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Preface

“In the depths of your hopes and desives lies your silent knowledge of the beyond;
and like seeds dreaming beneath the snow your heart dreams of spring. Trust the
dreams, for in them is hidden the gate to eternity.”

— Kahlil Gibran-The Prophet

Recent advances in precision medicine and immuno-oncology have led to highly
specific and efficacious cancer therapies. Most notably, immune checkpoint inhibi-
tors (ICIs) are monoclonal antibodies engineered to release the brakes on the
patient’s own immune system so it can mount a robust immune response against
cancer cells. ICIs have emerged as powerful treatments for patients with several
types of solid tumors, such as melanoma, mesothelioma, lung, kidney, ovarian, and
bladder cancers. Targets of ICIs include the programmed death-ligand 1 (PD-L1),
the programmed cell death protein 1 (PD-1), and the cytotoxic T-lymphocyte-
associated protein 4 (CLTA-4), which are major factors in tumor evasion of immune
surveillance. It is crucially important to identify biomarkers to predict the response
to ICIs as well as combination therapies with other targeted mechanisms such as
targeted gene blockade and cell cycle checkpoint inhibitors. It is important to note,
however, that the use of ICls in cancer immunotherapy is frequently followed

by inflammatory and autoimmune diseases, known as immune-related adverse
events (irAEs), which include endocrine adverse effects. Other types of geneti-
cally engineered anti-cancer monoclonal antibodies work in a multitude of ways,
including flagging cancer cells, blocking cell growth, directly attacking cancer cells,
and bridging cancer and killer immune cells. Additionally, conjugated monoclonal
antibodies exert their function by carrying a drug or radioactive substance that can
destroy cancer cells.

In the field of chemotherapy, doxorubicin is considered one of the most powerful
FDA-approved therapeutic agents. Doxorubicin is an anthracycline antibiotic
extracted from the bacterium Streptomyces peucetius. It causes cancer cell death by
intercalating with DNA leading to DNA breakage. It has been successfully used

to treat patients with breast cancer, ovarian cancer, lung cancer, bladder cancer,
sarcoma, and leukemia. However, the administration of doxorubicin is often
limited because of its toxic side effects and drug resistance, which necessitate

a clear understanding of the molecular mechanisms behind the emergence of
doxorubicin’s drug resistance and critical side effects.

It is an exciting time to be in the field of precision medicine and immuno-oncology,
as the next generation of targeted therapies holds the promise of better survival
rates for cancer patients.
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Chapter1

Immune and Cell Cycle
Checkpoint Inhibitors for Cancer
Immunotherapy

Erlinda M. Gordon, Nicole L. Angel, Ted T. Kim,
Don A. Brigham, Sant P. Chawla and Frederick L. Hall

Abstract

The rational design of immunotherapeutic agents has advanced with a funda-
mental understanding that both innate and adaptive immunity play important roles
in cancer surveillance and tumor destruction; given that oncogenesis occurs and
cancer progresses through the growth of tumor cells with low immunogenicity in an
increasingly immunosuppressive tumor microenvironment. Checkpoint inhibitors in
the form of monoclonal antibodies that block cancer’s ability to deactivate and evade
the immune system have been widely indicated for a variety of tumor types. Through
targeting the biological mechanisms and pathways that cancer cells use to interact
with and suppress the immune system, immunotherapeutic agents have achieved
success in inhibiting tumor growth while eliciting lesser toxicities, compared to
treatments with standard chemotherapy. Development of “precise” bio-active
tumor-targeted gene vectors, biotechnologies, and reagents has also advanced. This
chapter presents ongoing clinical research involving immune checkpoint inhibitors,
while addressing the clinical potential for tumor-targeted gene blockade in combina-
tion with tumor-targeted cytokine delivery, in patients with advanced metastatic
disease, providing strategic clinical approaches to precision cancer immunotherapy.

Keywords: PD-1 inhibitor, CTLA4 inhibitor, DeltaRex-G, DeltaVax, NK cells,
checkpoint inhibitors, cell cycle control, GMCSF

1. Introduction

The human immune system is an intricate network of cell types and signaling
pathways that act in a concerted effort to ensure that when an immune response
is elicited, it is directly proportional to the severity of the attack. Although this
network exists to protect the body from foreign invasion, an overactive immune
response can lead to immunopathogenesis and autoimmunity, thus it is crucial that
there are mechanisms set in place to ensure this system remains tightly regulated
[1]. The immune system achieves this strict regulation by engaging a complex
system of checkpoint control pathways. These checkpoints act as metaphorical
gateways that require a specific key, in the form of a protein or a small molecule, in
order to initiate tightly regulated signaling pathways that prevent over-reactivity
of an immune response through the binding of specific cell surface receptors.
This process is known as peripheral tolerance [2]. Certain checkpoint pathways,
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including those involving transmembrane protein receptors cytotoxic t-lymphocyte
antigen 4 (CTLA-4) and programmed death 1 (PD-1), play pivotal inhibitory roles
in T-cell activation. Specifically, the CTLA-4 checkpoint is designed to inhibit
T-cells from becoming autoreactive during the beginning stages of T-cell activation,
while the PD-1 checkpoint is part of a family of costimulatory receptors that, when
bound to its ligand, inhibits T-cell proliferation [2].

Tumor cells exploit the process of peripheral tolerance as a way to evade
immunological surveillance by mimicking inhibitory receptors that are normally
expressed on the surface of antigen presenting cells [3]. Expressing these inhibitory
receptors allows cancer cells to effectively downregulate an immune response by
deactivating the T-cells they come into contact with. The development of genetically
engineered immune checkpoint inhibitors (ICIs) to treat malignancies therefore has
the potential to revive pre-existing immune responses that would have otherwise
been suppressed by the cancer [4]. Immunotherapies have been developed over
the past decade using monoclonal antibodies as checkpoint inhibitors, binding the
inhibitory receptor on T-cells and blocking tumor cells from binding to these sites.

The first immune checkpoint inhibition therapies to enter clinical trials for
patients with advanced cancer were two fully human CTLA-4 blocking antibodies,
ipilimumab and tremelimumab. Clinical activity of the CTLA-4 blockade was most
significant in advanced melanoma patients, leading to a 15% response rate that,
for some patients, persisted for over 10 years after discontinuing therapy [5]. In
2010, a large Phase III trial was published showing ipilimumab to have significantly
improved overall survival rates in patients with metastatic melanoma, compared
to treatment with standard gpl00, a synthetic peptide cancer vaccine, alone [6].
Ipilimumab has since been FDA approved in combination for the treatment of
advanced renal cell carcinoma, microsatellite instability high (MSI-H) or mismatch
repair deficient ({MMR) metastatic colorectal cancer, hepatocellular carcinoma,
non-small cell lung cancer (NSCLC), and malignant pleural mesothelioma.

The PD-1 checkpoint pathway was the next to be targeted with antibody therapy.
Similar to ipilimumab, the first nivolumab trials were also shown to be most effica-
cious in melanoma patients, although it is now approved not only for the treatment
of melanoma, but also of non-small cell lung cancer (NSCLC), small cell lung
cancer, malignant pleural mesothelioma, renal cell carcinoma, Hodgkin lymphoma,
squamous cell carcinoma of the head and neck, urothelial carcinoma, MSI-H or
dMMR metastatic colorectal cancer, hepatocellular carcinoma, and esophageal
squamous cell carcinoma. A study assessing the efficacy of anti-CTLA-4 and
anti-PD-1 combined therapy in melanoma patients showed even more significant
results, with 53% of patients achieving an objective response, and > 80% tumor
reduction was reported in all patients [7].

Thus far, the only two immune checkpoint inhibitors that have been successfully
brought to market are those that involve the PD-1/PD-L1 checkpoint and CTLA-4
checkpoint. These targets are within the adaptive immune system, but scientists are
looking at the potential anti-tumor effects of exploring checkpoint targets within
the innate immune system. Another target currently being investigated involves
immune checkpoint inhibition within natural killer (NK) cell-mediated immunity.
Cancer cells frequently downregulate their MHC expression, rendering T-cell medi-
ated immunotherapy insufficient for killing these tumor cells. NK cell-mediated
treatment can, in theory, compensate for this. As a first line of defense within the
immune surveillance system, NK cells are quicker to become activated and will
indiscriminately induce apoptosis in any cell lacking MHC-receptors.

Similar to the immune system, a checkpoint control system is also used to control
the distinct phases of the cell division cycle in order to regulate cellular proliferation.
Unrestrained cell division is a fundamental characteristic of oncogenesis, therefore
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cell cycle checkpoint control is vital in preventing the development of cancer. The
mechanism of action in this case of checkpoint control is site-specific protein phos-
phorylation executed largely by cyclin-dependent proline-directed protein kinases.
For example, Cyclin D1 and CDK4/6 are downstream of growth-initiating signaling
pathways which lead to cellular proliferation. Palbociclib, an inhibitor of cyclin-
dependent kinases CDK4/CDK®6 is approved for the treatment of HR-positive,
HER2-negative advanced or metastatic breast cancer in combination with an
aromatase inhibitor as initial endocrine based therapy in postmenopausal women or
fulvestrant in women with disease progression following endocrine therapy [8].

Another example of an executive cell cycle regulatory protein is the cyclin G1
protein, product of the CCNG1 proto-oncogene: (i) identified as the prime molecu-
lar driver of “Cell Competence” (to proliferate), (ii) needed for quiescent cells to
enter the G1 phase, subject to oncogene-addiction as a molecular survival factor [9].
Tumor-targeted gene therapy involving CCNG1 blockade was tested in a number
of clinical trials over a decade ago, and has recently been revived for clinical use,
upon analysis of long-term cancer-free survival data, as the first clinically validated
tumor-targeted gene therapy vector of this kind. This genetic medicine, known as
DeltaRex-G (Former names: Mx-dnG1, dnG1, Rexin-G), is a “retroviral expression
vector displaying a cryptic/designer collagen-binding motif on its gp70 surface
envelope, designed specifically for targeting abnormal (anaplastic) Signature (SIG)
proteins in the tumor microenvironment and encoding a dominant-negative mutant
construct (dnG1) of human CCNG1 (Cyclin G1)oncogene/survival factor [10].
Once administered intravenously, the DeltaRex-G nanoparticles (~100 nm) accu-
mulate in cancerous lesions, where the transgene is expressed, using the tumor cell’s
replication machinery to translate a mutant, cytocidal protein that is specifically
designed to block the Cyclin G1 pathways of cell competence and survival function,
leading to active cancer cell death via apoptosis.

Herein, we discuss the current landscape of immune and cell cycle checkpoint
inhibition by presenting a selected number of ongoing and past clinical research
for advanced malignancies at the Cancer Center of Southern California (CCSC)/
Sarcoma Oncology Research Center (SORC) in Santa Monica, California, in context
and collaboration.

2. Ongoing clinical research

Ongoing clinical research is either investigator-initiated or company sponsored.
In the case of investigator-initiated research, CCSC/SORC serves as the spon-
sor, conceives and designs the clinical protocol, and manages the entire clinical
trial with or without funding by a pharmaceutical company, the FDA or the NIH.
Company-sponsored research is developed, monitored, and funded by a pharma-
ceutical company.

2.1 Investigator initiated research

2.1.1 SAINT: An Expanded Phase II Study Using Safe Amounts of Ipilimumab,
Nivolumab, and Trabectedin as First-Line Treatment of Advanced Soft
Tissue Sarcoma (NCT03138161). Erlinda M. Gordon, Principal Investigator

2.1.1.1 Background > rationale

Soft tissue sarcomas comprise a rare, heterogenous category of malignan-
cies originating from connective tissue, blood vessels or lymphatic tissue [11].
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This group accounts for only 1% of adult cancers in the United States, but it has a
higher mortality rate than testicular cancer, thyroid cancer, and Hodgkin lymphoma
combined [12]. The most commonly used modalities of treatment for sarcoma have
been surgery, radiation and chemotherapy. Currently, chemotherapy treatment
options have been shown to slow down disease progression but are ineffective in
keeping most patients from eventually developing recurrent and metastatic disease
[13]. Once unresectable or metastatic, the majority of soft tissue sarcomas remain
incurable with chemotherapy. Immune checkpoint blockades do not act directly

on the cancer cell, thus they can theoretically be applied to the treatment of any
type of solid tumor, including the rarest and most aggressive malignancies. The
precedent set by the approval of immune checkpoint inhibition for the treatment
of numerous cancer types provides a strong rationale for studying their effects on
soft tissue sarcoma. Studies with ipilimumab and nivolumab have since been done
showing promising results when used in patients with advanced soft tissue sarcoma
[14]. The third drug in this trial is a marine-derived alkaloid, trabectedin, an FDA
approved chemotherapy treatment for leiomyosarcoma and liposarcoma [15]. A
recently published retroactive analysis of 442 patients treated with trabectedin over
a10 year period confirms that trabectedin can prolong progression free survival
(PFS) in patients with advanced sarcoma [16].

Gordon et al. designed the SAINT protocol based on the fact that sarcoma cells
are most immunogenic early in the disease process [17] and prior to any other
treatment, allowing immune checkpoint inhibitors to exploit this advantage and
deploy the immune system to recognize and destroy them. This study was designed
to evaluate the best objective response rates (BORR) assessed via CT scan or MRI
and to assess the overall survival (OS) and progression-free survival (PFS) after
6 months of treatment.

2.1.1.2 Methods

Eligible patients for this Phase II clinical trial were treatment-naive adult
patients with advanced unresectable or metastatic soft tissue sarcoma. Trabectedin
was administered to the study subjects at the maximum tolerated dose determined
previously in the dose escalation phase of this trial. Ipilimumab and nivolumab were
be administered at defined doses in order to assess the overall safety profile and
potential efficacy of this treatment regimen. Patients continued on the treatment
until they experienced significant disease progression or unmanageable toxicities.
Best objective response was measured according to Response Evaluation Criteria
in Solid Tumors (RECIST) v1.1 using CT scan or MRI. Median progression-free
survival (PFS) and overall survival (OS) were also measured in months. Adverse
events were assessed and categorized as related or unrelated to the treatment and
listed by severity according to the Common Terminology Criteria for Adverse
Events (CTCAE) version 5.0.

2.1.1.3 Preliminary vesults were presented at the Connective Tissue Oncology
Society Meetings, November, 2020

Sixty subjects were evaluated using RECIST v1.1 for analysis of treatment effi-
cacy. Twenty-five percent (25%) had either a complete response (11.7%) or a partial
response (13.3%), and 37 patients (61.7%) had stable disease. Disease control rate
was 86.6%. The median PFS was >6.7 months (6-month OS rate: 90%; 6-month PFS
rate: 51%), while the median OS was >17.0 months.

Grade 3 TRAEs included fatigue (n = 6), adrenal insufficiency (n = 1), hypergly-
cemia (n = 1), dehydration (n = 1), hyponatremia (n = 2), bipedal edema (n = 2),
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increased AST (n = 6), increased ALT (n = 19), increased ALP (n = 1), port site
infection (n = 2), psoriasis exacerbation (n = 1), anemia (n = 3), thrombocytope-
nia (n = 2), leukopenia (n = 1), and neutropenia (n = 3). Grade 4 TRAES include
anemia (n = 1), neutropenia (n = 1), thrombocytopenia (n = 1), and increased
CPK (n = 2). Grade 5 TRAES include rhabdomyolysis (n = 1). Therapy related AML
occurred in one patient.

2.1.1.4 Conclusions/future directions

The positive results from this trial thus far strongly suggest that using combina-
tion therapy with ipilimumab, nivolumab, and trabectedin as first-line treatment
in patients with advanced or metastatic sarcoma allows the treatments to engage
synergistically without causing any additive toxicities. This combination may
be superior to known therapies for STS. Overall, the adverse events experienced
less severe than toxicities typically experienced with standard first line treat-
ment (doxorubicin/ifosfamide) for metastatic soft tissue sarcoma. Future Phase
3 randomized studies are proposed to evaluate the safety and efficacy of first-line
combinatorial therapy with ipilimumab, nivolumab and trabectedin in comparison
to standard therapy for patients with advanced soft tissue sarcomas.

2.1.2 The TNT Protocol: A Phase II Study Using Talimogene Laherparepvec,
Nivolumab, and Trabectedin as First, Second/Thivd Line Therapy
for Advanced Sarcoma, including Desmoid Tumor and Chordoma
(NCT03886311). Sant P. Chawla and Erlinda M. Gordon, co-Principal
Investigators

2.1.2.1 Background ¢ rationale

The significant immunotherapeutic potential of oncolytic virotherapy is due to
its ability to induce a multifaceted anti-tumor response involving aspects of both
the innate and adaptive immune systems [18]. A multitude of viral vectors have
been explored for their potential oncolytic properties, particularly as a method
of delivering targeted treatment to sites of malignant disease [19]. The ability to
genetically modify these viruses to target and exploit essential oncogenic signal-
ing pathways has kept them at the forefront of immuno-oncology research [20].
This particular vulnerability triggers selective replication of the viral genome and
directly contributes to furthering the oncolytic process. Infected tumor cells secrete
viral progeny composed in part by tumor-associated antigens and neoantigens in
response to their infection, causing the innate immune system to activate an NK
cell-mediated cytotoxic response. The tumor-associated antigens that are released
into the tumor microenvironment are phagocytosed by antigen-presenting cells,
thus initiating the process of T-cell-mediated adaptive anti-tumor immunity. In
addition to the anti-tumor response, the presence of the oncolytic virus also triggers
a concurrent anti-viral response, and regulatory mechanisms become crucial to
ensuring a controlled immune response, including the upregulation of immune
checkpoints [20].

Oncolytic viruses derived from Herpes simplex virus 1 (HSV-1) vectors are
amongst the most frequently investigated in pre-clinical trials and have been shown
to encompass the combined ability to induce oncolysis and anti-tumor immune
responses simultaneously [21]. Talimogene Laherparepvec (T-VEC) is an inject-
able live, attenuated, oncolytic HSV-1 virus that has been genetically engineered to
express human granulocyte-macrophage colony-stimulating factor (huGM-CSF),

a known immune modulator and hematopoietic growth factor that stimulates the
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differentiation of multipotent progenitor cells and plays a key role in the functional
abilities of many different circulating lymphocytes, including T-cells [22].

The objective of this ongoing study is to evaluate the potentially synergistic
effects T-"VEC may evoke when used in combination with anti-PD-L1 monoclonal
antibody, nivolumab and marine derived alkaloid, trabectedin. The study is ongoing.

2.1.2.2 Methods

This open-label Phase II study is designed to assess the safety and efficacy of
this combination treatment. This will be accomplished by determining the median
month of progression-free survival, median duration of response, and best overall
response rates based on each patients’ percent of change in their tumor sizes. This
study plans to enroll 40 participants with advanced disease who have at least one
tumor that is easily accessible for intratumoral injection with T-VEC. Regarding the
statistical analysis, continuous variables will be summarized by the sample size (n)
and measures of central tendency and variation will be calculated including mean,
standard deviation, first and third quartiles, maximum and minimum. Categorical
variables will be summarized by the sample and by the percent in each category.
“Point estimates for efficacy endpoint incidences will be accompanied by a 2-sided
95% exact binomial CI. Time to event endpoints will be summarized descriptively
using the KM method. Safety (incidence and severity of adverse events and signifi-
cant laboratory abnormalities) will be performed on all patients (ITT population).
Patient incidence of all treatment emergent AEs will be tabulated by system organ
class and preferred term” [23].

2.1.2.3 Preliminary vesults presented at the Connective Tissue Oncology Society
meetings, November, 2020

Efficacy analysis (n = 31): There were 6.5% partial responses, 80.6% disease
control rate, with 74.1% PFS rate and 92.6% OS rate at 4 months.

Safety Analysis (n = 41): Grade 3 TRAEs include fatigue (n = 2), decreased
ejection fraction (n = 1), anasarca (n = 1), dehydration (n = 1), decreased cortisol
(n = 1), anemia (n = 9), thrombocytopenia (n = 4), neutropenia (n = 4), gastroen-
teritis (n = 1), increased ALT (n = 8), increased AST (n = 1), and increased GGT
(n = 1). Grade 4 TRAEs observed were thrombocytopenia (n = 2). There was no
conversion from unresectable to resectable tumor. There were thirty-one evaluable
subjects for efficacy analysis.

2.1.2.4 Conclusions/future directions

Second- or third- line combinatorial therapy with talimogene laherparepvec,
nivolumab, and trabectedin.

1. may be equal or better than standard second/third line therapy in achieving
disease control.

2.may be safer than standard therapy for patients with advanced soft tissue sar-
coma with no unexpected toxicities.

2.1.2.4.1 Future divections for research

Studies are proposed to evaluate the efficacy and safety of first, second/
third line combinatorial therapy with talimogene laherparepvec, nivolumab and
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trabectedin vs. standard therapy (doxorubicin/ifosfamide) in randomized studies
for advanced soft tissue sarcomas.

2.1.3 A Phase Ib investigation of safety/efficacy of nivolumab and ABI-009 (nab-
rapamycin) in advanced undifferentiated pleomorphic sarcoma (UPS),
liposarcoma (LPS), chondrosarcoma (CS), osteosarcoma (OS) and Ewing
sarcoma (NCT03190174). Erlinda M. Govdon, Principal Investigator

2.1.3.1 Background ¢ vationale

Aberrant mTOR signaling, typically due to either an activating mutation in onco-
genes related to the mTOR pathway or a loss of function mutation in an upstream
tumor suppressor gene, has been found to play a significant, multifaceted role in
oncogenesis [24, 25]. Originally discovered while investigating the targets of the drug
rapamycin, a potent immunosuppressive agent, in the early 1990, the protein kinase,
mammalian target of rapamycin (mTOR), is a major signaling hub for directing
cellular growth, metabolism, and proliferation [26]. While studying the mechanism
of action behind rapamycin’s inhibitory effects on mTOR signaling, the drug was also
found to be involved in the inhibition of T-cell proliferation, specifically between the
Gj and S phases of the cell cycle. This finding launched a multitude of studies to better
understand the role of mTOR signaling in T-cell activation and proliferation [27], cul-
minating in the discovery that T-cells are also highly dependent on mTOR signaling to
maintain normal T-cell activation and proliferation [28]. When t-cells receive immune
stimuli, they then rely on signals from mTOR to promote t-helper cell differentiation
while simultaneously inhibiting the induction of regulatory T-cells. Thus, mTOR
exerts control over essential regulatory signals in both adaptive and innate immunity.

Initial clinical studies investigating the anti-cancer effects of single agent
mTOR inhibitor, were disappointing, reporting its limited effects, thus leading to
the investigation of rapamycin in combination with various chemotherapy agents
where it was successful in inhibiting cancer growth in prostate cancer patients
[29]. However, the experimental drug, ABI-009 or nab-sirolimus, a novel albumin-
bound mTOR inhibitor, has been shown to be effective and safe for the treatment of
malignant perivascular epithelioid cell tumors (PEComa) [30]. A phase 1/2 trial is
currently ongoing to investigate the potential synergistic activity of nab-sirolimus
when administered with an immune checkpoint inhibitor, nivolumab, in improving
clinical outcomes for patients with advanced sarcoma.

2.1.3.2 Methods

The original objectives of the study are: (1) To investigate the maximum toler-
ated dose (MTD) of ABI-009 when given with nivolumab, a PD-1 inhibitor, in
previously treated advanced undifferentiated pleomorphic sarcoma, liposarcoma,
chondrosarcoma, osteosarcoma and Ewing sarcoma; (2) To investigate the disease
control rate (DCR), progression-free survival (PFS), and overall survival (OS) of
this combination therapy in the aforementioned patient group, and (3) To correlate
PFS with PD-L1 and other biomarker expression in patients’ tumors.

This is an IRB approved protocol with 2 parts. The phase 1 part is a dose-finding
study using the “cohort of three design”, wherein a standard dose of nivolumab
240 mg is given IV every 3 weeks (day 1 of every 21-day cycle). Escalating doses of
ABI-009 are given IV on days 8 and 15 of each cycle starting in Cycle 2 following the
2nd nivolumab dose. The starting dose of ABI-009 is 56 mg/m?, and sequentially
escalating doses are 75, and 100 mg/m”. Phase 2 of the study will enroll 31 addi-
tional patients to further assess efficacy and safety at the MTD.
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2.1.3.3 Preliminary results presented at the ASCO annual meeting in June, 2019

The Phase I part of study included 9 patients who were treated successfully at
3 dose levels. No dose-limiting toxicities (DLTs) were observed, the MTD was not
reached, and 100 mg/m” ABI-009 was designated as the recommended Phase II
dose. Safety analysis: At Dose 1 (n = 3): Grade 3 treatment-related adverse events
(TRAESs) included dyslipidemia (n = 1) and hyperglycemia (n = 1). At Dose 2
(n = 3): Grade 3 TRAEs included increased ALT (n = 1). At Dose 3 (n = 3): Grade 3
TRAESs included hypophosphatemia (n = 1).

2.1.3.4 Conclusions/future dirvections

The primary endpoint has been met with no DLTs, the MTD was not reached
and Dose 3 (100 mg/m2) of ABI-009 has been designated as the phase 2 dose which
is on-going.

2.2 Company sponsored clinical research

2.2.1 Phase I Study of INBRX-109 in Subjects With Locally Advanced or
Metastatic Solid Tumors Including Sarcomas (NCT03715933) Sant P,
Chawla, Principal Investigator

2.2.1.1 Background ¢ rationale

The initiation of the extrinsic apoptosis pathway is mediated by several death
domain receptors including death receptor 5 (DR5), a transmembrane protein
receptor activated by the tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) [31]. The DRS5 apoptosis pathway naturally occurs to rid the body of
neoplastic cells and is known to be crucial in immune system surveillance against
cancer growth and metastasis. Normally, when an anchorage-dependent cell
becomes detached, the cell will undergo a process of detachment-induced apoptosis
called anoikis, initiated by a death receptor-mediated apoptotic pathway. A reduc-
tion in DRS5 expression was found in melanoma tumor samples, strongly implying
the TRAIL/DRS pathway is associated with the prevention of tumor metastasis [32].
In 1999, Walczak et al. observed tumor cells to have a significantly higher sensitivity
to TRAIL than normal cells, emphasizing its potential as a therapeutic cancer agent
[33]. The subsequent development of agonistic antibodies against DR5 (i.e. recom-
binant human TRAIL proteins) was shown to be successful in stimulating apoptosis
when tested in various tumor cell lines, and was later also shown to enhance the
efficacy of chemotherapy and radiotherapy [34].

INBRX-109 is a tetravalent DR5 agonist antibody designed to initiate the DR5
apoptosis pathway and precisely engineered to avoid unnecessary crosslinking to
lower the risk of hepatotoxicity.

2.2.1.2 Methods

This is the first in-human, open-label, non-randomized Phase I clinical trial for
INBRX-109. Eligible patients had metastatic or unresectable solid tumors refractory
to standard treatment or for which there is no FDA approved standard treatment.
Phase I consists of two parts, part 1 being a 3 + 3 dose escalation cohort and part 2
being a dose expansion cohort. Safety, tolerability and dose-limiting toxicity were
measured and analyzed using the National Cancer Institute’s Common Terminology
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Criteria for Adverse Events (CTCAE) criteria to assess the severity of adverse events
experienced. This study’s exploratory objective is an assessment of anti-tumor
activity and was reported according to RECIST v1.1 standard.

2.2.1.3 Preliminary vesults presented at the CTOS meeting, November, 2020

Overall, INBRX-109 was well tolerated and approximately 90% of patients
showed no signs of hepatotoxicity. The pharmacokinetics of INBRX-109 were
approximately dose proportional across all doses tested and thus support dosing
every 3 weeks without administration of any premedications. All patients have
thus far tested negative for anti-drug antibodies. Maximum tolerated dose was
not reached in the dose escalation cohort and only one dose-limiting toxicity was
experienced. Very few serious adverse events that occurred were attributable to
the drug being studied. One patient with mesothelioma has been reported to have
experienced acute hepatic failure leading to death that could possibly be related
to the study drug. Evidence of anti-cancer effects were observed in patients with
chondrosarcoma, resulting in durable partial responses and stable disease.

2.2.1.4 Conclusions/future directions

NBRX-109, a precisely engineered tetravalent DR5 agonist antibody, showed
promising results that warrant further exploration. The pharmacokinetics of
INBRX-109 were essentially dose-proportional across all three dose levels, support-
ing dosing every three weeks with no premedications necessary. Specifically, the
chondrosarcoma cohort of this Phase I study has been expanded to include twenty
patients and is currently ongoing.

2.2.2 An Open-labeled, Phase I Study to Evaluate the Safety and Tolerability
of Apatinib with Nivolumab in Patients with Unresectable or Metastatic
Cancer (NCT03396211) Sant P. Chawla, Principal Investigator

2.2.2.1 Background ¢ rationale

Unregulated angiogenesis is one of the key characteristics of malignant tumors
[35]. In addition to creating neovasculature, tumor angiogenesis plays a key role in
creating an immunosuppressive tumor microenvironment by causing an accumula-
tion of pro-tumor immune cells and a decrease in the abundance and function of
anti-tumor immune cells. Anti-angiogenic cancer treatments have been shown to
reverse this process, essentially ‘reprogramming’ the tumor microenvironment
by converting it from an immunosuppressive to an immunogenic one. This has
been accomplished by targeting and inhibiting vascular endothelial growth factor
(VEGF), a well-known cell surface-signaling proangiogenic protein that becomes
stimulated when bound to tyrosine kinase receptors. With the use of antiangiogenic
small molecule tyrosine kinase inhibitors (TKIs), VEGF can be blocked from bind-
ing its receptor, stopping the tumor from being able to continue to create neovas-
culature [36]. However, cancer has been able to circumvent this blockade using
multiple other pathways, suggesting the use of antiangiogenic therapies that inhibit
more than one signaling pathway simultaneously.

The experimental drug, apatinib, is a highly selective VEGFR-2 TKI, admin-
istered orally, that has already been approved in China for >3rd-line treatment
for advanced gastric cancer. The potential benefit of combining TKI and PD-1
therapies has been demonstrated in preclinical murine models, suggesting that
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combining ICIs with antiangiogenesis therapy could have the synergistic antitumor
effects needed to enhance the efficacy of the individual therapies [37]. This phase 1
single-center clinical trial beginning in 2018 evaluated the safety and tolerability
of TKI, apatinib, and PD-1 inhibitor, nivolumab, in patients with unresectable or
metastatic cancer.

2.2.2.2 Methods

All subjects enrolled had cancer that was refractory to prior lines of treatment.
Specifically, patients were required to already be at least three cycles into nivolumab
treatment and must be planning to continue this treatment throughout the trial
period. Thirty patients in total were enrolled, ten of which were in part 1 of this
study, where they were treated with apatinib using a classic 3 + 3 dose escalation
method in order to determine the maximum tolerated dose. Part 2 of this study
included twenty subjects and was an expansion phase using the MTD. The percent
of change in tumor responses and amount of time until progression were measured
and analyzed using RECIST v1.1 and iRECIST criteria.

2.2.2.3 Preliminary vesults presented at the Connective Tissue Oncology Society
meetings, November, 2020

The overall response rate reported was 13.3% (95% CI: 3.8% to 30.7%)
and the median PFS was 7.2 months (95% CI: 5.3 to 9.0 months). No complete
responses occurred although four patients achieved a partial response and the
majority of patients achieved stable disease. Seven patients from part 1 and six
patients from part 2 experienced > grade 3 treatment emergent adverse events
including fatigue (10.0%), hypertension (10.0%), nausea (10.0%), anemia
(16.7%) and asthenia (10.0%). Two patients experienced fatal adverse events,
although there were no noted treatment related deaths. Nine patients eventually
discontinued the study due to toxicity, and nine patients also received a dose
reduction. No unexpected side effects were noted as a result of the combined
treatment.

2.2.2.4 Conclusions/future directions

The results of this study demonstrate an acceptable safety profile and clini-
cal benefit of combination treatment with nivolumab and apatinib that is worth
exploring further in additional clinical studies.

2.2.3 Phase 1, Open-Label, Safety Study of Escalating Doses of Ex Vivo Expanded,
Autologous Natural Killer Cells in Patients With Pathologically Confirmed
Cancer Refractory to Conventional Therapy (NCT03941262). Sant P
Chawla, Principal Investigator

2.2.3.1 Background ¢ rationale

Natural killer (NK) cells are the cytotoxic lymphocytes of the innate immune
system [38]. As a rapid, first line of defense, NK cells are able to lyse tumor cells
independent of the expression of tumor-associated antigens and/or the presence of
major histocompatibility complex class I (MHC-I) molecules. This ability is crucial
as cancer cells have been shown to downregulate the expression of MHC-I on their
cell surface as a way to evade detection by immunosurveillance mechanisms [39].
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Since the expression of MHC-I on cancer cells is needed for their detection and
destruction by T-cells, evolving a loss of MHC-I expression has been a way for
tumor cells to remain undetectable and this loss has therefore been reported “as a
mechanism of resistance to anti-PD-1 therapy” [40]. In order to avoid the develop-
ment of resistance to PD-1 checkpoint inhibition therapy, exploration of NK cell
therapy is warranted, especially because of the NK cell’s specific role in the recog-
nition and destruction of cancer cells that display a loss of MHC-I. Additionally,
the broad ability of NK cells to destroy tumor cells irrespective of prior sensitiza-
tion or immunization therapy make them ideal candidates for engineered cell
therapies.

Discoveries regarding the NK cell’s role in anti-tumor immunity coupled with
advancements in the field of hematopoietic stem cell transplantation have brought
to light the potential in using NK cell-mediated immunotherapeutic strategies to
fight cancer [41]. Adoptive immunotherapy using donor-derived autologous NK
cell products can be engineered by using monoclonal antibodies alone, or in com-
bination with in vivo and ex vivo NK cell activation techniques [42]. This is done
by obtaining a patient’s NK cells and incubating them as highly active NK cells,
giving them the ability to mass produce NK cells which are then infused back into
the patient. This study explores the safety and tolerability of treating cancer with
SNKO1 (autologous natural killer cells).

2.2.3.2 Methods

This study is a nonrandomized, multicenter safety study of adoptively infused,
ex vivo expanded autologous NK cells to treat male and female adult patients with
advanced or metastatic, intractable cancer. Study subjects were placed in one of
three cohorts and received SNKO1 in an open-label fashion according toa 3 + 3
Phase 1 dose-escalation method. Patients received 5 weekly infusions for a period
of 5 weeks, and restaging imaging was performed on week 6. The primary objec-
tive of this study was a safety assessment based on the incidence and severity of
dose-limiting toxicities and other adverse events observed by evaluating vital signs,
clinical laboratory findings and physical examination abnormalities. The adverse
events were graded according to the CTCAE v5.0 criteria. Subjects’ performance
status was assessed and recorded using ECOG criteria. The secondary objective is to
evaluate the efficacy of the treatment by measuring the objective response rate of
target lesions observed via CT scan using iRECIST criteria.

2.2.3.3 Preliminary vesults
Not yet available.
2.2.3.4 Conclusions/future dirvections

In order to effectively achieve immune surveillance, immunosuppressive signals
within the tumor microenvironment must be interrupted. The PD-1/PD-L1 signal-
ing blockade was developed in accordance with this principle. Tumors have been
shown to secrete cytokines associated with suppression of T-cells and NK cells, and
past murine studies have shown circulating IL-18 in low levels originating from
tumor cells can suppress NK anti-tumor activity [41]. The principles of checkpoint
blockade can be applied here with the development of a neutralizing antibody to
IL-18, suggesting the potential of checkpoint inhibition to improve in vivo NK cell
activity.
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3. Past clinical research

3.1 Immune Design: A Randomized, Open-Label, Phase II Trial of CMB305
(Sequentially Administered LV305 [lentiviral vector expressing NYESO-1
gene] and G305[NY-ESO-1 recombinant protein plus GLA-SE]) and
Atezolizumab in Patients with Locally Advanced, Relapsed, or Metastatic
Sarcoma Expressing NY-ESO-1 (NCT02609984) Sant P. Chawla, Principal
Investigator

3.1.1 Background ¢ vationale

NY-ESO-1 is a protein that is normally expressed in fetal and testicular tis-
sues, although some solid malignancies have been known to express an abnormal
NY-ESO-1 protein that has become a target for emerging antigen-directed cancer
therapies [43, 44]. Previous studies looking at NY-ESO-1 expression in cancer cells
have reported its presence in the majority of synovial sarcomas tested, as well as
sporadic expression in a number of other sarcoma subsets [45]. The immunoge-
nicity of NY-ESO-1 has been demonstrated by the discovery of receptors against
NY-ESO-1 on CD8" T-cells. A 2011 clinical trial conducted by the National Cancer
Institute was the first to report promising anticancer effects of NY-ESO-1-targeted
immunotherapy in patients with metastatic synovial sarcoma using adoptively
transferred autologous T-cells containing a T-cell receptor against NY-ESO-1 [46],
suggesting its potential to be effective in other sarcomas as well. Since then, numer-
ous trials targeting NY-ESO-1 in various cancer types using both adoptive T-cell
therapy and vaccination approaches have concluded that there is a clear clinical
benefit in pursuing NY-ESO-1 as an immunotherapeutic target [47].

The drug being studied is CMB305, a prime-boost immunotherapeutic vac-
cine regimen developed to prime the immune system and enhance its subsequent
response to immunotherapeutic agents. The priming component of CMB305 is an
integration-deficient, replication-incompetent lentiviral vector containing RNA
coding for NY-ESO-1. The boost component contains a recombinant E. coli-pro-
duced NY-ESO-1 protein that, as a single agent, can initiate anti-NY-ESO-1-specific
CD4' T-cell and antibody responses. The combination of the primer and the booster
was designed with the intention of eliciting an enhanced T-cell response.

The goal of this study was to investigate the ability of a prime-boost immuno-
therapy regimen that is able to elicit NY-ESO-1-specific CD8" T-cells to synergisti-
cally enhance the efficacy of PD-L1 checkpoint inhibition therapy in advanced or
metastatic sarcoma patients whose tumors are positive for NY-ESO-1 expression.

3.1.2 Methods

The primary objective of this study was to compare the progression-free sur-
vival in locally advanced or metastatic sarcoma patients whose tumors expressed
NY-ESO-1 when treated with CMB305 in combination with atezolizumab versus
patients treated with atezolizumab alone. The secondary objectives of this study
were to evaluate the safety of this combination treatment, as well as to evaluate
the best overall response rate using RECIST v1.1 modified to use immune-related
response criteria. The overall survival of the two groups will be evaluated.

Twelve patients were randomized 1:1 in a safety run-in evaluation. Next,

80 patients were randomized and stratified by disease. Tumor samples from all
patients were tested for levels of PD-L1 and NY-ESO-1 expression prior to treat-
ment, and again on Day 42 in order to assess the extent of successful immune
cell invasion in the tumor. Re-staging imaging studies were performed every six
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weeks for the first twelve months, followed by staging every twelve weeks until the
patient displayed symptomatic progression. CMB305 treatment was administered
in seven doses over a three-month period, while atezolizumab was administered
intravenously every three weeks, and was continued up to two years or until toxici-
ties began to develop. An additional booster dose was also given every six weeks

for the first year or until the patient displayed disease progression. Blood samples
were collected to test for lentivirus vector persistence at baseline, six, twelve and
twenty-four months following the initial treatment. Adverse events were recorded
as related or unrelated to the study drug and graded based on CTCAE c4.03 criteria.

3.1.3 Published results
Not Available.
3.1.4 Conclusions/future divections

Phase I of this trial was the first of its kind to test a prime-boost vaccination
regimen to treat patients with advanced cancer. In 2018, Immune Design released
information stating that an early analysis of the Phase II clinical trial results showed
the combination treatment of atezolizumab with CMB305 suggested that it is
unlikely this regimen will show enhanced survival time of patients with recurrent
synovial sarcoma [48]. A Phase III trial has not yet been pursued.

3.2 A Phase I-II Study Using DeltaRex-G (Former name:Rexin-G)Tumor-
Targeted Retrovector Encoding a Dominant-Negative Cyclin G1 Inhibitor
for Advanced Pancreatic Cancer (NCT00504998) Sant P. Chawla, Michael
Morse, Howard Bruckner, Principal Investigators

3.2.1 Background ¢ rationale

Advanced pancreatic adenocarcinoma is the third most common cancer type
in the Unites States, although diagnostic tests are non-specific which leads to
early-stage disease frequently going undetected [49, 50]. Once pancreatic adeno-
carcinoma reaches an advanced stage, it has likely become intractable and there is
no cure. Previous targeted therapies revolved around the epidermal growth factor
receptor (EGFR) signaling pathway, one of the most significant factors regulating
cell growth, survival, differentiation and proliferation, making it a promising target
for precision medicine [51]. EGFR signaling has been identified as an oncogenic
driver in multiple cancer types, and EGFR inhibitors have been used as targeted
therapy for pancreatic cancer [52].

DeltaRex-G is the first injectable tumor-targeted gene delivery system to be
developed for cancer that blocks the G1 checkpoint of the cell division cycle of can-
cer cells by inhibiting the CCNG1 gene. DeltaRex-G includes a mutant construct of
the CCNG1 gene that inhibits human cyclin G1, a proto-oncogene that promotes cell
competence, cell survival, and stem cell proliferation. When administered systemi-
cally, DeltaRex-G seeks out and accumulates in tumor tissues by binding abnormal
collagenous signature (SIG) proteins that are characteristically exposed as anaplasia
during tumor invasion. Once the DeltaRex-G retrovector is incorporated in rapidly
dividing cells, a cytocidal CCNG1 inhibitor protein is expressed that effectively
blocks the cell division cycle, resulting in apoptosis and subsequent eradication of
cancer cells, proliferative vasculature, and stroma.

Clinical data from DeltaRex-G trials conducted initially in the Philippines
showed promising results for patients with advanced pancreatic adenocarcinoma.
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This prompted USFDA Orphan Drug status, leading to progressive clinical trials

in the United States, using DeltaRex-G to treat chemotherapy-resistant advanced
pancreatic adenocarcinoma, soft tissue sarcoma, osteosarcoma, and breast cancers.
This study reports the results compiled from a Phase I-II clinical trial using intrave-
nous infusions of DeltaRex-G as treatment for advanced pancreatic cancer.

3.2.2 Methods

Twenty patients with chemotherapy-resistant metastatic pancreatic cancer were
enrolled in the trial. Target lesions were identified in each patient and changes in
tumor size were measured using RECIST v1.0 criteria. Patients were grouped and
treated at 3 escalating doses of DeltaRex-G, with six patients at Dose 0-I, seven
patients at dose level II, and seven patients at dose level III. Fifteen patients com-
pleted at least one full 4-week treatment cycle and had a follow-up PET-CT scan.
These fifteen subjects comprised the modified intent-to-treat (mITT) population
and were evaluated in terms of their response to the treatment, months of progres-
sion-free survival and months of overall survival.

3.2.3 Published results

The safety analysis revealed no clinically significant dose-limiting toxicities at
any of the 3 dose levels, with no serious adverse events related to the study drug.
None of the patients tested positive for vector neutralizing antibodies, replication-
competent retrovirus in peripheral blood lymphocytes, antibodies to gp70, or vec-
tor integration into the genomic DNA of peripheral blood lymphocytes. According
to the RECIST v1.0 evaluations of tumor responses, one patient achieved a complete
response, two patients, partial response, and 12 patients, stable disease with 100%
disease control rate. The median progression free survival by RECIST v1.0 was
2.7 months, 4.0 months, and 5.6 months at Dose levels I, II, and III, respectively.
Median overall survival was 4.3 months, 9.2 months, and 9.2 months at Dose levels
I, II, and III, respectively. A dose response relationship was shown between duration
of survival and DeltaRex-G dosage (p = 0.03). Consequently, fast track designation
was given by the USFDA for a planned Phase 2/3 study using DeltaRex-G as second
line therapy for advanced pancreatic adenocarcinoma.

3.2.4 Conclusions/future directions

DeltaRex-G is a potent cytotoxic cell cycle checkpoint inhibitor. Complete and
partial responses were observed at dose levels IT and III, suggesting a significant
dose-response relationship between the dose of DeltaRex-G given and the level of
response seen in the tumors. This relationship is further implied by the increase in
months of progression free survival as the dosages were increased. Additionally,
CCNG1 is expressed in over 50% of various different malignancies other than pan-
creatic cancer, suggesting DeltaRex-G’s potential efficacy in other cancer types [10].

3.3 Immune cell trafficking in the tumor microenvironment of human cyclin G1
(CCNG1) inhibitor-treated tumors

3.3.1 Background ¢ rationale
Cell cycle checkpoint pathways that govern uninhibited cell proliferation can

be rendered ineffective by a variety of cancer-induced immunosuppressive mecha-
nisms [53]. The experimental cancer gene therapy, DeltaRex-G, is a pathotropic
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(disease-seeking) retrovector designed to disrupt the cell cycle machinery of
proliferative tumor cells, forcing them to undergo apoptosis. This is accomplished
through “precise” tumor-targeted gene delivery to block the Cyclin G1/Cdk/cMyc/
Mdm?2/p53 Axis, effectively arresting the dividing tumor cell in G1 phase of the cell
cycle undermining CCNG1 oncogene addiction. Clinical trials using DeltaRex-G to
treat cancers that are unresponsive to traditional therapy have shown remarkable
efficacy in evoking long term cancer-free survival with monotherapy (>10 years)
in a number of patients with pancreatic cancer, osteosarcoma, soft tissue sarcomas,
breast cancer, and B-cell lymphoma [54]. Although DeltaRex-G is involved in cell
cycle checkpoint inhibition, it has also been shown to reduce extracellular matrix
production by tumor cells and increase immune cell entry into the tumor microen-
vironment, which raises the clinical potential for DeltaRex-G to work synergisti-
cally with specific immune checkpoint inhibitors.

One persistent thought is that blanket recruitment of immune cells to the tumor
microenvironment may not always be advantageous in creating an effective anti-
tumor response. Certain tumor-infiltrating immune cells of myeloid origin have
been shown to aid in tumor metastasis [55]. Cancers often progress and metastasize
using immunosuppressive mechanisms that includes production and secretion of
molecules that recruit cells involved in immune responses to the tumor microenvi-
ronment, and by exploiting checkpoint altering pathways [56]. Alternatively, and
plausibly, this is how the innate immune system works in a healthy individual, with
its molecular start and stop switches to prevent exaggerated immune responses and
autoimmune disease. This study reviews published literature on the specific tumor-
infiltrating immune cells seen in tumors of patients treated with DeltaRex-G.

3.3.2 Methods

A review of published literature was conducted on articles pertaining to the effi-
cacy of DeltaRex-G in influencing the tumor microenvironment. The tumor types
identified throughout the literature review included pancreatic adenocarcinoma
metastatic to the liver, melanoma metastatic to the inguinal lymph node, colorectal
cancer metastatic to the lungs, pancreatic B-cell lymphoma metastatic to the liver
and cervical lymph nodes, recurrent breast ductal adenocarcinoma, and non-small
cell lung carcinoma metastatic to the adrenal gland. The presence of tumor-
infiltrating lymphocytes in excised tumors of patients treated with DeltaRex-G was
assessed using immunohistochemical staining, and anti-tumor immune cells were
differentiated from pro-tumor immune cells by their cytological characteristics.
Agents included in the category of anti-tumor immune cells included dendritic
cells, helper T-cells, natural killer cells, and killer T-cells. Regulatory T-cells and
B-cells have the ability to encourage tumor growth by preventing antigen presen-
tation and killer T-cell activation, thus were categorized as possibly pro-tumor
immune cells. M1 macrophages were categorized as anti-tumor, although M2-type
tumor-associated macrophages can promote tumor pathogenicity by overpowering
M1-type tumor-infiltrating macrophages that elicit anti-tumor inflammation and
were therefore categorized as pro-tumor. Results were reported based on can-
cer type.

3.3.3 Published results
Killer T-cells were identified in the tumor microenvironment of all cancers
analyzed and helper T-cells were identified in all tumor types except for pancreatic

B-cell lymphoma metastatic to the liver and cervical lymph nodes. Dendritic cells
were found in metastatic pancreatic adenocarcinoma, metastatic melanoma, breast
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ductal adenocarcinoma and metastatic non-small cell lung cancer. Natural killer
cells were seen in metastatic pancreatic adenocarcinoma and metastatic non-small
cell lung cancer. M1 macrophages were seen in breast ductal adenocarcinoma.

B-cells, possible pro-tumor cells, were seen in metastatic pancreatic adenocar-
cinoma, metastatic colorectal cancer, breast ductal adenocarcinoma and metastatic
non-small cell lung cancer. Leukocyte common antigen was seen in metastatic
pancreatic adenocarcinoma, metastatic melanoma, and non-small cell lung cancer.
Pro-tumor macrophages were seen in breast ductal carcinoma.

3.3.4 Conclusions/future divections

Activating and optimizing the body’s own immune system is at the core of preci-
sion medicine. Pathologic review showed evidence of enhanced immune cell traf-
ficking in the tumor microenvironment of patients treated with DeltaRex-G,
suggesting that this treatment activates the innate immune response. This
implies that DeltaRex-G may enhance the performance of an immunotherapy
agent when used simultaneously. Three patients identified in the literature with
metastatic pancreatic cancer, B-cell lymphoma and metastatic osteosarcoma,
respectively, have survived over 10 years following treatment with DeltaRex-G, no
cancers have recurred, and no additional treatments have been needed. This clinical
evidence strongly suggests that DeltaRex-G has the ability to promote cancer
immunization in situ through CCNG1 inhibition without causing deleterious
immune suppression [9]. Therefore, further evaluation of the role of DeltaRex-G
in enhancing immune cell trafficking in the tumor microenvironment is warranted.

3.4 The Genevieve Protocol: Phase I/1I Evaluation of a Dual Targeted Approach
to Cancer Gene Therapy/Immunotherapy. Jorge G. Ignacio, Principal
Investigator

3.4.1 Background ¢ rationale

Patients whose cancer has recurred or progressed after therapy have likely
exhausted their treatment options [57]. This is where the need for research towards
the development of personalized targeted treatments becomes both vital and
urgent. The GeneVieve (Genes for Life) Protocol was a dose-seeking study for
chemoresistant solid malignancies and B-cell lymphoma, that evaluated the efficacy
and safety profile of a dual targeted gene therapy regimen using DeltaRex-G and
DeltaVax (Former name: Reximmune-C), two personalized vaccination strategies
aimed to augment immune cell trafficking within the tumor microenvironment
for in situ autoimmunization. DeltaRex-G is a retrovector encoding a cytocidal
“dominant-negative” mutant construct of the human CCNG1 (Cyclin G1) onco-
gene. This retrovector is designed to destroy cancer cells, its tumor vasculature
and tumor associated fibroblasts, expose neoantigens created by the tumor debris,
inhibit the production of the extracellular matrix and enable immune cells to safely
enter the tumor microenvironment. DeltaVax is a retrovector encoding the human
GM-CSF gene, used for evoking T-cell proliferation, dendritic cell maturation and
polarization of M1 macrophages. United States- and Philippine-based Phase I/II
studies using DeltaRex-G for sarcoma, pancreatic cancer, and breast cancer led to
its accelerated approval in the Philippines for all chemoresistant solid malignan-
cies and subsequent USFDA approved Orphan Drug status for pancreatic cancer,
soft tissue sarcoma and osteosarcoma. In 2009, DeltaRex-G received Fast Track
designation for a pivotal Phase II/III trial for pancreatic cancer in the United States.
The GeneVieve protocol added a second retrovector strategically to the DeltaRex-G
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treatment that encoded a GM-CSF gene to examine the role localized GMCSF might
play in further improving treatment outcomes and inducing long lasting anti-tumor
immunity.

3.4.2 Methods

The patient population consisted of 16 adults with unresectable advanced or
metastatic disease. All subjects had an ECOG score between 0 and 1, adequate
hematological, kidney and hepatic function, and an estimated survival of 3 months
or more. A chemistry panel and complete blood count were assessed weekly during
treatment. DeltaRex-G was administered with escalating doses of DeltaVax, five
patients at Dose Level I, four patients at Dose Level II, and seven patients at Dose
Level III. All patients received a minimum of two cycles of treatment over an
8-week period. Toxicity was assessed prior to each infusion and subsequent treat-
ment cycles using NCI CT-CAE version 3.0 criteria. A staging assessment was per-
formed every 4 weeks with an FDG PET-CT scan. All images were performed and
reviewed independently by the radiologists and RECIST v1.0 and International PET
criteria were used to assess overall tumor response and progression-free survival.

3.4.3 Published results

No dose-limiting toxicities were observed at any of the three Dose Levels of
DeltaVax, and no deaths that occurred were considered to be related to the treat-
ment. None of the patients tested positive for vector neutralizing antibodies,
replication-competent retrovirus in peripheral blood lymphocytes, antibodies to
gp70 or vector integration into genomic DNA of peripheral blood lymphocytes.
Using RECIST v1.0 criteria, three patients achieved a partial response, nine patients
achieved stable disease, and two patients had progressive disease. The median
progression free survival was 4.5, 9.0, and 13.0 months for Dose Levels I, II, and III
respectively, and the median overall survival was 17, 13 and > 21 months for Dose
Levels I, II, III respectively.

Histopathologic examination of patients’ residual tumor tissues showed vector
localization as well as GM-CSF transgene expression in necrotic tissue, displaying
the accuracy in delivery of both treatments. Safety and tolerability are displayed
by the lack of adverse reactions associated with the study drugs. The one-year
survival rate of 86% in patients who received higher doses of DeltaVax suggests that
the combination regimen of DeltaRex-G and Deltavax has significant anti-tumor
activity in patients with chemoresistant solid malignancies and B-cell lymphoma. In
addition, the substantial increase in progression free survival with each increased
dosage of DeltaVax suggests a trend towards a positive dose-response relationship
between the two treatments.

3.4.4 Conclusions/future directions

DeltaRex-G has displayed through numerous clinical trials its cytocidal
effect on cancer cells. This effect introduces neoantigens from the tumor into the
tumor microenvironment to be recognized by the immune system and targeted
for destruction through T-cell mediation. Nevertheless, these cytotoxic immune
responses may not be significant enough to overcome the suppressive signals from
surrounding regulatory T-cells that may also be recruited to the tumor microenvi-
ronment. The addition of DeltaVax is hypothesized to heighten the development of
dendritic cells and increase proliferation and activation of T-cells, thereby improv-
ing the potency of tumor-targeted DeltaRex-G. These activated T-cells can then go
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on to recognize and destroy the newly introduced tumor neoantigens. This has the
potential to further tumor regression and evoke long-lasting antitumor immunity.

This data therefore strongly suggests that the advancement of personalized
cancer vaccination treatment has the potential to gain control of tumor growth and
increase overall survival time in patients with advanced or malignant chemoresis-
tant solid malignancies, as well as B-cell lymphomas.

