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Abstract

Lung cancer is the leading cause of deaths related to cancer and accounts for more
than a million deaths per year. Various new strategies have been developed and
adapted for treatment; still the survival for 5 years is just 16% in patients with non-
small cell lung cancer (NSCLC). Most of these strategies to combat NSCLC whether
it is a drug molecule or immunotherapy/vaccine candidate require a big cost and
time. Integration of computational modeling with systems biology has opened new
avenues for understanding complex cancer biology. Resolving the complex interac-
tions of various pathways and their crosstalk leading to oncogenic changes could
identify new therapeutic targets with lesser cost and time. Herein, this review pro-
vides an overview of various aspects of NSCLC along with available strategies for its
cure concluding with our insight into how systems approach could serve as a thera-

peutic intervention dissecting the immunologic parameters and cross talk between
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1 | INTRODUCTION

Lung cancer accounts for major proportion of cancer cases
worldwide, with an estimated 1.6 million deaths each year.1
Non-small cell lung cancer (NSCLC) constitutes to be a
group of histological subtype effecting 85% of total lung
cancer patients of which lung adenocarcinoma (LUAD)
and lung squamous cell carcinoma (LUSC) are the most
common subtypes (National Cancer Institute SEER Cancer
Statistics Review 2011). Although advancements have been
made in early diagnosis and treatment, still majority of cases
are diagnosed at a later stage with poor prognosis. Though
smoking is the major etiology for most forms of lung can-
cer, LUAD is more common in never smokers’ specifically
in women and in East Asia (American Cancer Society Facts
and Figures 2015). These patients have been associated with

various pathways involved.

EGFR, IL-1RB, MAPK, NF-kB, NSCLC, systems biology

environmental factors like pollution, exposure to carcinogens
along with genetic susceptibility.2

Tobacco prevention strategies, in spite of being an im-
portant component to control lung cancer, are alone not
sufficient prevention strategy to combat the disease. Newer
therapeutic strategies need to be evolved and implemented
for meaningful outcomes. However, substantial progress has
been made in the last two decades with the development of
targeted therapies and immunotherapies, still the challenge
remains in identifying molecular origin for disease including
identification of new genetic alterations and understanding
the mechanism of resistance to targeted therapy.3 Better un-
derstanding of these aspects would allow for better responses
to immunotherapy and provide rationale for design of newer
drugs for combinatorial therapy. In this review, we provide
an overview on recent progress in treatment strategies of lung
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cancer along with a conclusive focus on systems biology as
an innovative tool to be exploited for treatment of the disease.

2 | TYPES OF LUNG CANCER

Lung cancer is basically classified into two types: small
cell lung carcinoma (15% of total cases) and NSCLC (85%
of total cases).* Non-small cell lung carcinoma can further
be subdivided into three histological subtypes: squamous
cell carcinoma, adenocarcinoma, and large-cell lung cancer.
Adenocarcinoma accounts for almost 40% cases and is most
common form of NSCLC, found in both smokers and non-
smokers, and is not gender specific.5 It is usually found in
outer part of lungs,6 type II alveolar cells secreting mucus
being its origin.” Squamous cell carcinoma occurs in flat
squamous cells which line the inside of the airways and in
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center of lungs. Its prevalence is around 25%-30% and is
strongly associated with cigarette smoking.8 Large cell (un-
differentiated) carcinoma accounts for nearly 10%-15% of
lung cancer cases and can appear in any part of lung spread-
ing very fast.

3 | PATHOLOGY AND DIAGNOSIS
OF LUNG CANCER

The World health Organization has established pathological
diagnosis criteria's for lung cancer.’ The observation of clear
morphological features of adenocarcinoma or squamous cell
carcinoma in tissue samples obtained by bronchoscopy or
surgical biopsy firmly establishes the diagnosis. Tumor is
classified as NSCLC not otherwise specified, when no clear
morphological evidence is found. Such tumors are further
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subdivided on basis of various other parameters such as
mucin staining, various markers analyzed by molecular data
and imrnunohisto/cytochemistry.9’10 Various new marker
genetic alterations are recommended now in the panel of
molecular testing to classify NSCLC including mutations
in epidermal growth factor receptor (EGFR), B-Raf proto-
oncogene (BRAF), and the expression of programmed death
ligand 1 (PD-L1) in small biopsy samples and cytologic spec-
imens 14 (Figure 1).

4 | GENETIC ALTERATIONS IN
NSCLC

Molecular biology of NSCLC has been explored extensively
in the last few years. Aided by high-throughput techniques
such as sequencing and genome analysis, these studies have
identified various molecular alterations/events characteristic
of NSCLC, which might be responsive to targeted therapy.
This section summarizes the above said as exploiting these
alterations/mutations for targeted therapy has been the first
strategy for molecular-guided therapy.

4.1 | EGFR family

Epidermal growth factor receptor gene is a tyrosine kinase
belonging to ErbB family and along with its ligand has
shown various abnormalities in NSCLC including protein
overexpression, gene amplification, and mutations leading to
its proglression.15 1% The anomalous activities of EGFR along
with helping in tumor growth and development also regulate
various cellular activities like apoptosis and angiogenesis.
Several groups have identified somatic mutations in EGFR
in patients with lung carcinoma with increased frequency in
patients who are nonsmokers, female patients, and patients
from East Asian parts.'” Nearly 90% of these mutations are
present in first four exons (18-21) of tyrosine kinase domain
of the EGFR gene, which are either an in-frame deletion in
exon 19 or a missense mutation in exon 21.'%?? Other tyros-
ine kinases involved in resistance mechanism include insu-
lin-like growth factor 1 receptor, KRAS mutations, and the
epithelial-to-mesenchymal transition.”

Human epidermal growth factor receptor 2 (HER2), also
known as NEU, EGFR2, or ERBB2, is another member of
EGFR family.23'27 Mutations in HER2 have been identified in
LUAD patient528 however, the frequency of such mutations is
less than 5%. All the HER2 mutations were found in exon 20
and were in frame insertion mutations. These mutations are
found more in nonsmokers and females. Among other mem-
bers of this family, HER3 kinase mutation was not found in
patients with NSCLC whereas HER4 kinase domain muta-
tion was present in 2%-3% Asian patients and was associated
with smoking.

