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Abstract: Despite decades of research, pancreatic ductal adenocarcinoma (PDAC) continues
to have the worst 5-year survival of any malignancy. With 338,000 new cases diagnosed
and over 300,000 deaths per year globally there is an urgent unmet need to improve the

therapeutic options available.

Novel immunotherapies have shown promising results across multiple solid tumours, in a
number of cases surpassing chemotherapy as a first-line therapeutic option. However, to
date, trials of single-agent immunotherapies in PDAC have been disappointing and PDAC has
been labelled as a nonimmunogenic cancer. This lack of response may in part be attributed to
PDAC’s unique tumour microenvironment (TME], consisting of a dense fibrotic stroma and a
scarcity of tumour infiltrating lymphocytes. However, as our understanding of the PDAC TME
evolves, it is becoming apparent that the problem is not simply the immune system failing

to recognize the cancer. There is a highly complex interplay between stromal signals, the
immune system and tumour cells, at times possibly restraining tumour growth and at others

supporting growth and metastasis.

Understanding this complexity will enable the development of rational combinations with
immunotherapy, priming the TME to offer immunotherapy the best chance of success. This
review seeks to describe the unique challenges of the PDAC TME, the potential opportunities it
may afford and the trials in progress capitalizing on recent insights in this area.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is pre-
dicted to become the second leading cause of can-
cer-related deaths in America by 2030.! Despite a
multitude of clinical trials, prognosis remains dis-
mal, with a median overall survival (OS) of
4-6 months, having not significantly improved
over the last 40 years.? This poor prognosis is mul-
tifactorial, attributed to PDAC’s systemic and
aggressive nature, its complex mutational land-
scape, its desmoplastic stroma, a potently immu-
nosuppressive tumour microenvironment (TME)
and a current lack of effective therapies.

Surgery remains the only curative treatment for
PDAC, but few patients present with operable

disease and approximately 80% patients who
undergo curative intent surgery ultimately
relapse and succumb to their disease.>* The
majority of patients present with advanced
disease, where the standard of care is chemo-
therapy, but PDAC constitutes a relatively
chemotherapy-resistant cancer. Even for the fit-
test patients, able to tolerate the triplet chemo-
therapy regimen FOLFIRINOX (5-fluorouracil,
irinotecan and oxaliplatin), OS is only extended
to 11 months.> Such palliative chemotherapy
may be associated with significant toxicity and
its impact on quality of life must be carefully
considered. Targeted therapies in unselected
PDAC patients have not fared any better than
chemotherapy in clinical trials and have been
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Table 1. Single-agent trials of checkpoint inhibition in PDAC to date.

Reference Phase Design N Results Toxicity
Royal and Il CTLA-4 27 One patient 11% patients
colleagues® Locally advanced/ inhibitor had a delayed experienced grade
metastatic PDAC ipilimumab objective =3 immune-related
response adverse events
Brahmerand | Anti-PD-L1 14 0 PDAC patients 9% patients across all
colleagues’ Multiple tumours, (BMS-936559) had an objective  tumour types had grade

advanced PDAC

=3 immune-related
adverse events

response

PDAC, pancreatic ductal adenocarcinoma; PD-L1, programmed death ligand 1.

unable to offer any clinically meaningful benefit
to date.® There is therefore an urgent unmet
need to develop novel, effective, well-tolerated
treatments for this disease and immunotherapy
is an obvious area for exploration.

Immunotherapy has resulted in a paradigm shift
in the treatment of a number of solid tumours,
including melanoma, non-small cell lung cancer
(NSCLCQC), gastric cancer, genitourinary cancers,
head and neck cancer and selected colorectal can-
cers.” However, as yet PDAC has proved more of
a challenge with disappointing results from early
trials of single-agent immune checkpoint block-
ade8® (Table 1). This failure is likely due to a
combination of mechanisms of immune escape in
PDAC. These mechanisms range from a poten-
tial lack of antigenicity and a low mutational bur-
den to the complex interactions between tumour
cells, the desmoplastic stroma and immune cells
in PDAC creating a highly immunosuppressive
TME, making this disease insusceptible to single-
agent immunotherapy.

This review seeks to describe PDAC’s immune
escape mechanisms, focusing on recent insights
into the interplay between various elements of its
immune-excluded TME, and consider how these
insights may be leveraged into combination
immunotherapy studies with a sound scientific
basis.

Antigenicity and tumour mutational burden

in PDAC

As described in the cancer immunity cycle, an
effective anticancer immune response requires
multiple steps.1? The first steps require the release
and presentation of neoantigens: tumour-associ-
ated antigens or tumour-specific antigens. The

presence of these neoantigens has been associated
with increased numbers of tumour infiltrating
lymphocytes (TILs) and enhanced sensitivity to
checkpoint blockade. For example, a higher neo-
antigen burden and nonsynonymous mutational
load have been associated with improved efficacy
of pembrolizumab treatment in patients with
NSCLC!! and a higher mutational burden with
increased clinical benefit from ipilimumab/treme-
limumab in melanoma.!? The relationship
between high mutational burden, increased TILs
and efficacy of immunotherapy is also seen in
tumours associated with mismatch repair (MMR)
deficiency,!> noting approximately 9-17% of
PDACs may have an MMR deficiency.!4-1¢ While
these microsatellite instability high PDAC
patients may be considered for immunotherapy
under the tumour agnostic approval for pembroli-
zumab, this is not the case for the majority of
patients.

Pancreatic cancer is reported to have a relatively
low mutational load with a median somatic muta-
tional prevalence of only 1 mutation/megabase,
contrasting with over 10 mutations/megabase
present in melanoma and just under 10 for lung
cancer and bladder cancer.!” A value of 10
somatic mutations/megabase of DNA corre-
sponds to approximately 150 nonsynonymous
mutations within expressed genes and the forma-
tion of neoantigens is common in tumours with
such a mutational load.!® How effective neoanti-
gen formation is with lower mutational loads of
one or less is less clear.!8

Despite PDAC having a comparatively low muta-
tional load there is evidence that nearly all cases
do express some candidate neoantigens, includ-
ing quality neoantigens predicted to have a robust
level of expression on human leukocyte antigen
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Figure 1. Pancreatic ductal adenocarcinoma stroma.

Malignant epithelial cells surrounded by the desmoplastic reaction of pancreatic stellate cells [fibroblasts), which produce

extracellular matrix proteins, with limited immune cell infiltration.

class 1 molecules.!® Further, using iz silico neoan-
tigen prediction, it has been demonstrated that
patients with tumours with the highest number of
neoantigens alongside the most abundant CD8+
T-cell infiltrates have the longest survival.20
However, these neoantigens then require efficient
presentation by antigen-presenting cells to stimu-
late a T-cell response, which appears to be prob-
lematic in PDAC.

Dendritic cells (DCs), a form of antigen-present-
ing cell, respond to neoantigen recognition with
upregulation of the major histocompatibility
complex (MHCQC) I and II and costimulatory mol-
ecules that interact with and activate T-cells. DCs
in PDAC tend to be scarce and if present, imma-
ture, resulting in impaired early tumour antigen
recognition and subsequent T-cell response.?!

In addition to the low mutational load and
impaired antigen recognition, immunosuppres-
sion is also a particularly dominant force in
PDAC, leading to actively suppressed T-cells
with a reduced activation signature.!® The TME
plays a key role in this immunosuppression.

The tumour microenvironment in PDAC

The TME in PDAC is characterized by a desmo-
plastic reaction, a growth of fibrous tissue, sur-
rounding the malignant epithelial cells.22 This
reaction is composed of cancer-associated fibro-
blasts, arising from pancreatic stellate cells, which
produce several extracellular matrix proteins and
cytokines, and vascular endothelial cells, all infil-
trated by a variety of immune cells (lymphocytes,
mast cells and macrophages; Figure 1).

The highly fibrotic stroma is seen surrounding
both primary and metastatic lesions??> and is
thought to play an important role in PDAC
growth, metastasis and resistance to treatment, as
well as promoting a hypoxic microenvironment.?*
Indeed, co-injection of human pancreatic stellate
cells with tumour cells has been shown to result in
increased primary tumour incidence, size, and
metastasis in orthotopic mouse models.?>
However, there is considerable complexity to the
interactions between the stroma and the tumour
cells. The stroma appears to have a dual nature,
at times even restraining pancreatic cancer
progression.26-28

Moffitt and colleagues defined ‘normal’ and ‘acti-
vated’ stromal subtypes, based on stromal gene
expression. The ‘activated’ stromal subtype is
associated with a worse median OS versus the
‘normal’ stromal subtype [hazard ratio (HR)
1.94, confidence interval (CI) 1.11-3.37, p =
0.019].2° The group postulated that the existence
of these two subtypes might help to explain the
differential effects of stroma seen in some preclin-
ical models and indeed in clinical trials. Activated
stroma was characterized by a diverse set of genes
associated with macrophages, such as ITGAM,
an integrin and CCL13 and CCL18 chemokine
ligands.

Unpicking such stromal signalling is of para-
mount importance in understanding how the
immunosuppressive TME develops and is main-
tained. While PDAC has been described as a
nonimmunogenic cancer a robust infiltrate of
immune cells has been documented, usually
dominated by myeloid derived suppressor cells
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(MDSCs), tumour-associated macrophages
(TAMs) and neutrophils, with TILs present but
in smaller numbers.19:3%:31 The immunosuppres-
sive MDSCs and TAMs are attracted to the TME
by granulocyte macrophage colony-stimulating
factor (GM-CSF) and chemokine (C-C motif)
ligand 2 (CCL2) secreted by the tumour cells
respectively.32 The presence of these myeloid
cells is associated with a worse prognosis in
patients with resected disease, as are regulatory
T-cells. On the other hand, the presence of effec-
tor (CD8+ and CD4+) T-cells may be associ-
ated with a favourable prognosis.33-36 The B-cells
present are also thought to be important, with an
interleukin (IL)35-producing CD1d(hi)CD5(+)
subset demonstrated to accumulate in the TME
during early neoplasia, supporting tumour cell
growth.37

Despite the presence of these immune cells and a
theoretically inflamed TME, PDAC is still con-
sidered an immune-excluded tumour, meaning
that while some TILs may be present they are
prevented from directly interacting with the
tumour cells, existing as clusters, tertiary lym-
phoid aggregates or trapped within the stroma.383°
Those T-cells, which are present in the TME,
may also not be able to mount a full immune
response to the tumour cells, being hindered by
the secretion of immunosuppressive cytokines
such as IL-10 and transforming growth factor
(TGF)-B, and inactivated by the loss of CD3
zeta, a signal transducing chain in TILs.%0 In
addition, regulatory (FOXP3+) T-cells in the
area block effector T-cell division and both mac-
rophages and yd T-cells, another type of immu-
nosuppressive T-cell, prevent effector T-cells
entering the TME through mechanisms including
programmed cell death (PD)-1/programmed
death ligand (PD-L)1 signalling.*! Such escape
mechanisms have been well documented in can-
cers with T-cell inflamed TMEs.#?

