been PEGylated [47].

Colloidal carrier systems are another area where therapeutic proteins have shown
considerable promise, and one of the examples is lipid-mediated delivery.
Liposomes, oily suspensions, lipid implants, submicron lipid emulsions, lipid
microbubbles, solid lipid nanoparticles, lipid microtubules, inverse lipid micelles,
and lipid microcylinders are examples of lipid-mediated delivery of protein thera-
peutics [48]. The key benefit of lipid drug delivery is the flexibility to build multiple
kinds of lipid drug carriers based on the molecular architecture of the lipids
employed in the formulation. Liposomes are bilayer vesicles formed by natural or
artificial phospholipids [49].

1.5.2 Noninvasive Delivery Systems

Noninvasive delivery of therapeutic proteins has received much attention in recent
years. However, due to their relatively high molecular weight and associated insta-
bility, efficient administration via noninvasive pathways is still a concern. There are
many advantages of the oral route over invasive and other noninvasive delivery
mechanisms of protein and peptide therapeutics; however, these therapeutics lose
their bioavailability due to enzymatic degradation, pH variation, and barriers to GI
tract and hepatic metabolism. Several methods have been established for increasing
the systemic bioavailability of orally given therapeutic proteins. Some of the
strategies are as follows:
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(i) Cyclization of protein therapeutics structure prevents degradation by digestive
enzymes in the GI tract.

(ii) PEGylation enhances the absorption and stability of proteins.
(iii) Protein lipidation also contributes to the stability and improved transportation

of therapeutic proteins through the membranes of the GI tract.
(iv) Prodrug formation of therapeutic proteins, which are activated by some

enzymatic degradation in the body; however, there are limited methodologies
available for this procedure.

(v) Chemical modifications in protein structure.
(vi) Conjugation of therapeutic proteins with vitamins and transport carrier

molecules enhances their absorption.
(vii) Coadministration of enzyme inhibitors along with protein therapeutics.
(viii) Coadministration of chemically inert, nontoxic, nonallergic absorption

enhancers like chitosans, fatty acids, lectins, etc., reduces mucosal viscosity
and causes a transient gap in the intestinal barrier and open gap junctions and
other mechanisms that aid absorption. However, they also have certain side
effects [42].

Besides these delivery approaches, a few other strategies are also used to effec-
tively deliver protein therapeutics. Protein therapeutics have shown good absorption
and stability when administered via mucosal, rectal, intranasal, pulmonary, transder-
mal, ocular, and intravaginal delivery systems. Pharmaceutical researchers have
significant challenges in delivering therapeutic proteins to their target sites, limiting
their application. Some of these challenges are listed in Table 1.3 [42]. Enzyme
inhibitors, absorption stimulants, and structural alterations of therapeutic proteins
have been used to boost the oral administration of therapeutic proteins [50]. Although
some of these approaches are promising, delivering the requisite therapeutic protein

Table 1.3 Noninvasive route of administration of protein therapeutics and their challenges

S. No. Route of administration Challenges

1. Ocular Solution drainage
Tear dilution
Low tolerance

2. Oral pH variation
Enzymatic degradation
Less permeability

3. Nasal Small surface area
Mucociliary clearance

4. Pulmonary Phagocytosis by macrophages
Mucociliary clearance
Necessity of complex device

5. Transdermal Less permeability
Local allergic response

6. Rectal Variable absorption
Interruption by defecation
Low patient acceptability
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to its site of action without causing significant adverse responses is still a task to
complete [43].

1.6 Biosimilars

As defined by the FDA, biosimilars are products that are highly similar to the
reference product without clinically significant differences in safety, purity, and
potency. The definition of a biosimilar is based on three factors: (i) it must be a
biological product, (ii) the reference product must be a previously approved
biological product, and (iii) high resemblance in terms of safety, quality, and efficacy
with the reference product must be substantiated. Biosimilars offer a way to reduce
the cost of biological pharmaceuticals while also increasing patients’ exposure to
life-saving biological therapies. In contrast to generic small-molecule drugs,
biosimilar development is more challenging due to fundamental distinctions
between chemical drugs and biological products. Small molecule pharmaceuticals
are manufactured using known chemical processes and assessed using established
analytical methods, assuring that a generic version has the same active substance as
the reference product. They are usually not immunogenic without coupling to a
carrier protein due to their small size. On the other hand, biologics are proteins made
from living sources such as bacteria, yeast, or mammalian cells and are significantly
larger. Because of their size and complexity, biologics are recognized by the immune
system and can cause a variety of immunological responses, some of which might
have clinically severe repercussions, such as loss of efficacy, anaphylaxis, and
infusion reactions. Biosimilars can be an alternate option for health-care institutions
to control the rising cost of pharmaceuticals. However, the level of investigation
required to evaluate biosimilar drugs for formulary inclusion is far more rigorous due
to their intrinsic complexity and diversity [51].

1.7 Computational Resources for Therapeutic Proteins

Biological databases are collections of biological information obtained from vari-
ous experimental studies. Based on the nature of biological databases, they are
classified into (i) primary databases, (ii) secondary or derived databases, and (iii)
composite databases (combination of both primary and secondary databases). Based
on the content, biological databases can also be classified into several types, such as
nucleotide sequence databases, protein sequence databases, protein structural
databases, chemical structural databases, metabolic pathway databases, genome
databases, SNP databases, databases of FDA-approved drug molecules, literature
databases, gene expression databases, databases for mass spectroscopy data,
databases for electrophoretic data, etc.

Several generalized protein-related databases are available for therapeutic
proteins, such as NCBI-GenPept, UniProt, MIPS, Prosite, Blocks, Pfam, PDB,
PDBSum, Alphafold, SCOP, CATH, String, etc. Figure 1.5 shows specialized
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Fig. 1.5 Specialized therapeutic protein databases and tools
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databases/tools mainly used to explore the sequence, structural, and functional
aspects of therapeutic peptides and proteins. Moreover, the resources facilitate
designing therapeutic proteins with various applications.

1.7.1 THBdB (Database of FDA-Approved Therapeutic Peptides
and Proteins)

THBdB is a manually curated database of US FDA-approved therapeutic proteins
and peptides (http://crdd.osdd.net/raghava/thpdb/). It has compiled information from
~1000 research articles, 70 patents, and other sources, particularly, DrugBank. As of
04/03/2022, the database has 852 items, including detailed information on
239 FDA-approved therapeutic proteins and peptides and their 380 drug variations.
The database contains information on amino acid sequences, physio-chemical
properties, amino acid residue composition, disease area, mode of action, pharma-
cological class, pharmacodynamics, administration route, toxicity, etc. Moreover,
the structural information of therapeutic proteins and peptides is also available in this
database.

1.7.2 TTDB (Therapeutic Target Database)

TTDB (http://db.idrblab.net/ttd) is a resource developed by the Innovative Drug
Research and Bioinformatics Group (IDRB) at Zhejiang University, China, and the
Bioinformatics and Drug Design Group at the National University of Singapore
(NUS), Singapore. This database contains information on known and undiscovered
therapeutic protein and nucleic acid targets, as well as the target disease, pathway,
and drugs for each target. In addition, this database also provides comprehensive
knowledge about target function, amino acid sequence, 3D structure, ligand binding
site details, therapeutic class, clinical development status, etc.

1.7.3 SATPdb (Database of Structurally Annotated Therapeutic
Peptides)

SATPdb (http://crdd.osdd.net/raghava/satpdb) is a collection of structurally and
functionally annotated therapeutic peptides from 22 publicly available peptide
databases and datasets. There are 19,192 experimentally verified therapeutic peptide
sequences in the current edition (sequence length between 2 and 50 amino acid
residues). These peptides have been organized into ten classes based on their primary
function or therapeutic property.

http://crdd.osdd.net/raghava/thpdb/
http://db.idrblab.net/ttd
http://crdd.osdd.net/raghava/satpdb
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1.7.4 CKTTD (Checkpoint Therapeutic Target Database)

CKTTD (http://www.ckttdb.org/) is the world’s first comprehensive database of
immunological checkpoint targets, including proteins, microRNAs, and long non-
coding RNAs (LncRNAs), as well as their modulators. It could be used as a
computational resource for cancer medication discovery and immunotherapy
research.

1.7.5 HAPPENN (Novel Tool for Hemolytic Activity Prediction
for Therapeutic Peptides)

HAPPENN (https://research.timmons.eu/happenn) is a novel web server for
predicting hemolytic activity for therapeutic peptides and utilizes the concept of
neural networks. This innovative classifier and web-server allow the research com-
munity to use it for computational screening of peptide drugs or lead candidates for
therapeutics.

1.7.6 BioDADPep (Bioinformatics Database for Antidiabetic
Peptides)

BioDADPep (http://omicsbase.com/BioDADPep/) is a web-based database of
published literature about Type 1 and Type 2 diabetes mellitus peptides, their targets,
and other relevant data.

1.8 Conclusions

Protein-based treatments have enjoyed much success in the clinic and are getting
significant attention nowadays. Newly designed proteins, including selective mAbs
and multispecific fusion proteins, mAbs coupled with small molecule medicines, and
proteins with enhanced pharmacokinetics, etc., are being discovered rapidly. The
small-molecule-based protein therapeutics cannot replace the precise and compli-
cated set of functions; however, they have a low risk of interfering with regular
biological processes and causing negative consequences. Protein-based therapeutics
are frequently well tolerated and lower the risk of triggering immunological
responses. However, along with many advantages, protein therapeutic approaches
have certain limitations also. Therapeutic proteins can be used to treat various
diseases and disorders, but some can trigger an immunological response, especially
when given several doses over time. Also, the immunogenicity of proteins is
influenced by several factors, including structural characteristics, preparation
methods, contaminants or impurities in the preparation, dosing frequency, duration
of therapy, mode of delivery, appropriate formulation, and patient genetic factors.
Another vital area of research in protein therapeutics is the delivery mechanism. The

http://www.ckttdb.org/
https://research.timmons.eu/happenn
http://omicsbase.com/BioDADPep/
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stability of proteins in delivery devices and the design of appropriate target-specific
protein carriers are two major research topics in protein delivery. For beneficial
therapeutic results, many efforts have been made to deliver proteins/peptidic
medicines through diverse modes of administration. In a nutshell, we introduced
the structural and functional aspects of therapeutic proteins and their clinical
applications. Additionally, we discussed key computational resources needed to
investigate the sequence, structural, and functional features of therapeutic proteins
and peptides to develop therapeutic proteins and peptides for various clinical
purposes.
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Abstract

Regarded as highly successful in their clinical applications, therapeutic proteins
are now widely applied for the precise treatment of several diseases. Common
forms of therapeutic proteins include enzymes, antibodies, and recombinant
proteins. Here, we discuss different aspects of the clinical applications of
protein-based therapeutics, including therapeutic proteins, their mechanisms
and metabolism, challenges, precision medicine, and computer-aided drug
designing. In addition, an overview of recently approved therapeutic proteins is
provided. Conclusively, this chapter delivers comprehensive information on
clinical applications of protein-based therapeutics, emerging trends, and
challenges.
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2.1 Introduction

Proteins, undoubtedly one of the most versatile macromolecules, have been exten-
sively studied for their widespread biomedical and therapeutic applications [1]. Due
to their properties like natural origin, biodegradability, biocompatibility, recognition
by cells, reduced immunogenic potential, and natural bioactivity, therapeutic
proteins offer several advantages compared to synthetic therapeutic molecules. In
addition, they are easy to functionalize and engineered for specific locations or
applications through alteration of their primary amino acid sequences. Presently,
proteins form a dominating segment of the pharmaceutical industry as they have
tremendous therapeutic potential against various diseases and syndromes. The
demand for protein-based medicines has significantly augmented, mainly due to
increased medical awareness and the prevalence of chronic diseases. From $140
billion in 2016, the global protein therapeutics market is projected to reach $566
billion by 2030 [2]. However, the high costs of therapeutic proteins and stringent
government regulations remain significant challenges that negatively impact market
growth.

Based on their molecular types, therapeutic proteins are classified into several
types, such as antibodies, enzymes, fusion proteins, recombinant proteins, blood
factors, anticoagulants, growth factors, interferon, hormones, etc. They act differ-
ently on biological or drug targets. Some common pharmacological activities of
therapeutic proteins are replacing deficient or abnormal proteins, interfering with
molecules or pathways, and delivering other molecules [3]. Protein-based therapeu-
tics have evolved a lot with technological advances in the fields of drug discovery
and protein engineering. For customized drug designing, the most critical aspects of
protein-based molecules are understanding their mechanism of action and the
structure-function relationship. Continuous improvements in traditionally existing
therapies and methods to identify drug targets have resulted in developing drugs with
better efficacy and targeted clinical applications [4]. This chapter provides a com-
prehensive overview of protein-based therapeutics, their mechanism, clinical
applications, and challenges. A detailed illustration is provided about enzymes and
antibodies as therapeutic proteins, followed by the introduction, applications, and
prospects of precision medicine, an emerging, highly innovative, and targeted
medicine approach that looks into an individual’s genetics, environment, and life-
style. The discovery and development of drugs consist of very complex and time-
consuming processes. However, recent decades have seen much growth in this field
due to the application of computer-aided drug design (CADD). Thus, we also briefly
discuss CADD approaches in drug designing and their application in developing
protein therapeutics. The chapter concludes with a discussion of recently approved
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therapeutic proteins, emerging trends, challenges, and opportunities in the field,
followed by the safety and efficacy of protein-based drugs.

2.2 Enzyme as Biologics

In contrast to regular therapeutics, biologics are comparatively larger molecules
having higher molecular weights. Most of these molecules are unstable at room
temperature and require refrigeration for storage. Also, biologics are produced by
complex processes, and at times, even slight changes in their formulation might lead
to degradation of their efficacy in disease management. It is nearly impossible to
produce an exact copy of biologics, and thus, nearly similar biologics, compared to
the original one, are manufactured that are referred to as biosimilars.

In 1878, a German physiologist Wilhelm Kühne coined the word “enzyme”
[5, 6]. The enzymes are responsible for biological catalysis and are also called
biocatalysts. Biocatalysis is a remarkable property of enzymes to speed up the
specific biological reaction in living organisms. The study of enzyme kinetics
provides information about a diverse range of reactions, metabolism, cell regulation,
and how poisons and drugs affect the enzymes [7, 8]. The first enzyme discovered
was diastase (a mixture of amylases), which catalyzes the hydrolysis of starch into
maltose. It has a wide range of clinical, food, forensic, biochemical, medicinal,
pharmaceutical, and environmental applications [7]. Almost all enzymes are
proteins, and a functional enzyme has different components, such as holoenzyme
(functional unit of enzyme and conjugated protein), apoenzyme (polypeptide seg-
ment of the enzyme and inactive precursor), coenzyme (small organic moiety), or
zymogens (simple protein enzymes, which are secreted in an inactive form).
Enzymes are classified into six functional classes that catalyze a specific reaction,
that is, oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases/
lyases [9]. This classification enables the identification and separation of diverse
chemical reactions in living organisms. The functionality of an enzyme is intrinsi-
cally linked to its three-dimensional (3D) structure and is determined by the shape
when it binds to the substrate that creates an ideal fit for catalysis.

2.2.1 Biological Process: How Enzymes Work?

A large number of biochemical reactions occur in the human body to carry out
essential metabolic processes. Thousands of enzymes produced in the human body
help to accelerate metabolism, growth, digestion, building muscle, healing,
destroying toxins, reproduction, liver function, nerve function, and so on
[8, 10]. The functions of enzymes are strongly affected by pH and temperature
[7, 11]. The lock and key model related to substrate-enzyme interaction was
postulated by Emil Fischer. The key signifies a substrate, and the lock and keyhole
represent the enzyme and its active site. The shape and size of the substrate are
complementary to the active site of the enzyme [5, 7]. The substrate perfectly binds
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at the active site and forms the enzyme-substrate complex, allowing rapid biochemi-
cal reaction.

2.2.2 Therapeutic Enzymes

The concept of therapeutic enzymes has been exploited for several decades
[10]. Some enzymes are the preferred markers of various diseases, including cancer,
infectious disease, myocardial infarction, clotting, pancreatitis, inherited diseases,
neurodegenerative disorders, etc. These markers help in disease management via the
diagnosis, prognosis, and assessment of responses to a therapeutic intervention
[6]. Effective therapeutic solutions via various enzymes are helpful for the treatment
of several diseases. The wide variety of uses of therapeutic enzymes is depicted in
Table 2.1 and Fig. 2.1.

2.3 Antibodies as Biologics

Antibodies are the proteins produced to bind a specific antigen. The main task of
antibodies is to get associated with the specific substance chemically considered
alien by our body, such as bacteria, viruses, and other foreign substances in the
blood, to neutralize them. Biochemically, antibodies are immunoglobulins, protec-
tive proteins produced by our immune system when it recognizes the presence of any
foreign substance, commonly referred to as an antigen.

Biologics have the potential to mount an immune response against them, reducing
their efficacy, and sometimes, it becomes life-threatening due to the generation of
antibiologics antibodies. To compensate, other cotherapy options are used to treat a
particular disease. It is always advisable to keep track of antibiologics antibodies in a
patient’s blood using therapeutic drug monitoring. It is one of the most prominent
techniques that detects the presence of biologics and antibiologics antibodies in the
blood [12]. If antibiologics antibodies are present above a permissible limit and the
amount of biologics is insufficient to reduce the inflammation, immune-modulators
are introduced into the treatment regimen [13]. Antibody-based biologics can be
subdivided into three major categories: monoclonal antibody (mAb) products,
non-mAb products, and vaccines [14]. The working mechanism of vaccines relies
solely on mounting immune response and is mainly used for only prophylactic
purposes rather than therapeutic uses and, thus, not elaborated here.

2.3.1 Monoclonal Antibody Products as Biologics

Monoclonal antibodies (mAbs) are immunoglobulin G (IgG) that imitate the natural
IgG function within the body. Their role is to bind to the foreign particles to
neutralize them. Fc Fusion proteins (FcFPs), consisting of the Fc receptor of the
IgG, can also bind to a modified protein. Like natural IgGs, mAbs, and FcFPs bind to
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Table 2.1 Enzymes and their therapeutic uses

Enzyme name Therapeutic uses

Enzymes for the treatment of infectious diseases

Lysozyme Treatment of HIV infection, Rainbow trout, Barrett’s
oesophagitis, Chronic gastritis, Coeliac disease,
Lymphocytic colitis, and Crohn’s colitis

Chitinases Allosamidin

Enzymes for the treatment of inherited diseases

Alteplase; recombinant human tissue
plasminogen activator

Used for the treatment of heart attacks

Pegademase bovine For enzyme replacement therapy in severe combined
immunodeficiency disease (SCID), caused by the chronic
deficiency of ADA.

Imiglucerase
Velaglucerase
Taliglucerase

For replacement therapy in patients with Gaucher’s
disease type I, a lysosomal storage disease (LSD)

Phenylalanine hydroxylase (PAH) Phenylketonuria (PKU)

Imiglucerase Replacement therapy in patients with types I, II, and III
Gaucher’s disease

Sacrosidase Treatment of congenital sucrase-isomaltase deficiency

Agalsidase-α
Agalsidase-β

Treatment of Fabry disease

Cancer treatment

PEGylated arginine deaminase, an
arginine-degrading enzyme

Treatment of human melanoma and hepatocellular
carcinomas

Rasburicase Treatment of malignancy-associated or chemotherapy-
induced hyperuricemia

Topoisomerase IIα Breast cancer treatment

ASNase Treatment of breast, rectal, acute lymphoblastic
leukemia, and colon cancer

Other treatments

Streptokinase (a nonenzymatic
protein)

Treatment of thromboembolic diseases and heart attacks

Urokinase (UK) Treatment of thrombotic disorders

L-asparaginase Hodgkin’s disease and melanosarcoma

Amylase, lipase, and protease Diabetes treatment

Dornase α Improves lung function in patients with cystic fibrosis
(CF)

Agalsidase β Treatment of Fabry’s disease

Nattokinase Treatment of cardiovascular diseases

Glutenase
Prolyl endopeptidases (PEPs)

Treatment of celiac disease

Chymotrypsin Treatment of pain relief and swelling

α-amylase Treatment of type 2 diabetes mellitus

Collagenase Treatment of Dupuytren’s disease (DD)
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Fig. 2.1 Therapeutic enzymes used in the treatment of different diseases

extracellular targets, cells, or pathogens to neutralize them by disrupting their
functions and removing them from circulation or modulating or imitating their
activity. For example, inflammatory cytokines such as tumor necrosis factor-α
(TNF-α) or interleukin-1b (IL-1b) neutralize the infected cells and result in immu-
nosuppression [15]. The mAbs are usually derived from mice and rats and
humanized to various degrees by engineering amino acid substitutions that make
them similar to the human gene sequence through recombinant DNA (rDNA)
technologies.

2.3.1.1 Biological Characteristics of mAbs
The mAbs are monospecific antibodies made from identical clones of a unique
parent cell [16]. The essential biological characteristics of mAbs are listed below.

1. They show edacity effects against target cells.
2. They have the ability to obstruct protein-protein interactions with different targets

like the serum, extracellular, and membrane-bound proteins.
3. They can mediate multiple processes like antibody-dependent cellular cytotoxic-

ity (ADCC), complement-dependent cytotoxicity (CDC), antibody-dependent
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cellular phagocytosis (ADCP), antibody-mediated immune complex formation
with clearance, or a completely silent Fc with none of the above activities [17].

4. They can penetrate certain tissues.
5. The mAbs have minimal drug-drug interactions.
6. They show little or no non-mechanism-mediated toxicity.
7. They also have little or no off-target activity or drug-metabolism-related issues.

2.3.1.2 Applications of mAbs
Modifications in mAbs, such as Fab fragments, and bifunctional antibodies, are used
to produce various biologics to treat a variety of diseases.

Fab Fragments
Fab fragments are the single binding site for the antigen. The important clinical
applications of Fab fragments are as follows:

1. Caplacizumab is a humanized, bivalent, variable-domain-only fragment with a
high affinity for the von Willebrand factor (VWF). The interaction between VWF
and platelet plays a central role in microvascular thromboses in patients with
thrombotic thrombocytopenic purpura (TTP). Caplacizumab disrupts the
interactions between VWF multimers and platelets and is used to treat acquired
TTP conditions [18].

2. Ranibizumab is a recombinant humanized Fab fragment that binds to and inhibits
the human vascular endothelial growth factor A (VEGF-A) [19]. It inhibits the
binding of VEGF to its receptors and slows down the related vision loss, and is
used in treating age-related macular degeneration.

3. Abciximab is a Fab antibody fragment derived from a chimeric human-murine
mAb (7E3) that binds to platelet IIb/IIIa receptors, resulting in steric hindrance
and thus inhibiting the platelet aggregation [20]. Abciximab has been used in
unstable angina and reduction of thrombosis in various coronary stenting
procedures.

Bifunctional Antibodies
Bifunctional antibodies are antibodies with dual specificity. Both the immunoglobin
chains are fused together to form a single antibody molecule. A few examples of
bifunctional antibodies are as follows:

1. Emicizumab binds to two coagulation factors (factor IXa and factor X), taking
the place of activated factor VIII (factor VIIIa) in the coagulation cascade
[21]. The mAb is used for the prophylaxis of hemophilia patients.

2. Blinatumomab is a bispecific T cell and B cell engager molecule that binds to the
cell surface proteins, CD3 present on T cells and CD19, present on precursor
B-cell acute lymphoblastic leukemia (ALL) cells, and takes the site of cytotoxic T
cells to recognize malignant B cells [22].

3. Catumaxomab is a bispecific trifunctional antibody that binds to the T-cell
surface molecule CD3 and epithelial cell adhesion molecule (EpCAM), a tumor
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cell surface marker, and receptor Fc region on dendritic cells [23]. This combina-
tion of antigen-binding helps in maintaining antitumor immune responses.

2.3.2 Non-Monoclonal Antibody Products as Biologics

The function of some natural proteins, enzymes, hormones, or peptides is disrupted
in a healthy individual, resulting in the rise of physiological-function-related
diseases. To counter this, non-monoclonal antibody (non-mAb) products with simi-
lar physiological effects are given to the patients [24]. Non-mAb therapy helps
patients to recover by filling the physiological gaps. In general, the molecular weight
of non-MAb products is more than 700 Da. These products are usually homogenous
in nature and can be heterogenous only if they are glycosylated. Non-mAb products
may include hormones, enzymes, interferons, interleukins, growth factors, or even
natural or mimetic peptides [25]. The recent advancements in rDNA technology lead
to the development of many hormones and non-MAbs under the biologics category
to treat various diseases (Table 2.2).

2.4 Precision Medicine

The application of medicines is patient specific for treating a particular disease. It
works better in certain patients compared to others, but the reason for this differential
effectiveness was unknown a few decades back. Some patients face severe side
effects, and others have fewer adverse effects when treated with anticancer drugs
[36]. Over the past six decades, evidence has emerged indicating that a substantial
portion of the variability in drug response is genetically determined as age, nutrition,
health status, environmental exposure, and epigenetic factors play critical contribu-
tory roles [37]. The unique genetic constitution and differential gene expression in an
individual is responsible for variation in drug responses. Precision medicine is an
emerging practice that uses an individual’s genetic profile to guide decisions regard-
ing disease prevention, diagnosis, and treatment [38, 39]. The genetic profiling of
every patient is necessary before treating them with a particular medication to
increase the treatment efficacy with fewer side effects. One can take guidance
from the knowledge of an individual’s genome profile to preselect the treatment
protocols that minimize adverse side effects or ensure more successful outcomes.
After completing the human genome project, many advancements have occurred in
the field of precision medicine. The individual genomic sequence data can indicate
their susceptibility to certain diseases before they manifest, allowing physicians and
patients to design a plan for monitoring and prevention [40]. The science of studying
how the genetic variations affect drug responses in an individual is
pharmacogenomics, an evolving field to better understand an individual’s responses
to different treatments.
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Table 2.2 Some commercially available non-mAb biologics and their uses

Non-MAb
biologics

Conditions
treated

Insulin Novolin R (Novo
Nordisk) Humulin R
(Eli Lilly, Indiana,
USA)

Regulates carbohydrate
and fat metabolism

Diabetes
mellitus

[26]

Insulin-like
growth factor
1

Increlex (Tercica/Ipsen,
California, USA)

Stimulates growth in
response to GH

Laron dwarfism [27]

Growth
hormone

Nutropin (Genentech),
Genotropin (Pfizer,
New York, USA)

Stimulates growth and
cell reproduction and
regeneration

Idiopathic short
stature

[28]

Erythropoietin Erythropoietin Stimulates red blood
cell production

Anemia [29]

Granulocyte-
colony-
stimulating
factor

Neupogen (Amgen,
California, USA)

Stimulates granulocyte
and stem cell
production

Used to
accelerate
recovery after
chemotherapy

[30]

Interferon
α-2b

Intron-A (Schering-
Plough, New Jersey,
USA)

Antiviral activity Hepatitis C,
Hepatitis B

[31]

Interferon
β-1a

Avonex (Biogen Idec,
USA)

Anti-inflammatory;
improves the integrity
of the blood-brain
barrier

Multiple
sclerosis

[32]

Interferon
β-1b

Betaferon (Bayer
healthcare), Extavia
(Novartis, Basal,
Switzerland)

Anti-inflammatory;
improves the integrity
of the blood-brain
barrier

Multiple
sclerosis

[33]

Interleukin 2 Proleukin (Prometheus
Laboratories Inc.,
California, USA)

Mediates the immune
response

Malignant
melanoma,
renal cell cancer

[34]

Interleukin 11 Neumega (Pfizer,
New York, USA)

Stimulates platelet
production

Used to
accelerate
recovery after
chemotherapy

[35]

2.4.1 Benefits of Precision Medicine

Though the current use of precision medicine is limited, it has the potential to offer a
wide range of applications in the coming years.

1. Better medication selection: The adverse reactions to medicines, one of the
drawbacks during treatment, leads to the death of many individuals. Although
the Food and Drug Administration (FDA) approved drugs have to qualify the
stringent parameters before coming to the market, there is either less or no
information related to their response when given to certain individuals. The
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medication may appear safe for a large population; however, some patients may
experience harmful side effects due to genetic variations. The study of
pharmacogenomics may help to predict how a particular group of individuals
will be able to respond to one specific medication and can play a deciding role in
its selection.

2. Safer dosing options: Following FDA approval, the standard dosage of a medi-
cation is decided based on factors such as liver or kidney function, weight, age,
etc. However, these parameters might not be sufficient. Standard dosage may
work well for one group of individuals but may be toxic for another group
because of underlying genetic variations. Currently, clinicians generally decide
which medication is appropriate for treating a particular disease based on their
diagnosis. Once the field of pharmacogenomics matures, clinicians can directly
consider an individual’s genetic profile to decide the optimal medication dosage.

3. Improvements in drug development: Pharmaceutical companies often spend
years conducting research and clinical trials of a new drug before it reaches the
market. Diagnostic and device firms and pharmaceutical companies typically
have to test a product in a large cohort to ensure its safety and efficacy. The
study of pharmacogenomics may help these companies to ensure the efficacy of
drug testing. For example, if a company has an advanced idea that the drug can
optimally work in participants with a particular type of genetic variations, and
may cause adverse reactions to others, then those participants having adverse
reaction can be excluded from the clinical trials. This will speed up the whole
clinical trial process, and a specific population can be treated with the same
medication.

2.4.2 Applications of Precision Medicine

A promising application of precision medicine lies in the discovery and manipula-
tion of potential drug targets for the treatment of cancer. Precision medicine is used
to treat chronic myeloid leukemia (CML). However, the discovery of molecular
predispositions, that is, the presence of genetic variants, in various diseases, such as
CML, has made it possible to design and develop specific therapeutic agents against
novel molecular targets. With this applicability, precision medicine has identified a
novel molecular target, Bcr/Abl tyrosine kinase. This kinase is an oncoprotein
expressed in more than 95% of CML patients, and administration of a competitive
inhibitor helps to achieve almost 80% cytogenetic responses in newly diagnosed
CML patients [40].

In 2017, FDA approved more number of precision medicines. One of the drugs
approved was pembrolizumab [41], which was marked as the first robust cancer
therapy approved for clinical use based on a specific biomarker rather than a tumor’s
location. Similarly, trastuzumab-dskt (Ogivri™) was approved as the first biosimilar
agent that targets both stomach and breast tumors overexpressing the HER2 gene,
facilitating competition and lowering healthcare costs [42]. Since these drugs are
developed based on specific biomarkers, a need of companion genetic tests is needed
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to identify all the biomarkers. MSK-IMPACT™ (screens 468 genes) and Foundation
One CdX™ (screens 324 genes) assays are examples of companion genetic tests.
Both are solid tumor tests and massively parallel sequencing in vitro diagnostic tests
[43]. These tests allow screening of multiple oncogenes to identify variants that
might assist in the clinical management of the patients.

2.4.3 Future Prospects of Precision Medicine

In the past, physicians practiced intuition-based diagnosis and used their knowledge
to provide medicine for the treatment of diseases. In the present time, clinicians rely
on evidence-based diagnosis and treatment. They recommend the medicine based on
evidence produced by scientific research, including clinical trials. In the future,
precision medicines will be used according to algorithms that will consider the
comprehensive information of an individual patient, including their genome,
epigenetics, and lifestyle. Therefore, medicine in the twenty-first century must
focus on attaining the four P’s: prediction, prevention, personalization, and partici-
pation, as stated by Dr. Leroy E. Hood [44]. Currently, patients are treated based on
symptoms and diagnosis, which requires a transformation using precision medicine
where the treatment is planned using the genetic profile of an individual. This
evolution of medical treatment in the past, present, and future is summarized in
Fig. 2.2.

2.5 Computer-Aided Drug Design

The discovery and development of new therapeutics is a complex and time-
consuming process requiring much experimentation and research. Traditionally, a
drug discovery takes an average of 10 to 15 years before it reaches the market for
sale, with an estimated cost of 58.8 billion USD in 2015 [45, 46]. The high
investment cost and failure rate of traditional methods prompted a need to utilize
computational methods to aid drug discovery. Computer-aided drug design (CADD)

Fig. 2.2 Evolution in the
field of medicine
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refers to the use of computational tools and available data resources for designing,
storing, analyzing, and modeling lead molecules to establish them as candidate
drugs. This will facilitate studying chemical and biological interactions between
the lead compounds and their biological targets. The technique systematically
evaluates the potential lead candidates before their synthesis and in vitro and
in vivo testing [47]. The computational resources comprise a screening process to
select the best possible candidates and later estimate their physicochemical
properties, such as absorption, distribution, metabolism, excretion, and toxicity
(ADMET). CADD is routinely applied to discover and improve the quality of
identified lead compounds quickly. Nowadays, the different applications of CADD
techniques are used to speed up the drug design and discovery process.

2.5.1 Approaches of CADD in Designing Protein-Based
Therapeutics

CADD strategies rely on the accessibility and availability of the 3D structure
information of biological target and candidate molecules. This technique can be
broadly divided into structure-based drug design (SBDD) and ligand-based drug
design (LBDD), based on the information available for a protein receptor and
ligands, respectively. The availability of the 3D structure of a receptor leads to the
implementation of structure-based drug design methods. If only the ligand informa-
tion is known, then ligand-based drug design can be adopted.

2.5.1.1 Structure-Based Drug Design Approach
This approach can only be used in the drug design process if the structure informa-
tion of the protein receptor target is available. One can identify the active site and
analyze the key amino acid residues responsible for its biological functions using the
3D structure. This information can then be used to create protein-based therapeutics
that can outcompete the natural ligands, thereby interfering with the biological
pathways to prevent the disease. The foundation for structure-based drug design
was laid by the easy identification of binding cavities due to the availability of 3D
structures of a large number of therapeutically important proteins. It is a precise,
efficient, and rapid process, because it involves the 3D structure of a protein and
knowledge about the disease at the molecular level [48]. SBDD is a multicycle
process that leads to the development of potential lead candidates for clinical trials.
The most notable success story involves FDA-approved drugs that inhibit the human
immunodeficiency virus (HIV)-1, such as amprenavir, an inhibitor of HIV protease
discovered through protein structure modeling and molecular dynamics
(MD) simulations [49].

Along with success stories, some failures have also been reported. For example,
RPX00023 was claimed to be an antidepressant with agonistic activity toward
receptor 5-HT1A, but it behaved as an inhibitor of the receptor. Such failures
highlight the limitations of SBDD strategies. To overcome these limitations,
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continuous improvements and developments have been incorporated into SBDD
techniques, but still, consistent solutions need to be developed.

2.5.1.2 Ligand-Based Drug Design Approach
Ligand-based drug design (LBDD) is another method where information on ligand
molecules is essential to use on previously unknown drug targets. LBDD methods
are used when the experimental 3D structure of a receptor is not available. The
structural and physicochemical properties of the known ligands that bind to the
known drug target are analyzed to study their desired pharmacological activity
[50]. The relationship between physicochemical properties and drug activity is
known as a structure-activity relationship (SAR), which can be used to optimize
known drugs or help design new drugs with improved activity [51]. LBDD methods
also include substrate analogues that interact with the target molecule to produce the
desired pharmacological effect.

The preparation of small-molecule libraries is the initial step of LBDD, where
chemical structures of different compounds are created, processed, and analyzed in
the form of molecular graphs. A molecular graph comprises a network of nodes and
edges, in which atoms are represented as nodes and bonds between different atoms
as edges. The molecular graphs communicate by using connection tables and their
linear notations. The different sections and sub-sections of a connection table contain
information related to atoms, atom types, connection types, and their coordinate
positions in the 3D or 2D space. Specific file formats are used to store the ligand
information, such as .mol2, .sdf, .pdb, etc. Simplified molecular-input line-entry
specification (SMILE) and Wiswesser line notation are examples of linear notations
where alphanumeric characters are used to store the ligand information. Linear
notation is preferred for storing or transferring millions of small molecules due to
its compactness compared to connection tables [52]. The quantitative structure-
activity relationship (QSAR) and pharmacophore modeling concepts are used for
designing drugs based on LBDD approaches.

2.5.2 Quantitative Structure-Activity Relationship

The quantitative structure-activity relationship (QSAR) is a computational method
for determining the relationship between the structural properties of chemical
compounds and their biological activities [47]. It is based on the principle that
different structural properties yield different biological activities [53]. Structural
properties include physicochemical properties, whereas biological activities corre-
spond to pharmacokinetics, that is, ADMET, of drug molecules. The development of
a QSAR model begins with recognizing a group of chemical entities or lead
molecules that exhibit the desired biological activity. Then, suitable molecular
descriptors are identified that are associated with various structural and physico-
chemical properties of the molecules of interest. Molecular descriptors are mathe-
matical representations of molecular properties generated by associated algorithms.
Finding the set of molecular descriptors is a significant step in constructing QSAR
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models. It helps reduce computational time, improve prediction performance, and
better understand data in machine learning [54]. Further, statistical methods are
employed to derive a quantitative relationship between molecular descriptors and
their associated biological activity. Finally, the developed QSAR model is validated
and tested for structural stability and predictive power. A QSAR model helps predict
the movements of untested chemicals and aids in rational drug design through
computer-aided simulation, molecular modeling, and virtual screening of suitable
compounds.

2.5.3 Applications of CADD in Protein-Based Therapeutics

Therapeutic proteins are genetically engineered proteins that substitute abnormal or
malfunctioned human proteins to cure a disease. In CADD, protein-drug interactions
are simulated to determine their binding affinities. Virtual database screening helps
screen large libraries efficiently to identify potent drugs that are likely to have high
binding affinities to the target. Target may be any enzyme or protein linked to a
specific disease. Structural information about the target is also required to learn about
its functions. One can harness the structural information of proteins already available
in the PDB database. The missing structural information can be predicted using
bioinformatics approaches, such as homology modeling, threading, or ab initio
predictions. Dhanavade et al. predicted the 3D structure of cysteine protease using
molecular modeling, which degrades amyloid-β peptide, a major cause of
Alzheimer’s disease (AD) [55–57]. In recent years, CADD has successfully
identified potential drugs for treating several neurodegenerative disorders. ROCK-I
and NOX2 are two of the most promising potential therapeutic targets for various
neurodegenerative disorders [58, 59]. Inhibition of these two enzymes can help
manage neurodegenerative disorders like autism spectral disorder, AD, and fragile
X syndrome. Utilizing this information, Alokam et al. identified chemical entities
that behave as dual inhibitors of these enzymes using a combination of
pharmacophores and the molecular docking approach of CADD [60]. Also,
in vitro validation demonstrated their inhibitory potentials to ROCK-I and NOX2.

In the COVID-19 pandemic, CADD served as a powerful tool for identifying
therapeutic proteins against rapidly mutating SARS-CoV-2 [61]. The main protease
(Mpro) enzyme is crucial for the survival of pathogen as it is involved in replication
and maturation. The structure-based virtual screening successfully identified four
compounds having the ability to disrupt the normal functioning of Mpro protein.
Later, ADMET analysis, molecular docking, and MD simulations were applied to
explore their binding conformational stability at the active site of Mpro protein. The
study identified crucial ligand amino acid residues, such as GLN189, SER10,
GLU166, ASN142, PHE66, and TRP132, that participate in stabilizing the
protein-ligand interaction of SARS-CoV-2 Mpro [62]. Nowadays, machine learning
approaches are used in conjunction with CADD to identify repurposed therapeutics
[63]. Thus, CADD is serving as a rapid and promising technology in the develop-
ment of protein-based therapeutics [64, 65].
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2.6 Overview of Recently Approved Protein Therapeutics
for Clinical Applications

Recombinant human proteins can be used as therapeutics for treating many illnesses
such as diabetes mellitus and multiple sclerosis. The production of high-quality and
functional recombinant proteins is crucial in drug therapy. Although many
applications of recombinant proteins exist as potent therapeutics, the production of
antidrug antibodies (ADAs) is a matter of concern that limits its use. The aggregates
formed during the formulation of recombinant proteins lead to the breakage of
immune system tolerance and result in the production of ADAs. Various strategies
are applied to minimize the aggregation and reduce immunogenicity to make protein
therapeutics safer and more efficient.

2.6.1 Diabetes

Purified from the porcine and bovine pancreas in the 1920s, insulin was the first
therapeutic protein discovered. Since it had a nonhuman origin, its immunogenicity
was expected. The patients suffering from diabetes mellitus were treated with insulin
for over 80 years [66]. In addition to the source being nonhuman, early purification
methods were also not up to the mark, resulting in the development of anti-insulin
antibodies in most patients. To overcome the issue, therapeutic insulin is now mainly
produced as recombinant human protein, and advanced purification methods take
care of purity. Although recombinant insulin is a safer drug, it has been reported that
ADAs, including subclasses of immunoglobulins, developed in about 50%
of diabetic patients treated with recombinant human insulin [67, 68]. The presence
of insulin autoantibodies in diabetes Type I patients hampers the interpretation of
clinical data [69]. Several theories have been put forward to explain why ADAs
develop against insulin in many patients. One of the most promising theories
suggests the involvement of insulin ADAs with themselves and the formation of
aggregates as insulin antibodies have a high tendency to self-associate. These
aggregates contribute to high immunogenicity [70].

The glucagon-like peptide-1 (GLP-1) receptor agonist lixisenatide (lyxumia 1)
was approved for the treatment of type 2 diabetes [71]. The GLP-1 receptor agonist
is compared to other antidiabetic drugs, that is, exenatide, insulin glargine, metfor-
min, sitagliptin, liraglutide, or placebo in type 2 diabetes patients [72]. It is linked
with other biomolecules like lipids, carbohydrates, polyethylene glycol, or proteins
to increase its efficacy. The GLP-1 receptor agonist, along with these conjugates,
acts as cell-targeting peptides or cell-penetrating peptides. It induces insulin release
and suppresses glucagon release in type 2 diabetes [73]. Another study showed that
the C-peptide activates the phosphorylation of insulin receptor tyrosine kinase and
glycogen synthase kinase 3 and results in the mobilization of insulin-responsive
glucose transporter, increased amino acid uptake, and glycogen synthesis. This
suggests that C-peptide signaling may cross-talk with the insulin pathway at the
level of the insulin receptor [51]. The clinical studies indicate that the replacement of
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C-peptides in type 1 diabetic patients shows advantageous effects on somatic and
autonomic diabetic peripheral neuropathy (DPN). Apart, the C-peptide also reduces
the diabetes-induced glomerular hyperfiltration and, thus, decreases the excretion of
urinary albumin [74].

2.6.2 Interferon-b

Relapsing-reemitting multiple sclerosis is generally treated by interferon-β (IFN-β)
or recombinant human IFN-β (Rhu IFN-β). Though these are the most promising and
efficient anti-inflammatory drugs for treating multiple sclerosis, many patients do not
respond to them [75]. As suggested, this can be attributed to the production of
neutralizing antibodies (nAbs) against the IFN-β [76]. IFN-β 1a (Avonex®, Rebif®)
and IFN-β 1b (Betaseron®) products are available in the market that differ in their
source of production, glycosylation pattern, amino acid sequences, and degree of
aggregation [77]. These drugs can mount different levels of immunogenicity in
patients as their formulation sources, administered routes, dosage, and frequency
regimes differ.

Interestingly, patients with a history of developing nAbs, when treated with
IFN-β, result in the disappearance of nAbs. This indicates that the production of
nAbs does not form the memory and, thus, possibly does not involve in the classical
immune response. Besides that, there is an increasing research interest in
investigating and characterizing the formation of aggregates in IFN-β formulations
and their potency in eliciting an immune response in patients by breaking immune
tolerance [75]. One study reported that multiple sclerosis patients who received
IFN-β 1b developed more nAbs than those who received IFN-β 1a [78]. This
observation is most probably correlated to the levels of aggregates as IFN-β 1b
formulation shows a higher degree of aggregation than IFN-β 1a [79]. The self-
binding characteristic of IFN-β 1b is high, due to which they cluster together. Also,
the lack of glycosylation in these molecules promotes aggregation [80]. The exact
cause of the formation of ADAs is not well understood. However, aggregation is
considered an essential contributory factor for immunogenicity in almost all cases,
which requires comprehensive and exploratory studies to identify and validate the
causes of their formation.

2.6.3 Cancer

An array of peptide-based therapeutics has been tested in preclinical models to check
their efficacy in curing cancer. Therapeutics are developed based on a synthetic
polymeric carrier elastin-like polypeptide (ELP), which can be synthesized in
variable sequences and sizes to stabilize the therapeutic peptide and avoid crossing
the placental interface to prevent fetal exposure and potential developmental effects
[81]. The therapeutic peptides possess a targeting delivery feature to recognize
cancer cells effectively. These peptides increase the specificity and efficacy of
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drug delivery with minimal side effects [82]. The cyclic peptide, cCPGPEGAGC
(PEGA), is a homing peptide that can identify cancer cells. In conjugation with the
cell-penetrating peptide pVEC, this peptide was selectively taken up by different
breast cancer cells [83]. Another peptide, D2A21, and its gel formulations have been
used in wound-healing products to treat infected burns, wounds, and several types of
cancer. A TAT peptide derived from the N-terminus of p53, fused with a peptide
derived from the VHL tumor-suppressor gene, inhibits insulin-like growth factor I
receptor (IGF-IR) signaling in renal cell carcinomas [83].

2.7 Emerging Issues and Developments in Proteins-Based
Therapeutics

Both native and recombinant therapeutic proteins are an essential class of medicines
developed to treat a wide variety of diseases. Therapeutic proteins, including
vaccines, antigens, or hormones, are produced using rDNA technology and protein
purification methods. The drug developers apply protein engineering to achieve
desirable molecular characteristics to make these therapeutic proteins safe and
effective. Drug targeting is an important aspect of therapeutics to treat several
diseases. So, it is essential to devise better drug targeting and delivery methods to
have improved potency and functionality. The knowledge of the mechanism of
action and structure-function relationship of a protein is essential for engineering
its activity or introducing new desired activities. The customization of existing
proteins or the generation of novel therapeutics having specific clinical applications
is a developing field in drug design. Besides protein engineering, technological
advancements in genetic engineering are also used to develop therapeutic proteins
to tackle a wide range of life-threatening conditions. However, there are challenges
and limitations associated with the use of therapeutic proteins to combat life-
threatening conditions [84], which include (i) optimal utilization of therapeutic
proteins and peptides via the oral route, (ii) extensive hepatic first-pass metabolism,
(iii) degradation in the gastrointestinal tract, and (iv) large molecular size and poor
permeation.

2.7.1 Issue of Demand and Supply

Therapeutic protein development projects are time consuming and budget extensive.
Also, the associated development processes have various intricacies of cellular
metabolism, pharmacokinetics, and pharmacodynamics, making their development
task more difficult. To reduce the complexity and overcome related limitations,
pharmaceutical scientists do a lot of preresearch and testing to select only those
molecules with a maximum chance of success in clinical trials. It is a well-known
and documented fact that from discovery to the pharmaceutical market, a new drug
molecule takes more than ten years, and yet, its success rate is not guaranteed
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[17, 85]. Therefore, much research needs to be done to consider selective molecules
to maximize the chances of success.

2.7.2 Issues Related to Immunogenicity

Immunogenicity is a challenging aspect of disease management. A particulate
matter, however small in amount, can lead drastically enhance immunogenicity
[86, 87]. Protein-based therapeutics develop either from nonhuman or human
sources and have chances of producing neutralizing and/or nonneutralizing
antibodies [88]. In some cases, using protein therapeutics may also lead to an
array of adverse immune reactions from mild inflammation to severe anaphylaxis.
The therapeutic proteins given to patients may also neutralize endogenous proteins
in some cases and, thus, lead to adverse effects [89]. T cells are a critical arm of the
immune system, and their activity is regulated via T cell receptor interactions.
Therefore, the prior knowledge of all the T cell epitopes present on the surface of
therapeutics can enhance the immune tolerance level and, thus, minimize the
unwanted immunogenic responses [90].

The immunogenicity of protein therapeutics can be reduced by designing deplet-
ing T cell epitopes (deimmunization process) [91]. This idea led to many
deimmunized therapeutic proteins in clinical trials. The quality and quantity of T
cell epitopes are measured by using T-cell-based assays. These in vitro methods,
along with computational techniques, facilitate the identification and removal of T
cell epitopes. The desired mutations can be incorporated into the peptide sequences
using in silico tools, which are later implemented into deimmunized T cell epitope
protein sequences. The resultant peptides have limited capacity for MHC binding
and produce decreased immune responses. Antibodies are mainly deimmunized
protein therapeutics. The rise in the unwanted level of immunogenicity is diminished
by using deimmunized antibodies. The deimmunized antibodies specific for pros-
trate membrane antigen have passed different stages of clinical trials and are
approved for clinical use. In clinical trials, these antibodies are conjugated with a
radioactive probe and do not show antitherapeutic immune responses [92–95]. So, T
cell epitopes are one of the crucial factors taken into consideration to control
antitherapeutic antibody responses. Thus, deimmunized protein-based therapeutics
may provide a safe class of new biologics.

2.7.3 Issue of Protein Stability

The prolonged stability of therapeutic proteins in a clinical setting is a desirable but
challenging trait. It is one of the limitations in making them ideal clinical therapeu-
tics [96]. The possible aggregation of therapeutic proteins increases if they are stored
in the high concentrations required for using them on a large-scale [97, 98]. The
aggregation decreases their overall activity and results in immunological reactions
[97]. This problem can be overcome by spatial aggregation propensity, which
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identifies aggregation-prone regions in a protein sequence, and then those regions
are mutated to engineer stable antibodies [99, 100]. High temperature also influences
the stability of therapeutic proteins. The proteins lose their activity and structural
integrity when stored at room temperature. The best practice is to keep the purified
therapeutic proteins at or below 4 °C for an extended period. During the release of
therapeutic proteins, it may also form particles that compromise their stability and
induce an immune response in patients when administered [97]. The common
strategies to enhance protein stability include (i) the inclusion of desired mutations
in the protein [101, 102], (ii) optimization of the formulation of therapeutic proteins
[103], (iii) use of thermosensitive polymers [96], (iv) encapsulation of therapeutic
proteins, (v) use of biodegradable polymers for the delivery of therapeutic
substances, and (vi) use of nontoxic nanostructured materials.

2.7.4 Issues of Metabolism and Elimination

The metabolism and elimination of protein-based therapeutics, such as those used
for hepatic diseases (like liver cirrhosis), poses a significant hurdle in their successful
clinical uses. The noninvasive administration of protein-based therapeutic by using
alternative routes can possibly solve the issue of hepatic metabolism. Moreover, the
hepatic first-pass metabolism may also be overcome by using invasive delivery of
therapeutic proteins. Another problem with therapeutic proteins is that most have a
short half-life. To overcome this issue, therapeutic proteins are encapsulated and/or
conjugated with biocompatible polymers [104]. Nowadays, the half-life of these
therapeutics is enhanced by using existing fusion protein technology.

The hurdles in developing and delivering therapeutic proteins may be overcome
by studying their pharmacokinetic properties and pharmacodynamic effects. Com-
plete identification and analysis of their pharmacokinetic parameters are required for
predicting the biodisposition of these agents. Though recent advancements in
applied technologies have solved such problems to some extent, some unknown
factors are responsible for creating hindrances to efficiently using much-needed
therapeutics. For instance, poor intestinal absorption and intestinal first-pass metab-
olism significantly impact the clearance of protein-based therapeutics if they are
given via the oral route. Therefore, in-depth knowledge of the routes of their
administration and the underlying mechanism of metabolism is needed to tackle
the issues of early clearance. Several such protein-based therapeutics have recently
been developed, such as Oral Recosulin, Octreolin®, Sandimmune®, etc., and many
are in the clinical stages of development.

2.8 Conclusion and Future Prospects

Protein-based therapeutics are engineered drugs with a wide range of clinical
applications. Rapid progress has been made in the last decade toward developing
engineered proteins to treat several life-threatening conditions. Clinical safety and
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efficacy are some of the essential features to overcome by working on various factors
such as disease biology, individual genetic profile, and selection of target population
on the patient side, while safety margin, route of delivery, half-life, stability, and
solubility on the protein-based therapeutics side. The mode of drug delivery is a
concern for increasing the efficacy. The oral delivery of therapeutic proteins is one of
the efficient ways to replace the invasive routes, only if the problems of poor
absorption and intestinal first-pass metabolism are handled. The recent
advancements in several cross-cutting technologies have made the oral delivery of
therapeutic proteins possible. Apart from that, the stability of protein during its
formulation and decreasing its development cost remain a significant challenge in
front of research communities. These problems can be handled by parallel use of
advanced in vitro, in vivo, and in silico techniques. Many protein-based therapeutics
are either FDA approved or in the final stages of approval, with many reaching the
global market, and hundreds are in preclinical studies and clinical development.
These therapeutics have been successful in treating a variety of conditions, from
diabetes mellitus to cancers. The design and development of therapeutic proteins
considering novel scaffolds with superior biochemical and physiological activities
will be primary areas of research in the coming decades.
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Abstract

The expeditious growth of modern medicine has proven to be indispensable for
protein therapeutics. In some instances, protein therapeutics are the only known
cure. Continuous efforts have been put in to enhance their production and
efficacy. The advancement of protein engineering methods has aided in develop-
ing effective protein therapeutics with increased affinity, pharmacokinetics, phar-
macodynamics, immunogenicity, and productivity. In terms of novel protein
therapeutic platform technologies, different synthetic protein scaffolds are in
the early phases of clinical trials. Protein therapeutics have immense potential
to improve human health. As protein engineering efforts have grown and
diversified, understanding the biophysical and biochemical properties of proteins
and applying this information to developing effective pharmacological
medications has become increasingly relevant. The overall purpose of the various
methodologies for designing protein therapeutics is to better understand their role
in medicine for proper care and diagnosis, leading to further innovation and
development.
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3.1 Protein Engineering: A Realm for Biological Therapeutics

Protein engineering approaches for designing proteins with different activities,
particularly in the case of protein therapeutics, are evolving rapidly. Natural proteins
may be adequate for some purposes, such as enzyme replacement therapy, yet
designing unique stimulus-responsive proteins is much more anticipated. Naturally
powerful proteins are closely regulated in the body and are frequently
posttranslationally controlled. Many are produced as inactive zymogens and subse-
quently removed or neutralized when no longer required. Protein engineering is used
to create biochemically innovative therapeutics personalized to patients’ needs.
Designing protein treatments to boost responsiveness for designated initiation and
balance and utilizing and developing these medications have tremendous potential
for improvement. Current studies into protein molecular recognition, allostery, and
catalysis and the advent of computational protein design tools will hasten this
transformation.

3.1.1 Introduction

Current drug therapies have a wide range of outcomes; however, combining safety
and efficacy with a short therapeutic window becomes difficult. Drug systems that
respond to stimuli could be a solution to these problems, allowing for improved
control of drug metabolism and action. These smart stimulus-responsive drugs may
be more successful and have fewer adverse effects than current treatments, because
they respond correctly to varied physiological and pathological signals. Hydrogels,
for example, are nonprotein components of innovative medication systems and are
currently being developed, but protein function control will be critical for reaching
sophisticated in vivo systems for smart drugs. Proteins are ideal for critical
biosensing and functional responses, because they can respond to stimuli with
precise sensitivity [1].

Although protein engineering is frequently described as essential for future
therapeutics, its role is commonly mentioned in a limited context, such as different
scaffolds that act as antibody substitutes, fusion proteins for increased half-life,
covalent conjugation with polyethylene glycol (PEG), that is, PEGylation, glycosyl-
ation, or mutagenesis for reduced immunogenicity, etc. In a practical sense, protein
engineering will have a considerably broader influence. Protein engineering cur-
rently allows for tuning and creating protein stimulus-responsive activity, with the
potential to change the landscape of drug metabolism. When combined with effec-
tive anticancer therapies, the use of modified proteins for targeted drug activation or
neutralization can improve pharmacokinetics and pharmacodynamics while also
reducing adverse effects.

Many recent breakthroughs in related fields such as biosensing, biocatalysis, and
synthetic biology can be used in the emerging field of modified drug metabolism.
Protein engineering includes three primary approaches: knowledge-based mutagen-
esis (KBM), computational protein design (CPD), and directed evolution (DE), in
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addition to the alteration of proteins by derivatization. Knowledge-based mutagene-
sis, the most basic kind of rational protein engineering, uses broad biochemical
principles and prior knowledge to guide the mutagenesis of native proteins to
generate enhanced or unique structure and/or functional features. Molecular
modeling algorithms are used in computational protein design to determine amino-
acid sequences that fold into the desired structure. This serves as a thorough
examination of knowledge of the structure-function link. Computational protein
design frequently comprises developing protein design candidates by altering
residues on a high-resolution structure, then energetically analyzing the designs to
find variants that are best for specific physicochemical properties such as protein
stability or enzymatic activity. Random mutation or gene recombination is used in
directed evolution to impart desirable traits into proteins [2]. Functional variants
with specified features are subsequently found from these libraries through screening
or selection. In directed evolution, in its most basic form, some of the de novo
possibilities of computer design are missing. On the other hand, this approach can be
used on a protein without having a complete understanding of its structure or the
molecular process that allows it to operate. KBM, CPD, and DE techniques are often
combined for researchers to quickly bestow desired physicochemical features and
speed up discovery [Fig. 3.1]. These methods, when combined, provide a formidable
toolkit for manipulating an enzyme’s input and output sensitivities by altering
substrate selectivity, binding affinity, or generating novel activity.

Fig. 3.1 Knowledge-based mutagenesis, computational protein design, and directed evolution are
shown here for applying protein engineering to modify the substrate specificity of an enzyme
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Medicine, notably pharmacology, is on the verge of a paradigm change from
small-molecule chemical therapy to therapeutic intervention, which encompasses
protein, cellular, and gene therapy. Since proteins are vital to biological processes,
protein engineering is a common and essential method for these new biologics.
Controlling half-life and immunogenicity in protein therapies is critical for clinical
usage, and protein engineering will remain vital in these domains [3]. However, the
ultimate promise of protein engineering for future treatments is significantly greater
and is oriented on protein function and regulation, especially stimulus-responsive
activity. Protein design constraints associated with traditional pure protein delivery
methods will likely be reduced or eliminated when other intracellular protein
delivery methods and gene therapy are developed.

3.1.2 Protein Structure Modeling and Prediction

All cells in our bodies and all living creatures from all kingdoms are made up of
proteins. Although the deoxyribonucleic acid (DNA) encodes the information
required for life to continue, proteins are responsible for the dynamic processes of
replication, defense, life maintenance, and reproduction. There are 20 natural amino
acids that occur more frequently than other unique amino acids with distinct
functions. These 20 amino acids can be linked together in different combinations
of sequence and length to form polypeptide chains, or proteins, depending on the
genetic code and stereochemical properties. In terms of their functions, proteins may
have a constitutive or transitory cell expression. It is also worth noting that efforts are
being made to create proteins from nonnatural amino acids.

A protein, or a protein complex, performs biochemical events such as respiration,
transport of gases, food absorption, energy metabolism and storage, heat or cold
physiological reactions, or any other life process that can be imagined. Proteins
evolve under natural selection pressures and play a specific role in every reaction in a
living organism [4]. Protein function can be seen in a variety of ways. The fact that
all of the activities they may accomplish are dependent on a single principle, the
20 amino acids that make up a protein, is remarkable. As a result, studying proteins,
their composition, shape, dynamics, and function becomes crucial [5]. The function
of protein is determined by its structure, which is influenced by physical and
chemical factors. Another significant element to consider when examining these
molecules is that traditional chemical, biological, mathematical, physical, and infor-
matics sciences have collaborated in a new field known as bioinformatics to provide
a new level of understanding about life organization.

3.1.2.1 Protein Structure
Protein structure refers to the three-dimensional (3D) arrangement of atoms in an
amino acid chain. Proteins are made up of L-amino acids polymerized through
peptide bonds. However, this holds for any polypeptide or short peptide. To under-
stand what a protein is, consider that, unlike other polymers formed of L-amino
acids, they result from biological evolution. They serve a biological purpose that is
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Fig. 3.2 Diagrammatic representation of the four levels of protein structure viz. primary, second-
ary, tertiary, and quaternary structures

defined by their distinctive 3D structures. The primary, secondary, tertiary, and
quaternary structures of a protein are the four levels that are commonly utilized
[Fig. 3.2]. Supersecondary structures and domains, which are intermediate levels
between secondary and tertiary structures, are frequently present in proteins with
specific functional roles.

Primary Structure
The primary structure of a protein is defined by the linear amino-acid sequence
linked together by peptide bonds. In short, the sequence determines the structure and
function of proteins. The fundamental structure is depicted from the N-terminus to
the C-terminus [6]. The genetic code table can be used to infer it from the
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) sequence. The most preva-
lent amino acid residue on the N-terminal extremity of the primary structure in the
natural proteins is methionine, coded by the ATG start codon. However, in bacteria,
instead of methionine, formyl-methionine is used as the first residue [7]. A polypep-
tide chain is a one-dimensional (1D) heteropolymer of amino acid residues.
Although stop codons can incorporate two more amino acids (selenocysteine and
pyrrolysine) in unusual instances, only 20 naturally occurring amino acids are
directly encoded by the appropriate codons [8]. Nature can construct the enormous
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Fig. 3.3 A small segment of polypeptide chain with planar peptide groups (CONH bond) and the
torsion angles ϕ and ψ are shown

variety of activities that proteins execute in living beings with the 20 different amino
acids.

Due to the molecular nature of the amide bond, which takes on partial double
bond properties, the peptide bond between the two amino acids is prone to resonance
[Fig. 3.3]. The C-N distance is shorter than a single bond but larger than a double
bond. Furthermore, the structure becomes rigid, because the linkage is no longer
freely rotatable. As a result, the α-carbon atoms of two neighboring amino acids and
the peptide carbonyl (C=O) and NH groups reside within the same plane [9]. The
angle of torsion (dihedral) associated with this connection must be either 180°
(trans) or 0° to be planar (cis). Whenever the amino acid proline occurs on the
bond’s C-terminal side, it forms a cis peptide bond. This is because of the unique
character of the proline side chain, which creates a covalent bond link with its main
chain nitrogen, resulting in a closed ring. As a result, proline is classified as a
secondary amino acid, and neither the trans nor the cis forms are particularly
beneficial in terms of energy. The torsional rotation around the polypeptide’s single
bonds is the polypeptide’s only source of conformational freedom. Since the peptide
bond is not freely rotatable, it is effectively stuck in the trans-state. Only two single
bonds exist per residue throughout the main chain, and the torsion angles phi (ϕ) and
psi (ψ) can be derived from these bonds, which are found to be 0° in the trans
conformation. The confirmation of a specific residue’s main chain can thus be
defined in terms of these two parameters, which can be represented in a
two-dimensional (2D) coordinate system (the Ramachandran plot), with both ϕ
and ψ varying between -180° and +180°.
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Secondary Structure
As protein synthesis progresses, interactions among nearby amino acid residues start
to occur, resulting in secondary conformations or local patterns. The well-known
α-helices and β-strands are examples of secondary structures. The consequence of
systematic repeats of the ϕ and ψ angles for all residues along the polypeptide is
invariably a helix. Based on the combination of ϕ and ψ, an infinite number of helix
forms are theoretically feasible. However, only a tiny percentage of all theoretically
possible helices are found in protein structures. Regarding globular proteins, the
most important ones correspond to the α-helix and the β-strand [10, 11] [Fig. 3.4].

The α-helix is coiled with 3.6 amino acids per helical turn (5 helical turns = 18
amino acids) with a spiral shape. Helices are generally right-handed; left-handed
helices only appear in exceptional circumstances, such as sequences with a lot of
glycines. The primary forces that stabilize the α-helix are hydrogen bonding. The
terms rise, repeat, and pitch are used to distinguish the parameters of any helix. The
number of residues in a helix before it begins to repeat itself is known as the repeat.
The repetition for an α-helix is 3.6 amino acids per turn per helical turn, and with
each residue added, the helix elevates a certain distance (0.15 nm per amino acid).
The pitch is the distance between the helix’s complete turns (0.54 nm for an α-helix).

α-helices have several physicochemical and structural features in common. They
are usually amphipathic, with the hydrophobic facing toward the protein core and a
hydrophilic facing the water. Competing water and the amide groups of the protein
chain strain the hydrogen bonds on the hydrophilic face causing helix curvature. Due
to the arrangement of the individual dipoles of the peptide units, the macroscopic

Fig. 3.4 Common secondary
structures: α-helix and the
β-pleated sheets. The strands
in parallel β sheets run in the
same direction but in opposite
directions in antiparallel
sheets. In mixed sheets, few
strands run parallel, while
others run antiparallel



56 P. Narad et al.

dipole associated with the whole helix is generally of the order of 0.5 units of
positively charged ions at the N-terminus and 0.5 units of negatively charged ions
at the C-terminus [12]. Because of the free NH groups within the first turn, the
N-termini of α-helices are suitable binding sites for anions like phosphate. When
such an anion is absent, the side chain of the first helical residue (asparagine or
aspartic acid) is commonly used to cap the N-terminus (the N-cap). Since proline is
the most abundant amino acid at the second position, the sequence Asn-Pro may
theoretically constitute a powerful helix initiation signal.

A β-strand is commonly described as a 2D flattened helix. Instead of coils,
β-strands have bends, often referred to as pleats. β-strands can be arranged to create
intricate structures like sheets, barrels, and other arrangements. Higher-order
β-strand structures are sometimes called supersecondary structures, because they
involve interactions between amino acids that are not close in the primary sequence.
Strands can be placed parallel or antiparallel in a higher-order structure. Internal
hydrogen bonds cannot be formed by β-strands [13]. The creation of hydrogen bonds
between strands allows them to organize into sheets. Based on the relative orienta-
tion of the strands that make up the sheet, it might be parallel, antiparallel, or mixed.
In β-sheets, the ϕ and ψ angles vary depending on the shape, and thus, β-sheets can
have several topologies. Almost all β-sheets are twisted, which is a typical property.
The sheet has a left-handed twist when viewed perpendicular to the strands and a
right-handed twist when viewed parallel. Given the left-handed twist of the individ-
ual strands, this may appear to be a contradiction, but it is only because every second
residue forms hydrogen bonds to the same end of the strand.

Tertiary Structure
Although the structure is required for protein function, the amino-acid sequence
determines all the features of a protein. As protein synthesis progresses, distinct
secondary structure components begin interacting with one another, resulting in
folds that bring amino acids closer than they would be in the primary structure.
Interactions between the R-groups of amino acids in proteins and the interactions
between the polypeptide backbone and amino acid side groups have a role in folding
at the tertiary level of structure [Fig. 3.5]. The complete 3D structure of the
polypeptide is the result of the folding process. Nonfibrous proteins fold into unique
3D structures known as globular proteins. The same forces that drive the formation
of a globular protein also keep it stable, such as hydrophobic forces, ionic
interactions, hydrogen bonding, ionic bonds, disulfide bonds, and metallic bonds.
Detergents, heat, pH fluctuations, urea, and reducing agents destabilize the structure
of a protein, resulting in the unfolding and loss of its structure and function.

There are several tools to study the secondary structure and protein folds.
Structural Classification of Proteins (SCOP) (https://scop.mrc-lmb.cam.ac.uk/) [14]
and Class, Architecture, Topology, and Homology Protein Structure Database
(CATH) (https://www.cathdb.info/) [15] employ hierarchical methods, which are
two of the most extensively used classifications of protein folds. Folds are classified
at the top of the hierarchy depending on the composition of their secondary structure.
There is a widespread belief that the total number of folds is minimal and that our

https://scop.mrc-lmb.cam.ac.uk/
https://www.cathdb.info/
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Fig. 3.5 Tertiary structure of
a protein, the polypeptide
chain’s total 3D arrangement
in space (PDB code: 1Q4S)

Fig. 3.6 The quaternary structure of a protein is the organization of multiple protein chains or
subunits in a tightly packed pattern (PDB code: 1Q4S)

understanding of all folds that soluble proteins employ will be complete within the
next few years due to structural genomics initiatives. It is evident that some folds are
more prevalent than others, and some authors have labeled them superfolds, for
example, the triose phosphate isomerase (TIM) barrel, the jelly-roll, and the up-and-
down 4-helix bundle [16].

Quaternary Structure
The protein subunits interact via noncovalent interactions to form quaternary
structures or oligomers in a specific arrangement of the subunits [Fig. 3.6]. Only a
small percentage of proteins are made up of a single polypeptide chain. The
remaining proteins form oligomers, macromolecular assemblages, and polymers as
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homo- or hetero-oligomers [17]. When two polypeptide chains combine to form an
interface, they form isologous or heterologous interfaces. The interaction in the first
scenario results in the formation of an asymmetric dimer with a two-fold axis, in
which if region A on the first subunit interacts with a region B on the second, region
A of the second must interact with region B on the first. This is not the case in the
case of heterologous interactions. They can be symmetric or asymmetric, resulting in
ring-like structures with higher-order (>2) symmetry axes. Internal symmetry exists
in almost all oligomeric formations. Because the individual subunits are asymmetric
and chiral, symmetry can only be achieved through the coupling of subunits around
pure rotation axes.

The amino-acid sequences of most proteins are thought to include all the data
required to fold them into their 3D structure. However, complementary “patches” on
the surfaces of proteins are required to form the quaternary structure. As a result, the
patches buried in the subunit interfaces play an essential role in protein
oligomerization.

3.1.2.2 Protein Structure Prediction
Computational approaches for protein structure prediction from their amino-acid
sequence have blossomed over the last few decades. From a physical standpoint, the
amino-acid sequence specifies the core structure of the protein, with the native form
as the most stable conformation with the minimum free energy. Though we know
that various physical principles drive protein folding, fully describing such a com-
plicated macromolecule is incredibly difficult. On the other hand, searching the
massive quantity of conformational space is still challenging. Protein structure
prediction can be performed in a variety of ways. First-principles methods with
database information, first-principles methods without database information, com-
parative modeling, and fold recognition are the four structure prediction approaches.
As prediction methods have evolved, the distinctions between these categories have
blurred [18]. Despite the hazy differences, categorizing the approaches is helpful.

Comparative Modeling
The structure of a protein is predicted using comparative modeling by comparing its
amino-acid sequence to sequences whose native 3D structure is known. Compara-
tive modeling or homology modeling is based on the idea that structure similarity
follows sequence similarity. Examples of homology modeling tools include the
SWISS-MODEL (https://swissmodel.expasy.org/), MODELLER (https://salilab.
org/modeller/), etc. However, the degree of sequence similarity significantly impacts
the accuracy of comparison modeling predictions. Predictions are usually of good
quality when the target and template share more than 50% sequence identities. More
than 80% of the C-atoms may lie within 3.5 Å of their actual positions if the
sequence is 30–50% identical. However, if the sequence identity is less than 30%,
the prediction will likely contain many mistakes. Comparative modeling generally
entails selecting templates from a database, aligning them to the target sequence, and
fine-tuning side-chain geometry and low-identity regions. The first phase, template
identification, has well-established techniques and implementations. Basic Local

https://swissmodel.expasy.org/
https://salilab.org/modeller/
https://salilab.org/modeller/
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Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and its
improvements, such as Position-Specific Iterative Basic Local Alignment Search
Tool (PSI-BLAST), have become well established and are used as benchmarks for
any new method development [19].

Fold Recognition
Fold recognition methods aim to predict the 3D folded structure of amino-acid
sequences when comparative modeling methods fail. Examples of fold recognition
tools include 3D-pssm (http://www.sbg.bio.ic.ac.uk/3dpssm/index2.html),
PDBeFold (https://www.ebi.ac.uk/msd-srv/ssm/), etc. The idea behind fold recogni-
tion algorithms is that the protein structure is more evolutionarily conserved than
sequence. The number of unique folds has been estimated by categorizing the
structures in the protein data bank (PDB) into families [20]. Since there are more
sequences than folds, fold identification systems attempt to find a model fold for a
certain target sequence from the available folds even though no sequence similarity
is established. Fold recognition techniques employ advanced sequence comparison
methods. However, the distinction between fold recognition and homology
modeling methods is hazy, especially in approaches based on hidden Markov
models (HMM). As noted earlier, comparative modeling fold identification
techniques include models and location-specific iterated BLAST searches. Another
method for fold recognition is to predict and compare secondary structures [21]. The
fact that sequences with less than 10% similarity can also have more than 80%
secondary structure similarity underpins this subclass. However, any such method is
only as efficient as the secondary structure prediction method on which it is based.
Finally, one of the most important fold recognition methods is threading, which
involves comparing sequences to a known 3D fold [22]. Threading algorithms try to
match a target sequence to a known structure in a fold library. Threading-based
approaches are well known for their high computational costs. Several threading
algorithms neglect the interaction between residues in pairs, and thus, the threading
problem is significantly simplified, which can be handled using dynamic
programming.

Prediction Based on First Principles Using Data from Database
The term ab initio refers to structure prediction approaches that do not rely on
experimentally established structures. For example, trRosetta (https://yanglab.
nankai.edu.cn/trRosetta/help/), I-TASSER (https://zhanggroup.org/I-TASSER/),
etc. Since the emergence of fragment-based approaches, ab initio methods have
grown increasingly ambiguous. These methods compare fragments of a target to
fragments of known structures retrieved from the PDB [20]. After finding the correct
fragments, they are put together into a structure, often using scoring systems and
optimization algorithms. The method can be compared to physics-based first princi-
ple methods, since scoring functions are analogous to energy functions, and frag-
ment assembly with optimization algorithms is akin to free energy optimization. The
first principle methods compatible with free energy minimization can be called first
principle structure prediction methods; however, the fragment assembly methods do

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.sbg.bio.ic.ac.uk/3dpssm/index2.html
https://www.ebi.ac.uk/msd-srv/ssm/
https://yanglab.nankai.edu.cn/trRosetta/help/
https://yanglab.nankai.edu.cn/trRosetta/help/
https://zhanggroup.org/I-TASSER/
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not hold the same. Local interactions induce a bias but do not uniquely characterize
the local structure, according to fragment assembling approaches. Nonlocal
interactions between nonneighboring residues are projected to fix local degrees of
freedom, resulting in a compact overall design. By pooling across observable
fragment configurations in known protein structures, fragment-based approaches
mimic this structural bias. Compact structures are formed by randomly mixing
pieces and simulating annealing when acceptable fragments have been found.
Following that, scoring functions generated from conformational statistics of
known proteins are used to evaluate the fitness of a conformation. Improvement in
fragment assembling methods may be attributed to Baker et al. Notably, in the
existing critical assessment of structure prediction (CASP) studies, fragment assem-
bly strategies performed reasonably well across target classes [23].

