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Simple Summary: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer with a dismal
prognosis. While immunotherapy has been deemed a breakthrough treatment for various subtypes
of cancer, its efficacy in PDAC is limited. This review discusses a wide range of immunotherapies,
providing a general introduction to their working mechanism as well as current evidence on their
clinical efficacy and immune eliciting abilities in PDAC. Utilizing combination (immuno)therapies to
generate synergistic anti-tumor effects may provide the key to successful PDAC treatment.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease with high mortality.
The vast majority of patients present with unresectable, advanced stage disease, for whom standard
of care chemo(radio)therapy may improve survival by several months. Immunotherapy has led to a
fundamental shift in the treatment of several advanced cancers. However, its efficacy in PDAC in
terms of clinical benefit is limited, possibly owing to the immunosuppressive, inaccessible tumor
microenvironment. Still, various immunotherapies have demonstrated the capacity to initiate local
and systemic immune responses, suggesting an immune potentiating effect. In this review, we
address PDAC’s immunosuppressive tumor microenvironment and immune evasion methods and
discuss a wide range of immunotherapies, including immunomodulators (i.e., immune checkpoint
inhibitors, immune stimulatory agonists, cytokines and adjuvants), oncolytic viruses, adoptive cell
therapies (i.e., T cells and natural killer cells) and cancer vaccines. We provide a general introduction
to their working mechanism as well as evidence of their clinical efficacy and immune potentiating
abilities in PDAC. The key to successful implementation of immunotherapy in this disease may rely
on exploitation of synergistic effects between treatment combinations. Accordingly, future treatment
approaches should aim to incorporate diverse and novel immunotherapeutic strategies coupled with
cytotoxic drugs and/or local ablative treatment, targeting a wide array of tumor-induced immune
escape mechanisms.

Keywords: pancreatic cancer; immunotherapy; immunomodulators; oncolytic virus; adoptive cell
therapy; cancer vaccine; ablation
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease, with a dismal
five-year overall survival (OS) rate of 6% [1]. Symptoms are often nonspecific with a
late clinical onset, allowing the tumor to progress freely and silently. As a result, over
80% of patients present with unresectable locally advanced (LAPC) or metastatic PDAC
(mPDAC) [2,3]. In these patients, survival can be moderately improved with palliative-
intent systemic chemotherapy consisting of gemcitabine /nab-paclitaxel or FOLFIRINOX
(folinic acid, 5-fluorouracil, irinotecan and oxaliplatin) [4,5].

Immunotherapy has led to a paradigm shift in the treatment of a subset of various
solid cancers. However, in PDAC the currently available immunotherapies have only
demonstrated marginal efficacy in terms of survival [6,7]. The treatment insensitivity of
PDAC to immunotherapies can be attributed to the low mutational burden as well as the
densely packed, inaccessible tumor microenvironment (TME) with fibrotic, hypoxic and
immunosuppressive features, rendering the tumor immunologically ‘cold” (Figure 1) [8].
Nonetheless, systemic and local immune responses have been reported in PDAC pa-
tients after treatment with immunotherapy, implying they can instigate an anti-tumor
effect [9], albeit not potent enough. In this regard, combination with other immunother-
apies, chemotherapy and/or local ablation may work synergistically. Certain cytotoxic
drugs and ablative therapies have demonstrated the ability to sensitize the TME to im-
munotherapeutic agents by inducing immunogenic cell death, disrupting immune evasive
mechanisms and reducing immune suppression [10,11]. Here, we provide an overview
of currently available immunotherapies and their anti-tumor effects in PDAC in terms of
immune activation and survival, with a focus on clinical research from the past decade.
Additionally, we explore the potential of multimodal treatment strategies and illustrate
how synergistic combinations may provide the key to successful PDAC therapy.
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Figure 1. The immune evasion mechanisms of pancreatic cancer. (1a) Tumor cells release a plethora of immune-suppressive,
pro-tumorigenic cytokines (e.g., IL-6, IL-8, IL-10, TGF-f3, M-CSF and VEGF) and chemokines (e.g., CXCL12) into the
microenvironment, which (1b) attract and activate immune-suppressive cells (including Tregs, MDSCs, TAMs and CAFs),
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subsequently resulting in (1c) exclusion of immune permissive anti-tumor cells (including Th1 CD4" cells, CD8" T cells,

DCs and NK cells). (2) Tumor cells upregulate co-inhibitory receptors, or immune checkpoints, such as PD-L1, CD155/112

and Gal-9, to impede an anti-tumor T cell response. (3) Tumor-induced CAFs modulate the extracellular matrix, promoting

fibrotic reformation, leading to a desmoplastic stroma which acts as a physical barrier for anti-tumor immune cells and

systemic treatments. (4) Tumor cells increase their apoptotic resistance through augmented expression of apoptotic

regulatory proteins STAT3 and BCL-2. Reduced immune recognition is established by its low mutational burden and

through downregulation of MHC-I membrane proteins.

2. Mechanisms of Immune Evasion

The pancreatic TME is considered extremely immunosuppressive and generally lack-
ing in immune infiltration (Figure 1) [12]. Poor infiltration by T cells may in part be
attributed to the low mutational burden of PDAC and consequent lack of neoantigens,
which serve as immune targeting molecules and have the ability to elicit high-affinity T
cell responses [13]. Further immune suppression and limited anti-tumor T cell infiltration
is achieved through various mechanisms that enable immune evasion and immune exclu-
sion from the TME. The TME comprises extracellular matrix (ECM), cancerous cells and
non-cancerous cells including (mainly) pro-tumorigenic stromal, immune and endothe-
lial cells. The cancerous cells release pro-tumorigenic chemokines, such as C-X-C motif
chemokine ligand (CXCL)12, and pro-tumorigenic cytokines, including interleukin (IL)-6,
IL-8, IL-10, transforming growth factor-beta (TGF-f3), macrophage colony-stimulating fac-
tor (M-CSF) and vascular endothelial growth factor (VEGF) [14,15]. Abundant release of
these molecules sways the immune balance from effective immune surveillance to immune
tolerance by activating regulatory T cells (Tregs), tumor-associated macrophages (TAMs),
T-helper2 (Th2) cells and myeloid-derived suppressor cells (MDSCs). This change in im-
mune status contributes to tumor cell proliferation, migration and angiogenesis [16-18].
These immune cell subsets block anti-tumor activity of natural killer (NK) cells and effector
CD4" and CD8* T cells. Additionally, maturation and survival of dendritic cells (DCs)
is also impeded by these pro-tumorigenic cytokines [19,20]. DCs are powerful antigen
presenting cells (APCs) essential in establishing a potent anti-tumor T cell response. Higher
DC levels in blood and tumor tissue of PDAC patients have been correlated with improved
survival [21-23]. Further immune evasion by the tumor is established through downregu-
lation of the antigen presentation machinery, including major histocompatibility complex
(MHC) class I [24], upregulation of inhibitory immune checkpoint ligands and increased
apoptotic resistance through augmented expression of apoptotic regulatory proteins, signal
transducer and activator of transcription (STAT)3 and B-cell lymphoma (BCL)-2 [19,25]. In
addition to immune evasion, PDAC is able to physically exclude anti-tumor immune cells
from its TME through activation of cancer-associated fibroblasts (CAFs) [12]. These CAFs
promote fibrosis through collagen deposition and rearrangements of the ECM, leading to a
desmoplastic reaction. The desmoplastic stroma, comprising up to 50-80% of tumor vol-
ume, creates a physical barrier preventing adequate vascularization, hindering infiltration
of anti-tumor immune cells and resisting systemic treatments [26,27]. This barrier is present
in primary as well as metastatic pancreatic tumors [28]. Collectively, these mechanisms
contribute to an overall immune-inhibitory PDAC TME and explain the limited response
to both chemo- and immunotherapy [29].

3. Regulation of the T Cell Response

To establish an anti-tumor immune response, both a priming phase and effector phase
are required. In the priming phase, APCs present the acquired tumor antigens to T cells,
initiating clonal expansion of antigen-specific T cells. The effector phase covers the direct
anti-tumor T cell activity. T cell activation in both phases requires T cell receptor (TCR)
complex ligation with antigen-loaded MHC class I (expressed on all nucleated cells) or class
IT (expressed on APCs). This is known as signal 1. However, signal 1 by itself is ineffective at
T cell activation. Co-stimulation through specialized receptors is necessary to fully establish
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an anti-tumor T cell response, referred to as signal 2. The most critical co-stimulation is
provided by binding of cluster of differentiation (CD)80 or CD86 on APCs with CD28 on T
cells. Other co-stimulatory receptors include OX40, CD137 (4-1BB), CD27 and inducible
T cell co-stimulator (ICOS) on T cells and CD40 on APCs or tumor cells. Their respective
ligands are OX40L, CD137L, CD70 and ICOSL on APCs or tumor cells and CD40L on T cells
(Table 1). Co-inhibitory receptors, or immune checkpoints, on T cells play an important
role in the restriction of inflammatory responses by providing negative feedback upon T
cell activation, thus overriding these activation signals. Co-inhibitory receptors include
programmed death (PD)-1, cytotoxic T-lymphocyte-associated protein (CTLA)-4, T cell
immunoglobulin and mucin domain-containing protein (TIM)-3, T cell immunoglobulin
and ITIM domain (TIGIT) and lymphocyte-activation gene (LAG)-3 (Table 1) [30]. Their
respective ligands include, but are not limited to, PD-L1/2, CD80/86, galectin (Gal)-9,
CD155/112 and MHC-I/II. Tumor cells are able to abuse these regulatory mechanisms,
upregulating inhibitory checkpoint ligands on their cellular membrane or mobilizing
immune-suppressive myeloid cells with high expression levels of these checkpoint ligands
and downregulating activating immune receptors on T cells, thereby avoiding recognition
by patrolling immune cells [31].

Table 1. An overview of co-inhibitory (red) and co-stimulatory (green) receptor pairs.

