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Abstract

Pancreatic ductal adenocarcinoma (PDAC) remains a disease with a dismal prognosis. Since 1996 there have
only been two upfront regimens found to be superior to gemcitabine: FOLFIRINOX (5-fluorouracil, leucovorin,
irinotecan and oxaliplatin), and gemcitabine plus nab-paclitaxel. Despite the improvement noted in these
trials, PDAC is highly chemo-resistant and patients who respond will inevitably develop resistance. The unique
immunosuppressive tumor microenvironment with extensive desmoplasia has posed challenges to developing
new and effective treatments. Therapeutic vaccines, combination treatments, adoptive T cell transfer, as well as
immunomodulators are being explored. With the emerging use of immunotherapy and immunomodulators, the
scope of this review is to present the current data on these agents as well as focus on the advancements in the
treatment of PDAC. Overall, results in this realm have been disappointing to date reflecting the non-immunogenic
and complex tumor microenvironment of PDAC.

Keywords: Pancreatic ductal adenocarcinoma, chemoresistance, desmoplasia, tumor microenvironment,
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) has a grim prognosis and is now the third leading cause of
cancer-related deaths in the United States' . Furthermore, it is estimated that pancreatic cancer will become
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the second leading cause of cancer-related deaths in the United States by 2030, It is estimated that 57,600
Americans will be diagnosed with pancreatic cancer and more than 47,050 will die of the disease in 2020
making it the most lethal malignancy of all major cancers'"’. Most patients present with unresectable or
metastatic disease leading to an abysmal 5-year-overall survival (OS) rate of only 7%. Even when surgery
is feasible in 15%-20% of the patients, the 5-year survival remains only about 10% . Current front-line
treatment options include traditional chemotherapies that only provide modest survival benefits.

Gemcitabine was considered the backbone of management for metastatic PDAC as it provided a survival
benefit as well as alleviation of symptoms compared to fluorouracil (5-FU)". Many trials after this
failed to show improvement from this integral study in 1997. Various combination treatments have been
explored since then to see if any headway could be made in the treatment of this lethal disease. Notably,
combination treatments with epidermal growth factor receptors (EGFR) as well as anti-vascular endothelial
growth factors (VEGF) did not produce clinically meaningful results*. Additionally, combination
treatments exploring gemcitabine with various cytotoxic agents including the addition of oxaliplatin,
5-FU, capecitabine, and irinotecan failed to demonstrate a statistically significant OS advantage“’w]. Two
chemotherapy combination regimens have shown superiority in patients with metastatic disease since
then. In the PRODIGE/ACCORD and MPACT trials, FOLFIRINOX and gemcitabine plus nab-paclitaxel,
respectively, showed an OS benefit at the cost of increased toxicity""*. OS has improved with the addition
of chemotherapy in the adjuvant setting as well, however, there is much room for improvement"*"". Despite
the improvement noted in these trials, pancreatic cancer is highly chemo-resistant and patients who
respond will inevitably develop resistance to these therapeutic modalities"”. Based on this historical data,
providers can attempt treatment with varying success, but there is still a dire need to develop newer agents
and incorporate newer strategies to improve outcomes in pancreatic cancer.

Recently, immunotherapy has revolutionized cancer care and has garnered approval in many different solid
tumors, including melanoma, lung cancer, and urothelial cancers, among others", Therefore, it has been
of great interest to explore the role of various immunotherapies in PDAC. Overall, results in this realm
have been disappointing to date, reflecting the non-immunogenic and complex tumor microenvironment
of PDAC. To overcome these challenges, therapeutic vaccines, combination treatments, adoptive T cell
transfer, as well as immunomodulators are being explored. With the emerging use of immunotherapy and
immunomodulators, the scope of this review is to present the current data on these agents as well as focus
on the advancements in the treatment of PDAC.

MECHANISMS OF CHEMORESISTANCE AND TUMORIGENESIS

Pancreatic cancer is highly resistant to chemotherapy and radiotherapy, making treatment less
effective compared to other solid tumors. The dense desmoplasia surrounding the pancreatic tumor
microenvironment (TME) plays a major role in immune modulation and chemotherapy resistance.
Pancreatic TME is comprised of the tumor and its surrounding stroma. The development and progression
of PDAC is associated with the interplay of inflammatory cells, mediators, pancreatic stellate cells
(PSCs), and the extracellular matrix (ECM) that gives rise to the tumor micro environment favoring
tumorigenesis" " [Figure 1].

PSCs are part of normal pancreatic stroma and involved in vitamin A storage, exocrine/endocrine
secretion, phagocytosis and maintenance of pancreatic stroma"™”. In PDAGC, the malignant cells secrete
transforming growth factor beta-1 (TGFB-1), fibroblast growth factor-2 (FGF2), sonic hedgehog and
platelet derive growth factor (PDGF) that drive PSC proliferation and increase ECM deposition leading
to desmoplastic reaction”*". The PSCs also contribute to the chemo resistance by actively entrapping
gemcitabine in their cytoplasm lessening the effect of gemcitabine on pancreatic cancer cells®. Dense ECM
deposition is thought to promote proliferation, chemoresistance, and limit T-cells accumulation near cancer



Chi et al. J Cancer Metastasis Treat 2020;6:43 | http://dx.doi.org/10.20517/2394-4722.2020.90 Page 3 of 17