Prediction Based on First Principles Without Using Data from Database
The first principle structure prediction is an essential supplement to any knowledge-
based methodology for various reasons. These methods use Anfinsen’s thermody-
namic theory by attempting to find the minimal free energy of a protein in a
particular surrounding. Examples of such predictions include CrySPY (https://
tomoki-yamashita.github.io/CrySPY_doc/), ASTRO-FOLD (https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC1303441/), etc. Sometimes, even a remotely related struc-
ture homologue may not be available. In these instances, the only option is to use
first-principle methods. Additionally, new structures are continually being discov-
ered that cannot be detected using methods that rely on the comparison to known
structures. Third, knowledge-based strategies have been criticized for accurately
predicting protein structures without requiring a comprehensive understanding of
structural formation mechanisms and driving forces. In contrast, first principle
structure prediction methods rely on physical models of these systems to make
predictions. As a result, they can assist in distinguishing between right and wrong
modeling assumptions and deepen our understanding of protein folding
mechanisms. Only physically relevant potentials and atom representations can be
used to apply such approaches to any given target sequence. Because of the large
range of targets and the difficulty of directly or indirectly employing database
knowledge, such approaches are meant for the most challenging protein structure
prediction methods [24].

3.1.3 Protein and Metabolite Identification

Protein identification is one of the most basic tasks that mass spectrometry (MS) can
undertake. In over 90% of samples for MS analysis, protein identification is
anticipated. Peptide mapping and tandem MS are the two main types of MS
techniques used to identify proteins. Protein identification is performed using either
a bottom-up or top-down approach. Identifying proteins that are predigested into
peptide fragments is known as bottom-up MS, while the intact protein is detected
using top-down MS. The bottom-up approach is more prevalent than the top-down,

https://tomoki-yamashita.github.io/CrySPY_doc/
https://tomoki-yamashita.github.io/CrySPY_doc/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1303441/
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which still faces substantial technological challenges before becoming widely used
in MS laboratories.

3.1.3.1 Peptide Mapping
Peptide mapping is performed on a single protein or a combination of proteins.
Before MS analysis, the protein must be digested into peptides for identification via
peptide mapping. After the peptides are digested, their molecular weight is deter-
mined. Peptide masses produced from a library of in silico digested proteins or
translated nucleic acid sequences are compared to experimental peptide masses
[Fig. 3.7]. If several experimental masses meet values for a particular protein in
the database within a given mass tolerance, the protein can be identified. Since the
accuracy and precision between the experimental and in silico masses are essential
for proper protein identification, generating the peptide map on equipment with high
mass measurement accuracy is preferred; the more matches between the experimen-
tal and database peptide mass, the more confident the protein sequence identification.
Specific software is also required to translate raw MS data and identify a protein.
Several free software applications are available for examining peptide mapping data
[Table 3.1]. At the absolute least, the programs require an input that includes the
experimental peptide ion list and a database against which it may be compared.

Fig. 3.7 Mass spectrometry (MS) peptide mapping for protein identification. In the initial stage,
the protein is proteolytically digested, and the experimental masses of the peptides are determined
using MS. Depending on the specificity of the enzymes utilized, the sequences of the proteins in the
specified database are digested in silico. The masses of the peptides are estimated, and theoretical
mass spectra are constructed. To identify the correct protein, the best match among experimental
and theoretical mass spectra is employed
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Table 3.1 Protein identification software based on peptide mass fingerprinting and tandem mass
spectrometry data

Technique
Software
Program URL

Peptide mass
fingerprinting

Mascot http://www.matrixscience.com

MS-Fit http://prospector.ucsf.edu

MultiIdent http://web.expasy.org

MassWiz http://masswiz.igib.res.in

Protein Lynx http://www.matrixscience.com

ProFound http://prowl.rockefeller.edu

PepMAPPER http://www.nwsr.manchester.ac.uk

Request http://www.thermo.com

Tandem mass
spectrometry

Crux http://noble.gs.washington.edu/proj/crux

MS-Tag http://prospector.ucsf.edu

Pep-Frag http://prowl.rockefeller.edu

X! Tandem http://www.thegpm.org/tandem

Sonar MS/MS http://hs2.proteome.ca/prowl/sonar/sonar_cntrl.
html

OMSSA http://pubchem.ncbi.nlm.nih.gov/omssa

3.1.3.2 Tandem Mass Spectrometry
Only single proteins or a simple mixture of two or three proteins can be identified
using peptide mapping. MS2 is necessary for a complicated sample with multiple
proteins [25]. This approach can distinguish between isolated proteins and proteins
in a sample comprising up to 100,000 species. Bottom-up protein identification with
MS2 entails the digestion of proteins into peptides. Collision-induced dissociation
(CID) is a process in which peptides collide with inert gas and fragment into a
succession of peptide ladders. Fortunately, CID causes peptide ions to fragment
largely along their backbone.

3.1.3.3 Protein Databases
In addition to a mass spectrometer and tools for translating raw MS data to identify
peptide sequences, a protein database is required. Although de novo sequencing
should be able to identify MS2 spectra in the future, this process will take years of
research before becoming widespread. Amino acid or nucleotide sequences that are
transcribed into protein sequences can be found in protein identification databases.
The number of entries in these databases has exploded in tandem with the rate at
which genome sequencing has progressed over the years. There are numerous
publicly accessible sequence databases. The UniProt knowledgebase (https://www.
uniprot.org/), the national center for biotechnology information (NCBI) nonredun-
dant protein database (https://www.ncbi.nlm.nih.gov/refseq/) [26], or the Interna-
tional Protein index database (http://www.ebi.ac.uk/IPI) are used to validate most
experimental MS data. These databases are updated regularly to ensure that prote-
ome researchers have access to the most up-to-date sequence information.

https://www.uniprot.org/
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3.1.3.4 Bottom-Up and Top-Down Mass Spectrometry
The majority of proteins identified by MS adopt a bottom-up strategy. Proteins are
digested into peptides in this approach, and identifying these peptides is used as a
substitute for protein identification. The fundamental issue in this technique is that it
lacks clear proof of important biological features such as alternate splice variants,
various modifications, and distinct protein cleavage sites. Bottom-up aggregation of
all discovered peptides into a single protein sequence makes it impossible to
discriminate between active and inactive populations. Top-down proteomics
measures the intact proteins, allowing each changed variation to generate its signal
[27]. As a result, numerous altered protein versions may be detected. The primary
advantage of top-down MS is that the molecular weight of the entire protein is
determined experimentally, allowing the contributions of each amino acid to be
recorded as a single signal. Even with today’s high mass measurement accuracy
instruments, knowing only the total mass of a protein is inadequate for its identifica-
tion. The protein must be fragmented in the same way as peptides examined with
MS2. Unfortunately, top-down techniques for recognizing complete proteins have
lower sensitivity than bottom-up approaches for peptides.

3.1.3.5 Metabolite Identification
The most extensively utilized techniques for metabolome analysis are mass spec-
trometry (MS) and nuclear magnetic resonance (NMR) spectroscopy. Global
metabolomics is a research strategy that involves identifying, characterizing, and
estimating as many metabolites in biological samples as analytically possible to find
changes that can be used to distinguish between two samples.

MS Metabolite Identification
In gas chromatography-mass spectrometry (GC/MS) and liquid chromatography-
mass spectrometry (LC/MS), metabolites are identified and confirmed using frag-
mentation pattern, molecular weight, and retention time or by comparing the
metabolites’ spectra and pattern of fragmentation to those of pure substances.
There is no single screening strategy for nontargeted metabolomics that can provide
complete coverage because of weak ionization, limited analyte concentration, and
poor chromatographic retention. The knowledge and expertise, as well as available
tools, are used to perform ab initio identification of small molecules. Organic
compounds that have the same molecular weight but exist in different forms make
the identification process difficult. In this case, the isomers are resolved by chroma-
tography before being identified by MS. Due to the linear and repeating nature of
their building blocks, MS makes it easier to identify proteins, peptides, DNA, and
RNA than it is to identify low-molecular-weight substances [28]. To aid in the
identification of unknown metabolites, several accessible and valuable databases
have been created [Table 3.2].

A targeted metabolomics analysis concentrates on a specific group of molecules,
such as the principal metabolites of a potential treatment candidate or a known
metabolic pathway that leads to drug toxicities or detoxification. The identification
method requires analyzing experimental data, such as mass-to-charge ratio (m/z) and
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Table 3.2 Metabolic pathway websites that help in the identification of unknown metabolites

Pathway Description URL

KEGG A database of pathways that shows how genes or molecules
are connected.

https://www.
genome.jp/kegg/

Reactome An open-source curated database with analytic tools for
pathways and networks.

http://www.
reactome.org

BioCyc A repository of organism-specific pathway and genome
databases.

http://biocyc.org

ExPASy It is a bioinformatics portal that’s both extensible and
integrative.

http://www.
expasy.org

SGD Saccharomyces genome database contains information on the
yeast Saccharomyces cerevisiae’s molecular biology and
genetics.

http://www.
yeastgenome.org

PMN A curated database of plant metabolic networks. http://www.
arabidopsis.org

retention duration, with pure standards if the goal is to locate known metabolites. If
somehow the metabolic compounds can be predicted, metabolite identification
requires finding representative standards and analyzing experimental data for the
expected metabolites. Metabolite identification becomes substantially more difficult
when the metabolites cannot be predicted or are unknown, as in the case of
biomarker discovery, and may require numerous chromatographic separations with
varying chemistries and mobile phases. A high-resolution mass spectrometer for
accurate mass analysis, statistical analytic tools for data mining, metabolite
databases, and access to hundreds of pure compounds for confirmation would also
be required.

NMR Metabolite Identification
The core strength of NMR spectroscopy is metabolite identification, either by
structure confirmation or de novo. The NMR frequency of a nucleus is influenced
by the nuclear isotope, the field strength of the NMRmagnet, and the local electronic
environment [29]. The overall structure is determined using scalar couplings, chem-
ical shifts, molecular connections, and spatial data gained from a set of 1D and 2D
experiments. The chemical shift scale, which is independent of the magnetic field
intensity, is commonly used to express NMR peak frequencies in parts per million
(ppm). Chemical shifts are common among several functional groups, and this
insight is crucial for determining structure.

3.1.4 Folding of Proteins

When it comes to multidomain proteins, folding is a difficult task. Multidomain
proteins are those that have more than 200 amino acids in them, with each domain
having independent folding. The presence of multiple domains aids in the stability

https://www.genome.jp/kegg/
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and flexibility of the protein. In contrast, the folding rate is fast when a single domain
is examined. The rate-limiting phase in the folding process of multidomain proteins
is the formation of interfacial interactions between distinct domains. The folding
kinetics is divided into three stages: an initial fast phase; an intermediate state
that lacks native-like characteristics, is more prone to proteolysis, and lacks
catalytic properties; and a final stage with a relatively slow folding rate. During
the final phase, the already folded domains of a protein are paired together. The rate
of folding is inversely proportional to the solvent viscosity. High protein
concentrations, such as those seen in the cellular environment, aid in domain pairing,
but they tend to encourage the formation of dimers rather than monomers. In many
cases, it has been found that ligand binding is one of the factors responsible for
correct protein folding. Efficient protein folding is required for normal cell function-
ing, which is dependent on the coordinated actions of chaperones, chaperonins, and
auxiliary cofactors [30]. When this system malfunctions, produced proteins are
unable to fold correctly, resulting in their aggregation. Protein misfolding is the
failure of a given protein to return to its original and active state. Due to the loss of
normal physiological functioning, protein misfolding has a wide range of pathogenic
ramifications (Fig. 3.8).

Fig. 3.8 Protein models from the all-α, all-β, and mixed classes are represented structurally
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3.1.4.1 Structural Classes of Proteins
(a) All-α Proteins

(i) Lone helix: Lone helix proteins, such as alamethicin, are small proteins
with only one helix.

(ii) Helix-turn-helix motif: Two antiparallel helices are joined by a short loop
in the helix-turn-helix motif, as seen in the RNA-binding protein Rop.

(iii) Four-helix bundle:A bundle of four helices connected by three loops. The
interfaces of helices are hydrophobic, while the surface is hydrophilic.
They are found in photosynthesis reaction centers, G-protein-coupled
receptor membrane-spanning regions, cytokines, DNA-binding proteins,
etc. They are also seen in a globin fold with two bundles, each with four
helices.

(iv) Helix-helix packing: α-helices are packed so that their interfacial regions
are complementary, and their side chains are buried.

(b) All-β Proteins
(i) β-sandwiches: Also known as immunoglobulin folds, they are two sheets

of immunoglobulin packed together like a sandwich. Two sheets are either
aligned or orthogonal in their packing. The two sheets are connected by
residues that are not in the β-sheet conformation.

(ii) β-barrels: A protein domain with an antiparallel β-sheet and no fixed
strand arrangement.

(iii) Up and down antiparallel β-sheets: Antiparallel strands that make up the
β-sheet are joined by loops of adjacent strands that resemble Greek keys.
Hairpins join three up-and-down strands, with the fourth strand resting
close to the first.

(iv) β-propellers: This fold is a super barrel with six four-stranded antiparallel
sheets arranged in an up-down topology.

(v) β-trefoils: Has a three-fold axis of symmetry, for example, cytokinin
interleukin-1.

(vi) β-helix: With β-strands looped around the structure, this fold resembles a
helical topology.

(c) Mixed Class
(i) α/β: This fold is found in proteins that contain repetitive β-α-β

supersecondary units (right-handed) with an outer layer of α-helices and
an inner core of parallel β-sheets. The β-strands and α-helices are parallel to
each other, while the α-helices are antiparallel to the strands. This fold is
also known as the Rossmann fold and is found in many glycolysis
enzymes, cytosolic proteins, and nucleotide-binding proteins.

(ii) α/β horseshoe: They resemble an open horseshoe with α-helices at the
curve’s surface and a curve produced by repeated units α/β with a parallel
β-sheet. The β-strands run parallels to the center axis and are somewhat
inclined to one another.

(iii) α/β barrels: This is an eight β-α sequence barrel-like structure, with the
first strand of hydrogen linked to the last strand. The fold is closed like a
barrel, with the α-helices on only one side of the β-sheet.
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(iv) α + β: They possess α and β secondary structural features but no particular
topology.

3.1.4.2 Protein Misfolding
With the help of chaperones, multidomain proteins assume their native state in vivo
shortly after ribosome synthesis. In vitro protein folding has gained importance due
to its association with various exciting facts, such as how the chain attains the most
stable shape within milliseconds to seconds and the prediction of 3D shape from the
proteins’ amino-acid sequence. Proteins can assume zillions of different
conformations, and if the proper stable conformation is found, a one degree devia-
tion can dramatically raise the stability of the chain by several orders of magnitude.
A unique folding mechanism likely drives the unfolded protein, allowing the process
to occur rapidly. According to molecular simulations using lattice models of protein
chains, protein folding is triggered by the formation of the nucleus, with the folding
rate based on protein size. The entire process seems to be under thermodynamic
control [31].

If the appropriate folding of the 3D structure does not happen correctly and the
protein undergoes erroneous folding, it is referred to as protein misfolding. Amyloid
is a term used to describe protein aggregation caused by misfolding. The deposition
of amyloid has been linked to a large number of human diseases. Parkinson’s
disease, Alzheimer’s disease, Huntington’s disease, and spongiform encephalopathy
are neurodegenerative disorders that damage the central nervous system.

3.1.5 Motif, Domains, and Scaffolds

In the PDB, there are iterations and laws of structural biochemistry that can be
discovered using machine learning (ML) approaches. Generalized patterns can help
with data retrieval and integration by establishing a theoretical framework to which
additional structural data can be linked. Because they often represent common 3D
structural properties, they can also be utilized to predict molecular conformation
from the topological structure. In molecular biology, similar research into the links
between protein structure and amino-acid sequence is a prominent topic. Before
protein activity and function can be understood at the molecular level, the 3D
structure of the protein must be understood.

A protein fragment is an amino-acid sequence that has been observed, such as a
portion of the primary or tertiary structure. A protein motif is made up of one or more
fragments that have been assembled into a single entity [32]. There are four different
types of protein motifs. Sequence motifs are linear sequences of residue identifiers
that are topologically arranged. Sequence-structure motifs are sequence motifs with
secondary structure identifiers connected to one or even more residues in the motif.
The corresponding structure is thought to be predicted by the sequence. Structure
motifs are 3D structural items defined by the placements of residue objects in 3D
Euclidean space. Even though most studies focus on the consistency of structure



68 P. Narad et al.

motif components, structure motifs lack sequence information. Finally, structure-
sequence motifs combine 1D and 3D structures to connect sequence data to a
structural motif [33]. When employing a structure sequence motif, the direction of
inference among structure and sequence does not need to be set.

3.1.5.1 Machine Discovery of Protein Motifs
Finding various forms of protein motifs by machines and ML approaches are
currently at the forefront of molecular biology. Empirical machine discovery refers
to the theories and automated processes that are involved in finding novel
regularities, conceptions, or dependencies in data. It is much simpler to link a protein
motif to a concept with both a formal and an extensional description. When using
concept discovery approaches, precise mathematical semantics for a motif are
required to determine if an observation fits inside that concept’s extension. Many
studies have been done on machine discovery of protein motifs [34]. Most of the
work is based on numerical clustering: fragments are described by a set of numeric
parameters, a parameter is calculated based on these specifications, and motifs arise
as clustering centroids throughout the clustering process.

Sequence and Sequence-Structure Motifs
Finding sequence motifs using structurally similar proteins or their fragments is an
integral part of figuring out the structure of proteins and the sequence connections.
Protein sequence motifs can help collect data and retrieve information bases
structured by sequence similarity. To find sequence motifs, a maximum alignment
with one or even more protein sequences can be employed, followed by the removal
of residues at matched places. Identical residues are those that are conserved at
matching alignment places. Because nonhomologous proteins rarely have long
interconnected sequences of conserved regions, histograms of residue distributions
at aligning locations are necessary to construct a consensus sequence motif. Most
work on protein secondary structure prediction is based on the a priori interpretation
of sequence motifs that are indicative of a specific type of secondary structure
identification [35].

Structure Motifs
The discovery and use of structural elements that are less coarse than standard
secondary structures, coupled with the packaging of secondary structures into
three dimensions, has lately acquired popularity. This progress can be attributed to
three factors. First, different approaches for distinguishing secondary structure from
tertiary structure vary significantly. A prediction system that uses a single assign-
ment technique for training and evaluation models its specific properties to some
extent. Second, although these areas are neither randomized nor indefinable, uniden-
tified folding patterns are called random coils. Finally, packing secondary structure
elements is a complex process that relies on reliable secondary structure predictions.
On the other hand, structure motifs are building pieces that can be utilized to
precisely characterize a new protein’s tertiary structure. Numerical clustering is
commonly used to find structure motifs. This method needs a predetermined range
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of numerical values and a distance measure of multidimensional vectors to charac-
terize observations [36].

Structure-Sequence Motifs
Both the amino-acid sequence and three-dimensional (3D) coordinate information
are assigned to residues by the structure-sequence motifs. This motif differs from the
sequence-structure motif, because it necessitates the presence of a 3D structure. In
molecular biology, structure-sequence motifs are already receiving considerable
interest. The inverse structure prediction problem, wherein a sequence is predicted
for a given structure, is solved using a compact library containing structure-sequence
motifs. The sequences of these motifs can be conserved sequences or probabilistic,
with propensities for distinct amino acids at every sequence specified [37]. Each
sequence to structure motif discovery has a limitation: it can only associate a
structure with a single feature or conserved sequence.

3.1.6 Current and Future Protein Therapeutics

The first protein therapeutics were recombinant analogues of natural proteins. Drugs
that replace a missing or abnormal protein, enhance an existing pathway, provide a
novel function, intrude with a compound or organism, or deliver a payload such as a
cytotoxic drug, or protein effectors, are regarded as protein therapeutics based on
their pharmacological activity. Some molecular categories of protein treatments
include antibodies, anticoagulants, blood factors, engineered protein scaffolds,
enzymes, growth factors, hormones, interferons, interleukins, and thrombolytics.
With 24 commercialized antibody medications and over 240 more in clinical
development in the USA, antibody-based drugs are the most common and rapidly
expanding type of protein treatment [38]. The development of enhanced protein
therapeutics, such as antibodies, has resulted from a convergence of clinical, com-
mercial, scientific, and technical forces highlighting major unmet requirements and
providing solutions to fulfill them. Protein treatments have a bright future ahead.
They can make a difference in terms of efficacy, safety, and immunogenicity. These
goals will likely be aided by several new technologies for manufacturing and
developing protein therapeutics.

3.2 Therapeutic Protein Engineering

3.2.1 Protein Engineering Techniques

Due to the rapid advancements, particularly in recombinant DNA (rDNA) technol-
ogy, a variety of protein engineering approaches are now available. The most
familiar method in protein engineering is the rational design technique, which
includes site-directed mutagenesis (SDM) of proteins [39]. When the structure and
function of the protein of interest are known, rational structure-based protein design
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is a promising strategy. However, there is a scarcity of information on protein
structures for protein engineering. For the desired protein properties, evolutionary
techniques were presented as an alternative [40]. Peptidomimetics is another
approach that is used in protein engineering. The design and manufacture of
biologically stable peptide analogues comprise imitating or suppressing the func-
tioning of enzymes or endogenous peptides [41]. In vitro protein evolution systems
and other protein engineering techniques are equally relevant. They are predicated
on the premise of gene hierarchy evolution. Following combinatorial and hierarchi-
cal processes, modern genes are assumed to have arisen from the genotypic analysis
of classical genes [42].

In contrast to rational methods where site-directed mutagenesis is used, random
mutagenesis is used in random methods, and in evolutionary approaches, DNA
shuffling is employed. In the DNA shuffling approach, a set of genes containing
double-stranded DNA and identical sequences are obtained through various species
or produced using error-prone polymerase chain reaction (PCR). DNaseI is used to
degrade these genes, resulting in randomly cleaved small fragments that are purified
and reassembled using DNA polymerase. The pieces are used as PCR primers,
which align and cross-prime each other. As a result, an rDNA is formed that contains
parts of multiple parent genes. Alternatives to DNaseI include using a mixture of
restriction endonucleases rather than DNaseI and the staggered extension procedure,
which would not involve parental gene fragmentation.

Cell surface libraries coupled with fluorescence-activated cell sorting (FACS) or
phage display technology are also used to screen large libraries of proteins/enzymes
[43]. A substrate scissile bond is used in the technique, which can be either cleaved
or not by a surface-displayed enzyme. A fluorophore and a quencher are linked via a
scissile bond on the specified substrate. The fluorescence emission is suppressed by
the quenching fluorophore if the surface-displayed enzyme fails to cleave the
substrate’s scissile bond. As a result, no fluorescence is produced. The fluorophore
and quenching fluorophore are separated when the enzyme breaks the scissile bond
of the substrate, which results in fluorescence. Phage display technology is another
excellent method for screening large protein libraries. Degenerate reverse primers
are used in a PCR for random mutagenesis of the initial cDNA throughout the whole
target region. The products from the PCR are then subcloned into a bacteriophage
vector that encodes the phage coat protein. Each phage in the mutant pool expresses
a unique protein that is visible on the phage’s coat protein on the surface. Elution
tests help identify variants that adhere strongly to a target substrate and can be used
to screen them. The variants that have been discovered are then purified and
sequenced as a consequence. In protein engineering, flow cytometry, a powerful
technique for single-cell research, is widely used [44]. In antibody and peptide
surface display research and enzyme engineering of intra- and extracellular enzymes,
there are various examples of sorting based on ligand binding. Several random
mutagenesis procedures utilized in protein engineering have also been evaluated
and compared for their benefits and drawbacks.

Another set of valuable tools in protein engineering and production are cell-free
translation systems [45]. They can be used instead of in vivo protein expression.
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When template DNA or messenger RNA (mRNA) is given to a reaction mixture and
allowed to incubate without the cells, proteins are generated. The ribosomal protein
system of cells is used in cell-free translation systems, which is acquired as a
supernatant after centrifugation at 30000 g of a cell extract from E. coli or other
bacteria. Ribosomes, aminoacyl-tRNA synthetases, tRNAs, and translation factors
are all found in this supernatant, which is essential for protein synthesis. The
synthesis of artificial proteins, physiologically active proteins, and membrane
proteins are possible applications. With more research, cell-free translation systems
can be a potential substitute for in vivo protein expression due to a high level of
controllability and simplicity. In addition, the disadvantages of recombinant protein
expression in living cells, including protein degradation and aggregation, will be
avoided [46].

Another vital protein engineering strategy for changing enzymatic functions is
designed divergent evolution. Divergent molecular evolution hypotheses underpin
the method. According to these theories, enzymes with more specific and catalytic
functions developed from those with more permissive functions. Second, this pro-
cess is driven by a few amino acid alterations, and third, the effects of double or
multiple mutations are typically cumulative. As a result, the method allows for
identifying mutation combinations that introduce the necessary functions into
enzymes [47]. Either naturally occurring peptides or systems that have been
intentionally designed make up stimulus-responsive peptide systems. The capacity
of proteins and peptides to modify conformation in response to an external stimulus
such as pH, temperature, or specific chemicals is used in these systems [48].

Protein engineering studies benefit from the receptor-based quantitative structure-
activity relationship (QSAR) approaches. The development of these strategies relies
on a computational blend of structure-activity correlation and structure-based design
[49]. They provide crucial pharmacological information about therapeutic targets.
For example, comparative binding energy (COMBINE) research examines how
amino acid variations and structural alterations in a protein affect the activity in a
group of homologous protein receptors [50].

3.2.1.1 Rational Protein Design
The rational design approach for protein engineering is site-directed mutagenesis of
proteins [51] [Fig. 3.9]. Site-directed mutagenesis allows a specific gene sequence
corresponding to a particular amino acid(s) to be introduced inside a target gene. For
site-directed mutagenesis, there are two methods. One is the overlap extension
method. This method uses two primer pairs, one of which carries the mutant
codon along with the mismatched sequence. The PCR reaction consists of two
PCRs and the creation of two double-stranded DNA (dsDNA) products and uses
these four primers. Two heteroduplexes are generated during denaturation and
annealing, and each strand of the heteroduplex contains the desired mutagenesis
codon. The nonmutated primer set is then used for amplifying the mutagenic DNA,
and the filling of the overlapping ends of each heteroduplex at the 3′ and 5′ end is
done by DNA polymerase. The “whole plasmid single round PCR” method is
another site-directed mutagenesis technique. The commercially available
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Fig. 3.9 Diagrammatic representation of protein engineering by rational design

QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) is based on this
method. It requires two oligonucleotide primers with the desired mutations comple-
mentary to the opposite strands of a dsDNA plasmid template. PCR is performed
with DNA polymerase, and both the template strands are reproduced without the
primers being dislocated, yielding a modified plasmid with nonoverlapping breaks.
After that, DpnI methylase is employed to selectively digest the vector to generate a
circular, nicked vector containing the mutant gene. When the nicked vector is
transformed into competent cells, the nick within the DNA is repaired, yielding a
circular, altered plasmid.

3.2.1.2 Random Mutagenesis
In many cases of protein engineering, there is limited information on the protein
structure and function. Evolutionary techniques such as random mutagenesis and
selection were developed as a substitute to design new proteins with the desired
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properties. Random mutagenesis could be a helpful technique, especially when there
is little knowledge about the structure and function of a protein. Saturation mutagen-
esis is a simple and widespread approach to random mutagenesis [52]. It comprises
substituting each of the native amino acids for a specific amino acid in a protein,
resulting in all possible variants at that location.

Localized or region-specific random mutagenesis is another way for protein
engineering that blends rational and randomized methods. It entails simultaneously
replacing a small number of amino acid residues at a specific point to produce
proteins with new functions. The approach uses overlap extension and whole-
plasmid, single-round PCR mutagenesis, just like site-directed mutagenesis.
Because the amino acid codons are randomized, a variety of 64 specific forward
and reverse primers entrenched on a statistical mixing of four bases and three
nucleotides in a randomized codon can be used.

3.2.1.3 Combinatorial Protein Design
In rational protein engineering, changes are generally made in or near the region of
proteins that are directly relevant to the function, such as the active site of enzymes
or the interaction surfaces of binding proteins. Using rational approaches, specific
substitutions are impossible to foresee [53]. In the pursuit of better protein variations,
many researchers were compelled to look at a larger sequence space, which led to the
creation of technologies for random mutagenesis, in which genes or gene fragments
are genetically diversified at random (Fig. 3.10).

The discovery of methods for random mutagenesis, in which genes or gene
segments are genetically diverse in a random manner, is a vital component of the
objective, which is to examine a broader sequence space in their hunt for superior
protein variants. Random or semirandom nucleotide substitution and random recom-
bination of gene segments are common methods of such diversification. Because
these methods frequently create a high number of protein variants, effective func-
tional analysis is required through powerful screening methods. Using synthetic
oligonucleotides during gene assembly or PCR amplification is the most popular
approach to introducing genetic diversity through genetic engineering [55].

Error-Prone PCR
Using the DNA polymerase’s inherent error rate as a starting point, nucleotide
alterations can potentially be inserted into a DNA fragment during PCR amplifica-
tion. The Taq DNA polymerase from Thermus aquaticus is the most often used
thermally stable enzyme for PCR amplification of DNA [56]. This enzyme has no
proofreading function, resulting in a mutation rate of about 5.5 × 10-4 per nucleo-
tide. The amplified DNA fragment must be long to ensure that mutations are
introduced under conventional PCR settings with this relatively low error rate
[57]. As a result, numerous ways to increase the error rate have been developed,
such as changing the buffer composition or using a high concentration of DNA
polymerase, a significant number of PCR cycles, and a less amount of template. The
fact that various sections of a gene have varied error rates is a disadvantage of these
PCR-based approaches. The mutants that result tend to favor specific substitutions.
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Fig. 3.10 A general scheme is employed to construct combinatorial mutation libraries based on
computational protein design calculations. Each box represents a position in the protein chain, and a
protein sequence is shown as a line of boxes. Different colored boxes indicate different amino acids.
The far-right set of sequences corresponds to a combinatorial library’s extension into the set of
sequences it represents. The energy of the expansion sequences is used to choose which combina-
torial library should be tested experimentally [54]

DNA Shuffling
The ability to make better protein variations and novel proteins have been
revolutionized by DNA shuffling [58]. A pool of homologous genes, either natural
variants of a gene or a pool generated through genetic engineering, serves as the
beginning material. In most cases, DNAseI is used to digest input genes randomly,
and fragments of a particular length or a range of lengths are purified from a gel after
electrophoretic separation. The isolated fragments are assembled by thermal cycling
with a DNA polymerase, and then the full-length fragments are amplified using
standard PCR. When a pool of homologous genes encoding functional variants of a
protein is used as the starting material for DNA shuffling, the genetic variants that
are recombined are often associated with functional variations, avoiding the
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introduction of deleterious mutations and speeding up the search for variants with
desired traits. A set of homologous genes originating from different species, or genes
that have already been changed and screened for the desired feature, such as binding
to a specific epitope, is used as the beginning material for such tasks.

3.2.1.4 Knowledge-Based Protein Design
A knowledge-based technique could be used to model the tertiary structures of
proteins. This is dependent on finding similarities between a protein’s secondary
structure, motifs, domains, or ligand interactions with those of the known 3D
structures [Fig. 3.11]. The approach picks fragments from structurally conserved
regions based on sequence homology while simultaneously aligning the known
tertiary structures. The alignment is done using either “average structure” or “frame-
work,” which is built on loops from homologous proteins, replaces sidechains, and
reduces the energy of the final model. Knowledge-based techniques have been used

Fig. 3.11 Process of applying a knowledge-based approach to model proteins



76 P. Narad et al.

to create surface tissue peptide superstructures, transmembrane-binding peptides,
and protein crystals [59].

3.2.1.5 Computational Protein Design
Awell-folded protein structure is always in the lowest free energy state, according to
the fundamental understanding of computational protein design [60]. As a result,
finding the lowest-energy amino-acid sequence for a particular target structure with
specific functionalities is the most crucial goal of protein design. Packing side chains
for a large number of candidate sequences and calculating the free energy of each
sequence with the target structure is the most common method for designing
proteins. As a result, in the last three decades, to improve the capability and
efficiency of computational protein design, the majority of efforts have been focused
on two goals: designing sampling strategies to explore sequence space and
free-energy minimization [Fig. 3.12]. In the computational protein design process,
selection pressures are required, just as they are during natural protein evolution. The
direction of evolution is dictated by selection pressure, which is a function of free
energy. As a result, the desired results can only be reached by employing a free
energy function that accurately describes the nature of interactions inside or between
proteins. Another important aspect of computational protein design is sampling
methods or a sampling strategy. The degrees of freedom of conformations and the
sampling algorithms make up a sampling strategy. The degrees of freedom of
conformations encompass the total translation and rotation movements of a protein
and the backbone and side-chain conformations of each residue. The efficacy of
computational protein design depends on the accuracy of scoring functions, given
the enormous number of possible outputs with diverse sequences.

Fig. 3.12 A flowchart depicting the major steps in the computational protein design process
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3.2.1.6 Directed Evolution
Directed evolution is one of the most widely utilized protein engineering techniques
[61]. Because directed evolution is designed to replicate natural evolution, there are
several in vitro methods for generating diversity. In vitro mutagenesis, homologous
recombination, and nonhomologous recombination are the most common ways to
introduce variations. After creating a random mutant library, compounds with better
attributes are identified via high-throughput screening and selection procedures
[Fig. 3.13]. The most often utilized high-throughput method for protein evolution
is fluorescence-activated cell sorting (FACS), because it automatically detects and
isolates cells with desired gene variations without using a diffuse fluorescent reporter
[62]. Phage, ribosome, mRNA, and cell surface display, auxotroph complementa-
tion, organismal fitness, compartmentalized partnered replication (CPR), in vitro
compartmentalization (IVC), and phage-assisted continuous directed evolution
(PACE) are various selection strategies. Screening and selection strategies have
several elements in common [63]. In the following selection stage, the selected
progeny are used as parents. The process continues until the protein has the desired
properties.

Fig. 3.13 Systematic representation of the key stages in the directed evolution cycle
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3.2.2 Source, Targets, and Mechanism of Action of Protein
Therapeutics

The human immune system has become increasingly sophisticated, which aids in the
prevention and management of diseases. Any component of the immune system’s
molecular machinery that functions insufficiently, ineffectively, or improperly
causes diseases to varying degrees. Extrinsic immune regulation using natural
human immune regulators is an intriguing strategy for treating diseases. Human
genome data has emerged as a promising source of information by providing a
massive database for finding therapeutic targets. Before the invention of rDNA
technology, therapeutic proteins like growth hormone and follicle-stimulating hor-
mone were extracted directly from the human body. Hormones, recombinant
antibodies, cytokines, enzymes, and interferons of human origin are now available
on the market due to advances in rDNA technology. They are produced industrially
in mammalian, yeast, or bacterial expression systems.

In addition to human immunoregulatory proteins, many viruses can manipulate
the human immune system to aid their proliferation in the host [64]. Viruses encode
and produce a diverse spectrum of immunomodulatory proteins that target cytokine-
mediated signaling, antigen presentation, and antibody response controlled by the
major histocompatibility complex (MHC) to avoid or subvert host immune detection
and destruction. After generations of co-evolution, these virus-engineered immuno-
modulatory proteins demonstrate incredible potency and specificity unmatched by
commercial pharmaceuticals, laying a solid platform for protein therapies research.
As a result, ‘virome’ mining for humans has been proposed as a method of
identifying additional therapeutic possibilities [65].

Protein treatments have three main modes of action depending on the pathology
of the disease. Extracellular compounds such as cell metabolites and cell lysate can
be destroyed using enzyme treatments. Second, if a shortage of specific proteins,
such as enzymes, is the cause of the disease, protein therapy can be used to replace
them and help people recover. Third, protein therapies work as cell surface receptors
inhibitors or activators in disorders involving inappropriate immune responses or
dysregulated signaling pathways, such as chronic inflammatory diseases, autoim-
mune diseases, viral diseases, and malignancies [66].

3.2.3 Developing Effective Protein Therapeutic

Although the human genome has many potentially therapeutic proteins, these
proteins were not developed in the body with therapeutic goals in mind; hence,
they lack the optimal specificity, stability, and activity for disease treatment. Protein
treatments face several problems, including protein stability and immunogenicity.
Proteins have limited stability both physically and chemically. This has numerous
consequences, including a short half-life within the body, resulting in limited
efficacy and frequent administration; hence, they are also difficult to manufacture.
Both of these contribute to their high cost to commercialize as pharmaceuticals.
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They must be administered via injection, since they are quickly processed in the
intestines if taken orally, impacting patient compliance and pharmaceutical commer-
cialization costs. As a result, protein treatments must be developed with enhanced
stability, effectiveness, pharmacokinetics, pharmacodynamics, and expression pro-
ductivity [67]. Only protein therapeutics face the issue of immunogenicity. The
human immune system recognizes pathogens by their proteins or processed protein
products. As a result, immunogenicity testing is critical in the development of
protein therapeutics [68].

3.2.3.1 Improving Pharmacokinetics and Reducing Immunogenicity
Chemical modification, glycosylation, and fusions are methods to improve the
efficacy of therapeutic proteins in the human body. Recombinant DNA technology
allows a protein of interest to be fused to an endogenous human protein, increasing
its size and decreasing clearance in the kidneys, which occurs when the molecular
weight is less than 70,000 Da. Glycosylation, which involves the addition of sugars
to a protein’s surface, reduces renal clearance by increasing protein size. Further-
more, it improves protein solubility, stabilizes it against heat and free radical
damage, and protects it from proteolysis and immunological surveillance, thereby
contributing to a prolonged serum half-life. Glycoengineering is the process of
inserting glycosylation patterns into the primary sequence of a therapeutic protein
[69]. Finally, PEGylation is a common approach for enhancing the serum half-life of
protein therapies. The bulky PEG molecule acts as a steric barrier, preventing
therapeutic proteins from being broken down by proteases, and the increased size
of the protein-PEG conjugation prevents its clearance from the kidneys [70]. In
general, immunogenicity reduction entails modifying protein therapies to be immune
surveillance-free. In addition, changes to the primary sequence of a therapeutic
protein can also assist in minimizing its immunogenicity.

3.2.4 Examples of Protein Therapeutics

Various protein treatments have benefited from protein engineering and design
approaches to improve their stability, activity, specificity, affinity, pharmacodynam-
ics, pharmacokinetics, productivity, and immunogenicity [71].

3.2.4.1 Extracellular Targets of Protein/Enzyme Therapeutics
Besides binding proteins that target soluble chemicals and membrane-bound
receptors, protein/enzyme therapies can also target additional compounds in the
extracellular environment. In the therapeutic realm, one example is the use of
amino-acid-degrading enzymes as an anticancer therapy. Rapidly expanding tumor
cells may be auxotrophic for specific metabolites, which can be depleted in the
plasma to specifically suppress tumor growth, in contrast to healthy cells. Enzyme
therapies have also been discovered to be useful in treating cystic fibrosis. Frequent
bacterial infections cause neutrophils in the lungs to accumulate and eventually lyse,
releasing extracellular DNA and resulting in unusually sticky mucus. Dornase alfa
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(Pulmozyme®, Genentech), also known as recombinant human DNase I, is an
inhalable aerosol that reduces lung infections and improves lung function and
quality of life [72]. Dornase alfa is manufactured using Chinese hamster ovary
(CHO) cells, which produce a glycosylated protein with limited immunogenic
factors, leading to its high cost.

3.2.4.2 Monoclonal Antibodies as Therapeutics
Antibodies have been propelled by mAbs and antibody engineering to become a
rapidly emerging class of treatments for various human diseases. Antibodies have
become a rapidly emerging class of treatments due to their precise specificity, ease of
designing fragments using display technologies, and chimerization or humanization
to improve stability [73]. Two potential areas to be explored are synthesizing
multiantibody combinations for synergistic effects and pairing antibodies to
immunotoxic medicines to induce tumor death.

3.2.4.3 Protein Therapeutics as Replacements for Proteins That Are
Defective or Insufficient

The deficit or complete lack of an endogenous protein can be treated with replace-
ment therapy in various medical conditions. Protein hormones, such as insulin and
human growth hormone, are the most well-known protein treatments. Globally
millions of people suffer from Type I and Type II diabetes, and many rely on insulin
injections. Numerous short- and long-acting insulin analogues have been developed
through protein engineering to minimize meal-time glucose peaks and meet the daily
insulin requirement of the body. The second most well-known protein hormone,
recombinant human growth hormone (rhGH), has been used to treat growth hor-
mone deficiency in humans for decades [74]. Growth failure in children caused by
various diseases and human immunodeficiency virus (HIV)-related wasting and
lipodystrophy are treated with rhGH. Transfusion of human plasma-derived coagu-
lation factors is the standard treatment for bleeding issues, and handling inherited or
acquired coagulation factor deficiency is another long-standing area of protein
replacement therapy [75]. Recombinant production has become a reality because
of breakthroughs in mammalian cell culture and molecular biology approaches, as
well as the sequencing of the human coagulation factor gene. The access to a safe,
pathogen-free coagulation cascade has also enabled the off-label testing of these
medicines in individuals who are not hemophiliacs. The third type is enzyme
replacement therapy (ERT), which addresses acquired or inherited enzyme
deficiencies. ERT has transformed the treatment of lysosomal storage disorders
and other uncommon genetic diseases [76]. For best efficiency, an exogenously
given replacement enzyme should be directly delivered to the specific cell types.

3.2.4.4 Protein Therapeutics Using Cytokines and Their Receptors
Regulatory proteins such as cytokines and their receptors are produced by WBCs
and various other cell types. They are important targets and tools in developing
protein therapies [77]. Cytokines are endogenous proteins that include tumor necro-
sis factors (TNFs), interleukins, colony-stimulating factors (CSFs), interferons,



3 Protein Engineering Methods to Design Protein Therapeutics 81

epidermal growth factors (EGFs), etc. Clinical trials include recombinant cytokines,
anticytokine antibodies, and soluble receptors, as cytokines have been shown to fight
against and contribute to disease. Erythropoietin, a CSF that promotes red blood cell
proliferation, is perhaps the most well-known cytokine treatment due to its use as a
performance-enhancing drug [78]. Recombinant human erythropoietin is used to
treat anemia in individuals undergoing chemotherapy or with renal failure.
Interferons are a family of secreted proteins that control normal and malignant cell
survival, increase innate and acquired immune responses, and regulate viral infection
resistance; for a few cases, the use of interferon therapy in humans has been
approved.

3.3 De Novo Protein Design for Biotechnological Purposes

Traditional protein engineering strategies relied solely on altering existing proteins
with a function similar to the desired function or a suitable structure and adequate
stability for tolerating alterations. Before the availability of de novo protein design, it
was necessary to add the desired functionality. On the other hand, de novo compu-
tational protein design removes this barrier by allowing access to a nearly limitless
number of protein forms that can be used to build functions. Interest in engineering
proteins at the sequence level to produce new folds and functions has risen as our
understanding of the link among sequence, structure, and function has progressed.
Protein structure prediction attempts to correctly predict the 3D structure based on its
amino-acid sequence alone. When only low homology templates are available,
structure prediction becomes difficult. The inverse challenge is de novo protein
design, which involves determining a sequence that will fold into a stable structure.
Because multiple sequences can fold into the same structure, there is degeneracy
within the protein design space. The availability and precision of protein structure
templates for protein design can significantly impact success. As a result, the ability
to build effective protein templates via protein structure prediction is vital for protein
design and progress in biotechnology and drug discovery [79].

3.3.1 Physical Principles of Protein Design

Hydrophobic residues, which are distant from the solvent and present in the protein
core, are critical factors in protein folding [80]. To counteract polar functional
groups that interact with the solvent in the unfolded state but hide during protein
folding, intraprotein hydrogen bonds must be formed; otherwise, the significant
energy expense of removing water will prevent folding. Nonpolar side chains that
fit together like jigsaw pieces to create tightly packed cores contribute to the
characteristics of globular protein structures, in which the polar carbonyl and
amide groups of the polypeptide backbone can form hydrogen bonds. Hydrogen
bonding at the termini of α-helices and torsional and steric stresses alter the free
energy of folding, favoring specific backbone topologies while inhibiting others.
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Proline, for example, has a rigid interior ring and can only be used with a select few
backbones, whereas glycine, on the other hand, lacks a side-chain, allowing it to
bend firmly in loops between secondary structures [81]. The interaction of atoms in
proteins with one other and the solvent are captured by an energy function
representing protein folding. Using such an energy function to predict and design
protein structures necessitates methods of finding structures and sequences with very
low energy by sampling different backbone and side-chain conformations. Back-
bone and side-chain sampling are done in different ways. In side-chain sampling,
discrete combinatorial optimization is used to locate amino acids and side-chain
conformations, resulting in low-energy, closely packed protein cores. If the amino-
acid sequence is already known, the search encompasses the separate rotameric
states of each side chain, as in the case of protein structure prediction [82].

3.3.2 De Novo Protein Design

The term de novo protein design refers to the process of creating novel proteins that
are unrelated to those found naturally, using physical principles of intramolecular
and intermolecular interactions. The de novo design starts with the discovery of a
primary sequence that can fold into the appropriate structural topology [Fig. 3.14]. In
general, the design is completed in three steps: the construction of a protein back-
bone, sequence optimization, and computational and experimental validation of the
chosen sequence structure match. Both the sequencing and the specific structure of
the backbone are unknown in a fundamental protein design (de novo) problem. Since
only a limited percentage of backbone conformations permit nearly ideal core
packaging and hydrogen bonding between buried hydrogen bond donors and
acceptors, design simulations begin with a massive number of alternatives. These
starting backbones can be made by synthesizing short peptide segments or paramet-
rically defining the structure with algebraic equations [83]. For each backbone
conformation, combinatorial sequence optimization algorithms are used to identify
the lowest-energy conformation. The proposed structure is then placed through ab
initio structure prediction calculations to see if it is the lowest-energy state in the
specified sequence [84].

Although new structures are the focus of most current contributions to de novo
design, the field is focusing on inventing new biological functions and their
applications. Designer proteins are starting to impact biomedical and synthetic
biology research. Immune system modulators, viral infection inhibitors, protein
logic gates, and self-assembling biomaterials are just a few fascinating discoveries
in recent years.

3.3.3 Design of Proteins and Peptides for Therapeutic Applications

Computational methods have recently been employed to develop new proteins and
peptides for medical purposes. The elucidation of the structures, sequences, and
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Fig. 3.14 A general flowchart of de novo design strategy. The de novo design approach includes
design inputs, sequence selection, and fold validation stages

interaction patterns of numerous disease-related proteins has permitted the use of
computational approaches for peptide therapy design [85]. The use of peptides as
drugs will become increasingly common, although there will be hurdles in achieving
the goal.

3.3.3.1 Alzheimer’s Disease
Eisenberg et al. used computational protein design to predict and experimentally test
a peptide inhibitor of tau protein fibrillation linked to Alzheimer’s disease and an
inhibitor of an amyloid fibril that enhances sexual transmission of HIV [86]. The
designs inhibit elongation by adhering to the steric zipper’s end. Depending on the
tau protein inhibitor technique, they flipped the chirality of the design target to allow
the use of the Rosetta toolkit for rotameric, fixed-backbone sequence optimization.
They designed L-amino-acid sequences that effectively interact with the D variant of
the scaffold. D-amino-acid-containing peptides were used as experimental inhibitors
once the scaffold was returned to its original L-form. The shape complementarity of
the D-peptides was then checked. Inhibition is achieved by creating a tight-binding
interface and collisions that prevent a cascade of amyloid-forming sequences from
propagating [87].
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3.3.3.2 Cancer
Therapeutic proteins/peptides can disrupt signaling pathways, block the cell cycle by
altering cyclin-dependent kinase activity, or directly cause apoptosis by regulating
apoptosis-regulating proteins [85]. Cysteine-rich intestinal protein 1 (CRIP1) is a
breast cancer biomarker that can be detected at an early stage. To locate CRIP1-
binding peptide sequences, Hao et al. used phage display [88]. Cosic et al. employed
the resonant recognition model (RRM) to create a short medicinal peptide with
anticancer and cytotoxic properties against the myxoma virus. A protein sequence is
represented by RRM in the form of a succession of numbers that may be examined
using Fourier transformation, which results in a discrete spectrum with a strong link
to biological activity.

3.3.3.3 HIV
Correia et al. used Rosetta for grafting on the side chains and establishing a
computational approach for transplanting a 4E10, a continuous structural epitope,
into the scaffold proteins for immunological presentation and conformational stabi-
lization [89]. The approach created designs with epitopes that bind to a monoclonal
antibody (mAb) 4E10 better than 4E10 alone, preventing HIV-positive sera from
neutralizing them. The structure of the C14linkmid peptide and the hydrophobic core
of gp41 was used by Floudas et al. to create HIV-1 entry inhibitors [90]. Cross-
linked peptide gp41’s C-terminal heptad repeat is called C14linkmid. A global
optimization-based sequence selection employing a distance-dependent force field
originally established for protein folding was used to choose candidate sequences
from the vast combinatorial space. Fold-specificity computations were used to
rerank these sequences, which examines conformations close to the template struc-
ture with modifications defined by freshly produced sequences. Its purpose is to
determine how well a new sequence fits into the fold of the design template.
Calculations of estimated binding affinity, which approximate the binding equilib-
rium constant, were utilized to examine a subset of the highest-ranking sequences
discovered during the fold-specificity step. The optimum design for several HIV-1
donors and mutations had an IC50 ranging from 29 to 253 mm. Protein WISDOM, an
interactive web interface, was created using this de novo design approach [91].

3.3.3.4 Antibody Therapeutics
Gray et al. employed Rosetta to integrate a noncanonical amino acid (NCAA) into
the antibody CDR, with the optimal design experimentally crosslinking 52% of the
accessible antigen [92]. Ellington et al. devised a method of supercharging for
replacing numerous surface residues in proteins with charged amino acids, which
they used to create an antibody with a 30-fold increase in affinity and better thermal
inactivation resistance. Pantazes and Maranas developed OptCDR to build
antibodies that attach to a specific antigen epitope [93]. They used it to make
antibodies targeting a peptide from the fluorescein, hepatitis C capsid, and vascular
endothelial growth factor (VEGF), and they used computational metrics and binding
energies to verify the process. The templates are prototype structures from the
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database’s random diversity (D), variable (V), and joining (J) sections, generating
gene combinations with the fewest amino acid changes from the target. Using this
information, they could predict antibody tertiary structures with an average all-atom
root-mean-square deviation (RMSD) of 1.9 Å on a testing set of 260 antibodies.
When a target structure is accurately predicted, antibodies can be computationally
affinity generated using the iterative protein redesign and optimization (IPRO)
methodology. IPRO is an iterative framework that uses a mixed-integer optimization
model to optimize side-chain replacements in user-defined design positions,
followed by local minimizations that allow the backbone of the protein to adapt to
the new side-chains [94].

3.3.4 Designing Repeat Proteins

Proteins having repeating sequence patterns fold with structural motifs are well
defined, and in contrast to other proteins, they provide more information on the
sequence-structure relationship. The evolutionary process that gave rise to these
repeat proteins is rather remarkable. A structurally compatible section of the
sequence is repeated in tandem, and the connecting segments diverge to take novel
functions within the structural compatibility. The repeating modularity indicates that
structural elements are consistent from one segment to the next, enabling each unit to
connect to the one before it while forming the same interactions for the one after it
[95]. The bulk of these units have 5 to 50 residues and fold into a single domain
when the surrounding units are present. If only a few repeated units are present, these
structures can be very similar to other globular proteins. However, as the repeating
unit number rises, nonglobular shapes emerge. For this type of repeat protein, where
the associated modules are required for folding, the whole structure twists further
into a superhelix, and the secondary structural pieces generate a base coil with either
right- or left-handed spiral handedness. The hydrophobic residues that link the
modular units together and a few topologically crucial residues that define each
unique shape are usually conserved traits for a repeat protein family. Repeat proteins
have distinct properties that make them appealing to designers. The structural and
sequence similarity between recurrent units within a protein suggests that an
idealized unit with family qualities could be developed. Limiting repeat protein
connections to only surrounding repetitions also simplifies that long-range
interactions are ubiquitous and typically irregular in the formation of globular
proteins. Repeat units can be inserted, withdrawn, or replaced without affecting
the overall structure as long as the relevant interfaces between units are present. The
goal of producing repeat proteins is to create modular systems to build unique
scaffolds for multiple applications. Most repeat protein engineering efforts have
focused on creating idealized copies of natural repetitive units with stable, homoge-
neous, and modular structures [96].
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3.3.5 Designing Recombinant Therapeutics

Drug discovery is entering a new era in which disease management decisions are
made at the genetic and protein level, and here protein therapeutics are becoming
increasingly important. Several Food and Drug Administration (FDA)-approved
technical treatments involve recombinant human proteins. The future potential for
such treatments is enormous, in a way that hundreds of proteins are produced by the
human body, and millions are made by other organisms. Furthermore, recombinant
proteins can be combined with small molecule drugs to have additive or synergistic
benefits [97]. Patients with colorectal cancer who receive a combination of the small
molecule drug irinotecan and the recombinant mAb cetuximab have a higher chance
of surviving. Irinotecan with cetuximab has therapeutic synergy, because both drugs
target the same epidermal growth factor receptor (EGFR) signaling pathway, with
cetuximab blocking a downstream target and irinotecan decreasing the pathway’s
initiation [98]. The early success of recombinant insulin production in the 1970s
created an atmosphere of enthusiasm and hope, which was unfortunately followed
by disappointment in the 1980s when vaccine attempts, nonhumanized mAbs, and
cancer trials all failed. Despite these obstacles, there has been substantial develop-
ment recently. In medicine, protein treatments will continue to play an essential role
for years to come, given the vast number of protein therapies in use and clinical trials
for a variety of ailments.

3.3.6 Advances and Challenges

Protein therapies are an important development in modern medicine; in some
circumstances, they are the only effective medicines available. Protein engineering
and design generate effective protein therapeutics with improved specificity, affinity,
activity, stability, pharmacokinetics, pharmacodynamics, productivity, and immu-
nogenicity. When developing new protein treatments, drawing on expertise from
various fields, including pathology, immunology, molecular biology, and nanotech-
nology, is essential. The introduction of the function necessitates the modification of
a large number of amino-acid residues, which will alter structural elements. Crystal
structures of engineered enzymes with unexpected loop reconfigurations demon-
strate this. Sequence alterations can cause unfolding or aggregation in native
proteins, which are frequently marginally stable. De novo generated proteins should
have a higher level of stability, making them more reliable starting molecules for
developing novel functions [3]. There are numerous examples of proteins being
employed successfully for medicinal purposes. Nonetheless, due to many obstacles
that must be overcome in developing and using protein therapies, potential protein
treatments that have failed vastly outnumber those that have succeeded thus far. A
few of the major limitations and obstacles are listed below:

1. Protein solubility, administration mechanism, transport, and stability are crucial
factors that can prevent a protein therapy from being properly implemented.
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2. The therapeutic protein may trigger an immune response in the body, which is a
second significant hurdle. This immune response can occasionally neutralize the
protein, causing the patient adverse reactions. On the other hand, immune
responses to proteins that are not of human origin are more common. Immune
responses against therapeutic proteins are rapidly developing and had previously
hampered the extensive clinical deployment of mAbs. The quest for antibody
treatments that do not require immune monitoring and response has been a
driving force behind the evolution of antibody production technologies.

3. For a protein to be physiologically active, posttranslational modifications (PTMs)
such as glycosylation, phosphorylation, and proteolytic cleavage are typically
required. These criteria require certain cell types to produce and adequately
modify the protein. Furthermore, for large-scale synthesis, the production of
recombinant proteins involves the use of genetically modified cell types. Not
only must the host system create physiologically active protein, but it must also
make enough of it to address clinical demand. The technology must also allow for
the purification and long-term preservation of a therapeutically active protein.

4. The cost of the production of protein treatments is another significant
challenge. Switching from tedious purification of placentally derived protein to
recombinant methods, for example, has made it possible to produce enough
β-glucocerebrosidase to treat Gaucher’s illness in many humans [99]. Despite
this, the cost of the recombinant protein per patient per year exceeds $100,000.

5. Gaucher’s illness also highlights another concern that is ethics. For example, the
promise of effective but costly protein therapy for small but severely ill patient
populations, such as Gaucher’s disease patients, can create difficulty in terms of
how health-care organizations allocate their financial resources.

3.4 Unleashing the Potential of Therapeutic Proteins

3.4.1 Advanced Protein Engineering Reinforcing Next-Generation
Therapeutics

Protein engineering can modify an already existing protein to enhance its qualities. It
is a critical technology for improving enzyme properties for pharmaceuticals, green
chemicals, and biofuels, as well as expanding our fundamental understanding of how
enzymes work and have evolved. The method has already achieved several com-
mercial successes. Proteases developed by the Biotech company Genencor can
survive the bleach in laundry detergents and help clean clothes. For the engineering
of enzymes to manufacture a pharmaceutical intermediate, Codexis received the
2006 Green Chemistry Award. Verenium created enzymes for enhanced oil recovery
and cellulosic ethanol generation. Metabolix developed enzymes that aid in the
manufacturing of polyesters.

There are numerous phases in the protein engineering process where strategy
must be devised. Individual situations can help clarify the benefits or motivations for
choosing a specific technique for a particular challenge. The larger pattern, on the
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other hand, may not be as straightforward. Protein engineering methodologies
nowadays vary greatly and are based on frequently contradicting concepts. This is
attributed to a lack of critical methodological comparison [100]. Making a compari-
son like this will aid future protein engineering, because it will allow them to learn
from their success and errors. To achieve faster progress in protein engineering,
researchers must first have a better understanding of how protein structure influences
protein function as well as a thorough evaluation of the various protein engineering
approaches. Many tests involve numerous protein modifications occurring simulta-
neously, obscuring the factors that led to success. Related to these, two suggestions
have been made:

1. Every innovation in protein engineering should be backed by an empirically
proven molecular foundation hypothesis. Protein engineering problems will
become easier to address as more instances and assumptions are accumulated.

2. All protein engineering technologies should be studied and tested thoroughly
against other methods using quantitative comparisons. Authors should give
information such as the proportion of variations consistently with enhanced
characteristics and the degree of these enhancements when publishing a discov-
ery. Details of the dimensions of the theoretical and experimental libraries, and
the proportion of the total library that was screened, should be provided. They
should also inform that compared to other strategies, how did their strategy rate.
Rather than depending on published studies, these comparisons should be
conducted in the same laboratory with the same problem. Similar comparisons
should be included in computational approaches.

Protein engineering will move toward rational design in the future as the concepts
of protein engineering are defined [101]. Organic synthesis is complex, as there are
some principles to follow, such as constructing the carbon framework first and
changing functional groups to ensure that stereochemistry is always maintained.
Chemists know that convergent synthesis is preferable to sequential synthesis and
that protecting groups should be avoided wherever possible. Finding the best protein
engineering technique and understanding how mutations work will aid in the faster
advancement of protein engineering. Future solutions will take less effort if methods
are compared. Because each challenge has a different purpose, the quantity of
information accessible, and protein specifics, it is doubtful that one strategy will
win out. However, some techniques will outperform others. The similarities will also
aid in the development of protein engineering concepts and our understanding of
enzyme function. The rational design will become more trustworthy, and the path to
solutions will be sped up even more.

3.4.2 Genetic Engineering

The three primary genetic engineering approaches, that is, directed evolution,
rational design, and semirational design, have been proved useful in creating new
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Fig. 3.15 Genetic engineering for the production of therapeutic proteins

proteins with improved physical and chemical properties and/or unique functions
[102]. However, these well-established approaches are facing new challenges due to
additional characteristics like pharmacokinetics, pharmacodynamics, and immuno-
genicity. The engineering of protein therapeutics has benefited from various rational
and semirational design methodologies [Fig. 3.15]. Rational or computation design
methods are preferred to improve the stability and solubility and anticipate and
minimize immunogenicity of protein therapies. The main disadvantage of the ratio-
nal design is that it necessitates some understanding of protein structure, mechanism,
and structure-function correlations. High-throughput selection or screening pro-
cesses are highly desired for directed evolution. A variety of library selection and
screening processes have been developed for diverse uses. Among the library
selection and screening approaches, display methods have been widely used and
proven particularly useful for creating protein therapies with better affinity and
specificity. The common goal of all display technologies is to establish a physical
connection between the genotype and the protein displayed on the platform,
allowing for the selection and recovery of a library of target protein variants for
further engineering. This connection is directly accessible to binding analysis.
Typically, a cell-surface display library is made by converting cells using DNA
variations and FACS to look for mutants with the desired phenotype. FACS enables
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quantitative high-throughput enrichment of positive clones; however, it is not ideal
for phage display libraries due to the small size of phage particles. Yeast, bacteria,
insect, and mammalian cells have all been studied for their potential to display
protein libraries [103]. Of all these platforms, yeast display has attracted the most
attention. The advantage of yeast display is that it has posttranslational processing
pathways that allow complex human proteins to be folded and glycosylated
[104]. Using the same library as phage display, yeast display was shown to exten-
sively investigate the immunological antibody repertoire, resulting in the selection of
twice as many new antibodies. The cell-free display is a new approach that has
proven effective in identifying and engineering high-affinity therapeutic proteins.
The main benefit of cell-free display systems is that the transcription and/or transla-
tion processes are completed entirely in vitro, eliminating the requirement to insert
DNA into host cells, which limits the size of the library that may be employed in
other ways of display. The libraries created by in vitro display systems are of a larger
magnitude than those produced by conventional display technologies.

3.4.3 Antibody and Therapeutic Protein Engineering

Many attempts have been made to improve the engineering technologies, safety, and
efficacy of therapeutic antibodies. Stability is one of the most important functional
requirements for using antibodies in therapeutic and diagnostic applications. Anti-
body/therapeutic protein engineering strives to create clinically useful proteins with
higher efficacy and safety, lower immunogenicity, and better delivery. The most
prevalent and fastest-growing class of protein therapeutics is antibody-based
medicines, such as therapeutically effective antibody-drug conjugates and bispecific
antibodies [105]. Besides, clinical trials for synthetic protein scaffolds are still in the
early phases, and they may have certain advantages over traditional antibodies.
Concerns of pharmacokinetics and dynamics must be addressed carefully while
creating protein therapeutics. Proteins and peptides are becoming more popular as
therapeutic instruments for treating several disorders, although they have some
drawbacks. Because of the distinctive structure of this organ and the presence of
many barriers that protect the internal structure of the eye, administering drugs based
on proteins can be challenging in the case of eye disorders. Nanoencapsulation of
peptides and proteins has helped partly resolve this problem, which provides several
benefits for ocular delivery, including drug protection following topical or
intravitreal injection, from metabolic activity, regulated and sustained release, and
enhanced drug bioavailability [106]. The administration of protein therapeutics to
the brain is another example. Because of their poor bioavailability and the presence
of the blood-brain barrier (BBB), proteins cannot be delivered to the brain via
parenteral administration. Even when proteins are supplied by nonparenteral
means, other challenges remain. Chemical modification of proteins and particle-
based carriers has been used to improve such delivery in relevant central nervous
system (CNS) disease models, and a few have reached clinical proof of concept. As a
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Fig. 3.16 Diagram for engineering and validation of new therapeutic proteins

result, we require a more thorough comprehension of the variables that affect the
properties of therapeutic proteins to produce them more effectively. One method
uses integrated exposure and efficacy/toxicity data to model pharmacokinetics and
dynamics throughout the preclinical period. These preclinical models are extremely
helpful in refining experimental designs for future preclinical studies. Furthermore,
when properly simplified and statistically modified, these models provide the frame-
work for future clinical evaluation. Finally, these models improve the translation of
protein treatments from preclinical to clinical trials. Protein therapeutic synthesis has
progressed at a breakneck pace [Fig. 3.16]. In contrast to traditional approaches that
solely make proteins, emerging methods can use the ability of proteins to attach to
nanoparticles (NPs) to form protein-NP conjugates with varying biodistribution,
clearance, and toxicity features.

3.4.4 Exon Shuffling as a Method of Protein Evolution

Exon shuffling is a chemical mechanism that allows new genes to be formed. It is a
technique for ectopically joining two or more exons from different genes, or
duplicating the same exon, to create a new exon-intron structure. Exon shuffling
occurs via various mechanisms, including crossover during parental genome sexual
recombination, transposon-mediated exon shuffling, and illegitimate recombination
[107]. A set of splice frame rules governs exon shuffling. By introducing a sequence
between two successive codons, introns can cause a gene’s reading frame to be
disrupted (phase 0 introns), between the first and second nucleotides of a codon
(phase 1 introns), or between the second and third nucleotides of a codon (phase
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2 introns). Exons are likewise classified into nine groups according to the phase of
the flanking introns.

Introns disrupt the coding sequence in eukaryotic genes. After transcription,
splicing removes the introns, leaving only the coding sequences (exons). One
folding domain is encoded by one exon in many genes, suggesting that intron
recombination might combine separate exons into genes to produce new proteins,
a process known as exon shuffling, resulting in fast protein evolution. Many
instances, such as blood-clotting proteins, support the notion of exon shuffling for
protein evolution. According to the introns-early version of the exon-shuffling
theory, exon shuffling has developed in eukaryotic cells to increase the genetic
plasticity of these creatures. Regardless, exon shuffling is a critical factor for protein
formation, suggesting that this natural evolutionary process could be explored for
developing novel enzymes. Exon shuffling needs to establish spliceosomal introns
before it can start to play a role in protein evolution. The self-splicing introns of the
RNA world were not suitable for exon recombination via intronic recombination.
These introns were necessary for the function of the gene and could not be
recombined. Furthermore, there is much evidence that spliceosomal introns repre-
sent a recent evolution with a limited evolutionary distribution [108]. Likewise, to
understand when exon shuffling became relevant in eukaryotes, researchers looked
at the evolutionary distribution of modular proteins that emerged via this strategy in
different animals. These studies discovered an inverse association between genome
compactness and the proportion of intronic and repetitive sequences.

3.4.5 Site Saturation Mutagenesis Methods and Applications
in Protein Engineering

The amino acids encoding the proteins can be modified through PTMs at specific
sites. Recombinant DNA technology allows polypeptides to be easily manufactured
and manipulated, and various mutagenesis procedures have been created.
Site-directed mutagenesis (SDM) is a technique for studying the function of a single
amino acid in a protein. When an alanine is replaced with another in SDM, the
process is known as alanine-scanning mutagenesis.

Site-saturation mutagenesis (SSM) approach adds a layer of complexity by
allowing an amino acid to be replaced with any of the other 19 potential substituents.
As a result, the outcome of mutagenesis is a group of clones, each of which has a
different codon in the targeted area, which is why it is referred to as “saturated.” This
has a benefit over SDM in that all possible substitutions can be made with the same
amount of work, enabling a more in-depth analysis of the original amino acid’s
function at the targeted site. The design of the SSM experiment varies depending on
the application [109] [Fig. 3.17].
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Fig. 3.17 The major
experimental phases of a site
saturation mutagenesis-based
in vitro directed evolution
approach
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3.5 Applications of Protein Engineering in Therapeutics

Protein engineering has a wide range of medical uses. Protein engineering as a tool
for cancer treatment research is a prime topic. Pretargeted radioimmunotherapy is a
promising cancer treatment [110]. As protein engineering and rDNA technology
advance, pretargeted radioimmunotherapy is expected to become increasingly com-
mon. The ability of antibodies to identify antigens selectively and with greater
affinity is used to develop new antibodies as anticancer medicines, and protein
engineering approaches are employed for altering antibodies to target cancer cells.

The phrase “modular protein engineering” has recently been coined for potential
cancer therapeutics. Antibodies have a wide range of uses in protein engineering.
Antibody engineering is now possible due to improvements in rDNA technology
[111]. To produce antibodies with desired antigen-binding properties, combinational
techniques such as bacteriophage display libraries are developed as a potential
alternative to hybridoma technology. Phage display has proven effective in various
domains, including immunology, protein engineering, and oncology. Antibodies are
increasingly being used as molecular imaging tools. Protein engineering methods
have been used to enhance the pharmacokinetic properties of antibodies. Specialized
imaging probes for target organs, variants of an antibody of different sizes, and sites
that bind to antigens have been created.

3.6 Case Study: Protein Engineering for Cardiovascular
Therapeutics

Clinical studies of cell-based cardiovascular therapy have received much attention,
and preliminary results are promising, especially given the surge in interest in new
heart-repair therapeutics. On the other hand, the mode of action of cell-based
therapeutics is unknown, and many specifics of characteristics, quality control, and
cell administration must be evaluated before widespread therapeutic use. Regardless,
the success of cell-based cardiac treatments in human research has inspired curiosity
in new therapeutic development [112].

The discovery of paracrine-acting protein release as a mechanism for improving
cardiac function via cell-based treatments in the heart has received interest in
protein-based therapy approaches for heart repair. Despite their rapid adoption in
various fields such as cancer and inflammatory illnesses, protein therapies have low
penetration in the cardiovascular market. Protein therapy development represents a
promising field in cardiovascular medicine as the majority of new medication
approvals move to proteins. Improvements in heart microvasculature design have
taken a lot of time and effort. The ability of proteins to drive cardiomyocyte
proliferation has recently been discovered, raising hopes that protein-based
approaches to heart regeneration would be successful. However, engineered protein
therapies have yet to become a significant component of cardiologists’ toolset.

A recent study provides an overview of the use of protein therapy approaches
in the heart, focusing on treatments that have progressed to the clinical trial
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stage [112]. It explains how new findings in molecular cardiology, when paired with
new and promising protein engineering approaches, can potentially pave the way for
a new generation of heart-repair treatments. Much of the effort in therapeutic
development has focused on two pathways that contribute to myocardial repair
and regeneration: cardiomyogenesis and vascularization. The molecular foundations
of cardiomyogenesis are still a matter of discussion, although the fundamental
processes of vascularization, such as arteriogenesis, angiogenesis, and
vasculogenesis, are well defined.

3.7 Conclusion

Proteins have long been recognized as a clinically and financially relevant therapeu-
tic class. To fully exploit the potential of protein therapeutics, ongoing efforts are
necessary to improve their efficacy and discover new protein-based medicines.
Protein engineering is a widely used and vital technology that aids in developing
novel biologics such as protein therapeutics, cellular therapy, and gene therapy.
Engineering protein therapeutics is an emerging pharmaceutical industry with tre-
mendous growth potential. Current research into allostery, catalysis, molecular
recognition of proteins, and the advent of computer protein design tools will hasten
this transformation. In the future, there will be more synergy between protein
engineering and design efforts, thanks to a better knowledge of interactions between
protein structure and function and advancements in bioinformatics and systems
biology techniques. To develop novel protein therapeutics, researchers draw on
expertise from various fields, including molecular biology, immunology, pathology,
and nanotechnology [113–115]. Protein treatments have given researchers insight
into their strengths, limitations, and prospective enhancements. The success of
protein treatments in healthcare provides a strong incentive to develop better
proteins and new approaches, and new platform technologies are expected to make
this possible. Considering these advancements, protein therapeutics can be confi-
dently assumed to be the future of human medicine.
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Abstract

Therapeutic proteins are gaining importance in disease therapy because of
their specificity, efficiency, safety, and reduced side effects. With the dawn of
recombinant DNA technology, the genes for the therapeutic proteins can be
cloned into various expression systems, thus eliminating the earlier practice of
obtaining such proteins from animal or human sources. Various expression
systems like bacterial, yeast, mammalian, and plant hosts have been successfully
used to recombinantly produce therapeutic proteins. Each expression system has
its own benefits and limitations, thus making the expression of all proteins in a
single system impossible. Prokaryotic systems like E. coli are well established
and widely used for production; however, when it comes to glycosylated proteins,
the lack of a secretory system in prokaryotes makes them ineffective. For
producing such proteins, eukaryotic systems, particularly mammalian expression
systems, are better suited. We discuss the methods for recombinant production of
major therapeutic proteins using different expression systems.
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4.1 Introduction

Proteins are the workhorses carrying out most, if not all, functions in the cell. Their
diversity makes it feasible to perform both structural and functional roles [1].
Functionally, they perform their role in tandem, thus forming an extensive network
of interconnected biochemical cycles. Sometimes slight changes in critical proteins
of these biochemical cycles could lead to diseases. Not only this, but variation in the
concentration of proteins can also lead to diseases. Proteins as therapeutic agents
have been employed in a broad spectrum of diseases and syndromes, which reveals
their effective and operative nature. Therapeutic proteins are divided into various
categories based on their chemical composition, origin, mechanism of activity, and
pharmacological action. Proteins and peptides have tremendous therapeutic potential
and have time and again exploited for the benefit of mankind. Most of the therapeutic
proteins were initially derived from animals, which raised significant concerns, and
led to the use of recombinant DNA technologies to discover effective humanized
proteins that had better half-life and met the high demands.

One of the most significant and fastest-growing categories of the biopharmaceu-
tical business is therapeutic recombinant proteins. Since 1980, the burgeoning
industry of therapeutic proteins has seen a paradigm change with improved efficacy,
higher safety, and lower immunogenicity due to a convergence of clinical, scientific,
technical, and commercial drives that have identified unmet requirements. Since the
first protein therapies were authorized two decades ago, the discipline has evolved
from discovering naturally occurring proteins to creating molecules tailored for
optimal target recognition, pharmacokinetics, biodistribution, and therapeutic action
[2]. Human proteins produced using genetic engineering rather than extracted from
tissue samples have emerged as a significant therapeutic medicine area. Examples of
therapeutic proteins are antibodies, anticoagulants, blood factors, engineered protein
scaffolds, enzymes, Fc fusion proteins, growth factors, hormones, interferons,
interleukins, and thrombolytics [3].

