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Abstract

More than 80% of all cancers arise from epithelial cells referred to as carcinomas.
Adenocarcinomas are the most common type of carcinomas arising from the specialized epithelial
cells that line the ducts of our major organs. Despite many advances in cancer therapies, metastatic
and treatment-refractory cancers remain the 2" leading cause of death. Immunotherapy has
offered potential opportunities with specific targeting of tumor cells and inducing remission in
many cancer patients. Numerous therapies using antibodies as antagonists or checkpoint
inhibitors/immune modulators, peptide or cell vaccines, cytokines, and adoptive T cell therapies
have been developed. The most innovative immunotherapy approach so far has been the use of
engineered T cell, also referred to as chimeric antigen receptor T cells (CAR-T cells). CAR-T cells
are genetically modified naive T cells that express a chimeric molecule which comprises of the
antigen-recognition domains (scFv) of an anti-tumor antibody and one, two, or three intracellular
signaling domains of the T cell receptor (TCR). When these engineered T cells recognize and bind
to the tumor antigen target viathe scFv fragment, a signal is sent to the intracellular TCR domains
of the CAR, leading to activation of the T cells to become cytolytic against the tumor cells. CAR-
T cell therapy has shown tremendous success for certain hematopoietic malignancies, but this
success has not been extrapolated to adenocarcinomas. This is due to multiple factors associated
with adenocarcinoma that are different from hematopoietic tumors. Although many advances have
been made in targeting multiple cancers by CAR-T cells, clinical trials have shown adverse effects
and toxicity related to this treatment. New strategies are yet to be devised to manage side effects
associated with CAR-T cell therapies. In this review, we report some of the promising
immunotherapeutic strategies being developed for treatment of most common adenocarcinomas
with particular emphasis on the future generation of CAR-T cell therapy.
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1. Introduction

14.1 million incidental cancer cases with 8.2 million deaths were estimated around the world
in 2012. This number is anticipated to increase to 24 million by 2035 [1]. Among all types
of cancer, carcinomas are the most common type that develop from epithelial cells. They are
generally originated from endodermal or ectodermal germ layer during embryogenesis [2].
Carcinomas are further subtyped into squamous cell carcinomas (epithelial cell that form a
protective lining such as the epithelial cell lining of the skin and the esophagus) and
adenocarcinomas (specialized epithelial cells lining the ducts of all major organs). This
review will be restricted to adenocarcinomas.

Chemotherapy and radiation have long been the mainstay non-surgical treatment option for
cancer patients. However, many cancers exhibit or develop resistance to these treatment
modalities within a short period of time. Despite recent significant advances in therapies
such as the use of monoclonal antibodies (mAb) and small-molecule inhibitors, the
responses in patients vary considerably and are usually accompanied by high recurrence rate
and poor prognosis. Since there are few or no treatment strategies for eradicating resistant
cells, more efficient therapies are necessary. The essential role of the immune system in
controlling and eradicating tumors has been supported with compelling evidence. Many
studies have been focused on harnessing the immune system to attain clinical efficacy [3]
and developing novel targeted therapies for improving patient survival.

Genetically modified cytotoxic T lymphocytes to kill tumor cells were first demonstrated by
Gross and colleagues nearly two decades ago [4]. This work paved the way for the
development of a series of first generation chimeric antigen receptors (CARS) in which
single chain variable fragment (scFv, which is made of variable parts of heavy and light
chains connected by a linker sequence) of a tumor targeting antibody is fused directly to a
signaling domain of the TCR complex member, CD3( [3, 5] (Figure 1a). The extracellular
scFv domain of CAR recognizes the specific surface antigen on tumor cell as a mAb
independently of MHC molecules, and delivers the signal to T cells via CD3(, which leads
to T cell activation similarly to that of TCR signaling. Since then, in order to increase T-cell
proliferation and persistence, other costimulatory genes (e.g. CD28, 4-1BB, and OX40) were
added to the intracellular domain, creating second- and third-generation CARs [6-8].
Recently, modern CAR structures containing suicide or cytokine gene have been designed
that may be dubbed as fourth generation CAR [9, 10] (Figure 1a). Although CAR-T cells
have numerous designs and utilize various tumor-specific scFvs, their manufacturing
procedure remains unchanged. In brief, this procedure encompasses harvesting T cells from
patient via apheresis, ex vivo enrichment, genetic modification of T cells with CAR cDNA
(using electroporation, lipofectamine or viral vectors) followed by large-scale expansion,
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final formulation, and lastly infusing back to the patients. CD4* or CD8" T cells may further
be sorted depending on the application [11] (Figure 1b).

Enormous success has been generated in early phase clinical trials of hematologic
malignancies, particularly, CD19-targeted CAR-T cells in leukemia [12, 13] and related
CARs in lymphoma and myeloma. Successful result has been reported for metastatic
melanoma as well [14]. Unfortunately, these successes, despite many attempts, have not yet
been extended to adenocarcinomas. Many clinical trials have focused on solid tumors by
targeting various proteins such as carcinoembryonic antigen (CEA), the diganglioside GD2,
human epidermal growth factor receptor 2 (HER2), mesothelin (MSLN), fibroblast
activation protein (FAP), interleukin 13 receptor a (IL13Ra), and L1 cell adhesion
molecule (LLCAM) [12, 15]. Among these, GD2-specific CAR-T cells for neuroblastoma
[16] and HER2 CARs for sarcoma [17] have shown the most encouraging results thus far.

A disadvantage of CAR-T cell therapy is that CAR-T cells are “living drugs”, therefore,
failure in treatment may not be easily managed. Over activation or cross reactivity with
antigens on healthy tissue may result in fatal outcome. Thus, effective strategies must be
devised toward managing the safety issues [18]. As said by Robert Tepper, Chief Medical
Officer at Jounce Therapeutics, “The good news - and the bad news - is that the immune
system is incredibly powerful”.