4. Extravasation & niche formation

Pancreas
Primary Tumour

Secondary

| Metastasis
I 3.CTCs
, (anoikis resistance,
1. Proliferation & | . ) shear stress)
2. Local invasion =

metabolism

CSgeos fy |

. "\.\\

el

Legend
@ RBC ~ Immune
Tumour 0 Cells

Cell = {‘.’D
‘&AF % <
° (ECM

QTAM

Figure 1. PDAC progression model and interaction with extracellular matrix (ECM). (1) Pancreatic cancer cells proliferate in the primary
tumour, metabolising nutrients delivered by the blood vasculature and surrounding stroma; (2) cancer cells invade through the ECM,
including cancer-associated fibroblasts (CAFs) and tumour-associated macrophages (TAMs), among other cancer-associated cell
types, eventually intravasating or invading into the lymph and travelling to distant sites; (3) circulating tumour cells (CTCs) must
develop resistance to anoikis, as well as shear stress, in order to survive in the circulation with red blood cells (RBCs) and leucocytes;
(4) after travelling through the circulation, CTCs extravasate at secondary sites, commonly the liver, establishing a new niche. Re-use
permitted under Creative Commons CC BY Attribution 4.0 Unported (CC BY 4.0) license, which permits others to copy, redistribute,
remix, transform and build upon this work for any purpose, provided the original work is properly cited, a link to the license is given,
and indication of whether changes were made. Link to license: https://creativecommons.org/licenses/by/4.0/). You are not required to
obtain permission to reuse this article"™
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cells"*. ECM also increases intra-tumor interstitial fluid pressure, which leads to vascular dysfunction,
limits accumulation of chemotherapeutic agents within the tumor and increases tumor hypoxia~***',
Hypoxic TME contributes to selection of more aggressive tumor cells that survive and proliferate”™. These
studies demonstrated the important role of desmoplastic reaction in the progression of PDAC making it an
attractive target for therapeutic agents. However, studies with PDAC animal models lacking ability to form
desmoplastic reaction demonstrated accelerated tumor progression, suggesting a more complex role of
desmoplasia in PDAC. The recent HALO 301 trial using pegvorhyaluronidase alfa (PEGPH20), an enzyme
that degrades hyaluronic acid in the ECM, in combination with gemcitabine and nab-paclitaxel, failed to

improved survival further substantiating a more complex role of desmoplasia™”’

The PSCs stimulated by PDAC cells in the TME can further differentiate into different populations of
cancer associated fibroblasts (CAFs). Ohlund et al.” demonstrated that alpha-smooth muscle actin
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expressing CAFs is more prevalent in close proximity to PDAC cells whereas CAFs further away from
the tumor cells have increased expression of fibroblast activating protein (FAP). The two populations of
fibroblasts are mutually exclusive. FAP-positive CAFs secrete increased levels of cytokines [interleukin (IL)-1,
IL-6, IL-8, IL-10] and growth factors such as VEGE insulin-like-growth factor (IGF1), PDGE connective
tissue growth factor (CTGF) and FGF which stimulate angiogenesis, proliferation and metastasis'*".
The PSCs also promote immunosuppression by recruiting myeloid-derived suppressor cells (MDSCs)
through the signal transducer and activator of transcription 3 (STAT3) pathway[m’m. The MDSCs express
programmed death-ligand 1 (PD-L1) and the cytotoxic T-lymphocyte antigen 4 (CTLA-4) receptors
resulting in T cell tolerance. MDSCs also promote the development of regulatory T cells (Treg) through
the CD40 engagement in presence of inteleukin-10 (IL-10) and TGFp. Besides immune regulation, MDSCs
also favor tumor progression via a non-immune mechanism by promoting tumor angiogenesis, cancer cell

. . . [32]
stemness, aggressweness, and mvasiveness

The complex interactions among the components of the PDAC TME make the tumor highly inductive to
angiogenesis, metastasis and treatment resistance.

THE CHALLENGING IMMUNE ENVIRONMENT IN PDAC

Immunogenicity is related to the degree of epitope structural difference between the tumor and normal
cells. Neoantigens, peptides generated from non-silent coding mutations in the cancer cell genome, are
highly immunogenic[m. Studies have shown that tumor mutation load is proportional to neoantigen
burden, which positively correlates with response to immunotherapy™**”. However, PDAC is characterized
by low tumor mutational burden (TMB) ranging from 10-60 encoded neoantigens in contrast to 100-1500
mutations per megabase expressed by other solid tumors that respond to immunotherapy™. The limited
expression of neoantigens by PDAC leads to poor immune surveillance.

Additionally, the TME of PDAC is known to be immunosuppressive with reduced cytotoxic T cells (CD8+)
and T helper cells (CD4+) with increased Tregs, tumor-associated macrophages (TAMs), and MDSCs"”.
The location of T cells in PDAC also has important implications in resistance mechanisms. For example,
CD3+ T cells, which are either CD4+ or CD8+ T cells, have been identified more commonly at the invasive
front of PDAC with fewer cells detected in the center thereby excluded by malignant cells. Moreover, the
tumor infiltrating CD3+ T cells also cluster next to nests of malignant cells but are unable to interact with
tumor cells since they are trapped within the stromal tissue™. Therefore, the overall regulatory immune
population of cells with exclusion of cytotoxic T cells along with the physical barrier created by a dense
stromal environment creates a non-immunogenic tumor that is often resistant to immune recognition and
killing. Nevertheless, the impact of T-cell infiltration on prognosis has shown inconsistent results with
some studies showing improved OS with increased intratumoral CD3+ T-cells, whereas other studies have
not shown an association between T-cell density and patient survival®*”.

The combination of an immunosuppressive environment and low TMB makes PDAC an “immune desert”
that is resistant to immunotherapies. However, it also suggests a potential treatment strategy by overcoming
low immunogenicity.

