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Cancer immunotherapy has become a powerful clinical strategy as well as an established pillar for the
treatment of cancers to improving the prognosis of many cancer patients with a broad variety of solid
tumors as well as blood cancers. The primary goals of immunotherapy are (a) to increase anti-tumor
response, (b) decrease the immune suppression, and (c) to enhance the immunogenicity of tumors. This
chapter aims to discuss the mechanism and different types of immunotherapies used for different cancers.
It will also focus on recombinant products including immunostimulants, immunotoxins, antibodies, fusion
proteins, engineered cytotoxic T cells, engineered immunocytokines, vaccines, checkpoint inhibitors,
CAR T-cell therapy, and nanomedicine. Although immunotherapy has a rare side effect, it is not fully
understood. The development of new strategies has been on the clinical trial to enhance the benefit of
cancer patients to meet with challenges of limited efficacy and/or toxicity.
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With the evolution of the tissue system and division of function among differentiated cells/tissues, the
property of controlled cell growth also evolved in animals. It is when this very control is lost that cancers
develop. The immune system’s ability to distinguish between self and non-self is central to impeding
cancer progression. However, cancer cells in time can develop multiple ways of escaping immune
control. Even today, cancer remains a disease of baffling complexity on account of its diverse origin and
pathogenesis. Classical methods like surgery, radiation, and chemotherapy have failed to make the cut
as idyllic therapy, especially considering the encumbering side-effects and high failure rate. Alternative
therapeutic strategies that exploit the immune system itself have proved promising. One of these is
monoclonal antibody therapy. In this chapter, the relationship between the immune system and cancer
and various forms of immunotherapy are discussed in detail.

Chapter 3

Advancements in Cancer Therapeutics: Computational Drug Design Methods Used in Cancer
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In this chapter, computational approaches for the discovery of new drugs that are useful for diagnosis
and treatment of disease will be described in three parts. MD technique uniquely supports protein design
attempts by giving information about protein dynamics associated with atomic-level descriptions of the
relationship between dynamics and function. The purpose of molecular docking is to provide an estimate
of the ligand-receptor complex structure using computational methods. By this estimation, the mechanism
of drug binding and action are described by determining the three-dimensional simulation of drug and
drug-induced macrostructure. ADME characteristics are physicochemically significant descriptors and
pharmacokinetically relevant properties used to design more effective drugs and new analogs. As aresult,
in-silico calculations can provide robust preliminary information as to drug activity and mechanism in
the drug production process, as well as in vitro and in vivo studies.
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Over the past two decades, developments in human genomics have shown that cancer in the host genome
is caused by somatic aberration. This discovery has inspired interest among cancer researchers; many
are now using genetic engineering therapeutic methods to improve the cancer regression and seeking a
possible cure for the disease. The large gene therapy sector offers a variety of therapies which are likely
to become effective in preventing cancer deaths. The latest clinical trials of third generation vaccines for
a wide variety of cancers have produced promising results. Cancer virotherapy, which uses viral particles
replicating within the cancer cell, is an emerging method of treatment which shows great promise. The
latest developments in gene editing techniques, such as CRISPR, Cas9, TALENs, and ZFNs, are being
used to help to make cancer a manageable condition. Gene therapy is expected to play a significant role
in potential cancer therapy as a part of a multi-modality procedure.

Chapter 5
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In past years, several novel treatments have been given by gene therapies for the treatment of cancer.
Gene-based therapeutic approaches include gene transfer, oncolytic virotherapy, and immunotherapy.
Gene Transfer or gene editing is the most recent treatment method that allows the insertion of new genes
into the cancer cell to mediate the slow growth or death of the cancerous cell. Gene transfer is a very
flexible technique, and a wide range of genes and vectors are being used in clinical trials with positive
results. CRISPR/Cas9 is found to be a promising technology in cancer research. It helps to dissect
the mechanism of tumorigenesis, identify the target for drug development, and helps in the cell-based
therapies. Oncology virotherapy uses viral particles that are capable of replicating within the cancer
cell and results in cell death. Oncology virotherapy has shown great efficiency in metastatic cancer. In
immunotherapy, cells and viral particles are genetically modified before being introduced within the
patient’s body to trigger the host immune response to destroy cancer cells.
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Breast canceris acarcinoma of mammary glands, which starts off as abnormal proliferation of ductal cells.
This could, then, become either benign tumours or metastatic carcinomas. It is one of the most common
causes of deaths because of cancer, and is one of the most common types of cancer in women in the
whole world. India along with the US and China accounts for one-third of the breast cancer burden. The
breast cancer carcinogenesis is attributed to epigenetics, which is the study of the reversible changes in
the phenotype without any change in the DNA sequence. Genes, which are concerned with proliferation,
anti-apoptosis, invasion, and metastasis, have been seen undergoing epigenetic changes in breast cancer.
Cancer can be caused either by global hypomethylation (causing activation of oncogenes and leading to
chromosomal instability) or by locus-specific hypermethylation (causing repression of gene expression
and genetic instability due to inactivation of DNA repair genes). Other epigenetic mechanisms involved
in carcinogenesis are histone modification and nucleosomal remodeling.

Chapter 7
Lipids, Peptides, and Polymers as Targeted Drug Delivery Vectors in Cancer Therapy.................... 255
Mani Sharma, Indian Institute of Chemical Technology (CSIR), India
Neeraj Kumar Chouhan, Indian Institute of Chemical Technology (CSIR), India
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The authors aim to describe valuable information and experimental reviews that may help to develop
and design different formulation, which can boost up the overall efficiency of the final product. Further,
they explained the overall efficiency, method of preparation, target delivery approaches, drawbacks,
and other characteristics in relation to lipids, peptides, polymers, and vaccines. In addition, they also
propose to uncover the physico-chemical properties, in-process manufacturing issues, and external factors
that influence the fate of a medicine. That major includes the excipients, method of preparation, dose,
delivery route, chemical and biological properties, drug-drug interaction, drug-body interaction, patient
compliance, modifications in lipid based nano-vectors, polymer-mediated delivery systems, conjugate
delivery systems, and others. In conclusion, by the end of this chapter, the authors are able to explain a
robust mode of delivering active constituents more safely and economically to the target site by showing
maximum bioavailability.

Chapter 8
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Cancer has been the most deleterious disease in recent times, and unfortunately its spread is increasing.
Systemic treatment with chemotherapeutics remains the conventional way of treating many cancers,
despite the serious damage long-term chemotherapy can cause in healthy tissues. Many therapeutic
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strategies have achieved popular practical applications, but drug delivery systems still face challenges
associated with safety, and this has led to the development of safer drug delivery methods composed
of biocompatible substances. In this respect, lipid-, polymer-, and peptide-based drug delivery systems
have been proposed as safer candidates for cancer therapy. These delivery methods are expected to as
biodegradable systems with low cytotoxicity for cancer therapy. Therefore, in this chapter, the authors
discuss use of lipids, polymers, and peptides as delivery vehicles for chemotherapeutic agents and their
structural characteristics.
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Cancer is a major killer disease caused by uncontrolled growth and invasion of cells. Apoptosis is the
cell’s natural mechanism of death, which maintains tissue homeostasis. Any mutation that disturbs the
apoptotic pathway leads to deregulated proliferation, resistance, and evasion of apoptosis. This evasion
is one of the hallmarks of malignant developments. Apoptosis takes place via two distinct pathways i.e.
the intrinsic and the extrinsic pathways. These pathways use cleaved caspases to execute apoptosis which
in turn cleave many downstream proteins to kill the cells. They can also be inhibited through various
means that include up-regulation of anti-apoptotic and down-regulation of pro-apoptotic factors. The
authors here aim to impart a comprehensive understanding of the biochemical characteristics of these
pathways that render scientists target these pathways and assess apoptosis restoring abilities of the novel
drugs and natural products for cancer treatment.

Chapter 10
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Cancer has been a worldwide topic in the medical field for a very long time. As angiogenesis is essential
for tumor growth and metastasis, controlling tumor-associated angiogenesis is a promising tactic
in limiting cancer progression. In cancer patients, multidrug resistance (MDR) is most widely used
phenomenon by which cancer acquired resistance to chemotherapy. This resistance to chemotherapy
occurs due to the formation of insulated tumor microenvironment which remains a major hurdle in the
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cure of various types of cancer. The mechanisms that cause malignant growth of cells include cell cycle
control, signal transduction pathways, apoptosis, telomere stability, and interaction with the extracellular
matrix. This chapter focuses on current strategies to suppress tumor angiogenesis for cancer therapy,
various mechanisms involved in the development of MDR in cancer cells, which in turn will help us to
identify possible strategies to overcome these MDR mechanisms and a variety of procedures that involves
targeting apoptotic and telomerase pathways to suppress tumor progression.

Chapter 11

Receptor-Based Combinatorial Nanomedicines: A New Hope for Cancer Management .................. 339
Harshita Abul Barkat, College of Pharmacy, University of Hafr Al Batin, Saudi Arabia
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Nanotechnology-based drug-delivery systems, as an anticancer therapy tool, have shown significant
potentials for the diagnosis and treatment of cancer. Recent studies have demonstrated that cancer therapy
could be efficiently achieved by combinatorial therapies, approaches using multiple drug regimens for
targeting cancers. However, their usages have been limited due to shorter half-lives of chemotherapeutic
agents, insignificant targetability to tumor sites and suboptimal levels of co-administered conventional
drug moieties. Thus, nanotechnology-based drug-delivery systems with effective targetability have played
a crucial role to overcome the limitations and challenges associated with conventional therapies and also
have provided greater therapeutic efficacy. Herein, the authors have focused on various drug-incorporated
combinatorial nanocarrier systems, the significance of various receptors-associated strategies, and various
targeted delivery approaches for chemotherapeutic agents.
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In a conventional oral or intravascular drug delivery approach, therapeutic factors are distributed
throughout the body and only a limited part of the drug reaches to tumor site. Packaging of cytotoxic
agents in drug delivery systems like nanoparticles could enhance its delivery to specific targets in the
tumors and could be potential candidate for therapeutics advancement. Targeted drug delivery holds the
potential to overcome the present therapeutics of cancer by selective delivery of an arbitrary amount of
drug at the tumor site. Loading of cytotoxic agents in drug delivery systems could enhance its delivery to
specific targets based on strategy to reach the tumor site. This chapter explores the detailed of innovative
methods of drug delivery, challenges of targeted drug delivery, and their implications.
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Targeted drug delivery in cancer treatment is a very convenient method for increasing the effectiveness of
drugs and reducing their toxic side effects. Nano drug delivery systems have unique physical, chemical,
mechanical, and optical properties. Nanoparticles, which have large surface areas and functional groups
for the binding of therapeutic agents, benefit the drug distribution with nanoparticle formulations and
can provide new features. They also enable personal oncology for diagnosis and treatment, which is
appropriate for the personal molecular profile structures of cancer patients. The tumor-targeted active
substances are attached to nanoparticles and the active substance loaded nanoparticles are targeted to
the tumor area; these nanoparticles can be used with a high tendency to bind and specificity, to target
tumor antigens or vessels. This chapter, besides traditional chemotherapy and radiotherapy methods
in the field of cancer treatment, is aimed to give information about targeted drug delivery systems for
cancer cell targeting without damaging normal tissues.

Chapter 14
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Around 40% of new chemical entities and drugs are lipophilic or poor aqueous soluble in nature. Among
them many anti-cancer drugs are also consist lipophilic properties. Available poorly water soluble anti-
cancer drugs are paclitaxel, etoposide, and docetaxel. To get better stability of those anti-cancer drug via
encapsulation and searching suitable carrier system for the controlled release, design and development
requires of anhydrous nano carrier system. However, to deliver and entrapment of these kind of anti-
cancer drugs are very essential with avoidance of water free preparation to get suitable controlled release
application and achieve targeting site. The primary objective of proposed chapter is to develop and design
novel stable anhydrous or non-aqueous nano emulsion carrier system and provide suitable carrier system
for poorly aqueous soluble anti-cancer drugs. Another important aim is to design and develop better
stabilizing agent by combining different type of surfactant, co-surfactant, and co-solvent.
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Cancer is the one of the deadliest diseases and takes the lives of millions of people every year across the
world. Due to disease heterogeneity and multi-factorial reasons, traditional treatment such as radiation
therapy, immunotherapy, or chemotherapy are effective only among a small population of the patients.
Tumors can have different fundamental genetic causes and protein expressions that differ from one
patient to another. This variability among individual lends itself to the field of precision and personalized
medicine. Following the completion of human genome sequencing, significant progress has been
observed in the characterization of human epigenome, proteome, and metabolome. Pharmacogenetics
and pharmacogenomics use this sequence to study the genetic causes of individual variations in drug
response and the simultaneous impact of change in genome that decide the patient’s response to drug
respectively. On summation, identify the subpopulation of patient and provide them tailored therapy
thus increasing the effectiveness of treatment. All these evolved the field of precision or personalized
medicine that plays a crucial role in cancer prevention, prognosis, diagnosis, and therapeutics. These
tailored therapies are characterized by increased efficiency and reduced toxicity. Not all cancers have
genetic variability; some are also influenced by polymorphism of gene encoding enzymes that play an
important role in pharmacokinetics of drug. The discoveries of cancer predisposition genes allow diagnosis
of a patient at risk of cancer development and let them make the decision on précised individual risk
modification characteristic. The use of CYP2D6 genotyping for breast cancer, mutation in KRAS in
colorectal cancer, genomic variation in EGFR in small lung cancer, melanoma are some of the examples
of importance of cancer predisposition genes. In recent times, distinct molecular subtypes of cancers
have been identified with requirement of different treatment for each subtype. Precision medicine shifts
the trend from reaction to prevention and forestalls disease progression.
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Stem cells are pluripotent cells having capacity of self-renewal and produce various types of mature
cells. Cancer stem cells are known to be responsible for drug resistance and tumor relapse, yet stem cells
offer multiple avenues to treat same. Stem cells have been employed for treating of blood and immune
systems damaged during chemotherapy and radiotherapy. Stem cell transplantation is emerged as critical
therapy in cancer treatment, yet other potential applications of stem cells in cancer treatment are largely
unexplored or underutilized. Recently, stem cells reengineered express different cytotoxic agents. It
has shown to cause tumor regression and enhance the animal survival in preclinical studies. Stem cell
therapy can be also employed for targeted drug delivery, gene delivery, and even used as virus to target
cancer cell. In recent years, research is devoted on stem cells worldwide for new and newer application.
Although the field of stem cells is nascent and raises many ethical concerns, scientific responsibilities,
and future challenges, scientific community are still hopeful and filled with optimism. Currently, stem
cell therapy represents the beginning of the new era in cancer treatment and giving a ray of hope to
clinicians and also patients who are suffering from untreatable diseases and desperately looking for new
therapies. In the present chapter, the authors mainly shed light on potential applications of stem cells
to treat cancer. At the end, they also discussed the factor influencing stem cell therapies and current
challenges in stem cell therapy.
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Self-renewal is the most important property of stem cells. Parallel to this, cancer stem cells (CSCs)
have an indefinite proliferative ability that drives tumorigenesis. The conventional treatment of cancer
includes chemotherapy, radiotherapy, and surgery, which decreases the tumour size. Contrary, targeted
therapy against CSCs initially does not shrink the tumour but ultimately causes tumour degeneration.
Nanobiotechnology, RNA interference, microRNA are emerging fields with a vitalrole in targeted therapy
against CSCs. The non-protein encoding microRNAs has a major role in cancer treatment since they
regulate gene expression during post-transcription. RNAi technology can silence the gene of interest with
potency and specificity inhibiting tumour growth. In nanoparticles-based RNA interference, nanocarriers
protect RNAi molecules from immune recognition and enzymatic degradation. The cancer cell gene
expression profiling using next-generation sequencing helps in understanding the underlying cancer cell
mechanisms. The current chapter deals with novel concepts in the treatment of cancer.
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Canceris the most prevalent and dangerous disease, and itleads to millions of deaths worldwide. Generally,
metastatic cancer cells are not eradication by conventional surgical operative or chemotherapy-based
treatment. New pathways have been established in various arenas such as unique biology, modulators
regulatory mechanism, directional migration, self-renewal, etc. The individual pathways can be employed
as therapeutic carriers, specific drug targeting, generation of acquiring nature immune cells, and
regenerative medicine. The present scenario, stem cell therapy, focused on a promising tool for targeted
cancer treatment. Stem cells also utilized as viruses and nanoparticles carry to enhance the primary
therapeutic application in various dimensions such as cancer target therapy, regenerative medicine,
immune-modulating therapy, and anticancer drugs screening. Furthermore, the rapid development in
next-generation sequencing techniques and cancer genomics and proteomics analysis approaches are
making therapeutics targeting organ-specific cancer more precise and efficient.
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Biological studies have always relied on visual data and its precise interpretation. Bio-imaging is an
integral part of cancer research as well as the diagnosis and treatment of various cancers. Cancer research
employs the various bio-imaging techniques of fluorescence microscopy like confocal microscopy,
FRET, FRAP, TPEF, SGH, etc. to study the complexity and characteristics of different cancer cells. The
development of live-cell imaging has also helped in understanding the important biological processes
which differentiate cancer cells from their environment. Advancement in the field of cancer diagnosis
has taken place with the development of sophisticated radiology techniques like MRI, CT scans, and
FDG-PET. Also, the development of novel nanotechnology-based probes has improved the quality of
both cancer research and diagnosis. In this chapter, the authors summarize some of the bio-imaging
techniques which are being used in the field of cancer studies.

Chapter 20
Chemopreventive and Therapeutic Potential of Phytopharmaceuticals Against Oral Cancer:
Evidence-Based Reports From Preclinical Studies in Animal Models .........cccccevveevervinnennennennienne. 541
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Oral cancer is a major public health problem in both developing and developed countries. It is believed to
be the eighth most common cancer considering a major risk factor of worldwide morbidity and mortality.
Major risk factors of this deadly disease are lifestyle (consumption of smoking and smokeless tobacco,
alcohol, betel quid, etc.), unhealthy food, and poor dental care and viral infections. These factors are
responsible for mutations in the DNA leading to the initiation of carcinogenesis. Oral carcinogenesis is
a multistep process having three distinct phases: initiation, promotion, and progression. Modern cancer
treatments (chemotherapy, surgery, radiation therapy, and immunotherapy) are associated with lots of
side effects. Thus, phytopharmaceuticals are being used as alternative medicines in the prevention of oral
carcinogenesis. Phytopharmaceuticals (such as resveratrol, sulforaphane, quercetin, etc.) have immense
potential to prevent cancer development in every phase of carcinogenesis and more importantly, these
compounds have fewer side effects.
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Cancer is the second biggest killer worldwide. It has been estimated that specific lifestyle and dietary
measures can prevent 30—40% of all cancers. Consumption of nutrient sparse foods, such as refined flour
products and concentrated sugars, consumption of red meat, low fibre intake, and disproportion of omega
3 and omega 6 fatty acids, contributes to cancer risks. Microbiological and chemical food contaminants as
well as conventional and industrial food processing methods may further increase the carcinogenicity of
diets while protective agents in a cancer prevention diet include folic acid, selenium, vitamin D, vitamin
B-12, chlorophyll, and antioxidants such as the carotenoids, kryptoxanthin, lycopene, and lutein. Diet
can also influence the gut microbes that may have positive or adverse effects on cancer risk. The authors
summarize cancer prevention by functional foods and discuss the role of different dietary factors such
as promoter or inhibitor in pathogenesis of different subtypes of cancer worldwide.

Chapter 22
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Cancer is portrayed as a group of disease characterized by alteration in the normal regulation of cell
growth by the successive acquisition of genetic, somatic, and epigenetic alteration. Synthetic drugs are
single targets while natural products are multi-targeted to prevent cancer. NF-kB is persistently active
in a number of disease states, including cancer, and therefore has a critical role in cancer development
and progression. It also provides a mechanistic link between inflammation and cancer and is a major
controlling factor resistant to apoptosis in both pre-neoplastic and malignant cells. Importantly, NF-kB
and the signaling pathways that mediate its activation have become attractive targets for the development
of new chemopreventive and chemotherapeutic approaches. Natural antioxidants have been shown to
possess chemopreventive and chemotherapeutic potential via targeting NF-xB signaling, among which
tea polyphenols have been studied extensively. In this chapter, the authors summarize the regulation of
NF-kB pathway by green tea polyphenols in different cancer types.
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Breast cancer is the primary cause of cancer death in women. Although current therapies have shown
some promise against breast cancer, there is still no effective cure for the majority of patients in the
advanced stages of breast cancer. Treatment with present synthetic drugs may lead to a number of adverse
effects. Consequently, research into natural product compounds may provide an alternative pathway
to determining effective against breast cancer. This chapter reviews molecular targets of breast cancer
treatment as well as bioactive compounds sourced from bibliographic information such as Medline,
Google Scholar, PubMed databases. The authors hope that this book chapter contributes significantly to
previous and ongoing research and encourages further investigation into the potential of natural product
compounds in breast cancer.
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Clinical trials are essential to govern the impact of a new possible treatment. It is utilized to determine the
safety level and efficacy of a certain treatment. Clinical trial studies in cancer have provided successful
treatment leading to longer survival span in the patients. The design of clinical trials for cancer has been
done to find new ways to prevent, diagnose, treat, and manage symptoms of the disease. This chapter will
provide detailed information on different aspects of clinical trials in cancer research. Protocols outlining
the design and method to conduct a clinical trial in each phase will be discussed. The process and the
conditions applied in each phase (I, II, and III) will be described precisely. The design of trials done
in every aspect such as prevention, immunochemotherapy, diagnosis, and treatment to combat cancer
will be illustrated. Also, recent innovations in clinical design strategies and principles behind it as well
as the use of recent advances in artificial intelligence in reshaping key steps of clinical trial design to
increase trial success rates.
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Several modern treatment procedures have been received to battle malignancy with the point of limiting
lethality. Phytopharmaceuticals are auxiliary metabolites of plant origin which exclusively contain one
or more substances as active ingredients or might be a blend of them. Analysts have excitedly attempted
to diminish the lethality of current chemotherapeutic agents either by consolidating them with herbals
or in utilizing herbals alone. Synergy is a procedure where a few substances participate to reach a
consolidated impact that is more prominent than the entirety of their different impacts. It may be viewed
as a characteristic straight technique that has developed ordinarily by nature to acquire more efficacies at
a low cost. This chapter aims to present the fundamental mechanism of the activity of phytochemicals in
combination therapy. This chapter additionally features the remarkable synergistic impacts of plant-drug
cooperation with an emphasis on anticancer strategies.
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In this chapter, the authors first review nano-devices that are mixtures of biologic molecules and synthetic
polymers like nano-shells and nano-particles for the most encouraging applications for different cancer
therapies. Nano-sized medications additionally spill especially into tumor tissue through penetrable tumor
vessels and are then held in the tumor bed because of diminished lymphatic drainage. This procedure is
known as the enhanced penetrability and retention (EPR) impact. Nonetheless, while the EPR impact is
generally held to improve conveyance of nano-medications to tumors, it in certainty offers not exactly
a 2-overlay increment in nano-drug conveyance contrasted with basic ordinary organs, bringing about
medication concentration that is not adequate for restoring most malignant growths. In this chapter, the
authors likewise review different obstructions for nano-sized medication conveyance and to make the
conveyance of nano-sized medications to tumors progressively successful by expanding on the EPR
impact..
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The importance of monocytes in modulating the lymphocyte dependent tumor necrosis is a target for
cancer therapeutics. Monocytes produce a plethora of chemokine receptors. Lymphocyte to monocyte
ratio is one of the negative factors in cancer patients. It is being targeted for treatment of abnormal
lymphocytopenia and monocytosis in untreatable metastatic cancer patients. The aim of the chapter is to
throw light on the circadian and psychological factors that modulate the progression of cancer and identify
novel targets for controlling transformation of preneoplasms to neoplasms, invasiveness, and metastasis.
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Preface

Cancer is the second leading cause of death worldwide. Despite the fact that scientific discoveries have
hugely added to the existing knowledge, improvement in cancer therapeutics is remains same. Complex-
ity of cancer demands an integrated approach from both cancer biology and pharmaceutics. The recent
discoveries in targeted therapies and personalized medicines have generated greater hope and optimism.
Therefore, the book has covered both the conventional and newer anticancer modalities, recent discover-
ies, and advancements in cancer treatment. Our primary objective is to update the medical and scientific
fraternity about recent advances in cancer therapeutics. We have included the nascent personalized system
of medicine and big data-driven cancer treatment in addition to the traditional chemotherapy. Our book
will bridge the gaps among basic research, pharmaceutical drug development processes, regulatory issues,
translational experimentation, and clinical application. The major goal of the book is the dissemination
of the recent discoveries such as immunotherapies, synthetic lethality, carbon beam radiation, and other
exciting targeted therapies based on rigorous evidence to benefit research trainees, oncologists, radiation
oncologists, surgical oncologists, scientific community, and also to anyone who is merely interested in
to know more about cancer biology and available therapies.

Apoptosis is the most fine-tuned process leading to the efficient removal of cells harboring damaged
DNA. Deregulation of the apoptotic pathway results in many anomalies, including cancer. This stems
from either deregulation of the apoptotic pathway or overactivation of the cell survival pathway. The
identification of critical molecular events is panacea in anticancer therapeutics. Recent advancements
in biological science had transformed our understanding and made an inbound opportunity in cancer
therapeutics. In this context, molecular therapy and informatics are key to the future cancer treatment.

The book is written to cater the need biological science graduates, people working in cancer biology,
therapists, and the normal public who may be interested in understanding the most fundamental aspects
of cancer and the available therapeutic opportunities. This book will provide a valuable resource mate-
rial for research trainees, oncologists, clinicians, and cancer biologists.

