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Abstract
Purpose of Review Despite all efforts, pancreatic ductal adenocarcinoma (PDAC) remains a disease that causes substantial
morbidity and mortality, with a 5-year survival rate of 7%. Innovative paradigms for treating PDAC are urgently needed.
Recent Findings We discuss the advances and difficulties in using immunotherapy and developing immunotherapeutic vaccines
for PDAC. Current excitement about antigen-specific immunotherapy has been propelled by advances in multiple areas, such as
next-generation sequencing to identify neoantigens and manufacturing to produce immunotherapeutic vaccines. Antigen-specific
immunotherapy is being actively explored in clinical trials.
Summary As the field of immunotherapy matures and as our understanding of the complex interactions between tumor and host
develops, we hope to identify new methods for treating and managing PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prog-
nosis. Affecting over 55,000 people in the USA each year,
incidence continues to rise, while a 5-year survival rate re-
mains at only 7% [1, 2]. High mortality is attributable in part
to the inability to detect this cancer before the occurrence of
metastatic disease and to the lack of effective therapies. These
statistics demonstrate the urgent need for innovative therapies
for treating PDAC. However, attempts to improve these data
with targeted and immunotherapies have failed thus far. A
primary reason for resistance likely lies in the highly immu-
nosuppressive tumor microenvironment and stroma [3, 4],
along with low neoantigen burden, both of which inhibit in-
filtration and recognition by effector T cells. For this reason,
recent trials have focused on evaluating vaccines that can in-
duce effector T cells that have the ability to recognize cancer
antigens, given in combination with immune checkpoint in-
hibitors (ICIs) that can allow T cell trafficking and optimal
function within the tumor. In this review, we will discuss the

trials evaluating use of immunotherapy in PDAC and focus on
vaccines designed to recruit and activate the host’s T cells
against tumor-specific antigens.

Standard Management of Pancreas Cancer

With only 10–20% initially eligible for surgery [5, 6], the
management of PDAC is traditionally focused on systemic
management.

For patients with resectable PDAC, traditional management is
comprised of surgical resection followed by adjuvant therapy,
although the role of neoadjuvant chemotherapy is being evaluat-
ed. Following the data fromCONKO-001, adjuvant gemcitabine
was shown to improve a 10-year overall survival from 7.7%with
surgery alone to 12.2% [7]. The 2017 ESPAC-4 study showed
incremental change with gemcitabine/capecitabine (improving
median OS 25.5 months with gemcitabine alone versus
28 months with gemcitabine and capecitabine) [8]. More recent-
ly, the 2018 PRODIGE-24 trial demonstrated greater progress
with a median OS of 54.4 months with adjuvant
FOLFIRINOX versus 35 months with gemcitabine [9••].

For those with borderline resectable and locally advanced
disease, a combination of chemotherapy, radiation therapy,
and/or surgery is pursued. However, the optimal systemic reg-
imen, length of treatment, and type of radiation are still to be
determined.
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For those with metastatic disease, however, treatment op-
tions remain limited. Few regimens with promise have been
assessed on a large scale since the 2011 publication of
FOLFIRINOX data improving median OS to 11.1 months
over 6.8 months with gemcitabine alone [10] and the 2013
publication of gemcitabine with nab-paclitaxel improving me-
dian OS 8.5 months with combination versus 6.7 months with
gemcitabine alone [11]. These data suggest the continued need
for improvement for all stages of PDAC.

The Immune Desert of Pancreas Cancer

Pathologically, primary PDAC appears as atypical neoplastic
glands within a stroma-rich environment (desmoplasia). This
stroma consists of an extensive extracellular matrix of proteins
(including collagen, fibronectin, hyaluronic acid, and proteo-
glycans) with low vascularity, creating a hypoxic environment
that supports tumor invasion and metastasis, and functions as a
physical barrier against treatments [12, 13]. The small (5–20%)
cellular component of the stroma is comprised primarily of
activated pancreatic stellate cells which inhibit cancer cell ap-
optosis, and interact with other cells (including endothelial,
neuronal, and immune cells) to stimulate cancer proliferation
and migration [14, 15], creating an environment that supports
carcinogenesis and metastasis. Tumor development and pro-
gression is further promoted by the immune cell population
characterized by regulatory CD4+ T cells, tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells
(MDSCs), and mast cells, to the exclusion of cytotoxic lym-
phocytes. This overall regulatory immune population of cells
creates a “non-immunogenic” tumor that is often resistant to
immune recognition and killing [16]. The makeup of the pri-
mary PDAC TME is highly inductive to angiogenesis,
lymphangitic spread, and the epithelial-mesenchymal transition
[17, 18]. The specific mechanisms are still being explored, for
example preclinical data revealing intercellular communication
with PDAC-derived exosomes can lead to the establishment of
“pre-metastatic” niches characterized by TGF beta activation
and fibronectin accumulation [19]. The liver metastatic envi-
ronment is additionally characterized by fibrosis and an immu-
nosuppressive environment exclusive of cytotoxic T cells [20].