2. Immunotherapy strategies with emphasis on CAR-T cell therapies for the

most common adenocarcinomas

Our immune system can be a powerful weapon against cancer, but researchers are still
struggling with how to control it [19]. Immunotherapy of cancers usually comprises of
monoclonal antibodies, immune checkpoint inhibitors, therapeutic tumor vaccines, and
adoptive T cell therapies. Here, we will discuss the main studies done in each
adenocarcinoma ordered based on their mortality and incidence rate.

2.1. Lung cancer

Lung cancer is the most common cancer in the world, both in term of new cases (1.8 million
cases in 2012) and deaths (1.6 million deaths) because of the high case fatality [1]. Non-
small cell lung cancer (NSCLC) is the most common form of lung cancer accounting for 80—
85% of all cases. The most commonly diagnosed type of NSCLC is adenocarcinoma that
begins in the ductal epithelial cells of the lung [20]. NSCLC was conventionally considered
non-immunogenic tumors. However, advancements in tumor immunology and recent
immunotherapeutic successes have challenged this view [21]. Most common approaches in
lung cancer immunotherapy are the use of immune checkpoint inhibitors, such as blockade
of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (via ipilimumab and
tremelimumab), programmed cell death-1 (PD-1) (via nivolumab and pembrolizumab), and
PD-1 ligand (PDL1) (via atezolizumab). Other approaches include tumor vaccines against
relevant tumor-associated antigens [22]. Even though progress has been made in the
treatment of advanced NSCLC, more effective treatments are needed for progressive lung
cancer. Immunotherapy seems the most promising approach to the future of lung cancer
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treatment. Yet, to fully exploit the effect of these new treatments, new biomarkers/tumor-
specific antigens must be identified. Furthermore, to determine the patients who will benefit
from this therapy, knowing the mechanism of these treatments seems critical. Besides, to
certify the role of immunotherapy for lung cancer, immunotherapy should be tested in early-
stage disease setting and in combination with other agents such as chemotherapy,
radiotherapy and molecular targeted therapy [23].

Adoptive T cell therapy—Studies have confirmed that MSLN is overexpressed at
metastatic sites of most of lung adenocarcinomas [24], and its expression is correlating with
tumor aggressiveness and KRAS mutation [25]. These data provide the rationale to design
CARs for targeting MSLN-expressing tumors. MSLN CART cells have been tested by
several groups in subcutaneous or orthotopic mouse models of lung cancer and other
malignancies. They showed that 30 times fewer T cells were needed when T cells were
administered intra-pleurally compared to systemically and that these T cells were more
effective in inducing long-term remission of tumors [26]. A phase I clinical trial
investigating MSLN CAR-T cells administered regionally in patients with lung cancer, and
breast cancer with pleural metastases started in 2015 and is ongoing (NCT02414269) [27].
There are numerous overexpressed antigens to target via CAR-T cells, but since CAR-T
cells are very sensitive to even low levels of antigens (higher sensitivity than mAb), we need
to be concerned with their safety and “on-target/off-tumor” side effects. One of the worst
examples which will be discussed later is, high dose administration of CAR-T cells against
HER2, causing a fatal adverse reaction. An increase in IFN-y, GM-CSF, TNF-a, IL-6 and
IL-10 was confirmed in the serum of the patient post treatment which was consistent with a
cytokine storm (severe systemic inflammation caused by overwhelming release of
cytokines). It was speculated that immediate localization of large number of infused cells to
the lung after infusion which may be due to detection of low levels of HER2 on lung
epithelial cells probably triggered the massive cytokine release leading to fatality [28]. To
address this issue, researchers have suggested using CARs with lower affinity to HER2, or
CARs only recognizing the tumor associated form of HER2 [29].

Glypican-3 (GPC3) which is a member of heparan sulfate proteoglycans family plays an
essential role in cellular growth, differentiation, and migration [30]. This protein is
overexpressed in tumor tissues, including lung cancer, while it is nearly absent in normal
tissues [31]. In a recent study, the anti-tumor potential of 3rd generation anti-GPC3-CAR-T
cells was explored in tumor models of lung squamous cell carcinoma (LSCC). GPC3-CAR-
T cells mediated efficient eradication of GPC3* tumor cells but not normal cells in two
established LSCC xenograft models. Moreover, GPC3-CAR-T cells were persistent /n vivo
and could successfully infiltrate into the tumor tissues. These findings suggest that GPC3-
CAR-T cells could be a novel potential treatment for lung cancer patients [32].

In a different approach, cancer-associated fibroblasts (CAFs) were targeted by CAR-T cells.
In an A549 established lung cancer model, adoptive transfer of FAP-redirected CAR-T cells
remarkably reduced FAP* stromal cells and stunted tumor growth. In this study, the authors
showed that combining this FAP-specific T cells with T cells targeting hepatocellular
carcinoma A2 (EphAZ2) antigen on the A549 cancer cells significantly improved anti-tumor
response and conferred a survival benefit compared to single treatment [33].
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2.2. Breast cancer

Breast cancer is the second most common cancer overall (1.7 million cases in 2012) but by
far is the most common cancer in women worldwide [1]. The most common type of breast
cancer is invasive ductal carcinoma (IDC) [34]. Clinical trials utilizing vaccines and immune
checkpoints in breast cancer have produced promising results which encourages for more
immunotherapy approaches [35].