The first chapter titled “Cancer Immunotherapy: Beyond Checkpoint Inhibitors” has extensively
discussed about the immunostimulants, immunotoxins, antibodies, fusion proteins, engineered cytotoxic
T cells, engineered immunocytokines, vaccines, checkpoint inhibitors, CAR T-cell therapy, and nano-
medicine. The chapter aims to evaluate the anti-tumor response of immunotherapies, reduce the immune
suppression, and enhance the immunogenicity of tumors. The CAR T cell is the first living cell-based
therapy approved by the FDA in 2017. The subsequent identification of different molecular functions
of T-cell costimulatory molecules has greatly improved our understanding. Nanomedicine is a unique
advantage for drug-delivery vehicles and can work in unison with immunotherapy. For immuno-oncology
applications, cancer nanomedicine can be developed beyond drug-delivery platforms. A greater emphasis
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is placed on actively modulating host anticancer immunity using nanomaterials that could provide new
avenues for developing novel cancer therapeutics. The integration of nanotechnology with the CAR T
cells offer many advantages over the standard chemotherapy. The sustained bioavailability of a low mo-
lecular weight drug can be increased by its nanoparticle formulation, whereas a nanosized drug carrier
minimizes their elimination through the liver or kidney. The drug can be used to attract immune cells at
tumor site, activate dendritic cells and significantly improve the clinical applications of immunotherapy.
Identification of inhibitory molecular pathways during immunotherapy like B-cell maturation agent also
allows us to target these pathways. These approaches can stimulate the immune response and reduce the
unwanted side effect by inhibiting the immunosuppressive response.

The monoclonal antibodies have a long history in disease treatment starting from late 19" century
for diphtheria and tetanus treatment in animals by Behring and Kitasato. The path-breaking ‘hybridoma
technology’ by Kohler and Milstein gave further impetus to antibody-based therapy, as given us an abil-
ity to produce monoclonal antibodies in unlimited amounts. The first therapeutic monoclonal antibody
approved by FDA was Muromonab, a murine monoclonal antibody against the CD3 receptor of T lym-
phocytes in 1986. The first monoclonal antibody in cancer treatment was approved in 1997 by the US
FDA to treat non-Hodgkin’s lymphoma. Monoclonal antibodies are the most employed and approved for
cancer treatment due to hassle-free treatment. Monoclonal antibodies have carved their niche as a form of
targeted therapy and immunotherapy in the ever-challenging realm of oncology. Technological advances
as well as increased insights into immuno-oncology have allowed monoclonal antibody-based therapy to
grow leaps and bounds. Certainly, it shall be interesting to see how it evolves further. Salonee Martins
et al. comprehensively discusses the monoclonal antibodies in cancer therapeutics., in the chapter titled
“Therapeutic Approaches to Employ Monoclonal Antibody for Cancer Treatment”.

The development of informatics in the last two decades has given a massive push in drug discovery,
including anticancer therapeutics. The chapter titled “Advancements in Cancer Therapeutics: Computa-
tional Drug Design Methods Used in Cancer Studies” by Serda Kecel, Gunduz, Bilge Bicak, and Aysen
E. Ozel had explored the computer-based drug designing process in anticancer drug discovery. The
author described the computational approaches for the discovery of new drugs in cancer diagnosis and
treatment in three-part. MD technique uniquely supports protein design and giving information about
protein dynamics at the atomic level. The purpose of molecular docking is to estimate the ligand-receptor
complex and mechanism of drug binding. ADME characteristics are other physicochemically relevant
descriptor and pharmacokinetically relevant properties that can be used for designing more effective
drugs and analogs. The in-silico calculations provide us a piece of robust preliminary information on
drug activity.

Advancement in human genome sequencing has given us ample information about the role of somatic
aberrations in cancer initiation, development, and aggressiveness. This discovery has inspired interest
among cancer researchers; many are now using genetic engineering therapeutic methods to improve
cancer regression and seeking a possible cure for the disease. The large gene therapy sector offers vari-
ous therapies that are likely to become effective in preventing cancer deaths. The latest clinical trials of
third-generation vaccines for a wide variety of cancers have produced promising results. Cancer viro-
therapy, which uses viral particles replicating within the cancer cell, is an emerging treatment method
that shows great promise. The latest developments in gene-editing techniques such as CRISPR, Cas9,
TALENSs, and ZFNs are being used to make cancer a manageable condition. Gene-based therapeutic
approaches include gene transfer, oncolytic virotherapy, and immunotherapy. Gene Transfer or gene
editing is the most recent treatment method that allows the insertion of new genes into the cancer cell
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to mediate the cancerous cell’s slow growth or death. Gene transfer is a very flexible technique, and a
wide range of genes and vectors are being used in clinical trials and demonstrated positive results. Gene
therapy is expected to play a significant role in potential cancer therapy as a part of a multi-modality
procedure. The Gene Therapies in Cancer Treatment is beautifully covered by Shubhjeet Mandal et al.,
in the chapter titled “Gene Therapy and Gene Editing for Cancer Therapeutics”.

The chapter titled “Gene Editing and Gene Therapies in Cancer Treatment” by Gyanendra Tripathi et
al. has comprehensively discussed the cancer vaccines, gene-editing technology in anticancer treatment.

Dr. Umesh Kumar et al. discussed the role of epigenetics in breast cancer development in the chapter
titled “Epigenetic Regulation of Breast Cancer”. The topic is selected based on the sheer number of
women who are affected by it. Breast cancer carcinogenesis is also attributed to epigenetics or revers-
ible changes in the phenotype without any change in the DNA sequence. Genes that are concerned with
proliferation, anti-apoptosis, invasion, and metastasis have been seen undergoing epigenetic changes in
breast cancer. Cancer can be caused either by global hypomethylation (causing activation of oncogenes
leading to chromosomal instability) or by locus-specific hypermethylation (causing repression of gene
expression and genetic instability due to inactivation of DNA repair genes). Other epigenetic mechanisms
involved in carcinogenesis are histone modification, and nucleosomal remodeling are also discussed.

Lipid-mediated drug delivery systems are frequently employed to deliver payloads consisting of either
drugs, or drug conjugates, or antibodies, or even siRNA at the desired location through a lipid-based
nanoparticle system. The chapter titled “Lipids, Peptides, and Polymers as Targeted Drug Delivery
Vectors in Cancer Therapy” by Mani Sharma, et al. discussed the lipid-based drug delivery system.
Authors have also discussed the advancement in research, different modifications, and improvements in
the delivery of chemotherapeutic drugs. The authors’ main emphasis is to uncover the most recent and
smart technologies that offer a unique way to deliver chemotherapy drugs at the desired target without
affecting healthy cells. Author discussed various approaches to modulate and upgrade the drug delivery
system in cancer were discussed with a particular emphasis on cationic & anionic lipids, pH-responsive
polymers, redox-mediated delivery, enzymes, temperature, and light-activated delivery.

The chapter titled “Use of Lipids, Polymers, and Peptides for Drug Delivery and Targeting to Cancer
Cells or Specific Organs” by Sampan Attri et al., is another chapter which also focused on anticancer drug
delivery. Many anticancer therapeutic strategies have achieved popular practical applications; however,
drug delivery systems still face enormous challenges associated with poor safety, low solubility, and
untargeted location delivery. This has led to the development of safer drug delivery methods composed
of biocompatible substances and tailored molecules. In this respect, the addition of lipid, polymer, and
peptide-based drug delivery systems in the book is paramount importance. These delivery methods,
consisting of biodegradable systems with low cytotoxicity for cancer therapy, are also covered.

The chapter titled “Apoptotic Pathway: A Propitious Therapeutic Target for Cancer Treatment” by
Durdana Yasin et al. discussed the molecular mechanism of apoptosis and how apoptosis deregulation
results in cancer development. The authors have also discussed the deregulated apoptotic proteins, which
can be targeted for anticancer therapeutics.

Multidrug resistance is the most common phenomenon observed in cancer treatment, where cancer
acquired resistance to chemotherapy. This resistance to chemotherapy occurs due to the formation of an
insulated tumor microenvironment, which remains a major hurdle in the cure of various cancer types.
The chapter titled “Strategies to Suppress Tumor Angiogenesis and Metastasis, Overcome Multidrug
Resistance in Cancer, Target Telomerase and Apoptosis Pathways” by Deepti Sharma et al., have beauti-
fully covered the topic and comprehensively discussed the strategies to suppress tumour angiogenesis
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in anticancer therapy. Various mechanisms that are known to involve in the development of MDR in
cancer cells are also discussed. It will undoubtedly help in the identification of possible strategies and
target to overcome MDR.

The chapter titled “Receptor-Based Combinatorial Nanomedicines: A New Hope for Cancer Manage-
ment” by Harshita et al., have covered the Nanotechnology-based drug delivery systems in anticancer
therapeutics. Nanotechnology has significant potentials in the diagnosis and treatment of cancer as it
provides flexibility in the loading of multiple drugs destined to a certain location. Recent studies have
demonstrated that cancer therapy could be efficiently achieved by combinatorial therapies and approaches
using multiple drug regimens to target cancers. However, their usages have been limited due to shorter
half-lives of chemotherapeutic agents, insignificant targetability to tumor sites and sub-optimal levels
of co-administered conventional drug moieties. Thus, nanotechnology-based drug delivery systems with
effective targetability will play a crucial role in overcoming the limitations and challenges associated
with conventional therapies and will provide greater therapeutic efficacy.

The toxicity to normal cells is the biggest concern in anticancer therapeutics. Targeted drug delivery
holds the potential to overcome this problem by selective delivery of a required amount of drug at the
tumor site. Loading of cytotoxic agents in drug delivery systems could enhance its delivery to specific
targets based on strategy to reach the tumor site. The chapter “Targeted Drug Delivery in Cancer Treat-
ment” by Farhad Bano et al., explores the innovative methods of drug delivery, challenges in targeted
drug delivery, implications, and how to overcome it.

The chapter “Advancements in Cancer Therapeutics: Targeted Drug Delivery in Cancer Treatment”
by Bilge Bicak, Serda Kecel Gunduz and Aysen E. Ozel had discussed the targeted drug delivery to
overcome the toxic side effects of conventional drugs. Nano drug delivery systems have unique physi-
cal, chemical, mechanical and optical properties. Nanoparticles with large surface areas and functional
groups for the binding of therapeutic agents benefit the drug distribution with nanoparticle formulations
and provide new features. Nanotechnology also enables personalized medicine systems, as it is appropri-
ate for cancer patients’ personal molecular profile structures. The tumor-targeted active substances are
attached to nanoparticles and targeted to the tumor area. These nanoparticles can be used with a high
tendency to bind and specificity to target tumor antigens or vessels. Besides traditional chemotherapy
and radiotherapy methods in cancer treatment, the authors also aimed to give information about targeted
drug delivery systems for cancer cell targeting without damaging normal tissues.

The chapter titled “Surfactant Based Anhydrous Nano Carrier System for Poorly Aqueous Soluble
Anti-Cancer Drugs” by Shekhar Verma et al. discussed the carrier system for enhancing the solubility of
the drug system. It is a good topic as around 40 percent of the cancer drugs (i.e., paclitaxel, etoposide,
and docetaxel, etc.) are lipophilic and poorly soluble in an aqueous medium. The Primary objective of
the chapter is to develop and design novel stable anhydrous or non-aqueous nanoemulsion carrier system
and provide suitable carrier system for poorly aqueous soluble anticancer drugs. The authors discussed
the topic with keeping an aim to design and develop better-stabilizing agents by combining different
types of surfactant, co-surfactant, and co-solvent.

The chapter titled “A Voyage to the Sea of Precision Medicine in Cancer” by Nerethika Ravichandiran
et al. had discussed the precision medicine in very detail. It is a nascent topic and requires significant at-
tention. Tumor’s gene and protein expressions differ from one patient to another. This variability among
individuals leads to a huge variation in treatment outcomes. Considerable progress has been made in
this field after the completion of human genome sequencing, characterization of the human epigenome,
proteome, and metabolome. Pharmacogenetics and pharmacogenomics use this sequence to study the
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genetic causes of individual variations in drug response and the simultaneous impact of change in genome
that decide the patient’s response to drugs, respectively. In summary, identifying the subpopulation of the
patient and providing them tailored therapy would increase the effectiveness of treatment. The evolution
of precision or personalized medicine plays a crucial role in cancer prevention, prognosis, diagnosis,
and therapeutics in the future. These tailored therapies are characterized by increased efficiency and
reduced toxicity. Not all cancers have genetic variability; some are also influenced by polymorphism of
gene encoding enzymes that play an essential role in drug pharmacokinetics. The discoveries of cancer
predisposition genes allow the diagnosis of a patient at risk of cancer development and let them decide on
précised individual risk modification characteristics. The use of CYP2D6 genotyping for breast cancer,
mutation in KRAS in colorectal cancer, genomic variation in EGFR in small lung cancer, and melanoma
are examples showing the importance of cancer predisposition genes. In recent times, distinct molecular
subtypes of cancers have been identified with different treatment requirements for each subtype. Preci-
sion medicine shifts the trend from reaction to prevention and forestalls disease progression.

The chapter “Role of Stem Cells in Cancer Therapeutics” by Madhu Rani, Sumit Kumar, and M. M.
A Rizvi had discussed the different kinds of hematopoietic cells that can be used for anticancer drug
delivery and also targeting the cancer cells.

The chapter “Cancer Stem Cells and Advanced Novel Technologies in Oncotherapy” by Shalini
Sakthivel et al., had discussed the stem cells and advanced technologies such as siRNA, Next Genome
Sequencing, gene expression profiling, nanobiotechnology, miRNA, etc. that can be used in the develop-
ment of better anticancer therapeutics.

The chapter titled “Recent Research and Development in Stem Cell Therapy for Cancer Treatment:
Future Promising and Challenges” by Nagendra Kumar Chandrawanshi et al. discussed the stem cell-
based therapy for targeted cancer treatment. Stem cells are used as viruses and nanoparticles to enhance
the primary therapeutic application in various dimensions such as cancer target therapy, regenerative
medicine, immune-modulating therapy, anticancer drugs screening, etc. Furthermore, the developmentin
next-generation sequencing techniques and cancer genomics and proteomics analysis approaches makes
therapeutics targeting organ-specific cancer more precise and efficient.

The chapter “Utilization of Bio-Imaging in Cancer Study”” by Muneesh Kumar Barman et al. discussed
the biological imaging in cancer research, diagnosis, and treatment of various cancers. Cancer research
employs various bio-imaging techniques such as fluorescence microscopy, FRET, FRAP, TPEF, SGH,
etc. to study the complexity and characteristics of different cancer cells. The development of live-cell
imaging has also helped in understanding the important biological processes which differentiate cancer
cells from their environment. Advancement in cancer diagnosis has taken place with the development
of sophisticated radiology techniques like MRI, CT scans, and FDG-PET. Also, the development of
novel nanotechnology-based probes has improved the quality of both cancer research and diagnosis. The
author also discussed some of the bio-imaging techniques in detail which are being used in the field of
cancer studies.

The chapter titled “Chemopreventive and Therapeutic Potential of Phytopharmaceuticals Against Oral
Cancer: Evidence-Based Reports From Preclinical Studies in Animal Model” by Dharmeswar Barhoi et
al., have discussed the phytopharmaceuticals as alternative medicine in the prevention of oral carcino-
genesis over conventional drugs. The utility of Phytopharmaceuticals (such as resveratrol, sulforaphane,
quercetin, etc.) had been discussed in detail.

The chapter “Nutrition and Cancer” by Shazia Ali et al. discussed the role of diet in cancer treatment.
The diet component includes folic acid, selenium, vitamin D, vitamin B-12, chlorophyll, and antioxidants
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such as the carotenoids, kryptoxanthin, lycopene, and lutein have been discussed in relation to cancer
risk, development, and therapy.

The chapter titled “Functional Mechanisms of Green Tea Polyphenols and Their Molecular Targets
in Prevention of Multiple Cancer” by Zubair Bin Hafeez, et al., have discussed the regulation of NF-kB
pathway by green tea polyphenols in different cancer types. Natural antioxidants have been shown to
possess chemopreventive and chemotherapeutic potential via targeting NF-kB signaling, among which
tea polyphenols are the most extensively studied chemopreventive molecules.

The chapter “Natural Product Compounds for Breast Cancer Treatment” by Bui Thanh Tung dis-
cussed the utility of natural product compounds in breast cancer treatment over conventional therapy.
The chapter has included the molecular targets of breast cancer as well as bioactive compounds that can
be used to target them.

The chapter titled “Cancer: Clinical Trials Design and Principles” by Rashi Rai et al., covered the
most ignored yet important topic. The clinical trial design is key to the successful development of any
drug. Clinical trials are essential to govern the impact of a new possible treatment. Clinical trial stud-
ies in cancer have provided successful treatment leading to longer survival span in the patients. This
chapter provides detailed information on different aspects of clinical trials in cancer research. Protocols
outlining the design and method to conduct a clinical trial in each phase are discussed. The process and
the conditions applied in each phase (I, II, and III) is also precisely covered. The recent innovations
in clinical design strategies and artificial intelligence to increase trial success rates are also discussed.

The chapter titled “Phytopharmaceuticals in Cancer Treatment” by Khalid Umar Fakhri et al. dis-
cussed the synergistic activity of the phytochemicals, emphasizing anticancer effects. This chapter aims
to present the fundamental mechanism of phytochemicals in combination therapy.

The chapter titled “Obstructions in Nanoparticles Conveyance, Nano-Drug Retention, and EPR Ef-
fect in Cancer Therapies” by Khalid Umar Fakhri et al. review the nano-devices that are mixtures of
biologic molecules and synthetic polymers like nano-shells and nanoparticles for anticancer therapies.
The authors have also discussed the enhanced penetrability and retention effect in nanomedicine.

The book’s main focus is nanomedicine, targeted system of medicine, precision-based therapeutics,
and natural product-based medicinal system. The book is suitable for graduate students, clinicians, and
researchers working in the cancer biology field. Our book will serve as an important source of informa-
tion in cancer therapeutics and is expected to guide future treatments.

XXXV

printed on 2/11/2023 1:15 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

XXXVi

Acknowledgment

It is a great coincidence to release this book in the auspicious centenary year and month of Jamia Millia
Islamia, the top most Central University of India. The Editor (Moshahid Alam Rizvi) is deeply indebted
to the Vice-Chancellor Prof. Najma Akhtar and the administration team of Hall of Boys Residence for
their unflinching support and encouragement during the course of this book writing. We further wish
to congratulate the JMI fraternity for this extraordinary feat.

The Editor, Dr. Saurbh Verma, would like to express his gratitude to the Director, National Institute of
Pathology, New Delhi, Dr. Nasreen Z. Ehtesham, for providing the necessary infrastructure to complete
this work in time.

Our sincere thanks also goes to the technical and scientific team members of Genome Biology Lab,
Department of Biosciences, Jamia Millia Islamia and Tumor Biology lab, National Institute of Pathol-
ogy, New Delhi, for their contribution and continuous support.

Dr. Sumit Gupta acknowledges the moral support and encouragement from friends at Jawaharlal Nehru
University; Isha, Raj Kumar, Ramovatar Meena, Mahesh, and Usha Singh. He likes to mention his par-
ents Mr. Shiv Babu and Mrs. Krishna, Brother Amit, and Sister Renu for lifetime blessings and support.

It will be unfair to forget the sacrifice of our (MAR & SV) family members who hugely suffered during
the course of preparation of this manuscript since we were hardly available to share free timing with
them when COVID-19 locked the world. Therefore, we are eternally grateful to Fatima Orooj, Saad,
Hammad, Tabassum Rizvi, and in the same spirit, to Mr. Gaurav Verma, Sangeeta & Arav Verma for
their motivation and untiring support to complete this book.

Sumit Kumar
National Institute of Pathology, India

Moshahid Alam Rizvi
Jamia Millia Islamia, India

Saurabh Verma
National Institute of Pathology, India

printed on 2/11/2023 1:15 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Chapter 1

Cancer Immunotherapy:
Beyond Checkpoint Inhibitors

Mohammad Raghibul Hasan
College of Applied Medical Sciences, Shagra University, Al-Quwayiyah, Saudi Arabia

Bader Saud Alotaibi
College of Applied Medical Sciences, Shagra University, Al-Quwayiyah, Saudi Arabia

Sultan F. Alnomasy
College of Applied Medical Sciences, Shagra University, Al-Quwayiyah, Saudi Arabia

Khalid Umar Fakhri
https://orcid.org/0000-0001-6978-8172
Department of Biosciences, Jamia Millia Islamia, New Delhi, India

ABSTRACT

Cancer immunotherapy has become a powerful clinical strategy as well as an established pillar for the
treatment of cancers to improving the prognosis of many cancer patients with a broad variety of solid
tumors as well as blood cancers. The primary goals of immunotherapy are (a) to increase anti-tumor
response, (b) decrease the immune suppression, and (c) to enhance the immunogenicity of tumors. This
chapter aims to discuss the mechanism and different types of immunotherapies used for different cancers.
It will also focus on recombinant products including immunostimulants, immunotoxins, antibodies, fu-
sion proteins, engineered cytotoxic T cells, engineered immunocytokines, vaccines, checkpoint inhibitors,
CAR T-cell therapy, and nanomedicine. Although immunotherapy has a rare side effect, it is not fully
understood. The development of new strategies has been on the clinical trial to enhance the benefit of
cancer patients to meet with challenges of limited efficacy and/or toxicity.
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INTRODUCTION

Immunotherapy used to enhance the power of the host immune system for the treatment of malignan-
cies. It has become a powerful clinical strategy for treating and improving the prognosis of many solid
and hematological cancer patients. The primary goal of immunotherapy is (a) to increase anti-tumor
response, (b) decrease the immune suppression (c), and to enhance the immunogenicity of tumors. Cancer
immunotherapy uses recombinant products, including immunostimulants, immunotoxins, monoclonal
antibodies, fusion proteins, engineered cytotoxic T cells, engineered immunocytokines, vaccines, check-
point inhibitors, CAR-T cell therapy, and the nanomedicine. Although immunotherapy has a rare side
effect, however, it is not fully understood. The expansion of new strategies has been on the clinical trial
to enhance cancer patients’ benefit to meet with challenges of limited efficacy and toxicity.

Brief History of Cancer Inmunotherapy

Cancer immunotherapy approval started in 1986 with interferon-a2a (IFN-a2a) and IFN-a2b for hairy
cell leukemia, Kaposi sarcoma, and other hematological malignancies. In 2012, food and drug adminis-
tration (FDA) approved Aflibercept due to its use in combination with a chemotherapy regimen (consists
of 5-fluorouracil, leucovorin as well as irinotecan) for the metastatic colorectal cancer treatment. New
immunotherapy called chimeric antigen receptor-T (CAR-T) cells licensed since 2017, outside clinical
trials. The CAR-T cells found with very potent antitumor activity listed in Table 1.

Table 1. CAR-T cells clinical trials

Clinical trial Patient group Response Cfm?plete Overall survival Reference
rate remission rate
ELIANA Children & young adults with 31% 31% Median survival 19.1 Maude SL et
(Novartis) relapsed and refractory B-ALL ’ ? months al., 2018
MSKCC Adults with relapsed B-ALL - 83% Median survival 12.9 Park JH et
months al., 2018
ZUMA-1 Adults with refractory large B-cell Neelapu SS
(Kite Pharma) Lymphoma 82% 4% 52% at 18 months etal., 2017
JULIET Adults with relapsed DLBCL or 43% DLBCL DLBCL medlaq survival Schuster SJ et
. . 64% 71% follicular 22.2 moths, follicular
(Novartis) Follicular Lymphoma al., 2017
lymphoma lymphoma not reached
CRB-401 . .
(Celgene/ Relapsed and refractory multiple 39% 299 Not available Berdeja JG et
. myeloma al., 2017
Bluebird)

The Nobel Prize in Chemistry, 2018, awarded jointly to George P. Smith and Gregory P. Winter for
the discovery of “phage display of peptides and antibodies,” and the other half of Nobel Prize to Frances
H. Arnold for the “directed evolution of enzymes.” Their pioneer work together utilizes the processes
of evolution for the creation of novel biological compounds. These tools transformed the production
of pharmaceuticals, such as monoclonal antibodies (mAbs) and renewable fuels. (The Nobel Prize in
Chemistry 2018, Frances H. Arnold, George P. Smith, Sir Gregory P. Winter)
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Monoclonal Antibodies (mAbs) as Cancer Immunotherapy

Antibodies that are produced by identical, single, unique clones of immune cells (B-cells) fusing them
with an immortal myeloma cell, to form hybridoma cell lines (Hybridoma Technology). In 1975 Kohler
and Milstein used hybridomas to generate mAbs. The most common methods for production of mAb
in vivo considered as Hybridoma technology (Zaroff & Tan, 2019). The use of hybridoma technology
makes an In vivo diagnostic that is an invasive diagnostics tool into noninvasive for diagnosing disease
progression through the analysis of biomarkers without using biologic samples.

The antibody-based diagnostics in vivo used for very high specified imaging technology such as
magnetic resonance imaging (MRI), positron emission tomography (PET), ultrasound, and (FMT)
fluorescent molecular tomography (Bannas et al., 2015; Sohn et al., 2015). A tagged antibody targets a
precise location for diagnostic imaging. This idea of conjugating a full-length antibody or an antibody
fragment to a nanoparticle, be it a radioisotope, fluorophore, or positron emitter, would not have been
possible without hybridoma-based antibody discovery. It was only through hybridoma technology that
fully natural mAb variable domains that did not adversely impact a patient’s immune system during an
examination discovered.