The type of T-cells present appear to be dynamic
through the course of disease, with the preva-
lence of regulatory T-cells increasing from pre-
malignant pancreatic lesions to advanced PDAC
and certain chemotherapies such as gemcitabine
and cyclophosphamide, able to transiently
reduce the number of regulatory T-cells pre-
sent.3%43:44 Understanding the type, location
and functionality of the immune cells in the
TME at different times in the disease process
and during treatment will be particularly impor-
tant when it comes to considering combination

therapies to overcome the immunosuppressive
tumour milieu.

Combinatorial strategies to overcome the
immunosuppressive nature of PDAC

As described, there are multiple reasons why sin-
gle-agent immunotherapy may fail in this tumour
type with its low tumour antigenicity, poor pres-
entation of neoantigens and a TME where the
few T-cells present are prevented from interact-
ing with the tumour and are suppressed by TAMs,
MDSC s, regulatory T-cells and cytokines. As our
understanding of this complex and challenging
situation develops, novel combination strategies
are being considered to target these various ele-
ments in an attempt to maximize the chance of
success with immunotherapy.

Combination of chemotherapy with
immunotherapy

Chemotherapies, including anthracyclines, gem-
citabine and oxaliplatin, have been implicated in
DC recruitment and activation.*>#% Induction
chemotherapy may also trigger tumour-specific
antigen release.4”48 This, and the transient reduc-
tion of regulatory T-cells seen with chemothera-
pies such as gemcitabine and cyclophosphamide,
provides a sound rationale for using chemother-
apy to prime the immune system, supporting the
premise of a combined or possibly staggered
chemotherapy and immunotherapy approach to
treatment.

This strategy has been explored in a number of
small early studies with some interesting results to
date, noting these were mainly dose-escalation
studies often in combination with single-agent
gemcitabine (Table 2). In addition to the more
commonly investigated checkpoint inhibitors
such as CTLA-4 inhibitors (ipilimumab and
tremelimumab) and anti-PD-1/PD-L1 antibodies
(nivolumab, pembrolizumab and durvalumab)
these trials also involve some novel immunother-
apy approaches.

For example, targeting CD40 with an agonistic
antibody aims to stimulate antigen-presenting
cells, such as DCs and B-cells, and promote anti-
tumour T-cell responses.’? In PDAC mouse
models, CD40 agonists have been demonstrated
to enhance chemotherapy efficiency by redirect-
ing TAMs to induce fibrosis degradation through
interferon (IFN) and CCL2 signalling.?® In a
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Table 2. Selected chemotherapy and immunotherapy combination studies in PDAC.

Status Reference Design Drugs N Results Toxicity
Completed Agliettaand b, Gemcitabine with 34 0S 7.4 months (95% No DLTs related
colleagues*’  dose escalating doses of Cl 5.8-9.4 months] to tremelimumab
escalation CTLA-4 inhibitor 2 patients achieved observed at any dose
first-line (tremelimumab) (6, PR (both in 15-mg/
metastatic 10, or 15 mg/kg on day kg group, n = 2/19,
PDAC 1 of an 84-day cycle), 10.5%)
maximum four cycles
Completed Beatty and l, Gemcitabine once 22 PFS 5.2 months (95% Cytokine release
colleagues®  dose- weekly for 3 weeks Cl, 1.9-7.4 months) syndrome most
escalation with infusion of 0S 8.4 months (95% common AE (n = 20, 1
first-line CD40 agonist (CP- Cl, 5.3-11.8 months) grade =3) manifested
advanced 870,893) at 0.1 or 1-year 0S 28.6% as chills and rigors
PDAC 0.2 mg/kg on day three
of each 28-day cycle
Completed Nywening l, FOLFIRINOX alone 47  Assessable Grade =3 AE in =10%
and first line, 2-weekly six cycles, or combination pts: pts receiving PF-
colleagues®  borderline in combination with 16/33 (49%) achieved 04136309: neutropenia
resectable CCR2 inhibitor (PF- OR, 32/33 disease (n = 27, 7 febrile),
or locally 04136309], at 500 mg control lymphopenia (n = 4),
advanced BD PO, standard 3 + 3 Assessable Diarrhoea (n = 6), and
dose de-escalation FOLFIRINOX pts: Hypokalaemia (n = 7)
design 0/5 achieved OR, but
4/5 (80%) achieved
disease control
Status Reference Design N Drugs Endpoints
Ongoing NCT02879318 I, randomized, 180  Gemcitabine and nab-paclitaxel versus 0S, PFS, ORR,
first-line gemcitabine, nab-paclitaxel, PD-L1 inhibitor safety
metastatic (durvalumab 1500 mg IV day 1 Q28 days] and
PDAC CTLA-4 inhibitor (tremelimumab 75 mg IV days
1 cycles 1, 2, 3 and 4)
Ongoing NCT01473940 |, dose 21 Induction: CTLA-4 inhibitor (ipilimumab) weeks MTD, RR, TTP,
(recruitment escalation, 1,4,7,and 10, and gemcitabine weeks 1-7 and PFS, 0S and
completed) inoperable 9-11. Maintenance: From week 22, ipilimumab recovery of
PDAC 12 weekly and gemcitabine once weekly for tumour immune
3 weeks surveillance
Ongoing NCT02268825 |, dose 39 mFOLFOX6 2 weekly, plus anti-PD-1 Safety
(recruitment escalation, (pembrolizumab) from cycle 3. Dose levels of
completed) advanced Gl pembrolizumab: Level -1: 50 mg IV, Level 1:
cancer 75 mg IV, Level 2: 200 mg IV all twice weekly
Ongoing NCT02309177 |, dose 138 Nab-paclitaxel (125 mg/m? on days 1, 8 and 15) DLT, safety, TEAE,
escalation, and anti-PD-1 (nivolumab), on days 1 and 15, PFS, 0S, DCR,
locally versus nab-paclitaxel, gemcitabine (1000 mg/m2?  ORR, DoR
advanced or on days 1, 8 and 15) and nivolumab
metastatic
PDAC
Ongoing NCT02077881 I/, dose 98 IDO inhibitor (indoximod) (600 mg, 100 mg, RP2D, safety,
escalation, or 1200 mg according to their assigned dose 0S, ORR, TTR,
metastatic cohort) PO BID for 28 days concurrently with biomarker
PDAC IV nab-paclitaxel 125 mg/m? followed by assessment
gemcitabine 1000 mg/m? weekly for 3 weeks (kynurenine and
with 1 week of rest. Each cycle is 28 days. tryptophan)
[Continued]
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Table 2. (Continued)

Status Reference Design N Drugs Endpoints
Ongoing NCT02436668 I/l 429  Bruton’s tyrosine kinase inhibitor ibrutinib PFS, safety, 0S
(recruitment randomized, in combination with nab-paclitaxel and
completed) placebo gemcitabine versus placebo in combination with
controlled, nab-paclitaxel and gemcitabine
first line,
metastatic
PDAC
Ongoing NCT02588443 |, 10 Neoadjuvant CD40 agonist (R07009789) alone or ~ Safety
perioperative, neoadjuvant RO7009789 plus nab-paclitaxel and
resectable gemcitabine followed by adjuvant RO7009789
PDAC plus nab-paclitaxel and gemcitabine
Ongoing NCT02345408 Ib, inoperable 54 CCR2 inhibitor (CCX872-B 150 mg once or PFS, safety

PDAC

twice daily given orally for at least 12 weeks]) in

combination with FOLFIRINOX

AE, adverse event; BID, twice daily; Cl, confidence interval; DCR, disease control rate; DLT, dose limiting toxicities; DoR, duration of response; Gl,

gastrointestinal; IDO, indoleamine-pyrrole 2,3-dioxygenase; IV, intravenous; MTD, maximum tolerated dose; OR, objective response; ORR, objective
response rate; 0S, overall survival; PD-1, programmed cell death 1; PDAC, pancreatic ductal adenocarcinoma; PD-L1, programmed death ligand 1;
PFS, progression-free survival; PO, by mouth; BD, twice daily; PR, partial response; pts, patients; RP2D, recommended phase 2 dose; RR, response

rate; TEAE, treatment emergent AEs; TTP, time to progression; TTR, time to response.

small clinical trial (n = 22 patients) the addition
of a CD40 agonist to gemcitabine resulted in a
median OS of 8.4 months and a response rate of
19%, which compared favourably against histori-
cal controls of single-agent gemcitabine, and fur-
ther study is warranted.>°

C-C chemokine receptor type 2 (CCR2), a recep-
tor for CCL2, is also a target of interest as it is
involved in the recruitment of immunosuppressive
TAM:s into the PDAC TME. Colony-stimulating
factor-1 receptor (CSF1R) provides another
option, mediating the biological effects of CSF1,
namely the production and differentiation of mac-
rophages, including TAMs. Preclinical experi-
ments have shown that inhibiting either CSF1R or
CCR2 decreases the numbers of pancreatic
tumour initiating cells and improves chemothera-
peutic efficacy.>* Further, CSF1R inhibition has
been demonstrated to upregulate T-cell check-
point molecules, including PDL1 and CTLA4 and
be synergistic with checkpoint inhibition in PDAC
models.?> Following a phase I study which found
the combination to be well tolerated and active in
PDAC, trials of CCR2 inhibitors are ongoing with
FOLFIRINOX, although interestingly a trial in
combination with gemcitabine/Nab-paclitaxel was
recently terminated [ClinicalTrials.gov identifier:
NCTO02732938]. CSF1R inhibitors are being

studied in combination with other immunothera-
pies [ClinicalTrials.govidentifiers: NCT 02526017/
NCT02777710/ NCT03153410].

