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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer mortality among men and
women in the United States. Its incidence has been on the rise, with a projected two-fold increase by 2030. PDAC
carries a poor prognosis due to a lack of effective screening tools, limited understanding of pathophysiology, and
ineffective treatment modalities. Recently, there has been a revolution in the world of oncology with the advent of
novel treatments to combat this disease. However, the 5-year survival of PDAC remains unchanged at a dismal 8%.
The aim of this review is to bring together several studies and identify various recent modalities that have been

promising in treating PDAC.
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Introduction

Cancer is the second-leading cause of death in
the United States following cardiovascular dis-
ease. Pancreatic cancer is the fourth leading
cause of death due to cancer in the US in 2019.
In fact, it is projected to become the second-
leading cause by 2030 [1]. This disease has a
5-year survival rate of 8% [2]. The most com-
mon forms of pancreatic cancers are exocrine
cancers, which comprise of 95% of all pancre-
atic cancers [3, 4]. Of these exocrine cancers,
the most common and aggressive form is pan-
creatic ductal adenocarcinoma (PDAC). PDAC
accounts for approximately 85% of all pancre-
atic tumors. Other histological variants of pan-
creatic cancer include adeno-squamous carci-
noma, colloid carcinoma, hepatoid carcinoma,
medullary carcinoma, signet-ring cell carcino-
ma, undifferentiated carcinoma, and undiffer-
entiated carcinoma with osteoclast-like giant
cells [5]. All of these have different pathogene-
ses and carry different prognoses.

Here, we will focus on different treatments that
are available for PDAC and note possible areas
for future treatment development.

Targeted therapy

Targeted therapies mainly focus on trans-
receptor membrane proteins (TRMPs). Cell
membranes express surface molecules that
serve as targets for clinical intervention. Various
targets include epidermal growth factor (EGFR/
Erb1), vascular endothelial growth factor (VEGF
1, 2, and 3), human epidermal growth factor
receptor-2/human erythroblastic oncogene B-2
(HER2/ERBB?2), fibroblastic growth factor re-
ceptor (FGFR), and insulin-like growth factor-1
(IGF-1).

Recently, the Southwest Oncology Group con-
ducted a phase lll trial testing a combination of
cetuximab (EGFR inhibitors) and gemcitabine
compared to gemcitabine alone [6]. Results
showed that there were no differences in sur-
vival rates between the two arms of the study
(6.3 vs 5.9 months, respectively; P = 0.19). A
preclinical study demonstrated the overex-
pression of EGFR during the formation of a com-
plex between NFATc1 and C-JUN in de-differen-
tiated mouse acinar cells [7]. In a clinical set-
ting, this overexpression led to the activation of
Sox9 transcription and induction of acinar duc-
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Figure 1. Cell Signal Transduction.

tal metaplasia in patients with chronic pancre-
atitis [7]. Targeting this pathway may be valu-
able in preventing PDAC in patients with chronic
pancreatitis [7].

VEGF receptor is another member in the sur-
face tyrosine kinase family. VEGF allows tumors
to gain ample blood supply and thus continue
cell proliferation. Overexpression of VEGF is
commonly associated with poor prognosis [6].
A study by Korc has shown a correlation
between blood vessel density, tumor VEGF-A
levels, and disease progression [8]. The phase
3 CALGB trial observed patients treated with
either gemcitabine and a placebo or gemci-
tabine and bevacizumab (VEGF inhibitor) [9].
This trial did not observe any difference in
overall survival [0S] (5.9 vs 5.8 months, respec-
tively; p = 0.95). Another phase Il trial exploring
maintenance with sunitinib (@ multi-receptor
tyrosine kinase inhibitor) after first-line chemo-
therapy versus solely observation showed an
improvement in two-year OS in treating meta-
static PDAC in the observation versus sun-
itinib arms [0S 7.1% (95% Cl 0-16.8%) vs 22.9%

1872

IGF-R |NSULIN-R

Se8s0ssed senesnsy
.

Nuclear Membrane

(95% CI 5.8-40.0% P = 0.11,
respectively)] [10]. However, a
phase lll trial is needed to
confirm this outcome. Another
ongoing phase | trial NCT029-
02484] is studying ninteda-
nib (a multi-receptor inhibitor)
combined with standard che-
motherapy (gemcitabine and
nab-paclitaxel) in metastatic
PDAC.

Insulin-like growth factor (IGF)
is a signaling protein that is
overexpressed in PDAC. High
levels of IGF-1 are associated
with highly-aggressive tumors
and poor prognosis [11]. IGF-1
has been proposed to confer
resistance against EGFR in-
hibitors [6]. Preclinical studi-
es suggest that targeting bo-
th EGFR and IGFR pathways
potentiates growth inhibition
and apoptosis [6]. An ongoing
phase Il trial [NCT02399137]
is studying istiratumab (MM-
141), an engineered bispeci-
fic monoclonal antibody that
blocks the IGF-1R and ErbB3 pathways by bin-
ding to HER3 and IGF-1 receptors [12]. Anoth-
er preclinical study in mouse models showed
that small IGF-1 receptors and insulin recep-
tor reversible inhibitors of IGF-1R/IR signaling
(BMS-754807) reduce relative PDAC volume
when used in tandem with nab-paclitaxel [13].