Trastuzumab, a mAb against HER2 antigen, has proved to be the most successful
immunotherapeutic agent in the treatment of HER2* breast cancers [36]. Studies have shown
that trastuzumab can stimulate cytotoxicity by natural killer cells [37], and elicit HER2-
specific CD4* T cell and antibody response [38]. Different trials such as N9831 [39],
FinHER [40] and Bowel Project B-31 [41] have recently shown promising results with
trastuzumab in combination with chemotherapy in HER2* breast cancer patients. PDL-1 has
been targeted in a phase Ib study (KEYNOTE-012) using mAb called pembrolizumab in
patients with metastatic triple-negative breast cancer (nTNBC). Only five out of 32 patients
responded and 56% of patients showed adverse effect (AE) with one patient dying due to
disseminated intravascular coagulation [42]. Another PD-L1 antibody, atezolizumab, was
tested in a phase la study on 12 PD-L1* TNBC patients. Only 8% of patients showed AE
and no patient died due to treatment. Atezolizumab in combination with chemotherapy (nab-
paclitaxel) was tested in a phase 1b trial in mTNBC patients and showed tolerability and
positive impact on mTNBC patients [43]. A phase 11 trial assessing this regimen for first-
line treatment of (previously untreated) mTNBC patients started in 2015 and is ongoing
(NCTO01633970) [44].

A phase Il clinical trial is assessing HER2 peptide nelipepimut-S (E75) vaccine
(NeuVax™) in breast cancer patients with low to intermediate HER2 expression. Phase 1/11
of this trial evaluated nelipepimut-S combined with GM-CSF administered in patients in an
adjuvant setting in order to prevent recurrence. Most patients with various levels of
HER2/neu expression showed immune response and the vaccine was efficacious [45].
Several other vaccines are being investigated in patients with breast cancer, including
additional HER2-derived peptide in combination with Mucin 1 (MUC1) peptide vaccine, a
HER?2 peptide-pulsed dendritic cell vaccine, an allogeneic GM-CSF-secreting vaccine [46],
and PANVAC, which is a genetically engineered vaccine incorporating vaccinia and fowlpox
viruses expressing tumor-associated CEA and MUCL1 [47]. All of these vaccine tactics have
shown evidence of clinical benefit in specific disease setting.

Adoptive T cell therapy—Tumor-associated MUC1 (tMUC1) which is found in many
tumors, has been the target of various therapies including CAR-T cells treatment. Wilkie and
et al. showed that tMUC1 could be targeted by CAR-T cells and it could significantly delay
the tumor growth in xenograft mouse model of breast cancer [48]. In order to increase
specificity and safety of CAR-T cells treatment, they have developed a bispecific CAR-T
targeting HER2 and MUC1 and showed that “dual-targeted” T-cells are capable of efficient
killing of the HER2* tumor cells and their proliferation requires co-expression of both
MUC1 and HER2 on target cells. However only a modest increase in IL-2 production was
seen compared to control CAR-T cells with a single administration [49]. Other trials
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designed to target HER2 with CAR-T cells in breast cancer [50, 51] showed severe toxicity
and death (due to infused T cells attacking the patient’s lungs). Thus, targeting HER2 must
be with ultimate caution [28].

A phase | clinical trial with CAR-T cells targeting MSLN plus cyclophosphamide in 14
metastatic breast cancer patients revealed partial remission (NCT02414269) [27]. A CEA
2"d generation CAR-T phase la trial in metastatic breast cancers patients (26 patients) was
started by Roger Williams Medical Center and is still ongoing (NCT00673829). TARP
which is a nuclear protein derived from alternative reading frame of TCR gamma chain
locus is expressed on normal prostate epithelium and in adenocarcinomas of the prostate and
breast [52]. Hillerdal and et a/. have engineered T cells that recognize HLA-A2-restricted
TARP epitope (TARP-TCR-T). These T cells could kill HLA-A2* prostate and breast cancer
cells expressing TARP [53].

2.3. Gastrointestinal cancer (colorectal, colon, esophagus and stomach cancer)

In this category, colorectal cancer is the 3™ most common cancer in men and 2" in women
in the world (1.4 million overall new cases in 2012). Stomach cancer is the fifth most
common malignancy worldwide (1 million new cases in 2012) [1]. The number of T cells
present within colorectal cancer metastases is correlated to response to chemotherapy, and
high expression of PDL-1 is associated with poor prognosis in advanced gastric cancer
patients [54]. Immune checkpoint blockade with antibodies targeting CTLA-4, PD-1 and
PDL-1 have shown promising results in gastrointestinal (GI) cancer. However, tumors might
get resistant to these treatments and ultimately relapse. Hence, new strategies are emerging
and being evaluated in the clinic in order to defeat this resistance. Other checkpoints targeted
in early clinical trials are OX40, LAG3 and TIM3. Blocking OX40, which is a member of
TNFR family, has produced encouraging results in preclinical studies. Therefore, 0X40
appears to be a great candidate to target, especially in combination with other agents [55]. A
clinical trial with an anti-OX40 antibody (MEDI6469) is currently ongoing in patients with
metastatic colorectal cancer (NCT02559024).

LAGS3 is another promising target, since it is primarily expressed on regulatory T cells
(Tregs). Dual targeting of LAG3 and PD-1 by antibodies remarkably improved the survival
in a MC38 colorectal cancer mouse model and out-performed the single antibody treatment
[56]. Moreover, safety and efficacy of LAG3 antibody as a single agent and in combination
with PDR0OO01 (an anti-PD-1 mADb) are being tested in patients with advanced malignancies
(NCT02460224 and NCT01968109).

TIM3, which is exclusively expressed on IFN-y producing Thl and not on Th2 cells,
negatively regulates IFN-y secretion by stimulating cell death upon binding to its ligand
galectin-9 [57]. Hence, TIM3 has been explored as a potential target [58]. Safety and
efficacy of MBG453 (anti-human TIM-3 mADb) are being investigated in a clinical trial
(NCT02608268) as a single arm study and in combination with PDR00L in patients with
advanced malignancies. Combinational therapies using immune checkpoint inhibitors with
other agents, including chemo/radiotherapy or angiogenesis inhibitors, are alternative
strategies currently in early development [59, 60].
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Adoptive T cell therapy—There are a few clinical trials utilizing CAR-T cells in GI
cancers. Results of a study evaluating CEA-redirected-CAR-T cells in CEA transgenic mice
showed eradication of CEA* tumors in a primary response and an efficient recall response
upon second challenge with CEA™* tumor cells. This approach showed no toxicity towards
normal tissues [61]. A CEA-TCR T cell therapy was tested in a small clinical trial and
provided the first example of an objective regression of metastatic colorectal cancer in three
patients with slight toxicity [62].