Antigen Presenting Cell or Tumor Cell

(Ligand) T Cell (Receptor)
MHC class I or II (antigen loaded) TCR (signal 1), LAG-3
PD-L1 (B7-H1), PD-L2 (B7-DC) PD-1
Gal-9 TIM-3
CD155, CD112 TIGIT
CD80 (B7-1), CD86 (B7-2) CD28 (signal 2), CTLA-4
ICOSL ICOS
CD137L CD137 (4-1BB)
OX40L OX40
CD70 CD27
Antigen Presenting Cell or Tumor Cell T Cell (Ligand)
(Receptor)
CD40 CD40L

4. Immunotherapy

Immunotherapies can be categorized into immunomodulators (i.e., immune check-
point inhibitors, immune stimulatory agonists, bispecific antibodies (not discussed in this
review), cytokines and adjuvants), oncolytic viruses, adoptive cell therapies (i.e., T cells
and NK cells) and cancer vaccines, each with a unique mechanism of action. Below, various
immunotherapies are addressed within the context of PDAC. Of note, only a selection of
clinical trials listed in the tables will be discussed more in-depth in the text.

4.1. Immune Checkpoint Inhibitors
4.1.1. Anti-PD-1/Anti-PD-L1

PD-1 ligation promotes self-tolerance by inhibiting T cell activation and proliferation
(Figure 2) [32]. Moreover, signaling pathways can interfere with T cell activation through
signaling interference downstream from the TCR complex and CD28 [33,34] and promote
apoptosis [35,36]. The PD-1 pathway can be blocked by immune checkpoint inhibitors
anti-PD-1 or anti-PD-L1. If PD-L1 is overexpressed, although uncommon in PDAC [37],
it inversely correlates with CD8* TIL frequency and clinical prognosis [38-41]. Despite
encouraging results of anti-PD-1 and anti-PD-L1 therapy in patients with other solid malig-
nancies [42,43], results in patients with PDAC are less impressive. To date, various clinical
trials have described the effects of anti-PD-1/anti-PD-L1 in PDAC as monotherapy [44—46]
or in combination with other systemic therapies [46-52] (Table 2). The most promising
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outcomes were reported in a cohort of mPDAC patients (n = 17), partially chemotherapy-
naive (n = 11), who received anti-PD-1 concurrently with a gemcitabine/nab-paclitaxel
regimen, resulting in a median progression-free survival (mPFS) of 9.1 months and me-
dian overall survival (mOS) of 15 months [48]. As reference, mOS outcomes of 8.5 and
11.1 months may be achieved with gemcitabine/nab-paclitaxel and FOLFIRINOX, respec-
tively [4,5]. Recently, results from the phase 2a COMBAT trial suggested that chemotherapy
concurrent with combined anti-PD-1 and anti-C-X-C motif chemokine receptor (CXCR)4
may augment chemotherapeutic effects after attaining an mOS of 7.8 months from the
start of immunotherapy in pre-treated mPDAC patients [49]. Results from both trials
are in line with the expanding recognition that cytotoxic drugs (i.e., chemotherapy) can
enhance immunotherapeutic effects by stimulating immunogenic tumor cell death, re-
ducing tumor-induced immune suppression and increasing effector T cell function and
infiltration [53-55]. Definitive advice regarding combined treatment with chemotherapy
(gemcitabine/paclitaxel or FOLFIRINOX) and anti-PD-1 may be provided by two large
RCTs (ClinicalTrials.gov Identifier: NCT04674956; NCT03983057). In contrast, combining
anti-PD-L1 with the Bruton’s tyrosine kinase inhibitor ibrutinib, which targets various onco-
genic driver pathways, in pre-treated mPDAC patients (n = 48) showed limited anti-tumor
activity (mOS 4.2 months, mPFS 1.7 months) [52].
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Figure 2. Immune checkpoint inhibitors anti-CTLA-4, anti-PD1 and anti-PD-L1. During the priming phase (in the lymph
nodes), T cell priming may be inhibited, even though they are presented with antigen-loaded MHC complexes, through
binding of CD80 or CD86 on dendritic cells (DCs) with CTLA-4 on naive T cells. Anti-CTLA-4 antibodies block this
interaction, reversing T cell inhibition, prompting activation and expansion of antigen-specific effector T cells. During the
effector phase (at the tumor site), T cell inhibition can be established through PD-1 ligation (T cells) with PD-L1 (tumor and
myeloid cells). This process can be reversed by using anti-PD-1 or anti-PD-L1 antibodies, allowing CD8* T cell-induced
killing of tumor cells. Of note, recent studies also point to decreases in suppressive Treg rates and decreased T cell priming

by CD28 signaling interference upon CTLA-4 and PD-1 blockade, respectively.
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Table 2. Clinical studies on immune checkpoint inhibitors.

Authors Year Phase Immunotherapy Combined with No. of Patients Patient Population mPFS (Months) mOS (Months)
Anti-PD-1/
PD-L1
. Previously treated
Brahmer [44] 2012 1 Anti-PD-L1 - 14 LAPC/mPDAC NR NR
Weiss [47] 2017 1b Anti-PD-1 + chem. 1 Previously treated NR 8 (x)
eiss chemo MPDAC
. . mPDAC, 11/17
Weiss [48] 2018 1b/2 Anti-PD-1 + gem/nab-pac 17 chemotherapy-naive 9.1 15 (x)
. . . Previously treated
Doi [51] 2019 1 Anti-PD-1 + anti-CCR4 15 MPDAC 1.8 6.5 (x)
Hong [52] 2019 1b/2 Anti-PD-L1 + TKI 49 Previously treated 17 42 (1)
ong ! LAPC/mPDAC ' '
. Randomization: .
O'Reilly [46] 2019 ) Al’l.tl-PD-Ll (1) — 65 Previously treated NR NR
Ant-CTLAS ) e T A mPDAC
Two cohorts:
e (1) + anti-CXCR4 Previously treated (1)3.3 ()
Bockorny [49] 2020 2a Anti-PD-1 (2) + anti-CXCR4 + 59 MPDAC NR )78 (1)
chemo
. Previously treated MSI-H
Marabelle [45] 2020 2 Anti-PD-1 - 22 LAPC/mPDAC NR NR
Mahalingam [50] 2020 1b Anti-PD-1 + oncolytic virus + 1 Previously treated 5 31 (x)
ahatingam [ chemo LAPC/mPDAC '
Anti-CTLA-4
Royal [56] 2010 2 Anti-CTLA-4 27 Previously treated NR NR
LAPC/mPDAC
Randomization:
. = Previously treated (1) 3.6 ()
Le [57] 2013 1b Anti-CTLA-4 1) 30 LAPC/PDAC )57 ©

(2) + GVAX
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Table 2. Cont.

Authors Year Phase Immunotherapy Combined with No. of Patients Patient Population mPFS (Months) mOS (Months)
. . chemotherapy naive
Aglietta [58] 2014 1 Anti-CTLA-4 + gem 34 MPDAC NR 7.4 (x)
Mohindra [59] 2015 1b Anti-CTLA-4 + gem 13 Previously treated NR NR
. LAPC/mPDAC
Kalyan [60] 2016 1b Anti-CTLA-4 + gem 16 Previously treated 25 8.3 (x)
LAPC/mPDAC ’ '
. Previously treated
Kamath [61] 2020 1b Anti-CTLA-4 + gem 21 2.8 6.9 (x)

LAPC/mPDAC

NR = not reported; gem = gemcitabine; nab-pac = nab-paclitaxel; CCR4 = C-C chemokine receptor 4; CXCR4 = C-X-C Motif Chemokine Receptor 4; TKI = tyrosine kinase inhibitor; GVAX = GM-CSF transduced
allogeneic cell line-based vaccine; LAPC = locally advanced pancreatic cancer; mPDAC = metastatic pancreatic ductal adenocarcinoma; mPFS = median progression-free survival; mOS = median overall survival;
t = from treatment/registration; d = from diagnosis; x = unknown whether from diagnosis or treatment/registration.
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4.1.2. Anti-CTLA-4

On T cells, the inhibitory CTLA-4 receptor competes with co-stimulatory receptor
CD28 for the CD80 and CD86 ligands on APCs, for which CTLA-4 has higher affin-
ity [62,63]. Lower CTLA-4 and higher CD80 expression in PDAC are linked to improved
survival [39,64]. Ligation of CTLA-4 mainly limits priming of naive T cells in the lymphoid
organs (Figure 2) but may also impede direct anti-tumor T cell activity in the effector
phase, possibly through decreasing suppressive Treg rates [62,65,66]. Anti-CTLA-4 therapy
has demonstrated moderately favorable results in other malignancies [67,68], but lacks
demonstrable beneficial results in PDAC. Several articles have been published on the use of
anti-CTLA-4 monotherapy in PDAC [56,57], or combined with other immunotherapeutic
agents [46,57] or chemotherapy [58-61] (Table 2). A series of articles [59-61] within a
phase 1b clinical trial examined the efficacy of anti-CTLA-4 combined with gemcitabine
in advanced PDAC patients (n = 21) and reported an mOS of 6.9 months and mPFS of
2.5 months, similar to gemcitabine treatment alone (6.8 months) [4]. Other research noted
that adding anti-CTLA-4 to anti-PD-L1 in pre-treated mPDAC patients (n = 65) did not
improve survival compared to anti-PD-L1 monotherapy (mOS 3.1 vs. 3.6 months; mPFS
1.5 vs. 1.5 months) [46]. Le et al. [57] assessed the value of a granulocyte macrophage
colony-stimulating factor (GM-CSF) transduced allogeneic pancreatic cancer cell line-based
vaccine (GVAX) added to anti-CTLA-4 in gemcitabine pre-treated advanced PDAC patients.
Through randomization, patients were allocated anti-CTLA-4 monotherapy (1 = 15) or anti-
CTLA-4 combined with GVAX (n = 15), reporting mOS outcomes of 3.6 and 5.7 months,
respectively. Among patients with an OS > 4.3 months, there was an enhancement in
mesothelin-specific T cells (p = 0.014) and augmentation of the T cell repertoire (p = 0.031).
Hence, addition of GVAX to anti-CTLA-4 seems to induce a T cell mediated immune
response and may slightly improve survival in advanced PDAC patients. Several tri-
als are ongoing that use anti-CTLA-4 treatment combined with other immunotherapies
and/or radiotherapy in PDAC (ClinicalTrials.gov Identifier: NCT03104439; NCT04258150;
NCT03816358).