Immune check point inhibitors

The immune recruitment and response from T cells (CD4+ and CDs8+) via antigen recognition in the
presence of malignant cells are controlled by inhibitory and stimulatory signals called immune checkpoints.
By expressing inhibitory ligands, tumor cells can evade immune surveillance'**". The first immune
checkpoints discovered were CTLA4 and its ligands B7-1 and B7-2, and programmed cell death receptor 1
(PD1) and its ligands PD-L1 and PD-L2"**), Although immune checkpoint inhibitors (ICIs) such as
ipilimumab (CTLA4 inhibitor), pembrolizumab (PD1 inhibitor) and durvalumab (PD-L1 inhibitors) have
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benefitted patients with a wide variety of solid tumors, they have shown limited success in patients with
PDAC"*.

One of the first studies to test single agent immunotherapy for the treatment of PDAC was a phase II trial
with ipilimumab, a CTLA4 inhibitor. It was given to 27 patients with PDAC including 20 patients with
metastatic disease and 7 patients with locally advanced disease. There were no responders by response
evaluation criteria in solid tumors criteria (RECIST ver.1.1) and three subjects experienced grade 3
or higher immune-mediated adverse events (colitis, encephalitis, and hypophysitis) leading to early
discontinuation of the trial*”. In a larger phase I study in 2012 with 207 patients, 14 of whom had PDAC,
patients were treated with anti-PD-L1 antibody, and no responses were seen in patients with metastatic
PDAC™. In 2015, another smaller phase I study of pembrolizumab (PD-1 inhibitor) in patients with
advanced solid tumors showed similar results in 1 out of 30 patients with PDAC who did not respond™”.

ICIs have shown benefit in a small group of PDAC patients whose tumor harbors mismatch repair (MMR)
deficiency, which comprise 1%-3% of PDAC diagnoses[“’“]. In a phase II trial, which included 8 patients
with PDAC, who were MMR deficient and treated with pembrolizumab, there was a 62% objective
response among PDAC patients”™”. There has been one case report for the benefit of pembrolizumab in
MMR-proficient PDAC, but with high TMB potentially highlighting a new population that would benefit
from immunotherapy[“]. Pembrolizumab is the first ICI to receive approval from FDA for tumor agnostic
indication for use in patients with MMR-deficient malignancies[sol. Based on the success of pembrolizumab
in patients with refractory, metastatic cancers with MMR deficiency, the National Comprehensive Cancer
Network (NCCN) now recommends consideration of MSI or MMR testing in patients with locally
advanced or metastatic PDAC.

Combination of chemotherapy, immunotherapy, and radiation

Given the lack of response with single agent ICIs in treatment of PDAC, combination with chemotherapy
or with other immunotherapies has also been studied.

Phase I studies

A phase Ib dose finding study of ipilimumab and gemcitabine showed partial response in 15% (2 patients)
and stable disease in 38% (5 patients)[szl. In a follow up phase Ib dose expansion study 2 out of 16 patients
had partial response and 5 out of 16 had stable disease. Median PFS was 2.5 months (95%CI: 0.8-4.8 months)

53]

and medial OS of 8.5 months (95%CI: 2.2-10.3 months)[ .

Phase II studies

One of the largest phase II trials was a study comparing durvalumab (PD-L1 inhibitor) in combination
with tremilimumab (CTLA-4 inhibitor) vs. durvalumab alone in 65 patients with metastatic PDAC. The
objective response rate (ORR) was 3.1% and median OS of 3.1 months in the combination arm and ORR of
0% with median OS of 3.6 months in the monotherapy arm. Median PFS was 1.5 months in both arms'™

Due to the low patient numbers, the trial was not powered to observe the association between treatment
response and PD-L1 expression or MSI status. Therefore, combination ICIs thus far have shown minimal
benefit in treatment of PDAC.

Combination with chemotherapy and radiation

The combination of radiation with chemotherapy (chemoXRT) and immunotherapy is also being explored
in the treatment of PDAC. The rationale of combining radiation is based on a previously recognized
phenomenon called the abscopal effect whereby a local treatment (i.e., ionizing radiation) results in
systemic or off-target shrinkage of tumor. The abscopal effect is postulated to be induced by anti-tumor T
cell response mediated by immunogenic cell death after radiation****. Therefore, it has been proposed that
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Table 1. Ongoing clinical trials investigating immune check point inhibitors

Study drug Combination Study phase Treatment setting Sponsor Clinicaltrials.gov identifier
Anti-PD-1 antibodies
Nivolumab Nab-paclitaxel + I Any Celgene NCT02309177
gemcitabine
+ Ipilimumab /1T Any Bristol-Myers Squibb NCT01928394
Radiotherapy + 1T Second line Herlev Hospital NCT02866383
ipilimumab
Pembrolizumab Radiotherapy I Second line University of Pennsylvania NCT02303990
None I Any Merck Sharp & Dohme NCT02054806
Paricalcitol I Any Translational Genomics NCT03331562
Research Institute
BL-8040 (CXCR4 1T Second line MD Anderson NCT02907099
antagonist)
Azacitidine I Second line Columbia University NCT03264404
Anti-PD-L1 antibodies
Atezolizumab None I Any Genentech NCT01375842
None I Any Hoffmann La Roche NCT02458638
Avelumab Binimetinib (MEK 1T Second line Pfizer NCT03637491
inhibitor) and talazoparib
Durvalumab Pexidartinib (CSFIR I Second line Centre Leon Berard NCT02777710
inhibitor)
Galunisertib (TGFB I Second line Eli Lilly NCT02734160
antagonist)
None /1T Any Medlmmune NCT01693562
Radiotherapy + /1T Second line National Cancer Institute NCT02311361

tremelimumab

CXCR4: C-X-C chemokine receptor type 4; MEK: itogen-activated protein kinase kinase enzymes; CSFIR: colony stimulating factor 1
receptor; TGFp: transforming growth factor

combining chemoXRT with immune therapy may increase tumor immunogenicity and increase pancreatic