Indoleamine-pyrrole 2,3-dioxygenase (IDO) is an
enzyme implicated in the generation of an immu-
nosuppressive TME through converting antigen-
presenting cells from being immunogenic to
tolerogenic, producing inhibitory cytokines and
activating regulatory T-cells, and provides
another focus of study.’¢ In PDAC upregulation
of IDO has been associated with an increased
number of regulatory T-cells.57 The interim anal-
ysis of the clinical trial of indoximod in combina-
tion with gemcitabine/Nab-paclitaxel listed below
[ClinicalTrials.gov identifier: NCT02077881]
reported a 37% response rate with one patient
having a confirmed partial response®® and the
final results are awaited with interest.

Ibrutinib, a small molecule inhibitor of Bruton’s
tyrosine kinase which blocks B-cell receptor sig-
nalling used in the treatment of various haemato-
logical malignancies, is also under investigation in
PDAC. In mouse models of PDAC, ibrutinib
limits tumour growth, diminishes fibrosis, extends
survival, and improves the response to chemo-
therapy®® and the results of a number of clinical
studies are expected shortly.
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Table 3. Selected antigen targets in PDAC.

Antigen target Biological rationale

Expression

MUC 16665

MUC1 overexpressed in PDAC is structurally different to MUC1
expressed at low levels in normal pancreas, MUC1 associated with

~90% PDAC

chemo-resistance and poor prognosis

Mesothelin®®

Mutated KRAS™

the tumour cell

CEA$7.68
detectable in serum
HER2¢?
associated with poor prognosis
Telomerase??

with poor prognosis

Wilms’ tumour (WT1)71.72

Mesothelin is highly overexpressed in PDAC and plays a role in cell
adhesion and disease progression

Mutated KRAS, present in almost all PDAC, is a tumour-specific
antigen and plays an important role in metabolic reprogramming in
CEA is associated with adhesion, metabolism and proliferation and

Cell surface receptor with a role in tumour growth, with expression

Activity reactivated by oncogenic transformation and associated

Overexpressed in PDAC, highly immunogenic in cancer patients

~90% PDAC

~90% PDAC

Low levels normal pancreas

Absent in normal pancreas

Absent in normal pancreas

58-77% PDAC

Absent in normal pancreas

50% PDAC

Low levels normal pancreas

~80-90% PDAC

Absent in normal pancreas

~75% PDAC

Absent in normal pancreas

CEA, carcinoembryonic antigen; PDAC, pancreatic ductal adenocarcinoma.

It remains to be seen whether the future treat-
ment of PDAC will involve immunotherapy in
combination with chemotherapy and its atten-
dant toxicities. At the moment, while these novel
immune targets are being assessed, a chemother-
apy—immunotherapy combination appears to be a
judicious approach for clinical trials. This is espe-
cially true with the newer combination chemo-
therapy regimens with a reasonable response rate,
which can be important in patients with bulky
disease. Once the most promising targets are
selected it will be interesting to see if chemother-
apy free treatment options become a reality.

Vaccine combinations

A multitude of vaccines have been studied in
PDAC including whole-cell, DC, specific peptide
and virus-based vaccines. Multiple antigen tar-
gets have been investigated with mesothelin,
mucin-1 (MUC1), Wilms’ tumour 1 (WT1), car-
cinoembryonic antigen (CEA) and mutated
KRAS making some of the most appealing tar-
gets0:61 (‘T'able 3). While a couple of small studies
have demonstrated that personalized peptide vac-
cination in combination with chemotherapy may
be a well-tolerated and potentially interesting
approach in this disease, we are some way away
from this becoming a practical therapy.2-63

One of the most studied vaccines to date is
GVAX, a whole-cell vaccine. Whole-cell vaccines
enable multiple antigens to be targeted simulta-
neously and as such may result in an expanded
T-cell repertoire. Such vaccines may be derived
from a specific patient’s tumour (autologous vac-
cines), or from another patient’s tumour (alloge-
neic vaccines). Allogeneic whole-cell vaccines
appear to provide a more pragmatic approach and
multiple studies have been conducted using the
GVAX vaccine in a variety of settings with some
interesting if mixed results.

GVAX is an irradiated whole-cell tumour vaccine
which has been genetically modified to release
GM-CSF, a cytokine that mobilizes leukocytes to
the TME and induces significant immunoglobulin
(Ig)G and IgM responses.”> GVAX has been
shown to induce T-cell infiltration and the forma-
tion of tertiary lymphoid aggregates in patients
with PDAC, when administered prior to resec-
tion, possibly converting a ‘nonimmunogenic’
tumour into a more ‘immunogenic’ tumour type.’4

GVAX therapy has also been associated with a
significant upregulation of PD-L1 expression in
PDAC mice models. When combined with
an anti-PD-1 antibody, the mice were found to
have increased CD8+ T-cells in the TME and
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associated improved survival compared with
either treatment alone.”> These findings are sup-
ported in vivo with Lutz and colleagues describ-
ing upregulation of the PD-1/PD-L1 pathway in
PDAC patients treated with GVAX.7* Immune
priming with GVAX may therefore improve clini-
cal response to checkpoint inhibition immuno-
therapy. A phase Ib trial of 30 PDAC patients
investigated the anti-CTLA-4 antibody ipili-
mumab alone or combined with GVAX, with an
improved 1-year OS of 27% wersus 7% and OS of
5.7 wersus 3.6 months [hazard ration (HR) =
0.51, p = 0.072] in the combination group.”°
This study also demonstrated an enhanced T-cell
repertoire and increase in peak mesothelin-spe-
cific T-cells, suggesting an immune-primed state
with combination GVAX and ipilimumab.
Various studies are underway investigating GVAX
with a checkpoint blockade (Table 4.).

GVAX has further been studied in combination
with CRS-207 (an attenuated strain of Listeria
monocytogenes engineered to express mesothelin)
following intriguing preclinical studies. These
mouse studies demonstrated the depletion of reg-
ulatory T-cells and a significantly improved sur-
vival (OS of 265 wersus 150 days) in early
pancreatic intraepithelial neoplasms following
vaccination with Listeria monocytogenes in combi-
nation with an anti-CD25 antibody and cyclo-
phosphamide. The combination was found to
increase immunostimulatory IL-17 and IFNvy-
secreting CD4+ T-cells.””

A phase II study (z = 90) comparing GVAX/
cyclophosphamide alone or followed by CRS-207
in previously treated metastatic PDAC demon-
strated an OS of 9.7 versus 4.6 months (HR 0.53,
p = 0.02) in favour of the combination arm.”8
Prolonged OS was associated with an enhanced
mesothelin-specific CD8+ T-cell response in
both arms. However, a larger randomized phase
IIb study (» = 303), ECLIPSE, of GVAX/cyclo-
phosphamide/CRS-207 wversus CRS-207 alone
versus chemotherapy failed to meet its primary
endpoint of improving OS, according to a press
release by Aduro Biotech. Here, OS in this third
or subsequent-line setting was 3.8 months for
patients treated with the CRS-207/GVAX combi-
nation, 5.4 months for patients treated with CRS-
207 alone and 4.6 months for patients treated
with chemotherapy. The results of an additional
study of GVAX/CRS-207 with or without
nivolumab in the second or subsequent-line

treatment of advanced PDAC are awaited to
ascertain if combination with a checkpoint inhibi-
t o r
fares any better [ClinicalTrials.gov identifier:
NCT02243371, STELLAR study].

Algenpantucel-L is another allogenic whole-cell
vaccine, engineered to express alpha-Gal (mouse
alpha-1, 3-galactosyltransferase gene) in two
human PDAC cell lines. Here recent trial results
have also been less than encouraging, despite ear-
lier positive results, with the phase III IMPRESS
study failing to reach its primary endpoint of
improving OS. A press release by New Link
genetics confirmed OS for patients with respect-
able PDAC treated with surgery, standard of care
and adjuvant algenpantucel was 27.3 months ver-
sus 30.4 months for those treated with surgery
and standard of care alone.

The varied results from preclinical and clinical
vaccine studies suggest that, while some vaccines
may be active in this disease, it is unlikely that a
single-agent vaccine approach will be able to suc-
cessfully overcome the level of immunosuppres-
sion seen in PDAC. The results of the various
ongoing checkpoint inhibitor/vaccine combina-
tion studies are awaited with interest (Table 4).

Adoptive T-cell strategies

Adoptive T-cell strategies, or cellular adoptive
immunotherapy, is an approach whereby tumour
reactive T-cells are collected, modified ex vivo
and infused to generate an optimized immune
response, most extensively investigated in haema-
tological cancers. The T-cells may be derived
from an endogenous source, autologous or allo-
genic cytotoxic T lymphocytes (CTLs), or be
engineered to recognize a specific tumour antigen
via a chimeric antigen receptor (CAR-T-cell) or a
cloned T-cell receptor.

A number of preclinical and small clinical trials of
a CTL infusion have been completed in PDAC.
For example, MUC 1-reactive CTLs, generated by
exposing T-cells from healthy volunteers’ periph-
eral blood samples to a MUCI1-expressing human
PDAC cell line, have been shown to be cytotoxic
against MUC 1 -expressing PDAC cell lines.” In a
clinical study of CTLs in combination with pulsed
MUCI1 DCs, 5/20 patients with unresectable or
recurrent PDAC had stable disease and 1 patient
with multiple lung metastases had a complete
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Table 4. Selected ongoing vaccine/immunotherapy combination studies in PDAC.