In the last few years, bacteria, yeast, filamentous fungi, insect cells, mammalian
cells, transgenic animals, and transgenic plants have been used to produce recombi-
nant proteins [4]. Human proteins will continue emerging as an essential treatment
alternative for several human disorders as manufacturing technology and pharmaco-
logical knowledge improve [5]. Human insulin (Humulin), produced by Eli Lilly and
authorized by the US Food and Drug Administration (FDA) in 1982, was the first
human protein therapy produced from recombinant DNA technology [6]. In 1986,
the FDA approved the first medicinal use of a recombinant protein generated in
mammalian cells (human tissue plasminogen activator, tPA, Genentech). Therapies
based on recombinant proteins have revolutionized the treatment of several diseases,
including cancer, rheumatic disorders, etc. Furthermore, the recombinant protein
market has expanded at a 35% annual average rate since 2001, showing that the
biopharmaceutical business has a bright future [2]. Therapeutic proteins are used to
treat a variety of life-threatening diseases, including diabetes (insulin), viral hepatitis
(interferon (IFN), end-stage renal disease (erythropoietin), cancer treatment-related
neutropenia (G-CSF), clotting disorders (Factor VII, VIII, IX), inborn metabolic
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errors (lysosomal enzymes), etc. [3]. Pharmaceutical companies increasingly rely on
protein-based research to hunt for new and effective treatments. Biotechnology
advancements have boosted and facilitated the manufacturing of therapeutically
essential proteins to battle a variety of terminal illnesses. Although protein-based
treatments have taken center stage in drug research and have improved human
safety, several hurdles remain, such as safety and immunogenicity concerns, protein
stability, and degradation issues [7]. Proteins have emerged as a critical class of
medicines in recent decades, with more than 200 protein-based drugs now on the
market, 90% of which are employed as treatments. Though non-monoclonal
antibodies (mAbs) recombinant proteins like insulin, erythropoietin (EPO),
interferons (INF), interleukins (ILs), and somatotropin (hGH) are in high demand
for therapy, mAbs are the fastest expanding category in the therapeutic industry
[8]. The development and production of therapeutic proteins are highly complicated
procedures. Considering the complexity of therapeutic proteins in the context of
their large molecular size, post-translational modifications (PTMs), and the variety
of biological materials used in their manufacturing process, it is essential to improve
specific functional attributes while maintaining product safety and efficacy.

Since 2011, the Centre for Drug Evaluation and Review (CDER) and the Centre
for Biologics Evaluation and Review (CBER) of the US FDA have authorized
62 recombinant therapeutic proteins. Monoclonal antibodies consist of over half of
the 62 therapeutic proteins (48%), followed by coagulation factors (19%) and
replacement enzymes (11%) in all cases. Fusion proteins, hormones, growth factors,
and plasma proteins received the remaining approvals (22%) [9]. Many host
systems, spanning from prokaryotic to eukaryotic species, have expressed diverse
heterologous proteins with the help of recombinant DNA (rDNA) technology.

For the last 30 years, recombinant microbial techniques (mostly bacteria
Escherichia coli) have been used, and they constitute a significant source of indus-
trial and therapeutic proteins [10]. Over a third of all approved recombinant thera-
peutic proteins are produced by E. coli. Because of its well-characterized genetics,
fast growth, and high yield production, E. coli has been a preferred alternative and
workhorse for expressing non-glycosylated proteins in the biotech sector. A plethora
of knowledge and extensive tools are ideally matched for commercial applications of
E. coli systems, such as expression vectors, production strains, protein folding, and
fermentation technologies. The advancement of the systems continues to suit con-
temporary industrial demands, as seen by the FDA’s recent approval of E. coli-
produced antibody fragments and Fc-fusion proteins. However, due to poor product
quality, several proteins cannot be generated in microbial systems, particularly if
(PTMs) are needed for the stability and activity of proteins [11].

The need for recombinant proteins has risen dramatically in the last 20 years.
Recombinant proteins have been produced extensively using mammalian cell lines.
Mammalian cells have the cellular machinery to promote the secretion of the
recombinant product and (PTMs), such as glycosylation, which is present in many
marketed recombinant therapeutic proteins, so this expression system has several
advantages over microbial systems [12]. For efficient manufacturing, human cell
lines have emerged as a new and potent option. These cells can make recombinant
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Fig. 4.1 Expression systems for recombinant therapeutic protein production

proteins with (PTMs) comparable to their native counterparts, resulting in proteins
with a human-like glycosylation pattern that prevents immunogenic responses.

Plants have been created as recombinant protein production systems in a technol-
ogy known as molecular plant farming over the last decade [13]. Transgenic plants
and plant cell cultures are used as production methods for recombinant proteins
having commercial, industrial, or medicinal uses in this technology. Plant molecular
farming provides several benefits over traditional expression methods. Plants can
create eukaryote-like PTMs, which allow the generation of recombinant humanized
molecules that are highly comparable or even identical to the parent protein [14]. Fur-
thermore, developing plant expression systems enables precise and regulated
changes in recombinant proteins, which is beneficial for plant-based products that
cannot be duplicated in bacterial or yeast expression systems [15]. Plants are
exceptionally well adapted for generating therapeutic recombinant products like
antibodies and vaccines, as they do not typically carry human diseases that can be
linked with mammalian expression systems [16, 17]. Differences in the glycosyla-
tion pathway, and incredibly complicated processing of glycan side-chains, includ-
ing specific host-specific alterations that do not occur in humans and vice versa, are
the fundamental limits of plant expression systems. Glycoengineering, whose pur-
pose is to produce recombinant proteins with homogeneous glycosylation that
closely mimic the original system, can somewhat compensate for these flaws
[10]. The different expression systems used for recombinant production of therapeu-
tic proteins are shown in Fig. 4.1.

Immunogenicity is a challenging problem for all recombinant protein-based
therapies. It is reasonable to suppose that all biotechnologically generated therapies
will display immunogenicity at some point in the future. Antibody responses can
result in decreased therapeutic protein effectiveness, neutralizing antibodies,
inactivating native endogenous proteins, or inducing anaphylactic reactions. The
Eprex instance is a well-known case [3]. Between 1998 and 2002, an extremely high
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percentage of individuals with chronic renal disease who had subcutaneously
injected Eprex, a particular recombinant human erythropoietin preparation, were
reported to have pure red cell aplasia. The decline in endogenous and therapeutically
given erythropoietin produced by the therapy’s neutralizing antibodies resulted in
pure red cell aplasia. The presence of leachates in the formulation, which came from
an interaction between polysorbate 80 and the uncoated rubber stopper, was most
likely responsible for the antigenicity [3]. This emphasizes how difficult it is to
forecast the safety of novel therapeutic protein products. On the one hand, we have
observed that combining the recombinant protein with formulation/packaging
ingredients might be more important for safety than alterations to the recombinant
protein itself. It has been observed that combining the recombinant protein with
formulation/packaging ingredients might be more important for safety than
alterations to the recombinant protein itself. However, some molecular alterations
in permitted biopharmaceuticals compared to the natural ones have been proven to
be relatively safe and thus can be considered for therapeutic usage though this may
lead to immunogenicity in the context of safety concerns. Drug inventors and
manufacturers may now fine-tune and exploit beneficial functional features of
proteins of interest while preserving product safety, effectiveness, or both, thanks
to recent breakthroughs in protein-engineering technology. Protein engineering and
design have been shown to help develop effective protein therapeutics with
improved affinity, specificity, activity, stability, pharmacokinetics, pharmacodynam-
ics, immunogenicity, and productivity.

4.2 Methods for the Production of Recombinant Therapeutic
Proteins

Today various methods for producing recombinant therapeutic proteins like bacte-
rial, fungal, plant, mammalian cell cultures, transgenic animals, etc., are available
[18]. There are about 165 approved biopharmaceutical products, most of which are
proteins. Therapeutic proteins are primarily derived from the blood tissues of
humans or animals in a few cases [19]. The benefit of recombinant proteins is that
it makes a platform for manufacturing more advanced and effective pharmaceutical
products with high therapeutic profiles like safety, less immunogenicity, and
increased half-life with better bioavailability. An overview of recombinant protein
production is depicted in Fig. 4.2.

4.2.1 Production of Recombinant Proteins in E. coli

The bacterial expression system has been extensively used for rapid growth and
high-quality yields as it is easy to control the expression of a prokaryotic system
[20]. These systems are used for the production of non-glycosylated proteins
[21]. The most widely used bacterial system for the production of recombinant
proteins is Escherichia coli. E. coli has proved a boon in the biotech industry
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Fig. 4.2 General outline of production of recombinant proteins
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because of its growth, high yield, and simple genetic system. It is always preferred in
the biotech industry to manufacture non-glycosylated proteins. The first recombinant
protein insulin, approved by the FDA, was expressed in E. coli which opened a new
path for the production of different recombinant therapeutic proteins [11]. One major
reason for the production of proteins by E. coli is that it can express a good quantity
of proteins at a low culture media cost. The expression of proteins in E. coli requires
consideration of various aspects like the host cells, vectors, and media composition
for an efficient production [22, 23]. The general scheme for the expression of
therapeutic recombinant proteins in E. coli is depicted in Fig. 4.3.

4.2.1.1 Host
In the biotech industry, E. coli K12, RV308, and W3110 strains are most commonly
used for producing therapeutic proteins. K12 strains have been genetically
engineered to minimize acetate production during cell development, further improv-
ing recombinant protein synthesis. Acetate is an unwanted by-product of fermenta-
tion that has a detrimental effect on protein production and cell growth when it
accumulates in larger concentrations [11]. Other host variants are also engineered to
meet particular needs, like the extraction of periplasmic therapeutic proteins.

4.2.1.2 Vector
The copy number of the plasmid and structural stability of the vector dramatically
affect the productivity of recombinant proteins. The higher copy number leads to an
increased mRNA pool which enhances productivity and vice versa. Antibiotics are
added to growth media to balance the plasmid’s copy number; however, they impose
metabolic burdens on cells. Several vectors have been developed for protein pro-
duction in E. coli, such as pUC (500–700 copies, a high copy number plasmid), and
pBR322 (14–20 copies, a low copy number plasmid).

4.2.1.3 Media Preparation and Fermentation
The media plays a vital role in obtaining cell yield and high production of recombi-
nant proteins. Generally, three types of media are used, i.e., chemically defined,
semi-defined, and complex media. The media concentration must be analyzed very
carefully, and it should contain all crucial components in optimal concentration to
provide essential nutrients for cell growth. The most commonly used growth media
are semi-defined and complex media because of their flexibility and ability to
generate more cell density and protein yield. Following media preparation, fermen-
tation is done, which increases the cell density and protein yield in a controlled
physical, chemical, and biological environment based on parameters like pH, tem-
perature, dissolved oxygen (D.O) level, and nutrient availability.
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Fig. 4.3 Therapeutic protein production in E. coli expression system
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4.2.2 Therapeutic Protein Production in Bacterial Cultures

4.2.2.1 Therapeutic Enzymes
L-asparaginase is obtained from submerged fermentation of bacteria Erwinia
chrysanthemi and E. coli [24] and used for treating leukemia. This enzyme
hydrolyzes L-asparagine to form aspartic acid and ammonia, which inhibits protein
synthesis in leukemia cells [25]. There have been minor incidents of hypersensitivity
to L-asparaginase; hence, a recombinant alternative was introduced known as
Pegaspargase under the trade name Oncaspar in which the enzyme is linked to
monomethylpolyethylene glycol. This enzyme is synthesized using an E. coli
expression system [25]. Glucarpidase, also known as carboxypeptidase-G2, is an
enzyme that metabolizes circulatory methotrexate (MTX) and is used in patients
with renal problems who are receiving methotrexate to treat specific forms of cancer.
The enzyme is produced in E. coli cells in the recombinant form [26]. Pegloticase is
recombinant porcine-like uricase (urate oxidase) conjugated to PEG and is used to
treat chronic gout refractory. It decreases uric acid levels and inhibits crystal
formation by converting uric acid to allantoin, which is excreted by the kidneys
[25]. It consists of modified mammalian urate oxidase, produced in E. coli, cova-
lently conjugated to monomethoxy-polyethylene glycol [25].

4.2.2.2 Therapeutic Hormones
Humulin N (recombinant human insulin) is a man-made insulin product used for
glucose control in patients with diabetes. Earlier, the purified insulin was obtained
from pig or cow pancreas, which differs slightly in chemical composition from
human insulin. The decrease in the supply of animal pancreas led to extensive use
of rDNA technology and the production of humulin which was safe and efficacious.
The human insulin gene was isolated and inserted into the plasmid of the E. coli, and
then this recombinant bacterial cell produces insulin which can be easily harvested
and stored for further use [27]. Insulin promotes cell division and growth through its
mitotic effect, regulates carbohydrate, lipid, and protein metabolism, facilitates
cellular glucose uptake, and maintains a normal blood sugar level [28].

Glucagon is a 29-amino acid peptide hormone secreted from pancreatic alpha
cells in the islet of Langerhans [29]. Recombinant DNA technology has been
efficiently utilized to produce glucagon by E. coli [30]. This hormone helps raise
blood sugar levels by working in coordination with the liver. Hence it works best in
case of hypoglycemia, a condition in which the blood sugar level is below normal. In
2020, FDA approved the generic glucagon for the treatment of hypoglycemia.

Metreleptin is a recombinant human leptin analogue used to treat complications
of congenital or acquired generalized lipodystrophy. It is a 16 kDa protein that
differs from endogenous human leptin in having an amino acid terminal methionine
residue. It is also produced by utilizing the bacterial E. coli cells. Metreleptin, as a
human leptin analogue, binds and activates the leptin receptor, imitating the physio-
logical actions of endogenous leptin. It is sold under the trade name Myalept and
improves LD-related metabolic problems such as glycemic control,
hypertriglyceridemia, and insulin sensitivity [31]. It may disrupt the events that
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lead to lipotoxicity and show improvements in the hepatic disease parameters such
as intrahepatic lipid content, liver volume, and non-alcoholic steatohepatitis
(NASH) [32].

Calcitonin is a thyroid hormone that decreases calcium content in the blood when
it is higher than usual. This polypeptide hormone contains 32 amino acids and is
mainly generated by the thyroid gland’s parafollicular cells (also known as C cells).
Calcitonin is produced by cells of the ultimobranchial body in fish, birds, and other
non-mammalian animals. Salmon calcitonin is a 32 amino acid alpha-helical poly-
peptide that varies significantly from human calcitonin in amino acid residues
ranging from 10 to 27. These amino acid sequence variations boost the efficacy of
salmon-derived calcitonin. The FDA authorized it for the treatment of bone ailments
such as postmenopausal osteoporosis, Paget disease, and hypercalcemia. Recombi-
nant calcitonin is synthesized using either rDNA technology or chemical peptide
synthesis. A chemically synthesized salmon calcitonin gene was incorporated into
the plasmid and introduced into the E. coli cells to produce peptide substrate for
in vitro amidation [33]. The hormone also limits calcium absorption from the
intestine and enhances calcium absorption by the kidney [34].

Parathyroid hormone (PTH) secreted from the parathyroid glands regulates
calcium levels in the blood when they are too low. The hormone helps treat a rare
condition of calcium metabolism called hypoparathyroidism, which can be chronic
or resolve transiently. This condition is traditionally treated with calcium and
vitamin D analogues that boost blood calcium, but this bypass the significant
calcium reabsorption effects of PTH on the kidney, resulting in hypercalciuria and
an increased risk of nephrocalcinosis and renal insufficiency. Recombinant human
PTHs [PTH (1–84) and PTH (1–34)] are hence used for the treatment of hypopara-
thyroidism. Natpara (trade name) administration normalizes plasma calcium and
phosphate levels resulting in the reduction in the doses of calcium and vitamin D
analogues. The FDA has authorized teriparatide or human PTH (1–34) or Forteo
(commercial name) for the treatment of osteoporosis in postmenopausal women and
men who are at high risk of fracture [35]. These recombinant PTHs are produced in
E. coli [36], and it has been shown that biosynthetic teriparatide (1–34) could be
successfully secreted and expressed in Bacillus subtilis [37].

Growth hormone (GH), also called somatotrophin or human growth hormone, is a
peptide hormone secreted by the anterior lobe of the pituitary gland. GH plays a vital
role in regulating somatic development, body composition, and intermediate muscle
and bone metabolism, particularly throughout adolescence. Initially, cadaveric GH
was utilized in treatment, but it was phased out and replaced by recombinant human
GH (rhGH), which is identical to human GH but contains an extra methionine
[38]. Growth hormone treatment is mainly used to treat children with idiopathic
short stature who cannot attain a normal adult height. Growth requires the combined
work of thyroid and gonadal hormones, as well as GH, especially around puberty.
Treatment with rhGH is effective in children with chronic kidney disease (CKD),
which is linked with severe alterations in the GH-IGF-1 axis, resulting in growth
retardation. The human GH gene is usually inserted into plasmids of E. coli bacteria
to manufacture the rhGH. The production of rhGH could also be done in Chinese
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hamster ovary (CHO) cells, which have proven to be more advantageous than E. coli
as the rhGH is secreted into protein-free production media, allowing for easier
purification and avoiding inclusion body re-solubilization and protein refolding [39].

Insulin-like growth factor 1 (IGF-1), also called somatomedin C, is a hormone
similar in structure to insulin and can improve insulin sensitivity while lowering
glucose levels. IGF-1 is currently being researched as a therapeutic agent for cancer
treatment, tissue repair, and the treatment of insulin-resistant diabetes. It is the direct
mediator of GH’s effect on statural growth and must be present for the normal
growth of bones, cartilage, and organs in children. Hence it is used to treat children
with short stature [40]. Recombinant human IGF-I has been created in a variety of
host systems. To date, hIGF-1 has been produced using several expression
platforms, including E. coli, yeast, a cell-free system, and transgenic plants [41].

4.2.2.3 Recombinant Cytokine Production
Interferon-alpha (IFN-α) was the first approved antitumor application for hairy cell
leukemia in 1986 [42]. IFN-α (trade name Infergen) is an approved treatment for
chronic hepatitis C virus (HCV) infection [43]. The clinical application of IFN-α is
limited as it has a short life in vitro and shows severe toxicity at therapeutic doses, so
a recombinant IFN-α, modified with the addition of polyethylene glycol (PEG)
moiety is currently used as a treatment option for HCV along with certain other
drugs like ribavirin. Two forms of pegylated interferon (PEG-IFNs) were developed
in the early 2000s—PEG-IFN-alpha2a and PEG-IFN-alpha2b [44]. They have
pro-apoptotic/anti-proliferative activity on tumor cells mediated by the activation
of immune system cells and display a potent anti-angiogenic activity [45]. The FDA
has authorized two kinds of interferon as adjuvant treatments for individuals with
high-risk melanoma: interferon alfa-2b (Intron A) and peginterferon alfa-2b
(Sylatron). Pegylated formulations of IFN-α is effectively used for the treatment of
AIDS-associated Kaposi sarcoma [46]. It is most often used in treating chronic
myeloid leukemia (CML) in combination with tyrosine kinase inhibitors such as
imatinib, as it reduces the growth and division of leukemia cells [47]. Interferons
have significant use in treating condyloma acuminata or genital warts [48]. IFN-n3
(Alferon N) injection made from human leukocytes has a spectrum of IFNs and is
only licensed for treating adult patients with refractory or recurring condyloma
acuminata. Recombinant interferons are commercially produced mainly in bacteria
E. coli (IFN-α, IFN-β1b, IFN-γ) and rarely in a mammalian cell line CHO (IFN-βla).

Interferon-beta (IFN-β) is secreted by many cells like lymphocytes (B cells, T
cells, and NK cells), macrophages, fibroblasts, endothelial cells, and osteoblasts in
response to pathogens. They induce immunoregulatory, antitumor, antiviral, and
anti-inflammatory responses by activating the natural killer (NK) cells and
macrophages [49]. Recombinant IFN-β has been authorized for the treatment of
multiple sclerosis (MS), including rhIFNβ-1a (trade name Avonex) and rhIFNβ-1b
(trade name Betaseron). In MS, the immune system attacks the protective covering
or nerves, causing them to deteriorate [50]. The use of IFNβs may help in the
reduction of MS relapses. rhIFN-β1a is synthesized using eukaryotic expression
systems (CHO cells) and has an identical amino acid sequence to naturally occurring
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hIFN-β, while IFN-β1b is produced by the prokaryotic expression system in E. coli
[51]. Synthetic PEGylated IFN-β1a is also widely used as a therapeutic agent with
many perks like increased half-life and reduced glomerular filtration rate.

Interferon-gamma (IFN-γ) is a homodimer formed of polypeptide subunits. It is
released by the activated lymphocytes such as CD4 T Th1 cells and CD8 CT cells, T
cells, natural killer cells, B cells, and antigen-presenting cells (APCs). IFN-γ
regulates inflammation, apoptosis, and cell cycle, among other biological responses.
It is primarily engaged in host defense and immune surveillance, but it also aids in
the development of adaptive immunity, regulation of inflammation, apoptosis, and
cell cycle [52]. IFN-γ is used to treat a genetic disorder called chronic granulomatous
disease, in which phagocytes are unable to kill certain types of bacteria and fungi.
IFN-γis a safe and effective medication for lowering the frequency and severity of
viral infections [53]. The FDA has approved recombinant IFN-γ (trade name
Actimmune) for the treatment of malignant osteopetrosis, which is strikingly evident
by increased bone density as a result of a failure in bone reabsorption by cells known
as osteoclasts. IFN-gamma promotes osteoblast formation and maturation [54] and
increases bone resorption [55]. Recombinant IFN-γ is commonly expressed in
E. coli [56].

Interleukin-2 (IL-2) helps NK cells and T lymphocytes to grow. As a result, it is
commonly employed in adoptive transfer protocols to grow lymphocytes in culture
and extend the survival of transferred cells in cancer patients. Aldesleukin (recom-
binant IL-2) is being used in cancer therapy as a biological response modifier to
strengthen the immune system and kill the cancer cells; hence IL-2 (trade name
Proleukin) has been approved for the treatment of metastatic renal cell carcinoma
and metastatic melanoma [57]. An E. coli expression system is used to produce the
recombinant IL-2.

Interleukin-11 (IL-11) is a non-glycosylated protein belonging to the family of
IL-6, produced by fibroblasts, neuronal cells, epithelial cells, and endothelial cells.
This multifunctional anti-inflammatory cytokine promotes hematopoiesis, regulates
T cell activity, activates macrophage proliferation and differentiation, and protects
the mucosa [58]. It has also been found to enhance T cell polarization toward Th2,
promote B-cell IgG production, accelerate osteoclast bone absorption, protect endo-
thelial cells from oxidative stress, and control epithelial proliferation and apoptosis.
The pharmacologic agent IL-11 was the first to be licensed for the treatment of
chemotherapy-induced thrombocytopenia, which is the deficiency of platelets in
blood [59]. Recombinant IL-11, a commercially available growth factor, increases
the platelet count and is produced in E. coli [60].

4.2.2.4 Recombinant Toxins
Botulinum toxins are used widely in the cosmetic industry to provide transient anti-
aging effects like reducing facial fine lines and wrinkles. Botulinum toxin type A and
type B are proteases that inactivate SNAP-25, which is essential in synaptic vesicle
fusion [61]. These toxins are produced by strains of Clostridium botulinum. Serotype
A is commercially available for clinical use. Approved under the trade name Botox
in 1989, this toxin is used for the treatment of strabismus, hemifacial spasms, and
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blepharospasm [62]. Full-length recombinant attenuated botulinum neurotoxins
were expressed in E. coli and purified via an amino-terminal 6X-polyhistidine
affinity tag [63].

4.3 Production of Recombinant Therapeutic Proteins
in Mammalian Cell Cultures

Mammalian systems for the production of therapeutics were developed because
of their ability to perform complex PTMs that are difficult to achieve by
non-mammalian expression systems. Therefore, most recombinant therapeutic
proteins are produced in mammalian expression systems, as shown in Fig. 4.4.
The recombinant gene of interest is incorporated into the vector, which is then
introduced into the desired cell line. The recombinant gene contains necessary
transcriptional regulatory elements for the transcription, and in addition, a selection
system is also incorporated. Glutamine synthetase (GS) and dihydrofolate reductase
(DHFR) are the common markers for selecting transformed cells. These selective
markers allow transformed cells to grow in a medium lacking glutamine and
hypoxanthine/thymidine. Cells that survive are used to produce a clonal population.
The most stable population with the appropriate growth and productivity
characteristics is analyzed for recombinant protein expression [64, 65].

Fig. 4.4 Therapeutic proteins produced in different expression systems
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The two primary cell culture systems used to produce recombinant therapeutic
proteins in mammalian cells are adherent cell culture and cell suspension culture.
Adherent cell culture includes seeding cells into roller bottles, filling the bottles with
media, and harvesting cell culture fluids that are extracted within air filtered envi-
ronment. Cultivation is also possible on microcarriers that are kept in suspension in
stirred tank bioreactor. CHO cell lines cultivated on microcarriers are used for
generating follicle-stimulating hormone (FSH). Suspension culture is the most
commonly used culture because of its ability to support single-cell suspension
growth. CHO cells, BHK (baby hamster kidney) cells, and human retina-derived
PER-C6 cells grow well in suspension systems [65].

4.3.1 Therapeutic Proteins Expressed in Chinese Hamster Ovary
(CHO) Cell Lines

The CHO cell lines are the most employed mammalian expression system for
recombinant protein production due to their ability to generate complex PTMs easily
[66]. In addition, CHO cell lines have high endurance for deviations in pH, pressure,
temperature, and oxygen levels [67] and allow specific productivity [21, 67]. Thera-
peutic protein production in CHO cells is depicted in Fig. 4.5.

4.3.1.1 Enzyme Production
Asfotase alfa (trade name Strensiq) is a recombinant tissue-nonspecific alkaline
phosphatase-Fc-deca-aspartate fusion protein that is incorporated in an engineered
CHO cell line [68]. It is used in enzyme replacement therapy of hypophosphatasia
[69]. Hypophosphatasia is a genetic disorder that is a rare metabolic bone disease
characterized by reduced serum alkaline phosphatase and defective development of
bones and teeth [70]. Agalsidase alfa enzyme is synthesized in CHO cultures with a
plasmid having DNA sequences that code for α-galactosidase, a protein whose
deficiency causes Fabry disease. It is a rare X-linked recessive glycosphingolipid
storage disorder [71] that results in the absence of α-galactosidase A due to
mutations in the α-galactosidase A gene. The enzyme Alglucosidase alfa is produced
in CHO cells to express human acid α-glucosidase enzyme, deficiency of which
causes glycogen storage Pompe disease [72]. Pompe disease is a fatal inherited
disorder caused by the mutation in a gene that forms acid α-glucosidase that breaks
glycogen. Mutations in this gene cause defects or deficiency of the acid
α-glucosidase enzyme [73].

The enzyme imiglucerase is glucocerebrosidase produced in CHO cells, and after
production, the exoglycosidase enzyme cleaves the carbohydrate moieties to expose
mannose residues [74]. This enzyme is used for treating Gaucher disease, an
inherited metabolic disorder characterized by accumulation of glycolipid
glucocerebroside due to deficiency in enzyme glucocerebroside resulting from a
mutation in the GBA1 gene [75].

Elosulfase alfa is expressed in CHO cell lines incorporated with recombinant
human N-acetylgalactosamine 6-sulfatase containing expression plasmid leading to
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Fig. 4.5 Production of therapeutic proteins in CHO cell line
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the generation of clones that produce the enzyme. It is used for the treatment of
mucopolysaccharidosis type IVA [76]. It is a mucopolysaccharide storage disease
that develops due to the deficiency of N-acetyl-galactosamine-6-sulfatase, leading to
the accumulation of mucopolysaccharides in the body.

Galsulfase is a recombinant variant form of N-acetylgalactosamine 4-sulfatase
enzyme used for treating mucopolysaccharidosis VI [25]. It is synthesized in the
CHO cell line via the perfusion process. The enzyme N-acetylgalactosamine 4-sul-
fatase also known as arylsulfatase B is encoded by the ARSB gene. The lack of
activity of this enzyme leads to the build-up of glycosaminoglycans in the body, thus
leading to mucopolysaccharidosis VI, also known as the Maroteaux-Lamy
syndrome [77].

Laronidase is a recombinant form of human enzyme α-L-iduronidase [25] pro-
duced in CHO cells consisting of six asparagine-linked glycosylation sites, two of
them being mannose-6-phosphorylated. Iduronidase degrades glycosaminoglycans
like dermatan sulfate and heparan sulfate. The deficiency of this enzyme leads to the
accumulation of dermatan sulfate and heparan sulfate in the lysosomes and causes
mucopolysaccharidosis I.

4.3.1.2 Clotting Factor Production
Recombinant human thrombin is obtained from a truncated transcript of the human
prothrombin gene, which is then incorporated into CHO cells. The product is
secreted into the culture media and is activated by proteolysis [78]. Thrombin is a
type of protease formed from prothrombin, which converts fibrinogen to fibrin and
thus aids in hemostasis. A recombinant form of factor IX under the trade name
Rixubis is BAX362 produced using CHO cells grown in suspension culture. The
CHO line releases the recombinant factor IX into a defined cell culture medium
which is used for purification [79]. Factor IX is a part of the blood coagulation
system. The activated factor IXa, with factor VIIIa, and phospholipids in the
presence of Ca2+, activates factor X [80]. The deficiency of factor IX causes
hemophilia B, a hereditary bleeding disorder.

4.3.1.3 Production of Hormones
Human chorionic gonadotropin (HCG) is a 237 amino acid glycoprotein hormone
produced primarily by syncytiotrophoblastic cells of the placenta during pregnancy.
Recombinant DNA technology has been used to create rHCG from genetically
modified CHO cells [81]. HCG is essential for the success of the pregnancy. It
boosts fertility in females and is used to initiate mid-cycle follicular maturation and
ovulation of women undergoing in vitro fertilization (IVF) treatment. An HCG dose
helps the eggs develop before they are fertilized in a lab for those who use IVF. It is
widely utilized in all types of reproductive treatments, including IVF and intrauterine
insemination (IUIs).

Follicle-stimulating hormone (FSH), another gonadotropin, regulates the growth,
sexual maturation, and reproductive development in both females and males. FSH is
used in the treatment of infertility and hypogonadism along with human chorionic
gonadotropin (hCG), which treats secondary hypogonadism [82]. Adding hCG to
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rFSH is associated with better quality embryos and higher pregnancy rates
[83]. Recombinant FSH is also effective for the treatment of oligozoospermia
[84]. The CHO cell line is used for recombinant FSH production [85].

Luteinizing hormone (LH) is a pituitary hormone that stimulates ovarian follicle
maturity by interacting with receptors on ovarian follicles. A spike of LH in the
middle of the menstrual cycle causes ovulation and the creation of progesterone by
the corpus luteum, which is required for the development of the uterine endometrium
and the implantation of the fertilized egg. LH stimulates the testes to produce
testosterone in males. It is clinically utilized to enhance ovarian follicle development
in assisted reproduction methods (ART) and in vitro fertilization (IVF). Lutropin alfa
is the first and only recombinant human form of LH and is produced using geneti-
cally engineered CHO cells [86].

The pituitary gland produces and releases thyroid-stimulating hormone (TSH)
into the bloodstream. The major functions of pituitary TSH are maintaining the
secretion and biosynthesis of the thyroid hormones. The FDA approved a recombi-
nant human TSH (thyrotropin alfa) for diagnostic use in patients with thyroid cancer.
It works by causing thyroid cells to produce thyroglobulin (Tg), absorb radioactive
iodine, and eliminate thyroid tissue that remains after surgery [87]. The rhTSH is
produced in CHO cells.

4.3.1.4 Cytokine Production
Interleukin-12 (IL-12) is an immunoregulatory protein generated by macrophages, B
cells, mononuclear cells, keratinocytes, and dendritic cells, with early undifferenti-
ated pluripotent hematopoietic stem cells as its target. Recombinant IL-12, secreted
by CHO cells, has the potential to kill tumor cells by limiting blood flow to them and
activating white blood cells to kill them [88]. RhIL-12 restores the hematopoietic
function and also improves the immune function. It has therapeutic and protective
effects on radiation-related problems (which are prevalent after the therapy), such as
blood cell loss, myelosuppression, and immune function decline or imbalance,
indicating promising development and application prospects. It also plays a major
role in inducing protective immunity against infectious agents like viruses [89].

4.3.2 Other Mammalian Cell Lines Used for Therapeutic Protein
Production

Like CHO, other expression systems have also been used to produce protein
therapeutics. The trend follows using recombinant tools for synthesizing structurally
similar and/or human-like therapeutics in human embryonic kidney 293, fibrosar-
coma HT-1080 cell lines, etc. [21]. Human cell lines as expression systems have
several advantages, including rapid production, no immunogenic PTMs due to
human-compatible glycosylation, and access to many transfection methods [21].

The first recombinant enzyme introduced and approved by the FDA in 1987 was a
recombinant human tissue plasminogen activator (tPA) Alteplase (trade name
Activase) [90]. It is a fibrinolytic agent that converts plasminogen to plasmin,
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which dissolves fibrin and fibrinogen, thus aiding cardiovascular diseases like acute
myocardial infarction, ischemic stroke, pulmonary embolism, etc. It was produced
by establishing a cDNA library of isolated human tissue-type plasminogen activator
from a human melanoma cell line [91]. Other recombinant tissue plasminogen
activators, tenecteplase, and reteplase were synthesized in the same cell lines.
While tenecteplase is a mutated variant of tPA alteplase with 6 mutated amino
acids (out of 527) [92], reteplase is a single-chain deletion mutant of tPA containing
355 amino acids [93].

Idursulfase alfa is a recombinant iduronate-2-sulfatase enzyme generated using a
human HT-1080 fibrosarcoma cell line [94]. Its production is based on gene activa-
tion, which consists of incorporating a DNA promotor upstream of an endogenous
gene [20]. The resultant enzyme has a similar structure to the endogenous enzyme. It
is used to treat mucopolysaccharidosis type II, also called Hunter syndrome, a
lysosomal storage disease characterized by defects in the functioning of lysosomal
enzymes [94].

Another enzyme produced in fibroblast carcinoma human cell, velaglucerase alfa,
uses a mannosidase I inhibitor to obtain the necessary glycosylation, producing high
mannose-containing oligosaccharides that are used in enzyme replacement therapy
for Gaucher disease [74]. Gaucher disease is an inherited metabolic disorder
resulting from the absence of enzyme glucocerebrosidase, leading to the deposition
of certain fats like glycolipid glucocerebroside.

Factor VIIa available for commercial use is a recombinant factor VIIa produced
by transfecting the human factor VII gene into BHK cells cultured in bovine
albumin. The product is secreted into the media and later purified by a chro-
matographic process [95]. It is used to treat factor FVII deficiency, an inherited
coagulation disorder previously treated with prothrombin complex concentrates or
plasma-derived factor VII concentrates. Being a recombinant product, there is no
risk of blood-transmitted disease as it is not derived from human or animal
plasma [96].

Factor VIII (FVIII) is a blood-clotting protein that also functions as an anti-
hemophilic factor (AHF) in blood coagulation. It is a cofactor for factor IXa, which
forms a complex with Ca2+ and phospholipids to convert factor X to the active form
Xa. Recombinant variants are available in two forms: full-length in human serum
albumin or formulated without human serum albumin but containing sucrose as the
primary stabilizer [97]. Recombinant FVIII (rFVIII) is produced in mammalian cell
culture. rFVIII (trade name Kogenate) is generated in the BHK21 cell line. The full-
length FVIII coding sequence was assembled in the plasmid and introduced in
BHK21 cells. rFVIII (trade name Recombinate) uses CHO cells as the expression
vector. A variant, ReFacto, does not use full-length FVIII but lacks the b-region and
has a truncated FVIII molecule with a peptide linker. In contrast, Kogenate combines
full-length FVIII with an albumin-free formulation [97].
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4.4 Production of Recombinant Therapeutic Proteins Using
Plant Cell Cultures

The agricultural or plant industry is a well-settled and rapid growing industry, as
crop growing and harvesting is simple, easy, and economical with the latest infra-
structure. The most typical growing conditions like sunlight, water, inexpensive, and
a wide range of fertilizers make this industry more profitable. Various plant expres-
sion systems are available, such as whole species, gene constructs, or individually
targeting protein. These forms are chosen accordingly to the type of protein to be
produced. For expressing genes in plants, a variety of approaches can be followed.
The nuclear expression can be done by integrating transgenes into the nuclear
genome of the plant. These transgenes undergo nuclear transcription and cytoplas-
mic translation. The genes for therapeutic protein can also be expressed in the tumor-
inducing (Ti) plasmid of Agrobacterium tumefaciens, a well-established system for
transgene expression in plants. The protein targeting can be achieved by using signal
peptides for organellar storage or secretion, which localizes the protein to a specific
organelle or targets it for secretion into media [98]. For chloroplast expression of the
protein, the insertion of the transgene to the chloroplast genome can be done. The
precise insertion of the gene prevents it from being placed in a poorly transcribed
region of the genome, resulting in high levels of expression [99]. Suspension cell
cultures can be used for the production of proteins that possess many advantages,
such as sterility, confinement, and well-defined downstream processing
techniques [100].

Plants are potential expression systems that can produce cheap and safer proteins
than mammalian cells [101]. Different plant-based platforms can be used, including
cells and field crops, in vitro culture systems (like plant cell suspensions and hairy
roots), leaf-based, or seed-based systems [102]. Chlamydomonas algal-based
expression is being explored by Phycobiologics, USA, to develop vaccines, growth
factors, and enzymes [102]. Moss-derived enzyme α-galactosidase for Fabry disease
and β-glucocerebrosidase for Gaucher disease are under phase I or/and preclinical
trials [102]. Tobacco has been suggested as an effective plant expression system for
the production of recombinant IFNs [103]. Gastric lipase, produced in maize by
Meristem therapeutics for treating pancreatic insufficiency, has completed phase II
trials [104].

Enzyme taliglucerase alfa was the first FDA-approved recombinant plant-derived
therapeutic aiming to store vacuoles for producing glycans in the carrot cell expres-
sion system for human recombinant β-glucocerebrosidase for treating Gaucher
disease [104]. Isolated carrot root cells were incorporated with A. tumefaciens binary
Ti plasmid possessing acid β-glucosidase cDNA and a kanamycin resistance gene
NPT II. The transformed cells were selected through antibiotic resistance, followed
by clonal selection by evaluating the protein expression levels in transgenic callus.
The selected clones were grown in suspension culture to create a master cell bank,
and the cells were cultured in suspension in a closed bioreactor [105]. The schematic
representation of taliglucerase alfa production in carrot root cells is shown below in
Fig. 4.6.
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Fig. 4.6 Production of taliglucerase alfa in carrot root cells
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4.5 Production of Recombinant Proteins in Transgenic
Animals

Recombinant proteins nowadays have been synthesized using transgenic animals.
Such animals carry a transgene coding recombinant protein incorporated into their
genome, making them eligible to pass it to the offspring. The major advantage of
using transgenic animals is the production of high product quality [106]. A suitable
example would be a recombinant C1 esterase inhibitor. It is a serine protease
inhibitor that inhibits various complement proteases and contact protease like kalli-
krein. An insufficient amount of C1 inhibitor can lead to cleavage of kininogen by
protease kallikrein, which leads to the production of excess bradykinin. Bradykinin
is a vasodilator that increases permeability and edema, leading to hereditary
angioedema. It is a rare autosomal disorder caused by the deficiency of C1 esterase
inhibitor [107]. Recombinant C1 esterase inhibitor consists of human plasma-
derived C1 esterase inhibitor under the trade names Cinryze and Berinert. Another
preparation is recombinant human C1 esterase inhibitor, a single-chain glycoprotein
obtained from the milk of transgenic rabbits, which undergoes a three-step purifica-
tion process [107]. The resultant recombinant protein is obtained by producing an
expression vector incorporated with the gene that encodes for the desired protein
fused to milk-specific regulatory elements. This gene is then introduced into the
germline of the species. Alternatively, DNA microinjections or transposons can be
used to incorporate the gene into a transposon and then into the pronucleus
[108]. Recombinant protein human antithrombin III has been produced using the
same method [108]. This drug is produced by microinjecting human antithrombin III
genes into the embryos of goats and is sold under the trade name ATryn [109]. Roslin
innovation center produced proteins with therapeutic potential in chicken eggs.
These proteins are IFN-α 2a having antiviral and anticancer properties, and macro-
phage colony-stimulating factor (CSF) that enhances the repair of damaged cells and
tissues [109]. The enzyme sebelipase alfa (trade name Kanuma) [110] is produced in
the egg white of transgenic chicken eggs [109]. Sebelipase alfa is recombinant
human lysosomal acid lipase involved in lipid metabolism; its deficiency causes
defects in the breakdown of fats and cholesterol in the body.

4.6 Production of Recombinant Proteins in Yeast

All expression systems have their own advantages and limitations as E. coli is
inexpensive, quick, and well established, but it frequently fails to produce proteins
of the appropriate quality, particularly PTM proteins, whereas cell culture
manufacturing is time-consuming and costly. An alternate option for the production
of recombinant proteins is yeast. Yeasts combine ease of genetic manipulation with
high productivity and eukaryotic protein processing machinery. In addition, the
process of scaling up to large-scale production is well established. Saccharomyces
cerevisiae fermentations have been done from antiquity in baking and wine produc-
tion. With recent technological advancements, there has been a considerable
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improvement in the alcohol fermentation industry of yeast. However, for recombi-
nant protein production, factors like plasmid instability, less yield of protein, and
hyper glycosylation of proteins limit the use of S. cerevisiae. Many other strains
were engineered with high humanized N-glycosylation, which was incorporated in
Pichia pastoris, Yarrowia lipolytica, and Schizosaccharomyces pombe, which have
improved the efficiency of producing recombinant proteins by using yeast strains.
However, the protocols are the same as the other methods and consist of

i. Choosing a host strain that allows for appropriate folding and PTMs
ii. Selecting a relevant vector (integrative or episomal) with a suitable promoter

and selection marker
iii. Codon optimizing the gene
iv. Choosing the appropriate signal sequence to target the recombinant protein

(intracellular or extracellular)
v. Avoiding product proteolytic cleavage
vi. Selecting the correct medium for fermentation (nitrogen source, carbon source,

and induction conditions)
vii. Setting parameters for bioprocessing (temperature, pH, O2 transfer, etc.) [111]

The selection of the host strain is critical to the overall success rate of the process.
The similarity of the host’s biochemical conditions with the ability to initialize and
translate RNA transcript, as well as its ability to change and sustain the protein that is
translated, plays an essential role in selecting the strain. Both are critical factors in
choosing the best cell for protein production. Factors like vector designing, culture
medium, and composition also play an important role. Temperature, pH, aeration
rate, agitation rate, feeding, and induction practices are bioprocess operations that
significantly impact product manufacturing and quality [111].

The enzyme urate oxidase or rasburicase (trade name Elitek) is a recombinant
enzyme expressed in genetically modified S. cerevisiae [112]. The coding sequence
for rasburicase is derived from cDNA strains of Aspergillus flavus. This enzyme
balances uric acid levels in plasma during cancer therapy [25]. It is a urate-lowering
drug that breaks down the uric acid that accumulates in the blood when the tumor
disrupts during cancer therapy. Ocriplasmin enzyme is a protease that cleaves
peptide bonds after a lysine or arginine residue. It can cleave fibronectin, fibrinogen,
collagen, and laminin and is a truncated form of human plasmin. It is expressed in
methylotrophic yeast P. pastoris as inactive zymogen precursor microplasminogen.
Catridecacog is a recombinant factor XIII (FXIII), whose subunit A is expressed in
S. cerevisiae and is used for treating congenital factor XIII deficiency [113]. It is
structurally identical to the human FXIII A-subunit. Factor XIII is an endogenous
coagulation factor and the final enzyme of the blood coagulation cascade. It has clot
stabilizing properties and anchors α2 antiplasmin to fibrin clot and fibrinogen
[113]. Glucagon, a secretion of pancreatic α-cells in the islet of Langerhans and its
recombinant form, has been effectively produced in the S. cerevisiae expression
system [29, 30]. A comprehensive list of therapeutic proteins produced in different
expression systems is shown in Table 4.1.
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Table 4.1 List of recombinant therapeutic proteins obtained from different expression systems

Bacterial cells

Clostridium
botulinum

Humulin N
Pegaspargase
L-Asparaginase
Pegloticase
Glucarpidase
Recombinant human
growth hormone
Calcitonin
Metreleptin
Glucagon
PEG-IFN-alpha2a and
PEG-IFN-alpha2b
Insulin-like growth
factor 1 (IGF-1)
Recombinant hPTHs
[PTH (1–84) and PTH
(1–34)]
Recombinant IL-11
Recombinant
IFN-gamma
rhIFNβ-1a and
rhIFNβ-1b
Aldesleukin

Botulinum
toxin type A
Botulinum
toxin type B

Asfotase alfa
Agalsidase alfa
Alglucosidase alfa
Imiglucerase
Elosulfase alfa
Galsulfase
Laronidase
Recombinant
human Thrombin
Recombinant form
of factor IX
Rh-Human
chorionic
gonadotropin
(hCG)
Rh-FSH
Lutropin alfa
Thyrotropin alfa
Recombinant
interleukin-12
Alteplase
Idursulfase alfa
Velaglucerase alfa
Factor VIIa

Rasburicase
Ocripasmin
Factor XIII
Glucagon

Taliglucerase
alfa
Gastric lipase
Rh human
IGF-I

4.7 Conclusions

Medicine is on the verge of a paradigm shift where the treatment and management
decisions are determined at the genomic and proteomic levels. Recombinant human
proteins account for the bulk of FDA-approved biotechnology medications today,
and the future potential for these therapies is enormous. The methods for producing
recombinant therapeutic proteins are still in their infancy and will reach their full
potential in the coming years. High yield expression systems, targeting of proteins
into specific cell organelles, novel protein purification strategies, etc., hold the
promise for producing cost-effective therapeutic proteins. There is also a need for
improving the bioprocesses for production, particularly in the case of animal and
plant cells, to enhance protein yields. Protein engineering has been widely employed
to ameliorate any immunogenicity or pharmacokinetics difficulties, and it is a
valuable tool for improving treatments. We may expect more synergy between
protein engineering and design efforts in the future, thanks to improved knowledge
of protein structure-function correlations and rapid development of in silico bioin-
formatics and systems biology approaches. While developing new protein
treatments, drawing on expertise from various fields, including molecular biology,
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pathology, immunology, and nanotechnology, is essential. The “Golden Age” of
protein treatments can be achieved with concerted efforts. Finally, a convergence of
protein-engineering, computational, and high-throughput experimental
methodologies and “off-the-shelf” platform technologies has ushered in unprece-
dented prospects to build safe, effective, and more convenient protein therapies.
These potentials come with hazards, but rapid breakthroughs in new technology and
underlying research indicate that these risks can be controlled. Given all of these
breakthroughs, it is reasonable to say that protein therapies are the way of the future
for human medicine.
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Antibodies as Therapeutic Agents 5
Ravindra Singh Rawat and Sanjit Kumar

Abstract

Antibodies are immune system components secreted by B-cells. They have a
propensity to bind foreign particles in the body. Antibodies have a Y shaped
structure and bind to and kill pathogens such as viruses, bacteria, and parasites. In
the past three decades, there has been a considerable increase in the number of
diagnostic and therapeutic procedures that use monoclonal (mAbs) and poly-
clonal antibodies (pAbs). In the treatment of cancer, autoimmune diseases, and a
variety of neurological disorders, mAbs are more effective than conventional
antibodies. The high cost and poor efficacy of mAbs have now been overcome by
antibody fragments like Fab, ScFv, and VHH with high binding affinity and ease
of production. This chapter describes the basics of antibody structure and function
and its use as a therapeutic molecule.

Keywords

Antibody · Fab region · Humanized mAbs · Complementarity determining
regions · CDRs

5.1 Structure of Antibodies

Antibodies, which are produced by B-lymphocyte cells, are a component of the
adaptive immune response system. Antibodies are active glycoprotein molecules
that bind with very high specificity to any molecule our body recognizes as foreign
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[1–3]. Higher mammals have antibodies categorized into five classes based on the
type of heavy chains they contain: IgG, IgM, IgA, IgE, and IgD antibodies [4]. Each
category of antibody is distinct from one another on the basis of physiological
function, molecular weight, and glycosylation [4, 5].

Antibodies are made up of two polypeptide chains: one light chain and one heavy
chain. Light chains are approximately 25 kDa in size, as opposed to heavy chains,
which are about 50 kDa in size [4]. The light and heavy polypeptide chains fold into
quaternary structures to form domains. These domains are stabilized by van der
Waals’ interactions and are further strengthened by the interchain and intrachain
disulfide linkages [4]. Together, these domains form three regions: antigen-binding
region, constant region, and the hinge region. The antigen-binding region is com-
posed of variable light chain (VL) and variable heavy-chain (VH) domains [2]. This
region is rich in hypervariable loops, also known as complementarity determining
regions (CDRs), that bind to the antigen and are supported by a relatively rigid
framework region formed by β-sheet structures [6]. The hinge region joins the
antigen-binding fragment (Fab) to the constant region (Fc) in an antibody and
provides flexibility to the immunoglobulin (Ig). Moreover, it links two heavy chains
through disulfide linkages [7]. The size of the hinge region differs among different
classes or subclasses of Ig molecules. While the hinge region is absent in IgE and
IgM, it is present in IgG, IgA, and IgD [8]. In the case of IgD, the hinge region is
very long, whereas the IgA hinge region is short but with heavy glycosylation in the
IgA1 subclass [8]. The constant regions are made up of heavy-chain domains and are
highly glycosylated. The constant regions of Igs are associated with effector
functions such as complement activation [7, 9]. At times misperception of our own
body molecules as foreign molecules under certain circumstances or due to predis-
position to certain clinical conditions leads to autoimmune diseases like rheumatoid
arthritis, myasthenia gravis, multiple sclerosis, celiac disease, etc. [10–13].

5.2 Functions of Antibodies

Antibodies can act against a pathogen via different modes of action. As a result, even
for a particular pathogen, the antibody response cannot be delineated in a predictable
manner. For instance, when antibodies encounter a pathogen, antibodies have the
ability to neutralize the infection. Further, bound antibodies can initiate other
effector functions that are detrimental to the pathogen. Functions of antibodies can
be presented by different modes, which have different consequences at the cellular
level. Complement-mediated lysis of pathogen or cells infected with the pathogen,
phagocytosis, antibody-dependent cellular cytotoxicity (ADCC), and opsonization
are a few modes by which antibodies can function [14, 15].

5.2.1 Effector-Independent Functions

The effector-independent functions help reduce the severity of infection by directly
binding to the pathogenic cells; this is called neutralization. The binding of
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Fig. 5.1 Diagrammatic representation of the structure of an antibody

antibodies directly to the pathogens prevents the pathogen from adhering to the cell
surfaces, which reduces the infectivity of pathogens. However, direct neutralization
of a pathogen is not exclusively capable of completely removing the infection, and it
is accompanied by effector functions of antibodies that enhance the response of our
immune system.

Direct neutralization of pathogen by antibodies is governed by the antigen-
binding region of the antibodies, as shown in Fig. 5.1. The antigen-binding (Fab)
region is made up of variable light-chain (VL) and variable heavy-chain (VH)
domains [2, 6]. These domains contain hypervariable regions, and antibodies
originating from different B-cell clones can even differentiate epitopes on the
same antigen [2]. Recently, the antigen-binding region has been a subject of exten-
sive research for its application as a therapeutic molecule. A single-chain variable
fragment (scFV) is one example of utilizing an antigen-binding region for therapeu-
tic purposes. The details of scFV are discussed in a later part of this chapter.

5.2.2 Effector-Dependent Functions

The Fc (crystallizable fragment) region governs both the isotype and the effector
functions of an antibody [16]. Fc is a part of the heavy-chain constant (CH) region.
CH is a multi-domain region, and the number of domains varies in different isotypes
[7]. For instance, IgD, IgA, and IgG CH consist of three domains: CH1, CH2, and CH3,
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whereas IgE and IgM possess CH4 as an additional domain.CH1 is a part of FV, and
the rest of the domains constitute the FC portion of the constant region. Glycosyla-
tion is an essential aspect of the Ig CH region [4, 9]. It facilitates Igs to produce their
effector function through binding to the FC receptors on the cells [17]. Glycosylation
provides stability, helps keep the protein in soluble form, and eases the transporta-
tion of Ig through mucosal membranes [5, 17, 18]. It is evident from structural
studies that the glycosylation pattern, as well as the structure of the oligosaccharide,
is well defined. The non-covalent interactions of these structured oligosaccharide
moieties with the protein component in Igs help shape its structure and interaction
with other proteins to a great extent [9, 19, 20].

5.3 Formats of Antibodies as Therapeutics

5.3.1 Polyclonal Antibodies (pAbs)

In nature, passive immunization already exists and occurs via the transfer of
antibodies from the mother to the fetus through the placenta wall or through milk
to a newly born infant. The concept of passive immunization was vague, while that
of antibody was completely unknown until 1890. During the 1890s, the administra-
tion of sera from cured animals to infected children by Von Behring and colleagues
was the first of its kind experiment to use anti-sera (now known as an antibody) as a
therapeutic measure for diphtheria and tetanus toxin [21]. The following 20 years
were an expansion of this anti-sera therapy for various other infections and clinical
emergencies. For instance, anti-sera against meningococcal meningitis, botulism,
measles, pneumonia, diphtheria, anthrax, and scarlet fever were developed [22–
25]. The list of currently marketed pAbs is shown in Table 5.1.

5.3.1.1 Production of pAbs
In the modern world, the generation of pAbs is accomplished by immunizing either
animals or human donors with the antigen and harvesting the produced antibodies
[38]. The animals used for the production of pAbs are strictly screened for the
presence of any infections, such as spongiform encephalopathies (TSEs) [39]. To
ensure this, the manufacturers select animals from regions with a prolonged absence
of TSEs. Moreover, animals are sourced from suppliers approved by concerned
authorities, and the flocks of animals are regularly tested for infections [38].

The first step for the production of therapeutic pAbs is to immunize animals with
the antigen, followed by regular screening for antibody titers in the animal serum.
Subsequently, upon achieving a desirable titer, the serum is collected from the
animals, and total pAbs are purified by precipitation or affinity chromatography
[40]. If the Fab fragments are the desired product, the purified pAbs are subjected to
cleavage by protease like pepsin [41] papain [42]. The Fab fragments thus obtained
are further purified to remove other cleavage products. Like in any other therapeutic
production process, the production of pAbs-based therapeutics also is constantly
monitored for contamination with bacteria, bacterial components, and viruses
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Fig. 5.2 Flow chart showing the production process of polyclonal antibodies (pAbs)

[39, 43]. Therefore, the downstream process additionally has a step to remove any
contamination from the product (Fig. 5.2).

5.3.1.2 Intravenous Immunoglobulin G (IVIG)
Intravenous immunoglobulin G (IVIG) has been used regularly to treat individuals
with autoimmune diseases, as replacement therapy for immunodeficiency, and
during transplantation surgeries [44]. Earlier, Cohn fraction II was the only method
for producing IgG products [45]. However, due to its intrinsic procedural limitations,
the high levels of IgG aggregates were challenging to avoid. Moreover, the admin-
istration of IgG was accomplished only via the intramuscular route. Consequently,
the serum levels of IgG were very low and inadequate to provide protection. In 1981,
Imbach et al. demonstrated improvement in health conditions of patients suffering
from thrombocytopenic purpura (ITP) upon intravenous administration of IgG
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[46]. In recent years, the production of IVIG from plasma has been modified in order
to prevent IgG aggregation and the inactivation of viruses. IVIG is produced from a
large pool of blood serum donated by thousands of human donors [45, 47]. The
initial steps involve fractionation of plasma by the modified Cohn-Oncley method,
and the IgG fractions obtained are then subjected to filtration and purification
[40, 45]. Due to the nature of the origin of serum and production processes, the
composition and contaminants in the final IVIG product vary. To ensure the safety of
IVIG products usage food drug administration (FDA) has put forth some regulations.
For example, during cold ethanol fractionation of plasma, HIV is deactivated, but
hepatitis C virus (HCV) is unaffected [39]. Therefore, the FDA has necessitated an
additional step to remove or deactivate the virus [39]. Another safety concern is the
tolerability of IVIG infusion by the patients. The tolerability of IVIG depends on the
presence of IgA and preservatives used, such as sugars, salts, and pH [39, 43,
48]. IVIG infusions that contain sugars as preservatives pose health complications
such as osmotic nephrosis and renal dysfunction. To prevent such difficulties, the
infusion must be diluted to the minimum possible concentration and minimum
infusion rate possible [49, 50].

5.3.1.3 Recombinant pAbs
With the advancement in recombinant DNA (rDNA) technology and high-
throughput screening, pAbs are now available in different recombinant forms. The
first report on producing recombinant antibodies goes back to 1994 by
Sarantopoulos et al. [51]. The production of recombinant human pAbs at an indus-
trial scale became possible with the development of an expression system by
Symphogen, a Denmark-based company [52, 53]. The expression system developed
by the company was a mammalian system called Symplex™. In this technology, the
plasmid containing the gene for the antibody is integrated into the mammalian
genome in a site-specific manner in a mammalian cell [53]. The use of an identical
integration site assures the same level of antibody expression. The transformed cells
expressing antibodies against different epitopes of the same antigen are combined to
develop a polyclonal product [53].

5.3.1.4 Transgenic pAbs
Transgenic pAbs could be the future of antibody-based therapeutics. Transgenic
pAbs are produced by constitutive expression of human antibodies in animals
[54]. Complete human antibody gene loci are cloned into the artificial human
chromosome (HAC) and transferred into animal embryonic fibroblast cells
[55]. After immunizing animals with the antigen, they start producing functional
human antibodies. The American biopharmaceutical company Hematech LLC has
made transgenic calves using HAC technology, producing human pAbs
[38, 52]. However, transgenic calves produce both human and bovine antibodies
and leads to suppressed human pAbs expression. Also, the expression of chimeric
antibodies consisting of both bovine and human antibody regions is another unde-
sirable outcome [38, 52]. These limitations in transgenic pAbs are required to be
overcome. Another two companies, namely Therapeutic Human Polyclonal Inc. and
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Origen Therapeutics Inc. are developing rabbits and avian embryonic cells, respec-
tively, to produce transgenic pAbs [38]. The production of transgenic pAbs is still in
its initial stages but, once established, would revolutionize the production of pAbs.

5.3.2 Monoclonal Antibodies (mAbs)

The ingenious work of Georges Köhler and César Milstein in 1975 to develop the
hybridoma technique for producing monoclonal antibodies (mAbs) revolutionized
the use of antibodies in medicine [56]. Because of homogeneity with respect to their
specificity towards a single epitope, mAbs were termed “magic bullets” with their
binding ability to bind to targets without affecting healthy tissues [21, 57]. Initially,
during the 1970s and 1980s, mAbs were produced successfully in murines. How-
ever, due to a lack of appropriate manufacturing standards, only a few mAbs were
approved. Also, severe allergic reactions were observed in hosts when murine mAbs
were administered [58]. With the advancement in mammalian cell culture techniques
and standardized industrial manufacturing process, up to 5 g/L active mAb produc-
tion can now be achieved [59]. Currently, more than 30 FDA-approved mAbs are on
the market, and more than 250 are at various stages of clinical trials [58, 60].

5.3.2.1 Production of mAbs
Monoclonal antibodies are produced from single B-cell clones and are specific to a
single epitope on an antigen. For industrial use, mAbs are produced by hybridoma
technology. To prepare for hybridoma technology, a specific antigen is injected into
animals, followed by screening for antibody titer every fortnight. Once the antibody
titer reaches a desirable level, the B-lymphocytes are harvested. Myeloma cells that
lack a salvage pathway due to the absence of hypoxanthine-guanine-phosphoribosyl
transferase (HGPRT) are fused with B-lymphocytes by using either polyethylene
glycol or Sendai virus [61]. The fused cells are called hybridoma cells, which are
selected on a hypoxanthine-aminopterin-thymidine (HAT) medium. Unfused
B-lymphocytes do not survive in the medium due to a limited life span, and de
novo synthesis in unfused myeloma cells is inhibited in the presence of aminopterin
in the HAT medium. Therefore, only fused hybridoma cells survive in the HAT
medium [62–64]. Each hybridoma cell is produced by the fusion of different B-cell
clones with myeloma cells, and consequently, the antibodies produced in the
medium are polyclonal. The hybridoma cell suspension is then diluted to retain
only a single cell in each culture plate well. Antibodies produced in each well are
from a single hybridoma clone that is mAb. The mAbs produced in each well are
further screened for specificity and affinity towards the antigen. The positive hybrid-
oma cells are grown, subcloned, and further tested for their activity [59].
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5.3.3 Modified mAbs

5.3.3.1 Chimeric Antibodies
Major drawbacks of using murine mAbs for therapeutic purposes in humans led to
the quest for developing antibodies with higher immune tolerance in humans. It was
perceived that the constant domains were responsible for the immunogenicity of the
antibody [65]. Consequently, chimeric antibodies were constructed by Morrison
et al. in 1984 by rDNA technology [66] that consisted of murine-derived variable
regions, while constant regions were derived from humans. Subsequently, a series of
chimeric mAbs were constructed and approved for therapeutic use (Table 5.2).

5.3.3.2 Humanized mAbs
Generating chimeric antibodies was undoubtedly a step forward in reducing murine
mAb immunogenicity in humans. However, the immunogenicity of chimeric mAbs
still existed. To reduce the immunogenicity of therapeutic mAbs, a new concept
called humanized mAbs emerged [78]. In humanized antibodies, all the regions of
the antibody are derived from humans except for the CDR sequences, which are
replaced by murine CDR sequences [79]. CDR sequence governs the affinity of an
antibody towards the antigen. As a result, a humanized antibody has its antigen-
binding property derived from murine [62, 80]. Alemtuzumab was the first
humanized antibody [81]. It consisted of CDRs derived from rat IgG2a, and the
rest of the framework regions were derived from human myeloma IgG NEW and
Bence-Jones protein REI [80, 82]. However, the replacement of murine CDRs alone
reduced the antigen-binding affinity of the humanized mAbs. Later, studies
suggested that the interaction between CDRs and framework residues around the
CDRs is also essential for antigen binding. Therefore, to retain the binding affinity,
either the interacting residues along with CDRs were grafted or corresponding
interacting residues in the framework were mutated [80, 83]. For example, the
humanization of pertuzumab [84] and bevacizumab [85] was done by grafting
murine framework amino acids and CDRs. Also, humanized antibodies such as
atezolizumab, elotuzumab, pembrolizumab, and obinutuzumab, have been
generated by replacing non-human CDRs along with mutations in human
CDR-interacting residues to obtain original mouse residues that would stabilize
the CDR conformation [80].

5.3.4 Antibody Fragments

5.3.4.1 Single-Chain Variable Fragments (scVF)
It has been long known that antibodies bind to the epitope on an antigen with high
avidity through CDRs located in the antigen-binding domain (Fab region) of the
antibody. The amino-terminal region of light and heavy chain folds to form the Fab
region, as evident from various biochemical studies and crystal structures [6]. The
specificity of the antigen-binding region towards different antigens or epitopes on
the same antigen is a consequence of sequence diversity generated by recombination
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Fig. 5.3 Different therapeutic formats of a single-chain variable fragment (scFV)

of the genetic element in the B-cell germ line [2, 6]. Amino acid variability manifests
in a specific folding pattern that governs the specific binding to an epitope. Even a
single amino acid substitution in CDR has been demonstrated to perturb the antigen-
binding specificity of an antibody [1].

At present, one can easily conceive the idea of using Fab fragment for a
therapeutic purpose; however, initially, the fragment was used for cancer imaging
[86]. Antibodies were the primary choice of researchers for imaging myeloma cells,
but undesirable binding of heavy-chain constant region to non-myeloma cells led to
exploration for alternatives [87]. The variable fragment (Fv), which lacks a constant
region, served as a good alternative [88, 89]. But it was not easy and reliable to
obtain Fv by proteolytic digestion of an mAb [90]. Also, the expression of VL and
VH regions as distinct polypeptides in a bacterial system and then allowing both VL

and VH folded domains to form a complete variable fragment was unsuccessful [91–
93]. These difficulties laid the foundation for designing and synthesizing single-
chain variable fragments (scFv) (Fig. 5.3).

Design and Synthesis of scFV
In scFV, the VL and VH domains are connected through a polypeptide linker region.
Initially, the term single-chain binding-protein instead of scFV was commonly used
in literature. Single-chain binding protein against bovine growth hormone (BGH)
was the first successfully expressed protein of this kind in Escherichia coli [94]. The
VL and VH regions were derived from a monoclonal anti-BGH antibody and were
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linked through a polypeptide linker [94]. The linker region mainly consists of
alternating glycine and serine residues that provide flexibility to the linker region
and thus allow the interaction of VL and VH domains to form an intact antigen-
binding region [95]. The linkers with alternating glycine and serine are still the most
commonly used linkers. It has been demonstrated that an increase in the length of
polypeptide linker in anti-daidzin scFV (DZ-scFV) causes reduced reactivity of the
scFV [95]. Both very short and long linkers would not allow the correct orientation
of VL and VH domains to interact and form a complete scFV molecule. The most
frequently used peptide linker length varies from 15 to 20 residues [95].

Applications of scFV
The size of an scFV molecule is approximately one-sixth of the complete antibody
molecule [96]. A smaller size allows faster clearance of the molecule from the serum
compared to a full-length antibody or Fab [97]. Furthermore, due to its small size,
scFV can penetrate the tumors and thus provides a means to treat tumors specifically
and effectively. The Fc region is highly glycosylated and, therefore, highly immu-
nogenic [5]. Moreover, cells possess receptors for binding to Fc regions of an
antibody and cause undesirable Fc-mediated immunogenic reactions when mAb is
used as a therapeutic molecule [98]. On the contrary, the scFV molecule lacks an Fc
region and, therefore, to an extent, mitigates the risk of immunogenic reaction from
the body [96].

5.3.4.2 Heavy-Chain Antibodies (hcAbs) and Single-Domain Antibodies
(sdAbs)

Most organisms produce antibodies with antigen-binding sites formed by both heavy
and light chains, and their structural and functional characterization has been done
extensively [7]. However, unusual homodimeric antibodies with only a heavy chain
forming its antigen-binding site as a single domain have been found in sharks and
camelids in addition to heterotetrameric antibodies [99]. The N-terminal region of
the heavy chain folds in a specific manner to form a variable domain called single
domain shark variable domain of new antigen receptor (VNAR) in sharks and
variable heavy chain of heavy-chain antibodies (VHH) in camelids
[100, 101]. This N-terminal variable domain of hcAbs, like the Fab region of
conventional antibodies, binds to the specific antigen [102]. In camelids, three
classes of IgG are naturally found: IgG1 comprises two light and two heavy chains,
whereas IgG2 and IgG3 comprise only a heavy chain. Also, in IgG2 and IgG3, the
CH1 domain is replaced by the hinge region [103, 104]. The hinge region directly
connects the antigen-binding domain of (VHH) to the Fc fragment, which, in turn, is
formed by CH2 and CH3 domains [100, 105]. The hinge region of IgG3 is compar-
atively shorter than the IgG2 type. While conventional antibody has a molecular
weight of around 150 kDa, the hcAbs are approximately 1.5 times smaller, with a
molecular weight of about 90 kDa [105]. The small size of hcAbs is believed to bind
to sequestered antigens; however, the complete functions of hcAbs are not yet very
clear. Nevertheless, hcAbs have been shown to activate immune cells by binding to
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the cell surface of monocytes and macrophages [106]. Certainly, the discovery of
hcAbs has opened up new avenues for antibody-based therapeutics [107].

VHH Domain
In addition to scFv, a substantial effort has also moved to the construction and
expression of single-domain antibodies (sdAbs). sdAbs are also known as
nanobodies [107, 108]. Nanobodies are composed of only the VHH domain of the
hcAbs. A VHH domain has a molecular weight of around 12–15 kDa (half of the
molecular weight of the scFv molecule) and is only around 120 amino acids long.
The variable characteristic of VHH essentially lies in three hypervariable
(HV) regions, supported by a scaffold of conserved amino acids, which is designated
as framework (FR) regions [109, 110]. Essentially, the native VHH domain is
formed of nine antiparallel β-strands, arranged in two sheets, one with four
β-strands and another with five β-strands connected through loops and a conserved
disulfide bond [111], as shown in Fig. 5.4. The HV regions, located in the three
loops, form the CDRs [100, 112]. When compared to the VH of conventional
antibodies, VHH loops are longer. The longer loops of VHH compensate for
fewer loops and a lack of light chain in forming CDRs [113]. Longer loops of
VHH aid in increased interface area for interacting with the antigen. However,
longer loops are entropically unfavorable for interaction with an antigen
[109, 113]. To an extent, the flexibility of the loops is constrained by interloop

Fig. 5.4 Camelid heavy-chain antibody and different therapeutic formats of the variable heavy
chain of heavy-chain antibodies (VHH)
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disulfide bonds (Fig. 5.4) [113]. Moreover, llama VHH has been shown to have
shorter loops with a less frequent extra interloop disulfide bond [114, 115].

Designing and Expression of sdAbs (Nanobodies)
Single-domain antibodies are selected in a multi-step process that involves initial
immunization of the animal with antigen followed by cloning of cDNA for VHH
domain of hcAbs obtained from lymph nodes, blood lymphocytes, and spleen into
phagemid vector and selected based on their affinity for the antigen [112]. The
method for the selection of high-affinity sdAbs is called biopanning. In biopanning,
the immobilized antigen on cell culture plates, immunotubes, or ELISA plates are
incubated with the VHH domain displayed on the surface of the phage
[110, 112]. The filamentous M13 bacteriophage is the most commonly used phage
for the phage library display method. The unbound or non-specific bound phages are
washed, and phages bound to the antigens are eluted. The elution procedure for the
bound phage depends upon the bacteriophage used [112]. For example, for the
elution of M13 bacteriophage, glycine buffer, or mild HCl solutions are used. In
addition, alkaline solutions of triethylamine and competitive elution with high
antigen concentrations have been in practice [116]. The amplification of the eluted
bacteriophage is achieved by further infection of E. coli cells during their exponen-
tial phase of growth. After selecting the high-affinity fragment, it is cloned and
expressed in a bacterial expression system [91].

Applications of sdAbs

Targeting Tumors and Inflammation
Cell Surface Proteins
Various ecto-enzymes are expressed on the cell surface and are responsible for
regulating cellular processes like apoptosis, cell trafficking, inflammation, cell-cell
adhesion, and cell proliferation [117, 118], for instance, 5′ nucleotidase or CD73
(in addition to hydrolysis of AMP to adenosine also controls cell-cell adhesion and
T-cell activation) [117–120], CD38 and cell surface monoamine oxidase (involved
in dendritic cell trafficking and regulation of T-cell dependent immune response)
[121, 122], mono ADP-ribosyltransferase 2 (ART2, is involved in cell death) [123],
and E-NPP3 (or CD203c, negatively regulates the allergic responses) [124]. CD13,
CD156b, CD13, and CD26 are other known cell surface peptidase and protease
enzymes that modify the adhesion and chemotactic molecules by proteolytic cleav-
age [125]. The modification of various cellular processes by ecto-enzymes also
results in the modulation of the immune system. Therefore, designing specific
molecules that inhibit ecto-enzymes would help beneficially alter the immune
system. Moreover, the orientation of ecto-enzymes catalytic/binding site is towards
the extracellular matrix and is therefore easily accessible to the inhibitory molecules
[126]. Usually, small molecules are used to develop as inhibitors, but their main
drawback is low specificity. These small molecule inhibitors tend to bind to other
members of the same protein family. Concerning specificity, mAbs can be instantly
considered; however, the accessibility of their CDRs into the active site cleft of the
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enzyme is a major concern. The longer CDR loops in sdAbs aid in binding to the
deeper active site cleft of the enzyme [107, 127]. Koch et al. have developed and
demonstrated that sdAbs from llama against ART2.2 specifically bind to the enzyme
and suppress its enzymatic and cytotoxic activities [126, 128]. They showed that
sdAbs possess rapid activity (with a short time of 15 mins following the injection)
and a rapid clearance time of 6 h in mice. Therefore, sdAbs against ART2.2 can
potentially treat acute inflammation [126]. A bivalent version of anti-ART2.2 sdAbs
has been constructed by Felix et al. with a fused mouse Fc fragment. This bivalent
version has been proven effective for a longer period and could be developed for
treating chronic inflammation [128]. CD38 is another ecto-enzyme that is
upregulated in tumor cells [129]. Recently, nanobodies constructed against CD38
have been demonstrated to inhibit CD38 enzymatic activity, comparable to mAbs
[130, 131].

In addition to ecto-enzymes, the leukocyte cell surface expresses numerous
non-enzymatic receptors that mediate signal transmission through the cell mem-
brane, transporters, and ion channels [126]. One of the receptors present on the
surface of natural killer (NK) cells is FcγRIII. This receptor activates cytokine
release and antibody-dependent cell cytotoxicity (ADCC) and thereby causes
tumor cell death [132, 133]. Researchers have been able to produce anti-FcγRIII
bispecific antibodies from the VHH domain produced in immunized llama
[134]. These anti-FcγRIII bispecific antibodies have been shown to activate the
NK cells [134]. For the treatment of cancer, sdAbs conjugates specific t
carcinoembryonic antigen (CEA) have also been developed by fusing β-lactamase
with sdAb through the camel hcAb hinge region. The β-lactamase enzyme catalyzes
the conversion of a prodrug into a cytotoxic compound. Tumor xenografts have been
shown to cure when anticancer prodrug was administered along with
sdAb-β-lactamase conjugate and was localized in the affected area [135].
Cytokines and Other Soluble Proteins
The human immune system responds to bacterial infection by secreting cytokines.
Cytokines are small peptides, glycoproteins, or regulatory proteins secreted by the
white blood cells (WBCs) of the immune system [136]. A variety of cytokines are
secreted by cells of the immune system, namely interferons, interleukins, tumor
necrosis factors, colony-stimulating factors, and growth factors, which can have
similar or overlapping effects [137]. For example, TNF-α acts on vascular endothe-
lial cells and macrophages to induce the secretion of colony-stimulating factors,
resulting in a transient increase in WBCs needed to alleviate infection [138]. How-
ever, persistent higher concentrations of TNF-α have been associated with the
pathogenesis of psoriasis, spondyloarthropathies, and inflammatory disorders like
rheumatoid arthritis (RA) [139]. For the treatment of RA, therapeutic antibody
molecules have already been developed and are available on the market. Now with
the advent of sdAbs, the limitations of the mAbs, which have already been discussed
in this chapter, can be overcome. In the mice model, anti-TNF-α sdAbs have proved
effective [140]. The level of another pro-inflammatory cytokine, IL23, is raised in
Crohn’s disease patients indicating its role in the pathogenesis of Crohn’s disease
[137]. A high-affinity anti-hIL23 nanobody has been shown to bind to IL23 with
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excellent efficacy [141]. In addition, the multivalent format of anti-hIL23 has been
shown to have high efficacy than its monovalent counterpart [141].
sdAbs Against Infectious Agents and Their Toxins
After entering the host body, the pathogens trigger the host immune system either
through cell surface antigens on their cell surface or through the toxins they produce
[142, 143]. In the case of bacterial pathogens, lipopolysaccharides, membrane
proteins, pili, and flagella proteins act as antigens [144–146]. The endotoxin pro-
duced by Gram-Negative bacteria can cause a severe immunogenic reaction known
as septic shock syndrome. An anti-LPS VHH has been reported, which was pro-
duced by screening the phage library [147]. The anti-LPS VHH was found to
successfully bind to LPS and hinder the elicitation of hyperimmune reaction
[147]. Various surface proteins of bacteria have also been targeted to produce
sdAbs. Proteolytically stable sdAbs (K922) against F4 fimbriae with significantly
high stability in gastric and jejuna fluid have been shown to mitigate the E. coli-
induced diarrhea in piglets [148]. Streptococcus mutans adheres to the teeth and
forms dental caries. The sdAbs against S. mutans cells were developed by
immunizing llama with S. mutans cells [149]. The sdAbs were expressed in yeast
as a fusion protein with glucose oxidase [149]. Glucose oxidase produces hydrogen
peroxide (which is toxic to bacterial cells) in the presence of glucose and oxygen.
Upon treating mixed biofilm culture with sdAbs fused with glucose oxidase, the
S. mutans cells were specifically bound and lysed [149].