The mAbs used not only for the diagnostics but also as therapeutics because of extremely high affin-
ity can specifically bind to the target cells. Due to the property of high specificity and affinity, scientists
began investigating the therapeutic potential of mAbs as immunomodulators, inhibitors, and metabolic
activators. The therapeutic antibodies established as ‘standard of care’ agents for several human cancers
(Table 2). The mAbs possess unique and multiple clinically relevant antitumor mechanisms, including
antibody-dependent cellular cytotoxicity, complement-dependent cytotoxicity, and the induction of T
cell immunity through cross-presentation. Antibodies mediated targeting the tumour microenvironment
components, and tumour antigens can provide synergistic and enhanced therapeutic benefits. The IgG Fc
receptors (FcyRs) contribute an essential link between the cellular immune system and the therapeutic
antibodies to warrant mAb to illicit adaptive immunity. Thus, antibodies alone or in combination with
chemotherapy contribute the prolonged antitumor responses. An antitumor effect of mAb can utilize the
synergistic effect when used in combination with other immunomodulatory approaches such as radio-
therapy, chemotherapy targeted therapy agents, vaccines, or other immunomodulators.

Table 2. Recombinant Products for Cancer Therapy such as immunostimulant interferons, mAbs, im-
munotoxins, Funsion proteins and vaccines Approved by FDA (Pranchevicius and Vieira, 2013)

SERIDE Drug Drug class Therapeutic indications Uirgrism Strains
year class
Immunostimulant- Hairy cell leukemia, Kaposi sarcoma
1986 IFN-02a interferon Hairy cell leukemia, Kaposi sarcoma, | Human Escherichia coli
IFN-o2b Immunostimulant- malignant melanoma, follicular Human Escherichia coli
interferon lymphoma
1992 Aldesleukin AImmunostlmu]ant— Metastatilc renal cell carcinoma, Human Escherichia coli
interleukin metastatic melanoma
1997 Rituximab mAb Non-Hodgkin lymphoma and Chllperlc Mammalian cell (Chinese hamster
CLL murine/human | ovary)
1998 Trastuzumab mAb Metastatic breast cancer, gastric Humanized Mammalian cell (Chinese hamster
cancer ovary)
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SERIDE Drug Drug class Therapeutic indications Organism Strains
year class
1999 D.er}lleukm Immunotoxin CTCL Human Escherichia coli
diftitox
2000 Gemtuz!n-nab Antibody-conjugated CD33POSIUVC acute myeloid Humanized Mammalian cell
ozogamicin leukemia
2001 Alemtuzumab | mAb B-cell CLL Humanized Mammalian cell (Chinese hamster
ovary)
Yttrium-90 . .
2002 Ibritumomab Antibody-conjugated Non-Hodgkin lymphoma Murine Ol\:llz;rrnr)nahan cell (Chinese hamster
Tiuxetan ¥
2003 Iodlpe—l3l mAb CDZO—Posmve, follicular, non- Murine Mammalian cell
Tositumomab Hodgkin lymphoma
Metastatic colorectal cancer . . Mammalian (murine myeloma)
. . Chimeric
2004 Cetuximab mAb Metastatic colorectal cancer and murine/human cell
Bevacizumab mAb HER2-negative metastatic breast . Mammalian cell (Chinese hamster
Humanized
cancer ovary)
Quadrivalent Cervical, vulvar, vaginal and anal VLPs of the major capsid (L1)
2006 HPV Vaccine cancer caused by HPV 16 and 18, Viral protein of HPV 6, 11,16 and 18
. mAb genital warts caused by HPV 6 and 11 | Human Mammalian cell (Chinese hamster
Panitumumab . .
Metastatic colorectal carcinoma ovary)
Cervarix Vaccine Cervical cancer with HPV types 16 Viral I‘l g sro]tgl:ﬂ([)jf 10 8“ c;fe;;c ;ﬂzz ni
MEDI 501 and 18 yP » frichoptusia
insect cells
2009
Recombinant murine cell line
Ofatumumab mAb CLL Human (NSO) using standard mammalian
cell
2010 Sipuleucel-T Vaccine Castrate-resistant (hormone- Human Patient’s peripheral blood
refractory) prostate cancer mononuclear cells
Ipilimumab mAb Unresectable or metastatic melanoma | Human Egzrr‘r;r)nahan cell (Chinese hamster
2011
Brentuximab . . Hodgkin lymphoma, systemic Chimeric Mammalian cell (Chinese hamster
. Antibody-conjugated . .
vedotin anaplastic large-cell lymphoma murine/human | ovary)
Pertuzumab mAb HER2-positive metastatic breast Humanized Mammalian cell (Chinese hamster
cancer ovary)
2012
Ziv-aflibercept | Fusion protein Metastatic colorectal cancer Human 2/\[]:1:}1,r)nahan cell (Chinese hamster

Conjugated mAbs (Immunotoxins) as Cancer Immunotherapy

The immunotoxins are antibodies conjugated with a toxin that is poison. Immunotoxins assemble from
a fusion of a highly selective cell ligand known as a targeting moiety (it can be antibody or antibody-
fragments, a carbohydrate antigen, a growth factor, or a tumor-related antigen) (Choudhary et al., 2011),
and a toxin obtained from plants or human cells or microbial pathogens (bacteria, fungi) (Pennell, 2002).
It works as a protein synthesis inhibitor because it binds to the targets, thereby internalizing the immu-
notoxins and destroying it. Immunotoxins considered potent agents (Kreitman, 2001). The Diphtheria
toxins and Pseudomonas toxins are important bacterial toxins used to produce these immunotoxins
(Madhumathi et al., 2012).

The therapeutic application is to effectively deliver the toxin to the undesirable cells, for instance, those
infected by HIV-1, or participate inimmunopathologic reactions, immunosuppression and explored for their
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anticipation in cancer immunotherapy including metastatic ovarian carcinoma, melanoma; colorectal, and
breast cancers; Hodgkin non-Hodgkin lymphoma; T cell lymphoma and B cell lymphoma. Interestingly
the immunotoxins work as “magic bullets” and effectively spot the target destruction. However, it has
become clear that most of these “bullets” are not as precise as desired and have serious side effects, such
as vascular leak syndrome, aphasia, paresthesia, myalgia, neuropathy, encephalopathy, thrombocytopenia,
renal insufficiency, liver destruction, proteinuria, hypoalbuminemia, hematuria, dyspnea, and tremors.

In the majority of cases, toxins themselves have proved quite immunogenic. The first immunotox-
ins, Gemtuzumab ozogamicin, were approved by the FDA for clinical use in 2000. Gemtuzumab is a
monoclonal antibody formed when fusing the anti-CD33 antibody-gemtuzumab with ozogamicin, an
anticancer agent. CD33 expressed in healthy hematopoietic stem cells and most leukemic blast cells,
but the intensity reduces with stem cell maturation. When it bound the antigen receptor and internal-
ized, and the active agent is released to kill the cell—the drug approved for the treatment of AML
(acute myeloid leukemia) in above 60 years old patients. Currently, human IL-2 and Diphtheria toxin
(truncated) have been approved by the FDA for the treatment of cutaneous T-cell lymphoma. Another
toxin, having an anti-CD22 Fv and truncated Pseudomonas serotoxin, induced treatment of hairy-cell
leukemia (Kreitman et al., 2001). Immunotoxins may be used against hematological malignancies and
solid tumors but have a better response against the first because they are large enough to go across the
tumor tissue. Furthermore, there are other problems in reaching major effectiveness: immunogenicity,
toxicity (namely, cardiac toxicity and side effects of the digestive system), and the other molecular
imbalance. Madhumathi, in 2012 and other researchers, has suggested using an immunosuppressant,
the humanization of the components size reduction, and the removal of some toxin epitopes that are
close to B cell epitopes to overcome these side effects. Currently, many clinical trials in phases I and II
conducted to verify new immunotoxins’ efficacy and security. Only one FDA-approved immunotoxin,
called denileukin diftitox (Table 2), is a combination of an interleukin-2 and Diphtheria toxin fusion
protein. The denileukin diftitox used for recurrent cutaneous T-cell lymphoma (CTCL) therapy; however,
many trials testing are undergoing the treatment of other cancers (Choudhary, 2011). Denileukin diftitox
performance limited because of its weak affinity for the IL.-2 receptor, related to the absence of CD122
(Madhumathi, 2012) and denileukin, which can induce the development of a human antitoxin antibody
response by the second treatment (Prince et al., 2010). Table 2.

Immunostimulants in Cancer Inmunotherapy

Immunostimulant is the materials that can modulate the immune system by augmenting the function of
one or more of the system’s components. It is of two types (i) Specific immunostimulants called vaccines
and (ii) Non-specific immunostimulants (general stimulants). Immunostimulants can stimulate the innate
or/ and adaptive immune system for a potential immunotherapeutic response when the tumor causes its
clinical manifestations. The first recombinant drugs developed were interferon-alpha2a (IFN-a2a) and
interferon-a2b (IFN-a2b), and approved for use in 1986. The interferons (IFN-o, IFN-a2a, IFN-a2b) are
the class of cytokines with multifunctional properties, which can induce pro-apoptotic gene expression,
causing direct effects on cancer cells and inhibiting angiogenesis. IFN-induced antitumor immunity
results by activating T cells and dendritic cells. The only type I interferons, and specifically IFN-a, have
applications in anticancer therapy for the treatment of different blood cancers (Table 2). IFN-a is capable
of promoting the differentiation of human monocytes into dendritic cells (DCs) that present cancer cell
antigens to T cells, which triggers an immune response, thereby DC discovered as vaccines. The FDA
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was approved the second recombinant drug IL-2 (aldesleukin), produced from Escherichia coli. IL-2
was used to treat metastatic renal cell carcinoma (RCC) and metastatic melanoma because it alleviates
and stimulates T-cells Production and expansion (Table 2).

Fusion Proteins in Cancer Immunotherapy

The fusion proteins are small proteins often engineered from an extracellular receptor domain, and the
Fc-portion of receptor immunoglobulin G (IgG) can quickly move to the tumor tissues. These proteins
can work as inhibitors for one or more receptors, thereby inhibiting the EGFR signaling and stimulating
the immune effector cell recruitment (Weidle, e al., 2012). A fusion protein, Aflibercept (brand name
Eylea and Zaltrap), was approved in 2012 by the FDA; namely, Ziv-aflibercept used in combination
therapy regimen, and chemotherapy consists of leucovorin, 5-fluorouracil, and irinotecan for advanced
colorectal cancer (CRC) treatment. Aflibercept produced by Regeneron Pharmaceuticals and approved
in Europe and the United States can bind with VEGF-A, VEGF-B, and P1GF (placenta growth factor),
thereby inhibits the angiogenesis (Weidle 2012, Gaya, 2012), (Table 2).

Immunocytokines in Cancer Inmunotherapy

The immune cytokines is a fusion protein of cytokine-antibody. It is one of the classical methods for
targeted cytokine activity. It used for better efficacy and low toxicity of localized over systemic admin-
istration of therapeutic cytokines (Jackaman, 2003; Gutbrodt, 2012; van Horssen, 2006). Immunocyto-
kines furnishes a different route for achieving localized cytokine action. It can utilize to target disease
antigens through their antibody moieties to potentiate the effector functions by their cytokine constituent.
The most commonly used cytokines, including IL-2, (interleukin) IL-7, IL-12, IL-15, GM-CSF, IFN-a,
IFN-y, and TNF-superfamily, have been used development of immune cytokines with potential for tumor
immunotherapy (Chang 2009, Kontermann 2012). Interleukin-2 is part of the body’s natural response to
microbial infection, stimulates the proliferation of cytotoxic T-cells (CD8+) and NK cells, which both acts
on tumor cells to stop tumor progression (Boyma et al., 2006). Because of its anti-tumorigenic activity,
high dose IL-2 (HD) therapy approved for the treatment of and renal cancer and metastatic melanoma
(Boyman, 2006; Atkins, 1999; Rosenberg, 1998). However, HD IL-2 therapy can cause an adverse ef-
fect called vascular leak syndrome (VLS). Symptoms arising from VLS can be life-threatening, making
intensive patient management a requirement for the use of IL-2 immunotherapy (Rosenberg, 1998).

According (Kiefer and Neri review 2016), a bio-distribution study explains five significant types of
the pharmacokinetic behavior of immunocytokines, these are as follows:

(a) immunocytokines which can be efficiently delivered at the tumor site by fusion to antibodies (e.g.,
IL2, IL4, IL6, IL10, IFNa, TNF) (23-28) (Gutbrodt et al., 2013; Hemmerle et al., 2014; Hess et
al., 2014; Doll et al., 2013; Frey et al., 2011; Hemmerle et al., 2013).

(b) immunocytokines which can be efficiently delivered to the tumor in some immunocytokine format
but not in others (e.g., IL12) (Gafner et al., 2006)

(c) immunocytokines which are trapped by receptors at low doses, but which regain tumor-targeting
performance at higher doses (e.g., when a cognate receptor saturated in vivo (e.g., IFNg, GM-CSF)
(Hemmerle et al., 2014; Kaspar et al., 2007).
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(d) immunocytokines which are too negatively or positively charged, or only too significant, thus
preventing efficient extravasation (e.g., VEGF164 vs. VEGF120 in the mouse) (Halin et al., 2002)

(e) immunocytokines which are extensively glycosylated and rapidly captured by the asialoglycoprotein
receptor in the liver and, as a consequence, removed from circulation (e.g., IL9 produced in certain
experimental conditions, B7 proteins) (Halin et al., 2002, Venetz et al., 2005).

The pro-inflammatory cytokines at the site of the disease can arbitrate various biological activities.
For instance, IL2, IL12, and TNF payloads mediate a massive infiltration of leukocytes (mainly T cells
and Natural Killer cells) into the tumor mass, which may be responsible for the therapeutic activity of
the products (Carnemolla et al. 2002 Halin C, et al.,2002; Borsi et al. 2003; Halin et al. 2003). Some
cytokines, such as IL2 and TNF trigger the endothelial cells at disease area, support and augment uptake
of therapeutic agents within the tumor mass (Halin, et al. 2003; Hornick et al., 1999). The mechanism of
antitumor activity of immunocytokine products can be challenging to prove, even depletion experiments
in immunocompetent mice facilitate the task to assess the contribution of CD4+ T cells quantitatively,
CDS8+ T cells and NK cells (Zhu et al. 2015 et al., Hemmerle, 2014). Alternative views on the contribu-
tion of tumor-targeting to therapeutic activity have recently proposed for IgG-based immunocytokines
(Tzeng et al., 2015). Various types of anti-cancer therapeutic agents to synergize with immunocytokine
products, including external beam radiation (Rekers et al. 2015; Zegers et al. 2015; Rekers NH, 2015;
van den Heuvel, et al., 2015) certain cytotoxic drugs (Hemmerle 2013, Borsi L, et al. 2002; Moschetta
et al. 2012), immunological checkpoint inhibitors (Schwager et al., 2013), anti-cancer immunoglobulins
are acting via antibody-dependent cell-mediated cytotoxicity (ADCC) mechanisms (Schliemann et al.
2009) and other immunocytokine products (Halin C, et al. 2003; Hemmerle T, Neri D 2014; Balza E,
et al. 2010).

L19-TNF is a fusion protein, consisting of the L19 antibody in scFv format, fused to human TNF
(a homotrimeric). The product well tolerated (up to 13 pug/Kg) in a monotherapy dose-escalation trial
in which a Maximal Tolerated Dose was not established (Spitaleri et al. 2013). Currently, the product
investigates in combination with doxorubicin for the treatment of patients with metastatic soft tissue
sarcoma, based on robust preclinical and clinical findings (Hemmerle et al., 2013).

Checkpoint Inhibitors in Cancer Immunotherapy

Tumor immunotherapy using an immune checkpoint inhibitor is one of the immunotherapy types, which
may elicit an immune response that causes inflammation to organs in the body. It blocks the checkpoint
proteins from binding to their partner proteins, prevents the signal, and allowing the T cells to kill cancer
cells (Figure 1). It is FDA approved now for the treatment of a broad range of cancers. (National Cancer
Institute, 2019)

How Do The Checkpoint Inhibitors Function?

Immune checkpoints’ functional role is to prevent an immune response from being so strong that it de-
stroys healthy cells. The proteins present on the T cells recognize and bind to their ally proteins on the
cancer cells. When the checkpoint and partner proteins interact together, send switch “off” signal to the
T cells, prevent the immune system from smashing cancer. Some checkpoint inhibitor acts on checkpoint
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protein, CTLA-4, and PD-1 and its ligand PD-L1. Few tumor cells decline the T lymphocyte reaction
by producing a greater number of PD-L.1 (Figure 2).

Which Cancers Treated With Immune Checkpoint Inhibitors?

Immune checkpoint inhibitors approved for treating some patients with a variety of cancer types, includ-
ing Bladder, Breast, Cervical, Colon, Head and neck cancers, Hodgkin lymphoma, Liver cancer, Lung,
RCC (Renal cell cancer), Skin, Stomach, and colorectal cancer. A summary of costimulatory and coin-
hibitory receptors, and the ligands, immunologic expression pattern, biological function, and molecular
mechanisms presented. Molecular functions (i.e., downstream signaling) reflect predominant currently
known mechanisms, but additional mechanisms are likely to contribute significantly (Figure 2).

Figure 1. Immune checkpoint blockade in hematologic malignancies; Interaction of T cells with antigen

Presenting cells (APC)
(Adopted with modification from Armand et al., 2015).
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Common Side Effects of Imnmune Checkpoint Inhibitors

The adverse effect of the drug depends on health status before treatment and types of cancer and the
dose receiving. According to the National Institute of Health (United States), the most common adverse
effects of checkpoint inhibitors include Diarrhea, Rashes, and Fatigue; however, the rarer side effects are
general inflammation that can be widespread in the whole body. Inflammation in the skins can lead to
changes in skin color, rash, and feeling itchy. Similarly, inflammation in the lungs results in chest pains
and cough. Abdominal pain and diarrhea can be caused by inflammation in the colon. The inflammatory
diseases such as Diabetes, Hepatitis, Hypophysitis, Myocarditis, Nephritis, are caused by the inflamma-
tion in the pancreas, liver, pituitary gland, heart muscle, and kidney, respectively.

Details of Checkpoint Inhibitors

The FDA approved anti-CTLA4 (ipilimumab) in 2011, for the treatment of metastatic melanoma. Till
now, an additional five checkpoint inhibitor therapies developed, attacking the PD-1/PD-L1, have ap-
proved for a broad range of tumor therapy listed in Table 2. Furthermore, anti-PD-1 (nivolumab) and
ipilimumab combination therapy approved for the treatment of advanced melanoma with favorable out-
comes compared with either monotherapy. The CTLA4 and PD-1 (negative costimulatory molecules)
attenuate T-cell activation also learn the conceptual advancement and is related to the mechanisms of
action of anti—PD-1 and anti-CTLA4 therapies in the context of antitumor immunity. (Table 3, Figure 2.)

Figure 2. Stimulatory and inhibitory co-receptor. A partial list of currently known stimulatory and in-

hibitory T-cell co-receptors are shown together with their cognate ligands.
HVEM: Herpes Virus Entry mediator

T Cells
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Mechanisms of CTLA4-Mediated Negative Costimulation

T-cell activation is linked with CTLA4 expression and immediately overexpressed after T-cell recep-
tor (TCR) engagement (signal 1), with its expression reaching a peak 24 to 72 hours after (Walunas et
al., 1994, Brunner et al., 1999). CTLA4 decreases TCR signaling by competing with the costimulatory
molecule (CD28 for the B7 ligands B7-1 (CD80) and B7-2 (CD86) (Linsley 1994, Linsley 1991, van der
Merwe 1999), both B7-1 and B7-2 impart positive costimulatory signals through CD28 (Lanier, 1995).
signal 2), competitive inhibition of both B7-1 and B7-2 molecules by CTLA4 is essential to impair the
T-cell activation effectively.

Table 3. The FDA-approved Checkpoint Inhibitor therapies used in different cancers (Wei et al., 2018)

Therapeutic agent Cancer type FDA approval year
Ipilimumab Melanoma 2011
Nivolumab Melanoma 2014
Pembrolizumab Melanoma 2014
Nivolumab Non-small cell lung cancer 2015
Pembrolizumab Non-small cell lung cancer 2015
Ipilimumab + nivolumab Melanoma (BRAF wild-type) 2015
Ipilimumab Melanoma (adjuvant) 2015
Nivolumab Renal cell carcinoma 2015
Nivolumab Hodgkin lymphoma 2016
Atezolizumab Urothelial carcinoma 2016
Nivolumab Head and neck squamous cell carcinoma 2016
Pembrolizumab Head and neck squamous cell carcinoma 2016
Ipilimumab + nivolumab Melanoma (any BRAF status) 2016
Atezolizumab Non-small cell lung cancer 2016
Pembrolizumab Hodgkin lymphoma 2017
Avelumab Merkel cell carcinoma 2017
Avelumab Urothelial carcinoma 2017
Durvalumab Urothelial carcinoma 2017
Nivolumab Urothelial carcinoma 2017
Pembrolizumab Urothelial carcinoma 2017
Pembrolizumab MSI-high or MMR-deficient solid tumors of any histology 2017
Nivolumab MSI-high, MMR-deficient metastatic colorectal cancer 2017
Ipilimumab Pediatric melanoma 2017
Nivolumab Hepatocellular carcinoma 2017
Pembrolizumab Gastric and gastroesophageal carcinoma 2017
Durvalumab Non-small cell lung cancer 2018
Ipilimumab + nivolumab Renal cell carcinoma 2018

10

- printed on 2/11/2023 1:15 AMvia .

Al'l use subject to https://ww. ebsco.conitermns-of-use




EBSCChost -

Cancer Immunotherapy

At the immunologic synapse, CTLAA4 is stabilized by B7 ligand binding, allowing it to accumulate
and effectively outcompete CD28 (Pentcheva-Hoang, 2004). The CTLA4 attenuates positive costimula-
tion by CD28 and thus limits CD28 downstream signaling, which is primarily mediated by PI3K and
AKT (Kane, 2001, Pages 1994), results in strong regulation of TCR signal amplitude and, thus, T-cell
activity. The scientist has reported biallelic genetic deletion of Ctla4 leads to massive lymphoprolifera-
tion that mice succumb to death at 3 to 4 weeks of age (Chambers et al., 1997, Waterhouse et al., 1995,
Tivol et al., 1995), as its central role in regulating T-cell activation, negative costimulation by CTLA4
is critical for tolerance.

The cell-extrinsic suppressive function of CTLA4 mainly mediated through Tregs (Friedline 2009,
Read, 2006). Therefore, specific loss of CTLA4 in Tregs is sufficient to induce aberrant T-cell activation
and give rise to autoimmunity (Wing et al., 2008; Jain et al., 2010), indicates that Treg-derived CTLA4
is very important to maintain immunologic tolerance, although it is unlikely that Treg-derived CTLA4
is enough to maintain T cell-mediated tolerance. Refer to Table 4 and Figure 1 and 2. CTLA4 expression
mechanism by Treg cells may attenuate T-cell activation in a cell-extrinsic manner by limiting the avail-
ability of the B7 ligands B7-1 and B7-2 for CD28-mediated positive costimulation of nearby effector T
cells. CTLA4 also has cell-extrinsic contributions within the effector compartment. CTLA4 expressed
by effector T cells can compete for B7 ligands in trans (Corse et al., 2012).

Mechanisms of PD-1-Mediated Attenuation of T-Cell Activity

The primary functions of PD-1 are to maintain peripheral tolerance and maintain T-cell responses within
a desired physiologic range. PD-1 regulates the activation of T-cells by interacting with PD-L1 and PD-
L2 (Latchman et al., 2001; Freeman et al., 2000; Dong et al., 1995). Importantly, PD-1 expressed upon
activation of B and T lymphocytes (Agata 1995). Further, PD-1 ligands expression is widely present in
the nonlymphoid tissues; PD-1 acts primarily to diminish the T-cell activation. In response to inflam-
matory cytokines, IFNy, the PD-L1 gets overexpressed and to a lesser degree of PD-L2. Hence, PD-1
regulation of T-cell activity occurs in response to cytolytic and effector T-cell function in an inducible
manner. This molecular mechanism reflects a contrast in the regulation approach utilized by the involve-
ment of CTLA4 and PD-1 (Table 4). This report suggests the PD-1 directly regulates TCR signaling to
attenuate T-cell activity. However, recent evidence indicates that CD28 is a primary target for PD-1—in-
duced attenuation of T-cell signaling (Hui et al., 2017). Functionally, PD-1 is crucial for homeostasis of
peripheral tolerance, as suggested by the autoimmune disease that develops on the genetic deletion of
Pdcd1 genes, which encodes for PD-1 proteins. The loss of Pdcd1 gene leads to the induction of autoim-
mune disease (lupus-like) dilated cardiomyopathy in BALB/c mice and aged C57BL/6 mice autoimmune
(Nishimuraetal., 1999,2001). Recent studies evident new functional roles for the PD-1/PD-L1 signaling.
For instance, macrophage expression of PD-L1 may lead to ongoing eviction of T cells from the tumor
microenvironment (Kortlever et al., 2017), suggests that PD-1 signaling may regulate T-cell trafficking
and migration and tumor cell-intrinsic function (Kleffe et al., 2015). Future studies are needed to study
the degree to which such mechanisms contribute to therapeutic efficacy noncanonically.
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Chimeric Antigen Receptor T Cells (CAR-T) in Cancer Immunotherapy

The next generation of T cell therapy took the form of autologous T cells derived from the patient and
harvested from tumor sites. These tumor-infiltrating lymphocytes (TILs) are stimulated in vitro and re-
delivered to the patient to induce an endogenous anti-tumor immune response (Figure 4) This therapy’s
efficacy has limited, owing logistically to difficulty in T cell isolation from tumors, as well as difficulty
generating sufficient active cytotoxic T cells from TIL harvests, perhaps due to T cell exhaustion in-
duced by the tumor and tumor microenvironment (Wherry & Kurachi, 2015). The CAR-T cells concept
first discovered by Eshhar (Gross et al., 1989). The CAR has both extracellular domain (from Mab)
and intracellular domain CD3( (T-cell receptor component for downstream signaling pathways) and
a costimulatory domain (usually 4-1BB or CD28) that allows the T-cells to have sustained antitumor
activity. It is now globally revolutionizing for haemato-oncology patients treatment, with the first two
CAR-T cell products licensed by the FDA in 2017 (Listed in Table 1)

CAR-T cell therapy is one of the most promising immunotherapy techniques of cancer treatment
involving Chimeric Antigen Receptor T cell. It is a cell-based technique used in personalized tumor
therapy using the patient’s white blood cells such as T cells (autologous T-cells) specific for a tumor
antigen after ex vivo modification and expansion infuse to the same patients (Kochenderfer et al., 2010).
CAR-T therapy mainly use in clinical trials now (Table 1). The CAR-T-cells are supposed to keep work-
ing for years, so cancer shouldn’t come back. Nevertheless, some experts say it’s too early to know if
that will happen.