4.1.3. Anti-TIM-3

Dysfunctional and (terminally) exhausted CD4* and CD8* T cells as well as tumoral
DCs are characterized by overexpression of TIM-3 [69,70], which is likely related to tumor
cell invasion, metastatic processes and recurrence [71]. TIM-3 has multiple ligands, includ-
ing Gal-9, phosphatidylserine (PtdSer), carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAMI1) and high mobility group protein B1 (HMGB1), all of which are
implicated in its immune inhibitory functions [70,72-74]. Ligation of Gal-9, the first known
and most studied TIM-3 ligand, with TIM-3 on T cells and NK cells leads to diminished
activation and, hence, inhibited anti-tumor activity. Expression of Gal-9 is increased in
PDAC tissue, both on tumor and immune cells, as well as in blood of PDAC patients when
compared to healthy pancreas tissue and healthy individuals, respectively [75]. There are
no (upcoming) data from (pre-)clinical research on the therapeutic effects of anti-TIM-3
in PDAC.

4.1.4. Anti-TIGIT

Activated CD4" and CD8"* T cells, Tregs and NK cells express TIGIT. Ligation of
TIGIT with its ligands CD155 and CD112, expressed on tumor and myeloid cells, promotes
NK and T cell tolerance [76,77]. There is abundant expression of CD155 in tumor tissue
(primarily tumor cells) of PDAC patients, with expression levels inversely correlated
with TIL frequency and survival [78]. TIGIT competes with its opposing receptor CD226
for its ligands, the latter receptor enforcing anti-tumor responses through NK and T
cell activation. Accordingly, it was shown that anti-TIGIT treatment selectively affects
CD226MCD8* T cells in a pre-clinical setting [79]. Modified FOLFIRINOX treatment in
mPDAC patients increased the proportion of CD226MCD8* T cells, implying that this
chemotherapeutic combination may increase tumor sensitivity to anti-TIGIT treatment. A
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phase 1b/2 randomized trial is currently using anti-TIGIT combined with gemcitabine /nab-
paclitaxel in mPDAC patients (ClinicalTrials.gov Identifier: NCT03193190).

4.1.5. Anti-LAG-3

LAG-3 potentiates inhibitory signals in T cells upon TCR/MHC interaction. In addi-
tion, it is known for its synergism with PD-1. While anti-LAG-3 has shown little effect as
monotherapy, dual anti-LAG-3/anti-PD-1 treatment exerted potent anti-tumor effects in
mice with melanoma and colon carcinoma [80]. Consequently, a bispecific antibody target-
ing LAG-3 and PD-1 was developed and tested in a murine pancreatic tumor model [81].
Initial results demonstrated that this antibody targeted CD4* T cells, increasing their ef-
fector functions by releasing cytolytic granzyme B and interferon (IFN)-y, followed by
complete suppression of tumor growth. Clinical trials have yet to determine its clinical
value and none are currently ongoing for PDAC.

4.2. Agonistic Immune Stimulators
4.2.1. MHC Class II Agonist

Eftilagimod alpha, or IMP321, is an MHC class II agonist that triggers maturation of
APCs followed by activation of CD8" T cells. To date, one phase 1 clinical trial has explored
the safety profile of IMP321 combined with gemcitabine in treatment-naive advanced
PDAC patients (Table 3) [82]. A total of 18 patients were enrolled, of whom none reported
serious adverse events. Overall, combination treatment with IMP321 and gemcitabine was
well-tolerated. No significant differences were noted in pre- and post-treatment serum
levels of monocytes (CD11b*CD14%), conventional DCs (CD11c*) and T cell subsets (CD4*
or CD8%). From the lack of immunological response, the investigators concluded that
higher doses of IMP321 may be required for future clinical trials.
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Table 3. Clinical studies on immune stimulatory agonists and adjuvants.

Authors Year Phase Immunotherapy Combined with No. of Patients Patient Population mPFS (Months) mOS (Months)
MHC-II agonist
(1) + gem ..
o 3 . Treatment-naive (1)2-5.3 (1) 5.6-6.4 (x)
Wang-Gillam [82] 2013 1 MHC-II agonist (2) gem alone 18 LAPC/mPDAC (2)102 2)167 (x)

(control)

CD40 agonist

Beatty [83,84] 2011, 2013 1 CDA40 agonist + gem 2 Chemotherapy-naive 52 8.4 (t)

y 1o ’ & & LAPC/mPDAC ' ’
O’Hara [85] 2021 1b CD40 agonist + gem + anti-PD1 24 Rec“rren;%rgfghmm“s 10.8-12.5 12.7-20.1 (t)
TLR agonist

. (1) + gem o mPDAC:
Dalgleish [86] 2016 2 TLRz/(ilta)gOI“St (2) gem alx one 110 Chig‘gg‘/eﬁ%;‘éwe NR 1) 7 (t)
o (control) (2)44(b)

NR = not reported; i.t. = intratumoral; gem = gemcitabine; LAPC = locally advanced pancreatic cancer; mPDAC = metastatic pancreatic ductal adenocarcinoma; mPFS = median progression-free survival;
mOS = median overall survival; t = from treatment/registration; d = from diagnosis; x = unknown whether from diagnosis or treatment/registration.
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4.2.2. OX40 Agonist

0OX40-OX40L ligation enhances effector functions, memory formation and survival of
CD4" and CD8™" T cells [87]. Pre-clinical research in a PDAC mouse model demonstrated
that OX40 agonists significantly improved survival compared to anti-PD-1 monother-
apy [88]. Moreover, when the OX40 agonists and anti-PD-1 were combined the proportion
of Tregs and exhausted T cells decreased, whereas memory CD4" and CD8" T cell numbers
increased. While OX40 agonists have demonstrated their potent immune-stimulating
capacities in other advanced cancer patients [89], clinical data for PDAC is lacking. A phase
1b/2 trial is currently recruiting in which an OX40 agonist will be combined with a toll-like
receptor (TLR)-9 ligand for, among other things, patients with mPDAC (ClinicalTrials.gov
Identifier: NCT04387071).

4.2.3. CD137 (4-1BB) Agonist

CD137, or 4-1BB, is expressed on primed T and NK cells. CD137-CD137L ligation
protects antigen-specific T cells from undergoing apoptosis and promotes their effector
functions and differentiation into memory T cells [90]. Pre-clinical research, in which
CD137 agonists were evaluated in murine PDAC models, provided promising results in
terms of survival and immune stimulation [91-93]. Clinical reports on the use of CD137
agonists in PDAC patients are limited to a single phase 1 clinical trial, in which an adoptive
T cell strategy was employed (discussed in “Adoptive Cell Therapies”) [94].

4.2.4. ICOS Agonist

The ICOS pathway plays a dual role in cancer immunology [95,96]. Activation of
this pathway has been shown to induce immunosuppression through CD4* T cell subsets
including Tregs. On the other hand, it can also unleash Th1 cell-mediated immunity and
has demonstrated the ability to enhance the anti-tumor efficacy of GVAX [97,98]. Besides
initial pre-clinical results in a PDAC model, in which combined co-stimulation with ICOS
and CD137 has shown to increase the persistence of chimeric antigen receptor (CAR) T
cells (CART cell therapy will be discussed in “Adoptive cell therapies”) [92], no clinical
trials have yet been published.

4.2.5. CD40 Agonist

CDA40 is a co-stimulatory receptor found on APCs rather than on T cells. Its ligand,
CD40L, is present primarily on activated CD4* T cells [99]. CD40 ligation on DCs induces
positive signaling that leads to their maturation and the release of IL-12, resulting in anti-
tumor activity through T cell proliferation and differentiation towards a Th1 dominant
state. Remarkably, one study in an in vivo PDAC model showed this efficacious anti-
tumor activity to be directly mediated by CD40-expressing macrophages rather than T
cells [83]. Since PDAC has a high macrophage content this triggered high interest in the
clinical application of agonistic CD40 antibodies in PDAC. CD40 agonists, in combination
with mesothelioma-lysate loaded DCs [100] or IL-15 [101], have demonstrated promising
pre-clinical results in PDAC models. Beatty et al. [83,84] combined a CD40 agonist with
gemcitabine in 22 chemotherapy-naive advanced PDAC patients (Table 3). Results from
this phase 1 trial revealed an mOS and mPFS of 8.5 and 5.2 months, respectively. While
this treatment did not improve survival compared to gemcitabine/nab-paclitaxel, the
immune system was activated, evidenced by the increase in inflammatory cytokines, a
boost in B-cell expansion of co-stimulatory molecules and overall depletion of B cells. In
their multi-cohort phase 1b trial, O’'Hara et al. [85] utilized a similar regimen =+ anti-PD-1
in synchronous and metachronous mPDAC patients (allowed prior chemoradiotherapy).
They found encouraging initial mOS (12.7-20.1 months) and mPFS (10.8-12.5 months)
outcomes, leading to the ongoing randomized phase 2 portion of the study.
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4.2.6. CD27 Agonist/Anti-CD70

Activation of the co-stimulatory receptor CD27 promotes survival and differentiation
of T cells towards effector and memory subtypes [102]. Hence, an agonistic CD27 antibody
was tested in patients with (non-pancreatic) solid malignancies, resulting in biological and
clinical activity [103]. No trials are currently ongoing that employ a CD27 agonist in PDAC
patients. The CD27 ligand CD70 is generally only expressed on activated immune cells as
it is regulated by the presence of antigens. However, aberrant CD70 expression has been
noted in tumor tissue of 25% of PDAC patients [104]. Importantly, although the CD27-CD70
axis is known for its immune stimulatory effects, CD70-expressing (pancreatic) cancer cells
may also instigate immune tolerance by increasing the frequency of activated Tregs [105].
Since normal tissues have negligible expression, CD70 may present as a therapeutic target.
Anti-CD70 antibodies have demonstrated potent anti-tumor activity in a murine PDAC
model overexpressing CD70 [104] and good tolerability and preliminary anti-tumor activity
in various CD70 positive advanced (non-pancreatic) solid cancers [106,107]. However, no
clinical trials are currently recruiting CD70-overexpressing PDAC patients.