PDAC is also characterized by a low tumor mutational
burden (TMB) ranging from 10 to 60 approximately 60
encoded neoantigens, in contrast to the majority of tumors that
respond to immunotherapy that express 100–1500 mutations
per MB [21]. Higher TMB tumors express increased numbers
of neoantigens leading to increased immune surveillance [22].
This is most notably demonstrated in the population of cancer
patients with mismatch repair deficiency (dMMR) or micro-
satellite instability high (MSI-H) tumors, whose tumors dem-
onstrated marked genomic instability, with TMB in the range
of the 1000s, and significant response to single agent and dual

checkpoint inhibition [23–25]. In PDAC, whole exome se-
quencing showed a median TMB of 1.8 mutations/Mb, with
only 1% of patients having TMB > 20 mutations/Mb [26].
However, the TMB of PDAC is likely to be higher with the
development of newer assays for measuring TMB.More com-
monly, PDAC molecular profiles show driver mutations in
KRAS (> 90% seen in both TCGA and MSK-IMPACT stud-
ies), TP53, SMAD4, and CDKN2A/B [27•, 14] with a subset
(5–10%) showing germline mutations in BRCA2, ATM,
PALBB2, and PRSS1; but hypermutated phenotypes are rare-
ly seen (1–2% of PDAC) [26].

The combination of an immune desert tumor microenviron-
ment together with the low mutational burden not only has
made PDAC traditionally resistant to immunotherapies, but al-
so simultaneously suggests potential targets for treatment.

Immune Checkpoint Inhibitors

Immune checkpoint inhibitors (ICIs) are upregulated on T
cells that are functionally “exhausted” in the context of chron-
ic antigen exposure. While immune checkpoints enable self-
tolerance and prevent autoimmunity under normal physiolog-
ical conditions, they often become co-opted by tumors to pre-
vent the immune system from mounting effective antitumor
responses. The first checkpoints discovered were cytotoxic T
lymphocyte–associated protein 4 (CTLA-4) [28] and its li-
gands B7.1 and B7.2, followed by programmed cell death
receptor 1 (PD-1) [29] and its ligands PD-L1 and PD-L2
[30]. These discoveries led to the understanding that blocking
CTLA-4 and PD-1 can override Tcell desensitization to tumor
antigens, with the subsequent production and approval for a
number of antagonist antibodies to CTLA-4 [31, 32], PD-1,
and PD-L1. ICIs have clinically benefited patients with a wide
range of cancers [33–38] and have achieved FDA approvals in
melanoma, renal cell carcinoma, lung, bladder, and others
(Table 1); however, they have shown limited success in pa-
tients with PDAC [39, 40].

The first attempt at testing a single-agent ICI for treatment
of PDAC was in a phase II trial of ipilimumab published in
2010. The CTLA-4 inhibitor was administered to 20 patients
with metastatic PDAC and 7 patients with locally advanced
disease. Unfortunately, 0/27 responses were seen, leading to
early discontinuation of the trial [40]. Similar results were
seen in the phase I KEYNOTE-001 study of the safety of
pembrolizumab, an anti-PD-1 inhibitor, in patients with ad-
vanced solid tumors. Only 1/30 patients included in the trial
had PDAC and this patient did not respond [41]. A larger
phase I trial has evaluated the safety of the first anti-PD-L1
antibody in 207 patients, including 14 with PDAC. While
responses were seen in those with melanoma, NSCLC, ovar-
ian, and RCC, none of the patients with metastatic PDAC
responded [39].
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Table 1 FDA-approved cancer
immunotherapy drugs. In the past
decade, there has been accelerated
progress in cancer
immunotherapy starting with the
first FDA–approved cancer
immunotherapy in 2010