In Gl cancers, trafficking of T cells to the tumor site remains a challenge. To improve
trafficking, Kobold et a/. have devised a strategy combining TCR-engineered T cells with a
bispecific antibody that can simultaneously recognize T cells and tumor cells resulting in
bringing T cells and tumor cells in close vicinity. In their study, SV40 T antigen-specific T
cells from TCR-I-transgenic mice were transduced to express a truncated form of epithelial
growth factor receptor (EGFR) and were combined with a bispecific antibody against EGFR
and EpCAM. This therapy was tested in a C57BI/6 mice bearing subcutaneous tumors of
murine gastric cancer cell line GC8 (SV40* and EpCAM™*) and resulted in increased T cell
infiltration of tumors, delayed tumor growth, and extended survival /n vivo [63]. Another
study tested the efficacy of human anti-FITC CAR-T cells plus FITC-labeled cetuximab
(FITC-Ctx) in an immunocompromised mouse model. A delay in the growth of colon cancer
was observed; however, this treatment resulted in an unexpected outgrowth of EGFR-
negative tumor cells [64]. An ongoing phase I/l clinical trial is evaluating anti-MUC1 CAR-
T cell therapy in patients with a MUC1* solid tumor, including colorectal and gastric cancer
(NCTO02617134).

2.4. Prostate cancer

Prostate cancer (PCa) is the fourth most common cancer in both sexes combined and the
second most common cancer in men in the world. An estimated 1.1 million people were
diagnosed with PCa in 2012 worldwide [1]. Localized PCa is curable by surgical treatment;
however, metastatic tumors recur in lymph nodes and bones of majority of patients. Current
available treatments for metastatic PCa are not effective and comprises of alleviating
androgen withdrawal that results in hormone-resistant disease usually within months.
However, immunotherapy remains an optimistic option for treatment of metastatic PCa,
considering a phase 111 study of provenge (sipuleucel-T, an antigen-presenting dendritic cell
vaccine) has reported increased overall survival in hormone refractory PCa patients [65].
Among different immunotherapies, therapeutic vaccines and immune checkpoint inhibitors
have been the most evaluated in clinical trials. Combining immunotherapy with established
treatments for PCa, such as androgen deprivation therapy (ADT) and chemotherapy or
radiotherapy, are being investigated in several ongoing trials [66]. Immune check point
inhibitors used in PCa have been fully reviewed by Modena et a/. [67]. There are many trials
ongoing in PCa, testing ipilimumab, tremelimumab, nivolumab, sipuleucel-T, prostvac-VF,
DCVAC/PCa, GVAX and tasquinimod as a single agent or in combination with other agents.
These therapies have been reviewed extensively by Silvestri ef a/. [18].

Adoptive T cell therapy—~Prostate stem cell antigen (PSCA) and prostate-specific
membrane antigen (PSMA) have been the most attractive antigens targeted by CAR-T cells
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in PCa. Preclinical studies showed that PSMA-CAR-T cells are able to proliferate and detect
PSMA* cells both /in vitroand in vivo [68, 69]. A first generation CAR containing scFv of
7F5, an antibody with high affinity to PSCA, was tested in mice and showed activation of
anti-tumor response by CAR-T cells [70]. Other researchers have confirmed delayed tumor
growth mediated by PSCA-CAR-T cells in mice utilizing 1G8 and Hal-4.117 antibodies
[71]. However, the mice were not cured, suggesting that the high cytotoxicity of CAR-T
cells may not be enough for /n vivo treatment. New strategies have been developed to
increase the efficiency of CAR-T cell therapy. For example, a low affinity CAR-T against
PSCA in combination with a high affinity CAR-T against PSMA has been tried by Kloss ef
al. This treatment showed efficient destruction of double positive cells, proposing a new
strategy for attaining persistent anti-tumor response [72].

An /n vivo study evaluated the ability of PSMA-CAR-T cells in metastatic PCa. Besides
depicting the effectiveness of CAR-T in eradicating disseminated PCa, they demonstrated
that human CAR-T cells can survive better in non-obese diabetic (NOD)/severe combined
immunodeficiency (SCID) mice than in SCID or Rag2~/~/y¢™'~ mice [73].

Another strategy is using bispecific antibodies (diabodies) or bispecific T cell engagers
(BITEs), which bind to both CD3 on T cells and a specific antigen on tumor cells,
potentially resulting in T cells coming in contact with tumor cells. Diabodies targeting
PSCA and PSMA have been developed and tested /n vitro [74-76]. However, using
diabodies in animal studies only delayed tumor growth and did not stop tumor progression.
Hence, diabodies as a single regimen may not be effective, since they are unable to provide
the cellular memory response that CAR-T therapy can potentially elicit [77].

PCa metastasis commonly occurs in lymph nodes and bone. Bone microenvironment creates
a serious challenge for the infusing CAR-T cells. Aberrant angiogenesis commonly occurs
in bone metastases and vascular endothelial growth factor (VEGF) plays a key role in
establishing the bone metastasis [78]. Therapies that normalize angiogenesis rather than
demolishing them, have shown to improve responses to immunotherapy [79]. Therefore,
vascular normalization seems to be required for increasing CAR-T cell efficacy targeting
bone metastasis.

Unfortunately, there are not many clinical trials exploiting CAR-T cells in PCa patients and
more research is required. An anti-PSMA-CAR has been evaluated in a clinical trial by
Slovin et al. They have tested the safety of different doses and generated a protocol for ex
vivo transduction, expansion and clinical administration of PSMA-CAR-T cells in clinical
trials (NCT01140373). This study is estimated to be completed by June 2017 [80].