4.3. Cytokines

Immune stimulatory cytokines, such as IL-2, IL-15, GM-CSF and IFN-«, have been uti-
lized as a subsidiary component in broader immunotherapy approaches in PDAC [57,108-115].
Solitary cytokine therapy had initial success in PDAC when used in the peri-operative
phase [116,117]. However, no studies on this topic have been reported in the past decade.

4.4. Adjuvants

In immunotherapy, adjuvants (Figure 3) usually refer to products that are added
to vaccines in order to modulate or increase an immune response against the antigens
contained within them [118]. However, these adjuvant compounds may also be used as
monotherapy or as a supplement to other types of cancer treatment. They target the priming
phase or the effector phase but can also be utilized as immune modulators to condition
the microenvironment of both tumors and their draining lymph nodes in order to support
both phases. Adjuvants bind onto pattern recognition receptors (PRRs), including toll-like
receptors (TLRs), stimulator of IFN genes (STING) and NOD-like receptors (NLRs), which
are present on epithelial (cancer) cells and innate immune cells, including DCs, and initiate
immune responses against pathogens or tumor cells in secondary lymphoid organs [119].
Moreover, in tumors they may trigger release of chemokines and cytokines that can attract
T cells and drive their effector response. Adjuvants can be delivered systemically, locally
through vaccination or by peri- or intratumoral injection. A considerable advantage of
intratumoral adjuvant administration over systemic approaches is that lower dosages
will suffice, limiting severe toxicities [120,121]. Moreover, peritumoral administration has
demonstrated superior anti-tumor efficacy in terms of DC and tumor-specific CD8" T cell
activation and long-lasting tumor protection in mice when compared to intravenous or
intradermal administration [122].
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Figure 3. Adjuvants. Toll-like receptor (TLR) agonists bind onto transmembrane or intracellular TLRs
and stimulator of interferon (IFN) genes (STING) agonists activate the intracellular cyclic GMP-AMP
synthase (cGAS)-STING pathway in immature dendritic cells (DCs). Both agonists prompt release of
pro-inflammatory cytokines, including type 1 IFN. These IFNs activate other DCs, effector T cells
and natural killer (NK) cells.

4.4.1. Toll-Like Receptor (TLR) Agonists

In humans, there are ten functioning TLRs, TLR-1 through TLR-10. Ligation of TLRs
on innate immune cells initiates the release of pro-inflammatory cytokines like IL-12, IFN-
o and TNF-«, prompting a positive feedback loop of DC maturation, and activation of
effector T cells and NK cells (Figure 3), followed by a systemic anti-tumor effect [123,124].
However, TLR expression has also been observed in pancreatic tumor cells and, likely
context-dependent, has been linked to both pro- and anti-tumor effects [125]. High cyto-
plasmic expression of various TLRs in tumor cells positively correlated with a favorable
prognosis in PDAC patients [126-128]. Conversely, TLR ligation in pancreatic cancer cells
has also been linked to tumorigenesis through inflammatory responses that stimulate
their anti-apoptotic properties and angiogenesis [129-131]. Pre-clinical evidence in PDAC
models demonstrated encouraging results of TLR agonist monotherapy [132-134] or com-
bined with chemotherapy [135], local tumor eradication (i.e., radiotherapy or ablation)
and/or other immunotherapies [136-138]. Initial clinical results in PDAC patients are
also encouraging. Dalgleish et al. [86] published data of a randomized phase 2 trial in
which they employed intradermally injected IMM-101, a TLR-2/1 agonist, in combination
with gemcitabine (1 = 75) and compared clinical efficacy to gemcitabine (1 = 35) only in
110 LAPC and mPDAC patients (Table 3). A significant (p = 0.01) improvement in survival
was noted for mPDAC patients in the IMM-101 + gemcitabine group (mOS 7 months)
compared to gemcitabine monotherapy (mOS 4.4 months). Two clinical trials are currently
investigating an intratumoral TLR-9 agonist for mPDAC, both in combination with anti-
PD-1 and a local form of tumor eradication (ClinicalTrials.gov Identifier: NCT04612530
(PANFIRE-III trial [139]); NCT04050085).

4.4.2. Stimulator of Interferon Genes (STING) Agonists

Cyclic GMP-AMP synthase (cGAS)-STING is an intracellular sensor pathway in innate
immune cells that detects cytosolic double stranded DNA fragments [140]. Similar to
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TLR activation, stimulation of the cGAS-STING pathway results in the production of
type 1 IFN and other pro-inflammatory cytokines, instigating activation of effector T cells
and NK cells, and maturation of DCs (Figure 3). In pre-clinical PDAC mouse models,
STING agonists have demonstrated potent anti-tumor efficacy by increasing cytotoxic T
cell activity and decreasing Treg levels [141]. Moreover, STING activation augmented co-
stimulatory receptor expression on DCs and converted immune-suppressive macrophages
into immune-activating subtypes. Combined with other immunotherapies [138,142,143], or
radiotherapy [144], STING agonists in PDAC murine models have demonstrated the ability
to induce durable tumor regression and to improve survival. Nonetheless, two initial
clinical trials (ClinicalTrials.gov Identifier: NCT03010176; NCT03172936) that employed
respectively intratumoral and intravenous STING agonists in patients with solid cancers
and lymphomas failed to demonstrate favorable results in terms of tumor regression [145].
The ongoing clinical trial ClinicalTrials.gov Identifier: NCT04144140 is administering
intratumoral STING agonists in various tumor types.

4.4.3. NOD-Like Receptor (NLR) Agonists

NLRs can cooperate with TLRs and are able to detect pathogen-associated molecular
patterns (PAMPs) and danger or stress signals, thereby regulating inflammatory and
apoptotic responses [146]. However, the therapeutic potential of targeting these pathways
in PDAC has not yet been explored.

4.5. Oncolytic Viruses

Oncolytic viral therapy utilizes the destructive capacity of a virus, specifically targeted
at tumor cells whilst normal healthy cells remain unaffected (Figure 4). Activated oncogenic
pathways and a defective IFN response (normally limiting viral replication), both specific
to tumor cells, allow for selective replication of the virus, leading to production of abundant
novel viral particles and eventual tumor cell lysis. The newly produced oncolytic viruses,
virus-derived PAMPs, DAMPs and tumor antigens are released into the TME, infecting
other tumor cells and activating DCs followed by T cell priming in the draining lymph
nodes (i.e., in vivo vaccination). Subsequently, effector T cells are attracted to the tumor
site via a gradient of chemokines such as CXCL9 and CXCL10 [147,148]. A major benefit
of oncolytic viruses is their genetically modifiable genome, allowing for incorporation of
immune modulator transgenes (“armed oncolytic viruses”), which are also released by
infected tumor cells. Such immunological arming may be aimed at decreasing immune
suppression in the TME and/or increasing immune activation.

In murine PDAC models, oncolytic viruses have demonstrated the capacity to reduce
tumor burden and prolong survival by downregulating TAMs and increasing infiltration
and function of Thl CD4* cells and CD8* T cells [149,150]. A few clinical trials have
utilized oncolytic viruses in PDAC (Table 4) [151-155]. Noonan et al. [154] reported data
of their RCT, in which patients received intravenous pelareorep (an oncolytic reovirus)
combined with carboplatin/paclitaxel (n = 36) or carboplatin/paclitaxel alone (n = 37). The
primary outcome, mPFS, did not significantly differ between the treatment groups (4.9 vs.
5.2 months, p = 0.6). However, addition of pelareorep did result in demonstrable immune
responses with increased systemic levels of pro-inflammatory cytokines, Th1 CD4* and
CD8"* T cells, yet also enhanced Treg numbers. Using the same oncovirus in combination
with anti-PD-1 and chemotherapy, Mahalingam et al. [50] showed the generation of new
T cell clones, recirculating systemically and transcriptional evidence of systemic immune
activation, both associated with clinical benefit. This suggests the priming and mobilization
of new T cell clones, providing systemic protection and possibly setting the stage for subse-
quent successful immune checkpoint blockade. Hirooka et al. [155] utilized intratumoral
HF-10, a natural oncolytic HSV-1 virus, in combination with erlotinib (anti-EGFR antibody)
and gemcitabine in 10 LAPC patients, achieving an mOS of 15.5 months. Multiple clinical
trials incorporating an oncolytic virus in PDAC patients are currently recruiting (Clinical-
Trials.gov Identifier: NCT02705196; NCT04637698; NCT03252808). Several other trials have
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been completed; however, results have not yet been published (ClinicalTrials.gov Identifier:
NCT02045589; NCT02653313 [156]).
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Figure 4. Oncolytic viral therapy. Oncolytic viruses may be equipped with a transgene (e.g., immune checkpoint inhibitor
(ICI) or cytokine), creating an armed oncolytic virus. Oncolytic viruses can be administered intravenously or intratumorally
and will infect both healthy cells and tumor cells. In the former, viruses are cleared, whereas in the latter, due to activation
of oncogenic pathways and a defective interferon (IFN) response, oncolytic viruses thrive, leading to production of novel
viral particles to a point where the cell lyses due to viral overload. Newly created oncolytic viruses, pathogen-associated
molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs) and tumor antigens are released into the
microenvironment. New waves of released oncolytic viruses can then infect other tumor cells. Dendritic cells (DCs) take
up, process and present the released antigens and upon activation by the released DAMPs and PAMPs via their pattern
recognition receptors (PRRs), will transport them to the draining lymph nodes where T cell priming takes place. Primed
effector T cells (Th1 CD4*, CD8") subsequently provide systemic immune surveillance and will migrate towards the original
tumor site (but also to distant, uninjected metastatic sites) via a chemokine gradient, often provided by activated DCs.
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Table 4. Clinical studies on oncolytic viruses.