Drug name Cancer population and date approved

PD-1 blockade

Keytruda (pembrolizumab) 2018: Dec. 19: Merkel cell carcinoma

Nov. 9: Hepatocellular carcinoma

June 13: Primary mediastinal large B cell lymphoma

June 12: PD-L1-positive cervical cancer

2017: Sept. 22: Gastroesophogeal and gastric cancer

May 22: MSI-H/dMMR unresectable or metastatic solid tumors

May 17: Advanced bladder cancer

May 9: Non-small cell lung cancer

Mar. 14: Classical Hodgkin’s lymphoma

2016: Oct. 23: PD-L1-positive metastatic non-small cell lung cancer

Aug. 4: Recurrent or metastatic head and neck squamous cell
carcinoma

2015: Oct. 2: Squamous and non-squamous non-small
cell lung cancer

2014: Sept. 4: Advanced or unresectable melanoma

Libtayo (cemiplimab) 2018: Sept. 28: Cutaneous squamous cell carcinoma

Opdivo (nivolumab) 2018: Aug. 17: Small cell lung cancer (SCLC)

2017: Sept. 22: Hepatocellular carcinoma

Aug. 1: MSI-H colorectal cancer

Feb. 1: Advanced bladder cancer

2016: Nov. 9: Head and neck squamous cell carcinoma

May 16: Classical Hodgkin’s lymphoma

2015: Nov. 23: Metastatic renal cell carcinoma

Nov. 13: Metastatic squamous non-small cell lung cancer

Oct. 9: Non-squamous non-small cell lung cancer

2014: Nov. 13: Metastatic melanoma

CTLA-4 blockade

Yervoy (ipilimumab) 2011: Nov. 13: Metastatic melanoma

PD-1 and CTLA-4 blockade

Opdivo (nivolumab) and

Yervoy (ipilimumab)

2018: July 10: MSI-H/dMMR colorectal cancer

Apr. 16: Advanced renal cell carcinoma

2015: Oct. 1: Advanced melanoma

PD-L1 blockade

Imfinzi (durvalumab) 2018: Feb. 16: Unresectable stage III non-small cell lung cancer

2017: Apr. 30: Advanced bladder cancer

Bavencio (avelumab) 2017: May 8: Advanced bladder cancer

Mar. 22: Merkel cell carcinoma

Tecentriq (atezolizumab) 2016: Oct. 17: Non-small cell lung cancer

May 17: Bladder cancer

CAR T cells targeting CD19

Kymriah (tisagenlecleucel) 2018: May 1: Diffuse large B cell lymphoma

2017: Aug. 30: Children and young adult B cell acute
lymphoblastic leukemia

Yescarta (axicabtagene ciloleucel) 2017: Oct. 18: Non-Hodgkin large B cell lymphoma

Oncolytic virus

Imlygic (talimogene laherparepvec) 2015: Oct. 27: Advanced melanoma

Cell-based vaccine

Provenge (sipuleucel-T) 2010: Apr.: Prostate cancer
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Combination ICIs have also shown only modest activity in
refractory metastatic PDAC. The largest study was a phase II
trial comparing durvalumab (a PD-L1 inhibitor) alone versus
durvalumab with tremilimumab (a CTLA-4 inhibitor), which
yielded a median OS of 3.6 months versus 3.1 months, respec-
tively, in the combined 65 patients, with one confirmed partial
response in the combination arm [42].

ICIs have shown success for one small group of PDAC
patients, those with MSI-H tumors, which are estimated to
comprise about 1–3% of the PDAC population [43••]. While
rare, due to the significant response rates and duration of re-
sponses, NCCN guidelines now recommends consideration of
MSI or MMR testing in patients with locally advanced or
metastatic PDAC [44]. In a phase II trial, 86 patients with
colorectal and non-colorectal cancers (including 8 patients
with pancreatic cancer) with MMR deficiency were treated
with pembrolizumab. Of the 78 patients who could be evalu-
ated for response, objective responses were seen in 53% of
patients overall, and 62% of those with pancreas cancer [23].

The disappointing data for the vast majority of PDAC pa-
tients has resulted in the recommendation against further test-
ing with single-agent ICIs. Tumor-infiltrating T cells that dis-
play an exhausted phenotype often co-express multiple inhib-
itory checkpoints, such as TIGIT, PD-1, TIM-3, and LAG-3
[45]. Additionally, agonists to co-stimulatory checkpoint path-
ways, such as those in the TNF family (OX-40 and CD137),
are being developed that can provide additional activating
signals for T cells and prevent exhaustion and apoptosis.
However, ICIs alone are unlikely to provide long-term success
because most PDAC do not have enough quality T cells,
which are meaningful in evaluating antitumor responses.
“Quality” T cells refer to activated T cells expressing CD69
and CD154 that are markers of re-invigorated T cells [46].
They also express poly-functional cytokines including inter-
feron-gamma, interleukin-2, and tumor necrosis factor alpha;
and lack expression of exhaustion markers. Finally, they also
exhibit EOMES+PD-1− surface expression profiles [47, 48].
Thus, alternative combination regimens that activate T cells
prevent inhibitory signals and enhance activating signals
should be considered.