2.5. Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the third leading cause of cancer death in the world and
more than 600,000 patients die from this disease annually [81]. HCC usually arises in the
clinical setting of chronic liver disease, defined as the hypercarcinogenic state. To date,
available options for HCC ranges from loco-regional treatment (tumor ablation v/a different
techniques such as radiofrequency, ethanol injection, etc.) to chemotherapies, including
sorafenib. These therapies are effective on the disease with smaller and limited nodules, but
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they are not adequate for the HCC with large and abundant nodules, and recurrences. Recent
studies have focused on developing immunotherapies targeting specific markers in HCC and
numerous molecular targets have been explored. Immunological approaches in HCC have
mainly concentrated on target discovery, adoptive T cells, dendritic cell-based vaccines,
natural killer (NK) cells, NKT cells, and peptide vaccines [82]. GPC3 is an attractive target
for HCC immunotherapy. GPC3 peptide vaccine was tested in an early trial in 33 patients
with HCC, and vaccine tolerability and anti-tumor response was recorded. One patient
showed partial response, and 19 patients showed stable disease after two months. GPC3-
specific CTL response was observed in 30 out of 33 patients, and its frequency was
correlated with patient’s overall survival [83].

Adoptive T cell therapy—To date, there are only a few clinical trials evaluating the
efficacy of engineered T cells in HCC. Adoptive T cell therapy using GPC3-redirected CD8*
CART cell was carried out in a HCC mouse model. Results confirmed the ability of GPC3-
CAR-T in elimination of GPC3*cancer cells, which offers a potential therapeutic strategy to
treat HCC [84]. Chronic infection with the hepatitis B virus (HBV) has been linked to the
development of HCC for more than 30 years [85]. In one study, it was proposed that
genetically modified T cells could be used to potentially reactivate the virus-specific T cells
in chronic HBV patients and initiate a response against tumors in HBV-mediated HCC. They
showed that T cells engineered to express HBV-specific TCR were able to recognize and
lyse HBV infected hepatocyte-like cell lines. Also, HCC cell lines with natural HBV-DNA
integration could be detected by HBV-specific TCR-redirected T cells [86].

2.6. Pancreatic cancer

Pancreatic cancer is the twelfth most common cancer worldwide. However, it is almost
always fatal and is the seventh leading cause of cancer related deaths in both sexes combined
worldwide [1] and the 4™ leading cause of cancer-related deaths in USA [87]. It is predicted
to become the 2" leading cause by 2030 [88] and five-year survival remains at a dismal 5%
[87]. Pancreatic ductal adenocarcinoma (PDA) which accounts for over 90% of pancreatic
cancers, remains treatment refractory [89]. Immunotherapy of PDA can be categorized into
four main avenues: monoclonal antibodies/checkpoint inhibitors/immune modulators,
therapeutic vaccines, cytokines, and adoptive T cell therapy [90].

Several mADbs have been tested in PDA such as PAM4 or clivatuzumab (a MUC1-specific
90Yttrium-labled mAb) [91], trastuzumab (anti-HER2) [92], cetuximab and matuzumab
(anti-EGFR) [93], bevacizumab (anti-VEGF receptor or VEGFR) [94], CD40 agonist mAb
[95], and NPC-1C or NEO-102 (anti-MUCB5A) [96]. Our lab has developed a mAb named
TABO004 (patent US20140010759 A1) which precisely detects tMUCL1 in breast cancer
mouse model [97], as well as shed tMUCL1 and the MUCL on cancer stem cells (CSC) in the
blood and tissue of PDA patients [98, 99]. TAB004 antibody, as a whole molecule and its
fragments, are being exploited as a targeting agent in various immunotherapies, including
generating CAR-T cells (unpublished study).

PD-1, PDL-1, and CTLA-4 are the key immune regulators and have been immune targets.
Ipilimumab (anti-CTLA-4), which had previously shown remarkable results in metastatic
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melanoma patients [100], was tested in a phase Il clinical trial on 27 PDA patients, and the
outcome was not encouraging [101]. However, a phase Ib study with ipilimumab, in
combination with gemcitabine on 13 advanced or metastatic PDA patients, revealed more
promising results [102]. An anti-PDL-1 mAb (MEDI4736) has been tested and has shown
efficacy in xenograft mouse model [103, 104]. This antibody is being further evaluated in
phase I and 11 clinical trial of metastatic PDA and in combination with other
chemotherapeutic agents (NCT02558894) [105]. Two other PD-1 inhibitors, nivolumab and
pembrolizumab, have been tried in PDA patients. Using these mAbs as single agent
treatments has not proved very effective [106], and thus new trials combining these
antibodies with other agents such as vaccines or chemotherapy have emerged.

Thus far, the most clinically progressed immunotherapy for PDA has been tumor vaccines.
Vaccines targeting different antigens include mesothelin [107], MUC-1 [108-110], CEA &
MUC1 [111], heat-shock proteins [112], Kras [113], personalized peptide vaccination (using
multiple peptides based on the pre-existing immunity) [114, 115], Kinesin Family Member
20A (KIF20A) [116, 117], Wilms tumor-1 [118], and VEGFR-2 [119, 120]. The most
promising results arise from allogenic whole tumor cell expressing GM-CSF, dendritic cells
expressing the antigens, and telomerase peptide vaccines in combination with chemotherapy
drugs. Among the antigens, MUCL1 has been one of the most popular antigens to target PDA.
We have previously shown that combination of a MUC1-based vaccine with a
cyclooxygenase-2 inhibitor (celecoxib), and low-dose chemotherapy (gemcitabine) prevents
PDA progression in a preclinical PDA model [121].

Cytokines, such as IL-10 which has been known to promote anti-tumor response, have been
administered to patients with limited efficacy [122, 123]. mAb against IL-17B receptor
signaling showed improved survival in an orthotropic xenograft model of PDA [124].