How to make CAR-T cells? (Illustrated in figure 3)

a)  First, collect the T cells from the cancer patients

b) Treat the T cells in the laboratory and modify it genetically

c) Make special receptors called CARs that are chimeric antigen receptors

d) Now CARs allow the T cells to recognize an antigen (or marker) at the surface of cancer cells and
activate T cells.

e) Now, this chimeric T cells to kill these cancer cells.

f)  Then infused back into the patient’s blood.

g) These CAR-T cells can recognize and destroy certain cancers.

The progression of cancer recognition and immunity typically cycles through the release of TAAs,
presentation of TAAs by APCs, priming of T cells by activated APCs, migration of T cells back to the
tumor, killing of tumor cells by T cells, and release of more TAAs. NP approaches to cance immuno-
therapy should focus on improving the progression of these steps via delivery of antigen and immune
modulators that increase response and reduce immunosuppressive mechanism.

Steps for CAR-T Cells Preparation and Treatment

This technique is simple, but its completion required a few hours steps listed in (Figure 3)

Collection of T-cell: A particular machine is required to collect T cells from the patient’s blood. The
separation of WBC from the whole blood is called leukapheresis (a particular type of apheresis). In this
case, two iv.(intravenous) lines used in the arms veins. One iv. carries blood to the machine, and the
other returns blood to the body.
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Figure 3. Cancer immunity cycle
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Step 1: Patients can lie on the bed or sit in a reclining chair. Patients can relax or can do some work like
listen to music, read, work on computers.

Step 2: T-cell modification. Now the separated WBC containing T-cells can be transferred to a labora-
tory where a new gene added, which makes the cells sprout, unique surface proteins. The chimeric
antigen receptors, or CARs, allow the T cells to spot and attach to antigens on tumor cells. The
lab grows of millions or billions of these new cells. The new cells now called CAR T cells. The
procedure usually takes a few weeks, though the time can be different for each person.

Step 3: Treatment with Low-dose chemotherapy. Patients may get a low dose of chemotherapy for a
few days to cut back on other immune cells while waiting for the CAR-T cells to grow. This che-
motherapy can reduce the spread of tumor cells.

Step 4: Infusion. The frozen CAR T cells can ship to the hospital or cancer center where patients
treated. It is like a blood transfusion technique; CAR-T cells put back in the patient’s vein in the
arm through an iv.

The CAR-T cells will do a better job finding cancer. Furthermore, once they start attacking tumors,
CAR-T can multiply so that more cancer cells targeted.

Step S: Recovery. Two to three months needed to recover from CAR T therapy.
After discharge from the hospital, patients advised staying near the hospital for at least the first month

so the treating doctors could watch for side effects and complications. Patients gradually recover, may
feel very tired, and less desire for food. It needs to ease back into a healthy life slowly.
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Why CAR-T Cell Therapy?

CARs are fusion proteins of one or more T-cell receptor intracellular signaling domains and selected a
single-chain fragment variable domain from a specific monoclonal antibody. Now, genetic modification
of this T-cell may be carried out either via viral-based gene transfer methods or nonviral methods, for
instance, a direct transfer of transcribed-mRNA in vitro by electroporation or CRISPR/Cas9 methods.
The FDA approved CAR-T therapy in the year 2017. It approved for the treatment of acute lymphocytic
leukemia (ALL) in kids and young adults and certain types of adult non-Hodgkin’s lymphoma. The
clinical trials are going on for the testing of other types of blood cancer. This therapy is different from
stem cell therapy or other cancer therapies. Cancer patients who have a history of relapsed or refractory
may be eligible for CAR-T therapy (Table. 3)
CAR-T therapy used for the treatment option of:

1. Relapsed, refractory B-cell acute lymphoblastic leukemia
2. Relapsed, refractory B-cell non-Hodgkin’s lymphoma
3. Other types of cancers and medical conditions

Conditions for CAR-T Therapy
These are FDA-approved conditions for CAR-T cell therapy:

i) B-cell precursor acute lymphoblastic leukemia (ALL), in people up to 25 years of age
ii)  Diffuse large B-cell lymphoma (DLBCL)

iii) Primary mediastinal large B-cell lymphoma

iv) Large B-cell lymphoma transformed from follicular lymphoma

v)  High-grade B-cell lymphoma

vi) Aggressive B-cell lymphoma not otherwise specified (NOS)

Surgery, chemotherapy, radiotherapy (chemo-radio), and stem cell therapy for hematological can-
cer are always the first choices of cancer treatments. However, if they fail to respond after at least two
tries, or cancer relapses after treatment, CAR T may be an option for few patients, it could be the last
chance for survival and cure. During the body’s immune surveillance system, occasionally, T cells
fail to recognize and act on the tumor cells because it’s too much like healthy cells or fails to launch a
full-on attack, which allows cancer to grow unlimitedly. That’s where CAR T comes in. It powers up
the immune system by adding a specific receptor, so it’s easier for T cells to find and latch onto cancer
cells. CAR-T is known as autologous immunotherapy because it uses the body’s immune system, and
therefore, a donor is not required.

Possible Side Effects CAR-T Therapy

Side effects are generally reversible. Most of these side effects go away, but they can be life-threatening
for some people. CAR-T cell infusion requires the patients to stay in the hospital for days to weeks to
monitor and manage side effects. Typically, the reaction happens within hours to days after the infusion.
CAR-T is affecting the immune system as well as other changes in the body.
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Side effects may include:

i)  Cytokine release syndrome (CRS): In many clinical trials of the licensed products, 57-97% of
patients found with CRS (Maude et al., 2018; Neelapu et al., 2017; Schuster et al., 2017), which
leads to 47% patient admission in intensive therapy unit (ITU) (Maude et al., 2018).

The CRS causes fever, fast heart rate, low blood pressure, and low blood oxygen and breathlessness.
When CAR T-cells start attacking tumor cells and elicit an immune response in the patients. Hence,
for some people, CRS may feel like a bad case of flu. CRS can be treated by prescribing an arthritis
medicine named tocilizumab (Actemra).

ii) Low blood counts from the conditioning chemotherapy

iii) Neurologic effects known as neurotoxicity, which can cause confusion, tremors, or difficulty with
communication. It usually happens in the first two months after CAR-T infusion

iv). Serious infection. CAR T cells can also kill the B cells, resulting in a decrease in fighting with
germs and foreign invaders, therefore, more likely to get serious infections.

v)  Development of new cancer. After CAR T therapy, the patient may get a new type of cancer, or old
cancer might reoccur. So, Doctors should watch for signs of disease for the rest of their life. The
long-term toxicity of CAR-T cell therapy still needs to study. Discuss with the clinician about the
potential risks of treatment.

Enhancing Cancer Inmunotherapy With Nanomedicine

Nanomedicine is the therapeutics composed of or formulated in carrier materials typically smaller
than 100 nm. Nanomedicine originally developed was to increase the uptake of chemotherapy agents
by tumors and to reduce their off-target toxicity. Many studies found that a nanoparticle (NP) linked
with chemotherapeutic drugs some encouraging result, many NP approved for the treatment of differ-
ent cancer types (Laprise-Pelletier, 2018, Figure 4). The conceptualization of chemotherapeutics into a
nanoparticle has several advantages over the standard chemotherapy. The sustained bioavailability of a
low molecular weight drug is increased by its formulation in the nanoparticle, whereas a nanosized drug
carrier minimizes their elimination through the liver or kidney (Matsumura, 2008). The permeability
and accumulation of chemotherapeutical nanoparticle are passively targeting the tumor tissue resulting
in low systemic toxicity and increased drug concentration inside more than the treatment with standard
chemotherapy (Maeda et al., 2000).

To date, a variety of NP structures have been used as vehicles to deliver a broad spectrum of molecular
cargos, stabilize their cargoes’ biological activity, increase cargoes’ solubility in biological fluids, and
reduce systemic side effects. Indeed, several NP-based formulations delivering cytotoxic drugs have proven
successful in the clinic (Shao, 2015). Thus, NPs provide ideal immunotherapy delivering candidates to
overcome the associated challenges. Nanoparticles improve the pharmacokinetics and biodistribution
of their cargo, which can reduce side effects. General approaches for improving NP pharmacokinetics
and biodistribution include maintaining the size around 100 nm, keeping the Zeta-potential within ten
mV, and grafting PEG onto the particles’ surface (Wilhelm et al., 2016). Besides, NPs can target and
stimulate the immune system, thereby producing cytokines that mediate humoral and cellular immunity.
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Figure 4. Steps in CAR-T cell therapy; 1. Collection of Blood, 2. Isolation and reprogramming of T cells,
3. Multiplication, 4. Injection, 5. CAR T function
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Today, a variety of NPs, including VLPs, cationic liposomes, dendrimers, micelles, gold NPs, are used
for cancer vaccination and immunomodulator delivery. (Figure 4)

Activation of Dendritic Cells (DCs) Through NPs

DCs are the immune system’s professional APCs capable of promulgating a host of antigen-specific im-
mune responses against pathogens. Thus, immunotherapeutic strategies utilize DCs to present antigens
as a means of cell-mediated therapeutic vaccination in individuals with advanced malignancies (Anguille
et al., 20014). In this strategy, DCs are trained ex vivo with antigens then adoptively transferred back
into patients for vaccination. Despite demonstrating an increase in antigen-specific CTL responses after
immunization at metastatic tumor sites, this method still lacks examples of clinical therapeutic effective-
ness in many advanced tumors (Anguille, et al., 2014). Furthermore, this strategy can prove technically
challenging and expensive (Liu, & Irvine, 2015; Palucka &Banchereau, 2012; Sehgal et al., 2014; Cruz
et al., 2012). Therefore, in situ DC targeting with antigen and adjuvant laden NPs loaded with antigens
and adjuvants may significantly improve the clinical applications of DC-mediated immunotherapies
(Sehgal, et al., 2014).

DCs in Vivo

Maji et al. (2016) investigated the role of cationic liposomes on the maturation and antigen presenta-
tion capacity of DCs. They found that cationic liposomes were taken up more efficiently by DCs and
transported to different cellular sites for MHC processing than anionic liposomes and neutral liposomes.
Rietscher et al. evaluated the use of hydrophilic polyethyleneglycol (PEG)-b-PAGE-b-poly (lactic-co-
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glycolic acid) (PPP) as a platform for prophylactic vaccination (Rietscher et al., 2016). When PPPs loaded
with model ovalbumin (OVA) antigen, they found that T cell activation by APCs significantly increased
in vitro compared to delivering the free and soluble OVA antigen.

DCs Targeting

The TME has several unique physiological characteristics that complicate immunotherapy, including
irregular vascularization, hypoxic conditions, low extracellular pH, and increases in proteolytic activity
(Estrellaetal., 2012). Furthermore, the TME can produce an immunosuppressive environment by releas-
ing soluble cytokine mediators and attracting immune suppressive cell types, such as tumor-associated
macrophages (TAMs), regulatory T cells (Tregs), and myeloid-derived suppressive cells (MDSCs) (Dunn
et al., 2004). These features of TME are associated with treatment resistance and poor clinical prog-
nosis. Therefore, new cancer immunotherapeutic approaches demand control over the TME to reverse
the immunosuppressive conditions. Using NPs to target immunosuppressive cells in the TME offers a
promising strategy to eliminate this tumor-induced immunosuppression.

Virus-Like Particles (VLPs)

Virus-like particles (VLPs) are highly versatile NPs (20—100 nm) derived from viruses that cannot replicate
(Buonaguro et al., 2011). VLPs can be easily engineered via site-directed mutagenesis or bioconjugation
to load immunogenic ligands, target immune cells, or augment vaccine efficacy (Smith, 2013). Today,
the majority of VLP-based vaccines are in clinical development against viral pathogens, such as HIV
and HPV (Zhang et al., 2015). However, Lizotte et al. recently demonstrated that inhalation of VLPs
generated from cowpea mosaic virus (CPMV) reduced lung metastases of established B16F10 melanoma
and generated potent systemic anti-tumor immunity against relatively non-immunogenic B16F10 in the
skin (Lizotte et al., 2016). These VLPs also promoted anti-tumor immune effects in ovarian, colon, and
breast cancer models at various locations (e.g., subcutaneous, lung, mammary pad). Li et al., reported the
recombinant bacteriophage MS2 VLPs, whose coat protein engineered to bind prostate acid phosphatase
antigen mRNA via a 19-nucleotide RNA aptamer, induced robust immune responses and protected mice
against prostate cancer challenge (Li et al. 2014).

Cationic Liposomes

Cationic liposomes have been used extensively as immunotherapy and vaccine delivery systems, es-
pecially for nucleic acids, to enable prolonged therapeutic and antigen delivery. (Bal et al., 2011). In
Zhou et al.’s study, cationic liposomes complexed with CpG (CpG lipoplex) prevented the proliferation
of tumor cells, prolonged the survival time of tumor-bearing mice induced higher IFN-y production
compared to naked CpG (Zhou et al., 2010). In another study, Mansourian et al. demonstrated that
1,2-dioleoyl-3-trimethylammonium propane (DOTAP)-cholesterol-dioleoylphosphatidylethanolamine
(DOPE) liposomes loaded with p5 antigenic peptide and CpG greatly enhanced CTL responses and in-
hibited tumor progression compared to soluble p5 and CpG30. Zaks et al. assessed the adjuvant vaccine
effects of cationic liposomes complexed to TLR agonists in mice (Zaks et al., 2006). They found that
cationic liposomes complexed to nucleic acids were particularly useful adjuvants for eliciting CD4+ and
CD8+ T cell responses against peptide and protein antigens compared to control treatment.
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Gold NPs

Gold NPs (Au NPs) readily phagocytosed by mononuclear cells (Ahn et al., 2014). As a result, Au NPs
have several favorable characteristics as nanocarriers for antigen delivery. Jon Sangyong’s laboratory
reported that intramuscular administration of Au NP-based cancer vaccines could enable effective can-
cer prevention and treatment in vivo (Lee et al., 2012). In their study, a large proportion of injected Au
NPs carrying antigens drained into the local LNs. Besides, Au NPs induced active humoral and cellular
immunity against an endogenous TAA. Thus, Au NPs immune simulating effects could serve as vac-
cine platforms for cancer therapy without additional adjuvants. Almeida et al. demonstrated that Au NP
delivery of OVA (Au NP-OVA) and of CpG (Au NP-CpG) enhanced the efficacy of both agents and
induced strong antigen-specific responses (Almeida et al., 2015). Besides, Au NP-OVA delivery without
CpG was sufficient to promote significant antigen-specific responses, subsequent anti-tumor activity,
and prolonged survival in vivo tumor models (Almeida et al., 2015. The results again point to Au NPs
as a possible self-adjuvant platform. Ma et al. synthesized SM5-1-conjugated Au NPs (Au-SM5-1 NPs)
and investigated their anti-cancer efficacy in hepatocellular carcinoma. Compared with SM5-1 alone,
Au-SM5-1 NPs significantly inhibited the tumor growth of both subcutaneous and orthotopic hepatocel-
lular carcinoma tumor models (Ma et al., 2016).

The future clinical translation of NP-based approaches will undoubtedly require further optimization
of nanostructure parameters, such as the stability, biodistribution, pharmacokinetics, toxicity of com-
ponent compounds (e.g., cationic dendrimers), and size. However, the ever-increasing understanding
of immunology and nanotechnology will undoubtedly engineer remarkable mechanisms to modulate
immune responses.

Vaccines in Cancer Immunotherapy

Vaccines constitute active immunotherapy against cancer. Most vaccines aim to enhance an immune
response against a tumor employing tumor antigen-specific cytotoxic T lymphocytes (CTLs) because
these cells can directly kill malignant cells. (Eriksson, 2008). The vaccines researchers used several
tumor antigens, including cell-surface molecules (proteins, peptides or lysates) and cells or autologous
tumor cell lines or lysates of allogeneic (Dillman, 2011).

The ideal target for cancer vaccines is Tumor-specific antigens (TSAs) because these antigens are
critical molecules for cancer progression and tumorigenesis. The tumor-associated antigens (TAAs) are
not specific and can be found in tumors with the same histology and tumors of different origins and even
in specific healthy cells. (Bele, 2012). TAAs trigger only a weak immunological response compared to
TSA, due to self-antigen tolerance (Vergati, 2010).

Currently many cancer vaccines available including recombinant life (viral or bacterial) vector vac-
cines, nucleic acid vaccines (RNA or DNA or replicon), peptide vaccines, whole-cell vaccines (DC- or
tumor cell-based), viral-like particle (VLP) vaccines, edible vaccines and combined approaches (e.g.,
prime-boost vaccination). (Bolhassani et al.,2009; Palena, 2006).

Certain vaccines autologous or allogeneic tumor cells removed by surgery and treated in the labora-
tory, generally using radiation (to avoid neoplasia formation). In some instances, the cells can modify
by adding chemicals or new genes so that the immune system recognizes them as foreign, after which
the cells injected into patients. However, tumor cell vaccines can potentially cause autoimmunity and
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anergic status of T cells increased because of devoid of costimulatory molecules on the tumor cells.
(Kumar, 2010).

Cancer vaccines can also develop using single proteins or combinations of proteins, including heat
shock proteins, peptides, anti-idiotype antibodies, and fusion proteins. Other advantages of these vac-
cines are that their production, storage, and distribution easy and that their cost-effectiveness is higher
than that of tumor cell-based vaccines (Vergati, 2010). Additionally, TSAs are preferable because these
antigens can produce a more personalized immune response to the tumor cells. Nevertheless, the problem
is, such vaccines can start an autoimmune reaction, therefore, the specific human leukocyte antigen limit
the use of vaccines’, Furthermore, the immunogenicity is weak in a single protein and the low capacity
for evenly activating CD4 and CDS8 receptors (Bele, 2012).

Vector-based vaccines develop to introduce recombinant genes (TAAs, cytokines, or costimulatory
molecules) on different vectors such as viruses, bacteria, or yeast into antigen-presenting cells (APC).
11 The professional APCs can now elicit an immune response against the tumor cells. Also, the vectors
have a lower cost of production than proteins or whole-tumor cell vaccines. Nevertheless, individual
vectors can provoke an immunological reaction against themselves. The significant vectors in use are
vaccinia, adenovirus, Saccharomyces cerevisiae, Salmonella, and Listeria monocytogenes. (Gulley, 2010).

DNA vaccines based on the capacity of vectors to transport DNA that encodes protein antigens and
inserts them into immune cells, which instructs the cells on how to initiate the desired response against a
tumor. DNA vaccine has several edges, for example, the possibility of mobilizing both the cell-mediated
(CMI) and the antibody-mediated (humoral arms) immune response in the animals; more accessible and
less expensive production than protein-based vaccines; and transgene expression that to happen over a
long period, which avoids the repetitive booster vaccinations dose. However, in early clinical trials, DNA
vaccines have not adequately induced a robust immune response, demonstrating low immunogenicity
(Aldrich et al., 2010; Schlom, 2012).

Cancer vaccines may be two types (a) prophylactic cancer vaccines: in which cancer vaccines can
prevent infection by oncolytic viruses. (b) therapeutic cancer vaccines: the development of cancer in
high-risk individuals to treat existing cancer (Bolhassani et al., 2011). Many challenges in making a
prophylactic vaccine are that there are several strains of the virus. Nevertheless, certain prophylactic
vaccines, such as the human papillomavirus (HPV) vaccine, have already shown excellent results. These
vaccines largely invented to perceive the etiologic carcinogenic agents, viz. HBV, which is responsible
for HCC (hepatocellular carcinoma). The HPV vaccine, made of a recombinant L1 protein that forms a
VLP, is strain-specific and intended to prevent approximately 70% of cervical cancer cases by preventing
infection with just two oncogenic strains, HPV 16 and 18 (Armstrong, 2010). Examples of HPV-associated
cancer vaccines are Cervarix MEDI 51 and the quadrivalent HPV vaccine. Moreover, the second is used
to prevent genital warts caused by HPV 6 and 11 and is expressed in yeast, whereas Cervarix expressed
in baculovirus (Bharadwaj, 2009). Therapeutic vaccines mainly aim to prime antigen-specific T cells and
reprogram memory T cells, effectively transforming one type of immunity into another (e.g., regulatory
to cytotoxic). (Palucka et al., 2011) Nevertheless, therapeutic vaccine engineering may encounter several
barriers, including the incomplete knowledge of tumor physiopathology and the variable immune response
to antigens. A therapeutic vaccine currently on the market is sipuleucel-T, designed to treat castrate-
resistant (hormone-refractory) prostate cancer. This vaccine is composed of many types of leukocytes,
such as monocytes, T and B lymphocytes, and macrophages; because of this complex composition, the
vaccine’s precise mechanism of action is unknown. (Dillman, 2011) Sipuleucel-T received FDA approval
after 225 patients experiencing advanced metastatic androgen-independent prostate cancer survived ap-
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proximately four months longer than the control group in a clinical trial. (Higano, 2009) The success of
sipuleucel-T, despite the side effect of flulike symptoms and the expensive cost, can only be the start of
arise of success in the area of cancer vaccines (Nemunaitis, 2011).

Future Perspectives of Cancer Inmunotherapy

The advancement in cancer therapy has been seen remarkably from 1980 to date, have given new faith
for cancer patients with poor prognosis. These advancements were possible with the support of new
technology like biotechnology, bioengineering as well as nanotechnology. In the beginning, hybridoma
technology was developed then with progressive development in science and technology to produce
many recombinant drugs with more specificity, effectiveness, and lower side effects. The first recombi-
nant immunostimulants used was IFN-a, which augment the immune nonspecifically to kill the cancer
cells. Further, IL.-2 was being used as an adjuvant in cancer vaccines to enhance the effective response
on cancer immunity.

Surgery, chemotherapy, radiotherapy (chemo-radio), and stem cell therapy for hematological cancer
are always the first choices of cancer treatments. However, if they fail to respond after at least two tries,
or cancer relapses after treatment, CAR T may be an option for few patients, it could be the last chance
for survival and cure. These days, different antibodies and their fragments are available in the market
due to high specificity and good clinical response, whether used singly or in combination with drugs,
toxins or radionuclides to enhance the benefit of cancer patients like nanomedicine to meet with chal-
lenges of limited efficacy and significant toxicity. NP approaches to cancer immunotherapy should focus
on improving the progression of these steps via the delivery of antigen and immune modulators that
increase response and reduce immunosuppressive mechanisms. Nanomedicine is a unique advantage for
drug-delivery vehicles for cancer therapeutics. Forimmuno-oncology applications, cancer nanomedicine
can be developed beyond drug-delivery platforms. A greater emphasis on actively modulating host an-
ticancer immunity using nanomaterials provides new avenues for developing novel cancer therapeutics.
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With the evolution of the tissue system and division of function among differentiated cells/tissues, the
property of controlled cell growth also evolved in animals. It is when this very control is lost that can-
cers develop. The immune system’s ability to distinguish between self and non-self is central to imped-
ing cancer progression. However, cancer cells in time can develop multiple ways of escaping immune
control. Even today, cancer remains a disease of baffling complexity on account of its diverse origin
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and pathogenesis. Classical methods like surgery, radiation, and chemotherapy have failed to make
the cut as idyllic therapy, especially considering the encumbering side-effects and high failure rate.
Alternative therapeutic strategies that exploit the immune system itself have proved promising. One of
these is monoclonal antibody therapy. In this chapter, the relationship between the immune system and
cancer and various forms of immunotherapy are discussed in detail.

CANCER: AN OVERVIEW

‘Cancer’ is a generic term for a large group of diseases typified by the unrestrained growth and spread of
abnormal cells. This is the result of a multistage process involving the transformation of normal cells. A
failure to contain the progression from a pre-cancerous lesion to a malignant tumour and its subsequent
spread throughout the body can prove fatal. As of 2018, an estimated 9.6 million deaths were attributed
to it, making it the second leading cause of death at the global level. Around 70% of these deaths occur
in low- and middle-income countries; the reason being a lack of timely and quality diagnosis and treat-
ment. [WHO, 2018]

Onset of cancer may be initiated by inherited or acquired genetic mutations, such as translocation,
chromosomal gain/loss, or changes in glycosylation; or epigenetic alterations like DNA methylation.
They occur in oncogenes and tumour suppressor genes, recognized as promoters and inhibitors of cell
growth, respectively [Pinho & Reis, 2015; Sharma et al.; 2010; Akhavan-Niaki & Samadani, 2013]. Be-
sides, many risk factors have also been identified, which may contribute to the occurrence and growth of
cancer. These may be changeable or avoidable e.g. dietary and behavioural factors, infectious diseases;
or are unchangeable-like immune deficiencies. [American Cancer Society]

Certain terminologies must be considered while dealing with the field of oncology. A mass of
anomalous cell growth is called a ‘tumour’. It is can be either ‘benign’ if localized at the site of origin
(primary site), or ‘malignant’. cancerous, with ability to migrate and invade other locations of the body
(secondary site) [Lodish et al., 2000]. The latter is the result of ‘metastases’, and is the main cause of
deaths linked to cancer [Chambers & Werb, 2015].