Another preclinical study has demonstrated
that IGF-1 and heregulin (HRG) are the most
potent out of all protein kinase B (AKT) activa-
tors. Therefore, these growth factors may play
a role in reducing pancreatic cancer cell re-
sponse to gemcitabine or nab-paclitaxel. Istira-
tumab (MM-141) has been shown to intensify
gemcitabine and paclitaxel sensitivity through
the inhibition of AKT phosphorylation in vivo
[14].

Intracytoplasmic signal transduction

RAS is the first molecule in the MAP kinase
pathway [15, 16]. This cascade involves phos-
phorylation at every step in the RAS-RAF-MEK-
ERK pathway with nuclear transcription as the
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final outcome (Figure 1). The vast majority of
PDAC patients have KRAS mutations [17, 18].
In theory, targeting this pathway may play a role
in cell proliferation and tumor growth; however,
a previous study showed that the presence of
KRAS mutations has no impact on OS [19].
Mutant KRAS has no effect on downstream sig-
naling pathways. This may explain why target-
ing this pathway has failed to improve patient
outcomes [19-22]. Despite all challenges, pre-
clinical and clinical efforts are still being made.
Salirasib, a Ras farnesylcysteine mimetic, has
been studied in combination with gemcitabine
[23]. An early phase trial has determined safe
dosages of salirasib when used in combination
with gemcitabine. Larger studies are needed to
determine the effectiveness of this combina-
tion [6]. Another effort has been made to target
the degradation of KRAS oncoproteins through
the ornithine decarboxylase/antizyme (ODC/
AZ) pathway. This has been shown both in vitro
and in vivo to decrease KRAS levels and sup-
press PANC-1 cell proliferation in addition to
downregulating the phosphorylation of ERK1/2.
Targeting this pathway may be effective in
future treatments of PDAC [24].

Blocking of RAS-RAF-MEK-ERK, a MAP kinase
signaling pathway (Figure 1), usually fails th-
rough several escape mechanisms (19). In fa-
ct, a recent study found an inverse correlation
between STAT3 and MEK signaling and resis-
tance to RAS pathway inhibition in PDAC [25].
This study found that MEKi leads to immediate
activation of STAT3, while STAT3i leads to AREG-
dependent activation of the RAS pathway [25].
This combination has changed tumor growth in
PDX mice through the use of patient-derived
xenografts. It has also improved the survival of
PKT mice while reducing serum AREG levels
[25]. Moreover, MEKi and STAT3i change the
pancreatic cancer microenvironment by inhi-
biting tumor fibrosis, preserving pancreatic in-
tegrity, and downregulating CD44+ and CD-
133+ cancer stem cells (CSCs) [25]. In addi-
tion, a study suggests that AREG levels may
serve as key circulating prognostic biomarkers
of PDAC and potential biomarkers of therapeu-
tic resistance and response to EGFR, MEK and
STAT3 inhibition [25].

To date, all other clinical studies have shown
little or no valuable results in treating PDAC
with traditional mTOR inhibitors [26, 27]. How-
ever, the rapamycin-insensitive companion of
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mTOR (RICTOR) has been shown to play a cri-
tical role in human cancer initiation and pro-
gression. Targeting this component disrupts
the activation of AGC kinases such as AKT and
SGK. This, in turn, decreases expression of
hypoxia-induced factor HIF-1a and the secre-
tion of cancer-promoting factors in pancreatic
cancer cell lines [28]. Indeed, AKT and HIF-1a
expression have been associated with poor
prognosis and early recurrence of PDAC [29].
High RICTOR expression in patients with rese-
cted PDAC is associated with poor survival; a
recent study showed a large difference median
survival (MS) between high and low RICTOR
expression groups (MS 11.1 vs 24 months,
respectively; P < 0.0001) [28]. Targeting RIC-
TOR would hence be a novel therapeutic opti-
on in treating PDAC.

Hypoxia-induced resistance

The hypoxic environment is a result of poor
tumor vascularity. This environment is strongly
associated with increased radio-resistance,
chemo-resistance and tumor metastasis. Hy-
poxia-induced prodrug monotherapy is gener-
ally inefficacious and must be combined with
other treatments. One such application of hy-
poxia-induced resistance is PI3K pathway inhi-
bition through the activation of AKT [30, 31].
Preclinical evaluation using a dual-regimen the-
rapy of an mTORC1/2 inhibitor (AZD2014) and
a hypoxia-activated pro-drug (HAP) TH-302 has
been shown to decrease the hypoxic fractions
of HIFla and carbonic anhydrase IX (CAIX)
expression. This has helped overcome resis-
tance to PI3K pathway targeting and inhibition
of tumor growth in vivo. It may explain the
reduction in AKT activity after the use of such
combination therapy [32].