Adoptive T cell therapy—MSLN is a cell surface antigen present on normal mesothelial
cells and overexpressed in several human tumors such as mesothelioma, lung, pancreas,
breast, ovarian, and other solid cancers [27]. MSLN-CAR-T cell therapy is in a phase | study
and has demonstrated anti-tumor response for the first time in PDA and has shown the
development of new antibodies [125]. Ongoing trials are testing genetically engineered T
cells to target the immunogenic peptide derived from the cancer-testis antigen (NY-ESO-1),
an antigen usually found in normal testis and in a variety of tumors (NCT01967823). Other
researchers have shown MUC1-CAR-T cells as a potential candidate for PDA therapy [126,
127], including our lab (manuscript in preparation). A clinical trial has started recently using
anti-MUC1 CAR-T cells for patients with MUC1* advanced refractory solid tumors
(NCT02587689). The orphan tyrosine kinase receptor, RORL1, is expressed by many tissues
during embryogenesis but is absent in many organs after maturation, except for B cell
precursor and in low levels in the pancreas, lung, and adipose tissue. ROR1 targeting CAR-T
cells have also been evaluated in preclinical trials and it showed effectiveness in leukemia
and some solid tumors, including pancreatic cancer [128]. ROR1-CAR-T safety was
confirmed in non-human primates [129].
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2.7. Ovarian cancer

Ovarian cancer is the seventh most common cancer and the eighth leading cause of cancer
related deaths in women in the world (239,000 cases and 152,000 deaths) [1]. Augmented
number of tumor infiltrating lymphocytes (TILs) in ovarian tumor has been associated with
better prognosis. Tregs play a key role in immune tolerance to cancer cells by suppressing
TILs in tumor microenvironment. This fact has led to emergence of numerous
immunotherapies in ovarian cancer. Despite many studies supporting the evidence of
successful induction of anti-tumor T cells, these results have not been significantly translated
to clinical. As already shown for other tumors, immune checkpoint blockade, primarily
antibodies targeting PD-1 (nivolumab, pembrolizumab) and PD-L1 (BMS-936559,
avelumab), could hold the key to the future of ovarian cancer treatment. Among them
avelumab and nivolumab have been more effective in controlling the disease [130].

Adoptive T cell therapy—~Folate receptor a (FRa) is glycosylphosphatidyl-inositol
(GPI)-anchored cell surface protein [131] overexpressed in epithelial ovarian cancer and is
an excellent target for new promising therapies [132]. Although FRa-specific CAR-T cells
showed specific killing of cancer cells /n vitro and in preclinical mouse models, the clinical
responses to this treatment was rather disappointing in patients with metastatic ovarian
cancer. No tumor reduction was observed in 14 patients studied. Inefficacy of treatment was
attributed to lack of specific T cells trafficking to tumor areas, short persistence of the
transferred T cells, and presence of inhibitory factors in serum of patients [133]. A study
showed that anti-tumor T cell function could be improved by blocking LAG-3 and PD-1.
Circulating NY-ESO-1-specific CD8" T cells derived from ovarian cancer patients exhibited
higher proliferation and cytokine production /n vitro after dual blockade of LAG-3 and PD-1
[134]. MUC-16°°® s another target for ovarian cancer, which is the retained portion of
MUC-16 (CA125) after cleavage. MUC-16°°!° is overexpressed on a majority of ovarian
tumors, and shed CA125 is used as a diagnostic/prognostic marker for ovarian cancer
patients. It was previously shown that MUC-168¢-CAR-T cells eliminated orthotopic
human ovarian cancer xenografts in SCID-Beige mice [135]. To improve function of T cells
in the tumor microenvironment, MUC-16€S°-CAR-T cells were engineered to express
IL-12. These IL-12-secreting CAR-T cells exhibited enhanced anti-tumor efficacy as
determined by increased survival, prolonged persistence of T cells, and higher systemic IFN-
v in SCID-Beige mice with human ovarian cancer xenografts [136]. Thus, IL-12-secreting
MUC-16°°°-CAR-T cells are being evaluated in a phase | clinical trial and have shown
encouraging results [137]. Recently, CE7-epitope of L1-CAM, which is a cell adhesion
molecule aberrantly expressed in multiple cancers, was targeted by CAR-T cells as a
treatment for advanced ovarian cancer. Adoptive transfer of these CE7 receptor-CAR-T cells
demonstrated a significant regression in SKOV3 xenograft tumors in mouse model [138].

3. Limitations of CAR-T cell therapy in adenocarcinomas

3.1. Hurdles in epithelial cancers: Trafficking & tumor microenvironment

Despite enormous success of CAR-T cell therapy for hematopoietic cancers, unfortunately,
less encouraging results have been shown for epithelial tumors. This is due to several
factors. The mechanical barrier in epithelial tumors, which is absent in liquid tumors,
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impede successful infiltrating of T cells to tumor sites. Unlike the “liquid tumor” setting of
hematologic malignancies, CAR-T cells must pass multiple barriers in order to reach the
tumor site. Potential mismatches of T cell chemokine receptors and their ligands on tumor
cells and the presence of the dense stroma in most epithelial tumors makes T cell trafficking
truly cumbersome. Numerous pre-clinical studies have shown that combining CAR-T cells
with chemokine receptors improves migration and infiltration of T cells, once they are inside
the tumor bed [139]. Moreover, antigen loss and heterogeneity of epithelial tumors
contribute to the ineffectiveness of CAR-T cell [140]. Even after reaching the tumor sites, T
cells must overcome various challenges in order to exert their anti-tumor effect. These
challenges include a hostile tumor microenvironment enriched by oxidative stress,
nutritional depletion, acidic pH, hypoxia, existence of numerous suppressive soluble factors
and cytokines, suppressor immune cells such as Tregs, myeloid derived suppressor cells
(MDSC), tumor-associated macrophages (TAM) or neutrophils (TAN), intrinsic negative
regulatory mechanisms of T cells (expression of inhibitory receptors), and over-expression
of inhibitory molecules and immune checkpoints [140]. To reduce these inhibitory effects,
coupling pro-inflammatory cytokines, such as IL-12, with CAR-T cells, and also
combinations of CAR-T cells with immune-checkpoint inhibitors, are currently being tested
[141].