4. Discussion/conclusion/summary

Targeted Immunotherapy has revolutionized the way scientists and physicians
conceptualize their approaches to cancer treatment and cancer checkpoint controls.
Mechanistic understanding of innate and adaptive mechanisms of immunity are
considered important aspects of both physiological cancer surveillance and tumor
eradication, as seen in immune checkpoint control and in precision blockade of
cell cycle control elements. The low immunogenicity of cancer cells, as well as the
tendency of advanced cancers to create an immunosuppressive tumor microenvi-
ronment presents a technical problem of precision tumor-targeted drug delivery
for both immune checkpoint antibodies and cell cycle control elements, which form
arational basis for emerging treatments. The precision of monoclonal antibodies
as checkpoint inhibitors targeting cancer cells has allowed research to advance in a
direction that moves away from the untoward toxicities associated with chemother-
apy towards treatments that enhance the naturally powerful cytotoxic responses
of the immune system. The use of checkpoint inhibitors as cancer immunotherapy
has been validated in 16 indications; however, immune checkpoint inhibition is still
only considered appropriate for a specific subset of patients [58], and is often con-
founded by serious immune-related Adverse Events (imAEs). The significance and
durability of response to treatment with checkpoint inhibitor therapy is generally
dependent on tumor cells having a high mutational burden or microsatellite insta-
bility that creates an increased amount of neoantigens to be recognized and elimi-
nated by the adaptive immune system [59]. Based on the documented physiological
tumor-seeking behavior and demonstrated survival value of the tumor-targeted
gene therapy vectors, DeltaRex-G and DeltaVax, in treating advanced metastatic
cancers, the successful adaptation of bioactive gene-targeting biotechnologies to
(i) target FDA-approved off-the shelf checkpoint monoclonal antibodies to tumors,
and/or (ii) recombinant “tumor-targeted” adaptor proteins have been developed,
in anticipation of precisely targeting immune checkpoint inhibitors and immunos-
timulatory cytokines against tumors to improve clinical outcomes.

Another strategic approach is enhancing the anti-tumor properties of innate
immunity. The innate immune system is also regulated by its own activating and
inhibitory pathways that can be investigated as future targets for NK cell-based
immunotherapy. One important characteristic to consider when making the case
for focusing on boosting innate immunity is the fact that innate immune cells play
a major role in immunosurveillance, acting as the first line of defense. Engaging
the innate immune system is a necessary prerequisite for antigen-specific T-cells to
respond, although innate immune cells such as NK cells do not require activation of
T-cells to kill tumor cells [58]. NK cell activation occurs through their direct interac-
tion with target cells, bypassing the need for antigen presentation and processing.
Innate immunity is always activated prior to adaptive immunity, however, once
activated, adaptive immunity has the advantage of higher specificity and lower
probability of self-harm.

In recent years, the human Cyclin G1 (CCNGI) gene was established as a central
executive element of a Commanding Cyclin G1/Cdk/Mdm2/p53 Axis: representing
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a strategic locus for restoring cell cycle checkpoint control through precision gene
transfer. With the development of the first tumor-targeted cancer gene therapy,
DeltaRex-G [60], it became possible for patients to (i) benefit clinically, (ii) enjoy
good quality of life and (iii) survive appreciably longer without experiencing the
debilitating toxicities of chemotherapy. The tumor-targeted DeltaRex-G vector
consists of bioactive nanoparticles displaying a high-affinity targeting motif on

its surface for “pathotropic” (lesion-seeking) targeting by binding to abnormal
signature (SIG) proteins found abundantly in invading tumors, and then delivering
a cytocidal genetic payload, a CCNG1 cell cycle checkpoint inhibitor gene, into rap-
idly dividing cancer cells, tumor associated microvasculature and tumor-associated
fibroblasts, without collateral damage to normal cells and non-target organs. The
observed reduction in tumor matrix production and tumor destruction paved the
way for enhanced innate immune cell entry into the tumor microenvironment.

The enhanced immune cells consist of cytotoxic T cells, NK cells, and dendritic
cells for cell recognition, destruction and autoimmunization, as well as regulatory
immune cells to prevent exaggerated immune responses that cause cytokine release
syndrome or cytokine storm.

Hence, DeltaRex-G eradicates cancer cells without causing immune-mediated
adverse events, an unwanted complication of immune checkpoint inhibitors such
as ipilimumab, nivolumab, pembrolizumab, atezolizumab, etc. Conceivably,
DeltaRex-G could also be used in combination with reduced doses of immune
checkpoint inhibitors to minimize off-target toxicity (imAEs) and maximize
anticancer efficacy.

A second tumor-targeted retrovector, DeltaVax, displaying the same high-affin-
ity tumor-targeting motif as DeltaRex-G, but this immuno-vector—encoding both
the GM-CSF gene and the pro-drug regulated HSV-tk gene, and allowing for per-
sonalized “pulsed” in situ vaccinations—demonstrated promising results in a small
Phase I/II study conducted in Manila, Philippines with considerable clinical benefit:
good quality of life and an 86% one year survival rate in patients with advanced
chemotherapy-resistant Stage 4 malignancies and a uniformly poor prognosis.

In the era of precision medicine, with tumor-targeted cancer gene therapy and
immunotherapy coming of age, these recent advances bring great optimism to the
medical and scientific communities around the world and the patients that they serve.
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Abstract

Immune checkpoint inhibitors (ICIs) have been approved as first or second
line therapy in a large group of cancers. However, the observation of potentially
long-lasting responses was restricted to limited subset of patients. Efforts have been
made to identify predictive factors of response to ICIs in order to select eligible
patients and to avoid exposing non-responding patients to treatment side effects.
Although several biomarkers have been identified, their predictive potential
remains unsatisfactory. One promising emerging approach is to focus on dynamic
biomarkers to directly characterize the response and, more importantly, to iden-
tify those patients presenting an immune response failure. Several studies have
shown a strong correlation between specific circulating immune cell subsets and
tumor immune infiltrates. Moreover, liquid biomarkers including soluble immune
checkpoint molecules have potential in predicting the modulation of the immune
response under immune checkpoint blockade. In this chapter, we will discuss cur-
rent advances in the study of circulatory and intra-tumoral dynamic biomarkers as
predictors of responses to ICIs therapy in cancer.

Keywords: dynamic biomarkers, serum soluble biomarkers, cellular immune
response, immune checkpoint inhibitors, CTLA-4, PD-1, tumor control

1. Introduction

The immune checkpoint cell surface proteins like programmed death-ligand 1
(PD-L1), programmed death 1 (PD-1) and cytotoxic T-lymphocyte-associated pro-
tein 4 (CLTA-4) represent important pathways of cancer immune evasion. Immune
checkpoint inhibitors (ICIs) are identified as potent key players in providing thera-
peutic benefit in a range of solid cancers as well as in a subgroup of hematological
malignancies. However, the response rates to these immune-modulatory molecules
are sub-optimal and predictive biomarkers allowing to select for responsive cancer
patients are lacking. The study of the dynamics of the immune system and of the
tumors under immune checkpoint blockade has greatly improved knowledge on the
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mechanisms of action of ICIs, allowing the identification of a number of novel can-
didate dynamic biomarkers predictive of ICI treatment response meriting further
exploration in validation trials.

Tumor biopsy of tissue from primary or metastatic site is a major mainstay of
treatment decisions as the molecular features and histology can reveal the complex
cancer landscape. However, tissue biopsy has various limitations such as high
heterogeneity, invasive nature of tissue sampling and skilled expertise/techniques
required for analyzing and reporting making it a difficult specimen especially for
treatment monitoring purpose [1]. Therefore, emphasis on utility of liquid biopsies
as prognostic and predictive soluble biomarkers especially in cancer immuno-
therapy is gaining a lot of attention. The main advantages of blood-based specimens
are that these are easy to extract and analyze with limited skilled expertise or
techniques. Furthermore, biomarkers in the blood can represent dynamic altera-
tions of the evolving cancer in response to treatment and can help in longitudinal
monitoring. In addition to this, these can also be utilized for risk prediction of
immune-related adverse events (irAE) which is an important and critical monitor-
ing parameter [2].

In this chapter, we attempt to discuss in relevant details the purpose and role of
immune modulatory molecules and of the different serum soluble biomarkers in
various human and animal models with an aim to show insight on to their mecha-
nisms of action and resistance, thus conveying information predictive of therapeu-
tic response.

2. Effect of immune checkpoint blockade on effector T cells
2.1 Effect of PD-1blockade on effector T cells

PD-1 is an important immune checkpoint expressed on activated T cells and
known to regulate their functional activity. By binding to its ligands, PD-L1 or
PD-L2, which are expressed on tumor cells and a variety of immune cells [3],

PD-1 is able to inhibit downstream signaling of the T cells receptor (TCR) [4].
Hence, ICIs targeting the PD-1/PD-L1 axis are developed to modulate this negative
feedback loop and restore T cells activity. Indeed, response to anti PD-1 drugs is
characterized by the upregulation of genes associated with activation of effector

T cells [5-7]. Moreover, the blocking of PD-1 has been linked to an expansion of
CD8+ effector T cells within the tumor. Interestingly, this CD8+ T cells expansion
was found to follow a specific gradient that decreases from the margins of the
tumor into its center [5, 8, 9]. In addition, the noted expansion in CD8+ T cells

was also found to coincide with an increase in CD8+ T cell clonality in the tumor
microenvironment (TME) [8]. This is clearly indicative of the fact that CD8+ T cells
expanded in the tumor upon blocking PD-1 are indeed tumor-reactive and stand as
a consistent correlate of treatment benefit.

Another interesting aspect is the heterogeneity noted in the tumor infiltrating
CD8+ T cells depending on their different phenotypes and functional states. One
such subset is known to express high levels of PD-1 and co-express the follow-
ing immune modulating proteins: the T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3), the lymphocyte-activation gene-3 (LAG-3), the T cell immu-
noreceptor with Ig and ITIM domains (TIGIT) and CD39, which are all linked to T
cells exhaustion [Tex] [10, 11]. Exhausted CD8+ T cells represent a dysfunctional
cell state that develops due to chronic antigen exposition. However, exhausted
CD8+ T cells in the TME have a higher potential for tumor antigens recognition and
a higher clonal distribution than any other CD8+ T cells subset in the TME [12, 13].
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Further, the Tex phenotype also defines an impaired capacity of producing effector
cytokines such as IL-2, TNF-a and IFN-y [12]. The inhibition of the PD-1/PD-L1
axis was initially suggested to reinvigorate the anti-tumoral immune response by
reversing the state of these terminally exhausted tumor-reactive T cells. However,
this function is challenged by the fact that this state of terminal exhaustion is
characterized by a distinct epigenetic profile which limits its reversibility [14-16].
In support of this, recent evidence has shown that anti-PD-1 therapy can engage
progenitor Tex subsets that co-express PD-1 and the lineage-determining transcrip-
tion factor 1 (tcf-1), instead of terminally exhausted subsets [17, 18]. Similarly,
certain studies on animal models also show that blocking PD-1 leads to the engaging
of PD-1"/tcf-1"/CD8" T cells inducing their self-regeneration or differentiation into
effector tcf-1" cells that eventually develop functional states of exhaustion [19, 20].
Interestingly, it has been shown that Tex subsets might promote the recruitment

of other immune cells into the TME and consequently support the anti-tumoral
immune response [12]. In addition, anti-PD-1 treatment was shown to engage
memory-precursor like CD8+ T cell subsets, leading to their accumulation in the
TME [21] and to a subsequent enhanced cytotoxicity towards cancer cells [22].

The on-treatment increase in memory CD8+ T cells was suggested to correlate with
response to anti-PD-1 therapy in both preclinical models and clinical studies [9, 23].
blocking of PD-1 is known to cause an increase in the proliferation of CD8+ T
cells very early during the course of treatment [24, 25]. This proliferative response

can be observed in the periphery, where it peaks as early as 7 days following the
introduction of anti-PD-1 therapy [24, 26]. In one of our studies on a gastric
cancer patient undergoing anti-PD-1 therapy, we observed that the frequency of
peripheral cytotoxic T cells CD8"/CD107" specific for the NY-ESO-1 cancer testis
antigen closely correlated with the patient clinical outcome [27]. Another study
has reported that the proliferative response of peripheral CD8*/PD-1"T cells could
be predictive of durable clinical benefit in patients with solid tumors receiving
anti-PD-1 therapy [26]. Thus, these studies support the fact that the systemic CD8+
effector T cells response plays a key role in tumor management under anti-PD-1
treatment and suggest their importance as a predictive biomarker of response to
PD-1 blockade. In Figure 1 we illustrate the dynamics of intra-tumoral effector T
cells that are shown to correlate with anti-PD-1 treatment outcome.

2.2 Effect of CTLA-4 blockade on effector T cells

When T cells are engaged in an active immune response, the expression of the
surface protein CTLA-4, a homolog of CD28 with high affinity to B7-1 and 2 ligands,
will be upregulated. CTLA-4: B7-1/2 binding acts as a co-inhibitor of the TCR signal
[28]. Thus, the primary role of the CTLA-4 checkpoint is to negatively regulate T
cell activation especially during the priming phase upon binding to the B7 ligands
expressed by antigen presenting cells (APC). In accordance with this, a major aspect
of anti-CTLA-4 therapy is its ability to reinvigorate T cell proliferation and activation.
Indeed, the effects of anti-CTLA-4 therapy are evident in several studies on mouse
models. For example, CTLA-4 deficient mice were found to display rapidly lethal
lymphoproliferation [29]. On the other hand, anti-CTLA-4 therapy led to the expan-
sion of both CD4" and CD8"* effector T cells in the tumor [30]. Although both T cells
subsets are necessary in mediating tumor immune control [31], the increase in CD4"
T cells appeared to be of a greater importance than that of CD8" T cells [30].

In few studies, CD8" T cells expansion has been shown to translate into an effec-
tive response to immune checkpoint blockade therapy [7, 32]. However, a study on
advanced melanoma patients undergoing treatment with the anti-CTLA-4 antibody
tremelimumab, reports no association between the expansion of CD8" effector
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Effect of immune checkpoint inhibition on effector T cells.

T cells and successful anti-tumor response [33] despite similar CD8" T cells activation
profiles observed in lesions that responded to anti-CTLA-4 therapy and those that
did not respond to this therapy [33]. These findings, possibly explained by the action
of immunosuppressive elements in the TME, highlight that adequate CD8" effector T
cells function is necessary but not sufficient for complete suppression of tumor growth
under immunotherapy [34]. Another interesting effect noted upon CTLA-4 blockade
is the enhanced expansion of memory CD8" T cell [35] which will help to promote
long-term tumor control post-therapy. Moreover, this expansion of memory CD8* T
cells is considered as an indicator of treatment benefit in a few clinical studies [36, 37].
CD4" T cells expanding in the tumors of mouse models under anti-CTLA-4
treatment are found to exhibit a Thl-like effector phenotype with a noticeable
expression of ICOS, a known marker of follicular T helper cells [30]. Interestingly,
this phenotype of CD4" T cell was observed in mice after genetic knock-down of
negative co-inhibitory molecules such as CTLA-4 [38]. Moreover, ICOS-deficient
mice showed an impaired anti-tumor T cell response to anti-CTLA-4 therapy [39].
In addition, a tumor microenvironment that is rich in CD4* Th1 effector T cells
infiltration was shown to be critical to develop response to anti-CTLA-4 therapy
in castration resistant prostate cancer [40]. Furthermore, a higher expression of
Th1 associated genes was observed in melanoma tumors of patients responding to
ipilimumab compared to non-responders, supporting the functional relevance of a
Th1- response in CTLA-4 inhibitor treatment benefit [41]. Interestingly, while the
presence of CD4" Thl cells is predictive of response to anti-CTLA-4, a peripheral
blood profile rich in Th17 cells was reported to be rather predictive of autoimmune
toxicity under anti-CTLA-4 therapy [42]. Moreover, several clinical studies have
reported an increase of ICOS*/CD4" T cells in the tumor and peripheral blood of
patients treated with anti-CTLA-4 [43-49]. Additionally, an increased prolifera-
tion of both peripheral CD4" and CD8" T cells is observed as early as 3 weeks after
the first dose of anti-CTLA-4 treatment [50-52]. Such a response may partly be
due to the bulk expansion in the periphery of specific T cells against known tumor
antigens in anti-CTLA-4 treated patients [53-55]. Of note, an increase in absolute
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lymphocyte count (ALC) was shown to correlate with enhanced overall survival
and response to ipilimumab in several studies [56-59].

The distribution of the TCR repertoire may be described by different metrics. For
example, TCR richness invoke the number of unique T cell clones while its evenness
refers to the frequency of their distribution. Some studies reported an increase in the
richness of the TCR repertoire under anti-CTLA-4 therapy [60, 61]. On the contrary,
the evenness of the TCR repertoire under anti-CTLA-4 therapy is comparatively less
impacted [60, 62, 63]. This increase in richness of the TCR repertoire under the effect
of anti-CTLA-4 therapy is indicative of unleashed T-cell priming possibly allowing
for enhanced tumor immune control through the promotion of new anti-tumor T
cells responses [64]. However, in a study on metastatic melanoma and prostate cancer,
it has been shown that enhanced clinical outcomes under CTLA-4 blockade are asso-
ciated with less clonotype loss and on-treatment stability of existing high-frequency
TCR clonotypes [61]. These findings suggest that response to anti-CTLA-4 treatment
occurs despite the remodeling of the peripheral TCR repertoire rather than as a result
of it. In Figure 1 we illustrate the dynamics of intra-tumoral effector T cells that are
shown to correlate with anti-CTLA-4 treatment outcome.

3. Effect of immune checkpoint blockade on immune suppressive T cells
3.1 Effect of PD-1blockade on immune suppressive T cells

Regulatory T cells (Tregs), an immunosuppressive subset of T cells, are known
to be closely involved in the regulation of the immune responses to cancer [65-67].
The tumor-infiltrating subsets of Tregs are characterized by their high surface
expression of PD-1 [68-70] and the PD-1/PD-L1 axis is known to modulate Tregs
function via cell-intrinsic pathways. For example, the blocking of PD-1 in animal
models reduced the immunosuppressive function of Tregs and declined their
expression in the TME [71, 72]. Moreover, studies on murine models have shown
that PD-1/PD-L1 pathway mediates the conversion of CD4"* Th1 effector T cells into
induced Foxp3* Tregs (iTregs) [73, 74]. Conversely, certain preclinical studies show
that anti-PD-1 therapy is associated with an increase rather than a decrease in Tregs
infiltration in the TME [24, 75]. The proliferation of Tregs under anti-PD-1 therap
could be explained by a treatment-induced reversal of the exhausted state of PD-1"
in the TME (76, 77]. The expansion of Tregs upon blockade of PD-1/PD-L1 axis has
been observed at the tumor level as well as in the peripheral blood. One particular
study showed that patients with gastric adenocarcinoma responding to anti-PD-1
displayed an on-treatment decrease in intra-tumoral Tregs, whereas non-respond-
ers had post-treatment tumor biopsies exhibiting an infiltration of highly prolifera-
tive effector Tregs (Foxp-3"/CD45~ CD4*) [78]. This suggests that on-treatment
changes in intra-tumoral T reg infiltration could be a relevant dynamic parameter
to account for in predicting anti-PD-1/PD-L1 treatment response. The predictive
insight provided by the on-treatment dynamics of circulating Tregs under PD-1/
PD-L1 blockade has also been investigated. In a study conducted on melanoma
patients exposed to nivolumab, an expansion of circulating Tregs under therapy was
shown to positively correlate with treatment benefit [79]. These observations sug-
gest that Tregs dynamics under anti-Pd-1 therapy may contribute predictive insight
into treatment benefit when monitored both in the TME and in the periphery.

Interestingly, another immunosuppressive CD4" T cell subset found to be
regulated by anti-PD-1 therapy has been recently identified. These cells known as
4PD-1" express high levels of PD-1 while lacking Foxp-3 expression [80]. Also, these
4PD-1" cells were shown to accumulate in the tumor and to inhibit T cells effector
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function. Therefore, 4PD1" cells are considered as a marker of tumor progression.
Anti-PD-1 treatment was shown to reduce the proliferation of 4PD-1"" cells, whereas
anti-CTLA-4 treatment showed an exactly opposite effect on these cells. In line with
this interesting observation, the downregulation of 4PD-1"" cells under anti-PD-1
treatment was further documented as a biomarker of treatment response under
anti-PD-1 pembrolizumab antibody in a melanoma patient cohort. In addition, some
preclinical studies support the fact that anti-PD-1 therapy can induce the expansion
of specific CD8" T cells immunosuppressive subsets [30]. Indeed, a recent study
showed that PD-1 blockade in sub-optimally primed T cell conditions supported the
proliferation of dysfunctional immunosuppressive CD8" T cells expressing PD-1 and
high levels of CD38 and this effect was associated with treatment failure and tumor
resistance in cancer patients [81]. The dynamics of these T cell subsets under treat-
ment may therefore provide valuable predictive information, pending the validation
of these candidate biomarkers in larger scale studies. The proposed mechanisms of
anti-PD-1 action on Tregs subsets are summarized in Figure 2.

3.2 Effect of CTLA-4 blockade on regulatory T cells

Several observations suggest the action of anti-CTLA-4 on Tregs to be key in
mediating treatment effects on the tumor. Indeed, some studies involving murine
tumor models reported anti-CTLA-4 treatment to simultaneously induce an
increased expansion of peripheral Tregs and a decreased expansion of intra-tumoral
Tregs [82-84]. This dual action of anti-CTLA-4 on Tregs proliferation could be due to
the higher expression of CTLA-4 on exhausted tumor-infiltrating Tregs, where their
decline under treatment is suggested to be mediated by a distinct Fc-gamma receptor
dependent mechanism of anti-body-mediated cell-mediated cytotoxicity (ADCC)
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Figure 2.
Effect of immune checkpoint inhibition on immune suppressive T cells.
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[85]. This feature was suggested to play a key role in tumor control under CTLA-4
blockade since it has been demonstrated that an on-treatment increase in intra-
tumoral Teffs: Tregs ratio stands as the correlate of an optimal treatment response
[82, 83, 86, 87]. Moreover, in another study in different murine models, the therapeu-
tic activity of ipilimumab was found to essentially rely on this Fc-dependent Tregs
depletion and not on the checkpoint inhibitor action of the drug [88]. However, there
is noticeable inconsistencies in observed Tregs dynamics under CTLA-4 blockade in
humans. Indeed, certain studies document a remarkable expansion of Tregs in the
peripheral blood of patients treated with anti-CTLA-4 [51, 89-91], while other stud-
ies report a declined or unchanging frequency of peripheral Tregs during this therapy
[37, 49, 92]. In addition, the ability of the peripheral Tregs dynamics to predict a
treatment response to anti-CTLA-4 treatment is also quite unclear. For example, their
change in frequency is found to correlate both negatively [93] and positively [90]
with anti-CTLA-4 treatment benefit. Yet some other studies show no correlation at
all between the change in Tregs frequency and a treatment response to anti-CTLA-4
therapy [56, 94, 95]. Observations of the intra-tumoral Tregs dynamics under anti-
CTLA-4 is also inconclusive. A contradictory effect is put forth by a cohort on region-
ally advanced melanoma patients treated with 2 neoadjuvant doses of ipilimumab.
This study reported a reversed association between the change in intra-tumoral Tregs
frequency and treatment benefit [90]. Similarly, another study reported a marked
decline in intra-tumoral Tregs levels in melanoma patients responding to ipilimumab
compared to non-responding ones [96]. On the contrary, two other studies report
increasing frequencies of Tregs in biopsies of patients undergoing anti-CTLA-4
therapy [13, 32]. It is interesting to note that the accumulation of Tregs within the
tumors upon CTLA-4 blockade may be induced by a feedback loop triggered by a
successful cytotoxic T cell response [97]. This may account for the positive correlation
between the intra-tumoral levels of Tregs and patient long-term survival as reported
by some studies involving solid tumors [98, 99]. These observations nonetheless
suggest that Tregs dynamics under CTLA-4 treatment, in the TME and possibly in
the periphery, should be accounted for when monitoring for treatment effects. The
depletion of intra-tumoral Tregs under CTLA-4 blockade is illustrated in Figure 2.

3.3 Effect of PD-1and CTLA-4 blockade on myeloid cell compartment

Monocytes, macrophages and dendritic cells are involved in antigen presenta-
tion and T cells priming and thereby serve as a bridge between the innate and
adaptive immune response. However, chronic inflammation arising due to cancer
disturbs the myeloid cell line maturation process, leading to the generation of
myeloid derived suppressor cells [MDSCs] and tumor-associated macrophages
[TAMs], that are both suppressors of the anti-tumor immune response [100]. These
tumor associated monocytes and macrophages are known to display a wide variety
of phenotypes with both pro-inflammatory [M1] and immunosuppressive [M2]
functions [101]. Likewise, several studies on animal models have found that treat-
ment with ICIs has the ability of bringing about a spectacular transformation of the
intra-tumoral myeloid cell compartment from an immunosuppressive configura-
tion to a more pro-inflammatory one [102, 103]. It has been suggested that the
increased INF-y secretion by renewed T cells would possibly indirectly mediate this
myeloid cell reprogramming in the TME under immune checkpoint therapy [102].
Also, it was observed that dual PD-1 and CTLA-4 blockade induces an increase in
intra-tumoral pro-inflammatory macrophages, as shown in animal models [104].
In addition, potential direct mechanisms of regulation of MDSCs by anti-PD-1 or
anti-CTLA-4 treatment were also identified. As an example, an induced expres-
sion of CTLA-4 on monocyte-derived dendritic cells [mDCs] acts as a negative
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regulator of mDCs-associated cytokine secretion and antigen-specific CD4" T cell
proliferation [105]. Moreover, subsets of intra-tumoral MDSCs that express PD-1
and CTLA-4 are found to display decreased arginase 1 expression and activity upon
anti-CTLA-4 or anti-PD-1 treatment in mice [106]. In murine models, it has been
shown that arginase 1 impairs T cells functions and contributes to immune evasion
[107]. Furthermore, it has been recently reported that anti-PD-1 therapy was able to
prevent the block in myeloid cell lineage maturation, thereby allowing the myeloid
precursors to maturate into effector macrophages and dendritic cells contributing
favorably to the anti-tumoral immune response [108].

A decline in circulating MDSCs under anti-CTLA-4 is found to correlate with
patient outcome in several studies [37, 90, 109, 110], although this association is
not universally reported [111]. Moreover, these studies showed discordant observa-
tions regarding the dynamics and predictive value of the major MDSCs subsets
(monocytic MDSCs (mo-MDSCs) and polymorphonuclear MDSCs (PMN-MDSCs)
subsets) [112]. In addition, several studies showed that anti-PD-1 treatment had no
effect on the level of circulating mo-MDSC and PMN-MDSC subsets [9, 113, 114]. Yet
a particular study revealed a prominent restructuration of the myeloid compartment
after initiation of anti-PD-1 therapy in metastatic melanoma patients when studied
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Figure 3.
Effect of PD-1 and CTLA-4 blockade on myeloid cells.
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under the lens of high dimensional single cell analysis platforms [113]. Therefore, the
ability to monitor the evolution of myeloid cells under immune checkpoint blockade
appears to be of great predictive value, considering the important role that this cell
compartment possibly plays in the modulation of the anti-tumoral immune response
by either promoting or preventing the effector T cells response observed upon these
therapies. One example of the described mechanisms of anti-PD-1 and anti-CTLA-4
effect on myeloid cells compartment is illustrated in Figure 3.

4. Dynamic predictive and prognostic soluble biomarkers in cancer
immunotherapy

In the subsections below, we will focus on blood-based candidate biomarkers
that can be utilized as predictive or prognostic markers in cancer immunotherapy.

4.1 Blood cell counts/ratios, C-reactive protein and lactate dehydrogenase

Changes in the blood cell counts and their ratios including neutrophils, lym-
phocytes, neutrophil to lymphocyte ratio as well as C-Reactive Protein (CRP) and
Lactate Dehydrogenase (LDH) have been reported as prognostic/predictive out-
come markers for immunotherapy [2]. Several studies have shown that low neu-
trophils and high lymphocytes are associated with overall survival (OS) in cancer
patients [58, 115, 116]. For example, melanoma patients on nivolumab treatment
having absolute lymphocyte counts of >1000/pL and absolute neutrophil count of
<4000/uL were observed to have better overall survival [115]. On the other hand,
pre-treatment neutrophil-to-lymphocyte ratio (NLR) and derived NLR (dNLR)
can also serve as an index of the systemic inflammatory response and therefore
considered as useful indicators of response in immunotherapy. Pre-treatment NLR/
dNLR levels and survival association studies in advanced cancers including mela-
noma, non-small-cell lung cancer (NSCLC) and genitourinary have reported that
high pre-treatment NLR and dNLR levels are associated with poor progression free
survival (PFS)/OS with increased risks of death in immunotherapy treated patients
indicating their usefulness as predictive and prognostic biomarkers [117-120].

CRP is an inflammatory marker that induces the expression of acute-phase
proteins such as neutrophils and has been correlated with poor prognosis in several
cancers [121, 122]. With regards to immunotherapy, post treatment increased
CRP levels have been associated with inflammation, disease progression and in
some cases immune-related adverse events. On the other hand, low CRP levels
post immunotherapies have been associated with better antitumor response/
survival [93, 123].

LDH is a final enzyme in the glycolysis pathway that catalyzes the interconver-
sion of pyruvate and lactate. In cancers, high levels of LDH leads to increased
utilization of glycolysis as their energy requirement in the microenvironment [124].
Studies have confirmed that LDH is a significant negative prognostic factor for
immunotherapy treated stage 4 melanoma patients [125]. Elevated baseline LDH
in melanoma and lung cancer patients treated with pembrolizumab/nivolumab is
associated with poor OS and higher risk of death [126-128]. Similar results have
been reported for advanced esophageal squamous cell carcinoma patients treated
with the anti-PD-1 immune checkpoint inhibitor camrelizumab where elevated
LDH levels were found to correlate with poor OS [129].

The fact that blood cell counts/ratios, CRP and LDH tests are performed as part
of a routine diagnosis and also are highly assessable/measurable at various treat-
ment timelines in patients making them attractive dynamic biomarkers.
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4.2 Soluble immune checkpoint inhibitors

Soluble forms of immune checkpoints (sICs) are shed in the plasma/serum
and have been associated with modulation of the immune system by affecting the
binding capacity of immunotherapeutic drugs and thus influencing the efficiency
of immune system. Studies have demonstrated that sICs can serve as markers for
prognosis, response to treatment and overall response rate (ORR) in immunother-
apy treated patients [130]. In addition to this, these markers can also be important
for prediction of immune related adverse events which is an area poorly explored
with respect to these biomarkers. Here, in this sub-section, we will discuss sICs
evidenced in literature as prognostic and predictive markers in ICIs treatment.

4.2.1 Soluble immune inhibitory markers
4.2.1.1 Soluble PD-1, PDL-1 and PDL-2

sPD-1 has been documented to inhibit all three PD-L1/PD-1 interactions: PD-L1/
CDS80, PD-L1/PD-1, and PDL2/PD-1 [131]. Researchers have demonstrated that
expressed sPD-1 blocks PD-L1/PD-1 interactions that can lead to inhibition of
tumor growth via various mechanisms including blockade of PD-L1 on tumor cells,
upregulation of CD8" T cells, reduction in the expression of IL-10, increased pro-
duction of inducible nitric oxide synthase, TNF-a and IFN-y and enhancement of
the immune response through interaction with immune cells [132-134]. sPD-1 has
been reported as a modulator of immune response during ICIs treatment in serum
of cancer patients. A study on 22 NSCLC patients observed that sPD-1 decreased
significantly in clinically responding patients during Nivolumab treatment. In
addition to this, patients with performance status of 0 had a decreased sPD-1
during treatment and these patients were found to have better immune fitness
with low levels of immunosuppression [135]. Similarly, a study on 177 unresectable
metastatic melanoma patients treated with anti-PD-1 showed interesting results.
High pre-treatment serum concentrations of PD-1 and PD-L1 were correlated with
poor prognosis and survival. The authors postulated that circulating serum PD-1
molecules might be directly targeted by therapeutic anti-PD-1 antibodies and this
interaction might impair the effectiveness of anti-PD-1 therapy via neutralization.
It is possible that this is a tumor escape mechanism that facilitates poor outcome.
Thus, quantification of circulating PD-1 and PD-L1 molecules can translate into
prognostic and predictive factors in immunotherapy treated patients [136].

sPD-L1 is produced by tumor cells/activated mature DCs and is known to have
structural similarities to mPD-L1 [137]. It has been postulated that sPD-L1 has the
capability to exert a competing effect against anti-PD-L1 drugs. A study by Gong et
al. reported that NSCLC patients who were refractory to ICIs treatment secreted
a sPD-L1 variant (without the transmembrane domain) in serum and this variant
competed, bound and then inhibited the activity of immunotherapeutic drug in such
patients [138]. This is a critical finding as it gives evidence on the dynamic role of
sPD-L1 and its utility as a biomarker of response in immunotherapy. Furthermore,
studies on various cancers have also reported on this aspect. For example, a study on
ipilimumab treated melanoma patients showed that patients with high pre-treatment
sPD-L1 levels showed poor prognosis and disease progression [139]. This is an
interesting observation and sheds light on the dynamic nature of this biomarker.
Similarly, two studies on NSCLC have documented that high levels of sPD-L1 cor-
related with poor prognosis, OS, and abdominal metastasis [140, 141]. However,
to date no correlation of sPD-L1 with tissue PD-Llexpression has been reported
indicating the dynamic nature of secreted PD-L1 that is distinct from tissue PD-L1.
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Several published studies evidence consistent data on its utility as a monitoring tool
to test the efficacy of ICIs as a prognostic biomarker. Further studies with systematic
uniform methodologies may allow better understanding of sPD-L1 as an effective
tool for patient stratification with regards to anti-PD-1 therapy benefit.

sPD-L2 is a splice variant protein product that lacks transmembrane domain and
is secreted into the blood. Distinct expression pattern of PD-L2 variants in leuko-
cytes of distinct cellular status have been observed suggesting that modulation of
sPD-L2 expression may have an influence on the outcome of the immune response
[142]. However, limited data on sPD-L2 as an immune related biomarker is available.
A study by Zizari et al., on NSCLC patients treated with Nivolumab showed that
sPD-L2 was dynamically modulated during ICIs treatment. The concentrations of
sPD-L2 were found to be significantly lower in responding patients. In addition to
this, soluble mediators including low PD-L1, CD137, Tim-3 and BTLA-4 in combina-
tion with low sPD-L2 are associated with favorable clinical response indicating that
sPD-L2 works in synergy with other molecules to modulate the immune response.
This allows understanding on the dynamic interaction of soluble immune modula-
tors as useful biomarkers of response [135]. In addition to response prediction, a
study on NSCLC patients treated with Nivolumab reported interesting results with
respect to immune related adverse events. Low sPD-L2 concentration at diagnosis
as well as in pre-treatment samples was found to be associated with occurrence of
immune grade 3-4 toxicity indicating that sPD-L2 can also serve as potential predic-
tive biomarker for immune related adverse events in ICIs treated patients [143].

4.2.1.2 Soluble CTLA-4, TIM-3 and LAG-3

The major source of sCTLA-4 is Tregs, monocytes and immature DCs [144].
sCTLA-4 has been reported in several studies as a plausible marker for response in
ICIs treatment. For example, in melanoma patients treated with ipilimumab, high
pre-treatment expression of sSCTLA-4 was associated with response to treatment
and longer OS [145]. Another study on metastatic melanoma patients treated with
ipilimumab showed similar results with high levels of SCTLA-4 at baseline associated
with disease responsiveness and survival. Interestingly, the study observed that in
responding patients, sSCTLA-4 concentration increased with subsequent treatment
cycles while in progressing patients, sSCTLA-4 decreased subsequently indicating
that sCTLA-4 can serve as a valuable dynamic marker for treatment monitoring. In
addition to this, it was also observed that patients with high pre-treatment sCTLA-4
were at a higher risk of developing immune related adverse events providing further
insight into its utility as a biomarker of response/adverse event monitoring [146].
However, in different cancers, its utility may be distinct based on its interaction with
other molecules and subsequent immune modulation. For example, a recent study
on NSCLC patients treated with nivolumab showed that lower concentration of
sCTLA-4 at 3 months of clinical evaluation was associated with response. In addi-
tion to this, patients with performance status of 0 consistently maintained a lower
expression of sSCTLA-4 from the time of treatment initiation until 3 months of clini-
cal evaluation indicating that sSCTLA-4 can be an indicator of immune fitness in ICIs
treated patients [135]. It is postulated that during ICIs treatment, sCTLA-4 might be
involved in enhancing the ability of host cytotoxic T cells to attack tumor cells and
thereby enhancing the antitumor effect of immunotherapy.

sTIM-3 secreted in blood lacks mucin and transmembrane domains. It is postulated
that sSTIM-3 is shed from the cell surface due to metalloproteinase-dependent cleavage
and may serve as a decoy receptor for TIM-3 ligands thereby interfering with the inhibi-
tory function of TIM-3 [147]. However, the exact function of sTIM-3 is still unknown.
A study on plasma levels of sSTIM-3 in ICIs treated patients observed that NSCLC
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patients treated with nivolumab had a lower level of sTIM-3 at three months of clinical
evaluation and this correlated with the response and longer survival of the patient [135].
Though, the study does give an indication of sTIM-3 as biomarker of response, further
studies are needed to understand its dynamic nature in ICIs treatment.

sLAG-3 plays a role in immune pathways and has been associated as a Thl activ-
ity marker in serum. sLAG-3 has been reported to bind to MHC class Il and induce
maturation of dendritic cells thereby facilitating attack on tumor cells [148, 149]. This
makes SLAG-3 an attractive biomarker in ICIs treatment. Though several studies on
LAG-3 and cellular response has been documented, there is paucity of data on the util-
ity of sSLAG-3 in serum of ICIs treated patients. A study on nivolumab treated NSCLC
patients reported that SLAG-3 was significantly increased during treatment and this
increase was retained in non-responding patients. In addition to SLAG-3, other soluble
mediators including sPD-1 and sPDL-2 were also increased in these patients indicating
the dynamic interactive nature of LAG-3 and its role as predictive marker [135].

4.2.1.3 Soluble IDO, CD163 and NKG2DL

Indoleamine 2,3-dioxygenase (IDO) is an enzyme that acts as an immune check-
point and inhibits T-cell proliferation by starving the cells from tryptophan (trp) in
order to sensitize them to apoptosis [150]. IDO facilitates tumor immune escape and
several preclinical studies have associated IDO activity with immunotherapeutic
resistance [151]. A study on nivolumab treated NSCLC patients found that lower
baseline level of IDO activity in serum was significantly associated with better PFS/
OS while higher levels were associated with early progression indicating that high
serum levels can serve as early marker of response/indicator of resistance to anti-PD-1
treatment [152]. On the other hand, a larger study on 27 NSCLC patients treated with
nivolumab indicated the dynamic nature of sIDO at baseline, 2 months and at disease
progression. The study aimed to evaluate the dynamic nature of IDO as a predictor of
response. Interestingly, the authors observed that at baseline, IDO activity was higher
in responding patients than non-responding patients. However, in patients who did not
benefit from immunotherapy, a statistically significant increase was observed between
baseline sample and sample taken at the time to disease progression indicating the
potential utility of IDO as therapeutic resistance marker to anti-PD-1 treatment [153].

CD163 is the hemoglobin/haptoglobin complex scavenger receptor expressed
exclusively on circulating monocytes/tissue macrophages. It is involved in anti-
inflammatory functions associated with macrophages and therefore plays an impor-
tant role in suppressing anti-tumor immune responses [154]. sCD163 is secreted
in plasma via proteolytic shedding and is considered a specific marker for TAM.

To demonstrate the utility of sCD163 as a marker of response in immunotherapy,
Fujimura et al. conducted a study on 59 cases of advanced cutaneous melanoma and
16 cases of advanced mucosal melanoma treated with nivolumab. It was observed
that in advanced cutaneous melanoma group, sCD163 was significantly increased
at 6 weeks of treatment in the response group as compared to non-response group
indicating that sCD163 is an early marker of response in nivolumab treated patients
[155]. On the other hand, another study by the same group determined the utility of
sCD163 as predictor of immune related adverse events (irAE) in nivolumab treated
advanced melanoma patients. It was observed that at day 42 of treatment, the abso-
lute value of sCD163 significantly increased in patients with adverse nivolumab-
induced, immune-related events indicating that sCD163 can also serve as a valuable
predictor of irAEs in immunotherapy [155]. However, due to limited published
data, further studies will provide a better understanding on this marker.

NKG2D is an activating immunoreceptor of cytotoxic lymphocytes and is
expressed on'T, NK, and NKT cells. NKG2D has eight ligands including MIC (MICA
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and MICB) or ULBP (ULBP1, ULBP2, ULBP3, ULBP4, RAET1G, and RAET1L)
family. These NKG2D ligands are absent on normal cells but are usually overexpressed
on tumor cells. Soluble NKG2D ligands (sSNKG2DLs) are generated by proteolytic
shedding of tumor cells which boosts tumor immune escape by binding and subse-
quent endocytosis/degradation of NKG2D receptor on NK/T cells thus suppressing
antitumor immune responses [156, 157]. Various sSNKG2DLs have been studied as
predictive biomarkers of response in immunotherapy. A study in melanoma patients
by Maccalli et al., showed that absence of soluble sMICB, sULBP-1 and sULBP-2 in
baseline serum of anti-PD-1 treated patients correlated with improved survival while
detectable levels of these molecules was correlated with poor survival [158]. Similarly,
another study by the same group on melanoma patients showed that elevated sULBP2
in early-stage patients on ICIs treatment was a strong indicator of poor prognosis
indicating the clinical usefulness of sULBP2 as a distinguishing marker for classifying
prognosis in early- and late-stage melanoma patients on treatment [156].

4.2.2 Soluble immune stimulatory markers
4.2.2.1 Soluble CD27 and CD28

CD27 is expressed in lymphocytes and is activated by its ligand, CD70, which
is a member of the tumor necrosis factor receptor superfamily. Upon binding of
CD70 to CD27, soluble CD27 (sCD27) is cleaved off by metalloproteinases and is
secreted in serum, plasma, and urine samples. Studies have suggested that changes
in sCD27 levels reflect the activity of systemic immunity [159]. In various hemato-
logical malignancies increased levels of sCD27 have been reported to correlate with
poor prognosis [160]. A study on 16 advanced lung cancer patients on anti-PD-1
treatment were tested for their pretreatment sCD27 levels and correlated with their
response patterns. It was observed that a sCD27 level was higher in patients with
longer survival and in such patients the duration of treatment was shorter. The
authors suggested that sCD27 levels can serve as prognostic marker for predicting
effectiveness of IClIs in advanced lung cancer [161].

CD28 is a second messenger of T cell activation and is a critical immune checkpoint
for recognition of dendritic cells by T cells. Previous studies have suggested that PD-1
antibodies rely on the activation of the CD28/B7 pathway to rescue the depletion CD8"
T cells and then achieve anti-tumor effects [162]. Soluble sCD28 has been reported
as amodulator of T cells for proliferation and is therefore considered an attractive
biomarker of response to ICIs treatment [163]. Recently, a study on 44 patients with
various cancers (lung, tongue, esophageal and nasopharyngeal, colorectal, cholangio-
carcinoma, gastric, duodenal adenocarcinoma, renal cell carcinoma, hepatocellular
carcinoma, and malignant melanoma) on anti-PD-1 treatment were tested for serum
CD28 along with other soluble markers. It was observed that patients with higher
baseline sCD28 expression had a longer PFS and responded better to treatment than
non-responsive patients [164]. This dynamic change in sCD28 during treatment gives
a credible index in terms of its predictive efficiency as a promising response marker.
However, larger studies on this aspect are needed to understand the role of this marker.

5. Conclusion

Using ICIs have shown promising effect in treating cancers. However, only small
group of patients are responsive to this treatment strategy. Tumor resistance to the
immune response can be mediated by the involvement of several immunological

pathways. In this chapter, we reviewed the different immunological pathways that
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can be modulated by immune checkpoint blockade and more specifically PD-1 and
CTLA-4 inhibitors. We have summarized all the findings obtained in pre-clinical and
clinical trials reporting an impact of anti-PD-1 and anti-CTLA-4 on intra-tumoral
and peripheral immune response. Interestingly, the study of the dynamics of the
immune system under CTLA-4 and PD-1 inhibitors shows a noticeable distinction in
their regulatory mode of action on the anti-tumoral and peripheral immune response.
Moreover, the findings discussed in this chapter show that CTLA-4 and PD-1 inhibi-
tors do not only restore intra-tumoral effector T cells activity upon exhaustion but are
also able to induce a consequential remodeling of the tumor microenvironment as well
as the systemic immune response. Indeed, the field of immunological liquid biomark-
ers is fast evolving with many novel predictive and prognostics markers gaining
attention. Though, liquid biopsies have many advantages including minimal invasive-
ness, longitudinal monitoring and simultaneous parallel testing with highly sensitive/
specific high throughput applications. Although several studies state the utility of
soluble ICIs markers, it is observed that the characteristic feature of these markers is to
modulate the immune response in synergy with each other. This makes them attractive
candidates as up and down regulation of a combination of markers can allow better
understanding of the immune modulatory and dynamic nature of soluble immune
molecules involved in ICIs treatment. However, there are several limitations that need
to be addressed for these markers. Mainly, standardization of sampling/measurement
techniques as well as larger validation studies are required to verify the utility of these
markers as promising tools to guide and monitor treatment decisions in ICls treated
patients. Finally, identification of dynamic biomarkers for prediction of ICIs tumor
control and for monitoring of patient response under treatment is gaining considerable
knowledge through recent technologies including proteomics and transcriptomics.
Progress along this approach is critical to build reasoning for novel therapeutic combi-
nations and to set forth a more personalized cancer immunotherapeutic strategy.

Acronyms and abbreviations

ICI immune checkpoint inhibitors

PD-L1 programmed death-ligand 1

PD-1 programmed death- 1

CTLA-4 cytotoxic T-lymphocyte-associated protein 4
TCR T cell receptor

TME tumor microenvironment

TIM-3 T-cell immunoglobulin and mucin-domain containing-3
LAG-3 lymphocyte-activation gene-3

TIGIT T cell immunoreceptor with Ig and ITIM domains
Tex exhausted T cells

Teff effector T cells

ALC absolute lymphocyte count

MDSCs myeloid derived suppressor cells

TAM tumor-associated macrophages

irAE immune-related adverse events

CRP C-reactive protein

LDH lactate dehydrogenase

(0N overall survival

NLR neutrophil-to-lymphocyte ratio

dNLR derived Neutrophil-to-lymphocyte ratio
NSCLC non-small-cell lung cancer

PFS progression free survival
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sICs soluble forms of immune checkpoints
ICI immune checkpoint inhibitors
ORR overall response rate
sPD-1 soluble programmed cell death protein 1
sPDL-1 soluble programmed death-ligand 1
sPDL-2 soluble programmed cell death 1 ligand 2
sCTLA-4 soluble cytotoxic T-lymphocyte-associated protein 4
sTIM-3 soluble T-cell immunoglobulin and mucin domain-3
sLAG-3 soluble lymphocyte-activation gene 3
sIDO soluble indoleamine 2,3-dioxygenase
sCD163 soluble cluster of differentiation 163
NKG2D natural killer group 2D
sNKG2DL soluble natural killer group 2D ligands
MICA major histocompatibility complex class I-related chain A
MICB major histocompatibility complex class I-related chain B
NK natural killer
NKT natural killer T cells
ULBP1,2,3,4 UL-16-binding proteins 1,2,3,4
RAETI1G retinoic acid early transcript 1G
RAETI1L retinoic acid early transcript 1 L
sCD27 soluble cluster of differentiation 27
sCD28 soluble cluster of differentiation 28
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The Endocrinological Side Effects
of Immunotherapies
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Abstract

The use of immunotherapies is gaining importance in the treatment of advanced
malignancies. There are many checkpoints in the immune system which prevents
T-cells from attacking one’s own body cells. The cancer cells can camouflage from the
T-cells and the immune system is unable to mount an effective anti-tumor response.
The immunotherapies, mainly monoclonal antibodies anti-cytotoxic T-lymphocyte
antigen 4 (CTLA-4), anti-programmed cell death protein-1 (PD-1) and anti-PD-1
ligand molecules (PD-L1 and L2) reactivate the immune system to act against cancer-
ous cells but they can also cause T-cells to attack healthy cells causing various autoim-
mune diseases, which are known as immune related adverse events (irAEs). Current
clinical data shows increased incidence of pituitary disorders with CTLA4 inhibitors
and thyroid dysfunction in patients with PD-1/PD L-1 1 blockade. There have also
been association of type 1 diabetes mellitus and primary adrenal insufficiency in
patients with immune check point inhibitors. In this chapter we will discuss the inci-
dence, characteristic findings, diagnosis and management of various endocrinological
side effects due to targeted immunotherapies used in various malignancies.

Keywords: cancer immunotherapy, immune check point inhibitors, endocrine side
effects, thyroid dysfunction, hypophysitis, primary adrenal insufficiency, Type 1
diabetes mellitus

1. Introduction

Immune system detects and destroys abnormal cells through immune surveillance
and as a part of this prevents growth of many impending cancers. Inmunotherapies
work by either activating or suppressing the immune system and have emerged as
important part of how we treat different types of cancers in last few decades [1].

Immune inhibitor pathway plays an important role in maintenance of self-
tolerance, and cancer cells evade immune mediated destruction by upregulation
of immune inhibitory pathways. Inmunotherapy can be used to suppress these
immune checkpoints resulting in antitumor activity. Immune check point inhibi-
tors have significantly improved prognosis for patients with various advanced
malignancies like melanoma, non-small cell lung carcinoma, Hodgkin lymphoma,
urothelial carcinoma, renal cell carcinoma and head and neck cancer. As medical
oncology treatments are changing from anatomical sites to molecular sites — immu-
notherapies have established role in certain molecular patterns as well (i.e. MSI
high, TMB high metastatic tumors).

Immunotherapies include wide array of drugs with different mechanisms
including monoclonal antibodies, immunomodulators, cytokines, checkpoint
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inhibitors, chimeric antigen receptor T cell therapy, cancer vaccines and oncolytic
viruses while many other new approaches are being investigated.

Targeting the immune inhibitory pathways for cancer treatment can lead to
immunologic self-tolerance imbalance, resulting in immune-related adverse events
(irAEs) which can virtually affect all the organ systems; including eye and brain
which are usually unaffected by immune system [2-4]. Different immunotherapies
usually affect different organs, as Anti-CTLA-4 mAbs are likely to affect colon and
pituitary gland, while anti-PD-1 (L1) mAbs affect thyroid gland.

Among Anti-CTLA-4 mAbs, Ipilimumab has been approved for melanoma, kidney
cancer and now NSCLC, and has significantly changed the natural history of advanced
tumor. Another immunotherapeutic drug tremelimumab is under development.
Common side effects associated with anti-CTAL-4 mAbs include pruritis, diarrhea,
rash and fatigue with severe to life-threatening adverse events occurring in less than 5%
cases. Anti PD-1 and PD-L1 mABs have similar toxicity profile [5]. Nivolumab, pembro-
lizumab, and cemiplimab are anti PD-1 mABs, while atezolizumab, avelumab, and dur-
valumab target PD-L1. In general, anti-PD-1 mAbs are associated with far fewer irAEs
than Anti-CTLA-4 mAbs. Common side effects associated with Anti PD-1 (L1) mAbs
fatigue, rash, pruritus and idea with severe to life-threatening adverse events occurring
in 2-3% of cases. The combination of Anti-CTLA-4 and Anti PD-1 (L-1) antibodies
have shown better antitumor results but however they have been associated with higher
incidence of immune therapy related adverse event than monotherapy [6, 7].

Usually these irAEs arise within 3-6 months of starting the immunotherapy but
it may take few years and thus needs close monitoring for years after completion of
therapy. These side effects can be graded from mild to moderate as Grade 1-2 and
severe to life threatening as Grade 3-4 [2, 8].

In general, mild Grade 1 side effects usually requires symptom management and
does not require immunotherapy discontinuation. Grade 2 or moderate side effects
usually managed with temporary discontinuation of checkpoint inhibitor. For
severe to life-threatening Grade 3 and 4 side effects immunotherapy is permanently
discontinued and these patient usually require high dose of corticosteroids.

Some studies have shown association of irAEs with better antitumor efficacy,
the data remains conflicting and needs further research confirm whether occur-
rence of irAEs predicts better outcome [9-13].

2. Endocrinological adverse effects of immunotherapy

Immunotherapy can cause wide array of endocrine side effects. More common
irAEs are hypophysitis leading to hypopituitarism, primary or secondary thyroid
dysfunction, primary or secondary adrenal insufficiency, autoimmune diabetes
mellitus leading to diabetic ketoacidosis.

3. Pituitary dysfunction
3.1 Incidence

3.1.1 Anti-CTLA-4 mAbs

Hypophysitis is one of the more common immunotherapies induced endocrinopa-
thies and is more common after anti CTLA—4 therapy, reaching around 13% after
treatment with ipilimumab [14, 15]. Ipilimumab induced hypophysitis (IH) occurs
more frequently in males and in older age when compared to lymphocytic autoimmune
hypophysitis even when adjusted for melanoma incidence for age and sex [15-17].
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IH is a type II hypersensitivity reaction in which CTLA-4 antibodies bind to antigen
expressed on pituitary cells resulting in compliment activation and gland destruction
[18, 19]. Some studies have suggested that IH development may be associated with
better antitumor outcomes in terms of morbidity and mortality [14]. The data on
whether other agents and radiotherapy can alter the risks of hypophysitis is limited.

In the reported studies the average time to IH diagnosis is about 9 weeks; though
time to endocrine abnormalities development has not been routinely reported in trials.

The radiographic changes seen on MRI including heterogenous pituitary
enlargement with thickening of stalk are the sensitive and specific indicator of
hypophysitis and may be the first signs of pituitary dysfunction occurring before
hormonal disturbances or development of symptoms [1, 20]. The degree of pitu-
itary enlargement can be mild in the patient’s with IH and resolves quickly after
glucocorticoids treatment [14].

Most common laboratory abnormalities observed at the time of diagnosis
includes central hypothyroidism with reduction of TSH and secondary adrenal
insufficiency. Hyponatremia secondary to adrenal insufficiency and hypothyroid-
ism is frequently noted but central diabetes insipidus is rare with IH. Also growth
hormone or prolactin axis disturbances occur less compared to other hormonal
deficiencies. Usually, other hormonal deficiencies improved with treatment except
for adrenal insufficiency which requires lifelong with steroid treatment [14, 21, 22].

3.1.2 Anti-PD-1 and anti PD-L1 mAbs

Multiple studies have shown that incidence of Anti-PD-1 and anti PD-L1 mAbs
associated hypophysitis is less compared to Anti-CTLA-4 antibodies. Average
incidence of hypophysitis was 0.6% in patients treated with pembrolizumab and
novilumab, <0.1% in durvalumab and 0.2% with atezolizumab [23-26].