. [57] . P . . .
tumor response to immunotherapy . This hypothesis is supported by various studies demonstrating
that PDAC tumors treated with neoadjuvant chemoXRT had increased numbers of CD4+ and CD8+
T-lymphocytes compared to patients who did not receive neoadjuvant chemoXRT™". In another study,
neoadjuvant chemoXRT showed significantly lower numbers of immunosuppressive regulatory T cells
although there was no difference in the number of CD4+ and CDs+ T cells™”.

In pre-clinical studies, radiation has shown mixed results. In a mouse model of PDAC, a combination of
radiation with dual blockade of PD-L1 and CTLA-4 resulted in improved survival and tumor responses
compared to dual blockade without radiation or radiation alone™. Another mouse model suggested an
immunosuppressive T cell effect where radiation exposure induced macrophage immunosuppressive
phenotype with reduction in CD8+ T-cells and increased Tregs'*”. The role of radiation in clinical studies is
still being explored. A phase Ib/II study with neoadjuvant pembrolizumab with chemoXRT is ongoing. The
combination appears to be safe but efficacy data have not been reported®’. Other ongoing clinical trials
[Table 1] include a pilot study evaluating SBRT in combination with tremilimumab (anti-CTLA-4) and PD-
L1 monoclonal antibody MEDI4736 (NCT02311361) and an open label phase II study combining radiation
with nivolumab with or without ipilimumab (NCT02866383).

Vaccines

Another strategy to overcome the immune desert of pancreatic cancer that is under investigation is the use
of therapeutic vaccines [Table 2]. Vaccines may potentially turn PDAC into more immunogenic tumors
by activating specific T cells with the ability to migrate into PDAC tumors'®. Tumors harbor driver and
passenger mutations that may lead to changes in amino acid sequences, which in turn produces mutant
proteins that are expressed by the tumors. These mutant proteins are processed into short polypeptides and
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Table 2. Ongoing clinical trials investigating vaccines
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Study drug Combination Study phase T':;:::‘;"t Sponsor Clln;;::::ilfai::r.gov
Whole cell vaccines
GVAX Nivolumab, Urelumab /11 Neoadjuvant Johns Hopkins NCT02451982
(+cyclophosphamide) and Adjuvant
Treatment
Nivolumab + SBRT 11 Neoadjuvant Johns Hopkins NCT03161379
Ipilimumab, nivolumab, CRS-207 11 Second line  Johns Hopkins NCT03190265
Pembrolizumab + SBRT 11 First line Johns Hopkins NCT02648282
Pembrolizumab, IMC-CS4 early phase I First line Johns Hopkins NCT03153410
Algenpantucel-L None n/a Any NewLink Genetics NCT03165188
Corporation
Bacterial-based vaccines
Listeria based vaccine Ipilimumab, nivolumab with or without 1T Second line  Johns Hopkins NCT03190265
CRS-207 GVAX + cyclophasphamide
Epacadostat, pembrolizumab + GVAX 1L Second line  Johns Hopkins NCT03006302
and cyclophosphamide
Yeast-based vaccines
GI-4000 Aldoxorubicin, cyclophosphamide, /11 Second line  NantKwest, Inc. NCT03387098
oxaliplatin, capecitabine, fluorouracil,
leucovorin, lovaza, nab-paclitaxel,
bevacizumab, avelumab, ALT-803, aNK,
ETBx-011, SBRT
Cyclophosphamide, oxaliplatin, /11 Second line  NantKwest, Inc. NCT03329248
capecitabine, fluorouracil, leucovorin,
nab-paclitaxel, bevacizumab, avelumab,
ALT-803, aNK, ETBx-011, SBRT
Cyclophosphamide, oxaliplatin, /11 Second line  NantKwest, Inc. NCT03136406
capecitabine, fluorouracil, leucovorin,
nab-paclitaxel, bevacizumab, avelumab,
ALT-803, aNK and ETBx-011
YE-NEO-001 None 1 First line NantBioScience, Inc.  NCT03552718
Viral vector-based vaccines
Ankara Vaccine Pembrolizumab 1 Second line  City of Hope NCT02432963
Expressing p53 Medical Center
Peptide vaccines
Personalized Adjuvant chemotherapy + Polyinosinic- 1 First line Washington NCT03956056
mesothelin epitopes polycytidylic acid, and poly-L-lysine University School of
(poly-ICLC) Medicine
KRAS peptide vaccine ipilimumab, nivolumab 1 First line Johns Hopkins NCT04117087
iNeo-Vac-PO1 GMCSF 1 Second line  Zhejiang Provincial  NCT03645148
People's Hospital
Personalized Adjuvant chemotherapy 1 First line Changhai Hospital NCT03558945
neoantigen vaccine
DNA based vaccines
Personalized 1 Washington NCT03122106
neoantigen DNA University School of
vaccine Medicine
Dandritic cell-based vaccines
Autologous DC None 1 First line Baylor College of NCT04157127
vaccine Medicine
mDC3/8-KRAS None 1 Any University of NCT03592888

Vaccine

Pennsylvania

displayed on the cell surface by major histocompatibility complex (MHC) and are recognized by T cells as

foreign antigens'*”’. This distinguishing feature of a malignant cell from a normal cell can provide a method

of targeting the tumor cells while sparing the normal cells by the immune system.