42 |

RAS genes comprise of a family of GTP-binding proteins which
are membrane bound and regulate cell growth, differentiation,
and apoptosis. Investigators have found that lung cancer patients
frequently have somatic mutations in KRAS. RAS mutations
usually occur as point mutation in the gene when an amino acid
at position 12, 13, or 61 is replaced. It has been found that about
15%-30% of LUAD has mutations in KRAS, a member of RAS
family and is the reason for resistance to EGFR inhibitors (tyros-
ine kinase inhibitors and cetuximab) and chetmothe:rapy.29 Most
of these mutations are transversion mutations which effect exon
12 in 90% of patients and rest in exon 13. Rare coexistence of
EGFR and KRAS mutations have been found in same tumors in-
dicating that at functional level both the mutations have compa-
rable impact in tumor progression.”>***? These mutations have
a very little prognostic significance. To further ascertain the role
of these mutations in lung cancer, a transgenic mouse model
was developed involving KRAS mutation and it was found that
mice having these mutations are more susceptible to range of

RAS mutation

tumor types, specifically early growth of lung cancer.” Other
mutations found in patients of NSCLC include BRAF mutations
which can have early occurrence in lung tumorigenesis.34

43 | PI3K/Akt/mTOR

It is well proven that PI3K/AKT/mTOR signaling is activated
in NSCLC and has importance in lung carcinogenesis. Studies
have shown that phosphorylation of AKT and downregulation of
PTEN, the negative regulator of this pathway occurs in NSCLC
and is related to poor prognosis.35 3 Downstream activation of
this pathway also contributes in resistance to EGF receptor ty-
rosine kinase inhibitors. It has further been observed that ampli-
fication of mesenchymal-epithelial transition (MET), one of the
resistance mechanism involved in resistance to EGFR tyrosine
kinase inhibitor can activate PI3K/AKT/mTOR pathway and
inhibitors of PI3K pathway could overcome EGFR TKI resist-
ance. Promising data has been observed with targeted agents
against this pathway in early clinical trials for lung cancer man-
agement. Inhibitors have been designed for this pathway under
various categories which include Pan-PI3K inhibitors binding
to the catalytic p110 subunits of class IA PI3Ks, PI3Ka, PI3Kp,
PI3KS, and PI3Ky. GDC 0941 is the first oral Pan-PI3K inhibi-

tor under phase 1 study tested alone and in combination.”’

S | IMMUNOLOGY OF NSCLC

AND CELLS INVOLVED IN IMMUNE
RESPONSE/CELL-SPECIFIC IMMUNE
RESPONSE IN NSCLC

Both infectious and non-infectious foreign materials elicit
an immune response along with infectious diseases, The
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immune system plays a major role in defense against cancer
cells as well. Exploiting the immune milieu to identify new
therapeutic strategies would be a better alternative for ongo-
ing treatment strategies. Herein, this section we have tried
to summarize role of cells of innate and adaptive immune
system in NSCLC:

51 |

Immune and inflammatory responses are modulated through
secretion of cytokines by various population of T helper cells
after their activation. A very crucial role of CD4+4+ T lym-
phocytes in development of tumor has been well established.
Th1/Th2 cell ratio in the peripheral blood of NSCLC patient
serves as a prognostic marker for the disease.”® Data shows
that patients with low ratio have an increased 5-year survival
by nearly 25% vs patients with a high ratio.*® Now, the role of
IL-17 has also been studied in case of NSCLC which is con-
sidered to be an important cytokine in tissue inflammation
and immune promotion.*>** There are controversial reports
regarding role of IL-17 in NSCLC; on one hand, few reports
suggest its role in tumor cell proliferation and angiogen-
esis.*** On the other hand, few reports have shown IL-17 to
induce tumor eradication.

Role of CD4+ T helper cells

5.2 | Role of Thl and Th2 cells in NSCLC

Proinflammatory cytokines secreted by Thl cells have a det-
rimental effect on tumor leading to tumor rejection and an-
titumor progression.*® Pancreatic p-cell cancer mouse model
has been used to demonstrate the role of these cytokines on
tumor, wherein the group has shown the combined effect of
interferon-y (IFN-y) and TNF mediated through arrest of
STATI1 and TNFRI signaling along with pl6INK4a lead-
ing to senescence of Tag-expressing cancers. IFN-y plays a
major in protection from tumor metastasis.*” In case of my-
eloma and B-cell lymphoma, IFN-y induces macrophages for
their direct cytotoxic effect against cancer as well as secre-
tion of angiostatic chemokines.*® The importance of TNF-a,
a crucial Th1 cytokine, in tumors has been established using
a TNF-a knockout in a cancer mouse model showing early
tumor development. This suggests that TNF plays a critical
role in immune response against tumors.*’ However, TNF-«
has been considered as a cytokine with dual role in cancer
progression with some recent evidences, showing its pro-tu-
morigenic effects. High serum levels of TNF-a are found in
patients of NSCLC with possibly a positive prognostic value.
CD8+ cytotoxic T lymphocytes (CTL) activation and pro-
liferation is induced by Thl cells specifically against cancer
cells. It has been shown that concomitant of high CD8+ T-
cell and high CD4+ T-cell infiltration increases the survival
rate in NSCLC patients.50 Th2 cytokines have an immuno-
suppressive role leading to tumor progression. It has been
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shown both in vitro and in situ that cells of human NSCLC
produce Th2 cytokines. IL-4 promotes lung cancer growth
by inducing protease activity of cathepsin in macrophages
associated with tumor.”'? Similarly, IL-6 also serves as pro-
tumorigenic cytokine promoting STAT-3 and NK-kB path-
ways which help in activating survival and anti-apoptotic
signaling.”® IL-10 has also been found to have role in ag-
gressive tumor growth and there expression by NSCLC cells
leads to significantly poorer prognosis.54 Along with these
cytokines, IL-13 also promotes growth and survival of tumor
cells, thereby suppressing cell-mediated immunity.ss’56