A preclinical study has evaluated targeting the
ERK pathway with ulixertinib, a drug which has
been shown to enhance the cytotoxic effect of
gemcitabine [33]. Ulixertinib has an upregula-
tion effect on the PI3K-AKT pathway through
the activation of HER/ERB2 [33]. Concurrent
use of gemcitabine and ulixertinib has been
shown both in vivo and in vitro to create a syn-
ergistic effect in suppressing PDAC through the
inhibition of PI3K and HER [33]. A phase |
clinical trial [NCT02608229] is currently te-
sting the ERK inhibitor BVD-523 in combination
with nab-paclitaxel plus gemcitabine in patients
with newly diagnosed metastatic PDAC.
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PI3Ky plays a critical role in immunosuppres-
sion by inhibiting adaptive immune responses
through promoting immune suppressive polar-
ization in macrophages (Figure 2). This leads
to immune suppression, tumor invasion, me-
tastasis, and desmoplasia in PDAC [34]. The-
refore, targeting PI3Ky in PDAC-bearing mice
may promote CD8+ T cell-mediated tumor sup-
pression [34]. In addition, PI3Ky inhibition is
theoretically the most potent type of inhibiti-
on possible because it lacks the downstream
feedback activation of mTOR inhibitors [35].
This data demonstrates that inhibiting PI3Ky is
a promising therapeutic pathway for treating
PDAC [34].

A study evaluating the anticancer effects of
crizotinib (an ALK inhibitor) on pancreatic can-
cer cells found that crizotinib induces apopto-
sis and inhibits tumor progression and angio-
genesis in pancreatic cancer cell lines by down-
regulating the ALK pathway [36, 37]. Surpri-
singly, crizotinib did not suppress pancreatic
cell c-MET, a cell surface receptor tyrosine ki-
nase which induces intracytoplasmic signal
transduction using various pathways including
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MAP kinase, PI3K, STAT, Not-
ch and beta-catenin. This may
explain why crizotinib lacks ef-
fectiveness when treating ov-
erexpressed c-MET signals in
pancreatic cancer [38, 39].

Targeting unfolding protein
response (UPR)

Increasing protein synthesis
and the protein folding capac-
ity of the endoplasmic reticu-
lum (ER) allows cancer cells to
survive. This happens through
the upregulation of UPR sig-
naling pathways, such as the
activation of the inositol-requi-
ring enzyme 1oa/X boxbinding
protein (IRE1o-XBP) pathway
and the overexpression of the
glucose-regulated protein 78-
binding immunoglobulin pro-
tein (GRP78/BIP) [40-43]. Th-
erefore, targeting UPR path-
ways can alter the balance of
UPR components and affect
cancer cell survival [44]. Se-
veral studies indicate that the
fluorinated-ONC201 analog of the imipridone
family (ONC201) induces cellular stress [45-
48]. ONC212, which is similar to ONC201, in-
duces the expression of C/EBP homologous
protein-10 (CHOP/GADD153) [49]. This, in turn,
may also induce cellular stress [44]. A study by
Lev et al evaluated the combination of either
ONC201 or ONC212 with the IGF1-R inhibitor
AG1024 in vitro. Results demonstrated that
PANC-1 cells undergo apoptosis only when they
receive a combination either of ONC201 or
ONC212 with AG1024 [44]. Furthermore, ON-
C212 was more efficacious than ONC201 in
treating different in vitro and in vivo models
of human PDAC [44]. Therefore, ONC212 may
be a promising drug when it is combined with
chemotherapy or selected targeted therapies
such as IGF1-R [44].

Heat-shock protein (HSP) inhibitors

HSP9O and ubiquitin proteasome play critical
roles in the homeostasis of human pancreatic
cancer cells (Figure 2) [50]. Disruption of these
pathways leads to endoplasmic reticulum (ER)
stress and the breakdown of pancreatic homeo-
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stasis [50]. One study evaluated the combi-
nation of ganetespib, a HSP9O inhibitor, and
carfilzomib, a proteasome inhibitor, in both in
vitro and in vivo pancreatic cancer cell lines.
Use of these inhibitors resulted in interference
of cell viability and ultimately lead to cell death.
Many other studies have demonstrated re-
duced cell viability after use of ganetespib to
induce ER stress [51-56]. In these studies,
ganetespib led to the suppression of PI3K,
AKT, mTOR pathways and MAP kinase path-
ways. The HSP9O inhibitor Y306zh prevents
ATP from binding to HSP90 and thus leads to
an impedance of HSP90-p23 association.
Targeting HSP90 and therefore inducing ER
stress could potentially be useful in treating
refractory cases of PDAC [57]. Another heat
shock protein called HS-345 inhibitor prevents
ATP from binding to TrkA. HS-345 inhibits the
TrkA/Akt signaling pathway in pancreatic can-
cer cells. This leads to the inhibition of cell
growth and proliferation in a dose-dependent
manner. It also prevents angiogenesis through
the inhibition of NGF (nerve growth factor) to
stop micro-vessel growth and thus induces
apoptosis. A recent study demonstrated the
strong anti-cancer effects of HS-345 inhibitors
in three pancreatic cancer cell lines (PANC-1,
MIA PaCa-2, and BxPC-3) [58].