Therapeutic Vaccines

One method to potentially transition PDAC into more immu-
nogenic tumors is to develop cancer-targeted vaccines that can
activate a high-quality T cell with the capability of trafficking
into PDAC tumors [49]. T cells can recognize cancer antigens
in a similar way to how they recognize virally infected cells.
Specifically, they express T cell receptors (TCRs) capable of
recognizing intracellular antigenic peptides uniquely
expressed on the surface of major histocompatibility complex
(MHC) molecules. The diversity of TCRs allows the immune

system to recognize foreign antigens such as viral proteins or
altered antigens such as the products of mutated cancer genes.
While targeted cancer therapies have sought to block specific
driver mutations of carcinogenesis, both driver and passenger
mutations may lead to non-synonymous mutations and subse-
quent changes in amino acid sequences. These mutant pro-
teins are expressed by tumors, processed into short peptides
(epitopes), and presented on the cell surface by MHC or hu-
man leukocyte antigen (HLA) in humans, and become recog-
nizable to T cells as foreign antigens. This distinction between
malignant and non-malignant cells provides a method of im-
mune cell targeting tumor cells directly while avoiding dam-
age to normal cells.

Antigens are categorized into two groups: tumor-associated
antigens (TAA), antigens mostly restricted to malignant cells
with limited expression on normal cells, and tumor-specific
antigens (TSA), which are expressed solely on malignant cells
[50]. Common TAAs expressed by PDACs include epidermal
growth factor receptor (HER/EGFR/ERBB) family proteins,
carcinoembryonic antigen (CEA), mesothelin, vascular
endothelial growth factor (VEGF, VEGFR) family proteins,
and Wilms’ tumor 1 (WT-1) [51]. As these TAAs are
prominent among PDAC, they serve as a more easily targetable
class, allowing for premade therapies that can be administered
to a multitude of patients. However, due to variability in pres-
ence of TAAs between tumor types and presence on normal
cells, efficacy and off-target toxicity remains a clinical concern
[52, 53].

In contrast, TSAs are appealing targets for immunotherapy
due to their expression solely in individual PDACs. These
TSAs or neoantigens can be generated via a diversity of
tumor-specific alterations including single nucleotide substi-
tutions, frame shifts, and chromosomal translocations, as well
as posttranslational modifications such as phosphorylation
and deamidation, and alternative splicing of peptides. Due to
the generation of novel epitopes encoded by TSAs, TCRs
involved in the recognition of neoantigens are likely to escape
deletion by central tolerance. However, since neoantigens are
not shared between patients, personalized vaccines are re-
quired to target these TSAs, the production of which is more
time consuming and costly. Exceptions may include TSAs
that are seen with increasing frequency, such cancer-
associated MUC1 that is aberrantly glycosylated or mutant
KRAS which is expressed by more than 90% of PDAC.
Interestingly, only four mutations cover > 99% of KRAS mu-
tations expressed by PDACs, including 45% represented by
KRASG12D alone [54]. There is evidence that mutant KRAS
G12D is expressed on murine MHC [55] and human HLA
[56], and that cytotoxic T cells can be induced by vaccines
to target multiple mutant Kras G12D epitopes present on mu-
rine MHC [55] and HLA-A*11:01 or HLA-C*8:02 [56–58].
It is possible, however, that pancreatic tumor cells can evade T
cell immune recognition and destruction by downregulating
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expression of MHC I [59]. However, to date, such evidence
does not exist.

Multiple Forms of Antigen-Specific Vaccines

Various TAA- or TSA-specific vaccine platforms used to treat
PDAC have been evaluated throughout the years. While autolo-
gous vaccines, which use an individual’s own tumor as an antigen
source, are patient specific, they are not feasible due to a number
of technical challenges, such as low cellularity of PDACs leading
to suboptimal antigen concentration and the difficulty in quanti-
fying and reliably reproducing the optimal cellular composition.
In contrast, allogeneic vaccines are less specific, but offer the
advantages of being more convenient, standardized, and faster
to give off-the-shelf to patients. We will discuss a number of
platforms that have been tested for patients with PDAC that
include shared antigens and patient-specific antigen approaches.

Whole-Cell Vaccines

Cellular vaccines are one approach for delivering combinations
of TAAs and TSAs. Two such vaccine platforms that have been
tested in PDAC patients are GVAX and algenpantucel-L.