5.3 | The Th17 and Treg paradigm

5.3.1 | Th17 cells which serve as a source of
IL-17 cytokine constitutes another Th subset
which have role in autoimmunity and tumor

It has been reported that Th17 cells shows antitumor effect by
recruiting and activating effector immune cells.”’ The popu-
lation of Th17 cells which differentiates in the presence of
IL-6, IL-1p, and IL-23, expresses high levels of IL-2, IL-33,
and IL-18r1, coexpression of RORC (RAR-related orphan
receptor C) and T-bet, and significantly enhanced the ability
to produce IFN—}(.5 8 Synergistic role of IL-17 produced by
these cells along with IFN-y stimulates recruitment of tumor-
infiltrating effector T cells. Improvement in survival of lung
cancer patients with high number of Th17 cells in pleu-
ral effusion was observed.” In contrast to this, it has been
observed that the high expression of IL-17 leads to tumor
growth by upregulating various survival-associated genes
and activation of NF-kB signaling pathway.60'62

High Treg cell number in tumor tissue samples and pe-
ripheral blood of NSCLC patients are found to promote the
tumor growth. It was found that COX-2/PGE2 from tumor
cells induces the activation of Treg cells with Foxp3 expres-
sion.”® The overexpression of TGF-B in both SCLC and
NSCLC correlates with disease stage. Low levels of TGF-p
synergize with IL-6 and IL-21 promoting Th17 differentia-
tion and its high levels promote Treg response.“’66

5.4 | Macrophages

Macrophages present in lung tumors are M2 macrophages
secreting anti-inflammatory cytokines IL-10 and TGF-f,
thereby promoting metastasis and angiogenesis.67’68 These
macrophages also produce mediators such as VEGF and
COX-PGE2 which also promotes tumor growth. M1 subset of
macrophages have been positively co-related with NSCLC as
they inhibit tumor growth by secretion of pro-inflammatory
cytokines like IFNy, expression of inducible nitric oxide syn-
thase, major histocompatibility complex (MHC) molecules,
and reactive oxygen and nitrogen intermediates.*’
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5.5 | Dendritic cells

A positive correlation has been established between number
of mature DCs and the survival time in a study of tumor-in-
filtrating immune cells of NSCLC patients (in an univariate
analysis but not in a multivariate analysis, which calls for
caution in using DC number to predict patient outcome).”’ A
surgical biopsy specimen in NSCLC patients showed varying
population of DCs. CDc11 high myeloid DCs were semi-ma-
ture expressing a higher, but limited, level of five markers
chosen to indicate DC maturity (CD80/B7-1, CD86/B7-2,
the DC activation marker CD83, HLA-DR, and CD208/DC-
LAMP). The isolated CD11c-plasmacytoid DCs were imma-
ture. Along with this, a third population was observed showing
low levels of co-stimulatory molecules and high levels of the
immunoinhibitory molecule B7-H1.”' More rigorous insight
is required to further elucidate the underlying mechanism and
clinical significance of these cancer-associated DC subpopu-
lations for their therapeutic anticancer function.

56 |

Natural killer (NK) cells are cytotoxic innate cells which have
a vital role in the cytokine network of immune system. The
activation of NK cells by cytokines such as type I interfer-
ons, IL-12, and IL-18 releases cytolytic granules for targeted
cell disruption and cytokines for further immune response.72
NK cells primarily release IFN-a, Th2-associated cytokines,
such as IL-5 and IL-13, and the regulatory IL-10 cytokine
may be released.” Studies have shown that NSCLC cells
release such soluble factors which inhibit the expression of
granzyme B and IFN-y in intratumoral NK cells. It has been
found that tumor-infiltrating NK cells show proangiogenic
activity, with production of VEGF, placental growth factor,
and IL-8/CXCL8.”*" The high frequency of Treg and low
frequency of NK cells have been observed in the malignant
areas with vice versa situation in nonmalignant areas dem-
onstrating strong cytolytic activity ex vivo.”®”® Their role in
both adaptive and innate immunity makes NK cells an attrac-
tive target for therapeutic development.

Natural Killer cells

5.7 | CD8+ cytotoxic T lymphocytes

CD8+ T cells have a very important role in cancer immu-
nology due to their ability to recognize and destroy cancer
cells.” However, immunosuppressive mechanism of tumor
cells impairs T cells for its survival. An increased Treg cell
frequency also contributes to immunosuppression thereby
escaping tumor cells from antitumor immunity. High CTL
in tumor-infiltrating cells indicate positive prognosis. Higher
Treg/CTL frequency indicates poor response to therapy in
NSCLC.* Antitumor role of CTLs makes it a primary tar-
get for immunotherapeutic strategies against NSCLC since

tumor-specific CTLs show high expression of PD-1 and
become anergic. Along with anti-PD-1 therapy, develop-
ment of adoptive T-cell therapy and genetically engineered
T cells which utilize chimeric antigen receptor technology,
consisting of a junction between antibody components at the
membrane surface and intracellular tails, to induce T-cell
proliferation and activity, thereby allowing MHC independ-
ence in T-cell targeting is also in progress.81

6 | THERAPEUTIC STRATEGIES
AGAINST NSCLC WITH SPECIAL
FOCUS ON IMMUNOTHERAPEUTICS

There has been a great advancement from cytotoxic therapies
to targeted therapies in treatment for NSCLC in the last two
decades. In this section, we have tried to summarize the on-
going therapies including immunotherapy, natural products
as immunomodulators in NSCLC with a conclusive glimpse
on incorporating systems biology approach in NSCLC
treatment.