DNA damage and homologous recombination
(HR)

DNA damage in noncancerous cells is detect-
ed during the G1 phase through the G1 check-
point of the cell cycle. In contrast, cancer cells
depend on the G2 checkpoint for cellular repair
and survival. DNA damage detected at the G2
checkpoint results in a reaction cascade which
activates WEEL. This, in turn, stops the cell at
the G2 phase and allows it to undergo repair
before proceeding to the mitosis (M) phase.
Most chemotherapy drugs work by damaging
cancer cell DNA. Blocking off this repair mecha-
nism may help prevent drug resistance [59].

Recently, many studies have demonstrated
that inhibition of homologous repair in cancer
cells by WEE1 inhibitors (AZD1775) is a possi-
ble mechanism of chemo-radio sensitization
[60, 61]. A pre-clinical study has analyzed the
ability of AZD1775 to sensitize and inhibit HR
repair in vivo on patient-derived pancreatic
tumor xenografts [62]. Findings showed signifi-
cant sensitization to gemcitabine in selected
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HR-proficient locally advanced pancreatic can-
cers [62]. In addition, previous studies have
suggested that abrogation of the AZD1775-
mediated G2 checkpoint is the primary mecha-
nism of radio-sensitization through WEEZ1 in-
hibition [63-65]. Results from these studies sh-
owed that AZD1775 produced significant G2
checkpoint abrogation in response to gemci-
tabine-radiation in both BRCA2 wild type and
BRCA2 null cells. This provides a foundation for
clinical trial NCT02037230, which is currently
testing the combination of AZD1775 with gem-
citabine radiation in locally advanced pancre-
atic cancer patients [62]. Another study has
addressed the combination of AZD1775, olapa-
rib (@ PARP inhibitor), and radiation in human
pancreatic tumor models [61]. Results from
this combination showed significant tumor re-
gression and slower tumor re-growth rates. Th-
is is especially in contrast to the results of oth-
er combinations such as AZD1775 and radia-
tion, which resulted in stable disease, and ola-
parib and radiation, which resulted in grow-
th during treatment [61]. The combination of
AZD1775, olaparib, and radiation is well-toler-
ated without obvious systemic toxicity [61].

Some pancreatic cancers are associated with
BRCA mutations. BRCA is a family of breast
cancer tumor suppressor genes that plays a
role in DNA repair. A mutation in this gene ren-
ders cells susceptible to cancer through insuf-
ficient homologous repair. This thus makes
cells sensitive to PARP1 inhibitors [66-71].

The goal of investigating olaparib together
with gemcitabine is to ensure the optimal con-
centration of both these agents in the targeted
cells [72]. The subgroup of pancreatic cancers
with BRCA mutations may be treated by olapa-
rib because poly-ADP-ribose polymerase (PARP)
plays a critical role in single-strand DNA break
repair [73]. Investigators have engineered a
nanomedicine called GE11 peptide self-assem-
bly amphiphilic peptide nanoparticle gemci-
tabine olaparib (GENP-Gem-Ola) that enhanc-
es delivery of gemcitabine and olaparib to pan-
creatic cancer cells with BRCA2 mutations [74].
Here, gemcitabine and PARPi combine syner-
gistically to suppress BRCA2 mutant capan-1
cells. This study considered a potential appro-
ach in treating pancreatic cancers with muta-
tions in DNA repair pathways through the use of
GENP-Gem-Ola.
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Immunotherapy, vaccination, and checkpoint
blockade

Immune system responses against cancer
cells have been studied for many years. It has
been widely recognized that immune respons-
es actively protect the body from suspicious
invasion by cancer cells [75]. For instance, can-
cer cells are attacked by immune system cells
such as natural killer (NK) cells and cytotoxic
T-cells [76]. However, cancer cells always try to
prevent themselves from being attacked by
these cells by making themselves invisible to
the immune system. Furthermore, cancer cells
alter their tumor microenvironment metabolism
in order to avoid being attacked by the immune
system and continue growing with impunity
[77]. Moreover, cancer cells downregulate the
expression of antigen presenting molecules
such as major histocompatibility antigen class |
(MHC 1) [78]. PDAC cells induce immune system
tolerance by interacting with activated tumor
antigen-specific T-cells. This process is called
immune privilege [77]. For instance, PDAC cells
downregulate Fas receptor signaling and aug-
ment Fas ligand expression, which in turn in-
duce apoptosis of activated antitumor cytoto-
xic T cells [79-81]. FoxP3 (forkhead box P3), a
transcription regulator, is highly expressed on
both T-regulatory (Treg) and PDAC cells. The
mechanism controlled by FoxP3 plays a crucial
role in suppressing the proliferation of cytoto-
xic T cells [82]. In addition, PDAC cells secrete
granulocyte-macrophage colony-stimulating fa-
ctor (GM-CSF), which promotes the infiltration
of myeloid derived cells into the tumor microen-
vironment. This, in turn, creates a safe environ-
ment for tumor cells and allows for aggressive
tumor behavior to continue [83]. T-regs also
invade the PDAC microenvironment and sup-
press cancer immunity [84].