A possible down side of CAR-T cell therapy is the fact that these T cells recognize antigen
independently of MHC molecules. Although this independency is considered a strength of
CAR-T cells, it also limits the pool of antigens targetable by CAR, as a majority of tumor-
associated antigens (TAAs) are intracellular neoantigens being solely expressed in the
context of MHC [142]. This hurdle is not exclusive to epithelial solid tumors.

3.2. Toxicity

Lastly, the review cannot be completed without providing information on the potential
toxicities attributed to CAR-T cells. Much of the toxicity data exists for the CAR-T cells
against hematopoietic tumors, but not as much in epithelial solid tumors. The toxicities
include cytokine release syndrome (CRS, systemic inflammatory response following CAR-T
cells activation), B cell aplasia (specific for CD19 CAR-T cells), neurological toxicity, “on-
target, off-tumor” toxicity (reactivity to target antigen on healthy tissues), anaphylaxis or
allergy (host immune reaction to foreign antigen on CART cell), and insertional oncogenesis
(mutagenesis by viral genes) [143].

The most prominent cytotoxicity seen in CD19 CAR-T cell trials is CRS which is associated
with rapid T cell proliferation [144]. The main reason for this effect is not clearly explained
yet; however, it is likely due to infused CAR-T cells secreting products that can trigger a
toxic release of pro-inflammatory cytokines such as IL-6, IFN-y, and TNFa [145]. CRS
symptoms range from high fever and myalgia to unstable hypotension and respiratory
failure. This effect was not observed in pre-clinical animal models, and hence it was
unexpected [146].

Other types of toxicity which have been profoundly described in recent CD19 CAR-T cell
trials are B cell aplasia and a diverse array of neurological toxicities [147]. B cell aplasia,
which is an on-target/off-tumor consequence, is associated with hypogammaglobulinemia
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which is easily managed by y-globulin replacement therapy [148]. Neurologic toxicities
seem to be exclusive to CD19-targeted therapies and have been reported in almost all CD19
CAR constructs as well as the CD19 BiTE® blinatumomab [141].

It is said that CRS has not yet been reported for solid tumor trials. This could be due to low
level of T cell engraftment and proliferation in solid tumors compared to leukemia.
However, with development of enhanced CAR and utilizing stronger lymphodepletion
regimens, this kind of toxicity may become a problem [140]. In one case, CRS in solid
tumors has occurred due to “on-target, off-tumor” toxicity. To avoid T cells reacting to
normal tissues, the most suitable tumor antigens need to be targeted. In addition, we need to
develop tumor-specific antibody that does not recognize and bind to normal tissue. Unlike
CD19 which is exclusively expressed on B lymphocytes, majority of solid tumor antigens
are also present at low levels on normal cells [141]. In contrast to the ease of management of
B cell aplasia, off-tumor toxicities that may occur in solid tumors are not easily controlled.
A prominent example is targeting ERBB2 (HER2/neo), a marker overexpressed on both
breast and colon cancers. A patient with metastatic colon cancer was treated with 3"
generation ERBB2-CD28-41BB( CAR (based on Trastuzumab mAb), in 2010, and
experienced a severe respiratory distress associated with the development of new lung
infiltrates. Infiltrates were also found at low levels in several normal organs including heart
and the pulmonary vasculature. The patient died 5 days after from CRS, despite intensive
medical management. CRS was attributed to CAR-T cell targeting ERBB2 on lung
epithelium [28]. On the contrary, this unexpected toxicity has not been reported repeatedly
in solid tumors. It may have been stimulated by high dose of infused CART cells (10 million
cells) and preconditioning therapy in the patient, since subsequent studies using a different
ERBB2-specific CAR with considerably lower doses of CAR-T cells have proven safe in
treating patients without preconditioning chemotherapy [17].

Anaphylaxis, allergy, or graft versus host disease (GVHD) has not been a major concern
with CART cell therapy, since autologous T cells are used, and infused cells are the donor’s
own cells. Also, no reaction to exogenous viral genes has been recorded following CAR-T
treatment [149, 150]. Despite this proven safety to reduce the time and cost of treatment,
establishment of an “off-the-shelf” or “third-party” cell bank, wherein universal CAR-T
cells are available to anyone, seems like an attractive solution. In this case, immune
reactivity to graft is of higher concern. To manage this, two strategies have been suggested
so far, including using specific cells for CAR expression and silencing the immunogenic
molecule, TCR, on T cells [151]. These approaches are in process and can broaden the
application of CAR-T cells in the future. Lastly, insertional oncogenesis may occur via
engineered T cells. Viral vectors or plasmid DNASs used to transfer gene into T cells might
carry the risk of malignant transformation in clinical setting. Despite copious studies
demonstrating safety of viral vectors, it is too early to decide if this approach is safe for
larger patient populations [3].
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3.3. Mechanisms to combat toxicity

Despite impressive clinical efficacy of CAR-T cells, severe treatment-related toxicities have
restricted the universal use of CAR-T cells [152]. To address CAR-T cell toxicity, numerous
strategies prominently involving CAR design have recently been devised:

1

Dual targeting strategy to increase specificity and safety. For example, a
modified T cell expresses two CARs, wherein T cell activation signal 1 (v/a
CD3() is physically separated from the costimulatory signal 2 (via CD28) and
each CAR recognizes a separate tumor antigen. These CAR-T cells exhibit full
activation and function only if both CARs are engaged [153, 49, 72]. This
approach provides a path for controlling CAR-T cell selectivity and activity in a
way that retains both effectiveness and safety.