6.1 | Adjuvant chemotherapy

Resection surgery is still the basic treatment for the patients
with localized NSCLC.*? There is usually a substantial risk
of relapse even after complete resection. Adjuvant therapy
either in the form of radiation, chemotherapy, or targeted
therapy reduces these risks. Adjuvant chemotherapy (AC)
has slightly increased (4%-5%) the 5-year survival according
to published meta-analysis. Currently, patients having II and
IIT pathological stages which showed curative intent postsur-
gery are recommended for AC 83,

6.2 | Therapy based on targetable gene
alterations

Tumor genotyping for identification of genetic alterations
has helped in deciding the targeted therapy individualized for
the patients.84'86 Usually mutations observed in tumors occur
in the genes encoding proteins of signaling pathways which
are involved in cellular proliferation and survival. These
mutations help in formation and maintenance of tumors.
Maintenance of the malignant phenotype of cancer cells is
often physiologically dependent on the continued activity
of specific activated, mutated or overexpressed oncogenes,
phenomenon termed as “oncogene addiction.” This notion of
oncogene addiction that tumors have genetic lesions which
could be systematically identified helped in identifying new
cancer drug targets. We have discussed above about various
genetic mutations and there role in NSCLC. In this section,
we are discussing some of the important therapies being tar-
geted for these mutated genes.
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7 | EGFR

7.1 | EGFR targeted therapies

We have discussed the role and importance of EGFR in
NSCLC. Basically, two therapeutic approaches are being
developed for target EGFR which include: (a) monoclonal
antibodies against EGFR which bind to extracellular domain
and (b) small molecule tyrosine kinase inhibitors targeting
intracellular TK domain. Recently, anticancer role of vari-
ous chemopreventive agents in NSCLC has been explored in
downregulating EGFR at the gene level.

7.2 | Anti-EGFR monoclonal antibodies

Anti-EGFR monoclonal antibodies are designed against the
extracellular domain of EGFR and bind to it in its inactive
state. This binding is competitive binding thereby obstructing
the interaction of EGFR with its ligand and results in block-
ing of its activation and downstream signaling. These anti-
bodies are very specific and exclusively bind to EGFR.

These monoclonal antibodies not only competitively in-
hibit EGFR binding but also induce receptor internalization
and downregulates surface EGF receptors in a dose-dependent
manner.”%® The other mechanisms include antibody-depen-
dent cell-mediated cytotoxicity and complement-mediated
cytotoxicity. The available anti-EGFRmAbs include cetux-
imab, necitumumab, panitumumab, and matuzumab.

7.2.1 | Cetuximab

Cetuximab also known as C225, ErbituxTM, is a chimeric
monoclonal antibody (human-murine chimera) and it binds
with many folds higher affinity with EGFR as compared to its
natural counterpart. It was approved in 2004 by FDA and by
Committee for Medicinal Products for Human Use in 2008
for combination therapy along with platinum-based therapy
in patients of head and neck squamous cell carcinoma hav-
ing metastatic stage. It was also approved along with radia-
tion therapy for locally advanced cancer.® Cetuximab has
been assessed as an addition to two phase III clinical tri-
als in patients with NSCLC. Three patients in FLEX trial>®
were randomly treated with cisplastin and vinorelbine along
with or without cetuximab. It was observed that a marginal
increase in the median overall survival of 11.3 months was
seen with cetuximab when compared to 10.1 months with
chemotherapy alone. However, a phase II trial, BMS099
(Pages et al, 2010) in which patients with NSCLC were
treated with platinum-taxane chemotherapy along with or
without cetuximab showed no better survival. The reason
for differences in results of both the trials could not be ex-
plained. Other EGFR inhibitors include Necitumumab, a
monoclonal antibody against EGFR, which has undergone

phase III trial and showed an improved overall survival
(ClinicalTrials.govidentifier: NCT00981058). Two mono-
clonal antibodies, namely panitumumab (ClinicalTrials.
gov identifiers: NCT01038037; NCT01088620) and matu-
zumab (ClinicalTrials.gov identifier: NCT00111839) are
under phase II trial (Table 1).

7.3 | Tyrosine kinase inhibitors
targeting EGFR

Inhibitors designed against EGFR are small molecules which
are adenosine triphosphate (ATP) analogs binding either re-
versibly or irreversibly. These small molecules which are de-
signed have competitive binding with ATP binding pockets
which are present on intracellular catalytic kinase domain of
tyrosine kinases receptors. This binding prevents autophos-
phorylation and downstream signaling of EGFR.”

Reversible inhibitors designed compete with ATP mole-
cules to recognize the kinase active conformation. Binding
of irreversible inhibitors on the other hand is a covalent in-
teraction with nucleophilic cysteine residues at the active site
of kinases. EGFR inhibitors are classified into three gener-
ations. Reversible inhibitors comprise the first generation.
Patients with activating EGFR mutations (L858R and Del19)
have shown good response with these inhibitors. The major
drawback with these inhibitors was development of tumor
resistance mainly due to EGFR T790M resistance mutation
after a period of time.

7.3.1 | First-generation inhibitors

Gefitinib—(ZD1839/Iressa)

Gefitinib, characterized in 1996, is an anilinoquinazoline
derived orally active selective tyrosine kinase inhibitor with
no inhibition of serine-threonine kinase activity.gl'93 This in-
hibitor has been approved for patients with NSCLC after fail-
ure of standard therapies and also in combination to standard
cytotoxic drugs where it has shown dose-dependent increase
in growth inhibition.”* Its mode of action is not completely
clear, however, it is found that it upregulates cyclin-depend-
ent kinase (CDK) inhibitor p27 and downregulates transcrip-
tion factor c-fos, resulting in the inhibition of CDK activity
and G1 phase cell cycle arrest’ (Table 1).

Erlotinib—(OSI-774; Tarceva)

Another orally active potent reversible inhibitor of EGFR is
Erlotinib hydrochloride. Its mechanism also includes com-
petitive binding in ATP binding pockets of receptor tyros-
ine kinases. Erlotinib induces apoptosis and cell cycle arrest
in the G1 phase.”®”” This inhibitor is used in NSCLC pa-
tients with relapse cases and advanced stage NSCLC patients
showing stable diseased stage post-treatment with four cycles
of platinum-based first-line chemotherapy (Table 1).
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It was observed that resistance developed in patients treated
with first-generation inhibitors. Understanding the mecha-
nism of resistance in patients post-treatment with gefitinib,
erlotinib, or afatinib, was the first step to unravel and iden-
tify alternative treatment strategy. It was found that T790M
is the main resistance mechanism involved in such cases.
This finding led to development of many drugs which target
T790M. Drugs developed based on this strategy (neratinib,
afatinib, and dacomitinib) demonstrated considerably good
activity against T790M activity in the laboratory; however,
the results of clinical studies in NSCLC patients were poor
with response rate of less than 10% in the patients who have
developed resistant to gefitinib or erlotinib.”>*° In spite of
so many inhibitors in pipeline, no second-generation agents
have been found to show effective responsemo‘101 (Table 1).