Antigens expressed by PDAC cells can be grouped into two categories: tumor-specific antigens (TSA),

which are only expressed by the tumor cells, and tumor-associated antigens (TAA), which are mostly

restricted to malignant cells with limited expression on normal cells'*”. TSAs are neoantigens unique to
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each patient. A vaccine that targets TSAs needs to be personalized to the individual patient. However, TSAs
such as MUC1 or KRAS which is expressed by more than 90% of PDAC cells are an exception to this rule.
Currently there are a number of vaccines targeting shared antigens and patient specific antigens that are
under investigation. Examples of TAAs expressed by PDAC cells include EGFR family, carcinoembryonic
antigen (CEA), mesothelin, VEGF family, and Wilms’ tumor 1 (WT-1); however, since they may also be

expressed by normal cells, off-target toxicity can occur'®*.

Whole cell vaccines

GVAX is the most extensively evaluated whole cell vaccine consisting of two human allogeneic pancreatic
tumor cells lines irradiated to release antigens. It is also genetically engineered to release granulocyte-
macrophage colony-stimulating factor (GM-CSF) at the vaccination site'”’. Dendritic cells are attracted to
GM-CSF site where they phagocytose antigens released from apoptotic PDAC cells. These dendritic cells
then travel to draining lymph nodes, present tumor antigens found in vaccine PDAC cell lines to effector
T-cell and activate them.

In an early phase clinical trial, GVAX demonstrated improved disease-free survival (DFS) in PDAC
patients who displayed delayed-type hypersensitivity responses to autologous tumor cells'*”. In a
phase II trial of 60 patients with resected PDAC, GVAX was studied in combination with chemoXRT.
Results demonstrated a DFS of 17.3 months with an OS of 24.8 months, and induction of mesothelin-
specific CD8+ T cells was seen in those treated with GVAX, which correlated with DFS"'. Another
trial studied GVAX in the neoadjuvant setting where patients received cyclophosphamide and GVAX
prior to pancreaticoduodenectomy. Surgical resection samples from these patients were noted to have
novel vaccine-induced upregulation of PD-1/PD-L1 pathways in the intratumoral tertiary lymphoid
aggregates'”. In the metastatic setting, GVAX has also been studied with or without ipilimumab in
patients that were refractory to gemcitabine-based therapy. This study enrolled 15 patients in each arm
and results showed a median OS of 3.6 months vs. 5.7 months (P = 0.072) for single agent ipilimumab
versus combination ipilimumab with GVAX"™. Currently, there are ongoing phase I and II clinical trials of
GVAX in various combinations with nivolumab and urelumab (NCT02451982), nivolumab and radiation
therapy (NCT03161379), ipilimumab, nivolumab and CRS-207 (Listeria based vaccine) (NCT03190265),
pembrolizumab and radiation therapy (NCT02648282), pembrolizumab and IMC-SC4 (NCT03153410).

Another whole cell vaccine is Algenpantucel-L which contains two irradiated allogeneic PDAC tumor cell
lines transfected to express alpha-1, 3-galactosyltransferase epitopes, a cell surface carbohydrate. A phase
III IMPRESS trial comparing chemoXRT + algenpantucel-L vs. chemoXRT alone in the adjuvant setting
showed no improvement in OS. Unfortunately, no further trials are planned at this time due to limited
clinical benefit"”".

Bacterial-based vaccines

Vectors based on bacteria, including Listeria monocytogens, salmonella, Lactobacillus Plantarum, and
Bacillus Calmette-Guerin, have been studied as they can elicit both innate and adaptive immune responses
to TAAs. The bacterial vectors are modified to express specific antigens and elicit potent CD8+ and CD4+
responses via MHC I and MHC II antigen processing pathways. CRS-207, a live attenuated listeria vaccine
genetically modified to secrete mesothelin was studied in combination with GVAX"” In a phase II trial
with metastatic PDAC patients, GVAX with cyclophosphamide (Cy/GVAX) was compared to Cy/GVAX
followed by CRS-207. The Cy/GVAX plus CRS-207 arm showed an OS benefit of 6.1 months vs. 3.9 months
in the Cy/GVAX alone arm””. It was also noted that patients who elicited mesothelin specific CDs+ T-cell
responses also had longer OS. However, a more recent phase IIb trial in which previously treated patients
with metastatic PDAC who failed > 2 lines of chemotherapy were randomized 1:1:1 to receive Cy/GVAX
+ CRS 207 (arm A), CRS-207 (arm B), or a physician’s choice of singe-agent chemotherapy (arm C),
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showed Cy/GVAX + CRS-207 did not improve OS compared to chemotherapy”. CR$-207 is now being
studied in combination with indoleamine 2, 3 dioxygenase-1 (IDO1) inhibitor and ICIs (NCT03190265,
NCT03006302).

Yeast-based vaccines

Yeast cells have also been used as vaccine vectors given their ability to elicit robust T cell responses. Yeast
cells can be genetically engineered to express TSAs. GI-4000 is a combination of four vaccines made up of
heat-inactivated S. cerevisiae expressing the three most common Ras mutations of human cancers. A phase
IT randomized trial in which GI-4000 was given together with gemcitabine in PDAC showed a modest
OS benefit of 524 days vs. 444 days”. Another phase I trial (NCT03552718) is evaluating a personalized
neoepitope yeast vaccine in patients with resected pancreas, liver and lung cancers.