Suicide genes. These specific genes have been introduced into the CAR vector
[154] and CAR-T cells get permanently eradicated upon activation of these
suicide genes. So far, use of herpes simplex virus thymidine kinase (HSV-TK)
and an inducible caspase 9 (iCasp9) genes have shown success in clinical trials
[153].

Co-expression of a depletable receptor. A polypeptide on cell surface can be
targeted by depleting antibodies in order to eliminate engineered T cells. This
strategy is already in clinical use, for example, EGFR and CD20 [155].

Inhibitory CARs (iCAR). When target antigen is shared between tumor and
normal cells, off-tumor toxicity may occur. If normal tissues express another
antigen which is not expressed by tumor cells, it could be targeted by CAR-T via
a receptor which triggers an inhibitory response. This receptor which comprises
intracellular domain of T cell inhibitory receptors (PD-1 and CTLA-4) is co-
expressed by CAR-T cells. Fedorov et al. have shown that iCAR protects normal
tissues in preclinical mouse model [156]. Significantly, primary regulatory effect
of iCARs was selective and transitory, allowing for future activation of T cells
upon later encounter with target cells that exclusively express the antigen [157].

Switchable CARs (SCAR) and multi-chain CARs (mcCARs). These CAR-T cells
need an intermediate switch molecule to get fully activated [158, 159]. In SCAR
design, an antibody-based switch molecule is co-infused, and it bridges the target
cell and the sCAR expressing T cell, while mcCARs are only activated in the
existence of the small-molecules such as rapamycin. Switchable CARs have been
designed to reversibly control CAR-T cell activity and specificity in
immunocompetent mouse model of CD19 and CD22 expressing cancers.

Moreover, multiple antigens could be targeted using the same CAR simply by
infusing various or bispecific switch molecules. For instance, two or more switch
molecules such as anti-CD19 and -CD22 fused to FITC could be targeted by the
same anti-FITC CAR-T cells (“universal CAR”) [152].

Masked CARs. In this design, the antigen-recognition domain of CAR is
sterically blocked by a substrate peptide which is cleaved in the presence of
matrix metalloproteinases. When T cells enter the tumor microenvironment,
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which is enriched by these enzymes, substrate will be cleaved, and binding
capacity of T cells will be unmasked. Once the receptor is unblocked, T cells
mainly localize to the tumor area. Use of masked CARs provides a way to focus
CAR-T activity toward targets shared with healthy tissues [160].

7. Self-limited CAR. This strategy uses mRNA rather than retro/lenti-virus to
transiently express CAR receptor [161, 125].

8. Pharmacologic therapy. IL-6 receptor blockade with tocilizumab is used to
control CRS. Corticosteroids are used for neurologic toxicities and for CRS not
responsive to tocilizumab. However, pharmacologic management of these
therapies remains challenging, since it entails the risk of suppressing anti-tumor
immune response by CAR-T cells [162]. Hurdles in CAR-T cell therapy of
epithelial tumors and the ways to combat them are illustrated in figure 2.

4. Conclusion and perspective

Despite challenges associated with CAR-T cell treatment, immunotherapy remains the most
promising therapy that is revolutionizing how we treat cancer. This is exemplified with
FDA'’s approval of anti-tumor antibodies, immune checkpoint inhibitors, cellular and peptide
tumor vaccines, antibody drug conjugates (ADCSs), and adoptive T cell therapies for various
epithelial malignancies. No cancer treatment is devoid of toxicity, and we have learnt over
the years how to manage it. Therefore, much still needs to be learnt about how to mitigate
the risks associated with immunotherapy. For targeted CAR-T cell therapy, most critical is
the selection of the tumor antigen, and even more critical, is the generation of antibodies that
bind to tumor cells but spares normal tissue. One such antigen that is recognized as the 2"
most targetable antigen by NCI is the tumor associated form of MUCL1 [163]. The recent
MUC1-CAR-T cell therapeutic effect in a preclinical model for breast and pancreatic cancer
shows promise [127] but needs further validations. The generation of the novel antibody,
TABO004, that is highly specific against tMUC1 [97-99, 164, 165] is clinically relevant for
future development of targeted therapy, including generation of ADCs/nano-ADCs and
CAR-T cells for various epithelial solid tumors including those of breast, pancreatic, lung,
colon, stomach, and others that express tMUC1 in high percentage of patient tumors.

Cancer rates throughout the world are increasing at an alarming rate. Yet, we have not seen a
significant change in the standard of care treatment options. It is time to bring cancer
research to the 215t century through the exploration of novel therapies including
immunotherapy. We have already witnessed the potential benefits of immunotherapy, with
the use of antibodies and T cell therapies, in treating multiple cancers. We are at the
forefront of an era in cancer research and treatment where we no longer have to rely solely
on surgery, radiotherapy, and chemotherapy. The time for immunotherapy is here, and the
potential is bright.
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Figure 1. CAR architecture and manufacturing
a. CAR molecule structure in four different designs. The simplest design of CAR consists of

a scFv, transmembrane and CD3( domain. The 279, 3" and 4! generation CARs have
additional costimulatory genes incorporated in the C-terminal end of the molecule. A
cytokine or inhibitory receptor is coexpressed with the CAR in 4t generation design. b.
Manufacturing workflow of gene engineered T cells. T cells are harvested from the patients’
blood via leukaphresis and further activated by beads. The CAR gene is delivered to T cells

Curr Trends Immunol. Author manuscript; available in PMC 2017 June 26.

Additional | Cytokine receptor
Suicide gene



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yazdanifar et al.

Page 24

by retro/lenti viruses, electroporation (RNA) or transposons. Then, transduced T cells get
expanded and undergo quality control before injecting back to patient.
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Figure 2. Hurdlesin CAR-T cell therapy of epithelial tumors
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T cells face multiple barriers in solid epithelial tumors which negatively affect T cell
trafficking and function within the tumor microenvironment. CAR-T cell therapy may result

in toxicity which could be managed via different suggested mechanisms.
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