GVAX is a whole-cell vaccine consisting of two human
allogeneic pancreatic tumor cell lines (Panc 10.05, Panc
6.03) irradiated to release antigen and transfected with DNA
to release GM-CSF at the vaccination site. GM-CSF attracts
dendritic cells that phagocytose released antigens from apo-
ptotic PDAC, migrate to draining lymph nodes, and activate
effector T cells that target tumors with antigens found in vac-
cine PDAC cell lines. GVAX has been extensively studied in
multiple phase I/II trials as adjuvant therapy for patients with
resected PDAC [60]. Patients treated were found to have in-
duction of mesothelin-specific CD8+ Tcells, which correlated
with DFS. Similarly, when given in a neoadjuvant setting,
patients with PDACwho received neoadjuvant cyclophospha-
mide and GVAX prior to pancreaticoduodenectomy were not-
ed in their surgical resection samples to develop novel
vaccine–induced intratumoral tertiary lymphoid aggregates
with upregulation of PD-1/PD-L1 pathways [49].

GVAX has also been studied in metastatic PDAC patients
in a randomized trial testing ipilimumab ± GVAX for patients
refractory to gemcitabine-based therapy. Fifteen patients were
enrolled to each arm, and median OS was 3.6 months versus
5.7 months (p = 0.072) for single-agent ipilimumab versus
combination therapy, respectively. Peripheral mesothelin–
specific T cell responses were noted to be enhanced and in-
creased in those patients with a survival rate of more than
4.3 months [61]. In addition, 27% of patients receiving the
combination had a 1-year survival rate as compared to only
7% in the ipilimumab alone arm. GVAX has since been com-
bined with a number of other therapies in ongoing trials,

including combination with other vaccines (CRS-207
discussed below), radiation, and other checkpoint inhibitors
(NCT02648282, NCT03161379, NCT02451982,
NCT03153410, Table 2) for patients with all stages of PDAC.

Algenpantucel-L is another whole-cell vaccine consisting
of two human allogeneic irradiated pancreatic tumor cell lines
(HAPa-1, HAPa-2), which synthesize α-galactosyl (α-Gal)
epitopes, a carbohydrate present on the cell surface and not
produced by human cells [62]. Normal gastrointestinal flora
expressing α-Gal results in the constitutive mass production
of α-Gal antibodies, thus algenpantucel-L administration
stimulates a hyperacute rejection against α-Gal epitopes from
the vaccine. Unfortunately, the phase III IMPRESS trial
showed no improvement in survival after treatment of
algenpantucel-L with gemcitabine or 5-FU chemoradiothera-
py and no further trials are ongoing at this time [63].

Bacterial-Based Vaccines

Bacterial vectors (including Listeria monocytogenes, salmo-
nella, Lactococcus lactis, Lactobacillus plantarum, and
Bacillus Calmette-Guerin) have also been studied as they
can stimulate a strong cell–mediated adaptive immune re-
sponse to TAAs. These bacterial delivery systems have the
added benefit of providing adjuvant activity since they natu-
rally activate innate immunity as well.

L. monocytogenes is an intracellular bacterium that enters
macrophages by phagocytosis and naturally escapes the
phagosome and enters the cytosol. The bacterial vector can
be modified to express specific antigens and through its natu-
ral biology delivers antigen to both MHC I and II processing
pathways, eliciting potent CD8+ and CD4+ T cell responses.
CRS-207, a live-attenuated listeria vaccine, is engineered to
secrete mesothelin, which is highly expressed in PDAC [64,
65]. Unfortunately, in a phase II trial, CRS-207 and GVAX
showed no survival advantage over chemotherapy in patients
with metastatic PDAC [66]. However, trials studying combi-
nations of CRS-207 with IDO inhibition and other ICIs are
ongoing (NCT03006302, NCT03190265, Table 2).

Yeast-Based Vaccines

Yeast can generate significant cytotoxic T cell responses, and
thus can be genetically modified to elicit responses against
specific tumor antigens. One such vaccine that has undergone
testing is GI-4000 a series of four vaccines, composed of
different heat-inactivated S. cerevisiae expressing three differ-
ent Ras mutations, covering seven of the most frequent Ras
mutations in human cancers. In a randomized phase II trial,
GI-4000 given with gemcitabine was tested for resected
PDAC and was well tolerated with a modest survival benefit
(524 days versus 444 days) [67]. Further phase I/II trials eval-
uating treatment in the metastatic setting are being analyzed at
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this time (NCT03387098, NCT03329248, NCT03136406,
NCT03586869), and other personalized neoepitope yeast–
based vaccines (YE-NEO-001) are undergoing testing
(NCT03552718).