Reference Design N Drugs
NCT02451982  Phase I/ll, 50 Neoadjuvant/adjuvant GVAX/cyclophosphamide with or without
randomized nivolumab for surgically resectable PDAC
NCT02648282  Phase 54 Pembrolizumab, GVAX/cyclophosphamide and SBRT in locally
advanced PDAC
NCT02243371 Phase I, 96 GVAX/ cyclophosphamide and CRS-207 with or without nivolumab
randomized in patients with metastatic PDAC
NCT02620423  Phase |Ib 9 Combination of reovirus Reolysin® with pembrolizumab and
chemotherapy in advanced PDAC
NCT03161379  Phase ll 50 GVAX/cyclophosphamide in combination with nivolumab and SBRT
in borderline resectable PDAC
NCT03190265  Phase ll, 63 CRS-207, nivolumab, ipilimumab with or without GVAX/
randomized cyclophosphamide in metastatic PDAC
NCT03136406  Phase Ib/Il 3 A combination of agents will be administered including
cyclophosphamide, oxaliplatin, capecitabine, fluorouracil,
leucovorin, nab-paclitaxel, bevacizumab, avelumab, ALT-803,
aNK, GI-4000, and ETBX-011 (vaccine derived from recombinant
Saccharomyces cerevisiae yeast expressing mutant Ras proteins) in
PDAC patients who have progressed on or after standard of care
treatment
NCT03387098  Phase Ib/Il 173~ Molecularly informed integrated immunotherapy in PDAC patients
who have progressed on or after standard of care treatment. A
combination of agents will be administered to patients in this
study: Aldoxorubicin HCL, ALT-803, ETBX-011(vaccine derived
from recombinant Saccharomyces cerevisiae yeast expressing
mutant Ras proteins), GI-4000, haNK, avelumab, bevacizumab,
capecitabine, cyclophosphamide, fluorouracil, leucovorin, nab-
paclitaxel, omega-3-acid ethyl esters, oxaliplatin, SBRT
NCT03006302  Phase Il 70 Epacadostat, pembrolizumab, and CRS-207, with or without
cyclophosphamide/GVAX in metastatic PDAC
NCT02432963  Phase | 19 p53MVA vaccine (modified Vaccinia virus Ankara vaccine

expressing p53) in combination with pembrolizumab in multiple
solid tumours including PDAC

PDAC, pancreatic ductal adenocarcinoma; SBRT,

response with a mean OS of 9.8 months and no
grade 2—4 toxicity reported.89 A further retrospec-
tive study investigated the outcomes for patients
with unresectable or recurrent PDAC treated with
MUCI1-DCs, MUCI1-CTLs and gemcitabine in
combination. In the 42 patients analyzed, median
survival was 13.9 months with a disease control
rate of over 60% with no severe toxicities reported.8!
Further prospective randomized study appears to
be warranted.

MUCI1 -targeting CAR-T-cells have also been investi-
gated. In a PDAC xenograft model CAR-T-cells

engineered to recognize the tumour-specific Tn gly-
coform of MUCI, a neoantigen, demonstrated tar-
get-specific activity, controlled tumour growth and
improved survival.82 A phase I/II clinical study in
patients with MUCI-positive advanced solid
tumours, including PDAC, is currently recruiting
[ClinicalTrials.gov identifier: NCT 02587689]. CAR
natural Kkiller cells targeting MUCI are also being
studied in a similar patient population, including
PDAC [Clinical Trials.govidentifier: NCT02839954].
Other targets for CAR-T-cells under investigation in
PDAC include mesothelin and CEA [ClinicalTrials.
govidentifiers: NCT02465983, NCT02349724].8384
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While adoptive T-cell strategies provide a novel
and exciting approach, there are many hurdles to
overcome before this treatment reaches the clinic.
Both infused TILs and CAR-T-cells have been
shown to become progressively dysfunctional
over time and to upregulate various inhibitory
receptors including PD-1 and LAG?3.83 Further,
depending upon the antigen selected for CAR-T
therapy there is a risk of low level expression on
normal tissues and the development of toxicity
and autoimmunity, in addition to the risk of
cytokine release syndrome. As with the other
combination approaches discussed herein, choos-
ing the correct partner for CAR-T therapy, as
well as the most effective and safest antigen, will
be of paramount importance.

Combination of agents targeting the stroma and
immunotherapy

As discussed, the TME plays a critical role in
PDAC and much effort has been spent in devel-
oping therapies to target its desmoplastic stroma.
While some have been disappointing, notably the
hedgehog inhibitors,®> a number of more recent
studies have been more promising and based on
these results future combinations of agents aim-
ing to remodel or reprogram the stroma and
immunotherapy appear likely.

Hyaluronic acid (HA) is a large glycosaminogly-
can, abundant in the PDAC extracellular matrix
and correlated with a poor prognosis.8¢ Following
mouse studies demonstrating low vascularity and
high interstitial pressure associated with high HA
expression responding to treatment with hyaluro-
nidase, clinical studies of PEGPH20, a pegylated
recombinant human  hyaluronidase, com-
menced.87-88 The latest to report is the randomized
phase I HALO 202 study of PEGPH20 in combi-
nation with gemcitabine and nab-paclitaxel as a
first-line treatment for metastatic PDAC wversus
gemcitabine and nab-paclitaxel alone.8® A total of
34% of patients were found to be HA-high (defined
as over 50% HA tumour surface staining).
Progression-free survival was increased in the tri-
plet regimen in all patients, but the largest improve-
ment was seen in the HA-high patients, with an
objective response of 45% wversus 31%, and an OS
of 11.5 wersus 8.5 months (HR, 0.96; 95% CI,
0.57-1.61). Thromboembolic events were signifi-
cantly increased in the triplet arm such that the
study was put on hold and, in a second phase of
the study, prophylactic enoxaparin was added.
Following this amendment, the combination had a

manageable toxicity profile, with thromboembolic
event frequency reduced and no increase in
bleeding, and a phase III study is underway
[ClinicalTrials.gov identifier: NCT02715804].

Preclinical in vitro and in vivo studies have dem-
onstrated that the barrier formed by high levels of
HA in the TME, inhibits access of monoclonal
antibodies and natural Kkiller cells, and that com-
bination therapy with PEGPH20 may enhance
the anti-tumour effects of the monoclonal anti-
bodies.?® Further, tumour growth inhibition by
anti-PD-L1 and anti-PD-1 drugs has been found
to be enhanced by PEGPH20 in mouse HA-high
PDAC models.®! A phase Ib study of PEGPH20
in combination with pembrolizumab is underway
in NSCLC and gastric cancer [ClinicalTrials.gov
identifier: NCT02563548] and a phase I dose-
escalation study of VCN-01, a genetically modi-
fied human adenovirus encoding human PH20
hyaluronidase, alone or in combination with gem-
citabine/nab-paclitaxel is recruiting patients with
advanced solid tumours, including PDAC
[ClinicalTrials.gov identifier: NCT02045602].

Focal adhesion kinase (FAK), a nonreceptor cyto-
plasmic tyrosine kinase, provides another stromal
target. FAK promotes tumour progression and
metastasis through its effects both on cancer cells
and on the stromal cells of the TME, where FAK
phosphorylation aids epithelial to mesenchymal
transition. Through kinase dependent and inde-
pendent processes FAK integrates signals from
integrins and growth factor receptors to regulate
cell proliferation and survival, to promote angio-
genesis, migration, invasion and cancer stem cell
(CSC) renewal and its expression has been demon-
strated in pancreatic cell lines and resected PDAC,
where expression was correlated with tumour size
and stage.%2-%¢ While no clinical trials have yet dem-
onstrated a response to single-agent FAK inhibi-
tion in PDAC, a synergistic effect was demonstrated
preclinically when FAK inhibition was combined
with chemotherapy and a PD-1 antagonist and a
phase I study of this combination is underway
[ClinicalTrials.gov  identifier: NCT02546531,
gemcitabine, defactinib and pembrolizumab].95-97

While the PDAC stroma clearly plays an impor-
tant role in restricting the access of various thera-
pies to the tumour, it is also thought to restrain
tumour invasion and metastasis and novel targets
have been sought to reprogram rather than ablate
the stroma. The C-X-C motif chemokine recep-
tor type 4 (CXCR4)/stromal derived factor-1
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(CXCL12) axis provides such a target. It is
thought to be important in driving invasion and
metastasis in PDAC, with CXCR4 strongly
expressed at the tumour’s leading edge in CSCs?8
and CXCL12 secreted by cancer-associated
fibroblasts. This role may be mediated in part
through CXCR4/CXCL12 activation of the
Wnt/B-catenin axis and nuclear factor (NF)-«B
which results in increased matrix metalloprotein
secretion and a resulting decomposition of the
extracellular matrix, enabling invasion.%®

In a preclinical study, CXCR4+ CSCs have been
shown to be required for the development of liver
metastases and the blockade of CXCR4 was
found to significantly reduce metastasis in ortho-
topic mouse models of PDAC.%8 In addition, this
axis has been implicated in mediating immuno-
suppression by cancer-associated fibroblasts and
its inhibition with AMD3100 has been shown to
act synergistically with an anti-PD-L1 therapy in
a PDAC mouse model.1 A number of early-
phase clinical studies are underway testing the
combination of a CXCR4 antagonist and a check-
point inhibitor such as COMBAT, a phase II study
assessing the combination of BL-8040 and pem-
brolizumab in patients with metastatic PDAC
[ClinicalTrials.gov identifier: NCT02826486].
Although the CXCessoR4 phase I/II study of the
anti-CXCR4, ulocuplumab, and nivolumab in
PDAC and small cell lung cancer (SCLC) was
terminated early due to a lack of efficacy
[ClinicalTrials.gov identifier: NCT02472977] and
the success of this approach remains to be seen.

Another stromal target thought to play an impor-
tant role in invasion and metastasis is retinoic
acid. In PDAC, quiescent pancreatic stellate cells
transform into activated cancer-associated fibro-
blasts secreting extracellular matrix, remodelling
and stiffening the TME.!0! All-trans retinoic acid
(ATRA), a physiologically active form of vitamin
A and retinoic acid receptors are reduced in
PDAC tissue and associated with worse patient
survival outcomes.!%? It has been demonstrated
that ATRA can be used to restore mechanical
quiescence and reduce the motility of pancre-
atic stellate cells, suppress extracellular matrix
remodelling to inhibit invasion, reduce prolifera-
tion and increase cancer cell apoptosis in three-
dimensional (3D) organotypic and mouse PDAC
models.101:103 The STARPAC clinical study is in
progress looking at the combination of ATRA,
gemcitabine and nab-paclitaxel. Given the con-
tributions of retinoic acid to immunological

tolerance and the elicitation of adaptive immune
responses, should this approach prove active,
future combinations with checkpoint blockade
may prove interesting.104:105

Radiotherapy combinations

Historically, radiotherapy had been considered to
compromise the immune system, as white blood
cells are highly sensitive to irradiation and the
large fields delivered often caused damage to local
lymphatics. However, with more modern highly
localized techniques and a greater understanding
of radiotherapy’s immunomodulatory and absco-
pal effects, where a patient may show disease
regression at a site distant to the irradiated area,
the role of radiotherapy as an immune priming
treatment is now being explored across multiple
solid tumours.106

In a preclinical PDAC study, checkpoint inhibition
with a PD-L1 inhibitor significantly improved
tumour response to high dose radiotherapy by alter-
ing the phenotype of the TME to be more ‘anti-
tumorigenic’.197 In this study anti-PD-L1 therapy
alone and in combination with radiotherapy signifi-
cantly increased the CD8+ve/Treg ratio and
enhanced the effect of radiotherapy preventing the
formation of liver metastases. Further, Azad and
colleagues demonstrated that PD-L1 inhibition also
improved tumour response after gemcitabine based
chemoradiation in a PDAC mouse model.