Metastases is a multi-step cascade whereby the cancer cells from lone solid tumours acquire distinct
characteristics over time; thus, enabling their escape from the primary site, followed by dissemination
through the circulation and finally, colonization of distant organs. [Chambers & Werb; 2015, Lambert
et al., 2017; Gonzalez et al., 2018]. Metastases remains a significant hindrance in the treatment and
complete cure of cancer [Weigelt et al., 2005]. The process is summarized as follows:

First, is the invasion of the local tissue at the primary tumour site by the metastatic cancer cells. These
cells secrete enzymes like matrix metalloproteinases that degrade extracellular matrix proteins, allow-
ing them to detach from the primary site. This is followed by intravasation into blood or lymph vessels.
Here, only the cancer cells that survive migrate through the blood circulation or lymphatic flow using
signalling mechanisms and reach distant secondary sites. The adaptation and proliferation of these cells
requires sufficient supply of nutrients and oxygen, along with waste removal. This is afforded by the
induction of angiogenesis, which is regulated by a wide variety of cytokines, interleukins and growth
factors [ Hanahan & Weinberg, 2011; van Zijl et al., 2011; Pantel & Brakenhoff, 2004; Reymond et al.,
2013; Rundhaug J. E., 2003; Nishida et al., 2006; Blanpain C., 2013].
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Cancers are classified based on site of origin. ‘Carcinomas’ and ‘sarcomas’ originate from the epi-
thelium and mesenchyme respectively, while glands give rise to ‘adenocarcinomas’ [Blanpain C., 2013].
Those that arise in the bone marrow are called ‘myelomas’ or ‘leukaemia’s’; whereas those that are within
the lymphatic system and found to have an effect on lymphoid organs are known as ‘lymphomas’ [Sehn
L. H., 2015; Fermand et al., 1958].

In view of the variation in cancer pathophysiology and pathogenesis, consequently there exist dif-
ferences in treatments.

CANCER AND THE IMMUNE SYSTEM

The immune system is indispensable in the protection of an organism against infection and trauma; from
aggressors of exogenous and endogenous origin [Candeias & Gaipl., 2016].It was Rudolph Virchow who
first discovered the relation between the immune system and cancer in the 1860’s [Adams et al., 2015].
In recent years it has become evident that both, the innate and adaptive immune system play a role in
not only the curbing, but also as the promotion of cancer development.

The complex dynamic mechanism of ‘immunoediting’ maintains the balance between immune sur-
veillance and cancer progression. It is principally composed of 3 phases that aid the cancer elimination,
dormancy and escape respectively; namely, elimination, equilibrium, and escape [Schreiber et al., 2011].

Given that the purpose of this chapter is to enlighten one on the utilization of the immune system
for cancer therapy, it is critical to first and foremost comprehend the immune system and its role in
oncogenesis; which will be highlighted upon in this section (Fig. 1).

Figure 1. The process of immunoediting in cancer (Created with BioRender.com)
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The Immune Surveillance and Control of Cancer

The immune system prevents tumour formation in various ways. It works toward prompt elimination of
invading pathogens and resolution of the inflammatory response; this is because inflammation contributes
to tumorigenesis. It also attempts to stem viral infections so as to prevent the formation of virus-induced
tumours. Lastly, is ‘immune surveillance’, which is the ability of the immune system to specifically
recognize and eliminate tumour/cancerous cells via the TAAs they express [Swann & Smyth, 2011].

The theory of cancer immunosurveillance by Burnet and Thomas hypothesized that the immune
system can identify and terminate nascent transformed cells, thereby preventing neoplasia. However,
this idea gained strong support only with the use of genetically modified organisms as experimental
models; and immunosurveillance was recognized as a more generalized process in immunoediting. On
the other hand, the protective function of the immune system against tumour development in humans
particularly, was suggested by epidemiological studies involving transplant patients. They revealed that,
those receiving immunosuppressive treatments, were more likely to develop cancer [Dunn et al., 2002,
Dunn et al., 2004].

Direct immune-mediated tumour killing comprises two vital participants: CD8+ cytotoxic T cells
of the adaptive immune system, and NK cells of the innate immune system. This mechanism has been
found to act in the primary tumour [Corthay A., 2014] in addition to disseminated cancer cells.

Generally, host proteins are treated as ‘self-antigens’ by the immune system due to the normal state
of ‘immune tolerance’. But as tumour cells acquire a high number of mutations, they express mutated
proteins i.e. neoantigens or TAAs, which are identified as ‘non-self’. In addition to the direct alteration
of the antigen itself, changes may occur in protein quantity, processivity and subsequent presentation.
All in all, this favours recognition by the immune system, resulting in its activation and eventual killing
of tumour cells. [Mellman et al., 2011; Chen & Mellman, 2013].

On the tumour cell surface, TAAs are presented with MHC. Once the TAA-MHCI-complex is rec-
ognized by the CD8+ T cells via their antigen-specific TCR, they get activated. These CD8+ T cells
proliferate, and generate a pool of CTLs. The CTLs can identify the tumour cells expressing the TAAs
and bring about their apoptosis through granzymes and perforin, or even by Fas receptor-ligand interac-
tion. [Chen & Mellman, 2013; Janeway et al., 2001].

Nevertheless, the tumour cell recognition/killing ability of the CD8+ cytotoxic T cells warrants prior
priming; via their recognition of TAAs presented by APCs like DCs i.e. appropriate co-stimulation must
occur first. Thus, DCs present TAAs with MHC I which prime and activate CD8+ cytotoxic T cells; and
also, present TAA-MHC II complexes to activate CD4+ helper T cells. Cytokines like IL-2 and IFNs
are released by the activated CD4+ Th1 and Th2 helper T cells. Of these, particularly those secreted by
the Th2 cells play arole in CTL activation and response [Chen & Mellman, 2013; Janeway et al., 2001].

In contrast to the above, NK cells do not recognize TAAs, and priming is of no necessity. Rather,
via NCRs, NKG2D, CD16, DNAMI etc. which are NK cell receptors, they directly identify molecules
characteristically found on the tumour cells and other such stressed cells. For e.g. NKG2D binds to
MICA/B that may be expressed on the tumour cell. Generally, the normal expression of MHC I on
host cells makes them impervious to NK-mediated lysis; since they activate receptors on NK cells that
inhibit NK cell mediated apoptosis. However, the down-regulated expression of MHC by tumour cells
to evade immune recognition is identified as a ‘missing-self” state by the NK cells. Then, NK-induced
apoptosis takes place by any of these mechanisms: TNF-a induced release of perforin and granzymes; by
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Fas receptor-ligand interaction; by ADCC due to Fc receptorCD16; or by cytokines released e.g. IFN-y,
which then facilitates APC activation and maturation. [Wu & Lanier, 2003; Waldhauer & Steinle, 2008].

IFN-y signalling magnifies both specific immunity and general non-specific inflammatory response
against cancer. IFN-y signalling causes an upsurge in the expression of MHC I and stimulates MHC 11
expression on APCs. This increases their TA A presenting ability to T cells and consequently, an increased
CTL cell mediated tumour killing. Besides, IFN-y also broadly activates myeloid cell differentiation;
as well as ROS production by macrophages, neutrophils and NK cells and their secretion of inflamma-
tory cytokines. The latter enables recruitment of more innate and adaptive effector cells [Trinchieri &
Perussia, 1985; Farrar & Schreiber, 1993; Ding et al., 1988].

Thus, we see it is imperative to note that the TAAs that arise during oncogenesis are central to the
immune response against cancer.

Aside from the aforementioned, several other components of the innate and adaptive immunity also
influence the various facets of tumour initiation, growth/ rejection and metastasis. These diverse interac-
tions between the immune system and cancer cells are briefly described below.

Innate Immunity and Cancer

The innate immune system has the crucial task of attempting to mitigate cancer mediated inflamma-
tion, which furthers genomic instability, epigenetic modifications, proliferation and enhancement of
anti-apoptotic pathways in cancer cells, angiogenesis, and ultimately metastases. It also plays a part in
initiating the adaptive immune response. [Hanahan & Weinberg, 2011; Chen & Mellman, 2013; Dunn
et al., 2006]

Complement proteins are able to recognize TAAs on the surface of cancer cells, subsequently allow-
ing complement-mediated death [Pio et al., 2014].

Neutrophils have been found to both encourage and allay the progression of cancer. Their granules
contain proteases that facilitate metastases, as they aid cleavage of extracellular matrix proteins. Also,
enzymes such as NADPH oxidase are part of their phagolysosomes. They oxidize superoxide radicals
as well as other ROS. These ROS cause genetic modifications due to DNA damage, and therefore by
extension, promote cancer development; as well as disrupt tumour cell membrane by instigating cyto-
toxicity. [Gregory & Houghton, 2011].

Adaptive Immunity and Cancer

The adaptive immune system employs more specific mechanisms whilst targeting cancer, by exploiting
the effector functions of lymphocytes and APCs [Warrington et al., 2011].

CD4+ T cells recognise TAA-derived exogenous peptides presented by MHC class II molecules on
APCs; while CD8+ T cells recognize endogenous peptides derived from the TAA, presented by MHC
class I molecules on cancer cells [Chen & Mellman, 2013, Warrington et al., 2011].

When CD4+ T cells are activated by MHC II-TAA complexes on APCs, it primes them for successive
exposures to that precise TAA; accordingly, memory T cells are formed [Chen & Mellman, 2013; Harris
& Drake, 2013]. IL-2 produced during this activation process promotes T cell proliferation [Minami et
al., 1993].

Thymus-dependent (involving 2 types of signals between the T helper cells and B cells, namely; (i)
TCR with TAA-MHC II complex and (ii) a costimulatory signal due to CD40 ligand-CD40 interaction)
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or thymus-independent (in absence of the costimulatory signal) B cell activation will lead to secretion
of TAA specific antibodies. This results in initiation of cancer cell lysis via ADCC or CDC [Janeway
et al., 2001].

*DCs, y6 T cells, macrophages, and NKT cells act as bridge between the innate and adaptive im-
mune system. DCs and macrophages, act as phagocytes as part of the innate immunity, and as APCs in
adaptive immunity. NKT cells and y6 T cells partake in immune response against cancer cells via IFN-y
secretion. This activates the NK/CD8+ T cell effector functions, which then leads to cancer cell lysis
via granzymes or perforin. This cytotoxic effect can also be brought about by NKT cells’ interaction
with DCs via CD40 ligand-CD40 interaction; enabling the secretion of IL-12, which then activates NK/
CD8+ T cells.yé T cells on the other hand, have receptor NKG2D, which binds MICA/B on tumour
cells. This will promote perforin secretion, and consequently tumour cell lysis. Besides this, y6T cells
recognize TAAs through CD16Fc receptor; in order to mediate ADCC. These cells can also bind to heat
shock proteins and other self-antigens, found to be upregulated in the TME [Waldhauer & Steinle, 2008;
Terabe & Berzofsky, 2008; Palucka & Banchereau, 2012; Gogoi & Chiplunkar, 2013].

CANCER THERAPIES: TRADITIONAL AND NOVEL APPROACHES

Complete surgical removal of the primary tumour would ideally lead to full recovery; if not for the
presence of metastasis, which greatly complicates the treatment process. Chemotherapy and/or radia-
tion therapy are the standard treatments in use for cancer patients. [Davidson et al., 2014; NCI-Surgery
to treat cancer, 2015].

Chemotherapy makes use of cytotoxic drugs administered in oral or intravenous manner. Since this
is a systemic form of therapy, the drugs travel throughout the body and reach even the metastatic can-
cer cells that have spread far from the original tumour site. Chemotherapeutic drugs include alkylating
agents, nitrosoureas, antimetabolites, anti-tumour antibiotics, corticosteroids and inhibitors of topoi-
somerase and mitosis. Depending on their mechanism of action, these drugs target different phases of
the cell cycle. Due to their rapidly proliferating nature, cancer cells are better targets than normal cells
for chemotherapy. However, side effects are the norm, as normal cells like hematopoietic cells, cells of
the alimentary tract, reproductive cells and hair follicles are also likely to be damaged in the process.
[Olsen & Naseman, 2018; Andersin & Matey, 2018; Copur et al.,2018].

Radiation therapy exploits ionizing radiation in the form of high-energy electromagnetic wavelike
x-rays and gamma rays; or particulate forms like electron beams and protons. These create breaks in
the cellular DNA, and hence affect subsequent growth and proliferation of cancer cells in particular.
Still, this also damages the normal healthy cells nearby, leading to significant side effects. Like surgery
which is aimed only at the site where cancer is found, radiation is a local form of treatment; at least when
referring to external and internal (also named brachytherapy) radiation. This excludes systemic radia-
tion wherein radioactive drugs are given orally or intravenously [Morgan et al., 2018; NCI-Radiation
Therapy to treat cancer, 2019].

Aside from the crucial side effects caused by conventional therapies mentioned above, the most
critical drawback lies in their failure to treat cancer as a disease of great complexity and heterogeneity
[Dagogo-Jack & Shaw, 2018]. Hence, research in the field of oncotherapy is constantly geared toward
discovering novel efficient therapeutic approaches; particularly in the realm of targeted therapy.
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Nanomedicine has been shown to improve bioavailability, concentration and release profile of chemo-
therapeutic drugs at tumour site by providing biocompatible and biodegradable delivery systems [Martinelli
et al., 2019]. Similarly, extracellular vesicles which have been implicated in tumour microenvironment
modification and metastases, are now bioengineered as drug delivery vehicles [Kumar et al., 2016]. The
pro-apoptotic and anti-proliferative nature of natural antioxidants and phytochemicals resulted in their
use as adjuvants in anti-cancer therapies [Chikara et al., 2018; Singh et al., 2016]. Targeted therapy and
immunotherapy are widely being explored, due to its specific mode of action. The idea is to precisely
identify and attack certain types of cancer cells, leaving the surroundings unaffected, thereby reducing
side-effects [Bazak et al., 2015]. Gene therapy for the expression of pro-apoptotic and tumour suppressor
genes, and RNA mediated gene silencing of anti-apoptotic and oncogenes are being evaluated at clinical
trial level[Lebedeva et al., 2003;Shanker et al., 2011;Vaishnaw et al., 2010]. Invasive surgeries may be
substituted with precision methods like thermal ablation and magnetic hyperthermia [Brace C, 2011;
Hervault & Thanh, 2014]. Radiomics and pathomics are promising methods that manage data collec-
tion, therapy design and prediction of response, clinical outcome and cancer recurrence; by merging
information obtained during diagnostic and therapeutic procedures [Yu et al., 2016, Aerts H. J., 2016].

CANCER IMMUNOTHERAPY

Hanahan and Weinberg endeavoured to organize the complexities of cancer biology into a small num-
ber of commonly shared traits or hallmarks, namely: self-sufficient growth signalling, insensitivity to
anti-growth signalling, evasion of apoptosis, unlimited proliferative ability, sustained angiogenesis, and
invasion of neighbouring tissue and dissemination i.e. metastasis. The list was further extended by the
addition of another two hallmarks: escaping the immune response and reprogramming energy metabo-
lism [Hanahan & Weinberg, 2011; Hanahan & Weinberg, 2000]. Of these, it is the circumvention of the
immune response, that provides the basis for cancer immunotherapy.

Immunotherapy utilization as cancer treatment was first attempted by Coley in 1891. He injected
streptococcal extracts into cancer patients; with the intent of stimulating the immune system. The as-
sumption was that the infection so produced would consequently result in shrinkage of the malignant
tumour. He was successful in this trial, although his results were not accepted at the time, due to an
absence of adequate controls. Immunotherapy employs components of the innate and adaptive immune
system to target cancer cells. The chief objective is to re-activate and /or direct the patient’s immune
response which has been silenced or evaded by the cancer [Adams et al., 2015; Mellman et al., 2011;
Hoos & Britten, 2012; Visage & Joubert, 2010].

Immunotherapy has the Following Advantages

First and most importantly, side effects of conventional therapy are avoided due to its specificity of action.
Metastatic cancer and cancer stem cells can also be targeted in the event of appropriate stimulation of the
immune system. Furthermore, activated and tumour-specific immune cells can access areas otherwise
unreachable by surgery. Since it directly targets the tumour and/or the TME, immunotherapy therefore
makes it plausible to have therapy that is personalized, customized, less toxic as well as having lesser
side effects [Harris & Drake, 2013; Seledtsov et al., 2015; Dimberu & Leonhardt, 2011].
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Cancerimmunotherapies can be classified into different types: vaccines, recombinant cytokines, small
molecules, autologous T cells and monoclonal antibodies (Fig. 2). They are briefly introduced below.

Figure 2. CAR-T cell therapy (Created with BioRender.com)
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1) Vaccines

Cancer vaccines aim to immunize patients against TAAs, thereby inducing tumour-specific host immune
response; such as anti-tumour T cells. They are usually administered with adjuvants, for e.g. DCs, that
initiate and boost the immune response. The vaccines can be DNA- based encoding TAAs. Or they could
be peptide-based, comprised of TAA derived immunogenic epitopes [Seledtsov et al., 2015; Ozliik et
al., 2017; Farkona et al., 2016; Papaioannou et al., 2016].

Example:

e  Provenge™ - DC-based cancer vaccine, US FDA approved in 2010 for the treatment of advanced
prostate cancer. It consists of autologous APCs like DCs, and a recombinant protein PAP-GM-
CSF. Prior to administration, the autologous APCs are activated against PAP, a tumour specific
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antigen expressed in prostate cancer tissue. While the PAP directs the immune response toward
the cancer, the GM-CSF stimulates APC growth. [Cheever & Higano, 2011; Shi et al., 2006].

Note: Vaccines against oncoviruses like hepatitis B virus and human papillomavirus that potentially
lead to hepatocellular carcinoma and cervical cell carcinoma respectively, are not to be considered in
this category. [Schiller & Lowy, 2010]

2) Recombinant Cytokines

Cytokines are a broad group of small proteins that facilitate and modulate haematopoiesis, as well as
the immune and inflammatory response. They are produced by, and act upon immune and non-immune
cells; mediating cell signalling and cell-cell communication [Zhang & An, 2007; Rich et al., 2013]. In
the field of cancer immunotherapy, the commonly used cytokines include interleukins, interferons, and
GM-CSF [Barbaros & Dikmen, 2015; Visage & Joubert, 2010, Mellman et al., 2011].

Examples (FDA approved):

e  Proleukin- recombinant IL-2 for renal cancer and melanoma treatment. Via IL-2 receptors, it pro-
motes activation of immune cells like T cells [Adams et al., 2015; Mellman et al., 2011; Minami
et al., 1993; Nelson B.H., 2004].

e  Sylatron™- Pegylated IFN-a2b for treatment in resected melanoma patients. While IFN-a2b acts
as an anti-inflammatory repressing proliferation of cells, the polyethylene glycol masks the im-
munogenicity of IFN-a2b until it reaches its target. [Adams et al., 2015, Dunn et al., 2006, Patel
& Walko, 2012].

3) Small Molecules
Examples (FDA approved):

e  Plerixafor-antagonistic to the binding interaction of SDF-1 to the chemokine receptor CXCR4;
hence, impedes cancer metastasis and improves deployment of hematopoietic stem cells; particu-
larly of use in pancreatic ductal adenocarcinoma patients| Adams et al., 2015; Uy et al., 2008; Togel
et al., 2005].

Imiquimod-agonistic for TLR7 on DCs and macrophages. Subsequent TLR7 activation induces
proinflammatory cytokine release, suppression of Tregs, and promotes NK cell activation by Th1 cells.
The NK cells then eliminate cancer cells [Adams et al., 2015].

4) Autologous T-cell Therapy
Immunologically active T cells are administered to the patient; which are autologous in origin i.e. the
patient’s own T cells are used. Its purpose is T-cell redirection so as to specifically target and destroy

tumour cells. This method comprises firstly, the harvesting of immune cells from the peripheral blood or
tumour of the patient. This is followed by isolation of T cells, and ex vivo expansion of tumour-specific
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T cells. Finally, these are re-infused into the patient [Mellman et al., 2011; Mayor et al., 2016; Neves
& Kwok, 2015].

A variation of this is the CAR-T cell therapy. Here, the autologous T cells are genetically altered
via retroviral gene transfer, to express CAR. CAR is a fusion protein that has TAA-specific Ab variable
region (extracellular) such as scFv, linked to downstream TCR-based activation motif (intracellular).
Thus, the CAR-T cells combine the specificity of an Ab with the signalling mechanism of the TCR.
Upon interacting with the target TAA on the cancer cell, these T-cells activate, proliferate and exhibit
cytotoxicity in order to kill the cancer cell [Rini B., 2014; Magee & Snook, 2014].

Examples (FDA approved):

e  Tisagenlecleucel-First US FDA approved CAR-T cell therapy. Used to treat acute lymphoblastic
leukaemia. It is engineered to target CD19 found on B cells [Kymriah, 2017].

e  Axicabtagene ciloleucel — It also targets CD19 on B cells; for treatment of relapsed/refractory
large B-cell lymphoma in adults [Yescarta, 2017].

5) Monoclonal Antibodies

Since this is the focus of our chapter, it will be dealt with in a detailed manner in the upcoming sections.

ANTIBODIES- AN OVERVIEW OF STRUCTURE AND FUNCTION

A single antibody molecule comprises 4 polypeptide chains in total: 2identical heavy chains (50 kDa)
and 2 identical light chains (25kDa); which are linked by inter-chain disulphide bonds and non-covalent
interactions. Thus, the Ab molecule is a heavy chain-light chain heterodimer. While each heavy chain
consists of a variable domain (VH) at the N-terminus and three constant domains (CH1, CH2, CH3),
the light chains consist of an N-terminal variable domain (VL) and a C-terminal constant domain (CL).
There exists a ‘hinge region’ between the domains CH1 and CH2 [Schroeder & Cavacini, 2010].

The Ab molecule is subdivided into two distinct functional units:

e  Fab-formed by association between light chain and the heavy chain VH and CH1 domains. It has
3CDRs that together form the antigen-specific binding site.

e  Fc-formed by the distal part of the hinge region and the heavy chain CH2, CH3 domains [Schroeder
& Cavacini, 2010].

Abs are divided into 5 classes-IgM, IgD, IgG, IgE and IgA, on the basis of their heavy chain constant
region sequences. IgG and IgA are further subclassified. The light chains are either of lambda or kappa
type. [Schroeder & Cavacini, 2010].

Of these, IgG which is one of the most abundant proteins in human serum; is the Ab class used for
therapy purposes. Most mAb therapeutics belong to the IgG1 subclass and they mostly have light chain
of kappa type [Schroeder & Cavacini, 2010; Grilo & Mantalaris, 2019].

Abs link the adaptive immune system (through Fab) with the effector functions of the innate immune
system (through Fc). The Fc region initiates various immune effector mechanisms like-the initiation of

51

printed on 2/11/2023 1:15 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Therapeutic Approaches to Employ Monoclonal Antibody for Cancer Treatment

CDC and ADCC; thus, capable of killing target cells. The latter is brought about by cross-linking FcyR
on NK cells, neutrophils, macrophages or DCs [Schroeder & Cavacini, 2010].

THERAPEUTIC MONOCLONAL ANTIBODIES- A HISTORY

In the late 19" century, Behring and Kitasato successfully treated animals for diphtheria and tetanus,
by transferring serum from animals immunized with diphtheria and tetanus toxins, respectively. This
marked the advent of passive antibody-based therapy, which then began to be widely used for the treat-
ment of various infectious diseases. [Kaufmann S., 2017] However, serum therapy generally faced issues
because of its polyclonal nature, disparity between lots, high production costs, and toxicity associated
with heterologous sources; while human serum therapy particularly encounters problems of large-scale
availability and if unscreened, a risk of transmitting diseases. [Casadevall et al., 2004].

Important information concerning Ab structure, diversity and generation began to be revealed around
the mid-20™ century onward. Significantly, Brunet’s ‘clonal selection theory’ explained that a single B
cell produces an Ab of single specificity i.e. a monoclonal Ab against a single antigenic epitope [Cooper
M. D., 2015].

The path-breaking ‘hybridoma technology’ gave impetus to antibody- \based therapy once again, due
to its ability to produce mAbs in unlimited amounts. Kohler and Milstein won the Nobel Prize in 1984
for this technique. It involved the fusion of splenocytes from a rat that was immunized with a specific Ag
and mouse myeloma cells, thus generating hybrid cells; each secreting mAbs of murine origin [Kohler
& Milstein, 1975].

Thus finally, Ehrlich’s idea of a ‘magic bullet’ came to pass, given the mono-specificity of mAbs;
and the hybridoma technique enabling the possibility of a wide range of applications in biochemistry,
molecular biology, cell biology, and importantly in clinical research-in which therapeutics would benefit
most.[Strebhardt & Ullrich, 2008]

The first therapeutic mAb was Muromonab, a murine mAb against CD3 receptor of T lymphocytes.
It was approved in 1986 by US FDA and EMA. It functioned as an immunosuppressant in the control
of transplant rejection [Norman et al., 1987]. Unfortunately, this success was not replicated, as a result
of safety and/or efficacy inadequacies. This was primarily due to murine nature of the mAbs. It was
observed in clinical trials, that when the murine mAbs are repeatedly administered, the mAbs half-life
and efficacy is reduced with each subsequent administration. This is because of the HAMA response,
resulting in adverse reactions in vivo [Hwang & Foote, 2005; Liu J. K., 2014; Oldham & Dillman, 2008;
Teillaud J. L., 2012].

So astoavoid the problems generated by the HAMA response, whilst preserving the binding specificity
of the murine mAbs, r-DNA technology began to be used to create chimeric and humanized antibodies
[Levene et al., 2005; Simpson & Caballero, 2014]. The first chimeric Ab, was Abciximab; an anti-GPIIb/
IIIa Fab. In 1994, it was US FDA approved. The purpose was to inhibit platelet aggregation in treatment
of cardiovascular diseases [Morrison et al., 1984; Foster & Wiseman, 1998].
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THERAPEUTIC MAbs AGAINST CANCER

mAbs as immunotherapy target specific TAAs or immunomodulators; and in doing so direct the patient’s
own immune response toward cancer elimination. It exploits both, the Fab region’s specificity towards
the target Ag, as well as the Fc region’s ability to partake in the immune effector mechanisms [Harris
& Drake, 2013].