3.2 Diagnosis and treatment
3.2.1 Monitoring

Patients receiving immunotherapy treatments should have baseline pituitary
function test done. Routine thyroid function test monitoring with monthly TSH
and free T4 level checks is recommended during the treatment and when patient
develops symptoms suggestive of hypophysitis. Those patients who receives anti-
CTLA-4 agents routine monitoring of ACTH and cortisol level should be done.

3.2.2 Diagnosis

A clinician must have high index of suspicion for the hypophysitis diagnosis as
patient may present with vague symptoms or use of exogenous glucocorticoids may
mask their presentation so regular monitoring is critical. When suspected, MRI
should be performed to assess pituitary and rule out other causes of pituitary dys-
function along with hormone profile evaluation including TSH and free T4, ACTH,
cortisol, LH, FSH, prolactin, estradiol and females and distress return in males. It is
recommended to investigate for diabetes insipidus only if patient is presenting with
symptoms such as polyuria or polydipsia.

3.2.3 Treatment

High dose glucocorticoids course is given when hypophysitis is suspected which
may reverse inflammatory process and prevent the need for longer term hormone
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replacement in some cases. However, in most patient’s long-term hormonal supple-

mentation for affected hormones is required with thyroid hormone replacement for
central hypothyroidism or steroid replacement for secondary adrenal insufficiency.
In premenopausal female estradiol replacement and in men testosterone placement

should be considered.

4. Thyroid dysfunction

Immunotherapy related thyroid dysfunction can range from painless thyroiditis
with transient thyrotoxicosis, transient or long-standing hypothyroidism, thyroid
associated orbitopathy, and occasionally thyroid storm [27-29].

4.11Incidence

Thyroid disorder can present with nonspecific symptoms such as fatigue and
weakness. It is important to distinguish between primary versus secondary hypo-
thyroidism, as former is more likely with anti-PD-1 and anti-PD-L1 mAbs with
incidence ranging from 4-19.5%; and later is more suggestive from hypophysitis
induced by anti-CTLA-4 mAbs [30].

For patients treated with nivolumab and pembrolizumab, the incidence rates
of hypothyroidism were similar at 6.5% and 7.9% respectively. Incidence rate for
hypothyroidism with ipilimumab, nivolumab or pembrolizumab, atezolizumab,
and the combination of ipilimumab plus nivolumab were 3.8, 7.0, 3.9, and 13.2
percent, respectively [31].

Primary hyperthyroidism is seen less frequently with immunotherapy with inci-
dence rates for hyperthyroidism with ipilimumab, nivolumab or pembrolizumab,
atezolizumab, and the combination of ipilimumab plus nivolumab were 1.7, 3.2, 0.6,
and 8 percent, respectively [31].

4.2 Monitoring

Baseline thyroid function test should be obtained before initiation of immuno-
therapy and after that regular monitoring of thyroid hormone levels including TSH
and free T4 is recommended before each treatment and also when symptoms arise.

4.3 Diagnosis

High TSH with low free T4 indicates primary hypothyroidism and a low TSH
and low free T4 indicates hypophysitis. In thyroiditis with transient thyrotoxicosis
low TSH and high free T4 may be followed by more long-standing hypothyroidism
high TSH and low free T4.

4.4 Treatment

While asymptomatic patients with mildly elevated TSH level < 10 can be observed,
thyroid hormone replacement remains the mainstay of treatment in hypothyroidism.
Dosage adjustment should be done every 4-6 weeks based on TSH level. Patients with
thyroiditis and transient thyrotoxicosis can be managed symptomatically with beta
blockers. Immunotherapy can be continued except and case of severe thyrotoxicosis
when drug might need to be paused until symptoms resolve. Many patients may have
subclinical hypothyroidism (TSH >20 mIU/L and normal T4) with symptoms, and in
our experience, this should be treated with close monitoring for clinical improvement.

58



The Endocrinological Side Effects of Immunotherapies
DOI: http://dx.doi.org/10.5772/intechopen.96491

5. Primary adrenal insufficiency
5.1Incidence

The adrenal insufficiency with immunotherapy is rare [32], there have been case
reports which showed the association of immunotherapies and adrenal insufficiency.
Data shows that there is a risk of 0.8-1.6% of adrenal insufficiency with ipilimumab
either as a monotherapy or combination with anti-PDL 1 therapy. There is a 1% risk
of primary adrenal insufficiency with nivolumab and median time of onset is around
4.5 months. Data suggests that there is 0.5% risk of primary adrenal insufficiency
with avelumab and 0.4% risk of adrenal insufficiency in patients with atezolizumab.

There have been reports of subclinical form of adrenalitis with immune check
point inhibitors, with normal endocrine function but radiographic evidence of
inflammation of adrenal glands known as adrenalitis-symmetrically enlarged and
smooth adrenal glands [33].

5.2 Characteristic findings

It is very rare to have primary adrenal insufficiency associated with adrenal
crisis. Characteristic findings may include weight loss, fatigue, anorexia, nausea,
vomiting, abdominal pain, orthostatic hypotension, hypoglycemia, eosinophilia,
hyperpigmentation, hyponatremia, hyperkalemia or hypercalcemia.

5.3 Diagnosis

Low or suppressed morning serum cortisol with high ACTH levels will be seen
in patients with adrenal insufficiency.

5.4 Treatment

Adrenal crisis is one of the most serious and life-threatening endocrinological
side effect of immunotherapy, which requires prompt diagnosis and treatment. If
there is high clinical suspicion of adrenal crisis, after obtaining serum cortisol and
ACTH levels, treatment should be started without waiting for the results to come
back. Patients should be given stress doses of steroids, IV hydrocortisone 100 mg
every six to eight hours and aggressive fluid resuscitation should be made as there
is high risk of hypovolemic shock. Endocrinologist consult is highly recommended
as well.

6. Type 1 diabetes mellitus
6.1Incidence

Type 1 diabetes mellitus is also a rare a side effect in patients treated with
immunotherapy. Type 1 DM has been observed in around 1% of patients treated
with nivolumab and in 0.2% of patients treated with pembrolizumab. The median
time of onset from starting immunotherapy is around 4.5 months.

6.2 Diagnosis

Type 1 DM is rare but when present, ketoacidosis must be investigated and
treated [34]. Anti-GADG5 can be performed to look for autoimmunity.

59



Advances in Precision Medicine Oncology

6.3 Mechanism

The most likely mechanism of developing insulin dependent diabetes mellitus is
inappropriate activation of T cells which cause destruction of pancreatic islet cells [35].

6.4 Treatment

Patients with immune mediated type 1 diabetes mellitus should be referred to
endocrinology and treated with basal-bolus insulin regimen.

7. Conclusion

With the widespread use of immunotherapies in cancer, the incidence of side
effects of immune check point inhibitors is also increasing. Physicians should be
aware of different immune related adverse events (irAE).

Hypophysitis and thyroid dysfunction are the most common endocrinological
side effects of immune check point inhibitors. Patients who receive anti-CTLA-4
therapy, the pituitary hormones should be regularly monitored and if there is
concern for central adrenal or thyroid dysfunction, treatment should be instituted
as soon as possible, and immunotherapy should be held.

Primary thyroid dysfunction is more common in patients who receive anti-

PD1 and anti-PD-L1 antibodies. Patients may develop hyper or hypothyroidism.
Hyperthyroidism is mainly transient, which can lead to hypothyroidism requiring
life-long thyroid hormone treatment.

Most of the endocrine side effects of immune check point inhibitors can be
adequately treated, clinicians should regularly monitor hormone levels so that it can
be promptly diagnosed and treated. In patients with mild to moderate endocrinopa-
thies, immunotherapy can be continued with careful monitoring.

Physicians should be aware that irAEs can occur during and after the treatment
with immunotherapies and a multidisciplinary approach should be used in manag-
ing it. Patient’s education is also very important, and physicians should guide them
about the symptoms and signs to look for and notify the physicians.
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Chapter 4

Immunotherapy in Malignant
Pleural Mesothelioma

Asako Matsuda and Nobukazu Fujimoto

Abstract

Malignant pleural mesothelioma (MPM) is an extremely aggressive plural
malignancy mainly caused by asbestos exposure. Basic research about the immune
suppressive tumor microenvironment in MPM has suggested that MPM might be
a good candidate for immune therapy. Immunocheckpoint inhibitors have shown
some promising results. A phase Ib trial with pembrolizumab, an antibody specific
for the programmed cell death 1 protein (anti-PD-1), showed efficacy in patients
with programmed death-ligand 1 (PD-L1)-positive MPM. Among 25 patients
tested, 5 patients (20%) achieved a partial response. A Japanese group evalu-
ated the efficacy and safety of nivolumab, an anti-PD-L1 antibody, for patients
with advanced MPM in a phase II study. Ten (29%) patients showed an objective
response. Based on those results, nivolumab was approved in Japan for unresect-
able recurrent MPM. A phase III randomized study was conducted to compare
nivolumab plus ipilimumab to platinum doublet chemotherapy as a first-line
therapy in unresectable MPM. The primary endpoint, overall survival (OS), was
significantly improved in the nivolumab plus ipilimumab group. Cellular therapies
and cancer vaccines are limited by many challenges; therefore, improvements to
overcome these difficulties are urgently warranted. Further research is needed,
including large-scale clinical trials, to clarify the utility and safety of immuno-
therapy in MPM.

Keywords: asbestos, ipilimumab, nivolumab, mesothelioma, pembrolizumab

1. Introduction

Malignant pleural mesothelioma (MPM) is an extremely aggressive plural
malignancy, which is mainly caused by asbestos exposure [1]. The benefit of surgi-
cal resection is controversial, because only a minority of patients with MPM meets
the criteria for surgery, and it is unrealistic to assume that surgery will achieve a
complete tumor resection without a micro residual tumor. Systemic chemotherapy
with platinum plus pemetrexed is the recommended first-line systemic therapy for
advanced MPM. However, the median overall survival (OS) is only approximately
12 months [2]. For patients that fail first-line chemotherapy, a standard second-line
chemotherapy has not been defined [3]. Hence, it is critically essential to develop a
new treatment option.

Recently, immunocheckpoint inhibitors (ICIs) have achieved great success in
treating several cancer types [4-7]. Basic research about the immune-suppressive
tumor microenvironment in MPM has suggested that MPM might be a good
candidate for immune therapy [8, 9]. CD8+ tumor-infiltrating lymphocytes were
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reported to predict a favorable prognosis after a resection of MPM [10]. In fact,
recently, ICIs have shown promising results for patients with MPM.
In this chapter, we summarize recent studies on immunotherapy for MPM.

2. Anti-cytotoxic T-lymphocyte antigen 4 antibody

Anti-cytotoxic T-lymphoctye antigen 4 (CTLA-4) antibody was the first
reported ICI for treating MPM. To date, three clinical trials have tested anti CTLA 4
antibody monotherapy for MPM.

In the first phase II trial (MESOT-TREM-2008), the anti-CTLA-4 monoclonal
antibody, tremelimumab (15 mg/kg) was administered intravenously once every
90 days to patients with MPM [11]. Twenty-nine patients with MPM that had
failed a first-line platinum-based regimen were enrolled. Of these, no patients
achieved a complete response, 2 patients achieved a partial response, and 7 others
achieved durable disease control. The median progression-free survival (PFS) was
6.2 months, and the median OS was 10.7 months. The second phase II trial (MESOT-
TREM-2012), enrolled 29 patients with MPM that were treated with 10 mg/kg
tremelimumab, initially every 4 weeks for 6 doses, then every 12 weeks [12]. The
disease control rate was slightly improved after this regimen modification; one
patient achieved a partial response, and 11 patients achieved disease control.

Based on these two trials, a large scale, randomized trial (DETERMINE) was
conducted [13] with 571 patients with MPM. Of these, 382 patients were assigned
to tremelimumab and 189 patients were assigned to placebo. However, there
was no significant difference in PFS or OS between these two groups. After the
DETERMINE trial, anti-CTLA-4 antibodies were investigated only in combina-
tion with an anti-programmed cell death protein 1 (anti-PD-1) antibody or anti-
programmed death ligand 1 (PD-L1) antibody.

3. Anti-PD-L1 antibody

Mansfield et al. reported that PD-L1 was expressed in approximately 42 of
106 MPM specimens, and that PD-L1 expression was significantly correlated
with poor survival (OS: 5 months in a PD-L1-positive group vs. 14.5 monthsina
PD-L1-negative group) [14]. Cedrés et al. also reported that PD-L1 expression was a
negative prognostic factor in patients with MPM [15]. These results supported the
notion that PD-L1 might serve as a potential target for immunotherapy in MPM.

Avelumab is a human IgG1 monoclonal antibody that binds to PD-L1 [16].
Hassan et al. described a phase I trial (JAVELIN Solid Tumor) that enrolled 53
patients with unresectable MPM. Those patients had failed first-line chemotherapy
with platinum and pemetrexed. When they were treated with avelumab, the objec-
tive response rate was 9% (one complete response and four partial responses) [17].
Responses were durable (median, 15.2 months), and they were observed both in
patients with PD-L1-positive tumors (objective response rate [ORR]: 19%) and in
those with PD-L1-negative tumors (ORR: 7%). The median PFS was 4.1 months,
and median OS was 10.7 months.

Another anti-PD-L1 antibody, durvalumab, was recently evaluated for effi-
cacy in 54 patients with MPM that were not treated previously. Durvalumab was
combined with cisplatin and pemetrexed as a first-line chemotherapy (DREAM
trial) [18]. The ORR was 48%, and, 31/54 (57%) patients were progression-free at
6 months. Based on the phase II trial results, a phase III trial is currently planned.
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4. Anti-PD-1antibody
4.1 Pembrolizumab

Pembrolizumab is an antibody against PD-1. Pembrolizumab was tested for
efficacy in 25 patients with PD-L1-positive MPM in a non-randomized, phase Ib
trial [19]. Five patients (20%) achieved a partial response, and 72% of patients
achieved disease control. The median OS was 18 months.

A phase II trial of pembrolizumab monotherapy was conducted in 65 patients
with MPM that had been treated previously [20]. Among those patients, 19%
achieved a partial response to pembrolizumab. The median PFS and OS were 4.5
and 11.5 months, respectively.

Based on these two trials, pembrolizumab was administered, off-label, to 93
patients with MPM in Switzerland and Australia [21]. The ORR was 18%, and
the median PFS and OS were 3.1 months and 7.2 months, respectively. Patients
with high PD-L1 expression showed improved ORR (44%) and PFS (6.2 months).
Recently, a retrospective study from Australia analyzed data from patients with
MPM that received pembrolizumab as the first-, second-, or subsequent-line treat-
ment. They found an ORR of 18%, and a disease control rate of 56%. The median
PFS was 4.8 months, and the median OS was 9.5 months [22].

4.2 Nivolumab

Nivolumab is a fully humanized monoclonal anti-PD-1 antibody. It was first
tested in 34 patients with recurrent MPM in the Netherlands [23]. In that single-
center trial, patients with MPM received 3 mg/kg intravenous nivolumab every
2 weeks. Among 34 patients, 8 patients (24%) achieved a partial response, and
another 8 patients (24%) displayed stable disease at 12 weeks.

A Japanese group also evaluated the efficacy and safety of nivolumab in 34
patients with advanced MPM. That study tested nivolumab as a salvage therapy ina
single-arm phase II study (MERIT study) [24]. Patients received 240 mg nivolumab
intravenously every 2 weeks. Ten (29%) patients showed an objective response.

The median duration of the response was 11.1 months, and the disease control rate
was 68%. The median PFS and OS were 6.1 and 17.3 months, respectively. Among
patients with PD-L1-positive tumors (>1% expression), the ORR was 40%. Based
on those results, nivolumab was approved in Japan for unresectable recurrent MPM.

5. Combination therapy with ICIs

Based on the favorable results obtained with ICI monotherapy, recent investiga-
tions tested combination treatments, with an anti-PD-1 or anti-PD-L1 antibody
combined with an anti-CTLA-4 antibody. This combination was expected to
maximize T-cell activation.

NIBIT-MESO-1 was open-label, non-randomized, phase II trial, in which 40
patients with MPM received at least one dose each of tremelimumab and dur-
valumab [25]. Eleven patients (28%) displayed an objective response. The median
PFS was 5.7 months and the median OS was 16.6 months.

IFCT-1501 MAPS2 was a multicenter, open-label, randomized, phase II trial,
in which 108 patients with MPM were randomly assigned to receive intravenous
nivolumab or intravenous nivolumab plus ipilimumab. In the intention-to-treat
population, 12-week disease control (primary endpoint) was achieved by 25/63
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(40%) patients in the nivolumab group and 32/62 (52%) patients in the combina-
tion group [26]. The INITIATE study also evaluated the efficacy of nivolumab
combined with ipilimumab in patients with MPM. In that study, among 34
patients included in the efficacy assessment, ten (29%) patients achieved a partial
response, and 23 patients (68%) achieved 12 weeks of disease control [27]. Based
on these favorable results, a phase III randomized study was conducted to compare
nivolumab plus ipilimumab to platinum doublet chemotherapy as a first-line
therapy in unresectable MPM. In that study, 303 patients were randomized to
nivolumab plus ipilimumab and 302 patients were randomized to platinum doublet
chemotherapy. With a minimum follow-up of 22 months, the primary endpoint,
OS, was significantly improved with nivolumab plus ipilimumab compared to
chemotherapy (median, 18.1 vs. 14.1 months; hazard ratio, 0.74; 95% confidence
interval, 0.61-0.89; P = 0.002) [28].

Overview of clinical trials of that tested ICIs for MPM was summarized in
Table1.

6. Vaccine

Cancer vaccines have been tested for various cancer types. These vaccines have
included tumor lysate, attenuated bacteria, and single or multiple peptides. Wilms
tumor 1 (WT-1) is one of the most well investigated cancer antigens. WT-1 was
expressed in tumors in 97% of patients with MPM [29]. Galinpepimut-S, a multi-
valent vaccine against the WT 1 peptide, can activate both CD4+ and CD8+ T-cells
[30]. The efficacy and safety of galinpepimut-S was investigated in a phase II trial.
The pilot study demonstrated that the median PFS was 7.4 months in the placebo
group and 10.1 months in the vaccine group. The median OS was 18.3 months in
the placebo group and 22.8 months in the vaccine group. Based on thOse findings, a
clinical trial is currently ongoing to investigate a combination treatment of galin-
pepimut-S plus nivolumab in patients with MPM (with WT-1-positive tumors).
Combining cancer vaccines with ICIs might improve the clinical outcome and open
a new avenue of therapeutic strategies for MPM.

7. Dendritic cell therapy

Vaccination strategies have been developed that involve dendritic cells (DCs),
which are antigen-presenting cells for T-cell activation. The DCs are pulsed with
tumor lysate to overcome the shortcomings of autologous DCs. These strategies
have shown remarkable anti-tumor activity, with low toxicity, in several cancer
types. In the area of MPM, 9 patients received three vaccinations of autologous
mature DCs loaded with autologous tumor cell lysate [31]. Among these patients,
3 showed a partial response in the first 8 weeks after the DC vaccination.
However, two of those three patients had received chemotherapy before the DC
vaccination, which might have influenced the anti-tumor effect. In the next step
of treatment, they added cyclophosphamide to increase the anti-tumor activity by
inhibiting regulatory T cells [32]. Ten patients with MPM received cyclophospha-
mide and a vaccination of autologous mature DCs loaded with autologous tumor
cell lysate. Of those ten patients, seven lived longer than 24 months, and the mean
OS was 37 months.

Obtaining autologous tumor cell lysate is time consuming, because patients have
to undergo multiple tumor biopsies. In one study, allogeneic tumor lysate obtained
from a tumor cell line was applied to autologous DCs [33]. Nine patients with MPM
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were treated with DC vaccinations (autologous DCs pulsed with tumor lysate from
five mesothelioma cell lines). Of these, two patients experienced a partial response
and all nine patients established disease control. The median OS was longer than
22.8 months. Based on those promising results, an ongoing phase II/III study is
currently testing DCs loaded with allogeneic tumor cell lysate as a maintenance
therapy after chemotherapy (DENIM trial) [34].

8. Chimeric antigen receptor T-cell therapy

Chimeric antigen receptor (CAR) T-cells can be used to target specific tumor
antigens directly. CAR T-cell therapy has shown clinical efficacy for hemato-
logical malignancies, and it was approved by the United States Food and Drug
Administration for B cell acute leukemia and diffuse large B-cell lymphoma. Several
clinical trials are ongoing to test CAR T-cell therapy on both hematological malig-
nancies and solid tumors [35]. CAR T-cells that targeted WT-1, fibroblast activation
protein (FAP), or mesothelin (MSLN) were tested in a clinical trial on MPM. Hass
etal. reported the results of a clinical trial for testing CAR T-cells that targeted
MSLN on 15 patients with MPM. The CAR T-cells were applied as a monotherapy
or in combination with low-dose cyclophosphamide, for solid tumors [36]. The
best overall response was stable disease (11 of 15 patients). Currently, several phase
I trials are ongoing to examine the efficacy of CAR T-cell therapy in solid tumors,
including MPM.

9. Conclusion

The prognosis of MPM remains poor. A PD-1/PD-L1 blockade is an effective
treatment option for MPM. The combination of nivolumab (anti-PD-1 antibody)
and ipilimumab (anti-CTLA-4 antibody) could be a standard first-line treatment.
Additionally, the combination of an ICI with conventional chemotherapy might
be a promising treatment option. Cellular therapies and cancer vaccines must
overcome many challenges, such as T-cell migration to the tumor and infiltration
into the tumor. Improvements in cancer therapies are urgently needed to overcome
these difficulties. Further research with large-scale clinical trials are needed to
clarify the utility and safety of these immunotherapies in MPM. In addition, in this
new era of precision medicine, we need to develop biomarkers to identify which
patients would benefit from ICI-ICI combinations, ICI plus chemotherapy, or
cellular therapy.
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Chapter 5

Targeted Cancer Therapy Using
Nanoparticles and Antibody
Fragments

Sankha Bhattacharya and Kapil Gore

Abstract

Cancer is caused by an uncontrolled cell division, forming a tumor capable of
metastasis. Cancer is the second leading cause of death worldwide. Conventional
treatments kill healthy cells, causing side effects. Recently, nanomaterials are
explored due to properties such as as- nano-size, high loading, and ligands’ attach-
ment for a selective delivery. Apart from normal body cells, cancer cells express
many receptors in excess, which serve as ‘targets’ for attacking the cells. Various
ligands like proteins, peptides, polysaccharides can be attached to nanoparticles
to allow proper and specific reach to the tumor. Such nanoparticles go to their
desired site and stick onto the receptors, taken inside the cells by various methods.
Antibodies are natural proteins that bind to foreign substances and remove them.
IgG being the most explored antibody, suffers from many disadvantages such as
non-specificity for required antigen, limited binding sites, low tumor penetration.
Hence many researchers experimented by removing and adjusting the binding sites,
using only the binding sites, enhancing the valency of naturally available IgG. It
gave many benefits such as enhanced penetration, reduced immunogenicity, better
delivery of drugs with fewer side effects. Continuing advancements in the field
of protein engineering will help scientists to come up with better solutions. The
properties allow easy surface interaction and entry, achieve better biodistribution,
and reduce the amount of drug required. Targeting is based on Paul Ehrlich’s ‘magic
bullet, ‘where the therapeutic moiety has two parts-one to identify the target and
the second to eliminate it. This concept is revised to incorporate a third component,
a carrier. Many nanocarriers can be used to target cancer cells containing ligands
to identify malignant cells. Approaches to targeting are passive, active and physical
targeting. Many such nanoparticles are in clinical trials and can be a better solution
to cancer therapy.

Keywords: nanoparticles, cancer immunotherapy, targeted drug delivery, cancer,
targeting, nanomedicine, antibody fragments

1. Introduction

For the innovative treatment of cancer, it is necessary to boost target-based
cancer therapy, ensuring that it could differentiate between normal and cancer cells
while targeting cells [1]. Targeted cancer therapies are far better than the conven-
tional method [2]. Therefore, targeted cancer therapy enjoys lesser unwanted side
effects and an excellent molecular mechanism, which promotes minimum toxicity
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caused by chemotherapeutic drugs [3]. The rapid clearance from the body can be
seen when the drug was administered in a higher tolerable dose, which ultimately
leads to higher toxicity [4]. During targeted therapy, the drug could be modi-

fied to target biological transduction pathways and cellular factors. It also targets
angiogenesis and apoptosis inducing molecules [5]. In recent years, several studies
have been designed to investigate the effects of nanosized medicines inoperative
targeting and diagnosis of cancer cells. Nanoparticles can possibly entrench drugs,
theranostic agents, and genes [6]. It was also observed from the various research
findings that, nanoparticular approach while drug targeting improves drug toler-
ability and bioavailability [7]. In formulation drug delivery, anchoring, fabricating,
protection of payload from getting degradation by enzymes are possible [8]. The
anchored nanoparticles can able to deliver a higher dose into tumor cells while
bypassing the normal cells. The modified scaffold integration of nanoparticles
facilitates biodistribution of specific drug delivery, which conjugates with ligands
and eventually binds with tumor biomarkers [9]. Paul Ehrlich recently suggested a
magic bullet, where two different targetings are possible with consistent therapeu-
tic action [10]. In recent research articles and patents, it was often observed that
many pharmaceutical carriers such as liposomes, micelles, polymeric nanoparticles
designed from natural or synthetic sources were used to target chemotherapeutic
medicaments in different cancer cells [11]. Many nanoparticles have passed phase
IT of the clinical trials stage. This suggests that effective active and passive targeting
is possible, due to which greater specificity while selecting cancer target is achieved
[12]. Nowadays, conjugation of antibodies, peptides, small chemical entities are
versatile in delivering anticancer agents in the form of nanoparticle composite [13].
However, tumor targeting is not an easy job! Scientists are targeting tumors in three
different mechanisms; (a) Where nanoparticles were pre-exposed with leaky vas-
culature of tumor cells and encountered with the reticuloendothelial system (RES)
or enhanced permeability and retention (EPR) effects [14]. However, (b) active
targeting is more advantageous, as inactive targeting, uncontrolled cell prolifera-
tive targeting of tumors, and pH and temperature-dependent targeting is possible.
In physical targeting (c) pathological conditions such as pH and temperature play

a key role. Nevertheless, targeting the tumor side also depends on the size of the
nanoparticles. The nanoparticles, which are less than 7 nm, come under hydrody-
namic diameters, easily passing through renal excretion [15]. The nanoparticles that
are larger than 100 nm are eventually cleared from the circulation by the phagocytic
system [16]. The nanoparticles’ surface charge also plays a pivotal role, as the
particles’ cationic charge helps to facilitate internalization [17]. Sometimes surface
addition of poly (sarcosine) and poly (ethylene glycol) [18] enhances the circulating
half-life of the particles, on the other hand, preventing nanoparticles from getting
engulfed by the reticuloendothelial system; by which accumulation of a certain
amount of nanoparticles on the outer surface of the cancerous tissue is possible. To
make nanoparticles more advanced, hooking ligands onto the nanoparticles’ body
facilitates internalization into cancer cells.

2. Molecular targets in cancer

To target cancerous cells, it is essential to target molecular aberrations. Effective
nanoparticular therapy for cancer targeting relies on the ability to targets such
genetic alterations to provide significant clinical benefits [19]. Nowadays, scientists
are more focused on targeting p53, ALK PIK3CA, KRAS, G-NAQ, MET, BRAF,
EGFR, CKIT genes, and certain pathways, i.e., PI3K/Akt/mTOR, etc. [20].
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3. Ligands for cancer targeting

Ligands are a prerequisite for cancer. Recently, immunotoxin has obtained
clinical approval from USFDA, and more than 100 ligand-targeted therapies are
under clinical trials [21]. Newly developed phase-display techniques allow selec-
tive targeting with higher affinity. The bispecific antibodies and fusion proteins
have been used for therapeutic purposes. Mostly the nanoreservior systems viz.,
niosomes, and polymeric nanoparticles are most suitable for ligand-based targeting
[22]. However, pharmacokinetic behaviors and bio-distribution understanding of
the molecules are still unknown. The principles of Ligands for cancer targeting can
also be applied to the targeted delivery of gene medicines such as antisense oligo-
nucleotides [23].

4. Attachment of ligands to carriers

Most of the nanoparticles as specially lipid-based formulations and polymeric
nanoparticles are emerging as the best carrier system to deliver the molecule in
cancerous tissues [24]. Monoclonal antibodies and peptides are possibly the best
carriers. The surface-bound ligands specifically bind to the target cells. The vari-
ous techniques viz., covalent and non-covalent techniques help in effective active
targeting of cancer cells (Figure 1).

5. Receptor approaches of drug targeting in cancer

Receptor based targeting is being focused on ensuring the accurate delivery
of carriers to their desired location [25]. It allows targeting not only to a localized
tumor but also to traveling cancerous cells. This ensures precise delivery. Due to the
excessive expression of receptors, targeting becomes easy. Ligands carry out the
functionality through active targeting [26].
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Figure 1.

Due to the active targeting, the nanoparticles ave getting accumulated in the tumor site. Compered to non-
tavgeted nanoparticles, actively targeted nanoparticles veach the tumor site with higher efficiency and through
the endocytosis process, the nanocomposite triggers cancer cells death.
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Receptor based targeting is being focused on ensuring the accurate deliv-
ery of carriers to their desired location [25]. It allows targeting not only to
a localized tumor but also to traveling cancerous cells. This ensures precise
delivery. Due to the excessive expression of receptors, targeting becomes easy.
Ligands carry out the functionalization through active targeting (this has to be
deleted) [27].

‘ Cancer Cell Receptors ‘

Lung cancer | Breast cancer | | Ovarian cancer ‘ | Colon cancer | | Prostate cancer
|

Epidermal growth Androgen HER-2 neurotensin Androgen
factor Estrogen Folate Folate Prostate specific membrane
Folate Integrin Chemokine Chemaokine antigen
Interleukin Folate Integrin
Chemokine
6. Receptors
6.1 EGFR

EGFR is a glycoprotein spanning across cell membranes. It is a target for
Epidermal Growth Factor [28]. It initiates a signaling pathway leading to cell prolif-
eration and mitosis. This is overexpressed in breast, colon, head and neck, ovarian
tumors, and renal and glioma. The binding of antibodies against this receptor
reduces cell proliferation. Many researchers prepared drug-loaded vesicles to target
EFGR, which increased the drug’s efficacy more than 10-fold [29]. Recently, cancer
varieties like colorectal, lung, head, and neck carcinoma showed resistance to EGFR
targeting due to mutations in the gene causing inhibition of activation and hence
signaling.

6.2 Interleukin receptors

As interleukin receptors are majorly expressed, they are essential as a target for
delivery. Among many varieties, types-3, 4, 6, 11, 13 & 16 were investigated as a tar-
get. The complex of ligand and receptor is taken inside the cell and hence helps cell
growth and proliferation. But an overexpression may cause resistance to apoptosis
and malignant growth (Table1).

Interleukin Overexpressed in
type
IL-6 Ovarian cancer
IL-4 Glioblastoma, ovarian cancer, lung cancer, breast cancer
IL-3 Chronic Myelogenous leukemia, acute myeloid leukemia blast
IL-13 Head and neck cancer
Table 1.
Type of interleukin.
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Various researchers used many ways to target IL receptors and obtained posi-
tive results such as reduced proliferation, enhanced uptake of carriers, decreased
tumor volume, as well as accumulation and entry into the tumor as well as increased
survival. This is not a full-proof strategy as blocking signaling of one type may be
compensated with another type. And if the interleukins are blocked, it hinders the
functioning of the immune system.

6.3 Folate receptors

Folate receptor is a glycoprotein present on the external cell surface. It is rich in
cystine content. It has three subtypes- a, p and y [30]. It is responsible for the entry
of folic acid into cell, which is important for nucleic acid synthesis. The a subtype
is overexpressed in breast, lung, colon cancer, and mesothelioma [31]. According
to studies from many researchers, positive results such as a reduced tumor volume,
nuclear delivery of therapeutic moieties, increased survival of cells, upregulation
of cell death were observed. As folate receptors are present in the body on abundant
sites, the selectivity may not always be achieved. Also, there are no animal models
for therapeutic advantages or toxicity profiling.

6.4 Integrin receptors

Integrins are proteins that bind to the extracellular matrix and promote cell
binding to tissues. Due to this action, this receptor is essential in the progression
and metastasis of tumors. ‘RGD motif’ is a polypeptide chain important for bind-
ing and has been majorly exploited as a drug target [32]. Targeting the RGD motif
has advantages such as improved survival, reduced tumor mass, and tumor growth
inhibition. A major drawback of integrin targeting is diseases such as progressing
lymphadenopathy [33].

7. Receptors to inhibit metastasis
7.1 The cluster of differentiation receptors

CD receptors initiate tumor development and can self-renew, overexpression of
ABC, dormant. These features give tumor characteristics such as resistance, recur-
rence, and metastasis. Blocking these receptors prevents metastasis. CD subtypes
14, 22, 36, 44, 133 have been explored as drug targets for delivery. Targeting CD-44
receptors on cells allowed delivery into even the resistant tumors and showed
enhanced cytotoxicity [34].

7.2 Estrogen receptors

These are nuclear receptors binding to the hormone estrogen. Estradiol acts as
a transcription factor and controls cell growth. Estrogen helps in the development
of sexual and reproductive functions, initiation and forming of lungs, mammary
glands, and prostate gland. These receptors are excessively expressed in the major-
ity of types of breast cancers, making it an ideal target. Initially, hormone analogs
were used as ligands to target, but the binding strength was not optimal due to the
modified structure of hormones. Also, another drawback was excessive RES uptake
of such liposomes, which was overcome by formulating stealth liposomes. These
formulations showed reduced tumor volume [35].
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8. Targets for resistant tumors
8.1 Transferrin receptor

It is a receptor present on the cell membrane which is responsible for obtaining
iron inside the cell. Iron binds to transferrin, and this complex binds to the receptor,
which is then internalized [36]. Iron is necessary for many functions, such as DNA
synthesis. This receptor can be targeted even if the tumor is Multi-drug resistant.
Targeting this receptor has shown excellent results in resistant tumors such as
increased formulation internalization, reduced drug required, higher cell death,
and enhanced cytotoxicity [37]. This receptor’s drawback is its presence at non-
malignant sites such as endocrine glands may cause a loss in efficacy.

8.2HER2

Human epidermal growth factor receptor-2 (HER-2) is a receptor spanning
across the cell membrane with having a protein kinase internal subunit [38]. It is
excessively expressed in gastric, lung, breast, and ovarian cancers. Overexpression
of this receptor makes it challenging to forecast carcinoma. But, commercial
products such as Herceptin have shown a promise targeting this receptor [39].
Targeting the HER-2 may help in cases of tumors showing resistance. This type of
targeting has also demonstrated reduced cancer cell viability, enhanced cytotoxicity
in resistant tumors, and increased uptake in the studies. A significant drawback is
the absence of any natural ligand for the HER-2 receptor, which makes targeting
difficult [39].

8.3 Antibodies for targeting cancer

Cancer cells are derived from normal body cells; hence they have a similar recep-
tor constitution on the cell surface. Due to this lack of specialized markers, chemo-
therapeutic agents cannot differentiate between normal and cancer cells. Hence,
they show toxicity. Keeping a low dose may result in resistance [40]. Therefore to
achieve a specific targeting, antibodies specific for antigens presented by cancer
cells can be targeted.

8.4 Engineering of antibodies

IgG is the majorly used antibody for targeting cancer [41]. Antibodies have Y’
shaped structures where two arms have the sites for antigen binding. Monoclonal
antibodies which are derived from a single clone of cells themselves or only the
targeting fragments, can be used for cancer therapy. These agents bind the antigen
and cause cell death by antibody-dependent toxicity, complement activation, or
blocking signal transduction inside the cell. The antibody has a high affinity for
its specific antigen and has excellent binding strength due to the presence of two
binding sites. Entire antibodies may cause activation of the immune system inside
the body. And due to their long half-lives, detection also becomes an issue. Using
antibodies from species other than humans may cause severe allergic reactions.
Hence to combat this situation, researchers have developed various molecules based
on antibodies. Antibodies have been developed where binding sites from mouse
have been attached to human antibody (chimeric antibody), humanized or human
antibodies have also been developed. Researchers have separated the F, fragments
responsible for binding and have used them for targeting.
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9. Effector mechanism of antibodies

Antibodies usually target antigens that are unique to cancer cells or which are
excessively expressed on the cell surface. The majority of antibodies induce cancer
cell death by binding to their target receptor, either blocking the receptor or chang-
ing the receptor’ activation requirements [42]. They disturb signaling pathways
responsible for cell growth and survival; hence, they end up killing the cells [43].
For example, Cetuximab is an antibody directed against EGFR. Epidermal growth
factor upon binding to EFGR causes tumor growth, proliferation, and migration.
EFGR is seen in many cancers. Cetuximab binds to EGFR and blocks the recep-
tor hence preventing ligand binding and subsequent receptor dimerization. This
process leads to apoptosis. Human epidermal growth factor receptor 2 is a member
of the tyrosine kinase family. It is overexpressed in breast and ovarian cancers. The
unique feature of this receptor is the absence of any known natural ligand. Instead,
it forms dimers with other growth factor receptors and exerts its effects. Hence
antibodies that are made to target this receptor prevent its dimerization with any
other receptor and prevent survival.

Indirect action of antibodies involves host immune system participation and
causes cytotoxicity by activation of complement system, antibody-dependent
phagocytosis, and antibody-dependent cytotoxicity. Most antibodies are able
to activate the complement system, which targets and destroys the cancer cell.
Ofatumumab, an anti-CD20 antibody, intensifies the process of cytotoxicity
through complement activation. Antibody-dependent phagocytosis occurs after a
cancer cell opsonized by mAb attaches to a macrophage FcyRI glycoprotein. Then
macrophage consumes such a marked cell [44].

10. Resistance to mAb

Even if mAb therapy is successful, many patients show resistance to it. The
resistance may be innate or acquired after exposure to antibodies. Natural resistance
is already present in mutations in cancer cells prior to the therapy, and acquired
resistance is received after the exposure to therapy [45]. Another limitation is
the dependency of the therapy on the overexpression of receptors. Mutations of
receptors and the components in the signaling pathway may decrease the efficacy
of antibody-targeted therapy. If cells express a variant of the receptor, therapy’s
potency may still decrease even if the binding site does not change [46].

11. Antibody fragments

Advancement in protein sciences has enabled scientists to produce antibody
fragments with a smaller size but the same efficacy. The ideal characteristics of an
antibody fragment are discussed in Figure 2.

In the beginning, proteolysis was the method of choice to produce smaller
antibody fragments [47]. These fragments had a molecular weight of around
54 kDa-100 kDa (Fab, Fab,). In the later stages, recombinant DNA technology was
used to prepare univalent and bivalent fragments which had heavy and light chains
of a variable section of antibody [48]. Such a structure was the smallest targeting
unit to be generated. The two chains were joined with a flexible polypeptide linkage
giving a ‘single chain variable fragment’ (scFv). It was convenient to use because of
its small size and easy production.
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low Characteristics of High specificity

immunogenicity antibody fragment

Readily available

Figure 2.
Different characteristics of antibody fragments.

In the 1980s, researchers isolated and screened a heavy chain of the murine
antibody for its binding to lysosomes [49]. It was called a single domain antibody’
(dAb) as it contained only a heavy or light chain and had a meager molecular weight
(15 kDa). However, it had drawbacks like poor solubility and aggregation, and a
major issue was that the fragments did not retain the original’s binding efficacy
[49]. Components from animals such as camels, llamas, and fish such as sharks were
used as more soluble, but they suffered from immunogenicity issues. Efforts like
immunization and bioengineering to reduce agglomeration were carried out for
effective use in therapy [50].

Later the above types were converted from univalent to multivalent through
protein engineering, which was then used to target multiple entities at once [51].
These multivalent fragments show slower dissociation from the receptor and high
functionality. One great example of multivalent fragments is a ‘diabody’ formed by
linking light and heavy chain by a single chain variable fragment to be self-assem-
bled into a dimer [52]. Diabodies have an advantage such as moderate molecular
weight, multivalency which give them characteristics like improved penetration in
tissue, rapid clearance. These diabodies bind to tumor antigen as well as to CD3 cells
to kill tumors through T-cell mediated toxicity. The mini body is another type of
synthesized antibody fragment, which is a pair of single chains of variable frag-
ments interconnected by-CHj; bonds, and a variable region specific for any antigen
is attached to this pair. Minibodies are more suitable for targeted radiotherapy
because they show better uptake and are cleared faster as compared to other types
of fragments and are cleared rapidly. In the structure of the Mini body, the single
variable region can be replaced by a cytotoxic agent, radioisotope, for its delivery.

Nanobody is the shortest antibody fragment. It is isolated from camelid heavy
chains of variable antibody region. It is produced by making phage viral coat
cover the desired fragment. As these antibodies do not have light chains, they are
structurally different than normal antibodies. They have a concave antigen-binding
region larger than other antibodies. Hydrophilic structures replace the usual
hydrophobic amino acid residue. Such adjustments allow antigen-binding property
even in the absence of light region. Another specific property is its ability to cross
blood-brain barrier.
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12. Application of fragments in imaging
12.1 Cancer imaging

Antibodies that bind to the target can be coupled with a radionuclide, fluores-
cent molecules to obtain images of cancer. Antibodies that have longer half-life
need more time for imaging and may blur the image. These fragments have a short
half-life and higher permeability, which allow easy detection. Techniques such as
Positron emission tomography (PET), Computed tomography (CT), Single-photon
emission computed tomography (SPECT) are now being performed where the
antibody fragments are employed [53].

12.2 Nuclear imaging

Nuclear imaging is essential for the detection of cancer. Using fragments reduces
nuclear exposure to radiation. The bifunctional connector connects antibody frag-
ment and radionuclide, and such complexity easily accumulates at the tumor and
gives clear visualization [54]. This method can be used to measure the absorption
of drugs and the expression of receptors. One issue with the complex is increased
radiation in the kidney due to complex breakdown and retention of radionuclide in
the kidney [37].

12.3 Dual modality imaging

It involves non-invasive assessment of disease and fluorescence imaging of
tumors during surgery. This technique shows accurate and reliable results [55].
Heterodimeric antibodies are used to target two issues at once and have a stronger
affinity than homodimer.

12.4 Other imaging

Antibody fragments can be coupled with microbubbles, and it enhances the tar-
geting efficiency [56]. Photoacoustic imaging also can be performed with antibody
fragments to give high-resolution images. The laser causes expansion of tissues, and
it produces sound waves, which later can be converted to images by the ultrasonic
transducer.

13. Application in cancer therapy
13.1Intrinsic therapeutic effect

The selection of antigen is most important for targeting. The target antigen is
highly expressed in cancer cells but not on a normal cell. Single, as well as multiple
targeting, can be achieved through the use of an engineered antibody. Multivalent
antibodies not only block signaling but also overcome resistance through multiple
targets [57].
13.2 Targeted drug delivery

The delivery of anti-tumor drugs using antibody fragments is a common

practice of targeting medicine to the tumor [58]. Such systems ensure accurate
delivery and improve the pharmacokinetics of agents. Effector molecules such
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as siRNA cannot target and have very low uptake. Coupling them with antibod-

ies shows enhanced tumor uptake and reduced side effects [59]. An example is
CXC chemokine receptor siRNA delivered by coupling with anti-HER2 peptide
fusion protein e23sFv-9R is used to target breast cancer cells, having an excess of
HER-2 receptors, which promotes apoptosis. Immunotoxins also can be targeted
for effective therapy. Immunotoxins from plants and animals may show a rapid
immunogenicity and have toxic side effects that may be harmful to humans. For
example, an immunotoxin was synthesized by a combination of Pseudomonas
aeruginosa exotoxin and short-chain variable fragment, which reduced tumor cells’
reduced survival and improved the survival rate. An antibody fragment can also be
attached to nanoparticles, which then enter the tumor cells via receptor-mediated
endocytosis. An example is the anti-HER-2 short-chain variable fragment attached
to the PEG-coated iron oxide particle, which shows a better targeting and improved
serum half-life.

13.3 Application in immunotherapy

Tumor cells have barriers to protect them from the body’s immune system, such
as an impenetrable stroma and immunosuppressive cells in the tumor environment
[60]. Tumor cells block antigen overexpression and increase regulatory-T cells
and hence escape the immune system of the body. Immunotherapy overturns this
mechanism and brings about the death of cancer cells. Bispecific antibodies can
target two antigens at once, including an antigen on the cancer cell and a receptor
on the cell of the immune system. Then the proteins in cell death signaling are
activated by phosphorylation, which then initiates apoptosis. Bispecific antibodies
link two cells hence bypassing innate as well as acquired resistance.

Chimeric antigen receptor on T cells (CAR-T) is being focused on as a target of
antibodies as it helps in specific recognition of cancer cells [61]. Upon activation, it
shows a high amount of cytokine release, which then kills cancer cells. This also can
help to circumvent tumor resistance for killer T-cells.

For immunotherapy, a specific target is required for the immune system to
attack or else; there can be severe side effects related to immunity. Also, the extent
of immune response should also be considered for the efficacy of the treatment. An
immune response, which is too low may not be able to kill the malignant cells, and a
very strong immune response may cause cytokine storms and harm the healthy cells
instead.

14. Antibody derivatives

IgG is the most explored antibody of choice for cancer targeting. Antigen bind-
ing if is the desired mechanism; only antigen-binding fragment can be separated
and used. In such cases, the binding affinity and crystallization properties remain
the same with smaller size and hybridization, which give enhanced tumor penetra-
tion. Also, modifications can be made to increase the specificity and valency of
antibodies.

15. IgG formats
Involves changes in the structure of IgG to alter its natural properties to obtain

desired attributes. The most common structural change includes changes in anti-
body binding region, e.g., ranibizumab. Right now, there are many fragment-based
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therapeutics in preclinical and clinical trials. The most advanced is otlertuzumab
for treating chronic lymphocytic leukemia. Fragment-based derivatives are not able
to activate the immune system without a crystallization region [62]. But they show
advantages like enhanced penetration, longer circulation and increased diffusion
in the tumor. Hybrids can also be made with Fc from IgG and scFv from a targeting
antibody. They do not penetrate in the tumor but instead retain activities of Fc such
as immunization.

16. Multivalent binders

IgG can only bind a single type of antigen. Hence it is bivalent but not bispecific.
Hence, to increase the specificity, the valency of antibodies is being enhanced.
Many different regions from different sources are connected together to form
molecules that are multivalent and can bind to more than one type of molecules.

16.1 Bispecific

This is the most used type from multispecific modified IgG. These can bind to
two different antigens at once. For e.g., blinatumomab is used for some types of
acute lymphocytic leukemia. It binds to CD19 protein on the cancer cell and CD3
protein on T-cell. It causes the release of cytotoxic chemicals that kill the cancer cell.
Dual affinity targeting agents are made from two separate light and heavy regions
linked by disulfide bonds after translation.it can be stored for a long time and
should be stable for a long time [63].

16.2 Multispecific and multivalent

A combination makes multivalent antibodies of three or more antibody domains
joined sequentially or in a row. These are proteins specific for two antigens contain-
ing two pairs of light and heavy variable regions connected in a single chain forming
a polypeptide. By virtue of their multivalency, tandem Abs not only target tumors
but also cause infiltration and destruction of tumors by killer T-cells. These have
longer storage life, better pharmacokinetics, are highly potent [64].

17. Antibody conjugates and fusion

Antibodies can be linked with other molecules such as proteins and peptides to
form hybrids. Such combinations give altered biodistribution by targeting a dif-
ferent receptor, extend the half-life of formulation, or impart a new mechanism of
action [65].

18. Antibody-drug conjugates

These hybrid molecules contain antibodies linked to a therapeutic agent. They
combine the selective nature of antibodies with cytotoxicity of active agents [66].
It can reduce side effects to a minimum and shows maximum therapeutic success.
Conjugates such as Mylotarg have been approved by the FDA. This has caused the
emergence of many compounds that differ just by changing the method and site
of conjugation. The drugs or linkers are attached to free lysine or cysteine, which
gives different products based on the location of conjugation. The most recent trend
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involves forming a homogenous product by conjugation at particular sites only.

It can be done by altering the structure of antibodies to incorporate non-natural
amino acids, which act as a handle for attachment. Available tags have been discov-
ered, such as sortase A tag, which attaches the drug to antibody at the glutamic acid
site and attaches to therapeutic moiety through a polyglycine tag.

19. Antibody-fusion constructs

These are molecules synthesized using recombinant DNA technology. They
combine targeting efficiency of IgG and various protein domains. This fusion
affects selectivity and PK parameters extensively. Toxic proteins can be used to
form immunotoxic compounds such as diphtheria toxin attached to antibodies.
Dose-limiting toxicity and immunogenicity are the main challenges in the forma-
tion of such complexes. The most successful examples of protein fusion complex are
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Figure 3.
Types of antibody fragments.

88



Targeted Cancer Therapy Using Nanoparticles and Antibody Fragments
DOI: http://dx.doi.org/10.5772/intechopen.96550

bioactive proteins attached to the crystallization region of IgG. Amevive and zaltrap
are two such complexes approved by USFDA for release in the market. This combi-
nation shows an excellent immune response against the tumor [67].

Types of antibody fragments: Deferent type of antibody fragments are men-
tioned in Figure 3.

20. Conclusion

There is no single magic remedy that acts against all of the diseases. Antibodies
are ingenious proteins targeted toward specific foreign molecules inside the body.
Their therapeutic use involves their ability to disrupt signal transduction, block
receptor, which further affects cell growth and cell death. They also can be used
to stimulate the immune system so as to destroy any foreign or ingenious harmful
materials. IgG’s natural structure can be modified to remove problematic residues
and add newly modified proteins for the purpose of targeting and immunostimulat-
ing. These attachments come with issues like immunogenicity, acquired resistance.
But more research in field of antibody engineering is required to address this issue.
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Abstract

For anterior gradient 2 (AGR2), normal cells express the intracellular form
iAGR2 localized to the endoplasmic reticulum while cancer cells express the extra-
cellular form eAGR?2 localized on the cell surface and secreted. Antibodies targeting
eAGR?2" cancer cells for eradication will spare normal cells. Two AGR2 monoclonal
antibodies, P1G4 and P3A5, were shown to recognize specifically eAGR2" pancre-
atic tumors implanted in mice. In addition, P1G4 showed enhancement in drug
inhibition of tumor growth. Human:mouse chimeric antibodies of IgG1, IgG2, IgG4
were generated for both antibodies. These human IgG were shown to lyse eAGR2"
prostate cancer cells in vitro with human serum. AGR2 has an important function in
distal spread of cancer cells, and is highly expressed in prostate, pancreatic, bladder
metastases. Therefore, immunotherapy based on AGR2 antibody-mediated ADCC
and CDC is highly promising. Cancer specificity of eAGR2 predicts possibly mini-
mal collateral damage to healthy tissues and organs. Moreover, AGR2 therapy, once
fully developed and approved, can be used to treat other solid tumors since AGR?2 is
an adenocarcinoma antigen found in many common malignancies.

Keywords: anterior gradient 2, adenocarcinoma antigen, solid tumors, metastasis,
chimeric AGR2 antibodies, antibody enhancement of drug inhibition

1. Introduction

The adenocarcinoma antigen anterior gradient 2 (AGR?2) is expressed by pros-
tate, pancreatic and bladder cancer as well as many other solid tumor types. In
2018, close to 1.3 million new cases of prostate cancer worldwide were diagnosed
and 360,000 deaths were recorded, mostly in the developed countries [1]. In the
same year, nearly 460,000 new cases of pancreatic cancer were diagnosed [2].
Patients with pancreatic cancer seldom exhibit symptoms until at advanced stages
making 5-year survival dismal. Bladder cancer represents only 3% of global cancer
diagnoses, and 5-year survival decreases from >75% to 5% when the cancer has
metastasized [3].

Since the FDA approval of IFNa2 in 1986, a number of immunotherapeutic
agents have been developed for cancer treatment. In prostate cancer, antigens such
as PSA, PAP, PSCA, MUC1, PAGE/GAGE were used to impart T cell-mediated
immunity [4]. Lack of consistent success could be partly attributed to non-prostate
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specific expression of these proteins. PSCA (prostate stem cell antigen), for exam-
ple, is misidentified as a stem cell marker, and is expressed by the bladder, colon,
kidney and stomach as well [5]. Vaccines against PSA (prostate-specific antigen)
in PROSTVAC-VF and PAP (prostatic acid phosphatase) in Provenge were used

to prime immune cells. However, inconsistent trial results with modest survival
benefits were reported [6]. Strategies to target immune checkpoints (CTLA-4,
PD-1, PD-L1) with the intention to amplify T cell responses in eradicating tumors
have not been particularly successful in prostate cancer, with one of the main side
effects being immune-related adverse events with tissue damage caused by overly
activated T cells [6]. These potential therapies are beset by response monitoring
although a subset of patients with advanced disease did show some benefits. There
are even fewer similar types of immunotherapeutic approaches developed for
pancreatic and bladder cancer, which is largely due to fewer suitable targets identi-
fied. Immunotherapy based on antibodies, on the other hand, would not require
tinkering the immune system to achieve an outcome. Tumor-associated antigens
(TAA) [7] constitute a pool of candidates for targeted cancer therapies. Antibodies
raised against TAA mediate cancer cell killing through antibody-dependent cellular
cytotoxicity (ADCC) by recruiting cytotoxic T cells [8] and complement-dependent
cytotoxicity (CDC) by assembling complement components into a membrane
attack complex [9]. The antibody-bound cancer cells are lysed by T-cell secreted
enzymes and water uptake through a perforated cell membrane, respectively. A
major complication is the cancer non-specificity of most TAA identified to date,
because other normal cell types also express these TAA leading to unintended
collateral damage of healthy tissue. Therefore, the quest for a truly cancer-specific
targetable molecule is an ongoing endeavor.

Our work in Urologic Cancer Biomarker Development identified AGR2 as a
TAA for prostate cancer. AGR?2 is present in prostate cancer cells but absent in the
normal luminal cells [10, 11]. Similarly, AGR2 expression is detected in various
cancers including pancreatic [12], breast [13], lung [14], colorectal [15], oral [16],
subsets of ovarian [17], and bladder [18]. What makes AGR2 attractive for cancer
therapy besides its ubiquity in solid tumors is its differential subcellular localization
between cancer and normal cells [19] as we demonstrated previously for bladder
cancer [18]. Intracellular iAGR? is localized to the endoplasmic reticulum (ER) of
normal cells where, as a protein disulfide isomerase, it functions in protein folding
[19]. Extracellular eAGR2 is localized to the cell surface of and secreted by cancer
cells. Thus, eAGR?2 is a unique TAA that it is not found on normal cells.