Viral Vector–Based Vaccines

Viral vectors used for vaccines include vaccinia virus (VV),
adenovirus (AdV), adeno-associated virus (AVV), alphavirus,

Table 2 Actively recruiting PDAC immunotherapy clinical trials in the USA. Current phase II/III trials evaluating immunotherapy combinations for
patients with PDAC in the USA [clinicaltrials.gov; PanCan.org]

Phase Stage of cancer Trial Target NCT number

II Resectable Hydroxychloroquine, gemcitabine,
nab-paclitaxel ± avelumab

TLR, cytotoxics, PD-L1 NCT03344172

I/II Resectable GVAX ± nivolumab ± urelumab Whole-cell vaccine, PD-1, CD137 NCT02451982

Ib/II Resectable/borderline
resectable

Chemoradiation ± pembrolizumab Radiation, PD-1 NCT02305186

II Borderline resectable GVAX, nivolumab, stereotactic body radiation Whole-cell vaccine, PD-1, radiation NCT03161379

II Borderline resectable
or LAPC

Losartan, FOLFIRINOX, nivolumab,
stereotactic body radiation

ARB, cytotoxics, PD-1, radiation NCT03563248

II LAPC Cabiralizumab, nivolumab, stereotactic body
radiation

CSF1R, PD-1, radiation NCT03599362

II LAPC GVAX, Pembrolizumab, and stereotactic body
radiation

Whole-cell vaccine, PD-1,
radiation

NCT02648282

Ib/II LAPC or Metastatic
(not progressed on platinum)

Niraparib, nivolumab v ipilimumab PARP inhibitor, PD-1, CTLA-4 NCT03404960

I/II Metastatic (maintenance) CV301, chemotherapy, Durvalumab CEA/MUC-1 (vaccine),
cytotoxics, PD-L1

NCT03376659

II Metastatic (1st line) Nab-paclitaxel, Cisplatin, Gemcitabine, nivolumab,
paricalcitol,

Cytotoxics, PD-1, Vitamin D, NCT02754726

Ib/II Metastatic (1st line) APX005M, gemcitabine, nab-paclitaxel ± nivolumab CD40, cytotoxics, PD-1 NCT03214250

Ib/II Metastatic (1st line +) BMS-813169, chemo v nivolumab CCR2/5 inh, cytotoxics, PD-1 NCT03184870

Ib/II Metastatic (1st line +) Morpheus (multiple immunotherapy combinations) PD-L1, MEK inhibitor, stromal
(HA), CXCR4, CD40, VEGF,
CSF-1R, FAP

NCT03193190

II LAPC or metastatic
(1st line +)

Nivolumab, entinostat PD-1, HDAC inhibitor NCT03250273

II LAPC or metastatic
(2nd line +)

Pembrolizumab, azacitidine PD-1, DNMT inhibitor NCT03264404

Ib/II LAPC or metastatic
(2nd line +)

MCS110, PDR001 PD-1, M-CSF NCT02807844

Ib/II LAPC or metastatic
(2nd line +)

LMB-100 ± nab-paclitaxel Mesothelin-targeted immunotoxin,
cytotoxics

NCT02810418

II LAPC or metastatic
(2nd line +)

Cabiralizumab, nivolumab ± chemotherapy CSF14, PD-1, cytotoxics NCT03336216

II LAPC or metastatic
(2nd line +)

AZD9150, durvalumab STAT3, PD-L1 NCT02983578

III Metastatic (2nd line +) FOLFOX ± AM0010 Cytotoxics, IL-10 NCT02923921

Ib/II Metastatic (2nd line +) NANT PDAC vaccine in combination with a number
of therapies

NK cell vaccine NCT03586869

I/II Metastatic (2nd line +) Anti-Kras G12V mTCR peripheral blood lymphocytes mTCR NCT03190941

II Metastatic (2nd line +) Autologous tumor-infiltrating lymphocytes following a
lymphocyte-depleting regimen + pembrolizumab
upon progression

TILs, PD-1 NCT01174121

II Metastatic (2nd line+) Dendritic cell vaccine against neoantigens
expressed by autologous cancer

DC vaccine NCT03300843

II Metastatic (2nd line +) CRS-207, nivolumab, ipilimumab ± GVAX Mesothelin vaccine (listeria),
PD-1, CTLA-4, whole-cell
vaccine