The first of its type was Rituximab, a chimeric anti-CD20 IgG1 approved in 1997 by US FDA for
treatment of non-Hodgkin’s lymphoma [Maloney et al., 1997; Maloney et al., 1997].

Of all the available immunotherapeutic strategies, mAbs are usually the most employed and approved.
The chief types of cancer targeted are breast, colon and lymphomas [Sathyanarayanan & Neelapu, 2015].
But then again, many side effects have been documented: flu-like signs and symptoms, nausea/vomiting,
diarrhoea, skin rashes, breathing difficulties, bleeding, etc. [Oldham & Dillman, 2008].

Categories

Therapeutic mAbs in cancer immunotherapy are broadly divided into two categories, depending on
whether they are naked Abs or have been modified to improve therapeutic value.

1) Naked mAbs

These are self-acting, non-conjugated mAbs that are directly used for therapeutic purpose. The mecha-
nisms of cancer cell killing include mediation of CDC/ADCC or direct induction of apoptosis. They
may also target the tumour microenvironment or immune checkpoints so as to hamper tumorigenesis.
(Explained further in sections 8.3 and 8.4)

Examples grouped based on their targets (FDA approved):

e CD20
Rituximab-chimeric mAb for B-cell non-Hodgkin’s lymphoma therapy [Neves & Kwok, 2015;
Hallek M., 2006].
Obinutuzumab-humanized mAb used to treat chronic lymphocytic leukaemia and non-Hodgkin’s
lymphoma [Al-Sawaf et al., 2017].
Ofatumumab-human mAb in chronic lymphocytic leukaemia treatment [Simpson & Caballero,
2014; Al-Sawaf et al., 2017].

e (D52
Alemtuzumab-humanized mAb for treatment of chronic lymphocytic leukaemia [Neves & Kwok,
2015, Hallek M., 2006].

e (D38
Daratumumab-human mAb for multiple myeloma treatment [Sanchez et al., 2016].
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HER2

Trastuzumab-humanized IgG1 mAb used for invasive breast cancer therapy [Peddi & Hurvitz,
2014; Weiner et al., 2010].

Pertuzumab-humanized mAb in the treatment of breast cancer [Simpson & Caballero, 2014].

GD2 glycolipid
Dinutuximab-chimeric mAb in therapy of neuroblastoma of high-risk nature, in children [Dhillon
S., 2015].

SLAMF7
Elotuzumab-humanized mADb in the treatment of multiple myeloma. [Magen & Muchtar., 2016].

RANKL
Denosumab-human for solid tumour bony metastases treatment [Simpson & Caballero, 2014;
Redman et al., 2015].

VEGF

Bevacizumab-humanized mAb used to treat various cancers-NSCLC, metastatic colorectal, ovarian
and breast cancer [Mayor et al., 2016; Weiner et al., 2010].

Ramucirumab-humanized mAb in the treatment of gastric cancer, non-small cell lung cancer and
breast cancer [Mayor et al., 2016].

EGFR

Cetuximab-chimeric IgG1 mAb in therapy of many cancers- metastatic colorectal cancer, NSCLC
and squamous cell cancer [Mayor et al., 2016, Levene et al., 2005].

Panitumumab-humanized IgG2 mAbD for treatment of metastatic colorectal cancer [Neves & Kwok,
2015, Scott et al., 2012].

Necitumumab-human mAb in the treatment of metastatic NSCLC [Mayor et al., 2016].

CTLA-4
Ipilimumab- human IgG1 mAb used in metastatic melanoma treatment [Mellman et al., 2011;
Redman et al., 2015].

PD-1

Pembrolizumab-is a humanized mAb in the treatment of melanoma and metastatic NSCLC [Mayor
et al., 2016; Lee et al., 2016].

Nivolumab-human mAb utilized for treatment of various cancers- melanoma, NSCLC, renal cell
carcinoma and Hodgkin’s lymphoma [Redman et al., 2015, Lee et al., 2016].

PD-L1

Atezolizumab-humanized mAb for metastatic NSCLC therapy [Krishnamurthy& Jimeno,2017].
Avelumab-human mAb in the treatment of many cancers- NSCLC, renal cell carcinoma, ovarian
and stomach cancers [Kaplon & Reichert, 2018].
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Durvalumab-human mAb in metastatic urothelial carcinoma treatment [Kaplon & Reichert, 2018].
Note: Suffixes used in mAb nomenclature based on species of origin [Lu et al., 2020]

e  Murine mAb-momab
Entire Ab is of murine origin.

e  Chimeric mAb-ximab
The variable regions are of murine origin, and the remainder is human in origin.

e  Humanized mAb-zumab
Only the CDRs are murine in origin.

e  Human mAb-umab
Entire Ab is of human origin.

2) Modified mAbs

In this category, the mAbs have been altered in various ways for the purpose of enhancing their useful-
ness as immunotherapeutic agents.

a. Antibody-Drug Conjugates

Consist of TAA-specific mAb conjugated to a chemotherapeutic drug. This combines the specificity of
a mAb with the cytotoxicity of a drug; but with decrease in damage to non-target cells and hence lesser
side-effects. This especially allows the use of drugs with considerably high potency and toxicity [Beck
et al., 2017; Peters & Brown, 2015]

Examples (FDA approved):

e  Gemtuzumab ozogamicin-humanized anti-CD33 mAb that is conjugated with calicheamicin
(binds minor groove of DNA with certain sequence specificity and causes double-strand breaks),
used in the treatment of acute myelogenous leukaemia [Oldham & Dillman, 2008; Levene et al.,
2005; Sathyanarayanan & Neelapu, 2015; Huryn & Wipf, 2008].

e  Brentuximab vedotin-chimeric anti-CD30 mAb which is conjugated with monomethyl auristatin
E (inhibits tubulin polymerization); used in therapy of Hodgkin’s or systemic anaplastic large cell
lymphoma [Simpson & Caballero, 2014; Redman et al., 2015, van de Donk& Dhimolea, 2012].

b. Antibody-Radioisotope Conjugates

With advantages similar to the Ab-drug conjugates, these too enable direction of radiotherapy selectively
to cancer cells [Larson et al., 2015].
Examples (FDA approved):

e  Ibritumomab tiuxetan-murine anti-CD20 mAb conjugated with yttrium-90. It is utilized to treat B
cell non-Hodgkin’s lymphoma [Simpson & Caballero, 2014, Scott et al., 2012].
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e  Tositumomab-murine anti-CD20 mAb labelled with iodine-131; used for treatingnon-Hodgkin’s
lymphoma patients; especially those not responding to conventional chemotherapy. [Shadman et
al., 2016]

c. Bispecific Antibodies

Here, a single Ab concurrently binds two different targets. Protein engineering is used to link two antigen
binding domains (Fab/scFv), thus generating an Ab of dual specificity. One arm binds tumour cells i.e.
is TAA- specific, the other binds activating receptors on cytotoxic cells, like T cells (e.g. CD3 e-chain)
or NK cells. This results in recruitment of the cytotoxic effector cells to the target cancer cells [Labrijn
et al., 2019; Weiner G. J., 2015; Strohl W. R., 2018].

They may also be altered to exhibit functions unique to even a mixture of the parental Abs from which
they are derived. [Labrijn et al., 2019; Weiner G. J., 2015; Strohl W. R., 2018].

Examples (FDA approved):

e  Catumaxomab-first approved bispecific antibody. It targets CD3 and EpCAM; and is used in treat-
ment of solid tumours in malignant ascites [Heiss et al., 2010]

e  Blinatumomab-targetsCD3 and CD19. Hence, it acts as a bispecific T-cell engager. It is used to
treat B-cell precursor acute lymphoblastic leukaemia [Gokbuget et al., 2018].

*Other such modified mAbs include Immunocytokines (cytokines fused to an Ab to enhance delivery
specificity) [Neri D., 2019], Immunoliposomes (Fab/scFvis conjugated to liposomal delivery systems)
[Ohradanova-Repic et al., 2018]and CAR-T cells described previously in section 4 (4).

Mechanisms of Action of Naked mAbs

Unconjugated, TAA-specific mAbs function either by disruption of signalling that partakes in tumori-
genesis, and/or initiation of tumour-specific immune responses like ADCC/CDC [Harris & Drake, 2013;
Papaioannou et al., 2016] These mechanisms include:

i. Inhibition of signalling pathways involved in tumorigenesis

Here, the mAbs target either the receptor or its corresponding ligand (such as growth factors, proangio-
genic factors), thereby blocking their interaction and downstream signal transduction (Fig. 3).

The purpose is to impede cancer progression by inhibiting processes like cancer cell proliferation,
angiogenesis, etc.

Examples: Cetuximab and Bevacizumab [Sunada et al., 1986; Li et al., 2005; Ellis & Hicklin, 2008]

ii. Antibody-dependent cellular cytotoxicity
First, the mAb binds to the TAA on tumour cell surface. Next, Fc domain of this mAb is recognized by
the FcyR of macrophages and NK cells. The resultant cross-linking of these receptors causes release

of cytotoxic agents like perforin and granzyme; this leads to tumour cell apoptosis [Chung et al., 2014;
Wang et al., 2015].
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Figure 3. Types of mAb based strategies for cancer therapy (Created with BioRender.com)

Examples: Rituximab, Trastuzumab, Cetuximab [Boyerinasetal.,2015; Glassman & Balthasar, 2014].
Certain studies demonstrated the importance of Fc-FcyR interactions in immune mediated anti-tumour
activity of mAbs. For e.g. (i)Polymorphisms in the FcyR were corelated with clinical response rates to
Trastuzumabin breast cancer [Musolino et al., 2008], and (ii) FcyR-deficient mice showed reduced anti-
tumour activity by Rituximab and Trastuzumab as compared with wild-type mice [Clynes et al., 2000].

iii. Complement-dependent cytotoxicity

In this process, the mAb binds to TAA on surface of the target tumour cell. Successive binding of
complement proteins triggers a reaction cascade. Ultimately membrane attack complexes are formed in
the cell membrane and cell lysis occurs [Zhou et al., 2008].

Examples: Rituximab and Alemtuzumab [Glassman & Balthasar, 2014].

Studies with Rituximab highlighted the relationship between the complement system and therapeutic
effects of mAbs in cancer. For e.g. (i) anti-tumour activity of Rituximab was eliminated in C1q knockout
mice [Di Gaetano et al., 2003], and(ii) C1qA gene polymorphisms are associated with clinical response
to Rituximab in follicular lymphoma patients [Racila et al., 2008].
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*Note that most clinically approved mAbs that mediate ADCC are also capable of activating the
complement system. One exception is, Alemtuzumab which mediates CDC, but not ADCC [Lundin et
al., 2002].

Additional mechanism: Induction of adaptive immunity via cross-presentation

Certain studies involving Rituximab suggested that the adaptive immune system imparts long-term
benefits in mAb therapy, months after the beginning of treatment [Cartron et al., 2004]

This may be the consequence of cross-presentation by DC’s, triggered by mAb mediated ADCC. The
resultant apoptotic tumour cells may be engulfed by DCs, which then process and present TAAs with
MHC I and II. As explained previously in section 2.1 and 2.3, this presentation ultimately leads to CTL
mediated killing of tumour cells as well as the activation of CD4+ T cells. The latter can then activate
B cells for the production of TAA specific Abs. [Dhodapkar et al., 2002]

Targets
1) Targeting tumour cells

Most commonly, therapeutic mAbs in cancer are designed to impede ligand binding to and/or signalling
via growth factor receptors that are increasingly expressed in tumorigenesis (Fig. 4). The purpose of these
mAbs is to induce apoptosis in tumour cells, regulate their growth, and/or increase tumour sensitivity
to chemotherapy [Adams & Weiner, 2005]. The growth factor receptors often overexpressed in solid
tumours are members of the epidermal growth factor receptor family: EGFR, HER2, HER3, and HER4.

e EGFR
Cetuximab and Panitumumab block the activating ligand binding and prevent receptor dimeriza-
tion, hence inhibiting EGFR-mediated signal transduction. Additionally, the former mAb promotes
ADCC/CDC [Sunada et al., 1986; Li et al., 2005, Kim R., 2009]

e HER2
~30% invasive breast cancers display a gene-amplification and overexpression of this growth factor
receptor. In some lung, ovary, prostate and gastrointestinal tract adenocarcinomas, it is found to
be overexpressed, but rarely gene amplified. Unlike EGFR, it has no known ligand. Hence, target-
ing mAbs like Trastuzumab and Pertuzumab must perturbHER2-mediated signal transduction by
inhibiting its dimerization and internalization. The former mAb also activates immune responses
against tumour cells. [Chen et al., 2003; Hudis C. A., 2007; Franklin et al., 2004]

e HER3

MM-121is ahuman mAb that preventsHER3 phosphorylation. It has been observed to retard growth
of xenograft tumours in mice. [Schoeberl et al., 2009].

58

printed on 2/11/2023 1:15 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Therapeutic Approaches to Employ Monoclonal Antibody for Cancer Treatment

e HER4
Unlike the other members of the EGFR family, HER4 has been found to be both increasingly and
decreasingly expressed on tumour cells. This may be attributable to multiple isoforms of HER4. A
mAb against select isoforms was found to downregulate their expression and thus, reduce tumour
cell proliferation. This was due to the inhibition of phosphorylation and cleavage of HER4 by the
mAb. [Hollmén et al., 2009]

Figure 4. Immune mediated tumour cell killing by mAbs, a) Complement Dependent Cytotoxicity, b)
Antibody-Dependent Cell Cytotoxicity, c¢) Cross Presentation (Created with BioRender.com)
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2) Targeting the tumour microenvironment

Of the possible approaches that focus on key events in the TME, one such involves targeting the process
of angiogenesis.

e VEGF
This is a growth factor expressed by solid tumours, that stimulates angiogenesis upon binding its
corresponding receptor VEGFR on vascular endothelium.
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Bevacizumab, binds VEGF, and prevents this receptor-ligand interaction [Ellis & Hicklin, 2008].

e  VEGFRs
Ramucirumab blocks the aforementioned interaction by binding VEGFR [Krupitskaya & Wakelee,
2009].

e PDGFR

PDGEF is a proangiogenic mediator like VEGF. PDGF- PDGFR signalling maintains the endothe-
lial support system, which in turn stabilizes and promotes angiogenesis. [Hirschi et al., 1998]This
interaction has garnered importance in light of a surge in bevacizumab resistant tumours due its
increased therapeutic use; this resistance lead to upregulation of proangiogenic mediators such as
PDGEF. In pre-clinical studies, the blocking of PDGFR-mediated signalling via a PDGFR-specific
human Abdemonstrateda synergistic effect with anti-VEGFR2 therapy. [Shen et al., 2009].

The TME is also seen to have immunosuppressive effects by means of various cytokines and growth
factors produced by both the tumour cells and surrounding stroma.

e TGFp
It plays a role in inhibition of T cell activation, differentiation, and proliferation. This enables it
to promote immune evasion in cancer. Links have been observed between high levels of TGFp in
the plasma and poor clinical outcomes in cancer. GC-1008, is a human anti-TGFP Ab studied as
therapy for metastatic kidney cancer or malignant melanoma patients [Rabinovich et al., 2007;
Griitter et al., 2008; Petrausch et al., 2009].

e CD25
CD25 is the a-chain of the high affinity IL-2 receptor [Minami et al., 1993]. mAbs against this,
like daclizumab have been shown to deplete Treg cells and repress tumour formation in metastatic
breast cancer patients. [Rech & Vonderheide, 2009].

3) Targeting immune cells

In this approach, mAbs are used that target co-receptors (inhibitors/repressors or activators/stimulators)
present on immune cells, that participate in immune regulation. These mAbs act as blocks of immune
checkpoints. The objective is the reversal of tumour mediated immunosuppression and augmentation of
patient’s own anti-tumour immune response. Therefore, this method can be applied for several cancer
types [Weiner G. J. 2015; Emens et al., 2017; Littman D. R., 2015].

As mentioned previously, the first evidence that the immune system can be exploited in cancer treat-
ment was given by Coley, when he observed the regression and elimination of solid tumours in patients
that were either suffering from streptococcal skin infections or administered with streptococcal extracts
[Coley W. B.,1891].

When Sharma and Allison demonstrated that the targeting of a negative regulator of T cells, namely
CTLA-4 resulted in enhanced tumour cell killing, it provided the necessary stimulus for the discovery
and targeting of several checkpoints found to be deactivated or activated in malignant tumours [Sharma
& Allison, 2015; Krummel & Allison, 1995;Ishida et al., 1992].
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Below are mAbs acting as antagonists of immune checkpoint molecules like CD40, CTLA- 4, PD-1
and PD-L1.

CD40

It belongs to the family of TNFR. It is expressed by various APCs. Upon its engagement, an up-
regulation of costimulatory molecules and production of proinflammatory cytokines occurs, which
then facilitates cross-presentation of antigens [Quezada et al., 2004; Krummel & Allison, 1995]
Carcinomas of many organs like the ovary, cervix, breast, prostrate, etc. have displayed CD40
expression[Elgueta et al., 2009]

Dacetuzumab, a humanized anti-CD40 IgG1 has displayed Fc-mediated ADCC as well as phago-
cytosis of tumour cells by macrophages. [Oflazoglu et al., 2009]. It has been studied as treatment
for non-Hodgkin’s lymphoma patients. [Advani et al., 2009].

CTLA4

CD28 usually binds to the B7 (CD80/86) costimulatory molecules expressed on surface of APCs,
as part of the T cell activation process. CTLA-4 by contrast, negatively regulates T cell activation,
by inhibiting the co-stimulatory signal of CD28.This is because it is a CD28 homologue, and binds
CD80 and CD86 with an affinity higher than that of CD28 itself. [Leach et al., 1996]

Studies have revealed that CTLA4 blockade leads to the development of immunological memory,
as well as prevention and reversal of antigen-specific CD8+ T cell tolerance in a manner reliant on
CD4+ T cells. Further work gave a plausible reason for its anti-tumour nature: the enhancement
of effector T cell activity, together with Treg cell inhibition. [Leach et al., 1996; Shrikant et al.,
1999; Peggs et al., 2009]

Ipilimumab was the first immunomodulator mAb approved in 2011 by FDA and EMA. By its
anti-CTLA-4 nature, it reinstates CD28 activity. This leads to arise activated T cells levels, which
bring about anti-tumour response [Ascierto & Marincola, 2014].

PD-1 or PD-L1

PD-L1 plays amajor role in suppressing the adaptive immune functions. When it binds the inhibitory
checkpoint molecule PD-1 found on activated T cells, it mediates an inhibitory signal transduction;
thereby reducing proliferation of antigen specific T cells [Ishida et al., 1992]

Anti-PD-1 mAbs like Pembrolizumab and Nivolumab and anti-PD-L1 mAbs like Atezolizumab,
Avelumab and Durvalumab block these inhibitory interactions that may suppress anti-cancer im-
mune response [Alsaab et al., 2017].

mAbs targeting other such negative (LAG-3, TIM-3, VISTA) and positive (ICOS, 0X40, 4-1BB)
regulators of immune response are also being developed and studied. [Mahoney et al., 2015; Triebel
et al., 1990; Sakuishi et al., 2010; Wang et al., 2011; Fan et al., 2014; Curti et al., 2013; Melero
et al., 1997].
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Production Methodologies
Hybridoma Technology

In 1975, Kohler and Milstein showed that Ab secreting cell lines could be established routinely and
maintained in vitro. This was accomplished by fusing two cells, each having properties necessary for
the successful production of a hybrid cell line that is both immortal and produces Abs indefinitely. The
two cells commonly used as fusion partners are Ab-secreting B cells isolated from immunized animals
and myeloma cells. While the latter provide the appropriate genes for unlimited cell division, the former
provide the desired functional Ig genes [Kohler & Milstein,1975]

As per the classical method, first mice are immunized with the target Ag. Then, their harvested sple-
nocytes are fused with an Ig non-secreting, drug-sensitive myeloma cell line. The resultant hybrid cells
are individually cloned in microwell plates. The supernatants from the microwells are then screened
for specific Abs. Those cells from the positive wells are grown further as source of mAbs. [Kohler &
Milstein, 1975]

However, this method faced a major issue: When used for therapeutic purposes, their allogenic na-
ture leads them to be recognized by the patients’ immune systems as foreign. This resulted in HAMA
response, which rapidly inactivates and eliminates them. [Hwang & Foote, 2005; Steinitz M., 2009]

So, why did the hybridoma method fail when implemented for the production of human Mabs? A
suitable drug-resistant myeloma cell line is not available. Also, antigen-sensitized splenocytes of human
origin are not as accessible in comparison to those that are murine. [Steinitz M., 2009]

Given the drawbacks of mAbs of non-human origin, in the next sections, we will concentrate on the
techniques used in the production of humanized and human therapeutic mAbs for cancer.

1) Humanization of murine mAbs

Initially, chimeric mAbs were developed by chemical exchange of heavy and light chain constant regions
of the murine mAb, with those of human origin [Boulianne et al., 1984]. Further replacement of the
murine components of mAbs; and by extension further reduction in their immunogenicity, was achieved
with the polymerase chain reaction technology. It involves grafting donor murine mAb CDR residues
and nominal yet crucial framework residues onto acceptor human Ab frameworks. Thus, it enables
preservation of the affinity and specificity of the parental murine mAb to the desired target, but with
reduced immunogenicity risk [Jones et al., 1986].

The process of CDR grafting was first developed by G.P. Winter in 1986. This classic and simple
method remains a popular technique in humanized mAb production [Jones et al., 1986]. The technique
opened up arange of possibilities in clinical application of mAbs, especially against diseases that demand
long-term therapeutic approaches, such as cancer. In 1997, Daclizumab, an anti-IL-2 receptor mAb
became the first US FDA approved humanized mAb developed by CDR grafting. It is used to prevent
transplant rejection [Tsurushita et al., 2005; Gorman & Clark, 1990; Mountain & Adair, 1992]

Humanization of murine mAbs is preferred particularly when the murine mAbs have already been
characterized in detail [Kashmiri et al., 2005]. Also, murine mAbs offer easier availability, lower cost
and production time; thus, making large-scale humanization a possibility. Besides, the humanized mAbs
more effectively exert effector functions as dictated by the human Fc domain [Lu et al., 2020].
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Since the entire constant region and nearly all of the Fab region comprise human sequences in human-
ized Abs, it greatly improved clinical tolerance of mAb therapeutics. A study showed that when [Rebello
et al., 1999] a humanized anti-CD52 mAb was compared with its parent mAb of murine origin, the
former displayed a significant immunogenicity reduction. Nevertheless, the murine CDRs in humanized
Abs could evoke immune response in humans. For example, Abs were detected against Trastuzumab in
a fraction of metastatic breast cancer patients treated with the same [Cobleigh et al., 1999].

Certain framework residues of the parent murine mAb may play a vital role in contributing to Ab
binding to the target antigen. These amino acids can be identified by analysis of Ab-Ag complex using
X-ray crystallography, cryo-electron microscopy or in silico homology modelling [Choi et al., 2015].
Once the desired amino acids and their positions have been ascertained, they can be incorporated to
increase affinity of the humanized Ab.

Humanness score tools like H-score, G-score, and T20 score analyser are available [Abhinandan &
Martin, 2007; Thullier et al., 2010; Gao et al., 2013] for assessment of the degree of humanness of the
mAbs variable regions.

2) Phage Display Library

Display technology utilize various micro-organisms like phage, yeast, bacteria and viruses or even mam-
malian cells and ribosomes to display repertoires of human Ig variable gene segments [as scFvs/Fabs]
on their surface; for the purpose of creation and isolation of mAbs of desired specificity in vitro[Steinitz
M., 2009;Carter P. J., 2006;Hoogenboom H. R., 2005;Ho et al., 2006].

In 1985, George P. Smith [Smith G. P., 1985] fused foreign protein genes with those of filamentous
bacteriophage M 13 coat protein using rDNA technology. The resultant phage displayed the foreign pro-
teins as fusions with phage coat protein on its surface. This work laid the foundation for the phage display
technique of today. Phage display was the first method for in vitro Ab selection. It was also instrumental in
the generation of fully human mAbs by G.P. Winter in 1990 [Jones et al., 1986, McCafferty et al., 1990].

The first step in this method is Ab-library construction. Collections of Ig genes can be obtained from
donors either naive or immunized. While libraries of the former afford a lower risk of immunogenicity
due to the similarity to the human Ig germ line (if human donors are used); the latter allows selection of
high affinity Abs to the target of choice, as a consequence of in vivo affinity maturation. Recombinant
libraries may thus be constructed from variable regions of Ig genes of these donor B cells. Synthetically
constructed libraries may also be obtained using fixed frameworks, within which are randomized CDR
sequences [Lu et al., 2020].

The next step is the selection of the desired mAbs by iterative cycles of affinity screening against
the target antigen. This process is called ‘bio-panning’. This enables the enrichment of even the rarest
antigen-binding phage clones, ultimately selecting for Abs of the highest specificity [Lu et al., 2020,
Carter P. J., 2006, Hoogenboom H. R., 2005].

The phage display method is not constrained by immunological tolerance; being an in vitro method.
The presence of an appropriate library can permit quick identification of high affinity Abs for the
generation of therapeutics. Therapeutic Abs can be designed to contain desirable properties of affinity,
specificity, cross-reactivity and stability [Lu et al., 2020].

This method offers various advantages in the realm of cancer therapy. As whole cells can be used in
Ab selection, prior unidentified antigens on the tumour cell surface may be revealed [Wrublewski DT.,
2019]. This is of significance in CSC research. These cells have stem cell like properties, and are re-
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sponsible for initiation and maintenance of tumours [Batlle & Clevers, 2017].In this manner, Abs against
CSC markers such as CD133 and CD44 have been produced[Swaminathan et al., 2013, Nilvebrant et
al., 2012].Investigation of the tumour microenvironment is made possible since, tumour biopsies may
be used in the panning process[Larsen et al., 2015;Sun et al., 2009;Larsen et al., 2015].