Antibodies targeting eAGR2 on cancer cells would thus spare normal cells as
the iAGR2 antigen is cell interior. We have generated mouse monoclonal antibod-
ies, P1G4 (mIgG1) and P3A5 (mIgG2a), recognizing two epitopes of AGR2 [20].
The use of mouse monoclonal antibodies for therapeutics is problematic. Mouse
antibodies, besides being immunogenic in human, do not interact efficiently
with human immune system components. To overcome these drawbacks, we have
replaced the constant domains of AGR2 antibodies by the analogous human con-
stant domains via recombinant DNA technology [21], generating human:mouse
chimeric hIgG1, hIgG2, hlgG4 for both P1G4 and P3AS5 for potential therapeutic
development [22].

With these chimeric human:mouse antibodies, direct antigenic stimulation of
T cells via CAR-T cell therapy can potentially also be achieved [23]. We could link
via the engineered restriction enzyme sites the antigen-binding Vy; and V;, domains
of the AGR2 antibodies to T cell activator molecules for triggering response upon
binding of the T cells via eAGR2 on the cancer cell surface. In the future, one might be
able to use patient-derived induced pluripotent stem (iPS) cells to differentiate into
dendritic cells in vitro (by bone marrow factors and interaction with bone marrow
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stromal cells) rather than leukapheresis to isolate dendritic cells from patients. The
derived dendritic cells can then be stimulated with AGR2 antigens. The use of AGR2
to transduce dendritic cells via expression vectors to generate cytotoxic T lymphocytes
capable of lysing AGR2" (colorectal) cancer cells has been reported [24].

In this review, we will discuss the role of AGR?2 in various cancers, the develop-
ment and therapeutic evidence of chimeric AGR2 antibodies, and the future use of
AGR?2 in biomarker and therapeutic applications.

2. AGR2 as a cancer biomarker

We used comparative transcriptomic analysis between sorted CD26" prostate
cancer cells from a Gleason pattern 3 (well-differentiated glandular adenocarci-
noma) tumor focus and CD26" luminal cells of benign glands to identify differ-
entially expressed genes that encode secreted proteins for use as urine biomarkers
[10]. AGR2 was the top candidate with elevated expression in cancer cells, which
was verified by immunohistochemistry (Figure 1). A similar analysis was carried
out between CD9* urothelial cancer cells and CD9* normal urothelial cells [25]. In
this case, AGR2 was down-regulated in cancer. AGR2 is expressed by urothelial cells
(iAGR2 for normal cells) and was found absent in 75% of bladder cancer cases [18].
Although the AGR2 gene contains a leader signal peptide characteristic of secreted
proteins, in normal cells iAGR?2 is retained in the ER (via a C-terminus ER-retention
motif). Over-expression of AGR2 in cancer cells provides a possible explanation for
its secretion due to saturation of ER anchorage [26]. For example, urothelial cells
were immunostained for AGR2 at moderate intensity vs. prostate cancer cells. The
immunostaining corroborated a 35-fold difference in expression levels measured

Figure 1.

ACg?Rz in prostate cancer and bladder. The prostate tumor glands (specimen 99-010D, top) are stained positive
for AGR2 while benign glands ave negative. Faint staining in the cancer-associated stroma (ved arrow) suggests
AGR2 secretion from the adjacent cancer cells. The urothelium (specimen 03-043B1, bottom) is stained at
moderate intensity. Two different parts of the specimen indicate uniform expression throughout the entire
urothelium. Black arrow indicates the lamina propria below the urothelium.

97



Advances in Precision Medicine Oncology

by DNA microarray analysis of CD9" urothelial cells (signal value = 105.54) [25]
and CD26" prostate cancer cells (signal value = 4168.03) [10]. A previous study
estimated that adenocarcinoma cells had 80% iAGR2 and 20% eAGR?2 while in all
non-tumor cells AGR2 was located intracellularly [19]. Faint AGR?2 staining of the
stroma surrounding prostate tumor glands could be evidence of AGR?2 secretion
[27] (Figure1, top panel). No such staining was detectable in the lamina propria
next to the iAGR2" urothelium [18] (Figure 1, bottom panel) or benign glands of
the prostate. In prostate cancer cells, AGR2 could be activated by ER stress with
down-regulation of unfolded protein response genes leading to an accumulation of
misfolded proteins like that in pancreatic cancers cells [28].

In summary, three AGR2 expression patterns have been described in solid tumors:
(1) iAGR2 positive for normal urothelial cells, eAGR2 positive for 25% primary tumors
[18]; (2) no AGR?2 for prostate epithelial cells, eAGR2 positive for >95% primary
tumors [10], similar to pancreas [12] and breast [13]; (3) iAGR?2 positive for normal
bronchial epithelial cells, eAGR2 positive for>95% non-small cell lung tumors [14].

3. Differential subcellular localization of AGR2

The contrasting localization of eAGR2 and iAGR? is well illustrated by the
bladder. The entire urothelium is positive for AGR2 expression as shown by
immunostaining [18] (Figure 1). If AGR2 is secreted, then a substantial amount
of this protein would be found in voided urine. In fact, little AGR?2 is released
by normal iAGR2" urothelial cells as detected by ELISA [18]. This result was
supported by urine proteome database queries that AGR2 was not listed in the
UrinePA-PeptideAtlas of 2,500 proteins profiled by large-scale proteomics [29], and
in the core urinary proteome of 587 proteins obtained from healthy people [30]. In
contrast, we found that AGR2* bladder cancer cells secreted AGR2. Urine from a
bladder cancer patient was scored 7.5-fold higher than buffer control for AGR2. Five
of 20 bladder cancer patient urine in one cohort were tested positive (AUC = 0.75),
which matched the 25% bladder cancer being positive for AGR2 expression [18].
Our urine assay also detected AGR2 secreted by prostate cancer producing a similar
AUC [31]. For serum, level of AGR?2 is near background in healthy people [32].
Query of the PeptideAtlas database yielded very low AGR?2 signature peptide counts.
However, when sera of five prostate cancer patients were analyzed for AGR2, there
was a strong correlation, R? = 0.93, found between levels of AGR2 (in pg/ml) and
those of PSA (in ng/ml) [32]. This result would not be possible if there was a basal
level of blood AGR?2 arising from possible secretion by AGR2" cells of normal tissue
such as the urothelium and lung epithelium into the circulatory system [32].

4. Differential expression of AGR2 in prostate cancer — primary vs.
metastasis

AGR?2 in prostate cancer shows two seemingly conflicting features in tumor
biology. High expression in primary tumors is linked to better patient survival.
Together with cell surface CD10 (membrane metallo-endopeptidase), four can-
cer phenotypes can be distinguished: AGR2*CD10°, AGR2"CD10", AGR2°CD10",
and AGR2"CD10"; normal luminal cells are AGR2"CD10". For high-grade disease,
the AGR2"CD10" phenotype is associated with a near 10-fold survival advantage
than that of AGR2°CD10*; those of AGR2"CD10™ and AGR2*CD10" in between
[27]. Not unexpectedly, a majority of these tumors were typed AGR2"CD10*
(Figure 2). It appears that CD10 plays an important role in the extraprostatic
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Figure 2.

AGR2 expression and patient survival. Left: the plot shows the outcome of high-stage patients grouped

by AGR2 and CDzo. At 5 years, 85% of AGR2"CD10" were recurrence-free compared with just 25% of
AGR2"CD10". Right: survival analyses for prostate cancer (top) and lung cancer (bottom) patients (<65y)
show a contrasting trend.

spread of cancer cells to local lymph nodes because cancer cells in involved
regional lymph nodes are invariably CD10*(AGR27"°) [33]. Node metastasis-
derived cancer cell line LNCaP and patient-derived xenograft (PDX) LuCaP 35
are CD10"AGR2™ and CD10"AGR2", respectively. A notable feature is the local-
ization of CD10 to cell interior in cancer cells of higher grades where it appears
to interact with cytosolic heat shock proteins [34]. As in the case for AGR2, CD10
has extracellular eCD10 and intracellular iCD10, but in this case, iCD10 is spe-
cific to cancer cells. This suggests that protein trafficking is abnormal in cancer
cells. AGR2 expression is also associated with prostate cancer differentiation,
with Gleason grade 3 (well-differentiated) cancer cells showing a 10-fold higher
level than Gleason grade 4 (less differentiated) cancer cells [10]. Its association
with lower tumor grade predicts better survival for patients harboring AGR2"
tumors [11] (Figure 2). Similarly, in breast cancer AGR2 is associated with better
survival [35]. In contrast to AGR2, CD10 is more prominent in higher grade
prostate tumors, and is associated with poorer survival for patients [33, 36].
However, most of the distal bone and soft tissue metastases contain cancer cells
with the AGR2"CD10” phenotype, the exception being tumors of small cell carci-
noma (AGR2°CD10") [27], (Figure 3). PDX LuCaP lines established from samplings
of these metastases are also AGR2" [27]. These results underscore the important
role of AGR2 in cancer spread as we reported for pancreatic cancer [37]. Possible
mechanisms on how AGR2 promotes metastasis include disruption of epithelial cell
adhesion, imparting invasive behavior to tumor cells [19], inducing apoptosis in
susceptible normal cells by secreted AGR2 to undergo apoptosis [38], and through
activating matrix metalloproteases, cathepsins B and D [37], which could facilitate
tumor cells access to the circulatory system. Importantly, inhibition of AGR2 expres-
sion in lung cancer cells leads to their loss of metastatic capability [19].
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Figure 3.

AGR2 in prostate cancer metastases. Tumor cells in distal metastases — bone (top left), liver (top right), lymph
node (bottom left) — are strongly stained for AGR2. A metastasis containing small cell carcinoma (bottom
right) is not stained.

5. AGR2 in bladder cancer and lung cancer

Although 25% primary bladder tumors of a study cohort were found positive for
AGR2, this percentage increased to 45% in the synchronous lymph node metastases
[18]. The discordance between primary cancer and lymph node metastasis could
involve a phenotypic change [39], which could occur in bladder cancer cells going
from AGR2™ to AGR2'. AGR2 in bladder cancer, unlike prostate cancer, showed no
link to patient survival in one cohort analyzed [18]. A role for CD10 in lymph node
spread of bladder cancer was also not apparent [18]. Recently, UW Urology initiated
the bladder cancer rapid autopsy program modeled on the Department’s success in
obtaining>40 prostate cancer LuCaP lines with various characteristics [40], and has
established lines, dubbed CoCaB, from primary and metastatic urothelial cancer.
To date, seven lines are available: CoCaB 1, CoCaB 8 urothelial carcinoma, CoCaB
11, CoCaB 19 squamous carcinoma, CoCaB 12 urothelial with sarcomatoid compo-
nent; three lines from metastases of deceased patients: CoCaB 10 (liver metastasis)
urothelial carcinoma, CoCaB 14.1 (omentum metastasis) and CoCaB 14.2 (liver
metastasis) urothelial carcinoma with squamous features. These lines were profiled
by RNAseq and exome sequencing. Notably, the lines derived from metastases
showed high AGR?2 expression (Figure 4). This is in line with our result on prostate
cancer metastases where, except for small cell carcinoma, all tumors as well as the
LuCaP lines derived from metastases showed high AGR2 expression [27]. Likewise,
pancreatic cancer metastases invariably showed high AGR2 expression [37].

In non-small cell lung cancer, higher AGR2 expression in primary tumors is
associated with a poorer outcome for patients under 65 [14, 19], though over 90%
of the tumors are AGR2" (Figure 2). This is in contrast to the finding for prostate
cancer. Thus, depending on the microenvironment, the metastatic function of
AGR2 is not predominant in differentiated prostate tumors. When cancer cells have
escaped the prostatic capsule (via CD10), AGR2 appears to be essential for distal
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Figure 4.

Bladder cancer cell types. Cancer cell lines are identified on the x-axis (CoCaB and uc). Histogram represents
fold in expression difference as scored by RNAseq signal values on the y-axis for MME/CD10, AGR2, XIST
(X-inactive specific transcript) and CD24. The two CoCaB lines established from metastases ave indicated by
small red oval.

colonization of other organs for prostate cancer cells. In the disease course, AGR2
expression could be down- or up-regulated in cancer cells through mechanisms yet
to be elucidated.

A meta-analysis of the published data on the clinical utility of AGR2 expression
in various solid tumors summarizes the link to survival findings [41]. AGR2 expres-
sion in primary cancer can be associated with better survival for prostate cancer, no
survival advantage in bladder cancer, poorer survival for lung cancer. While AGR2 in
pancreatic cancer could have a significant impact in treating both early and advanced
diseases, anti-AGR2 therapy in prostate cancer could prove promising in treating
advanced disease as 96.4% metastatic lesions of adenocarcinoma being AGR2"
against 0.7% of AGR2™ small cell carcinoma and 2.9% of mixed carcinoma type [42].

6. Chimeric human:mouse AGR2 antibodies

Mouse monoclonal antibodies to AGR2 were generated by inoculating bacteri-
ally produced recombinant AGR2 in RBF/Dn] mice [20]. Two of eleven clones
collected, P1G4 (mIgG1) and P3A5 (mIgG2a), were tested positive for binding to
native AGR2. These antibodies perform well in immunostaining of frozen tissue
sections but not formalin-fixed tissue. ELISA based on these two antibodies was
able to detect 17 pg of cancer-secreted AGR2 in 100 pg of total urinary protein
isolated from a patient diagnosed with a tumor of 5.5 cc in size [20].

Based on our published design [43], the mouse antibodies were converted to
chimeric human:mouse. The mouse variable V and V, of P3A5 and P1G4 sequences
were determined via reverse transcriptase-polymerase chain reaction (RT-PCR)
with designed primers from mIg mRNA isolated from the respective hybridoma cell
lines. The V sequences were-matched to known murine Ighv and Igkv genes. The
human constant C, and C, domain cDNA were cloned by using designed primers
from white blood cells of healthy donors. The hlg cDNA were verified by DNA
sequencing and restriction enzyme digestion. The C, (digested by Apa I and Bam
HI) and C, (Hind 11l and Avr II) modules were joined to the Vi (Eco RV and Apa I)
and V. (Bam HI and Hind I1I) modules, respectively, in plasmid vector pVITRO1#neo.
Each cDNA contained a Kozak box. Plasmids of chimeric P1G4 hIgG1, higG2,
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hIgG4; P3A5 hlgGl, hIgG2, hIgG4 were generated [22]. The different Cy plasmids
could be distinguished by Sac II and Eco RI digestion. Cy3 sequences were not
detected in the cDNA prepared from 1 ml of blood.

Human embryonic kidney fibroblasts, HEK293F, were transfected by the higG
plasmids, selected for G418 (neomycin) resistance and cloned. RT-PCR analysis
of the transfected cells showed equivalent mRNA levels for the 560 bp neo, 720 bp
IgL and 1420 bp IgH [22]. The culture media supernatant was assayed for AGR2
binding. P1G4 was used to capture AGR2 (secreted by eAGR2" prostate cancer
LuCaP 147 in tissue collagenase digestion media to obtain single cells from minced
tumor pieces) followed by P3A5 (positive control) and culture supernatant contain-
ing the chimeric antibodies. HRP-conjugated anti-mIgG2a or anti-hIgG were used
for detection. The chimeric antibodies were found similar to P3A5 in AGR2 binding
[22]. Untransfected 293F cells or transfected with a defective L-chain construct
produced no binding. Media from serial culture passages showed that hIgG synthe-
sis continued indicating stable integration of the transgenes into the host genome.
The hlgG-producing clones were weaned from fetal bovine serum supplement, and
cultured in the absence of drug for G418 is toxic. The serum-free growth media
contained few other proteins (293F cells are non-secretory fibroblasts compared to
hybridoma cells), and a spin-filtration step using a 30 K molecular weight cut-off
could readily concentrate the 150 kDa IgG proteins [22]. If necessary, each antibody
can be purified further on protein G-sepharose. The chimeric hIgG1, higG2, higG4
and mIgG2a P3A5 detected similar amounts of AGR2 secreted by different LuCaP
lines: 147, 35CR, 86.2, 105 (Figure 5). Thus, these chimeric antibodies retain specific
antigen binding and can be produced more economically via large-scale cell culture
(instead that of hybridoma cells, which also produce a defective non-specific mouse
light chain, and potentially infectious murine bioactive agents).

To increase the production of hlgG by transfected 293F cells, we transferred the
different hIgG gene cassettes into plasmid vector pVITRO1bsr (encoding blasticidin
resistance). Selected hIgG-producing neo® clones were transfected by the bsr con-
structs and selected for blasticidin resistance. The resultant neo"bsr® clones showed
increased amounts of secreted hIgG in the culture media due to the increased gene
dosage [22].

Figures.

Chimeric IgG binding to AGR2. Both chimeric (transfected HEK clone p13—1) and P3As detect varying
amounts of AGR2 secreted by different LuCaP PDX lines. Clone p12-1 is a defective construct that produced
untranslated L chain mRNA. Similar binding was also shown by the other IgG types. The absorbance units of
ELISA are on the y-axis.
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7. Cancer cell surface expression of eAGR2 and tumor localization

To demonstrate cancer cell surface expression, we used flow cytometry with
our obtained monoclonal antibodies. The mouse Agr2* pancreatic cell line DT6606
[44], derived from an engineered C57BL/6 mouse strain to develop pancreatic
cancer [45], was incubated with P3A5 followed by dye-conjugated anti-mIgG2a.
Antibody binding to the cell surface was indicated by fluorescence shift (vs. isotype-
matched control) [22]. Most available anti-human AGR2 antibodies, like P3A5,
recognize both human AGR2 and murine Agr2 as the two proteins share a high
degree of sequence homology. Human pancreatic cells were previously shown to
have cell surface expression of eAGR2 using a different antibody [37].

To demonstrate tumor localization, 'In-radiolabeled P3A5 was injected into
mice carrying DT6606 tumors. At 48 h post-injection, the implanted tumors
showed intense labeling (Figure 6). There was minimal labeling of the iAgr2”
bladder or lung, or elsewhere [22]. The imaging confirmed cancer cell surface
localization as well as cancer cell specificity of eAgr2. The cross-reactivity between
human AGR2 and mouse Agr2 allowed one to speculate that a similar result would
be obtained in human patients, i.e., specific localization to eAGR2" pancreatic (or
other solid) tumors and not to iAGR2" organs. With cancer-specific localization,
there is a strong likelihood that ant-AGR2 would be highly effective against cancer
with minimal reactivity towards non-cancer tissue.

8. Enhancement of chemodrug inhibition of tumor by antibody

Our P1G4 antibody was found to possess a clinically useful property. Using
eAGR2" pancreatic PDX in mice, the combination of pancreatic cancer drug
Gemcitabine (Gem) and P1G4 (P1) reduced tumor growth compared to Gem alone.
This difference was statistically significant (P < 0.05) [22]. Immunostaining for
Ki67 indicated less (AGR2") tumor cell proliferation in P1 + Gem, which was mani-
fested by the size of the corresponding resected tumors (Figure 7). ELISA indicated
that serum AGR2 levels could be correlated with tumor burden. Once Gem was dis-
continued, the tumors in the Gem-only group relapsed immediately, and grew ata
faster rate than those in the P1 + Gem group despite an effectively reduced antibody
concentration as antibody treatment was terminated after 28 days. The combination
of P3A5 (P3) and Gem showed no such enhancement. Parenthetically, our data also
confirmed that Agr2 was not secreted from normal mouse organs into blood. The
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Figure 6.
Tumor localization of P3As. The SPECT/CT scans show specific uptake of radiolabeled P3As by Agr2* DT606
tumors (*) in two C57BL/6 mice.
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Drug inhibition of tumor growth enhancement by P1G4. (A) Representative immunohistochemistry images
show the effect (from top to bottom) of IgG control, P1G4 (P1) alone, Gemcitabine (GEM) alone, P1 + GEM.
Ki67 staining indicates that tumors treated with drug still had high proliferation rate, which was limited in

P1 + GEM tumors. CD3 shows T cell infiltration in the GEM and P1 + GEM groups. (B) Tumors resected at
week 6 from the different treatment groups ave compared. The smallest size is found in the P1 + GEM group
(arrowed).

internal organs of liver, spleen, stomach, intestine, colon, and pancreas were histo-
logically examined, and no visible pathologic changes were identified. The sparing
of organs in anti-AGR?2 tumor targeting was also reported by another group [46].
The mechanism behind this epitope-dependent phenomenon is unknown but could
be related to a reported observation of increased tumor inhibition by an antibody
to AGR3 in combination with the chemodrug cisplatin [47]. AGR3 is a close family
member of AGR2. Both AGR2 and AGR3 tend to be elevated in cancer, though to
different levels as found in prostate cancer [10]. The combination of monoclonal
antibody plus biological inhibitors are being pursued to treat more successfully
non-small cell lung cancer [48].

9. Tumor cell lysis in vitro

In our earlier work, *'Cr radiolabeled target cancer cells were exposed to TAA
antibodies and human serum (as a source of complement factors) or peripheral
blood leukocytes [43, 49]. By CDC, the chimeric antibody generated higher cyto-
toxicity at all complement dilutions. By ADCC, at a ratio of 100:1 blood leukocytes
to target cells, the chimeric lysed a greater fraction of the cancer cells and gave 50%
cytolysis at 100-fold lower concentration than the mouse antibody. ADCC was
observed at a 3:1 ratio of effector to target cells when the chimeric (at 2.5 pg/ml)
was used. Cell killing was specific because ADCC was not observed with cell lines
lacking the target antigen.

To test the anti-tumor effect of chimeric antibodies, we incubated PC3 prostate
cancer cell line in the presence of donated human serum. Like pancreatic cancer
cells, cell surface expression of eAGR2 was found on PC3 cells. Spin-concentrated
chimeric IgG was used with human serum for CDC. PC3 cells were incubated with
freshly donated human serum and added AGR2 antibodies. There was no observ-
able effect on cell viability in the culture well with human serum only, as was the
well with mouse P3A5 + serum. In the well with a cocktail of chimeric IgG1, IgG2,
and IgG4, cell growth was inhibited with well surface showing areas devoid of cells,
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and clusters of pyknotic cells in suspension [22]. We postulate that a combination
of IgG subtypes would be more effective than IgG1 alone since our normal immune
response produces these IgG types, each exhibiting a unique profile with respect to
immune complex formation, complement activation, recruitment of effector cells,
and half-life [50]. For example, strong antitumor activities were observed for an
IgG3 antibody targeting a melanoma-associated ganglioside [51]. We did not obtain
chimeric IgG3 for our monoclonal antibodies. We will attempt to clone C,3 from
alarger volume of blood or a pool of several donations using y3-specific primer
oligonucleotides. Our cloned human C, and Cy can accept any new Vy and V, of
antibodies developed against novel TAA.

10. Antibody-drug conjugation

In addition to antibodies that rely on immune system components, a cytotoxic
drug can be linked directly to the AGR2 antibodies to produce an antibody-drug
conjugate (ADC). ADC delivers the drug payload to the target organs or tissues
[52]. For anti-AGR2 ADC, drug compounds were constructed by covalently
linking poly(N-isopropylacrylamide) to both P1G4 and P3A5 via carbodiimide
chemistry. The linking polymer was synthesized by reversible addition fragmen-
tation chain transfer (RAFT) with a carboxylate chain end [53]. To conjugate
antibodies, the carboxylate was converted to an active ester for formation of an
amide bond to lysine residues [53-56]. We have also developed a block copolymer
with tetrafluorophenyl (TFP) ester monomers to drive the antibody conjugation
[57]. The resulting anti-AGR2 ADC were confirmed by gel electrophoresis, which
showed the larger molecular weight products compared to the unconjugated
antibodies (Figure 8). After the size-exclusion chromatography, the purified ADC
were shown by ELISA to bind AGR2 (Figure 8). Sample solutions containing a
constant AGR2 concentration were mixed with ADC from 125 to 1,000 ng/ml.
ELISA measured the unbound AGR2 with higher ADC concentrations resulting
in less free AGR2 in the solution. Thus, our conjugation chemistry did not affect
appreciably the antigen binding affinity of the antibodies. Polymer chains with
improved loading capacity by incorporating functional groups [58] could be
developed for conjugation to docetaxel, doxorubicin, and other drugs. To improve
delivery efficiency, the polymer can be engineered to increase circulation time,
and the polymer composition can be modulated.
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Figure 8.

Antibody drug conjugate. The left panel shows the conjugated products (lane 1) vs. unconjugated antibody
(lane 4). The right plot shows more AGR2 bound (percentage, y-axis) with higher ADC concentrations of the
conjugate (in ng/ml, x-axis).
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11. Adaptation of PDX LuCaP lines to in vitro culture

For therapeutic testing, the LuCaP series of >40 different models established
from patient tumor samples donated at autopsies and surgeries provide an invalu-
able resource than long-used cultured cell lines. They have been molecularly and
pharmacologically characterized, and encompass a large spectrum of the disease
course and representative of human prostate cancer [39]. Transcriptomics and
genomics data have shown that the gene expression of these cancer cells was con-
cordant with that of the human tumors from which they originated. Indeed, these
models were used in the preclinical study to determine efficacy of anti-prostate-
specific membrane antigen (PSMA) ADC as they show a range of PSMA expression
[59]. For AGR2, concordant expression has been determined by DNA microarrays
[40], immunostaining [27], and ELISA measurement of secreted AGR2 [20, 38].
Similar to prostate cancer patient specimens, the adenocarcinoma lines are positive
for AGR2 while the small cell carcinoma including some non-adenocarcinoma are
negative or low for AGR2.

Their utility could be increased if they can be grown outside the mouse for in
vitro testing of ADCC and CDC. We showed that LuCaP cells prepared from freshly
excised tumors could be successfully cultured long-term in the presence of irradi-
ated mouse embryonic fibroblasts (MEF) as feeder [60]. Furthermore, LuCaP cells
could be viably frozen using a protocol for stem cells [60], which makes constant
harvests from animals unnecessary. Both adenocarcinoma and small cell carcinoma
LuCaP lines could be thus grown in culture (unpublished data). The in vitro-
adapted cell lines with differential AGR2 expression could be used to determine
the molecular mechanism controlling AGR?2 expression in cancer cells. The same
methodology can be used to adapt CoCaB cells for in vitro growth and testing.

12. Future work and developments
12.1 Preclinical testing of chimeric antibodies

With the availability of chimeric antibodies and ADC, we can carry out ani-
mal studies to assess safety and efficacy of anti-AGR2 therapy, especially in PDX
models available in prostate and bladder cancers. The LuCaP lines recapitulate
the molecular heterogeneity of metastatic castration-resistant prostate cancer.
Overall, a majority of molecular events characterized in human prostate tumors are
found in LuCaP such as AR amplification, PTEN loss, RBI deletion, DNA damage
response deficiencies [40, 61]. These LuCaP lines can be selected for study: AGR2*
LuCaP 23.1, 35, 136, 147 and AGR2" LuCaP 145.1 to test P1G4-ADC, P3A5-ADC,
P1G4 + docetaxel, P3A5 + docetaxel. With regard to AGR2 expression, LuCaP 23.1
and LuCaP 147 have relatively high levels, while small cell carcinoma LuCaP 145.1 as
control has no expression [27]. Complete effect from anti-AGR2 would be expected
for the former examples and no effect for the latter. For IgG control, we can trans-
fect 293F cells with a construct containing H chain of P3A5 and L chain of P1G4
or H chain of P1G4 and L chain of P3A5, which would be expected to produce an
AGR?2 non-binding V domain. Green fluorescence protein (GFP)-labeled chimeric
antibodies could be used for tumor localization (to show no labeling of iAgr2*
normal organs) in place of radioisotopes, if necessary, to add to our pancreatic
cancer PDX result. The study will also test if P1G4 has an enhancement effect in
tumor growth inhibition by docetaxel as shown by this antibody in the Gemcitabine
study. Response by LuCaP lines to docetaxel treatment varied substantially [40]. A
high dose (20 mg/kg) generally produced growth suppression and survival benefits.
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Only LuCaP 86.2 showed response at a low dose. Others like LuCaP 35 showed
reduced survival as monitored by body weight loss despite tumor growth inhibi-
tion. We will test whether the response to docetaxel will be less variable and more
pronounced with the addition of P1G4 (but not P3A5). The P1G4-docetaxel ADC
may act in an equivalent way as P1G4 + docetaxel. Docetaxel was the first chemo-
therapeutic drug shown to prolong patient survival, and is in widespread use [62].

The different anti-AGR2-ADC are tested through intraperitoneal injection twice
a week for four weeks. In our pancreatic cancer study, a 5 mg/kg antibody concen-
tration was shown to be effective in the P1G4 + Gemcitabine arm. LuCaP tumor
volume and body weight are monitored, and treatment will last four weeks. Tumors
are collected at study end for histology, and the internal organs are examined for
anti-Agr2 effect, if any. Serum is collected for AGR2 measurements by ELISA.
Serum PSA may also be measured to see if there is concordance between these two
biomarkers. Other parameters to try include higher antibody concentration, longer
treatment time. The in vitro adapted LuCaP cells will allow us to determine the
effective dose of serum and effector cell donations from multiple individuals (and if
available, blood from cancer patients whose immune response may be compromised
by their disease) in CDC and ADCC, respectively, mediated by the chimeric IgG.
The optimal antibody concentration (pg/ml) for 10° cancer cells is determined. It
is possible that a higher dose is required since AGR2 is secreted by the tumor cells
where a portion of the antibodies might be bound to the free antigen. This in vitro
assay is in effect an immune system model for the human body. PDX lines can also
be grown as spheroids/organoids in vitro [63]. Organoids could be used to represent
a solid tumor mass vs. monolayer culture to test the efficacy of chimeric antibodies.

In the past years, an ADC to PSMA was shown to produce clinically relevant
decline in serum PSA and circulating tumor cell counts in metastatic castration
resistant, taxane-experienced and chemo-naived prostate cancer patients [64]. At
a working dose of 2.3 mg/kg, side effects reported in some patients include neu-
tropenia, fatigue, electrolyte imbalance, anemia and neuropathy. A small number
died from disease progression. PSMA is a membrane metalloenzyme (FOLH1)
found in the kidney, small intestine, central and peripheral nervous systems [65].
Non-exclusivity of this TAA to prostate cancer likely accounts for the range of side
effects observed. The co-targeting of normal cells has led to recall of, for example,
gemtuzumab because of severe complications since the TAA, CD30, is present on
both leukemic blast and normal cells [66]. Importantly, not all prostate cancer cells
express PSMA. Anti-PSMA-MMAE (monomethyl auristatin E) was shown less or
not effective against tumors with low or null PSMA expression [59]. In this efficacy
study using LuCaP cells, complete tumor regression for LuCaP 96CR with the
highest PSMA expression was found, and no response for LuCaP 58 with the lowest
PSMA expression [59]. However, intermediate effect was found for LuCaP 77 and
LuCaP 105, two lines with similar PSMA expression levels as LuCaP 96CR. Why the
difference was not explained. Thus, the inherent pitfall in prescribing anti-PSMA
therapy by itself is selection of PSMA-negative tumors. Nonetheless, this PSMA
ADC is currently under large clinical trials [64, 67].

The rationale of our developing a second prostate cancer immunoreagent is that
anti-eAGR2 could complement anti-PSMA when used in combination, which could
be effective against PSMAAGR2*, PSMA*AGR2", and PSMA*AGR2" cancer cells.
Note LuCaP 35 is negative for PSMA. This particular model is used to show whether
anti-AGR2 will inhibit its growth where anti-PSMA could not. Two other attri-
butes additionally bolster our rationale. eAGR?2, unlike PSMA, is tumor-specific
as normal cells do not express eAGR2, and metastatic prostate cancer cells express
high levels of eAGR2. The two AGR2 epitopes (P1G4 and P3A5) targeted could also
ensure that allelic changes in one of the epitopes will not affect susceptibility of the
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cancer to anti-AGR?2. For bladder cancer, we will carry out a similar study employ-
ing the AGR2" CoCaB lines to test the ADC and P1G4 + cisplatin. Cisplatin is more
commonly used to treat this cancer, sometimes in combination with Gemcitabine
[68]. In vitro-adapted CoCaB lines are similarly used for CDC and ADCC testing.

Cancer treatment by antibody is well established and proven to be effective. One
good example is trastuzumab to target HER2/EGFR (CD340) for a subset of breast
cancer and non-small cell lung cancer [69, 70]. The major obstacle to more success
in antibody therapy is the time-consuming need to discover TAA for each type of
cancer that at a minimum is expressed by only a few normal cell types. eAGR2 is not
only expressed in prostate cancer cells but also multiple tumor types so that anti-
AGR?2 would have a much wider application than just treating one or two cancers.
Our experiments will demonstrate the validity of this claim.

12.2 Lineage relationship between AGR2* and AGR2" prostate cancer

The use of anti-AGR2 might lead to the selection of AGR2'”~ non-adenocar-
cinoma cancer including small cell carcinoma. The introduction of newer anti-
androgen therapies of late has led to an almost 20% patients presenting small cell
carcinoma at treatment failure [71]. Of critical importance is finding a means to
prevent the emergence of AGR2™ tumors.

Figure 9 shows our model of prostate cancer differentiation relating luminal-
like AGR2" adenocarcinoma to AGR2™ more stem-like small cell carcinoma [72].
Stem-like cancer cells could arise from de-differentiation of luminal-like cancer
cells. This process is akin to reprogramming of somatic cells via forced expression
of a set of stem cell transcription factors (scTF) to induced pluripotent stem (iPS)
cells [73]. We demonstrated that prostate adenocarcinoma cells could be so repro-
grammed to stem-like, small cell carcinoma-like derivatives with scTF LIN28A,
NANOG, POUS5F1, SOX2 [60]. A relevant clinical finding is that tumors with
Gleason score > 8, i.e., less differentiated, tended to show a shorter interval to the
emergence of small cell carcinoma [74], as the non-glandular tumor cells are closer
to stem-like in lineage. On the other hand, stem-like cancer cells could be induced to
differentiate into luminal-like cancer cells by prostate stromal mesenchyme cell fac-
tors [75]. From early tissue recombinant studies, stromal cells were found to deter-
mine the specificity of urologic organ development [76, 77]. Thus, prostate stromal
cells would induce stem/progenitor cells, regardless of tissue origin, to differentiate
into prostate; bladder stromal cells into bladder. This induction involves secreted
factors and heterotypic cell contact. We identified proenkephalin (PENK, 267 aa)
and stanniocalcin 1 (STC1, 247 aa) as prostate stromal-specific genes encoding

de-differentiation

| LIN28A, NANOG, y
o POUSF1, SOX2 oy
[ . Bamr [ SsCTEBMC |
| | I. |
AGR2" | differentiation | AgRg o
A g

stromal PENK

adenocarcinoma small cell carcinoma

Figure 9. ) )
Lineage of prostate cancer cell types. Luminal-like, non-stem-like adenocarcinoma AGR2", scTF B2M" and
stem-like AGR2™"", scTF*B2M" small cell carcinoma are velated by de-differentiation with activation of scTE,
The reverse of the process can be triggeved by stromal cell factors such as PENK.
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secreted hormones [78]. When cultured stem-like cells were incubated with pros-
tate stromal cell conditioned media (containing stromal secreted molecules) PENK
and STC1 were specifically induced in the differentiating stem cells. The resultant
cells showed a change in colony morphology as well as one in transcriptome [79].
PENK was not induced by PENK™ bladder stromal cell or PENK" prostate cancer-
associated stromal cell conditioned media [79, 80]. The absence of PENK in the
stroma of tumor foci suggests that it could be an underlying contributing cause of
cancer development.

PENK cDNA (803 bp) was cloned from microdissected benign prostate tis-
sue [10], and was transfected into small cell carcinoma LuCaP 145.1 cells. LuCaP
145.1 is stem-like because of its expression of scTF, which are, as a quartet, absent
in non-stem-like LuCaP adenocarcinoma lines [60, 81]. In addition, LuCaP 145.1
was found to share expression of other genes with stem cells, including the down-
regulation of f2-microglobulin (B2M) [60, 81, 82]. Forced expression of PENK
in LuCaP 145.1 down-regulated the scTF, and up-regulated in tandem B2M [75].
Thus, a phenotypic change of stem-likeness (scTF*B2M") exhibited by LuCaP 145.1
to a phenotype (scTF° " B2M™) more characteristic of differentiated cancer cells
was produced by PENK. In other words, PENK can counteract the activity of scTF.
Therefore, PENK and other stromal factors could be envisioned as effective agents
in differentiation therapy to maintain adenocarcinoma in the differentiated state
with high AGR2 expression.

The effect of PENK on AGR2 expression could be seen when scTF"B2M"
adenocarcinoma LuCaP 70CR (CR = castration resistant, a variant obtained from
passages in castrated mice) was transfected by PENK. An increase in the expres-
sion of AGR2 was observed [75]. Increased production by LuCaP 70CR/PENK was
validated by measurement of secreted AGR?2 in the cell-free culture media [75].
The change in AGR2 expression indicated cancer cell differentiation induced from
AGR2" to AGR2"™ by PENK in LuCaP 70CR. In contrast, AGR2 expression was
down-regulated in reprogrammed LuCaP 70CR by scTF transfection to small cell
carcinoma-like [60]. These results show that preventing or even reversing pros-
tate cancer de-differentiation from luminal-like scTF B2M™AGR2" to stem-like
scTF*B2M°AGR2" through stromal factor influence could keep anti-AGR2 therapy
a viable treatment option in the disease course.

12.3 Cancer vaccine based on cancer-specificity of eAGR2

The cancer specificity of eAGR2 could allow us to develop a cancer vaccine in
the future. Treated patients can be immunized by AGR2. Any emergent cells with
eAGR?2 expression are, by reasoning, cancerous and will be eliminated by a primed
immune system. The result shown in Figure 6 indicates no iAgr2-positive mouse
organs were targeted outside non-specific background, which was non-overlapping
in the study mice. Besides the bladder and lung, the intestinal tract containing Agr2*
mucus-producing cells [83] also did not show labeling. Secreted AGR?2 is known
to function in early development where it signals cell differentiation such as that
described in limb regeneration of lower vertebrates [84]. Introduction of AGR2 was
reported to accelerate wound healing through recruitment of fibroblasts and migra-
tion of keratinocytes [85]. So a possibility exists that AGR2-immunized patients
would experience difficulty in tissue repair after damage. For these patients, one
could treat injuries with local administration of AGR2 protein.

To show the potential of an AGR2 cancer vaccine, we could immunize C57BL/6
mice with recombinant (r) AGR2 as was done in the generation of P1G4 and P3A5
(although a different mouse strain was used) [20]. After rAGR?2 injection, mice
are boosted at intervals and bled for ELISA testing of serum anti-AGR2 activity.
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IgM-to-IgG switch is monitored. Once an adequate antibody titer is measured, syn-
geneic mouse bladder cancer cells MB49 [86] are implanted vs. into control animals
without AGR2 immunization. MB49 was derived from DMBA-transformed (pre-
sumably iAgr2*) bladder epithelial cells of C57BL. Whether these cancer cells express
eAgr2 will be determined. If eAgr2 is not detected, we can transfect these cells with
our AGR2 plasmid construct (550-bp full length cDNA cloned from prostate cancer
tissue). AGR2™ LNCaP cells when transfected by this plasmid produced secreted
and cell surface AGR2 [81]. Note we do not need to transfect the murine Agr2 gene
because the antibodies produced would recognize both human AGR2 and mouse
Agr2 as shown for P3A5. We expect that the immunized mice would show no tumor
growth. AGR2 vaccination will, in principle, prevent recurrence and metastasis.

12.4 AGR2 antibody in early detection

Since AGR2 expression is an early event in cancer, AGR2 antibodies could be
used in early detection through imaging for example. Small foci of eAGR2" lung or
pancreatic tumor can be visualized through binding of labeled chimeric P1G4. The
antibody might even eradicate the detected tumors through ADCC and CDC. The
iAGR2" non-involved lung epithelium would not be detected, and as would AGR2"
pancreatic cells. Proposed studies will determine the minimum number of cells in a
tumor mass to produce a detectable signal. Given the pg/ml detection levels of our
antibodies and the high levels of AGR2 in cancer cells, this potential clinical appli-
cation is promising. In addition, one could envision a reliable blood test on cancer-
secreted AGR2 as a means towards cancer detection and disease monitoring.
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Abstract

Adoptive T cell therapy (ACT) is getting acknowledged as the Advanced
Therapy Medicinal Products (ATMPs) in many countries and it has evolved as one
of the newest regimens to treat cancer. Developed gradually by the basic under-
standing of cells, involved in innate and adaptive immunity, ACT has emerged as
one of the successful immunotherapies in recent times. It broadly includes various
cell types such as stem cells, T cells, dendritic cells and Natural Killer cells. By the
applications of genetic engineering and advanced cell culture techniques, these
cells from patients’ blood, can be manipulated to train them for better efficacy
against specific tumor cells. However, only some cells’ subsets have shown promis-
ing regression for certain cancer cells types. To understand the reason behind this,
technical knowledge about the tumor antigens presentation, tumor microenviron-
ment (TME), hosts’ immune responses and possible issues in the manufacturing of
adoptive cellular material for infusion in patients are being explored further. This
chapter brings together development of immune cells from basic research to clinical
use, newer approaches which have been taken to address the resistance of ACT and
future promises of this therapy.

Keywords: immunotherapy, advanced therapy medicinal products,
adoptive T cell therapy, tumor microenvironment, TCR T cell Therapy,
CART cell therapy

1. Introduction

Human body has a natural tendency to fight against diseases including cancer,
aided by its immune system. So far, the journey of understanding mechanisms of
tumor suppression by immune system and immune suppression by tumor cells, has
been overwhelming. The ability of immune cells to differentiate between self and
non-self is the key for immune response against cancer cells [1]. However, as cancer
cell is actually a transformed self-cell, its ability to escape immune recognition is
quite probable and a reason of cancer progression.

The treatment of cancer in the new era has shifted its focus from conventional
treatment to physiological treatment, which involves the modification of immune
system. This has also led to a concept of personalized treatment where an individual
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immune system of patient is manipulated rather immune responses obtained
based on general population. The efficacy of the immune cells is modified so that
its tumor suppression function is improved. This strategy has shown better out-
comes and therefore has drawn attention of researchers and clinicians and is now

a preferred choice for cancer treatment. The efforts to design universal immune
cell-based immunotherapy are also being explored besides personalized immuno-
therapy [2]. Numbers of approaches have been developed to treat cancer cells using
immune-based technology broadly known as cancer immunotherapy (Figure 1 and
Table1).

Among all these immunotherapies, cell-based cancer immunotherapy is get-
ting popular day by day [18-20]. The ability of immune system to inhibit tumor
growth and cure it, has been exploited in the development of anti-neoplastic
immunotherapy. The immune cells play a key role in adoptive cell therapy (ACT).
This is achieved by either expanding the autologous cancer-cognate lymphocytes
or empowering them by genetic modifications. These alterations are done ex-
vivo and then these cells are infused back to patient to fight against the cancer
(Figure 2).

Cancer treatments by general immunotherapy have their own limitations due
to personal variation in the immune response. In such cases, precision medicine
through adoptively modified cellular transfers is being preferred lately. The cells
to be transferred may be autologous (self-derived) or allogeneic (donor derived)
depending upon the availability. These cells undergo various genetic modifications
to suit the cancer types. Allogeneic cells are chosen on the basis of haplo-identical
donors, or immune-suppressive conditioning to the patient.

This chapter outlines the emergence and evolvement of ACT, advance-
ments particularly with genetic engineering of autologous cells, treatment
approaches, evidences for its effectiveness in refractory patients, and future
directions of ACT.

Cancer Immunotherapy

Allogeneic stem cell Natural killer Dendritic cell
transplantation (NK) cell (DC)
Figure 1.

Different approaches to cancer immunotherapy. Arrow indicates different modes through which
immunotherapy can be performed. Application of T cells is the foremost choice of the cellular advancement
for ACT.
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Types Salient features Ref.

Antibody

Therapeutic use of monoclonal antibodies (mAbs) [3-5]

Tumor killing by cytotoxicity; Fc mediated immune effector engagements,
non-restricted activation of T-cells and blockade of inhibitory signaling.

Cytokines Molecular messengers with anti-tumor property, majorly secreted by immune [6]

cells

Pro-inflammatory cytokines limit tumor cell growth by stimulating the
cytotoxic activity of immune cells against tumor cells.

Recombinant interferon-alpha (IFN-«) and interleukin-2 (IL2)

Oncolytic
Viruses

Genetically engineered viruses carrying tumor suppressor genes [7]

Work like the gene therapy

When administered, self-replicate in the tumor and induce apoptosis.

Modulate tumor microenvironment and provide anti-cancer immunity

Vaccine Meant to treat cancer as a personalized cancer vaccine [8-15]

Helps the patient’s immune system for cancer killing and relapses.

May consist of dendritic cells, tumor cell lysate, nucleic acids (DNA and
mRNA), or neoantigens.

Approaches: dendritic cells engineered to express high levels of tumor-associ-
ated target antigens, and delivered to relevant lymph nodes to activate T-cells

The DNA and mRNA-based vaccines: taken up by APCs and present to T-cells to
induce their activation

Tumor neoantigen: tumor specific antigens for the development of cancer
vaccines without ‘off-target’ adverse effects.

Small
molecules

Chemotherapeutics as regulator of immune cells [16,17]

* Indoleamine 2,3-dioxygenase-1 inhibitors boost cellular immunity

The salient features with examples of various approaches toward the cancer immunotherapy have been discussed.
The bullets points highlight their primary modes and mechanisms.

Table 1.
Cancer immunotherapy.

/

/uswn

| ( Infusion
@ Lo @ Cancer cell
Cells with enhanced 5 Teell
efficacy against cancer @ Genetically modified T cell
Figure 2.

Approach toward adoptive cellular therapy. Cells of interest to perform ACT may be collected through
surgery or apheresis. Next, either these cells can be re-infused to patient after its proper expansion or genetic
manipulations depending upon cancer types.
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2. Emergence of ACT

The concept of ACT was first developed more than fifty-five years back when
immune lymphocytes were successfully used to inhibit growth of sarcoma in an
animal model [21].

Further, efforts were made to augment the potential of ACT by inducing activa-
tion and proliferation of immune cells in use, which was achieved by the use of
recombinant IL2. The IL-2 has been known to potentiate immunological functions
and later, its use as T cell growth factor were also recommended [22].

In cell based or cellular therapy, autologous or allogenic stem cells, progenitor
or primary cells were the choice of possible cell types, which were modified ex-vivo
and transfused into the patient for disease regression [2, 18, 19]. Cellular therapy’s
outcomes were better studied in the case of cancer as it was easy to readout its
regression and thus, cancer was chosen first for treatment by cellular therapy.
However, lately, this strategy has also been tested for treating cardiovascular, neu-
rological and bone diseases [23]. The choice of cells to develop immunotherapy was
from innate and adaptive immune systems as these cells play a key role in control-
ling cancer progression [24].

Further, initial failures of cell- based therapy were reported due to the role of T
cells as the mediators of allograft rejection and also due to the host immune inhibi-
tory factors [2, 25]. Therefore, measures were taken prior to ACT such as use of
syngeneic lymphocytes for transfer to minimize the failures of the same [25]. Thus,
ACT was developed as a biomedical procedure where the immune cells of the cancer
patient, which have high anticancer activity, are expanded, modified and returned
to the patients [2, 18, 19].

During eighties, the antitumor activities were reported in cells like natural
killer (NK) and lymphokine-activated killer cells [26-30]. These cells directly
recognize antigens present on tumor cells and kill them, whereas T cells recognize
tumor antigens when presented with major histocompatibility complex (MHC)
[31]. However, each cell has different anti-tumor potential. With advancements in
immuno-technologies, such as fluorescence activated cell sorter, molecular markers
were assigned on various immune cells to define them properly [32, 33]. This led to
the classification of lineages and subtypes of immune cells. Thus, selection of cells
was made and this followed their manipulation ex-vivo for ACT.

So far various cell types such as stem cells, T cells, dendritic cells and NK cells
from patients are successfully used and have shown promising results in cancer
regression (Figure 1). Dendritic cells (DCs) regulate innate immune response
and due to its nature of antigen presentation, it may induce adaptive response.
Tumor antigen exposed DCs may play a critical role in enhancing cytotoxic
activities of immune cells. Therefore, DCs are used as an anti-tumor therapeutic
vaccines or to enhance the stimulation of cytotoxic T cells by appropriate antigen
presentation [34].

Different subset of T cells (gamma/delta T cells, regulatory T cells, helper and
cytotoxic T lymphocytes) respond differently for various tumor subtypes [35].
Interestingly, some T cell subtypes confer advantage over other in reducing tumor
volume [36].

3. Evolving modes and mechanisms of ACT
ACT developed in different ways has different mechanisms to target cancer cells.
These are the foremost cellular technology adopted for cancer treatment after their

validations and regulations through various clinical trials.
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3.1 Tumor infiltrating lymphocytes (TILs)

Under the immune surveillance, lymphocytes differentiate between self and
non-self-cells and antigens. Any self-cell when gets transformed and starts prolifer-
ating as cancer, lymphocytes infiltrate into that site, recognize abnormally growing
cells and activate themselves to remove these 70t so self, cancerous cells. These
lymphocytes are named as Tumor Infiltrating Lymphocytes (TILs). It so happens
sometimes that these TILs fail to perform their function efficiently which may lead
to cancer progression. In such cases, it was found that the TILs are not enough in
number to show effective cytotoxicity, though have ability to specifically recognize
tumor cells, stop their growth and eventually kill them. Thus, to develop any cel-
lular therapy, the first and the foremost approach was to expand TILs, which have
infiltrated into the tumor site with anti-tumor potential. These cells can be isolated
from cancer origin tissue by resection and expanded ex-vivo to a sufficient number
to improve their anti-tumor activity. These are then infused back into the patient as
ACT therapy (Figure 3a). The TILs used in the therapy are autologous lymphocytes
as these are derived from the tumor site.

Hence, for the development of ACT, antitumor lymphocytes are grown in-vitro
up to a number of 10"'-10", followed by a process of selection of specific tumor
recognizing cells with effector functions. These cells when infused in the patient,
behave like live drug, which proliferate when encounter tumor antigen in the host
and help in tumor regression. Though the process of cellular expansion in-vitro does
not absolutely match with in-vivo environment around the tumor, which has certain
immune inhibitory responses. Thus, in ACT, a favorable tumor microenvironment
is necessary prior to the therapy which should support the anti-tumor immune
function of the infused TILs [37].

3.2 Genetic manipulations of T cells

Sometimes in certain cases, tumor infiltrated T cells do not recognize tumor cells
and hence they neither get activated nor proliferated in-vivo. In such cases, T cells’
usefulness becomes redundant. To improve the functional properties of these cells
including recognition of antigen on cancer cells, an alternative approach is adopted

a. Tumor-Infiltrating b. TCR T cell Therapy:

Lymphocyte (TIL) Therapy: R + Isolation of a high-affinity T-cell clone for a defined target antigen
—_— e/ + TCR a and f chains are isolated for co-expression of both chains
~— Surgery (TCR cand P genes linked via a peptide linker)

D f‘\ +  Ex vive stable gene transfer via y-retroviral/ lentiviral
\ j vectors/transposons
Expansion of Activated T cell A hes 2, + Transduced, selected and expanded for clinical use
1N
%

manipulation [T ce]) jsolation, stimulation

Sufficient amount el and activation

| ':;/J.

Tumor-infiltrating lymphoeytes " || [ /i) é(}eueﬁc

Small amount

1Il]w$§};le TIL therapy PR AN ¢. CART Cell Therapy:
hot posst + Isolation of tumor specific antigen
o » Construction of CARs containing a tumor-antigen-binding domain of a
(©) Cancer cell single-chain antibody (scFv) fused to intracellular signaling domains
= Teell = Ex-vive stable gene transfer via y-retroviral/ lentiviral vectors
@ TIL » Transduced, selected and expanded for clinical use
Figure 3.

Leading adoptive cellular therapy. Patients’ T cells utilized in TILs, TCR T cells and CAR T cell therapy. Major
steps of these thevapies discussed in the boxes.
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where patient’s T cells are genetically manipulated using gene editing technology.
This also overcomes the problem of isolating pre-existing tumor-reacting T cells
from patients with tumors of other types. Here the cells are made to express tumor
antigen-specific TCRs, thus are effective in anti-tumor cytotoxic function [38].
There are two strategies to genetically modify the specificity of T cells. The
patient’s cells can be genetically modified by integrating genes encoding either
conventional alpha-beta TCRs, or Chimeric Antigen Receptors (CARs), specific for
tumor antigen(s). To develop ACT by these mechanisms, TCR T cells or CAR T cells
are manufactured by autologous T cells which are amended ex-vivo, expanded and
re-injected in patient to fight against cancer cells (Figure 3b and c). The only differ-
ence remains in the mode of recognition of tumor antigen by these T cells (Figure 4).

3.2.1TCR T cell therapy

The TCR is a specific receptor as well as characteristic marker on T cell surface.
TCR complex is a di-sulphide linked membrane anchored heterodimer protein,
consisting of two different peptide chains, TCR a and TCR £ encircled by four CD3
chains [39]. These TCR a and 8 chains recognize the polypeptide fragment pre-
sented by MHC molecule on cancer cells. The principal objective behind TCR T cell
technology is to modify TCR binding to tumor antigen which as such shows poor
affinity for antigens making them incompetent to recognize and kill tumor cells
effectively [40]. Thus, making of high affinity TCR T cell requires identification
of specific targets on cancer cells. This way the genetically engineered TCR shows
augmented recognition specificity and affinity for tumor cells.

In a study done by Rapoport AP et al., an autologous T cell was engineered
to express a high affinity TCR specific to identify naturally processed peptide
shared by cancer-testis antigen New York Esophageal Squamous Cell Carcinoma-1
(NY-ESO-1) and L antigen family member 1 (LAGE-1) to be used for multiple
myeloma patients showing encouraging clinical response in 16 of 20 (80%) patients
with advanced disease [41].

TIL Therapy TCRT cell Therapy CART cell Therapy
* T cells recognize tumor, sufficient T = T cells do not recognize tumor = TIL and TCR T cell therapy
cells activated and expanded ex-vive properly ineffective
+ TCR modified against tumor antigen || = Cancer cells present their antigen
+ High mutational burden in tumors + High mutational burden in tumors without MHC and avoid their
facilitates TILs function facilitates TCR T cell function recognition
& o
] e
Tumor-Infiltrating  Cancer cell Engineered TCR  Cancer cell
Lymphocyte (TIL) T cell CART cell Cancer cell
T cell receptor = — @ Cancer cell
gfil:;; :haj_n Antigenon | Chimeric Antigen Receptor (CAR): @ T cell
cancer cell | Variable region of the antibody as single chain (specific
a5 Antigen presented with for tumor antigen) linked to the intracellular signaling @ TIL
== MHC chains of TCR (scFv linked to CD3()

Figure 4.