In the case of viruses, antigenic epitopes are primarily located in either capsids or
envelopes [150, 151]. Some viral epitopes are sequestered in deep clefts and are not
easily accessible. For instance, domain I of envelope glycoprotein E is exposed only
at the time of membrane fusion transition [152]. To detect such sequestered epitopes,
the use of sdAbs is an ideal choice. VHH against gp120 protein of HIV-1 has been
produced from llamas and has been shown to neutralize HIV-1 efficiently
[153]. Despite possessing high immunogenicity, an inner capsid protein of rotavirus,
VP6 lacks neutralizing antibody induction in the host. Recently, sdAbs have been
produced from immunized llamas, which were able to neutralize rotavirus in an
in vitro experiment [154]. Also, in vivo study showed that 60% of the neonatal mice
population was protected from diarrhea caused due to rotavirus upon administration
of the sdAbs [154]. Oral administration of lactobacillus, which constitutively
expressed fused sdAb with Lactobacillus protease, reduced rotavirus-induced diar-
rhea in the mice model [155].

5.4 Challenges and Prospects of Therapeutic Antibodies

Antibodies have been proven efficient therapeutic molecules due to their specificity
and high affinity towards the antigen [156]. Indeed, there had been problems
associated with antibodies right from the beginning when serum was used for
treating disease. With the advancement of technology and a greater understanding
of the immune system, researchers have been able to solve a few problems to a great
extent. One serious drawback of using therapeutic antibodies is their
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immunogenicity which leads to anaphylaxis [127]. Various factors, such as genetic
predisposition of the patient for allergic reactions, antibody-drug formulation,
manufacturing, and previous exposure to the molecule, are associated with the
immunological effects of the antibody-based drug [98]. For example, adalimumab
has been shown to produce immunogenic responses in around 30% of patients. The
pathway to cause immunogenicity may also differ in different cases. In the case of
adalimumab, the cause of immunogenicity was speculated to occur through T-cell-
dependent pathway [78]. To resolve this problem, the amino acid sequences which
are recognized by major histocompatibility factors of antigen-presenting cells and
cause an undesirable immune response through T-cells must be identified and
replaced accordingly. In addition, of the four subclasses of IgG, the IgG4 subclass
is ineffective in mounting either antibody-dependent or complement-dependent cell
cytotoxicity [157]. Importantly, antibodies can be altered at the genetic level to
modulate their effector functions [158, 159].

Antibodies are proteins and therefore are prone to degradation even under the
slightest change in conditions like temperature, agitation, pH, shear stress, and metal
ions [160]. Therefore, formulation of antibody-based therapeutics plays a crucial
role in protein stabilization and thus assures the safety of drug administration. Every
therapeutic antibody is intrinsically different, and therefore formulation strategies
differ accordingly. Data generated by general pre-formulation evaluation for a new
therapeutic antibody can be utilized to optimize the formulation [161]. During
optimization of formulation, the effect of different factors such as aggregation,
deamination, oxidation [162], and fragmentation on protein stability is measured.
Glutamine and asparagine are highly prone to deamidation [163] and are undesirable
when present in CDRs [164]. Cysteine and methionine residues have a high propen-
sity for oxidation [162]. In addition, phenylalanine, histidine, tryptophan, and
tyrosine also undergo oxidation [165] and reduce the efficacy of the antibody.

For the treatment of chronic diseases, a high concentration of antibodies in
therapeutic preparation is needed. Antibody preparation may contain protein
concentrations greater than 100 mg/mL [49]. High concentration leads to two events,
the first is protein aggregation, and the second is the increase in viscosity of the
preparation [160, 166]. Aggregated antibody preparation is not suitable for intrave-
nous administration. Moreover, the protein aggregation results in a lower dose
concentration that might not be sufficient to produce desirable results [166]. Thus,
antibody therapeutic drugs are stabilized by adding stabilizers such as surfactants. In
recent times, the alteration of the glycosylation pattern of the constant region of the
antibody has been utilized for stabilizing the antibody in therapeutic formulations.
The thermal stability of bevacizumab has been improved by N-glycosylation of the
constant region of the Fab fragment [160].

Recently, antibody fragments such as scFV and nanobodies have been developed.
Unlike full-length antibody production, scFV and nanobodies can be successfully
expressed in bacterial expression systems [42, 108]. This significantly reduces the
cost of antibody-based therapeutic production. Their significance lies in their low
molecular weight and significantly reduced immunogenicity [86]. Moreover,
nanobodies and scFVs can be modified into different formats, for instance, bispecific
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fragments and bivalent fragments [167]. A bispecific nanobody or scFV fragment
can bind to two different epitopes on the same antigen and can, therefore, increase
their binding affinity [167, 168]. A recent surge in research and commercial interest
for mAb therapeutics, engineered antibodies, and their different formats anticipates a
vast market for these therapeutic molecules.

5.5 Conclusions

The coming pharmaceutical revolution will be in the field of personalized medicine,
where antibody therapy is one of the foremost candidates. Therapeutic mAbs
targeting the discrete antigen are among the prime targets in molecular medicine
for developing a new generation of therapeutic agents [169]. Monoclonal antibodies
have been shown to successfully reduce COVID-19 hospitalization rates when
administered in the early phase of infection [170]. Some mAbs act on the immune
system to stimulate it to target specific cells, particularly in cancer therapy. The
research of mAb-induced immunity in the form of vaccines against cancer should be
looked upon diligently as it has enormous market potential. The antibodies could be
engineered to incorporate immunostimulatory motifs to effectively target tumor
cells. Antibody therapy has potential in the treatment of age-related diseases like
Alzheimer’s and Parkinson’s. Aging diseases result from the aggregation of
misfolded proteins, and antibodies are among the attractive vehicle to target aberrant
proteins that could bind to them and process them for degradation. The applications
of antibody therapy have enormous potential in several clinical conditions, and it is
expected to be at its peak in the following decades.
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Strategies for Formulation and Systemic
Delivery of Therapeutic Proteins 6
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Abstract

Technological advancements in pharmaceutical biotechnology and bioengineer-
ing have made possible the use of a myriad of proteins and peptides as efficient
and ideal drug candidates, such as growth factors, hormones, antibodies, and
vaccines. Therapeutic proteins possess several advantages over their synthetic
counterparts, especially concerning high specificity and activity, and thus have
seen a significant rise in clinical applications in recent times. Despite being
significant clinically, physiochemical and enzymatic destabilization of therapeu-
tic proteins limits their successful use. The delivery systems used for therapeutic
proteins often suffer from several limitations. The invasive routes like the paren-
teral route show poor protein stability in the systemic circulation. In contrast, the
non-invasive routes like oral, transdermal, nasal, pulmonary, ocular, and rectal
delivery systems face numerous physicochemical and biological barriers like
enzymatic degradation, harsh pH environment, difficult transport across
membranes, and poor bioavailability. This chapter highlights the different
strategies for developing formulations to overcome these drawbacks for success-
ful delivery and prolong the shelf-life of proteins in systemic circulation delivered
via different delivery routes. It provides a comprehensive update on recent
advances in nanotechnology and different methodologies adopted for improving
both the delivery and efficacy of therapeutic proteins.
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6.1 Introduction

Current advancements in biotechnology have made it possible to produce therapeu-
tic proteins and peptides on a large scale to use in disease conditions. Therapeutic
proteins and peptides have emerged as a growing class of drugs, constituting the
majority of clinical biopharmaceuticals released recently [1]. A better understanding
of disease pathologies at the molecular level and advancements in the field of
biotechnology have made it possible to design and produce more specific, potent,
long-lasting, and non-toxic therapeutic proteins [2]. These attributes make them
better than the available low molecular weight chemical drugs, often showing
non-specific targeting and producing harmful metabolites.

The therapeutic proteins and peptides can be classified into various categories
based on their function, such as protein therapeutics with regulatory or enzymatic
activity, protein therapeutics with high specificity for their targets, protein vaccines,
and diagnostics based on therapeutic proteins [3]. These proteins have been used for
the treatment of a wide range of diseases, including cancer, diabetes, immunoregula-
tion, hepatitis, and genetic disorders [3–5]. However, even with these pros, the
therapeutic proteins suffer from certain drawbacks, including poor permeability
across biological barriers due to high molecular weight, instability, short half-life,
and immunogenicity [6]. Several strategies have been designed to overcome these
drawbacks, and the majority of them focus on developing suitable delivery systems
for the administration of therapeutic proteins in their intact form without any kind of
degradation accompanied by controlled release for improved efficacy and safety
[7]. The therapeutic proteins can be delivered by invasive and non-invasive delivery
systems, both having their set of advantages and limitations. Many methods involve
modification of the protein structure, either by attachment of moieties covalently or
by mutation, for example, generation of fusion proteins with albumin, Fc portion
[8, 9]. Conjugation with polymers like polyethylene glycol (PEG) and other alterna-
tive molecules offers decent delivery and safety assurance. The recent use of
liposomes and different polymer-based nanocarriers have further opened up new
avenues for overcoming the existing limitations. This chapter sheds light on the
current strategies for formulating the systematic delivery of therapeutic proteins. We
discuss the different methods currently used to modify proteins and highlight the
different modes of delivery, emphasizing how they influence the specificity, immu-
nogenicity, and stability of the therapeutic proteins.
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6.2 General Challenges in the Delivery of Therapeutic Proteins

The major drawbacks of therapeutic protein delivery include their short half-life,
fragile structures, and distinct physicochemical properties. The invasive delivery
systems involve parenteral administration through intravenous (IV), intramuscular
(IM), and/or subcutaneous (SC) routes, which often require trained personnel or
hospitalization [10]. Thus, recent times have focused on non-invasive delivery
systems, which are more convenient and often guarantee better and sustained release
of the therapeutics. Delivery systems are associated with challenges that range from
affecting the therapeutic efficacy of the protein to targeted site-specific delivery for
the desired effect. These challenges have made the controlled and sustained release-
based delivery systems an urgent need. The steady-state delivery systems ensure
efficient site-specific delivery of therapeutic proteins in their intact biological forms
and have gained considerable attention in recent years (Fig. 6.1).

6.2.1 Chemical and Physical Instability

The biological activity of therapeutic proteins is often hampered by their chemical
and physical instabilities. Peptides and protein drugs have to undergo a series of
degradative steps based on the route of administration. Chemical degradation
involves covalent modification of the primary protein structure through either
bond formation or cleavage as in oxidation and deamidation reactions. On the
other hand, physical degradation involves changes in higher three-dimensional
(3D) conformational integrity by denaturation, aggregation, or precipitation. Both
forms of degradation do not occur independently, but one may lead to the other
[11]. Non-invasive methods like oral administration often lead to enzymatic degra-
dation of proteins in the gastrointestinal (GI) tract. In contrast, when given parenter-
ally, they get rapidly eliminated from the circulation by renal filtration, enzymatic
degradation, or are taken up by the reticuloendothelial system [12]. Thus, efficient
sustained release delivery systems ensure a longer half-life and stability of protein
drugs.

6.2.2 Biopharmaceutical Challenges

The 3D structural integrity of proteins highly influences their therapeutic activity,
which in turn, is often affected by external variables like temperature, pH, and
excipient impurities. Determining structural changes in therapeutic protein
formulations poses a major challenge for clinical use. Further, cases of protein
drugs being immunogenic have been reported, and some generations of neutralizing
antibodies have led to a loss of therapeutic effect. Parenteral administration through
injections (i.e., IV, IM, or SC routes) often suffers from enzymatic degradation and
rapid elimination, whereas non-invasive administration like oral administration has
even lower bioavailability due to the acidic pH of the GI tract as well as the digestion



166 P. Shah and Basant

Fig. 6.1 Challenges and strategies to overcome the limitations for the delivery of therapeutic
proteins via different routes of administration
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by proteolytic enzymes in the intestinal lumen. The large molecular weight and
hydrophilic nature of the protein drugs further make their transport across the
intestinal cell lining difficult [13].

6.3 Invasive Delivery Systems and Delivery Challenges

Direct delivery of a drug into the bloodstream through parenteral routes like
injections (i.e., IV, IM, or SC routes) are often considered invasive delivery systems.
Once administered via these routes, the protein drug must reach its target after
crossing several barriers. Invasive delivery systems often suffer from certain
limitations like pain at the site of injection, undesirable pharmacokinetics, the
requirement of trained personnel, and sometimes visits to hospitals. It is time-
consuming and is further affected by the site of administration, dosage, muscular
activity, and certain pathological conditions. Hence, while designing proteins for
invasive delivery, it is essential to consider the effect of enzymatic degradation,
protein solubility, reticuloendothelial system, targeted delivery, and cellular uptake.
Presently, a number of formulations are available for invasive delivery, as mentioned
in Table 6.1.

Successful formulation of a therapeutic protein for parenteral delivery involves
considering both the pharmacokinetic and pharmacodynamic aspects of the drug.
The pharmacokinetic aspect deals with the bioavailability, absorption, distribution,
metabolism, and excretion of the drug. When therapeutic proteins are injected
subcutaneously, the bioavailability of the drug is reduced due to proteolytic degra-
dation at the site of injection. Also, bioavailability is not 100% for the intravenous
route as proteolytic digestion starts in the blood itself. Apart from this, a series of
factors like administration site, delivery system, injection depth, drug concentration
for injection, injected volume, formulation-related factors, and patient-specific
factors also affect bioavailability. Pharmacodynamics of therapeutic proteins include
observing effects, and the time it takes to bring about that effect at a particular dose.
Plasma proteins often interact with the injected therapeutic proteins and affect their
pharmacodynamics. Several pharmacokinetic and pharmacodynamic models have
been proposed to evaluate the concentration and response curves, protein binding,
and immunogenicity of therapeutic proteins [14].

6.4 Non-Invasive Delivery Systems and Delivery Challenges

Presently, non-invasive routes for therapeutic protein delivery have gained much
attention because of their decreased medical cost and better patient compliance than
invasive routes. The past few decades have seen several non-invasive routes of
protein drug administration, including oral, nasal, transdermal, pulmonary, rectal,
and vaginal routes. These alternate routes can overcome the pain, needle phobia, and
risk of infection associated with the parenteral route. There are significant biological
and physicochemical barriers to be overcome while formulating protein-based drugs
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Table 6.1 List of FDA-approved and commercially available therapeutic proteins and peptides
delivered via parenteral route [7, 14, 15]

Route of
administration

Asparlas™ Calaspargase
pegol

IV Acute lymphoblastic leukemia

Crysvita™ Burosumab IV X-linked dominant hypophosphatemic
rickets

Revcovi™ Elapegademase IM Adenosine deaminase severe combined
immunodeficiency

Libtayo™ Cemiplimab IV Cutaneous squamous cell carcinoma

Aimovig™ Erenumab SC Migraine prevention

Gamifant™ Emapalumab-
lzsg

IV Hemophagocytic lymphohistiocytosis

Ajovy™ Fremanezumab-
vfrm

SC Migraine prevention

Trogarzo™ Ibalizumab-uiyk IV Multidrug-resistant HIV-1

Emgality™ Galcanezumab-
gnlm

SC Migraine prevention

Takhzyro™ Lanadelumab SC Hereditary angioedema attacks

Lumoxiti™ Moxetumomab
pasudotox

IV Relapsed or refractory hairy cell
leukemia

Poteligeo™ Mogamulizumab-
kpkc

IV Mycosis fungoides and Sézary
syndrome

Palynziq™ Pegvaliase-pqpz SC Pegylated enzyme Phenylketonuria

IIumya™ Tildrakizumab SC Moderate-to-severe plaque psoriasis

Elzonris™ Tagraxofusp-erzs IV Blastic plasmacytoid dendritic cell
neoplasm

Ultomiris™ Ravulizumab IV Paroxysmal nocturnal hemoglobinuria
and atypical hemolytic uremic syndrome

Kineret® IL-1Ra SC T2DM, inflammatory syndromes, RA

Lantus Insulin glargine SC T1DM, T2DM

Enbrel Etanercept SC RA, psoriatic arthritis, plaque psoriasis,
ankylosing spondylitis

Sandimmune Cyclosporine Oral, IV Prophylaxis, solid organ rejection

Neulasta Pegfilgrastim SC Neutropenia

DDAVP® Desmopressin IV, IM, SC,
Intranasal

Nocturnal enuresis

Angiomax® Bivalirudin IV Anticoagulant

Victoza® Liraglutide SC T2DM

Sandostatin® Octreotide acetate IV, SC, IM Acromegaly, gigantism

to be delivered by these routes. Physicochemical properties like large molecular
weight, poor membrane permeability, loss by enzymatic degradation, and physico-
chemical instability of therapeutic proteins often pose a challenge for this route of
delivery [16]. Further, the surface charge of therapeutic protein is another physico-
chemical drug property that originates from the protein’s amino acid sequence and
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the pH of its surroundings. It often arises due to isomerization, deamination, or post-
translational modifications (PTMs) of amino acids leading to a change in the net
charge and forming weak conjugate acids and bases [17]. The charge on the protein
surface influences the interaction of protein drug with cell surface molecules or
tissue components and subsequently affect their absorption, distribution, and elimi-
nation. Exposure to enzymatic degradation and physicochemical destabilization can
occur at any point from the preparation of the formulation to systemic exposure after
intake.

The biological barriers to non-invasive delivery include pH of the biological
environments, enzymatic barriers, and mucosal barriers. The protein drugs are
highly destabilized in the extreme acidic pH of the stomach (pH 1–3), whereas the
alkaline pH in the intestines is less damaging [18]. Enzymatic barriers often degrade
the protein drugs and lead to their poor bioavailability. Protease activity is highest in
the small intestine, whereas it is comparatively lower in the colon when taken orally.
This led to the development of colon-targeted drugs that last longer and have more
time for absorption [19]. Besides these barriers, mucosal barriers like mucus and
epithelial cell layers are the major absorption barrier against non-invasive therapeu-
tic protein administration. Therefore, a better understanding of barriers may help
design more efficient formulations for non-invasive delivery. Some commonly used
formulations delivered via non-invasive routes are listed in Table 6.2.

6.5 Processing Strategies to Increase the Stability
of Therapeutic Proteins

Even after having immense potential as therapeutics, protein drugs often suffer from
many complications related to the preparation of their formulations. Contrary to their
synthetic small drug counterparts, protein drugs possess complex secondary, tertiary,
or quaternary structures along with various side chains. This structural integrity,
when lost, can lead to loss of drug action as well. Thus, methods must be devised to
maintain the 3D complexity of the protein drug for their effective activity.

6.5.1 Lyophilization

Lyophilization is among the most common methods for producing dry powder forms
of protein drugs at low temperatures. Lyophilization consists of freeze-drying, where
the sample is first frozen, followed by removal of frozen water by sublimation (also
known as primary drying). Once the moisture content has been reduced to around
10%, secondary drying ensures removing the rest of the moisture content. This
method generates solid-dried protein drugs with longer shelf lives. Despite its
broad applicability and ease of use, this process often induces a certain variety of
stresses, including pH changes, removal of protein hydration shell, and formation of
dendritic ice crystals that may have derogatory effects on protein’s structural integ-
rity [20]. Cryoprotectants such as sugars, polymers, surfactants, and amino acids are
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Table 6.2 List of commercially available protein and peptides delivered via non-invasive routes
[7, 16]

Brand name Component
Route of
administration Treatment for/used as

Lucents® Ranibizumab Ocular Macular edema, myopic choroidal
neovascularization (mCNV)

FluMist®
Quadrivalent

Vaccine Nasal Influenza

Antepan® Protirelin Nasal Hypothyroidism and acromegaly

Sandimmune® Cyclosporine
A

Oral Immunosuppressant

Minirin® Desmopressin Oral, nasal Diabetes insipidus and nocturia

Colomycin® Colistin Oral Antimicrobial for Gram-negative
bacteria-driven gut infection

Cachexon® Glutathione Oral AIDS-related cachexia

Cytorest® Cytochrome
C

Oral Leucopenia

Anginovag® Tyrothricin Oral Pharyngitis

Ceredist® OD Taltirelin Oral Spinocerebellar ataxia

Vancocin® Vancomycin Oral Antimicrobial for oral infections, diarrhea

Synarel® Nafarelin Nasal Endometriosis

Suprecur® Buserelin Nasal Prostate cancer, endometriosis

Suprifact™ Buserelin Nasal Prostate cancer, endometriosis

Oral-Lyn™ Insulin Buccal Diabetes mellitus

Syntocinin™ Oxytocin Nasal Inducing uterine contractions

Desmospray® Desmopressin Nasal Diabetes insipidus and nocturia

Fortical® Salmon
calcitonin

Nasal Osteoporosis

Miacalcin® Salmon
calcitonin

Nasal Osteoporosis

Kryptocur® LHRH Nasal Cryptorchism

Eylea® Aflibercept Ocular Macular edema

added to the preparation to overcome these stresses. Cycle conditions are also varied,
and modifications can be made to drying rate, temperature, and thermal treatment
conditions for better stability of freeze-dried protein drugs [21].

6.5.2 Spray Freeze-Drying

Water or moisture in any form is detrimental to the stability of several pharmaceuti-
cal products, and hence spray-freeze drying method has been devised to remove
water. This method involves the same three basic steps of lyophilization, i.e.,
(i) freezing of the liquid sample containing the macromolecule, (ii) primary drying
by sublimation of ice formed, and (iii) secondary drying, whereby the rest of the
moisture is removed by desorption. The first step involves spraying the solution
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containing the protein drug into a vessel containing cryogenic liquid such as
nitrogen, oxygen, or argon, which results in the freezing of the liquid due to the
low boiling point of the cryogenic liquid. Spray freeze drying significantly improves
the sample’s shelf life and is often the method of choice for preparing protein drug
formulations [22].

6.5.3 Other Common Methods

Supercritical fluids (SCFs), jet milling, and fluid bed spray coating methods are other
less frequently used methods for processing therapeutic proteins. SCFs are often
used in various analytical and extraction methods for the powder preparation of
pharmaceuticals meant for inhalation. SCFs have properties of both gases and
liquids above their critical point at specific temperatures and pressures. SCFs possess
several advantages: high dissolving power, lower viscosity levels compared to other
liquids, and higher diffusivity allowing a high mass transfer. Jet milling is used for
particle size reduction using interparticle collisions and abrasion to produce small
particles (1 to 20 μm) and for processing coarse peptides. Advances in fluidized-bed
spray coating systems help in also coating particles of very small size. Fluidized-bed
spray coating was applied to recombinant human deoxyribonuclease (rhDNase), and
the coating was examined via scanning electron microscopy. It was found that the
protein showed some aggregation, but with the use of calcium ions as stabilizers, this
drawback was significantly reduced. This suggests that with proper stabilizers, fluid
bed spray coating can be successfully used to coat therapeutic proteins to make them
more stable [13].

6.6 Formulation Strategies for Overcoming Protein Drug
Delivery Challenges

6.6.1 Strategies for Enhanced Delivery and Stability of Therapeutic
Proteins Via Invasive Routes

Different strategies are being adapted to overcome the rapid clearance and drug
instability often encountered during invasive drug delivery of therapeutic proteins.
The two most common approaches to overcome these challenges include chemical
modifications and colloidal carrier systems [23].

6.6.1.1 Chemical Modifications
The therapeutic potential of proteins can be enhanced by chemical modifications,
including protein PEGylation, glycosylation, deglycosylation, amino acid
alterations, and cyclization [14]. The most common chemical modification is the
formulation of protein polymer conjugates that involves the chemical covalent
conjugation of polymers like PEG and PEG analogues. Several natural and syn-
thetic, biodegradable, and non-biodegradable polymers are used to conjugate and
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Table 6.3 Polymers used for formulating therapeutic drugs for different delivery routes [16]

Biodegradable synthetic
polymers

Biodegradable natural
polymers

Non-biodegradable synthetic
and semisynthetic polymers

Polyesters—Poly(glycolic
acid) (PGA), poly(lactic acid)
(PLA), poly(hydroxy
butyrate) (PHB), poly
(ε-caprolactone) (PCL), poly
(α-malic acid) (PMA), poly
(dioxanones), poly(lactic-co-
glycolic acid) (PLGA)

Polysaccharides—Chitosan
agarose, alginate,
cyclodextrins, dextran,
hyaluronic acid, pectin

Silica derivatives—Colloidal
silica, polydimethylsiloxane
(PDMS), polymethacrylates
(PMA), poly (methyl
methacrylate) (PMMA),
polyhydro(ethylmethacrylate)
(PEMA)

Polyamides—Poly(imino
carbonates) (PIC), polyamino
acids (PAAs)

Proteins—Gelatin, albumin,
collagen

Cellulose derivatives—
Carboxymethyl cellulose
(CMC), cellulose acetate
(CA), cellulose acetate
propionate (CAP), ethyl
cellulose (EC), hydroxypropyl
methylcellulose (HMC)

Polyanhydrides—Poly
(sebacic acid) (PSA), poly
(adipic acid) (PAA), poly
(terephthalic acid) (PTA)

Others—Polyvinyl
pyrrolidone (PVP), ethyl vinyl
acetate poloxamers,
poloxamines

Polymers based on
phosphorous—
Polyphosphates,
polyphosphonates
polyphosphazenes

Others—Polyurethane,
polyacetals, poly
(cyanoacrylates),
polydihydropyrans, polyortho
esters

synthesize nanocarriers for therapeutic proteins (Table 6.3). Protein polymer
conjugates impart essential properties to protein drugs like prolonged protected
retention in circulation, low immunogenicity, and enhanced stability in different
physiological conditions [24]. These properties arise as a result of altered solubility,
molecular weight, size, and steric hinderance of the PEGylated proteins
[7]. PEGylation avoids rapid degradation of protein drugs as reported for recombi-
nant human thyroid-stimulating hormone, recombinant human growth hormone, and
recombinant human tissue inhibitor of metalloproteinases-1 (TIMP-1) [25–27]. The
half-life of these proteins increased significantly in systemic circulation after
PEGylation. The pharmacokinetic and pharmacodynamic properties of the enzyme
glucose oxidase have also been studied after glycosylation and deglycosylation.
Glycosylation of glucose oxidase enhanced the receptor-mediated endocytosis of the
enzyme by hepatic glucose receptors, whereas deglycosylation improved the half-
life of the enzyme by ten-fold [28]. Proteins can further be modified by adding
mannose and galactose to increase their receptor-mediated endocytosis.
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6.6.1.2 Controlled Release Drug Delivery Systems
Several controlled-release injectable particulate carrier systems have been developed
for the invasive delivery of therapeutic proteins, which include nanocarriers,
microcarriers, liposomes, vaccine adjuvants, implants, thermosensitive gels, and
customized particulate systems for pulsatile protein delivery (Fig. 6.2) [14, 29,
30]. These systems ensure the release of the required concentration of the therapeutic
protein at a specific site, at the desired time, and the desired rate with minimum
exposure to the systemic bioenvironment, reducing unwanted side effects like
developing immunogenicity (Table 6.4).

Microspheres
Biodegradable polymer-based microspheres offer the most common and extensively
used controlled drug release systems that can encapsulate therapeutic proteins and
are easily administered parenterally. Ipsen Biotech, France, was the first company to
release the microsphere formulation of luteinizing hormone-releasing hormone
(LHRH) agonist [D-Trp6]-LHRH for the treatment of prostate cancer [54]. Currently,
several microsphere-peptide formulations are available for the treatment of different
diseases (Table 6.4). Most microsphere preparations are available in sterile powder
form that must be reconstituted with a diluent containing a suspending agent and
used immediately for injections. PLGA, PEG, and PEG-PLGA biodegradable
polymers are often the materials of choice for synthesizing microspheres for protein
and peptide drug release.

Fig. 6.2 Types of nanoparticles devised for controlled release of therapeutic proteins or peptides
for invasive and non-invasive delivery routes. (a) Lipid-based nanoparticles (b) Inorganic
nanoparticles (c) Polymeric nanoparticles
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Table 6.4 Examples of controlled release colloidal carrier systems for enhanced delivery and
stability of therapeutic proteins delivered via invasive routes

S. No. Protein/peptide Carrier system Properties imparted References

1. Tetanus toxoid
(Antigen)

Chitosan
microspheres

Successful in
maintaining antibody
titer for a prolonged
period

[31]

2. Diphtheria toxoid
(Antigen)

Poly-(ε-caprolactone)
nanoparticles

Mucosal vaccine
delivery system

[32]

3. Hepatitis B core
antigen (Antigen)

PLGA microspheres Long-acting vaccine;
gelatin used as a
stabilizer

[33]

4. Calcitonin
(Hormone)

In situ biodegradable
implant

PLA polymer [34]

5. Trypsin (Enzyme) Heparin/Protamine-
based approach

Delivery of enzyme
drugs without
associated toxic
effects

[35]

6. Protein C (Enzyme) Monomethoxypoly
(ethylene-oxide)-
PLA nanoparticles

Improved loading
efficiency

[36]

7. Parathyroid
(Hormone)

PLGA microspheres Improved release
profile and local
delivery to bone

[37]

8. Insulin-like growth
factor (Cytokine)

PLGA microparticles More stable,
osteogenesis promoter

[38]

9. Tumor necrosis
factor (Cytokine)

PEGylated
polycyanoacrylate
nanoparticles

Controlled release [39]

10. Vascular endothelial
growth factor/VEGF
(Cytokine)

PLGA microsphere Efficient local
angiogenesis

[40]

11. Interleukin-2;
interferon-γ

Liposomal-
conjugated

Prolonged biological
effect with retained
structural activity

[41, 42]

12. Vasopressin
(Hormone)

PEG conjugated to
the phospholipid
distearoyl
phosphatidyl
ethanolamine
(PEG-DSPE)

Prolonged circulation
as compared to
phosphatidyl serine

[43, 44]

13. Zoladex®-goserelin
acetate

PLGA copolymeric
implant

For treatment of
prostatic carcinoma,
preloaded in a special
single-use syringe,
administered every
12 weeks

[45]

14. Vasopressin
(Hormone)

Polypropylene/
collodion device

Showed reduction in
urine production for at
least 50 days on SC

[46]
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Table 6.4 (continued)

S. No. Protein/peptide Carrier system Properties imparted References

15. Nafarelin (GnRH
analogue)

PLGA implant Controlled release [47]

16. BSA Encapsulated in
PEG-PLGA
nanoparticles

Improved BSA half-
life and distribution

[48]

17. Insulin,
Thymocartin,
Somatostatin

Encapsulated in SLNs SLN prepared by
solvent
emulsification-
evaporation method

[49, 50]

18. Cyclosporin A Encapsulated in SLNs Microemulsion
technique, prolonged
drug release

[51]

19. Influenza virus
antigen

Polymeric particulate
system as an adjuvant
in vaccine delivery

Very effective vaccine
with good antibody
response reported in
mice

[52]

20. IgH, LH,
Prostaglandin F2

Polyacrylamide and
polyvinylpyrrolidone
gels

Used for controlled
delivery

[53]

Implants
Another class of sustained-release systems are implants. Implantable polymeric
depots offer site-specific and prolonged sustained release of protein drugs. Implants
are often placed subcutaneously by a wide bore needle or minor surgery. A protein is
released from an implant in three distinct phases: the initial burst phase, diffusion-
controlled release, and erosion-controlled release. Various polymers are being used
to synthesize implants, and often biodegradable ones such as PLGA are preferred as
they do not need surgical procedures for removal. A more recent method for an
injectable implant is the development of in situ forming parenteral drug delivery
systems (ISFPD) [55]. ISFPD systems are liquid systems that form solid or semisolid
matrices as soon as they come in contact with aqueous body fluids or release media
when injected subcutaneously or intramuscularly.

Liposomes
Biodegradable lipid-based carriers, often called liposomes, offer another controlled-
release system for therapeutic proteins. They can be targeted to specific sites and
have also been reported to act as an adjuvant for vaccine delivery. Liposomes offer
several advantages when used for protein and peptide drug delivery, which include
the ease of altering the physical and chemical properties of liposomes by changing
lipid composition, low toxicity, an aqueous core that maintains the protein in its
natural state avoiding damage by dehydration, and that the liposomes act as
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circulating drug reservoirs for prolonged release while providing protection and
reduced immunogenicity. Antibody-targeted liposomes, often termed
immunoliposomes, have been studied for the site-specific release of protein drugs
for cancer therapy. Hybrid liposomes like silica nanoparticle-coated liposomes are
being used for the delivery of insulin. Diphtheria toxin-containing liposomes have
been studied for the treatment of ovarian cancer [1, 56]. When administered via an
intravenous route, the liposomes are often taken up by the reticuloendothelial system
(RES); as a result, sterically shielded liposomes are designed using specialized
phospholipids esterified with hydrophilic groups such as ganglioside GM1 and
polyethylene derivatives [14].

Hydrogels
Hydrogels are hydrophilic polymer-based 3D networks that swell up in contact with
water. They comprise significant amounts of water (70–99%) and a chemically or
physically cross-linked polymer network. The high-water content makes them
highly biocompatible and almost tissue-like and imparts them the property to easily
encapsulate hydrophilic therapeutic proteins [57]. Physical gels are held in a network
either by ionic forces, hydrophobic interactions, or physical entanglements. Biode-
gradable hydrogels are either made up of proteins and polysaccharides that undergo
enzymatic degradation or degrade simply because they get dissolved by absorbing
water. Several sustained-release systems for proteins and peptides have been devel-
oped based on the biodegradable hydrogels for tissue engineering. Recently, several
systems have been developed to control the release of drugs both spatially and
temporally. Here, the protein drug is first encapsulated in microparticles and then
embedded into the hydrogel scaffold. Smart gels that respond to changes in pH,
temperature, electrical stimuli, ultrasound, chemical or enzymatic stimuli have been
prepared for the controlled and site-specific release of the therapeutic proteins
[58, 59].

Nanoparticles
Various nanocomposites such as nanoparticles, nanoconjugates, nanomicelles, and
nanocapsules have been formulated to deliver therapeutic proteins invasively.
Nanoparticles offer several advantages over microparticles as their small nanometer
size (≤100 nm) helps in deeper penetration through fine capillaries to target organs
like the lung, spleen, liver, lymph, and spinal cord. Their properties like polymer
composition, pH, temperature, and ion sensitivity, and biodegradability can be
modified to regulate site- and time-specific release of loaded drugs. They further
reduce toxic side effects and prolong the drug life in the systemic circulation.
Different methods like the catheter-based approach or surface modification with
biospecific ligands like antibodies are used for the site-specific delivery of
nanoparticles [60, 61]. Several procedures utilized for the synthesis of nanoparticles
often involve the use of harsh organic chemicals and high shear forces that are often
detrimental to proteins and peptides, and hence solvent displacement method is the
current method of choice. Water-oil-water double emulsion method is also a widely
used method for nanoencapsulation. Further, surface adsorption on nanoparticles is
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also used for drug loading, especially for proteins and peptides, as it is carried out in
low temperatures and aqueous phases [62].

Polymeric nanoparticles are either synthesized by synthetic polymers such as
PLA, PLGA, PCL, PMMA, PBCA (poly(n-butylcyanoacrylate)) or natural polymers
such as chitosan, alginate, gelatin, and albumin. Nanoparticles have also been
PEGylated to prolong their life in circulation and for controlled and site-specific
delivery [63]. Smart polymers like PMAA (poly (methyl acrylic acid)) have been
utilized for pH and temperature-specific release of hormones [64].

Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs)
Solid lipid nanoparticles (SLNs) are colloidal particles made up of a solid lipid
matrix stabilized by surfactants in an aqueous medium and range between 10 and -
1000 nm in size. SLNs overcome the drawbacks of other colloidal carrier systems
like liposomes, polymeric nanoparticles, and emulsions meanwhile combining all
their advantages. SLNs show advantages like higher encapsulation efficiency, sta-
bility, loading capacity, and target-specific release properties compared to other
nanosystems. Therapeutic proteins and antigens may be incorporated or adsorbed
onto SLN and are further administered by either parenteral routes or alternative
routes such as oral, nasal, and pulmonary. SLNs have a higher bioavailability,
prolonged-release profile, flexible application, and simple, scalable, and inexpensive
production than phospholipids and biodegradable polymers used to produce other
nanocarriers. Thus, they can be made at large scales and have industrial applicability
[65]. Formulation of proteins and peptides in SLNs confers improved stability,
circumvents proteolytic degradation, as well as the sustained release of the
incorporated molecules. Peptides such as insulin [66] and calcitonin [67] have
been incorporated into SLNs and are currently under investigation. Changing 30%
lipid mass by liquid lipids can produce another form of nanoparticles known as
nanostructured lipid carriers (NLCs). NLCs have additional advantages over SLNs,
which include avoiding drug leakage by lipid crystallization during storage,
possessing higher encapsulation efficiency, and lower water content, thereby
showing better drug entrapment [68].

Vaccine Adjuvants
The development of new particulate adjuvants offers numerous advantages over the
traditional adjuvant systems. Particulate systems can act both as delivery systems
and adjuvants that induce cellular and humoral immune responses. These particulate
systems confer a range of advantages, which include passive targeting to the antigen-
presenting cells (APCs) present in the immune system, thermal stability, protection
against degradation, antigenicity, stabilization of antigen, and sustained antigen
release by providing chances of modification. Recent advances in pulsatile release
systems can further aid in developing single-dose vaccines that can offer both
primary and booster immunizations. Particulate systems like microspheres [69],
liposomes [70], and nanoparticles have been used for peptide or protein antigen
and DNA vaccine delivery. When introduced in vivo, the particles are taken up by
APCs, and the released antigen is processed further for presentation and generates an
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adaptive immune response. The particles that are not taken up by APCs remain at the
site of administration and act as a depot for the pulsatile release of the antigen for a
prolonged immune response [71]. The most widely used polymers for encapsulating
vaccine antigens are PLGA and its copolymers, PEO, and chitosan.

Others
Other nanocarriers and advances in parenteral delivery include microemulsions, self-
microemulsifying drug delivery systems (SMEEDS), aquasomes, and microneedles.
Microemulsions and SMEEDS are oil-in-water or water-in-oil dispersed systems
with a surfactant/cosurfactant along with the incorporated therapeutic molecule.
These systems act as thermodynamically stable drug delivery vehicles and offer
high degrees of solubilization for several therapeutic proteins. Microemulsions are
dispersed systems consisting of water, oil, and surfactant forming complex
nanostructures like droplets or solutions, whereas SMEEDS, unlike microemulsions,
form spontaneous microemulsion droplets only when introduced into the body.
These systems offer great potential as protein and peptide delivery vehicles as
hydrophilic molecules of different sizes can be incorporated, and their release can
be regulated by adjusting parameters like droplet size, osmotic gradient, and volume
fraction of the disperse phase [72]. Aquasomes, on the other hand, are nanoparticles
made from ceramics, used mainly to increase protein and peptide stability and
enhance the life of the drug in circulation. They possess a ceramic core often coated
with a polymer like polyhydroxy oligomer for protein and peptide drug adsorption
[73]. Microneedles, ranging in length between 150–1500 μm, 50–250 μm in width,
and 1–25 μm in tip thickness, form micron-sized pores in the skin and enhance
transdermal delivery [74].

6.6.2 Strategies for Enhanced Delivery of Therapeutic Proteins Via
Non-invasive Routes

6.6.2.1 Oral Delivery
Oral delivery is one of the most favored routes of drug administration due to its high
patient compliance. This route is cheaper and easier when compared to the parenteral
route of drug administration. However, this route suffers from many drawbacks for
the delivery of peptide and protein drugs, which include enzymatic proteolytic
degradation in the GI tract and exposure to extreme pH changes in the GI tract
that may lead to drug deactivation by hydrolysis, oxidation, or deamination. Epithe-
lial barriers often reduce drug absorption, followed by active efflux pumps that can
pump the drug back into the gut lumen. The first-pass mechanism in the liver further
reduces the amount of drug that reaches the systemic circulation [73]. Several
strategies have thus been designed to overcome these drawbacks for the successful
delivery of therapeutic proteins via the oral route (Fig. 6.3).
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Fig. 6.3 Strategies for enhanced oral delivery of therapeutic proteins

Modifying the Structure
Modifications in the structure of protein and peptide drug significantly decrease their
degradation in the GI tract and often aids in increasing their membrane permeability.
Structural changes in therapeutic proteins and peptides can be induced by several
methods such as cyclization, PEGylation, amino acid substitution, protein lipidation,
and conjugation with carrier molecules [7, 73].

Cyclization of a peptide often involves the formation of a cyclic structure by
linking one end to another or linking side chains via chemical bonds such as disulfide
bonds and bridge formation. The increase in the bioavailability of therapeutic
proteins after cyclization arises mainly due to increased stability against enzymatic
degradation, flexibility reduction, and loss of intermolecular hydrogen bonds. Sev-
eral naturally and synthetically derived peptides have been reported to possess cyclic
structures imparting their biological activity. Vancomycin, cyclosporin A, and
gramicidin are examples of cyclic peptides presently in clinical use [75]. Since not
all proteins and peptides can undergo cyclization, they are PEGylated. PEGylation is
the covalent conjugation of PEG with the protein, and as mentioned previously, it
provides prolonged protected retention in circulation, low immunogenicity, and
enhanced stability in different physiological conditions. PEGylated insulin has
been combined with pH-responsive hydrogels for oral delivery. PEGylation helped
improve the loading of hydrogels and maintain the sustained release of insulin
[76]. PEGylation also enhances the resistance against enzymatic degradation and
systemic clearance of salmon calcitonin [77].

Replacing the naturally present L-amino acids with D-amino acids in the protein
or peptide offers another structural modification, which provides benefits like
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resistance to proteolysis by enzymes such as trypsin, chymotrypsin, pepsin, papain,
and carboxypeptidases [78]. Replacing residues in MUC2 protein with D amino
acids made the protein resistant to enzymatic proteolysis in lysosomal preparations
[79]. Longer half-life, improved passage across biological membranes, and
increased stability can be ensured by another structural modification known as
protein lipidation. Lipidation involves the conjugation of therapeutic proteins with
fatty acids. Salmon calcitonin, when lipidized using the reversible aqueous lipidation
method, showed enhanced intestinal absorption, increased stability to intestinal
enzymatic proteolysis, and prolonged life in systemic circulation [80]. Intestinal
absorption of orally delivered therapeutic proteins can also be enhanced by cova-
lently conjugating them with transport carrier molecules. Endogenous membrane
receptors or transporters may recognize these carrier molecules and thus help
increase the uptake of therapeutic proteins. Various transport carrier molecules
have been associated with therapeutic proteins, such as vitamin, phosphate, and
carbohydrate transporters [81].

Absorption Enhancers
Absorption enhancers are substances that, when used at a particular concentration,
provide an absorption-enhancing effect across the intestinal wall. Orally delivered
therapeutic proteins often suffer from poor bioavailability across the intestinal
epithelium because of their large molecular weight and hydrophilic nature. Absorp-
tion enhancers are co-administered with the therapeutic protein and enhance the
bioavailability by opening tight junctions, altering mucus viscosity, temporarily
changing the membrane integrity, or enhancing membrane fluidity. Various absorp-
tion enhancers such as chitosan, fatty acids, and toxins have been used to enhance
the bioavailability of therapeutic proteins [7]. A polymeric derivative of chitin,
chitosan acts as an excellent absorption enhancer as it is non-toxic, biocompatible,
and enhances the absorption of orally delivered therapeutic proteins across
paracellular membranes [82]. Previous work has shown that chitosan improves the
bioavailability of drugs like insulin, 8-R vasopressin, and atenolol [83]. Medium-
chain fatty acids like laureate, caprylate, and caprate are also used as absorption
enhancers [84]. Chitosan acts by binding to the intestinal epithelium by positive
charges in its protonated form at a pH below 6.5 and redistributing the tight junctions
and cytoskeletal actin, whereas fatty acids act by inducing dilation of the tight
junctions. Toxins have also been employed as absorption enhancers at safe doses.
One such example is zonula occludens toxin obtained from Vibrio cholerae, which
enhanced the permeability of intestinal mucus membrane by modulating the tight
junctions [85].

Enzyme Inhibitors
Oral delivery severely suffers from the drawback of enzymatic degradation in the GI
tract. Various enzymes such as pepsin, trypsin, chymotrypsin, elastase, and carboxy-
peptidase cleave the therapeutic protein at different amino acid sites in different
regions of the GI tract. This can be overcome by the co-administration of the
enzymatic inhibitors with the therapeutic protein. Sodium glycocholate, bacitracin,
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soybean trypsin inhibitor, and aprotinin are common enzymatic inhibitors used to
prevent protein degradation [86]. Chemical inhibitors and those derived from amino
acids or modified amino acids often suffer from drawbacks like toxicity and systemic
side effects. Hence inhibitors derived from peptides and modified peptides are being
extensively studied [87]. A common example of a peptide-derived enzymatic inhibi-
tor is aprotinin, which can inhibit both trypsin and chymotrypsin. Aprotinin
increases the bioavailability of oral insulin and reduces blood glucose levels by
30% compared to insulin alone [88]. Soybean trypsin inhibitor is another peptide-
based inhibitor that, when orally administered with therapeutic protein like insulin in
rats and dogs, showed a significant rise in its bioavailability [89]. Recently discov-
ered chicken and duck ovomucoids can inhibit trypsin and α-chymotrypsin and have
been reported to provide 100% protection to oral insulin against these enzymes [90].

Micro/Nanocarrier Systems
A number of carrier systems have been developed to encapsulate therapeutic
proteins to increase their bioavailability, protection against degradation, and targeted
delivery. These include carrier systems based on polymers, polysaccharides, lipids,
cell-penetrating peptides, and inorganic materials.

Formulations Based on Polysaccharides
Polysaccharides are natural polymers that are used to prepare carriers that are
biocompatible, biodegradable, and safe. Most polysaccharides are protonated in
acidic pH and thus bind tightly with the negatively charged mucus membrane of
the intestinal epithelium, thereby influencing the membrane permeability by
modifying the tight junctions and increasing the bioavailability of the encapsulated
therapeutic protein [91]. Chitosan-based nanoparticles are thus being used for the
oral delivery of therapeutic proteins. Chitosan, as mentioned earlier, possesses
mucoadhesion properties and can bind to sialic acid residues of the mucus membrane
and enhances the permeability of the drug by modifying the tight junctions. Chitosan
loses its positive charge in the basic medium and hence is less effective in enhancing
absorption after the duodenum. To overcome this drawback, several modified
chitosan polymers, such as trimethyl chitosan, N-methylene phosphonic chitosan,
O- and N-carboxymethyl chitosan, branched chitosan, and alkylated chitosan has
been developed [92]. Dextran [93], alginate [94], and cellulose [95] are some other
polysaccharides that have shown promise for the delivery of therapeutic proteins.

Formulations Based on Lipids
Lipid-based carriers possess the advantage of biocompatibility and the property to
cross the intestinal barrier. Self-micro/nanoemulsifying drug delivery systems
(SEDDS), liposomes, bilosomes, and archaeosomes are common lipid-based carriers
being used for the oral delivery of therapeutic proteins [16, 73]. Bilosomes are
vesicles made of phospholipids stabilized by bile salts such as deoxycholate and are
being studied to deliver therapeutic proteins like insulin and calcitonin [96]. SEDDS
offers a promising oral delivery option due to its intense physical strength and ease
of production. They consist of oil, surfactants, cosurfactants, and drug. They are
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administered orally in gelatin capsules and form a spontaneous emulsion with micro/
nanodroplets when they come in contact with GI fluids. Sakloetsakon et al. [97]
prepared the thiolated chitosan-based SNEDDS for oral delivery of insulin, which
ensured better insulin bioavailability. Liposomes have been used to encapsulate
therapeutic proteins in their aqueous core, and their capability to fuse with biological
membranes has been exploited for delivery. However, surface modifications are
required to increase their stability against enzymatic degradation in the GI tract.
Plant-based glycoproteins, known as lectins, have been used to coat liposomes for
the delivery of calcitonin. Lectins can strongly bind to N-acetyl glucosamine (NAG)
and sialic acid residues of the intestinal mucosa and increase liposomal absorption
[98]. Archaeosomes are another class of liposomes made up of polar lipids from
archaeobacteria. Their most significant feature is their high stability against harsh
conditions like high temperature, low or high pHs, and enzymatic degradation,
making them ideal candidates to withstand the same in the GI tract. Several studies
have explored their potential as oral delivery agents for therapeutic proteins like
insulin and antigens for oral vaccine formulations [99, 100].

Formulations Based on Polymers
Nanoparticles and hydrogels are two significant polymer-based carriers being
explored for the oral delivery of therapeutic proteins. Nanoparticles offer increased
physicochemical stability to therapeutic proteins in the GI tract by encapsulating/
entrapping them in their polymeric matrix. Their nanometer size (10–1000 nm)
influences their uptake, distribution, elimination, and activity in the GI tract. Various
biocompatible, non-toxic, and often biodegradable natural and synthetic polymers
are being used to synthesize nanoparticles. The most commonly used polymers
include PLA, PLGA, chitosan, gelatin, polymethylmethacrylates, and poly-alkyl-
cyanoacrylate [101]. Nanoparticles fabricated from chitosan and chitosan derivatives
like N-trimethyl chitosan chloride (TMC) have been utilized to study the delivery of
oral insulin in different in vivo and in vitro models [102, 103]. PLGA-based
synthetic nanoparticles also offer enhanced therapeutic protein delivery via oral
delivery. They suffer from drawbacks like burst release at acidic pH and poor
mucosal penetration, but these have been overcome by surface modifications.
PLGA nanoparticles coated with chitosan have shown enhanced insulin bioavail-
ability [104]. Concanavalin A lectin-coated PLGA nanoparticles were targeted to M
cells in the Peyer’s patches and showed improved stability in acidic pH and steady,
sustained release of encapsulated insulin [105]. In another study, targeted delivery of
nanoparticles loaded with an oral protein was achieved by conjugating it with the Fc
portion, which specifically binds to the FcRn (neonatal Fc receptor) found in the
apical region of the small intestine and colon epithelial cells. PEG-PLGA-based
nanoparticles loaded with exenatide, when conjugated with Fc, were reported to
enhance its bioavailability and hypoglycemic activity [106]. Nanoparticles with
surfaces modified with specific targeting ligands can help overcome the drawback
of poor bioavailability of orally delivered therapeutic proteins and can be explored to
treat numerous diseases.
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As mentioned previously, hydrogels are 3D polymeric networks capable of
swelling in an aqueous medium. Hydrogels can be designed to respond to physio-
logical stimuli like pH, ionic strength, temperature, ultrasound, chemicals, and
certain enzymes. When given their specific stimuli, the hydrogels can undergo
changes in network structure, permeability, swelling, and mechanical strength.
pH-responsive hydrogels are most studied for the oral delivery of therapeutic
proteins for protection against the harsh environment in the GI tract. Poly
(methacrylic acid-grafted-ethylene glycol) (Poly (MAA-g-EG))-based hydrogels
are being used as carriers for the oral delivery of therapeutic proteins, antibodies,
and vaccines [107]. BSA-loaded alginate and xanthan gum/poly (N-vinyl imidaz-
ole)-based hydrogels exhibited pH-dependent swelling and increased physiological
activity [108, 109].

Others
Cell-penetrating peptides (CPPs) and inorganic nanoparticles are two other
categories of carriers being explored for oral drug delivery. The CPPs are short
peptides made up of positively charged amino acids like lysine and arginine and
possess membrane-penetrating properties. These increase the membrane permeabil-
ity of orally delivered therapeutic proteins when co-administered. Hydrophobic
amino acids like tryptophan can be included in the CPP sequence that favor their
translocation across the lipid bilayer. Covalent conjugation of CPPs or simple
co-administration with the therapeutic proteins has been reported to enhance their
bioavailability [110].

Inorganic nanoparticles are also being explored for oral delivery carriers as they
possess excellent stability both in harsh acidic and enzymatic environments of the GI
tract. Silica [111], zirconium phosphate [112], hydroxyapatite [113], and titanium
dioxide [114] are some inorganic nanocarriers being explored for the delivery of oral
proteins.

6.6.2.2 Transdermal Delivery
Therapeutic proteins can be delivered by the transdermal route and thus don’t have to
go through the harsh environment in the GI tract and first-pass effect in the liver. The
ease of administration, better patient compliance, and prolonged sustained drug
release are advantages of this mode of delivery. Skin acts as a major barrier to this
mode of delivery and often limits the entry of large molecules (>500 Da). The skin
consists of three stratiform tissues, i.e., epidermis, dermis, and subcutaneous tissue.
The epidermis is made up of stratum corneum and viable epidermis. The stratum
corneum is the hydrophobic fibrous structure responsible for blocking the entry of
any exogenous molecule, especially large hydrophilic molecules [115]. The tight
junctions present in the epidermis, aside from adhesion proteins, pose more resis-
tance to entry of any molecule. These drawbacks in transdermal delivery are
mitigated by using biochemical enhancers such as glycols and terpenes and with
the help of physical penetration methods like electroporation, sonophoresis, ionto-
phoresis, and microneedles [116]. Recent advances in both active and passive
transport methods have made transdermal delivery viable for therapeutic proteins.
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Formulations Based on Lipids
Emulsions and liposomes are two important lipid-based carrier systems often used
for the transdermal delivery of therapeutic proteins. Nanoemulsions have been
formulated, which are isotropic and low viscosity dispersed systems containing
two immiscible liquids prepared by methods like microfluidization and high-
pressure homogenization [117]. These nanoemulsion preparations often suffer
from physical instability and may flocculate during storage. This, however, is
overcome by optimizing the particle size and the type of surfactant used.
Nanoemulsions have been studied for transcutaneous immunization as vaccine
delivery vehicles. The superior T cell response was reported using nanoemulsions
for transcutaneous immunization for viral infections [118]. Transdermal delivery of
insulin was reported using microemulsions [119]. The encapsulation of therapeutic
proteins inside liposomes for the transdermal delivery has been successfully used in
topical applications for the skin. The similarity between the lipid composition of the
skin and liposomes makes their absorption in the epidermis easier with deeper
penetration. Conventional liposomes have been modified for more efficient trans-
dermal delivery, especially to overcome the delivery barrier across the stratum
corneum. Several flexible liposomes such as Transferosomes®, invasomes,
niosomes, and ethosomes have been developed for enhanced and deeper delivery
across the skin [120]. Transferosomes® are elastic liposomes with flexibility derived
from an incorporated edge activator, i.e., a single-chain surfactant. Several studies
have demonstrated the transdermal delivery efficiency of Transferosomes®, such as
enhanced insulin permeation when made into a transferosomal gel and prolonged
hypoglycemic effect in rats with alloxan-induced diabetes [121].

Formulations Based on Polymers
Nanoparticles can alter the extracellular lipids of the stratum corneum and can thus
enhance skin permeability. Charge, size, and material used for synthesis are the
major factors that influence skin penetration by nanoparticles [122]. Apart from
these properties, the dose of nanoparticles, their morphology [123],
bio-adhesiveness [124], and dissociation in in vivo system also play a role in skin
penetration [125]. Transdermal patches consisting of chitosan nanoparticles have
been developed for insulin delivery [126]. Microneedle-mediated intradermal
delivery of ovalbumin (OVA)-loaded PLGA nanoparticles elicited protective T
cell-mediated immunity to Listeria monocytogenes [127]. Self-dissolving
hyaluronan-based microneedles were used for intradermal delivery of OVA-loaded
PLGA nanoparticles, and their immunogenicity was assessed [128].

Others
Other methods that ensure effective transdermal delivery include electroporation,
sonophoresis, iontophoresis, and microneedles [116]. Microneedles are either solid
or hollow needles (50–900 μm) that can pass through the stratum corneum to create
microchannels for drug delivery. Iontophoresis involves transdermal drug delivery
by using a mild electric current to the skin ranging <0.5 mA/cm2 of the skin.
Sonophoresis is another physical method that uses ultrasound waves to enhance
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the skin penetration of drugs, whereas electroporation is an electrical technique
where high voltage electronic pulses for short durations of time are applied to
increase the skin permeability by opening the aqueous pores reversibly. Iontophore-
sis was used for the delivery of interferon alpha-2b (IFNalpha2b) in hairless rats
[129], and electroporation was used for the transdermal delivery of insulin [130].

6.6.2.3 Intranasal Delivery
Intranasal administration of therapeutic proteins has gained loads of attention for
local and systemic effects in recent years because of several advantages over other
invasive and non-invasive methods of delivery. These advantages include
non-invasiveness, ease of application, enhanced accessibility due to a thin and
porous epithelial barrier, and highly vascularization. Furthermore, this route
bypasses hepatic first-pass metabolism and has a low activity of proteolytic
enzymes, both of which aid in the rapid onset of activity of the delivered therapeutic
protein. Apart from these, it is a highly patient-friendly route and bypasses the
blood–brain barrier by allowing drugs to be delivered directly to the brain tissue or
cerebrospinal fluid through olfactory neurons [131]. These attributes make nasal
delivery ideal for both local and systemic delivery.

However, nasal delivery suffers from certain drawbacks like the short residential
period of the applied drug, mucus layer, and mucociliary clearance, limiting the
permeability of the drug across the nasal mucosa. Therapeutic substances are
transported across the nasal mucosa via transcellular or paracellular transport.
Passive or facilitated diffusion of molecules occurs during transcellular transport,
whereas the molecules diffuse only passively through aqueous channels during
paracellular transport. Hydrophilic proteins follow paracellular transport, but this
route favors the transport of only small molecular weight molecules. Membrane-
bound proteolytic enzymes and other enzymes like monooxygenase, reductase, and
transferase, can degrade the proteins in the nasal cavity [132]. Various strategies
have been developed to overcome these challenges, which include the use of enzyme
inhibitors to overcome proteolytic degradation, absorption enhancers to increase
permeability across nasal mucosa, mucoadhesive formulations to increase the nasal
residential time of drug, and the use of a prodrug approach to impart important
physicochemical attributes [133].

Formulations Based on Polymers
Polymer-based nanoparticles and nanogels are the most sought-after carriers for
nasal delivery these days. Mucoadhesive nanoparticles have been designed to
increase the residential time of the protein drug in the nasal cavity. These include
chitosan-based preparations and have been widely used for the delivery of insulin.
Positively charged chitosan interacts with the mucosal membrane and prolongs the
contact between insulin and the nasal membrane, thereby enhancing its bioavailabil-
ity. The nasal-associated lymphoid tissue (NALT) is mainly targeted during intrana-
sal vaccination, and polymeric nanoparticles of chitosan, PLGA, and polystyrene
have been found effective with respect to antigen uptake by NALT [134]. Nanogels
are cross-linked polymeric nanoparticles that swell in contact with water and have a
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size range of 10–100 nm. They can be tailored by modifying parameters like size,
charge, density, and functional groups [135]. Intranasal administration of covalently
attached insulin with poly(N-vinyl pyrrolidone)-based nanogel overcame the blood–
brain barrier and provided better neuroprotection against amyloid β-induced dys-
function compared to free-insulin [136]. Research in this regard thus shows the
effectiveness of intranasal nanopreparations for the treatment of neurogenerative
disorders. Intranasal vaccine delivery systems have also been developed and show
great potential and broad applications for treating other diseases [137].

Formulations Based on Lipids
Drug-loaded liposomes are being used for the nasal administration of therapeutics
for the treatment of central nervous system (CNS) disorders and have been found
effective as it allows direct nose-to-brain drug delivery through lipid nanoparticles.
Liposomal vaccines have been developed for intranasal administration to treat lung
cancer. Surface modifications effectively targeted the vaccine and showed efficient
anti-lung tumor activity [138]. Spray-dried polymer-coated liposomes have been
used to improve the penetration of proteins across the nasal mucosa. TMC-coated
liposomes not only show the high entrapment efficiency of bovine serum albumin
(BSA)but also retain the structural integrity of the entrapped protein [139].

6.6.2.4 Pulmonary Delivery
The pulmonary route is efficient for delivering therapeutic proteins due to
advantages such as large surface area, thin alveolar epithelium, and high vasculari-
zation. This route surpasses the first-pass effect and is non-invasive with high
efficacy even at low doses. It is applicable for both local and systemic delivery
[140]. Pulmonary tissue has lower enzymatic activity than the GI tract, with the
pulmonary epithelium rich in immunological responses. This route also suffers from
certain limitations, which include respiratory mucus, mucociliary clearance, alveolar
epithelium with tight junctions, pulmonary enzymes, and macrophages that secrete
peroxidases and proteases. Even though the pulmonary epithelium has good perme-
ability for many lipophilic therapeutic compounds, the large size often puts a
constraint on this route to deliver larger protein molecules [141]. Absorption
enhancers and enzyme inhibitors have been used to increase the bioavailability of
proteins delivered via this route. Apart from these, numerous nanotechnology-based
approaches are being used to deliver therapeutic proteins through this route.

Formulations Based on Lipids
Liposomes are used as effective pulmonary carriers for protein drugs, offering
effective and controlled drug release with biodegradable, biocompatible, and
non-immunogenic attributes [142]. Liposomes impart a hydrophobic nature to the
encapsulated drug, thereby enhancing its membrane permeability across the alveolar
epithelium. They further reduce the mucociliary clearance of the drug as a result of
their surface viscosity. Apart from liposomes, solid lipid nanoparticles are also being
used to deliver proteins via the pulmonary route [143].
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Formulations Based on Polymers
Polymer-based nanoparticles are the carriers of choice for pulmonary delivery as
they offer attributes like biodegradability, biocompatibility, and targeted delivery
using surface modifications. Chitosan, gelatin, and alginate are the most used natural
polymers, whereas PLGA and PEG are the most widely used synthetic polymers for
nanoparticle synthesis for pulmonary delivery. In vivo studies in rats have revealed
the prolonged alveolar deposition of gelatin and PLGA nanoparticles after nebuliza-
tion by avoiding phagocytosis by alveolar macrophages as a result of their small
particle size (<200 nm) [144]. In another study, BSA-loaded biodegradable polymer
poly(glycerol adipate-co-ω-pentadecalactone) (PGA-co-PDL)-based nanoparticles
were developed for the pulmonary delivery and were found to effectively target
the dendritic cells after inhalation [145].

6.6.2.5 Rectal Delivery
Rectal drug administration is an efficient alternative to oral and parenteral routes of
delivery for local and systemic effects of therapeutic molecules for different
diseases. It offers benefits like a stable physicochemical and enzymatic environment
of the colorectal mucosa and bypasses the hepatic first-pass effect. Large-scale rectal
vasculature, extensive lymphatic system, and lower enzymatic activity play a key
role in enhanced drug absorption in the rectal route of administration. These
attributes make it an efficient route for delivering therapeutic proteins that often
suffer from enzymatic degradation and poor bioavailability [146]. However, this
route does have a few disadvantages like a limiting absorbing surface area, poor or
erratic absorption across the rectal mucosa, dissolution problems due to the small
fluid content of the rectum, and drug metabolism in microorganisms and rectal
mucosa [147]. A series of methods and approaches have been developed to over-
come these drawbacks, like the use of enzyme inhibitors, absorption enhancers,
prodrugs, and nanoformulations. All these general approaches aim to increase the
stability and bioavailability of the therapeutic proteins. The nanoformulation
approach has been less explored for this route of delivery but can play a significant
role in adapting this route for the delivery of proteins and peptides.

Formulations Based on Lipids
Liposomes of nanometer dimensions are being studied as a mode of delivery for
therapeutic proteins via the rectal route. A recent study modified nanosized
liposomes loaded with hepatitis B surface antigen for immunization by intracolonic
administration in rats. They were composed of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine bilayer encapsulating a solid glyceryl tripalmitate core and used
lipid A as an adjuvant [148]. These hybrid nanoliposomes could elicit prolonged,
stable, and significant immunological responses in rats. Solid lipid nanoparticles are
also being studied for rectal delivery of therapeutic proteins but with less success
than the available methods [149].
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Formulations Based on Polymers
Hydrogels and nanoparticles are the two chiefly studied polymeric formulations for
the delivery of proteins via the rectal route. Previous work has shown the effective-
ness of these formulations in rectal delivery. In a study, insulin-loaded
hydroxypropyl methyl cellulose-co-polyacrylamide-co-methacrylic acid (HPMC-
co-PAM-co-PMAA) hydrogel was used as a rectal suppository to treat diabetic
rats. After application, a significant hypoglycemic effect was observed in the treat-
ment groups [150]. PLGA, PLA, chitosan and its derivatives, and methacrylic acid
copolymers are commonly used for formulating polymeric nanoparticles for rectal
drug delivery. Surface modifications of these nanoparticles can target them to
specific sites for efficient uptake and longer circulation time. Recently, it has been
shown that the non-covalent dense surface modification of PLGA nanoparticles with
short-chain PEG enhanced drug distribution and retention after rectal delivery
[151]. Advances in nanotechnology, such as the recent use of carbon nanotubes
(CNTs), have opened new avenues in the field of efficient drug delivery and are
being explored for the rectal delivery of proteins.

6.6.2.6 Ocular Delivery
Recent advances in therapeutics for ophthalmology have shown promise for treating
chronic ocular diseases. Protein-based therapeutics have been successfully studied to
cure several ocular disorders with advantages like low toxicity, high potency, less
drug–drug interaction, and broader spectra of diverse formulations [152]. However,
delivery of therapeutic proteins via the ocular route does suffer from certain
drawbacks, which include degradation, poor permeability, short half-life, and in
some cases, immunogenic response [153]. As a result, there is an urgent need to
develop novel formulations for efficient action and targeted delivery to specific
ocular tissue. Conventional eye drops have poor bioavailability and, subsequently,
low therapeutic efficacy. Protein aggregation is a major concern for ocular therapeu-
tics, and hence recently, protein aggregation inhibitors (chemical chaperons) are
being used with protein therapeutics to avoid misfolding and inhibit the self-
assembly of sequences prone to aggregation in native protein structures [154]. The
co-administration of proteins with recombinant hyaluronidases has been utilized to
enhance protein delivery across the ocular tissue [155]. Several nanocarriers are
being extensively explored for controlled and site-specific delivery of therapeutic
proteins.

Formulations Based on Polymers
Nanoparticles, dendrimers, polymeric micelles, nanowafers, and hydrogels are some
of the most recent polymer-based formulations devised for the ocular delivery of
therapeutic proteins. Topical, intravitreal, periocular, and suprachoroidal adminis-
tration of nanoparticles are being studied for their efficiency and shortcomings. Cho
et al. developed a Chitosan-based thermogelling system [156] as a new drug carrier
for topical drug delivery to the eye. Brimonidine-loaded hexanoyl glycol chitosan
(HGC), a thermosensitive system, showed a prolonged duration of action and better
bioavailability than the Alphagan P formulation available in the market.
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Polymeric micelles are self-assembling nanocarriers made up of amphiphilic
block copolymers with hydrophilic chains forming a shell and hydrophobic chains
forming a core ranging in size from 10 to 100 nm. Polymeric micelles have been
widely studied for ocular delivery and can be modified for better bioavailability,
controlled release, targeted delivery, and low toxicity [157]. Previous works demon-
strate the efficacy of polymeric micelles in ocular delivery, such as anti-Flt1 peptide
(an antagonistic peptide for vascular endothelial growth factor receptor 1 (VEGFR1
or Flt1)) when amidated to tetra-n-butyl ammonium modified hyaluronate (HATBA)
showed the formation of self-assembling micelles in aqueous solution and were used
for the treatment of retinal neovascularization and diabetic retinopathy [158].

Dendrimers are radially symmetric, immensely branched, well-organized
nanostructures that can be utilized as nanocarriers [159]. They are based on different
polymers such as polyamines, polyamides, polyamidoamines, and carbohydrates.
Their molecular weight and charge determine their carrying and release capacity.
Dendrimers can either encapsulate or conjugate the protein for delivery. A large
number of functional groups on their surface make them ideal for modifications for
target-specific delivery and ligand-receptor binding and can be used for more
efficient stimuli response. Nanowafers constitute another class of nanocarriers
being utilized for the ocular delivery of therapeutic proteins. These are small
transparent membranes made up of nanoreservoirs loaded with protein/drug for
their controlled and prolonged release [153]. These are made up of PVP, PVA, or
CMC and can be placed directly on the patient’s eye. They can adhere strongly and
avoid removal due to constant blinking and release the drug slowly for a long time
which improves the drug efficacy and availability. In situ hydrogels are another
polymer-based formulation available for ocular delivery. Recently, stimuli-
responsive gels have been developed, for example, the ion-activated Timoptic-
XE® and pH-activated Virgan® for treating ocular hypertension and herpes simplex
virus infection in the eye, respectively [160].

Formulations Based on Lipids
Liposomes, SLNs, and niosomes are some lipid-based formulations being utilized
for ocular delivery. Immuno nanoliposomes (INLs) loaded with pigment epithelium-
derived factor (PEDF) have been developed by Li et al. [161] for the treatment of
choroidal neovascularization. SLNs also offer enhanced corneal delivery of both
hydrophilic and hydrophobic proteins [162]. Niosomes are self-assembling
nanovesicles made up of non-ionic surfactants that are recently being explored for
ocular delivery due to several advantages like high stability, low immunogenicity,
biodegradability, low toxicity, and high biocompatibility [163].

6.7 Computer-Aided Preparation of Formulations

Computational methods are being employed for the preparation of formulations.
They aid in determining the components and excipients to be used and help predict
the absorption, distribution, metabolism, excretion, and toxicity (ADMET) of the
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encapsulated drug. They further help determine the toxicity, stability, and activity of
different delivery systems. Several simulation models and tools are available, which
include molecular modelling, discrete and finite element modelling, fluid dynamics,
molecular mechanics, and ADMET prediction models [164]. Computer simulations
can help predict self-assembly, structural dynamics of aggregation, loading capacity,
mechanism and rate of drug release, interactions between drug and delivery systems,
and design of targeted drug delivery systems [165]. Computational approaches thus
aid in understanding the mechanism of action and interactions of different delivery
systems with drugs, other biomolecules, and biomembranes. It can hence expedite
the design and development of efficient delivery systems.

6.8 Conclusion and Future Prospects

Protein-based therapeutics play a crucial role in current medical practice. However,
they suffer from physicochemical and enzymatic destabilization that limits their
successful use. The delivery systems used for therapeutic proteins often suffer
from several limitations. The invasive routes like the parenteral route show poor
protein stability in the systemic circulation. In contrast, the non-invasive routes face
numerous physicochemical and biological barriers like enzymatic degradation, harsh
pH environment, difficult transport across membranes, and poor bioavailability.
Therefore, several formulation approaches have been devised to overcome the
obstacles associated with different delivery systems. Nanotechnology offers an
excellent opportunity to improve protein delivery via both invasive and
non-invasive routes. Various polymer-based, lipid-based, and other nanomaterials
have helped improve the delivery and specificity of therapeutic proteins. Advances
in biotechnology, nanotechnology, and computational methods will further help
device efficient delivery options for successful, safe, and effective systemic delivery
of therapeutic proteins [166–168].
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Approved Protein Therapeutics and Their
Biochemical Targets 7
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Abstract

Therapeutic proteins have shown unprecedented success and enjoy a significant
share of the biotechnology market. These include diverse molecules such as
monoclonal antibodies (mAbs), peptide hormones, growth factors, plasma
proteins, enzymes, and hemolytic factors. The biochemical aspects of these
molecules demand considerable attention as the exact roles or mechanism of
action remains elusive in some cases. Nevertheless, these drug molecules have
shown notable success in clinical trials and have been successfully approved by
the regulatory bodies. With a brief discussion on the drug approval process and
the therapeutic proteins classification, we cover the biochemistry and rationale
behind the design aspects of some of the recently approved protein therapeutics.
A few examples from various classes of protein therapeutics and the biochemistry
underlying design and target(s) selection are also discussed.
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7.1 Overview of Protein Therapeutics Approval Process

The discovery and development of a new drug usually take several years [1]. The
newly developed therapeutic molecule has to go through the four main phases of the
drug discovery process, i.e., discovery phase, development phase, preclinical and
clinical studies, and data review and approval by the regulatory bodies [2]. As an
example, we will discuss the development and approval process in the United States,
which is regulated by the US Food and Drug Administration (FDA). The discovery
phase involves discovering and validating the potential drug targets, hit discovery,
and identifying the lead molecules through high throughput screening and optimiza-
tion. Also, if required, further research is carried out to enhance the drug’s activity
and reduce the potential adverse effects. In the development phase, the biological
drug is tested on volunteers through phased clinical trials (I–III) [3]. Before starting
clinical trials, the investigational new drug (IND) application must be submitted to
the FDA. The biological drug will be granted approval for the trials provided the
regulatory body’s safety, efficacy, and quality standards are met. Finally, with the
availability of the best drug molecule with proven quality, safety and efficacy, and
with the data from clinical trials, the application for the review and approval of the
biological drug, referred to as therapeutic biologics application (BLA), is submitted
to the regulatory body, i.e., US FDA. The biological drug is granted approval after
evaluating several factors (quality, safety, and efficacy) and if the beneficial effects
are proven to outweigh the risks involved [4–7].

The list of currently available FDA-approved therapeutic biological drugs, their
substitutable drug products, and reference drugs are available online in “the purple
book” at https://www.fda.gov/home. Other countries or region-specific regulatory
bodies that oversee the regulatory processes include the European Medicines
Agency (Europe), Pharmaceutical and Medical Devices Agency (Japan), Medicines
and Healthcare Products Regulatory Agency (UK), Therapeutic Goods Administra-
tion (Australia), Health Canada (Canada), and Central Drug Standard Control
Organization (India) [8, 9].