Viral vector based vaccines

Another strategy to elicit T-cell response is using viral vectors modified to encode TAAs/TSAs. These
vectors include adenovirus (AdV), adeno-associated virus (AAV), vaccinia virus (VV), and alphavirus.
Phase I results were encouraging. However, a phase III trial with PANVAC-VE, a recombinant attenuated
vaccinia and fowlpox vector expressing CEA, MUC-1and immunostimulatory molecules ICAM-1,
B7.1 LFA-3, did not show statistical significance in overall survival”. A phase I trial (NCT02432963) is
evaluating a combination of vaccinia virus expressing p53 (MVA-p54) and pembrolizumab in PDAC and
other solid tumors.

Peptide vaccines

Antigenic peptide vaccines are phagocytosed by dendritic cells and presented to T-cells to trigger a
response. Theses vaccines have the potential to be personalized to individual patients with improved
selection of immunogenic epitopes and have been shown to have some benefit in high risk melanoma
patients””. In PDAC, despite demonstration of T-cell immune response by several peptide vaccines
(elpamotide-VEGFR2 vaccine, KIF202A-66-member of kinesin super family protein 20A, and RAS
peptide) in clinical trials, no OS benefit was observed””"".

DNA-based vaccines

DNA vaccines contain a DNA plasmid that encodes for highly immunogenic TAA that are specific to a
patient’s PDAC including epitopes of mesothelin. After administration, the DNA plasmid is electroporated
into cells. The expressed neoantigens are taken up by antigen presenting dendritic cells to elicit T-cells
response. A phase I double blind, placebo controlled trial of VXMo1, a DNA vaccine, in 71 patients with
advanced PDAC showed that it was well tolerated and led to activation of VEGFR2-specific cytotoxic
T-cells"™”. A phase I DNA vaccine trial (NCT03122106) of resected PDAC patients is ongoing.

Dendritic cell-based vaccines

Dendritic cells are specialized antigen presenting cells that process antigens to prime T cells. They can
be loaded with tumor cell lysate and antigens, expanded ex-vivo and administered into patients”™*". Two
phase I trials with autologous dendritic cells pulsed with mutant KRAS peptides (NCT03592888) and
dendritic cells loaded with tumor cell lysate and RNA (NCT04157127) corresponding to the patient’s
specific tumor mutation and HLA type in resected PDAC patients are currently ongoing.

Adoptive T-cell therapy

Adoptive T-cell therapy is another area of interest in treatment of PDAC given its success in number of
hematologic malignancies[“]. T-cells are genetically engineered to express chimeric antigen receptor (CAR)
which targets specific tumor antigens. The receptors are made up of an extracellular antigen recognition
domain to an intracellular signaling domain of CD28, 4-1BB, and other co-stimulatory molecules which
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Table 3. Ongoing clinical trials investigating CART cells immunotherapy

Clinicaltrials.gov

Study drug Combination Study phase Treatment setting Sponsor identifier
CART-meso None 1 Second line University of Pennsylvania NCT03323944
None N/A Second line Shenzhen BinDeBio NCT03638193
None sl Second line National Cancer Institute NCT01583686
CART-Nectind None I Second line The Sixth Affiliated Hospital of NCT03932565
Wenzhou Medical University
CART-EpCAM None juss Any First Affiliated Hospital of NCT03013712
Chengdu Medical College
CART-CD70 Cyclophosphamide, /11 Second line National Cancer Institute (NCI) NCT02830724
Fludarabine, Aldesleukin
CART-CLD18 Cylophosphamide, N/A Any Kang YU, First Affiliated Hospital NCT03302403
Fludarabine of Wenzhou Medical University
CART-TnMUC1 Cylophosphamide, 1 Second line Tmunity Therapeutics NCT04025216
Fludarabine
CART-PSCA Rimiducid /11 Second line Bellicum Pharmaceuticals NCT02744287

activate the T cell when an antigen is bound. These cells are expanded ex-vivo and re-infused into patients.
In a phase I trial in which mesothelin-specific CAR-T cells were given to 6 patients with chemotherapy-
refractory metastatic PDAC, 2 patients had stable disease with PFS of 3.8 and 5.4 months. Additionally,
one patient had 69.2% decrease in metabolic activity on PET (positron emission tomography) scan with
complete reduction in FDG (F-2-fluoro-2-deoxy-D-glucose) uptake in all liver lesions at 1 month but no
effect was seen on primary PDAC™. Only small numbers of patients have been treated with adoptive T-cell
therapy and there have been variable results in metastatic sites versus primary tumor. There are currently
various other preclinical and phase I/II trials with CAR T cells targeting various tumor antigens such as
Nectin4/FAP, EpCAM, CD70, CLD18, TnMUC1, PSCA (NCT03932565, NCT03013712, NCT02830724,
NCT03302403, NCT04025216, NCT02744287) [Table 3].

Although clinical data suggests that vaccines and CAR T-cell therapy can elicit anti-tumor T cell responses
in PDAC with suggestion of clinical benefit, no clinically meaningful responses have been reported with
CAR T-cell treatment of PDAC. These approaches have the potential to target the PDAC specifically;
however, the tumor fighting cells may not be able to reach their target due to the desmoplasia and
immunosuppressive tumor microenvironment. There may be also be other barriers to effective anti-tumor
immune therapy. Further studies are needed to better understand and target these barriers.

OTHER TARGETED AGENTS

There are also strategies using agents that target DNA repair, pathway inhibitors, metabolism and
extracellular matrix. Some of the notable ones are discussed below [Table 4].