Second generation EGFR inhibitors

733 |

A lot of third-generation EGFR inhibiting molecules have
been designed and developed actively to target T790M spe-
cifically and efficiently. The first inhibitor to receive FDA
and EMA approval in November 2015 and February 2016,
respectively, for NSCLC patients showing T790M was osi-
mertinib (AZD9291) (Table 1).

Third-generation EGFR inhibitors

Osimertinib (AZD9291; Tagrisso®)

Osimertinib has a different structure from other first- and sec-
ond-generation EGFR inhibitors. This molecule is a mono-
anilino-pyrimidine compound binding covalently and has
shown promising activity against various EGFR mutations
like L858R, L858R/T790M, exon 19 deletion, and exon 19
deletion/T790MCross DAE'? (Table 1).

Olmutinib (BI-1482694/HM61713; Olita™")

Olmutinib (Olita") is an oral small-molecule tyrosine ki-
nase inhibitor of EGFR developed by Boehringer Ingelheim
and Hanmi Pharmaceutical Co. Ltd. It binds covalently with
receptor and leading to irreversible enzymatic inhibition of
activating EGFR mutations and T790M mutation; however,
it does not affect/bind with wild-type EGFR. This molecule
got the designation of “breakthrough therapy” in NSCLC by
FDA in 2015. To evaluate its safety, tolerability, pharma-
cokinetics, and preliminary activity, a phase I/II trial HM-
EMSI-101 (NCT01588145) ' was conducted in patients
of NSCLC pretreated with EGFR TKI in Korean population
(patients were treated with 75-1 200 mg/day of olmutinib).
The overall response rate of 58.8% was observed in patients
treated with dose more than 650 mg. In phase II trial, 76
patients of NSCLC who were confirmed for T790M were
treated with 800 mg daily dose and the overall response rate
was found to be 61%. In spite of encouraging clinical data,

. 1983
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the development of this drug was stopped by Boehringer
Ingelheim due to an unexpected increase in grade 3/4 skin
toxicity (epidermolysis).

Nazartinib (EGF816)

This novel inhibitor specifically target L858R, Dell9, and
T790 M mutations.'®!% The first human Phase I/IT study
[NCT02108964 (EGF816X2101)] with nazartinib includes
152 patients who were treated with this inhibitor once
daily at doses ranging from 75 to 350 mg. The overall re-
sponse rate and disease control rate were found to be 46%
and *0.1%, respectively. Diarrhea, rashes, and pruritus were
among most common toxic symptoms. This drug is also un-
dergoing phase II trial in combination with nivolumab, an
anti-PD-1 monoclonal antibody in EGFR mutant/T790M+
NSCLC patients who have progressed on first-line EGFR
TKI (NCT02323126) (Table 1).

8 | KRAS

In the above sections, we have discussed the role of KRAS
mutation in NSCLC. Mutations in KRAS gene are the most
common molecular abnormalities in human malignancies.
There are various strategies to target KRAS mutated NSCLC:

8.1 | Directly targeting KRAS

Exceptionally high affinity to GTP/GDP along with the
absence of allosteric binding sites, post-translational modi-
fications, and multiple compensatory pathways providing
parallel signaling routes, make KRAS an attractive target.'®®
Blocking the post-transcriptional addition of a farnesyl group
to KRAS by using a farnesyl transferase inhibitors (FTT) was
tried.'"”” However, this pathway has an alternative escape
pathway through the activation of process of post-transcrip-
tional geranylgeranylation. The development of FTI as mon-
otherapy was banned after two inhibitors namely R1155777
and salirasib, which is a farnesylcysteine mimetic, 108 \vere
inactive in a KRAS-mutated NSCLC cohort.'”

Various molecules, SML-8-73-1(targets the guanine nu-
cleotide binding pocket of the KRAS product of the G12C
mutation)''” and ARS-853(binds to KRAS/G12C),'"" have
shown encouraging preclinical data. These data suggests that
KRAS is a potent drug target (Table 1).

8.2 | Inhibition of mitogen activated
protein kinase

These kinases are downstream effectors in MAPK signaling
cascade. It was thought that these could be suitable targets.
MEK inhibitors showed modest efficacy in clinical trials.
Selumetinib which is a selective allosteric inhibitor of MEK1/
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MEK?2 showed good preclinical activity in KRAS-mutated
cancers.''? The combination of selumentinib and docetaxel
when compared with docetaxel monotherapy showed better
overall response ratio in a phase 2 trial; however, no change
was observed in overall survival with increased chances of
side effects which include febrile neutropenia (14%) for the
combination versus 0% for docetaxel.''® Trametinib which
is also a MEK inhibitor has received regulatory approval for
v-Raf murine sarcoma viral oncogene homolog B (BRAF)
mutated advanced melanoma. Data suggest that in spite of a
systemic rationale to target downstream molecules like MEK
of KRAS mutation, clinical trials have not shown much ex-
citing data (Table 1).

83 |

It has been observed that mutations in PI3K catalytic subunit
coexist with KRAS mutations and PI3K/AKT signaling in-
creases in KRAS mutated cells. It was hypothesized from the
preclinical data that inhibiting both MEK and PI3k can have
a better effect. Based on this hypothesis, pretreated patients
having various KRAS mutated tumors were taken for a phase

Inhibition of the PI3K pathway

I trial and were given AKT inhibitor in combination with se-
lumetinib. Results were promising as 23% NSCLC patients
showed objective response.114

Various other kinases have also been suggested and
tested for targeted therapy due to their close association
with KRAS. Cyclin-dependent kinases 4 and 6 are import-
ant for KRAS-driven oncogenesis and thus can be a puta-
tive target in NSCLC.'! Abemaciclib, a CDK4/6 inhibitor,
showed promising data in patients with KRAS mutation.
Encouraged by these data, a phase III trial (JUNIPER,
NCT02152631) to compare abemaciclib with erlotinib has
been started in NSCLC patients having KRAS mutations
post—treatment.116 Along with this, inhibitors for focal ad-
hesion kinase (defactinib) have also shown positive re-
sults. Various other multikinase inhibitors in NSCLC are
designed against the vascular endothelial growth factor
receptor, platelet-derived growth factor receptor, B-Raf,
and RAF proto-oncogene serine/threonine-protein kinase
(c-Raf) which serve as potential targets.''” Studies have
also been undertaken to use HSP90 inhibitors, which is a
molecular chaperone in NSCLC. However, not much en-
couraging data has been obtained using inhibitors against
HSP90 (Table 1).