7.2 Classification of Protein Therapeutics

As per the FDA, any impact or activity of a single or combination of drug products
intended to detect, cure, alleviate, treat, or prevent disease, or influence the structure
or function of the body, is referred to as “therapeutic” action. Although several
classes of biological molecules find application as therapeutics, protein and peptide
therapeutics are the most widely used and will be the focus of the chapter. A
therapeutic biological product can be one of the following classes of molecules:
monoclonal antibodies (mAbs), cytokines, enzymes, growth factors, thrombolytics,
and other non-vaccine protein therapeutics. These protein products are either pro-
duced by recombinant DNA (rDNA) technology using bacteria, mammalian cell
lines, insect cell lines, yeast, and transgenic systems or purified directly from natural
sources, such as plants and animals or microorganisms. However, in recent decades,

https://www.fda.gov/home
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Table 7.1 Classification of protein therapeutics proposed by Leader et al. [13]

Group I Group II Group III Group IV

Protein therapeutics with
enzyme activity or
regulatory function

i. substituting a missing
or faulty protein (e.g.,
recombinant insulin,
coagulation factors factor
VIII)
ii. Enhancing an existing

pathway (granulocyte-
monocyte colony-
stimulating factor, lipase,
and proteases)

iii. Deliver a new
function (e.g., collagenase
and papain)

Protein therapeutics
with a high level of
target specificity.
i. Interference with the
molecule or organism
ii. Targeted delivery of
compounds or proteins
(e.g., recombinant
therapeutic monoclonal
antibodies, antibody-
drug conjugates and
fusion proteins)

Recombinant
protein vaccines
(e.g., Hepatitis
B vaccine and
human
papillomavirus
vaccine)

Diagnostics
(e.g., human
immunodeficiency
virus diagnosis and
cancer detection)

recombinant protein therapeutics have been widely preferred over natural sources
due to benefits such as efficient and low-cost production, higher activity of the
protein product due to expression of the exact gene product, reduced chances of
contamination (viruses and bacteria) from the source, and the ability to engineer the
recombinant product further to improve its effectiveness or functionality [10–12].

Different classification for therapeutic proteins has been proposed. Leader et al.,
for instance, suggested a classification strategy for protein therapies based on their
pharmacological activity [13]. Accordingly, the existing protein drugs were
categorized into four primary groups: (i) protein therapeutics with enzyme activity
or regulatory function, (ii) protein therapeutics with defined targets, (iii) protein
vaccines, and (iv) protein diagnostics. Examples of protein drugs under each of these
four categories are listed in Table 7.1. Protein therapeutics can also be classified
according to the nature of the molecule (therapeutic mAbs, coagulation factors,
anticoagulants, blood factors, bone morphogenetic proteins, Fc fusion proteins,
enzymes, growth factors, hormones, cytokines, and thrombolytics) or its biological
mechanisms (non-covalent binding for targeting as in mAbs, modify/affect covalent
bonds as in enzymes and activity through non-specific interactions as seen in serum
albumin) [14, 15].

7.3 Protein Therapeutics: An Update

In the latter half of the nineteenth century, protein therapies were approved for use in
humans for the first time. Human insulin, developed using rDNA technology, was
first approved in 1982 (Humulin®) and is still widely used in clinical practice
[16]. As evident from Fig. 7.1, the number of approved protein therapeutics has
steadily risen over the past years. Until 2015, FDA approved 239 therapeutic
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Fig. 7.1 Biologics license applications approved by the Food and Drug Administration (FDA).
The number of approvals has gradually increased over the past 15 years, with a mean approval rate
of 7.4 therapeutic protein drugs per year (dotted line) [19]

proteins for clinical use [17]. The recent trend among the approved protein thera-
peutics shows that mAbs continue to dominate the approved biological drugs
(~50%), followed by coagulation factors (19%), enzymes (11%), and other classes
like hormones and fusion proteins. These approved protein drugs find wide thera-
peutic applications in treating cancer (26%), hematological diseases (29%), and the
remaining distributed among immunological, genetic, cardiological, and pulmonary
diseases. This heterogeneous distribution of therapeutic proteins shows the impor-
tance of this class of molecules in treating diverse diseases in different patient
populations [18]. This chapter focuses on some recently approved protein therapeu-
tics and the biochemistry underlying their design aspects.

7.4 Approved Protein Therapeutics and Their Biochemical
Action

Protein therapeutics are considered impactful depending on multiple factors like the
number of patients who benefitted from the treatment, minimal adverse reactions,
and the projected market value of the drug. Some of the recently approved protein
drugs which are predicted to be impactful based on the above factors are discussed in
this section. The focus will be on the protein drug’s biological targets and the
underlying biochemical mechanism through which the drug molecule exerts its
therapeutic effect(s). Table 7.2 lists some recently approved therapeutic protein
drugs whose biochemical mechanisms are discussed in detail.
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7.4.1 Teprotumumab

Teprotumumab (Tepezza®; Horizon Therapeutics) is the first FDA-approved thera-
peutic IgG1 mAb-based medication for the treatment of Graves’ orbitopathy, an
ophthalmological manifestation of Grave’s disease [20]. The autoimmune condition
is characterized by the infiltration of fibrocytes and lymphocytes into the orbit (the
crater-like structure that accommodates the eye). As illustrated in Fig. 7.2, post-
infiltration, lymphocytes secrete inflammatory cytokines such as IL-1ß, IL-6, IL-16,
and tumor necrosis factor-α (TNF-α), and the fibrocytes differentiate into fibroblasts.
Adipogenesis and production of glycosaminoglycans, primarily hyaluronan, occur
due to the interaction between these cells, resulting in enhanced extraocular muscle
growth and orbital fat storage [21]. In principle, Grave’s disease is characterized by
the increased secretion of thyroid hormone by the thyroid gland (hyperthyroidism).
Autoantibody-mediated secretion of thyroid hormone is one of the proven
mechanisms contributing to the pathology of Grave’s disease. Autoantibodies target
the thyroid-stimulating hormone receptor (TSHR), and this binding triggers the
secretion of thyroid hormone [22]. In addition, a second class of receptors called
insulin-like growth factor-1 receptors (IGF-1R) are also implicated in the pathology
of Grave’s orbitopathy. IGF-1R is frequently overexpressed in fibroblasts and
lymphocytes (T and B cells) isolated from patients with Grave’s disease
[23]. IGF-1 receptor activation is associated with hyaluronan production and release

Fig. 7.2 The pathological mechanism in Grave’s orbitopathy. The pathology is initiated by the
infiltration of lymphocytes and fibrocytes in orbit, followed by cytokine secretion. The interaction
between these cells through IGF-1 signalling leads to the differentiation and activation of fibroblasts
resulting in orbital fat accumulation and ocular growth [24]. The IGF-1R-mediated signalling in the
fibroblasts can be successfully blocked using Teprotumumab (TMab)-based therapy
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of cytokines and chemokines [IL-16 and Regulated on Activation, Normal T-cell
Expressed and Secreted (RANTES)]. It was also shown that IGF-1 receptor forms
complexes with TSHR and contributes to the release of glycosaminoglycans
[24, 25]. These discoveries formed the rationale for targeting the IGF-1R using
mAbs, which could potentially ameliorate the disease symptoms and improve the
outcomes in patients [26].

The IGF-1R is a transmembrane receptor belonging to the class of tyrosine kinase
receptors. IGF-1R is a tetrameric protein consisting of two alpha and two beta
subunits. The beta subunits extend into the cytoplasm, while the alpha subunits
stretch from the membrane to the extracellular area. Disulfide bridges link the two
subunits together [27]. The receptor gets activated upon binding its natural ligands,
insulin-like growth factor-1 and insulin-like growth factor-2 (IGF-2). The alpha
chains phosphorylate the beta chains in response to ligand binding or activation by
autoantibodies (as seen in Grave’s disease), which sets off a chain of intracellular
processes that leads to the synthesis of glycosaminoglycans [23]. Teprotumumab
(TmAb) is shown to effectively bind to the extracellular alpha subunit and block the
IGF-1R mediated signalling in the fibroblasts, thus inhibiting the synthesis of
glycosaminoglycans [26]. Teprotumumab is commercially available as a lyophilized
powder (500 mg) for intravenous administration.

7.4.2 Risankizumab

Risankizumab (Skyrizi®; Abbvie) is a humanized mAb of the IgG1 class that was
approved by the FDA for treating moderate to severe plaque psoriasis (a form of
psoriasis) in adults [28]. Psoriasis is a chronic inflammatory skin disease marked by
elevated red plaques and is often encased in silver scales formed from dead cells.
Although multiple subtypes of psoriasis are reported, plaque psoriasis is predomi-
nant in the general population [29]. Psoriasis is a persisting inflammatory condition
with elevated pro-inflammatory cytokines such as tumor necrosis factor- α (TNF-α),
interleukin-1 (IL-1), IL-12, IL-17, and IL-23 [30]. Among the cytokines, the IL-17
and IL-23 mediated immune pathways are primarily implicated in the pathogenesis
of psoriasis [31]. IL-17 is produced by a class of T-helper cells called Th17. These
cells, along with regulatory T-cells and other T-helper cells such as Th1 cells, are
usually present in the skin and believed to take part in the protective function.
External factors such as infection, injury, smoking, stress, and medication can trigger
a disbalance between Th17 and Th1 cells, resulting in chronic inflammation. The
proliferation and levels of Th17 cells are regulated by the cytokine IL-23 produced
by the myeloid cells [32]. The potential trigger factors mentioned above can activate
the skin keratinocytes resulting in the secretion of cytokines IL-1β, TNF-α, IL-6, and
IL-36 (Fig. 7.3). These cytokines, in turn, can activate the myeloid cells, such as
dendritic cells and macrophages, producing IL-23, which triggers the differentiation
(and maintenance) of the Th17 cells [33]. IL-17 secreted by these cells is shown to be
responsible for the extravasation of neutrophils, T-cell infiltration, and neutrophil
and platelet recruitment in the skin leading to plaque formation. Thus, blocking the
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Fig. 7.3 Mechanism of action of Risankizumab (RM). The Mab binds to the cytokine IL-23 and
prevents the differentiation of Th17 cells and the subsequent secretion of IL-17, contributing to
inflammation and tissue damage in psoriasis patients

IL-17/IL-23 axis could potentially prevent the proliferation and differentiation of
Th17 cells, reduce inflammation, and contribute to favorable outcomes in psoriasis
patients [34, 35].

The biological target of Risankizumab, IL-23, in its active forms, consists of two
subunits: p19 and p40, and their interaction is considered crucial for the biological
function [36]. While the p19 subunit is specific for IL-23, the p40 subunit is shared
with the cytokine IL-12, which, unlike IL-23, is shown to exert beneficial anti-
inflammatory effects [37]. Risankizumab (RM) acts through the binding to the p19
subunit of IL-23 and thus blocking the differentiation of Th17 cells, the release of
pro-inflammatory cytokines, and downstream inflammatory cascades. Other
approved mAbs such as Guselkumab (Janssen Pharmaceuticals) and Tildrakizumab
(Almirall S.A) target the p40 subunit of IL-23 and are currently used for the
treatment of psoriasis. These Mabs can also bind to IL-12 (due to the shared subunits
between IL-12 and IL23) and potentially hinder the anti-inflammatory effects of
IL-23 [38]. Risankizumab was designed to overcome these complications and render
therapeutic effects by explicitly recognizing and binding the p40 subunit of IL-23.
Risankizumab is commercially available in solution form (150 mg/mL) for intrave-
nous administration.

7.4.3 Sacituzumab Govitecan

Targeted therapy using Antibody-Drug Conjugates (ADC) is considered one of the
significant advances in cancer therapy. The primary goal of ADCs is to selectively
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target the tumor cells and deliver the cytotoxic drug load to improve the therapeutic
efficiency and reduce the detrimental effect of the drug on the system. In the United
States, presently, there are nine FDA-approved and commercially available ADCs,
demonstrating their strength as therapeutic medicines in oncology
[39, 40]. Sacituzumab govitecan (Trodelvy®; Immunomedics) is one such ADC
that was recently granted fast-track approval by the FDA for the treatment of
metastatic triple-negative breast cancer [41]. Sacituzumab govitecan (SG) is
humanized IgG1 mAb designed to target the trophoblast cell-surface antigen-
2 (TROP-2), which is abundantly expressed in the surface of triple-negative breast
cancer cells (compared to the normal cells). TROP-2 is a transmembrane protein
shown to regulate signalling pathways associated with the migration and prolifera-
tion of tumor cells. TROP-2 expression is elevated in approximately 90% of triple-
negative breast cancer patients and correlates with the disease severity [42–
44]. Sacituzumab govitecan (SG) is a humanized mAb of Ig1 class, conjugated
with the cytotoxic topoisomerase-1 inhibitor drug SN-38. The typical drug-to-
antibody ratio (DAR) for SG is estimated to be 7–8. As shown in Fig. 7.4, SG
binds the TROP-2 antigen on the tumor cell surface. The antigen-antibody complex
gets internalized, resulting in the delivery of the cytotoxic drug through the hydroly-
sis of the CL2A linker (sensitive to pH change) [45, 46]. The cytotoxic drug SN-38
induces cell death through DNA damage by binding to topoisomerase I. Other than
that, SN-38 is also shown to block the expression of oncogenes by preventing the
binding of far upstream binding protein-1 (FUBP1) to Far upstream elements
[47]. SG is commercially available in powder form (180 mg) and administered
intravenously.

7.4.4 Belantamab Mafodotin

Belantamab mafodotin (Blenrep®; GlaxoSmithKline) is an FDA-approved ADC
used in the treatment of relapsed and refractory multiple myeloma (RRMM)
[19]. Belantamab mafodotin (BM) is an Ig1 class mAb conjugated to a cytotoxic
drug, monomethyl auristatin-F (MMAF). The mAb targets the B-cell maturation
antigen (BCMA), which is expressed in high levels in CD138+ myeloma cells
[48]. BCMA is a type-III transmembrane protein belonging to the tumor necrosis
factor (TNF) receptor superfamily and plays a vital role in the differentiation of B
cells into plasma cells. BCMA is expressed by normal plasma cells; however, their
levels are significantly higher in the myeloma cells [49, 50]. As shown in Fig. 7.5,
the binding of the natural BCMA receptor ligands such as B-cell-activating factor
(BAFF) or a proliferation-inducing ligand (APRIL) can activate multiple
downstream signalling pathways like nuclear factor kappa B (NFκB) signalling,
mitogen-activated protein (MAP) kinase pathway, Elk-1-mediated signalling, c-Jun
N-terminal kinases (JNK), and p38 kinase which are crucial in the survival and
proliferation of myeloma cells [51, 52]. In vivo studies on myeloma cells have shown
that elevated levels of BCMA or binding of APRIL to BCMA can promote the
expression of anti-apoptotic proteins, rendering protection to the tumor cells from
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Fig. 7.4 Stepwise illustration of the action of sacituzumab govitecan (SG) on tumor cells. (1) The
binding of SG to the target receptor, trophoblast cell-surface antigen 2 (TROP2), on the surface of
tumor cells, (2) Internalization of the SG-TROP2 complex, (3) Release of SN-38 by hydrolysis of
the linker and (4) and (5) indicates the binding of SN-38 to topoisomerase 1 and induction of cell
death [46]

apoptosis [53]. Thus, blocking the BCMA receptor function using therapeutic mAbs
could be an effective treatment for relapsed and refractory multiple myeloma.

Belantamab mafodotin is designed and works similar to other ADCs except for a
few notable improvements related to the glycosylation and the cytotoxic payload, as
claimed by the manufacturers. Once bound to the BCMA receptor on the target
myeloma cells, the mAb, apart from blocking the receptor function, can deliver the
cytotoxic payload to the tumor cells. MMAF is a microtubule disrupting agent that
binds to tubulin and arrests the cell cycle at the DNA damage checkpoints, leading to
apoptosis [54]. The drug has an estimated DAR of 4. The mAb is afucosylated at the
Fc region to promote efficient antibody-dependent cellular cytotoxicity (ADCC).
The drug MMAF is covalently attached to the mAbs through a highly protease-
resistant maleimidocaproyl linker. BM effectively eliminates myeloma cells through
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Fig. 7.5 Mechanism of action of Belantamab mafodotin (BM). B-cell maturation antigen (BCMA)
receptor expressed on the surface of myeloma cells can be activated by either B cell-activating
factor (BAFF) or a proliferation-inducing ligand (APRIL). The activation can lead to further
activation of downstream signalling molecules, which trigger the expression of proteins that
supports the growth and survival of myeloma cells. However, blocking the BCMA by Belantamab
mafodotin inhibits cellular growth and destroys myeloma cells through the action of cytotoxic
monomethyl auristatin-F (MMAF)

multiple mechanisms like (i) inhibitory action of cytotoxic MMAF, (ii) ADCC, and
(iii) antibody-dependent cellular phagocytosis (ADCP) [48, 55, 56]. The ADC is
commercially available as a lyophilized powder (50 and 100 mg) and administered
intravenously.

7.4.5 Blinatumomab

One of the recent advances in targeted therapy is the development of bispecific
antibodies that can target two antigens simultaneously. These antibodies exhibit
bivalent specificity and have found successful applications in cancer immunotherapy
[57, 58]. The conventional mAbs used in the therapy exert their action through
ADCC or ADCP involving immune cells like monocytes, neutrophils, and
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Fig. 7.6 Schematic
representation of a bispecific
antibody

macrophages [55]. As evidenced in tumor cells, the primary limitation of employing
the mAbs is their inability to directly activate the T-cell-mediated immune response,
thus providing a channel for tumor cells to escape [59]. Bispecific antibodies can
address these difficulties through their dualistic binding abilities, as they are com-
paratively more flexible regarding their functional abilities. The three distinct and
contrasting abilities of bispecific antibodies are (i) the ability to act as a bridge
between target (tumor) cells and the cells of the immune system, (ii) targeting the
immune checkpoints to restore or activate the immune system, and (iii) simulta-
neously block two signalling pathways [60]. The production of bispecific antibodies
begins with the screening and recombinant expression of appropriate single-chain
variable fragments (ScFvs) of two different antibodies. A biologically active ScFv
(single polypeptide) can be produced by combining the heavy chain ScFv (VH) with
the light chain ScFv (VL) of an antibody. Bispecific antibodies are produced by
connecting two ScFvs using a short amino acid linker sequence. These linkers
usually comprise glycine residues and prevent the non-covalent self-association of
ScFvs, which can potentially impair the antigen binding. As shown in Fig. 7.6,
bispecific antibodies are produced in the following arrangement: the variable heavy
and light chains of two different antibodies (A and B) linked through glycine linkers
to generate two polypeptide chains, VHA-VLA and VHB-VLB, capable of
recognizing two different antigens.

Blinatumomab (Blincyto®; Amgen) is a bispecific antibody approved for the
treatment of relapsed or refractory acute lymphoblastic leukemia (RR-ALL)
[61]. The two arms of Blinatumomab (BtMab) are made up of ScFvs capable of
binding to CD19 and CD3 ligands of the B-cell lymphoblasts and the T-cells,
respectively. Blinatumomab is designed in the following configuration: VLCD19–
VHCD19 linked to VLCD3–VHCD3. A small non-immunogenic peptide linker of
serine and glycine residues connects the CD19 and CD3 ScFvs and renders consid-
erable flexibility [62]. Blinatumomab is approximately 55 kDa, which is signifi-
cantly smaller than a typical mAb (~150 kDa). The smaller size is beneficial, as it
enhances the tumor cell permeation, brings about effective cell–cell interactions due
to the proximity, and reduces potential immunogenicity [63]. Blinatumomab
belongs to a class of bispecific antibodies called bispecific T-cell engagers (BiTEs)
that facilitates the action of T-cells (through CD3) on tumor cells via the tumor
antigen, i.e., CD19. Blinatumomab induces the apoptosis of tumor cells through the
following steps: The higher affinity of the BtMab ScFv arm (Kd ~ 10-9 M) favors the
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Fig. 7.7 Mechanism of action of Blinatumomab (BtMab). Cell bridging by the bispecific T-cell
engagers (BiTE) class BtMab brings tumor cells (B-cell lymphoblast) and T-cells into proximity,
facilitating direct interaction between CD3 and CD19. Cell bridging by BtMab initiates T-cell-
mediated cytotoxicity on tumor cells by releasing perforins and granzymes [66]

binding of BtMab with CD19 ligand, leads to the build-up of BtMab-coated tumor
cells. In the subsequent steps, T-cells bind to the other arm of Blinatumomab,
forming the immunologic synapse. Blinatumomab allows the activation of the
immunologic synapse without the typical interactions involving the T-cell receptor,
other signalling complexes, and costimulatory signals with the antigen presentation
(by tumor cells) through the major histocompatibility complex (Fig. 7.7) [64]. In
principle, the antigen presentation through MHC complexes is hindered in the tumor
cells due to their evolved protective mechanisms that downregulate the MHC
expression [65]. Upon binding to T-cells (via CD3), Blinatumomab effectively
reduces the proximity between the tumor cell and T-cell, initiating the interaction
between CD3 and CD19, resulting in the formation of the immunological synapse.
These events result in T-cell activation and elicit T-cell-mediated cytotoxicity by
releasing perforin and granzyme. Perforins are lytic proteins that form channels in
the membrane of tumor cells, allowing for the entry of calcium ions and granzymes
with subsequent activation of caspases and apoptosis, leading to the death of tumor
cells [66].

7.4.6 Luspatercept

Peptide and protein therapeutics are often rapidly cleared from circulation. This
results in an increased frequency of drug administration or an increase in the
effective drug dose to maintain the optimal drug concentration for therapeutic effect
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[67]. To overcome these drawbacks, therapeutic proteins are fused with the fragment
crystallizable (Fc) region of IgG antibodies, significantly improving their circulation
half-life. This new class of therapeutic molecules, called Fc fusion proteins, can
contain one of the following molecules fused to the Fc region, viz., an engineered
extracellular domain of a receptor, biologically active peptide, biological trap, or an
enzyme [68–70].

Luspatercept (Reblozyl®; Celgene) is an FDA-approved Fc fusion protein used
to treat anemia associated with β-thalassemia [71]. Ineffective erythropoiesis (red
blood cell generation in the bone marrow) is a symptom of this condition caused by a
faulty or decreased synthesis of hemoglobulin beta subunits. This defect leads to
subsequent accumulation of heme and precipitation of free alpha globins, causing
severe anemia in β-thalassemia patients. Patients develop hypergenesis of the bone
marrow and spleen (splenomegaly), iron homeostasis disturbances, and an accumu-
lation of reactive oxygen species in the erythroid cells, all contributing to anemia
[72, 73]. It is well recognized that the late-stage differentiation of erythroid cells is
impeded in β-thalassemia; therapeutics promoting late-stage erythropoiesis could
potentially minimize the hemolysis and improve the disease outcomes.

The transforming growth factor-beta (TGF-β) signalling regulates the growth and
differentiation of hematopoietic stem cells [74]. TGF-β superfamily comprises more
than 30 soluble, secreted factors, including but not limited to TGF-β, bone morpho-
genetic proteins (BMPs), growth differentiation factors (GDFs), and activins. The
binding of these ligands triggers the assembly of a ternary complex that controls
erythroblast differentiation through the activation of downstream effector proteins
[75]. The ternary receptor complex consists of heteromeric type I and type II
receptors. The type I and type II receptors have been categorized into seven and
five subtypes, respectively. The type of ligand binding to the receptors dictates the
combination of receptor complex formed and the subsequent activation of down-
stream signalling events [76]. Activin receptor type IIB (ACTRIIB) belongs to the
TGF- β superfamily receptors and is activated by binding its natural ligands
(activin A, GDF8, GDF11, BMP11). The binding of these ligands is shown to
activate effector proteins of the Smad family, particularly Smad 2/3. These proteins
translocate into the nucleus and trigger the expression of a specific set of genes that
suppress the differentiation of erythroblasts [77, 78]. Interestingly, among the Smad
proteins, the levels of Smad 2/3 are found to be elevated in the bone marrow of
β-thalassemia patients and other myelodysplastic syndromes, indicating the
ACTRIIB-mediated suppression of erythroblast differentiation [79].

Luspatercept is a recombinant fusion protein containing a modified ACTRIIB
domain (TGF-β receptor) fused with the Fc region of human IgG1. The therapeutic
fusion protein effectively inhibits the TGF-β signalling by trapping the ligands and
subsequently blocking the activation of the receptors on the cell surface [80]. The
recombinant fusion protein reduced hemolysis and successfully promoted late-stage
erythropoiesis in β-thalassemia patients. In the early phase studies, the drug was
shown to increase hemoglobin levels in a dose-dependent manner [81]. Further,
phase III clinical trials data showed that treatment with Luspatercept significantly
reduced the blood transfusion dependence in the patient’s group compared to the
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placebo group with minimal adverse effects [82]. Luspatercept differs from
approved treatment options like Aranesp™ and Erythropoietin™, which promote
early-stage erythroblast differentiation [83]. Luspatercept is commercially available
as Reblozyl® and administered subcutaneously.

7.4.7 Efmoroctocog Alfa

Efmoroctocog alfa (Eloctate®; Swedish Orphan Biovitrum AB) is a recombinant
fusion protein comprising recombinant coagulation Factor VIII fused with polyeth-
ylene glycol is covalently linked to the dimeric IgG1 Fc domain. Efmoroctocog alfa
was approved as an enzyme replacement therapy by the FDA to treat the rare genetic
disorder Haemophilia A [84]. Patients diagnosed with Haemophilia A lack the
coagulation Factor VIII and suffer from continuous bleeding and excessive blood
loss in the event of an injury or trauma [85].

Human Factor VIII (FVIII) is a globular protein consisting of heavy (200 kDa)
and light chains (80 kDa) connected through covalent bonds. FVIII is complexed
with von Willebrand Factor and stabilized by calcium and copper ions in an inactive
form. In case of an injury, FVIII separates from the complex and participates in the
blood coagulation cascade. The active FVIII serves as a cofactor for coagulation
Factor IXa, which in complex with calcium ions and phospholipids, is responsible
for the activation of Factor X. This results in a series of downstream events, with the
formation of thrombin and eventually leading to the conversion of Fibrin from
Fibrinogen and the formation of blood clot [86, 87]. The lack of active FVIII in
Haemophilia A patients leads to impaired coagulation pathways and the failure to
produce blood clots. Thus, enzyme replacement therapy using recombinant FVIII
could be an effective treatment option for Haemophilia A. Although effective, the
previous generation of recombinant FVIII (Moroctocog alfa) was rapidly cleared and
required frequent injections. Efmoroctocog alfa is a new generation drug designed to
extend the half-life of the recombinant protein drug [88]. Efmoroctocog alfa, used as
a prophylactic treatment, effectively reduces the bleeding in case of trauma or
surgery. It also reduces the inhibitory action exerted by neutralizing antibodies
[84]. Efmoroctocog alfa is available in the injection form for intravenous
administration.

7.4.8 Afamelanotide

Afamelanotide (Scenesse®; Clinuvel) is a synthetic peptide analog of α-melanocyte-
stimulating hormone (α-MSH) approved for the treatment of skin damage in patients
suffering from erythropoietic protoporphyria (EP) [28]. The disease is characterized
by the deficiency of a key enzyme involved in the heme biosynthetic pathway called
ferrochelatase. The enzyme catalyzes the addition of iron into the porphyrin ring to
produce a biologically active heme. Thus, the lack of ferrochelatase in EP patients
results in the accumulation of a chemical intermediate called protoporphyrin IX in
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Fig. 7.8 Schematic representation of the peptide hormone, alpha-melanocyte stimulating hormone
(α-MSH), and its chemically synthesized analog afamelanotide (AFM). The peptide analog is
modified at positions four and seven (shown in red) with norleucine (Nle) and D-phenylalanine
(D-Phe), respectively. MSH and AFM can bind to its natural receptor melanocortin-1 receptor and
increase the expression of the enzyme tyrosinase, which is involved in the synthesis of eumelanin
from tyrosine in a multi-step process [92]

the liver and the external surface of the skin. The exposure of the EP patient’s skin to
sunlight results in the production of reactive oxygen species from protoporphyrin IX
that causes skin damage [89, 90].

Alpha-melanocyte stimulating hormone (α-MSH) is a peptide hormone
(13 amino acids) belonging to the melanocortin family. The hormone is produced
endogenously by the keratinocytes and pituitary gland [91]. The binding of α-MSH
to the melanocortin-1 receptor leads to the G-protein coupled receptor (GPCR)-
mediated activation of the melanogenesis pathway. The binding of α-MSH leads to
the activation of multiple kinases and transcriptional factors, resulting in the expres-
sion of tyrosinase, the enzyme responsible for synthesizing eumelanin from tyrosine
[92]. The final product, eumelanin, is the skin’s dark pigment that renders protection
against UV-induced skin damage. Apart from its photoprotective role, eumelanin is
also shown to exhibit anti-inflammatory effects [93]. Thus, increasing the expression
of eumelanin could have protective effects in EP patients who frequently experience
skin damage due to porphyrin accumulation and UV exposure.

Afamelanotide (AFM) is a chemically synthesized peptide analog of the hormone
α-MSH. As illustrated in Fig. 7.8, AFM differs from the natural hormone at two
positions, i.e., methionine and phenylalanine at the fourth and seventh positions are
replaced with norleucine and D-phenylalanine, respectively. Such a modification
improves the affinity of the peptide to the receptor, biological activity, and half-life.
The binding of AFM to the melanocortin-1 receptor activates the GPCR-mediated
signalling pathway with the subsequent increase in the expression of tyrosinase and
eumelanin synthesis [94, 95]. Data from the phase 3 trials of AFM showed that the
peptide drug exerted photoprotective effects and significantly improved the “pain-
free time” in EP patients after 6 months. AFM is commercially available as implants
(16 mg).
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7.4.9 Macimorelin

Macimorelin (Macrilen®; Æterna Zentaris) is a novel tripeptide growth hormone
secretagogue (GHS) approved for the diagnosis and treatment of adult growth
hormone deficiency [96]. Growth hormone secretagogues are synthetic compounds
capable of binding to growth hormone secretagogue receptors (GHSR) present in the
hypothalamus and pituitary gland. The stimulation of GHSR by its natural ligand,
ghrelin, results in the secretion of growth hormones and subsequent promotion of
growth and development. Ghrelin is a 28 amino acid polypeptide produced by the
endocrine cells of the stomach. Macimorelin is a chemically synthesized analog of
ghrelin that mimics the natural ligand’s structure and biological activity triggering
the production of growth hormones [97].

Growth hormone deficiency is characterized by the inability of the body to
produce the required amount of growth hormones. The condition is observed in
childhood and adulthood and poses challenges for diagnosis, particularly in adults
[98]. Deficiency of growth hormones in adults manifests with the following
symptoms: accumulation of body fat around the waist, weakness, reduced sexuality,
depression, lean body mass, reduced bone density, dyslipidemia, and can gradually
lead to glucose intolerance. Adult growth hormone deficiency (AGHD) can arise due
to damage to the pituitary or hypothalamus arising from a head injury, radiation,
surgery, presence of a tumor, or hormone deficiency arising from genetic factors
[99, 100]. Further, growth hormones in the circulation tend to get absorbed rapidly
by the body. Due to their rapid absorption and clearance, blood tests are usually
ineffective in diagnosing growth hormone deficiency. To overcome this, clinicians
stimulate and check the pituitary gland’s ability to secrete the hormone instead of
directly measuring the growth hormones. Also, with the symptoms of AGHD being
non-specific, at least one growth hormone stimulation test is mandatory to confirm
the growth hormone deficiency [101, 102].

Macimorelin is shown to effectively stimulate the GHSR and trigger the secretion
of growth hormones into the circulation. Macimorelin exhibits a similar affinity to
GHSR as ghrelin (the natural ligand), with superior stability and oral bioavailability.
The drug showed dose-dependent release of growth hormones in healthy volunteers,
with maximum levels achieved in just 1 h [103]. Validation of diagnostic efficiency
and safety of Macimorelin on AGHD patients revealed 82% sensitivity, 92%
specificity, and 13% misclassification rate [104]. Apart from diagnosis, Macimorelin
is also used to treat growth deficiency in children and cachexia in adults. Cachexia is
the characteristic weight loss, muscle wasting, and loss of body fat experienced by
patients with cancer, cystic fibrosis, human immune deficiency virus (HIV), chronic
kidney disease, and autoimmune diseases [105]. Macimorelin is available as sachets
containing granules of Macimorelin acetate (60 mg) and administered orally.



216 R. Ramesh and R. Ravichandran

7.4.10 Pegcetacoplan

Pegcetacoplan (Empaveli®; Apellis Pharmaceuticals) is a PEGylated peptide (cova-
lently conjugated with polyethylene glycol, PEG) approved for the treatment of the
rare hematological condition, paroxysmal nocturnal hemoglobinuria (PNH),
[106]. The disease is characterized by the mutation of the phosphatidylinositol
N-acetyl glucosaminyltransferase subunit A (PIGA) gene required to synthesize
the N-acetylglucosaminyl phosphatidylinositol (GPI) anchor. This defect results in
the inability of cells to anchor proteins at the membrane surface, leading to a loss of
function. In PNH, hemopoietic cells with defective PIGA gene are incapable of
anchoring two key membrane proteins, CD55 and CD59, due to which the cells
undergo complement-mediated lysis [107]. CD55 and CD59 are critical regulators of
the complement system and protect the host cells from complement-mediated
clearing by inhibiting select complement factors [108]. Thus, a lack of CD55 and
CD59 in PNH cells increases their sensitivity to complement factors and uncon-
trolled complement activation, resulting in hemolysis, thrombosis, and bone marrow
abnormalities [109]. Thus, targeting the complement factors could serve as a poten-
tial therapy and ameliorate disease symptoms in PNH.

The alternative complement pathway is initiated by the spontaneous activation of
C3 convertase (C3bBb), producing C3a and C3b from C3 (Fig. 7.9). Next, C3b
bound Factor B is cleaved by Factor D into C3bBa and C3bBb fragments. The larger
C3bBb fragment can initiate a vicious cycle of further complement activation and
production of C3b. The complement factor, C3b, can directly attach to target cells,
acting as an opsonin and promoting phagocytosis [110, 111]. CD55 or complement
decay-accelerating factor (DAF) is a GPI-anchored type I surface protein capable of
protecting the host cells from complement-mediated attack. CD55 is a glycoprotein
expressed on the surface of all hemopoietic (erythrocytes) and non-hemopoietic
cells. CD55 recognizes and binds complement proteins, C3b (alternative pathway),
and C4b (Classical/Lectin pathway). CD55, which is anchored to the cell membrane
via a GPI anchor, binds the C3 convertase (C3bBb) of the alternative pathway and
dislodges the Bb component from the C3 convertases rendering the C3 convertases
ineffective. CD55 accelerates the decay of C3 convertases and is often referred to as
complement decay-accelerating factor (DAF) [108]. As the alternative pathway
proceeds (Fig. 7.9), C5 is cleaved into C5a and C5b by a complex called C5
convertase (consists of C3bBbC3b). The C5b and complement factors C6, C7, C8,
and C9 form the membrane attack complex (MAC) on the cell surface, causing cell
death. CD59 or Protectin is a GPI-anchored inhibitory protein that prevents the
formation of MAC. CD59 binds to C8 of the C5bC6C7C8 complex and inhibits the
binding of C9 and the formation of MAC and subsequent cell lysis [110, 112]. To
summarize, complement factor C3 can be considered as a critical target to prevent
hemolysis for the following reasons: (i) capacity to spontaneously activate alterna-
tive complement pathway, (ii) act through a vicious positive feedback loop
generating more C3b complement factor, (iii) promote phagocytosis through
opsonization, and (iv) renders some of the existing therapies (discussed below)
ineffective due to the C3’s involvement in the upstream of the MAC formation.
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Intravascular hemolysis, which occurs in blood vessels, and extravascular
haemolysis in the liver and spleen, are two types of hemolysis observed in PNH
patients [106]. C5 inhibitors were primarily used to treat PNH patients before the
recent approval of Pegcetacoplan (PCN). For instance, Eculizumab (Soliris®;
Alexion Pharmaceuticals) is a therapeutic mAb approved for the treatment of
PNH. Eculizumab is shown to inhibit the conversion of C5 into C5a and C5b, thus
preventing the formation of MAC. Eculizumab is shown to be particularly effective
in treating intravascular hemolysis primarily caused by MAC formation [113]. How-
ever, extravascular hemolysis is observed in the liver and spleen of PNH patients as
C3 fragments opsonize erythrocytes and reduce their circulating half-life. Thus,
despite treatment with EM, PNH patients experienced persistent hemolytic anemia
and remained blood transfusion dependent [114]. Pegcetacoplan is a PEGylated
peptide inhibitor designed to inhibit the C3 complement factors and overcome the
drawbacks associated with Eculizumab. Pegcetacoplan is a cyclic peptide compris-
ing 15 amino acids and binds to C3 and C3b complement factors. Pegcetacoplan was
effective in treating PNH patients, controlling both intravascular and extravascular
hemolysis [115]. A randomized Phase III trial showed that PNH patients treated with
Pegcetacoplan showed improved hemoglobulin levels and favorable outcomes in
controlled extravascular and intravascular hemolysis [106]. Pegcetacoplan is avail-
able in solution form (1080 mg/20 mL) and administered subcutaneously.

7.4.11 Lonapegsomatropin

Lonapegsomatropin (Skytrofa®; Ascendis Pharma) is a carrier-conjugated growth
hormone approved by the FDA for treating pediatric growth deficiency for patients
with the following characteristics: Age > one year and weight > 11.5 kg [116]. The
hormone conjugate comprises somatotropin attached to the carrier molecule
methoxypolyethylene glycol. Upon reaching the bloodstream, the prodrug
undergoes self-cleavage releasing somatotropin from the carrier molecule. Somato-
tropin binds to the growth hormone receptor (GHR) and promotes cell division and
growth. The activation of GHR is necessary for multiple physiological processes like
long bone epiphyses, chondrocyte production, hydrolysis of glycogen in the liver,
and lipolysis [117]. Unlike the previous generation drugs like Genotropin (Pfizer),
which required daily administration, Lonapegsomatropin can be used as a weekly
administered drug due to its design that imparts considerable stability and improves
the half-life of the hormone prodrug [118].

Growth hormone receptors (GHR) are homodimeric proteins belonging to the
family of class I cytokine receptors [119]. The binding of somatotropin induces
structural changes in the dimeric GHR leading to the activation of Janus kinase
2 (JAK2), which phosphorylates the receptor at multiple tyrosine residues. The SM
binding-induced conformational changes of the GHR allow the binding of transcrip-
tional factors called a signal transducer and activator of transcription (STAT).
Subsequently, Janus kinase (JAK) phosphorylates different members of the STAT
family transcriptional factors like STAT1, STAT3, STAT5a, and STAT5b and
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initiates the STAT signalling. The phosphorylated transcriptional factors translocate
into the nucleus and initiate the transcription of specific genes [120]. The stimulation
of GHR can also activate other signalling pathways like Ras/extracellular signal-
regulated kinase (ERK) and PI 3-kinase/Akt. Thus, the activation of GHR by growth
hormones can activate multiple signalling cascades and initiate the transcription of
genes responsible for several physiological processes, including growth and devel-
opment [121, 122].

The secondary effect of the stimulation of GHR by growth hormones is the
production of a major growth factor, IGF1, in the liver. IGF1 acts through the
IGF1 receptors present on all the cells in the body. IGF1 can either act together
with other growth hormones or independently promote the growth of cells; however,
the production of IGF1 requires the stimulation of GHR by growth hormones
[123]. The physiological process associated with the growth hormone (GH)/Insu-
lin-like growth factor 1 (IGF1) axis helps us understand their role in growth hormone
deficiency-related diseases and develop potential therapies. The stimulation of GHR
is shown to be essential for the differentiation of mesenchymal stem cells into
chondrocytes (cartilages) and osteoblast (bones), thus taking part in physiological
processes of cartilage and bone formation, respectively [124, 125]. The GH/IGF1
axis also plays a significant role in the growth and development of skeletal muscles.
It was shown that IGF1 promotes skeletal muscle cell hypertrophy by regulating the
calcium-calmodulin-dependent phosphatase called calcineurin [126]. Besides, GH
has been proven to increase skeletal muscle cell development by stimulating the
integration of myoblasts with newly formed myotubes [127]. Thus, stimulation of
GHR with growth hormones can serve as an effective treatment option for
deficiencies associated with growth hormones. Lonapegsomatropin is available in
lyophilized form for subcutaneous administration.

7.4.12 Setmelanotide

The FDA has approved Setmelanotide (Imcivree®, Rhythm Pharmaceuticals) for
treating obesity arising from the deficiency of proopiomelanocortin (POMC),
proprotein convertase subtilisin/kexin type 1 (PCSK1), or leptin receptor (LEPR)
[19]. Setmelanotide is a synthetic peptide with a cyclic structure designed using
proopiomelanocortin as a template and acts as a melanocortin 4 receptor (MC4R)
agonist. Unlike α-melanocyte-stimulating hormone (the endogenous ligand of
MC4R), Setmelanotide is shown to be approximately 20-fold more potent with
half-maximal effective concentration (EC50) in the nanomolar concentration
[128]. Further, Setmelanotide is shown to simultaneously occupy both allosteric
and orthosteric binding sites of the MC4R and exhibit high affinity and specificity
[129]. Setmelanotide is commercially available in solution form (10 mg/mL) for
subcutaneous administration.

Neuronal signalling pathways regulate hunger and body weight through the
action of peripherally derived molecules. In line with that, the MC4R, a class of
GPCR, expressed throughout the CNS, and the activation events, both upstream and
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downstream of this receptor (discussed below), can impact food intake and obesity
[130]. Proopiomelanocortin (POMC) is a product of the POMC gene, synthesized as
a precursor peptide (241 amino acids) in the anterior pituitary (by the corticotrope
cells), arcuate nucleus of the hypothalamus, and skin melanocytes. POMC
undergoes cleavage by a series of enzymatic action and post-translational
modifications depending on the tissue and the enzyme availability, generating
multiple biologically active peptides. One of the enzymes involved in POMC
cleavage, proprotein convertase subtilisin/Kexin type 1, is shown to cleave multiple
substrates such as POMC (pituitary), proinsulin, and proglucagon (pancreas). The
cleavage of POMC in the neurons generates a biologically active tetrapeptide called
α-melanocyte-stimulating hormone (α-MSH), which acts as a natural ligand of
MC4R [131, 132].

Neurons expressing POMC and Agouti-related protein (AgRP) are two different
classes of neurons in the hypothalamus that regulate hunger and feeding behavior
[133]. Ghrelin is a growth hormone that acts on AgRP class neurons triggering the
production of Agouti-related protein (AgRP) and neuropeptide YY (NPY), which
activates the orexigenic pathway (Fig. 7.10). Similarly, leptin, the hormone secreted
by the adipose tissue, acts on POMC neurons triggering the production of α-MSH,
which binds to MC4R and activates the anorexigenic pathway [134]. Besides their
stimulatory effects, the two hormones, ghrelin and leptin, are also capable of
regulatory functions. The activation of AgRP neurons by ghrelin leads to the
production of AgRP, inhibiting the anorexigenic pathway by binding to MC4R
(Fig. 7.10). On the other hand, leptin can also bind to receptors on the AgRP neurons
and inhibit the production of AgRP and NPY. This shows the tight regulation of
orexigenic and anorexigenic pathways by peripherally derived signals
[131, 135]. Overall, activation of MC4R and the downstream signalling events are
critical for satiety and weight loss.

Setmelanotide has shown promising results in treating obesity arising from the
deficiency of POMC, PCSK1, and LEPR. Phase III clinical trials evaluating the
efficiency of ST showed that 45% of patients with leptin receptor deficiency and
80% of patients with proopiomelanocortin deficiency showed a 10% weight reduc-
tion with minimal adverse effects [136]. Setmelanotide is currently tested on other
rare obesity-associated genetic disorders such as Alström syndrome, Bardet–Biedl
syndrome, and other diseases associated with MC4R pathway deficiency [137].

7.4.13 Galium-68-DOTATOC

Dotatate gallium (Ga-68) (Gallium-68 Dotatate®; Advanced Accelerator
Applications) is a radioactive agent approved for use in positron emission tomogra-
phy (PET)-based diagnosis of neuroendocrine tumors (NET) in both adults and
pediatric patients [138]. Ga-68 dotatate is an eight amino acid cyclic peptide
conjugated to the chelator dodecane tetraacetic acid (DOTA). Ga-68 dotatate has
the following sequence, H-D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr-OH, with a
disulfide bond linking the two cysteines. The radioactive peptide is an analog of
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Fig. 7.10 Schematic representation of the regulation of food intake and hunger by anorexigenic
and orexigenic pathways. Also shown are the different hormones (leptin and ghrelin) and peptides/
proteins (Agouti-related protein/AgRP and α-melanocyte-stimulating hormone/α-MSH) that regu-
late the anorexigenic and orexigenic pathways. Setmelanotide is the approved peptide drug that
effectively binds to Melanocortin 4 receptor (MC4R) and activates signalling cascades, subse-
quently reducing food intake and resulting in weight loss

somatostatin subtype 2 receptors (ST-2R), frequently overexpressed in NETs
[139]. Ga-68 dotatoc binds to ST-2R with high affinity making it an efficient PET
tracer (a molecule that binds to specific targets and emits positron). Upon intrave-
nous injection, the radioactive peptide binds to ST-2R. The radioactive nuclide in the
peptide tracer decays and results in an annihilation event recorded using PET
systems. Ga-68 dotatoc can be used for diagnosis, quantitative imaging, and locali-
zation of NETs [140, 141]. Ga-68 DOTATOC injection contains 3.6 μg/mL peptide
prepared in a sterile buffered solution.

7.4.14 Pegvaliase

Pegvaliase (Palynziq®; BioMarin Pharmaceutical) was approved as an enzyme
replacement therapy to treat phenylketonuria by the FDA in 2018 [138]. The rare
autosomal recessive disorder is characterized by the deficiency of the enzyme
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phenylalanine hydroxylase, which catalyzes the conversion of phenylalanine into
tyrosine. Phenylalanine hydroxylase deficiency leads to the excessive accumulation
of phenylalanine which causes brain dysfunction affecting the patient’s intellectual
abilities and behavior. Further, patients also experience neurological and psychiatric
symptoms [142]. As per the established guidelines [143], it is mandatory for
phenylketonuria patients to maintain blood phenylalanine levels between 120 and
360 μmol/L. In addition to the accumulation of phenylalanine from enzyme defi-
ciency, phenylalanine levels can also increase from the intake of certain high-protein
food products like meat, fish, milk, and milk products [144].

Pegvaliase is a recombinant form of the naturally occurring enzyme phenylala-
nine ammonia lyase sourced from Anabaena variabilis. The recombinant enzyme is
PEGylated to promote pharmacological stability and minimize adverse immuno-
genic responses that could stem from the species variability. Pegvaliase converts
phenylalanine into trans-cinnamic acid and ammonia (Fig. 7.11), reducing phenyl-
alanine levels in the blood of phenylketonuria patients. The degraded products are
further broken down in the liver and can be detected in the excretion
[145, 146]. Prior to the approval of PG, Saproterin (Kuvan®; BioMarin Pharmaceu-
tical Inc.) was used for the treatment of patients with phenylketonuria [147]. The
drug is a chemically synthesized form of tetrahydrobiopterin, which is an essential
cofactor required for the action of phenylalanine hydroxylase. However, reports
indicate that a significant number of patients show a lack of responsiveness to
Saproterin and continue to experience elevated levels of phenylalanine in the
circulation. Also, the patients experience diet-associated difficulties and nutritional
deficiency in the long term, as it is tough to follow a restricted diet. Pegvaliase can
help address some of these drawbacks and serve as an effective alternative treatment
option [145, 148]. In the phase III clinical trial comprising 261 phenylketonuria
patients, the Phe levels in blood were restored in 60.7% of patients at the end of
2 years, demonstrating the drug’s therapeutic efficiency [149]. Pegvaliase is avail-
able in solution form (20 mg/mL) and is administered subcutaneously.

Fig. 7.11 The conversion of
phenylalanine to trans-
cinnamic acid by the action of
Pegvaliase-pqpz



7 Approved Protein Therapeutics and Their Biochemical Targets 223

7.4.15 Avalglucosidase Alfa

Avalglucosidase alfa (Nexviazyme; Genzyme Corporation) was approved by the
FDA as an enzyme replacement therapy for the treatment of late-onset Pompe
disease (PD) [116]. The rare hereditary neuromuscular disorder is characterized by
the deficiency of acid α-glucosidase (GAA), an enzyme that catalyzes the break-
down of glycogen into glucose in the lysosome [150]. The body cells will subse-
quently utilize the glucose produced as the breakdown product as an energy source.
The deficiency of GAA in patients results in the inability to breakdown glycogen
leading to its accumulation in the muscle cells and disrupting normal cellular
function. The accumulation of lysosomal glycogen is frequently observed in the
skeletal, cardiac, and smooth muscle. Patients suffering from Pompe disease experi-
ence characteristic disease symptoms such as muscle weakness and motor function
impairment. There are two forms of the disease: infantile-onset and late-onset Pompe
disease. Patients suffering from the common form of the disease, i.e., infantile-onset
Pompe disease IOPD die before they reach the age of one year, mostly due to
cardiovascular failure from hypertrophy. The disease that sets in the late stage is
referred to as late-onset Pompe disease in both adults and children who suffer from
progressive myopathy with lesser cardiac involvement [151–153].

The only approved treatment for Pompe disease is enzyme replacement therapy
[154, 155]. Although enzyme replacement therapy has made remarkable progress in
terms of clinical outcomes, it is widely accepted that the treatment only reduces the
pace of disease progression rather than reversing the condition. Besides, the clinical
data remains heterogeneous among patients for factors that remain to be explored
[156]. Also, the enzyme used for replacement therapy frequently triggers an immu-
nogenic response generating neutralizing antibodies in the patients [157]. However,
to date, no statistical data link the antibody titers and the performance of the
therapeutic enzyme in Pompe disease. One of the other issues to be addressed in
Pompe disease is the poor response by the skeletal muscles to the therapy. The
uptake of the therapeutic enzyme is shown to be dependent on the cell surface
receptor called cation-independent mannose-6-phosphate receptor (CIMPR)
[158]. Unlike other cell surface receptors, CIMPR is shown to be expressed at
relatively lower levels. Further, the currently used therapeutic enzyme,
Alglucosidase alfa (Genzyme Corporation), demonstrates poor affinity to CIMPR
due to the limited mannose-6-phosphate content. To address these drawbacks
associated with sugar-phosphate content, the external glycan structures of the
recombinant enzyme were modified to increase the mannose-6-phosphate content
[159]. The improved form of Alglucosidase alfa is the Avalglucosidase alfa, which
contains higher bis-phosphorylated mannose-6-phosphate content and thereby
exhibits higher affinity to CIMPR [156]. Upon binding to the surface CIMPRs, the
enzyme is internalized, undergoes proteolytic cleavage in the lysosomes, and
catalyzes the conversion of glycogen to glucose. Data from clinical trials showed
that patients treated with Avalglucosidase alfa showed significant improvement in
symptoms and safety compared to those treated with alglucosidase alfa [160]. The
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enzyme (Nexviazyme; Genzyme Corporation) is available in lyophilized powder
form (100 mg/10 mL) and administered through intravenous injection.

7.5 Conclusion and Future Perspectives

We have reached a new age where protein therapeutics are developed and approved
at a record pace. Protein therapeutics ranging from mAbs, cytokines, hormones, and
enzymes dominate the biotechnology market and find applications in treating multi-
ple diseases ranging from autoimmune disorders, cancers, hormone deficiencies,
infection, and other conditions. The recently developed ADCs and bispecific anti-
body proteins have extended the application of existing mAbs and proved their
utility, particularly in oncology. Further, advances in rDNA technology and protein
engineering have continued to improve existing therapeutic drugs and paved the way
for discovering novel molecules [161–163]. This chapter provides an overview of
the biochemical aspects of some of the recently approved protein therapeutics. The
future of biological therapeutics, particularly proteins and peptides, appears
promising, with many drugs in the pipeline and some already in clinical trials.
With the new-age technologies and the availability of affordable protein drugs, the
future potential of protein therapeutics could become immeasurable, improving lives
worldwide.
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Priya Swaminathan

Abstract

Genes implicated in mechanisms that alter the pharmacokinetics of small-
molecule therapeutics have historically been the focus of pharmacogenetic
research. The FDA allows new protein therapeutics in the market based on
pharmacogenetics for clinical applications. It is a time-old knowledge that genetic
polymorphisms affect the efficacy and toxicity of an approved drug. The com-
plexity of biological organisms allows protein therapeutics development to pro-
ceed cautiously. Methodologies using pharmacogenetic information about the
protein therapeutic candidates and their protein receptors can yield successful
protein-based drugs. Immunogenicity of protein therapies is becoming a major
issue in the development and approval of biologics, indicating that a
pharmacogenetic strategy is required. Hence, the hallmarks of therapeutic
reactions should be listed and analyzed in order to improve biologics and their
success.
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8.1 Introduction

Pharmacogenetics, developed in the early 1990s, is the science where the adverse
effect of a drug on a specific individual, rather than the entire population, is focused.
A set of polymorphisms could affect the way a therapeutic drug acts in a body
[1]. This discovery became part of functional genomics, which resulted in
biomarkers for therapeutic drug efficiency for an individual. The Food and Drug
Administration (FDA) provides guidelines and rules for developing a biomarker. In
generality, a clinically used biomarker is validated by testing its effectiveness as a
prognosis for a disease. Pharmacogenetic biomarkers can monitor clinical responses
to therapeutic intervention. The different types of biomarkers are (i) known
biomarkers, which can be tested consistently and have well-established clinical
consequences correlations, (ii) probable biomarkers, whose endpoints have an
accepted scientific foundation but, due to some technicality, not widely replicated,
and (iii) exploratory biomarkers, which have been studied in clinical trials, but the
therapeutic decisions are not made based on them [2].

Recombinant protein treatments are the latest, less toxic options and more specific
for diseases. They are being developed as a one-of-a-kind treatment option for
autoimmune illnesses, cancer, and metabolic disorders. There are approved protein
drugs in the market, such as growth factors, cytokines, enzymes, soluble receptors,
antibodies, and enzyme inhibitors [4]. The ever-growing science of immunomodu-
latory proteins is complemented by protein therapeutics, which are more specific and
targeted on a disease pathway (Fig. 8.1).

There are various protein targets for protein-based therapeutics (Fig. 8.2).
Although protein therapeutics are specific, drug success depends on identifying
patients who will benefit the most from the treatment [5]. For example, Herceptin

Fig. 8.1 Different diseases where protein therapeutics are usually administered [3]
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Fig. 8.2 Different targets of protein therapeutics [3]

(Trastuzumab) is a drug developed by Genentech and Roche that is exclusively
effective in people with HER2-positive breast cancer [6]. Hence, genotyping the
patients and decreasing the risk of drug therapy toxicity is a new approach biotech-
nological and pharmaceutical companies are adopting. Before delivering a protein
drug to the market, a detailed study of pharmacogenetic biomarkers will provide
valuable indicators for predicting a patient’s likely reaction to the treatment.
Pharmacogenetic studies associate polymorphisms and microsatellite repeats with
characteristic drug response endpoints. Protein therapeutics cause repeatable
changes in phenotype, which is easier to link to genotype than other complex traits
[7]. Also, the biology of protein therapeutics is less complex than the conventional
drugs that react with multiple targets. Protein therapeutics focuses on
pharmacogenetic studies of pharmacodynamic targets, unlike small molecule
pharmacogenetic studies, which focus on drug transporters and metabolizers [8].

8.2 Pharmacogenetics Based on Pharmacodynamics of Protein
Therapeutics

The availability of gene sequencing technologies and population data related to
polymorphism allows protein therapeutics to focus on drug target pathways and their
polymorphisms as a starting point for pharmacodynamics studies [9]. The challenge
is to design unique solutions for every polymorphism in the disease target [10],
which is quite large; hence, there are fewer examples of pharmacodynamics-centered
trials for protein treatments [11].
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8.2.1 Protein Therapeutics and Their Effect on Upstream
and Downstream Pathways

Varied reactions to protein therapeutics might be linked to the variable drug target or
variable upstream or downstream signaling pathways. Candidate genes are essential
to pharmacodynamics-based pharmacogenetic investigations (Fig. 8.3). Functional
polymorphisms could also include exon-intron changes that affect mRNA
manifestations, maturity, and degradation. In theory, a mechanistic underpinning
for employing a genetic polymorphism as a biomarker will provide a prognosis of a
variable phenotypic response when a protein-based drug is administered to a patient
[12]. Pharmacodynamics-based assay interpretations take time and effort and are
specific for every subset of polymorphisms in the patient.

Sequence analysis can uncover intron/exon splice variants, polymorphism sites in
the protein target, and upstream and downstream gene products that allow drug
action, which is a powerful tool. Sequence analysis is becoming an essential part of
the early discovery steps for most protein therapeutics. The kinetics of the drug and
knowledge of the most prevalent variations in its target will guide the genotype-to-
phenotype association that follows. Often, genetic variances are responsible for the
variation in disease response to protein drugs [14]. The variability of the response
could be due to polymorphisms in the proteins upstream or downstream of the drug
target in the pathway (Table 8.1) [15].

8.2.1.1 Interferon-Alpha (IFNa)
In chronic Hepatitis C virus (HCV) infection, the interferon-alpha (IFNα) and its
variable responses are an example of host factors in disease response to protein

Fig. 8.3 Different modes of action of protein therapeutics in the market [13]
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Table 8.1 Upstream and downstream factors that affect protein therapeutics

Protein
therapeutics
commercial
name

Disease in which
pharmacogenetic
studies were done

Acute myocardial
infarction

Fibrinolytic
therapy
(recombinant
human
enzyme-like
tPA)

Fibrin-stabilizing
factor (FXIII)—
Leu34

Clots are less
permeable.

[29]

Cerebral ischemia Fibrinolytic
therapy
(recombinant
human tPA)

Matrix
metallopeptidase
9 (MMP9)—C1562T

Hemorrhagic risk
increases.

[30]

Colorectal cancer Cetuximab
(humanized
anti-EGFR
mAb)

High levels of
cyclooxygenase-
2 (COX2)/Epidermal
growth factor receptor
(EGFR)/Interleukin
8 (IL-8)

Angiogenesis and
VEGF activation of
the tumor cells.

[31]

Chronic hepatitis C Interferon-α
(recombinant
human
cytokine; IFN
α -2a, IFN α
-2b)

Suppressor of
cytokine signaling
1 (SOCS1) expression
decreases

SOCS1 cytokine
signaling and
transcription of IFN-
α-responsive genes.
High SOCS1
expression is directly
proportional to a high
viral load of HCV.

[32]

Rheumatoid
arthritis

Anakinra
(recombinant
human IL-1
receptor
antagonist;
IL-1RA)

Interleukin 1A (IL1 α)
+4845 bps and
Interleukin 1 Beta
(IL1β) +3954 bps

Increases IL-1 α and
IL-1 β concentration
in the system and
endogenous IL-1R α
expression.

[33]

Waldenstrom’s
macroglobulinemia

Rituximab
(CD20 against
monoclonal
antibody)

Immunoglobulin
gamma Fc region
receptor III-A
(FCGR3A)-Val158

FCGR3A Val158 had
a higher response
leading to target
engagement.

[34]

Systemic lupus
erythematosus

Rituximab
(anti-CD20
monoclonal
antibody)

Immunoglobulin
gamma Fc region
receptor III-A
(FCGR3A)—Val158

Increases efficiency
of B-cell clearance.

[35]

therapeutics. IFNα signaling cascades and receptor subunits have polymorphisms
along with genes controlling inflammatory cytokines and antiviral responses. This,
along with viral load, host ancestry, and gender, contributes to a unique model of
IFNα immunotherapy in HCV patients. When IFNα was used for multiple sclerosis
patients, exploratory biomarkers like IL-1b and IL-8 showed decreased expression,
indicating that the protein therapy was working in the patient [16, 17]. Although
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pharmacodynamic models have been constructed for various genes that are altered
by IFNα therapy, the efficiency of responses is susceptible to interindividual genetic
heterogeneity [18].

8.2.1.2 Rituximab
Monoclonal antibodies (mAbs) against cellular targets work by activating phago-
cytic and cytotoxic actions within the cell. Polymorphisms in the gene targets that
mediate this contact may influence protein drug efficacy. Several studies have
examined the impacts of polymorphisms in the immunoglobulin Fc receptor (FcR)
for mAb treatment. For example, the Val158 variation of the receptor for the Fc
portion of immunoglobulin G3A (FcGR3A) has been demonstrated in in vitro to
have a greater affinity for Fc and to activate natural killer cells more effectively
[19, 20]. IgG1 mAb rituximab (Rituxan; Genentech) gives a better response in
Val158 carriers for follicular lymphoma where it targets the CD20 antigen on B
cells [21–24]. Homozygotes for FcGR2A His131 had greater responses in a multi-
variate assessment of prognostic variables, and each genotype was significant.
Val158 carriers were more successful with B-cell reduction in the Rituximab dose-
dependent lupus study [25]. FcGR2A -Arg131 and FcGR3A -Val158 exhibited
higher removal of Rh + ve erythrocytes from treated patients, according to a study
on novel anti-RhD mAb being developed for Rh prophylaxis. A gene-dosage effect
was seen in the erythrocyte elimination curves [26].

8.2.1.3 Infliximab
Effector cell mechanisms do not directly play a role in soluble cytokine removal. It
also does not directly approve the obviousness of investigating FcR variants in the
context of therapies targeting soluble cytokine factors. Variations in FcR, on the
other hand, have been published in relation to tumor necrosis factor (TNF) inhibiting
protein drugs. Val158 variation of FcGR3A was linked with decreasing C-reactive
protein (CRP) in the blood of Crohn’s disease patients treated with Infliximab
(Remicade; Centocor), a TNF inhibitor. Val158 was used as a biomarker for disease
activity efficacy. According to the researchers, this outcome could be due to the
removal of membrane-bound TNF68-overexpressing cells. In a second investiga-
tion, the same group of researchers looked into the linkage disequilibrium
[LD] between FcGR3A polymorphisms at position 158 in the CRP locus and
found that CRP was not linked to FcGR3A and infliximab responsiveness
[27]. The FcGR3A homozygous Phe158 genotype, which encodes the low-affinity
FcR, was related to favorable treatment responses in a trial using TNF inhibitors in
inflammatory arthritis [28].

8.2.1.4 Etanercept
The genetic polymorphisms influence both the circulation of the target and the
milieu in which the therapeutic protein functions. Polymorphisms that modify
TNF production may be considered upstream of the action of protein drugs like
Infliximab or Etanercept. Variable TNF production control could affect disease
levels and treatment-induced regulatory mechanisms. Multiple polymorphisms in
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the TNF α and lymphotoxin A (LTA) genes have been associated with TNF
antagonists like Etanercept responses (Enbrel; Amgen). These alleles could influ-
ence increased transcriptional output or mRNA stability or may be related to other
functional alleles [36, 37]. Increased TNF production was seen in the TNF α
positions –308A and –857C alleles in reaction to stimulation of peripheral blood
mononuclear cells (PBMCs) in vitro [37, 38]. Because TNF α and LTA are both
found inside the HLA complex, which is linked to autoimmune diseases, they are
probably associated with functional polymorphisms in related genes
[39]. HLA-DRB1, a common epitope used as a predictive factor in inflammatory
illnesses, also correlates to protein drug efficacy [40, 41]. Repeats in the interleukin-
10 (IL10) promoter region, as well as polymorphisms in death receptor ligand-FAS
ligand (FASL) and caspase-9 (CASP9) [42, 43], have been associated with varied
TNF-blocking protein drug responses.

8.2.1.5 Anakinra
The cytokine interleukin-1 is regulated in inflammatory diseases by Anakinra
(Kineret; Amgen), a recombinant IL-1 receptor antagonist (IL-1Ra), and has been
approved to treat rheumatoid arthritis. In a randomized clinical trial, patients with
minor alleles of IL1α and IL1beta had a higher reaction to Anakinra. IL1α and IL1β
genes control the expression of IL-1, which competes with anakinra for receptor
occupancy and the production of internal IL-1Ra [44]. Increased IL-1 expression
could signal a disease type that responds favorably to treatment.

8.2.1.6 Tissue Plasminogen Activator (tPA)
Patients can risk treatment-related problems due to differences in upstream
pathways. Tissue plasminogen activator (tPA) is used to prevent further thrombosis
in artery clotting diseases such as heart attack or stroke. The efficacy of tPA therapy
has been linked to an exon mutation in the fibrin-stabilizing factor FXIII46. Insuffi-
cient reperfusion and unfavorable outcomes, such as mortality, reinfarction, and
percutaneous coronary intervention such as angioplasty, were more likely in Leu34
allele carriers. Nonsmokers have less plasma fibrinogen than smokers, and the Leu34
allele carrying FXIII46 generates taut clots at low fibrinogen concentrations and
more leaky clots [45] at high fibrinogen concentrations, which is confined to
nonsmokers.

Treatment with tPA reduces ischemia-related harm in stroke patients and
increases the risk of hemorrhagic complications. In multiple investigations,
increased risk after tPA therapy was linked to serum levels of matrix
metalloproteinase-9 (MMP9), and tissue plasminogen activator enhanced MMP9
activity in animal studies [46–48]. According to these investigations, MMP9 activa-
tion was linked to increased fluid retention, inflammatory permeates, and internal
bleeding following tPA reperfusion. However, no pharmacogenetic correlations with
tPA treatment results were found when a TATA box-region variation in the MMP9
gene was investigated; hence, MMP9 protein levels are unlikely to be influenced by
this polymorphism [49].
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8.2.1.7 Peptide Immunotherapy with Amyloid Beta
Experimental peptide immunotherapy using amyloid-beta 42 (Aβ42) was performed
for the treatment of Alzheimer’s disease (Fig. 8.4), but the treatment was terminated
after 6% of the inoculated patients developed meningoencephalitis. Pretreatment
gene expression profiling (GEP) analysis in PBMC revealed patterns linked to
adverse drug reactions that were distinct from GEP patterns associated with thera-
peutic responses. At the start of the study, meningoencephalitis patients exhibited
greater levels of apoptosis and inflammation-related mRNA transcripts than those
who did not have meningoencephalitis. On the other hand, mRNA transcripts
associated with therapeutic response were mostly connected to protein synthesis or
cell cycle control. These patterns were determined using rules-based machine
learning methods to distinguish between therapeutic and adverse drug response
mRNA transcripts [50]. Another example is in chronic HCV infection, where
Cetuximab can be continued for treatment if the mRNA expression profile includes
EGFR, IL-8, and Ribavirin [52].

8.2.2 Protein Therapeutics and Their Effect on Genetic Variations
in Drug Targets

Drug responses can be influenced by functional differences in the coding sequence
or copy number of a drug target transcript. This eventually leads to changes in
protein-based drug and protein-receptor interactions and following downstream
signaling. Most trials have focused on identifying individuals who will respond to
mAb targeting gene products of the ErbB family of epidermal growth factor receptor
(EGFR/HER1) and HER2/neu. Both EGFR and HER2/neu are upregulated in solid
tumors, and their activation promotes tumor cell proliferation and survival. Some
strategies used to block ErbB mediated signals include inhibition of ligand interac-
tion and prompting downregulation of the EGFR and HER2/neu receptors, reducing

Fig. 8.4 Peptide immunotherapy with amyloid-beta untreated and treated brain for Alzheimer’s
disease [AD] treatment [51]
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Table 8.2 Pharmacogenetic markers of protein therapeutics and their target variations

Disease in which
Pharmacogenetic studies
were done

Protein therapeutics
commercial name

Chronic hepatitis C IFN α (recombinant
human cytokine; IFN α
-2a, IFN α -2b)

Interferon receptor-IFNAR1
should have GT repeats ranging
from 5 to 14.

[64]

Non–growth hormone-
deficient children with
growth delay

Somatropin
(recombinant human
cytokine; rGH)

Growth hormone receptor-
D3-GHR should lack exon 3.

[65]

Metastatic breast cancer Trastuzumab (humanized
anti-HER2/neu mAb)

HER2/neu detection in IHC
should be 3+ level.

[66]

Colorectal cancer (CRC) Cetuximab (humanized
anti-EGFR mAb

IHC should be negative
for EGFR.

[67]

Renal cell carcinoma
(RCC)

Panitumumab Score of EGFR should be 2+ or
3+ score in IHC.

[68]

Fig. 8.5 Timeline of Trastuzumab development [58]

HER2/neu extracellular domain proteolysis, preventing downstream signaling to
ErbB heterodomains, and stopping the tyrosine kinase activity in EGFR [53]. The
genetic diversity of EGFR and HER2/neu and its direct link to tumor treatment like
anti-ErbB therapy techniques have been thoroughly investigated. The vigorous
processes that drive tumor formation do impact the identification of protein drug
targets in oncology (Table 8.2). Numerous polymorphisms in the ErbB pathways
may provide tumors an advantage in terms of growth, resulting in dozens of disease
subtypes and genotypes and a wide range of therapeutic targets.

8.2.2.1 Trastuzumab
Trastuzumab (Erbitux) was the first specifically produced mAb to target HER2/neu
(Fig. 8.5). It generates a response in tumors with high HER2/neu and EGFR gene
copy numbers. Trastuzumab therapy for breast cancer is usually paired with an assay
of HER2/neu overexpression. In breast cancers with HER2/neu overexpression,
Trastuzumab has been highly successful [54–57]. HER2/neu overexpression assay
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identifies the subset of breast cancer patients who will favorably react to
Trastuzumab.

When patient subgroups were assessed for gene copy numbers using fluorescence
in situ hybridization (FISH) rather than immunohistochemistry (IHC), more
correlations were discovered [59, 60]. The lack of correlation in IHC could be due
to technical aspects of the assays or biological phenomena such as receptor degra-
dation or endocytosis of the receptor or uneven distribution of gene copy number in
the oncology sample, or due to progression to metastatic foci [61]. In contrast, the
effect of Pertuzumab (Omnitarg; Genentech), a new HER2/neu dimerization inhibi-
tor, can be administered in patients without HER2/neu overexpression and has been
proven to be not dependent on HER2/neu levels in preclinical testing
[62]. The advantages of genotyping, gene amplification, and overexpression of
members of the ErbB family may depend on the cell environment and the factors
that affect the anticancer protein drug due to the varied modes of action [63].

In Gefitinib (Iressa; AstraZeneca) and Erlotinib (Tarceva; Genentech/OS), which
are antagonists to EGFR tyrosine kinase, the role of genetic diversity affects the
clinical effectiveness [69, 70]. Inheritable mutations in the EGFR tyrosine kinase
domain have been associated with clinical reactions to their inhibitors like Gefitinib
and Erlotinib. HER2/neu and EGFR gene amplifications are generally unresponsive
to kinase domain modifications.

8.3 Pharmacokinetics-Based Pharmacogenetics

Small-molecule drugs are administered and metabolized differently than protein-
based drugs. The bulk of protein treatments is given by injection, and their half-life
ranges from a few minutes to a few days in vivo. Drug metabolism comprises a
variety of broad activities, such as proteolysis and degradation, as well as specialized
activities such as receptor-mediated responses. Because protein drugs have a high
affinity for their targets, lower dissociation off-rates indicate strong binding to the
target and lower nonspecific binding. Their pharmacokinetic features are typically
linked to the drug target’s metabolic fate. Drug targets in circulation, lymphatic
system, or exterior tissue can all affect drug metabolism. Because drug targets can
bind a massive load of the therapeutic protein dose, clearance mechanisms need
drug-target binding dynamics, an essential variation from most small-molecular
therapies. Internalization and destruction of a protein drug-target complex within
the cell, cleavage, release into circulation, or apoptosis or phagocytic cell consump-
tion are options. As a result, the nature of protein drugs is closely linked to their
protein target binding effects.

Nonspecific processes in the body remove most of the protein drug from Tolerx,
an anti-CD4 antibody TRX1, while receptor-mediated endocytosis eliminates the
rest of the drug when a single dose is administered [71]. Panitumumab, an anti-
EGFR antibody, has nonlinear kinetics that could be explained by EGFR site
saturation [68]. Furthermore, IFN research has shown that receptor-mediated inges-
tion is the primary mode of removal, while renal processing and hydrolysis of the
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protein drug act as minor mechanisms [72]. The pharmacodynamic response of
protein therapies, like that of small-molecule pharmaceuticals, can alter the copy
number of targets. Target modification can influence drug removal, while other
changes can influence drug responsiveness without affecting target copy numbers.
These alterations could be indicated by changes in the kinetic properties of the
protein-based drugs, such as half-life or maximum plasma concentration, brought
about by side-chain substitutions and torsion angle optimizations of the protein drug.

Another example is the overexpression of suppressors of cytokine signaling
proteins (SOCS) after an IFN treatment. SOCS stops cell-to-cell signaling through
the Janus kinase/signal transducers and JAK/STAT transcription pathway and hence
reduces IFN-responsive gene transcription [73]. In chronic HCV infection, patients
with high SOCS1 protein levels in the liver were less likely to produce durable
antiviral responses to IFN therapy [74]. The importance of genetic variants and their
influence on SOCS protein generation is unknown, even though SOCS genes are
hypermethylated in the promoter and have somatic mutations in tumors [75].

8.4 Pharmacogenetics-Based Immunogenicity Prediction
of Protein Therapeutics

One of the most critical risk factors in the progress of protein therapeutics is its
immunogenicity. Antibody responses to nonnative proteins are often initiated by the
formation of peptides, and an MHC II pathway–mediated T-cell response (Fig. 8.6).
The similarity of a protein drug to certain native proteins could cause adverse effects
on the patient [76]; hence, antigenic synthetic variants of endogenous proteins are a

Fig. 8.6 Immunogenicity pathway for a protein-based drug [78]
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major source of concern. Patients with greater sensitivity to antibody reactions to
protein dugs have been reported in recent pharmacogenetic research. For example,
patients with the major histocompatibility antigen HLA-B-5701 are more likely to be
hypersensitive to the antiretroviral medication Abacavir. Antibodies to IFN have
also been linked to particular HLA haplotypes in patients with multiple sclerosis
[77]. The long-term efficacy of IFN therapy is reduced in patients who generate
neutralizing antibodies.