Molecular insights of cellular therapy. The boxes illustrate the salient features to determine the choice of ACT.
In TILs and TCR T cells, the TCR a and [S chains recognize the antigen presented with MHC molecule on
cancer cells whereas CAR T cells recognize the tumor antigen independent of MHC. In TCR T cell, genetically
engineered high affinity TCR recognizes tumor cells. In CAR T cell, a CAR, a scFv derived from variable
regions of heavy and light chains of a monoclonal antibody against tumor antigen recognize tumor cells.

CAR also consists of a trans-membrane domain; a hinge; one or more than one intracellular co-stimulatory
molecules and a CD3z signaling domain. TCR T cell and CAR T cell therapy highly depend upon identification
of unique antigen on cancer cells.
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In above mentioned TIL and TCR T cell-based therapies, there may be yet
another problem which may be encountered when these expanded/modified cells
still do not so efficiently recognize cancer cells. This happens when cancer cells
smartly down regulate expression of specific MHC molecules and tumor antigen is
presented without MHC complex and thus these T cells fail to recognize the target
cancer cells. Fortunately, emergence of recombinant DNA technology and novel cell
isolation techniques from blood have paved newer ways to cancer immunotherapy.
Hence, to overcome this evading mechanism by cancer cells, T cells are genetically
modified in such a way that they recognize cancer cells by a mechanism indepen-
dent of MHC [2, 42, 43].

3.2.2 CAR T cell therapy

This newer modality of modifying T cells is yet another type of ACT, where
T cell are armed with a CAR, which can now make the T cells recognize cancer
antigen without MHC molecules. Use of such modified T cells bearing CAR is
called as CAR T cell for therapy. The concept of CAR T cell is based on the ability of
genetically engineered patient’s own T cells to express a CAR, which is specific for a
tumor antigen and therefore better in fighting cancer cells. A CAR consists of a scFv
derived from variable region of heavy and light chains of a monoclonal antibody
against tumor antigen to recognize tumor cells. Apart from this, a trans-membrane
domain; a hinge; one or more than one intracellular co-stimulatory molecules and
a CD3 zeta signaling domain are the part of CAR construct to make fully activated
and functional T cell [2, 44].

Four generations of CARs have been developed, with subsequent generations
being better than the previous ones with respect to cytotoxicity and shelf-life. First
generation CARs had only single chain variable fragment (scFv) linked to CD3( or
Fc receptor gamma signaling domain. With the subsequent additions of co-stim-
ulatory domains like CD28, CD 137, or OX40, second and third generation CARs
have been created. Fourth generation CARs also called TRUCK (T cell redirected
for universal cytokine killing) are armed with immune stimulatory cytokines that
ameliorate the performance of CAR T cell with respect to its expansion, persistence,
and resistance even in immunosuppressive tumor microenvironment [45, 46]. This
therapy harnesses the power of immune system to fight the cancer but in contrast
to the regular T cell receptor (TCRs), that recognize Ag, only when presented with
MHC, CARs have the aptitude to redirect the effector function of T cell toward
any tumor associated antigen (TAA) expressed on the tumor surface even without
MHC. Once CAR of the T cell binds to its specific TAA, T cell gets activated through
phosphorylation of immune receptor tyrosine-based activation motifs leading to
cytokine secretion, T cell proliferation and cytotoxicity [47]. The word chimeric
here signifies both, antigen binding, independent of MHC and T cell activation
function into a single receptor (Figure 4).

Advantage of TCR T cell therapy over CAR T cell therapy is that these can rec-
ognize even deep-seated antigens fragment presented on MHC molecule in contrast
to CAR T cell that recognize only cell surface proteins. So, TCR T cell therapy offer
wider range of application but it is also MHC restricted and recognizes only those
antigens presented on MHC molecule, a major drawback of TCR T cell therapy.

4. Opportunities and challenges

Like any other therapy, ACT also has success and failures. The therapy deals
with T cells in two different ways, firstly, the natural T cell with antitumor activity
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and secondly, the genetically manipulated T cells, either the TCRs engineered or

the receptor is chimeric. Thus, T cells’ immune responsiveness for tumor targeting
functions discretely. Also, during the therapy, responsiveness and un-responsive-
ness of host is guided by many factors. Similarly, many criteria in preparation of the
cells for therapy are the deciding factor for the effectiveness of the therapy, which in
turn is decided by extent of tumor regression.

4.1 Tumor regression

Dramatic regression of variety of cancers, like melanoma, cervical cancer, lym-
phoma, leukemia, bile duct cancer, and neuroblastoma has been reported by the use
ACT based approaches [2]. A number of cancer patients showed success using TILs,
however, TIL therapy requires surgery and to obtain enough TILs is always a huge
challenge technically. TILs expansion approach has been best used for the treatment
of metastatic melanoma by Rosenberg et al. [48].

Applications of genetic manipulations in ACT have greatly contributed in
improving the remission rate of treatment of various type of cancers [49]. For
relapsed and refractory B-cell precursor Acute Lymphoblastic Leukemia in children
and young adults, CAR T cell therapy was successful in 52 of 63 patients and three
of every four patients did not show relapse in six months [50]. In another trial to
treat refractory large B-cell lymphoma, CAR T cell therapy has shown promising
results as it completely cured 54% patients, slowed tumor growth in 82% patients
and there was no relapse in 40% patient even after 15.4 months [51]. CAR T cell
therapy using B cell maturation antigen was tried on multiple myeloma patients and
showed remission in 74% of patients [52].

4.2 Challenges

The failures of the therapy in any form have been associated with many factors.
The extent to which the tumor cells can evade immune recognition and successfully
employ immune suppression mechanisms leads to failure of ACT.

4.2.1 Cell selection

One of the factors which guards the successful use of ACT in humans is the
identification of cells that can target antigens selectively expressed on the cancer
and not on essential normal tissues. This criterion is the basis of the success of ACT.
Also, sometimes immune cells lose their natural tendency to recognize and kill the
tumor cells, leads to failure of therapy. Therefore, even though the cell selection is
appropriate, sometimes success is not achieved.

4.2.2 Tumor microenvivonment

Activities of tumor cells also play a key role in suppressing the effector function
of immune cells used in ACT. The tumor cells along with their neighborhood con-
stitute a unique environment which is called as tumor microenvironment (TME).
This has an ability to suppress host’s immune system by various mechanisms such
asa) T cell exhaustion due to continuously changing antigen signatures on them;
b) affects the cytotoxic function of T cells at the site of tumor and c) also the T
cell trafficking [53]. To counter these immune suppressive mechanisms of TME,
there are possible technologies available that locally deliver T cells to the TME and
increase their proliferation, thus, could provide a means to treat inoperable solid
tumors [54].
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4.2.3 Technical glitches

ACT involves different stages to generate clinical grade therapeutic cells and
trained personnel to execute the technology. Therefore, it needs great care and
precautions to avoid technological pitfalls.

4.2.3.1 Manufacturing

The technical issues are related to the manufacturing process of adoptive cellular
material and the delivery platforms which also account for the success or failure of
the ACT. During the ex-vivo expansion and genetic modification process, factors
such as cell culture time, use of cytokines and use of vectors for gene transfer are
the major concerns deciding the efficacy and survival of T cells being used in the
therapy. Besides sometimes cancer specific T cells may not grow that well and not
sufficient for infusion. At the same time efficacy of T cell may also change in ex-vivo
growth conditions [55].

Major hurdle with regard to TCR T cell technology is related to its expansion
which includes identifying of a good target, along with specific TCRs, screening
for desirable TCR affinity. Also, TCR T cell therapy is MHC dependent and there
is grave peril of hybridization between exogenous and endogenous chain causing
recognition of auto-antigens thereby leading to graft-versus host disease [43].

Failures of the therapy with adverse outcomes have been reported due to some
chromosomal DNA translocations and rearrangements during the preparation of
the cells [56, 57].

4.2.3.2 Delivery system

A major limitation of adoptive T cell therapies is the delivery technology used
in the patient. It is noted that the viability and function of the transplanted cells
rapidly decline after administration [58]. Hence, different delivery technolo-
gies (nanoparticles or scaffolds) have been explored to improve success of ACT.
Adjuvant-loaded nanoparticles, chemically conjugated to the surface of T cells
to stimulate transplanted cells and minimize the systemic side effects have been
designed [59]. Advantages of having a delivery system of T cells which has some
immune stimulating mechanisms linked, may help the T cells to enter the tumor
site and perform better results of the therapy. Apart from systemic administration
route, biomaterials-based strategies have also been explored to locally deliver adop-
tive T cells to solid tumors [60, 61] as successful targeting of T cells to most solid
cancers remain challenging [62]. To overcome the barrier of secluded location of
solid tumors, local injection of T cell in brain tumors in mouse model has been tried
and has shown better outcome than systemic administration [54].

Overall, biomaterial-mediated local T cell delivery approaches could improve
the efficiency of adoptive T cell therapies for treating inoperable solid tumors by
overcoming local immunosuppressive barriers. The usefulness of these therapies
depends on how quickly T cells can be generated in tumors in-vivo using this
approach relative to the time it takes to expand T cells ex-vivo.

4.2.4 Regulatory guidelines and cost
Regulatory guidelines are other part of the story that limit the use of any therapy
where biological samples are used for therapeutic. There are certain considerations

to be followed for minimal manipulation and homologous use of human cells, tis-
sues, and cellular and tissue-based products. Cellular & Gene Therapies are complex
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products which are regulated by the Food and Drug Administration (FDA) in the
United States. The European Union (EU), governs the regulation of all medicinal
products for human use, including advanced therapy medicinal products (ATMPs),
i.e., medicinal products comprised of cells, genes, or tissues to ensure the quality,
safety, and efficacy of medicines placed on the market in the EU. The aims of EU are
to ensure the quality, efficacy and most importantly safety of public health.

A very high treatment cost of ACT based immunotherapies has been another
concern for its limited use [20, 63]. Cost of CAR-T cell has been curtailed by devel-
oping Universal CAR-T cell and CAR NK cell so that this therapy can be a hope for
majority of cancer patients [64].

4.3 Advantages

There are many advantages with ACT that outweigh the conventional therapy.

One major advantage of TCR-T cell therapy is that it can target many TAA,
even when these lie intracellular and are deep seated. Site directed injection of T
cells into tumor giving superior result than systemic administration, is yet another
favorable approach in cell-based therapies. A successful example of such applica-
tion is reported in brain tumors where T cells are injected into CSF directly [43, 54].
Similarly, next generation of CARs have enhanced the ability of T cells to destroy
tumor by infiltrating into diseased tissue site and have potential to moderate tumor
microenvironment by secreting pro-inflammatory cytokines and expand their own
life span in-vivo [64].

CARs have another unique ability to recognize not only peptide but also carbo-
hydrate and glycolipid antigens, thus increasing their target antigen number and are
also not MHC restricted.

5. Enhancing efficacy of ACT

The journey of development of ACT for cancer treatment has faced success and
failures of the therapy in different cancer types. This has led to newer researches
and explorations in various domains of the treatment by ACT. Work on improving
effectiveness of therapy has contributed enormously and made difference in its
outcomes. Following are some areas, which have been mentioned in this section
about the efforts made toward enhancing efficacy of ACT.

5.1 Measuring effectiveness

Measuring effectiveness of any therapy is an essential part of it. It is critical to
measure of cellular therapy’s effectiveness as variations may occur in various steps,
starting from isolation of cells to its re-infusion and homing of effective cells to
target the cancer cells (Figure 5). For this purpose, a therapeutic index (TI) has
been developed [65].

TI of a drug is a quantitative assessment of the ratio of a drug dose that produces
toxicity to the dose that yields a clinically effective response. ACT has complex bio-
distribution and also content dependent potency, so for this TI estimation depends
on other factors as well. These include functional fitness of the product, vague
pharmacokinetics due to trapping, sequestration and extravasations in nearby tissue
and inconstant rate of expansion in-vivo. Addition factors also influence pharma-
cokinetics in case of solid tumors like difference in trafficking to benign and cancer
tissue, immune suppression and cellular dysfunction due to unfavorable hostile
metabolic state.
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Scope to enhance therapeutic efficacy of ACT. The scope and limitations are two ends ACT. It may be viewed as
the seesaw game. Increasing the scope will determine its future.

Thus, TI of the ACT largely depends on generic factors (T cell potency and fit-
ness, Dispersion, Dysfunction, combinatorial therapies, comorbidities and micro-
biome) and TME-specific factors (Antigen availability, tumor, immune response
related) [65].

5.2 Host conditioning

It is important to understand that anti-tumor efficacy of ACT greatly depends
on the persistence of adoptively transferred T cells in the host. This is achieved by
an optimal pre-conditioning of the host, an important part of pre-treatment proto-
col where lymphodepletion by chemotherapy and/or radiation therapy is done prior
to therapy. The process of lymphodepletion is important to deplete T regulatory
cells and lymphocytes, as these cells compete with the transferred cells for homeo-
static cytokines, interleukin 7 and IL15 and this needs to be minimized [66]. This
may also be important to avoid excessive cytokine release by lymphocytes which
causes adverse effect during the therapy. Host conditioning by either nonmyeloab-
lative chemotherapy or irradiation may induce high levels of IL-1f which increase
the number and functionality of adoptively transferred T cells within the tumor
and thus improves efficacy of ACT [67]. An FDA-approved reagent, fludarabine has
predictable lymphodepleting kinetics and duration of action. Its use in a condition-
ing regimen, promotes homeostatic upregulation of cytokines and growth signals
for T cell persistence [6]. The use of cytokine IL2 has also been recommended for
better proliferation of the cells being used in this cellular therapy [2, 6].

5.3 Affinity of T cells
5.3.1 Selection of CARs with moderate affinity

Affinity of the immune cells in ACT is a highly critical criterion while using
them for therapy. Optimum affinity is ensured during making of the cells. In TILs

based therapy, it may not be that critical as there are no manipulations involved as
such except increasing their numbers. However, while doing genetic manipulations,
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it needs care especially when a gene fragment is being incorporated into the cell to
express a chimeric receptor as in the case of CAR T cell therapy. High affinity CAR
bearing cells are not the choice of cells as these might recognize the TAA present

on the normal cells too and may cause on target/off tumor effect, an effect occurs
when CART cells attack non-tumor cells expressing the target antigen. Thus, CAR
selection is very important and ensured to be of low affinity so that it recognizes
the antigen when it is present in high number as in case of tumor cells. This helps in
recognizing only tumor cells and sparing normal cells [68].

5.3.2 Countering loss of antigen on cancer cells

Sometimes problem of therapy arises when the cancer cells start losing CAR-
targeted antigen on them and escape their detection by CAR T cells, thus avoid their
killing. Such situation is countered by targeting multiple antigens with multiple
CARs [69]. For this, anti-tag CARs (AT-CARs) have been developed by adding
affinity-enhanced monomeric streptavidin2 (mSA?2) biotin-binding domain in the
CAR construct. Such novel mSA2CARs have an advantage that the T cells expressing
such CARs can bind cancer cells coated with biotinylated antibodies [69]. Binding
of such antibodies to cancer cells probably avoids the loss of antigen being targeted
on them. Thus, recognition of cancer cells occurs followed by their killing by such
CART cells without fail.

5.3.3 Formation of synapse

To further improve efficacy of CARs, small sized antibodies (variable heavy
homodimers) or nanobodies are recommended to be used with CAR T cell prepara-
tion for infusion. These antibodies cause tight synapse formation between the target
and effector cell, which is important for the initiation of immune signaling, thus
effective T cell mediated killing [70].

5.3.4 CARs expressing Heparanase

It has been discovered that heparanase enzyme expression needs to be upregu-
lated in CART cells to penetrated tumor stroma which consists of heparin sulfate
proteoglycane. In vitro expanded T cells show reduced heparanase expression as
compared to activated immune cell, suggesting their compromised migration [71].
This drawback has been overcome by designing better CAR T cells which were
engineered to express heparanase enzyme and therefore show greater capacity
to infiltrate tumor stroma with enhanced anti-tumor activity in neuroblastoma
xenograft model [72].

5.4 Dose

Next important part of therapy is the dose, i.e., number of the cells in the
prepared fraction/dose. The dose frequency and the number of cells per dose to be
used for infusion, both play a crucial role in outcome of the therapy. Proportion of
immune cells responsible for tumor regression controls the success of ACT. Such as
CD8+ enriched “young” tumor infiltrating lymphocytes show better response in the
regression of metastatic melanoma compared to the crude fraction containing both
CD8+ and CD4+ both proportions [73].

It has also been reported that the number of transfused CAR T cell needed for
single transfusion is much less than that needed for TCR T cell therapy to produce
equivocal response [43].
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5.5 Minimizing toxicities

ACT involves manipulation of immune system to improve its efficacy for

specific killing of cancer cells. Such alterations may lead to exaggerated immune
response and cause toxicities which are different from other cancer therapies.

Thus, depending upon the type of mechanisms involved in these toxicities, discrete
approaches are needed to minimize them. The possible toxicities observed and their
management are as follow:

a.On target/off tumor recognition develops a toxicity due to shared expression

of target antigens by normal tissue leading to varying severity of adverse event
from B cell aplasia to death. Hypogammaglobulinemia in B cell aplasia can be
treated with intravenous immunoglobulin replacement therapy.

b. Anaphylaxis is seen in patients receiving genetically modified T cell as their

antigen recognition domain in derived from murine mAb. Efforts are being
made to humanize the expressed protein [74].

c. Graft versus host disease is commonly observed phenomena in immunothera-

pies. Infusion of isolated autologous TILs is the way to curtail it.

d.Cytokine Release Syndrome (CRS) is associated with overt activation of T cell,

which leads to immune activation process with markedly elevated cytokines.
Itis seen in CAR T cell therapy and called as CAR T cell toxicity. CRS can be
minimized by controlling the activity of CAR T cells. For this a bispecific adap-
tor has been designed which is a cancer specific ligand conjugated with fluo-
rescein. This specifically binds with cancer cells and tag them with fluorescein.
CAR is so devised that it recognizes fluorescein and not tumor antigen. Thus,
the bispecific adaptor bridges CAR T cell and its tumor target. Thus, availabil-
ity of bispecific adaptor regulates the killing of tumor cells and can control the
CRS. Also, to subdue any CRS, rupture of bridge between CAR T cell to cancer
cell can be lifesaving [74]. Other successful approaches to control CRS are
immuno-suppression by systemic corticosteroids, IL-6 receptor blockade with
mADb or lymphodepleting chemotherapy.

.Immune effector cell associated neurotoxicity syndrome has also been

reported, plausible explanation being elevated cytokine level.

f. Toxicity of T cell activation is also managed by inclusion of an “on switch” in

CAR design which can make a hold on functional intensity and T cell activa-
tion. This requires selection of two target antigens that are co-expressed on
malignant tissue making dual antigen binding a must for complete T cell acti-
vation. So normal tissue expressing one target antigen cannot provide complete
activation and so limits this toxicity. Conversely, if dual antigens presentation
is exclusive to normal tissue, inhibitory signaling in CAR design allow for selec-
tive targeting of malignant tissue expressing one antigen while normal tissue is

spared.

g.Severe neurological side effects leading to coma and death are reported in
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patients treated with ACT using autologous T cell when T cells were modi-

fied with Melanoma-associated antigen 3 (MAGE-A3) antigen specific TCRs
(MAGE-A3 is cancer testis antigen never expressed in normal tissue). These
TCRs recognize the different but similar epitopes of especially MAGE-A12 and
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possibly MAGE-A1, A8, A9 expressed in human brain. So unfortunately, strate-
gies to enhance TCR affinity to neoantigens on tumor may lead to unantici-
pated toxicities thus warrants need of improved preclinical testing methods to
better enable prediction of TCRs specificity.

6. Conclusions

Cancer is a multifactorial disease with varieties of treatment options available,
depending upon the location, drug delivery and stage of cancer. Optimization of
immune response to curb the growth, proliferation and containment of cancer has
been chosen in TIL, TCR T cell and CAR T cell therapy. Growing technologies in cell
biology are improving the future promises for further breakthroughs in the T cell
ACT field. Various future domains, which are being explored for further improve-
ments are being discussed below [75]:

a.The TME and other immune escape mechanisms are the challenges to ACT for
solid tumors. For this, individualized approaches and strategies combining
treatments targeting different immunotherapeutic aspects will be needed in
order to expand the applicability and improve the response rates in future.

b.Cross reactivity is seen in antigen specific TCRs, which leads to fatal outcomes,
needs newer platforms for preclinical screening, such as X-scan.

c. Newer approaches to manage abnormalities of blood vessels and endothelial
cells that hinder T cell infiltration into tumors may be tried with inhibitory
molecules.

d.Scope to make ACT more effective in solid tumors can be tested by reducing
high interstitial pressure and dense extracellular matrix of solid tumor tissue

by angiotensin inhibition.

e. Another strategy to enhance the antitumor immunity of infused T cell may be
explored through depletion of tumor-associated macrophages.

f. Also, combination of these therapies is providing newer opportunities to
personalized immunotherapy due to individual variation in immune response.

In short, advantages versus toxicities of the anti-cancer therapy have to be
considered before deciding the treatment modalities. Ultimately, successful imple-
mentation of ACT as the clinical program and cost minimization will determine its
success across the globe.
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Chapter 8

Mathematical Modeling and
Dynamics of Oncolytic
Virotherapy

Abdullah Abu-Rqayiq

Abstract

Oncolytic virotherapy is a cancer treatment that uses competent replicating
viruses to destroy cancer cells. This field progressed from earlier observations of
accidental viral infections causing remission in many malignancies to virus drugs
targeting and killing cancer cells. In this chapter, we study some basic models of the
oncolytic virotherapy and their dynamics. We show how the dynamical system’s
theory can capture the behavior of the solutions of those models and provide
different approaches to studying the models. We study the thresholds that enable us
to classify asymptotic dynamics of the solutions. Fractional-derivative approach
tells us about the memory of the derivative and related solutions of the models. We
also study the affect of introducing control parameters on the cost of the therapy.

Keywords: Oncolytic Virotherapy, Stability, Bifurcation, Burst Size, Optimization,
Immunotherapy

1. Introduction

Oncolytic viruses are a form of immunotherapy that uses viruses to infect and
destroy cancer cells. These viruses can selectively replicate in cancer cells but leave
healthy normal cells largely intact. In oncolytic virotherapy, the free viruses infect
tumor cells and replicate themselves in tumor cells; upon analysis of infected tumor
cells, new virion particles burst out and proceed to infect additional tumor cells.
This idea was initially tested in the middle of the last century and merged with
renewed ones over the last three decades due to the technological advances in
virology and in the use of viruses as vectors for gene transfer. Over the last decade,
great efforts have been made for understanding dynamics and molecular mechanics
of viral cytotoxicity of oncolytic viruses. Those efforts provided an interesting
possible alternative therapeutic approach to help cure cancer patients. However, the
outcomes of virotherapy depends in a complex way on interactions between viruses
and tumor cells [1]. One of the main advantages of applying the oncolytic
virotherapy is that it can selectively damage cancerous tissues leaving normal cells
unharmed. In addition, oncolytic viruses can mediate the killing of the normal cells
by indirect mechanisms such as the destruction of tumor blood vessels, the ampli-
fication of specific anticancer immune responses or through the specific activities of
transgene-encoded proteins expressed from engineered viruses.

During the last two decades, several mathematical models have been applied to
understanding oncolytic virotherapy. For example, Wu et al. [2] and Wein et al. [3]
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proposed and analyzed some partial differential equations models to study some
aspects of cancer virotherapy. For ordinary differential equations models, Wodarz
in [4, 5], Komarova and Wodarz [6], Novozhilov et al. [7], and Bajzer et al. [8],
Tian in [9, 10], and others. Wodarz and Komarova [11] have modeled the dynamics
of the oncolytic virus replication by ordinary differential equations that describe the
development of the average population sizes of cells and viruses over time. For this
purpose, they used a generalized approach and considered a class of models instead
of a specific model and took into account two populations: uninfected tumor cells,
denoted by x and infected tumor cells, denoted y. The general model is based on the
law of mass action and is given by

dx
— =xF(x,y) — pyG(x,y)
dt 1)

dy _
i PG(x,y) —ay,

where the function F describes the growth properties of the uninfected tumor
cells, and the function G describes the rate at which tumor cells become infected
by the virus. The two functions can take several forms depending on the
biological content and meaning that we may want to incorporate into the model.
The parameter f represents the infectivity of the virus, and the death rate ay
represents the virus-infected cells die.

Then, a three populations model was introduced by Wodarz [12] as

dx x+y

a =17 e pw

dy

Y _ g 2
it (d+a)y (2)
v _

a9

in which v stands for the free virus population and C is maximal tumor size. The
term ay models the release of virions by infected tumor cells, and yv is the clearance
rate of free virus particles by various causes including non-specific binding and
generation of defective interfering particles. The death rate of tumor cells dx seems
redundant, since it is included in the logistic model.

2. A basic model of oncolytic virotherapy

Tian [10] has proposed a modified model where the burst size was incorporated.
The burst size of a virus is the number of new viruses released from a lysis of an
infected cell. It us known that different types of viruses have different burst sizes.
Viruses of the same type have almost the same burst size. The burst size is an
important parameter of virus replicability.

dx x+y

a1 e

dy

== - 3
D —pwo -ty ©)
dv

E:béyfﬂxvfyv.

140



Mathematical Modeling and Dynamics of Oncolytic Virotherapy
DOI: http://dx.doi.org/10.5772/intechopen.96963

Considering this last model as a starting point of our discussion of mathematical
models of oncolytic virotherapy, we first show some analytical results. In this
model, there are two threshold values for the burst size. When the burst size is
smaller than the first threshold value, virotherapy always fails. When the burst size
is in the between of the two threshold values, we have a partial success of
virotherapy represented by the stable positive equilibrium solution. Since the tumor
load is a decreasing function of the burst size, the minimum tumor load can be
reached by genetically increasing the burst size of the virus up to the second
threshold value. If the set in which the positive equilibrium solution is stable has
more than one open intervals, we can increase the burst size up to the supreme
value of this set, and still have stable partial therapeutic success with even lower
tumor load. Once the burst size is greater than the second threshold value, there are
one or three families of stable periodic solutions to the system of virotherapy
dynamics.

For simplicity, the above system can be non-dimensionalized by setting = = 6,
x =K%,y = K9, v = K9, and rename parameters »r = A,a = K, and c =y.

Then dropping all hats over the variables and write 7 as ¢, we have

dx

%—rx(l—x—y)—axv

dy

2 — 4
g = vy (4)
dv

dt—by—axv—cv

It is assumed that all parameters are nonnegative.

Model (4) has three equilibrium points, Eq = (0,0, 0), E; = (1,0, 0), and the
positive equilibrium E. = (x*,y*,v*). The equilibrium Ej is always unstable for all
positive values of the burst size b. The equilibrium E; is globally asymptotically
stable when 0 <b < u,, and it is unstable when b > ;.

At b = 4, the positive equilibrium E, moves into the domain D =
{(%,9,v) :2>0,9y>0,v>0,0<x +y<1}, a type of transcritical bifurcation
occurs with E; and E,, . As the parameter b increases, while y; <b <y, andb €1, E,
is locally asymptotically stable. When b >y, and b €1,,, E., is unstable. Hopf
bifurcations occur for some b > y,, and these bifurcations give rise to one or three
families of periodic solutions. Here, y; and y, are thresholds, I, = {b >y, : H(b) > 0},
I, ={b>u; : Hb) <0}, and H(b) is defined next in formula (10).

e Ej, is unstable.

* E; is globally asymptotically stable when b <1 + ¢ ; and unstable when
b>1+¢.

* When u; <b < p,, the equilibrium solution E is locally asymptotically stable

Two types of bifurcations occur in the system as the parameter b varies. A
transcritical bifurcation at b = u, introduces the equilibrium point E into the
positive invariant domain D. The Hopf bifurcation at some value b > y; gives rise
to the periodic solutions. The system (4) is a basic model of the oncplytic
virotherapy. Three equilibrium points can be found: the trivial equilibrium
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Ey = (0,0,0), E1(1, 0, 0), and the positive equilibrium E| (x*,y*,v*), where x* =

* (ab—a—c) * _ r(@b—a—c)
= A a(bﬁli(abafa:m)’ andv* = ;(:bfgﬂfc) :
The Jacobian matrix is given by
r=2rx —vy—av —rx  —ax
J= av -1 ax (5)
—av b —ax—c

Proceeding in the linearization process and analyzing the eigenvalues, we find
that the Jacobian matrix evaluated at Ey is given as

r 0 0
J(Eo)=|0 -1 0 (6)
0 b —c
The obtained eigenvalues of this lower triangular matrix are 43 =, 4, = —1, and
A3 = —c. Note that 4, is positive due the » being positive. The other eigenvalues are

negative. Therefore, Ey is unstable. The local unstable invariant manifold lives in
the x—axis. The stable invariant manifolds live in the yv—plane. This observation
might be interpreted by saying that in the absence of viruses and the infected tumor
cells, the tumor cells will grow away from E.

The Jacobian matrix evaluated at E; is given by

JE)=| 0 -1 a @)
0 b —-a-c

The eigenvalues are 4y = —r, which is clearly negative, and

J3 =3 (—(1 +a+c) £ \/(1 —a—c)+ 4ab) . 42, the eigenvalue with negative

square root, is negative as well. However, for 13, it is not so clear when it is negative.
Computations in [7], show that for 1<b <1+ ¢, E; is a global asymptotically stable.
This result can be obtained by applying appropriate Lyapunov functions such as
Vi(x,y,0) =y +v and V,(x,9,v) = 3ab(a + ¢)y* + a’byv + 1a’v?. When the value
of b exceeds the threshold y; = 1+ £, E1 becomes unstable. The system exhibits a
transcritical bifurcation with bifurcation value y; and changes stability as this
parameter varies near the bifurcation value. When b > yi;, the positive equilibrium
point E appears. Proceeding with the linearization, the Jacobian materix at E is
given by

r=2rx—ry—av —rx = —ax
J(EL) = av -1 ax . (8)
—av b —ax—c

To analyze the more complicated eigenvalue expressions, we apply the so
called Routh-Hurwitz criterion on the associated characteristic polynomial

5o it o R
and a3 = %.
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The R-H criterion requires

a1 as 0
a1 as
Hi=a,:>0, H,= >0, and H;={1 a, 0|>0. (9)
1 a)
0 a1 as

Computations based on the R-H stability criterion can lead to the following
expression ¢(b) = “<j;}jjjﬁ’;j;f> - (hc(ﬁz)l&fnggm, [10]. the positive equilibrium E;
is locally asymptotically stable if ¢(b) <r — a.

In addition to the transcritical bifurcation described above, the system develops
a Hopf bifurcation for values of b > y; resulting in periodic solutions due to the pure
imaginary eigenvalues +i,/a,.

In [10], bifurcation analysis was accomplished by the aid of defining a function

(10)

Hb) = rc®(b — 1)
a2(b —1)*ab —a+rc)’

where
®(x) = —alax — c)(ax +rc)x* + ((a + ac)x + rc +ac)[((c + Dx + ¢)(ax + rc)
+x(ax —c)(r — a)]
=-a’x*+a*(3c+ +r—a—ac+1)x* +ac(3rc + 3a +rc* + 3ac+r.
+12 — a?)x® + ¢* (3ar + 2acr +v’c + 2a)x + rc*(r + a)
Then, the another threshold, named y, can be defined as the smallest number b

of the setIp = {b>p, : H(b) = 0}.

The analysis presented in [10] also shows that if e(lir)

ab—a-+rc

<1, then E, represents a

c(1+7)
ab—a+rc

partial success of virotherapy at a modest value of b. The expression is called

the tumor load.

When the value of b satisfies y; <b <p,, E is locally asymptotically stable. For
values of b < u; the positive equilibrium E. does not live in the positive invarient
domain D, and as b increases to yq, the equilibrium point moves into the domain D
and it coalecses with Ej. Finally, when b > u,, periodic solutions will appear as a
result of the Hope bifurcation (Table 1).

Parameter Description Value Dimentions
p) Tumor growth rate 2x 1072 1/h
) Death rate of infected tumor cells 1/18 1/h
B Infection rate of the virus 7/10 x 10~° mm3h/ virusl
k Immune killing rate of virus 10-8 mm>h/ immune cell
b Burst size of free virus 50 viruses/cell
y Clearance rate of virus 2.5x 1072 1/h
Table 1.

Pameters’ Description.
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3. Model with innate immune response

Phan and Tian [13] developed the basic model by incorporating innate immune.
The system is given by

dx x+y
@~ (1-7g) ~pw
dy

dv an

dt:béy—ﬂxv—kvz—yv

G e
dt*yz Pz

where 4 is tumor growth rate, C is the carrying capacity of tumor cell popula-
tion, f is the infected rate of the virus, y is immune killing rate of infected tumor
cells, & is death rate of infected tumor cells, b is the burst size of oncolytic viruses
(i.e., the number of new viruses coming out from a lysis of an infected cell), k is
immune killing rate of viruses, y is clearance rate of viruses, s is the stimulation rate
of the innate immune system, and p is immune clearance rate.

We non-dimensionalize the system by setting 7 = 6t,x = Cx,y = Cy,v =
Cv,z = Cg and rename parameters v = /5 a = Cf/5,c = uC/5,d = kC/5,e =
y/8,m =sC/8, and n = p/§. Then system (3.1) becomes

dx
%frx(lfxfy)faxv
dy

g v gz =y

dv (12)
=by —axv —dvz —ev

dt
dz
—_ = myz —nz.

dt

All parameters are assumed to be nonnegative. The effects of the innate immune
system on the virotherapy in the model are encoded in the parameters c,d, and m.
To understand how the innate immune system affects the dynamics of oncolytic
virotherapy, they use three combined parameters, the viral burst size b, the relative
immune killing rate K = ¢/d, and the relative immune response decay rate N =
n/m, to describe the solution behaviors of the model. Note that K represents the
ratio of the rate of immune killing infected tumor cells over the rate of immune
killing viruses, which can be considered as a relative immune killing rate of viral
therapy since it describes the ability of the innate immune system destroying infec-
tion versus destroying viruses.

The system (12) have the following equilibrium points;

Eo = (0,0,0,0),

E1 = (1,0,0,0),
- ( e re(ab—a—e) r(ab—a—e) 0)

a(b—1)> a(b—1)(ab—a+re) > a(ab—a+re)’ >

By = (1-N-,N,4, L0004,

1

c¢cN+dA
1_N— 7;_2’]\[,1,2’ W), and

cN+dv,
_ . ) (b—1)N—ev3
Bs = (1= N =2, N,vs, E00e),
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Where N = n/m, A = (—az + /a3 — 3&11)/3, a =% .¢(—a+aN—e+12),and
an :£N+£(N—1).

The analysis of model (12) is similar but more complicated than the basic model
proposed by Tian. For details, see [13].

Now we describe some results of Phan and Tian work, [13]. It is clear that if no
tumor cells existed, then there exists the equilibrium point E. If the effect of the
immune system and the viruses is neglected, then the system has another equilib-
rium point E; with only tumor cells. This happens when the viruses are not power-
ful due to the burst size being smaller than some critical value. The equilibrium E,
exists if the burst size is greater than the critical value (threshold), meaning that the
viruses are powerful. With some conditions on the parameter K and with another
burst size critical value, two newly formed equilibrium points will be born for
values of b exceed the critical point.

Analysis and numerical simulation can show the existence of two types of bifur-
cations around the threshold values; the transcritical bifurcation which occurs with
the equilibrium points E; and E,, and a Hopf bifurcation that occurs for larger
values of the burst size b.

Due to the complexity of expressions and knowing that it is impossible to find
closed forms of bifurcation parameters, especially for the positive equilibrium
points E3, E4, and Es, numerical simulations become a need in order to capture the
different behavior over the dynamical landscape.

Below the first threshold value of the burst size, the tumor always grows to its
maximum size (carrying capacity), then as the bfurcation parameter b passes the
first threshold value, the first locally stable positive equilibrium is born through the
transcritical bifurcation. When the parameter value is at or exceeds the second
threshold, families of periodic solutions arise from the Hopf bifurcation leading to
undetectible level of tumor load.

4. Fractional derivative approach

Fractional derivative is a generalization of the usual derivative to include all orders
of derivations. It can be traced back to the times of the invention of the calculus itself.
The question about the 1/2 derivative was first asked by L’hopital as a reply to
Leibniz letter which introduces the notation of the nth derivative. Most of biological
systems have long-range temporal memory. Modeling such systems by fractional
models provides the systems with a long-time memory and extra degrees of freedom.
Despite of the fact that differential equations with integer-orders have long been used
in modeling cancer, the fractional-order differential equations (FODEs) have been
recently used to model many biological phenomena. One of the advantages of using
FODE:s to model such phenomena is that models become more consistent with the
biological model. This is due to the fact that fractional order derivatives can capture
the memory and hereditary properties of those models [14]. The classical mathemat-
ical models with integer-orders ignore the intermediate cellular interactions and
memory effects. For example, the kinetic of the viral decline in patients responding to
interferon is characterized by bi-phase shape following a delay about 8 — 9 hours,
likely to be the sum of interferono-pharmacokinetics and pharmaco-dynamics as well
as the intracellular delay of the ciral life cycle [15]. Therefore, modeling of the
biological systems by fractional order differential equations has more advantages than
classical integer-order mathematical modeling, in which such effects are neglected.
Abu-Rqayiq and Zannon [16] have formulated Tian’s model using Caputo derivative
definition. The system can be formulated as
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Dix =1"x(1—x —y) —a"xv
Dfy =a“xv —y (13)

a _ o a a
¢ =b"y —a"xv — cv.

where Dy is the Caputo fractional derivative and 0 < a <1. We assume that all
parameters are nonnegative.

The fractional order integration and fractional order can be defined as: the
definition of fractional order integration and fractional order. Let L' = L[4, b] be
the class of Lebesgue integrable functions on [a, b], 2 <b < co. The fractional integral
of order v €R" of the functionf(¢),t>0 ( f : R — R) is defined by

r— ﬁf (6 — )Y (5)ds, >0, (14)

q

where I'(.) is the Gamma function.

The fractional derivative of order a € (n — 1,7n) of the function f (¢) is defined by
several ways, the most common ones are:

1.Riemann-Liouville fractional derivative: Take the fractional integral of order
(n — @) and then apply the n'" derivative

Dif(r) = Do,

a n—a’

* _d
where D = 4=,n =1,2,

2.Caputo’s fractional derivative: Start with a n derivative of the function, then
take a fractional integral of order (n — a)

Df(t) = I*_ Df (t)

Since fractional-order models possess memory, FODE gives us a more realistic
way to model oncolytic virotherapy and study their dynamics. The presence of a
fractional derivative in a differential equation can lead to an increase in the com-
plexity of the observed behavior. On the other hand, it can show how the solution is
continuously dependent on all the previous states. The numerical results of applying
the fractional approach will be show in Figures 1-4.

Figure 1.
Dynamics of virotherapy when b = 4 and initial values x = 0.5, y = 0.5, and v = 1.5, for a = 1, a = .8, and
a=.9.
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Figure 2.
Damped oscillators when b = 27 and initial values x = 0.5, y = 0.5, and v = 1.5, for a = .96, a = .98, and
a=1.
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Figure 3.
Dynamics of model when b = 28 and initial values x = 0.5, y = 0.5, and v = 1.5, for a = .96, a = .98, and
a=1.
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Figure 4.
Dynamics of Tumor cells vs infected tumor cells of the model when a = .98.

5. Optimization by control theory

In this section, we develop a model for the controlled infected brain tumor cells.
optimal control theory is applied to the cost functional and is supposed to achieve
the ultimate goal of optimizing that functional and find a best strategy for mini-
mizing the cost of the virotherapy. The goal here is to model, analyze, and explore
optimal ways that can minimize a tumor and the cost of the virotherapy.

Optimal control theory is a branch of the applied mathematics that deals with
finding the best possible control that can take a dynamical system from one state to
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another. The Hamiltonian of optimal control theory was developed by the Russian
mathematician Lev Pontryagin as a part of his investigation into the maximum
principle. Pontryagin proved that the necessary condition for solving certain
optimal control problems is that the control should be chosen in such a way that
minimizes the Hamiltonian, [17].

The general form of the control function u(¢) is given by

1

Ju(t)) = ¥(x(T)) + J L(x(t), u(t), T(t))dt

0

where x(t) is the system state which evolves according to the state equation
x=f(x@),u),t) x(0)=x9 te€l0,T]

The Hamiltonian is defined as
H(x, ¥, u,t) = ¥T(t)f (o, u, t) + L(x,u, t),

where ¥(t) is a vector of costate variables of the same dimension as the state
variable x(t) such that, [18]

. oH
) = -2
) =——.
Applying the control theory approach, we reformulate the basic model by intro-
ducing a control function #(¢) which represents efforts on damaging the tumor cells
AND (1 — u(2)) represents the growth rate of the infected cells. After incorporating
the control # into the basic model, we obtain the following model with control

d

o= —uyx(1-* ; )~ peo

d

= = prv — (1-u(t))dy (15)
d

?”t = bs(1 — u(t))y — fxv — yv.

The control is usually assumed to be bounded by maximim value less than 1 and
greater than 0. For our current model, we assume the maximum value is 0.9, a
choice that make our proposed model more realistic from a medical view point.

The objective function will be the function that will host our optimal value # *
and it is given by

J(u(t) = j y(6) + B de

Where B is a measure of the relative cost of interventions associated to the
control #(¢). Our goal is to minimize the number of the infected tumor cells by
choosing an appropriate strategy that can lower the number of free viruses as well.
As a result of that, the cost of treatment will be lowered.

The admissible set of control functions is defined as

Q= {u(-)eL=(0,zf) : 0 <u(t) <max, V£ € [0, T]}
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Rescaling the system to ease mathematical treatment, we use same parameter
rescaling that was used for the previous models and we get

dx

Ef(lfu)rx(lfxfy)faxv

dy

A —(1- 16
el (1—u)y (16)
dv

E—b(l—u)y—axv—cv.

with fixed initial conditions x(0), y(0),v(0) and a fixed final time T.

According to The Pontryagin’s Maximum Principle, if #(.) € Q is optimal for
the problem under consideration, the minimizer with the initial conditions and
fixed final time T, then there exists a nontrivial absolutely continuous mapping
¥:[0,1 — R3.

Now we come to the main result in this section, [19]

System (16) along with the initial conditions and the final time T has a unique
optimal solution (x*(-),y*(-),»*(+)) associated to an optimal control (#*) on [0, T].
Moreover, there exists adjoint functions ¥, ¥;", and ¥;, such that with
transversality conditions ¥, ( T) = 0,7 = 1, 2, 3. Furthermore,

u* (t) _ Vx(l —X —y)q};—y(qlz —l—bq‘?,) '

The proof is given in [19].

6. Numerical simulation and discussion

For the simulations and numerical results of the basic model and those of the
fractional approach, we use the same parameter values used in [10] and
summarized in Table 1. We also combing those results in the Figures 1-4 below.
Note that @ = 1 represents the simulation of the basic model (2.2), whereas the
other values of o describe the memory of the derivatives of the basic model. The
parameter values are » = 0.36, 2 = 0.11, and ¢ = 0.2. By considering b = 9, the
following equilibrium points can be obtained Eq = (0,0, 0,0), E; = (1,0,0), E; =
(0.6,0.0730,2.5729). Here the bifurcation parameter values are y; = 5and p, =
27.766. When 5< b <27.766, E.. is locally asymptotically stable while E; is unstable.
The equilibrium point Ej is always unstable. Figure 1 shows the treatment will
eventually reach the equilibrium point E; that is locally asymptotically stable.
Figures 2 and 3 show periodic solutions rising from Hopf bifurcation, and Figure 4

Figure 5.
Optimal state variables for the controlled and the uncontrolled systems subject to the initial values x =
0.5,y = 0.5, and v = 1.5, b = 4, and the admissible control set versus trajectories without control measures.
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shows the dynamics of tumor cells vs infected tumor cells when a = 0.98 which is
almost the same as the result of the usual derivative a = 1. E. is locally asymptot-
ically stable when 5 <b <27.766.

The numerical results of the optimal control system (5.2) can be obtained by
implementing forward fourth-order Runge-Kutta method for state system and the
backward one for the adjoint system. The method depends on the choice of an
initial guess for the value of the control «. The optimal control system is estimated
to predict the evolution of the tumors cells relative to specific choices of virus
bust size. Simulation shows the results in time scale of 100 days for burst size b = 4,

Figure 6.

Optimal state variables for the controlled and the uncontrolled systems subject to the initial values x =
0.5,y = 0.5, and v = 1.5, b = 9, and the admissible control set versus trajectories without control measures.

Pt i cals 1

Figure 7.
Damped oscillators appear for the controlled and the uncontrolled systems subject to the initial values x =

0.5,y = 0.5, and v = 1.5, b = 26, and the admissible control set versus trajectories without control measures.
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Figure 8.

The optimal control u* for the Oncolytic virotherapy model subject to the initial values x = 0.5,y = 0.5, and
v = 1.5, b = 9, and the admissible control.
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200 days for burst size b = 9, and 1000 days for the oscillation to capture that
behavior as shown in the Figures 5-8.

Numerical results show that the existence of the control can improve the growth
of the normal cells until approximately 60 days of the therapy and will be stabilized
after then. Whereas the number of the infected cells will be dropped significantly
after the fifth day of the treatment until they are completely terminated in the day
50. The dynamics is hugely determined by the burst size in addition to the other
control parameter values. The numerical results clearly show that the virotherapy
can reduce the tumor load within days of the therapy and reduces number of the
free viruses that are needed in the therapy. As a result, the cost of the therapy is
minimized. See Figures 5-8.
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Abstract

Anthracyclines drugs are used as a treatment regime to combat cancer owing to
their great chemotherapeutic potential. They are characterized by the presence of
awide range of derivatives, the most famous are doxorubicin and daunorubicin.
The proposed action mechanism of anthracyclines and their derivatives to exert
cytotoxic effect involves the intercalation of the drug molecule into nucleic acid and
inhibition of the activity of topoisomerases. These events consequences in halting
DNA replication and transcription mechanisms of the cell. Understanding of the
structural and conformational changes associated with nucleic acid after binding
with drugs provides significant knowledge for the development of more effective
drugs. A comprehensive elucidation of the molecular mechanism(s) of action of
anthracyclines drugs plays a significant role in the rational drug designing to obtain
an effective, selective, and safe anti-cancer drugs.

Keywords: anthracycline, anti-cancer activity, DNA, molecular mechanism

1. Introduction

Anthracyclines were primarily recognized as antibiotics due to their anti-
bacterial properties in 1939 [1]. However, the chemical characterization of the
anthracyclines which includes a rigid planar aromatic ring that remains bound to
an amino-sugar by a glycosidic bond (Figures 1 and 2). Quinone and hydroquinone
groups of these molecules on adjacent rings allow gain and loss of electrons in the
conversion of quinone to the semiquinone radical [2, 3]. This semiquinone free
radical converts back to quinine under aerobic conditions resulting in the formation
of superoxide anion and hydrogen peroxide. The excessive formation of these free
radical consequences in lipid peroxidation within cell membranes, DNA damage
and finally cell death. This makes them the potent non-selective anti-cancer drugs
i.e., they are used in the treatment of a wide range of cancer like small cell lung
cancer, breast cancer, lymphoblastic and myeloblastic leukemia, etc. [1, 4-6]. There
is a high probability that a cancer patient will be administered with anthracycline
at some stage of their chemotherapy session. Daunomycin and doxorubicin were
the earliest anthracyclines isolated from Streptomyces peucetius and were effective
against a wide range of human cancers. Owing to significant antitumor potential,
the World Health Organization (WHO) has included daunomycin and doxorubicin
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Figure 1.

Chgemical structure of doxorubicin and daunorubicin. Dotted circle and dotted line arrow represents probable
substitution position in anthracyclines. Doxorubicin and daunorubicin differ at C,, position encircled with 2.
Green dotted line is used to depict aglycone and sugar moieties of anthracycline drugs. Chemical structures were
rendered using ChemDeaw software.
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Figure 2.

Chemical structure of epirubicin and idarubicin. Epirubicin and doxorubicin (Figuve 1) differs at position
no. 3 (C4’ of sugar moiety, steveoisomer). Idarubicin differs from daunorubicin (Figure 1) at position 1 by
absence of methoxy group. Chemical structures were rendered using ChemDraw software.

in the model list of medicines [7]. But it has been discovered that repeated admin-
istration of these drugs can impart chemotherapy-resistance to the tumors and
cardiotoxicity [4]. To reduce or subside these side effects, major efforts are being
done to find better alternatives. Therefore, the study of more than 2000 analogs has
been done so far [8].

Regarding the chemical structure of daunomycin C,;H9NO; and doxorubicin
CyHNOyy, they share the same carbon skeleton (Figure 1). The difference in their
chemical structure comes at the side chain at C-14 position; daunomycin has a
hydrogen atom whereas doxorubicin has an alcohol group (Figure 1) [5, 6].

2. Proposed action mechanisms
2.1 Anthracyclines as DNA intercalators

The exact mechanism of the anthracycline in the body is not known and still
under investigation. However, DNA is recognized as the prime target of well-known
anthracycline like doxorubicin. The primary mechanism involves the intercala-
tion of planar tetracyclic chromophore between the DNA base pairs subsequently
affecting the transcription and translation of DNA. The binding affinity of the drug
to DNA is not only the factor contributing to the cytotoxic activity of anthracyclines
but other factors like binding mode and binding site of anthracycline also play
important role in exerting cytotoxic effects.
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The specificity, binding affinity, and the binding mode of every anthracycline
differ with the difference in the sequence of DNA bases (Figures 3-5). Structural,
computational and solution studies on the daunomycin-DNA complex have
provided the information that daunomycin has preferential binding where AT is
present between two GC base pairsi.e. GCATGC [9, 10]. Equilibrium binding and
DNase footprinting methods were utilized to study site and sequence specificity
of daunorubicin to DNA. The results of these experiments demonstrate that
daunomycin indeed recognizes specific DNA sequences and its binding affinity
with DNA increases with an increase in GC content [11]. Moreover, the effect
of daunorubicin in cleaving the linear pBR322 DNA by restriction endonuclease
EcoRI and Pvul was investigated to assess the sequence-specific binding of dauno-
rubicin [11]. The recognition sequence of EcoRI and Pvul are 5-GAATTC-3'and
5’-CGATCG-3' respectively. Chaires et al. observed that Pvul inhibits the rate of
digestion of pBR322 DNA more than the EcoRI suggesting preferential sequence
specificity of daunorubicin. Similar results were evident from the crystal structure
analysis of daunomycin-DNA d (CpGpTpApCpG) complexes (Figure 4) [10]. The
specificity for the GC base pair is due to the hydrogen bonds formed during the
interaction. The hydroxyl group on C9 of daunorubicin interact with N2 and N3 of
guanine with two hydrogen bonds. This preference to GC base pair also explains
the increase in binding affinity of the drug with an increase in GC content of DNA
[10]. Similarly, crystal structures of anthracyclines like doxorubicin, epirubicin,
and idarubicin show sequence-specific intercalative binding mode between DNA
bases (Figures 3 and 5).

Moreover, several experiments were done to study the intercalation mechanism
of anthracyclines with DNA. A spectrofluorometric method was also developed
for the estimation of anthracycline intercalation in living cells and DNA solutions
[12]. Belloc et al. have done measurement of anthracyclines (daunorubicin and
idarubicin) intercalation in the DNA of living cells by flow cytometry [13]. Ashley
et al. has demonstrated the intercalative property of anthracyclines in nuclear as
well as in mitochondrial DNA using picogreen (fluorescent DNA binding dye) [14].
The intercalation of anthracycline into mitochondrial DNA has a significant impact

PDB ID: 1Pz0 PDB ID: 1D12

Figure 3.

Intercalation of doxorubicin between GC basepairs. Crystal structure of doxorubicin getting intercalated
between GC bases. Structures are taken from protein data bank. Light green color depicts AT baseparing
and dark green color shows GC bases. Red dots represent crystallized water molecules. Figure clearly depicts
intercalation of doxorubicin in GC bases of DNA and prefevential binding with nucleotide sequences.
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PDB ID: 1DAo PDR ID: 1JO=2 PDB ID:1D11

Figure 4.

Intgercalation of daunorubicin between GC basepairs. Crystal structure of daunorubicin getting
intercalated between GC bases. Structures are taken from protein data bank. Light green color depicts AT
baseparing and dark green color shows GC bases. Red dots represent crystallized water molecules. Figure
clearly depicts intercalation of doxorubicin in GC bases of DNA and preferential binding with nucleotide
sequences.

bases

Idarubicin

Epirubicin

PDB ID: 1D58 PDB ID: 198D

Figure 5.

Intgermlatian of epirubicin and idarubicin between GC basepairs. Crystal structure of epirubicin getting
intercalated between AT and GC basepairs. Crystal structure of idarubicin getting intercalated between GC
bases. Structures are taken from protein data bank. Red dots represent crystallized water molecules. Figure
clearly depicts intercalation of epirubicin and idarubicin in GC bases of DNA and prefevential binding with
nucleotide sequences.

on mitochondrial toxicity. The effect of doxorubicin binding on the morphology of
the single stranded DNA was further quantitatively analyzed using Atomic Force
Microscopy (AFM). AFM studies strengthen the probable mechanism of intercala-
tive binding mode as consequences of doxorubicin interaction with DNA [15].

Other studies found that B-DNA is preferred over Z-DNA by the daunorubicin
for binding. Allosteric conversion of the Z form into B form has also been observed
in some cases. lonic concentration in which usually Z form of DNA is present
changes to B form on the binding of daunorubicin to poly dGdC or resist to change
from B form to Z form [16]. There are several pieces of evidence suggesting drug
binding to DNA results in the inhibition of specific DNA function contributing
towards their therapeutic effects.
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2.2 How anthracyclines damage DNA?

Anthracyclines are known to damage DNA by several mechanisms which include
topoisomerase-II poisoning, free radical formation, and DNA-anthracycline adduct
formation. The semiquinone radical of anthracycline can intercalate between DNA
base pair resulting in DNA damage by forming reactive oxygen species (ROS).

2.2.1 Via topoisomerase 11 poisoning

Along with DNA intercalation, topoisomerase II is also considered as the pri-
mary target of anthracyclines [17]. Topoisomerases help in solving the topological
problems like supercoiling, knotting, and catenation of DNA during replication,
transcription, and recombination by creating single and double stranded breaks
and subsequently rejoining the breaks. Based on structure and function, mam-
malian cells have two types of topoisomerases which are topoisomerase I and II.
Topoisomerase I is monomeric and forms single strand breaks in DNA whereas
topoisomerase II is dimeric and introduces double stranded breaks in DNA.
Anthracyclines interfere with the normal functioning of breaking and rejoining
of DNA strands by topoisomerases, particularly topoisomerase II consequence in
the formation of an abortive anthracycline- DNA-topoisomerase ternary complex,
hence poisoning the enzyme action. This ternary complex impends the religation of
breaks in the dsDNA. Hence, anthracyclines act on topoisomerase II and stabilize
the DNA-topoisomerase II complex. Due to this topoisomerase II which otherwise is
essential for the normal functioning of the cell now acts as a lethal toxin to the cell
and leads the cell to apoptosis. During intercalation, the planar ring of the aglycone
and sugar moiety remains in contact with DNA bases while the A ring and the sub-
stituents present the C9 which are present in the minor groove of DNA interact with
the enzyme (Figures 1 and 2). Perhaps that’s why modifying the C9 substituent
changes the activity of the drug. Cleavage does not occur on all the sites recognized
by the Topoisomerase II and depends on the specific base sequence where the drug
interacts with the enzyme. An increase in drug activity is seen when the 4-methoxy
group is removed and the sugar moiety is substituted on 3’. 3" substitution also has
a significant role in the determination of specific sites for anthracycline associated
cleavage of DNA.