Examples of cancer therapeutic mAbs (FDA approved):

e  Necitumumab-anti-EGFR human mAb used to treat squamous NSCLC. It was developed by
screening a non-immunized phage-displayed Fab library against high EGFR-expressing epider-
mal carcinoma cells [de Haard et al., 1999; Diaz-Serrano et al., 2019].

e  Ramucirumab-anti-VEGFR2 human mAb identified by panning a phage-displayed human naive
Fab library against VEGFR2 extracellular domain; used in therapy for gastric cancer, metastatic
colorectal cancer and, metastatic NSCLC [Arrieta et al., 2017; Aprile et al., 2016].

e  Avelumab-anti-PD-L1 human mAb generated from a phage-displayed naive Fab library [Frenzel et
al., 2016]. Used in the urothelial and Merkel-cell carcinoma therapy [Rodriguez-Vida& Bellmunt,
2018].

3) Human antibody-producing transgenic mice

In this technique, heavy and light chain genes of human Ig are knocked-in to replace those of the mouse.
Therefore, the transgenic mouse so created, will produce fully human Ab expressing B cells after im-
munization. These B cells can be immortalized via hybridoma technology and screened for desired mAb
[Steinitz M., 2009]

In 1985, Alt and colleagues first suggested introducing human Ig genes into the mouse genome, with
the intent of human Ab production in the resultant transgenic mice [Alt et al., 2003]. Longberg et al
developed the first such transgenic mouse strain ‘HuMabMouse’ [Lonberg et al., 1994] in 1994; wherein
human IgH and IgK were introduced into mice deficient in murine IgH and IgK.

Unlike the aforementioned strain that displayed the production of mouse endogenous Ig, the ‘Xen-
oMouse’ generated in 1997 by Mendez et al produced only human Abs; which were of higher diversity.
This was because the size of human IgH (~ 1 Mb) and IgK (~ 700 Kb) introduced were larger that of
HuMabMouse (<80 kb) [Mendez et al., 1997, Kashyap et al., 2008, Jakobovits et al., 2007]

In human mAb production, these transgenic animals are advantageous given the following: humaniza-
tion is not needed, more diversity of Abs generated along with Ab optimization due to in vivo affinity
maturation and clonal selection [Briiggemann et al., 2015].

There exist certain drawbacks however. Stability of the human Ig loci is worrisome. During develop-
ment of these strains, the large size of the human Ig loci present difficulties. The entirety of the human
Ig genome is not transferred; hence human Ig gene repertoire is incomplete. Also, the absence of mouse
constant regions lowers the efficiency of human Ab generation, class-switching and somatic hypermuta-
tion. Besides this, availability and cost of the knock-out/knock-in mice required are an issue. [Steinitz
M., 2009; Briiggemann et al., 2015; Xu et al., 2007].

Examples of cancer therapeutic mAbs (FDA approved):

. XenoMouse was used to produce Panitumumab, an anti-EGFR. [Berardi et al., 2010].
e  HuMabMouse was used to produce Ipilimumab [Gibney et al., 2019].
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CURRENT CHALLENGES AND FUTURE PROSPECTS

In the last several years, mAbs have gained increasing importance as therapeutics and have become a
major treatment approach studied and applied for numerous diseases; particularly in oncological dis-
eases. [Grilo & Mantalaris, 2019]. Technological advances in mAb generation and engineering have
only served to provide impetus to the field.

Figure 5. Human/Humanized mAb development techniques for cancer therapy, (a) Phage Display Method,
(b) CDR Grafting Technique for mAb humanization, (c) Human Ab producing Transgenic Mice, (Cre-
ated with BioRender.com)
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However, despite their highly specific nature, therapeutic mAbs have been shown to cause adverse
effects like anaphylactic response and early drug clearance; thereby affecting its pharmacokinetic prop-
erties. [Chirmule et al., 2012] This may be due to patient’s genetic background/previous immunity or
the drug’s molecular characteristics/formulation/manufacturing process/schedule. [Jefferis R., 2016].

Human and humanized mAbs are predominant in the field of therapeutic Abs. [Grilo & Mantalaris,
2019]. Still, as previously mentioned in section 8.5 (1), even humanized mAbs have been seen to have a
certain degree of immunogenicity. Fully human mAbs should in theory, be even less immunogenic than
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the chimeric or humanized forms. Still, several such Abs are reported to have induced marked immune
responses, perhaps because the Fv region of even the fully human mAb is not identical to that of human
germline. In a study with Adalimumab, anti-drug Abs were induced in up to 30% of the patients Bartelds
et al., 2007; Goupille P., 2016]. This where in silico identification of immunogenic sequences may aid
[Hamze et al., 2017] engineering of less immunogenic mAbs.

Since the panning process for Ab selection through phage display is subject to bias, the binding
epitope may be optimized via in vitro affinity maturation. This would entail mutagenesis by random or
targeted approach and in silico modelling of Ab-Ag interaction for the purpose of improvement of Ab
affinity toward the target Ag. [Batista & Neuberger, 1998; Chowdhury P. S., 2003; Balint & Larrick,
1993; Lamdan et al., 2013]

The stability of therapeutic mAbs is still unsatisfactory. This may be achieved by the use of stabiliz-
ing agents like surfactants [Agarkhed et al., 2018]; or by improving the molecular structure itself. The
latter makes use of protein engineering to incorporate amino acid residues that increase stability [Cutois
et al., 2016; Lawrence et al., 2007].

A variation in response rates between patients to cancer mAb therapy occurs due to a wide range of
reasons. The tumour microenvironment affects the ease of access of therapy to the tumour. Development
of cancer resistance to treatment due to genetic and epigenetic changes is unavoidable due to the highly
proliferative nature of cancer cells, and tendency of cancer cells to activate alternative pathways as per
changes in the environment. The type and stage of cancer may render the therapy ineffective. Greater
diversity of individual immune system e.g. HLA locus diversity corelates with better response rates and
survival. The administration of prior chemotherapy would reduce efficacy of the therapy as it reduces
the competency of the immune system. Since gut microflora assists in the maintenance of a healthy
immune system, therefore it should contribute to the success of the treatment[Sambi et al., 2019; Nesse
et al., 2015; Zugazagoitia et al., 2016; Weiner L. M., 2015; Zaretsky et al., 2016; Chowell et al., 2018;
Cerf-Bensussan, & Gaboriau-Routhiau, 2010;Gopalakrishnan et al., 2018]

Response rates to cancer therapeutic mAbs can be improved in the future in many possible ways.
Discovery of additional conserved biomarkers on tumour surface is necessary, so that the therapy may
be applied to a diverse patient population. Resistance to therapy may be overcome by use of combination
therapy. Increased efficiency of mAb therapy would be achieved if used as first-line treatment, enabling
robust anti-cancer host immune response. Tracking the mutational status of the cancer could help predict
the likelihood of a therapy being effective. Probiotics and prebiotics can help to alter or diversify the
gut microflora, which may improve immune response. Nanotechnology is being exploited for designing
carrier systems to enhance delivery. [Sambi et al., 2019; Ventola C. L., 2017; Zaretsky et al., 2016; Par
doll D., 2015; Kwang et al., 2013]

There has been a failure to bring the field of immunotherapeutic up to the mark with respect to
paediatric cancer. The reasons are most likely to be variability in cancer type, location, and difference
in immune cell composition in adults as compared with children. Hence, ascertaining immune cell dif-
ferences must be the focus, in order that proper cancer immunotherapies are selected [Boklan J., 2006].

Immune checkpoints play a crucial role in the modulation of immune responses and maintenance of
self-tolerance. Immune checkpoint therapy gained wide recognition when the Nobel Prize for Physiology/
Medicine in 2018 was awarded to Allison and Honjo for their work on immune checkpoints. This form
of therapy revolutionized the approach to cancer treatment that attempts to engage the immune system.
Hence, more and more are the checkpoint molecules being discovered and targeted for mAb therapeutics
[Donini et al., 2018; Pardoll D., 2012; Nobel Prize in Physiology or Medicine, 2018].
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Improved success by combination of mAbs with other forms of cancer therapy such as chemotherapy,
radiation therapy, vaccines and other immunomodulatory approaches have been reported; this would be
worthwhile exploring further in the future. [Taylor et al., 2007; Bonner et al., 2010; Khan et al., 2006;
van Elsas et al., 1999]

9. CONCLUSION

Monoclonal antibodies have carved their niche as a form of targeted therapy and immunotherapy in the
ever-challenging realm of oncology. Technological advances as well as increased insights into immuno-
oncology have allowed mAb therapy to grow leaps and bounds; and certainly, it shall be interesting to
see how it evolves even further in the future.

ABBREVIATIONS

Ab/Abs: Antibody/Antibodies

Ag: Antigen

APC(s): APC antigen presenting cell(s)

ADCC: Antibody-dependent cellular cytotoxicity
CAR: Chimeric antigen receptor

CAR-T: Chimeric antigen receptor T cell

CD: Cluster of differentiation

CDC: Complement dependent cytotoxicity

CDR: Complementary-determining region

CSC: Cancer stem cell

CTL: Cytotoxic T lymphocytes

CTLA-4: Cytotoxic T-lymphocyte associated antigen -4
CXCR4: C-X-C chemokine receptor-4

DNAMI1: DNAX accessory molecule-1

EGFR: Epidermal growth factor receptor

EMA: European Medicines Agency

EpCAM: Epithelial cell adhesion molecule

Fab: Antigen-binding fragment

Fc: Fragment crystallizable region

FcyR: Fey receptors

FOXP3: Forkhead box protein-3

GM-CSF: Granulocyte—macrophage colony-stimulating factor
HAMA: Human anti-mouse/murine antibody
HER: Human epidermal growth factor receptor
ICOS: Inducible T cell co-stimulator

IFN: Interferon

Ig: Immunoglobulin

IL: Interleukin
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LAG-3: Lymphocyte activation gene- 3

mAb: Monoclonal antibody

MHC: Major histocompatibility complex

MICA/B: MHC class I chain-related protein A/B
NCR: Natural cytotoxicity receptor

NKG2D: NK cell group-2D

NK cell: Natural killer cells

NSCLC: Non-small cell lung cancer

PAP: Prostatic acid phosphatase

PBMC: Peripheral blood mononuclear cell

PCR: Polymerase chain reaction

PD-1: Programmed cell death protein 1

PDGEF: Platelet-derived growth factor

PDGFR: Platelet-derived growth factor receptor
PD-L: Programmed death-ligand

RANKL: Receptor activator of nuclear factor-xB ligand
ROS: Reactive oxygen species

r-DNA: Recombinant-DNA

scFv: Single chain fragment variable

SDEF-1: Stromal cell-derived factor-1

SLAMFT7: Signalling lymphocytic activation molecule family-7
TAAC(s): Tumour-associated antigen(s)

TCR: T cell receptor

TGF-B: Transforming growth factor

TIM-3: T-cell immunoglobulin mucin-3

TME: Tumour microenvironment

TNF-a: Tumour necrosis factor-alpha

TNFR: Tumour necrosis factor receptor

Treg cells: Regulatory T cells

US FDA: United States Food and Drug Administration
VEGEF: Vascular endothelial growth factor

VEGFR: Vascular endothelial growth factor receptor
VISTA: V-domain Ig suppressor of T cell activation
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ABSTRACT

In this chapter, computational approaches for the discovery of new drugs that are useful for diagnosis
and treatment of disease will be described in three parts. MD technique uniquely supports protein de-
sign attempts by giving information about protein dynamics associated with atomic-level descriptions
of the relationship between dynamics and function. The purpose of molecular docking is to provide an
estimate of the ligand-receptor complex structure using computational methods. By this estimation, the
mechanism of drug binding and action are described by determining the three-dimensional simulation
of drug and drug-induced macrostructure. ADME characteristics are physicochemically significant
descriptors and pharmacokinetically relevant properties used to design more effective drugs and new
analogs. As a result, in-silico calculations can provide robust preliminary information as to drug activity
and mechanism in the drug production process, as well as in vitro and in vivo studies.
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INTRODUCTION

Drugs are a very important factor that affect human life and health. Unfortunately, the discovery of mol-
ecules that result in safe and effective drugs involves a process that has high cost at production, develop-
ment and testing stages; they must go through certain stages as a result of the experiments performed in
the laboratory, and then include clinical research. Drug research contains several phases. Phase 1 covers
a period of 1 to 1.5 years, in which the pharmacokinetic properties of the drug, its toxicity, and its effect
on body functions are determined. Phase 2 is a clinical trial period that lasts 1 to 3 years to determine
therapeutic dose limits in order to investigate the clinical efficacy and safety of the product. Phase 3 lasts
3 to 4 years. At this stage, the phase 1 and phase 2 periods are tested. Phase 4 is a process for further
clinical investigation of the approval of approved products, indications for administration. These basic
studies, which include finding a new molecular structure that can be used as a drug, finding new uses
of existing molecular structures, and re-evaluating the adverse effects of a drug, are conducted through
clinical tests, thus covering a long and costly process. The drug design, application and development
mechanism is shown in Figure 1.

Figure 1. The drug design, application and development mechanism
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Designing and developing the most effective drug in a short time and with lower costs attracts the
attention of many scientists working in different fields. In the process of designing the most effective
drug, in silico (applied in computer environment) methods are preferred because it minimizes time and
cost. The appropriate drug structures obtained in accordance with the calculations made with in silico
methods allow for more rational drug designs by reducing the processes of organic synthesis with high
budget. The aim of molecular modeling methods that define molecular systems at the atomistic level
is to show how atoms and molecules can interact with a three-dimensional image and simulation, and
to determine the structure of these interaction mechanisms. These models can also be used to interpret
existing observations or to predict new chemical behaviors. In the drug design process, in silico meth-
ods have become a valuable and necessary tool for the modeling of molecular structures that have been
nominated for drugs, for increasing the effectiveness of drugs, and for the design of new drug molecules
with unknown molecular structure. With these methods, it is possible to examine the relationship between
chemical structure and function from small systems to large biologic molecules and material groups.
Molecular biology, protein science, drug design, electronic and photonic materials, and polymer science
are among these areas. With the help of in silico methods, information can be obtained from the micro-
scopic details of the system up to the macroscopic properties. In other words, it is possible to understand
the biochemical and physicochemical properties of molecules by performing a perfect calculation with
these methods under high conditions such as high pressure and temperature. The contribution of modern
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computer-aided drug design to the discovery of drugs is an indisputable fact, and is understood to have
been used by large pharmaceutical companies in many commercially available drugs.
The most preferred methods for drug design will be described in two parts.

Molecular Dynamic Methods
Molecular Docking Methods

MOLECULAR DYNAMIC METHODS

Various experimental techniques may provide information about the dynamics of proteins and other
biomolecules, but they generally report their spatial and temporal averaging properties, not as the indi-
vidual molecules in the protein (Dror, Dirks, Grossman, Xu, & Shaw, 2012). The quantum mechanical
behavior of molecules at the subatomic level is defined by the time-dependent Schrédinger equation, but
a direct solution of this equation is practically impossible for the calculation of biologic macromolecules.
The standard method for simulating the movements of such molecules is known as molecular dynamics
(MD) simulation, in which the positions and velocities of the particles representing each atom in the
system are determined according to the classic physics laws (Dror et al., 2012). Experimental techniques
and rational design strategies, as well as MD methods, which model atomic-level motions computation-
ally based on first-principles physics in the design and engineering of proteins, have been preferred to
simulate the movement of proteins according to classic dynamics. One of the strongest aspects of MD
is that, thanks to the simulations, dynamic molecular interactions that contribute to protein stability and
function provide protein design by revealing atomistic details. MD simulations can also be used as a
virtual scanning tool to sort, select, define, and evaluate potential designs (Childers & Daggett, 2017).
MD is a physical method used to study the interaction and movement of atoms and molecules accord-
ing to Newton’s physics. In this method, inter- and intra-molecular interactions are taken into account.
The MD method allows the determination of the new state of a known system after a period of time,
by mathematical equations, so that the molecular structure-function-motion relationship is determined
and the behavior of the system according to time is revealed. MD is based on the solution of Newton’s
equation of motion for small time intervals for an N-particle system. The force acting on any particle in
the system (i. particle) is calculated as the sum of the forces applied to that particle by other particles in
the system. From this force expression, the acceleration and velocity of the particle are obtained. The
new position of the particle is calculated from the acceleration and velocity expression and the force and
energy are calculated for the particle in the new position. These calculations are repeated continuously
to determine the behavior of the N-particle system over time (Frenkel & Smit, 2002; Van Gunsteren &
Berendsen, 1990).
The calculation diagram of the MD method is given in Figure 2.

d’r, (t) _
F =m ——~(i=1,2,3,...,N) (1

L dr?

The position and mass of the i. atom are expressed by their sequence r, and m,, respectively.
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Figure 2. Calculation diagram for MD method
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In order to perform orbit calculations, it is necessary to have knowledge of the atoms, their initial
position, initial velocity distributions, and the accelerations that can be obtained by the gradient of po-
tential energy. These cycle calculations continue until the total potential energy for the system becomes
constant. With this method, if the speed and location of each atom are known at any time, it is possible
to determine the state of the system at any time in the past or future. MD also allows examining the
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experimental behavior of a system that is difficult or impossible to observe. Parameters such as the
number of particles (N), temperature (T), and pressure (P) of the system give the thermodynamic state
of that system. Several of the ensembles used in MD simulations are given in Table 1 (Mentes, 2009).

Table 1. The ensembles used in Molecular Dynamic (MD) simulation

Ensembles

o Number of Particles (N)

Microcanonic ensembles .
o Constant Volume (V) Corresponds to isolated systems.

NVE o Constant Energy (E)
. e Number of Particles (N)
Canonical ensembles
NVT e Constant Volume (V) Corresponds to all systems

o Constant Temperature(T)

o Number of Particles (N)
o Constant Pressure (P) Corresponds to all systems
o Constant Temperature (T)

Isobaric-isothermal ensembles
NPT

The force fields used for molecular systems can be classified as having two basic components, such
as internal and external forces. There are some limitations in the calculation of energy related to the
deviations in their angular values between the equilibrium and the reference values. In the force field
function, these angular expressions refer to the energy change of the system when the bonds are stretched
or shortened or bent. In more complex force field functions, bond stretching, angle bending, dihedral
rotations, and the electrostatic and van der Waals interactions between the non-bonded atoms in the
system are also included. A force field is used to define these energies, which is a potential energy func-
tion used to estimate the forces between interacting atoms and to calculate the total energy of the system
(De Vivo, Masetti, Bottegoni, & Cavalli, 2016). Thus, together with these force fields, all interactions
occurring between atoms are modeled according to reality and results compatible with experimental
data are obtained. The potential energy function, which defines the force field, includes the potentials
for intra- and inter-molecular interactions. The intra-molecular interactions include bond stretching,
angle bending, dihedral rotations potential terms, while the inter-molecular interactions are based on
electrostatic interactions and van der Waals interactions (Field, 1999; Hedman, 2006).

=U +U +U (7)

intra-molecular bond-stretching angle-bending dihedral-rotations

®)

) = o+
inter-molecular electrostatic Van der Waals

Bond Stretching Potential Energy

The interaction between at least two atoms in the molecule is generally determined by the bond length
potential, which is usually defined by a quadratic equation. It is assumed that there is a spring between
the two atoms and the coefficient of the function, depending on the bond type and the atoms it contains,
is considered to be equal to the spring constant. In biomolecules, the bonds have a stiff degree of free-
dom, so energy is only correct for values close to the equilibrium length.
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b 02
Ulmndfstretch,m_q - Z kz,] (7’;,_7 - ,r;l,j ) (9)

ij

k”

ij ;
0 . . . eqer
1;; ; distance between atoms i and j at equilibrium

corresponds to the spring constant,

r distance between atoms i and j at momentary displacement
Angle Bending Potential Energy

The interaction between at least 3 atoms bound by two chemical bonds is defined by the angle bending
potential. As in the bond stretching potential energy, it is assumed that there is a spring between the two
bonds and this constant is expressed as kf .+ the potential function coefficient. Angles are also have a

stiff degree of freedom in biomolecules, so the energy function is only correct for values close to the
equilibrium angle.

Uangle—bending = Zk:j,k (Qi,_/,k - ei(,)_j,k )2 (10)

i)k

Hij ,» instantaneous angle value,

91,?]., « » angle value at the moment of equilibrium

Dihedral Rotation Potential Energy

A dihedral angle is defined as the angle between two intersecting planes which composed of four atoms.
In chemistry, a torsion angle is defined as a special name of a dihedral angle, defining the geometric re-
lationship of two parts of the molecule linked by a chemical bond. Torsions can occur on single chemical
bonds within the molecule and these torsions affect the total energy of the molecule. Molecule rotates
around single chemical bonds with a little energy from the environment. These turns are not completely
free, but are braked.

Udz'hcdml—rotatian = E kl‘ijﬁk,[ l [1 + COS n (¢ijkl - ('bijkl() )] (1 1)

i,5,k,l

where k,, °: force constant between atoms, ¢ . - instantaneous angle value, ¢, , °: angle value at the mo-
ment of equilibrium

Electrostatic Interaction Potential Energy
It is used to calculate the potential energy between charged atoms in the molecule. This potential is

directly proportional to the charge of atoms and is inversely proportional to the distance between atoms.
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B ) (12)

electrostatic

g, and q; the charges on the atoms,
rys the distance between atoms;
g; the dielectric constant of the environment

Van der Waals Interaction Potential Energy

Although the orders of electrons around the atoms in the molecule are on an average symmetrical, a small
fluctuation in the electron distribution means that the symmetrical arrangement can be asymmetrical for
amoment. When the instant electronic settlement changes, instant dipoles occur, this induces interactions
with all neighboring atoms and causes atoms to attract each other. When the two atoms arrive at a very
close distance, a repulsion force occurs between the surrounding electron clouds and this repulsion is
greater than the induced attraction between atoms. At the optimum distance, which is 2.5-2.7 A between
two unbound atoms, called the van der Waals contact distance, repulsion and attraction forces known as
London dispersing forces are formed. These bonds are weak due to the instant dipole interaction and are
called van der Waals bonds. Although van der Waals interactions are 100 times smaller than chemical
bond energy, their contribution to the energy of the molecule is important because it takes place between
many atoms. The Lennard-Jones potential (Eq.13) is used to identify this energy. The interaction potential
of van der Waals is a short-range interaction.

12 6

g.. g ..

U, =>4 |2 -+ (13)

vdw 0,7
1] i

O'ij._ distance between particles where the potential is zero,
€ is the depth of the potential well
r;> represents the distance between atoms.

Along with all these interaction potentials, the system’s total potential energy equation is obtained.
Some of the most commonly known force fields used in MD are; AMBER, CHARMM, GROMOS, and
OPLS force fields. Nowadays, with the emergence of innovative hardware and software codes, it is pos-
sible to run MD simulations from nanoseconds to microseconds within a few milliseconds. This enables
a detailed examination of the conformational area, including large biomolecules. The exact description
of the path followed by the ligand bound to a target protein can be determined by the MD trajectories,
and protein-ligand binding, which is critical to drug discovery is also performed by this method using
thermodynamic and kinetic data. Some of the programs used to perform MD simulation are given below;

AMBER: The Amber software package performs biomolecule simulations using the AMBER force
field. This program is written in the Fortran 90 and C programming languages (Case et al., 2018).
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CHARMM: The name for the commonly used force fields for molecular dynamics and their associated
molecular dynamic simulation and analysis is the name of the computer software package. This program
enables the production and analysis of a wide variety of molecular simulations (Brooks et al., 1983).

GROMACS: This program, GROningenMAchine for Chemical Simulations, was written at the Uni-
versity of Groningen in the early 1990s using the source code system (SCCS). GROMACS is a versatile
program that solves Newton’s equations with specific approaches for systems containing hundreds of
particles while performing molecular dynamic simulations. First, this program, designed for biochemical
molecules such as proteins, lipids, and nucleic acids containing complex bound interactions, is extremely
fast in calculating unbound interactions. It also uses non-biologic systems such as polymers. It runs 3-10
times faster than many simulation programs. The command line is executed through the interface and
the files are used as input and output. The calculation, progress, and estimated end time (ETA) provide
a comprehensive view of the feedback, trajectory viewer, and trajectory analysis. In addition, the avail-
ability of different force fields makes GROMACS a suitable program (Berendsen, van der Spoel, & van
Drunen, 1995; Hess, Kutzner, Van Der Spoel, & Lindahl, 2008; Lindahl, Hess, & Van Der Spoel, 2001).
The GROMACS program is compatible with GROMOS, OPLS, AMBER, and ENCAD force field (Van
Der Spoel et al., 2005).In addition to these programs, NAMD, LAMMPS, and GROMOS programs can
also be provided for MD. MD studies published (Budama-Kilinc, Cakir-Koc, Kecel-Gunduz, Zorlu, et
al., 2018; Kumar, 2017; Pavlin et al., 2018; Vettoretti et al., 2016).

The are some limitations of MD simulations such us timescales, force field accuracy, covalent bonds
during MD simulations. For numerical stability, the short time steps simulations are required. Despite
the simulation times increased from nanoseconds to microseconds, simulation timescales remain a
challenge for MD calculations. Although molecular mechanical force fields have undergone significant
improvements, they are naturally approximations and contain some limitations. In addition, the fact that
the formed covalent bonds cannot be broken or regenerated imposes limitations on calculations during
MD simulations.

MOLECULAR DOCKING METHOD

Molecular docking methods are of great importance in the planning process of potential new drugs.
The aim of molecular docking is to provide a prediction of the ligand-receptor complex structure and to
determine the best conformation of the ligand to obtain a ligand-receptor complex with the lowest energy
using calculation methods(Khan T, 2018). The molecular docking approach can be used to model the
interaction at the atomic level between small molecules and a macromolecule like proteins or enzymes;
this allows us to elucidate the basic biochemical processes by characterizing the behavior of small mol-
ecules at the binding site of the target macromolecules (McConkey, Sobolev, & Edelman, 2002; X.-Y.
Meng, Zhang, Mezei, & Cui, 2011). The diagram of molecular docking is shown in Figure 3.