A study has evaluated the targeting of meso-
thelin in animal models of PDAC [85]. Meso-
thelin is a peptide that is overexpressed in
assorted cancers such as ovarian cancer and
mesothelioma [86]. In this study, targeting me-
sothelin antigen activated cytotoxic T cells in-
duced substantial tumor suppression.

Mucin-1 (MUC1) is a cell surface gene that is
associated with large membrane glycoproteins
expressed in PDAC cells. A phase I/Il study
evaluated the role of MUC1 in PDAC. Here, 12
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patients underwent surgical resection and re-
ceived MUC1-pulsed autologous dendritic ce-
lls as adjuvant treatment. Four out of the 12
patients were able to survive 4 years post-
surgery [87]. MUC1 has been engineered to
express antigenic epitopes, prevent the devel-
opment of self-tolerance, and enhance im-
mune activity. Studies of this engineered MUC1
gene have shown promising outcomes in
murine models; however, treatment through
this approach has yet to be investigated in clini-
cal studies [88].

Telomerase is commonly overexpressed in
cancer cells. This overexpression allows it to
become a possible target for immunotherapy
[77]. A combination of telomerase and GM-CSF
has been shown to provide immunity against
tumors through early signaling [89]. A phase |
trial (NCT02960594) has identified human te-
lomerase reverse transcriptase (hTERT), a sub-
unit of the telomerase enzyme, as a single
agent that can be combined with IL-12 for treat-
ing solid tumors such as PDAC. However, simi-
lar results have not been replicated; for exam-
ple, a phase lll trial studying a chemotherapy
and telomerase peptide combination has not
demonstrated any improvement in survival
[90].

Anti-cancer vaccinations

Cancer vaccines strategies have been investi-
gated for treating pancreatic cancer. Here, the
purpose of vaccination is to enhance endoge-
nous anti-tumor immune responses [91]. Ex-
amples of vaccines that have been developed
include whole cell vaccines (e.g. Algenpan-
tucel-L), peptide vaccines, dendritic cell (DC)
vaccines, and recombinant virus-based vac-
cines [91].

Algenpantucel-L vaccine

Algenpantucel-L (HyperAcute ™ Pancreas) is a
whole cell vaccine composed of two irradiated
cancer cell lines (HAPa-1, HAPa-2) that have
been genetically engineered to express murine
enzyme o-GT (alpha-1,3-galactosyltransferase)
[92]. Another treatment called a-Gal (alpha-1,3
galactosyl epitopes) mediated vaccine immu-
notherapy has been investigated for treatment
and prevention of melanoma, pancreatic, and
prostate cancers [92-94]. Algenpantucel-L wo-
rks by evoking an innate immune reaction
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against cancer cells. This begins with hyper-
acute rejection and continues with phagocyto-
sis of tumor cells [95-97]. Hyperacute rejection
of cancer cells produces anti-aGal antibodies
that cause complement-mediated destruction
of xenografts [96]. Limited data has shown that
mounting humoral immunity to algenpantucel-L
is associated with enriched survival outcome.
More randomized trials such as the Immu-
notherapy for Pancreatic Resectable Cancer
Study (IMPRESS) are needed to confirm these
results [91].

IMPRESS (NCT01072981), a Phase Ill random-
ized control trial, investigated the use of
algenpantucel-L at 300 million cells per dose.
Results showed a 1-year disease-free survival
(DFS) of 81% and 1-year overall survival (0OS) of
96% [95]. According to a 2016 press release,
overall survival in the control and experimental
groups were 30.4 and 27.3 months, respe-
ctively [77]. Another study investigating the
use of algenpantucel-L is PILLAR (NCTO18-
36432), a Phase lll randomized control study.
Here, algenpantucel-L given at 300 million ce-
lls per dose was combined with chemotherapy
regimens (e.g. FOLFIRINOX or gemcitabine/
nab-paclitaxel) and chemoradiation (e.g. cape-
citabine or 5-FU based). PILLAR was recently
terminated in February 2019. All of these regi-
mens will be tested in patients with locally
advanced and borderline resectable PDAC [95].

GVAX/CRS-207 vaccine

GM-CSF (granulocyte-macrophage colony-sti-
mulating factor) is a cytokine that promotes
growth and differentiation of dendritic cells
(DCs). Dendritic cells play a critical role in im-
mune responses because they are the most
efficient antigen-presenting cells (APCs) [91].