NCT03190265

II Metastatic (2nd line +) CRS-207, pembrolizumab, epocadostat ± GVAX Mesothelin vaccine (listeria),
PD-1, IDO inh, whole-cell
vaccine

NCT03006302

II Metastatic (2nd line +) Nivolumab, ipilimumab, radiation PD-1, CTLA-4, radiation NCT03104439
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and its derivative vectors. Recombinant VV can be modified
to encode TAAs/TSAs. Unfortunately, despite encouraging
phase I results, phase III testing has not shown success, in-
cluding one of PANVAC-V (targeting CEA and MUC-1 and
co-stimulatory B7.1, ICAM-1, and LFA-3) vaccinia and
PANVAC-F fowlpox viruses with GM-CSF, which did not
show improved overall survival compared to palliative che-
motherapy or best supportive care [68]. A VV vaccine ex-
pressing p53 (MVA-p53) combined with pembrolizumab for
PDAC and solid tumors is under evaluation (NCT02432963).

Peptide- and DNA-Based Vaccines

Antigenic peptide and DNA plasmid vaccines are taken up by
dendritic cells and processed and presented onMHC to trigger
T cell responses. These vaccines are safe and easy to produce,
but require identification of immunogenic epitopes and adju-
vants to enhance vaccine potency given poor immunogenicity
of peptides and DNA plasmids alone [69, 70].

Several vaccines have previously been tested, including
targeting mutant RAS peptides with various adjuvants, such
as QS21 [71] or GM-CSF, and in combination with
gemcitabine [72]. Peptide vaccines have targeted other TSA
and TAAs, including WT-1 [73], MUC-1 [74], VEGFR1, and
VEGFR2 [75]. Significant clinical benefits have yet to be seen
at this time.

Despite their limitations, peptide- and DNA-based vaccines
represent ideal vectors for personalizing vaccines against TSAs,
especially as next-generation sequencing has become faster and
more commercially available, along with improved selection of
immunogenic epitopes. A personalized peptide vaccine with
adjuvant polyICLC has been shown to be feasible and beneficial
in patients for adjuvant treatment of high-risk melanoma [76•].
Personalized peptide vaccines are also being developed and
studied as monotherapies (NCT02795650), in combination with
GM-CSF (NCT03645148), or with checkpoint inhibitors
(NCT02600949) for patients with metastatic PDAC. An ongo-
ing personalized DNA–based vaccine is being tested in the ad-
juvant setting (NCT03122106).

Dendritic Cell–Based Vaccines

Dendritic cells (DCs) are specialized APCs that capture, pro-
cess, and present antigens to prime CD4+ and CD8+ T cells.
Isolated DCs from peripheral blood can be loaded ex vivo
with tumor antigens and administered into patients [77, 78].
In multiple phase I and II trials tested internationally, MUC1-
pulsed DCs have been given in the metastatic and adjuvant
setting as monotherapies and in combination with chemother-
apies [79–82]. Additional phase I trials withWT1 and hTERT-
pulsed DCs have also been evaluated and found to be safe.

Ongoing DC–based vaccines include a DC vaccine pulsed
with mutant KRAS peptides corresponding to a patient’s

specific tumor mutation and HLA type (mDC3/8) in a
prime-boost regimen will be tested in a phase I study in
resected PDAC patients (NCT03592888). Additionally, DC
vaccines against defined neoantigens expressed by autologous
cancers are being tested in a phase II trial in patients with
epithelial cancers including PDAC (NCT03300843).

CAR T Cells

Chimeric antigen receptor (CAR) T cells are genetically
engineered to express CARs specific for a tumor antigen [83].
Their receptors consist of fusion proteins combining antibody
variable regions with T cell signaling chains in tandem with
cytoplasmic signaling domains of CD28, 4-1BB, and other
co-stimulatory molecules. CAR T cells are expanded ex vivo
for local infusion back into patients with cancer. Upon antigen
recognition, CAR T cells directly lyse tumor cells or secrete
cytokines. CAR T cells have been developed primarily as au-
tologous options, but also with “off-the-shelf” approaches be-
ing evaluated for almost all of the TSAs and TAAs described
above [84, 85]. Preclinical and phase I trials have studied CAR
T cells targeting HER2, MUC1, CEA, and mesothelin
(NCT02713984, NCT02587689, NCT02850536,
NCT02349724 , NCT02706782 , NCT02580747 ,
NCT03323944), but there has been limited data presented. A
second generation of CAR T cells against mesothelin (CART-
meso) using patients’ own T cells to express anti-mesothelin
receptors fused to TCRζ and 4-1BB as a co-stimulator for met-
astatic PDAC is being investigated (NCT03638193,
NCT02465983). Additional TSA–targeted CARTcells are un-
der development and include an ongoing phase I/II trial testing
an “off-the-shelf” anti-KRAS G12V and G12D murine TCR–
transduced peripheral blood lymphocyte therapy in patients
with PDAC who harbor the mutant RAS variants presented
on HLA-A*1101 (NCT03190941, NCT03745326). However,
although these approaches have the potential to overcome the
challenge of a lack of effective PDAC–specific T cells, CART
cells may still have difficulty trafficking into the tumors and
maintaining their activity if they do gain access.