The interactions of target macromolecule-drug candidate molecules are achieved with the help of
intermolecular bonds. In addition to ionic and covalent bonds, the most common bonding of hydrogen
bonds and van der Waals interactions are of great importance in receptor-ligand interactions. As a result
of these interactions, effects on efficacy and selectivity are investigated by linking the drug candidate
molecule to the target macromolecule. The structure-activity relationships of the molecules that may be
drug candidates before the synthesis steps are investigated in molecular docking studies (Ece & Sevin,
2013).
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Figure 3. The diagram of molecular docking
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Many programs such as AutoDock Vina, GOLD, FlexX, and Glide are currently used for molecular
docking studies. Molecular docking programs can differ from each other due to the difference of the
search algorithms and scoring functions used in determining a docking pose.

The process of ligand docking contains two steps and the diagram of ligand docking process is seen
in Figure 4.

1- Estimation of ligand conformation and orientation called the pose by search algorithms.
2- Evaluation of binding affinity by scoring functions.

Figure 4. The diagram of ligand docking process
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Search Algorithms

In molecular docking, search algorithms are used to discover the free energy field to find the best ligand
poses. According to the method used to investigate ligand flexibility, search algorithms are divided
into three main groups: systematic, stochastic (or random) and deterministic searches Figure 5. Table 2
presents different search engine available for search algorithms.
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Figure 5. The diagram of search algorithms
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Systematic search algorithms investigate all degrees of freedom of the ligand. The ligand conformation
number is associated with the number of rotatable bonds. The greater the number of rotatable bonds, the
great the number of combinations that can be affected. Therefore, for the placement to be more practical,
geometric / chemical constraints are applied to the initial screening of ligand poses, and the filtered ligand
conformations are subjected to more precise correction / optimization processes (Huang & Zou, 2010).

Stochastic or random methods can form randomly changeable degrees of freedom, including trans-
lational, rotational, and conformational, of the ligand at each step. These ligand poses are evaluated
according to the probability criteria to decide whether or not to reject each one. There are several dif-
ferent ways in which random method algorithms operate such as the Monte Carlo method, the genetic
algorithm method, evolutionary algorithms, and particle swarm optimization (Guedes, de Magalhaes,
& Dardenne, 2014; Huang & Zou, 2010).

Deterministic methods, which is the third category, include methods such as molecular simulations
by considering a ligand as a flexible body (Guedes et al., 2014). Simulations provide details of the
movement of individual particles as a function of time (Dastmalchi, 2016). These methods are based on
calculations performed with Newton’s equations of motion.

Table 2. Some examples of search algorithms

Systematic Search Stochastic Search
GLIDE (Friesner et al., 2004) Auto Dock (Morris, Goodsell, Huey, & Olson, 1996)
DOCK (Ewing, Makino, Skillman, & Kuntz, 2001) GOLD (Jones, Willett, Glen, Leach, & Taylor, 1997)
FlexX (Rarey, Kramer, Lengauer, & Klebe, 1996) Molegro Virtual Docker (Sochacka, 2014)
SLIDE (Schnecke & Kuhn, 1999) CDocker(Wu, Robertson, Brooks III, & Vieth, 2003)
FRED (McGann, 2012) MOE_Dock(Corbeil, Williams, & Labute, 2012)

Scoring Functions
During the docking process, the search algorithm searches for many ligand conformations. After the

conformations are determined with the search algorithms in the first step, scoring functions separate
the correct exposures from false exposures or separate the binders from inactive compounds within a
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reasonable calculation period. The basic aim of scoring functions is to approximately predict the bind-
ing affinity between two molecules using some mathematical functions after the docking process (Jain,
2006). Scoring functions can be divided into force field-based, empirical-based, and knowledge-based
scoring functions. The diagram of scoring functions were seen in Figure 6 and Table 3.

The scoring functions based on force field, fundamentally consider the non-bonded terms of the
molecular mechanic’s force field; these functions predict the interaction energy between the receptor
and the ligand (E. C. Meng, Shoichet, & Kuntz, 1992). Scoring functions based on the classic force field
determine the binding energy by calculating the sum of bond (stretching/bending/torsional) terms, the
electrostatic and van der Waals interactions. Electrostatic and van der Waals interactions are estimated
using the Coulomb formulation and Lennard-Jones potential function, respectively (Ferreira, dos Santos,
Oliva, & Andricopulo, 2015). The challenges in force field-based scoring functions are how to account
for solvation and entropy contributions. The simplest method is to use a distance-dependent dielectric
constant &(rij) such as the force field scoring function:

A.  B. q.4.
pe S| A B 94 (14)
; rz’jlz rijé & (V,j)’”,»,-

Force-field-based scoring functions can be extended by adding hydrogen bonds, solvation, and en-
tropy contributions. The force-field-based functions that adjust with other techniques such as free-energy
perturbation methods (FEP) can be used to improve the accuracy in predicting binding energies (Ece &
Sevin, 2013; Huang & Zou, 2010; McConkey et al., 2002; X.-Y. Meng et al., 2011).

Figure 6. The diagram of scoring functions
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In empirical scoring functions, the binding energy includes various energy components such as
van der Waals energy, electrostatic energy, hydrogen bonding, desolvation terms, hydrophobic effect,
and binding entropy. With increased numbers of crystal structures of various macromolecules (such
as protein or enzyme)-ligand complexes with known binding affinities, an empirical scoring function
could be developed by training on the binding constants of many receptor-ligand complexes (Ece &
Sevin, 2013; Huang & Zou, 2010; McConkey et al., 2002; X.-Y. Meng et al., 2011). However, because
of the simplicity of the employed energy terms, empirical functions are faster than force-field-based
methods(Ferreira et al., 2015).
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AG = > W,.AG, (15)

where AG, symbolize empirical energy terms (Van der Waals energy, electrostatics energy, hydrogen
bonding, desolvation terms, binding entropy, hydrophobicity effect etc.) and the corresponding coeffi-
cients W, are identified by fitting the binding affinity data of a training set of receptors—ligand complexes
known three-dimensional structures(Bohm, 1994; Eldridge, Murray, Auton, Paolini, & Mee, 1997; Head
et al., 1996; Jain, 1996; Wang, Liu, Lai, & Tang, 1998).

A knowledge-based scoring function, the third approach of scoring function, uses statistical analysis
of crystal structure of ligand-receptor complexes to obtain inter-atomic distances between ligand and
macromolecule (protein or enzyme). The principle of knowledge-based scoring functions is based on
the potential of the mean force obtained by the inverse Boltzmann relation. For receptor—ligand studies,
the potentials are calculated by;

w(r) = —kBTIn(%J (16)

where k, is the Boltzmann constant, Tis the temperature of the system, p(r) express the number density
of the receptor-ligand atom pair at distance r in the training set, and p*(r) express the pair density in a
reference state where the interatomic interactions are zero.

Knowledge based scoring functions present better balance between accuracy and velocity compared
with force field and empirical based scoring functions(Bohm, 1994, 1998; Dastmalchi, 2016; Eldridge et
al., 1997; Ferreira et al., 2015; D. Gehlhaar, Bouzida, & Rejto, 1999; D. K. Gehlhaar et al., 1995; Head
et al., 1996; Huang & Zou, 2010; Jain, 1996; Krammer, Kirchhoff, Jiang, Venkatachalam, & Waldman,
2005; X.-Y. Meng et al., 2011; Wang, Lai, & Wang, 2002; Wang et al., 1998).

Table 3. Examples of scoring functions applied in used molecular docking programs

Force Field-Based Empirical Knowledge-Based
Dock Glide Score SMoG (DeWitte & Shakhnovich, 1996)
AutoDock LUDI (Bohm, 1994) DrugScore(Gohlke, Hendlich, & Klebe, 2000)
GoldScore(Jones et al., 1997) ChemScore(Eldridge et al., 1997) RF Score (Ballester & Mitchell, 2010)
Molegro Virtual Docker PLP (D. K. Gehlhaar et al., 1995) PoseScore(Fan et al., 2011)

The Ligand and the Receptor Docking Types

There are three different docking types including ligand/target flexible or rigid based upon the objec-
tives of docking studies.
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Rigid Ligand-Rigid Receptor

The search space is limited due to only three translational and rotational degrees of freedom in the rigid
ligand and rigid receptor. In this method, the calculations are performed using the predetermined con-
formations of the ligand or allowing an amount of the overlaps between atoms of the receptor-ligand.

Flexible Ligand-Rigid Receptor

The flexibilities of ligand and receptor are very important for correctly predicting drug binding because
the ligand and receptor can change their conformations to form the best pose having minimum energy.
However, the flexibility of the receptor is a problem because it increases cost. Therefore, when the ac-
curacy and calculation time are considered, the ligand is kept flexible and the receptor is kept rigid.
Flexible ligand and rigid receptor are the most commonly used method.

Flexible Ligand-Flexible Receptor

Flexible ligand-receptor complex studies can be realized by MD simulations. This method includes all
the degrees of freedom of the ligand and the receptor, but it cannot create sufficient sample for a docking
study. Also, it has high computational cost (X.-Y. Meng et al., 2011).

The common challenges of docking method such as ligand- and receptor- conformation, flexibility
and cavity detection. The flexible receptor docking, especially the backbone flexibility at the receptors,
is still a major challenge for existing docking methods.

Some molecular docking programs used are discussed below:

Autodock Vina

AutoDock Vina is fast and effective for most systems, predicting optimum docked conformations using
coordinate files for receptor and ligand. AutoDock Vina shows good performance for typical biologic size
and composition. It uses rigid receptor and this simplification decreases the size of the conformational
space and the computational effort of scoring each trial conformation (Trott & Olson, 2010). In docking
calculations with AutoDock Vina, a configuration file must be prepared. The configuration file contains
the ligand and receptor information, the central Cartesian coordinates of the area to be connected, and
the width of the docking region.

The AutoDock binding affinities of the NAC molecule, which was extensively used as a pharmaceuti-
cal prodrug for the treatment of cataract, and a vaccine against to Toxoplasma gondii were investigated
in our previous studies(Budama-Kilinc, Cakir-Koc, Kecel-Gunduz, Kokcu, et al., 2018; Cakir-Koc,
Budama-Kilinc, Kokcu, & Kecel-Gunduz, 2018). In addition, Phe-Tyr dipeptide (Kecel-Giindiiz et al.,
2018) with greatest ACE-inhibitory activity was also investigated as a pharmaceutical drug for the treat-
ment of hypertension by using AutoDock Vina.

The RMSD values obtained as a result are very important for the evaluation of docking success.
The crystal structures of ligands are taken as a reference to obtain RMSD values. The comparison of
structure-ligand poses and the docked poses is performed using the results of successful docking studies.
The upper RMSD limit accepted is 2 A (Dastmalchi, 2016).
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Glide (Grid-Based Ligand Docking with Energetics)

Glide is planned to search the positional, orientational, and conformational space available to the ligand,
retaining sufficient computational speed to screen large libraries. The aim of Glide is to search pos-
sible positions of the ligand in the active site of the receptor using a series of hierarchical filters. Glide
presents the full range of fast and accurate options, from the HTVS (High-throughput virtual screening)
to the SP (standard precision). HTVS and SP docking use the same scoring function. HTVS decreases
the number of intermediate conformations along the docking funnel and the thoroughness of the final
torsional refinement and sampling. Additionally, XP (extra precision) performs more extensive sampling
compared with SP. The aim of the XP Glide methodology is to semiquantitatively rank the capability
of candidate ligands to bind to a specified conformation of the receptor (Friesner et al., 2004; Friesner
et al., 2006; Halgren et al., 2004). Glide docking “funnel”, showing the Glide docking hierarchy was
seen in Figure 7.

Figure 7. Glide docking “funnel”, showing the Glide docking hierarchy
(Friesner et al., 2004)
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In our last published study, we analyzed the structural behavior of a skin protective tripeptide Gly-His-
Lys (GHK) with anti-oxidant and anti-cancer properties. To reveal the mechanism of interaction between
GHK tripeptide and Fibroblast Growth Factor, the hydrogen bonding interactions were investigated by
Molecular docking calculations using Glide SP module of the Schrodinger Software program. In this
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study, the ADME profile of the GHK tripeptide was also carried out using the Qik-Prop tool, and the
distribution and absorption values in different tissues were determined and its potential for being able
to be a drug was revealed (Kokcu et al., 2019).

ADMEPHARMACOKINETICS

The determination of the ADME profile of molecules is very important because the pharmacokinetic
information of drug candidate molecules, such as ADME properties, are taken into consideration during
drug development studies at different points in biologic systems. It is determined by the ADME profile
that a drug candidate can be easily absorbed by the mouth, easily transported to the target area in the body,
and can be easily eliminated from the body. The determination of many properties such as molecular
weight, brain/blood partition coefficient, skin permeability, and percent human oral absorption helps in
the production and development of effective and beneficial drugs. Lipinski’s 5 rules provide information
on whether a drug candidate has the ability to become an orally active drug. Lipinski determined four
simple physicochemical parameters depending on 90% of the active drugs taken orally that reached the
phase II clinical stage. These four simple physicochemical parameters are as follows(Lipinski, 2004;
Lipinski, Lombardo, Dominy, & Feeney, 1997):

Not more than 5 hydrogen bond donors (expressed as the sum of OHs and NHs)

Not more than 10 hydrogen bond acceptors (expressed as the sum of oxygen and nitrogen atoms)
A molecular mass less than 500 Daltons

An octanol-water partition coefficient log P not greater than 5

Some important ADME pharmacokinetic properties are given as follows; and the diagram of forma-
tion of ADME profiles are also given in Figure 8.

Molecular Weight (MW)

The molecular weight can be calculated as the sum of the masses of atoms in a molecule. Many funda-
mental physicochemical properties such as molecular weight, hydrophobicity and polarity reveal very
important properties for drug discovery(Bickerton, Paolini, Besnard, Muresan, & Hopkins, 2012). For
example, the molecular weight of a peptide-based active drug that is targeted to the kidney because of
targeting ability and a high degree of safety plays an important role for increasing efficacy and reducing
toxicity (Xu, Zhang, Dang, & Jiang, 2018). MW should be below 500 Daltons according to Lipinski’s 5
rules, although broad synthetic trials may cause the size of chemicals to increase. Most successful drugs
have molecular weights below 500 Daltons (Hefti, 2008). The masses of elements commonly found in
the structure of drug molecules are listed in Table 4.

Hydrogen Bond Acceptors and Donors (HBA and HBD)
According to the Lipinski’s 5 rules, an orally active drug in general should have no more than 10 hy-

drogen bond acceptors (all nitrogen or oxygen atoms) and no more than 5 hydrogen bond donors (the
total number of nitrogen—hydrogen and oxygen—hydrogen bonds).The number of nitrogen and oxygen
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atoms is very important in determining the number of hydrogen bond donors and acceptors. The number
of hydrogen bond donors is defined as the sum of the nitrogen-hydrogen and oxygen-hydrogen bonds
and the number of the hydrogen bond acceptors is also defined as the sum of the nitrogen and oxygen
atoms in the structure.

Figure 8. The diagram of formation of ADME profiles

Absorption

Table 4. The masses of organic chemistry elements commonly found in the structure of drug molecules
for use in the calculation of molecular weights

Element Atomic Mass

Carbon (C) 12.011
Nitrogen (N) 14.007
Oxygen (O) 15.999
Sulphur (S) 32.065
Chlorine (CI) 35.453
Fluorine (F) 18.998
Bromine (Br) 79.904
Phosphorus (P) 30.974
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Octanol/Water Partition Coefficient (ClogP)

The octanol/water partition coefficient (Log P), as one of estimative factors for the Blood Brain Bar-
rier (BBB), is a descriptor for aqueous media (Tihanyi & Vastag, 2011). Log P, which is the partition
coefficient that gives a ratio of the two concentrations, offers a prediction about whether a molecule is
hydrophilic or hydrophobic (lipophilic). The determination of Log P of a molecule can also give infor-
mation about absorption, distribution, metabolism, and excretion.

Polar Surface Area (PSA)

Polar surface area (PSA) is a crucial parameter in physical chemistry studies for drug discovery because
PSA is used to characterize the transportation process of drug molecules, such as the octanol-water
partition coefficient, and PSA can be attributed to several reasons for drug absorption (Kubinyi & Folk-
ers, 2008). The determination of the PSA is realized with the sum of the surface area of the oxygen and
nitrogen atoms, called polar atoms, including their attached hydrogens in the molecule structure. PSA
less than 140 A% has a surrogate property for cell permeability. PSA must be less than 90 A?to be used as
a surrogate for BBB penetration (Hitchcock & Pennington, 2006; Pajouhesh & Lenz, 2005). PSA influ-
ences BBB permeability, as well as positive effects on intestinal absorption and peripheral circulation
restriction problems (Clark, 2011). PSA also best defines the concepts of molecular polarity, H-binding
properties, and solubility, which plays important roles in cell membrane penetration (Kubinyi & Folk-
ers, 2008). To predict BBB penetration, van de Waterbeemd and Kansy (van de Waterbeemd & Kansy,
1992) performed a PSA study. In addition, Caco-2 permeability was estimated by using PSA (van De
Waterbeemd, Camenisch, Folkers, & Raevsky, 1996).

The PSA can be obtained from the 3D structure of a molecule. However, 3D conformation of the
molecule is needed to obtain the PSA. This situation may cause the process to be long and intensive.
For this reason, Ertl et al. developed a predictive model that only needed a topology file for ease of PSA
calculation. This predictive model was called the Topological Polar Surface Area (TPSA) (Ertl, Rohde,
& Selzer, 2000).

Caco-2 Cell Permeability and MDCK Cell Permeability

Caco-2 and MDCK (Madin-Darby Canine Kidney) are preferred in cell-based models for drug studies.
Caco-2 cells, which are obtained from human colonic adenocarcinoma, have many morphologic and
functional properties of the intestinal epithelial cell barrier (Tihanyi & Vastag, 2011). It is an extensively
used cell line in different in vitro cell culture studies to predict the intestinal permeability of drug candi-
dates (Castillo-Garit, Marrero-Ponce, Torrens, & Garcia-Domenech, 2008). In the literature, the range
of Caco-2 permeability is accepted as <1 x10¢ (0-20% poor), 1-10 x10° (20-70% moderate), >10 x10¢
(70-100% good), respectively (Chaturvedi, Decker, & Odinecs, 2001; Yee, 1997). MDCK cells, which
are also important in cell studies such as cell polarity, cell-cell adhesions, have an important role for
drug development studies (O’Brien, Zegers, & Mostov, 2002). MDCK cell lines show similar properties
to caco-2 cell lines regarding the observed permeability versus human intestinal absorption (Irvine et
al., 1999; Tihanyi & Vastag, 2011), but it is an alternative and can be a useful tool for rapid membrane
permeability screening.
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Skin Permeability

The skin permeability parameter is important for development studies of drugs administered through
the skin. The Kp permeability coefficient, which is given with units of cm/h, is beneficial for compar-
ing the diversity of drugs and offers a prediction of their relative skin permeability. The prediction of
skin permeability of any drug is linked to the skin of the species used. For example, the range of Kp is
generally 107 - 10 cm/h for human skin (Ranade & Cannon, 2009).

Kp is given as following formula (Gupta et al., 2010),

_ K, xD

K, P

a7

where K is distribution coefficient between stratum corneum and vehicle, and D is average diffusion
coefficient (cm2/h), and h is thickness of skin (cm).

There are various models for the prediction of the skin permeability. The most frequently used of
these models is the Potts-Guy relationship. The skin permeability prediction is obtained with an equation
that depends on a molecule’s molecular weight (MW) and octanol-water partition coefficient.

Log Kp =-2.74 + (0.71 x Log P_, ) — (0.0061 x MW) (18)

This equation helps for a prediction of skin permeability to determine whether a drug candidate is
sufficiently permeable to be considered for transdermal delivery in the absence of experimental skin
permeation data (Ranade & Cannon, 2009).

BBB

Blood vessels are an essential tool to transport oxygen and nutrients to different points of the body
(Daneman & Prat, 2015). The micro-vascular system of the central nervous system, called the BBB, is
important to identify unique characteristics such as the movement of ions, molecules, and cells between
the blood and the brain (Daneman, 2012; Zlokovic, 2008). The control of CNS homeostasis provides
to protect the neural tissue from harmful components such as pathogens and toxins. Any problem in
the BBB can cause serious diseases such as stroke, edema, and brain trauma (Alvarez, Cayrol, & Prat,
2011; Daneman, 2012; Sandoval & Witt, 2008; Zlokovic, 2008). The BBB permits diffusion of small
molecules that are polar and hydrophobic. It prevents the dissolution of large and hydrophilic molecules
in the cerebrospinal fluid (CSF) (Johansen et al., 2018). Central nervous system-related drugs must first
pass through the BBB (Carpenter et al., 2014).

HSA (Human Serum Albumin) Serum Protein Binding
One of the other important parameters in ADME is HSA binding. HSA, a carrier protein, is found in
blood plasma and has the largest amount of the total protein in blood plasma (Lexa, Dolghih, & Jacobson,

2014; Simard, Zunszain, Hamilton, & Curry, 2006). HSA is responsible for the transport of hormones,
fatty acids, and other compounds through the bloodstream (He & Carter, 1992). Plasma protein binding
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(PPB) is one of the few factors that affects the penetration of drugs from plasma to target tissue (Bohnert
& Gan, 2013). Interactions with serum proteins are factors that affect the distribution volumes. HSA also
connects with passive permeability and penetration across the BBB(Howard, Hill, Galluppi, & McLean,
2010). Thus, the interactions of HSA and small molecules affect the ADME profiles of small molecules
(Benet, Kroetz, Sheiner, Hardman, & Limbird, 1996; Kratz & Elsadek, 2012).

In reference (Kokcu et al., 2019), the pharmacokinetic parameters which are required for predicting
the drug-like properties of GHK are listed in Table 5. GHK tripeptide has 340g/mol molecular weight,
6 hydrogen bond donors and 9 hydrogen bond acceptors, and the calculated value of octanol / water
partition coefficient is -3.868. The rate of skin permeability (SP) is a very important pharmacokinetic
property for the transdermal effect of drugs and cosmetics, especially in the fields of medicine and cos-
metics. The calculated QP log Kp for skin permeability (Kp in cm/hr) value of GHK tripeptide is-9.697.
It is important to know the ability to cross the blood brain barrier due to GHK’s anti-anxiety activity.
The calculated brain/blood partition coefficient (QPlogBB) is-2.441 and is within the recommended
range of value (-3.0 — 1.2). Additionally, Human serum albumin (HSA) is important like the blood-brain
barrier for the probability of being drug. The calculated QP log K hsa Serum Protein Binding value was
determined as-1.556 (standard limits from -1.5 to 1.5).

Table 5. Docking score and calculated ADME properties of GHK Tripeptide

Property Value Recommended
Docking score (kcal/mol) -7.513
Polar surfacearea PSA (A°2) 197.821 7.0/200.0
MolecularWeight, MW (g/mol) 340.381 130.0/725.0
QP Polarizability (Angstroms”3) 30.663M (13.0/70.0)
QP logP forhexadecane/gas 12.735M (4.0/18.0)
QP logP foroctanol/gas 25.070M (8.0/35.0)
QP logP forwater/gas 21.918M (4.0/45.0)
QP logP foroctanol/water -3.868 (-2.0/6.5)
QP logS foraqueoussolubility 0.515 (-6.5/0.5)
QP logS -conformationindependent 0.636 (-6.570.5)
QP log K hsa Serum Protein Binding -1.556 (-1.5/1.5)
QP log BB for brain/blood -2.441 (-3.0/1.2)
No. of PrimaryMetabolites 8 (1.0/8.0)
Predicted CNS Activity (-- to ++) --
HERG K+ Channel Blockage: log IC50 -1.760 (concern below -5)
Apparent Caco-2 Permeability (nm/sec) 0 (<25 poor. >500 great)
Apparent MDCK Permeability (nm/sec) 0 (<25 poor. >500 great)
QP logKpfor skin permeability -9.697 (Kp in cm/hr)
Jm, maxtransdermal transport rate 0 (micrograms/cm”2-hr)
LipinskiRule of 5 Violations 1 (maximum is 4)
% Human Oral Absorption in GI (+-20%) 0 (<25% is poor)
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THE LIMITATIONS OF IN SILICO APPROACHES

Some limitations of MD simulations are timescales, force field accuracy, covalent bonds during MD
simulations. For numerical stability, the short time steps simulations are required. Despite the simulation
times increased from nanoseconds to microseconds, simulation timescales remain a challenge for MD
calculations. Although molecular mechanical force fields have undergone significant improvements, they
are naturally approximations and contain some limitations. In addition, the fact that the formed covalent
bonds cannot be broken or regenerated imposes limitations on calculations during MD simulations.

The common challenges of docking method such as ligand and receptor conformation, flexibility and
cavity detection. The flexible receptor docking, especially the backbone flexibility at the receptors, is still
a major challenge for existing docking methods. There are different in silico ADME models because of
different levels of complexities and throughputs. The throughput these models are limited by the extent
of computation (Yu & Adedoyin, 2003).

CONCLUSION

Developing a new drug; It is a very demanding process that lasts about 10-16 years and costs about 1.2
billion dollars for synthesis, preclinical research, clinical trials (phases I, IT and III), FDA approval and
Phase IV studies. In addition, many animals should be sacrificed in pre-clinical studies. On the other
hand, with computerized calculation methods, cost and time savings are achieved, while the number of
experimental tests is minimized and fewer animals are sacrificed for toxicity tests. Drug design using
computer programs plays a crucial role in interdisciplinary studies and as part of a drug discovery ap-
proach in the pharmaceutical industry, since it plays a vital role in the design and analysis of biologically
new and more active molecules by reducing cost and time.
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