8.4 | MET amplification in NSCLC

Hepatocyte growth factor receptor (HGFR), gene product
of MET, serves as a potential drug target in NSCLC. MET
is found to be amplified in about 5% of LUAD. There are
evidences which suggest role of MET activation as a pri-
mary oncogenic driver and a secondary driver for resistance

in targeted therapy. Strategies used to inhibit MET/HGFR
pathway include antagonists of HGFR as well as monoclo-
nal antibodies against HGFR and MET. Tyrosine kinase in-
hibitors against MET under study are tivantinib (ARQ197),
cabozantinib (XL184) and crizotinib ''®, Exploiting the
synergistic role of MET and EGFR, dual inhibitors viz. er-
lotinib and trivantinib have been tested in non-squamous
NSCLC in the global phase III trial MARQUEE. However
later data were not so promising to continue the study
(Table 1).

9 | IMMUNOTHERAPY IN NSCLC
Tumor cells develop the ability to escape the immune system
by using certain inhibitory pathways and thereby disturb the
immune checkpoint of host by various ways so as to avoid
exclusion by the host immune system.

9.1 | Immune checkpoints in cancer
immunotherapy

Certain inhibitory pathways are there in the immune system
to maintain self-tolerance, which are used by tumors to escape
immune surveillance.'’ Tumor cells overexpress inhibitory
ligand and receptors which regulate T-cell effector functions
as a survival strategy.120 Once these immune checkpoints are
blocked, antigen-specific T-cell responses are restored. Among
various checkpoint inhibitors, CD28/cytotoxic T-lymphocyte
antigen 4 (CTLA-4) axis, and PD-L1/PD-1 have been explored
a lot and they have been shown to serve as potent drug targets.
Other than these two, various other molecules such as TIM3,
B7H3, VISTA, LAG3, and TIGIT are also explored for their
ability as drug targets for cancer immunotherapy 12L122 (Taple
1). This section reviews the major advances in exploiting these
molecules as cancer immunotherapeutics.

10 | CTLA-4 INHIBITORS

CTLA-4 expressed on T cells regulates its activation by
counteracting the activity of T-cell costimulatory receptor
CD28. Various inhibitors have been designed which include:

10.1 |

It is a humanized anti-CTLA-4 monoclonal antibody which
blocks CTLA-4 binding to its ligand. Treatment-naive
stage IV NSCLC patients were tested in a random phase 11
clinical trial for paclitaxel and carboplatin with or without
ipilimumab. These patients showed an improvement in im-
mune-related progression-free survival with ipilimumab,
when ipilimumab was given after chemotherapy123 however,

Ipilimumab
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no significant increase was observed in overall survival.
Ipilimumab was given after chemotherapy so that antigen
could be released before immune modulation. Phase III trial
for ipilimumab is still ongoing. Toxicities associated with
this treatment included anemia, diarrhea, and fatigue; grade
3/4 immune-mediated toxicities (colitis, transaminitis, and
hypophysitis).

10.2 | Tremelimumab

Tremelimumab was tested initially in advanced melanoma.
This monoclonal antibody did not show any remarkable in-
crease in survival of patients with metastatic melanoma when
compared with standard chemotherapy in first-line treat-
ment.'** A recent clinical trial of tremelimumab along with
anti-PD-L1 antibody is ongoing presently (NCT02000947).
(Table 2).

11 | PD-1 AND PD-L1 INHIBITORS

1.1 |

PD-1 is another important immune checkpoint, belonging to
B7/CD28 family of receptors. Interaction of PD-1 with its
ligands namely PD-L1 and PD-L2 is responsible for regulat-
ing T-cell activity. It inhibits T-cell proliferation and func-
tion, thereby reducing the levels of IFN-y, tumor necrosis
factor-a, and IL-2 production. This shows that high expres-
sion of PD-1 indicates toward “exhausted” or ‘““anergic” T
cells. This state of T cells is unable to provide the cytokine
milieu to control tumors. With a rationale that blocking
these check-points can restore T-cell function, various anti-
PD-1 antibodies have been developed and studied against
NSCLC.

PD-1 inhibitors

12 | ANTI-PD-1 ANTIBODIES

121 |

It is a human IgG4 monoclonal antibody which targets
PD-1. It has been observed since phase I clinical trial of
monoclonal antibody against PD-1, which showed activ-
ity against NSCLC, that blocking PD-1 helps in restora-
tion of T-cell function, thereby leading to optimal cytokine
secretion.'” A large phase I study with this antibody,
which enrolled 296 patients out of which 236 were evalu-
ated, showed that objective response of the recruited pa-
tients with NSCLC was 18%. Sixty-five percent of the
patients who responded showed a response lasting for
more than a year. It was found that stable disease lasted
for 24 weeks in patients of NSCLC. In another phase I
trial with 129 pretreated patients of NSCLC, it was ob-
served that objective response was shown by 22 patients

Nivolumab

. 1987
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and the median duration of this response was quite long
for 17 months.'?® Although the median overall survival
was found to be 9.9 months, the patients who responded
showed sustained benefit. Toxicities associated with this
treatment included fatigue, low appetite, diarrhea along
with pneumonitis reported by few patients. Recent ongo-
ing phase III clinical trial is comparing the monotherapy
of nivolimab with docetaxel as second-line treatment
(NCT01642004 and NCTO01673867). Another phase III
first-line trial is recruiting NSCLC patients which are
PD-L1 positive for evaluating its efficacy as compared to
standard chemotherapy (NCT02041533) (Table 1). Other
anti-PD1 antibody under clinical research trial includes
Pembrolizumab. Its trial as monotherapy for NSCLC is on-
going (NCT01840579).'% Few randomized trials to com-
pare it with combination chemotherapy (NCT02142738)
or docetaxel (NCT01905657) have been initiated in pa-
tients with NSCLC positive for PD-L1 (Table 2).