Several lines of evidence have shown that these anthracyclines induce irreversible
DNA damage by forming a ternary complex with DNA topoisomerase which intro-
duces permanent double stranded breaks which ultimately lead to apoptosis in rapidly
dividing cells [18, 19].

2.2.2 Via oxidative stress

Anthracyclines also causes the production of free radicals inside the cell which
are responsible for the cytotoxic effect of these drugs. Though the mechanism of
this process is still unclear increased number of reactive oxygen species (ROS)
and the presence of deoxyaglycone in the urine after the administration of drugs
indicates the possibility of this mechanism [5]. Oxidative stress is the imbalance
between the reactive nitrogen species and reactive oxygen species in the cell.
Mitochondria are believed to take part in this process. Quinone ring of the anthra-
cyline aglycone act as electron acceptor (Figures1and 2). In the electron transport
chain (ETC), one electron is transferred from NADPH to flavoprotein and then to
the aglycone due to which quinone gets reduced to form semiquinone free radical.
This reaction is catalyzed by NADPH cytochrome P-450 reductase [20]. From
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the semiquinone, this electron gets transferred to oxygen and semiquinone gets
converted into stable hydroquinone in this redox cycle. Due to this electron transfer
oxygen gets reduced to superoxide which readily gets converted to other reactive
oxygen species like hydroxyl radical which is harmful to cells. These reactive oxygen
species can lead to DNA damage and lipid peroxidation which finally result in cell
apoptosis.

When oxygen becomes limiting, semiquinone free radical transfer the electron
to other electron acceptors, and rearrangement in anthracyclines takes place. The
aglycone ring remains connected to sugar moiety by a glycosidic bond which is
an ether containing linkage with oxygen in it which accepts the unpaired electron
and due to this cleavage of glycosidic bond takes place. As a result, the formation
of 7-deoxyaglycone takes place which either directly passes through urine or as
conjugates in the bile [5]. There are several hypotheses explaining why superoxide
dismutase (SOD), catalase, and antioxidants do not work effectively after the
administration of anthracyclines. Studies have shown that anthracyclines can
alter the glutathione (GSH) level and the enzymes involved in its redox pathway.
According to another hypothesis free radicals are formed on the cell surface or
internally in the cell and then get transferred to the cell surface due to which SOD
and catalase fail to act upon these ROS [17].

2.2.3 Via forming DNA-anthracycline adduct

Formation of the anthracycline-DNA adduct in the presence of formaldehyde is
another proposed mechanism of anthracycline action. There are studies that show
the formation of doxorubicin-DNA at clinically relevant concentrations of drugs
[21]. Anthracycline forms covalent bond with one DNA strand and hydrogen bond
with other DNA strand resulting in DNA damage. The reaction between anthracy-
cline and cellular formaldehyde is the foremost step to form activated Schiff base
which then forms aminal linkage with the exocyclic amino group of guanosine.
Formaldehyde in the cells is derived from the various carbon sources like lipids and
spermine by iron mediated free radical reactions. In addition, Kato et al. have found
increased formaldehyde levels in the cancer cells as compared to normal cells [22].

Phillips et al. using the bidirectional transcription footprinting technique dem-
onstrate that adriamycin-DNA adduct formation induces transcription inhibition
with alkylation at specific DNA sites [23]. However, Bilardi et al. have demonstrated
that anthracycline-DNA adduct induces breaks in DNA via a mechanism indepen-
dent of topoisomerase-II [24]. Moreover, DNA breaks formation occurs mainly
due to the stalled or collapsed replication fork and these DNA breaks are repaired
by homologous recombination dependent process. Forrest et al. investigated the
activation of DNA damage response pathways after doxorubicin-DNA adduct
formation and found that the downstream processing is dependent on various
stages like recognition of adduct during replication, transcription, or any other
stage of the cell cycle. Ataxia telangiectasia mutated (ATM) and ATM and Rad3
related protein kinase (ATR) are the DNA damage recognition proteins that get
activated in response to double and single DNA strand breaks respectively. Forrest
et al. demonstrate that both ATM and ATR proteins have the capability to react with
intermediates produced as a result of doxorubicin-DNA adduct formation [25].

DNA-anthracycline adduct formation probably follows a similar pattern as
followed by cisplatin-DNA adduct (Figure 6). The same process also takes place
in presence of xanthine oxidase which is present in the living cells [23, 26]. Other
studies revealed that formaldehyde is also an important factor for the DNA adduct
formation which is formed in the reaction media due to oxidation of different
components in media by hydrogen peroxide. Formaldehyde has the carbon through
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Figure 6.

DNA-drug adduct formation. DNA cisplatin structure was visualized and vendered using Chimera software.
Chemical structures were rendered using ChemDraw software. (a) DNA-cisplatin adduct (PDB ID: 2NPW).
(b) Schematic representation of doxorubicin-DNA adduct.

which N-C-N i.e. covalent bond forms between 3’ NH, of amino sugar of doxoru-
bicin/daunorubicin and 2-NH, of guanosine residue of DNA backbone (Figure 6)
[25]. Quinone methide 1 is present as a transient form in this reaction. Further, it
is stabilized by the hydrogen bond formed between two strands of double helical
DNA. Though the structure of the adduct is known but the mechanism by which it
promotes cell death is not clear [27].

Doxorubicin forms DNA adduct with the assistance of formaldehyde and the
concentration of formaldehyde in the cell is low. So, to overcome this, some pro-
drugs are administered which gets converted to formaldehyde inside the cell for e.g.
pivaloyloxymethyl butyrate give rise to formaldehyde inside the cell when cleaved
by esterase. Due to DNA-anthracycline adduct formation cytotoxicity of anthracy-
clines readily increases [21].

3. Side effects

Cardiotoxicity is one of the main side effects caused by anthracyclines. Types
of cardiotoxicity are Type I and Type II, Type I cardiotoxicity results irreversible
cell death, while Type II cause reversible damage. At the beginning, cardiotoxicity
thought to directly correlate with the cumulative drug dose, but later on, it was
discovered that cardiotoxicity can occur even during the treatment [28, 29].

Increased ROS level in cardiac cells is considered as one of the factors contributing
to anthracycline mediated cardiotoxicity. Administration of anthracyclines conse-
quences in increased ROS involving the transfer of an electron to oxygen during the
reduction of quinone to semiquinone which further gets converted to hydroquinone
to complete the redox cycle. This process takes place in mitochondria and the number
of mitochondria is mostly higher in cardiomyocytes as compared to other cells [30].
Moreover, enzymes such as SOD, catalase, glutathione transferase, and cytochrome
P450 which can reduce the level of ROS in cells are comparatively less in cardiomyo-
cytes resulting in an increased cardiotoxic effect [31]. According to some reports,
doxorubicin also increases NADPH oxidase level and enzymes containing flavin like
nitric oxide synthase, p450 reductase in cardiomyocytes. These enzymes increase the
level of reactive oxygen species in the cell which leads to oxidative stress [31, 32].
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Doxorubicin has a strong affinity for Fe** ions and the reaction of ferric ions
with hydroxyl and ketone groups of doxorubicin results in a free radical complex
of doxorubicin-Fe** [33]. The interaction between the negatively charged cell
membranes and as this positively charged doxorubicin-Fe complex consequences
in lipid peroxidation [33, 34]. Normally the level of iron is quite low in cells and
usually, at this low level, doxorubicin cannot interact with iron [29]. The balance
of iron is maintained by some transport proteins in the cell and according to some
recent studies, doxorubicin disturbs this balance and as a result accumulation of
iron occurs in mitochondria [34, 35]. Doxorubicin also interacts with the Fe/S
group of iron regulatory protein IRP1 and affects its post-translational modifica-
tion due to which function of IRP1 is affected and its binding affinity to IRE (iron
response element) becomes low resulting in an increased amount of iron in the
cell [33]. Mitoferrin, a mitochondrial carrier protein that helps in the entry of iron
into the mitochondria and another transfer protein mABC1 export out the iron
from mitochondria. Doxorubicin affects the functioning of mABCI1 protein due to
which it stops the export of iron out of the mitochondria while mitoferrin functions
normally and as a result amount of free iron increases inside mitochondria [36].

4. Anthracycline resistance

Along with cardiotoxicity, anthracyclines treatment also induce anthracycline
resistance even at the desired cumulative dose [37]. Resistance to drugs can be either
natural or can be acquired. Natural resistance is detected in some cells even before
the administration of the drug. While the acquired one occurs after the administra-
tion of the drug. Several mechanics of drug resistance responsible for the incidence
of drug-resistance which are: change in ATP- binding cassette [ABC] related drug
efflux and accumulation, qualitative and quantitative changes in topoisomerase II,
P53 activity, overexpression of ROS scavenging enzymes, etc. ABC (ATP- binding
cassette) transporter proteins are considered as the primary cause of anthracycline
related drug resistance [R]. P-glycoprotein (Pgp) is one of the ABC proteins believed
to induce anthracycline resistance by drug efflux, inhibition of influx, and drug
accumulation inside the cell [38]. Anthracycline interacts with Pgp which causes
the active efflux of anthracycline from the cell through its transmembrane domain.
Pgp is encoded by the mdr1 gene which becomes active in case of cell differentiation
under any chemical or environmental effect. As the anthracycline interacts with the
plasma membrane, Pgp recognizes it and exports it out. So, the increased level of
Pgp creates an imbalance between the export and import of the drug.

Moreover, alteration in topoisomerase II activity either quantitative i.e. decrease
in the number of enzyme or qualitative i.e. alteration in the normal activity of
enzyme due to mutation or other reason can give resistance to cell against further
doses of anthracyclines. Anthracycline mediated cell apoptosis also depends on
the expression of p53. So, inactivation or down regulation of p53 can give rise to
drug resistance [38]. SOD, GSH, catalase are the scavengers of ROS and their over
expression can also impart anthracycline resistance during cytotoxicity [39]. An
increase in the repair of the DNA damage caused by anthracyclines also contributes
towards anthracyclines resistance in cells.

5. Anthracycline analogs

Several studies were conducted to understand the effect of structural changes
in anthracyclines on their antitumor efficacy. Modification of anthracyclines has
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a significant impact on their antitumor activity as well as on their side effects.
Therefore, a comprehensive study on understanding the effect of specific structural
modifications in anthracyclines to its antitumor potential and efficacy leads to the
development of better analogs. Subtle modifications in the chemical structure of
anthracyclines had a significant impact on the rate of drug penetration into the
nucleus [40]. Doxorubicin and it semisynthetic analog epirubicin prepared by
epimerization at C-4" sugar display different antitumor potential (Figures 1 and 2).
Moreover, epirubicin causes less cardiac damage as compared to its parent com-
pound. Similarly, the removal of the methoxy group in the anthraquinone structure
of daunorubicin results in the formation of idarubicin, considered to a better
analog with a broad spectrum of antitumor potential as compared to daunorubicin
(Figures1and 2).

Numerous studies were undertaken in preparation for better analogs. One such
study was done with the aim of preparing a better daunorubicin analog that was
prepared and their level of cytotoxicity, DNA damaging property, cellular uptake of
daunorubicin analogs was investigated to find an anthracycline that can overcome
drug resistance. Anthracycline derivatives display different action mechanisms in
causing DNA lesions in various human cancer cell lines as well as in their resistant
sublines [41]. It was hypothesized that the replacing primary amino group at the C3
position of the daunosamine moiety by a trisubstituted amidino group might help
in overcoming drug resistance [41].

Shaul et al. investigated the subcellular localization as well as their cytotoxic
effect of anthracyclines and their analogs in various cell lines [42]. Association
between the chemical structure of different anthracyclines and their subcellular
distribution and their function was investigated in cancer cell lines. Confocal
microscopy experiments were done to study subcellular localization of anthracy-
clines and their analogs. Fluorescent DNA intercalator displacement experiments
conducted for studying the intercalative properties demonstrated that the DNA
intercalation property of anthracycline was not related to their cytotoxic effect.
Structural information on the binding of anthracycline drugs with the target
molecule helps in the development of effective drugs.

X-ray crystallographic and NMR (nuclear magnetic resonance) spectroscopic
studies on anthracyclines-target complex have been conducted in the past and
provide significant information that helps in the rational designing of drugs.
Proceeding in similar lines, Yan et al. investigated the interactions of doxorubicin
and its derivatives with DNA using resonance Raman and surface-enhanced
resonance Raman scattering spectroscopy and provide significant details on anthra-
cycline binding with DNA [43]. Spectroscopic techniques like Fourier transform
infrared spectroscopy (FTIR), circular dichroism, fluorescence provided signifi-
cant information binding properties of anthracyclines with nucleic acid [44-48].
Conformational studies on anthracycline-nucleic acid complex using computational
methods like molecular dynamics (MD) simulations also contributes significantly
to the development of the better anthracycline alternative.

6. Conclusion

Anthracyclines are widely used as antineoplastic agents owing to their great
anticancer potential. There are several mechanisms proposed by which anthra-
cyclines exert their cytotoxic effect. These drugs mostly act as DNA intercalators
and halt vital functions like transcription and replication of cells. DNA damage
by topoisomerase II poisoning, oxidative stress, and by forming anthracycline-
DNA adduct are other proposed mechanism of anthracycline action. Despite their
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widespread usage in cancer treatment, their administration consequences in certain
adverse side effects including cardiotoxicity that limits their clinical use. Therefore,
further elucidation of the mechanism by which anthracycline drugs exert their
cytotoxic effect becomes extremely important. Structural, iz silico molecular
docking/MD simulations studies and their correlation with the cytotoxic effect
provide significant information for the development of structure-based analogs.
The synthesis of novel structure-based anthracycline analogs should be continued
to get an analog with better efficacy and minimum side effects. The development
of an analog that can reverse the effect of drug resistance as well as reduce dose-
dependent toxicity is essential.

Acknowledgements

Manish Shandilya and Shrutika Sharma would like to acknowledge the support
provided under the DST-FIST grant no. SR/FST/PS-1/2019/68 of Government of
India. Sonika Charak is thankful to National Brain Research Centre for providing
financial assistance.

Conflict of interest

The authors declare no conflict of interest.

Author details
Manish Shandilyal, Shrutika Sharma’, Prabhu Prasad Das® and Sonika Charak®

1 Amity School of Applied Sciences, Amity University Haryana,
Gurugram, Haryana, India

2 ACOAST, Amity University Haryana, Gurugram, Haryana, India
3 National Brain Research Centre, Manesar, Gurugram, Haryana, India

*Address all correspondence to: sonu.mbhu@gmail.com

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

164



Molecular-Level Understanding of the Anticancer Action Mechanism of Anthracyclines

DOI: http://dx.doi.org/10.5772/intechopen.94180

References

[1] Fujiwara A, Hoshino T,

Westley JW. Anthracycline antibiotics.
Critical Reviews in Biotechnology.
1985;3(2):133-57.

[2] Bhagat A, Kleinerman ES.
Anthracycline-Induced Cardiotoxicity:
Causes, Mechanisms, and Prevention.
Current Advances in Osteosarcoma:

Springer; 2020. p. 181-92.

[3] Doroshow JH. Mechanisms of
Anthracycline-Enhanced Reactive
Oxygen Metabolism in Tumor Cells.
Oxidative medicine and cellular
longevity. 2019;2019.

[4] Krohn K. Anthracycline Chemistry
and Biology I: Biological Occurence and
Biosynthesis, Synthesis and Chemistry:
Springer; 2009.

(5] Bachur NR. Anthracycline antibiotic
pharmacology and metabolism. Cancer
Treat Rep. 1979;63(8):7-820.

[6] Beretta GL, Zunino F. Molecular
mechanisms of anthracycline activity.

Anthracycline Chemistry and Biology II:

Springer; 2007. p. 1-19.

[7] Organization WH. The selection and
use of essential medicines: report of the
WHO Expert Committee on Selection
and Use of Essential Medicines, 2019
(including the 21st WHO Model List of
Essential Medicines and the 7th WHO
Model List of Essential Medicines for
Children). 2019.

[8] Nadas J, Sun D. Anthracyclines
as effective anticancer drugs.
Expert Opinion on Drug Discovery.
2006;1(6):549-68.

[9] Chaires JB. Biophysical
chemistry of the daunomycin-DNA

interaction. Biophysical chemistry.
1990;35(2-3):191-202.

[10] Wang AH, Ughetto G, Quigley GJ,
Rich A. Interactions between an

165

anthracycline antibiotic and DNA:
molecular structure of daunomycin
complexed to d (CpGpTpApCpG) at
1.2-. ANG. resolution. Biochemistry.
1987;26(4):1152-63.

[11] Chaires JB, Fox KR, Herrera JE,
Britt M, Waring MJ. Site and sequence
specificity of the daunomycin-

DNA interaction. Biochemistry.
1987;26(25):8227-36.

[12] Tarasiuk J, Frézard F, Garnier-
Suillerot A, Gattegno L. Anthracycline
incorporation in human lymphocytes.
Kinetics of uptake and nuclear
concentration. Biochimica et Biophysica
Acta (BBA)-Molecular Cell Research.
1989;1013(2):109-17.

[13] Belloc F, Lacombe F, Domain P,
Lopez F, Bernard P, Boisseau MR, et
al. Intercalation of anthracyclines
into living cell DNA analyzed

by flow cytometry. Cytometry.
1992;13(8):880-5.

[14] Ashley N, Poulton J. Mitochondrial
DNA is a direct target of anti-cancer
anthracycline drugs. Biochemical and
biophysical research communications.

2009;378(3):450-5.

[15] Cassina 'V, Seruggia D, Beretta GL,
Salerno D, Brogioli D, Manzini S, et
al. Atomic force microscopy study of
DNA conformation in the presence of
drugs. European Biophysics Journal.
2011;40(1):59-68.

[16] Chaires JB. Long-range allosteric
effects on the B to Z equilibrium

by daunomycin. Biochemistry.
1985;24(25):7479-86.

[17] Gewirtz D. A critical evaluation
of the mechanisms of action proposed
for the antitumor effects of the
anthracycline antibiotics adriamycin
and daunorubicin. Biochemical
pharmacology. 1999;57(7):727-41.



Advances in Precision Medicine Oncology

(18] Pommier Y, Leo E, Zhang H,
Marchand C. DNA topoisomerases
and their poisoning by anticancer
and antibacterial drugs. Chemistry &
biology. 2010;17(5):421-33.

[19] Visone V, Szabd I, Perugino G,
Hudecz F, Bidndéczi Z, Valenti A.
Topoisomerases inhibition and DNA
binding mode of daunomycin—
oligoarginine conjugate. Journal of
enzyme inhibition and medicinal
chemistry. 2020;35(1):1363-71.

[20] Murabito A, Hirsch E, Ghigo A.
Mechanisms of anthracycline-induced
cardiotoxicity: is mitochondrial

dysfunction the answer? Frontiers in
Cardiovascular Medicine. 2020;7.

[21] Coldwell KE, Cutts SM,

Ognibene TJ, Henderson PT,

Phillips DR. Detection of Adriamycin—
DNA adducts by accelerator mass
spectrometry at clinically relevant

Adriamycin concentrations. Nucleic
acids research. 2008;36(16):€100.

[22] Kato S, Burke PJ, Koch TH,
Bierbaum VM. Formaldehyde in
human cancer cells: detection by
preconcentration-chemical ionization

mass spectrometry. Analytical
chemistry. 2001;73(13):2992-7.

[23] Cullinane C, Phillips DR. Induction
of stable transcriptional blockage

sites by adriamycin: GpC specificity

of apparent adriamycin-DNA adducts
and dependence on iron (III) ions.
Biochemistry. 1990;29(23):5638-46.

[24] Bilardi R, Kimura K-, Phillips D,
Cutts S. Processing of anthracycline-
DNA adducts via DNA replication
and interstrand crosslink repair

pathways. Biochemical pharmacology.
2012;83(9):1241-50.

[25] Forrest RA, Swift LP, Rephaeli A,
Nudelman A, Kimura K-I, Phillips DR,
etal. Activation of DNA damage
response pathways as a consequence

166

of anthracycline-DNA adduct
formation. Biochemical pharmacology.
2012;83(12):1602-12.

[26] Cutts SM, Nudelman A, Rephaeli A,
Phillips DR. The power and potential of
doxorubicin-DNA adducts. IUBMB life.
2005;57(2):73-81.

[27] Taatjes DJ, Gaudiano G,

Resing K, Koch TH. Alkylation of DNA
by the anthracycline, antitumor

drugs adriamycin and daunomycin.
Journal of medicinal chemistry.

1996;39(21):4135-8.

[28] Smith LA, Cornelius VR,

Plummer CJ, Levitt G, Verrill M,
Canney P, et al. Cardiotoxicity of
anthracycline agents for the treatment
of cancer: systematic review and meta-
analysis of randomised controlled trials.
BMC cancer. 2010;10(1):1-14.

[29] Salazar-Mendiguchia J,
Gonzdilez-Costello J, Roca ],
Ariza-Solé A, Manito N, Cequier A.
Anthracycline-mediated
cardiomyopathy: basic molecular
knowledge for the cardiologist. Arch
Cardiol Mex. 2014;84(3):218-23.

[30] Pai VB, Nahata MC. Cardiotoxicity
of chemotherapeutic agents. Drug
safety. 2000;22(4):263-302.

[31] Octavia Y, Tocchetti CG,
Gabrielson KL, Janssens S, Crijns HJ,
Moens AL. Doxorubicin-induced
cardiomyopathy: from molecular
mechanisms to therapeutic strategies.
Journal of molecular and cellular
cardiology. 2012;52(6):1213-25.

[32] Aviello G, Knaus UG. NADPH
oxidases and ROS signaling in the
gastrointestinal tract. Mucosal
Immunology. 2018;11(4):1011-23.

[33] Renu K, Abilash V, PB TP,
Arunachalam S. Molecular mechanism
of doxorubicin-induced
cardiomyopathy—An update.



Molecular-Level Understanding of the Anticancer Action Mechanism of Anthracyclines

DOI: http://dx.doi.org/10.5772/intechopen.94180

European journal of pharmacology.
2018;818:241-53.

[34] Gammella E, Maccarinelli F,
Buratti P, Recalcati S, Cairo G. The role
of iron in anthracycline cardiotoxicity.
Frontiers in pharmacology. 2014;5:25.

[35] Xu X, Persson H, Richardson D.
Molecular pharmacology of the
interaction of anthracyclines with

iron. Molecular pharmacology.
2005;68(2):261-71.

[36] Ichikawa Y, Ghanefar M, Bayeva M,
WuR, Khechaduri A, Prasad SVN,

et al. Cardiotoxicity of doxorubicin is
mediated through mitochondrial iron

accumulation. The Journal of clinical
investigation. 2014;124(2):617-30.

[37] Kaye S, Merry S. Tumour cell
resistance to anthracyclines—a
review. Cancer chemotherapy and
pharmacology. 1985;14(2):96-103.

[38] Lam V. p53 gene status and
chemosensitivity of childhood acute
lymphoblastic leukemia cells to
antinoneoplastic agents: National
Library of Canada= Bibliothéque
nationale du Canada; 2001.

[39] Harbottle A, Daly AK,
Atherton K, Campbell FC. Role
of glutathione S-transferase P1,

P-glycoprotein and multidrug resistance-

associated protein 1 in acquired
doxorubicin resistance. International
journal of cancer. 2001;92(6):777-83.

[40] Kerr D, Kaye S. Aspects of cytotoxic
drug penetration, with particular
reference to anthracyclines. Cancer
chemotherapy and pharmacology.
1987;19(1):1-5.

[41] Ciesielska E, Studzian K,
Wasowska M, Oszczapowicz I,
Szmigiero L. Cytotoxicity, cellular
uptake and DNA damage by
daunorubicin and its new analogues
with modified daunosamine

167

moiety. Cell biology and toxicology.
2005;21(3-4):139-47.

[42] Shaul P, Frenkel M, Goldstein EB,
Mittelman L, Grunwald A, Ebenstein Y,
etal. The structure of anthracycline
derivatives determines their subcellular
localization and cytotoxic activity.

ACS medicinal chemistry letters.
2013;4(3):323-8.

[43] Yan Q, Priebe W, Chaires JB,
Czernuszewicz RS. Interaction of
doxorubicin and its derivatives with
DNA: Elucidation by resonance Raman
and surface-enhanced resonance

Raman spectroscopy. Biospectroscopy.
1997;3(4):307-16.

[44] Ray B, Agarwal S, Kadian H,
Gambhir K, Sharma P, Mehrotra R.
Deciphering molecular aspects of
interaction between anticancer drug
mitoxantrone and tRNA. Journal of
Biomolecular Structure and Dynamics.
2017;35(10):2090-102.

[45]LiN, MaY, Yang C, Guo L,

Yang X. Interaction of anticancer drug
mitoxantrone with DNA analyzed by
electrochemical and spectroscopic
methods. Biophysical chemistry.
2005;116(3):199-205.

[46] Charak S, Shandilya M, Mehrotra R.
RNA targeting by an anthracycline drug:
spectroscopic and in silico evaluation

of epirubicin interaction with tRNA.
Journal of Biomolecular Structure and
Dynamics. 2020;38(6):1761-71.

[47] Charak S, Jangir DK,

Tyagi G, Mehrotra R. Interaction
studies of Epirubicin with DNA
using spectroscopic techniques.
Journal of Molecular Structure.
2011;1000(1-3):150-4.

[48] Charak S, Mehrotra R. Structural
investigation of idarubicin-DNA
interaction: Spectroscopic and
molecular docking study. International
journal of biological macromolecules.
2013;60:213-8.






Chapter 10

Overview on the Side Effects of
Doxorubicin

Chittipolu Ajaykumar

Abstract

Doxorubicin is an anthracycline antibiotic extracted from the bacterium
Streptomyces peucetius. Its cytotoxic effect produced by intercalating with DNA
causing breakdown of DNA strand which causes cancer cell apoptosis. Despite
being an effective anticancer agent it causes several crucial side effects like carditox-
icity, neuropathy, hepatotoxicity, nephrotoxicity, alopecia, typhlitis, myelosuppres-
sion, neutropenia, anaemia, thrombocytopenia, nausea, and diarrhoea were caused
mainly due to the inability to distinguish between cancer cells and normal cells. This
chapter mainly focuses on doxorubicin’s side effects, current understanding of the
molecular mechanisms, and management and preventive strategies of doxorubicin’s
cardiotoxicity during the treatment of various type of cancer.

Keywords: doxorubicin, nephrotoxicity, neurotoxicity, hepatotoxicity, cardiotoxicity

1. Introduction
1.1 Historical background

In the 1950s Italian based company; Farmitalia research laboratory began a
research program in finding the anticancer compounds from soil-based microbes.
In the process of research collected a soil sample from the castle named as castle Del
monte, which was built in the 13th century. The collected soil sample contains new
strains of bacterial species and isolated from it. The separated microbe recognised
with the name Streptomyces peucetius which is typically produces a significant red
pigment. The antibiotic produced from this bacterium discovered to be efficient in
treating the tumours especially solid tumours while researching on mice. Since a
group of French scientists found the same compound about at the same time, they
agreed to call the antibiotic daunorubicin, referring to the two nations. In which,
Dauni refers to the pre-Roman tribe who inhabited the position in Italy where the
species of bacteria were isolated and ruby represents the colour in Italy. The clinical
trials of daunorubicin were began in 1960s and confirmed as successful in treat-
ing the lymphoma and acute leukaemia [1, 2]. After a short note of the time, in
1967 daunorubicin was discovered to be cause fatal cardiotoxicity. Then, by using
nitroso-N-methyl urethane, the Italian research company mutated the strains of
Streptomyces peucetius and developed a new strain of bacterial species that pro-
duces 14-hydroxylated daunorubicin, also known as Adriamycin (named after the
Adriatic Sea), then changed its name to doxorubicin, which has a strong therapeutic
index, but cardiac toxicity remains [3].
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1.2 Doxorubicin chemical structure and properties

Doxorubicin (DOX) is an anthracycline antibiotic structurally similar to
Daunorubicin as natural anti-cancer antibiotic used in cancer treatment. Its anti-
cancer effect produced intercalating with DNA and this will inhibit DNA transcrip-
tion and replication; and by binding to the topoisomerase II enzyme and inhibit
the resealing of the DNA fragments. The presence of sugar moiety attached to the
anthracycline ring further enhances the binding to phosphate and sugar moieties
in to DNA. This led to stops the proliferation of cancer cells in the host [4]. Besides,
the presence of quinone moiety apart from contributing the cytolytic ability by
generating the intermediate radicals, which further react with the oxygen and forms
superoxide ions and these ions also shows a high tendency towards the damaging
the cell membranes causes a dose-dependent the cardiac myopathy [5, 6].

(8] OH O
OH
-f.,,,,,OH
H
o0 o om 9% o
OH
NH,

The Doxorubicin is mainly used in case of patients suffering from Breast cancer,
ovarian cancers, lung cancers, bladder cancers, leukaemia (acute lymphoblastic
leukaemia, acute myeloid leukaemia) and AIDS-related Kaposi’s sarcoma and various
solid tumours. DOX also used in combination with other agents in case of bone sarco-
mas, soft tissue sarcomas, uterus cancer, endoblastoma cancer, cervix cancer, pancre-
atic cancer, Ewing’s sarcoma, mesothelioma, multiple myeloma, Wilms tumour and
in neuroblastoma [7, 8].

2. Doxorubicin side effects
2.1 Hepatotoxicity

Liver is one of the essential organs of the body; it plays a major role in metabolism
and detoxification of several drugs. This can explains why liver is the primary body
organ affected by chemotherapy. Despite being cytostatic and cytotoxic effects on
cancer cells DOX documented to accumulate in the various tissues include liver cells.
In humans, it is estimated as 50% of DOX eliminated in un-exchanged form, the
remainder dose metabolised through hydroxylation, semiquinone formation [9]. The
major pathway for biotransformation of DOX is catalysed by the NADPH-dependent
carbonyl reductase, Nitric oxide synthase, cytochrome P-450 reductase, aldo-keto
reductase enzymes. The hydroxylation occurs at C-13 carbon in group commonly reac-
tion referred as electron reduction forms the secondary alcohol metabolites [10-13].
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The metabolized intermediates in the presence of oxygen converted to carbonyl
moieties resulting in generation of Superoxide anions and hydrogen peroxides causes
peroxidation of lipids in membranes of cell, aggregation of proteins (Figure1) [13-15].
The regenerative capacity of liver is more can cure the damage caused by various
agents such as DOX, which causes damage and decreases the regeneration of liver cells
by increasing the oxidative stress due to the radical generation by oxidation in hepa-
tocytes. The generated radical causes decrease in GSH levels, damages in DNA and
also act as secondary metabolites in in many metabolic pathways which includes in
cell proliferation and cell death [16-18]. To overcome such situations liver employs the
efflux mechanisms, the efflux of DOX is achieved through from liver by ATP depen-
dent ABC proteins (P-glycoprotein) which increase the efflux of the intracellular DOX
and maintain the homeostasis. The mechanism uses large quantity of energy but with
the presence of the DOX in liver cells decreases the ATP production and increases the
ADP and Pi within the cells [19-21]. Due to this effect sometimes liver cells can’t able
to regenerate from DOX induced effects and causes hepatotoxicity.

2.2 Nephropathy

Besides maintaining the homeostasis by regulating the body fluids, kidneys work
to reabsorb the low concentrations general constituents in the body and also remove
the foreign substances like drugs or other kinds of agents. For this kind of reasons
kidneys considered as metastatic organs of human beings [22]. The regenerative
capacity of the kidneys is low when compared to the liver and highly susceptible to
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Figure 1.

DOX mediated effects on the liver.
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epithelial degeneration occurs at renal glomerulus where the filtration occurs may
lead to the glomerulosclerosis [23].

DOX interferes with the glandular podocytes of the kidney and cause nephropa-
thy the most accepted mechanism behind the nephropathy is an accumulation of
proteinuria in the kidney by the local passage of leaked proteins [23]. Increase in
the structural changes in nephrons causes hypertension, steroid resistance, high
incidents of renal failure and glomerular vacuolization, inflammation, tubular
dilation, intestinal fibrosis, permeability differences in the glomerulus, and certain
conditions like hypoalbuminemia, dyslipidemia, hypercoagulation, size differences
in kidney most likely observed [24]. A study conducted on the DOX effect on the
mitochondria by the Lebrecht suggested that DOX interfere the mitochondrial
mtDNA in the kidney with ROS produced from it and accelerating the damaging of
the nephron. Another study reports suggesting that DOX forming an iron-mediated
anthracycline complex, which produces the ROS led to an increase in the oxidative
lesions in the cells causing damage to the critical cellular components [25, 26].

The decreasing the levels of the GSH (Glutathione), vitamin E levels and other
natural oxidant levels production from the liver cells enhances the nephropathic
conditions which may initially affect the Bowman’s capsule thickness and the
glomerular tuft of the nephron. The study conducted by Rook et al. [26] Reported
as Angiotensin-converting enzyme is said to be one of the responsible factors for
tissue damage triggered by the DOX therapy. The ACE is causing the pro-inflam-
matory, pro-fibrotic effects which make interference in the kidney and nephrons to
maintain the glomerular pressure and filtration rate of blood [27, 28]. The cases of
nephropathy and proteinuria are rare in humans susceptibility towards such condi-
tion based on the genetic makeup of the individual.

2.3 Neurotoxicity

The brain is the largest and most complex organ in the human body contains
about 100 billion neurons with 1 trillion established connections throughout the
body. DOX is not able to transfer through the blood-brain barrier (BBB), therefore
DOX effects against the brain via indirect way [29, 30]. These effects include:
depression, anxiety, decrease in motor functions, haemoglobin levels, perception
skills affected, and menopausal status, visuospatial skills are affected through
cancer chemotherapy. The recovery of the cognitive functions may take up to a year
[31]. The DOX mediate increase TNF-a level (inflammatory cytokines produced
by the macrophages/monocytes during the acute inflammation involved in many
signalling pathways) in the brain at cortex and hippocampus of mice [32-34]. The
mitochondrial activity, glutathione-S-transferase, GSH levels, and MnSOD levels in
the brain are decreased and increase in levels of 4-hydroxynoneal (HNA), thiobar-
bituric acid reactive substances (TBARS), malondialdehyde (MDA) and increase in
levels of protein carbonyl groups [35-38], which causes increase the oxidative stress
in the brain cells and further led to cause cell damage.

The MnSOD levels in the brain generally detoxify the oxygen free radicals,
inactivated by the Nitric oxide (NO). The DOX indirectly increased the concen-
tration of NO by overexpressing the Nitric oxide synthase enzyme [37]. A study
conducted on the NOS dependent brain injury with DOC reinforcing the nitric
oxide tissue damage [38]. The mitochondrial activity is very important in the brain
because it is a powerhouse of cells (energy production) brain uses 20% of body
glucose for energy production to conduct and maintain the regular activities [39].
The DOX induces generation of MDA, TBARS, and HNA which cause the decrease
the mitochondrial activities. A study conducted on the DOX-induced toxicity
on rats with 10 mg/kg dose, the rats died between 10 and 50 days with observed
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light microscopic studies reveals that specific changes in the ganglionic cells of the
peripheral nervous system [40].

2.4 Cardiomyopathy

This side effect found to be a dose-dependent on DOX. The DOX-induced car-
diotoxicity occurs acutely and chronically. The acute effects occur within one week
period the patient may experience arrhythmia, hypotension, and super ventricular
tachycardia. These abnormalities are generally reversible in a noticeable period
[41]. The chronic effects are shown in only 1.7% of patients with a 50% mortality
rate [42, 43]. The chronic effect of DOX such as congestive heart failure reported
in a study, when the patients are treated with dose 500-550 mg/m” in more than
4% of patients when treated with the dose is 551-600 mg/m? 18% of patients
cause the CHF, and almost 35% of patients observed with CHF when treated with
>601 mg/m” [44, 45].

A study conducted by the Zordosky and El-kadi on DOX-induced toxicity
reported as the induction of Brain natriuretic peptides, atrial natriuretic peptides
genes, monooxygenases, cytochrome P genes and hypertrophy markers respon-
sible for the xenobiotics and certain endogenous substances [46]. The inductions
of these genes are cause cardiac hypertrophy leading to heart failure and altered
the arachidonic acid mechanisms. A study reported the DOX effects based on the
concentrations, at low concentrations DOX dose (0.5-1 pM) causes the alterations in
structural proteins (includes sarcomeric myosin, nuclear lamina), plasma mem-
brane blebbing (causes change in cell shape), and mitochondrial depolarization
and fragmentation. At high concentration causes (5-50 pM) causes the cytoplasm
vacuolization, swelling of mitochondrial cells, promote the cellular alterations
(Figure 2) at the cellular and nuclear membranes [47]. The DOX reportedly binds
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activation Autophagy cardiac
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Figure 2.
DOX-mediated effects on the Heart.
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to the cardiolipin (a mitochondrial inner membrane component), which raises

the accumulation of the DOX inside the mycoplasma when compared to the other
body cells. The high concentration existence of the NADPH dehydrogenase inside
the mitochondria initiates the redox reaction in the complex and promotes the
production of the Reactive oxygen species. Myocytes are generally having low levels
of anti-oxidants when compared to the other tissue cells, considerably DOX shows
enhanced effects on the heart and cause toxicity [48-50].

The antioxidant level differences were observed in rats under DOX treatment
based on the age differences, younger Fischer rats contain more levels of antioxidants
when compared to old Fischer rats. A recent study stated the involvement of the
Toll-like receptor TLR-4 (a specific receptor in the immune system generally recognise
the multiple bacterial antigens and plays a major role in the maturation of the phago-
somes) [51]. The increase in TLR-4 expression in the DOX-induced Cardiomyocytes,
when studied the cardiomyopathic cells in humans and animals. The deficiency of
TLR shows decreased in lipid peroxidation and nitrotyrosine levels in cardiomyop-
athic cells. The other study on the glutathione peroxidase 1 (GPx) enzyme is present
in both cytosol and mitochondria play a major role in the detoxification. The study
conducted with the insertion of DOX on non-GPx and wild type mice, the results
showed based on the study on myocytes of the non-GPx mice having the high concen-
tration of the DOX deposits in cells, when compared to wild type mice [52-54].

The oxidative stress is a major cause for the exhibiting the cardiotoxicity,
involved the generation of higher amounts of ROS cause the cellar alterations and
damage are referred to as oxidative stress. The ROS is countered by the anti-oxidant
system in the body, in cancer patients under the DOX chemotherapy observed the
decreased the levels of GSH, TRAP levels in the body. The ROS is generation is
catalysed by NADPH oxidase enzyme [55, 56].

0,+e > 62
20, +NADPH —20;” + NADP' + H*

)

In mitochondrial cells, the same reaction is mediated by NADH —ubiquinone
oxidoreductase enzyme.

20, +NADH+H' -0, +NAD" +2H" )

The generated oxygen radical undergo dimutation with hydrohen molecules and
forms hydrogen peroxide reaction is mediated by the SOD enzyme [55].

SOD
20; +2H—>H202+0, 3)

The generated less active hydrogen peroxide is removed by the enzymes like
catalase, glutathione peroxidase.

Catalase
H202 — 2H20+02
GPx (4)
2GSH +H202 - GSSG +2H20

The generated oxygen radicals combine with the H202 and form the highly
active hydroxyl radicals. The H202 also reacted with the ferrous ions resulting in
the formation of ferric ions and reactive hydroxyl radicals [55].

0,” +H202 >OH +OH +0,
Fe?* +H202 - Fe*" + OH +OH' )
Fe’* +0,” - Fe’" +0,
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Under stress conditions, oxygen radical facilitates the ferrous iron from the
ferric ion. The iron, under normal conditions sequestered within the ferritin (a
globular protein and forms the nanocage with the metal-protein complexes) but
with regards to DOX when converted to its semi-quinone form complexes with
iron-free radical and converted to DOX forms while generating the oxygen free
radical. The generated complexes block the iron-free regulating proteins (IRP),
and then these IRPs bound to the iron-responsive elements in mRNA ferritin. The
tremendous amounts of free iron releases and gain complexes with the DOX. This
specific condition magnifies the production of ROS in cells [57-59].

The ROS acts as secondary signalling molecules shows direct effects on the
lipids, proteins, DNA, and RNA in various pathways involved in cell proliferation,
cell death and maintain the homeostasis. It is domineering to maintain the levels of
ROS in the body, in case of the heart the effect is maximum by ROS due to lack of
efficient levels of anti-oxidants in myocytes. The conditions such as cellular hyper-
trophy, alterations in the gene expressions, ventricular remodelling, the extracel-
lular matrix of the mitochondria transformation, calcium transient perturbation
and cell death activation such kinds of pathological changes may be observed in
myocytes lead the death of cells.

2.5 Mechanisms involved at different levels of cardio toxicity
2.5.1 Cellular hypertrophy

A particular disorder marked by an increase in cell size and volume. The abnor-
mality shows an improvement in the degree of protein synthesis, increased in the
organisation of sarcomere (contractile muscle fibre unit). At molecular level induc-
tion of hypertrophy associated genes are triggered by the DOX treatment which are
alpha myosin heavy chain, ventricular myosin light chain-2, and atrial natriuretic
peptide genes [60]. The main signalling cascades of the hypertrophy are tyrosine
kinases, PI3K/Akt [61], and NF-«B [62, 63], protein kinase C (PKC), mitogen-
activated protein kinases (AMPK [64]; ERK1/2 [65], p38 [66], and JNK) which are
increased in DOX therapy induce cellular hypertrophic conditions [67].

2.5.2 ECM remodelling

Extra cellular matrix is a molecular network consisting of glycol conjugates,
proteins, glycosaminoglycans and adhesive receptors that associate with each other
and forms frame network, where cells reside on them [68]. The ECM frame work is
present in all tissues it continuously shifts in quantitative and qualitative terms on a
daily basis. In case of myocytes ECM is essential for attachment, alignment and ori-
entation facilities the cellular contractions in myocytes. Changes in the ECM of the
heart found in DOX treatments, the symptoms of DOX are related to the activation
of the Membrane Metalloproteinase enzymes MMP-2 & 9 in 4 weeks of treatment
[69]. Changes in MMP-2 activate the Akt channels; suppress the superoxide dis-
mutase enzyme, which raises the amount of superoxide levels, and induce caspase-3
and all other agents together promote remodelling and apoptosis [70].

2.5.3 Impaired cardiac contraction
The heart cells (cardiomyocytes) composed of myofibrils with typical con-
traction and relaxation. Pump and propel the blood to systemic circulation.

Myofibrils contain multiple contractile units called sarcomere, which have actin
and myosin filaments. In a calm state, actin is coated in tropomyosin and protects
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the myosin-binding sites. The troponin and tropomyosin are attached when the
calcium enters into the cytosol from the sarcoplasmic reticulum; calcium binds to
the troponin and the position of the tropomyosin and troponin changes resulting in
shortening of the sarcomere. That specific condition termed as cardiac contraction
controlled by calcium influx and myofilaments. DOX could affect the transcrip-
tion and expression of the specific proteins [71]. Transcription factor-like GATA4
for the regulation of sarcomeric synthesis and cardiac differentiation and survival
of myocytes. DOX-induced ROS decreases binding function, disrupts sarcomere
structure, contractile reduction and myofibrillar deterioration [72]. DOX is believed
to interact with calcium homeostasis by modifying the ion pump and modifying the
ion channel movement, resulting in lipid peroxidation. ROS quickly targets the fatty
acids of the membrane lipids and disrupts the mitochondrial calcium channels by
increasing the activity of the voltage-sensitive L-type calcium channels on the cell
membrane resulting in accumulation of calcium [73]. Calcium overload throughout
cytosol, Causes the disruption in the contraction and relaxing of cardiomyocytes.

2.5.4 Cell death

The general apoptosis is a process where a cell commits to suicide, damage to
genetic material, protein, cellular organelles that beyond the repair would trigger
the suicide to save the energy and resources. Apoptosis firmly regulated process
involves intrinsic mitochondrial apoptosis, extrinsic death receptor pathways
[74]. The mitochondrial pathway relays on the Trans membrane potential is a key
indicator of membrane permeability. It is assumed that permeability can be either
permeability-dependent or independent of the pore transition [PT]. The PT pore
consists of the adenine nucleotide translocator, matrix protein cyclophilin D, and
voltage-dependent anion channel. The opening of the PT pore activates the dis-
sipation of the proton gradient produced by electron transport, resulting in the
uncoupling of oxidative phosphorylation. The opening of the PT pore also allows
water to penetrate the mitochondrial matrix, resulting in the swelling of the inter-
membrane space and the rupturing of the outer membrane allowing the release of
apoptogenic proteins. Released proteins include cytochrome c, apoptosis-inducing
factor and endonuclease G. Cytochrome c in conjunction with apoptosis protease
activating factor (APAF-1) and pro-caspase 9 forms an apoptosome, which in turn
activates effector caspases that collectively facilitate the execution of apoptosis. Due
to decrease in the number of normal cardiomyocytes is significantly reduced, the
heart failed to pump the blood sequentially ventricular remodelling and death of
myocytes [75].

The death receptor pathway involves the binding of death ligands such as FasL,
TNF-a to their respective membrane-bound receptors. The bonded ligands signals
to various proteins mediate the cascade, which leads to apoptosis of the cell [76].
In cancer therapy, DOX-induced ROS activates the p**, p and NF-kB pathways
resulting in the differences in pro- and anti-apaptonic signalling imbalance, such
imbalance cause release of cytochrome C from mitochondrial membrane proteins,
subsequently lead to apoptosis of cell [77, 78].

2.5.5 Autophagy

Autophagy is a method of restoring or repairing the destroyed cells. Itis a
self-degrading mechanism (survival mechanism) to maintain a balance of life
in response to dietary stress, energy depletion. Autophagy destroys malformed
proteins, weakened organelles, and other cell infections, which can be unique
or non-specific, but processes are not completely thought out. Under diseased
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environments, autophagy either facilitates cell death or induces cell death depend-
ing on the demands of different people [79, 80]. In DOX-based therapy toxicity
mediated autophagy by suppressing GTAT4 expression and activating S6K1, this
plays a direct and indirect role in autophagy control. Autophagy varies due to spe-
cies differences; autophagy dependent on DOX is increased in mice but decreased in
autophagy has been seen in mouse cases [81-84]. The autophagy achieved in DOX
therapy via several mechanisms, such as ATG 5 & 12 is the inhibitors of the Bcl-2
family, which regulate the cytochrome release from the mitochondria. Cytochrome
C releases the caspase-9 lead to the autophagosome, can regulate the apoptosis. In
some other studies, autophagy reduces the DOX-induced cardiotoxicity by decreas-
ing mitochondrial ROS formation.

2.6 Diagnosis

The DOX-induced cardiomyopathy consists of a complete examination of the
cardiovascular system for detecting the symptoms, such as S3 gallop and elevated
jugular vapour pressure, T wave impairments; low voltage QRS complexes are
measured.

* Electrocardiography combined with Doopler studies used to study early
diagnostic symptoms of the cardiac myopathy through the measure of
latero-ventricular dysfunction.

* Radionuclide ventriculography used to access the latero-ventricular systolic
and diastolic function. Observes the cardiac adrenergic denervation occurs in
case of doxorubicin induced cardiomyopathy.

* Metaiodobenzylguanidine based nuclear imaging can be employed to
assess cardiac adrenergic denervation occurred trough the DOX based
cardiomyopathy.

* The DOX treated patients are sensitive to the indium labelled monoclonal
antimyosin antibodies (myosin an ATP dependent superfamily of motor
proteins major role in muscle contraction and motility) used to detect the
cardiac myopathy, myocarditis, chagas heart disease ischemic myocardium,
and kawasaki heart disease [85].

* The measurement of the cardiac enzymes and neurohormones are used for
detecting the heart failure but not a characteristic feature of the DOX-induced
cardiomyopathy [86].

* The presence of endomyocardial biopsy is the best route for detecting the
DOX-induced diseases, according to the grade of biopsy severity of the disease
is measured [87, 88]. It is invasive and requires experience for recognising the
results become a disadvantage for this technique.

3. Management & preventive strategies for doxorubicin cardiotoxicity
The DOX has an extreme side effect like cardiotoxicity, but is still in use because
of its efficacy in the treatment of cancers. Toxicity can be avoided in several ways.

Many studies have shown that cardioprotective agents can achieve a reduction in
cardiotoxicity. A recent research on HSP-20 (heat-shock protein) has shown that the
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protection of Akt activity prevents the cardiotoxic effect caused by DOX [89-92].
Different kind of agents is used to control the DOX effects such as Dexrazoxane
(DZR); it contains bisdioxopiperazine rings falling under alpha-amino acid and the
derivative compound also known as cardioxane or Totect or Zincard. A promising
compound that activates after hydrolysis and resembles the EDTA structure after
conversion makes complexes with Iron and reduces the incidence of anthracycline-
iron complexes, thus preventing ROS generation in myocytes. Dexrazoxane has
also been known to contain the Topoisomerase II enzyme function and inhibit the
tumour cell growth. Used mainly for the activities of iron-chelating agent, cardiac
protection, anti-neoplastic activities, and chemo protection. Indirectly active in
chromatin remodelling complexes by activating vitamin D receptors. DZR is often
known to provide up-regulation of the ERK and Akt pathways to guard against
cardiomyopathy [93-96] but DZR is not approved for routine use in patients with
metastatic cancer and other forms of cancer, as stated by the American Clinical
Oncology Society [97, 98]. DOX was analysed in association with DZR for 10 years
in women with breast cancer [99]. No, people suffer from heart disease over the
time and there are no records of adverse effects with respect to the heart.

Diuretics are used to avoid signs of systemic and pulmonary ventricular obstruc-
tion, and medications dependent on p-adrenergic receptors are used depending
on the type of systolic heart problem [100]. Metoprolol is safe and effective in
the treatment of cardiac myopathy [97], angiotensin II is also recommended for
advanced heart disease cases, and low-dose isosorbide dinitrate substituted angio-
tensin inhibitor medication is favoured and hydralazine is favoured for cardiomyo-
pathic myopathy.

The successful release of DOX at a particular site of operation is another form
of preventive step. Like liposomal dosage formulations, the specified delivery
mechanism passively decreases the impact caused by non-cancerous cells. For
liposomes drug interaction with blood and cancer cells, structural characteristics
such as vesicle size, pharmacokinetic characteristics such as stability and pharmaco-
dynamic characteristics such as plasma clearance are important. Tumour cells have
conditions that favour high-level depositions, because newly developed cells have
microvasculature-permeable vessels, which contain poor lymphatic drainage, low
levels of lipase enzymes and other oxidising agents. Due to these features of cancer
cells shows aggregation. Once liposomes enter the tumour cells the differences in
the intestinal pH favours the release of drugs constituents. The pH of cancer cells
is differ from other normal cells because of this the drug is preferentially released
in tumour cells and avoid the toxicity in non-cancer cells. The recently reported
formulation of polyethylene glycol-coated liposomal doxorubicin (PLD) shows
better pharmacokinetics relative to general formulations and has fewer side effects
[101]. A phase clinical trial of 50 mg/m2 PLD administration in patients with carci-
noma with a demonstrated history of platinum-based chemotherapy at intervals of
4 weeks reported low toxicity. The other formulation like poly (ethylene oxide)-b-
poly (e-caprolactone-DOX) [PEO-b- P(CL-DOX)] prevents the premature release
outside of the tumor cells [102].

The development of analogues is another possible strategy for reducing the
toxicity [96], in the case of anthracyclines nuclear targeted and Non-nuclear
targeted are two kinds of strategies concerned in the development of non-toxic
chemotherapeutic agents. Analogues such as Methoxymorpholinyl doxorubicin
(MMDX), sabarubicin and N-Benzyladriamycin-14-valerate now under develop-
ment to reduce the toxicity caused by DOX. In which, MMDX is nuclear-targeted
analogue activated by the liver enzyme cytochrome P450 3A and metabolize into a
cytotoxic metabolite and degrades slowly [103]. Based on gene therapy expression
of cytochrome enzyme activity increased, cytochrome increases the therapeutic
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potency of the DOX. The sabarubicin (disaccharide analogue) is also another
nuclear targeted molecule that has improved efficiency especially used in case of
lung and gynaecological cancer [104]. This stimulates the NF-kB transcription
factor, which happens earlier as DNA is involved with multiple tumorogenesis,
regulating the expressions of differentiation, variations, cell adhesion and apoptosis
[105]. N-Benzyladriamycin-14-valerate is a non-nuclear target molecule obtained
by modification of the C-3 amino group and the C-14 position [106]. The com-
pound has comparable activity to DOX but is theoretically more effective than DOX
by activating the protein kinase enzyme resulting in cardio-protective activity.

4, Conclusion

Even DOX used for treating several types of cancers as a result of its wide
range of pharmacological activities, but at the same time it causes a wide range of
side effects. The major side effects caused by DOX are: carditoxicity, neuropathy,
hepatotoxicity, nephrotoxicity, alopecia, typhlitis, myelosuppression, neutropenia,
anaemia, and thrombocytopenia. DOX increasing the oxidative stress, decrease
the GSH, vitamin E levels, and activates the NF-kB levels causes’ hepatotoxic-
ity. Besides, it interferes with the glandular podocytes of the kidney and cause
nephropathy. Also, it induces generation of MDA, TBARS, and HNA which decrease
the mitochondrial activities and increase in ROS generation causes cell necrosis.
Moreover, it causes induction of brain natriuretic peptides, atrial natriuretic
peptides genes, mono oxygenases, cytochrome P genes; binds to the cardiolipin,
the increase in TLR-4 expression, generation of ROS led to several pathological
changes in myocytes causes cardiomyopathy. Several strategies are made to manage
and decrease DOX’s cardiotoxicity effects, includes a change in the dosage forms for
efficacious delivery systems, administration along with anti-oxidants, DZR, diuret-
ics and p-adrenergic agents, and development of different analogues for increasing
the efficiency of DOX.
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Chapter11

Overcoming
P-Glycoprotein-Mediated
Doxorubicin Resistance

Suree Jianmongkol

Abstract

Intracellular concentration of doxorubicin in target cancer cells is a major
determinant of therapeutic success of doxorubicin-based regimens. As known,
doxorubicin is a substrate of P-glycoprotein (P-gp), the drug efflux transporter
in the ABC superfamily. High expression level of P-gp in cancer cells can prevent
intracellular accumulation of doxorubicin up to its effective level, leading to
doxorubicin resistance and treatment failure. Moreover, these P-gp-overexpressed
cells display multi-drug resistance (MDR) phenotype. Regarding this, applica-
tion of P-gp modulators (suppressor of P-gp activity and expression) is likely to
reverse MDR and restore cell sensitivity to doxorubicin treatment. In searching for
potential chemo-sensitizer against resistant cancer, a number of phytochemicals
or dietary compounds have been studied extensively for their P-gp modulating
effects. Furthermore, combination between doxorubicin and P-gp modulators
(e.g., plant-derived compounds, siRNA) given through specific target delivery
platforms have been an effective strategic approach for MDR reversal and restore
doxorubicin effectiveness for cancer treatment.