Authors Year Phase Immunotherapy Admin. Site Combined with  No. of Patients Pol;alﬁeelilitm mPFS (Months) mOS (Months)
Oncolytic
viruses
Unresectable
E;slj‘;a[;f;z]]' 2011, 2014 1 HF10 (HSV) it. - 6 (intraoperative) NR 6.2 (x)
PDAC
Adenoviral As adjuvant of:
. vector . + anti-herpetic (1) Surgical (1) NR (1) NR
Aguilar [153] 2015 1 expressing Lt prodrug 24 resection (2)5.8 (2) 12 (t)
HSV-tk gene (2) LAPC: CRT
(1) + carb/pac ..
. Treatment-naive 149 (1) 7.3 (t)
Noonan [154] 2016 2 Pelareorep iv. (2) carb/pac 73 MPDAC (2)5.2 @8 (1)
alone
+ em + Chemotherapy-
Hirooka [155] 2018 1 HF10 (HSV) it. fgi n 10 naive 63 15.5 (t)
erlotini LAPC

NR = not reported; HSV = herpes simplex virus; i.v. = intravenous; i.t. = intratumoral; gem = gemcitabine; carb/pac = carboplatin/paclitaxel; LAPC = locally advanced pancreatic cancer; mPDAC = metastatic
pancreatic ductal adenocarcinoma; mPFS = median progression-free survival; mOS = median overall survival; t = from treatment/registration; d = from diagnosis; x = unknown whether from diagnosis or

treatment/registration.
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4.6. Adoptive Cell Therapies

Adoptive cell therapies utilize autologous or allogeneic immune effector cells, such as
T cells or NK cells, to eradicate cancer (Figure 5). After harvesting, either from the patient’s
tumor or from blood, the immune effector cells are selected and their functionality may
be improved in vitro—e.g., through genetic modification to express a chimeric antigen
receptor (CAR) that targets a specific protein or a TCR to specifically recognize a pep-
tide/MHC complex—followed by re-administration back into the patient. The application
of CAR-engineered cells in solid tumors is still in an early developmental stage and requires
optimization to achieve long-term persistence post-transfer and sufficient infiltration into
the tumor fields.
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Figure 5. Adoptive cell therapy. Allogeneic (donor) or autologous (patient) blood can be used to isolate T cells or NK cells.
Similarly, autologous tumor tissue can be collected to isolate tumor-infiltrating lymphocytes (TILs), generally T cells. These
isolated cells are cultured in vitro and can be selected for expansion based on their anti-tumoral capacity or enhanced with
T cell receptors (TCRs) or chimeric antigen receptors (CARs). Following in vitro manipulation and stimulation and, in
case of systemic administration, subsequent to a lymphodepleting chemo(radio)therapy regimen, these cells are injected
intratumorally (i.t.) or intravenously (i.v.) to (systemically) detect and kill cancer cells.

A pre-clinical study in a murine PDAC model has yielded promising data after
treatment with mesothelin-directed CAR T cells combined with armed oncolytic viruses
expressing IL-2 and TNF-« [150]. Clinically (Table 5), CAR T cell therapy has not yet been
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widely explored for PDAC, but initial results, using mesothelin-directed (£ CD137 and
CD3¢) CART cells, showed limited activity [94,157]. Aoki et al. [158] utilized Vy9V62 T
cells, a subset of T cells that secrete Th1-related cytokines and have the capacity to exert
potent cytotoxicity against tumor cells through MHC-unrestricted recognition of phos-
phoantigens. After surgical resection of the primary pancreatic tumor, patients (1 = 40)
received gemcitabine as adjuvant therapy, with (n = 23) or without (n = 17) Vy9Vo2 T cell
infusion. This supplemental therapy was unable to prolong mPFS or mOS, but patients
with >15% peripheral Vy9V2 T cells after two injections had a more favorable outcome.
Conversely, Kumai et al. [159] recently demonstrated that &3 T cell therapy & chemother-
apy resulted in an mOS of 11.3 months from start of immunotherapy and 18.7 months
from diagnosis, indicating a survival benefit compared to previous reports in a similar
patient population receiving chemotherapy only (6.8-11.1 months from diagnosis) [4,5].
In addition, increased levels of CD8" T cells were found in peripheral blood samples.
Several clinical trials are currently ongoing to further explore CAR T cell potential in PDAC
(ClinicalTrials.gov Identifier: NCT04037241; NCT03638193; NCT03323944) and TIL therapy
(ClinicalTrials.gov Identifier: NCT03935893; NCT04426669). A trial employing NK cells
combined with ablation will be discussed in ‘Immunotherapy + IRE’. Several NK cell
therapy trials are recruiting (ClinicalTrials.gov Identifier: NCT03634501; NCT03093688) or
have been completed without publication (ClinicalTrials.gov Identifier: NCT03008304).

Table 5. Clinical studies on T cell therapy.

Combined No. of Patient mPFS mOS
Authors Year Phase Immunotherapy with Patients Population (Months) (Months)
T cell therapy
e Vyové2 T (1) + gem Resected
Aoki [158] 2017 1 cells (2) gem alone 40 PDAC NR NR
CART cells: Previously
Beatty [157] 2018 1 mesothelin- - 6 treated NR NR
directed mPDAC
CART cells:
Transduced ;
with Previously
Haas [94] 2019 1 . 5 treated NR NR
mesothelin, mPDAC
4-1BB and
CD3¢
Previously 1.3 (9
Kumai [159] 2021 NR o3 T cells =+ chemo 77 treated NR 18 7 )
LAPC/mPDAC ’

NR = not reported; CAR = chimeric antigen receptor; gem = gemcitabine; chemo = chemotherapy; LAPC = locally advanced pancreatic
cancer; mPDAC = metastatic pancreatic ductal adenocarcinoma; mPFS = median progression-free survival; mOS = median overall survival;
t = from treatment/registration; d = from diagnosis.

4.7. Tumor Vaccines

Tumor vaccines clinically pursued in the treatment of PDAC mainly include whole-
tumor-cell, peptide-based and peptide-pulsed DC vaccines (Figure 6). They may contain
one or several tumor-associated antigens (TAAs) or tumor-specific antigens (TSAs). TAAs
are proteins overexpressed or aberrantly expressed in tumor cells but are also expressed
to some extent on non-cancerous tissues, hence making them non-specific. TAA vaccines
include, but are not limited to, those containing wilms tumor (WT)-1, kinesin family mem-
ber (KIF)20A, VEGFR1/2, survivin, mucin (MUC)-1, mesothelin and human telomerase
reverse transcriptase (WTERT) (Table 6) [160]. Mutated TSAs, or neoantigens, are expressed
exclusively on tumor cells. Neoantigen vaccines are highly specific, immunogenic and
avoid self-antigen-induced T cell tolerance [161]. However, their working mechanism
relies on the mutational burden of a tumor, which is limited in PDAC [37]. In other words,
these vaccines may not be able to kill (subgroups of) tumor cells lacking expression of
that neoantigen [13]. Neoantigen targets, an example of which are kirsten rat sarcoma
(KRAS) mutations, may be identified through mutational analyses. Vaccines can be ad-
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ministered intratumorally, intranodally, intradermally, intravenously, subcutaneously and

intramuscularly [162].
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Figure 6. Cancer vaccines and in vivo vaccination following chemotherapy, ablation or oncolytic viral therapy. Cancer

vaccines: Peptide-based vaccines can be produced on the basis of a patient’s mutational profile (i.e., KRAS (or other)

neoantigens) or using (a combination of) generic tumor-associated antigens (TAAs). Whole-tumor-cell vaccines can be

generated with autologous tumor lysate or using (a combination of) allogeneic PDAC cell lines. Peptide vaccines and

whole-tumor-cell vaccines may be supplemented with cytokines, such as granulocyte macrophage colony-stimulating factor
(GM-CSF), or adjuvants, which attracts and activates dendritic cells (DCs). For DC vaccines, autologous or allogeneic DCs
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are generated in vitro from patient or donor derived precursors in blood (e.g., monocytes), followed by antigen pulsing.

Cancer vaccines may be administered intratumorally, intravenously, intranodally or subcutaneously, intradermally or

intramuscularly. In vivo vaccination: Chemotherapy, oncolytic viruses and local ablative treatments (e.g., stereotactic

ablative body radiotherapy (SABR) and irreversible electroporation (IRE)) have the capacity to initiate immunogenic
cell death, thereby releasing damage-associated molecular patterns (DAMPs) and antigens, followed by alleviation of
tumor-induced immune suppression and tumor-specific T cell priming. The immune response may be further leveraged by
employing other immunotherapies such as immune checkpoint inhibitors (ICI), adoptive cell therapies (ACT) or adjuvants.
Systemic immune response: With the exception of antigen-pulsed DC vaccines, all other forms of vaccination require

in vivo antigen uptake of DCs. Activated DCs transport the antigens to the draining lymph nodes and establish antigen-
specific priming and expansion of T cells. Primed effector anti-tumor T cells (Th1 CD4" and CD8" cytolytic T cells) roam
the system in search of tumor cells and upon discovery may destroy these cancerous cells.