13 | PD-L1 INHIBITORS

Another major suppressor of antitumor activity is PD-L1, li-
gand for PD-1. It anergizes T cells by binding to PD-1. A
higher expression of PD-L1 has been observed in many ma-
lignant cell population and studies have shown that blocking
it with anti-PDL-1 antibody restores T-cell function thereby
leading to tumor suppression. Various antibodies have been
developed and tested against PD-L1 as follows:

13.1 | BMS-936559/MDX1105

It is a human monoclonal IgG4 antibody which binds with
PD-L1 thereby preventing the interaction of PD-L1 with
PD-1."" Results from a phase I trial which was multi-
centric with 207 patients, 75 patients of NSCLC showed
tumor regression and prolonged stabilization of disease.
Patients with NSCLC showed five objective responses
with response rate of 8% and 16%, respectively, at doses of
3 mg/kg and 10 mg/kg.

13.2 | MPDL3280A (Atezolizumab)

It is a human monoclonal IgG1 antibody against PD-L1.'%

It is the first PD-L1 inhibitor to receive FDA approval
for metastatic NSCLC patients who have received front
line chemotherapy. Approval for this was based on data
from two open-label phase II multicenter trials, POPLAR
(NCT01903993) and BIRCH (NCT02031458). Both these
trials have shown the benefit in overall survival, progres-
sion-free survival, and response rate in the patients treated
with atezolizumab as compared to single-agent docetaxol
(Table 2).
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14 | THERAPEUTIC VACCINES
Therapeutic vaccines which include various strategies in-
cluding recombinant tumor antigen proteins, peptides, tumor
cells, primes the immune system to recognize tumor-specific
antigens and boost antitumor humoral and cellular immune
response.m’130 The renewed interest in therapeutic cancer
vaccine has developed due to the in-depth understanding of
immune checkpoints in cancer and clinical success of im-
mune checkpoint inhibitors along with advanced computa-
tional biology platform that enable the development of cancer
neo antigen vaccination strategies.

Two most important vaccination strategies being used
against NSCLC include whole cell vaccines and antigen-spe-
cific vaccines.

14.1 | Whole cell vaccines

14.1.1 | Belagenpumatucel-L

It is an allogenic whole cell vaccine produced from irradiated
four different cell lines of NSCLC transfected with antisense
gene plasmid for TGF-B2 to genetically modify it (Table 1).
Along with antigenic diversity, this vaccine has antisense in-
hibition of TGF-p2 expression, thereby increasing effector
cell-mediated antitumor response.13 !

14.2 | Antigen-specific vaccines

14.2.1 | Tecemotide (liposomal BLP2S5)

Tumor-associated/ specific antigens can serve as a bet-
ter vaccine candidate. Mucinl (MUC1), a cell membrane
glycoprotein is found to be overexpressed and aberrantly
glycosylated in cancer.'*?> Tecemotide (L-BLP25) is a
MUCI antigen-specific peptide vaccine which has capac-
ity to evoke a T-cell response against this antigen which is
overexpressing in NSCLC. This antigen has been evaluated
for its efficacy in a phase III clinical trial for treatment
of unresectable stage IIIA/IIIB NSCLC patients following
chemotherapy. 133

14.2.2 | Melanoma-associated antigen 3

This contains complete recombinant protein (cancer/testis
antigen33) which is formulated along with immunostimu-
lant AS15. The expression of this protein has been found
in 35%-55% of NSCLC patients (stages I-1V).3* In phase
IT clinical trials, the vaccine was not able to show pro-
gression-free survival in stage IB/IIMAGE-A3-positive
NSCLC patients 34135 1n the MAGE-A3 as Adjuvant
Non-Small Cell Lung Cancer Immunotherapy (MAGRIT)

trial, patients which were enrolled were histologically con-
firmed to have resected stage IB, II, or IIIA MAGE-A3
expressing NSCLC confirmed by polymerase chain reac-
tion'*®. It was a random trial with patients treated with
MAGE-A3 and placebo-treated control patients in ratio of
2:1. Patients treated with MAGE-A3, received 13 intra-
muscular injections of this vaccine within the time frame
of October 2007 to July 2012.

The median disease-free survival for both the vaccine
treated and placebo groups was 60.5 and 57.9 months, re-
spectively. For the patients who have not received prior che-
motherapy, it was 58.0 months in patients and 56.9 months
in the placebo group indicating that this immunotherapy is
not efficient in patient with surgically resected early NSCLC.
This was not the alone negative vaccination trial; other two
trials START trial and STOP trial also failed.

1423 | TG4010

This vaccine is a combination of recombinant modified pox-
virus which encodes MUCI antigen along with IL-2. This
vaccine was tested as combination therapy with chemother-
apy but did not show any significant effect in overall sur-
vival."*” A phase IIB/III trial for combination of this vaccine
with first line of chemotherapy is ongoing (NCT01383148;
Table 1).

14.3 | Epidermal growth factor vaccine

Epidermal growth factor along with its receptor is overex-
pressed in various cancers including NSCLC. This pathway
has been exploited a lot for designing inhibitors and has
shown promising data. Vaccine with this protein CIMAVax
was developed in Cuba which included recombinant human
epidermal growth factor, P64K Neisseria meningitides car-
rier protein, and immunoadjuvant Montanide ISA 51. When
administered, this vaccine generates antibody against EGF
which inhibits binding of EGF to EGF receptor.'*® A phase
II trial conducted with patients having IIIB/IV NSCLC did
not show any survival benefit for the patients, however the
patients who developed antibody response showed a better
overall survival '* (Table 1).