Following such interesting preclinical data, a
number of clinical trials are now underway in this
area. The IMPACT 2010 study aims to use low
dose radiation to improve T-cell infiltration in
resectable PDAC [ClinicalTrials.gov identifier:
NCTO01027221]. A clinical trial of immune check-
point inhibition with radiotherapy in unresectable
nonmetastatic PDAC will investigate the combi-
nation of durvalumab, tremelimumab or both
with stereotactic body radiation therapy (SBRT)
[ClinicalTrials.gov identifier: NCT02868632]
while CheckPAC is investigating the combination
of ipilimumab and nivolumab with radiotherapy
in metastatic PDAC [ClinicalTrials.gov identifier:
NCT02866383].

Other novel targets are being considered for use in
combination with radiotherapy. Stimulator of
interferon genes (STING) is a transmembrane
protein implicated in the production of type 1
interferons and inflammatory cytokines in response
to viral infections which also appears to play a role
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in the adaptive immune response against can-
cer.108109 Tn a mouse model of PDAC, STING
ligands have been shown to synergize with com-
puted tomography (CT)-guided radiotherapy to
control local and distant tumours through early
tumour necrosis factor (TNF) a-dependent necro-
sis followed by later CD8+ T-cell-dependent con-
trol of remaining disease.!!® The authors suggest
that the STING ligand converts cell death medi-
ated by radiotherapy into an endogenous vaccine,
enhancing the adaptive immune response, control-
ling local and distant disease. STING is expressed
by human PDAC and stromal cells and it will be
interesting to see if these results translate into posi-
tive clinical trials either in combination with radio-
therapy or with checkpoint blockade.

In a similar vein, Toll-like receptors (TLRSs), trans-
membrane proteins which play an important role in
tissue repair and injury induced inflammation, may
provide another novel target in combination with
radiotherapy. In cancer, TLR agonists are thought
to upregulate the adaptive immune response,
induce vascular permeability and recruit leukocytes
to the TME but have also been associated with pro-
moting cancer survival and progression.!!! TLRs
7/8 are highly expressed in human PDAC and TLR
7/8 agonists have been shown to boost DC antigen-
presenting activity, as an adjuvant to radiotherapy
in mouse models of PDAC.112 However, expres-
sion and stimulation of TLLRs 7/8 have also been
associated with cancer progression and resistance
to fluorouracil (5-FU) in cell lines, possibly through
Notch-2 signalling.!!3 Early clinical trials of various
TLR agonists are underway in combination with
chemotherapy, immunotherapy and radiotherapy
in advanced solid tumours, including PDAC
(ClinicalTrials.gov identifier: NCT02650635,
TLRS8 agonist VIX-2337 and cyclophosphamide;
ClinicalTrials.gov  identifier: NCT02643303,
tremelimumab, durvalumab and PolylCLC a
TLR3 agonist; and ClinicalTrials.gov identifier:
NCT03322384, IDO inhibitor epacadostat, TLLRO
agonist SD101 and radiotherapy). The results of all
of these studies are awaited with interest.

In addition to the potential of radiotherapy in
combination with immunotherapy in PDAC,
other local treatments such as radiofrequency
ablation (RFA) or irreversible electroporation
may also be used to prime the immune system. A
small recent study of 10 patients with locally
advanced PDAC undergoing RFA demonstrated
a general activation of the adaptive immune

response and a decrease in immunosuppression,
lasting some weeks after the procedure.114

Immunotherapy combinations

Single-agent checkpoint blockade has failed in
this disease but various immunotherapy—-immu-
notherapy combinations are under investigation.
Dual checkpoint blockade has proved a popular
approach and a number of studies are due to
report shortly. The ALPs study of durvalumab *
tremelimumab in the second line treatment of
metastatic PDAC has completed recruitment (n
= 65) and the results are awaited [ClinicalTrials.
gov identifier: NCT02558894].

The CheckMate032 study [ClinicalTrials.gov
identifier: NCTO01928394] 1is investigating
nivolumab alone or in combination with ipili-
mumab across multiple solid tumours including
PDAC. Interestingly, since Jan 2017, while the
original nivolumab/ipilimumab arm in PDAC has
not been expanded, an additional arm investigat-
ing the combination of nivolumab and ipili-
mumab with the MEK inhibitor cobimetanib has
been introduced. Recent mouse colorectal cancer
(CRC) studies have demonstrated that MEK
inhibition in combination with anti-PDL1 ther-
apy resulted in a synergistic and durable tumour
regression attributed to a MEK inhibition
dependent increase of CD8+ T-cells within the
tumour.!!> Early data from the CRC cohort from
the phase Ib study of cobimetinib and atezoli-
zumab further supports this combination,
demonstrating that microsatellite-stable (MSS)
CRC may respond to anti-PDL1 therapy in
combination with MEK inhibition and that the
combination is tolerable [ClinicalTrials.gov iden-
tifier: NCT01988896].116 As MSS CRC, like
PDACQC, is considered an immune-insensitive can-
cer, these results may be particularly relevant.

Many other novel immune targets are also being
considered in combination with checkpoint
blockade, such as signalling via the C-X-C
chemokine receptor type 2 (CXCR2) axis or
IL10. The CXCR?2 axis is an inflammatory sig-
nalling pathway involved in neutrophil recruit-
ment, migration and tumour cell proliferation. In
human PDAC CXCR?2 signalling at the tumour
border has been associated with a poor out-
come.!17118 Interest in CXCR2/checkpoint inhi-
bition was piqued by a mouse study where
CXCR?2 inhibition was demonstrated to promote
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T-cell tumour infiltration and increased sensitiv-
ity to anti-PD-1 immunotherapy.11® A phase Ib/II
trial is currently evaluating durvalumab in combi-
nation with either chemotherapy (nab-paclitaxel
and gemcitabine) or CXCR2 inhibitor
(AZD5069) in metastatic PDAC [ClinicalTrials.
gov identifier: NCT02583477].

IL-10 has been considered to be an anti-inflamma-
tory, protumourigenic cytokine, mainly secreted
by M2-macrophages, regulatory T-cells and T
helper 2 cells, with elevated levels of circulating
IL-10 associated with a poor outcome in various
cancers.!20 However, additional studies have sug-
gested an anti-tumour role for IL-10, with IL-10
able to boost anti-tumour immunity in mouse
studies expanding CD8+ TILs and inhibiting
inflammatory CD4+ T-cells.!2! The phase I study
of AMO0010, pegylated recombinant human IL-10,
suggests that IL-10 can act as an immune activat-
ing cytokine in human solid tumours, leading to
systemic immune activation with increased
immune-stimulatory cytokines and reduced TGF(
in patients’ serum.!2! In PDAC, AMO0010 has been
investigated alone and in combination with chem-
otherapy, demonstrating clinical activity and
immune stimulation, with AMO0O010 increasing
PD-1+ activated CD8 T-cells and stimulating an
oligoclonal expansion of T-cell clones in the
blood.!22 A phase I dose-escalation trial is cur-
rently underway with PDAC arms investigating
the combination of daily AMO0010 with chemo-
therapy or anti-PD-1 pembrolizumab or nivolumab
[ClinicalTrials.gov identifier: NCT02009449].

Still more therapies targeting other novel check-
points are in early development, including drugs
directed at lymphocyte activation gene 3 (LAG?3),
T-cell immunoglobulin and mucin-domain-con-
taining-3 (TIM3), T-cell immunoglobulin and
immune-tyrosine inhibitory motif domain (TIGIT)
and glucocorticoid-induced TNFR-related pro-
tein. Strategies to harness costimulatory molecules
are also being considered, for example targeting
CD137 or OX-40, both members of the TNF
superfamily.123:12¢ A number of these targets are
already being assessed in phase I studies, including
PDAC patients. Once the optimal targets have
been selected and potentially combined with other
immunotherapies in a rational manner, it will be
interesting to see if such combinations are suffi-
cient to augment anti-tumour immunity without
the need for chemotherapy in this most immuno-
suppressive disease.

An alternative approach to combination immu-
notherapy is the development of single drugs
which are able to target more than one epitope.
Bi-specifics and multi-specifics are antibodies
which are engineered to have such multi-func-
tionality and in cancer have been designed to
block particular pathways more completely or to
deliver effector immune cells efficiently to
tumours.!25 For example, a phase I study of epi-
dermal growth factor receptor (EGFR) bispecific
antibody armed T-cells (BATs), anti-CD3 X
anti-EGFR BATSs, demonstrated clinical activity
with a median OS of 14.5 months in five patients
with locally advanced or metastatic PDAC and a
phase Ib/II in the maintenance setting is ongoing
[ClinicalTrials.gov identifier: NCT03269526].12¢
This field is very much in its infancy but early
results are encouraging.

Combinations and DNA damage repair

pathways

There is accumulating evidence that continued
DNA damage in tumour cells results in a proin-
flammatory, immunologically active tumour envi-
ronment.127:128 This effect may be heightened in
tumours with deficient DNA damage repair and
indeed such tumours have been demonstrated
to be more sensitive to immunotherapy, as exem-
plified by the sensitivity of MMR-deficient colo-
rectal cancer to checkpoint blockade wersus
MMR-proficient colorectal cancer.!3

Approximately 15% of PDAC patients fall into an
‘unstable’ molecular subtype, which is associated
with deficiencies in DNA maintenance and a sen-
sitivity to platinum agents.!?° Such features may
be used to select patients for immunotherapy in
the future. This approach is being investigated in
a phase II study of the IDO inhibitor epacadostat
in combination with pembrolizumab in PDAC
patients with chromosomal instability or homolo-
gous recombination deficiency [ClinicalTrials.
gov identifier: NCT03432676].

DNA repair deficiencies may also be used as a
target themselves. Various poly ADP ribose poly-
merase (PARP) inhibitors have been investigated
in PDAGC, alone and in combination with chemo-
therapy, with some promising results.130-132
Further studies combining immunotherapy with
PARP inhibitors are underway, such as Parpvax,
a phase Ib/II study of niraparib plus either ipili-
mumab or nivolumab in patients with advanced

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 10

PDAC whose disease has not progressed on plat-
inum-based therapy [ClinicalTrials.gov identi-
fier: NCT03404960].