4.7.1. GVAX

Pancreas GVAX contains irradiated allogeneic pancreatic cancer cells, unable to grow,
administered intradermally and comprising a plethora of PDAC antigens. In addition,
the vaccine has been virally transduced with GM-CSF, an immune stimulatory cytokine
with the ability to attract and activate conventional DCs (cDCs) [193], thus facilitating
cross-priming of antigens contained within the constituent allogeneic cell lines. Thus far,
results have demonstrated that GVAX, with or without concurrent treatments, is safe and
well-tolerated and can induce antigen-specific T cell responses [57,108-112]. However, it
has yet to show superior efficacy compared to current standard chemotherapy. In their
phase 2b RCT of 169 mPDAC patients, Le et al. [110] showed no improved survival for
patients receiving GVAX plus cyclophosphamide (Cy, aiming to eliminate Tregs) plus
CRS-207 (i.e., a Listeria Monocytogenes-based bacterial vaccine expressing mesothelin) or
CRS-207 only, compared to chemotherapy (mOS 3.7 months, 5.4 months and 4.6 months,
respectively, p > 0.05). Additionally, Tsujikawa et al. [111] showed no benefit of supple-
mental anti-PD-1 when added to a GVAX regimen (GVAX + Cy + CRS-207) in 93 mPDAC
patients, with mOS of 5.9 months versus 6.2 months. However, patients whose TME
showed an increase in CD8* T cells and a decrease in TAMs and MDSCs, had a better
OS. The same group also published an RCT in which the value of GVAX + anti-CTLA-4
was explored in a maintenance setting where mPDAC patients had already received 4-6
doses of FOLFIRINOX. Patients (1 = 82) were randomized to receive the experimental
treatment (GVAX + anti-CTLA-4, n = 40) or continue standard FOLFIRINOX (n = 42). While
dual immunotherapy did promote memory T cell differentiation and increased the M1
macrophage population, it proved significantly inferior in terms of survival compared to
FOLFIRINOX (mOS 9.4 months vs. 14.7 months, ORR 6% vs. 14%, p = 0.019).
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Table 6. Clinical studies on pancreatic tumor vaccines.

. . . . . No. of Patient mPFS mOS
Authors Year Phase Immunotherapy Type of Vaccine Admin. Site Combined with Patients Population (Months) (Months)
GVAX
GVAX (+ . .
Lutz [108] 2011 2 GM-CSF) Whole-tumor-cell id. + resection + CRT 60 Resected PDAC 17.3 24.8 (1)
1) +Cy+
GVAX (+ ; ) . ) Pre-treated (1) 6.1(t)
Le [109] 2015 2 GM-CSF) Whole-tumor-cell id. CRS-207 920 MPDAC NR (2)3.9 (1)
@) +Cy
1) +Cy+
123 (1) 3.7 (t)
GVAX (+ . CRS-207 Pre-treated
Le [110] 2019 2b GM-CSF) Whole-tumor-cell id. @) +Cy 169 mPDAC g; gi g)) zg g))
(3) chemo only ’ ’
(1) +Cy+
CRS-207 +
. GVAX (+ ’ . . utig Pre-treated 122 (1) 5.9 (t)
Tsujikawa [111] 2020 2 GM-CSF) Whole-tumor-cell id. anti-PD-1 93 mPDAC 2)22 2) 6.1 (t
(2)+Cy+
CRS-207
(1) + anti-CTLA-4 Pre-treated
Wu [112] 2020 2 gl\\/]fé(S;; Whole-tumor-cell id. (2) FEX only 82 mPDAC (4-6 8; gé ((21))194'47(8)
(continuation) doses FFX) ’ ’
WT-1
. . . . Gem-naive
Kaida [163] 2011 1 WT-1 vaccine Peptide id. +gem 9 LAPC/mPDAC NR 8.2 (t)
Treatment-naive
o . . . LAPC/mPDAC
Nishida [164] 2014 1 WT-1 vaccine Peptide id. +gem 32 and treated 42 8.1 (t)
recurrent disease
mPDAC:
Treatment-naive
Koido [165] 2014 1 WT-1 vaccine DC id. + gem 10 newly diagnosed NR NR

or recurrence after

resection
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Table 6. Cont.
. . . . . No. of Patient mPFS mOS
Authors Year Phase Immunotherapy Type of Vaccine Admin. Site Combined with Patients Population (Months) (Months)
. . . Treatment-naive
Tsukinaga [166] 2015 NR WT-1 vaccine DC id. +gem 7 MPDAC 6.8 10.7 (t)
. . . Treatment-naive
Mayanagi [167] 2015 1 WT-1 vaccine DC id. + gem 10 LAPC/mPDAC NR 8 (t)
Yanagisaw Resected,
a ;%;? a 2018 1 WT-1 vaccine DC id. + chemo 8 chemo-naive NR NR
PDAC
Treatment-naive
. ; . . . (1) + gem LAPC, mPDAC or 1)5.2 (1) 9.6 (t)
Nishida [169] 2018 2 WT-1 vaccine Peptide id. (2) gem alone 85 recurrence after (2)33 (2)89 (1)
resection
Pre-treated (CRT)
. . PDAC: Resected,
Hanada [170] 2020 NR WT-1 vaccine DC id. - 6 MPDAC, 19.9 59 (x)
recurrent
Nagai [171] 2020 1/2a WI-1/ MUC-1 DC id. +gem 10 Resected PDAC 17.7 46.4 (t)
vaccine
KIF20A
Chemo-refractory,
. . (1) -(2) no LAPC/mPDAC or 1) 1.8 (1) 4.7 (x)
Asahara [172] 2013 1/2 KIF20A vaccine Peptide s.C. treatment (BSC) 110 recurrence after (2) NR 2) 2127 (x)
resection
. . . Pre-treated 5.7 (t)
Suzuki [173] 2014 1 KIF20A vaccine Peptide S.C. + gem 9 LAPC/mPDAC NR 18 (d)
VEGFR
LAPC/mPDAC,
Miyazawa [174] 2010 1 VEGFR?2 vaccine Peptide s.C. + gem 18 17% 3.9 7.7 (t)
treatment-naive
. . (1) + gem Treatment-naive 1)3.7 (1) 8.4 (t)
Yamaue [175] 2015 2/3 VEGEFR2 vaccine Peptide S.C. (2) gem only 153 LAPC/mPDAC (2)3.38 (2)85 (1)
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Table 6. Cont.
. . . . . No. of Patient mPFS mOS
Authors Year Phase Immunotherapy Type of Vaccine Admin. Site Combined with Patients Population (Months) (Months)
KIF20A +
VEGFR
KIF20A + Chemo-naive
Suzuki [176] 2017 2 VEGFRl /2 Peptide s.C. +gem 68 LAPC/mPDAC 4.7-5.2 9-10 (t)
vaccine
KIF20A +
Miyazawa [177] 2017 2 VEGFR1/2 Peptide s.c. +gem 30 Resected PDAC 15.8 NR
vaccine
Survivin
Kameshima LAPC/mPDAC /recurrence,
[178] 2013 NR Survivin vaccine Peptide s.c. + IFA, IFN-« 6 unknown prior NR NR
treatments
(1) + IFA, IFN-B Pre-treated 122 (1) 3.4 (t)
Shima [179] 2019 2 Survivin vaccine Peptide S.C. (2) + IFA(3) 83 LAPC/mPDAC (2) 3.2 (1)
placebo only 3)2.3 (3) 3.6 (t)
MUC-1
Rong [180] 2012 1 MUC-1 vaccin DC id ; 6 Pre-treated NR NR
ong acane A LAPC/mPDAC /recurrence
Mesothelin
Mesothelin- Treatment-
Le [181] 2012 1 expressing Lm Lm iwv. - 9 refractory NR 7 (x)
vaccine PDAC
hTERT
(1) chemo only
(2) + chemo +
Telomerase GM-CSF Treatment-naive (1)6.4 (1)7.9()
Middleton [115] 2014 1 vaccine Peptide id. (sequential) 1062 LAPC/mPDAC (2) 4.5 (2) 6.9 (t)
(3) + chemo + (3) 6.6 (3)8.4(t)
GM-CSF

(concurrent)
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Table 6. Cont.
. . . . . No. of Patient mPFS mOS
Authors Year Phase Immunotherapy Type of Vaccine Admin. Site Combined with Patients Population (Months) (Months)
Neoantigen:mutant
KRAS
Wedén [113] 2011 1/2 KRAS vaccine Peptide id. + GM-CSF 23 Resected PDAC NR 27.5 (t)
Abou-Alfa [182] 2011 Peptide id. + GM-CSF 24 Resected PDAC 8.6 20.3 (1)
mPDAC
Kul[);l Ssg]h ok 2012 1 KRAS vaccine LCL s.C. - 7 (recurrent or 3.1 4.5 (t)
newly diagnosed)
Palmer [114] 2020 1/2 KRAS vaccine Peptide id. + GM-CSF + gem 32 Resected PDAC 13.9-19.5 33.1-34.2 (t)
Neoantigen:other
Bassani- + chemo +
Sternberg 2019 1b Neoantigens DC s.C. anti-PD-1 + 3 Resected PDAC NR NR
[184] aspirin
Tumor-based
Yanagimoto Personalized . Treatment-naive
[185] 2010 2 vaccine Peptide s.C. +gem 21 LAPC,/mPDAC 7 9 (t)
Bauer [186] 2011 1 Tumor lysate DC—Whole- id. + gem 12 Recurrence after NR 10.5 (dr)
vaccine tumor-cell resection
Personalized
. . + chemo + LAK Chemo-refractory
Kimura [187] 2012 NS and/or tumor DC it cell therapy 49 LAPC/mPDAC NR 11.8 (t)
lysate vaccine
Chemo-refractory
Personalized mPDAC, newly
Yutani [188] 2013 2 vaccine Peptide s.C. + chemo 41 diagnosed and NR 7.9 (t)
recurrence after
resection
Qiu [189] 2013 1 Tumor lysate DC id + CIK cell therapy 14 Pre-treated NR 247 (d)
expressing x-Gal h LAPC/mPDAC '
Pancreatic cancer Pre-treated stage
Lin [190] 2015 NS Whole-tumor-cell s.C. - 90 II PDAC, LAPC, NR NR

stem cell lysate

mPDAC
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Table 6. Cont.