15 | NATURAL PRODUCTS: AN
ATTRACTIVE APPROACH HAVING
FEWER SIDE EFFECTS

Most of the available treatments for NSCLC mentioned
above are associated with side effects such as drug resist-
ance, toxicity in chemotherapy. Immunotherapy is also
associated with various side effects as on-target T-cell tox-
icity against target antigens expressing in normal tissue, or
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breaking of self-tolerance. Medicinal plants may serve as
a rich repository for herbal medicines and phytochemicals
against NSCLC. This treatment may serve as a safe and
cost-effective alternative treatment compared to conven-
tional drugs as toxicity associated with medicinal plants
is inconsequential. However, various medicinal plants
are associated with severe toxicity. Therefore, the assess-
ment of the toxicity of medicinal plants, as well as their
herbal preparations, is essential to determine the applica-
bility of the sample as a pharmacological drug. The major
limitation with the usage of the medicinal plants in spite
of many merits and gained popularity in the recent time is
the insufficient information about their mechanism of ac-
tion. Herein, we discuss in brief the medicinal plants in use
against NSCLC:

15.1 | Green alga Chlorella vulgaris,
strain CK22

Various fractions of the green algae were tested for their
antitumor activity against lung cancer. It was found that
the most active fraction, Q2C2, which has about 56% of
galactose-rich carbohydrate and 36% protein has the maxi-
mum activity. This activity is lost after protease treat-
ment indicating that it might be due to protein moiety of
glycoprotein.140

152 |

Viva-Natural, a natural product extracted from the dietary
seaweed Undaria pinnantifida (Alariaceae), demonstrated
therapeutic activity and showed an average efficacy when
used prophylactically against LLC in allogeneic mice model.
In vitro cytolytic activity of peritoneal macrophages against
KB cells was increased posttreatment with this product sug-
gesting that the Viva natural shows its antitumor response
by activating nonspecific immune response.141 Compared to
standard synthetic immunomodulators, the efficacy of Viva-
natural has found to be superior against LLC in some cases
and inferior in others.'** It has shown synergistic or additive
effect when given along with anticancer drugs.141

Seaweed Undaria pinnantifida

15.3 | Garlic (Allium sativum)

It is a common plant used mainly as a food item, and is being
used as a medicinal herb in various parts of world. A unique
garlic preparation, called Aged Garlic Extract, show various
tumor inhibitory effects. Its inhibited proliferation of LL/2
lung carcinoma (syngeneic) cells transplanted into mice
has a significant immunostimulatory effect with antitumor
activity mediated via increased activity of NK cell, mac-
rophages, and reactivity of lymphocytes when stimulated
with mitogens. 143,144

. 1989
Cancer Medicine - WI LEYJ—

154 |

Numerous review articles about the chemical properties,
therapeutic benefits, and toxicity of Withania somnifera
(ashwagandha, WS), one of the most important herbs of
Ayurveda (the traditional system of medicine in India), have
been published. The antitumor activity was described in dif-
ferent in vitro and in vivo experimental models, including
urethane induced lung adenoma in mice. The data showed
that the ethanol extract of W. somnifera significantly reduced
tumor incidence.'®’

Withania somnifera (ashwagandha)

155 |

The primary catechins in green tea are epicatechin, epicat-
echin-3-gallate, epigallocatechin, and epigallocatechin-3-
gallate. A clinical study investigated the chemopreventive
effects of green tea and coffee among cigarette smokers. Data
from this study indicates that polyphenols present in green
tea may have an antimutagenic effect against smoke-induced
mutations in humans. It has also been shown that human lung
cancer cell line (A549) when treated with polyphenols of
green tea and later on exposed to smoke of cigarette solu-
tion or H,0, had a reduced incidence of DNA strand breaks.
These results suggest that green tea polyphenols may inhibit
DNA damage and other mutations in cells exposed to oxi-
dants and that this effect is associated with anticarcinogenic
plropelrties.l‘“"147 A recent article published evidence from
epidemiologic studies on cancer prevention by green tea.
These data suggests that there is a need for elaborated
studies which would not only explore the immunomodula-
tory efficacy of these Indian medicinal plants but also dissect
their mechanistic aspects of action so that these could serve
as a cost-effective and safe alternative for NSCLC treatment.

Green tea

16 | SYSTEMS BIOLOGY IN
NSCLC

All the above strategies to combat NSCLC either by iden-
tifying effective drug molecule or development of immu-
notherapy are high on cost and is an extensive work which
needs years to be finished. A computational method along
with systems biology would serve as a cost-effective and
time saving strategy to integrate existing information to iden-
tify new candidate drugs for further study and identify new
drug targets. A study by Xiang et al identified 38 irreversible
EGFR-T790M inhibitors using this strategy.mg’149 One more
study developed a computational model based on chemical-/
protein-chemical interaction and identified molecules with
anti-NSCLC activity."°

Integration of computational modeling with a plethora
of theoretical experimental data has opened new avenues
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FIGURE 2 Reconstructed model of MAP2K3 signaling and NF-kB

for cancer systems biology. The methodologies adopted for
the same varies from network analysis to differential equa-
tion or correlative regression from an abstract model to a
highly specified model. These molecular and cellular net-
works emphasize the systems aspect at the dynamic level.
Transcription, translation, and posttranslational processes
strongly influence the network biology throwing an insight
into the associated components governing the behavior of
the cell. How the components interact with each other to
drive tumor progression is a major burning question in the
field? The pathophysiological symptoms identified through
the dysregulated pathways help discern the complex net-
works impacted by oncogenic changes in the human cells.
Small perturbations in the network affects the feedback

mechanisms whether be positive or negative. The model
reconstructed herein Figure 2 highlights the cross talk ex-
amined between the MAP2K3 signaling and NFkB network
indicated a role for TRAF6 in the synergistic view of the
treatment of the disease. The network comprised of 84 sig-
naling nodes and 126 interaction rules constructed via liter-
ature curation. Following refinement, the model was able to
predict the conditions under which new inhibitors could be
designed inhibiting IL-1b receptors that would be sufficient
to halt the cell cycle progression and also indicative of the
fact that MYC could be suggested as a potential alternative
therapeutic target. Explicit network topology and network
parameters derived further suggest certain stochasticity
which might be associated with cell-to-cell variation.
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