Prospective

While landmark preclinical and clinical immunotherapeutic
discoveries and FDA approvals for immunotherapeutic drugs
(Table 1) have ramped up dramatically in the past several
years, PDAC has remained resistant to these new interven-
tions. Several strategies should be considered for the future.

Immunotherapy is likely most effective when given closer
in time to tumor initiation, when immune suppressive mech-
anisms are fewer and easier to bypass. It takes years from
initiating mutation to PDAC establishment, which is driven
by accumulating genetic, inflammatory, and stromal changes
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within the pancreas [86–89]. Thus, better technology that can
detect early stages or even precancerous lesions may provide
improved targets for treatment and stimulation of immune
surveillance [90].

Additionally, the PDAC microenvironment is more com-
plex and suppressive than in other immunogenic cancers.
Thus, a better understanding of the role of immunologic con-
tributors to PDAC growth should allow for the design of
multi-agent immunotherapies that can target these immuno-
suppressive pathways. As discussed, stroma and immune cells
have established an integrated suppressive network that con-
tributes to PDAC development. A combination of immuno-
therapy and targeted therapy against stromal elements may be
necessary to improve patient outcome. One stromal target is
focal adhesion kinase-1 (FAK1), which is a tyrosine kinase
expressed on PDAC cells and stroma that drives stromal fi-
brosis. FAK inhibitors are being studied in a number of trials
in combination with PD-1 blockade and MEK inhibitors
(NCT02758587, NCT03727880, NCT02546531,
NCT02428270). Alternatively, a phase III trial examining
hyaluronic acid (HA) depletion with pegylated recombinant
human hyaluronidase (PEGPH20) plus chemotherapy for
metastatic PDAC (NCT01959139) was recently completed,
but opens the doorway for potential combinations with immu-
notherapy. TGF beta regulation is also frequently altered
throughout the development of PDAC, and thus may provide
an additional target for treatment.

Immune suppressive pathways will need to be modulated
with novel combination immunotherapies in order to convert
the immune hostile PDAC environment into one that is sus-
ceptible to immunotherapies. PDAC contains numerous im-
munosuppressive cell populations [4, 91], including Tregs,
tolerogenic dendritic cells, immature macrophages, and
MDSCs, each of which express a number of Tcell suppressing
signals. Attractive therapeutic targets expressed by these cells
include IDO (expressed by tolerogenic DCs and Tregs) [92,
93], CCR2 (a chemokine that recruits immunosuppressive
macrophages) [94], and colony-stimulating factor-1 receptor
(CSF1R, which recruits tumor-infiltrating macrophages) [95]
pathways. A number of combination trials are ongoing at this
time (Table 2). In addition, chemotherapies and epigenetic
therapies have been reported to modulate a number of these
suppressive inflammatory cells [96, 97] and when given in
combination with ICIs have shown antitumor activity. Thus,
attempts to combine immunotherapy with epigenetic modula-
tors including HDAC inhibitors and hypomethylating agents
are ongoing [98, 99] (NCT03250273, NCT03264404).

Finally, emerging data suggests that poorly immune-
responsive cancers including PDAC require novel combina-
tions of chemotherapy, radiation, vaccines, and novel vaccine
agonists, along with ICIs, to fully activate antitumor T cell
responses. In preclinical studies from our group, neoepitope
peptide vaccines mixed with STING adjuvant along with anti-

PD-1 and anti-OX40 agonist in PANC02-bearing mice
showed greater response than those treated with vaccine alone
or with single-agent checkpoint inhibitors [100]. While trans-
lating preclinical successes into true benefit in the clinical
setting has been difficult, more data is needed and clinical trial
participation should be encouraged for these patients with
limited alternate options.

Conclusions

Pancreatic cancer remains difficult to treat with few regimens
exhibiting substantial improvement in survival. Overall, treat-
ment with immunotherapy has shown little success to date, but
many promising combination therapies remain to be explored
in ongoing and upcoming clinical trials.
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