. s e . . No. of Patient mPFS mOS
Authors Year Phase Immunotherapy Type of Vaccine Admin. Site Combined with Patients Population (Months) (Months)
Various tumor (2)(11)0+f1?r1t1}<1er (1)4.4 (1)

Zhang [191] 2016 R antigens DC iv. 150 Pre-treated PDAC NR )
(un ified) treatment after (2) 3.8 (t)
spectiie baseline therapy
hTERT, CEA, . + TLR-3 agonist Pre-treated
Mehrotra [192] 2017 1 survivin vaccine DC id. (im.) 12 LAPC/mPDAC 3 7.7 (t)

NR = not reported; R = retrospective; i.d. = intradermal; i.v. = intravenous; i.m. = intramuscular; i.t. = intratumoral; s.c. = subcutaneous; «-Gal = alpha-galectin; TLR = toll-like receptor; Cy = cyclophosphamide;
CRS-207 = mesothelin-expressing Lm vaccine; Lm = Listeria monocytogenes; DC = dendritic cell, LAK = lymphokine-activated killer; CIK = cytokine-induced killer; FFX = FOLFIRINOX; gem = gemc-
itabine; chemo = chemotherapy; BSC = best supportive care; IFA = incomplete Freund’s adjuvant; LAPC = locally advanced pancreatic cancer; mPDAC = metastatic pancreatic ductal adenocarcinoma;
mPFS = median progression-free survival; mOS = median overall survival; t = from treatment/registration; d = from diagnosis; dr = from diagnosis of recurrent disease; x = unknown whether from diagnosis or
treatment/registration.
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4.7.2. WT-1

WT-1 plays a crucial role in tumor growth, invasion, angiogenesis and metastatic
processes, with overexpression observed in approximately 75% of PDAC patients [194-196].
WT-1 peptide vaccines [163-171] and WT-1 peptide-pulsed DCs [165-169,171] have been
utilized in combination with chemotherapy. Nishida et al. [169] presented data on the
largest cohort, including 85 patients with recurrent, LAPC or mPDAC who were ran-
domized to receive an intradermal WT-1 peptide vaccine plus gemcitabine (n = 42) or
gemcitabine monotherapy (n = 43). No significant difference in overall survival was
observed (mOS 9.6 months vs. 8.9 months (p = 0.4); mPFS 5.2 months vs. 3.3 months
(p = 0.08)) was noted, but patients with positive a delayed-type hypersensitivity (DTH) had
a substantially improved PFS (p > 0.001). On the other hand, Nagai et al. [171] employed a
WT-1/MUC-1 peptide-pulsed DC vaccine combined with gemcitabine as adjuvant therapy
in resected PDAC patients. Up to 40% of patients generated a WT-1-specific CD8* T cell
response. While they had no direct control group, the reported survival outcomes were
favorable and encourage comparative studies, mPFS and mOS of 17.7 and 46.4 months
from the first vaccination, respectively.

4.7.3. KIF20A

KIF20A belongs to the superfamily of motor proteins which play an essential role in
the trafficking of molecules during pancreatic cancer growth [197] and is highly expressed
in >90% of PDAC patients [198]. Initial results have been published of KIF20A vaccines for
PDAC [172,173,176,177]. Asahara et al. [172] utilized a subcutaneously injected KIF20A-
66 protein vaccine in gemcitabine refractory, unresectable or recurrent metastatic PDAC
patients (n = 29), resulting in a peptide-specific CD8* effector T cell response and an mOS
of 4.2 months, compared to 2.2 months after best supportive care (p = 0.047).

4.7.4. VEGFR

Under physiological conditions, VEGF is essential for angiogenesis during embryonic
growth, normal growth and tissue repair. However, in cancer this process has become
deregulated due to abnormal expression of VEGEF, resulting in anomalous blood vessel
structures, thereby promoting tumor growth, invasion and spread, while hindering proper
lymphocyte homing and extravasation [199]. VEGF and its receptors, VEGFR1/2, are
co-expressed in 77-93% of PDAC patients and overexpression is linked to worse clini-
cal prognosis [200,201]. A few articles have presented clinical data of VEGFR vaccines
in PDAC [174-177]. Yamaue et al. [175] reported results of a phase 2/3 RCT in which
153 chemoradiation naive LAPC and mPDAC patients were included and allocated either a
subcutaneously injected VEGFR2 peptide vaccine combined with gemcitabine (n = 100) or
a placebo with gemcitabine (n = 53). Results revealed a comparable mOS between the two
treatment groups (8.4 and 8.5 months, p = 0.9, respectively). Similar results were presented
by Miyazawa et al. [174]

4.7.5. Survivin

Survivin is physiologically expressed during embryonic and fetal development and
plays a critical role in cell cycle control and apoptosis. In PDAC it is re-expressed in
about 80% of patients [202], with elevated expression associated with worse prognosis
and treatment resistance [203]. Shima et al. [178,179] utilized a survivin 2B-vaccine (SVN-
2B) in a phase 2 clinical trial with randomization design in which 83 advanced PDAC
patients were included, all pre-treated with at least one line of chemotherapy. Patients were
allocated to receive SVN-2B + IFN-« (1 = 30), SVN-2B only (1 = 34) or a placebo (1 = 19).
While survivin-specific CD8* T cells were increased, mOS outcomes were similar between
the three arms (3.4 months, 3.2 months and 3.6 months, respectively).
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4.7.6. MUC-1

MUC-1 is expressed at intermediate levels by pancreatic tissue, orchestrating cell
signaling and differentiation functions. However, atypical expression is seen in >60% of
PDAC patients and correlates with tumor size and dysplasia, suggesting a pivotal role
in tumor progression [204]. Rong et al. [180] employed a MUC-1-pulsed DC vaccine in
7 advanced PDAC patients previously treated with chemotherapy and surgery, all of
whom had aberrant MUC-1 expression. ELISPOT assays showed an increase in IFN-y and
granzyme B secreting peripheral blood mononuclear cells (PBMCs) in 29% of patients, but
a clinical response was not observed (ORR 0%, DCR 0%).

4.7.7. Mesothelin

Mesothelin is minimally expressed in several healthy tissues and is almost always
(~100%) highly expressed in PDAC at its invading edges, but its exact functions remain
unknown [205]. It is often co-expressed with CA-125 (MUC-16). Binding of CA-125
with secreted mesothelin enhances tumor cell motility and invasion [206]. In chemother-
apy refractory PDAC patients, CRS-207 (the mesothelin-expressing bacterial vaccine) in-
creased mesothelin-specific CD8" T cells in 60% of patients and resulted in an mOS of
7 months [181].

4.7.8. hTERT

Telomeric ends of DNA strings become progressively shortened with cellular replica-
tion, eventually leading to senescence and death. Pancreatic cancer cells are able to reverse
this process by re-activating telomerase enzymes, which can elongate shortened telomeres,
hereby inducing replicative immortality [207]. Middleton et al. [115] published a phase 3
RCT, including LAPC and mPDAC patients (n = 1082) of whom a subset was treated with
an intradermal telomerase peptide vaccine (GV1001). Patients were randomized to receive
chemotherapy (n = 358), sequential chemo-immunotherapy (GV1001/GM-CSF) (1 = 350)
or concurrent chemo-immunotherapy (GV1001/GM-CSF) (n = 354). Adding GV001 did
not improve survival; the mOS outcomes were 7.9 months, 6.9 months and 8.4 months,
respectively (p = 0.11). For both chemo-immunotherapy groups an immunological re-
sponse was measured; in the sequential group 12% of patients were DTH positive and 31%
demonstrated GV1001-specific T cell proliferation, whereas in the concurrent group 20% of
patients were DTH+ and 15% demonstrated GV1001-specific T cell proliferation.

4.7.9. Neoantigen: Mutant KRAS

The KRAS protein is part of the RAS/Mitogen-Activated Protein Kinase (MAPK)
signaling pathway, involved in cell proliferation and differentiation. In more than 90% of
PDAC patients the KRAS proto-oncogene is mutated, its expression being associated with
overall worse prognosis and treatment insensitivity [208]. In clinical trials, a mutant KRAS
vaccine has been utilized through an Epstein Barr Virus-transformed lymphoblastoid
cell line (CLC) [183] or combined with adjuvant GM-CSF [113,114] in PDAC patients
with a confirmed KRAS mutation. Mutant KRAS vaccines combined with gemcitabine
as adjuvant therapy have demonstrated encouraging initial results in resected PDAC
patients. Palmer et al. [114] published data from a phase 1/2 clinical trial, in which
32 PDAC patients with resected primary tumors received an intradermal injection of a
seven-peptide vaccine covering most known mutations of KRAS (TG01), co-administered
with recombinant GM-CSF (TG01/GM-CSF), and combined with gemcitabine. Their
survival outcomes (mOS 33.1-34.3 months; mPFS 13.9-19.5 months) compared favorably
with current literature reporting survival after resection followed by adjuvant gemcitabine
(mOS 17-27 months) [209-212]. In addition, patients presented with enhanced levels
of immune activation; 62-95% of patients were skin-tested and showed a positive DTH
reaction, 74-92% of patients had peptide-specific T cells.



Cancers 2021, 13, 4138

28 of 41

4.7.10. Neoantigen: Other

Neoantigen vaccines are fairly novel but have already seen some preliminary clinical
success in multiple solid tumors, even poorly immunogenic glioblastoma, in terms of
safety, immunogenicity and feasibility [213-216]. A pre-clinical study using a murine
PDAC model demonstrated that a combined neoantigen vaccine and STING adjuvant
regimen resulted in transient tumor regression [142]. Moreover, adding anti-PD-1 and an
OX40 agonist enhanced these results. Clinically, there is only a proof-of-antigen discovery
feasibility study done in three resected PDAC patients [184]. A multitude of clinical trials
are currently recruiting PDAC patients for neoantigen vaccine treatments (e.g., ClinicalTri-
als.gov Identifier: NCT03558945, NCT03953235, NCT03956056).

4.7.11. Tumor-Based /Multiple Antigen Vaccines

Tumor-based vaccines and multi-antigen vaccines, with or without DCs as delivery
vector, have been utilized clinically for PDAC [185-192]. As first-line treatment, a personal-
ized peptide vaccine was combined with gemcitabine in 21 LAPC and mPDAC patients,
resulting in an mOS of 9 months and mPFS of 7 months [185], similar to gemcitabine /nab-
paclitaxel alone (8.5 months). Impressive results were demonstrated when alpha-galactosyl
(x-Gal)-expressing tumor lysate-pulsed DCs were combined with cytokine-induced killer
cells (CIK) [189]. Pre-treated LAPC and mPDAC patients (n = 14) achieved an mOS of
24.7 months from diagnosis and CD8" T cells, CD45"RO* T cells and CD56* NK cell
levels were increased. DTH was positive in 86% of patients and correlated with prognosis
(p > 0.01). Mehrotra et al. [192] combined a peptide-pulsed hTERT DC vaccine, carcinoem-
bryonic antigen (CEA) and survivin with an intramuscular TLR-3 agonist (poly-ICLC) in
pre-treated LAPC and mPDAC patients, resulting in an mOS and mPFS of 7.7 and 3 months
from immunotherapy treatment. This treatment combination induced measurable and
tumor-specific T cell populations. Other studies confirm the ability of these multi-antigen
vaccines to induce an anti-tumor immune response [185-188,190,191].

4.8. Immunotherapy and Local Ablation

Focal ablation techniques have, in addition to their tumor destructive capacity, demon-
strated immune potentiating abilities by inducing immunogenic cell death and temporar-
ily lifting immune-suppressive conditions [11,217,218]. In effect, this form of tumor de-
struction may prompt in vivo vaccination against patient-specific pancreatic tumor cells
(Figure 6). Combining ablation with immunotherapy might act synergistically to elicit
an anti-tumor immune response. Of the available ablation techniques, thus far only irre-
versible electroporation (IRE) and stereotactic ablative body radiotherapy (SABR) have
been combined with immunotherapy in PDAC patients (Table 7).
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Table 7. Clinical studies combining immunotherapy with ablative therapies.

Ablative No. of . . mPFS mOS
Authors Year Phase Immunotherapy Therapy Approach Treatment Patients Patient Population (Months) (Months)
IT + IRE
. NK cell (1) IRE only LAPC/mPDAC, 73% (1)4.8-79 (1)9.1-12.2 (t)
Lin [219] 2017 NR therapy IRE Perc. (2) IRE + NK cells 67 pre-treated with CRT  (2)53-91  (2)10.2-13.6 ()
LAPC, 79%
. Vyove2 T cell (1) IRE only ) T (18 (1) 11 ()
Lin [220] 2020 NR therapy IRE Perc. (2) IRE + T cells 62 pre-treated with @11 2)145 ()
chemo
O'Neill [221] 2020 1b Anti-PD-1 IRE Open IRE + anti-PD-1 10 LAPC, pre-treated 6.3 18 (x)
with chemo
IT + SABR
SABR + chemo +
. . nelfinavir + LAPC/mPDAC,
Lin [222] 2019 1/2 Anti-CA-125 SABR - Anti-CA-125 L 11 treatment-naive 8.6 13 (t)
resection
(1) SABR +
anti-PD-L1
. Anti-PD-L1 . LAPC/mPDAC, (1)1.7-25 (1)3.39 (t)
Xie [223] 2020 1 Anti-CTLA-4 SABR a(rft)i-sl’%]%ili 5 pre-treated chemo (2)0.9-2.3 (2) 2.1-4.2 (t)

anti-CTLAA-4

NR = not reported; IT = immunotherapy; IRE = irreversible electroporation; SABR = stereotactic ablative body radiotherapy; perc = percutaneous; chemo = chemotherapy; LAPC = locally advanced pancreatic
cancer; mPDAC = metastatic pancreatic ductal adenocarcinoma; mPFS = median progression-free survival; mOS = median overall survival; t = from treatment/registration; d = from diagnosis; x = unknown
whether from diagnosis or treatment/registration.
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4.8.1. Immunotherapy + IRE

IRE has demonstrated the ability to temporarily lift immune-suppressive barriers
and to elicit an anti-tumor immune response in PDAC patients [224,225]. Consequently,
the feasibility of combined IRE with immunotherapy, coined as ‘electroimmunother-
apy’ [226], was examined in pre-clinical immunocompetent PDAC murine models, re-
sulting in significant tumor regression, increased CD8" T cell infiltration and improved
survival [137,227-229]. In a clinical setting, percutaneous IRE has been combined with
allogeneic NK cell therapy [219]. Compared to IRE alone, IRE + NK cells resulted in a
modestly improved mOS in patients with LAPC (12.2 vs. 13.6 months, p = 0.033, n = 35)
and mPDAC (9.1 vs. 10.2 months, p = 0.037, n = 32), as well as improved mPFS in LAPC
(9.1 months vs. 7.9 months, p = 0.043). Furthermore, patients receiving NK cell therapy
demonstrated significantly increased systemic levels of total and CD8* T cells, NK cells and
pro-inflammatory cytokines. Recently, an RCT was published in which IRE + allogeneic
Vy9V62 T cells (n = 30) was compared to IRE alone (1 = 32) in 62 LAPC patients, of whom
49 had previously received chemotherapy [220]. Clinical outcomes for IRE + Vy9V$2 T
cells were superior compared to IRE alone (mOS 14.5 months vs. 11 months, p = 0.01; mPFS
11 months vs. 8 months, p = 0.03). Interestingly, patients receiving multiple T cell infusions
survived significantly longer compared to patients receiving a single infusion (mOS 17
months vs. 13.5 months, p > 0.05). O’Neill et al. [221] provided initial results of a phase 1b
trial in which a combination of surgical IRE and systemic anti-PD-1 was administered to
ten LAPC patients. All patients were stable after first line chemotherapy (8 FOLFIRINOX,
2 gemcitabine /nab-paclitaxel). The mOS was 18 months and mPFS was 6.3 months, thus
providing a solid base for their subsequent, currently ongoing phase 2 clinical trial. Finally,
the PANFIRE-III trial (NCT04612530) is currently evaluating safety and efficacy of IRE
+ systemic anti-PD-1 + an intratumoral TLR-9 agonist in mPDAC patients with at least
stable disease after pre-treatment with a minimum of eight FOLFIRINOX cycles [139].

4.8.2. Immunotherapy + SABR

Pre-clinical treatment strategies in murine PDAC models combining SABR and in-
tratumoral anti-CD40 or intratumoral IL-12 microspheres presented promising results.
IFN-y production increased and CD8" T cells were activated, followed by significant tu-
mor regression and formation of long-term immunologic memory [230,231]. Clinically,
Xie et al. [223] examined combination treatment with SABR and immune checkpoint in-
hibitors in 59 pre-treated mPDAC patients. Interestingly, SABR + anti-PD-L1 (mOS of
3.3-9 months) resulted in superior survival compared to SABR + anti-PD-L1 + anti-CTLA-4
(mOS 2.1-4.2 months). An increase in CD3* and CD8* T cells was observed independent
of clinical response. While this study was limited due to an absent control arm, SABR +
anti-PD-L1 may confer a minor survival benefit in previously treated mPDAC patients. In
another clinical trial, a multimodal treatment strategy including chemotherapy, SABR, nel-
finavir (anti-retroviral drug, i.e., a radiosensitizer), an anti-CA-125 antibody =+ pancreatic
resection in LAPC patients (n = 11) resulted in an mOS and mPFS of 13 and 8.6 months,
respectively [222]. Of the five patients tested, 40% developed CA-125 specific CD8* T cells.
Overall, this treatment approach was safe and feasible, but did not result in a major clinical
benefit. Multiple trials are ongoing that combine SABR with various immunotherapies
in PDAC (e.g., ClinicalTrials.gov Identifier: NCT03563248; NCT04390399; NCT04327986;
NCT04098432).

5. Conclusions

Results from clinical trials incorporating immunotherapy strategies have been disap-
pointing in PDAC. The limited efficacy, although of multifactorial causation, can largely
be attributed to the highly immunosuppressive TME. In order to overcome this major
obstacle, current immunotherapies such as oncolytic viruses, cancer vaccines and adoptive
(CAR) T or NK cell therapies should be improved and optimized. In addition, novel
immunotherapy targets identified in a pre-clinical context for which limited or no clinical
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data in PDAC exists should be further explored to determine their potential. These include
novel immune checkpoint inhibitors, stimulatory agonists and adjuvants. Equally, the
complex interplay of immunosuppressive mechanisms likely requires rational multimodal
treatment approaches, targeting several immune evasion mechanisms to establish a durable
anti-tumor response. In order to achieve this response, antigen presentation should be
improved, anti-tumor immune cells activated, checkpoint-induced inhibition removed
and tumor-site infiltration of cytotoxic immune cells increased. To make such optimized
treatment choices, careful dissection of immune evasion mechanisms at play in the human
PDAC TME and its draining lymph nodes is required. The motive for employing combina-
tion therapies is reinforced by the demonstrable potential of various immunotherapies to
elicit a tumor-specific immune response. Moreover, therapies with the ability to provoke
immunogenic cell death (e.g., chemotherapy and ablative treatment) may work synergis-
tically with immunotherapy. For these strategies, optimal timing, dosage and choice of
combination therapies may emerge as the primary challenge. Ultimately, the aim is to
develop a (personalized) multimodal treatment strategy which will lift immunosuppressive
barriers, effectively kill all tumor cells and create long-lasting protective immune memory.
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