During a phase | study, investigators created
GVAX, a line of engineered pancreatic tumor
cells that secrete GM-CSF. Early results have
shown a favorable safety profile and enhanced
antitumor immunity [98]. Clinical studies are
starting to evaluate the potential advantages
of GVAX use in treating PDAC [77]. A phase |
safety study combined the use of GVAX with
cyclophosphamide (Cy) at a low dose of 250
mg/m?2. Here, Cy was used to decrease T-reg
cellular activity [99]. Results showed that sur-
vival outcomes were superior with GVAX and
Cy compared to GVAX alone [100]. In another
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study, adding Cy to GVAX was associated with
improved OS and enhanced mesothelin-spe-
cific T-cell responses compared to use of GVAX
alone [91]. A phase Il trial [101] enrolled pati-
ents who were previously treated for advanced
PDAC using a variety of regimens. Here, patients
were divided into two arms of treatment. Arm
(A) received 2 doses of Cy/GVAX followed by
four doses of CRS-207, a live-attenuated
Listeria strain that induces tumor-associated
antigens. Arm (B) received six doses of Cy/
GVAX alone. Overall survival was superior in
arm A (6.1 versus 3.9 months, P = 0.02). In
addition, the response of mesothelin-specific
CD8+ T-cell was associated with an improved
course in both groups [77].

Currently, using cyclophosphamide (Cy) and
GVAX with or without CSR-207 combined with
chemotherapy and checkpoint inhibitors is be-
ing tested in neoadjuvant settings (trials NCT-
00727441 and NCT02451982). Use of Cy/
GVAX and CRS-207 with or without nivolumab
(@ PD-1 inhibitor) is currently being examined
in neoadjuvant and adjuvant settings in the
treatment of metastatic PDAC (trials NCT-
02243371 and NCT02451982) [77]. A ran-
domized phase IIB study titled the “Safety and
Efficacy of Combination Listeria/GVAX Pan-
creas Vaccine in the Pancreatic Cancer Set-
ting” (NCT02004262) examined these treat-
ments in metastatic PDAC patients who were
previously managed with other treatments.
Patients were randomly assigned to receive 1
of 3 treatments: (A) Cy/GVAX plus CRS-207, (B)
CRS-207 alone, or (C) single chemotherapy
alone [91]. Unfortunately, results were unsatis-
factory. Use of Cy/GVAX in combination with
CRS-207 did not show increased efficacy com-
pared to use of chemotherapy alone. However,
there was improved survival in group B com-
pared to group C (5.4 vs 4.6 months, respec-
tively) [77].

Although cancer vaccines are able to activate
antitumor immunity, their sole use has not
proven to significantly improve patient outco-
mes in a clinical setting. Thus, scientists have
tried to use vaccines along with immune modu-
latory agents [102] to see if outcomes can be
improved through their combination. A small
phase | study investigated the combination of
ipilimumab (a CTLA inhibitor) and GVAX in tre
ating advanced PDAC [102]. Overall survival
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outcomes were better in patients treated with
GVAX and ipilimumab compared to patients
treated with ipilimumab alone (5.7 vs 3.6
months, respectively; HR 0.51, P = 0.072).
Another ongoing study is currently investigating
the use of vaccines and immune modulatory
agents in treating locally advanced PDAC [77].
In this phase Il trial, (NCT02648282), the com-
bination investigated is Cy/GVAX, SBRT (stereo-
tactic body radiation therapy), and pembroli-
zumab (a PD-1 inhibitor).

Survivin vaccine

Survivin, an inhibitor from the apoptosis fami-
ly, is a well-known tumor-related antigen that
functions to suppress caspase [77, 91]. Survi-
vin has been studied in cancer vaccines be-
cause of its ability to negatively regulate apop-
tosis [77, 91]. Survivin is expressed in the
majority of PDAC cells but not in normal tissue
cells [103]. Survivin vaccines have been shown
to be efficacious in a few case studies. In one
case, a patient with gemcitabine-resistant PD-
AC went into complete remission after use of a
survivin vaccine [104]. This remission did not
last though; PDAC disease progressed after the
vaccine was discontinued. Kameshima et al
conducted a similar study of a HLA-A2 restrict-
ed survivin-peptide based vaccine in a series of
6 patients [105]. These 6 patients were had
stage Ill or IV PDAC and were either treatment-
naive or had previously been treated with other
regimens. Results showed that more than 50%
of patients had a immunologic response asso-
ciated with clinical advantage in combatting
PDAC [105].

Wobser et al cited a patient with refractory
stage IV pancreatic cancer who was also tre-
ated with a HLA-A2 restricted survivin-based
peptide vaccine [91, 104, 105]. This patient
achieved 8 months of complete remission
because of immune-reactivity against survivin
antigens [104]. Despite the presence of these
promising preliminary studies, survivin-based
vaccines still have not been tested in pancre-
atic cancer clinical trials [91].

Wilms tumor 1 and dendritic cell vaccines

Wilms tumor 1 (WT1) is a mutated peptide th-
at is expressed in various cancers, including
PDAC. It has been used to sensitize effector
T-cells in treating pancreatic cancer [106]. WT1
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was rated as the best target antigen for cancer
vaccines among 75 tumor-associated antigens
(TAAs) selected by a 2009 National Cancer
Institute (NCI) prioritization project [107]. DCs
are considered the most efficient APCs ca-
pable of presenting TAAs to CD8+ and CD4+
T-cells; in addition, they can also prime naive
T-cells [91, 108]. In a recent study, DCs were
created to present WT1 via either MHC class |,
I, or I/l models [77]. The best clinical response
was detected through the MHC class I/1l com-
bined model. This response was associated
with an increased delayed hypersensitivity re-
action.