Keywords: P-glycoprotein, doxorubicin-resistance, P-gp modulators

1. Introduction

Multidrug resistance (MDR) is one of the major factors contributing to a failure
of doxorubicin for cancer treatment. Typically, the loss of cell sensitivity to chemo-
therapy is not limit to only doxorubicin and anthracycline derivatives. The MDR phe-
nomenon evidently extends across various structurally-unrelated anticancer drugs,
regardless of their molecular targets [1-3]. Hence, MDR development in cancer
cells can simultaneously reduce the effectiveness of several cytotoxic drugs, leading
to chemotherapeutic failure. Consequently, patients need higher doses of the anti-
cancer agents to achieve therapeutic success. Either intrinsic or acquired resistance
to doxorubicin-based chemotherapy has been attributed to various mechanisms
including high expression of the drug efflux transporters, alteration of cell cycle
checkpoints and apoptotic signals, increased drug detoxification and DNA repair
processes [4-6]. Regarding this, MDR reversal can be one of the strategic approaches
to enhance the efficacy, without increased adverse events, of doxorubicin.

This chapter focused on the most studied drug efflux transporter P-glycoprotein
(P-gp) and its role in doxorubicin resistance in chemotherapy. In addition, some stra-
tegic approaches to conquer P-gp-based MDR in cancer treatment were also described.
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2. The drug efflux transporter: P-glycoprotein

Drug transporters can be grouped, according to their transport direction, into
uptake and efflux pumps. Most of the known efflux transporters particularly
P-glycoprotein (P-gp or MDR1; encoded by ABCBI), multidrug resistance protein
1 (MRP1, encoded by ABCC1), multidrug resistance protein 2 (MRP2, encoded
by ABCC2) and breast cancer resistance protein (BCRP; encoded by ABCG2) are
members of the adenosine triphosphate (ATP)-binding cassette (ABC) superfam-
ily. The ABC transporters require ATP hydrolysis for their transport activity across
plasma membrane in the secretive direction. These efflux transporters share similar
structural assembly across plasma membrane, composing of a membrane-spanning
a-helix structure as a transmembrane domain (TMD) and a relatively hydrophilic
ATP-binding site in nucleotide binding domain (NBD). High activity and expres-
sion of these ABC drug efflux pumps is a major contributing factor for development
of MDR phenomenon in cancer cells [1, 4].

Among the ABC efflux transporters, P-gp is the first and most studied trans-
porter for MDR development in chemotherapy and drug-transporter-related
interaction issues. This transporter was first identified from its involvement
with multidrug-resistance in cancer cells. Particularly, overexpression of P-gp
in cancer cells, either intrinsic or acquired, has been strongly associated with
MDR occurrence, thereby P-gp becomes a promising target for development of
chemosensitizers.

2.1 Overview of P-gp (structure, function, location, expression, and MDR)

P-gp (MW approximately 170 kDa) is a single polypeptide with 1280 amino
acids arranging in two duplicated units of a 6 a-helix structure hydrophobic TMD
with linkage to a hydrophilic NBD (Figure1) [1, 2, 7]. These two TMD with the
total of 12 helices forms together into one channel as the membrane crossing pas-
sage. A substrate binds to the drug-binding site in the TMD whereas an ATP binds
to the NBD. After ATP binding, ATP undergoes hydrolysis into ADP for energy to
activate P-gp action through protein conformational alteration [7, 8]. This trans-
porter, then, is able to move its substrates across lipid bilayer structure of plasma
membrane to extracellular environment.

2.1.1 P-gp and its normal physiological functions

P-gp is constitutively located in the apical surface of either epithelial or endo-
thelial linings of various normal tissues/organs such as adrenal glands, intestine,
liver, kidney, pancreas, placenta, capillary vessels in the brain and testes [2, 7-10].
Some organs such as prostate, skin, heart and skeletal muscle have low constitu-
tive expression of P-gp. It should be noting that expression level of P-gp varies in
each organ. For example, the numbers of P-gp in colon and ileum are higher than
those in jejunum, duodenum and stomach [11, 12]. The tissue distribution of P-gp
indicates that this transporter normally serves as an intrinsic determinant of oral
drug bioavailability and drug disposition [13-18]. Intestinal P-gp can influence
the absorptive amount of its drug substrates, except those in BCS class I (i.e., high
permeability and high solubility drugs such as verapamil), into the body after orally
taken [13, 19-21]. The constitutive expression of P-gp at the mucosal surface in
the lower gastrointestinal (GI) tract (i.e. jejunum, ileum, and colon) may prevent
an uptake of its substrate, and perhaps also facilitate GI excretion. Moreover, the
interplay between P-gp and the major phase I drug metabolizing enzymes (e.g.
cytochrome P450, CYP450) can be anticipated due to their substrate similarity [22].
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Figure 1.
The key ABC drug efflux transporters and their selected anticancer drug substrates.

As such, P-gp and CYP3A4 act in concert to affect metabolic biotransformation of
their substrates such as paclitaxel in intestine and liver, influencing the oral drug
bioavailability [22-24]. Localization of P-gp in the blood-organ barriers such as
brain or testis prevents drug penetration into such organ systems such as brain,
testes [13, 23, 25, 26]. The presence of P-gp on the brush border of nephron
proximal tubule and hepatocytes involve with excretion of drugs and endogenous
substrates into the urine and bile [13, 27]. To this end, P-gp can be considered as the
protective mechanism against xenobiotics as well as pharmacokinetic influencer
particularly on absorption, distribution and disposition.

2.1.2 P-gp expression and signaling pathways

Expression of P-gp at plasma membrane involves several cellular processes
that linking to P-gp mRNA and protein expression. The regulatory mechanisms
have been largely associated with (1) activation or inactivation of oncogenes (e.g.,
Ras, c-Raf) and transcriptional process, (2) MDRI1 translation into P-gp and post
translational modification, protein trafficking, and (3) P-gp turn over. It has
been reported that the dysregulated microRNA levels (e.g., miR-21, -27a, -451,
-130a, -298) could cause MDR development in various cancer cells [28-34]. For
example, miR-130 was correlated to MDR1/P-gp overexpression, and cisplatin
resistance in SKOV3/CIS cells [32]. Overexpression of miR-27a and miR-451 was
linked to increased MDR1 expression and MDR phenotype in resistant cancer cells
A2780DX5 and KB-V1 [28].

Overexpression of P-gp particularly in MDR phenomenon has been evidently
connected to up-regulation of MDR1 gene through alteration of various signaling
pathways and transcription factors. Example of the transcriptional factors involv-
ing in MDR1 transcription are nuclear factor-xB (NF-kB) [35, 36], Y-box binding
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protein-1 (YB-1) [37, 38], activator protein-1 (AP-1) [39], and hypoxia-inducible
factor-1 (HIF-1) [38, 40]. The activities of these transcription factors have been
linked to various signal transduction pathways, particularly the two major cell
survival signaling cascadesi.e. (1) the mitogen-activated protein kinase (MAPK)
[37, 41], and (2) the phosphatidylinositol 3-kinase (PI3K) pathways [42, 43]. It
has been shown that hyperactivation of either MAPK/ERK1/2 or PI3K/Akt/NF-kB
signaling pathways results in overexpression of P-gp in doxorubicin-resistant cells
such as lung, breast and ovarian cancer cells [44-49]. An up-regulation of P-gp
expression in vincristine-resistant human gastric cancer cells was associated with
activation of the p-38/MAPK pathway [50].

After activation and translocation into nucleus, transcription factors such as
NF-kB and YB-1 (Y-box binding protein) bind to MDR1 promoter region, leading
to initiation of MDR1 transcription. Increase in YB-1 nuclear activity is related to
P-gp-mediated development of MDR in several cancers including breast cancer, lung
cancer, ovarian cancer, colorectal cancer, prostate cancer and osteosarcoma [38]. In
response to cell stress such as hyperthermia, viral infection and chemical assault, the
survival Akt and MAPKs signaling would be activated, and subsequently increase
YB-1 expression and translocation into nucleus for its MDR1-transcription activ-
ity [51]. Doxorubicin is a known P-gp inducer in various cancer cells. Doxorubicin
up-regulates MDR1 gene expression via the MAPK/ERK1/2 signaling that linked
to activation of YB-1 in B-cell lymphoma [37]. Moreover, upregulation of P-gp has
been reported after prolonged exposure to various functional unrelated compounds,
leading to the loss of drug efficacy and safety [52]. Examples of the known P-gp
inducers include anticancer (e.g., cisplatin, doxorubicin, etoposide vinblastine),
antidepressants (e.g., trazodone, St. John’s Wort), anticonvulsants (e.g., carbamaze-
pine, phenytoin), anti-HIV (e.g., saquinavir, indinarvir, tenofovir), immunosup-
pressants (e.g., cyclosporine, tacrolimus), steroids (e.g., dexamethasone) [52-54].
It is worth noting that certain CYP450 inducers such as rifampin and St. John’s Wort
are able to up-regulate P-gp expression, possible sharing through the PXR regula-
tion [55, 56]. Prolonged exposure to rifampin and St. John’s Wort in human led to
increased intestinal P-gp level, and increased digoxin absorption [57, 58]. Since,
P-gp-mediated MDR in cancer is largely due to up-regulation of P-gp expression,
better understanding of the signaling proteins and transcription factors will provide
a promising targets in overcoming MDR for anticancer chemotherapy.

2.1.3 P-gp and multi-drug vesistance in cancer

Overexpression of P-gp has been strongly correlated with chemo-resistance and
cancer relapses in several cancer patients such as breast cancer, adult acute myeloid
leukemia, pheochromocytoma patients, leading to poor prognosis from therapeutic
failure in patients receiving chemotherapy [1, 59-62]. Accordingly, P-gp is intrinsi-
cally expressed in various cancer types, particularly those derived from tissues with
high basal MDR1 expression levels such as colon, kidney and liver tissues. Being a
transmembrane efflux pump, P-gp serves as a cellular defense mechanism against
drug assault by limiting intracellular drug accumulation up to toxic threshold level.
Regarding this, the susceptibility of cancer to anticancer drugs being P-gp substrate
varies, depending on intrinsic expressed P-gp levels. Certain types of cancers may
be classified as poor responder showing their unresponsiveness to chemotherapy
regimens containing P-gp substrates. For example, prostate cancer appears to
be better responder to chemotherapy, as compared to colorectal or renal cancers
[63, 64]. Moreover, some cancers such as leukemia, lymphoma and breast cancer
having low levels of intrinsic P-gp expression, and thus initially respond well to
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chemotherapy. Later, after repeated treatment, the expression level of P-gp mark-
edly increases, and those cancers display multi-drug resistance (MDR) phenotype
[1, 65, 66]. This acquired MDR phenomenon can be viewed as cellular adaptive
survival response to cytotoxic challenge.

2.2 Substrates and modulators
Examples of substrates and modulators of P-gp are listed in Table 1.
2.2.1 Substrates

Human ABC efflux transporters demonstrate their broad substrate specificity
toward structurally diverse lipophilic compounds. Most of their substrates are weakly
amphipathic and hydrophobic planar structure with aromatic ring and positively
charged nitrogen atom [52, 54, 67, 68]. Examples of P-gp substrates are anticancer
drugs (vinca alkaloids, anthracyclines, and epipodophyllotoxins), cardiovascular drugs
(e.g., digoxin, quinidine, talinolol, diltiazem, losartan, verapamil), anti-microbial
agents (e.g., doxycycline, erythromycin, itraconazole, rifampin), anti-viral drugs (e.g.,
indinavir), anticonvulsants (e.g., phenytoin), acid blockers (e.g., cimetidine), immu-

nosuppressants (e.g., cyclosporine, tacrolimus), steroids (e.g., aldosterone, cortisol,
dexamethasone), opioids (loperamide, morphine).

Substrates Inducers P-gp modulators
(Anti-cancer (Anti-cancer Direct inhibitors Suppressors of expression
drugs) drugs)
Actinomycin D Daunorubicin Small molecule Small molecule inhibitors
Colchicine Docetaxel inhibitors Curcumin
Docetaxel Doxorubicin First generation Dasatinib
Doxorubicin Flutamide Cyclosporin A Dexverapamil
Daunorubicin Paclitaxel Verapamil Reserpine
Epirubicin Vinblastine Second generation Imatinib
Etoposide Vincristine VX-710 (Biricodar) Nilotinib
Idarubicin Dexverapamil Sorafenib
Imatinib PSC833 Trifluoperazine
Methotrexate (Valspodar) Toremifene
Paclitaxel Third generation PSC833 (Valspodar)
Teniposide GF120918 RNA interference
Topotecan (Elacridar) MDR1 small-interfering RNA
Vinblastine XR9576 (siRNA)
Vincristine (Tariquidar) Antisense oligonucleotides
LY335979 MDRI antisense oligonucleotides
(Zosuquidar) delivered via lysosomes
Fourth generation
Capsaisin
Curcumin
Limonin
Piperine
Quercetin
Monoclonal
antibodies
MRK 16
MRK 17
UIC2
Table 1.

Selected substrates, inducers and modulators of P-gp.
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2.2.2 Modulators

Modulators suppress P-gp activity through either (1) direct inhibition of P-gp
function by either competitive or non-competitive inhibitors; or (2) suppression
of P-gp expression levels by interferences with either transcription, translation/
post-translation, and degradation processes.

2.2.2.1 Divect inhibition of functionally active P-gp

The direct inhibition of active P-gp can be attributed to the interaction between
chemicals and P-gp at either TMB or NBD [67-69]. Any compound such as tyrosine
Kinase Inhibitors interferes with ATP binding or hydrolysis in NBD site can reduce
P-gp transport action [70]. Chemicals identified as small molecule P-gp inhibitors
such as amiodarone, diltiazem, verapamil bind to substrate binding sites or allosteric
sites in TMB, resulting in interference on substrate binding and transport. It has been
reported that certain compounds such as cyclosporine A could exert their inhibitory
action by interfering with substrate recognition and ATP hydrolysis [8, 67-69]. It is
not surprising that these TMB type inhibitors and substrates share many common
molecular features such as hydrophobic planar structure. In addition, due to the diver-
sity in chemical structure of P-gp inhibitors, establishment of the structure activity
relationship (SAR) of P-gp inhibitors is very challenging. The structure pattern of
the inhibitors contains planar rings and basic nitrogen atom within an extended side
chain of the aromatic ring. The presence of tertiary amino groups, in comparison
with primary and secondary amine, increases the anti-MDR potency consider-
ably. Furthermore, the presence of nitrogen atom in non-aromatic ring apparently
increases inhibitory action of the compounds [71]. Examples of P-gp inhibitors are
calcium channel blockers (verapamil, diltiazem), and various phytochemicals such as
flavonoid and steroidal compounds (e.g., quercetin, resveratrol), indole alkaloids and
polycyclic compounds (e.g., capsaicin, piperine, rhinacanthin C) [66, 72-74].

Ideally, the P-gp inhibitors should be potent and selective to P-gp function at
target cells/tissues, with no systemic side effects. To date, there are four genera-
tions of small molecule inhibitors. The first generation inhibitors are known drug
substrates of the ABC transporters such as verapamil, cyclosporine A, tamoxifen
and quinidine [75]. They were not specifically designed to be P-gp inhibitors, and
could not display good clinical outcomes in their MDR reversal activity. The clinical
disappointment could be due to their weak inhibitory potency against the MDR
transporters including P-gp, and their pharmacokinetic interactions with chemo-
therapeutic agents, leading to the need of high doses and intolerable adverse effects
[1, 76]. Next, the second generation inhibitors such as valspodar (cyclosporine A
derivative) were developed, based on structure activity relationships of the first
generation compounds, in order to improve potency, specificity, and to reduce
systemic toxicity. Although this group of inhibitors demonstrated their improve-
ment in inhibitory potency, their clinical outcomes were still unsatisfied due to
their pharmacokinetic interaction with the anti-cancer drugs via inhibition of
cytochrome P450, and their severe toxicity [75, 77]. Subsequently, the third genera-
tion P-gp inhibitors such as elacridar, tariquidar and zosuquidar were developed in
order to address the limitations of the second generation compounds. These inhibi-
tors elicit no effect on CYP P450 metabolism, therefore they are unlikely to affect
the plasma concentrations of anti-cancer drugs. They were also more potent and
selective P-gp inhibitors, effectively working in nanomolar concentration range.
However, the potent P-gp inhibitor tariquidar can be either substrate or inhibitor
of P-gp depending on its given dose [78]. To date, the clinical efficacy for MDR
reversal of this generation has yet completely satisfied, its effectiveness possibly
also depends on given dosage and intrinsic tumor properties.
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Currently, phytochemicals or natural compounds with MDR reversal activity
have been subject of interest in searching for new effective chemo-sensitizer against
cancer. This group of inhibitors obtained from natural sources is classified as the
fourth generation inhibitor. Numerous phytochemical researches on pharmacologi-
cal activities and pharmacokinetics have revealed that plant-based compounds elicit
abroad spectrum of pharmacological actions such as anti-cancer, anti-oxidant,
anti-microbial, anti-inflammation, etc. In addition, these plant-based compounds,
depending upon its molecular structure, may interfere with P-gp and metabolizing
enzymes, leading to the concerning issues in drug bioavailability and pharmacoki-
netic drug interactions. The advantages of the fourth generation inhibitors in part
rely on their natural origin with long history of uses in dietary or health supplements
and in traditional medicine. It may be able to presume that this group of inhibitors
derived from known edible products possessed less toxicity and more tolerable than
those of the previous generation compounds. Evidently, even vegetables (e.g., bitter
melon), spices (e.g., black pepper, turmeric) or fruits (e.g., orange, grapefruit)
also contain substances that could inhibit P-gp and other efflux transporters in the
ABC superfamily [72-75, 77, 79-82]. Their competitive inhibition against the efflux
transporters enhance cytotoxicity of anticancer drugs such as doxorubicin and
vinblastine, leading to potential MDR reversal in various cancer cells. However, the
inhibitory potency of these plant-based compounds against P-gp activity might be
low. Their IC50 values obtained from the in vitro cell culture models appear to be in
micromolar range. Thus, this group of inhibitors is unlikely a good MDR reversing
agent through direct P-gp inhibition at MDR cancer cells in clinical setting. In addi-
tion, the interference of P-gp activity of these compounds in pharmacokinetic aspect
may influence on P-gp-related ADME and bioavailability of chemotherapeutic drugs
that concomitantly given. Nevertheless, the opportunities of further development
into effective chemosensitizers cannot be excluded. Better understanding of QSAR
may enable to facilitate chemical modification of these identified plant-based P-gp
inhibitors to generate more potent and high selective P-gp inhibitors. Furthermore,
several plant-based compounds (e.g, curcumin, resveratrol, quercetin) have been
demonstrated their potential in down-regulation of P-gp and other key regulators in
transporter-independent MDR mechanisms [75, 82-86].

In addition to small molecule inhibitors, monoclonal antibodies can be another
alternative approach in inhibiting P-gp activity. Theoretically, any agents that spe-
cifically affect lipid-protein interactions or protein structure of targeted P-gp can be
developed into P-gp inhibitor. Typically, monoclonal antibody can be developed to
specifically recognize and bind to its target protein, leading to inhibition of changes
in protein conformation. Regarding this, human P-gp-specific antibodies UIC2,
MRK-16 and 4E3 reacted specifically to the extracellular loop of both halves of P-gp,
and disabled P-gp transport activity [87]. Consequently, treatment cancer cells
with these antibodies resulted in increased concentrations of anticancer drugs (e.g.,
vincristine, actinomycin D, doxorubicin, paclitaxel) within the cells, and improve
drug effectiveness [87-91]. In athymic mice model, MRK16 was demonstrated its
ability to significantly reduce tumor mass [92]. Further clinical studies of human
P-gp-specific antibodies are needed to conduct in terms of safety and efficacy.

2.2.2.2 Suppressor of P-gp expression

In addition to direct inhibition, reduction of P-gp activity can arise from
decrease of protein expression at plasma membrane. Interference on transcription
and translation of MDR1 gene, resulting in reduction of P-gp expression, can be
another approach to overcome MDR in cancer. Several innovative tools targeting at
MDR transcription or mRNA including small molecules, antisense oligonucleotides,
hammerhead ribozymes and RNA interference strategies have been employed.
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2.2.2.2.1 MicroRNA and RNA interference (RNAi) technologies

Application of microRNA and RNAi technologies with either small-interfering
RNA (siRNA) or small hairpin RNA (shRNA) to specific silence MDR1 expression
in cancer cells with MDR phenotype has been demonstrated their effectiveness in
down-regulation of MDR1 and P gp expression with paralleled increases drug accu-
mulation and improved sensitivity to treatment. MicroRNAs (miRNAs) are small
non-coding RNA molecules that can inhibit ABCB1 mRNA translation processes
[93, 94]. A number of miRNAs have been studied on their ability to down-regulate
P-gp expression and restore cell sensitivity to P-gp drug substrates in drug resistant
cells [34]. For example, miRNA-4539 could increase doxorubicin-mediated cell
death in MDA-MB-231 breast cancer cells [93, 94].

The RNAI technologies involve either transient gene-silencing by siRNA or
stable inhibition by MDR1 shRNA-transfected on plasmid DNA of MDR cancer
cells. Treatment with siRNA against MDRI1 increases drug-mediated cytotoxicity
in various MDR cancer cells such as paclitaxel in MDR1 ovarian cancer cells and
doxorubicin in doxorubicin-resistant breast cancer cells [95]. In addition, siRNA
was able to significant reduced size of doxorubicin-resistant xenograft in a mouse
model [96]. MDR1 ShRNA transfected in taxol-resistant human ovarian cancer cell
line A2780 effectively down-regulated P-gp expression, and enhanced paclitaxel-
mediated toxicity in this cells [97].

Selective suppression of P-gp/MDR1 expression with either microRNA or RNAi
technologies offers the novel approach to specifically combat P-gp-based MDR in
cancer, and re-sensitize the MDR cells to chemotherapeutic agents. However, for
their therapeutic applications, there are several challenges required especially the
effective miR/RNAI delivery to target cancer cells, design of expression vectors for
shRNA, systemic stability and degradation, and safety of patients.

2.2.2.2.2 Small molecules as P-gp down-regulator

Numerous small molecules particularly those in the fourth generation of P-gp
inhibitors such as curcumin, ginsenoside, quercetin and resveratrol have been
demonstrated their ability to reduce P-gp function in the MDR cancer cells via
down-regulation of P-gp expression [83-85]. By targeting at the signaling path-
ways related to transcription process of MDR1, several plant-based compounds
suppress P-gp expression in the resistance cells and improve chemo-sensitivity to
anticancer drugs. For instance, the P-gp modulating effect of asiatic acid, ginsen-
oside, isoquinoline alkaloids (e.g. cepharantine, tetrandine) resulted from their
blockade of MAPK/ERK1/2 or PI3K/Akt pathways in MDR cancer cells [86, 98-101].
Another isoquinoline alkaloid berberine inhibited P-gp expression and enhanced
doxorubicin-mediated toxicity in MCF-7 cells through down-regulation of AMPK-
HIF1a signaling cascade [102]. Anti-MDR property of natural curcuminoids (e.g.,
curcumin, bisdemethoxycurcumin) involved with inhibition of human MDR1
gene expression in MDR cervical carcinoma KB-V1 cells [103]. In addition, certain
compounds such as a natural marine product Et743 inhibit MDR1 transcription via
blocking its promoter activation [104].

3. Doxorubicin and P-gp
Doxorubicin is one of the most effective cytotoxic anticancer drugs. This drug

has been used for combating various types of cancers such as cancers of breast,
ovary, prostate, stomach, thyroid; small cell cancer of lung; squamous cell cancer of
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head and neck; multiple myeloma; Hodgkin’s disease; lymphomas; acute lympho-
blastic leukemia (ALL) and acute myeloblastic leukemia (AML). Unfortunately, the
uses of doxorubicin can be limited because of its dose-related toxicity (e.g., nausea,
vomiting, hair loss, leucopenia, cardiomyopathy, heart failure) and high MDR inci-
dence [105, 106]. Despite the good clinical therapeutic responses are seen in patients
receiving doxorubicin in the earliest stage of treatment, multi-drug resistance may
later develop and lead to treatment failure.

One of the major mechanisms responsible for doxorubicin-induced MDR is up-
regulation of MDR1/P-gp expression. Doxorubicin is an anthracycline derivative
with a four-membered ring system containing an anthraquinone chromophore,
and an aminoglycoside (Figure 1). This molecular structure accommodates its
interaction with major MDR efflux transporters in the ABC superfamily proteins.
It has been well established that doxorubicin and other anthracycline deriva-
tives are P-gp substrates with ability to up-regulate P-gp/MDRI1 expression after
repeated exposure in various cancer cells such as breast and lung cancers as well
as in vivo and in clinical settings [66, 107, 108]. For instance, lung perfusion with
doxorubicin resulted in an increase of MDR1 RNA in patients with sarcoma pul-
monary metastases [18]. The P-gp-overexpressed cancer cells would have intracel-
lular doxorubicin concentration below its effective threshold level. Consequently,
cancer cells increasingly survive from doxorubicin-mediated cytotoxity. In this
circumstance, titrating dose up to overcome MDR may not enable to achieve a
successful outcome due to dose-limiting toxicity. Because the adverse effects of
doxorubicin and other anti-cancer drugs are mostly concentration-dependent,
increasing doses can produce higher degree of severity and unendurable adverse
events, leading to patient’s intolerability and even fatal outcome. Addition of
other cytotoxic drugs into doxorubicin-based regimens may not also enable to
obtain a chemotherapeutic success, if those drugs are also substrates of the MDR
transporters.

Generally, clinical efficacy of doxorubicin depends on its pharmacokinetics after
systemic exposure influencing (1) the therapeutic concentration at target organs,
and (2) the homogeneity of drug distribution in the cancerous tissues particularly
solid tumor. In addition, it is very critical that doxorubicin accumulates within
the targeted cancer cells at the level greater than its cytotoxic threshold to elicit its
pharmacological actions.

3.1 P-gp effects on doxorubicin’s Pharmacokinetics aspect

Doxorubicin is poorly absorbed through GI with low bioavailability (approxi-
mately 5%) after orally taken, due to its instability in stomach acidic pH and
CYP450 biotransformation in liver. In addition, doxorubicin can induce cytotoxic-
ity in normal tissue. Currently, doxorubicin is commercially available for cancer
treatment in injection dosage form. Due to its lipophilicity, doxorubicin moves
through plasma membrane into the cells via passive diffusion, and its extent of
tissues/cellular permeation and cellular retention can be limit by the existence
of efflux transporters particularly P-gp. Apparently, doxorubicin is extensively
distributed to several organs such as liver, heart, kidney after injection. Being the
efflux transporters, P-gp has a significant impact on doxorubicin distribution to
certain target tissues such as brain, testes [109, 110]. Certain P-gp inhibitors such
as PSC-833, piperine capsaicin, resveratrol, silymarin and quercetin were reported
their influence on the pharmacokinetics and tissue distribution of doxorubicin in
animal models [85, 110]. Capsaicin was reported to significantly increase the extent
of doxorubicin accumulation in mice brain after iv injection probably through inhi-
bition of P-gp at blood brain barrier [110]. In addition, piperine and capsaincin,
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through P-gp inhibition, reduced drug excretion into bile and urine, leading to
increased drug levels in liver and kidney [110].

3.2 P-gp effects on doxorubicin’s Pharmacodynamic aspects

Critically, overexpression of P-gp on the plasma membrane of cancer cells is a
major determinant in preventing intracellular doxorubicin accumulation up to its
cytotoxic level. Doxorubicin resistant cancer cells clearly display significant lower
intracellular doxorubicin retention with more tolerable to doxorubicin exposure
than their parental sensitive cells [65, 66]. Thus, P-gp can be a potential therapeutic
target for either MDR reversal or bio-enhancing effect in cancer therapy. The pres-
ence of P-gp modulators clearly demonstrates their abilities to restore doxorubicin-
mediated killing effect in various cancer cells by increasing intracellular level of
doxorubicin [66, 111]. Several plant-based compounds such as limonin, quercetin,
resveratrol, curcumin and rhinacanthin-C at their non-cytotoxic concentration
have been reported to significantly enhance doxorubicin-mediated cytotoxicity
in various cancer resistance cells through modulation of P-gp function [66, 112].
These phytochemical P-gp modulators may suppress P-gp function either by direct
inhibition of activity or down-regulation of protein expression.

Moreover, the influence of P-gp on clinical resistance to doxorubicin-based
treatment has been reported in cancer patients [113-116]. In order to improve drug
efficacy and patient tolerability, several approaches targeting at the P-gp function
and expression have been introduced to increase cellular doxorubicin drug level
and restore drug sensitivity without the need of higher concentration or additional
chemotherapeutic drugs in the therapeutic regimen.

4. Strategic approaches to overcome P-gp mediated resistance to
doxorubicin

Taken that doxorubicin is a known substrate of P-gp, the drug efflux trans-
porters in the ATP binding cassette (ABC) family. Hence, any approaches target at
the function of these transporters can be presumed to increase therapeutic success
for doxorubicin-based chemotherapeutic regimens. Regarding this, the strategies
are as follows:

* Increases in dose of doxorubicin or number of cytotoxic drugs to achieve
therapeutic success. This has not been a satisfactory approach due to drug
toxicity and patients’ intolerability.

* Utilization of P-gp modulators to inhibit either function or expression.

* Development of better drug delivery platforms to bypass P-gp activity, leading
to increase intracellular retention of doxorubicin within target cells.

The current MDR reversal strategy has been exploited P-gp modulators that
either directly inhibit P-gp activity or down-regulate P-gp expression in order
to restore cell chemo-sensitivity to doxorubicin [107]. With the encapsulation
technology, P-gp modulators can be co-administered with doxorubicin in the same
drug delivery platform, and enhance intracellular doxorubicin accumulation. This
approach can be accomplished if the potent, non-cytotoxic P-gp modulators that
specifically target at cancer cells are implemented. In addition, the P-gp modulators
that also target at non-transporter based resistance such as activation of cellular
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survival pathways can exert potentially synergistic impact on MDR reversal effect
and better response to doxorubicin treatment. Collectively, the combined doxorubi-
cin and P-gp modulators with multiple-hit targets is a promising strategy to achieve
chemotherapeutic efficacy without the need of high dose or additional cytotoxic
drugs in the therapeutic regimen.

4.1 Synergy with P-gp modulators

This approach aims to suppress P-gp activity at plasma membrane of target cancer
cells. Several P-gp modulators in combination with anti-cancer drugs have been
evaluated for safety and efficacy in clinical trials. The clinical outcomes from the
first three generations of ABC inhibitors such as quinine, verapamil, cyclosporine-A,
tariquitor, PSC 833, LY335979, and GF120918 were quite disappointed, partly because
of their dose-limiting adverse events. Most of the P-gp inhibitors required high doses
for their clinical MDR reversal effects. In addition, their interference on the P-gp or
other ABC transporters at non-target tissues such as brain and kidney could adversely
increase accumulation of cytotoxic drugs in these tissues.

The fourth generation of P-gp modulators which are mostly natural products
have gained a great interest as potential chemosensitizers in MDR cancer treatment.
The advantages of being natural products with long history of use are inclined
to the known safety profiles in human and potential hit multiple targets that can
restore cell sensitivity to doxorubicin. In addition to direct inhibition of P-gp activ-
ity, a number of the natural compounds at non-cytotoxic concentration elicit their
chemo sensitizing effects through down-regulation of MDR1 and signaling proteins
in cell adaptive survival mechanisms. The higher degree of synergism between
doxorubicin and a P-gp modulator can be anticipated with potential therapeutic
success. Synergistic outcomes between doxorubicin and natural compounds such as
resveratrol, quercetin, silymarin, gallic acid, curcumin, epigallocatechin-3-gallate
have been demonstrated in various cancer cell models [82, 83, 103, 111, 117-120].

In addition to P-gp modulatory activity (inhibiting both P-gp function and expres-
sion), these natural compounds have a broad spectrum of pharmacological activi-
ties such as antioxidant, anticancer, anti-inflammation, possible through multiple
signaling pathways. For example, the biological effects of curcumin have been
related to multiple signaling pathways including NF-kB, Akt, MAPK, Nrf2, AMPK,
JAK/STAT that involve in MDR1 expression, cell inflammation, and apoptosis [121].
Co-administration of doxorubicin and curcumin significantly improved doxoru-
bicin-mediated cytotoxicity in vitro cell models and in vivo hepatic xenograft mice
model, compared with doxorubicin alone [121-125].

In addition to chemical-based modulators, the uses of specific antibody against
P-gp or RNA interference (RNAi) technology to silence P-gp expression may
be effective approach to suppress P-gp activity and restore chemo-sensitivity to
doxorubicin treatment. Clinical studies on these MDR reversing methods should be
extensively conducted to support their uses and benefits in cancer patients.

4.2 Drug delivery system and formulation

This approach aims to develop targeted delivery platforms for improving the
permeation of doxorubicin/P-gp modulators/ chemo-sensitizers (e.g., antibodies
against ABCB1, siRNA) into target cancer cells, leading to an increased intracellular
doxorubicin concentration [3, 89, 96, 126-128]. Various nano-drug delivery plat-
forms such as polymeric and solid lipid nanoparticle (SLNs), liposomes, micelles,
mesoporous silica nanoparticles, nanostructured lipid carriers, dendrimers have
been constructed to better targeting drug delivery to site of action. This approach
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in couple with utilization of P-gp modulators can overcome MDR and enhance
therapeutic efficacy of doxorubicin. Furthermore, with cancer-targeting ability,
this target specific delivery would limit the adverse effect to normal tissues. With
the encapsulation technology, nanoparticles (NPs) loaded with doxorubicin and
P-gp modulators or other molecules (e.g., siRNAs) has been reported their effec-
tiveness in target delivery into the cells. For examples, aerosol OT (AOT)-alginate
NPs enhanced cellular delivery of doxorubicin in MCF-7 cells [129]. Lipid-modified
dextran-based NPs loaded with doxorubicin and MDR1 siRNA significantly
increased intracellular doxorubicin and reduced P-gp expression levels in osteo-
sarcoma cell line, as compared to doxorubicin alone [130]. Doxorubicin-curcumin
composite NPs (e.g., NanoDoxCurc, pegylated-DOX-CUR NPs) could enhance
effects of doxorubicin both in vitro and in vivo models of DOX-resistant cancers
(e.g., multiple myeloma, acute leukemia, prostate and ovarian cancers). In addition,
doxorubicin-curcumin NPs did not cause cardiac toxicity and bone marrow sup-
pression in mice model [131].

5. Conclusion

Doxorubicin is an effective anti-cancer drug that has high MDR incidence. High
expression of an efflux transporter P-gp is one established mechanism responsible
for the loss of drug effectiveness and MDR development. This can be due to the P-gp
function in preventing intracellular accumulation of doxorubicin up to its effective
level. Several approaches have been introduced in order to increase the efficacy of
doxorubicin-based chemotherapy and overcome MDR. The combination of doxo-
rubicin and non-cytotoxic P-gp modulators, particularly when given to the specific
target cancer can be a promising approach to increase cancer sensitivity to doxoru-
bicin through suppression of P-gp function. With the novel encapsulation technolo-
gies, it is very possible to develop the drug delivery platforms with specific targeted
cancer cells as well as improvement of doxorubicin delivery into the cells. By these
means, enhancement of doxorubicin-mediated cytotoxicity can be achieved with
minimal dosing of the anti-cancer drugs. After clinically approval, it will provide a
great benefit to patients receiving doxorubicin-based chemotherapy.
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Chapter12

Improving the Antitumor Effect of
Doxorubicin in the Treatment of
Eyeball and Orbital Tumors

Anatoliy Parfentievich Maletskyy, Yuriy Markovich Samchenko
and Natalia Mikhailivna Bigun

Abstract

Malignant tumors of the orbit are the main cause for 41-45.9% of orbital tumor,
and they will threaten both the organ of vision and the life of the patient. In our
opinion, improving the effectiveness of treatment of malignant tumors can be
implemented in the following areas: a) immobilization of doxorubicin in synthetic
polymeric materials, which will fill the tissue structures that were resected and
reduce the percentage of tumor recurrence. b) the use of nanomaterials for the
delivery of doxorubicin to tumor cells. To develop a hydrogel implant and nanopar-
ticles, to study the diffusion kinetics of doxorubicin in a hydrogel implant and the
ability of nanoparticles to transport doxorubicin. The developed gels based on
acrylic acid (AAc) were obtained by radical polymerization of an aqueous solution
of monomers (AAc and N, N-methylenebisacrylamide (MBA)) at a temperature of
70°C. Matrices based on polyvinyl formal (PVF) were obtained by treatment of
polyvinyl alcohol (PVA) with formaldehyde in the presence of a strong acid.
Experimental studies were performed on rabbits of the Chinchilla breed, weighing
2-3 kg, aged 5-6 months, which during the study were in the same conditions. We
implanted the hybrid gel in the scleral sac; orbital tissue and in the ear tissue of
rabbits: Evaluation of the response of soft tissues and bone structures to implant
materials was carried out on the basis of analysis of changes in clinical and patho-
morphological parameters was performed after 10, 30 and 60 days. Diffusion
of doxorubicin was examined by using UV spectroscopy [spectrophotometer-
fluorimeter DS-11 FX + (DeNovix, USA)], analyzing samples at regular intervals
during the day at a temperature of 25° C. The concentration of active substances
was determined by the normalized peak absorption of doxorubicin at 480 nm. The
release kinetics of the antitumor drug doxorubicin were investigated by using a
UV spectrometer “Specord M 40” (maximum absorption 480 nm). The developed
hydrogel implant has good biocompatibility and germination of surrounding
tissues in the structure of the implant, as well as the formation of a massive fibrous
capsule around it. An important advantage of the implant is also the lack of its
tendency to resorption. Moreover, the results showed that the diffusion kinetics
of doxorubicin from a liquid-crosslinked hydrogel reaches a minimum therapeutic
level within a few minutes, while in the case of a tightly crosslinked - after a few
hours. It was also found that the liquid-crosslinked hydrogel adsorbs twice as much
as the cytostatic - doxorubicin. The analysis of the research results approved that
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the size of the nanoparticles is the main factor for improving drug delevary and
penetration. Thus, nanoparticles with a diameter of less than 200 nm can penetrate
into cells and are not removed from the circulatory system by macrophages, thereby
prolonging their circulation in the body. About 10 nm. The developed hybrid
hydrogel compositions have high mechanical strength, porosity, which provides
100% penetration of doxorubicin into experimental animal tissues. It was found
that the kinetics of diffusion of drugs from liquid-crosslinked hydrogel reaches a
minimum therapeutic level within a few minutes, whereas in the case of densely
crosslinked hydrogel diffusion begins with a delay of several hours and the amount
of drug released at equilibrium reaches much lower values (20-25%). The obtained
preliminary experimental results allow us to conclude that our developed pathways
for the delivery of drugs, in particular, doxorubicin to tumor cells will increase the
effectiveness of antitumor therapy.

Keywords: eyeball and orbit tumors, doxorubicin, synthetic polymeric materials,
nanomaterials

1. Introduction

Malignant tumors of the orbit represents the main cause for 41-45.9% of orbital
tumors [1, 2] and they will threaten both the organ of vision and the life of the
patient. According to some authors [2], recurrence of malignant tumors of the orbit
within 5 years was observed in 36 of the 56 patients who were observed and recur-
rence of the tumor was observed in 64.3% of patients who died in subsequent years.
As can be seen from the above data, the results of treatment of malignant tumors
of the orbit are not satisfactory. In the analysis group of 56 patients with malignant
tumors, only 36% had a 5-year survival.

The main method of treatment of orbit tumors is surgery, followed by radio-
therapy and chemotherapy [3, 4].

However, surgical treatment of malignant tumors of the orbit leads to anatomi-
cal and functional damage. Independent use of radiation therapy does not lead
to the desired result. In recent years, with the advent of new drugs and a deeper
understanding of the theory of chemotherapy, the effectiveness of chemotherapy
for malignant tumors has improved significantly. The clinician always has the task
of creating a sufficient concentration of the drug in the tumor area in order to
obtain a therapeutic result and at the same time minimize the load on healthy cells
during the local tumor process.

In our opinion, increasing the effectiveness of treatment of such type of tumor
can be detetcted by deleviring high concentration of doxorubicin in the tumor in
the following ways;

a.Immobilization of doxorubicin in synthetic polymeric materials, which will fill
the tissue structures that were resected, and long-term withdrawal of the drug
will significantly reduce the recurrence rate of tumors.

b.Use of nanomaterials for delivery of doxorubicin to tumor cells.

To implement the first task, we needed to develop non-biological implants with

a porous hollow structure that are capable of biointegration with the surrounding
orbital tissues.
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2. To develop non-biological implants and study the soft tissue response
to it

Such capabilities are possessed by hydrogels - spatially crosslinked hydrophilic
polymers that have been successfully used for several decades as materials for tissue
engineering and plastic surgery, means for targeted transport of drugs, optical and
analytical sensors, matrices for biological research [5], etc. Abnormally high com-
pared with solid polymers, the biocompatibility of gels with high equilibrium water
content, primarily due to the similarity of their 3D structure with the extracellular
matrix [6]. Achieving a significant improvement in the physicochemical and
operational parameters of gels seems to be possible by obtaining a hybrid hydrogel
material based on polyvinyl alcohol and acrylic hydrogel, which was the subject of
one of the studies performed by the authors [7].

Material and methods. Gels based on acrylic acid (AAc) were obtained
by radical polymerization of an aqueous solution of monomers (AAcand N,
N’-methylenebisacrylamide (MBA)) at a temperature of 70°C. Matrices based on
polyvinylformal (PVF) were obtained by treating polyvinyl alcohol (PVA) with
formaldehyde in the presence of a strong acid.

Experimental studies were conducted on the basis of the vivarium of the State
Institution “The Filatov Institute of Eye Diseases and Tissue Therapy of the NAMS
of Ukraine”. Experimental studies were performed on rabbits of the Chinchilla
breed, weighing 2-3 kg, aged 5-6 months, which during the study were in the same
living conditions. All experimental studies were conducted in compliance with ethi-
cal standards provided by the international principles of the European Convention
on the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (Strasbourg, 1986) and the norms of biomedical ethics approved by the
First National Congress of Bioethics of Ukraine), as well as the law of Ukraine
N23447-1V “On protection of animals from cruel treatment” (Kyiv, 2006).

To study the reaction of the soft tissues of the orbit and auricle, we used an
implant hybrid hydrogel developed at the Ovcharenko Institute of Biocolloid
Chemistry of the National Academy of Sciences of Ukraine in Kyiv. We implanted a
hybrid hydrogel in a scleral sac; orbital tissue and in the ear tissue of rabbits.

We implanted a hybrid hydrogel implant into the scleral sac, parabulbar tissue of
the eyeball and auricle of a rabbit/.

Surgical interventions were performed under general anesthesia (at the rate of
1 ml of 0.1% sodium thiopental solution per 1 kg of rabbit body weight intramus-
cularly). Evaluation of the response of soft tissues and bone structures to implant
materials was carried out on the basis of analysis of changes in clinical and patho-
morphological parameters was performed after 10, 30 and 60 days. Evaluation of
the studied clinical signs (swelling of the tissues of the orbit, cheeks, auricle, the
condition of the sutures, the presence of secretions) was performed on the 2nd, 5th,
10th and then every five days. Pathohistological evaluation of oculoorbital tissues,
orbit and auricle tissue was performed after 10, 30 and 60 days.

Results and discussion. Analysis of scanning electron micrographs of the
hybrid hydrogel material showed that its structure is characterized by a well-devel-
oped system of connected pores smaller than 1 mm, as well as the presence of pores
with a diameter of several hundred micrometers. It should also be noted that the
pore walls have a porous structure with an approximate pore diameter of 10 pm and
a wall thickness of several micrometers. Thus, due to partial squeezing of the gel-
forming composition from the pore space of the spongy polymer matrix based on
the PVF, it was possible to prevent clogging of open and combined transport pores,
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Figure 1.
Appearance of a hybrid hydrogel implant.

which allowed to ensure high permeability of hybrid material to gases, liquids and
biological tissues (Figure1).

In general modification of the PVF with acrylic hydrogel decreased the size of
pores inside the walls for all hydrogel systems and also fill the larger pores with
diameters approx. 500 pm. The synthesized polymer systems belong to porous
materials with pore diameters from a few micrometers to a few hundred microm-
eters. Nanopores have not been found in synthesized systems [8].

Experimental studies in rabbits showed that in the first 5 days after implanta-
tion of the hybrid hydrogel in the scleral sac, orbit and auricle, all animals had
swelling of the postoperative suture and adjacent conjunctiva, as well as a slight
serous-secretion from the conjunctival cavity. After five days, there was a decrease
in edema and discharge from the conjunctival cavity and lasted for 8-10 days. It is
important to note that when examining the postoperative wound of the skin and
conjunctiva in the first days and in the following days with the implantation of a
hybrid hydrogel, wound healing was the primary tension.

The obtained satisfactory result of clinical evaluation of soft tissues of the orbit
and auricle to the implantation of a hybrid hydrogel, we found it appropriate to
assess the response of cellular structures to the implant, the presence of germina-
tion of surrounding tissues in its structure and propensity to resorption.

Pathohistological studies showed that on the 10th day after the implantation of
the hybrid hydrogel into the scleral sac, inflammatory infiltration of the sclera was
noted in the site of the implant location. However, no inflammation was noted in
the scleral portions distant from the implant.

In the infiltrate, in addition to lymphocytes, there is a fairly large number of
eosinophilic leukocytes (Figure 2a).

An important requirement for the implant material is the ability to germinate
the surrounding tissue structure of the implant, as well as its tendency to resorp-
tion. Therefore, it was expedient for us to study the influence of the surrounding
biological tissues on the mesh-like structure of the implant (Figure 2b).

In Figure 2b it can be noted that the structure of the implant is preserved, and
along the crossbars there is the formation of delicate bundles of collagen fibers,
which are slightly infiltrated by lymphocytes. The composition of “cellular” struc-
tures is absent, possibly as a result of histological processing. We did not observe
any changes on the side of the orbit walls.

In clinical practice, there is a need to fill the soft tissues after removal of tumors
of the orbit, eyelids and oculoorbital area. In this regard, we found it appropri-
ate to study the relationship of the implant - a hybrid hydrogel with soft tissues
and cartilaginous structures. Pathohistological studies have shown that when the
implant is placed in the tissues of the auricle after 10 days, a delicate fibrous tissue
is formed around it, which is infiltrated by inflammatory cells. At the same time the
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Figure 2.

A and b. the tenth day after implantation of the hybrid hydrogel in the scleral sac; a - (1-implant;
2- inflammatory scleval infiltration) (hematoxylin—eosin; x 120), b - (1-implant; 2- fibrous capsule)
(hematoxylin—eosin; x 70).

Figure 3.
Thirty days after implantation of the hybrid hydrogel in the scleral sac.

weak basophilic maintenance of “cellular” structures remains, and on partitions the
initial phenomena of fibrotization are noted.

Thus, the assessment of clinical signs and the results of histopathological exami-
nations after implant placement - a hybrid hydrogel in the scleral sac and tissues
of the rabbit auricle allowed to draw preliminary conclusions, which were that
within 8-10 days there was an inflammatory reaction from the tissues of the orbit
and auricle, especially the first 5 days. It is important to note that in no case did we
notice the implant being exposed and the wound healing was the primary tension.
Pathohistological studies showed that around the implant, both in the scleral sac and
in the tissues of the auricle there are all signs of inflammation (lymphoid and leuko-
cyte infiltration, etc.), the presence of signs of germination surrounding the tissue
structure of the implant and its tendency to resorption. Having obtained preliminary
data, it was expedient for us to study the nature of the interaction of the implant - a
hybrid hydrogel with the surrounding tissues in the longer term. Therefore, we
decided to assess the nature of histopathological changes after 30 days.

When placing the implant in the scleral sac after 30 days, inflammatory phe-
nomena around it is absent, but there was the formation of a fibrous capsule with
the spread of fibrous tissue on the partitions of “cellular” structures. The fibrous
layers are quite rough and do not contain inflammatory elements (Figure 3). Up
to 30 days, the content of “cellular” structures was determined by the wall and in
small quantities.
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Formation of a fibrous capsule and massive growth of fibrous tissue along the
partitions of “cellular” structures (1-implant; 2- growth of fibrous tissue along the
partitions of “cellular” structures) (Hematoxylin—eosin; x 180).

A similar pathohistological picture was observed after 30 days of the implanta-
tion of a hybrid hydrogel in the tissues of the auricle, which consisted in fibrotiza-
tion of the walls of the “honeycomb” structures of the implant without signs of
inflammation. It should be noted that after 60 days we did not notice signs of
inflammation around the implant except for the formation of a fibrous capsule.

The obtained experimental studies, which study the nature of the reaction of
soft tissue bone structures of rabbits to the implantation of a hybrid hydrogel in the
scleral sac and auricle tissue, allowed to answer a number of questions that arise in
the development of implant materials.

The first and most important requirement for implants is their biocompatibility.
As our studies showed, in all experimental rabbits there was a moderate inflam-
matory reaction, which disappeared by 8-10 days. It is important to note that in all
groups of animals studied wound healing was the primary tension, and therefore in
no case was the exposure of the implant, which indicates a very important positive
indicator for implants. Pathohistological studies showed that up to 10 days there
are final inflammatory phenomena close to the implant in the form of lymphoid
and leukocyte infiltration, while in more remote areas relative to the implant, they
were absent. The second important indicator we noted is the germination of the
surrounding tissues in the implant structure and the formation of a delicate fibrous
capsule by the tenth day after its implantation (Figure 2b), and by the 30th day -
the formation of a massive fibrous capsule (Figure 3). The third important advan-
tage of the implant is the lack of its tendency to resorption, which is very important
to obtain a stable clinical result. It is also important to note that we did not observe
changes in the bone structures of the orbit and in the cartilaginous plate of the rab-
bit auricle when placing the implant in the soft structures of the orbit and auricle.

Our in vivo experimental studies demonstrated that the high biocompatibility of
the hybrid highly porous material based on polyvinylform developed by them, the
lack of resorption and the ability to germinate the surrounding biological tissues.
This indicates the high prospects of the developed material and provides grounds
for further research aimed at improving its performance.

3. Influence of the structure of hydrogels hydrogel implants on dynamics
of deposition and diffusion of doxorubicin

It should be noted that it is important to prevent the recurrence of the malig-
nancy after its removal, so it is important that the implant materials contain
antitumor drugs.

The hybrid hydrogels used are spatially crosslinked hydrophilic polymers that
are characterized by a unique combination of properties such as high hydrophilic-
ity, softness, flexibility and strength, as well as unique biocompatibility [9]. Due to
their ability to absorb significant amounts of water and biological fluids, porosity
and elasticity, they more than any other synthetic biomaterials resemble human
tissues and have been successfully used for decades as a means of targeted transport
and prolonged drug release [10], biosensors [11], anti-burn and hemostatic dress-
ings [12], materials for tissue engineering and plastic surgery [13], etc. Given the
possibility of using the proposed hybrid hydrogels in the creation of implants that
will have the ability to deposit drugs, primarily antimicrobial and antitumor, we
thought it appropriate to study the diffusion properties of hybrid hydrogels with
different porosity and with immobilized drugs, in particular drugs.
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Materials and methods. The research was conducted in the department of
functional hydrogels of the Ovcharenko Institute of Biocolloid Chemistry, NAS of
Ukraine using the following substances and materials:

Reagents for the synthesis of hydrogels: Polyvinyl alcohol (PVA) (AppliChem
GmbH, 98%; 72 kDa); formaldehyde (LAB-SCAN, 37%); concentrated sulfuric
acid (AAc); Triton X-100 (AppliChem GmbH); acrylic acid (99%, Sinbias); ammo-
nium persulfate (PSA) (Thermo Fisher, 98%); N, N’-methylenebisacrylamide
(Merck) was used without further purification.

Medicinal product: Doxorubicin “Ebeve” - concentrate for solution for infusion
containing 2 mg/ml For saturation with pharmaceuticals, hydrogels of different
densities were obtained, varying the mass fraction of PVA. The content of PVA in
the liquid-crosslinked gel was 7.1 wt. %, and in a tightly crosslinked gel - 8.0%. For
the manufacture of a hybrid hydrogel based on pre-synthesized polyvinylformal
and acrylic acid, 0.6 g of PVF was placed in a medical syringe with a capacity of
10 ml and impregnated with a solution containing 0.6 ml of AAc, 0.2 ml of 3%
MBA solution and 5.25 ml of 40% solution of PSA. After impregnation, 4.5 ml of
liquid was squeezed out and the resulting polymerization composition was placed
in an oven at 40° C for 1 hour.

Spectral analysis (FTIR) of wet samples was performed using a spectrometer
Spectrum BX FT-IR (Perkin Elmer). The spectra were recorded using the method of
disturbed total internal reflection (internal reflection spectroscopy) in the spectral
range 4000-550 cm ™" with a resolution of 2 cm™. Each spectrum was recorded 8
times to prevent accidental artifacts.

The porosity of the samples was determined by gravimetric method according to
the formula:

P=(1— m ]xlOO% 1)
V-p

where P is the total porosity [%], m is the dry weight of the sample, V is the
volume of the dry sample, p is the density of the material used [14]. When measur-

ing the pore size, an optical microscope SIGETA MB 140 LED Mono was used to
study the drugs in transmitted, reflected and mixed light. Toup View 3.5 was used to
process statistical data and video images of the microscope.

Detailed information on the structure of the pore space of polymer systems was
obtained from the analysis of microphotographs taken using a scanning electron
microscope JSM-6060 LA (JEOL, Japan) with a resolution of 4 nm. The polymer
samples were freeze-dried in a sublimation unit UZV-10 (Kharkov, Ukraine),
attached to standard holders with a double-sided conductive film and covered with
a layer of Au/Pd with a thickness of 25 nm in the ion-spray unit Gatan 682 Precision
Patching and Coating System Gatan, USA).