Conclusion

PDAC presents an extremely difficult malig-
nancy to treat. Its poor immunogenicity, unique
TME and high levels of immunosuppression pro-
vide significant challenges when considering
immunotherapy as a therapeutic option.
However, as our depth of understanding
increases, methods to overcome these hurdles are
presenting themselves and a multiplicity of
immunotherapy studies in PDAC are underway,
considering innovative targets and scientifically
sound combinations. Appropriate patient selec-
tion for these novel combination approaches will
be of paramount importance and advances in
molecular subtyping in PDAC may also be sig-
nificant.!%133 Overall, with continued progress in
understanding the immunobiology of this dis-
ease, there are reasons to be optimistic that
immunotherapy may well play an important role
in the treatment of PDAC in the future.

Acknowledgements

K. Young and D. J. Hughes are joint first authors.
K. Young, D. Hughes and N. Starling contrib-
uted equally to this work; K. Young and D. ]J.
Hughes reviewed the literature; K. Young, D. J.
Hughes, D. Cunningham and N. Starling drafted
the manuscript and made critical revisions prior
to the final approval of this article.

Funding
The authors received funding from the National
Institute for Health Research Biomedical
Research Centre at the Royal Marsden NHS
Foundation Trust and the Institute of Cancer
Research.

Conflict of interest statement

K. Young and D. J. Hughes have no conflicting
interests to declare, commercial, intellectual or
otherwise. N Starling has received research fund-
ing from AstraZeneca, Bristol Myers Squibb,
Merck; travel and accommodation expenses from
AstraZeneca, Bristol Myers Squibb, Eli Lilly;
honoraria from AstraZeneca, Eli Lilly. D.
Cunningham has received research funding from
Amgen, Sanofi, Merrimack, AstraZeneca,
Celgene, MedImmune, Bayer, 4SC, Clovis, Eli
Lilly, Janssen and Merck

ORCID iD
Daniel Johnathan Hughes
0000-0003-2641-7632

https://orcid.org/

References
1. Rahib L, Smith BD, Aizenberg R, ez al.
Projecting cancer incidence and deaths to 2030:
the unexpected burden of thyroid, liver, and
pancreas cancers in the United States. Cancer
Res 20145 74: 2913-2921.

2. Siegel R, Naishadham D and Jemal A. Cancer
statistics, 2013. CA Cancer F Clin 2013; 63:
11-30.

3. Oettle H, Neuhaus P, Hochhaus A, et al.
Adjuvant chemotherapy with gemcitabine
and long-term outcomes among patients with
resected pancreatic cancer: the CONKO-001
randomized trial. FJAMA 20135 310: 1473-1481.

4. LiD, Xie K, Wolff R, ez al. Pancreatic cancer.
Lancet (London, England) 2004; 363: 1049-1057.

5. Conroy T, Desseigne F, Ychou M, ez al.
FOLFIRINOX versus gemcitabine for
metastatic pancreatic cancer. N Engl ¥ Med
2011; 364: 1817-1825.

6. Manji GA, Olive KP, Saenger YM, ez al.
Current and Emerging Therapies in Metastatic
Pancreatic Cancer. Clin Cancer Res 2017; 23:
1670-1678.

7. Menon S, Shin S and Dy G. Advances in
Cancer Immunotherapy in Solid Tumors.
Cancers (Basel) 2016; 8. pii: E106. doi:10.3390/
cancers8120106.

8. Royal RE, Levy C, Turner K, ez al. Phase 2
trial of single agent Ipilimumab (anti-CTLA-4)
for locally advanced or metastatic pancreatic
adenocarcinoma. ¥ Immunother 2010; 33:
828-833.

9. Brahmer JR, Tykodi SS, Chow LQM, ez al.
Safety and activity of anti-PD-L1 antibody in
patients with advanced cancer. N Engl ¥ Med
2012; 366: 2455-2465.

10. Chen DS and Mellman I. Oncology meets
immunology: the cancer-immunity cycle.
Immuniry 20135 39: 1-10.

11. Rizvi NA, Hellmann MD, Snyder A, et al.
Mutational landscape determines sensitivity to
PD-1 blockade in non-small cell lung cancer.
Science 20155 348: 124-128.

12. Snyder A, Makarov V, Merghoub T, ez al.
Genetic basis for clinical response to CTLA-4

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://orcid.org/0000-0003-2641-7632
https://orcid.org/0000-0003-2641-7632

K Young, D Hughes et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

blockade in melanoma. N Engl ¥ Med 2014;
371: 2189-2199.

Le DT, Uram JN, Wang H, ez al. PD-1 blockade
in tumors with mismatch-repair deficiency. N
Engl ¥ Med 2015; 372: 2509-2520.

Bailey P, Chang DK, Nones K, er al. Genomic
analyses identify molecular subtypes of
pancreatic cancer. Narure 2016; 531: 47-52.

Maple JT, Smyrk TC, Boardman LA, ez al.
Defective DNA mismatch repair in long-term
(> or =3 years) survivors with pancreatic
cancer. Pancreatology 2005; 5: 220-7;
discussion 227-8.

Nakata B, Wang YQ, Yashiro M, ez al.
Prognostic value of microsatellite instability in
resectable pancreatic cancer. Clin Cancer Res
2002; 8: 2536-2540.

Alexandrov LB, Nik-Zainal S, Wedge DC, ez al.
Signatures of mutational processes in human
cancer. Nature 20135 500: 415-421.

Schumacher TN and Schreiber RD.
Neoantigens in cancer immunotherapy. Science
2015; 348: 69-74.

Bailey P, Chang DK, Forget M-A, ez al.
Exploiting the neoantigen landscape for
immunotherapy of pancreatic ductal
adenocarcinoma. Sci Rep 2016; 6: 35848.

Balachandran VP, f.uksza M, Zhao JN, ez al.
Identification of unique neoantigen qualities in
long-term survivors of pancreatic cancer. Nature
2017; 551: 512-516.

Fukunaga A, Miyamoto M, Cho Y, er al. CD8+
tumor-infiltrating lymphocytes together with
CD4+ tumor-infiltrating lymphocytes and
dendritic cells improve the prognosis of patients
with pancreatic adenocarcinoma. Pancreas 2004;
28: e26—e31.

Nielsen MFB, Mortensen MB and Detlefsen
S. Key players in pancreatic cancer-stroma
interaction: cancer-associated fibroblasts,
endothelial and inflammatory cells. World ¥
Gastroenterol 20165 22: 2678.

Whatcott CJ, Diep CH, Jiang P, ez al.
Desmoplasia in primary tumors and metastatic
lesions of pancreatic cancer. Clin Cancer Res
2015; 21: 3561-3568.

Kleeff J, Beckhove P, Esposito I, ez al.
Pancreatic cancer microenvironment. Int ¥
Cancer 2007; 121: 699-705.

Hwang RF, Moore T, Arumugam T, ez al.
Cancer-associated stromal fibroblasts promote
pancreatic tumor progression. Cancer Res 2008;
68: 918-926.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Neesse A, Algil H, Tuveson DA, ez al.
Stromal biology and therapy in pancreatic
cancer: a changing paradigm. Guz 2015;
64: 1476-1484.

Park H, Lee Y, Lee H, ez al. The prognostic
significance of cancer-associated fibroblasts in
pancreatic ductal adenocarcinoma. Tumor Biol
2017;39: 101042831771840.

Rhim AD, Oberstein PE, Thomas DH, ez al.
Stromal elements act to restrain, rather than
support, pancreatic ductal adenocarcinoma.
Cancer Cell 20145 25: 735-747.

Moffitt RA, Marayati R, Flate EL, er al. Virtual
microdissection identifies distinct tumor- and
stroma-specific subtypes of pancreatic ductal
adenocarcinoma. Nat Genet 2015; 47:
1168-1178.

Clark CE, Beatty GL and Vonderheide

RH. Immunosurveillance of pancreatic
adenocarcinoma: insights from genetically
engineered mouse models of cancer. Cancer Lett
2009; 279: 1-7.

Clark CE, Hingorani SR, Mick R, er al.
Dynamics of the immune reaction to pancreatic
cancer from inception to invasion. Cancer Res
2007; 67: 9518-9527.

Bayne L], Beatty GL, Jhala N, er al.
Tumor-derived granulocyte-macrophage
colony-stimulating factor regulates myeloid
inflammation and T cell immunity in pancreatic
cancer. Cancer Cell 2012; 21: 822-835.

Ino Y, Yamazaki-Itoh R, Shimada K, ez al.
Immune cell infiltration as an indicator of
the immune microenvironment of pancreatic
cancer. Br ¥ Cancer 2013; 108: 914-923.

Wang W-Q, Liu L, Xu H-X, ez al. Infiltrating
immune cells and gene mutations in pancreatic
ductal adenocarcinoma. Br ¥ Surg 2016; 103:
1189-1199.

Hiraoka N, Onozato K, Kosuge T, ez al.
Prevalence of FOXP3+ regulatory T cells
increases during the progression of
pancreatic ductal adenocarcinoma and its
premalignant lesions. Clin Cancer Res 2006;
12: 5423-5434.

Knudsen ES, Vail P, Balaji U, ez al.
Stratification of pancreatic ductal
adenocarcinoma: combinatorial genetic,
stromal, and immunologic markers. Clin Cancer
Res 2017; 23: 4429-4440.

Pylayeva-Gupta Y, Das S, Handler JS,

et al. IL35-producing B cells promote the
development of pancreatic neoplasia. Cancer
Discov 20165 6: 247-255.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 10

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Chen DS and Mellman I. Elements of cancer
immunity and the cancer-immune set point.
Nature 2017; 541: 321-330.

Beatty GL, Eghbali S and Kim R. Deploying
immunotherapy in pancreatic cancer: defining
mechanisms of response and resistance. Am Soc
Chin Oncol Educ Book 2017; 37: 267-278.

von Bernstorff W, Voss M, Freichel S, ez al.
Systemic and local immunosuppression in
pancreatic cancer patients. Clin Cancer Res
20015 7: 9255-932s.

Daley D, Zambirinis CP, Seifert L, ez al. v
T Cells Support Pancreatic Oncogenesis by
Restraining a3 T Cell Activation. Cell 2016;
166: 1485-1499.e15.

Spranger S. Mechanisms of tumor escape in the
context of the T-cell-inflamed and the non-
T-cell-inflamed tumor microenvironment. Int
Immunol 2016; 28: 383-391.

Eriksson E, Wenthe J, Irenaeus S, er al.
Gemcitabine reduces MDSCs, tregs and
TGFB-1 while restoring the teff/treg ratio in
patients with pancreatic cancer. ¥ Transl Med
2016; 14: 282.