Use of a biweekly MHC-restricted WT1 vaccine
in tandem with gemcitabine also appears to
be a safe approach in treating patients with
advanced PDAC [109]. Therefore, numerous
studies have concentrated on using DC-based
cancer vaccines to initiate and spread TAA-
specific antitumor immune responses and aug-
ment cell lymphocytes (CTLs) [110]. Moreover,
cancer peptides, a type of personalized peptide
with the capability to activate pre-existing host
immunity in an HLA-specific manner, have been
investigated to overcome progressive self-toler-
ance to cancer-related antigens. Early phase
studies of these peptide approaches have
demonstrated both tolerable safety profiles
and significant clinical benefits in both chemo-
therapy-responsive and chemotherapy-resis-
tant patients with advanced-stage PDAC [111,
112].

All pancreatic cancer cells express WT1 in the
cytoplasm and nucleus [113]. Therefore, reacti-
vating the immune systems of patients with
pancreatic cancer by targeting WT1 may be a
potentially therapeutic target. WT1-specific
CTLs target not only PDAC cells but also tumor
vascular endothelial cells and myeloid-derived
suppressor cells (MDSCs). Therefore, targeting
WT1 may result in good clinical outcomes [114-
116]. A multimodal therapy strategy, compris-
ed of DC/WT1-I vaccines, chemotherapy, radia-
tion, and/or surgery, may be promising in treat-
ing advanced PDAC [117].

Checkpoint blockade

T-cells play a critical role in protecting the bo-
dy against various diseases, including cancers
[118]. T-cells eliminate cancer cells by identify-
ing the tumor-associated antigens on their sur-
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faces. CD8+ effector T-cells, also called cyto-
toxic T lymphocytes (CTLs), orchestrate diverse
immune responses with CD4+ helper T-cells
[119]. Multiple mechanisms of immune sup-
pression, such as poor dendritic cell (DC) acti-
vation, poor tumor-associated antigen presen-
tation, and overexpression of inhibitory ligands,
suppress the activity of T-cells and thus allow
tumor growth to continue [120, 121].

A pivotal mechanism underlying immune resis-
tance is immune inhibition, which is also called
an immune checkpoint. Immune checkpoints
play key roles in mediating immune tolerance
and protecting tissues from collateral damage
[122]. Examples of immune checkpoints in-
clude cytotoxic T-lymphocyte-associated anti-
gen 4 (CTLA-4), programmed cell death protein
1 and its ligand (PD-1/PD-L1). These immune
checkpoints can negatively regulate the tumor
specific T-cells [123, 124]. Immune checkpoint
blockades, such as anti-PD-1/PD-L1 and anti-
CTLA4 antibodies, have been approved by the
U.S. Food and Drug Administration (FDA) to
treat various types of cancers [125-128]. How-
ever, use of single checkpoint inhibitors pro-
duces insufficient immune reactions. Thus,
studies are trying combinations of checkpoint
inhibitors. One such recently completed study,
a phase Il trial (NCT02558894), studied the
combination of durvalumab with tremelimumab
(anti-PD-L1 and anti-CTLA4 antibodies) [77].

CD40 upregulates T-cell function and PD-L1
expression [129, 130]. Therefore, treatment
through CD40 agonists may be promising in
treating PDAC. The combination of CD40 ago-
nists and gemcitabine in 28 chemotherapy-
naive patients with advanced PDAC yielded
decreased FDG uptake in the hepatic lesions
of 4 patients [129]. Furthermore, depletion of
tumor-associated fibroblasts may enhance tu-
mor specific T-cell infiltration by targeting the
CXCI12-CXCR4 axis when combined with an
anti-PD-L1 antibody [131] This activates signal-
ing pathways to promote cellular proliferation
and subsequent survival [132].

Immune modulation

Indoleamine 2,3-dioxygenase (IDO) is a cyto-
solic, heme-containing enzyme that catalyzes
the first and rate-limiting step in the metabo-
lism of L-tryptophan to kynurenine. This thus
leads to tryptophan depletion. IDO utilizes im-
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munomodulatory effects by suppressing T-cell
proliferation, preventing memory T-cell forma-
tion, and inducing regulatory T-cell differentia-
tion [91]. Expressed by APCs, IDO is induced by
interferon-y and other pro-inflammatory cyto-
kines. In vivo models have shown that the main
activity of IDO is to inhibit T-cell responses to
autoantigens and fetal alloantigens [133, 134].
The immunosuppressive effects of myeloid
derived suppressor cells (MDSCs) may depend
on IDO activity [135]. Therefore, inhibition of
IDO activity increases tumor specific T-cell re-
sponses and decreases conversion to T-reg-like
cells [136].