It is conceivable to take a pharmacogenetic approach to predict the immunoge-
nicity risks of a protein drug [79]. The steps where the pharmacogenetics approach
can be applied are as follows: (i) When an endogenous component is injected with a
therapeutic protein, the native protein of the patient is regarded as a self-protein, and
immunogenic tolerance is granted. As a result, while sequence variations between
endogenous and infused proteins (protein drugs) are necessary for generating an
immune response, they are insufficient to cause further complications to the patient.
(ii) The immunological response can now be split into two distinct types: Firstly,
foreign peptides are synthesized based on differences in proteolytic enzymes in a
population. Secondly, even if the peptides are synthesized, they will bind with
varying degrees of affinity to the patient’s MHC-II variation. (iii) MHC-II affinity
and half-life predictions are used as predictors of antigenicity. MHC proteins are one
of the polymorphic proteins in the human genome that has multiple ramifications.
The MHC-II variations in distinct populations is crucial knowledge that needs to be
meticulously considered throughout the pharmaceutical development of a peptide.
For example, a foreign protein sequence used as a linker will concatenate two
different domains during protein engineering experiments and facilitate binding to
a few MHC-II proteins with a high affinity. Binding a foreign peptide to a rare MHC
protein will have a lesser utility effect than attaching to a largely shared MHC allele,
because MHC proteins do not evolve at the same rate. (iv) Finally, the number of
MHC proteins in each population differs. This means that a protein drug tailored for
one population may induce a higher immune response in another population.

8.5 Conclusions

For the past few decades, peptide therapeutics have been consistently authorized,
and this trend is expected to continue. Protein-based treatments have a unique
position in the pharmaceutical landscape outperforming small molecules. Early
decisions regarding whether to move a protein lead into clinical trials should be
made based on the therapeutic target, mechanism of action, and difficulties in
generating a small-molecule drug for the same target. Because protein therapeutics
are so concentrated, the correlation of pharmacogenetics can be studied in both Phase
1 and phase 2 of the drug development process. Generating genetic biomarkers for
assessing treatment activity is time consuming but has been continuously on the rise.
By addressing the impact of genotype on the phenotype of the effect of the protein-
based drug early in the drug development cycle, researchers can generate a dynamic
basis to use pharmacogenetic markers in clinical trials success analysis. These
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indicators could help identify response rates and side effects, conduct efficacy trials,
and refer patients to the most successful treatments.
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Abstract

Therapeutic proteins are potent medications that have shown substantial promise
in treating a wide range of illnesses and conditions. Immunogenicity is a unique
obstacle that must be overcome when dealing with protein therapy. The immune
response is triggered when there is a change in the structure of the protein, which
may occur because of posttranslational changes such as the administration,
storage, or manufacturing process of the product. The structure of the protein
may affect immunotolerance; for example, low-abundance proteins have a lower
overall tolerance. Antidrug antibodies (ADAs) may influence the pharmacokinet-
ics, pharmacodynamics, and efficacy of therapeutic proteins. When it comes to
the development of ADAs, one of the primary sources of concern is the interac-
tion that therapeutic proteins have with endogenous proteins. In this chapter, we
discuss the significant elements associated with the immunogenicity of therapeu-
tic proteins.
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9.1 Introduction

Proteins are the most versatile and active biomacromolecules in the human body
that are involved in several processes like biochemical activity, membrane receptors
and channels, intracellular and extracellular scaffolding, molecule transportation,
and other functions [1–4]. Therapeutic proteins are potent and fast-acting medicines
that have shown significant promise in the treatment of a broad variety of diseases
and ailments. As our understanding of the molecular mechanisms behind disease
expands, the likelihood of protein-based therapeutics will increase [5, 6].

In today’s pharmaceutical industry, protein-based therapeutics are major players.
Drug target discovery, protein engineering and design, purification, drug delivery,
and marketing are a few areas that need to be improved for these technologies to
become more widely used in clinical practice. Even though there are a lot of
potentially therapeutic proteins in the human genome, they did not evolve to be
therapeutic, so they do not have the best stability, specificity affinity, or activity for
treating disease. The stability and immunogenicity of the proteins are two of the
biggest problems that make it challenging for protein therapies to work [7]. All
medications must be proven safe for use before their approval. Protein therapies
provide a distinct challenge in terms of immunogenicity. Pathogens are recognized
by the human immune system by their proteins or protein-processed compounds.
The immune system of individuals who receive protein therapies may also produce
antidrug antibodies against the protein drug. With such immune reactions, the
effectiveness of the therapeutic protein molecule may be compromised and, in rare
instances, can result in life-threatening conditions. Hence, immunogenicity testing is
vital for developing protein therapies [8–10].

9.2 Immunogenicity

Immunogenicity is the ability of antigenic substances to stimulate the immune
response in an individual, which is considered physiologically an undesirable effect.
Immunogenicity is an immune response that contributes to the production of anti-
drug antibodies (ADAs), which induce adverse drug reactions and inactivate the
therapeutic effect. It is challenging for biotherapy to predict the immunogenicity
potential of novel therapeutic proteins [11] (Table 9.1).

9.2.1 Factors Responsible for Immunogenicity [24]

Several factors contribute to the production of antibodies against any therapeutic
protein. It is broadly characterized in two sections, that is, patient-related factors and
product-related factors.



9 Immunogenicity of Therapeutic Proteins 253

Ta
b
le

9.
1

S
tr
at
eg
ie
s
to

ov
er
co
m
e
th
e
im

m
un

og
en
ic
re
sp
on

se
s
of

th
er
ap
eu
tic

pr
ot
ei
ns

T
he
ra
pe
ut
ic
pr
ot
ei
n

Im
m
un

og
en
ic
re
sp
on

se
S
tr
at
eg
ie
s
to

ov
er
co
m
e
th
e
re
sp
on

se
R
ef
er
en
ce
s

C
lo
tti
ng

fa
ct
or

V
II
I

D
ev
el
op

ne
ut
ra
liz
in
g
an
ti-
F
V
II
I
an
tib

od
ie
s

in
hi
bi
to
rs

•
L
on

ge
r-
la
st
in
g
or

pr
ol
on

ge
d
ha
lf
-l
if
e
cl
ot
tin

g
fa
ct
or
s
ha
ve

re
ce
nt
ly

be
en

re
le
as
ed

fo
r
th
er
ap
eu
tic

an
d
pr
ev
en
ta
tiv

e
us
e
in

he
m
op

hi
lia

A
.F

c
an
d
al
bu

m
in

fu
si
on

pr
ot
ei
ns
,a
s
w
el
l
as

P
E
G
yl
at
ed

F
V
II
I,
ar
e
am

on
g
th
em

.
•
W
he
n
F
V
II
I
in
hi
bi
to
rs
ar
e
us
ed
,t
he
y
ne
ga
tiv

el
y
im

pa
ct

co
ag
ul
at
io
n;

he
nc
e,
an

al
te
rn
at
iv
e
m
et
ho

d
is
th
e
de
ve
lo
pm

en
t

of
by

pa
ss
in
g
ag
en
ts
th
at
ei
th
er

do
no

t
ne
ed

F
V
II
I
or

th
at

im
ita
te
s
th
e
fu
nc
tio

n
of

co
ag
ul
at
io
n.

E
m
ic
iz
um

ab
an
d

F
itu

si
ra
n
ar
e
ex
am

pl
es

of
ne
w
m
ed
ic
in
es
.

[1
2–

14
]

In
su
lin

In
cr
ea
se
s
cr
os
s-
re
ac
tiv

e
an
tib

od
ie
s
as

w
el
l
as

an
tii
ns
ul
in

an
tib

od
y
pr
od

uc
tio

n
•
C
ho

ic
e
of

in
su
lin

sh
ou

ld
be

ba
se
d
on

th
e
lo
w

di
ff
er
en
ce
s

be
tw
ee
n
th
e
am

in
o
ac
id
se
qu

en
ce

of
hu

m
an

in
su
lin

an
d
in
su
lin

an
al
og

ue
.

[1
5]

U
ro
ki
na
se

A
na
ph

yl
ax
is
or

an
gi
oe
de
m
a

•
R
ed
uc
tio

n
of

an
ap
hy

la
ct
oi
d
sy
m
pt
om

s
m
ay

be
ac
hi
ev
ed

w
ith

hi
st
am

in
e
re
ce
pt
or

bl
oc
ke
rs
(H

1
an
d
H
2)
.U

ro
ki
na
se

fo
rm

ul
at
ed

w
ith

5%
al
bu

m
in

pr
ev
en
ts
se
ve
re

hy
pe
rs
en
si
tiv

ity
re
ac
tio

ns
.

[1
6]

A
ba
ta
ce
pt

(C
T
L
A
4-
F
c

fu
si
on

pr
ot
ei
n)

D
ev
el
op

m
en
t
of

re
si
st
an
ce

•
A
ba
ta
ce
pt

is
us
ed

fo
r
th
e
m
an
ag
em

en
t
of

au
to
im

m
un

e
di
se
as
es

lik
e
rh
eu
m
at
oi
d
ar
th
ri
tis
.H

ow
ev
er
,e
xp

er
im

en
ta
l

in
ve
st
ig
at
io
ns

re
ve
al
ed

th
at
it
w
as

in
ef
fe
ct
iv
e
ag
ai
ns
t

pr
ec
lin

ic
al
tr
an
sp
la
nt
at
io
n
m
od

el
s
du

e
to

al
te
ra
tio

n
of

T
-c
el
l

ac
tiv

at
io
n
by

in
co
m
pl
et
e
bl
oc
ka
ge

of
th
e
B
7
co
st
im

ul
at
or
y

re
ce
pt
or
.T

hu
s,
an
ot
he
r
dr
ug

m
ol
ec
ul
e,
i.e
.,
B
el
at
ac
ep
t,
w
ith

si
m
ila
r
ch
ar
ac
te
ri
st
ic
s,
ha
s
a
hi
gh

er
af
fi
ni
ty

fo
r
C
D
80

/C
D
86

,
w
hi
ch

is
us
ed

fo
r
or
ga
n
tr
an
sp
la
nt
at
io
n.

[1
7–

20
]

IN
F
-b
et
a

P
ro
du

ce
s
an
tib

od
ie
s
du

e
to

ex
po

su
re

to
th
e

an
tig

en
ic
ep
ito

pe
•
Im

m
un

og
en
ic
ity

of
it
re
du

ce
d
by

hy
pe
rg
ly
co
sy
la
tio

n,
w
hi
ch

im
pr
ov

es
ac
tiv

ity
,s
ol
ub

ili
ty
,a
nd

st
ab
ili
ty
.

[2
1–

23
]



254 M. Yasir et al.

9.2.1.1 Patient-Related Factors

Age
Age is one of the major factors contributing to immune response; thus, it is not
possible to project the immunogenicity data of one age group with another. Patient
age affects the production of the immune response against therapeutic proteins.
Maturation of the immune system among the pediatric population is observed to
be different among the different ages. If a drug is intended for children, clinical
investigations in the pediatric population are necessary. Maturation of the immune
system is observed to differ among the ages.

Genetic Factors
Genetic variation is present among everyone, which is also there in T cell receptors
and major histocompatibility complex (MHC) molecules that modify or alter the
level of immunity. Patients with genetic anomalies may have autoimmune disorders,
which are considered to be at high risk for the development of ADA [25, 26].

Diseases
Diseases are also an important factor that causes the development of immune
responses in an individual. Patients who suffer from autoimmune diseases, allergies,
and chronic infections have an activated immune system against the therapeutic
proteins. Moreover, diseases such as HIV, malignant disease, and malnutrition are
immunocompromised conditions with less immune response. These diseases affect
the development and production of antibodies against therapeutic proteins, which
depend on the different stages of the disease. A systematic review suggests that anti-
TNF agents such as infliximab, adalimumab, and certolizumab show immunogenic-
ity of 25.3%, 14.1%, and 6.9%, respectively, in patients suffering from rheumatoid
arthritis [27].

Pre-Existing Antibodies
Pre-existing antibodies are endogenous antibodies with a similar epitope of existing
protein that overlaps with the epitope of a therapeutic protein. The exact underlying
cause is yet to be determined. For example, antibodies against gal-alpha-1,3-gal are
found in most humans and can react with the corresponding antigen on mAbs
generated in mice. As a result, patients treated with Erbitux have hyposensitive
responses [28].

9.2.1.2 Product-Related Factors
Several product-related factors such as the nature and origin of therapeutic protein,
modifications, impurities, degradation, and formulation excipients alter the immu-
nogenicity of therapeutic proteins. These factors are discussed in detail below.

Protein Source
Heterologous proteins are reported to be immunogenic in nature, with proteins
derived from animal sources being noticed first. A nonnative recombinant version
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of proteins causes the formation of antibodies like salmon calcitonin, bacterial
staphylokinase, and streptokinase. The immunogenicity of a heterologous protein
can be predicted with the analysis of protein sequence and can be reduced. However,
native human proteins are less immunogenic than other therapeutic proteins [24].

Protein Structure
The structure of protein affects immunotolerance, as low-abundance proteins have
weaker general tolerance than high-abundance proteins. Furthermore, healthy
individuals have a low level of cytokines; thus, autoantibodies are not uncommon.
Alteration in the structure of the therapeutic protein triggers the immune reaction.
This alteration occurs due to posttranslational modifications that develop due to the
administration, storage, and manufacturing process of the product. In therapeutic
proteins, alteration in amino acid sequence modifies the T cell epitopes [29]. More-
over, European guidelines suggest that the biological and physicochemical
properties of proteins can also be influenced by glycosylation (http://www.emea.
europa.eu). The immunogenicity of a therapeutic protein is altered by both presence
and absence of carbohydrate moieties. Notably, carbohydrate binding alters the
protein conformation, which leads to a change in protein immunogenicity
[30]. Shielding of immunogenic epitopes reduces immunogenicity due to glycosyla-
tion and PEGylation.

Formulation and Packaging
The preparation of formulations and their compositions are explicitly specifically so
that no alteration occurs in the structure of therapeutic proteins. Excipients used in
the formulation should not interact with the active therapeutic proteins and packag-
ing materials, since the interaction may alter the protein structure and impart
impurities. Furthermore, a suitable formulation depends on the physical and chemi-
cal nature of excipients and the packaging material used. For example, the IFN-α2a
formulation is immunogenic in nature; however, it is oxidized at room temperature
and becomes more immunogenic in an individual [31].

Treatment Duration and Frequency of Dose
The frequency of drug administration is directly proportional to the development of
immunogenicity. Clinically intramuscular administration of interferon beta-1
(INF-beta-1) three times a week enhances the development of antibodies compared
to the administration once a week. Moreover, chronic administration improves
antibody formation more than short-term administration [32].

Route of Administration
Protein administered intradermally or subcutaneously has a larger likelihood of
developing immunogenicity than protein administered orally, intraperitoneally, or
intravenously. Furthermore, subcutaneous administration of INF-beta1 is reported to
be greater than intramuscular administration in multiple sclerosis patients [33].

http://www.emea.europa.eu
http://www.emea.europa.eu
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9.2.2 Aggregation

Protein aggregation is a process in which monomers interact or self-assemble in their
natural quaternary structure. During aggregation, proteins assemble in diverse forms
that differ in biophysical and biochemical characteristics and sizes, ranging from
visible particles to dimers [34]. Protein aggregates can be soluble or insoluble,
associated with covalent or noncovalent linkages, and be reversible or irreversible
in their formation. Several neurodegenerative disorders, such as Huntington’s dis-
ease, Parkinson’s disease, amyloidosis, amyotrophic lateral sclerosis, and
Alzheimer’s disease, are associated with protein aggregation (Fig. 9.1) [35].

9.2.2.1 Aggregation and Immunogenicity
Molecules that induce immune reactions are discussed under the heading “immuno-
genic and therapeutic proteins”. They are reported to augment the immune response
due to the formation of ADAs through protein aggregation. Furthermore, aggrega-
tion is used to predict the immunogenicity of therapeutic proteins [36]. Thus, the
development of therapeutic protein formulations ensures a lower concentration of
aggregations; however, the hazard of unforeseen aggregations depends on the kind
and size of the aggregation. The method of production used in biotherapeutics can
also cause aggregation, and manufacturers take this into account to prevent
aggregation-related immunogenicity [37].

Fig. 9.1 Schematic representation of protein aggregation
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9.2.2.2 Interaction of Protein Aggregate with Immunity
Adaptive immunity is an essential part of the immune system that provides responses
to specific antigens by activating B and T cells. Adaptive immunity creates immu-
nological memory, allowing cells to protect the body after repeated antigen expo-
sure, while innate immunity, which is also an integral part of the human defense,
generates a rapid response against antigens [38]. Both types of immunity defend the
body against foreign objects or infections.

9.2.2.3 Innate Immunity Against Antigens
Protein aggregation is the first point of contact for innate immunity, as shown in the
etiology of Alzheimer’s disease, where the deposition of aggregated amyloid-beta
(Aβ) plaques activates the immune system. TNF production from monocytes is
induced by toll-like receptors 2 and 4 (TLR2 and TLR4). A study suggests that
secretion of inflammatory cytokine is enhanced by the aggregation of three different
monoclonal antibodies (mAbs) through the stimulation of TLR2 and TLR4 from the
peripheral blood mononuclear cells, which is a part of innate immunity response
[39]. Moreover, several other pathways are involved in innate immunity during
protein aggregation.

9.2.2.4 Antidrug Antibody Formation
The T lymphocytes are involved in the production of antibodies. ADAs are
antibodies formed against therapeutic protein molecules. The ADAs impact the
potency, pharmacodynamics, and pharmacokinetics of therapeutic protein
molecules. The interaction of therapeutic proteins with endogenous proteins is a
prominent source of concern in the development of ADAs. The molecular
characteristics of therapeutic protein aggregates influence their interaction with the
immune system. The development of ADAs is the subject of various hypotheses.
According to one hypothesis, the antigen-presenting cells (APCs) may recognize and
trap aggregates, activating B cells for antibody formation via a linear interaction with
the T cell epitope. However, according to another hypothesis, large therapeutic
protein aggregates, particularly rigid and regular ones, stimulate ADA production
by activating TLRs, which increases B-cell proliferation (Fig. 9.2) [40].

9.3 Therapeutic Proteins

Therapeutic proteins are proteins that have been genetically modified in the labora-
tory to be used as pharmaceuticals. Noncovalent binders, proteins that impact
covalent bonding (nearly all enzymes), albumin, mAbs, blood products (clotting
factor VIII), neuromuscular antagonists (botulinum toxin), hormones (glucagon),
cellular growth factors (GM-CSF), and recombinant human cytokines (α and β
interferon) are examples of therapeutic proteins, also known as biological therapeu-
tics or macromolecular therapeutic proteins [10]. Therapeutic proteins have
transformed disease management, because they are very efficacious in vivo. Thera-
peutic proteins are classified into five classes based on their pharmacological action:
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Fig. 9.2 Mechanism of antidrug antibody formation

(i) protein replacement that is abnormal or deficient, (ii) existing pathway augmen-
tation, (iii) novel activity or function, (iv) interfering with a molecule or organism,
and thereby blocking the function, causing destruction or activating different signal-
ing pathways, and (v) delivering other proteins or compounds, like a cytotoxic drug,
radionuclide, or effector proteins at specific sites [1].

9.3.1 Delivery of Therapeutic Proteins

Most therapeutic proteins are administered orally, which has several drawbacks,
including enzymatic breakdown, low solubility, and nonlinear pharmacokinetics.
Furthermore, mucosal, intranasal, intravaginal, intravenous, and transdermal admin-
istration routes have been employed to deliver therapeutic proteins (Fig. 9.3)
[41]. Therapeutic proteins are delivered noninferiorly and suitably through the
subcutaneous route than intravenous infusion. However, in a subgroup of
individuals, there is the possibility of increased immunogenicity to subcutaneously
injected proteins. Aside from the route of administration as an immunogenicity
regulator, there are a variety of product-related adverse effects that are especially
relevant to proteins administered subcutaneously [42]. Moreover, the pharmacoki-
netics and effectiveness of multiple biologics are influenced by undesired ADAs
with repeated delivery of proteins or mAbs. The subcutaneous route of administra-
tion is associated with product-related risk factors like particle concentration,
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Fig. 9.3 Delivery of therapeutic proteins

aggregation, biophysical characteristics, and pollutants as a contributor to
immunogenicity.

Because of the enzymatic breakdown, renal clearance, hepatic metabolism, and
immunogenicity, protein therapies encounter the most serious issues during clinical
uses [43]. This implies that many protein treatments require regular dosage, leading
to problems that include causing an immunological response [10, 44, 45]. Further-
more, compared to other existing therapies, frequent dosing puts protein therapeutics
at a serious disadvantage and increases the chance of patient noncompliance with the
dosing schedule. Therapeutic protein molecules are susceptible to renal filtration and
liver metabolism due to their size and hydrophobicity. Another disadvantage of
several therapeutic proteins is that they may have dose-limiting solubility issues,
which may preclude their use as a therapy. Extending the half-life of protein
therapeutics artificially is considered a revolutionary approach that could be
achieved by linking the protein to a molecule like PEG to increase the size or alter
the amino acid chain to induce the formation of aggregates or receptor-mediated
recycling [46, 47]. Glycosylation [47], protein fusion [48], and the formation of
albumin conjugate [49] are some other methods for increasing the half-life of protein
therapeutics in the blood.

The PEG moiety has several advantages in improving the stability and circulation
half-life of a protein. The flexibility, hydrophilicity, changeable size, compatibility,
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and low toxicity of PEG make it ideal for a variety of applications [50]. Furthermore,
the United State Food and Drug Administration (FDA) has declared PEG to be
“generally regarded as safe [51].” One of the advantages of fusion proteins is that
they may be engineered to interact with numerous targets and operate on two or more
separate disease pathways simultaneously. The potential to build fusion proteins
with bi- or multifunctional specificity is highly enticing, and it is a key focus of
ongoing therapeutic fusion protein research and development. Serum albumin has a
highly extended half-life in humans, owing to Fc receptor (FcRn)-mediated
recycling, which protects it against catabolism [52]. Therefore, albumin is a
promising carrier of therapeutic proteins. However, the absence of acceptable
preclinical animal models has impeded pharmaceutical research and development
of albumin-conjugate therapies of the therapeutic proteins.

9.3.2 Immunogenicity and Therapeutic Proteins

Immunogenicity refers to the ability of a therapeutic protein to elicit an unintended
immune response against itself. Recurrent dosing and even single administration of
therapeutic protein might promote/start ADA response. ADAs with neutralizing or
binding capacities impact the effectiveness of therapeutic protein directly or indi-
rectly [10]. ADAs are a problem associated with the therapeutic protein business and
clinical formulations since they might produce adverse effects (such as endogenous
protein neutralization) or diminish a biotherapeutic’s effectiveness. Immune
responses might be predicted early in the clinical development process using trust-
worthy nonclinical approaches. The subcutaneous administration of therapeutic
proteins is favored for compliance and convenience. However, it might be difficult
owing to immunogenic potential or undesired immune reactions [53]. Furthermore,
it can potentially extend the therapeutic’s half-life in circulation [54]. However,
chronic administration’s immunogenic potential and long-term consequences are
frequently overlooked in clinical studies [55]. The subcutaneous route of adminis-
tration does not enhance immunogenicity in some preclinical investigations [56]
when compared to intravenous administration. For example, compared to intrave-
nous administration, the relative immunogenicity of IFN B-1b is lower when given
subcutaneously [57].

9.3.3 Safety and Efficacy

The link among dosage, exposure, effectiveness, and toxicity of therapeutic proteins
must be understood before developing them. Despite progression in therapeutic
proteins, there are still considerable obstacles to overcome the stability and efficacy
during the manufacturing process and prolonging their storage. Furthermore,
deamidation, misfolding, inappropriate glycosylation, aggregation and oxidation,
and protease degradation are potential degradative processes that affect the efficacy
of therapeutic proteins [58]. In theory, misfolded proteins undergo endosomal



9 Immunogenicity of Therapeutic Proteins 261

proteolysis, with the amino acids recovered in the unfolded protein solution and the
endoplasmic reticulum overburden response [58, 59]. However, at significant pro-
tein concentrations, cells might become overwhelmed by misfolded recombinant
proteins and cause misfolded and aggregated proteins to be released [60]. Multi-
subunit proteins like recombinant IgG and blood coagulation proteins like Factor
VIII might be particularly problematic [61]. Misfolding of protein and aggregation
induces abnormalities in the function of cells and tissues and may cause pathogenic
diseases, similar to the behavior of infectious prions in prion diseases [60]. Further-
more, protein aggregation tendency is also influenced by its surroundings, such as
pH, ionic strength, cosolute concentration, and exposure to various bulk liquid-fluid
and liquid-solid interfaces. For several practical reasons, only a few protein thera-
peutics are produced, manufactured, and kept at neutral pH or in salt concentrations
isotonic to blood plasma [62]. Because pH is one of the most significant modifiable
parameters in therapeutic proteins [62], new attempts that emphasize the role of
charged amino acids protein stability are also being made [63].

9.3.4 Quality

Glycosylation, aggregation, charge variations, and sequence variants are all quality
features that impact the activity, efficiency, safety, pharmacokinetics, and pharma-
codynamics of therapeutic proteins [64].

9.3.5 Biopharmaceutics of Therapeutic Proteins

Immunogenicity is a word used in the biopharmaceutical business to characterize
immunological responses to protein or peptide medications that are unwanted.
Immunological responses to therapeutic proteins can be triggered by one of two
mechanisms: a traditional immune response or the breakdown of the tolerance
[65]. Components inherent to the product, host cell proteins that migrate with the
medicines during purification or protein therapeutics-related factors like excipients
all have a role in immunogenicity. ADAs are frequently used to assess immunoge-
nicity in clinical samples. T cells, which detect drug-derived sequences displayed on
extremely varied Human Leukocyte Antigens (HLAs), play a vital role in defining
an individual’s immunological response [66]. Hypersensitivity-related events can
also be linked to the immunogenicity of a therapeutic protein. Type 1 hypersensitiv-
ity is often associated with IgE isotype ADA [67]. IgE-mediated anaphylaxis is
caused by ADA-IgE complexes binding and crosslinking the Fcε on basophils and
mast cells. Furthermore, IgG ADA may form immunological complexes with the
therapeutic protein, which can crosslink Fcγ receptors on neutrophils, releasing
platelet-activating substances that are similar to histamine [68].

Protein therapies have complicated architectures that result in distinctive pharma-
cokinetic and pharmacodynamic (PK/PD) characteristics. Therapeutic proteins inter-
act with pharmaceutical target structures and other endogenous proteins with a high
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affinity [69]. When produced in high amounts, these high-affinity ADAs have a
greater possibility of altering and neutralizing the therapeutic effects of therapeutic
proteins. Characterization of these ADA reactions faces bioanalytical
challenges [70].

The immunogenicity of therapeutic proteins is altered by several variables [70]
categorized as disease-related, patient-related, or product-related variables in the
European Medicine Agency’s guideline paper and other evaluations. The alteration
of immune function in inflammatory diseases, inflammatory responses in response to
a pathogenic infection, or an existing immunological reaction in a patient in a
medical state are examples of disease variables. A patient-related factor might be a
patient history with the MHC, which has been demonstrated to affect the immuno-
genicity of therapeutic protein treatments [71]. There have also been reports of
product-related parameters that can impact immune response to a therapeutic protein
[72]. Furthermore, it has been shown that administering an immunomodulatory
biopharmaceutical causes an unanticipated inflammatory reaction in healthy
patients [73].

9.4 Prediction of Immunogenicity of Therapeutic Proteins

Immunogenicity risk assessment is vital when developing proteins as successful
therapeutic products. The immunogenicity of therapeutic proteins leads to loss of
response (i.e., diminished efficacy on repeated administration) and hypersensitivity
reactions. A prior potential immunogenicity risk assessment in preclinical stages
ensures avoidance of negative surprises leading to economic and patient health-
related implications. Regulatory guidelines of the European Medical Association
(EMA) and FDA focus on developing standards for immunogenicity assays to
clarify the requirement of tests before or following the drug approval process.

9.4.1 Analysis of ADAs

During clinical trials for assessing the safety and efficacy of therapeutic proteins, the
regulatory bodies of different countries have indicated that the analysis of ADAs and
neutralizing ADAs during the clinical trials can be very useful for predicting the
immunogenicity of therapeutic proteins and their formulations. In addition, these
ADA assays are also a critical part of the preclinical toxicology of therapeutic
proteins as there are chances that ADA can mask the potential toxicity or side effect
of therapeutic proteins during preclinical toxicity assessment. In most cases, it has
been found that the immunogenicity assessment can be accurately predicted in
humans during clinical trials. The experimental sequence to analyze the immunoge-
nicity is shown in Fig. 9.4.
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Fig. 9.4 Stepwise approach to accesses immunogenicity in therapeutic proteins

9.4.2 In silico Models for Predicting Immunogenicity

Immunogenic reactions to the foreign proteins usually depend on the T cell and B
cell epitopes. T cell epitopes are present in proteins and produce interferon γ (IFN-γ)
and cytokines (interleukin 2, 4, and 5) depending on the epitopes.
Immunoinformatics is the field that deals with the in silico characterization of
various biochemical phenomena involved in various immunological mechanisms.
It has also been used to predict the immunogenicity of therapeutic proteins
[74]. Immunoinformatics holds great promise as a technique for predicting antigenic
epitopes as conventional techniques such as nuclear magnetic resonance (NMR) and
X-ray crystallography are tedious and time consuming. There are several T cell
epitope databases, such as Syfpeithi, IEDB (immune epitope databases) and IMGT
(the international ImMunoGeneTics information system) (https://www.iedb.org/),
that are frequently employed to predict the immunogenicity of proteins using
immunoinformatics [75]. Currently, several servers and programs to predict the
binding of peptides to any MHC II molecules are available. For example, an online
server-based program, NetMHCIIpan-4.0, uses artificial neural networks to perform
predictions. This program is trained on an extensive database (more than 500,000
measurements) of binding affinity and ligand mass spectroscopy. This database also
covers three types of human MHCII molecules, namely, HLA-DQ, HLA-DR, and
HLA-DP. Another program used for T cell epitope prediction is TE predict, which
uses data from IEDB (http://tools.iedb.org/main/tcell/) and models constructed by
partial least square linear regression for predictions. It can also predict the
proteasomal processing of antigens [76]. Although in silico methods can predict

https://www.iedb.org/
http://tools.iedb.org/main/tcell/
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immunogenicity, they are based on the linear sequence of peptides and often are
overpredictive; hence, correlation with in vivo activity is required [77].

The primary shortcoming of the in silico approach is that the accuracy of the
model depends upon the quality of large experimental datasets used to predict
immunogenicity [56]. Most tools used for the prediction of immunogenicity focus
on the interaction between peptide sequences and MHC molecules; however, in
reality, an immunological response is a very complex phenomenon involving the
uptake and processing of antigen by the APC, T cell receptor (TCR) mediated T cell
activation, development of tolerance to the epitopes encountered by T cells, and the
involvement of other immune cells. Therefore, in silico methods have very low
reliability, and essentially in vivo studies are needed to confirm the outcomes
predicted by in silico methods. So, in silico and other in vitro models may be used
for screening, but final confirmation is always obtained by in vivo studies [78].

9.5 Exclusion and Avoidance of Immunogenicity
of Therapeutic Proteins

As described in the previous section, the epitopes of nonhuman origin play a vital
role in the induction of immunogenicity via activation of helper T cells leading to
cytokine release, thereby initiating an immune response, which finally leads to the
generation of B-cell-derived ADAs [9].

The deimmunization process, which involves the removal of T cell epitopes, is
central to the mitigation of T-cell-dependent immunogenicity risk. In addition,
regulatory T cell (Treg) epitopes reduce the immunogenicity of the protein
containing humanized components. Thus, an ideal protein having minimal immuno-
genicity should have minimum T cell epitopes and maximum Treg epitopes [40]; for
example, Adalimumab (Humaira) is less immunogenic clinically due to its properties
mentioned above [79]. Humanizing proteins via grafting complementarity-
determining regions (CDRs) onto antibody frameworks of human origin and remov-
ing T cell epitopes sequences found through the combination of epitope prediction
logarithms are two mutually nonexclusive techniques for deimmunization [80].

Tolerization, along with deimmunization, also helps mitigate the immunogenicity
of therapeutic proteins. This process involves the introduction of Treg sequences
[81]. This is particularly useful in peptides used as replacement therapy (i.e.,
hormones, etc.). Furthermore, the Pompe disease (glycogen storage disease due to
deficiency of acid α-glucosidase) is usually treated with recombinant human
alglucosidase alfa (rhGAA); however, rapid tolerance to the therapy occurs due to
the development of antidrug antibodies. De Groot et al. predicted the Treg peptides
using an epimatrix program in recombinant human GAA and were enhanced in the
model peptide and evaluated for immunogenicity potential by using Tetanus Toxoid
Bystander Suppression Assay (TTBSA). The experiment resulted in the reduction of
immunogenicity of the synthesized model protein [82].
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9.6 Limitations and Future Perspectives

Therapeutic proteins are not optimal drug molecules due to production constraints,
and their development is frequently impeded. The problem of spontaneous chemical
degradation at the asparagine and aspartic acid residues significantly impacts the
development of protein therapeutics [83, 84]. Chemical degradation concerns are
typically identified in the later stages of the development, at which point repeated
protein-engineering efforts are used to minimize these alterations. Many therapeutic
proteins have properties that make drug development more complex, such as
nonlinear elimination and distribution, inadequate absorption due to subcutaneous
and intramuscular injection, and poor oral bioavailability [85–87].

9.6.1 Physicochemical Instability

Extensive formulation and process development screening investigations are used to
generate potent biologic medicine. Nonetheless, even in the best formulation, a
protein might degrade spontaneously during production, storage, and usage. Chemi-
cal alterations to amino acid residues, like oxidation of methionine or tryptophan, or
change in charge, like carbonylation or deamidation, lead to conformational changes
in the protein structure, which can result in alteration in the physical and chemical
stability [88]. The safety and quality of therapeutic proteins are also affected due to
nonenzymatic posttranslational modifications (PTMs) of isomerization of aspartic
acid and deamidation of asparagine residues, which occurs during storage and
production [89]. It is challenging to detect isomerization, since the molecular weight
of aspartic acid and iso-aspartic acid is the same, with no change in charges. High-
throughput bioluminescent tests have been used to calculate the amount of
iso-aspartic acid formed [89]. Furthermore, mechanical and interfacial stresses can
cause aggregation, resulting in physical instabilities during the manufacturing
process.

The monoclonal antibody (mAb) abatacept (CTLA4-Ig) is used to treat rheuma-
toid arthritis. Monoclonal antibodies are stabilized using buffers and other stabilizing
agents [90]. However, selecting a suitable buffer is a time-consuming procedure,
since the ideal buffer is determined after testing various buffers and analyzing the
results. Ligand binding is the most common way to improve the thermodynamic
stability of proteins in buffers. In general, it has been shown that increasing thermo-
dynamic stability reduces the rate of protein aggregation [91–93]. Many
investigations involving proteins in buffer solutions have been undertaken, but little
is known about the mechanism of protein-buffer interactions.

9.6.2 Pharmacokinetics of Therapeutic Proteins

Protein engineering efforts have recently become more complex to create protein
therapies with desired features. Next-generation therapeutic proteins like engineered
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antibodies and receptors, antibody mimetic new scaffolds, bi- or multispecific
proteins, and immunoconjugates are discovered by this process [94, 95]. These
new protein therapies have distinct physicochemical features and function via
different mechanisms of action, which contribute to their pharmacokinetics and
pharmacodynamics. The molecular size of these proteins ranges from 10 kDa to
>200 kDa, which leads to alteration in its pharmacokinetic features [96–100].

9.6.3 Manufacturing System

Recombinant production of therapeutic proteins has enormous potential for disease
management. However, several fundamental challenges must be addressed to pro-
duce a therapeutic recombinant protein in a large amount [101]. These issues include
protein size [102], folding and solubility [103, 104], PTMs [105], safety [106, 107],
yield [108], genetic engineering [109], growth conditions and rate [110], etc.
Protein-drug interactions must be thoroughly investigated while formulating a
therapeutic protein to improve overall stability and reduce of risk of immunogenicity
[111]. Liposomes and protein-polymer conjugates are established nanosystems with
a long list of medically authorized products, and several types of protein-loaded
therapeutic nanocarriers of different compositions, shapes, and sizes have been
investigated [112–114]. These options are particularly appealing due to the utiliza-
tion of various nanodelivery systems and the design of nanomaterials with custom-
izable targeting strategies, releasing mechanisms, and physicochemical
features [115].

9.7 Conclusions

Scientists and doctors are becoming increasingly conscious of the need to monitor
the immunogenicity of new therapeutic proteins when they are introduced and the
immunogenicity of existing therapeutics when they are modified or their production
method is altered. Monitoring for antibodies during clinical trials and postmarketing
surveillance is still a critical concern for all therapeutic proteins, despite the fact that
numerous methods have been proposed to minimize the immunogenicity of thera-
peutic proteins.
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Abstract

Protein-based therapeutics have grown into a significant category of drugs
involved in new treatment and personalized care. In recent times, permitted
recombinant protein therapeutics are well established to treat several diseases,
disease conditions, and genetic disorders. With the advent of in silico and in vitro
protein-engineering technologies, drug industries can fine-tune and deeply
explore the required therapeutic functional characteristics of proteins while
maintaining and enhancing product safety, efficacy, or both. Therapeutic
proteins-based therapy focuses on replacing a protein that is anomalous or lacking
in a particular disease. These therapeutic proteins are proposed to act as a
supplement to the body and fulfill the need for vital proteins that helps in
minimizing the effect of disease or chemotherapy-based side effects. The geneti-
cally engineered proteins resemble closely to natural proteins, and hence, they are
easily replaceable.
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10.1 Introduction

Amino acids are the unique combination of the organic bases (C, H, N, and O)
known as the basic building blocks of proteins and play a critical role in the
metabolism of all organisms. Twenty essential amino acids make peptides and
proteins with desired functions. The amino acids, peptides, and proteins are involved
in diverse roles, including building proteins, enzymes, hormone synthesis,
neurotransmitters, etc. Some act as a supplementary diet as well as a therapeutic
drug. The peptides range from 2 to 50 amino acids, while proteins are biological
macromolecules [1, 2], and both are currently used as therapeutic products in various
diseases such as cancer, AIDS, hypertension, diabetes, and numerous infectious
diseases [1, 3].

The discovery of insulin in 1922 laid the foundations for protein-based therapeu-
tics in the pharmaceutical market [4, 5]. Over 250 protein-based therapeutics are
clinically approved for several diseases and indications [6]. In 2020, the peptide drug
market was valued at US$ 32.1 billion globally. With an increasing health hazard,
rising cases of several types of cancer, metabolic diseases, and upcoming infections
will increase the cost of protein-based therapy and hence a manifold upsurge of
revenue in the near future [7]. Developing novel peptides and repurposing therapeu-
tic peptides was accepted globally in the COVID-19 emergency [8–10]. In February
2020, US Food and Drug Administration (FDA) revised the definition of biologics
that covered the chemically synthesized polypeptides ranging between 40 and
100 amino acid residues [11]. The category of synthetic peptides is below
40 amino acids. In the COVID-19 pandemic, peptide- and protein-based therapy
emerged as an optional treatment strategy, and the pharmaceutical industries have
invested massively. With the increased demand for peptide- and protein-based
management, COVID-19 positively impacted the protein therapeutic market
[11]. For SARS-CoV-2, 33 protein-subunit-based vaccines are in the clinical
phase, and 75 are in the preclinical phase [12].

Protein is an essential class of medicines in serving patients with a specific disease
or disorder that needs special. Near-approved recombinant protein and peptides as
therapeutic agents have been designed to treat multiple clinical abnormalities,
diseases, and genetic disorders [13], after they undergo a rigorous experimental,
go-no-go trial phase, which unfortunately includes a high risk of failure. The
progress in computational-based modeling, including 2D, and 3D structure
modeling, molecular docking, molecular dynamics (MD) simulation, and protein
engineering technologies such as synthesis and quality control, have widely
supported fast production and maintenance of the product safety or efficacy or
both [13]. Accurate information on the 3D structure of protein acting as a receptor/
target and ligand is very important. In case of unavailability or poor structural data,
the known computational methods such as homology modeling, fold-based method,
threading, and ab-initio have supported the modeling of protein and peptide 2D and
3D structures.

The molecular interactions can be studied in silico by employing molecular
docking tools such as HEX protein-protein docking server (http://hexserver.loria.fr/),

http://hexserver.loria.fr/
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HADDOCK protein-protein docking (https://wenmr.science.uu.nl/haddock2.4/),
etc. and these tools are widely used to predict the binding and molecular interactions
such as protein-protein, protein-peptide, and peptide-peptide interactions. Detailed
information about interactions such as hydrogen bonding, charge interaction, hydro-
phobic, etc., can be obtained. These interactions are deeply associated with the
efficacy and safety of the protein therapeutics. The MD simulation helps to identify
the dynamic conformational space of the protein and motions over time. Higher
conformational variations in the protein and protein-protein complex lead to higher
energy fluctuation and lower stability, which contributes to poor safety and efficacy.
The computational approaches help in deciding the appropriate lead candidates for
further study, support early screening of biological compounds, and assist in the
prediction of late-phase failure of the biological candidates in the trial phases.

The recent outbreak of Omicron raised a concern to the medical fraternity about
the decline in the efficacy of the vaccines and neutralizing antibodies due to the
mutations [14]. Using MD simulation data of human ACE2 and wild-type SARS-
CoV-2 receptor-binding domain (RBD) complex with the 15 mutations in the RBD
complexed with human ACE2, Lupala et al. demonstrated that omicron RBD
interacts more strongly with the human ACE2 protein as compared to the original
strain [14]. The RBD mutations exhibited a high number of hydrogen bonding in the
ACE2-RBD interface, enhancing the tight-binding compared to the wild-type
SARS-CoV-2 [14], possibly leading to the loss of vaccine efficacy.

10.2 Classification of Therapeutic Proteins

The therapeutic proteins are classified based on their pharmacological activity,
molecular types, and molecular mechanism.

10.2.1 Classification Based on Pharmacological Activity

The pharmacological activity depends on how the drugs interact with proteins,
enzymes, receptors, nucleic acid, or biomembranes. The pharmacological-based
activity of proteins is categorized into four subcategories.

Group I: Therapeutic proteins with either enzymatic activity or regulatory
activity.

(a) These therapeutic proteins act as a replacement for the protein that is abnormal
or deficient, for example, Increlex.

(b) These proteins help in the amplification of a current pathway, for example,
Ovidrel, Neupogen.

(c) These proteins provide an appropriate activity or function, for example,
Myoblock.

https://wenmr.science.uu.nl/haddock2.4/
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Group II: Therapeutic proteins with specific targeting activity.

(a) These therapeutic proteins interfere with an organism or a molecule with a
specific targeting activity, for example, Avastin.

(b) These proteins help deliver other compounds or proteins to the desired target, for
example, Ontak.

Group III: Therapeutic proteins as vaccines.

(a) These therapeutic proteins act as vaccines and help in the protection against a
harmful foreign agent, for example, Engerix.

(b) These therapeutic proteins are used to treat autoimmune diseases, for example,
Rophylac.

Group IV: Therapeutic proteins used for diagnostics purposes, for example, Geref
[1, 15].

10.2.2 Classification Based on Molecular Types

This class of therapeutic proteins pools antibody-based drugs, anticoagulants, blood
factors, interferons, growth factors, hormones, interleukins, Fc fusion protein,
etc. [1].

10.2.3 Classification Based on the Molecular Mechanism

The molecular mechanism defines the interaction between the therapeutic compound
and the desired target that generates the physiological response.

(a) These proteins bind to the target noncovalently, for example, monoclonal
antibodies (mAbs).

(b) These proteins act by binding with the covalent bonds, for example, enzymes.
(c) These proteins are based on their activity without specific interactions, for

example, serum albumin [1].

10.3 Safety

Proteins are organized in a stable structure that must be maintained to effectively
preserve their biological and functional properties [13, 16]. However, it is challeng-
ing to synthesize full-length therapeutic proteins through chemical reactions and
processes. Hence, it is vital to produce them in live cells or organisms, where the
selection of the appropriate cell line, the origin of species, desirable culture
conditions, chemicals, and quality affect the characteristics of the final product
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[16–18]. Furthermost, biologically active proteins undergo posttranslational
modifications (PTMs) that may result in conformational or functional changes. For
this, heterologous expression systems such as yeast and mammalian cells are used,
which include complex purification processes. Resins and filters are used to remove
the viral contamination from the produced therapeutic protein. Low pH or detergents
are used as an inactivation step in removing virus particles [19]. These methods are
widely used by manufacturers to avoid serious safety issues that may arise due to
viral contamination in the therapeutic proteins. Considering the complexity in the
production of the therapeutic proteins and their supply to the end market, attaining
the highest safety of the product is the prime concern [13].

In 2019 a human mAb–Risankizumab was globally permitted for use in the
management of mild-to-severe psoriasis. The drug targets the IL-23A interleukin
and exhibits a vital role in keratinocyte proliferation [20]. In clinical trial
experiments, the safety profile of the Risankizumab was average compared to the
protein-drug/mAb Adalimumab and Ustekinumab [20]. The mAb Adalimumab is
commonly used to treat arthritis, ankylosing spondylitis, Crohn’s disease, rheuma-
toid arthritis, psoriatic arthritis, ulcerative colitis, plaque psoriasis, hidradenitis
suppurativa, uveitis, and juvenile idiopathic [21–23]. The protein-drug Ustekinumab
is commonly used for Crohn’s disease, ulcerative colitis, plaque psoriasis, and
psoriatic arthritis [24]. In short-term general safety, a 16-week study reported the
adverse events from mild to moderate severity after administration of a 150 mg dose
of Risankizumab with 48.9% compared to Ustekinumab with 52.3%, Adalimumab
with 56.9%, and placebo with 48.3% of subjects. Serious adverse events in the initial
16 weeks varied from 2.4% of subjects receiving the Rrisankizumab to 5% of
subjects receiving Ustekinumab [20].

In the case of long-term general safety, the data were collated from two Phase
3 studies for 52-week-long clinical trial results. The observed serious adverse event
in the Risankizumab subjects was 9.4% patient-year compared to Ustekinumab with
10.9% patient-year [25]. No upsurge in the serious adverse events was reported over
long-term exposure, and no novel safety signals were identified in the
Risankizumab-dosed subjects [20]. From the clinical trials experiments and
extended use of Risankizumab, the standardized mortality ratio was approximately
15 deaths per year in the general population [26].

Drug toxicity is widely associated with the mechanism of action—on-target and
off-target activity. Here the activity of the therapeutic protein can be considered on
two factors: i) interactions with an intended target (on-target activity) and ii)
interactions with the un-intended target (off-target activity).

10.3.1 On-Target Activity

When a therapeutic protein interacts and binds to its desired target, it may lead to
inhibitory or stimulatory activity [27]. Tumor necrosis factor-α (TNF-α) is involved
in the activation and metabolic signaling pathway of inflammation and
inflammation-based diseases [28]. TNF-α levels are highly and selectively elevated
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Fig. 10.1 Infliximab interacting with TNF-α (PDB code: 4G3Y) and relative adverse events. Red
color represents TNF-α, blue represents Infliximab Fab fragment light chain, and yellow represents
Infliximab fab fragment heavy chain

at the inflammation site in chronic inflammatory diseases like rheumatoid arthritis or
Crohn’s disease. The anti-TNF-α drugs were shown to reduce tissue damage and
increase the quality of life of the patient. The administration of suppressor therapeu-
tic protein may have various adverse effects, including a weakened immune
response. Protein drugs such as Certolizumab pegol, Etanercept, Infliximab, and
Adalimumab that target TNFα exhibit infectious complications in humans
[27]. There is a possibility of unfavorable side effects of these drugs. The unwanted
side effects may arise due to the immunomodulatory antibodies and could be through
either suppressory or stimulatory behavior [28].

The first approved anti-TNF-α drug Infliximab, a chimeric IgG mAb, was
followed by Entanercept, a dimeric, recombinant, complete two soluble TNF-α
receptor protein [29], Adalimumab, a human IgG1 monoclonal antibody [30], and
the recent Certolizumab pegol, a PEG-ylated anti-TNF-α Fab 2 antibody fragment.
TNF-α plays a crucial role in the body’s defense system against several bacteria and
virus infections [31], and anti-TNF-α drug therapy such as Infliximab was associated
with severe infections [28, 32–34] (Fig. 10.1). The US FDA Adverse Reporting
System reported 70 cases of tuberculosis in infliximab-treated patients
[28, 35]. Rituximab is a chimeric mAb used to treat nonlymphoma Hodgkin’s and
chronic lymphocytic leukemia. It functions as an anti-CD 20 antibody. Rituximab
inhibits or stops the proliferation of cancer cells. It lowers joint discomfort and
swelling and is employed to treat rheumatoid arthritis. When Rituximab was applied
as monotherapy in B lymphomas or autoimmune disease, the outcome was
associated with bacterial or viral infection [36] (Fig. 10.2).

In certain cases, there is a chance of life-threatening illness due to the excessive
stimulation of the immune system. A study on protein therapeutic stimulatory anti-
CD28 mAb TGN1412 with a single dose of administration reported the initiation of
systemic inflammatory response identified by a spontaneous escalation of
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Fig. 10.2 Rituximab interacting with B-lymphocyte antigen CD20 (PDB code: 2OSL) and relative
adverse events. Red color represents B-lymphocyte antigen CD20, blue represents Rituximab fab
fragment light chain, and yellow represents Rituximab fab fragment heavy chains

proinflammatory cytokines in all six volunteers, leading to critical illness within
12–16 h [28, 37].

10.3.2 Off-Target Activity

In some instances, the protein therapeutics interact with unintentional/nonspecific
targets and cause various adverse effects with poorly understood mechanisms.
Protein therapeutics such as Alemtuzumab, Cetuximab, Infliximab, Panitumumab,
Rituximab, and Trastuzumab reported adverse acute infusion reactions post admin-
istration. In the case of Rituximab, the discharge of cellular substances from
disintegrated malignant B cells was reported as an infusion side effect. In certain
cases, the infusion of therapeutic proteins leads to hypersensitivity reactions, ana-
phylactic shock (fatal allergic reaction), and serum sickness [27, 28, 38, 39]. Due to
off-target or nonspecific target binding, the pharmacokinetic activities of the mAb,
such as dissemination, toxicity, and efficacy, might differ or be altered.

Bumbaca et al. elucidated the effect of therapeutic antibody (FGFR4), a
humanized antifibroblast growth factor 4 for hepatocellular carcinoma (HCC). An
established chimeric anti-FGFR4 mAb (chLD1) has previously been shown to block
ligand binding, decrease FGFR4-mediated signaling, and halt tumor growth in vivo.
Analogous binding affinity and in vitro blocking activity have been confirmed for
the humanized version of chLD1, hLD1.vB. The studies of humanized chLD1and
hLD1.vB in HUH7 human HCC xenograft mouse model (human HCC, preclinical
mouse model) have turned up fast clearance, poor target tissue distribution with
limited efficacy. Comparative research showed that hLD1.vB had a particular
off-target interaction with mouse complement C3, which led to higher clearance
and low effectiveness [40, 41].
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Furthermore, severe adverse reactions observed in the cynomolgus monkey
toxicity studies of humanized mAb ABT-736 targeting amyloid-beta (Aβ) protein
oligomer in induced Alzheimer’s disease lead to withdrawal of molecule. Later it
was identified that ABT-736 has a polyspecificity target affinity, including the
unintended interaction or off-target activity with high affinity to the monkey and
human plasma protein platelet factor 4 (PF-4). It is widely recognized that PF-4 has a
role in serious adverse effects, including heparin-induced thrombocytopenia (HIT)
in humans [42].

Due to the fear of late-phase failure in drug development and unpredictable
outcome of the off-target activity, it is advised to perform an early screening of
mAb for nonspecific binding via in vitro experiments such as tissue cross-reactivity
assays, light-directed peptide synthesis arrays, and protein microarrays [43–45].

10.4 Efficacy

Efficacy or Effectiveness is the second most crucial factor that the US FDA and all
regulatory agencies consider when deciding whether to approve a drug. Many
therapeutic proteins are well known to be highly successful in vitro and in vivo, as
well as in treating disease.

Protein therapeutic such as Rituximab for non-Hodgkin lymphoma [39], insulin
for diabetes [46], Epoetin-alfa for anaemia [47], and Altemtuzumab for
haematological malignancies [48] are well known for their pharmacological activity.
The therapeutic protein Trastuzumab (Herceptin) is used to treat early-stage and
advanced-stage metastatic HER2-positive breast cancer. Data collated from six
clinical trial studies randomizing >14,000 women subjects with HER2-positive
breast cancer were treated with Trastuzumab versus non-Trastuzumab-based adju-
vant chemotherapy. The outcome reported that the inclusion of Trastuzumab
decreases the repetitive frequency of disease by nearly 50% and boosts patient
survival by 30% [27, 49–51] (Fig. 10.3).

Due to numerous factors, the efficacy of the protein therapeutics is not high or
optimum due to their variability. Over 50% of patients with HER2-positive breast
cancer who receive Trastuzumab as a therapeutic candidate experience
nonresponding tumors, and most of these patients experience disease progression
within a year [52]. However, when HER2-positive advanced breast cancer develops
in female patients and is treated with Anthracycline-, Taxane-, and Trastuzumab-
based therapy (amalgamation therapy), which maintains a dual tyrosine kinase
inhibitor of EGFR and HER2, the drug Lapatinib to drug Capecitabine, a prodrug,
displayed a prodigious efficacy in these patients [53].

Sotrovimab (VIR-7831), an anti-SARS-CoV-2 mAb approved by US FDA in
May 2021 (manufactured by GSK and Vir Biotechnology, Inc.), binds to the highly
conserved epitope of the RBD of the viral spike protein. The US FDA approval was
given based on the randomized controlled trial experiment investigating the safety
and efficacy of the Sotrovimab 500 mg intravenous injection given to the subjects
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Fig. 10.3 Trastuzumab interacting with HER2 (7MN8.pdb). Trastuzumab interacting with HER2
and relative effect. Red color represents HER2, blue represents Trastuzumab fab fragment light
chain, and yellow represents Trastuzumab fab fragment heavy chain

within 5 days of symptom onset. A parallel study reported the efficacy of the
Sotrovimab against most circulating SARS-CoV-2 variants [54].

10.5 Consequences of Clinical Approach

As they are proposed to be safer than synthesized small molecules, therapeutic
proteins are envisioned for pharmaceutical and therapeutic applications. Therapeutic
proteins are produced in vivo using the same methods as their natural counterparts
[28]. The treatment of patients with protein-based drugs may exhibit adverse
immune response, low or poor-clinical outcomes, antibody reaction, and cross-
reactivity. Throughout the design and development phase of therapeutic proteins,
the disclosure, identification, and comprehensive justification of the immunologic
response and adverse events are actively encouraged. The identification of adverse
effects in the early phase thus facilitates the design and development of therapeutic
proteins with a low risk of late phase toxicity and prevents experimental failure. This
understanding of the toxic phenomena reduces the probability of fatalities and thus
saves the late phase failure that impacts the timeline and cost of the project. The risk-
benefit measurement depends upon the depth and degree of information and might
vary among individual patients, populations, individual products, types of disease,
comorbid conditions, and the immune response [55].

As a result of patient exposure to protein drugs that triggers an antibody response,
the effectiveness of therapeutic proteins may be restricted or reduced. The antibodies
binding to the enzymatic, catalytic, or binding site domain of the therapeutic protein/
enzyme may cause the deactivation or loss of product efficacy. Counterbalancing
antibodies may target the catalytic domain involved in the efficacy of the therapeutic
protein, which may suppress the activity. The cross-reactivity due to the neutralizing
antibodies with the therapeutic protein may also affect the safety. The
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pharmacokinetic properties may alter or inactivate by the neutralizing and
nonneutralizing antibodies, and hence, the efficacy will be at high risk with poor
absorption, distribution, metabolism, and excretion (ADME) activity [48]. Safety is
one of the crucial apprehensions in drug discovery and the life span of protein
therapeutics. It is challenging and sometimes unpredictable to calculate the safety
parameters in a patient, considering the immunogenicity activity that varies broadly
and is not readily predictable in patients dosed with the therapeutic proteins.
Anaphylaxis, cytokine release syndrome, infusion responses, nonacute reactions,
and cross-reactivity to endogenous proteins are among the many variables
influencing safety [48].

10.6 Pharmacokinetics of Therapeutic Protein

The field of pharmacokinetics focuses on the movement of the therapeutic protein
into, through, and out of the human body. Essentially, it studies the time-course of
the absorption, bioavailability, distribution, metabolism, and excretion of the drug.
Similar to the small molecule drugs, the pharmacokinetics of protein-based thera-
peutics is followed by the ADME process, that is, absorption, distribution, metabo-
lism, and excretion.

10.6.1 Absorption

The intravenous route of therapeutic protein to the human body is highly preferred,
as it enhances the bioavailability of the drug. Hence, most therapeutics are
administered via the intravenous route to humans. However, there are certain limits
to the intravenous route, such as (1) the intravenous route is painful and not
economical for many, and (2) the rapid infusion of antibodies into the human system
may cause adverse events wherein the patient may need hospitalization. The other
routes considered are oral, subcutaneous, and intramuscular. Monoclonal antibodies
such as Adalimumab, Efalizumab, Omalizumab, and Etanercept are administered
subcutaneously, while Alefacept and Palivizumab are administered intramuscularly.
The dry powders, inhalers, or aerosol formulations of Exubera can be delivered via
the pulmonary route. Many therapeutic proteins cannot be absorbed by the gastroin-
testinal system due to factors such as molecular size, hydrophilicity, and gastric
breakdown. The absorption of therapeutic proteins administered through the subcu-
taneous route is slower than the small molecules due to their size. Thus, the variables
affecting subcutaneous absorption parameters depend on intrinsic subject
characteristics (like body weight, sex, age, and level of activity), species
characteristics concerning skin morphology and physiology, target interaction,
charge, formulation of therapeutic protein, and mode of administration. Thus, the
route of administration is highly dependent on delivering the safety and efficacy of
the therapeutic protein within the defined subjects [56, 57].
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10.6.2 Distribution

The distribution of the therapeutic protein within a body is constrained by the size of
the molecules. Thus, the smaller the molecular size of a therapeutic protein, the
higher the tissue penetration. The distribution path of a therapeutic protein in vivo is
also influenced by other elements such as physical and chemical properties (charge
and shape), binding qualities (molecular interaction, receptor-mediated uptake),
route of administration (intravenous, subcutaneous, intramuscular-formulation,
etc.), and production process (which affect PTMs, such as glycosylation). Thus, to
enhance tissue penetration, one can design and model the molecular size and analyze
the binding affinity of designed therapeutic molecules using in silico approaches. In
recent years, a series of therapeutic proteins have been designed, modeled, and
analyzed based on molecular size and binding affinity, which has further encouraged
the development of therapeutic proteins for clinical use.

Despite the low tissue penetration of large-sized biotherapeutics like mAbs,
which typically have effectiveness even when the site of action clings to the tissue,
it is conceivable to construct a therapeutic technique so that the tissue disclosure is
adequate to regulate the target at the site of action. Since delivering therapeutic
proteins to specific tissues and targets is a complex and demanding endeavor, many
other aspects of pharmaceutical research remain to be explored [56, 57].

10.6.3 Metabolism

Like small molecules, therapeutic proteins or antibodies may be removed via
excretion or metabolism. The protein-based therapeutics, with their large molecular
size, are filtered through the kidney and excreted through the urine. In general, the
low-molecular-weight protein fragments are filtered through the system; however,
most of the filtered protein is not eliminated but gets reabsorbed and or metabolized
by the proximal tubular cells of the nephron. By a variety of metabolic routes,
including proteolytic degradation, target-mediated clearance, Fc receptor-mediated
clearance, nonspecific endocytosis, and creation of immunological complexes, ther-
apeutic proteins are mostly cleared from the bloodstream or interstitial fluid. How-
ever, the detailed understanding of the complete metabolism of these small/large
therapeutic molecules is yet to be elucidated. Using incubations with plasma, liver,
and kidney homogenates, peptides that help select lead molecules have been
explored in vitro; however, the relationships between in vitro and in vivo
investigations have not yet been proven.

When the body metabolizes a therapeutic protein into a peptide or amino acid, it
interacts with phagocytic cells or cells with their target antigen. One of the primary
reasons for nonlinear elimination kinetics is target-mediated clearance. The binding
of a therapeutic protein to the target present in cells leads to its internalization in the
cell and degradation in lysosomes. Target-mediated clearance is the main channel for
clearance in the case of Cetuximab, where the endothelial growth factor receptor
(EGFR) is the drug target. By comparing the disposition kinetics between normal,
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healthy animals and animals overexpressing the target, target-mediated clearance
can be understood. To characterize saturable kinetic patterns linked to the target-
mediated clearance in humans, pharmacokinetic/pharmacodynamic (PK/PD) models
are often developed [56, 57].

10.6.4 Excretion

In humans, the renal excretion system plays a vital role in the excretion of
metabolized therapeutic proteins. Antibodies and similar structures may be expelled
from the body by either excretion or metabolism. The renal route mostly excretes the
protein degraded products and low-molecular-weight biological compounds of
<30 kDa [58]. Studies suggest that the proteins are degraded in the liver, and the
degraded materials are transported to the bile for excretion [59], such as insulin and
EGFR [57]. In the excretion of oligomeric biologic therapeutics, the plasma protein
binding plays an important role and results in altered excretion profiles. Understand-
ing the relationship between structure and activity and then changing the lipophilic
properties of oligomers revealed the link between biological adherence and increas-
ing plasma protein binding, lengthening in vivo half-life, and reducing renal excre-
tion [56, 57, 60].

10.7 Examples of Therapeutic Proteins

For the treatment of chronic diseases, modern recombinant DNA technology has
been used to produce a wide range of therapeutic proteins, including vaccines,
enzymes, natural and recombinant cytokines, and antibody-drug conjugates, which
are readily available medications at low prices. These products have been utilized for
more than just therapy—they have also been employed for diagnosis, prevention,
disease management, and cure.

10.7.1 Therapeutic Proteins for Diabetes

Diabetes is a metabolic disease of unbalanced carbohydrates, fats, and proteins
metabolism, triggering the hyperglycemic condition and is a major trigger of mor-
tality and morbidity [61]. Though an extensive bag of FDA-approved parenteral and
oral medicines are available, the incomplete effectiveness, adverse effects, cost,
contraindications, dosage adjustments, dosing schedules, and weight gain limit
their use [62]. The L cells of the small intestine generate glucagon-like peptide
(GLP-1) analogues, which boost glucose-dependent insulin secretion, lower gluca-
gon secretion, decrease the weight deficit, slow down gastric draining, reduce
hunger, and promote cell regeneration. Additionally, they do not cause hypoglyce-
mia in the absence of treatments [63]. It has been noted that glucose kinase, also
known as hexokinase IV or D, significantly affects glucose homeostasis.
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Glucokinase activators (GKAs) stimulate the production and release of insulin.
Additionally, they have been observed to enhance glucose metabolism and
associated activities in many glucokinase-expressing cells by increasing the affinity
of glucokinase for glucose and its maximum catalytic rate, which is mediated by
GKA. Through the widespread increase in cell activity and fasting-restricted
alterations in glucose turnover, GKAs mediate their antidiabetic actions
[64]. PPAR α-agonists have also been scrutinized as potential antidiabetics. The
subjugation of PPAR α-agonists like fibrates can lower plasma triglycerides and very
low-density lipoprotein particles. Also, PPAR γ-agonists like thiazolidinedione
impact free fatty acid flux and decrease insulin resistance and blood glucose levels.
The PPAR α/γ dual agonism addresses both dyslipidemia and insulin resistance.
They have been shown to improve inflammation, vascular function, vascular
remodelling, and increased insulin sensitivity [65]. Mudgil et al. have reported a
few antidiabetic peptides from camel milk protein hydrolysates against dipeptidyl
peptidase-IV (DPP-IV), porcine pancreatic α-amylase (PPA), and porcine pancreatic
lipase (PPL) [66].

Bioactive proteins and peptides produced during the enzymatic breakdown of
dietary proteins are being researched as potential antidiabetic treatments. They have
the potential to treat diabetes by controlling the glycemic index. Food proteins can be
converted into these beneficial compounds either chemically, through microbial
fermentation, or by enzymatic hydrolysis [67].

10.7.2 Anticancer Proteins

Cancer is responsible for millions of fatalities worldwide. Chemotherapy and radio-
therapy are contemporary cancer treatments, but they are limited due to the known
and unknown adverse effects on normal cells and intermittent progression of multi-
drug resistance in cells. This emphasizes the demand to develop novel therapeutics
and means to combat cancer [68]. In 1997, Rituximab was the first anticancer
biologic authorized by FDA for non-Hodgkin’s lymphoma. To treat follicular
lymphoma, diffuse large B cell lymphoma, and chronic lymphocytic leukemia
(CLL), the FDA approved Rituximab with hyaluronidase in 2017 [69]. A list of
various therapeutic proteins and vaccines acting as anticancer agents is listed in
Table 10.1.

10.7.3 Therapeutic Proteins for Cardiac Diseases

Cardiovascular diseases (CVDs) are among the leading cause of mortality globally,
which include coronary heart disease, rheumatic heart disease, cerebrovascular
disease, and disease of the arteries. According to WHO, out of five CVD cases,
four deaths are due to heart attacks and strokes. Although extensive breakthroughs in
the treatment areas of CVDs have occurred, scientists and medical practitioners have
faced serious objections and claims in prevention and designing more efficient
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Table 10.1 Anticancer protein-based drug/vaccines

Drug Category Disease Ref.

Oncophage or
Vitespen or
HSPPC-96

Therapeutic vaccine Renal cell carcinoma, melanoma [69–71]

Cervarix Therapeutic vaccine Prevention of HPV 16, 18-associated
cervical cancer, and other cancers of
the reproductive organ

[69, 72]

Sipeuleucel-T Therapeutic vaccine Castration-resistant prostate cancer,
hormone-refractory prostate cancer

[69, 73]

Ipilimumab Immunotherapeutic/
biologic

Melanoma (metastatic) and other
tumors

[69, 74]

Vemurafenib Chemotherapeutic Advanced melanoma with BRAF
V600E mutation

[69, 75,
76]

Brentuximab
vedotin

Drug-linked biologic Advanced Hodgkin lymphoma,
anaplastic large cell lymphoma, T cell
lymphoma

[69, 77–
79]

Peginterferon
alfa-2b

Biologic Melanoma, chronic hepatitis C [69, 80,
81]

Carfilzomib Chemotherapeutic Relapsed or refractory multiple
melanoma

[69, 82,
83]

Pomalidomide Chemotherapeutic Relapsed or refractory multiple
melanoma

[69, 84,
85]

Blinatumomab Biologic B cell acute lymphoblastic leukemia [69, 86,
87]

Tisagenlecleucel CAR T cell
immunotherapy

B cell cancer, B cell acute
lymphoblastic leukemia

[69, 88–
90]

Ramucirumab Biologic / human
anti-VEGFR-
2 monoclonal
antibody

Hepatocellular carcinoma, advanced
stomach cancer, and gastro-esophageal
junction adenocarcinoma

[69, 91–
93]

Pembrolizumab Humanized
monoclonal anti-PD1
antibody

Melanoma, NSCLC, colorectal cancer [69, 94–
96]

therapies. Protein engineering methods have been used to develop drugs for disease
management, cardiac repair, and therapy; however, none have yet received approved
clinical use [97]. The TNF-α inhibitor, Etanercept, showed promise but was unsuc-
cessful in cardiovascular therapy. Like insulin, the IGF-1 protein showed protection
against the progression of heart failure in mice, but low levels of IGF-1 in humans
have been linked to an increased risk of ischemic heart disease. Other side effects of
IGF-1 systemic delivery include an increased risk of cancer and diabetic retinopathy.
A “two-pronged” defense of the myocardium may be provided by the stromal-cell-
derived factor-1 (SDF-1), which protects against acute myocardial ischemia-
reperfusion damage (IRI) and energizes the healing by directing stem cells to the
site of injury [97, 98].
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10.7.4 Therapeutic Protein in COVID-19

The SARS-CoV-2 outbreak has cost millions of lives with a massive burden of
health and medical cost to the world’s economy. With a rapid disease outbreak,
therapy design was a big challenge to the medical practitioners and scientific
communities. To fight COVID-19, the scientific community repurposed protein
therapeutics for inflammation and related diseases or common viral symptoms
[3]. Several FDA-approved immunomodulatory therapeutics proteins were studied
and used in interventional COVID-19 trials, such as IL6-inhibitor—Tocilizumab,
Sarilumab, and Siltuximab, IL-1 inhibitor—Anakinra and Canakinumab, IFN-γ
inhibitor—Emapalumab–Izsg, TNF-α inhibitor—Infliximab, VEGF inhibitor—
Bevacizumab, C5 inhibitor—Eculizumab and Ravulizumab–Cwvz. PD1 inhibitor—
Nivolumab and Pembrolizumab, Kallilrein inhibitor—Lanadelumab–flyo, P-selectin
inhibitor—Crizanlizumab–tmca, IL-17 inhibitor—Secukinumab, IL-2 inhibitor—
Aldesleukin and ILT101, and GM-CSF inhibitor—Sargramostim [3] (Fig. 10.4).

10.8 Conclusions and Future Perspectives

Therapeutic proteins substitute a protein and augment the supply of a functional
protein, thereby diminishing the influence of disease. Protein therapeutics are thus
exceptionally precise and offer a complex set of functions that have been predicted to
have minimal potential to impede normal biological processes and cause adverse
effects. These proteins are produced through microbial fermentation in transgenic
plants, animals, and cell cultures. Most therapeutic proteins that are commercially
available are delivered via the parenteral route, since they are delicate molecules.

Fig. 10.4 FDA-approved protein-based drugs studied against SARS-CoV-2
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Efforts have been made to improve the pharmacodynamic and pharmacokinetic
properties of proteins by making changes in formulation. Many new approaches
are designed to increase the half-life, decrease adverse effects, and increase patient
compliance and quality of life. Studies are being conducted to solve the issue of
protein distribution inside cells. Technologies that minimize risk are continually
being developed to solve the problems with the manufacture of mAbs. The com-
bined natural barriers of drug permeability, stability, pharmacodynamics, and phar-
macokinetics of protein therapies still provide significant challenges. Research on
new delivery systems, including nanoengineering, is ongoing. In the future, thera-
peutic proteins will be in high demand to treat diseases because of advantages such
as quick time to market and high success rates in clinical trials compared with
conventional small molecule drugs.
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Abstract

Protein-based therapies are proving effective in the clinic, and their potential is
recognized. More than 100 genuine and equivalent modified therapeutic proteins
have been approved for clinical use in the European Union and the United States,
with revenues of US$ 108 billion in 2010, with monoclonal antibodies(mAbs)
accounting for over half of the sales (48%). Based on their pharmacological
activity, the therapeutic protein-based treatments can be divided into five
categories: (1) replacing a missing/abnormal protein, (2) augmenting an existing
pathway, (3) providing a novel function/activity, (4) interfering with a molecule/
organism, and (5) delivering other compounds, proteins, cytotoxic drug, or
effector proteins. Therapeutic proteins include antibodies, Fc fusion proteins,
anticoagulants, enzymes, growth factors, hormones, interleukins, and
thrombolytics. Recombinant proteins are used in most commercialized protein
therapies, and several are now being investigated in clinical trials for cancer,
immunological disorders, infections, and other health issues. Bispecific mAbs
and multispecific fusion proteins, mAbs, and proteins with improved pharmaco-
kinetics are currently being developed. To overcome substantial obstacles such as
resistance to therapy, access to targets, biological system complexity, and indi-
vidual heterogeneity, a paradigm change in techniques and knowledge of pro-
cesses is necessary.
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11.1 Introduction

Proteins emerged as a major new class of pharmaceuticals in the early 1980s, where
treatments included a limited number of diagnostics and vaccines. Based on their
pharmacological activity, a protein-based drug that targets an aberrant or anomalous
protein, augments a pathway, provides a unique feature or activity, or interacts with a
molecule or organism can be classified as protein therapeutics. Antibodies,
anticoagulants, blood factors, bone morphogenetic proteins, engineered protein
scaffolds, enzymes, Fragment crystallizable (Fc) fusion proteins, growth factors,
hormones, interferons, interleukins, and thrombolytics are a few molecular
categories of protein therapies. Since the early 1980s, protein therapeutics and its
associated sister branch, protein engineering, have gained importance. Recombinant
versions of natural proteins were the first therapeutic proteins. Clinical
enhancements generated from protein modifications were quickly followed by
enhancements derived from protein or glycoengineering, Fc fusion, or conjugation
with polyethylene glycol (PEG). The motivation for producing better protein
treatments with improved efficacy, safety, immunogenicity, or delivery is based on
a convergence of clinical, scientific, technological, and commercial drives
highlighting unmet needs and providing solutions. Enhanced efficacy, increased
safety, lower immunogenicity, and enhanced delivery are significant prospects for
protein therapies. Advances in biochemistry, protein chemistry, and molecular
biology have fuelled the increased use and development of therapeutic proteins.

Proteins introduced into the circulation are exposed to a variety of cells, enzymes,
and pathways that aid in their clearance and degradation. Rapid elimination of small
proteins can impair therapeutic efficacy. Covalent attachment of PEG or dextran
chains to proteins and protein-protein cross-linking have been used to prevent the
elimination of small proteins. While any alterations may lower the biological
function of the protein of interest or cause an immune response in recipient animals
or humans, there is now enough knowledge in this field to design and successfully
execute an appropriate extended clearance method. With the rapid expansion of
genomic and proteomic data, many altered proteins are anticipated to be created,
necessitating clearance-related modifications. Future protein therapies, such as
antibodies and Fc fusion proteins with better effector functions or longer half-
lives, will be extensively modified to improve their performance. Antibody-drug
conjugates and bispecific antibodies, both old notions for enhancing antibodies, are
on the verge of clinical success. This chapter focuses on protein therapeutics, current
trends, limitations, and prospects [1].
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11.2 Emerging Strategies for Protein-Based Therapeutics

Protein therapeutics have transformed medical science since their emergence in the
market around two decades ago. They can be characterized as agents possessing
pharmacologic properties such as the ability to replace an abnormal/deficient protein
and transport a cytotoxic drug or radioactive isotope, etc. They are classified into
several groups like blood factors, drug-based antibodies, interleukins, growth
factors, etc. [2].