The kinetics of swelling of the samples of the proposed hydrogels was studied at
a temperature of 25°C in distilled water and saline (0.9% aqueous sodium chloride
solution), determining the degree of swelling of Q samples weighing 23.8-27.0 mg
by gravimetric method according to the formula: Q; = (m; — m4)/my, where Q; and
m, are the degree of swelling and the mass of the swollen sample in a certain time
interval, mq is the initial mass of the dry sample [15, 16].

Diffusion of doxorubicin in hybrid hydrogels was studied as follows. Samples of
dry hydrogels in the form of cylinders with a diameter of 12 mm and a weight
of 50 mg (height varied from 5 mm to 8 mm depending on the composition
of the hydrogel) for saturation were placed in 0.02% doxorubicin solution for
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18 hours at a temperature of 25°C. After saturation, the mass of the drug was
calculated taking into account changes in the initial concentration. Excess fluid
was squeezed from the swollen samples using a disposable medical syringe, the
squeezed samples were weighed and placed in vials of 20 ml of saline. Diffusion
of doxorubicin was examined by UV spectroscopy using a spectrophotometer-flu-
orimeter DS-11 FX + (DeNovix, USA), analyzing the samples at certain intervals
during the day at a temperature of 25°C and periodic stirring. The concentra-

tion of active substances was determined by the normalized peak absorption of
doxorubicin at 480 nm.

Results and discussion. IR spectroscopy. Based on the obtained IR spectra, the
functional groups of porous matrices based on PVF were characterized (Figure 4).
Wide and intense peaks in the region of about 3362-3382 cm ™" can be attributed to
the valence vibrations of hydroxyl groups. The expansion of these absorption bands
is explained by the hydrogen bonds that the OH groups join. Bands at 1007 cm™*
on the spectrum of the matrix based on PVF are also characteristic of the valence
vibrations of the hydroxyl group of primary alcohols C OH.

According to the calculations performed by formula (1), the high-density
crosslinked hydrogel had a porosity of 91.8%, and the low-density crosslinked
hydrogel - 95.0%. The calculated porosity of the hydrogel composition with acrylic
acid was 85.9%.

According to light-optical and electron microscopy, the obtained hydrogels had
a heterogeneous multilevel porous architecture. That is, the pores of the highest
level were also formed from porous structures that were about two rows smaller.
According to the calculations, the pores of the highest level had a diameter of
120-180 pm in a high-density crosslinked hydrogel (Figure 5a) and 460-670 pm in
a low-density crosslinked hydrogel (Figure 5b). The pore size in the hybrid hydro-
gel with acrylic acid varied from 200 pm (Figure 6a) to 590 pm [15].

For small pores of the lowest level, which form the substructure of the walls of
large pores (Figure 6a), regardless of the density of the hydrogel, their diameter
was 3-5 pm (Figure 6b).

The porosity and pore size of the implant material play a significant role in tissue
regeneration, so these parameters are widely studied and discussed in numerous
studies. The porous structure of the matrix is necessary for tissue regeneration,
because it depends on the adhesion, migration and proliferation of cells, as well
as the diffusion of nutrients, oxygen and metabolites. It has been found that large
pores provide nutrient delivery and removal of metabolic products, while small
pores provide a larger surface area for cell adhesion [10, 17]. It should be noted
that the influence of pore architecture on the behavior of cells also depends on

T, %

20

Figure 4.
IR spectrum of a porous matrix based on PVF.
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a b

Figures.
A and b. porous structure of high-density crosslinked (a) and low-density cross-linked (b) PVF hydrogels
according to the processing of microscopic images 40x.

Figure 6.
A and b. electron microscopic image of the pore architecture of PVF hydrogels: A - pores of the highest level,
b - pores of the substructural level.

their nature. In vitro experiments have shown that 380-405 pm pores are best for
chondrocytes and osteoblasts, while fibroblasts are prone to proliferation in smaller
diameter pores (186-200 pm) [18]. Such preferences may be explained by the fact
that, although large pores improve the diffusion of nutrients and oxygen, fibro-
blasts tend to cling to the substrate with smaller pores, as this increases the area of
specific contact [17]. According to in vitro studies, greater porosity is accompanied
by increased cell migration and infiltration [19, 20]. At the same time, in vivo it
can be the cause of protein leaching [17, 21]. Also an important characteristic is the
interporous connection, which depends not only on the diffusion properties of the
matrix in relation to nutrients and oxygen, but also the possibility of ingrowth of
newly formed vessels [21].

Based on this, it can be argued that our proposed hydrogels are able to accumu-
late and transport through a system of small pores of various metabolites and drugs,
as well as serve as a matrix for attachment and migration of different cell types that
ensure regeneration processes in biological tissues.

Kinetics of hydrogel swelling. From the analysis of the kinetics of swelling of
hydrogels of different structure it can be concluded that all samples of hydrogels in
water reach an equilibrium state of swelling in the first 30 minutes. In saline, the
degree of swelling of the hydrogels was slightly lower (approximately 16%), but this
had little effect on the high rate of swelling. Only in the composite hydrogel with
acrylic acid, the equilibrium state in saline was reached within 3 hours. This pattern
is inherent in hydrogels in general and is explained by a decrease in ionic osmotic
pressure, which causes swelling of hydrogels, with increasing ionic strength of the
solution. The obtained results were used to determine the period of saturation of
hydrogel samples with drugs.
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3.1 Diffusion of doxorubicin from hydrogels

The diffusion kinetics of doxorubicin are shown in Figure 7. The low-density
cross-linked hydrogel sorbs twice as much doxorubicin as the high-density cross-
linked hydrogel, possibly due to the absence of steric obstacles to penetration of the
porous hydrogel structure by a large drug molecule (molecular weight is 544 g/mol).
In in vitro experiments, the former hydrogel provided a 3-4-fold greater drug con-
centration in the environment compared to the latter hydrogel (Figure 7). The latter
hydrogel, however, allows for a smoother and more prolonged drug release profile
and therefore it is advisable to use for implants with a prolonged drug effect, while
low-density crosslinked hydrogel - for urgent release of a shock dose of cytostatic
preparation.

Hybrid hydrogels based on PVF and incorporated poly-AAc have a much greater -
about an order of magnitude - the ability to deposit doxorubicin (compared to PVF).
This effect may be due to the formation of ionic bonds between the active -COOH
groups present in the hybrid hydrogel and the amine groups present in the structure
of doxorubicin. The slow hydrolysis of these ionic bonds explains the prolonged
(several days) release of doxorubicin from hybrid hydrogels (Figure 8).

This prolonged ability of hybrid hydrogel implants will facilitate their use for
the deposition of antitumor drugs and maintain their effective concentration in the
pathological focus.

Thus, studies have shown that the kinetics of diffusion of drugs from liquid-
crosslinked hydrogel reaches a minimum therapeutic level within a few minutes,
whereas in the case of densely crosslinked hydrogel diffusion begins with a delay of
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Figure 7.
Diffusion of doxorubicin from low-density crosslinked (1, 2) and high-density cross-linked (3, 4) hydrogel
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Figure 8.
Diffusion of doxorubicin from saturated samples of composite hydrogel containing polyacrylic acid during the
week; A-concentration, pg/ml; B-percent release from sorbed.
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several hours and the amount of drug released at equilibrium is much lower. Values
(20-25%). It has also been found that the liquid crosslinked hydrogel absorbs twice
as much cytostatics as doxorubicin, which may be due to the lack of steric barriers
to the penetration of the bulk molecule of doxorubicin (molecular weight 544 g/
mol) into its porous structure. This hydrogel provides in vitro experiments 3-4
times higher concentration in the environment compared to densely crosslinked
polymer, and also provides a smoother, prolonged release of the drug.

It is important to note that the main factor in antitumor therapy is the temporary
parameter of tissue saturation with drugs, in this regard, we continue to study in
this direction. However, this direction of antitumor therapy is accompanied by
surgery.

4. Nanoparticles, possible way of delivery of doxorubicin to tumor cells

Noteworthy is the delivery of doxorubicin to tumor cells through the use of
nanomaterials [22].

In recent years, researchers have focused on the so-called “smart” therapeutic
systems that are able to respond to minor changes in their environment by a sharp
change in their physicochemical (primarily diffusion) characteristics [23]. The
greatest attention is paid to thermo- and pH-sensitive hydrogels, which under the
influence of minor, physiologically acceptable changes in temperature or pH are
capable of controlled mass release of drugs, in particular, anticancer [21].

Even, doxorubicin is one of the most effective and widely used drugs against a
wide range of cancers. But, its clinical use in parenteral administration is accompa-
nied by such side effects as high cardiac toxicity and myelosuppression. The most
serious long-term adverse effect of doxorubicin therapy is irreversible cardiomy-
opathy, which is based on the total cumulative dose [22]. In one clinical study, ~4%
of patients receiving dosages of 500-550 mg/m” developed congestive heart failure,
18% with dosages of 551-600 mg/m?, and 36% with cumulative dosages higher than
601 mg/m” [24]. This necessitates the development of new therapeutic systems for
the transport of doxorubicin, increasing its therapeutic efficacy and minimizing
side effects. Ideally, therapeutic transport systems of doxorubicin should inhibit
the release of the drug in plasma and release it only after reaching the tumor site by
actively targeting tumor cells through endocytosis.

As a trigger for targeting the therapeutic transport system of doxorubicin can be
used a significant difference in the pH of plasma (pH = 74) and the microenviron-
ment of the tumor (pH = 6.5) and lysosomes (pH = 4.8-5) [6, 9, 21]. In particular,
this determines the prospects for the use of pH-sensitive hydrogels for controlled
transport of anticancer drugs, primarily doxorubicin.

However, nanogels that are sensitive to changes in both pH and tempera-
ture, such as, for example, hydrogel copolymers synthesized by us based on
N-isopropylacrylamide (NIPAm) and acrylic acid (AAc), seem to be especially
promising.

The synthesis of nanogels based on NIPA was described in detail earlier [25,
26]. N-isopropylacrylamide, NIPAm (Sigma-Aldrich, 97%) was recrystallized
from hexane and dried under vacuum; N,N’-methylenebisacrylamide (MBA)
(Merck,98%), acrylic acid (AAc) was purified by distillation and subsequent
fractional distillation, potassium persulphate, PSP (Sigma 98%)were used without
additional purification, as well as sodium dodecylsulphate (SDS), polyethylenimine
(Sigma-Aldrich MM 2000 Da) and iron salts (FeSO4 and FeCl;) used in magnetite
synthesis. Briefly, 2,3 g of NiPAm, 0,0393 g of MBA, 0,1124 g of SDS, 5 mL of
magnetite suspension, 0,115 g of AAc and 135 g of water were placed in the beaker.
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After that the beaker was set on a magnetic stirrer to dissolve the reagents at

room temperature. At the end of the mixing the solution in the beaker underwent
purification with argon for 2 minutes. It was then transferred into the glass reactor
equipped with a stirrer and thermometer. The reactor was placed in a water bath
with that was maintained at constant temperature. The synthesis was carried out at
68-70°C. When the reactor temperature reaches these temperature, 10 mL of 0,93%
solution of PSP in water was added. The mixing rate was 500 rotations per minute.
The duration of the synthesis took additional 6 hours. The release kinetics of the
antitumor drug doxorubicin were investigated using a UV spectrometer “Specord
M 40” (maximum absorption 480 nm).

The size of the polymer carriers (transport systems) of anticancer drugs is of
great importance, since nanoparticles with a diameter of less than 200 nm, on
the one hand, are able to penetrate into cells, in particular, affected cells, and on
the other hand, they are not captured by macrophages, which contributes to an
increase in the duration of their circulation in the body. As can be seen from the
Electronic Microphotographs (TEMs) shown in Figure 9, the synthesized nanogels
are characterized by uniformity of shape and size and have an average diameter of
about 100 nm. At magnification (see Figure 9, box), you can see incorporated into
the nanopherogel nanoparticles of magnetite with a size of about 10 nm.

The obtained images correlate well with the results of dynamic light scattering
measurements. It is shown that the average size of the synthesized hydrogels based
on NIPAm and AAc is about 100-200 nm and depends on the temperature and
pH value, as well as the value of the zeta potential of nanoparticles. Synthesized
copolymer nanogels based on NIPAm and AAc combine thermo- and pH-sensitiv-
ity. When heated above the LCST (lower critical solution temperature, equal for
NIPAm to a temperature of 32-34°C) and when the environment is acidified, the
diameter of the nanoparticles decreases. Thus, it was found that the average size of
nanoparticles of copolymer hydrogels based on NIPAA and AAc when heated from
25 to 50°C decreases by 3-5 times, which is a consequence of thermo-induced phase
transition from swollen to collapsed state of the hydrogel (Figure 10a and b).

At the same time, in the acidic region, the pH of nanopherogels is about 10 nm,
while in an alkaline environment increases by about an order of magnitude. Note
that these processes are reversible and further cooling of the nanogels (as well as an

Figure 9.
Microphotographs (TEM) of synthesized nano(ferro)gels based on NIPAm - AAc copolymer with incorporated
magnetite.
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Figure 10.

A and b. size distribution of nano(ferro)gels based on NIPAm — AAc copolymer with incorporated magnetite
depending on: A - temperature at 50°C (1), 37°C (2) and 25°C (3); b - acidity of the medium at pH = 1.1 (1)
and pH = 12.0 (2).
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A and b. size distribution (a) and zeta potential (b) of nano(ferro)gels based on NIPAm- AAc copolymer with
incorporated magnetite and doxorubicin at temperatures of 25°C (1) 37°C (2) and 50°C (3).

increase in pH) leads to an increase in their size to the original values. This behavior
of nanosized hydrogel matrices creates the preconditions for spontaneous targeted
release of incorporated antitumor drugs, primarily doxorubicin when heated in

a temperature-acceptable range, for example, in drug hyperthermia or in contact
with affected cells, which are characterized by acidic pH.

Zeta potential as a function of the surface charge of a substance in a liquid is an
excellent characteristic of electrostatic repulsion between particles. Zeta potential
is usually used to predict and control the stability of the dispersion. Moreover, the
characteristics of the solid-liquid interface can have a strong effect, in particular on
adhesion, flotation, and in more concentrated systems on the rheological behavior
of the system.

Thus, it shown that an increase in temperature in the range of 25°C to 37°C, up
to 50°C leads to an increase (in absolute value) of the zeta potential and a decrease
in the size of ferrogel nanoparticles, which indicates an increase in aggregate stabil-
ity of the corresponding colloidal systems. This pattern can be explained by the
rupture of intermolecular hydrogen bonds that promote aggregation, with increas-
ing Brownian motion when heating NIPAm macromolecules.

Thermo- and pH-sensitive copolymer hydrogels based on NIPAm and AAc
with incorporated magnetite and cytostatic doxorubicin were also characterized
using a Zetasizer Nano ZS (Malvern Instruments) zeta-seiser. It was demon-
strated (Figure 11a and b) that as the temperature increases (in the physiologi-
cally acceptable range), the size of nanoparticles decreases (to about 50 nm) and
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the zeta potential increases, which indicates an increase in the aggregate stability
of nanosuspensions.

Taking in the account medical field of application of synthesized nano(ferro)
gels, an extremely important problem is their washing from the unreacted mono-
mers and other toxic pristine materials since the gelation reaction never proceeds
with 100% conversion. Washing of medical nanogels from monomer residues and
unreacted initiators is carried out by long-term extraction (for 4-10 days) witha
suitable solvent (preferably water) with its repeated replacement.

As it can be seen from Figure 12, the immediately after synthesis, the concentra-
tion of NIPAm monomer significantly exceeds the maximum allowable level. After
washing 5 times, the concentration of monomer decreases 50 times, and after seven
times - more than 500. Analyzing the size distribution spectra of the crude nanogel
samples and the corresponding samples after washing, obtained by dynamic light
scattering using a Zetasizer Nano ZS (Malvern Instruments), we can conclude
that due to washing using diafiltration the average size of nanoparticles increases
slightly, which, in our opinion, is associated with the leaching of surface-active
sodium dodecyl sulfate, which prevented the aggregation of nanoparticles [27].

It can be seen from Figure 12, the concentration of NIPAm monomer signifi-
cantly exceeds the maximum allowable level immediately after the synthesis.
While, after washing 5 times, the concentration of monomer decreases 50 times,
and after seven times — drop down more than 500 times.

In the case of macrogels, the temperature of their phase transition between the
swollen and collapsed state (which determines the possibility of controlling their
physicochemical properties, primarily diffusion) is determined gravimetrically,
which is almost impossible in the case of nanogels. However, it has been demon-
strated that the phase transition temperature can be determined no less accurately
by measuring light transmission. As can be seen from Figure 13, ((J), at tempera-
tures below 30°C hydrogels are in the expanded conformation, while when heated
above 32°C (lower critical solution temperature, LCST) there is a phase transition
to a compact collapsed state due to the destruction of hydrogen bonds between mol-
ecules water and hydrophilic amide groups of NIPAm caused by Brownian motion,
as well as the strengthening of hydrophobic interactions of isopropyl groups of
NIPAm. As aresult, there was a sharp decrease in the light transmission of disper-
sions, and the phase transition temperature for nanopherogels was about 35°C. A
small increase in the magnitude of the phase transition from the inherent NIPAm
temperature of 32°C is explained by its copolymerization with hydrophilic acrylic
acid. Due to the established effect of increasing the NIPA phase transition tem-
perature when copolymerized with a more hydrophilic monomer (eg acrylamide or
AAc) and decreasing the NIPAm phase transition temperature when copolymerized
with a more hydrophobic monomer (eg acrylonitrile), therapeutic systems based
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Figure 12.
A and b. veduction of absorption (a) of monomeric NIPAm in the UV region (1-after washing; 2-immediately
after synthesis); change in the concentration of NIPAm depending on the number of washes (b).
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Figure 13.
The effect of temperature on light transmission for crude () and purified (0)nano(ferro)gels based on
NIPAm and AAc with incorporated magnetite at pH = 7.
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Figure 14.
Kinetics of release of doxorubicin from nano(fervo)gels based on NIPAm and AAc with incorporated magnetite
at pH = 7 (nano(ferro)gel was saturated with a solution of the drug with a concentration of 2.5x10 2% ).

on delivery and controlled release at the desired temperature of various drugs, in
particular doxorubicin.

The analysis of Figure 14 shows that at 25°C the release of the antitumor drug
doxorubicin is completed after 3040 min, whereas heating above the LCST causes
spontaneous release of the drug from the collapsed hydrogel. Thus, the synthesized
nano (ferro) gels based on NIPAm, AAc and magnetite due to their unique proper-
ties are a promising material for the creation of therapeutic systems of targeted
delivery and controlled release of drugs, in particular, in drug hyperthermia.

Incorporation of pre-synthesized nanosized magnetite into nanogels allows to
give the corresponding nanopherogels magnetically controlled properties, namely
- the possibility of targeted localization under the influence of a constant magnetic
field of anticancer drug carriers in close proximity to the target organ, which is
extremely important. Means and the need to minimize their overall impact on the
body. Thus, the incorporation into the composition of hydrogel matrices of nano-
sized magnetite provides the possibility of targeted localization of the developed
therapeutic systems in close proximity to the target organ by applying a constant
low-intensity magnetic field with subsequent controlled release of incorporated
drugs (primarily, cancer-free - or low-intensity alternating magnetic field.

For nano(ferro)gels on the base of NIPAm, biological studies were performed
that showed that magnetic hydrogels with a magnetite content of up to 10% are not
toxic to PTP cells (primary swine testicle) (Figure 15a). Moreover, upon contact of
the original matrix with the cells, it was found that their activity tends to increase
compared to the activity of control intact cells. Therefore, the result allows us to
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a and b. Cytotoxicity of nano(ferro)gels based on NIPAm for PTP cells (a) and HEP-2 cells (b).

consider nano(ferro)gels based on NIPAm hydrogels, suitable for the development
of hyperthermia of cancer cells, targeted delivery and controlled release of drugs, as
well as objects for cell growth. Similar results were obtained in the study of cytotox-
icity for HEP-2 cells (epidermal carcinoma of larynx) (Figure 15b).

For copolymer ferrogels with a 95% NIPAA content, biological studies per-
formed showed that magnetic hydrogels with a magnetite content of up to 10% are
not toxic to PTP cells (Figure 15a). Moreover, upon contact of the original matrix
with the cells, it was found that their activity tends to increase compared to the
activity of control intact cells. Therefore, the result allows us to consider ferrogels
based on copolymer hydrogels, which contain 95% NIPAA and 5% AA, suitable for
the development of hyperthermia of cancer cells, targeted delivery and controlled
release of drugs, as well as objects for cell growth. Similar results were obtained in
the study of cytotoxicity for HEP-2 cells (Figure 15b).

5. Conclusion

From the above points, it can be concluded that the hydrogel implant developed
by us will allow to fill soft tissue structures quite effectively during tissue resec-
tion. However, this will partially solve the problem. The clinician always faces such
an important task as to avoid tumor recurrence. Immobilization and diffusion of
doxorubicin into the implant showed that the kinetics of diffusion of the drug from
the liquid-crosslinked hydrogel reaches a minimum therapeutic level within a few
minutes, whereas in the case of densely crosslinked hydrogel diffusion begins with
a delay of several hours and the amount is released. Much smaller values (20-25%).
It is also shown that the tightly crosslinked hydrogel has a higher ability to deposit
doxorubicin, and therefore, it is advisable to use for implants with a prolonged anti-
bacterial effect, while the liquid crosslinked hydrogel - for the immediate release of
a shock dose of antiseptic. It is important to note that the liquid-crosslinked hydro-
gel absorbs twice as much cytostatics as doxorubicin, which may be due to the lack
of steric barriers to the penetration of the bulk molecule of doxorubicin (molecular
weight 544 g/mol) into its porous structure. This hydrogel provides in vitro experi-
ments 3—4 times higher concentration in the environment compared to densely
crosslinked polymer, and also provides a smoother, prolonged release of the drug.

The obtained preliminary experimental results allow us to conclude that our
developed pathways for the delivery of drugs, in particular, doxorubicin to tumor
cells will increase the effectiveness of antitumor therapy. We are faced with many
questions that we will implement in further research.
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The Paradigm of Targeting an
Oncogenic Tyrosine Kinase:
Lesson from BCR-ABL
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Abstract

The aberrant tyrosine phosphorylation, either due to constitutive tyrosine
kinases (TKs) or to inactivation of protein tyrosine phosphatases (PTPs), isa
widespread feature of many cancerous cells. The BCR-ABL fusion protein, which
arises from the Philadelphia chromosome, is a molecular distinct and peculiar trait
of some kind of leukemia, namely Chronic Myeloid and Acute Lymphoblastic
Leukemia, and displays constitutive tyrosine kinase activity. In the chapter, we will
highlight the milestones that had led to the identification of the BCR-ABL fusion
gene and its role as the only molecular pathogenic event sufficient to elicit and
sustain chronic myeloid leukemia. We will also discuss the effort made to unveil
the molecular mechanisms of action of the chimeric tyrosine kinase that eventually
lead to aberrant cell proliferation and impaired cell-death. Furthermore, we will
also review the lesson learned from the selective inhibition of BCR-ABL which cur-
rently represent a breakthrough in the treatment of several tumors characterized by
defective tyrosine kinase activity.

Keywords: chromosomal translocation, fusion gene, tyrosine kinase, leukemia,
tyrosine kinase inhibitors, targeted therapy

1. Introduction

The up-regulated enzymatic activity of tyrosine kinases (TKs) is one of the
most frequent events in human cancers. Basically, it is attributable to three distinct
molecular-genetic mechanisms covering either the overexpression, the activating
mutations or eventually chromosomal translocations involving tyrosine kinase
genes. Therefore, targeting the kinases harboring oncogenic properties has led
to prominent changes in cancer clinical management. An outstanding contribute
in achieving the goal has been offered by the BCR-ABL oncogene, whose story
started more than half a century ago. In the 1960s a couple of scientists working in
Philadelphia described a major chromosomal abnormality in patients affected by
Chronic Myeloid Leukemia (CML) [1, 2]. The chromosomal aberration consisted
of an acrocentric chromosome that was originally thought as the outcome of a
chromosomal deletion. At that time, it was the first chromosomal abnormal-
ity unambiguously associated to a specific malignancy. With the improvement
of the chromosomal banding techniques, it became clear that the chromosome
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abnormality was a shortened chromosome 22. Among a chorus of skepticism

and wonder at the beginning of the seventies that short chromosome, that it is
now known as Philadelphia chromosome (Ph), was identified as the product of a
reciprocal translocation between the long arms of chromosomes 9 and 22, t(9;22).
However, we had to wait until the eighties to know that the exact molecular conse-
quence of the t(9;22) was a fusion gene encoding for a chimeric protein displaying
constitutively tyrosine kinase activity. Altogether these discoveries delivered an
outstanding message whereby a disease was tightly linked to a single oncogene,
BCR-ABL. Since then, dozens of translocations have been found in other cancers,
including acute promyelocytic leukemia.

BCR-ABL is a peculiar protein for several of reasons: 1) it is a chimeric protein
that is encoded by a fusion gene deriving from a reciprocal chromosomal transloca-
tion; 2) it is a constitutively active tyrosine kinase eliciting oncogenic signals, 3) it
has been the first oncogene associated to a disease displaying dual properties either
as driver and in sustaining the neoplasm evolution, and 4) it has been the first
kinase to be selectively targeted with small molecules, thus paving the way for the
development of a number of tyrosine kinase inhibitors (TKIs).

In the present chapter we are going to discuss the milestones of a story, started
60 years ago, which has happily led to the selective pharmacological inhibition of
BCR-ABL. Hence, CML, whose diagnosis was before a death sentence, is now suc-
cessfully cured in the vast majority of the cases.

2.Is there any specific reason underlying the generation of the Ph
chromosome?

Basically, every chromosomal translocations require DNA Double-strand
breaks (DSBs) in two different locations and that the broken ends of non-
homologous chromosomes are fused together. DNA double-strands breaks might
be due to different causes (e.g. ionizing radiation, reactive oxygen species, DNA
replication across a nick, malfunctioning of DNA metabolic enzymes such as type
II DNA topoisomerase or RAG complex during illegitimate V(D)] recombina-
tion). Cells to preserve their genome integrity upon DNA damage respond by
activating a repair machinery that should catalyzes the joining of the broken ends
[3]. However, the outcome of the joining process leads to a variety of rearrange-
ment. For instance, precise joining of broken ends can generate a normal chromo-
some. Inversions, deletions and duplications can occur when joining involves
two broken ends on the same chromosome. Non-Homologous End Joining
(NHE]J) is often imprecise; thus some nucleotides may be lost during the joining
process. Eventually, translocations may occur when the broken ends of two non-
homologous chromosomes are joined together thus leading to novel chromosomes
containing part of normal chromosomes [4].

Aside these notions, currently our knowledge regarding the molecular mecha-
nisms responsible for the reciprocal chromosomal translocation occurring between
the chromosome 9 and the 22, t(9;22), generating the Philadelphia chromosome
(Ph), remain still rather elusive. Fundamentally, it has been speculated that there
are two plausible hypotheses. One view prefers to lean towards an entirely random
“breaking and re-ligating process” occurring with relatively similar frequency
between any two chromosomes within a cell. Chromosomal translocations that give
and adaptive advantage are pretty rare and associated with negative consequences
(e.g. cancer). The success of the t(9;22) can be explained by the fact that, the
resulting fusion gene encodes for a protein with transforming properties confer-
ring selective fitness advantages to the host cell. Conversely, by virtue of this, any
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other chromosomal rearrangement that does not satisfy the requisite for survival
and expansion will be handicapped and thus will soon disappear. Though, at this
time there are no experimental indications ruling out this view it is worthwhile

to notice that the juxtaposition of the ABL and BCR genes has been observed in
nuclei of human hematopoietic cells over the S/G2 phases and through the whole G2
phase up to the middle of the M phase (i.e. metaphase stage) [5]. Ultimately, there
is no conclusive evidence that DNA sequences potentially relevant to chromosomal
translocations, such as the Alu repeats or Chi-like octamers, are present around the
BCR-ABL rearrangement [6]. Hence, by now the only trustable conviction is that
the exchange between two chromosomal positions implies that they must be physi-
cally close to each other at the time the event occurs. However, besides the external
triggering events (e.g. ionizing radiation) the details about what are the molecular
players and how they cooperate to the birth of such aberrant chromosome remain to
be mechanistically elucidated.

3. What is the consequence of the t(9;22)?

The results of the chromosomal translocation occurring between the chromo-
some 9 and 22, t(9;22), are a longer chromosome 9 (9q+) and a smaller derivative
chromosome 22, the Ph [7, 8]. By the eighties of the past century the molecular
characterization of the Ph led to the identification of a novel chimeric gene, BCR-
ABL, which later on has been found to encode for a chimeric protein with a con-
stitutive tyrosine kinase activity and with potent oncogenic properties [9, 10]. The
c-ABL and Breakpoint of Cluster Region (BCR) loci are localized on the long arm
of the chromosome 9 and 22, respectively [11]. Depending on the different break-
points occurring on the two chromosomes resulting in different BCR-ABL variants.
Though, all BCR and c-ABL DNA breakpoints fall within intronic regions those
occurring in the BCR gene are highly variable and thus responsible for defining the
major differences among the different variants. The variation in the BCR part of the
fusion transcript contrasts with the constant c-ABL part. Indeed, all the breakpoints
so far identified within the c-ABL gene occur in a large (300-kb) region in the 5
portion of the gene, localized upstream of the exon 2, and generally falling in the
intron sequences restricted between the two alternative first exons (1b and 1a).
Regardless the structure of the different fusion genes the BCR exons directly fuse to
the second c-ABL exon (a2). The most frequent BCR-ABL fusion variant is the p210
in which the BCR exon 13, or 14, is fused downstream of the alternative exons 1 of
the c-ABL gene and thus leading to a fusion protein with approximately the first half
from BCR and the remaining second half from ABL. Mostly this variant is found in
CML patients accounting for approximately 95% of the BCR-ABL fusion gene in all
the CML cases. A second frequent variant, p190, is found in approximately 20-30%
of adult patients with Acute Lymphoblast Leukemia (ALL) [12] and, very rarely,
also in Acute Myeloid Leukemia (AML) [13]. When compared to the p210 variant,
in this case the breakpoint within the BCR locus is localized in the 3" half of the first
BCR intron, thus encoding for a shorter BCR portion (approximately 425 aminoac-
ids). The third most common BCR-ABL variant, p230, is the largest and is defined
by a breakpoint cluster region encompassed between the exons 19 and 21. Whereas
the p190 characterizes a more acute form of leukemia usually of lymphoid origin,
the latter variant is peculiar of neutrophilic CML. Besides, there are additional
BCR-ABL variants, though they have been observed less frequently. Interestingly,
some of them are peculiar because they are the results of alternative splicing lead-
ing to truncated chimeric proteins that are all lacking tyrosine kinase activity [14].
Furthermore, in hematopoietic malignancies, the BCR gene has been identified
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fused to multiple tyrosine kinases encoding genes, other than ABL, including
Fibroblast Growth Factor Receptorl (FGFR1) -t(8;22)- [15, 16], Platelet Derived
Growth Factor Receptor A (PDGFRA) -t(4;22)- [17, 18], RET -t(10;22)- [19] and
Jak2 -t(9;22)-[20-22] producing different fusion transcripts that are all encoding for
cytoplasmic chimeric proteins displaying dysregulated tyrosine kinase enzymatic
activity and onocogenic properties. The causal reason behind the commonality of
BCR as fusion partner is not well understood. As we have previously discussed it has
been speculated that genes such as BCR are located near chromosomal fragile sites
that show breaks or gaps on metaphase chromosomes due to replication stress which
are prone to breakage and translocation as result. Interestingly, though BCR fusion
genes have also been detected in solid tumors, to date BCR fusion proteins that
behave as cancer drivers have solely been identified in hematological cancers.

4. Structural features of the different BCR-ABL protein variants

Both c-ABL and BCR are rather large proteins with molecular sizes ranging
from 145 to 160 kDa, respectively, and harboring numerous well defined structural
conserved domains. The cABL is a non-receptor tyrosine kinase harboring several
motifs that are required for its own enzymatic activity and to signal to other mol-
ecules. Intramolecular interactions occurring between the SH3 domain and the linker
peptide connecting the SH2 and the tyrosine kinase domain, alongside with that
occurring between the kinase and the SH2 domain, keep c-ABL in a close inactive
state [23]. The central part of the protein is characterized by proline-rich (PxxP)
stretches acting as docking sites for SH3 containing proteins and a DNA binding
domain (DBD). Eventually the carboxy-terminal region contains an actin binding
domain (ABD) which allows the interaction either with the monomeric- (G) and with
the filamentous- (F) actin. Within cells, the ABL is distributed either in the nucleus
and, to a lesser extent, in the cytoplasm where it plays distinct roles. The shuttling
between the two compartments it steered by its nuclear-localization and nuclear-
export signals and it is depending on different extracellular cues (eg. cell to substra-
tum adherence) [24]. While cytoplasmic c-ABL regulates several actin-dependent
cellular processes, for example by positively controlling the filopodia exploration and
the membrane ruffling [25], the nuclear c-ABL is a pivotal proapoptotic play-actor,
playing a role in the cellular response to genotoxic stress (e.g. ionizing radiation) [26].

Alike c-ABL, BCR is a multidomains protein with a peculiarity consisting of a
Dbl homology (DH) and a Rho-GAP domain that are localized in the central region
and at the C-terminus of the protein, respectively. These domains act as Guanine
Exchange Factor (GEF) and GTPase Activating regulatory elements (GAP) for
some members of the Rho superfamily, including Cdc42, Racl, Rac2 and RhoA.
Additionally, BCR protein harbors other structural regions, including two lipid
binding domains namely Pleckstrin Homology (PH) and Calcium-dependent lipid-
binding domain (C2), which is localized in the central part of the protein, and an
N-terminal 63 aminoacids long coiled-coil oligomerization peptide that is followed
by a Serine/Threonine kinase domain. BCR expression is rather ubiquitous and
enriched in brain. Differently from c-ABL, the subcellular localization of BCR is
predominantly restricted to the cytoplasmic compartment [27].

The structural composition of BCR-ABL proteins may vary quite a lot depending
from which fusion gene breakpoint one refer to (Figure1).

However, the variation is always restricted to the BCR part, while the c-ABL
part remains constant in all the different transcript variants. This is in itself an
indication that c-ABL is mostly responsible for its transforming properties. Briefly,
all BCR-ABL proteins share the same c-ABL part with all the prominent structural
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Figure 1.

Structural features of the diffevent Ber-Abl protein variants. Linear depiction of the functional motif
composition of the different BCR-ABL proteins: p190, p210 and p230. CC: Coiled-coil; S/T kinase: Serine/
threonine kinase; DH: Dbl-homology; PH: Pleckstrin homology; C2: Ca® -dependent membrane-targeting
module; Rac-GAP: Rac GTPase; SH3: Src Homology3; SH2: Src Homology2; Tyr kinase: Tyrosine kinase:
DBD: DNA binding domain; ABD: Actin binding domain; PXXP: Proline rich vegion, wheve X indicates any
aminoacid.

features of c-ABL, including SH3, SH2, tyrosine kinase, proline rich regions, DNA-
binding and Actin Binding Domains. By contrast, the distinguishing part is repre-
sented by the BCR peptide. In the shortest BCR-ABL variant (p190) or alternatively
named p185, the BCR portion encodes for a peptide of approximately 490 amino-
acids encoded by the first BCR exon, encompassing the very N-terminal coiled-coil
oligomerization domain and the serine/threonine kinase domain, fused to the ABL.
Conversely, in the longest BCR-ABL variant, p230, the BCR portion harbors all BCR
structural domains with the exception of the GAP that is truncated. Eventually, the
most common BCR-ABL variant, p210, encodes for a chimeric protein in which the
BCR portion comprises the coiled-coil, Ser/Thr, Rho-GEF and PH domains. Crucial
for the constitutive activation of the c-ABL tyrosine kinase is the BCR oligomer-
ization domain that promotes either the dimerization or tetramerization of the
protein [28]. In this way the BCR-ABL proteins can cross-phosphorylate each other
on tyrosine residues in their kinase-activation loops. BCR-ABL phosphorylated
tyrosine residues usurp the physiological functions of the normal ABL and can act
as docking sites for SH2-domain containing proteins that contribute in activating
downstream signaling pathways. On the whole this leads to clear readouts compris-
ing deregulated cellular proliferation, decreased adherence of leukemia cells to

the bone marrow stroma and reduced apoptotic response to mutagenic stimuli.
Alike the BCR, but differently from the c-ABL protein, strikingly all the BCR-ABL
chimeric proteins display a cytoplasmic localization, though all retain both the
nuclear-localization and nuclear-export peptide sequences. The main reason for its
cytoplasmic localization is its constitutively activated tyrosine kinase activity that
thus allows to the chimeric tyrosine kinase to interact and cross talk with a number
of proteins, thus exerting its leukemogenic effect. Interestingly, upon BCR-ABL
pharmacological inactivation (i.e. Imatinib) and concurrent blocking of its nuclear
export (i.e. leptomycin B) the protein re-localizes within the nuclear compartment
and it is trapped there. Astonishingly, upon Imatinib removal and the tyrosine
kinase activity of the nuclear BCR-ABL is reactivated it is converted from an
antiapoptotic to proapoptotic protein thus inducing cell death [29].

5. “In-vitro” and “in-vivo” tools for the assessment of the BCR-ABL
leukemogenic properties

The importance of BCR-ABL in leukemogenesis/neoplastic transformation has
been examined in numerous “in-vitro” and “in-vivo” biological systems, including
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immortalized fibroblast cell lines, growth-factor-dependent hematopoietic cell
lines, primary bone marrow cells and mice. Though all these models represent

very important tools that have significantly contributed to elucidate the molecular
mechanisms of CML formation and to identify potential therapeutic targets, each
of them display pros and cons either in term of their tractability and physiological
relevance. Many cancer cell lines, including leukemia, have been excellent models
for “in-vitro” studies because of their relative ease in obtaining a large number of
cells for biochemical analysis, genetic manipulation and biological examinations.
However, they display remarkable limitations, including their failure to recapitulate
the physiology of the disease. By contrast animal models are excellent in term of
physiological relevance, thus allowing to recapitulate the disease and to assess its
potential evolution, but rather deficient in tractability. The product of BCR-ABL

is a constitutively active tyrosine kinase that is more active than c-ABL, thus the
expression of BCR-ABL transforms established mouse fibroblast cell lines, factor-
dependent hematopoietic cell lines and primary bone-marrow cells. Usually, under
physiological conditions normal hematopoiesis requires a strict balancing among
cellular-proliferation, —growth and —survival, which are all tightly regulated by
growth factors and cytokines (e.g. IL-3, IL-7, GM-CSF and erythropoietin) [30],
which upon binding to their cognate receptors activate a number of intracellular
signaling pathways. By making use of different cell lines it has been determined
that the constitutively active BCR-ABL tyrosine kinase abrogates this growth factor
dependency [31] by activating essential downstream molecules in a ligand indepen-
dent manner. Hence, the expression of BCR-ABL, likewise v-ABL, confers immor-
talizing properties to the cells. In summary, cellular models have been extremely
useful to dissect the molecular pathways activated by BCR-ABL and to determine
which parts of the protein are required to confer transforming properties.
Nonetheless, transgenic murine models offer additional benefits thus allowing to
ascertain and further validate which parts of the protein are mandatorily required
for the induction of a CML-like disease, to study the role of the environment in
leukemogenesis and eventually to identify therapeutic target for pre-clinical inves-
tigations. The “in-vivo” convincing experimental evidence validating the leuke-
mogenicity of BCR-ABL were provided only around the 1990s by using transgenic
murine models [32, 33]. In this respect, the initial development of transgenic and
knock-in murine CML models displayed major drawbacks. Indeed, the generation
of conventional BCR-ABL transgenic knock-in mice, through the expression of the
chimeric gene under the control of the BCR promoter, caused embryonic lethality
due to the toxicity of the activated tyrosine kinase during embryonic development.
Afterwards, the use of murine stem-cell retroviral vector and mice created through
expression of BCR-ABL under the control of a tetracycline-responsive promoter
allowed to overcome that problem and revealed that to develop a CML-like disorder
it is crucial to express this oncogene in proper tissue/cell type. With the help of
these models it was also shown that the expression of the p210 BCR-ABL variant

in bone marrow caused a CML-like disease. Remarkably, the progression of the
p210 associated disease was consistent with the apparent indolence of the human
CML chronic phase. Interestingly, mice models expressing the p190 variant at
levels similar to that of the p210, allowed to uncover that they displayed clinically
distinct conditions consisting in a de-novo development of acute leukemia with a
short period of latency [34]. Furthermore, these studies allowed to functionally
dissect the BCR-ABL protein and to determine to what extent the different domains
of the BCR-ABL protein are required for the onset of the different kind of leukemia.
The tyrosine-kinase activity of BCR-ABL is essential for its oncogenic properties,
but not sufficient. Indeed, although the transduction of v-ABL in a helper virus-
containing system causes a murine hematopoietic disease it is distinct from the
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CML-like syndrome elicited by BCR-ABL developing only modest splenomegaly
and malignant disease of several hematopoietic cell types [35]. In addition to its
tyrosine kinase domain the iz vivo molecular dissection of the protein led to the
identification of another domain that is apparently required for the induction of
the CML-like disease. This domain turned out to be the SH2. Remarkably, the SH2
domain requirement is peculiar only for myeloid but not for the lymphoid leukemo-
genesis. Notably, this later issue has been rather debated due to some discrepancies
between different studies [36, 37]. Additionally, in mice model for the induction of
the chronic leukemia-like disease the Grb2 binding site (Tyr-177) is required [38].

6. Molecular mechanisms conferring oncogenic properties to BCR-ABL

Once BCR-ABL has been identified as the molecular pathogenic event in CML
and other leukemia related disorders, significant effort has been addressed to unveil
the molecular mechanisms of action of the chimeric tyrosine kinase through the
identification of signaling pathways that are impacted by BCR-ABL. The most
prominent feature of the BCR-ABL fusion protein is its potent and constitutive
tyrosine kinase activity. The tyrosine phosphorylation is a vital mechanism of
intracellular signal transduction, used by many growth factor receptors. Usually,
approximately less than 2% of total cellular tyrosine residues are phosphorylated,
and the activity of tyrosine kinases is counterbalanced by the activity of tyrosine
phosphatases. In cells that express a constitutively active tyrosine kinase, this finely-
tuned regulation is subverted, leading to a situation that resembles chronic growth
factor stimulation.

Actually, BCR-ABL displays a tyrosine kinase activity amazingly higher than
that of to the c-ABL counterpart [39] and differences among the different variants
have been assessed, being the p190 more potent than that of the p210 and the latter
more potent than p230 [40]. Though the BCR-ABL oncoprotein can activate a large
number of different signal transduction pathways they appear to target few crucial
cellular functions, including increased cellular proliferation, reduced apoptosis and
autophagy combined with a deregulated interaction with the bone marrow stromal
cellular matrix (Figure 2).

Whereas in BCR-ABL transformed cell the PI3K/AKT signaling has been shown
to have a pivotal role in mediating both the activation of cell survival and anti-
apoptotic signaling, the activation of the Ras/Raf/MEK/ERK cascade has been
implicated in the BCR-ABL-dependent uncontrolled cell growth [41]. To the latter
purpose the adaptor protein Crk Like (CrkL) has shown to be an important player,
being constitutively bound to and a substrate of BCR-ABL [42, 43]. Noteworthy,
BCR-ABL itself, through the phosphorylated Tyr-177 can activate the Ras/Raf/
MEK/ERK pathway by interacting with Grb2 which in turn recruits SOS that
activates Ras [44, 45]. Eventually, Ras triggers the downstream signaling cascade
leading to the activation of ERK1/2 [46]. The BCR-ABL dependent pathways
leading to apoptosis resistance involve the aberrant expression of the apoptosis
regulators proteins of the Bcl2 family including Mcl1, Bcl2 and BcIXL along with the
proapoptotic members Bim and Bad [47, 48]. Their regulation is mediated by the
BCR-ABL-activated PI3K/AKT pathways [49]. The AKT-dependent phosphoryla-
tion of Bad leads to its dissociation from Bcl2 and to its sequestering by the adaptor
protein 14-3-3, hence leaving less free Bad available to heterodimerize with the anti-
apoptotic BcIXL proteins. Therefore, more BclXL and Bcl2 remain in the cytoplasm
exerting their antiapoptotic role by preserving the mitochondria outer membrane
integrity. In addition, it is likely that BCR-ABL also negatively regulates c-ABL,
whose function in regulating the apoptotic process is central. The constitutive
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Impaired cell-to-stroma adhesion Increased cellular proliferation
(Actin cytoskeleton, CrkL, Adhesion molecules) (Ras/Raf/MEK/ERK)

Impaired apoptosis rate and increased cell survival Autophagy suppression
(Bel2 family members and PI3K/mTORC/Akt) (PI3K/MTORC/Akt)

Figure 2.

BCR-ABL exerts its leukemogenic effects by impacting diverse cellular processes: the constitutively active
BCR-ABL tyrosine kinase triggers a numbers of signaling pathways, including the Ras/Raf/MEK/ERK

and PIBK/mTORC/Akt pathways. On the whole their enhanced activation leads to increased cell-survival

and —proliferation, and impaired apoptosis vate. Meanwhile, the oncogenic tyvosine kinase impacts also the
cellular autophagy rate and eventually the intevaction of the BCR-ABL positive leukemic cells with the stromal
microenvironment.

tyrosine kinase activity of BCR-ABL impacts also on the cell-to-substratum adhe-
sion. Indeed, the BCR-ABL-transformed cells display an impaired adhesion to

the extracellular matrix. Mostly this behavior is due to the CrkL protein that is

one, among many, substrate on the chimeric protein BCR-ABL [42]. Interestingly,
CrkL is constitutively binds to BCR-ABL through its first SH3 domain and, at least
in-vitro, CrkL supports and even potentiates the c-ABL tyrosine kinase activity.
CrkL plays a pivotal role in adhesion and cell motility through its association with
paxillin, Crk-associated substrate (Cas), Focal Adhesion Kinase (FAK) and the

Cbl proto-oncogene. Furthermore, BCR-ABL itself can directly affects the actin
cytoskeleton via its actin binding domain localized at its very carboxy-terminal tail
and by regulating crucial proteins, such as Rho, Rac and Cdc42 responsible for the
cytoskeletal actin dynamics [S0-52]. The gene expression of several cell adhesion
molecules encoding genes, either mediating the cell-to-substratum and cell-to-cell
adhesion including the integrin subunit a-6 and the L- and P-selectins, is under the
control of BCR-ABL [53, 54]. Eventually, BCR-ABL suppresses autophagy, an intra-
cellular degradative process allowing cells to adapt to developmental changes and/or
unfavorable environmental conditions. Remarkably, autophagy has been shown to
provide a survival mechanism to cancer cells [55]. The BCR-ABL-mediated sup-
pression of autophagy occurs via the PI3K/mTORC/Akt signaling pathway since by
pharmacologically inhibiting the PI3K in BCR-ABL expressing cells the autophagy is
induced again [56].

Alike CrkL some downstream BCR-ABL downstream effectors might play dual
role, such is the case of Stat5 that is directly tyrosine phosphorylated by BCR-ABL
in aJAK independent way [57, 58]. The Stat5 transcription factor mediates the tran-
scription of several pro-survival and pro-proliferative, as well as anti-pro-apoptotic
protein encoding genes [59].

Interestingly, though all BCR-ABL variant proteins are collectively character-
ized by constitutive and enhanced tyrosine kinase activity they still differ in their
binding partners, substrates and as a consequence in their elicited signals. For
example, while both p190 and p210 can activate the Ras/Raf/MEK/ERK through the
Grb2/SOS complex that binds to the phosphorylated tyrosine residue at position 177
(Tyr-177), the activation of Stat5 is exclusively triggered by the p210. Conversely,
the p190, when compared to the p210, shows higher affinity towards the tetrameric
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Adaptor Protein Complex 2 (AP2), the adaptor protein DOK1 and the tyrosine
kinase Lyn [60]. Overall, the signals triggered by the constitutively active BCR-ABL
tyrosine kinase are promiscuous affecting several aspects of the components of the
cellular machinery.

7. BCR-ABL inhibitors: paving the way for novel tyrosine kinase
inhibitors

Amazingly, in the 1980s and 1990s both the scientific community and pharma-
ceutical industry were rather skeptic about the issue of pharmaceutically inhibiting
protein kinases. Much of their skepticism was lying in the prevailing perception that
ATP-binding competitive inhibitors would have had a rather limited target specific-
ity to be translated into useful clinical drug. Moreover, some of the early transgenic
animals, in which the genes encoding for tyrosine kinases were inactivated,
displayed embryonic lethal phenotypes. Altogether these observations led to the
acceptance that tyrosine kinase inhibitors would have been enormously toxic, thus
inadequate either for scientific and clinical use. Last but not least, it was assumed
that the selective targeting of a single defect would not be sufficient to treat a highly
heterogeneous disease such cancers. However, by the end of the 1980s and the
beginning of 1990s the first selective tyrosine kinase inhibitors (TKIs) were devel-
oped, tyrphostins also known as benzene malononitrile derivatives. Outstandingly,
these compounds were found to effectively inhibit EGFR [61]. Afterwards, with
crucial reagents in hands, including phospho-tyrosine specific antibody coupled to
time-consuming approach such as high-throughput screens of chemical libraries,

a team of scientists at Giba-Geigy (now Novartis) seeking for compounds with
kinase inhibitory activity identified a promising class of compounds: the 2-phe-
nylaminopirimidine series. Surprisingly, among these molecules one displayed
very high selectivity towards the receptor for the platelet derived growth factor
(PDGFR), ABL and the stem cell factor receptor (c-kit) [62, 63]. In the first half of
1990s a single molecule the Signal Transduction Inhibitor 571 (STI571) (Gleevec,
Glivec, Imatinib™) was shown to be the most specific at selectively suppress the
growth of BCR-ABL expressing cells either from CML patients or cell lines [64].
Afterwards, following these in-vitro encouraging results pre-clinical data were
produced with the help of BCR-ABL transgenic animal models [65, 66]. Consistent
with the “/n-vitro” evidence the animal studies showed that Imatinib treatment

led to a dose dependent selective inhibition of BCR-ABL-expressing cells without
significant effects against v-SRC-expressing tumors. On the whole, in 1998 these
encouraging and promising data prompted a handful of scientist led by B. Druker
to set-up the first clinical trial using Imatinib in CML patients. However, before
clinical trials could start scientists had to overcome some difficulties concerning
the toxicity of the molecule, whether targeting a single kinase would have been an
effective and successful strategy and most important whether the pharmaceuti-
cal company would realize a return on its investment due to the fact that CML is a
pretty rare disease and thus representing a small market. At the end of the 1990s a
phase I dose escalation study using Imatinib in CML patients’ refractory to IFNa-
based therapy started. Surprisingly, within one year the vast majority chronic phase
patients who had failed IFN-a therapy and treated with Imatinib 300 mg once a
day achieved a complete hematological response. These promising data paved the
way for a phase II study and eventually in 2001, three years later after the phase

I, Imatinib received the final approval from the Food and Drug Administration
(FDA) [67]. The dramatic success in the treatment of CML by an inhibitor of the
BCR-ABL kinase is due to a mechanism involving a single biochemical defect a
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special characteristic that is missing in nearly all the other forms of malignancy.
Indeed, conversely from other cancers, in which each genotype encodes diverse
phenotypic traits, CML displays an unambiguous genotype-phenotype relation-
ship. However, although most of patients responded excellently to Imatinib therapy
a minority relapsed. Especially those patients with advanced CML phases initially
respond to Imatinib but then progressed to accelerated or blast crisis. The reason
for the relapse is straightforward: while in the patients that respond to Imatinib the
BCR-ABL tyrosine kinase activity is abrogated, in those that relapse the tyrosine
kinase is reactivated due to mechanisms that either prevent Imatinib to reach the
target or render the target insensitive to Imatinib. A combination of approaches,
including functional studies that have been then validated by the crystallization
of the ABL tyrosine kinase domain with Imatinib coupled with the sequencing of
the ABL tyrosine kinase domain, allowed to identify and determine critical contact
points between the protein and the inhibitor [68, 69]. Indeed, most of the patients
who developed Imatinib insensitivity harbor ABL tyrosine kinase point mutation,
especially in the P-loop decreasing its flexibility and therefore its capability to
bind to Imatinib. The resistance to Imatinib has led to the development of second
generation of tyrosine kinase inhibitors (Nilotinib™, Dasatinib™ and Bosutinib™)
and the boost of pharmacogenomics [70]. Imatinib is effective also in the treatment
of various malignancies, other than CML. For example, it has shown significant
activity in patients with Acute Lymphoblastic Leukemia Ph + (ALL Ph+) [71],ina
significant proportion of people with Gastrointestinal Tumor (GIST) that harbor
c-KIT mutations [72] and those disorders characterized by translocations involving
the PDGFRB gene, including myeloproliferative and myelodysplastic syndromes
[73, 74]. The demonstration that small molecule inhibitors could effectively treat
chronic myeloid leukemia opened the door to the development of new tyrosine
kinase inhibitors and to the blooming era of targeted cancer therapies (Figure 3).
Though cancer is the predominant indication for tyrosine kinase inhibi-
tors (TKIs), currently the disease targets are extensively growing. For example,
Tofacitinib™ is a Jak3 inhibitor that is currently approved for the treatment of
rheumatoid arthritis [75, 76] and Nintedanib™ is a FGFR/multikinase inhibi-
tor that is approved for the treatment of pulmonary fibrosis [77]. Furthermore,
Pegaptanib, Ranibizumab and Aflibercept that act by inhibiting the VEGF receptor
tyrosine kinase activity are currently used for the treatment of the age-related
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Figure 3.

The FDA approval timeline of tyrosine kinase inhibitors (TKIs): Upon the approval of the Imatinib for the
treatment of CML other TKIs have been developed and nowadays small molecules TKIs are dozens. Though,
originally they have been designed for neoplasms in the last decade we have also witnessed to an amazingly
growth of the diseases, other than cancers, that significantly benefit from TKIs treatment.
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macular degeneration, which is a common cause of visual impairment and blind-
ness in elderly adult [78-80].
8. Conclusions

Advances in our understanding in tumor biology have encouraged not only the
reassessment of the tumors classification by the site of origin in favor of molecular
alterations but also in terms of oncogenic drivers (e.g. tyrosine kinases) amenable
for treatment. Since Imatinib has been approved by FDA in 2001 as small molecule
competing with ATP, dozens of orally effective small molecule protein kinase
inhibitors have been subsequently approved. This is also due to the significantly
shortening of the timelines of drug development, as it happened in the case of a
record time for the Crizotinib™. The approval of Imatinib for the successful treat-
ment of leukemia (CML) definitively chased away the notion targeting the ATP-
binding sites of protein kinases was not selective or efficacious because of the large
number of protein kinases, thus leading to copious side effects.
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