In a pancreatic cancer tumor model, Manuel
et al revealed notable antitumor activity when
using a combination of (A) a Salmonella-based
therapy targeting IDO and PEGPH20, (B) an
enzyme capable of depleting tumor hyaluronic
acid, and (C) potentially enhancing immune ce-
lIs infiltration in PC tumor stroma [137].

Most recently, a completed phase I/Il clinical
trial [91] evaluated the combination of indoxi-
mod, an IDO inhibitor, with gemcitabine and
nab-paclitaxel in the first-line treatment of 80
patients with metastatic PDAC (NLG2104,
NCT02077881). Results are still pending. An-
other IDO1 enzyme inhibitor, GDC-0919, is
being evaluated in phase Ib clinical trials to tar-
get solid tumors in combination with PDL1 inhi-
bition (MPDL3280A) (NCT02471846).

Anti-OX40 agonist therapies are planned to
begin shortly [91]. OX40 is also called “T cell
co-stimulation”. Immune co-stimulators work
by providing the signal to expand and prolifer-
ate CD8 and CD4 helper T-cells [138]. Precli-
nical studies have demonstrated that using
anti-0X40 mAbs and OX40L-Fc fusion proteins
can enhance antitumor immunity and improve
tumor-free survival [139, 140].

Discussion

Pancreatic adenocarcinoma continues to be a
disease with a grim prognosis. Results from
the PRODIGE [141] and JASPAC-1 trials [142]
are promising; however, in general, the long-
term PDAC outcomes are dismal. There is a
growing need to actively look for a either a
curative drug, regimen or technique. Chemo-
therapeutic drugs are toxic; and pancreatic
surgery and radiation are associated with mor-
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bidity. This review looks into many recent stud-
ies that investigate the underlying disease pro-
cess as well as possible cures. Because EGFR
is overexpressed in chronic pancreatitis, drug
treatments that block EGFR may prove promis-
ing. IGF-1 overexpression confers resistance to
EGFR; hence, blocking these two receptors
together may be even more beneficial. Targe-
ting the MAP kinase pathway alone has not
proved to be fruitful due to availability of sever-
al escape pathways. Inhibiting both MEK, a part
of the MAP kinase pathway, and STAT results in
depleting tumor fibrosis. This allows tumors to
become more susceptible to chemotherapy
and radiation therapy responses. Hypoxia-
induced resistance acts via PISK pathway.
Targeting PI3K stimulates T-cells to attack the
tumor cells; thus, combining PI3K inhibitors
and immunotherapy may be a promising combi-
nation. Targeting tumor cell protein synthesis
and unfolding along with IGF-1 inhibition is also
a promising combination. HSPs maintain tumor
cell homeostasis. Thus, targeting them in com-
bination with proteasome inhibitors such as
carfilzomib results in cell death.

The growth phase in which a cancer cell repairs
itself is different from that of normal cells. This
knowledge is useful in developing chemothera-
py regimens in combination with DNA repair
blockers such as PARP inhibitors. MUC1 and
mesothelin are surface glycoproteins that are
overexpressed in tumor cells. Using dendritic
cells to target MUC1 and CAR-T or NK cells to
target mesothelin are options for future immu-
notherapy trials. Whole cell vaccines using irra-
diated pancreatic cells (such as algenpantucel-
L) promote cancer cell attack by the innate
immune system.

Engineered cells that make GM-CSF promote
dendritic cell differentiation. Dendritic cells
have the ability to attack cancer cells in combi-
nation with cyclophosphamide to reduce T-regs.
This results in improved OS. A great example of
this mechanism involves the use of CRS207, a
live-attenuated vaccine engineered through
double-deleted Listeria (LADD). Here, CRS207
expresses tumor-associated antigens (TAAs)
and induces an immune response that specifi-
cally targets mesothelin, a TAA that is especial-
ly overproduced by PDAC cells but not by non-
cancerous cells. Phagocytes such as dendritic
cells engulf the Listeria-encased vaccine and
induces the immune system to target such
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mesothelin-producing cells. As a result, PDAC
cells are specifically targeted [143].

Survivin is a cell surface antigen that is ex-
pressed only by PDAC cells. Continuous use of
survivin vaccines has yielded excellent results.

WT1 is a mutated peptide expressed in the
cytoplasm and nuclei of all PDAC cells. Targeting
WT1 cells through the use of dendritic cell vac-
cines has been shown to be an effective treat-
ment. Inhibiting IDO in tumor cells increases
their tumor specific T-cell response. OX 40, a
T-cell co-stimulator, is being studied along with
checkpoint inhibitors. These have been shown
to enhance the body’s immunity against PDAC.

Overall, all of these developing medications
and vaccines are promising treatments in com-
batting PDAC. As the incidence of PDAC rises, it
is of utmost importance to treat this disease
effectively in the coming years. While we con-
tinue with chemotherapy regimens, radiation
therapy, and surgical resection, we await the
development of novel drugs to treat and cure
this disease.
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