PARP inhibitors

Poly (ADP-ribose) polymerase (PARP) enzymes repair single stranded DNA breaks and play crucial roles
in DNA damage repair (DDR). PARP inhibitors are small molecules that trap PARP enzymes on DNA and
prevent the process of DDR. Cancer cells with deficient in DNA repair via homologous recombination due
to mutations in BRCA 1/2 are very sensitive to PARP inhibitors"*”. The presence of PARP inhibitors lead to
death of BRCA 1/2 mutated cancer cells due to a markedly reduced capacity for DDR. The first randomized,
phase III trial, POLO found that maintenance therapy with a PARP inhibitor, Olaparib, significantly
prolonged the progression of disease in advanced PDAC with germline BRCA gene mutations compared
to placebo (PFS 7.3 months vs. 3.8 months)™”. Currently, there are several clinical trials at varying phases
studying the efficacy of different PARP inhibitors in advanced PDAC.
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Table 4. Ongoing clinical trials investigating novel targeting agents
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Clinicaltrials.

Study drug Combination Study phase Treatment setting Sponsor gov identifier
PARP inhibitors
Olaparib None 11 Any AstraZeneca NCT01078662
None 1 Maintenance AstraZeneca NCT02184195
None 1I Second line AstraZeneca NCT02677038
Cediranib (VEGF inhibitor) 11 Second line National Cancer Institute NCT02498613
Rucaparib None 11 Maintenance Abramson Cancer Center, UPenn NCT03140670
Liposomal irinotecan, VI Any Academic and Community NCT03337087
5-fluorouracil and leucovorin Cancer Research United
Niraparib Ipilimumab or nivolumab /11 Second line Upenn NCT03404960
None 1 Any Anup Kasi NCT03553004
Veliparib FOLFIRI or mFOLFIRI 11 Second line National Cancer Institute NCT02890355
mFOLFOX6 I/ Any Georgetown University NCT01489865
+ Cisplatin and gemcitabine 1I Any National Cancer Institute NCT01585805
Talazoparib ~ Avelumab and binimetinib Tb/IT Any Pfizer NCT03637491
NTRK inhibitors
Larotrectinib  None 11 Any Bayer NCT 02576431
Entrectinib None 11 Any Hoffmann-La Roche NCT02568267
Mitochondrial inhibitor
Devimistat ~ Gemcitabine plus nab-paclitaxel 1 First line Atlantic Health System NCT03435289
mFOLFIRINOX I Any Rafael Pharmaceuticals NCT03504423
FAK inhibitor
PF-00562271 None 1 Second line Verastem NCT00666926
Connective tissue growth factor inhibitor
Pamrevlumab Gemcitabine plus nab-paclitaxel /i Neoadjuvant FibroGen NCT02210559
Gemcitabine plus nab-paclitaxel 111 First line FibroGen NCT03941093

NTRK: Neurotrophic tropomyosin-related kinase; FOLFIRINOX: leucovorin, fluorouracil, irinotecan, oxaliplatin; FAK: focal adhesion kinase

NTRK inhibitors

Topomyosin receptor kinase (TRK) transmembrane proteins plays an important role in neural
development. When different partners fuse with TRK encoding genes (NTRK1, NTRK2 or NTRK3) the
resulting gene encode for oncogenic proteins that constitutively activate the RAS-MEK-ERK, PI3k-AKT,
and diacyleglycerol-inositol-1,4,5-triphosphate signaling pathways™”. NTRK fusions are found in < 1% of
PDAC. In the STARTRK-2 trial (NCT02568267) with entrectinib, a TRK A/B/C inhibitor, 3 patients with
PDAC had PR based on RECIST criteria. Another ongoing trial NAVIGATE (NCT 02576431) showed
response rate was as high as 75% among 55 patients with NTRK fusion positive solid tumors treated with
larorectinib. However, only one patient with PDAC was included in the cohort. Currently, entrectinib and
larorectinib are approved by FDA for a tissue-agnostic indication in solid tumors that harbor NRTK fusion
gene.

Devimistat

Devimistat selectively inhibits the tricarboxylic acid cycle in the mitochondria and is hypothesized
to work synergistically with cytotoxic agents by decreasing mitochondria metabolism, impairing
production of intermediates required for DNA damage repair. Devimistat was studied in a phase I trial in
combination with mFOLFIRINOX in 20 patients with metastatic PDAC. The response rate was 61% with
3 patients achieving CR™. Currently Devimistat is being studied in a phase III trial in combination with
mFOLFIRINOX (NCT03504423) and in a phase I trial in combination with gemcitabine and nab-paclitaxel
(NCT03435289).

Focal adhesion kinase inhibitors

Focal adhesion kinase (FAK) is a tyrosine kinase that promotes tumor growth, invasion and metastasis by
interacting with tumor cells and stromal cells in various types of cancer™. In preclinical research, FAK
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is shown to be overexpressed in pancreatic tumor tissues. FAK promotes metastasis by regulating focal
adhesions, matrix metalloproteinase surface expressions and enhancing tumor growth by promoting anti-
apoptotic functions. The combination of FAK inhibitors together with gemcitabine and nab-paclitaxel has
been shown to delay tumor growth in patient derived xenograph models, relative to chemotherapy alone"™”
Currently, a phase I clinical trial with FAK inhibitor PF00562271 is under investigation in patients with

advanced pancreatic cancer (NCT00666926).