11.2.1 Generation of Glycosylated Proteins to Synthesize
First- and Second-Generation Drugs

Human insulin, developed using recombinant DNA (rDNA) technology, was the
first human protein-based therapy. Since then, the field has expanded to create
therapeutics to replace defective genes or expand pathways (erythropoietin,
interferon-A). The understanding of the clinical potential of proteins is extended
due to the remodeling of the proteins. Recombinant insulin, for example, replicates
the action of native insulin but is genetically altered to change the way it acts in the
body [2]. Multiple Insulin analogues have been approved as a treatment for diabetes
mellitus. These analogues provide varied benefits over recombinant drugs, including
prolonged steady action, decreasing the risk of hyperglycemic, etc. Glycosylation of
therapeutic proteins is a promising strategy for optimizing the in vivo efficacy of
protein-based drugs. Glycoengineering of darbepoetin alfa for half-life extension is
an example that, when administered, vitalizes the synthesis of RBCs in the bone
marrow of anemic patients. Two glycosylation sites were added to the first-
generation drug epoetin alfa in order to design darbepoetin alfa, which is a long-
acting, commercially successful second-generation drug [3].

11.2.2 Fc Fusion Proteins

This entails combining genes that code for two or more proteins. Fusion proteins
tend to link the functions of the constituent parts. Besides extending the half-life, Fc
fusion has other advantages, such as improving stability, solubility, and efficacy by
increasing valency, and enabling purification using protein A chromatography.
Immunoglobulins containing the Fc region have been the most therapeutically
effective fusion protein therapies to date [4]. These Fc fusions supply peptides by
binding to the neonatal Fc receptor (FcRn). Proteins of relatively smaller sizes are
eliminated by renal filtration. The most profitable Fc fusion protein therapeutic is
etanercept. It is a Tumor Necrosis Factor (TNF) receptor 2-Fc fusion protein
consumed worldwide as a therapeutic for autoimmune diseases and diseases like
Rheumatoid Arthritis.
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11.2.3 Assisted Design of Antibody and Protein Therapeutics
(ADAPT)

The goal of the assisted design of antibody and protein therapeutics (ADAPT) is to
aid in the discovery of mutants that improve the affinity of antibodies and other new
treatments. It enhances the strength of mutant selection and design by combining
computational estimates with experimental confirmation [5]. The first step in the
working of ADAPT is the virtual mutagenesis throughout the entire
complementarity-determining region (CDR) sequences. The binding affinity is
estimated using a parent sequence in which each amino acid is changed to one of
18 different amino acids. A median-based affinity score is calculated using scoring
functions. Around ten mutants are chosen depending on the diversity of the site and
amino acids. Recently, this approach was evaluated on three Fab-antigen complexes:
bH1-VEGF-A, bH1-HER2, and herceptin-HER-2. The complex crystal structures
were available, which were used for virtual mutation simulations [6]. ADAPT
provided mutational contributions to binding free energy are reported to have
acceptable characteristics. The experimental validation is the reason for the success
of ADAPT, as it has the potential to be a functional plan of action for affinity
maturation of antibodies. This strategy can be expanded by providing more impor-
tance to enhancing other biophysical properties in addition to further biotherapeutic
frameworks [5].

11.2.4 Injectable Implants in In Situ

These implants are constructed to deliver a wide range of molecules or proteins for
an extended period of time. The structure consists of liquid or injectable semisolids,
over injection becoming gel/implant. Depending upon the mechanism of implant or
gel formation, these formulations can be broadly grouped into either in situ phase
inversion or cross-linking mechanisms, respectively. In situ implant formations have
been recently used to transport proteins and peptides for an extended period of time
at a controlled rate. Implants coagulated with Polyethylene glycol (PEG) have the
ability to escalate protein stability and decrease immunogenicity through steric
hindrance. This mechanism provides a suitable way to deliver proteins without
disturbing their stability to protect macromolecules against degradation [7].

11.3 Role of Protein Therapeutics in the Field of Medicine

Protein therapeutics have shown much success in treating various diseases, and their
potential is now being acknowledged significantly [8]. Protein therapies delivered
directly to target cells and tissues are considered a possible medical approach, and
the potency of the created therapeutics will be greatly improved if this technique is
advanced [9]. We now briefly discuss the applications of protein therapeutics in
different fields of medicine.
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11.3.1 Cancer-Related Disorders

Protein-based therapies have revolutionized the field of cancer for decades by
targeting the cancer cells by adhering to the receptors or other indicators that are
unique to the cancer cells than the healthy cells [10]. Bax, a protein that plays a
crucial role in apoptosis, is used as a direct target for drug development. Numerous
Bax activators have been found to be promising candidates for cancer treatment due
to their selectivity and ability to overcome chemo-resistance [11]. Whey protein is
also considered a good candidate in the field of cancer, since it can increase
glutathione levels as the deficiency of glutathione is targeted in cancer treatment
[12]. Studies show that Bovine α-lactalbumin, a key protein found in bovine milk,
and human α-lactalbumin, a protein that helps regulate lactose synthesis, promote
cell death in tumor cells [13]. Azurin, a bacteriocin, can induce cell death by
interfering with the signaling pathways and other surface receptors in cancer cell
lines and hence is a potential therapeutic for cancer treatment [14]. The use of
cationic lipidoid nanoparticles in PTEN gene (a tumor suppressor gene) deficient
prostate cell lines acts as a vehicle for the delivery of intracellular PTEN protein,
which can be considered a potential treatment for cancer [15].

11.3.2 Inflammatory Diseases

Protein therapeutics are gaining much attention to produce newer, more specific
treatments for inflammatory disorders [16]. DX890, a Kunitz domain peptide
depelstat, is tested for the treatment of cystic fibrosis and has shown to diminish
neutrophil trans-epithelial translocation and inflammatory activity
[17]. Canakinumab, a monoclonal antibody (mAb), has a high affinity for blocking
cytokine interleukin-1β (IL-1β) and plays a vital role in the treatment of cryopyrin-
associated periodic syndrome (CAPS) [18]. Infliximab and adalimumab are mAbs
that bind to tumor necrosis factor α (TNF-α) and inhibit their binding to the
receptors, which are used in treating rheumatoid arthritis, ulcerative colitis, and
Crohn’s disease. Administration of glucose-regulated protein 78 (GRP78) antibodies
stimulated microvascular endothelial cells in the cell lines of mice and thereby
served as a viable target for enhancing the central nervous system transit of thera-
peutic antibodies [19].

11.3.3 Genetic Disorders

Proteins have emerged as a key treatment for various genetic disorders ever since the
advent of the first recombinant protein therapy, insulin [20]. Emicizumab, a mAb,
enhances thrombin production by imitating factor VIII activity independent of the
insufficiency or the presence of factor VIII inhibitors in patients with Hemophilia
[18]. Tocilizumab, an anti-IL-6R antibody that binds to different forms of IL-6R, is
used to treat myocardial infarction [21]. Arimoclomal, a heat shock protein, can



302 S. Silpa et al.

boost the HSP70 chaperone that aids in the folding of glucocerebrosidase. HSP70
can traverse the blood-brain barrier and improve the folding and maturation activity
in the cells of patients with Gaucher’s disease [22]. Phosphodiesterase 10A
(PDE10A) controls a variety of critical processes in neurons, and PDE10A inhibitors
have shown promising results in preclinical Huntington’s disease (HD) models and
are currently being tested in human trials [23]. Fabry disease is caused due to
mutations in the α-galactosidase A (α-Gal A), which leads to the build-up of
globotriaosylceramide (GL-3). Enzyme replacement treatment using recombinant-
Gal A decreases cellular GL-3 accumulation, which is associated with a considerable
decrease in albuminuria and a steady glomerular filtration rate in patients.

11.4 Process of Drug Development and Food and Drug
Administration (FDA)-Approved Protein Therapeutics

11.4.1 Overall Process of Drug Development

The multistep process by which a drug is discovered and then introduced into the
pharmaceutical market is called drug development. The steps involved in drug
development are (“Drug Development: The Journey of a Medicine from Lab to
Shelf—The Pharmaceutical Journal”).

1. Preclinical research
2. Clinical research
3. FDA review
4. Postmarket safety monitoring and surveillance

The process of drug development basically starts in a laboratory where a
researcher or a group of researchers undertake research ideas for a disease from its
gene or molecular level (Fig. 11.1). Once the potential target is identified, a search
for a suitable compound or molecule to work on the target is done. The next stage is

Fig. 11.1 Phases in the drug development process
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to ensure that these drugs would not have any adverse effects and are safe for the
human population, so preclinical tests are conducted using computerized models,
simulations, cells, and laboratory animals. Once the preclinical trials are passed and
the drugs are labeled safe for human use, a clinical trial application is submitted to
the medical board of the country, where a panel of experts would determine if further
research is required or if the drug is clear to undergo human trials.

11.4.2 Drug Discovery

Drug discovery begins with researchers finding new insights that give them potential
ideas to reverse the effect of the disease. Multiple compounds are tested to see
possible responses to the disease. After testing the compounds, those with favorable
responses are selected for further testing. New technologies based on nanoparticles
are used for enhancing drug delivery and its effects. The development process
involves further testing on the selected compounds. During the discovery phase,
the researchers also analyze the following:

1. Mechanism of drug absorption, action, and pathways
2. Mode of distribution, metabolism, and excretion
3. Suitable dosage and method of delivery
4. Chemical interaction with different age groups, treatment methods, and drugs
5. Comparing effectiveness with that of similar drugs in the market
6. Toxicity and side effects

11.4.3 Preclinical Research

According to the WHO guidelines, preclinical research is an integral part of the
development of a new pharmaceutical intervention. Preclinical studies are performed
under in vitro, in vivo, and even in silico models to obtain details about the
mechanism, safety, and efficiency of the drug before releasing it to the human
population. These studies must strictly follow the good laboratory practices (GLP)
guidelines to ensure safe and reliable results. The FDA lays out a set of tests to be
held on safety profiles, pharmacodynamics, toxicology, and pharmacokinetics. The
set of tests varies depending on the type of drug, its mode of action, target, etc. [24].

11.4.4 Clinical Research

Clinical research involves research work using human volunteers to develop medical
knowledge on an existing treatment method, a new method, or a new pharmaceutical
drug. Clinical studies are of two types:
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11.4.4.1 Interventional Studies (Clinical Trials)
In clinical trials, the volunteers are given specific interventions according to a
research plan designed by the investigators. There are four phases to any clinical
trial designed by the FDA.

Phase 1: First time testing of the new drug on a small group of people to test for its
side effects and suitable dosage.

Phase 2: Increased scale tests for the drugs which cleared phase 1.
Phase 3: Wide range tests, that is, populations from different regions and countries.

This phase is often carried out right before the treatment is approved.
Phase 4: Studies carried out after approval for long-term monitoring.

11.4.4.2 Observational Studies
Observational studies are primarily based on observing procedures of routine medi-
cal care or, in a few cases, involve a specific intervention (medical procedure or
drug). If the drug passes preclinical and clinical studies and is safe and effective for
intended use, the researcher or company can file a new drug application (IND). The
FDA team would review all the data and decide if clearance should be issued or not.
An NDA must include the complete history of the drug. The company or researcher
must provide every detail from preclinical trials to phase 3 trial results. Apart from
the trial details, it must also include drug abuse details, patent details, labeling,
institutional review board (IRB) compliance details, data for studies conducted
outside the country, and dosage/directions.

11.4.5 Food and Drug Administration (FDA)

In the USA, the FDA is a federal agency responsible for public health by ensuring
the efficiency, safety, and security of drugs, bioproducts, and medical devices used
[24]. For a drug to get FDA approval, the investigators working on the new drug
must file an IND application. The approval of the IND application means further
studies can be conducted on the drug. The FDA asks the investigators to seek early
consultation through the preinvestigational new drug application consultation pro-
gram before submitting the IND application. The IND application demands three
categories of details that are

1. Preclinical studies with animals, toxicology tests, and previous human experience
with the drug.

2. Manufacturing details that include the chemical composition of the drug,
manufacturing process, stability details, and control measures.

3. Clinical study details and protocols to be followed, proof that the investigator is
qualified to conduct the trials, and submission of Institutional Review Board
(IRB) approval.
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Once the FDA approves the IND application, further studies can be done on the
drug. The studies to be conducted are mentioned at the beginning of the chapter.
Once all the studies are successfully completed and the drug enters phase 3 of
clinical trials, the company applies for NDA approval. The FDA demands clear
evidence of all the preclinical studies, drug safety, and efficacy tests and at least two
sufficient and efficiently performed phase 3 trials data with adequate proof for NDA
approval. Post NDA approval, the drug is clear for circulation in the market for
human use [25].

11.4.6 Protein Therapeutics

Therapeutic proteins are engineered proteins used for pharmaceutical and medicinal
purposes with a wide range of advantages, such as high specificity and complex
functions and low potential to interfere with the biological process, without adverse
effects. In addition, they have a high tolerance, do not elicit immune responses, and
are effective and easy replacement treatment, thereby cancelling the requirement for
gene therapy. Protein engineering is the conception and production of unnatural
polypeptides, through modifications of amino acids. Protein engineering has
revolutionized protein therapeutics by providing tools to customize pre-existing
proteins or mechanisms to create novel proteins depending on the requirement or
specificity of the clinical application [26]. Currently, there are more than
100 FDA-approved therapeutic proteins [27]. Based on their function and therapeu-
tic activity, they can be divided into four categories, discussed below.

11.4.6.1 Group 1: Regulatory and Enzyme Proteins
Group 1 proteins function by a classic mechanism where the patient has a deficiency,
which is treated by an exogenous protein source. Group 1a proteins are used to treat
conditions where a protein is either deficient or abnormal. Examples of this type of
protein therapeutics include the following:

1. Insulin: It is used for the treatment of diabetes by regulating blood sugar levels
and shifting potassium into cells.

2. Lipase, protease, and amylase: Cystic fibrosis patients are treated with
combinations of porcine pancreatic enzymes, which include lipase, protease,
and amylase.

3. Mecasermin: It is used for treating children with growth failure due to deletion of
the GH gene or severe Insulin-like Growth Factor(IGF1) deficiency. The thera-
peutic protein is a recombinant IGF1 protein that can induce mitogenesis, chon-
drocyte, and organ growth, thereby helping achieve proper overall growth.

Group Ib proteins have a major effect on treating thrombosis and hemostasis.
Examples include Factors 8/9, which help in hemophilia A/B respectively, and
protein C concentrate used to prevent and treat venous thrombosis and patients
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with vitamin C deficiency. Group Ic proteins function by providing a novel activity
or function. Examples include the following:

1. Collagenase: It is used in the debridement of chronic ulcers and severe burns. It
functions by digesting collagen in the necrotic tissue near the injury.

2. Hyaluronidase: It is used to increase the absorption of injected drugs, mostly
during injection anesthetics for optic surgery.

11.4.6.2 Group 2: Proteins with Special Targeting Activity
Group 2 therapeutic proteins work on the principle of binding to receptors of the
native protein ligands or the antigen recognition sites of immunoglobulins and guide
the immune system to destroy the specific molecules or cells. They trigger an
immune response, and cell killing occurs through macrophages, complement fixa-
tion, or other immune cells. These groups of proteins are used in the treatment of
inflammatory diseases, cancer, and infectious diseases. The group 2a proteins work
on the principle of interference with a molecule or organism. Examples include the
following:

1. Bevacizumab: It is used to treat non-small-cell lung cancer and colorectal cancer.
It works through the binding of humanized mAb to isoforms of Vascular Endo-
thelial Growth Factor (VEGF).

2. Alemtuzumab: It is used in the treatment of B-cell chronic lymphocytic leukemia.
It works by stimulating the humanized mAb against the CD52 antigen present on
T and B cells.

3. Abatacept: It is used to treat rheumatoid arthritis.
4. Enfuvirtide: It is used to treat advanced HIV infection. A 36 amino acid peptide

prevents the entry of HIV into host cells by binding to the envelope gp120/gp41
protein of HIV.

Group 2b works by delivering other compounds or proteins. Examples include
denileukin diftitox that is used to treat cutaneous T-cell lymphoma with its malignant
cells expressing the CD25 component. It works by directing diphtheria toxin to cells
that express the IL2 receptor.

11.4.6.3 Group 3: Protein Vaccines
These proteins are used as therapeutic or prophylactic vaccines. Group 3a protein
therapeutics are generally used to treat infectious diseases or toxins. Examples
include the following:

1. HPV vaccine: It is used to prevent human papillomavirus (HPV) infection. It is a
recombinant vaccine that contains capsid proteins of four different HPV strains
(strains 6, 11, 18, 16).

2. OspA: It is a vaccine for Lyme disease. The vaccine contains a noninfectious
lipoprotein extracted from Borrelia burgdorferi.
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Group 3b proteins are used to treat patients with autoimmune disorders.
Examples include anti-Rhesus D antigen Ig. Group 3c therapeutic proteins can be
used as anticancer vaccines; however, currently, there are no FDA-approved anti-
cancer therapeutic vaccines.

11.4.6.4 Group 4: Protein Diagnostics
These proteins are not used to treat any diseases or disorders, but these can be
purified, and the recombinant proteins isolated can be used for both in vivo and
in vitro medical diagnosis. It plays a significant role as the diagnosis lays the path for
the complete treatment plan. Examples include the following:

1. Glucagon: It is used to reduce gastrointestinal motility for radiographic studies
and hypoglycemia reversal.

2. Secretin: It is used in the diagnosis of gastrinoma and the identification of ampulla
of Vater during endoscopy.

3. Satumomab pendetide: It is used for ovarian and colon cancer detection. The
imaging agent used is indium-111-labeled mAb specific for Tumor-associated
glycoprotein (TAG-72).

4. Nofetumomab: It is used for detecting and staging small-cell lung cancer. A
technetium-labeled antibody is the imaging agent that is specific for this type of
cancer.

5. Hepatitis C antigens: It is used for the diagnosis of hepatitis C exposure. The
diagnosis is made through the presence of antibodies to hepatitis C.

6. Apcitide: It is used for imaging acute venous thrombosis. A technetium-labeled
synthetic peptide (imaging agent) is used, which functions by binding GPIIb/IIIa
receptors to activated platelets.

11.5 Engineered Protein Scaffold as Emerging Therapeutic
Proteins

Non-Ig scaffolds are smaller than antibodies (usually up to 100 amino acid residues
or 11 kDa), more stable, and frequently lack disulfide linkages. Over 50 other
nonantibody protein scaffolds have been offered as alternative mAb creation
platforms over the last decade [28]. The non-Ig scaffold proteins such as Affibody,
Anticalins, Adnectins/Monobody, and DARPins are discussed below.

11.5.1 Affibody

In Affibody libraries, amino acid residues on the Fc-binding surface are randomized,
eliminating the Fc binding [27] (Fig. 11.2). Affibodies are chosen from combinato-
rial libraries in which 13 residues on the Fc-binding surface of helices 1 and 2 are
randomly assigned. Bio panning the phage-displayed library against desired targets
identifies specific binders to target proteins [28]. The B-domain in the Ig-binding
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Fig. 11.2 Affibody
(Z-domain-dark region)

region of staphylococcal protein A has been used to synthesize affibody molecules
[29]. The B-domain is a 58 amino acid cysteine-free peptide that folds into a three-
helical bundle structure with one of the fastest folding rates. The designed variation
was named the Z-domain. The engineered Z-domain maintained its affinity for the
Fc portion of the antibody but lost practically all of its affinity for the Fab region. The
Z-domain scaffold basically terminated the Fab binding. Selections against various
targets have yielded HER2, EGFR, insulin, IgA, Alzheimer’s amyloid-beta peptides,
HIV-1 gp120, and other targets are recognized by affibody molecules. Affibodies
have been used for in vivo tumor detection and, more recently, therapeutic
applications, particularly those directed against medically important protein targets.
For example, the Fc part of mAbs, which mediates antibody-dependent cell-
mediated cytotoxicity (ADCC) and complement activation, is not necessary for
therapeutic applications that rely entirely on preventing the function of disease-
related target proteins as a mechanism of action [30].

11.5.2 Adnectin

Adnectin is synthesized from the tenth domain of fibronectin type III (10Fn3), a
human extracellular matrix protein and a 94 amino acid thermostable binding protein
[31]. Along with its original structure as a polyfunctional multidomain species, this
fibronectin-based protein is highly suitable for developing multispecific therapeutic
targets. This domain, resembling the VH domain of IgG, has an overall beta-
sandwich topology and loop structure but folds reliably with no disulfide bonds.
Adnectins with a high affinity for target proteins of interest may be engineered
efficiently [32]. The first generation of Adnectins was composed of monobodies
focused on a library of small FG loops and selected by phage display. As a result,
various monobody derivatives of FN3 scaffolds optimized for loops that bind IκBɑ
caused a change in expression levels; therefore, the e10-FN3s were assembled with
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an altered AB loop (“AAPTSOL” changed to “EASPTSLIQ”) and liberated expres-
sion levels. While the thermostability and solubility of 10Fn3 can be significantly
reduced when its loops are altered to facilitate target binding. The exceptionally high
stability of the wild type suggests that even destabilized variations can be appropri-
ately stable with therapeutic properties [33].

11.5.3 Anticalins

Anticalins are non-Ig binding proteins that have been engineered via combinatorial
design approaches based on a human lipocalin scaffold and have the potential to
emerge as therapeutic reagents [33]. They are small in size (~20 kDa) (Fig. 11.3)
[34]. Although anticalins have a high sequence variation, they share an intact barrel
of eight antiparallel β-strands with an α-helix as their scaffold, and four loops
connect each pair of strands at the barrel’s end; these loops form the binding pocket,
which controls the specificity of the ligand [35] binding, enclosing a ligand binding
site with a repeating +1 topology. Researchers have demonstrated that anticalin

Fig. 11.3 Anticalins
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libraries can be displayed well on E. coli, allowing for FACS and presenting a viable
future option to manufacture unique specialized anticalins. Several anticalins have
been produced with affinity in the nanomolar to picomolar range against many
therapeutically important targets, including cytotoxic T-lymphocyte antigen
4 (CTLA-4, 10 CD152), VEGF, oncogene c-Met, PRS-343 (an anticalin–antibody
fusion protein that binds both 4-1BB), and the well-known breast cancer antigen
human epidermal growth factor receptor 2 (HER2). Individuals with HER2-positive
malignancies such as breast, bladder, and stomach tumors may benefit from
PRS-343 as a therapy option [36].

11.5.4 DARPins

Ankyrin repeat proteins (DARPins) are made up of closely linked repetitions of
33 amino acid residues. Each repeat consists of a β-turn followed by two antiparallel
α-helices to form a structural unit [37]. The interaction with the target is mediated by
the library modules in their randomized placements. These residues are found on the
concave molecular surface of the DARPin, producing a prolonged contact interface
that binds structural epitopes on the target protein surface (Fig. 11.4) [38]. The
significant display of DARPins on LAB surfaces widened the spectrum of binding
proteins and opened up various therapeutic and other possibilities [39].

Fig. 11.4 Cloning, expression, and production of recombinant proteins
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11.6 Production of Recombinant Protein Therapeutics and their
Applications

Recombinant proteins are generated by the transfection of foreign genes in the
desired host cell. Pharmaceutical products, protein-based polymers for drug admin-
istration, antibodies and enzymes for disease therapy, protein scaffolds for tissue
engineering, and a variety of other applications are all accomplished by recombinant
proteins [40]. Recombinant proteins are utilized not only in biological research but
also as medications in therapy. In 1982, recombinant human insulin became the first
recombinant protein used in medicine. The US FDA has authorized more than
130 recombinant proteins for clinical use [41].

11.6.1 Cloning and Initial Preparation to Produce Recombinant
Proteins

To produce heterologous proteins, a variety of microbial hosts are used, including
Aspergillus niger, Bacillus sp., E. coli, Pichia pastoris, S. cerevisiae, T. reesei, etc.
[42]. Complete intracellular organelles and membrane-bound compartments are seen
in S. cerevisiae; as a result, a yeast cell may generate and fold a variety of proteins.
The translated proteins in a yeast cell are exposed to posttranslational modifications
(PTMs) such as signal peptide proteolysis, disulfide bond formation, subunit assem-
bly, acylation, glycosylation, etc. [43].

A well-established plan is frequently followed when developing a manufacturing
process of a recombinant protein in mammalian cells. The cells are first transfected
with the recombinant gene with the requisite transcriptional regulatory components.
A second gene is also transfected, which gives recipient cells a selection advantage.
Only cells expressing the selector gene survive in the presence of the selection agent,
which is administered a few days after gene transfer. Dihydrofolate reductase
(DHFR), a nucleotide metabolic enzyme, and glutamine synthetase (GS) are the
most common genes for selection. In both situations, nontransformed cells are
prevented from growing in the absence of the relevant metabolite (hypoxanthine
and thymidine in the case of DHFR, glutamine in the case of GS) [44].

To produce recombinant proteins in plants, foreign DNA must be introduced into
the plant cell. Gene transfer can be accomplished in one of three ways. The first is
Agrobacterium tumefaciens, a soil pathogen that can transfer a short fragment of
DNA from a resident plasmid (Ti plasmid) into the plant genome. By removing the
bacterial genes from the transferred DNA segment (T-DNA) and replacing them
with foreign DNA, this natural system can be exploited. Direct DNA transfer is the
second method, which includes a variety of procedures that drive DNA over the cell
wall and/or membrane. Particle bombardment, electroporation, PEG-mediated pro-
toplast transformation, and transformation of intact cells after perforation of the cell
wall with silicon carbide whiskers are examples of such techniques. The third
approach takes advantage of the innate capacity of plant viruses to infiltrate cells
and transport nucleic acids directly inside. The genomes of the plant viruses can be
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altered to include foreign genes, resulting in the production of recombinant proteins
and viral gene products [45].

The recommended method for generating stable cell lines for industrial
applications is nonviral gene transfer. Calcium phosphate transfection, electropora-
tion, lipofection, and biolistic and polymer-mediated gene transfer are all standard
methods of gene transfer that are effective and reliable [46].

11.6.2 Expression of Recombinant Proteins

Transfecting a cell with an rDNA vector carrying the gene of interest is one method
of producing recombinant protein. Cells with rDNA are then grown to transcribe and
translate the desired protein. The cells are then lysed or broken to release the
produced protein, which can then be purified using various procedures. Both pro-
karyotic and eukaryotic systems are employed in the expression of protein from the
rDNA [45] (Fig. 11.4).

11.6.2.1 Mammalian Systems
Proteins required for functional and structural analysis, antibody synthesis, interac-
tion analysis, virus production, etc., are produced in mammalian systems. The ability
to produce proteins in either a transient or stable manner is the major benefit of this
approach. Furthermore, methods have been designed to produce proteins quickly
and with a high yield. However, the necessity for big yields in suspension cultures is
one of the downsides. In this situation, the cell culture conditions are also more
difficult to sustain [47].

11.6.2.2 Insect Systems
This system is utilized for producing proteins that are used for functional and
structural analysis, intracellular expression of protein and protein complexes, virus
production, etc. Here, the processing procedures are comparable to those used in
mammalian systems to process proteins. However, the cell culture conditions in this
system are more demanding than those for cultivating prokaryotic cells.

11.6.2.3 Yeast Systems
The yeast system is utilized for producing proteins for structural and functional
analysis, antibody production, and protein interaction research. It is scalable up to
fermentation and can handle eukaryotic proteins. In this situation, the media
requirements are simple. Fermentation, on the other hand, is essential for producing
extremely high yields, and growth conditions must often be optimized.

11.6.2.4 Bacterial Systems
Structural and functional experiments can also be performed using proteins
expressed in the bacterial systems. It is scalable, low-cost, and has simple media
requirements to work. However, some mammalian proteins may be difficult to
express in bacterial systems [48].
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11.6.2.5 Algal Systems
This method is used to produce proteins used to investigate photosynthesis, plant
biology, and metabolism. It may help genetically modify and express photosynthetic
microalgae systems, which is one of the key advantages. It can also be used to
provide effective experimental controls for producing biofuels and nutraceuticals.
However, this platform is still in its infancy and is less developed than others.

11.6.2.6 Cell-Free Systems
This system is used to investigate toxic proteins, incorporate nonnatural amino acids,
perform translational inhibitor screening, etc. However, scaling up recombinant
protein production beyond multimilligram volumes might be costly and time-
consuming.

11.6.3 Applications of Recombinant Proteins

11.6.3.1 Medicine
The dysfunction of particular proteins causes or contributes to most human
disorders. Diabetes, cancer, viral disorders, hemophilia, and anemia are a few
conditions for which therapeutic proteins are helpful. Antibodies, Fc-fusion proteins,
hormones, interleukins, enzymes, and anticoagulants are common examples of
therapeutic proteins (Fig. 11.5). Therapeutic proteins can be categorized into four
groups:

Group I: These therapeutic proteins have enzymatic or regulatory actions. They
either replace a missing or defective protein, upregulate an existing route, or
provide a new function or activity to an existing pathway.

Group II: These therapeutic proteins have a unique ability to target specific organs.
They either interfere with or transport other molecules to a molecule or organism.

Fig. 11.5 Classification of therapeutic proteins
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foreign agents, autoimmune disorders, cancer, etc.
Group IV: These are therapeutic proteins used for diagnostic purposes. Purified and

recombinant proteins are the most common diagnostics.

11.6.3.2 Research
Recombinant proteins help in understanding the fundamental principles of biology.
They may be used to discover the function of genes in cellular processes such as cell
signaling, metabolism, growth, replication, death, transcription, translation, and
protein modification, as well as to identify and analyze the protein encoded by any
gene. As a result, recombinant proteins are widely employed in molecular biology,
cell biology, biochemistry, structural and biophysical research, etc. Understanding
protein-protein interactions require the use of recombinant proteins. Recombinant
proteins are used in various laboratory techniques, including ELISA, Western Blot,
and immunohistochemistry. Enzymatic assays can be performed using recombinant
proteins. They are also utilized as standards, such as ELISA standards, when
combined with a matching antibody pair. Furthermore, in Western blots, recombi-
nant proteins are used as positive controls.

11.6.3.3 Industrial Applications
Various industrial fields use recombinant proteins, including food production, agri-
culture, bioengineering, etc. Enzymes can be added to animal feed to augment the
nutritional content of feed ingredients, reduce feed and waste management costs,
support animal gastrointestinal health, boost overall performance, and improve the
environment. Lactic acid bacteria have long been used to make fermented foods, and
more recently, they have been engineered to produce recombinant proteins, which
could have a wide range of applications, including improving human/animal diges-
tion and nutrition.

11.6.4 Recombinant Proteins in Diseases and Vaccines

The liver produces alpha-1-antitrypsin, which is released and circulated throughout
the body to protect the lungs. Patients who are unable to make this protein are given
an infusion of alpha-1-antitrypsin protein isolated from donor blood on a regular and
quantitative basis. The discoverers of PD-L2, one of the key players in immune
checkpoint therapy, were awarded the 2018 Nobel Prize for Physiology &Medicine.
The discovery of PD-L2 led to treatments of several cancers, such as melanoma, lung
cancer, and others, based on immune checkpoint therapy [49].

The human papillomavirus (HPV) causes cervical cancer in women and has been
related to head and neck malignancies in males in a few cases. Currently, the virus is
prevented by the Gardasil-9 vaccination. Gardasil 9 is a combination of nine
vaccines that can protect against numerous HPV types. The HPV virus-like particles
(VLPs) were created by attaching the L2 protein to a pre-existing hepatitis B virus-
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like particle and then combining the L2 protein with an antibody to create a
recombinant immune complex.

11.7 Developments in Recombinant Protein-Based Vaccines

The recombinant protein subunit vaccine comprises one or a few microbiological
components produced in heterologous expression systems. A general property in
developing recombinant protein-based vaccines is that they require adjuvants and
can take advantage of recent advances in the formulation and stabilization of
recombinant therapeutic proteins [50]. Protein-based vaccines are T cell dependent
and are expected to be immunogenic in infants and the elderly. More importantly,
coverage of protein-based vaccines is expected to be broader, because they contain
protein antigens common to all or most disease serotypes for which the vaccine is
being prepared. The expression and folding of proteins may be incorrect in prokary-
otic cells for different reasons. Factors such as signal sequences and disulfide bonds
are considered when designing protein-based vaccines. These factors lead to toxic-
ity, insolubility, and rapid degeneration within bacteria. With a significant focus on
antigen-presenting cells (APCs), T cells, and B cells, better variants of subunit
vaccines can be designed. Dendritic cells are considered necessary as they are
designed to capture and process antigens into small fragments with a subsequent
presentation at the cell surface when in association with MHC molecules. The
occurrence of an immune cascade is necessary to enhance the delivery of subunit
antigens. These antigens target the dendritic cells and prevent their degradation
in vivo. For example, adjuvants used in vaccines for diphtheria and hepatitis B
vaccines like aluminum hydroxide, when combined with surfactants such as
polyoxyethylene sorbitan monooleate, and sorbitan trioleate, have the ability to
increase the immunogenicity of vaccines. These adjuvants exhibited a decent safety
profile and provided successful results in the implementation of successful vaccine
programs.

Production of recombinant proteins can be done using various microbial systems,
plant cells, mammalian cells, etc. the most predominantly used recombinant proteins
are derived from Escherichia coli as it is cost-effective and proliferates rapidly.
Various vaccine-based antigens are manufactured using E. coli, such as the Lyme
disease vaccine VLA 15 [51]. Other recombinant protein-based vaccines include
vaccines against meningococcal serogroup B infections like Trumenba by Pfizer.
This vaccine uses two variants of meningococcal factor H-binding proteins called
fHBP as antigens, Bexsero® by GSK, which requires three meningococcal antigens
(fHbp, NadA, and NHBA), which are immunogenic. The FDA authorized these two
vaccines in 2014 and 2017, respectively. Examples of yeast-based vaccines include
Recombivax HB and HEPLISAV-B, where surface antigen like recombinant hepa-
titis B (HBsAg) is synthesized from yeast. Another example is Gardasil, where the
capsid protein L1 is derived from four types of human papillomaviruses (HPVL1) as
its antigens. Cervarix®, an HPV vaccine that employs the recombinant HPV L1
antigen, and Flublok®, an influenza vaccine that uses a recombinant trivalent
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hemagglutinin antigen, are the only two licensed vaccines in the US that use insect
cell-expressed antigens. Insect-cell expressed recombinant proteins are well-folded
and contain desired PTMs [52]. Recombinant antigens can also be made up of
viruses where they are assembled spontaneously into multiprotein VLP structures
without the incorporation of the viral genome [53]. VLPs instigate immune
responses similar to the ones prompted by natural viral infection. Several
VLP-based vaccines have been commercialized recently. One such example is
GlaxoSmithKline’s Engerix-B® [54].

11.8 Challenges in Protein Therapeutics

11.8.1 Problems Related to In Vivo Administration

Several studies have found considerable discrepancies between therapeutic protein
shelf-life stability and in vivo stability. Although in vivo degradation may directly
impact the biological performance of therapeutic proteins, there are no reliable
methodologies or models for determining the in vivo stability [55]. The pharmaceu-
tical sector is particularly interested in IV, SC, IVT, and IT administration. Human
body compartments have physical and chemical properties that differ significantly
from those of routinely used dispersible powder (DP) formulations. Various physio-
logical properties, including flow rate, temperature, macromolecules, metabolites,
and endogenous degradation products, exist in these body compartments/fluids,
which might lead to different physical/chemical degradation profiles [56].

11.8.2 Mechanism Involved in Clearance

Advances in biochemistry, protein chemistry, and molecular biology have fuelled
the increased usage and development of proteins as injectable medicinal agents.
Proteins introduced into the circulation are exposed to a variety of cells, enzymes,
and pathways that aid in their clearance and degradation [57]. Notably, the rapid
elimination of small proteins can impair their therapeutic efficacy. Proteins are fused
to long-lived plasma proteins like albumin or immunoglobulins, or sections of these
proteins, through gene modifications [58]. With the rapid expansion of genomic and
proteomic data, an ever-increasing number of deliberately engineered proteins are
anticipated to be created, necessitating clearance-related modifications [59].

11.8.3 Strategies for Increasing the Half-Life

Therapeutics based on macromolecular proteins and peptides have been shown to be
successful in treating severe human ailments. One of the most significant obstacles to
protein therapies in clinical use is their rapid breakdown in the blood and elimination
due to enzymatic degradation, renal clearance, hepatic metabolism, and
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immunogenicity, all of which contribute to their short half-lives [60]. Protein
molecules are susceptible to renal filtration and liver metabolism due to their size
and hydrophobicity. Artificially increasing the therapeutic half-life of a protein by
attaching a molecule that increases its overall size (e.g., PEG) or aids receptor-
mediated recycling (e.g., albumin), or manipulating the amino acid chain in a way
that makes it more prone to aggregate formation are some of the revolutionary
approaches to avoid rapid degradation in vivo [61]. Half-life extension technologies
have been successfully applied to many protein therapeutics, including hormones
and enzymes, growth regulators, clotting factors, and interferon, to massively
increase the half-lives of proteins in circulation (2–100-folds) and thus improve
their overall pharmacokinetic parameters.

11.8.4 Developmental Challenges

Pharmaceutical companies have started relying on protein-based research for new
and effective treatments. The focus of researchers has led to substantial
improvements in the manufacture and use of therapeutic proteins in recent years
[62]. Despite the fact that protein-based treatments have taken center stage in
pharmaceutical research and have improved human safety, many obstacles remain,
including safety and immunogenicity issues, protein stability, and degradation
issues.

11.8.5 Safety and Immunogenicity Issues

The intrinsic complexity of proteins, as well as the complexities of the
manufacturing process, plays a role in biopharmaceutical immunogenicity.
Biopharmaceuticals are made through a series of complex processing stages that
result in a product that is very pure, stable, safe, and effective. The host cell
development, master cell bank establishment, protein production, purification, anal-
ysis, formulation, and storage and handling are the seven stages of the process,
which might take months. Even modest alterations at any of these stages can result in
clinically significant differences in the efficacy and/or safety of the final product. The
way forward for dealing with immunogenicity issues in protein therapeutics is likely
to involve a combined approach in which new molecules are generated through
rational sequence design (via methods such as deimmunization), and the lead
proteins are tested in the appropriate animal model and/or in vitro assay during
preclinical development from which the least immunogenic leads are selected. Other
product-specific factors such as physicochemical analysis, aggregation, PTMs, and
the impacts of excipients should also be tested [63].
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11.9 Strategies to Overcome Challenges in Protein
Therapeutics

Chemical and physical modifications in protein therapeutics have been performed
for clinical benefit. Such modifications are essential since the drug must pass through
various barriers before reaching the target. The active targeting of the drug is
typically achieved by conjugating it to a target entity, thereby improving the
bioavailability. These modifications also solve the issue of protein aggregation.
Insulin has a tendency to self-associate to form hexamers whose absorption is
lower than that of the monomeric insulin analog. Mutation of amino acids involved
in the self-association results in the formation of a monomeric insulin analog called
insulin lispro, which is characterized by rapid onset of action following subcutane-
ous injection. Chemical modification can also be used to produce prodrugs, which
can be helpful in the protection against enzymatic degradation [64, 65]. Gene
modification can be used to create therapeutic proteins with altered isoelectric points
and dynamics. These modifications can modulate both enzyme selectivity and the
intrinsic activity of the protein [66]. One such example is the modification of
Neprilysin, a protease that has its possible application in the treatment of
Alzheimer’s disease. The genetically engineered Neprilysin mutant showed a
20-fold increase in activity on amyloid-beta 1–40 [67].

Protein PEGylation using PEG is an approach that prolongs the circulation time
of protein therapeutics. PEGylation of proteins can be performed by chemically
reacting specific chemical groups within a protein (e.g., the side chains of lysine,
histidine, arginine, cysteine, aspartic acid, glutamic acid, threonine, tyrosine, and
serine as well as the N-terminal amino and the C-terminal carboxylic acid groups)
with a suitable PEGylation reagent [68]. In a study conducted to optimize Extendin-
4, PEGylation was carried out at C-terminus (C40-tPEG50K-Ex4-Cys) using
Ex4-Cys and activated trimeric PEG. The resulting derivative showed a 7.53-fold
increase in the circulation time and its AUCinf (measure of total exposure to the drug)
by 45-fold. Its pharmacologic activity was also increased eightfold relative to the
native Ex4-Cys [69].

Antibody-directed enzyme prodrug therapy (ADEPT) aims to restrict the action
of a high concentration of a cytotoxic drug to target sites by using an antibody
(or antibody fragment) to deliver a nonhuman enzyme to those sites [70]. The
modified therapeutic proteins aim to produce enzymatic variants with good catalytic
efficacy, high levels of stability, and reduced immunogenicity. These features can
increase a protein’s half-life, which gradually leads to a decrease in the number of
doses required. This also limits the possibility of developing resistance against the
particular protein drug.

Another approach is to increase the degree of interaction of therapeutic proteins
or peptides with serum components (e.g., albumins) to increase the half-life of
circulating protein [68, 69]. Serum components like albumin and immunoglobulins
have long half-lives in humans [70].

The development of albumin-based drug carriers is another approach for
transporting endogenous and exogenous compounds. Human serum albumin is

https://www.sciencedirect.com/topics/medicine-and-dentistry/carboxylic-acid
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widely used as an excipient for biological products [71]. Therapeutic compounds
have been pharmaceutically enhanced by multiple techniques using albumin to
improve their distribution, bioavailability, and half-life. For example, noncovalent
interactions allow the binding of the albumin to a broad range of endogenous and
exogenous ligands. Albumin dimerization, in particular, has significant potential and
advantages for clinical applications as both a plasma expander and a drug carrier.
Such dimers are present at elevated levels in the circulating blood of patients with
chronic renal disease and also result from oxidative damage in the blood [72]. Many
molecules of therapeutic interest bind to endogenous albumin in the blood through
their fatty acid binding sites, thereby prolonging their half-life and bioavailability.
For example, the human insulin analogue, Detemir (marketed by Novo Nordisk as
Levemir), is long-acting due to the myristic acid moiety bound to the Lys residue at
position B29 of insulin. The attached fatty acid facilitates binding to albumin,
thereby prolonging the circulatory half-life of this insulin derivative in blood
[73, 74]. Various domains of the HSA molecule have also been used to make
bioconjugates with increased stability, better targeting properties, and/or extended
half-lives in blood. For example, domain I of HSA has been used to prepare antibody
conjugates. This was achieved through the use of a cyclohexene sulfonamide
compound that site-selectively labels Lys64 in this HSA domain [75]. Similarly,
the half-life of the granulocyte colony stimulating factor (G-CSF) was prolonged by
genetic fusion to domain III of I to its N-terminus [76].

Encapsulation of therapeutic proteins into micro or nanoparticles is a promising
approach to enhance the stability of therapeutic proteins [77]. Nanoparticles can
transport therapeutic molecules to the sites of interest, providing access to molecular
interest and modulating interactions [78]. It can also protect the therapeutic proteins
from degradation by biological agents. Hyaluronic acid-Fe2O3 hybrid magnetic
nanoparticles have been designed to deliver proteins to HEK293 and A529 cells at
100% level [79].

11.10 Opportunities in Protein Therapeutics

Protein treatments evolve in tandem with protein engineering technology and regu-
latory frameworks. Better drug targeting, increased potency, and functionality can be
used to create improved versions of existing medicines. Understanding the mode of
action and structure-function relationship allows to alter the activity of a protein or
introduce new activities, resulting in the customization of current proteins and the
development of novel medicines for particular clinical applications. There are
examples of sensible alterations to current protein medications that resulted in the
approval of revolutionary second-generation therapies thanks to protein engineering
[77]. Pharmacogenetics can help identify responders and nonresponders to drugs,
prevent side effects, and optimize drug dosage. Medication labels may include
genetic biomarker information, as well as information on pharmacological exposure,
clinical response variability, risk of adverse events, genotype-specific dosage, drug
mechanisms of action, and polymorphism drug target and disposition genes. Drug

https://www.sciencedirect.com/topics/medicine-and-dentistry/plasma-substitute
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/myristic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/cyclohexene-derivative
https://www.sciencedirect.com/topics/medicine-and-dentistry/granulocyte-colony-stimulating-factor
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candidates have significantly varied safety, effectiveness, pharmacokinetics, and
pharmacogenetic profiles. Drug makers can use premarket evaluation in early-
phase clinical studies and recommendations for labeling to help them perform
exploratory pharmacogenomic studies, enrichment techniques for clinical trials,
adaptive trial designs, or companion diagnostics [78]. However, as a result, the
potential dangers of immunogenicity will rise, necessitating the development of
novel tools for risk assessment and reduction [79]. The introduction and implemen-
tation of innovative plasma-derived medicines, rise in the frequency of chronic and
life-threatening illnesses, and increased public awareness of high efficacy are the
primary drivers driving the worldwide protein therapeutics market. However, the
market expansion is hampered by the high cost of protein treatments and the
complicated reimbursement landscape. In contrast, corporates are expected to benefit
from a rise in fresh indications for existing protein therapies and undiscovered
developing markets.

11.11 Conclusions

Healthcare is undergoing dramatic changes in which disease management decisions
are determined at the genomic and protein levels, supporting all biological and
protein therapies. Protein therapies have remained in focus for decades in research
and development. Over the last few decades, protein-based treatments have enabled
novel, tailored strategies for treating various diseases. These approaches have had a
significant impact on diagnostics and industry, and the demand to develop protein-
based medicine continues to grow. Folding, consistency, efficiency, and PTMs of
proteins intended as biopharmaceuticals have been scientifically proven to benefit
from the genetic engineering of traditional recombinant proteins. However, the
physiological constraints of the current protein production platforms provide little
room for improving product quality and output and challenge to overcome regu-
latory restraints. Many innovative uses of protein therapies incorporate targeting and
delivery fuelled by the precise binding characteristic and expanding on previous
triumphs. Inflammatory diseases can be cured or prevented by using different protein
therapies as they can reduce the clinical symptoms and also have the potential to
avoid the relapse of the disease. Recently, repositories like THPdb have been
developed that provide detailed information about US FDA-approved therapeutic
peptides and their drug variants, along with the structure and sequence of the
respective proteins. Proteins have emerged to be a notable therapeutic by garnering
attention as an alternative source of traditional treatments and small molecules in
drug discovery. The need for cost-effective treatments makes protein therapy an
essential requirement in the future. Because transport and stability are two main
concerns with protein and peptide treatments, solving these problems will inevitably
lead to even more peptide and protein treatments with significant therapeutic
promise.
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Abstract

Therapeutic proteins are therapeutic agents that help patients who desperately
need new treatments. Recently, recombinant proteins have been produced and
licensed for therapeutic use against a wide range of clinical conditions, including
the treatment of autoimmune diseases/inflammation, malignancies, infection-
related illnesses, hereditary diseases, etc. Biosimilars, biobetters, and biologics
can benefit from the patent expiration of drugs or biopharmaceuticals. Biobetters,
for instance, are novel medications derived from current drugs and have superior
qualities such as increased stability, selectivity, half-life, reduced immunogenic-
ity, and toxicity. Glycosylation is a common modification of proteins, while
PEGylation is the favoured option in most clinical trials. Currently, protein-
based treatments have taken center stage in drug research and development, but
several challenges must be addressed, including safety, immunogenicity, protein
stability, and degradation. We discuss the emerging trends and approaches in
different therapeutic protein drug development with the conceivable elements and
issues confronted during the development.
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12.1 Introduction

The global burden of chronic diseases continues to rise, making it critical for patients
to access safe and effective treatment. In the field of medicine, biologics are a
powerful family of pharmaceuticals that have transformed the way doctors treat
diseases such as diabetes, autoimmune disorders, cancer, and other ailments. The
positive results for patients have been astounding. Currently, over 200 biologics and
vaccines are available in the market, with therapeutic proteins accounting for the vast
bulk of these medicines. Therapeutic proteins are proteins produced in the laboratory
for medicinal application. Several proteins that are absent or produced in low
quantities in patients suffering from hepatitis B/C, hemophilia, infectious disease,
anemia, cancer, sclerosis, and other diseases are artificially manufactured on a
massive scale using genetically engineered cells. Protein therapy is a therapeutic
strategy that uses proteins and peptides to cure ailments. The concept of protein
therapy is similar to gene therapy; however, in contrast to gene therapy, protein
therapy provides the body with specific amounts of protein to aid in repairing illness,
treating pain, and restoring structures.

Human insulin, introduced in the 1920s, is widely regarded as the first medicinal
therapeutic protein. It is probably not possible for the pharmaceutical sector to
function without using proteins and peptides [1]. Recent advancements in pharma-
ceutical biotechnology have enhanced the market value and availability of protein-
and peptide-based therapeutics. Over 100 proteins have been approved by the US
Food and Drug Administration (FDA) to be used in medicine, and many more are in
clinical trials. The FDA has approved several naturally occurring/recombinant
cytokines, biotechnological pharmaceuticals, vaccines, antibody-drug conjugates,
enzymes, and interferons as recombinant proteins [2]. In addition, these recombinant
therapeutic proteins can also be used to diagnose, prevent, and manage and treat
diseases. Furthermore, protein therapies account for one-third of all novel biologic
drugs introduced to the market [3]. Various protein therapeutics have been pro-
duced using recombinant DNA (rDNA) technology and are now readily available as
treatments for treating chronic disorders at reasonable costs [4]. Therapeutic proteins
are becoming increasingly popular, since they have been shown to be beneficial in
treating a wide range of potentially fatal conditions such as heart disease, diabetes,
and cancer. Interestingly, proteins have now been shown to be efficient as vaccines,
as they aid in the stimulation of the body’s natural defense mechanism, which is
responsible for the immunogenic response [5].

Therapeutic proteins are validated in the pharmaceutical industry through cloning
and expression of cDNA encoding heterologous proteins. However, a critical
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Fig. 12.1 Protein therapeutics analysis: an overview

formulation is needed for their safe and effective action. For this, a full grasp of the
fundamentals for formulating and distributing protein-based therapeutic agents is
required. Although therapeutic proteins have risen to the forefront of drug develop-
ment and discovery, there are still several obstacles that must be addressed in the
future. Some protein-based treatments cause immunological responses and other
undesirable side effects. However, in recent years, researchers have paid close
attention to therapeutic proteins, resulting in substantial advancements in the manu-
facture and application of therapeutic proteins (Fig. 12.1) [6].

12.2 A Brief History of Therapeutic Proteins

Proteins, such as wheat gluten, serum albumin, fibrin, and albumin, were identified
as biological entities with specific characteristics in the eighteenth century, owing to
their capacity to coagulate when exposed to heat or acid. Jons Jakob Berzelius
introduced the term “protein” to characterize these molecules in 1838. Although it
is possible to point out which class of biomolecules are the most crucial for life,
proteins are perhaps the most critical biologicals in terms of therapeutic value. In the
European Union (EU) and the United States, around 100 authentic, unmodified
therapeutic proteins have been licensed for clinical use, while we are still waiting
for the first approved DNA-based therapy. When it comes to the production of
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therapeutic antibodies, there have been two major paradigm shifts [7]. Von Behring
produced an antitoxin in the 1880s that didn’t kill bacteria but neutralized their toxin
and discovered diphtheria serum therapy. He received the Nobel Prize in Physiology
or Medicine for his contributions that saved many lives. The second significant
paradigm shift occurred in the 1970s with the development of hybridoma technology
that allowed the production of an infinite number of monoclonal antibodies (mAbs)
with preset specificity [8]. The development of chimeric and humanized mAbs was
facilitated by applying various molecular biology techniques, primarily rDNA
technology, and a better knowledge of antibody structure and function. It was only
via phage display and other molecular-biology-based methods (such as those involv-
ing transgenic animals) that it was possible to create fully human antibodies,
effectively capping off the paradigm shift that began in the 1970s and continued
through the 1990s. The scientific revolution that occurred in the discovery of
antibody therapies had far-reaching consequences for the field of protein
therapeutics [9].

In 1922, patients with diabetes mellitus were treated with insulin, the first protein
therapy used. This marked the beginning of a new age marked by the first paradigm
shift. However, the price, supply, and immunogenicity of animal-derived insulin
limited its application. The second paradigm shift happened in the 1970s when the
first recombinant protein therapy, humulin (human insulin), was developed [10]. In
the 1970s, the invention of rDNA technologies, polymerase chain reaction (PCR,),
and other developments triggered research in molecular biology recombinant pro-
duction of therapeutic proteins. Monoclonal antibodies were developed that are
distinguished from those other protein therapeutics as they were produced using
hybridoma technology using single-cell without rDNA or any other molecular
biology approaches. In 1986, the first therapeutic mAb was discovered and approved
for clinical use. Currently, therapeutic proteins are being incrementally improved in
terms of safety, quality, efficacy, and cost, but there are no new ideas comparable to
those that resulted in the development of recombinant proteins [11].

12.3 Classification of Therapeutic Proteins

Both proteins and peptides possess many beneficial qualities, yet their chemical and
physical properties are distinct. Proteins are defined as long, linear chains of amino
acids containing more than 100 amino acid residues; On the other hand, peptides are
classified as smaller polymers with fewer than 50 amino acids [12]. Clinically useful
therapeutic proteins have been classified by Leader based on the functions and
therapeutic applications of the particular protein/peptide [2]. They classified them
based on whether they had been certified by the FDA (Group I and II) or whether
they had been examined in vivo (Group III) and in vitro (Group IV). Proteins used to
cure metabolic diseases or neuroendocrine dysfunctions, like IL-1Ra for type 2 dia-
betes and/or diseases requiring clotting factor VIII, such as haemophilia A, have
been classified in Group Ia (Fig. 12.2) [13]. Group Ib includes proteins that promote
different hematological and immunological processes; for example, interferon-alpha
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Fig. 12.2 Classification of therapeutic proteins

is used to treat hepatitis C, while erythropoietin is used to treat anaemia [14]. Group
Ic proteins treat disease by altering its pathophysiology; for example, botulinum
toxin subtypes A and B are used to treat multiple dystonias, and lepirudin is used to
treat heparin-induced thrombocytopenia [15]. The proteins that have been
categorized into Group IIa either enhance or obstruct the operation of molecules or
organisms by directly interacting with their targets; for example, colorectal cancers
are treated with cetuximab, a human mAb that interacts with an epidermal growth
factor receptor [16] and anakinra (IL-1Ra), which is used to treat moderate-to-severe
rheumatoid arthritis [17]. Compounds that can potentially distribute proteins in a
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targeted manner have been classified as Group IIb drugs, for example, denileukin
diftitox and Ibritumomab tiuxetan used to treat persistent cutaneous T-cell lym-
phoma and transformed non-lymphoma Hodgkin’s lymphoma, respectively
[18]. Group III contains proteins that are employed in vaccines (both preventative
and therapeutic) like antirhesus (Rh) immunoglobulin G (IgG) vaccine for immuni-
zation in Rh(D)-negative women and HBs Ag against hepatitis B infection
[19]. Finally, proteins from Group IV are used for diagnostic applications, such as
cancer imaging and infectious disease diagnostics [20]. To summarize, all proteins,
particularly recombinant human proteins with FDA permission, occupy a unique
niche among biomedical commodities with potential applications in every
field involving biologics. In addition to eukaryotic-derived protein therapeutics,
several prokaryotic-derived protein therapeutics have also been produced; for exam-
ple, the most widely used therapeutic proteins in the treatment of many diseases
include methionine gamma-lyase (a potential anticancer agent), L-asparaginase
(a chemotherapeutic enzyme), and L-glutaminase (an antileukemia enzyme) [21].

12.4 Overview of Approved Therapeutic Proteins

Protein therapies recently authorized by the US FDA’s Center for Biologics Evalua-
tion and Research (CBER) and Center for Drug Evaluation and Research (CBER)
are 62 recombinant therapeutic proteins (from 01 January 2011 to 31 August 2016)
listed in the “Purple Book” of licensed biological products, including biosimilars and
interchangeable biological products [21]. Monoclonal antibodies made up over half
of the approved therapeutic proteins (48%), followed by coagulation factors (19%)
and replacement enzymes (11%). Growth factors, hormones, fusion proteins, and
plasma proteins received the remaining approvals (22%). Therapeutic proteins that
have recently been approved help a vast spectrum of populations for their health
benefits [11]. The FDA has authorized these therapeutic proteins for their use in a
wide variety of medical disorders. Over half of the approved therapeutic proteins
were indicated for oncology (26%) and hematology (29%), whereas the remaining
45% had primary indications in cardiology/vascular disease (5%), dermatology
(3%), endocrinology (6%), gastroenterology (2%), genetic disease (2%), immunol-
ogy (6%), infectious diseases (3%), musculoskeletal (8%), nephrology (2%), oph-
thalmology (3%), pulmonary/respiratory disease (3%), and rheumatology (2%). A
complete list of approved medications is provided in Table 12.1.

12.5 Scope of Therapeutic Proteins

Therapeutic proteins are proteins that are not present in sufficient quantities in the
body to perform specific functions but are used in the form of a treatment procedure.
For example, some studies have explored certain proteins in treating cardiovascular
disease, particularly when capillaries or arteries become obstructed. The correct
combinations of proteins could assist by forming new blood flow pathways. Some
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Table 12.1 Protein pharmaceuticals approved by the US FDA (2011–2016)a

Approval
date
(dd/mm/
yyyy)

CDER-approved therapeutic proteins (2011–2016a)
1. Asparaginase

erwinia
chrysanthemi

Erwinazze 18/11/2011 Enzyme [Asparaginase erwinia
chrysanthemi]

2. Brentuximabvedotin Adcetris 19/08/2011 Antibody-drug conjugate [mouse/
Human chimeric anti CD30]

3. Belimumab Benlysta 09/03/2011 mAb [Human anti-B-cell-
activating factor (BAFF)]

4. Belatacept Nulojix 15/06/2011 Fc fusion [CTLA-4 Fc-fusion]

5. Ipilimumab Yervoy 25/03/2011 mAb [Human anti-CTLA-4]

6. Pertuzumab Perjeta 08/06/2012 mAb [(HER2)]

7. Tbo-filgrastim Granix 29/08/2012 Growth factor [G-CSF]

8. Glucarpidase Voraxaze 17/01/2012 Enzyme [glucarpidase]

9. Ocriplasmin Jetrea 17/10/2012 Enzyme [ocriplasmin]

10. Olimumab injection
for IV use

Simponi
Aria

18/07/2013 mAb [Human anti-TNFα]

11. Ocriplasmin Jetrea 17/10/2012 Enzyme [ocriplasmin]

12. Idarucizumab Praxbind 16/10/2015 Fab [Humanized antidabigatran]

13. Aflibercept Eylea 18/01/2011 Fc fusion [VEGFR Fc-fusion]

14. Tocilizumab Actemra 21/10/2013 mAb [Humanized anti-IL-6
receptor]

15. Raxibacumab Abthrax 14/12/2012 mAb [Human antianthrax
protective antigen (PA)]

16. Evolocumab Repatha 27/08/2015 mAb (PCSK9)

17. Asfotase-alfa Strensiq 23/10/2015 Fc fusion/enzyme

18. Taliglucerase alfa Elelyso 01/05/2012 Enzyme [β-glucocerebrosidase]
19. Ado-trastuzumab

emtansine
Kadcyla 22/02/2013 Antibody-drug conjugate

20. Ziv-aflibercept Zaltrap 03/08/2012 Fc fusion [VEGFR Fc fusion]

21. Obiltoxaximab Anthim 18/03/2016 mAb [mouse/human chimeric
anti-Bacillus anthracis]

22. Siltuximab Sylvant 23/04/2014 mAb [mouse/human chimeric
anti-IL-6]

23. Elosulfase alfa Vimizim 14/02/2014 Enzyme [elosulfase alfa]

24. Albiglutide Tanzeum 15/04/2014 Albumin fusion/hormone [GLP-1
dimer.albumin fusion]

25. Peginterferon beta-1 Plegridy 15/08/2014 Cytokine [PEGylated IFNb-1b]

26. Vedolizumab Entyvio 20/05/2014 mAb [Humanized.antiintegrin
a4b7 (LPAM-1)]

27. Obinutuzumab Gazyva 01/11/2013 mAb [Humanized anti-CD20]

28. Nivolumab Opdivo 22/12/2014 mAb [Human anti-PD-1]

29. Asfotase-alfa Strensiq 23/10/2015 Fc fusion/enzyme
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Table 12.1 (continued)

Approval
date
(dd/mm/
yyyy)

30. Etanercept-szzs Erelzi 30/08/2016 Fc fusion [TNFR Fc-fusion]

31. Daclizumab Zinbryta 27/05/2016 mAb [Humanized anti-CD25]

32. Eslizumab Cinqair 23/03/2016 mAb [Humanized anti-IL-5]

33. Parathyroid
hormone

Natpara 23/01/2015 Hormone [parathyroid hormone]

34. Infliximab-dyyb Inflectra 05/04/2016 mAb [mouse/Human chimeric
anti-TNFα]

35. Ramucirumab Cyramza 21/04/2014 mAb [Human anti-VEGFR2
(KDR)]

36. Elotuzumab Empliciti 30/11/2015 mAb [Humanized anti CD319
(SLAMF7)]

37. Metreleptin Myalept 24/02/2014 Hormone [metreleptin]

38. Pembrolizumab Keytruda 04/09/2014 mAb [Humanized anti-PD-1]

39. Dinutuximab Unituxi 10/03/2015 mAb [mouse/human chimeric
anti GD2]

40. Ixekizumab Taltz 22/03/2016 mAb [Humanized anti-IL-17a]

41. Dulaglutide Trulicity 18/09/2014 Fc fusion [Glucagon-like peptide-
1 receptor agonist]

42. Alirocumab Praluent 24/07/2015 mAb [PCSK9]

43. Filgrastim-sndz Zarxio 06/03/2015 Growth factor [G-CSF]

44. Secukinumab Cosentyx 21/01/2015 mAb [Human anti-IL-17A]

45. Blinatumomab Blincyto 03/12/2014 Ab [mouse bispecific anti-CD19/
anti-CD3]

46. Antihemophilic
factor

Afstyla 25/05/2016 Coagulation factor (hemophilia
A); [recombinant factor VIII]

CBER-approved therapeutic proteins (2011–2016)
47. Antihemophilic

factor
Kovaltry 16/03/2016 Coagulation factor (hemophilia

A); (recombinant factor VIII full
length)

48. Coagulation factor
IX

Idelvion 04/03/2016 Coagulation factor (hemophilia
B); (recombinant factor IX
albumin fusion)

49. Antihemophilic
factor, PEGylated

Adynovate 13/11/2015 Coagulation factor (hemophilia
A); (recombinant factor VIII
PEGylated)

50. Von Willebrand
factor

Vonvendi 08/02/2015 Plasma protein (recombinant
VWF); Von Willebrand disease

51. Antihemophilic
factor

Nuwiq 04/09/2015 Coagulation factor (hemophilia
A); (recombinant factor VIII)

52. Coagulation factor
IX

Ixinity 29/04/2015 Coagulation factor (hemophilia
B); (recombinant factor IX)

53. Antihemophilic
factor porcine,
B-domain truncated

Obizur 23/10/2014 Coagulation factor (hemophilia
A); (recombinant factor VIII)
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Table 12.1 (continued)

Approval
date
(dd/mm/
yyyy)

54. C1 esterase inhibitor Ruconest 16/07/2014 Plasma protein [recombinant C1
esterase inhibitor; hereditary
angioedema]

55. Antihemophilic
factor, Fc fusion
protein

Eloctate 06/06/2014 Fc fusion/coagulation factor
(hemophilia A); (recombinant
factor VIII Fcfusion)

56. Coagulation factor
IX, Fc fusion
protein

Alprolix 28/03/2014 Fc fusion/coagulation factor
(hemophilia B); (recombinant
factor IXFc fusion)

57. Coagulation factor
XIII A-subunit

Tretten 23/02/2013 Coagulation factor (recombinant
factor XIIIA subunit); congenital
factor XIII deficiency

58. Antihemophilic
factor

Novoeight 15/10/2013 Coagulation factor (hemophilia
A); [recombinant factor VIII]

59. Coagulation factor
IX

Rixubis 26/06/2013 Coagulation factor (hemophilia
B); (recombinant factor IX)

a Comprehensive listing of all FDA-approved therapeutic proteins granted orphan designation upon
original submission from 01 January 2011 to 31 August 2016. In addition, the class of protein and a
brief description are included

experts believe that such protein therapy will potentially be so effective that it will
prevent the necessity for complex surgeries such as bypass surgery.

Protein-based medicines have come a long way in the last two decades.
Biological medications are currently frequently employed in disease prevention
and therapy. However, protein-based treatments, such as peptides, recombinant
proteins, mAbs, and vaccinations, are proving to be highly effective in clinical trials,
and their promise is being appreciated on an incredible scale. Following are some of
the benefits of protein therapeutics:

1. They can perform specific and complex functions that small-molecule medicines
cannot do.

2. They have a low risk of interfering with normal biological processes and causing
negative consequences.

3. Protein-based therapeutics are frequently well tolerated and lower the risk of
triggering immunological responses.

4. There are no risks associated with gene therapy.
5. The clinical development time for the FDA approval is reduced to half.
6. Extensive patent protection. The quality of biopharmaceuticals must be assessed

to ensure that protein treatments are accurately produced and changed and that old
reference structures are maintained. Additionally, the biological activity or
potency of the biological medication must be established before clinical trials.
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7. Proteomics-based methods provide a platform for high-resolution analysis that
enable the complete characterization of therapeutic proteins.

12.6 Biosimilar, Biobetter, and Biosuperior Therapeutic
Proteins

12.6.1 Biosimilars

Biosimilar medications or simply biosimilars, are replicas of approved biologics
whose patent duration has completed or expired [22]. Additionally, they are referred
to as following entry biologics or follow-on biologics. To be considered a biosimilar,
a drug must be safe, pure, and potent with no clinically significant differences from
its reference biological product. Although the biosimilar and the reference drug
typically have the same core structure and other molecular properties, the therapeu-
tically inactive components of the two drugs may differ slightly in their composition.
The misconception that “biosimilar are generic biologics” must be avoided. Generic
drugs are exact reproductions of brand-name pharmaceuticals, contain the same
active ingredient, and are identical to their brand-name equivalents in dosage
form, safety, efficacy, route of administration, purity, performance attributes, and
use. In other words, the brand name and the generic are both called “bioequivalent”.
Compared to the reference product, biosimilars are “quite comparable”; yet, they are
allowed variances, because they are made from live organisms. Biosimilars have the
potential to provide more cost-effective options for patients while also encouraging a
competitive environment for future biologics development and marketing [23]. Ref-
erence products, originator products, and innovator products are commonly used
terms to refer to the original branded and approved biologic products in the context
of biosimilar drugs. Following the demonstration of pharmacological equivalence
(i.e., the use of similar active ingredients) and bioequivalence (i.e., the use of
comparable pharmacokinetics), conventional generics are considered therapeutically
equivalent to a reference and do not require extensive clinical effectiveness and
safety studies. As implied by the name “biogeneric”, it is possible to simply identify
and show that a biosimilar’s active component is structurally and functionally
identical to the active ingredient in the reference product. In the case of biosimilars,
this is not the case at all. The active ingredient in a biopharmaceutical is a collection
of large protein isoforms rather than a single molecular entity, as in the case of
conventional small-molecule drugs. So, it is very rare for two products to have the
same active ingredients, and there are no methods for determining biopharmaceutical
equivalency [22]. Due to the complexity of biopharmaceuticals, it is challenging to
prevent heterogeneity across batches from the same manufacturing process and
between identical proteins from different producers [22]. Additionally, without
clinical studies, it is difficult to prove the therapeutic equivalence between
biosimilars and reference drugs [24].

The safety of biosimilars is also an important consideration. Regarding safety,
the potential to elicit an immune response (immunogenicity) distinguishes
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biopharmaceuticals from traditional drugs [25]. The European Medicines Agency
(EMA) has published documents outlining the criteria for biosimilar market clear-
ance, which provide critical information [26]. In addition, the European Medicines
Agency (EMA) produced a public assessment report for biopharmaceutical items,
which summarizes the product’s qualities and justifies why it should be authorized.
The EMA proposed biosimilar analogues of recombinant human EPO (rHuEPO),
recombinant somatropin, and filgrastim, among other drugs, for licensing in January
2008. A single somatropin product has been approved in the USA, but additional
approvals of follow-on protein products will necessitate formal legal and regulatory
procedures [27]. It is imperative that physicians are informed of the fundamental
issues of the use of biosimilars. It is critical for the safety of patients that doctors are
well versed in the potential differences between different medications.

12.6.2 Biobetters

G.V. Prasad, executive chairman of Dr. Reddy’s Laboratory in India [28],
introduced the term “biobetter” in 2007. It relates to a biological therapy that excels
or outperforms the parent molecule in at least one aspect while still achieving the
therapeutic goal. This can be achieved by altering the amino acid sequence, protein
folding, altering a chemical compound, altering humanization, or implementing a
more effective purification approach. These modifications can impact the pharmaco-
kinetics of biological drugs, such as increasing the half-life or decreasing the
clearance. If one is looking for a recombinant protein drug that is better than the
original, they are looking for a “biobetter”, sometimes known as “biosuperior”.
Biobetters are better than their competitors at one or more product features. Biobetter
applications look for characteristics such as an extended biological half-life, reduced
aggregation risk, better efficacy, purity, or lower undesirable effects. In contrast to
creating an entirely new biologic class, biobetters build on the accomplishments of
previously approved biologics and are therefore considered to carry a reduced
commercial risk [29]. Biobetters and Biosuperiors are upgraded versions of original
biological products that are safer, more effective, or have a more convenient dose
regimen. A Biobetter is a biological that achieves the same aim as the conventional
biological but does so for a prolonged duration and with minimal side effects,
sometimes at lower doses than the original biological [28].

12.6.3 Biosuperiors

Rather than being a carbon clone, a biosuperior is meant to have features superior to
the first-generation product. The overall pipeline portfolio risk of a biosuperior is
higher than that of a biosimilar but lower than that of an innovator product, because
the goal is to demonstrate an enhancement over the existing treatment based on
previously proven targets. Biobetters are approved when a thorough biologic license
application (BLA) is completed and belongs to the same pharmacological class as
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the original drug. They allow pharmaceutical firms to concentrate their efforts on a
mechanism of action that has been clinically and commercially proven beneficial.
Improved impact on the target, low dose for effectiveness, and reduced unwanted
effects are some modifications that have been made to the medicine. These
breakthroughs have been made possible by technological advancements such as
glycosylation, chemical modification, protein fusion, altered amino acid sequence,
humanization, PEGylation, etc. As biobetters are modified to improve upon refer-
ence products, they represent novel molecular entities, and alterations in molecular
structure can dramatically affect the mechanism of action. “Biobetters” and
“Biosuperiors” are two new types of follow-on biologics that go beyond “similar”.
They make changes in chemistry, change the formulation, and use new delivery
methods to make the original biologic better. Like licensed biologics, these drugs
have distinct advantages, such as a longer duration of therapeutic efficacy and less
severe adverse event profiles [30]. Current biosimilar products are developed and
approved through the traditional 301(a) Biologics License Application (BLA) path-
way for biologics and are required to demonstrate efficacy and safety without the
need for comparability studies to prove their similarity to the originator molecule,
thereby relieving the need to conduct large Phase III comparative trials. Of course,
the biosuperior product’s effectiveness and safety data must show a benefit/risk ratio
compared to the innovator product, but not a head-to-head comparison. The findings
achieved by the innovator in their existing product description will be compared to
the biosuperior developer’s outcomes. As a result, the work required for approval of
a biosuperior would be more similar to the 505(b) new drug approval (NDA)
regulatory pathway for “improved” approved drugs, which would leverage the
FDA’s knowledge of previously approved innovator products, rather than the 505
(j) NDA regulatory pathway for generic drugs, which would be based on the
expectation of interchangeability (Fig. 12.3) [31].

12.7 Similarities and Differences Between Biosimilar, Biobetter,
and Biosuperior Therapeutic Proteins

Both biosimilars and biobetters are modifications of an original biologic molecule.
Biosimilars are almost identical replicas of biotherapeutics that have already been
approved for use. In contrast to small-molecule generics, where structural identity is
required, the term biosimilar implies that there may be some variances from the
reference molecule. In some cases, the biosimilar seems so similar to the originator
that it is referred to as “interchangeable”. Biosimilars should fulfill the same safety,
purity, and efficacy standards as the original molecule [32]. On the other hand, a
biobetter has increased bioavailability or lower side effects than the parent molecule.
In contrast to the original product, biobetters have a distinct active ingredient.
Biobetters can be copyrighted [33]; however, since the active substance is highly
similar to a reference product, patenting all biobetters may be difficult. This is
because patents can only be issued to things that demonstrate a significant improve-
ment over previously available technology. Many biobetters may be unable to obtain



12 Biosimilar, Biobetter, and Biosuperior Therapeutic Proteins 337

Fig. 12.3 Biological reference drugs, biosimilars, and biobetters

patent protection. Regulatory authorities in the EU and the USA can stimulate
the development of biobetters rather than biosimilars, even if patent protection is
not provided. Instead of the shorter process used for biosimilars or generic
pharmaceuticals, biobetters would follow the traditional scientific approval route.
As novel medications, biobetters could profit from market exclusivity rights, even if
they are not sufficiently distinct to warrant patent protection (Table 12.2) [32].

12.8 Advantages of Biobetters over Biosimilars

Biobetters have several advantages over biosimilars; a few of them are listed below:

1. Biologics are costly pharmaceuticals, and their high costs strain the public health
system’s budget and potentially limit patients’ access to these increasingly vital
drugs [34]. The emergence of biosimilar pharmaceuticals has lowered the average
purchasing cost of biologic treatments, making them more accessible
[35]. Biosimilars still face challenges, such as regulatory restrictions and intellec-
tual property rights held by third parties [36]. The advancements in
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Table 12.2 Differences between biosimilar and biobetter therapeutic proteins

S. no. Biosimilar Biobetter

1. Biosimilars and innovator products are
quite similar.

They are a type of innovative product that
has been changed.

2. Biosimilars should also have similar
effectiveness and safety characteristics.

Improved safety and/or effectiveness
profiles are desirable in biobetters.

3. Biosimilars are limited in composition, as
they must contain an active component
equivalent to that of reference products.

Biobetters are structurally unrestricted
and may incorporate molecular/chemical
alterations; hence, they are deemed to
have a unique “active compound” than
the original product.

4. Patent rights or information exclusivity do
not apply to biosimilars.

Biobetters may be granted patent or
database exclusivity depending on their
inventiveness.

5. Biosimilars can be authorized after
showing that the biosimilar and original
product are similar, which is done through
equivalence data.