Laheru D, Lutz E, Burke ], er al. Allogeneic
granulocyte macrophage colony-stimulating
factor-secreting tumor immunotherapy alone
or in sequence with cyclophosphamide for
metastatic pancreatic cancer: a pilot study of
safety, feasibility, and immune activation. Cln
Cancer Res 2008; 14: 1455-1463.

Cook AM, Lesterhuis W], Nowak AK, et al.
Chemotherapy and immunotherapy: mapping
the road ahead. Curr Opin Immunol 2016; 39:
23-29.

McDonnell AM, Lesterhuis W], Khong A,

et al. Tumor-infiltrating dendritic cells exhibit
defective cross-presentation of tumor antigens,
but is reversed by chemotherapy. Eur ¥ Immunol
2015; 45: 49-59.

Haynes NM, van der Most RG, Lake RA, ez al.
Immunogenic anti-cancer chemotherapy as an
emerging concept. Curr Opin Immunol 2008; 20:
545-557.

van der Most RG, Robinson BWS and Lake RA.
Combining immunotherapy with chemotherapy
to treat cancer. Discov Med 2005; 5: 265-270.

Aglietta M, Barone C, Sawyer MB, ez al. A
phase I dose escalation trial of tremelimumab
(CP-675,206) in combination with gemcitabine
in chemotherapy-naive patients with metastatic
pancreatic cancer. Ann Oncol 20145 25:
1750-1755.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Beatty GL, Torigian DA, Chiorean EG, et al. A
phase I study of an agonist CD40 monoclonal
antibody (CP-870,893) in combination

with gemcitabine in patients with advanced
pancreatic ductal adenocarcinoma. Clin Cancer
Res 20135 19: 6286-6295.

Nywening TM, Wang-Gillam A, Sanford DE,
et al. Targeting tumour-associated macrophages
with CCR2 inhibition in combination with
FOLFIRINOX in patients with borderline
resectable and locally advanced pancreatic
cancer: a single-centre, open-label, dose-finding,
non-randomised, phase 1b trial. Lancet Oncol
2016; 17: 651-662.

Vonderheide RH and Glennie M]J. Agonistic
CD40 antibodies and cancer therapy. Clin
Cancer Res 20135 19: 1035-1043.

Long KB, Gladney WL, Tooker GM, et al.
IFN and CCL2 cooperate to redirect tumor-
infiltrating monocytes to degrade fibrosis and
enhance chemotherapy efficacy in pancreatic
carcinoma. Cancer Discov 20165 6: 400—413.

Mitchem ]B, Brennan D], Knolhoff BL,, ez al.
Targeting tumor-infiltrating macrophages
decreases tumor-initiating cells, relieves
immunosuppression, and improves
chemotherapeutic responses. Cancer Res 2013;
73:1128-1141.

Zhu Y, Knolhoff BL, Meyer MA, et al. CSF1/
CSF1R blockade reprograms tumor-infiltrating
macrophages and improves response to T-cell
checkpoint immunotherapy in pancreatic cancer
models. Cancer Res 2014; 74: 5057-5069.

Munn DH and Mellor AL. IDO in the tumor
microenvironment: inflammation, counter-
regulation, and tolerance. Trends Immunol 2016;
37:193-207.

Witkiewicz A, Williams TK, Cozzitorto J, er al.
Expression of indoleamine 2,3-dioxygenase in
metastatic pancreatic ductal adenocarcinoma
recruits regulatory T cells to avoid immune
detection. ¥ Am Coll Surg 2008; 206: 849-854;
discussion 854-856.

Bahary N, Garrido-Laguna I, Cinar P, er al.
Phase 2 trial of the indoleamine 2,3-dioxygenase
pathway (IDO) inhibitor indoximod plus
gemcitabine/nab-paclitaxel for the treatment of
metastatic pancreas cancer: interim analysis. ¥
Chin Oncol 2016; 34: 3020.

Masso-Valles D, Jauset T, Serrano E, ez al.
Ibrutinib exerts potent antifibrotic and
antitumor activities in mouse models of
pancreatic adenocarcinoma. Cancer Res 2015;
75: 1675-1681.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

K Young, D Hughes et al.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Cheever MA, Allison JP, Ferris AS, ez al. The
prioritization of cancer antigens: a national
cancer institute pilot project for the acceleration
of translational research. Clin Cancer Res 2009;
15: 5323-5337.

Johnson BA, Yarchoan M, Lee V, et al.
Strategies for increasing pancreatic tumor
immunogenicity. Clin Cancer Res 2017; 23:
1656-1669.

Yutani S, Komatsu N, Yoshitomi M, ez al.

A phase II study of a personalized peptide
vaccination for chemotherapy-resistant
advanced pancreatic cancer patients. Oncol Rep
2013; 30: 1094-1100.

Yanagimoto H, Shiomi H, Satoi S, ez al.

A phase II study of personalized peptide
vaccination combined with gemcitabine for non-
resectable pancreatic cancer patients. Oncol Rep
2010; 24: 795-801.

Qu CF, Li Y, Song Y], ez al. MUCI1 expression
in primary and metastatic pancreatic cancer
cells for in vitro treatment by 213Bi-C595
radioimmunoconjugate. Br ¥ Cancer 2004; 91:
2086-2093.

Torres MP, Chakraborty S, Souchek ], ez al.
Mucin-based targeted pancreatic cancer
therapy. Curr Pharm Des 2012; 18: 2472—
2481.

Argani P, Iacobuzio-Donahue C, Ryu B, ez al.
Mesothelin is overexpressed in the vast majority
of ductal adenocarcinomas of the pancreas:
identification of a new pancreatic cancer marker
by serial analysis of gene expression (SAGE).
Clin Cancer Res 2001; 7: 3862—-3868.

Yamaguchi K, Enjoji M and Tsuneyoshi

M. Pancreatoduodenal carcinoma: a
clinicopathologic study of 304 patients and
immunohistochemical observation for CEA and
CA19-9. ¥ Surg Oncol 1991; 47: 148-154.

Geynisman DM, Zha Y, Kunnavakkam R, ez al.
A randomized pilot phase I study of modified
carcinoembryonic antigen (CEA) peptide
(CAP1-6D)/montanide/GM-CSF-vaccine in
patients with pancreatic adenocarcinoma.

F Immunother Cancer 2013; 1: 8.

Lei S, Appert HE, Nakata B, ez al.
Overexpression of HER2/neu oncogene
in pancreatic cancer correlates with
shortened survival. Int ¥ Pancrearol 1995;
17: 15-21.

Hiyama E, Kodama T, Shinbara K, ez al.
Telomerase activity is detected in pancreatic
cancer but not in benign tumors. Cancer Res
1997; 57: 326-331.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

81.

0ji Y, Nakamori S, Fujikawa M, et al.
Overexpression of the Wilms’ tumor gene WT1
in pancreatic ductal adenocarcinoma. Cancer Sci
2004; 95: 583-587.

Nishida S, Koido S, Takeda Y, ez al. Wilms
tumor gene (WT'1) peptide-based cancer
vaccine combined with gemcitabine for patients
with advanced pancreatic cancer. ¥ Immunother
2014; 37: 105-114.

Xia L, Schrump DS and Gildersleeve JC.
Whole-cell cancer vaccines induce large
antibody responses to carbohydrates and
glycoproteins. Cell Chem Biol 20165 23: 1515—
1525.

Lutz ER, Wu AA, Bigelow E, ez al.
Immunotherapy converts nonimmunogenic
pancreatic tumors into immunogenic foci of
immune regulation. Cancer Immunol Res 2014;
2: 616-631.

Soares KC, Rucki AA, Wu AA, et al. PD-1/
PD-L1 blockade together with vaccine therapy
facilitates effector T-cell infiltration into
pancreatic tumors. ¥ Immunother 2015; 38: 1-11.

Le DT, Lutz E, Uram ]N, ez al. Evaluation

of ipilimumab in combination with allogeneic
pancreatic tumor cells transfected with a
GM-CSF gene in previously treated pancreatic
cancer. J Immunother 2013; 36: 382—389.

Keenan BP, Saenger Y, Kafrouni MI, ez al. A
Listeria vaccine and depletion of T-regulatory
cells activate immunity against early stage
pancreatic intraepithelial neoplasms and
prolong survival of mice. Gastroenterology 2014;
146: 1784-1794.¢6.

Le DT, Wang-Gillam A, Picozzi V, et al. Safety
and survival with GVAX pancreas prime and
Listeria Monocytogenes-expressing mesothelin
(CRS-207) boost vaccines for metastatic
pancreatic cancer. ¥ Clin Oncol 2015; 33:
1325-1333.

Kawaoka T, Oka M, Takashima M, ez al.
Adoptive immunotherapy for pancreatic cancer:
cytotoxic T lymphocytes stimulated by the
MUCI1-expressing human pancreatic cancer cell
line YPK-1. Oncol Rep 2008; 20: 155-163.

Kondo H, Hazama S, Kawaoka T, ez al.
Adoptive immunotherapy for pancreatic cancer
using MUCI peptide-pulsed dendritic cells and
activated T lymphocytes. Anticancer Res 2008;
28: 379-387.

Shindo Y, Hazama S, Maeda Y, ez al.
Adoptive immunotherapy with MUC1-
mRNA transfected dendritic cells and
cytotoxic lymphocytes plus gemcitabine for

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 10

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

unresectable pancreatic cancer. ¥ Transl Med
2014; 12: 175.

Posey AD, Schwab RD, Boesteanu AC, ez al.
Engineered CAR T cells targeting the cancer-
associated Tn-glycoform of the membrane
mucin MUCI control adenocarcinoma.
Immuniry 20165 44: 1444-1454.

Stromnes IM, Schmitt TM, Hulbert A, ez al.

T cells engineered against a native antigen can
surmount immunologic and physical barriers to
treat pancreatic ductal adenocarcinoma. Cancer
Cell 2015; 28: 638-652.

Chmielewski M, Hahn O, Rappl G, et al. T
cells that target carcinoembryonic antigen
eradicate orthotopic pancreatic carcinomas
without inducing autoimmune colitis in mice.
Gastroenterology 2012; 143: 1095-1107.e2.

Gu D, Schlotman KE and Xie J. Deciphering
the role of hedgehog signaling in pancreatic
cancer. J Biomed Res 2016; 30: 353-360.

Sato N, Kohi S, Hirata K, ez al. Role of
hyaluronan in pancreatic cancer biology and
therapy: once again in the spotlight. Cancer Sci
2016; 107: 569-575.

Provenzano PP, Cuevas C, Chang AE, ez al.
Enzymatic targeting of the stroma ablates
physical barriers to treatment of pancreatic
ductal adenocarcinoma. Cancer Cell 20125 21:
418-429.