Connective tissue growth factor inhibitors
CTGEF is a protein is highly expressed in PDAC that contributes to the dense desmoplasia. It is also thought

to protect the cells from hypoxia-mediated apoptosis and drive more aggressive tumor cells selection””.
In preclinical study with mouse model of PDAC, pamrevlumab, a monoclonal antibody against CTGF in
combination with gemcitabine has been shown to prolonged survival®”. A phase I/11 trial involving patients
with unresectable PDAC with pamrevlumab and gemcitabine/nab-paclitaxel (NCT02210559) showed
higher resection rate in the arm with patients who received pamrevlumab. Currently, FDA granted fast
track designation to pamrevlumab for the treatment of unresectable locally advanced PDAC™. A phase III

trial with this agent is recruiting (NCT03941093).

EXPERT OPINION

Surgery, chemotherapy and radiation therapy are three of the most commonly used modalities to treat
pancreatic cancer. However, even with intense chemotherapy regimens, such as FOLFIRINOX, outcomes
for these patients remains dismal with conventional therapies. Cancer cells prevent immune cells from
recognizing them as a threat, thereby, allowing cancer cells to evade the immune system resulting in
continued growth and metastasis. Immunotherapy restores the ability of the immune system to detect
and destroy cancer cells by overcoming mechanisms by which tumors evade and suppress the immune
response.

Recent negative findings from studies evaluating immune checkpoint inhibitors, whether alone or in
combination, have suggested that they may not solely be ideal agents for treatment of pancreatic cancer.
Instead, additional agents that prime the immune microenvironment may be needed to see efficacy. This
may be attributed to the fact that immune checkpoint inhibitor combination therapy has shown eflicacy
for immunogenic, “hot” tumors, such as melanoma and lung cancer, while pancreatic cancer on the other
hand, is not an immunogenic tumor, commonly called a “cold” tumor.

It is now known that pancreatic cancer does not contain a lot of immune cells and actually also has
immunosuppressive signals. Therefore, we may have to adopt a “multi-pronged approach” Such an
approach may include different types of agents, including oncolytic viruses, or vaccines that can prime the
immune microenvironment so that the checkpoint inhibitors can then impart their efficacy. Investigators
have reported feasibility and clinical activity of T-cell therapy in patients with pancreatic cancer. The
question is how do we facilitate bringing in these immune cells?

Pancreatic cancer tumors are well known for the presence of dense desmoplastic stroma that is made
up of pancreatic stellate cells, fibroblasts, immune cells, and extracellular matrix proteins. The tumor
microenvironment is immunosuppressive and dominated by myeloid-derived suppressor cells and
regulatory T cells. Though recent data has shown disappointing results with agents that promised to deplete
the stroma, such as agents that inhibit the sonic Hedgehog signaling pathway and pegylated hyaluronic
acid, it is important to note that the tumor microenvironment does play a significant role in modulating the
immune recognition of PDAC. It is now postulated that extracellular matrix depletion may actually lead to
tumor progression further substantiates a more complex role of desmoplasia in tumor biology.
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In summary, PDAC responds poorly to immune checkpoint blockade with both anti-CTLA-4 and anti-
PD1/anti-PD-L1 immunotherapies. This could be due to the presence of dense desmoplasia and tumor
microenvironment made up of extracellular matrix proteins, fibroblasts, endothelial cells, and immune
cells. It has been clearly indicated by preclinical studies that the tumor microenvironment has abundant
immunosuppressive cell types and few effector T cells.

In addition, cancer associated fibroblasts (CAF) especially FAP positive CAF have been shown to be
important in mediating immunosuppression in the PDAC tumor microenvironment. Although treating
PDAC with immunotherapy alone has not been very successful, various combination strategies of
immunotherapies (including CAR-cells and immune check point inhibitors) with therapeutic vaccine and/
or radiation therapies to improve immunogenicity of PDAC are ongoing. The multipronged approach
to treating PDAC has led to various trials targeting tumor DNA repair (PARP inhibitors), and tumor
metabolism (mitochondrial inhibitor). Novel agents such as FAK inhibitors, CTGFs are also being studied
in early phase trials. The results of these studies are highly anticipated and some trials hold promise to
advance into later-phase clinical trials. It is hoped that the results from these studies will eventually improve
the outcome for pancreatic cancer patients.

TAKE HOME POINTS

Patients with pancreatic cancer show poor response to chemotherapies and ICI due to its unique
immunosuppressive tumor microenvironment with extensive desmoplasia.

The complex interactions among the components of PDAC TME (fibroblasts, endothelial cells, and
extracellular matrix proteins, tumor-associated macrophages, MDSC, and Treg cells) lead to tumorignesis,
chemo-resistance, and immune suppression although some recent studies also show evidence of tumor-
restraining role of the desmoplasia.

PDAC is characterized by low TMB due to limited expression of neoantigens and leads to poor immune
surveillance and poor response to ICIs. However, a small subset (1%-3%) of PDAC patients with dMMR or
MSI-H tumors showed high response rate to single agent pembrolizumab.

(1) ChemoXRT may increase immunogenicity in PDAC, which can sensitize tumors to immunotherapy.
Multiple phase I/II trials with combination chemoXRT and immunotherapy are ongoing.

(2) GVAX, vaccine developed from PDAC tumor associated antigens, showed T-cell mediated antitumor
activity in preclinical and early phase clinical trials. It is now under investigation in combinations with
ICIs. There are various ongoing early phase trials using viral vector, peptide based vaccines, DNA based
vaccines, yeast-based vaccines and dendritic cell-based vaccines.

(3) Strategies with various targeted therapies are being explored in clinical trials targeting tumor DNA
repair (PARP inhibitors), and tumor metabolism (mitochondrial inhibitors).

(4) Novel agents such as FAK inhibitors and CTGF are also being studied in early phase trials.
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