Biobetters are novel medications that
must go through a fresh updated product
application or a composite product
application that includes all clinical and
nonclinical trial data.

pharmaceutical research are applied to existing products to developing new
biopharmaceuticals, referred to as biobetters [36].

2. Biobetters can alleviate some of the hazards involved with the commercialization
of biosimilars. Since biobetters, unlike biosimilars, are expected to be more
efficient and effective than reference products, they can take advantage of
existing tactics for circumventing patent and regulatory hurdles, avoiding the
need to wait for third-party patents to expire [37].

3. Biosimilars are expected to have the same potency as the original drug at a lower
cost. They are designed to be an upgraded version of the original with structural
or chemical changes and lower side-effect profiles. Due to a verified biologic
target, biobetters are likely to have a better chance of success than original
biologics, although an improved biologic is far from certain and may necessitate
significant testing. Biobetters are generated by exploring the protein folding
process and how it influences medicine, while biosimilars are identical replicas
of the source [35].

4. Biobetters are based on a well-known target concept, which means they have
cheaper R&D expenses in the early stages.

5. Unlike biosimilars, biobetters do not have a distinct regulatory pathway. A
biobetter is a medication already established to be a therapeutic and financial
success, lowering the risk of failure compared to any new therapeutics. A
biobetter does not have to wait for the originator product’s patent to expire before
launching the product to the market. Because biobetter does not claim similarities
to the originating product, it has a better chance of avoiding patent infringement
or, at the very least, lowering litigation expenses [36].

6. Although biobetters need discovery and an original Biologics License Applica-
tion (BLA) with all preclinical and clinical data in order to be approved for
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Fig. 12.4 Biobetters: advantages over biosimilars

marketing, they also provide several benefits. Biobetters have a competitive edge
over biosimilars, since they offer a better or longer-acting drug.

7. Biobetter drugs can be used instead of biosimilars to improve the quality, safety,
and innovation of health-care products while lowering prices, increasing access to
biologic drugs, and overcoming market barriers such as third-party IP rights,
competitor products, and doctor and patient acceptance (Fig. 12.4) [37].

12.9 Technologies to Produce Biobetter and Biosuperior
Therapeutic Proteins

The development and manufacture of biological therapeutic products employing
genetically altered bacteria, yeast, fungi, cells, or even animals and plants is a
significant industrial application of biotechnology. In some cases, these
biopharmaceuticals were originally derived from human tissues and fluids, often
extracted in relatively modest volumes. Recombinant DNA technology made it
possible to produce large amounts of highly purified products, such as proteins
that had been PEGylated (treated with polyethylene glycol to make them more
stable), posttranslationally modified, or with modified DNA sequences. Biological
processes have been tinkered with or altered with the aid of biotechnology. The
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Table 12.3 Protein-engineering platform and technologies

Production technology Market name Description

I. Protein production technology
Transgenic animals Ruconest [38] C1 esterase inhibitor

Transgenic plant Elelyso [39] Human glucocerebrosidase (carrot root cells)

II. Rational protein structure technologies
Glyco-engineering Gazyva [40] Humanized anti-CD20 mAb

Fc-Fusion Eylea VEGFR Fc-fusion

Nulojix CTLA-4 Fc-fusion

Trulicity GLP-1 receptor agonist Fc-fusion

Zaltrap VEGFR Fc-fusion

Alprolix Recombinant factor IX Fc fusion

Eloctate [41] Recombinant factor VIII Fc-fusion

Albumin fusion Tanzeum GLP-1 receptor agonist-albumin fusion

Idelvion Recombinant factor IX albumin fusion [42]

PEGylation Plegridy PEGylated IFNβ-1a
Adynovate [43] Recombinant factor VIII PEGylated

Antibody-drug
conjugates

Kadcyla Humanized anti-HER2/neu conjugated to
emtansine

Adcetris Mouse/human chimeric anti-CD30 [44]

Mab humanization/
chimerism

Perjeta Antihuman epidermal growth factor receptor
2 (HER2)

Entyvio Anti-HER2/neu conjugated antiintegrin a4b7
(LPAM-1)

Actemra Anti-IL-6 receptor

Gazyva Anti-CD20

Keytruda Anti-PD-1

Cinqair Anti-IL-5

Zinbryta [45] Anti-CD25

techniques listed in Table 12.3 are used to modify the original biological molecule to
improve one or more of its attributes.

12.9.1 Protein Production Technology

12.9.1.1 Transgenic Animals
The need for safe and efficacious therapeutic proteins intensified research and
resulted in the development of transgenic animals as potential bioreactors. Due to
certain safety issues, the human-origin plasma protein inspired the development of
recombinant mammalian cells. However, the constraints in development and pro-
duction capacity for the culture of mammalian cells encouraged the use of livestock
as transgenic animals as a source of therapeutic proteins [46]. Transgenic animals are
preferred as they have the most common properties of animal cells in culture. Animal
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cells are in an ideal metabolic situation and can efficiently synthesize proteins.
Biological fluids like the blood of transgenic animals are an excellent source to
extract recombinant proteins [47].

12.9.1.2 Transgenic Plants
Humans have been using plants to prevent and cure diseases since prehistoric times,
but it is in the past three decades that the genome of plants has been manipulated to
produce therapeutic molecules. Plants as bioreactors are very economical as they can
be produced on a large scale. Transgenic plants are preferred over transgenic animals
or recombinant microbes, because the plant proteins are safer as plants are not human
pathogens, the cost of production is low, plants have reduced capitalization cost, and
the plants can produce multimeric proteins in the correct assembly form [48]. Human
serum albumin was the first therapeutic protein produced in potato and tobacco
leaves in 1990 [49].

12.9.2 Rational Protein Structure Technologies

12.9.2.1 Glycosylation
Glycosylation is the process of enzymatically linking sugar moieties, usually
oligosaccharides, onto a protein. It happens naturally in cells as part of protein
posttranslational alteration. The insertion of glycans to the original molecule adds
extra sites, giving stability by limiting aggregation, degradation, or denaturation and
contributing to a longer half-life for therapeutic proteins [50]. For example, Amgen’s
ARANESP® (Darbepoetin-alfa) was developed utilizing this technology that
resulted in a longer half-life of the therapeutic protein. Glycosylation also reduced
the frequency of erythropoietin administration to once every 2 weeks in clinical
practice [51].

12.9.2.2 PEGylation
PEG (polyethylene glycol) is a hydrophilic polyether. PEGylation is the process of
attaching a PEG molecule to a protein covalently. Because the hydrophilic charac-
teristic of PEG polymers causes an increase in the molecular size of the protein, renal
filtration is reduced because of the pore size in the nephrons. As a result, the half-life
become longer. Furthermore, the PEGylation acts as a big mask to protect the protein
from proteolytic destruction. PEGylation technology is often used to modify a
variety of products, including PEGINTRON® (PEGylated interferon), PEGASYS®

(PEGylated interferon), NEULASTA® (PEGylated granulocyte colony-stimulating
factor), and MIRCERA® (PEGylated granulocyte colony-stimulating factor) and
MIRCERA® (PEGylated granulocyte colony-stimulating factor; methoxy-
polyethylene glycol-epoetin beta) (Fig. 12.5) [52].
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Fig. 12.5 Different
approaches used for designer
proteins

12.9.3 Modification of Therapeutic Proteins Via Fusion

12.9.3.1 Fusion with the Fc Domain of Immunoglobulins
During fusion, a recombinant protein is linked to a companion protein with a
lengthy half-life, enhancing its pharmacokinetics. Albumin and the Fc portion of
immunoglobulins are two examples of naturally occurring partner proteins used for
fusion. ELOCTATE™ is a recombinant factor VIII fusion protein (BDDrFVIIIFc)
that increases the half-life of the partner protein by 1.5–2 times [53].

Various techniques have been developed to extend the plasma half-life of the
therapeutic proteins, like genetic modifications, sustained delivery, chemical modi-
fication, and fusion with carrier proteins. The Fc domain of immunoglobulins is
directly linked to another peptide to create an Fc-Fusion protein. This Fc domain is
fused with binding moiety to extend their plasma half-life. Biologically active
proteins and peptides have a fast renal clearance, resulting in a short half-life. This
decreases the therapeutic efficacy of the therapeutic protein drug as the time of
exposure to the organ is less. Fc domain prolongs the half-life of Fc-Fusion protein
because of the pH-dependent binding to neonatal Fc receptor. This prevents proteins
from degradation by endosomes [9].

12.9.3.2 Albumin Fusion
Fusion with albumin also prolongs the plasma half-life of therapeutic proteins as the
proteins confer albumin-like pharmacokinetic properties. Albumin also benefits
the therapeutic protein by providing easier cellular penetration due to its plasma
protein properties. However, the immunogenicity of albumin fusion proteins is low.
Notably, they are easy to construct and purify as albumin can be easily obtained
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[54]. Studies conducted on activated recombinant factor VII fusion protein with
albumin found that it resulted in better pharmacokinetics. A long-acting insulin
analog was developed using the albumin fusion technology [55].

12.9.3.3 Antibody-Drug Conjugates
Antibody-drug conjugates (ADCs) have two components, the recombinant mAb and
cytotoxic chemicals, bound via synthetic linkers. The cytotoxic chemicals are known
as warheads. These are high cytotoxic immune-conjugates that are antitumor, highly
selective, stable, and have improved pharmacokinetic properties of mAbs. ADCs
were developed for anticancer therapeutic proteins, and the warheads efficiently
perform this activity. The linkers play an essential role, and the optimization of
linkers is important. The linkers should be stable while circulating in the blood and
should be able to release the drug once it is inside the target cancer cells. The concept
of ADCs is not new. In the 1960s, first use of ADCs in laboratory animals was
documented, and then in the 1980s, mouse IgG was used for ADC preparation.
However, the major problem in developing ADCs is identifying and proving the
accuracy of antigenic targets for the protein drugs [56].

12.9.4 Humanization

Nonhuman mAbs have a significant risk of causing immune-mediated adverse
effects. As a result, chimeric mAbs have been created by substituting nonhuman
Fc domains with human Fc regions. Humanized mAbs have also been generated by
transforming major portions of the Fab regions into human counterparts. Although
immunogenicity remains an issue, advances in transgenic mouse technology and the
invention of phage display techniques have made fully human mAbs possible.
GAZYVA® (Obinutuzumab) is a fully humanized mAb that binds to an epitope
on CD20 cells and partially overlaps the epitope recognized by Rituximab, making it
a biobetter to Rituximab. Another example is Golimumab, a human mAb used as an
immunosuppressive drug and marketed under the brand name SIMPONI® (Janssen
Biotech and Merck) [57].

12.9.5 Altering Amino Acid Sequences

In this process, attaching or modifying a peptide sequence (C-terminal peptide, CTP)
to the original proteins stabilizes them and prolongs their shelf life without extra
toxicity or loss of favored biological activity [58].

12.9.6 Sustained Release

Biobetters are occasionally created to minimize dose frequency by producing a new
sustained-release formulation. Dong-A Pharmaceutical Co., Ltd. made DA-3091, a
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sustained-release, subcutaneous version of exenatide to treat type 2 diabetes
mellitus [59].

12.9.7 New Routes of Administration

Oral, dermatological, topical, subcutaneous injections or inhaled formulations
may be developed for easier administration. An excellent example is
FLUMIST®(AstraZeneca), an intranasal influenza vaccine for easier administration
than complicated injectable routes [60]. Also, AFREZZA® (Mankind), the only
inhalable insulin to control adult diabetic patients’ blood sugar during mealtime, is
approved [61]. A new method involves changes such as the use of a new cell
platform (the introduction of a newer cell culture method to replace the egg-based
manufacturing system results in improved vaccine efficacy), the shift from live-
attenuated or inactivated vaccines to recombinant products, and the use of a greater
number of serotypes [28].

12.10 Delivery System of Therapeutic Proteins

Therapeutic proteins can be covalently modified with a peptide sequence capable of
quickly translocating membranes, referred to as protein transduction domain (PTD)
or cell-piercing peptide (CPP), using the techniques listed below:

1. Direct expression of recombinant fusion proteins derived from a vector carrying
the DNA sequence of CPP.

2. For the chemical conjugation of CPP to the protein, a cleavable disulfide linkage
in a reductive environment is utilized.

3. Synthetically simple, easier to characterize, less toxic, and more immunogenic
than large polymers, peptide-based biomaterials are used for delivery. These
biomaterials can also shield proteins from protease degradation and increase
delivery efficiency.

4. Synthetic peptides have also been developed to protect proteins from protease
degradation and develop a technique for improving efficiency, delivery, and
noncovalent encapsulation. Such peptides may self-assemble quickly with pro-
tein cargos due to their amphipathic nature, presumably through noncovalent
hydrophobic contacts.

5. Protein polymers are coupled with PEG and poly(N-isopropyl acrylamide,
PNIPAAMm), the most prevalent polymers, for targeted delivery. When
subjected to pH or temperature variations, these polymers vary their solubility
or proclivity for self-assembly, imparting sensitivity to the protein to which they
are linked. Because it can be functionalized with active esters, it can also be
combined with protein amines [62].
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12.11 Challenges in the Production of Therapeutic Proteins

Despite the tremendous technological advancements in the last two decades, there
are multiple limitations during the production of therapeutic proteins. The major
challenges are listed below:

1. Protein solubility, delivery method, distribution, and stability limit the proper
implementation of a protein treatment.

2. Proteins are large macromolecules with both hydrophilic and hydrophobic
properties, which make their entry into cells and subcellular compartments
challenging. Additionally, proteases, protein-modifying compounds, and other
clearance processes can substantially decrease the half-life of therapeutic
proteins. PEGylated versions of therapeutic proteins are being developed to
overcome these problems.

3. PEG-interferon is a modified version of interferon in which the polymer PEG is
added to extend absorption, delay the enzymatic breakdown, reduce renal
clearance, enhance the elimination half-life, and diminish interferon
immunogenicity.

4. The body may produce an immunological reaction against the therapeutic
protein, which is another significant hurdle. This immune response can some-
times neutralize the protein and, at times, induce an adverse reaction in the
patient. As evidenced by the production of antifactor VIII antibodies (inhibitors)
in individuals with severe hemophilia A, administrated with recombinant human
factor VIII, immune responses can be developed against group Ia therapeutic
proteins. However, advances in rDNA technologies and related fields have led
to the production of several antibody products that are less likely to elicit an
immunological response than unmodified murine antibodies. Humanized
antibodies have portions of the antibody that are not critical for antigen-binding
specificity and replaced with human Ig sequences to provide additional protein
stability and biological activity but do not trigger an antiantibody response.
Also, fully human antibodies can be made using transgenic animals.

5. Post-translational changes such as glycosylation, phosphorylation, and proteo-
lytic cleavage are frequently necessary for a therapeutic protein to be physiolog-
ically active. These modifications require the use of certain cells capable of
adequately expressing and modifying the protein. Furthermore, for large-scale
production, recombinant proteins must be generated in genetically modified cell
types.

6. In addition to producing physiologically active therapeutic protein, the host cells
must also express it in a large quantity to fulfill the demand. The technology
must also allow for the purification and long-term preservation of the protein in a
therapeutically active state.

7. Developing systems in which entire cascades of genes involved in protein
folding are induced along with the therapeutic protein could be a potential
solution. The impetus for this work comes from observing that in plasma
cells, which are natural protein production factories, such gene cascades produce
large amounts of mAbs.
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8. While bacteria and yeast are simple to grow, certain mammalian cell types can
be challenging and expensive to maintain. Other manufacturing methods, such
as genetically altered animals and plants, might offer a competitive edge.

9. Recombinant protein-producing transgenic sheep, cows, and goats have been
developed, and transgenic hens that lay eggs containing recombinant proteins
are expected in the future. Transgenic plants can create large amounts of protein
without any waste or the requirement of bioreactors; for example, potatoes may
be genetically modified to express recombinant proteins, allowing for the
production of edible vaccinations.

10. The cost of protein-based treatments is a significant limitation. Switching from
tedious purification of placentally derived protein to rDNA methods has enabled
the manufacture of enough glucocerebrosidase to treat Gaucher’s disease in
many individuals.

11. Considering the hundreds of proteins produced by the human body and the
thousands of proteins produced by other species, the future of protein therapy
has a massive opportunity. However, as protein therapy’s role in medicine
develops in the future, we cannot overlook its problems and the associated
ethical issues. The medical community must weigh the risks of protein treatment
against the possible therapeutic advantages for patients. And as with every new
treatment breakthrough, moral and ethical questions arise. Protein therapies that
can improve conditions previously thought to be deviations from the normal
may also question the notion of sickness or disease. With the prospect of
utilizing growth hormone to improve a child’s growth, the concept of small
height may be rethought [63].

12.12 Next-Generation Biosimilar and Bio-Betters: Success
and Difficulties

The success of protein-based therapeutics is due to the use of models and concepts
developed during the second paradigm shift several decades ago, which led to
dramatic advancements in three main characteristics of candidate therapies (efficacy,
safety, and quality), all of which are required for regulatory approval. They are
critical to the effectiveness of any treatment, but especially for antibody-based
therapies, which confront similar challenges as other protein therapeutics.

12.12.1 Safety

The side effects of therapeutic proteins can be divided into two categories based on
the interactions with desired targets and undesired targets. Binding the desired target
might have unfavorable side effects, such as suppressory or stimulatory immuno-
modulatory antibodies. The use of suppressor therapeutic proteins might result in
various adverse effects associated with immune system dysfunction: for example,
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the most popular antibody-based protein treatments targeting TNF (etanercept,
infliximab, certolizumabpegol, and adalimumab) can cause infections [64]. The
overstimulation of the immune system can potentially result in life-threatening
diseases. Data indicates that a single dose of the anti-CD28 mAb (TGN1412) elicited
an inflammatory reaction in all six volunteers, characterized by rapid activation of
pro-inflammatory cytokines, leading to severe sickness after 12–16 h [65]. One
crucial difference between antibody-based treatments incorporating Fc and other
bioactive molecules such as proteins is that antibody effector actions such as ADCC
and complement-dependent cytotoxicity (CDC) might induce toxicities in organs
other than those targeted. When antibodies are administered simultaneously or
consecutively with an anthracycline, the cardiotoxicity caused by trastuzumab
increases [66].

Associations with undesired targets can have a wide variety of side effects, some
of which are produced by incompletely understood mechanisms. Panitumumab,
trastuzumab, cetuximab, rituximab, alemtuzumab and infliximab, insulin, and inter-
feron are some examples of hazardous acute infusion events after protein delivery,
where cytokine release plays a key role; however, unidentified pathways may also be
implicated [67]. The discharge of cellular components from lysed malignant B cells
might cause rituximab infusion adverse effects [68]. Protein supplementation can
potentially cause hypersensitivity events such as anaphylactic shock and serum
sickness [64]. Pre-existing IgEs that cross-react with protein therapies can increase
the number and magnitude of these responses, which can happen even during the
initial administration of the protein. The immunogenicity is usually linked to hyper-
sensitivity, and the administration of cetuximab is a good illustration of this [67].

12.12.2 Immunogenicity

The discovery of fewer immunogenic proteins was crucial to the success of
mAb-based treatments [64]. Murine mAbs were investigated as treatment options
in the 1980s, but their strong immunogenicity leads to high antibody titer of human
antimouse antibodies (HAMAs) and toxicities with poor efficacy. The successful
treatment of the products required the development of less immunogenic chimeric
mAbs with human Fc segments and humanized mAbs with mouse complements
defining regions (CDRs) grafted into human antibody frameworks. Human
antibodies are now the most popular form of antibodies in development, even though
the majority of therapeutic antibodies authorized for clinical use are still chimeric
and humanized mAbs.

The immunogenicity of a therapeutic protein is dependent on the structure,
formulation, contaminants, proportions, post-translational alterations, heterogeneity,
aggregation, degradation, storage conditions, characteristics of its interacting part-
ner, route, disease condition, patient’s immune response, concurrent treatments, time
and dosing frequency, particularly when offered in multiple dosages over a signifi-
cant duration of time [69]. Human proteins can trigger antihuman antibodies in
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humans. The antiepidermal growth factor receptor (EGFR) mAbs cetuximab and
panitumumab have shown clinical activity against metastatic colorectal cancer when
delivered alone or combined with chemotherapy [70]. In solid tumors, mAbs and
other proteins have demonstrated significant clinical effects in a single therapy or
combination [71]. The processes driving the limited efficacy of some therapeutic
proteins and the diversity of treatment responses are unknown. However, numerous
variables are likely involved in resistance, whether pre-existing or developing, which
is a major issue for any therapy. EGFR-targeted treatments use a variety of strategies,
including mutations, multidrug transport stimulation, and signaling protein
overexpression or stimulation [72]. Poor penetration into tissues, such as solid
tumors, is another challenge. Inadequate or missing binding to the surface of certain
molecules (in the presence of steric barriers) is a relevant issue for full-size mAbs, as
seen in the case of HIV envelope (Env)glycoprotein. Improvements in signaling
pathways, half-life, tumor and tissue permeability, and reliability are among the new
approaches being developed to improve the efficacy of mAbs and other therapeutic
proteins. Here, the methods used include both protein and glycol-engineering, and so
far, the results have been promising [73]. Various small designed antibody domains
(~10-fold smaller than IgG) are being created to enable greater tissue penetration and
concealed epitope access [74]. The present state of specific antibody treatments
indicates that features of currently used therapeutic proteins are gradually improving,
and the emergence of new proteins and targets is expected to continue in the coming
years. One of the most challenging problems is dramatically improving therapeutic
antibody efficacy and using them for a larger spectrum of illnesses. Creating
successful tailored antibody-based treatments and predicting toxicity or potentially
poor efficacy in vivo are key obstacles.

12.12.3 Quality

The FDA considers quality to be a critical factor during the approval of any drug.
The heterogeneity of mAbs and other biologics is a crucial trait that separates them
from small molecule medications. Alterations like N-terminal pyroglutamine cycli-
zation, glycosylation, formation of partial disulfide bonds, C-terminal lysine prepa-
ration, isomerization, deamidation, oxidation, amidation of the C-terminal amino
acids, and maleuric acid revision of the N-terminal amino acids, noncovalent
connections with other molecules, conformational diversity, and aggregation, all
contribute to the heterogeneity of therapeutic proteins. There might be tens of
thousands of variations with the same sequence. For safety and FDA clearance,
high-quality protein therapies with minimum heterogeneity and contamination are
required. The process of manufacturing therapeutic proteins includes rDNA
techniques, gene amplification, use of a potent expression system, classification of
a stable host cell expression system, improvement and design of mammalian cell
culture fermentation system, and innovation of an efficacious recovery process
leading to greater yields and quality of products. To maintain steady long-term
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production and delivery of therapeutic proteins, three techniques can be applied
in vivo: (1) implanting a capsule antibody that generates heterologous or autologous
cells, (2) transplanting genetically manipulated autologous cells ex vivo, and
(3) direct in vivo injection of gene-carrying integrating vectors. Another exciting
potential is to use molecular techniques to manufacture low-cost therapeutic proteins
in plants, such as in genetically altered tobacco leaves [75].

12.13 Concluding Remarks

In recent decades, much progress has been made to produce potent therapeutic
proteins [76]. This raises several questions about where this field will go next. A
significant concern is whether there are signs of a third paradigm shift that could
result in radically new therapies, as occurred a few decades ago, resulting in a flood
of clinically approved protein therapies. Meanwhile, incremental improvements in
the attributes of current protein therapeutics, the exploration of novel protein-based
drugs and targets, and the evolution of innovative protein-based therapeutic agents
by conjugating therapeutics using holistic techniques based on molecular biology,
biotechnology, and genetic engineering research. Therapeutic proteins have emerged
as a crucial treatment procedure for a variety of disorders in the last few decades.
Furthermore, in addition to the better therapeutic characteristics of protein therapeu-
tics, the production and purification techniques have developed exponentially,
helping the pharmaceutical industry to accelerate research in this area. However,
several parameters must be considered during the manufacturing, purifying, and
formulating protein therapeutics to improve their quality. Furthermore, a greater
comprehension of their pharmacokinetic characteristics and the relationship between
their pharmacokinetic and pharmacodynamic impacts will aid in developing and
administering better protein-based therapeutics. Biotechnological advancements
have boosted and accelerated the synthesis of therapeutically important proteins.
There is a need to better understand the therapeutic protein delivery routes and their
absorption mechanisms. Biobetters are on the verge of becoming the next generation
of biologics with clearly visible benefits. Since they have a validated target and a
reference molecule with verified safety and efficacy, their exploration should be
fostered by relaxing the IP norms. They have the potential to alleviate the economic
burden that these diseases impose on society due to their improved formulation and
dosing schedule. There is an urgent need for biobetter drugs to improve the quality,
safety, and innovation of health-care products while lowering prices. This will make
biologic drugs more accessible by breaking down market barriers such as third-party
IP rights and competitor products and the acceptance of doctors and patients.
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Abstract

Infectious diseases are reported worldwide, and the emergence of highly mutated
antibiotic-resistant strains is a major concern globally. Developing efficient
vaccines is the only way to prevent and treat diseases effectively. Though
developing conventional vaccines is an intricate and time-consuming process
due to several rate-limiting steps, these vaccines help treat an array of existing
diseases. There is a dire need for new forms of vaccines as many incidents of
resistance are reported, and the efficacy of newly developed vaccines must be
enhanced to treat the infections well in time. The human immune system fights
against several infections utilizing antibody and the non–antibody-based immune
mechanism, providing significant protection against identified pathogens. Nowa-
days, much effort is being made to develop vaccines focussing on the role of
cellular responses to clear several complicated infections. This chapter
concentrates on strategies for designing therapeutic protein-based vaccines and
their diverse clinical and nonclinical applications.
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13.1 Introduction

Over 17 million individuals die annually from preventable infectious or communi-
cable diseases globally. The high mutation rates in pathogens and the development
of antibiotic-resistant strains are the key barriers to the prevention and treatment of
such diseases. Vaccines offer a safer and faster method to overcome infectious
diseases over a large population scale. However, the high cost of conventional
vaccines in developing nations is a major concern, which is attributed to a lack of
proper storage and supply facilities [1–3]. Hence, there is a vital need to develop new
methods of vaccine development with low cost and high specificity. Vaccines are
usually an inactivated pathogen or its component (DNA, RNA, protein) that
stimulates a benign effect in an immune reaction to generate defense against an
infection/disease on subsequent exposure to the pathogen when introduced to the
host [2, 4–6]. Vaccines usually provide neutralizing activity in the body by
generating protective antibodies against infections, and these antibodies develop in
a few weeks to several months. Therefore, vaccines deliver the antigens to induce
specific protecting antibodies to control, eliminate, and protect humans from
pathogens and associated diseases [6–8]. Vaccinology is the conjunction of epide-
miology, microbiology, immunology, and pharmacy principles. The ever-changing
high mutation rates in pathogens are the vital challenges associated with safe and
effective vaccination. Moreover, the efficacy and immune response of vaccination
depends on numerous factors such as disease complexity, host immunity (cell- and
antibody-mediated responses), gender, age, genetic variations, medical conditions of
the host, etc. [2].

13.2 Types of Vaccines

The desired properties of any vaccine comprise safety, efficacy, specificity, long-
lasting neutralizing activity against pathogens, lack of autoimmunity, storage, and
ease of administration to the host. The use of different kinds of vaccines
(DNA-based, RNA-based, protein-based) resulted in successful and long-lasting
immunity; however, in many cases, the immunity is not long-lasting enough to
cure the disease [9]. The advantages and disadvantages of various vaccines, based on
their development, are summarized in Table 13.1.
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Table 13.1 Summary of mechanisms, advantages, and limitations of different types of vaccines

Types of
vaccine

Mechanism of
action

DNA-based
vaccine

Also called the
third-generation
vaccines.
Induces an
immunologic
response in the
individual
against bacteria,
parasites,
viruses, and
potential cancer
by using
engineered
DNA.

It can induce both
cellular and
humoral responses
at the same time.
Non–live-cell
approach.
DNA molecules
are more stable
over time.
Removes the need
for protein
purification and
increases safety
and efficacy.

The immune effect
is very low as only a
small amount can
enter intracellular
space.

[6, 10, 11]

mRNA-based
vaccine

To achieve the
expression of
target antigens,
they need to
enter the
cytoplasm.

Theoretically safe. Some immune
responses like
headache, muscle
pain, and fatigue can
be there.

[5, 12]

Protein-based
vaccine

Includes an
inactivated
bacterial toxoid
protein, and
induces an
immune
response, e.g.,
human
papillomavirus
(HPV) vaccines.

Cost-effective,
easy to administer,
and stable.

Cannot be produced
through MHC-I.

[4, 13–15]

Pure
polysaccharide
vaccine

Includes
polysaccharide
molecules
(sugar/
carbohydrate)
found on the
outside of some
bacteria, e.g.,
some vaccines
to protect
against
Pneumococci.

Less expensive. Not able to offer
long-lasting herd
immunity due to
hyporesponsiveness.

[16]

Live attenuated
vaccine

Functional/alive
and weakened
virus or bacteria
is used.
Also, it can
replicate in the
body to produce

Produces a strong
and lasting cell-
mediated immune
response.

In some cases, the
disease can develop
due to the
multiplication of
weakened viruses or
bacteria.
Production and

[2, 5, 12]
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response
without causing
the disease, e.g.,
chickenpox.

maintenance are
complex.
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Table 13.1 (continued)

Types of
vaccine

Mechanism of
action References

Dead/
inactivated
vaccines

Viruses or
bacteria in these
vaccines are
inactivated/
dead, e.g., polio.

Cause a humoral
immune response.
Easy to prepare.

Always require
repeated doses for
immunity.

[5, 14, 17]

13.2.1 Protein-Based Vaccines

DNA- and RNA-based vaccines are better choices in terms of effectiveness and
long-term immunity; however, the limitation with using these vaccines is the
presence of gene coding materials, which can induce health issues in the host. It is
well known that antigens are solely responsible factors for generating the adaptive
immune response. Most antigens are either proteins, polysaccharides, or peptides.
The variations in the structure of different proteins lead to distinct immune responses
in individuals. Recent studies against various infections provided detailed knowl-
edge about viral envelop, protein conformation, and epitope information. This can be
incredibly advantageous for designing specific vaccines against these harmful
viruses. Due to these facts, it is essential to focus on protein-based vaccines
(PBVs) [4, 7, 8, 14]. The advancement in genetic sequencing, microbiology, X-ray
crystallography, nuclear magnetic resonance (NMR), spectroscopy, and genetic
engineering provides a better and more detailed understanding of the structure of
proteins with explicit knowledge of why some proteins are more immunogenic than
others proteins [8, 18, 19]. PBVs are designed using weakened or inactivated
proteins that can trigger immune responses inside the host. These protein antigens
are obtained from the pathogen by isolation and purification. Further, the advantage
of this method is that it confiscates the after side effects of the dose. At the same time,
this method requires multiple doses to enhance a more potent and durable effect. The
antigen-presenting cells (APCs) are responsible for producing adaptive immune
responses in the host [10, 12, 20]. The first PBV vaccine was a bacterial toxin
vaccine that was made from antitoxin isolated from an animal immunized with the
unmodified toxin in a small amount. Later it was realized that the success rate of this
active immunization could be increased if, before administration, the toxin was
chemically or thermally treated or coadministered with proper antitoxin. The
human trials of PBV are in progress against SARS-COV-2 [21]. The safety and
efficacy were the primary reason for PBV use over live attenuated and inactivated
vaccines, as the immune response produced by PBV is usually based on the antigen
used. However, the safety can be influenced due to genetic modification or mutations
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in antigen structure, as in the case of SARS-CoV-2, both positively and negatively
(autoimmunity). To avoid the problem related to autoimmunity or efficacy, the
conjugated vaccine is a better option. The conjugated vaccine is designed using
the unnatural amino acids (p-nitrophenylalanine) incorporated with PBV structure,
for example, vaccines against RANKL and TNFα.

13.3 Design and Development of Protein-Based Vaccines

Initially, when protein-based vaccines were designed, they relied on natural sources
for the antigens [22, 23]. In recent decades, the technical approaches for developing
and producing new vaccines have grown exponentially, especially during the
COVID-19 pandemic. The vaccine design methodology combines the various inter-
related fields like genetics/reverse vaccinology, molecular biology, polysaccharide
chemistry, protein biology, virology, immunology, bacteriology, fermentation tech-
nology, macromolecular purification, formulation of the complexes, etc. [24]. A
significant fraction of the previously developed vaccines is from the preventive
category (prophylaxis) of infectious disease rather than therapy of infections
[23]. Modern technological developments have facilitated the development of
vaccines for noninfectious diseases, such as autoimmune disease, cancer allergy,
drug addiction, and therapeutic vaccines for a specific group of infectious and
noninfectious diseases. The significant development in this area in the last decade
redefined the vaccine development process. Due to the recent achievements in
vaccine design, several vaccines could be created in just a few months against
SARS-CoV-2. Vaccines can be classified into active and inactive vaccines. Active
vaccines stimulate the immune system and produce either specific antibodies or
cellular immune responses [25]. In some cases, both the responses are activated
concurrently and help to treat the disease condition. While in the passive vaccina-
tion, preformed antibodies can bind to a human cellular antigen and, thus,
completely neutralize a pathogen. An inactive vaccine is administered before or
around the time of exposure to a pathogen or a subject showing initial symptoms of
infection. The vaccine design strategies can be divided into several categories that
are discussed below.

13.3.1 Glycoconjugate Vaccines

In the early and late twentieth century, polysaccharide vaccines were prepared that
protect against Haemophilus influenzae, pneumococcal, and meningococcal
infections. These vaccines are derived using capsular polysaccharides (CPS) from
the surface of these bacteria. The high abundance and surface exposure of CPS
provoke immune responses and, thus, result in bactericidal activities. A significant
improvement is required in the formulation of these polysaccharide vaccines,
because they are only effective in adults compared to infants and young children.
Only a single serotype caused mostH. influenzae type b (Hib) diseases, while several
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immunologically distinct serogroups circulate during infections; thus, more complex
epidemiology exists for other pathogens. A broadly protective glycoconjugate
vaccine that can improve the immune response to polysaccharide antigens can be
designed for pathogens by including multiple CPS serogroups in a multivalent
formulation [22, 23, 25]. The glycoconjugate vaccine (7-valent) against Streptococ-
cus pneumoniae showed a significant reduction in pneumococcal disease across all
age groups. Though such multivalent vaccines broadly offer protection, due to the
discovery of more than 90 distinct disease-causing pneumococcal serotypes, there is
a dire need to develop alternative pneumococcal vaccines based on one or a few
highly conserved protein antigens.

13.3.2 Protein Subunit Vaccines and Structure-Based Antigen
Design

The initial success of glycoconjugate vaccines paved the way for scientists to
develop alternate methods of vaccine design using modern techniques. In the early
twentieth century, toxoid protein-based vaccines were developed against diphtheria,
tetanus, influenza, etc. Vaccines were also created using hemagglutinin as the
primary antigen. Hemagglutinin is the glycoprotein that plays a crucial role in the
early stage of the infection in the influenza virus [22, 25]. Similarly, various protein-
based vaccines for different disease targets started developing. Many vaccines exist
for different serogroups against Neisseria meningitides I, but the existing arsenal of
vaccines could not provide a universal solution for serogroup B (MenB) patients. A
multicomponent vaccine, 4CMenB, was developed against MenB by applying
principles of reverse vaccinology. This initiative greatly appreciated and accelerated
the vaccine formulation using computational identification and reversed vaccinology
techniques. These initial developments resulted in the first genome-derived recom-
binant protein-based vaccine, Bexsero®, against MenB. Initially, the Bexsero®

vaccine was approved by the European Medicines Agency in 2013, and later on, it
received approval in more than 35 countries worldwide.

In an attempt to provide proper antigen characterization, advances in structural
biology methods such as X-ray crystallography, cryogenic electron microscopy
(cryo-EM), NMR spectroscopy, and computational studies are making an immense
contribution to designing and optimizing new vaccine antigens. Recently, various
approaches to vaccine antigen design in combination with structural biology
techniques have been reported. This multidisciplinary approach is also termed
“structural vaccinology.” There are three ways in which structural vaccinology is
helping in vaccine research. Firstly, poor biochemical behaviour is resolved using
structural biology approaches where potential weakness can be highlighted in an
antigen. Secondly, these structural studies can identify conformational heterogeneity
in an antigen, leading to the formulation of different mutated antigen forms. Thirdly,
when this approach is combined with the epitope mapping, the antigens’ multiple
regions can be identified, which is necessary for elevating protection or neutralizing
antibody responses [26]. Structural vaccinology is being used in many vaccine
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research against the human immunodeficiency virus (HIV), where they focus on
designing immunogens capable of producing protective antibody responses against
gp120 or gp41 segments of HIV envelope glycoprotein trimer [27]. Structural
vaccinology has also collaborated with nanobiotechnology to create self-assembling
protein nanoparticles that present many copies of an antigen in an ordered array. A
large antigen nanoparticle is more immunogenic than the recombinant proteins
[8, 25]. This multidisciplinary combination of structural vaccinology and
nanobiotechnology has shown multiple benefits. The technological advances in
human B-cell cloning and antibody production have made it feasible to develop an
effective structure-based antigen design.

13.4 Delivery and Mechanism of Action of Protein-Based
Vaccines

13.4.1 B-Cell Repertoires, Antibody Discovery, and the Human
Immune Response

Antibody-mediated immune responses play a decisive role in preventing infection,
and T cell-mediated responses are crucial in killing the cells infected with a virus.
Adaptive immunity mainly relies on the production of specific antibodies. The
maintenance of protective levels of antibodies is critical for eliciting an adequate
immune response after vaccination. The B-cell receptors (BCRs) present on the
surface of B-cells process the antigen, and interactions between the antigen-specific
T-cells and B-cells are mainly responsible for initiating specific B-cell responses.
This cognate T-cell and B-cell interaction leads to the expansion of antigen-specific
B-cells and their differentiation into short-lived plasma cells. This results in the
production of unmutated antibodies, mostly of IgM isotype, and provides the first-
line defense against the infection. These responses are followed by the formation of
the germinal centre (GC) in the lymphoid organs. Plasma cells with a higher affinity
for the antigen come from the GC of the bone marrow. This pool of plasma cells has
a long life that will continuously release antibodies, and they are thus responsible for
nourishing antibody levels even if the antigen is absent. Memory B-cells generated
through a GC reaction start recirculating in the secondary lymphoid organs and
peripheral blood. Thus, their affinity for BCRs makes them highly competent in
capturing antigens. Usually, the production of new plasma cells attains its highest
level in the blood on the 7th day of antigenic boost. This results in a continuous rise
in antibody titer in serum; however, not all antibody titers are equally competent. T-
cell-independent antibody responses to free polysaccharides have a short life,
whereas T-cell-dependent antigens can evoke immunity for decades or a lifetime.
Almost all licensed vaccines provide protection against disease by producing
antibodies by B-cell. However, the underlying nature of promising antibody
response has been challenging to generate. Antibodies of heavy (m, a, g, d, ε) and
light (k, l) chains are linked by disulfide bonds and contain variable and constant
domains. One of the most remarkable developments in understanding antibody
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responses is the development of technologies to produce human monoclonal
antibodies (mAbs) by using Epstein-Barr (EB) virus transformation by performing
phage displays in genetically modified mice. Since 2008, next-generation sequenc-
ing (NGS) technologies have provided a way of amplification and cloning vectors of
heavy and light chain immunoglobin genes from B-cells. This advancement is
mainly used to identify high-affinity influenza-specific antibodies and segregate
broadly neutralizing antibodies (bnAbs) against HIV [8]. The advances in NGS
technologies have led to sequencing antibody genes from millions of cells, thus
providing a detailed characterization of the antibody sequence repertoire and
reactions that occur after vaccinations. The antibody repertoires are examined after
immunization with influenza and tetanus using NGS technologies. Various analyses
of the antibody repertoire allowed tracing the evolutionary paths, resulting in bnAbs.
The presence of new methods to separate human mAbs and study the atomic details
of their protein structures has helped in describing the antigen-antibody interactions
comprehensively. Various developments in this field focus on the vaccine against
HIV; however, it should also be done for other pathogens, including influenza and
respiratory syncytial viruses (RSVs), which are responsible for high morbidity and
mortality in children. In recent studies, the immunoglobin gene repertoire informa-
tion is combined with the antigen-specific repertoire information that consists of
human serum polyclonal response [28]. Recent studies also suggest that many
peripheral B-cell-encoded antibodies are not present in the blood or secretions, so
they cannot contribute to humoral immunity. Overall, these studies are taking us
toward an era in which antigen-specific immunological research on various antigens
can increase the pace of vaccine development and design more effective vaccine
antigens.

13.4.2 Nucleic Acid Vector Vaccine Delivery Systems

The human immune system is a redundant, non–antibody-based immune mechanism
that can provide significant protection against pathogens alone or with antibodies.
Considering this, many efforts are made to design vaccines focussing on cellular
responses to clear challenging pathogens such as HIV, hepatitis C, Ebola, etc. The
CD8+ responses can be increased using DNA vectors that harbor the genes respon-
sible for encoding intracellular antigen expressions. Many attempts are being made
to achieve this, such as using naked DNA fragments or systems based on alphavirus,
poxvirus, vaccinia virus, or lentivirus. The human adenovirus 5 (Ad5) has been used
for gene delivery in many vaccine development studies. The use of Ad5 showed
favourable results in preclinical and clinical trials. Since most humans are already
exposed to Ad5, this affects the immunological potency of these vector delivery
systems. Recent studies in the viral-based delivery of genetic vaccines have a prime-
boost strategy that combines the Chimpanzee adenoviral (ChAd) vector with the
modified vaccinia virus Ankara (MVA) vector. Favourable results come from the
high levels of both CD8+ and CD4+ T-cells, especially for the antigens delivered
genetically for HCV. The clinical efficacy of the ChAd vectors is yet to be fully
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established. After the outbreak of the West African Ebola virus, which resulted in
more than 8500 deaths, a vaccine development program started a clinical trial to
study the working of the monovalent ChAd3 vaccine encoding the peripheral
glycoprotein of the Zaire Ebola virus. RNA-based vaccines have several advantages
compared to DNA vaccines. Using DNA increases the possibility of integrating
plasmid DNA into the genome of the immunized host, which can then be directly
translated into the cytoplasm [23, 29]. The RNA-based vaccines have better antigen
expression during acute infection and can generate more robust antigen-specific
immune responses. The effectiveness of the RNA vaccine is also dependent on the
fact that RNA is a rich stimulator of innate immunity, and the results in animal
models have been highly favourable. Earlier, RNA vaccines were not preferred due
to the presence of unstable naked RNA in the tissue fluids. Several studies have been
performed to increase the efficiency and stability of RNA-based vaccines. Clinical
works in metastatic melanoma and renal cell carcinoma have shown a rise in antigen-
specific immune responses (both antibodies and T cells). Currently, RNA vaccines
against prostate cancer, melanoma, rabies, influenza, HIV, tuberculosis, etc., are in
clinical trials [29], and RNA vaccines against infectious diseases are under assess-
ment. However, the future of RNA vaccines relies on new and synthetic delivery
systems.

13.4.3 Synthetic Viral Seeds for Rapid Generation of Influenza
Vaccines

With the global emergence and rapid spread of new SARS-CoV-2 variants in the
human population, health organizations and pharma companies rapidly developed
responses to provide well-matched vaccines against the variants. In a pandemic,
there is little hope that any pre-existing vaccines will boost the immune responses of
human populations worldwide. Nowadays, scientists are trying to improve the
vaccine responses against the emergence of new influenza variants. Multiple influ-
enza strains are used to design universal influenza vaccines and develop new
methods to speed up vaccine production. The advances in synthetic biology enable
rapidly identifying genes responsible for encoding new influenza variants. Recently,
scientists constructed a synthetic seed virus with hemagglutinin (HA) and neuramin-
idase (NA) genes taken from influenza (H7N9) virus sequence, using Madin-Darby
canine kidney (MDCK) cell lines. The combined approaches significantly improved
vaccine production rates compared to existing methods. The cell-culture-derived
H7N9 vaccine was found to be safe and immunogenic in the phase I trial. After two
doses, the vaccine shows potentially significant immune responses in most subjects
with no pre-existing immunity against the H7N9 virus. These observations have
provided a strong rationale for further clinical development of synthetic vaccine
reagents.
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13.5 Advantages and Limitations of Protein-Based Vaccines

The protein-based vaccines display several advantages over the other vaccine
platforms. Nonetheless, there are associated limitations too. Both the advantages
and limitations are detailed below:

1. One of the most important advantages of protein-based vaccines is that they can
be easily accessible to low- and middle-income countries. Also, protein-based
vaccines against some diseases such as hepatitis B are made locally in Brazil,
Indonesia, and India.

2. Researchers from the University of Liverpool and the MRC Laboratory of
Molecular Biology in Cambridge stated that protein-based subunit vaccines are
good alternatives to mRNA-based vaccines [30]. Currently, few protein-based
vaccines are approved for COVID-19 disease and are reported better in terms of
ease and cost production, transportation, administration, and effectiveness of
protection.

3. Unlike inactivated whole-cell vaccines, protein-based vaccines do not contain
live parts of the pathogens. They only have antigenic characteristics of the
pathogen, so they are considered safe comparatively.

4. The major limitation of protein-based vaccines is that they require adjuvants and
booster shots to generate an effective immune response. Adjuvants are
ingredients being used for decades in vaccines to enhance their immunogenicity.
Some adjuvants can lead to more local reactions (like redness, swelling, itching,
and pain at the injection site) and systematic reactions (like fever and body ache)
in the patients.

5. In addition, the design of protein-based vaccines may also take time to determine
the perfect antigen combination.

13.6 Recombinant Production of Protein-Based Vaccines

13.6.1 Bacterial Systems

E. coli bacteria was the first recombinant expression system. It helps understand
molecular biochemistry, offers a large yield of defined proteins, has a fast growth
rate, and requires a short production time with low cost, simple process scale-up,
upstream processing, and high productivity [17, 31]. However, the E. coli system
lacks machinery for posttranslational modifications (PTMs) such as glycosylation
and multimer assembly. It is essential to focus on the PTMs, as it is the primary
reason for protein misfolding, low solubility, and nonfunctionality. To resolve the
issue of PTMs, engineered bacteria is a better choice [32]. Furthermore, the devel-
opment of molecular biology, biopharmaceutical applications, and bioinformatics
tools helps predict potential expression issues. Leucogen® (Virbac, Carros, France),
a purified recombinant p45 FeLV-envelope antigen, was the first recombinant
veterinary vaccine successfully produced in E. coli. For recombinant protein
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production, the cytoplasm and periplasm are the possible targets in the E. coli cells.
The success rate of recombinant protein production usually depends on the total
metabolic load imposed on cells and the ability of the host cell to produce proteins
[21]. Three pathways are exploited for recombinant protein production: (1) the twin-
arginine translocation (TAT) pathway, (2) SecB-dependent pathway, and
(3) SRP-mediated pathway. Among these, SecB-dependent pathway is the most
popular method [33]. However, the limitation of using the standard Sec pathway is
its incapability to transport folded proteins. In such cases, the TAT pathway is a
better choice as it can export fully folded proteins and cofactor substrates with a limit
of size up to 150 kDa [34]. However, the limitation of the TAT pathway is its low
product yield due to the low abundance of TAT apparatus. Therefore, this system has
not been used for industrial production [35], and further technological advancement
is required for its successful use.

13.6.2 Yeast System

For routine expression of proteins with PTMs, yeast has emerged as a preferred
choice for clinical or veterinary use. The use of yeast offers an opportunity for an
extensive range of substrates, advanced genome analysis, and specific responses
against genetic manipulations [36]. With all these factors, yeast displays a straight-
forward method for developing a nontoxic vaccine. There are an array of
applications of yeast systems (Fig. 13.1), and various techniques can be used to

Fig. 13.1 Schematic diagram
showing different applications
of yeast system



366 S. Ahmad et al.

Fig. 13.2 Various methods to design yeast-based vaccines

design yeast-based vaccines (Fig. 13.2). The nonpathogenic nature of yeast is
already known, but in recent studies, yeast has also shown an immunologic response
in animals and is taken up via dendritic cells (DCs) and macrophages [37]. Earlier it
was assumed that due to polysaccharides, such as beta-1,3-D-glucan (BG) and
mannan, yeast cells possess an immunogenic nature through antigen-presenting
cells (APCs), including DCs, accompanied by employing the technology of threat
signals through microbial infection. Due to the robust adjuvant nature of these
carbohydrates moieties, the infection can be detected utilizing sample popularity
receptors like toll-like receptors (TLRs) and mannan receptors on APCs, which help
activate T-cells through interaction and recognition of antigen peptides through
MHC molecules [36–38]. For cell-mediated immune response, T-cells activation is
essential. The major advantage of yeast display is that the soluble antibodies in the
blood can directly recognize the antigen present in yeast cells and produce an
immune response [39].
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13.6.3 Mammalian Cells

Protein-based therapeutics are rapidly growing due to their advance and specific
applications. For recombinant protein-based vaccine production, mammalian cell
lines are dominantly used to generate safe and human-like glycoproteins. Mamma-
lian cells host mAbs, enzymes, hormones, and cytokines [40, 41] and are a better
choice over the other systems for recombinant protein production due to their ability
to generate complex PTMs, stability over deviations in oxygen, temperature, and pH
in the production stage, high productivity, and heterologous secretion of protein
molecules in the site of extraction via cell lysis. However, with all these advantages,
there is a challenge with mammalian cells associated with low production speed,
very high cost, the requirement of supplementation of growth factors, amino acids,
vitamins, and the risk of contamination during the production process. The risk of
virus contamination can be reduced by following regulatory guidelines, selecting
low-risk raw materials, and in-process manufacturing control to prevent contamina-
tion in the final product. An appropriate method and cell lines are needed to transport
the gene of interest in the host cells; mAbs are used in more than 60% of cases.
Continuous cell lines (CCLs) are used for virus propagation to develop virus-based
vaccines. For this, Vero (African monkey kidney epithelial) cell line is practiced
worldwide and used to produce polio and rabies virus vaccines [42]. The cell lines
derived from mammalian cells can synthesize large and complex protein molecules.
Mouse myeloma, human embryonic kidney 293 (HEK293) cells, and Chinese
hamster ovary (CHO) cell systems are standard cell lines used for recombinant
vaccine production. The human cell lines offer a greater advantage, as they could
also have PTMs characteristics of human proteins [14, 40–42]. These cell lines are
developed in adherent cultures or suspension cultures. Suspension culture has
greater application as it is easier to scale up and is adaptable to automated processes.
To express the foreign genes over these cell lines, stable or transient expression
processes (a large amount of protein) can be used. CHO cells are primarily used for
stable cell line expression, whereas HEK-293 cells are used for transient expression
due to their high transfection efficiency. The transient method provides rapid protein
production in a short period making it suitable for recombinant vaccine production.
The optimization of vaccine development using mammalian cells continues; a
human vaccine produced with CHO cells has been approved for use [7, 8, 14, 43].

13.6.4 Insect Cells

Insect cells are another alternative host platform for recombinant protein-based
vaccine production due to the high cost of mammalian cell lines. The baculovirus
expression vector system (BEVS) has emerged as a better choice. It provides a high
yield of recombinant protein as it has a strong late viral polyhedrin (polh) promoter,
less production time, bypassing the requirement of developing stable cell lines, no
contamination by prions, and oncogenic DNA. Figure 13.3 summarizes the
characteristics of the BEVS system that makes it a better option for recombinant
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Fig. 13.3 The characteristics of the baculovirus expression vector system (BEVS)

protein-based vaccine development [41, 44]. The major limitations of the insect
baculovirus expression are the lack of homogenous human-like glycosylation and
cell lysis [15, 38, 45]. The insect cell growth contains two phases: (1) the insect cells
are multiplied to desired cell density, and (2) infected with suitably modified
baculovirus containing the gene of interest [18]. Another issue related to the insect
cells is their inability to carry out N-glycosylation. However, to solve this problem,
two steps are followed: (1) the mammalian glycosyltransferases can be introduced
into insect cells, or (2) the coexpression of these enzymes with the gene of interest in
baculoviruses.

Sf9 is the most popular cell line for the baculovirus expression system [44]. Other
cell lines commonly used are S2, Sf21, Tn-368, and High-Five™ cells. The first
commercially available veterinary vaccine produced in insect cells was the classical
swine fever virus (CSFV) vaccine based on the E2 antigen [45]. Overall, the BEVS
possesses flexibility, efficacy, safety, specificity, and single-cell line use in
manufacturing multiple products.

13.6.5 Plant-Based System

The advancements in promoter selection, plasmid transformation, codon optimiza-
tion, transgenic and transformation approaches, and recombinant protein-based
vaccine designing using plant sources have become easy and more cost-effective
than eukaryotic systems [14, 46, 47]. The expression studies of vaccine antigens in
plants include whole plants, roots, moss, suspension cells, microalgae, and
duckweeds. The plant-based vaccine offers high protein stability, low cost, safety,
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stability over pH or temperature, the capability of producing N-glycosylated
proteins, and easier and more economical storage of engineered drugs. Plant-based
systems have minor differences in glycosylation patterns compared to mammalian
cells. The terminal galactose and sialic acid residues are common in animals,
whereas plant-based systems are deficient, and instead, the plant proteins contain
α-(1,3) fucose and β-(1,2) xylose, which animal proteins lack. Therefore,
glycoproteins produced in plants can affect the pharmacokinetic properties and
generate immune reactions. Also, controlling transgene expression levels in plants
is difficult, and the purification stage is more complex, posing a greater challenge in
eliminating the secondary metabolites and pesticide residues from plant sources. To
avoid this issue, glycoengineering approaches are used. Currently, two major
strategies are used for obtaining the desired therapeutic protein where the protein
is first extracted from a plant source and then purified and examined to check its
immunogenic activity [47]. These are (1) Agrobacterium-mediated transformation,
where a stable transgene expression is acquired, and (2) via plant viral vectors, where
a transient expression of the foreign gene is obtained. The stable transgene expres-
sion is advantageous but time consuming and results in low expression yields. At the
same time, transient expression is easy to manipulate and quick but less stable. After
evaluating and examining the production of the functional protein level at the
laboratory stage, large-scale industrial production in a plant-based system is pre-
ferred. An example of such an industrial scale is the production of therapeutic protein
in carrot cell cultures (ProCellEx™) to treat Gaucher disease using the human
recombinant β-glucocerebrosidase (taliglucerase alfa) [14, 41, 47]. The eligible
dose and combination requirements to target plant and transgenic protocol, and
proper and safe procedure for cultivation, manufacturing, and processing are essen-
tial points that must be taken care in order to design a effective plant-based vaccine.

13.7 Current Status of Protein-Based Vaccines

The design, expansion, and delivery of protein-based vaccines are still a challenge in
the fields of vaccine development. However, an array of protein antigens capable of
inducing adequate immune responses against specific pathogens have been discov-
ered. The development of protein-based vaccines is still in its naive phase because of
existing delivery problems. There is an absence of a complete understanding of the
basic requirements for formulating and delivering protein-based therapeutics. Yet
proteins have recently proven to be very effective as vaccines as they can mount
immunogenic responses owing to stimulation of the body’s natural mechanism
[48]. Several protein-based vaccines have been developed against diseases like
influenza, cancer, COVID-19, etc. [49].
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13.7.1 Influenza Vaccine

The development of influenza vaccines aims to elicit a broader immunity, because
the seasonal influenza vaccines lack efficacy against pandemic influenza strains
[50]. Though seasonal influenza vaccines have always been promising and saved
countless lives, the continuous genetic mutation and immune escape mechanism in
this virus need regular upgradation of vaccines. Recombinant protein vaccines are
among the universal vaccine approaches that utilize innovative technologies
[51]. Immunological and virological advances, along with knowledge of structural
biology and bioinformatics, are boosting the development of novel vaccine
approaches [52–54]. The influenza virus membrane contains two critical proteins:
haemagglutinin (HA) and neuraminidase (NA). They are crucial for the entry and
release of the virus from infected cells [55]. Apart from these two proteins, other
structural components, such as the RNA-binding matrix protein M1, the nucleopro-
tein (NP) that coats the viral RNA, and the ion channel M2 protein, can be
recognized by our immune systems. However, HA and NA are more accessible
antibody targets than other components owing to their increased prevalence and
accessibility on the viral envelope.

Protein-based vaccines contain viral haemagglutinin and neuraminidase proteins.
The viruses used for vaccine production are typically grown in chicken eggs, which
makes the reliability of vaccine production on a steady supply of embryonated eggs
[56]. To avoid this need, a newer technology that employs cell culture for virus
growth has been used. A recent report showed the increased efficacy in healthy
adults and improved protection in elderly subjects upon administering recombinant
HA-subunit vaccine produced from insect cells [57]. Recently vaccines based on
neuraminidase, matrix protein 2 ectodomain (M2e), and nucleoprotein have proven
effective [58]. The next-generation subunit protein vaccines open new avenues for
meeting the escalating demand for safe, affordable, and effective influenza vaccines.

13.7.2 Cancer

Though protein-based vaccines for cancer treatment have not been that successful so
far, delivering these proteins within caged protein nanoparticles has shown promise
in improving the vaccine efficacy [59]. The protein nanoparticles are required to
increase the immunogenicity of the tumor microenvironment. Since immune escape
is the hallmark of cancer, it becomes essential to elicit better immune responses
while administering any vaccine for cancer. For a cancer vaccine to be effective, it
must also impart long-term immune memory to prevent tumor recurrence [60]. The
vaccine must also recognize the tumor-associated antigens present specifically on the
surface of cancer cells. Hence, the vaccines used for cancer treatment should
recognize these antigens and destroy the cancer cells. Protein vaccines are made
from tumor-associated antigens in cancer cells that can elicit immune responses
quickly. For example, cervical cancer cells express the human papillomavirus HPV
E7 oncoprotein (E7), which plays a crucial role in cellular transformation and
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maintaining the transformed phenotype. The E7 protein is a potent target for
developing therapeutic subunit vaccines against cervical cancer. However, it has a
limitation of having low antigenicity, so there is a need to add suitable adjuvants to
increase its efficacy. A novel chimeric form of the 4-1BBL costimulatory molecule
engineered with core streptavidin (SA-4-1BBL) has been developed [61, 62]. The
utility of SA-4-1BBL as the immunomodulatory component of HPV-16 E7 recom-
binant protein-based therapeutic vaccine in the E7-expressing TC-1 tumor as a
model of cervical cancer in mice showed that the results are encouraging and offer
70% efficacy in eradicating established tumors in the mice model.

13.7.3 COVID-19

Despite the administration of safe and effective COVID-19 vaccines worldwide,
researchers are working to develop different vaccine strategies that could provide
longer immunity. The administration of COVID-19 vaccines aims to generate
neutralizing antibodies against SARS-CoV-2, particularly the antibodies against
the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein [63]. The
spike protein is responsible for facilitating viral entry through its interaction with the
epithelial angiotensin-converting enzyme 2 (ACE2) receptors. The titer of antibodies
reactive to the RBD/spike protein and neutralization of viral infectivity is the
primary measures of response to COVID-19 vaccines. Although the initially
approved vaccines were based on mRNA, they targeted only the SARS-CoV-
2 spike protein. Moreover, protein-based vaccines offer advantages over mRNA
vaccines in terms of the ease and cost of production, the robustness of the material,
and potency. A recent report showed that an archaeon-based ferritin-like protein
coupled with different antigens from SARS-CoV-2 was highly effective in
generating a stable immune response [30]. These highly stable vaccine nanoparticles
completely protected the mice from SARS-CoV-2-associated pneumonia in just a
single immunization. Richmond et al. tested a stabilized trimeric spike subunit
protein vaccine (SCB-2019) [64]. This vaccine is unique from those approved as it
uses a stabilized protein trimer as the antigen. Another group used Trimer-Tag, a
protein derived from the C-terminus of human type I procollagen, which preserves
the trimeric conformation of the SARS-CoV-2 spike protein [65]. The Trimer-Tag
technology provides an alternative trimer stabilization strategy to the molecular
clamp derived from HIV proteins [66]. This technology can be used for scalable
production and rapid development of safe and effective protein-based vaccines.

13.7.4 Other Diseases

Various protein-based drugs produced by recombinant technologies are now readily
available therapeutics at reasonable prices for treating chronic diseases. Therapeutic
proteins are increasingly prominent because they have been effective in treating
many potentially fatal diseases like diabetes, heart disorders, and cancer [48, 67,
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68]. Moreover, proteins have been proven effective even as vaccines to help
stimulate the body’s natural defense mechanism for an immunogenic response.
Therapeutic proteins are booming in the pharmaceutical industry through the cloning
and expression of cDNA that encodes heterologous proteins [69]. Protein-based
vaccines have been developed for Hepatitis B surface antigen (HBsAg) for hepatitis
B infection and antirhesus (Rh) IgG vaccine for routine postpartum prevention of Rh
(D) immunization in Rh(D)-negative women [70].

13.8 Assistance of Artificial intelligence in Vaccine
Development

Artificial intelligence (AI) has revolutionized and transformed the field of medicine.
The power of AI’s automatic feature learning, combined with the massive volume of
data, contributed to its role in its wide applications. In the medical field, the two most
crucial areas, drug discovery and vaccine discovery, are immensely benefited by AI
technology [41, 71–73]. In recent decades, machine learning (ML), the subfield of
AI technology, also helped to improve vaccine design. The AI/ML employs an
algorithm structure to interpret and learn the features from the data given in the input
form. It makes independent decisions for completing specific objectives. The promi-
nent role of AI technology is basically to analyze the existing data and use it for
prediction purposes [74]. Apart from the prediction, it also helps understand and
suggest the paradigm for developing future vaccines based on the case studies
against a disease. The essential feature of AI is speed and accuracy, which impacts
diagnosis and vaccine development processes [24].

VaxiJen is the first server that implemented ML in reverse vaccinology
approaches and showed promising results for antigen prediction using its physico-
chemical properties [75, 76]. The recent web-based reverse vaccinology program,
Vaxign-ML, is used to predict bacterial protective antigens. These pipelines, which
consist of feature extraction, feature selection, data augmentation, and cross-
validation, are implemented to predict the vaccine candidates against various infec-
tious diseases [77]. Other pipelines, such as the immune epitope database (IEDB)
and BlastP, use the recurrent neural network (RNN) approaches to study different
pathogenic viruses [78, 79]. Recently, some pipelines have been developed that
work based on the graph theory method and represent antibodies with expert-
designed features. A subset of AI, namely, deep learning (DL), is also widely used
on graph-based features to speed up accurate vaccine development [80]. Thus,
DL-based approaches revolutionized the field of vaccinology through improved
prediction methods [81–83]. Autoencoders of the DL approach have shown
promising enhancement in mining the features from data, which could be utilized
in vaccine discovery [84]. The critical aspects of the development of vaccine therapy
are safety and reliability. The vaccine adverse event reporting system (VAERS) and
vaccine safety databank (VSD) are the most popular immunization strategy for
tracking, recording, and predicting the safety of vaccines. Earlier, computational
simulation and mathematical modelling techniques were significantly used to
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Table 13.2 Some prediction tools used for vaccine design

Vaccine types Prediction tools

B-cell epitope ABCpred, ElliPro, Pep-3D-Search, MimoPro, BEPro (PEPITO),
BEST, SVMTriP, Pep-3DSearch

T-helper epitope IL4pred, IFNepitope

MHC Class I binders ProPred1, RANKPEP, nHLAPred, MMBPred

MHC Class II binders Propred, MARIA, EpiDOCK, HLA DR4Pred, MHC2Pred,
Consensus, HLA DR4Pred

Endogenous antigen
processing

NetChop, CTLPred, FRED, TAPreg, TAPhunter, NetTepi,
Pcleavage

Allergenicity of peptides AllerHunter, Allertop, Hemolytik, Toxinpred, AHTPDB

Antigenicity SVMTriP, ANTIGENpro, VaxiJen

improve the trade-off between the assessment of safety and efficacy [84, 85]. Natural
language Processing (NLP) technology is now widely used to identify adverse
events related to vaccine development [86]. Many prediction tools are available
for vaccine design that are listed in Table 13.2.

In summary, AI has been applied in the drug discovery and vaccine development
subfields. The advances in DL algorithms are significant for the rapid discovery of
vaccines and drugs. The DL-based models can extract important features from the
dataset with high accuracy without any manual intervention. The generative ability
of DL-based models is exploited for better epitope prediction, which may lead to
lower chances of failure of the designed vaccine in the trial phases. Thus, AI is a
novel approach to vaccine development that uses transfer learning and leverages the
learned knowledge from existing data.

13.9 Challenges and New Approaches for Protein-Based
Therapeutics

Protein-based therapeutics are exceptionally effective in the clinic. Computational
methods to analyze small molecule drug development use mathematical calculations
to scan the underlying information and integrate it into the target molecules [87, 88]
with the assumption that they will regulate its action [89]. This is an essential first
step toward high-throughput screening and a suitable therapeutic approach. In
general, small molecules that are not naturally occurring can be significantly more
dangerous than human proteins. Despite the limitations associated with their phar-
macokinetic features, therapeutic proteins are increasingly being used for a wide
range of treatments [90]. The success of protein-based therapeutics is mainly due to
the application of ideas and techniques developed, which resulted in significant
improvements in three critical aspects of competitor therapeutics that are required
for FDA approval: safety, efficacy, and quality [91]. These three are vital to the
success of any treatment and are discussed in detail below.
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13.9.1 Safety

Therapeutic protein-induced side effects could be associated with either interaction
with expected targets or interaction with accidental targets. The organization of
suppressor therapeutic proteins could have a variety of unintended consequences.
Overstimulating the immune system can lead to more severe diseases
[92]. Restricting to a specific goal can result in unintended consequences, such as
immunomodulatory antibodies, which can either inhibit or stimulate the immune
system [93]. One significant distinction between counteracting agent-based
restoratives containing Fc and other helpful proteins is antibody-dependent cellular
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) [94]. The
cardiotoxicity associated with trastuzumab is amplified when the antibody is taken
simultaneously or sequentially with an anthracycline [95]. A common example is the
adverse acute infusion reactions after protein administration, where cytokine dis-
charge plays a critical role, but other unidentified players could also be involved;
such responses were observed for some protein therapeutics such as infliximab,
rituximab, trastuzumab, and panitumumab, insulin, and interferon [96]. The leakage
of cell debris from lysed harmful B cells can result in cumulative effects of rituximab
[92]. Protein structure can also cause sensitivity responses such as anaphylactic
shock and serum ailment. Previous IgEs that cross-respond with proteins can
increase the intensity of such reactions [95].

Immunogenicity of therapeutic proteins can be a big issue [92, 97, 98]. For
example, the discovery of less immunogenic proteins was crucial to the success of
mAb-based treatments. In the 1980s, murine mAbs were tested as prospective
treatments, but their high immunogenicity resulted in large titers of human
antimouse antibodies (HAMAs), toxicities, and limited effectiveness. The develop-
ment of the less immunogenic new mAbs, which contain human Fc sections, and
humanized mAbs, which have mouse complementarity-determining regions (CDRs)
joined into the human antibody system, showed clinical success. Fully humanized
antibodies, on average, have low immunogenicity and are the most widely used form
of antibody in development, despite the fact that the majority of the therapeutic
antibodies approved for clinical usage are still artificial and humanized mAbs.

The protein structure, composition, PTMs, contaminations, and heterogeneity can
all affect immunogenicity, along with the patient’s susceptibility and disease status,
following medication, course, period, and recurrence of the disease, mainly when
controlled as varied dosages for a long time [98]. Human proteins can trigger
antihuman antibodies in humans. Treatment with the human mAb adalimumab
resulted in antibodies against the therapy ranging from 1% to 87% for different
cohorts of patients, procedures, diseases, and measurement methods in one of the
most researched cases of anti-TNFa mAbs [99]. The antibody sequences that
contribute to antigen binding and specificity but may appear foreign are a potential
explanation for human mAb immunogenicity. Human therapeutic proteins can also
disrupt immunological tolerance, and antibody elicitation can be influenced by
aggregation [98]. Aggregation can lead to structures that do not necessarily require
T cell assistance. Protein immunogenicity may potentially influence efficacy via the
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pharmacokinetic or neutralizing effects of antibody responses, which are controlled
by several parameters, including the affinity, specificity, and concentration of the
produced antibodies [97]. Because immunogenicity affects both safety and efficacy,
researchers are working hard to predict and reduce immunogenicity in therapeutic
proteins [100–102].

Individual safe reactions to therapeutic proteins fluctuate generally. Despite
rigorous efforts to identify critical factors associated with immunogenicity, it is
difficult to predict the immunogenicity of therapeutic proteins in human subjects.
However, less is known about the individual antibodies that compensate for the
polyclonal reaction to therapeutic proteins. Because the germline antibody reper-
toire, at any given time, could be a major determinant of individual differences,
knowledge of a large pool of antibodies produced by the human immune system,
preferably the entire set, that is, the antibodyome, is essential [103], and could
ultimately assist in predicting individual insusceptible reactions to therapeutic
proteins. Therapeutic proteins have a significant benefit over small molecule
therapies, which are often less selective and can attach to many molecules nonspe-
cifically. However, there are major adverse effects in some circumstances, and safety
concerns can result in therapeutic proteins being withdrawn from the market [104].

13.9.2 Efficacy

Besides safety, the FDA considers efficacy the essential factor in granting approval.
Many therapeutic proteins, including insulin for diabetes, epoetin for anaemia, and
rituximab for non-Hodgkin’s lymphoma [96], are very effective in vivo and have
changed the landscape of disease therapy. Additional examples are alemtuzumab, a
drug used to treat hematological cancers [105], and trastuzumab, the human epider-
mal growth factor receptor type 2 (HER2) positive breast cancer adjuvant systemic
medication [106]. The addition of trastuzumab to non–trastuzumab-based adjuvant
treatment lowers recurrence by roughly 50% and improves overall survival by 30%,
according to results from six studies involving over 14,000 women with HER2-
positive early breast cancer [107]. Therapeutic mAbs and other therapeutic proteins
have low overall effectiveness, and there is a lot of individual heterogeneity.
Trastuzumab (Herceptin) has completely transformed the management of HER2-
positive patients; most patients still have nonreacting cancers, and infection move-
ment occurs in most cases within a year [108]. Antiangiogenic treatments, such as
bevacizumab, that target the vascular endothelial growth factor (VEGF) and the
VEGF receptor (VEGFR), are useful adjuncts in treating solid tumours and are
usually regulated in blend with cytotoxic chemotherapy. Regardless, many patients
fail to respond to angiogenic treatment of gliomas, and the response term is brief and
variable [109].

New techniques, such as improved effector functions, are being explored to
enhance the efficacy of mAb and other therapeutic proteins by working on the
half-life, expanded cancer and tissue availability, and, more importantly, stability.
The improvement in efficacy involves both protein engineering and
glycoengineering fields [109–111]. The mAbs that do not interact with innate



376 S. Ahmad et al.

immunity are being created [112]. Antibodies with many targets are being produced
and evaluated in clinical studies. Modulation of immune responses by mAbs
targeting T cell immune response regulators is also a viable approach. The inhibitory
regulator of such responses is the cytotoxic T lymphocyte antigen 4 (CTLA-4)
expressed on activated T cells. Human antibodies and Fc fusion proteins that
block CTLA-4 function have been evaluated in the clinic and proven to have
antimelanoma activity [113, 114].

Second- and third-generation mAbs against already established targets, including
HER2, CD20, and tumor necrosis factor-α (TNF-α), are now in clinical trials or have
already been authorized. Several methodologies have been employed to find new,
relevant targets, but progress has been slow. An enhanced selection of cross-reactive
antibodies by sequential antigen panning [115] and competitive antigen panning for
focused selection of antibodies targeting a specific protein domain or subunit have
been described as modifications to normal panning processes [116, 117]. To enable
greater tissue penetration and concealed epitope access, a variety of modestly
designed antibody domains (approximately tenfold smaller than IgG) are being
developed [118, 119]. Antibodyome information might be utilized to create semi-
synthetic libraries for selecting high-affinity binders with small sizes and low
immunogenicity [103]. The development of antibody-based therapeutics means
that existing antibodies are gradually improving in characteristics and being
designed. A continuous upgradation is required in the properties of existing thera-
peutic proteins and in identifying novel therapeutic protein targets. The future
challenge is how to increase the efficacy of therapeutic antibodies and how to go
for their mass production without compromising standard protocols. Developing
successful personalized antibody-based treatments and predicting toxicity or poten-
tially poor efficacy in vivo are other key obstacles [91].

13.9.3 Quality

The FDA considers quality to be a critical factor in approving any pharmaceutical.
The heterogeneity of mAbs and other biologics is a key feature that separates them
from small-molecule medications. Modifications, such as incomplete disulfide bond
formation, glycosylation, N-terminal pyroglutamine cyclization, C-terminal lysine
processing, deamidation, isomerization, oxidation, amidation of the C-terminal
amino acid, modification of the N-terminal amino acids by maleuric acid, as well
as noncovalent associations with other molecules, conformational diversity, and
aggregation, cause heterogeneity [120–122]. A vast number of variations with a
similar arrangement might exist together. Improving excellent protein therapeutics
with negligible heterogeneity and defilement is fundamental for their security and
endorsement by the FDA [123]. The possibility of using molecular cloning and
genetically engineered approaches for manufacturing low-cost therapeutic proteins
in plants and delivering therapeutic proteins by in vivo methods are other methods to
improve quality and reduce the treatment cost [91].
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13.10 Conclusion and Future Perspectives

DNA and RNA vaccines are generally preferred in terms of effectiveness and long-
term immunity. To avoid problems related to autoimmunity or efficacy, the conju-
gated vaccine is a better option. The conjugated vaccine is designed using unnatural
amino acids (p-nitrophenylalanine) incorporated into the protein-based vaccine
structure, for example, vaccines against activator of NF-κB ligand (RANKL) and
TNF-α. However, the design and development of protein-based vaccines remain
challenging. The advancement in technical approaches leads to the identification of
new protein antigens that can induce immunity to infectious pathogens. The avail-
ability of new methods would allow investigators to focus on best-suited resources
for different applications in the field of vaccine research. A lot of quick progress
made in recent decades toward developing effective therapeutic proteins gives hope
for the future. Antibody treatments will benefit immensely from studies evaluating
the synergistic effects of antibodies with chemotherapeutic drugs, radiation, or other
biologic agents in the future. Furthermore, the discovery of new biomarkers can
potentially increase the efficacy and specificity of antibody-based therapies for
human diseases.
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