Hingorani SR, Harris WP, Beck JT, et al. Phase
Ib Study of PEGylated Recombinant Human
Hyaluronidase and Gemcitabine in Patients
with Advanced Pancreatic Cancer. Clin Cancer
Res 2016; 22: 2848-2854.

Hingorani SR, Zheng L, Bullock A]J, er al.
HALO 202: Randomized Phase II Study of
PEGPH20 Plus Nab-Paclitaxel/Gemcitabine
Versus Nab-Paclitaxel/Gemcitabine in Patients
With Untreated, Metastatic Pancreatic Ductal
Adenocarcinoma. ¥ Clin Oncol 2018; 36:
359-366.

Singha NC, Nekoroski T, Zhao C, er al.
Tumor-associated hyaluronan limits efficacy of
monoclonal antibody therapy. Mol Cancer Ther
2015; 14: 523-532.

Rosengren S, Clift R, Zimmerman S]J, ez al.
PEGylated recombinant hyaluronidase PH20
(PEGPH20) enhances checkpoint inhibitor
efficacy in syngeneic mouse models of cancer.
AACR 2016: abstract 4886.

Lee BY, Timpson P, Horvath LG, ez al.
FAK signaling in human cancer as a target
for therapeutics. Pharmacol Ther 2015; 146:
132-149.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Furuyama K, Doi R, Mori T, ez al. Clinical
significance of focal adhesion kinase in
resectable pancreatic cancer. World ¥ Surg 20006;
30: 219-226.

Chatzizacharias NA, Kouraklis GP and
Theocharis SE. Clinical significance of
FAK expression in human neoplasia. Histol
Histopathol 2008; 23: 629-650.

Jiang H, Hegde S, Knolhoff BL,, ez al. Targeting
focal adhesion kinase renders pancreatic cancers
responsive to checkpoint immunotherapy. Nat
Med 2016; 22: 851-860.

Infante JR, Camidge DR, Mileshkin LR, ez al.
Safety, pharmacokinetic, and pharmacodynamic
phase I dose-escalation trial of PF-00562271,
an inhibitor of focal adhesion kinase, in
advanced solid tumors. ¥ Clin Oncol 2012; 30:
1527-1533.

Jones SF, Shapiro G, Bendell JC, ez al. Phase
I study of PF-04554878, a second-generation
focal adhesion kinase (FAK) inhibitor, in
patients with advanced solid tumors. ¥ Clin
Oncol 20115 29: abstract 3002.

Hermann PC, Huber SL, Herrler T, ez al.
Distinct populations of cancer stem cells
determine tumor growth and metastatic activity
in human pancreatic cancer. Cell Stem Cell
2007; 1: 313-323.

Zhang ], Liu C, Mo X, et al. Mechanisms by
which CXCR4/CXCL12 cause metastatic
behavior in pancreatic cancer. Oncol Lett 2018;
15: 1771-1776.

Feig C, Jones JO, Kraman M, et al. Targeting
CXCL12 from FAP-expressing carcinoma-
associated fibroblasts synergizes with anti-
PD-L1 immunotherapy in pancreatic cancer.
Proc Natl Acad Sci 20135 110: 20212-20217.

Chronopoulos A, Robinson B, Sarper M, ez al.
ATRA mechanically reprograms pancreatic
stellate cells to suppress matrix remodelling and
inhibit cancer cell invasion. Nat Commun 2016;
7: article 12630. doi:10.1038/ncomms12630.

Bleul T, Ruhl R, Bulashevska S, et al. Reduced
retinoids and retinoid receptors’ expression in
pancreatic cancer: a link to patient survival. Mol
Carcinog 2015; 54: 870-879.

Froeling FEM, Feig C, Chelala C, ez al. Retinoic
acid-induced pancreatic stellate cell quiescence
reduces paracrine Wnt-3-catenin signaling to
slow tumor progression. Gastroenterology 2011;
141: 1486-1497, 1497.e1-¢14.

Hall JA, Grainger JR, Spencer SP, et al. The
role of retinoic acid in tolerance and immunity.
Immuniry 20115 35: 13-22.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

K Young, D Hughes et al.

105. Lesterhuis W], Rinaldi C, Jones A, ez al.
Network analysis of immunotherapy-induced
regressing tumours identifies novel
synergistic drug combinations. Sci Rep

2015; 5: 12298.

106. Sharabi AB, Lim M, DeWeese TL,

et al. Radiation and checkpoint blockade
immunotherapy: radiosensitisation and potential
mechanisms of synergy. Lancet Oncol 2015; 16:

€498-e509.

107. Azad A, Yin Lim S, D’Costa Z, et al. PD-L1
blockade enhances response of pancreatic ductal
adenocarcinoma to radiotherapy. EMBO Mol

Med 20175 9: 167-180.

Corrales L. and Gajewski TF. Molecular
Pathways: Targeting the Stimulator

of Interferon Genes (STING) in the
Immunotherapy of Cancer. Clin Cancer Res
2015; 21: 4774-4779.

He L, Xiao X, Yang X, er al. STING signaling
in tumorigenesis and cancer therapy: a friend or
foe? Cancer Lett 2017; 402: 203-212.

108.

109.

110. Baird JR, Friedman D, Cottam B, ez al.
Radiotherapy combined with novel STING-
targeting oligonucleotides results in regression
of established tumors. Cancer Res 2016; 76:

50-61.

. Rakoff-Nahoum S and Medzhitov R. Toll-like
receptors and cancer. Nat Rev Cancer 2009; 9:
57-63.

Schoélch S, Rauber C, Tietz A, et al.
Radiotherapy combined with TLLR7/8 activation
induces strong immune responses against
gastrointestinal tumors. Oncotarger 2015; 6:
4663-4676.

112.

113. Grimmig T, Matthes N, Hoeland K, er al.
TLR7 and TLRS expression increases tumor
cell proliferation and promotes chemoresistance
in human pancreatic cancer. Int ¥ Oncol 2015;

47: 857-866.

114. Giardino A, Innamorati G, Ugel S, ez al.
Immunomodulation after radiofrequency
ablation of locally advanced pancreatic cancer
by monitoring the immune response in 10

patients. Pancreatology 2017; 17: 962-966.

Ebert PJR, Cheung J, Yang Y, ez al. MAP
Kinase Inhibition Promotes T Cell and Anti-
tumor Activity in Combination with PD-L1
Checkpoint Blockade. Immunity 2016; 44:
609-621.

115.

116. Bendell JC, Kim TW, Goh BC, er al. Clinical
activity and safety of cobimetinib (cobi) and
atezolizumab in colorectal cancer (CRC). ¥ Clin

Omncol 2016; 34: abstract 3502.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Nicholls DJ, Wiley K, Dainty I, ez al.
Pharmacological characterization of AZD5069,
a slowly reversible CXC chemokine receptor

2 antagonist. ¥ Pharmacol Exp Ther 2015; 353:
340-350.

Morton JP and Sansom OJ. CXCR2
inhibition in pancreatic cancer: opportunities
for immunotherapy? Immunotherapy 2017;
9:9-12.

Steele CW, Karim SA, Leach JDG, ez al.
CXCR?2 inhibition profoundly suppresses
metastases and augments immunotherapy in
pancreatic ductal adenocarcinoma. Cancer Cell
2016; 29: 832-845.

Zhang H, Wang Y, Hwang ES, ez al.
Interleukin-10: an immune-activating cytokine
in cancer immunotherapy. ¥ Clin Oncol 2016;
34: 3576-3578.

Naing A, Papadopoulos KP, Autio KA, ez al.
Safety, Antitumor Activity, and Immune
Activation of Pegylated Recombinant Human
Interleukin-10 (AMO0010) in Patients With
Advanced Solid Tumors. ¥ Clin Oncol 2016; 34:
3562-3569.

Papadopoulos KP, Naing A, Infante JR, ez al.
Anti-tumor activity of PEGylated human
IL-10 (AMO0010) in patients with pancreatic
or colorectal cancer. ¥ Clin Oncol 2016; 34:
abstract 3082.

Makkouk A, Chester C and Kohrt

HE. Rationale for anti-CD137 cancer
immunotherapy. Eur J Cancer 2016; 54:
112-1109.

Croft M, So T, Duan W, ez al. The significance
of 0X40 and OX40L to T-cell biology and
immune disease. Immunol Rev 2009; 229:
173-191.

Weidle UH, Kontermann RE and Brinkmann
U. Tumor-antigen—binding bispecific antibodies
for cancer treatment. Semin Oncol 2014; 41:
653—-660.

Lum LG, Choi M, Thakur A, ez al. Five
advanced pancreatic cancer patients in a Phase
I study of anti-CD3 x anti-EGFR bispecific
antibody armed activated T cells (BATS). ¥
Immunother Cancer 2015; 3: P55.

Brown JS, Sundar R and Lopez J. Combining
DNA damaging therapeutics with
immunotherapy: more haste, less speed. Br ¥
Cancer 2018; 118: 312-324.

Mouw KW, Goldberg MS, Konstantinopoulos
PA, et al. DNA damage and repair biomarkers
of immunotherapy response. Cancer Discov
2017; 7: 675-693.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 10

Visit SAGE journals online
journals.sagepub.com/
home/tam

®SAGE journals

129.

130.

131.

Waddell N, Pajic M, Patch A-M, et al.
Whole genomes redefine the mutational
landscape of pancreatic cancer. Nature
2015; 518: 495-501.

Kaufman B, Shapira-Frommer R,
Schmutzler RK, ez al. Olaparib monotherapy
in patients with advanced cancer and a
germline BRCA1/2 mutation. ¥ Clin Oncol
2015; 33: 244-250.

Yarchoan M, Myzak MC, Johnson BA, ez al.
Olaparib in combination with irinotecan,
cisplatin, and mitomycin C in patients with

advanced pancreatic cancer. Oncotarget 2017; 8:
44073-44081.

132. O’Reilly EM, Lee JW, Lowery MA, et al.
Phase 1 trial evaluating cisplatin, gemcitabine,
and veliparib in 2 patient cohorts: Germline
BRCA mutation carriers and wild-type BRCA
pancreatic ductal adenocarcinoma. Cancer
2018; 124: 1374-1382.

133.Collisson EA, Sadanandam A, Olson P, ez al.
Subtypes of pancreatic ductal adenocarcinoma

and their differing responses to therapy. Nar Med
2011; 17: 500-503.

20

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam



