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1. Introduction

Virtually all cancers harbor an inflammatory reaction with potential
to support cancer progression and metastasis. Inflammation is a com-
plex and highly coordinated cellular and biochemical process intended
to resolve tissue injury and protect the host. However, when this
“wound healing” process becomes chronic, derangement of normal cel-
lular mechanisms occurs and paradoxically, tissue injury and neoplasia
can ensue. In this regard, chronic inflammation is a hallmark of cancer
(Hanahan & Weinberg, 2011), and inflammation can impair normal cel-
lular and organ physiology as well as the efficacy of therapeutic inter-
ventions (Gajewski, Schreiber, & Fu, 2013; Mantovani, Allavena, Sica,
& Balkwill, 2008).

Inflammation in cancer is associated with poor clinical outcomes.
The modified Glasgow Prognostic Score (mGPS) and the neutrophil-
lymphocyte ratio are measures of systemic inflammation and in pancre-
atic ductal adenocarcinoma (PDAC), are predictive of prognosis (Liu,
Kalbasi, & Beatty, 2017). Inflammation can manifest with fatigue, mus-
cle wasting, malnourishment, and weight loss. Thus, identifying strate-
gies to manage systemic inflammation is a major focus of efforts to
improve the supportive care of patients with cancer (Hendifar et al.,
2018).

The inflammatory reaction to cancer is also a critical determinant of
therapeutic outcomes. Cellular stress is a major stimulus of inflamma-
tion designed to support and protect tissues from injury. However, can-
cer cells co-opt this “wound healing” process to establish a
microenvironment conducive to their survival. This inflammatory re-
sponse can also enforce remarkable immunosuppressive properties
and in doing so, subvert productive immune surveillance in cancer. As
such, the local tumor microenvironment and the resonating systemic
inflammatory response have emerged as necessary targets for realizing
the potential of cancer immunotherapy in PDAC (Beatty & Gladney,
2015).

In this review, we summarize the cellular components of the inflam-
matory response in the tumor microenvironment of pancreatic cancer,
as well as the systemic inflammation that characterizes this malignancy.
We review mechanisms by which inflammation promotes immune
suppression and metastasis, and focus on current strategies that have
emerged from preclinical models and are being evaluated in clinical tri-
als to derail components of inflammation for clinical benefit. In addition,
we address challenges with manipulating cancer inflammation includ-
ing the potential to unleash compensatory mechanisms of therapeutic
resistance. Finally, we address the need for new treatment paradigms
that challenge the current clinical dogma of “treatment till progression”
with the mindset that rational combinations and appropriate sequenc-
ing of therapeutics will be needed to not only induce tumor responses
but to maintain durable remissions. With the advent of immunotherapy
as a standard of care for many cancers, the prospect of converting pan-
creatic cancer from an immunologically-resistant to -sensitive malig-
nancy has strong clinical implications. To this end, inflammation in
pancreas cancer is a major determinant of cancer cell biology, which
makes the components of inflammation exciting targets for improving
clinical outcomes in this lethal disease.

2. Inflammation in the tumor microenvironment of pancreatic duc-
tal adenocarcinoma

The molecular determinants of PDAC are well-characterized with ac-
tivating mutations in the KRAS oncogene recognized as almost univer-
sally fundamental to PDAC development (Hidalgo, 2010). Nearly all

early-stage, low grade, pancreatic intraepithelial neoplasia (PanIN)-1
lesions, which are precursors of PDAC, contain mutations in Kras
(Kanda et al., 2012). Moreover, PanIN-1 lesions are detected in most
middle-aged patients (Konstantinidis et al., 2013) (Matsuda et al.,
2017), yet the average lifetime risk of pancreatic cancer is <2% (Siegel,
Miller, & Jemal, 2019). Insight into the role of Kras in pancreatic carcino-
genesis has been provided by genetic mouse models, which show that
Kras mutations introduced during embryogenesis are sufficient to
drive the development of PanIN lesions which progress to invasive
PDAC (Hingorani et al., 2003). However, pancreatic acinar cells of
adult mice demonstrate remarkable resistance to oncogenic perturba-
tions in Kras (Guerra et al,, 2007). These seemingly conflicted observa-
tions can be explained by a role for inflammation. For instance, in the
setting of local inflammation within the pancreas, cellular transforma-
tion of adult acinar cells is observed, but only in the presence of Kras on-
cogenes (Guerra et al., 2011). In addition, genetic deletion of the
inflammatory mediator STAT3 in pancreatic epithelial cells inhibits
Kras-induced PanIN formation and progression (Corcoran et al., 2011;
Lesina et al., 2011). Thus, inflammation demonstrates a key role in
awakening epithelial cells with malignant potential in the pancreas.
Here, we describe the molecular and cellular determinants of inflamma-
tion in pancreatic cancer from conception to invasion and their potential
implications in defining PDAC subtypes.

2.1. Inflammation co-evolves with pancreatic cancer development

The earliest stages of pancreatic cancer development are character-
ized by an inflammatory microenvironment with recruitment of mye-
loid cells and fibroblasts. This biology has been most extensively
studied in preclinical mouse models. For example, in the established
LSL-Kras©'2P/* [ SL-Trp53R172H/+ - pdx-1-Cre (KPC) mouse model of pan-
creatic cancer (Hingorani et al., 2005; Lee, Komar, Bengsch, Graham, &
Beatty, 2016), local inflammation is detected from disease conception.
This early inflammatory reaction that surrounds PanIN lesions is domi-
nated by tumor-associated macrophages (TAMs), immature myeloid
cells, neutrophils, and regulatory T cells (Treg) and persists through in-
vasive cancer (Clark et al., 2007). Although merely cellular precursors of
carcinoma, single cells from PanlIN lesions in mouse models have shown
their capacity to migrate into the surrounding stroma, escape into the
bloodstream, and seed the liver (Rhim et al., 2012). This process is exac-
erbated by inflammation in the pancreas and thus, defines a role for in-
flammation in driving early dissemination of pancreatic cells with
malignant potential.

The development of pancreatic cancer is a step-wise process that oc-
curs over many years. Mathematical models suggest that the time from
the initiating mutation to detection of the parental non-metastatic foun-
der cell can be more than a decade, and a further five years may then
elapse before metastatic spread (Yachida et al., 2010). During this pe-
riod of cancer evolution, systemic inflammation from co-morbidities
can play a supporting role in cancer progression. For example, chronic
pancreatitis is a known risk factor for pancreatic cancer (Kirkegard,
Mortensen, & Cronin-Fenton, 2017; Midha, Chawla, & Garg, 2016).
There is also an emerging understanding that obesity, another risk fac-
tor for pancreatic cancer (Renehan, Tyson, Egger, Heller, & Zwahlen,
2008), causes inflammation, including increased levels of cytokines IL-
1P, IL-6, IL-8, CCL2, CCL5, and TNFa (Kolb, Sutterwala, & Zhang, 2016).
In particular, in mouse models, obesity promotes IL-13-dependent neu-
trophil infiltration of pancreatic tumors and is associated with increased
desmoplasia and resistance to chemotherapy (Incio et al., 2016). In ad-
dition to being an independent risk factor for pancreatic cancer, obesity
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is also associated with type Il diabetes. Long-term diabetes is also a risk
factor for pancreatic cancer, while new-onset diabetes can be an early
sign of the disease (Wolfgang et al., 2013) and a result of the cancer it-
self (Gong et al., 2014). Type 2 diabetes is also associated with inflam-
matory biomarkers produced by adipose tissue, and this inflammatory
response can result in insulin resistance (Lontchi-Yimagou, Sobngwi,
Matsha, & Kengne, 2013). Other lifestyle factors that both increase sys-
temic inflammation and are linked with pancreatic cancer include to-
bacco smoking and alcohol use (Anderson et al., 2012; Korc, Jeon,
Edderkaoui, Pandol, & Petrov, 2017). Overall, systemic inflammation
can come from a myriad of sources with each capable of increasing
the risk of pancreatic cancer development over many years.

Inflammation within the tumor microenvironment co-evolves with
cancer development. To this end, the inflammatory phenotype of
PDAC is, at least initially, directed by malignant cells. For instance,
Kras activation induces the upregulation of GM-CSF in pancreatic ductal
epithelial cells which then summons Gr-17CD11b™" myeloid cells
(Bayne et al., 2012; Pylayeva-Gupta, Lee, Hajdu, Miller, & Bar-Sagi,
2012). Genetic knockdown of GM-CSF in pancreatic epithelial cells
blocks this myeloid recruitment with a compensatory influx of T cells
with tumor-inhibitory activity. Early in pancreatic tumorigenesis, onco-
genic Kras expression in pancreatic acinar cells can also induce expres-
sion of intercellular adhesion molecule-1 (ICAM-1), which attracts
macrophages to remodel the surrounding extracellular matrix to favor
progression from acinar-to-ductal metaplasia to PanIN formation (Liou
et al,, 2015). With PanIN progression, the biology of infiltrating macro-
phages evolves, driven by interleukin-13 (IL-13) signaling, to support fi-
brosis and PanIN growth (Liou et al, 2017). This progression in
macrophage phenotype with tumor development has also been
observed in lung cancer (Singhal et al., 2019). Thus, the phenotypes of
inflammation and cancer are interdependent and defined by bi-
directional cellular communication.

2.2. The complexity of the inflammatory reaction to PDAC

A diversity of cellular components forms the inflammatory response
to PDAC and contribute to the pro-tumor phenotype of the immune mi-
croenvironment in tumors. Infiltrating immune cells are dominated by
macrophages, immature myeloid cells, neutrophils, and T cells. While
each of these cell types has normal functions in wound healing and
immunosurveillance, in the setting of cancer they can also adopt
immune-suppressive or pro-tumor roles. Understanding the phenotype
and function of these cell types and how they can be therapeutically de-
pleted or re-polarized is a fundamental area of investigation. Here, we
will review each of the main cellular components of the PDAC immune
microenvironment, focusing on macrophages, other myeloid cells, T
cells, and the pro- or anti-tumor subsets of each.

Macrophages are the most abundant leukocyte detected within
mouse and human PDAC (Beatty, Eghbali, & Kim, 2017). It has been
shown that tumor-associated macrophages in PDAC originate from
bone-marrow derived inflammatory monocytes (Sanford et al., 2013)
as well as embryonic-derived tissue-resident macrophages (Zhu et al.,
2017). Interestingly, tissue-resident macrophages can expand during
tumor progression by in situ proliferation (Zhu et al., 2017) whereas
the frequency of bone-marrow derived macrophages is regulated by
their recruitment (Sanford et al., 2013). These two distinct macrophage
subsets contribute independently to tumor biology. For instance,
whereas tissue-resident macrophages display a pro-fibrotic transcrip-
tional signature, bone-marrow derived macrophages demonstrate a
transcriptional profile suggestive of their role in antigen presentation.
Further, tissue-resident macrophages are supportive of tumor growth,
while bone-marrow derived macrophages have well-recognized roles
in defining therapeutic resistance (Kalbasi et al., 2017; Mitchem et al.,
2013; Nywening et al., 2018; Sanford et al., 2013). Multiple other sub-
sets of macrophages derived from these two tissue origins are expected
given the importance of microenvironmental cues in defining

macrophage phenotype in tissues. Thus, macrophages within the
tumor microenvironment may acquire distinct and non-redundant
roles.

Bone marrow-derived myeloid cells are recruited to tumors via GM-
CSF, G-CSF, IL-3, VEGF, and the interaction of CXCL12/CXCR4 or CCL2/
CCR2, among others (Goedegebuure et al., 2011; Pergamo & Miller,
2017). These factors can be produced by both malignant and non-
malignant cells within tumors. The function of tumor-infiltrating mye-
loid cells is, at least in part, determined by the expression of oncogenic
Kras in epithelial cells. For instance, myeloid cells support carcinogene-
sis in the setting of Kras activation, but upon inactivation of oncogenic
Kras, myeloid cells effectively remodel the fibrotic stroma and enforce
tissue repair (Zhang, Yan, et al., 2017). Further, within non-malignant
tissues, infiltrating myeloid cells can differentiate into macrophages or
dendritic cells (Chomarat, Banchereau, Davoust, & Palucka, 2000;
Rosenzwajg, Jourquin, Tailleux, & Gluckman, 2002). However, in
PDAC, tumor-infiltrating myeloid cells appear to predominantly skew
toward the macrophage-lineage and acquire an immunosuppressive
phenotype that curtails the potential of T cell immunosurveillance
(Pergamo & Miller, 2017). Thus, the biology of tumor-infiltrating bone
marrow-derived myeloid cells in PDAC is dysregulated, yet pliable.

In contrast to myeloid cells, effector CD8™ T cells are significantly less
abundant in the PDAC microenvironment in both humans and mice
(Beatty, Eghbali, & Kim, 2017). In mouse models, CD3* T cells are most
readily detected at the periphery of developing PanIN lesions (Hiraoka,
Onozato, Kosuge, & Hirohashi, 2006; Zhang et al., 2014). In the context
of pancreatitis, Kras oncogene activation induces the recruitment of
CD4™" T cells to PanIN which then repress the anti-tumor potential of
(D8 effector T cells (Zhang et al.,, 2014). The recruitment of IL-17 pro-
ducing CD4™" T cells and ydT cells also supports the initiation and pro-
gression of early pancreatic cancer (McAllister et al., 2014). In patients
with surgically-resected PDAC, T cell infiltration can also be observed
and correlates with improved outcomes suggesting the anti-tumor po-
tential of tumor-infiltrating T cells (Balachandran et al., 2017). However,
T cells present within the tumor microenvironment of mouse and
human PDAC rarely display evidence of activation (Bailey, Chang,
Forget, et al., 2016) and tumor-infiltrating T cells commonly are ex-
cluded from direct interaction with malignant cells and appear trapped
within the surrounding fibrotic stroma (Beatty, Eghbali, & Kim, 2017;
Carstens et al., 2017; Stromnes, Hulbert, Pierce, Greenberg, &
Hingorani, 2017; Tsujikawa et al., 2017). In KPC mice, pharmacologic de-
pletion of both CD4™ and CD8™ T cells was not found to impact the nat-
ural history of PDAC (Evans et al., 2016). However, depletion of CD4" T
cells alone inhibits pancreatitis-induced carcinogenesis in an inducible
Kras model of pancreatic cancer (Zhang et al., 2014). While CD4" T
cells may contribute to carcinogenesis by promoting myeloid inflamma-
tion and releasing pro-tumorigenic cytokines, CD4" T regulatory cells
are also a prominent feature of the immune infiltrate in PDAC, and can
inhibit anti-tumor immunity (Helm et al., 2014; Jang et al., 2017). In ad-
dition, tumor-infiltrating yoT cells have been found to suppress o3 T cell
activation in a mouse model of PDAC (Daley et al., 2016). Thus, the pro-
tumorigenic potential of the microenvironment that surrounds PDAC is
defined by an intricate intercellular network directed by myeloid and
lymphoid cell subsets with immunosuppressive properties.

Together, findings investigating the immune contexture of the
tumor microenvironment in PDAC support a conceptual model (Fig. 1)
in which pre-malignant inflammation and subsequent oncogene activa-
tion coordinate the induction of carcinogenesis. Epithelial cells with ma-
lignant potential then initiate the orchestration of an inflammatory
reaction, which co-evolves with tumor development, acquires immuno-
suppressive properties, and ultimately establishes an immune-
privileged microenvironment that protects the neo-organ from
cytotoxic- and immune-based therapies (Dibra, Mishra, & Li, 2014). As
such, it is hypothesized that disruption of key immunosuppressive com-
ponents within the tumor microenvironment may unveil remarkable
vulnerability of PDAC to immune-mediated elimination.
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2.3. Cancer intrinsic properties dictate the inflammatory response

The immune microenvironment in PDAC is defined and supported
by factors intrinsic to malignant epithelial cells. Activation of oncogenic
KRAS, which is present in over 90% of PDAC tumors (Bailey, Chang,
Forget, et al., 2016; Hidalgo, 2010), initiates an inflammatory cascade
via signaling proteins including STAT3 and NFxB, which in turn induce
the release of inflammatory cytokines, including GM-CSF, IL-6 and
CCL5. These cytokines promote tumorigenesis and recruit immunosup-
pressive cells to the tumor microenvironment (Kitajima,
Thummalapalli, & Barbie, 2016). However, the pro-inflammatory poten-
tial of mutant Kras relies on its activation. To this end, additional pre-
inflammatory signals may shape the susceptibility of epithelial cells to
malignant transformation. For instance, haploinsufficiency of the or-
phan nuclear receptor Nr5a2 in pancreatic epithelial cells establishes a
basal level of early inflammatory signals, including chemokines and
complement components, that are able to provoke the oncogenic activ-
ity of mutant Kras (Cobo et al.,, 2018; Flandez et al., 2014). These find-
ings illustrate the remarkable capacity of epithelial cells to regulate
local inflammation and support the notion that intrinsic defects in epi-
thelial cells beyond those with oncogenic potential can contribute to
carcinogenesis.

Cancer cell intrinsic factors also impact the immune microenviron-
ment and the efficacy of immunotherapy. For instance, cancer cell ex-
pression of CXCL1 has been shown in mouse models to be a potential
factor involved in defining T cell exclusion in PDAC and resistance to im-
munotherapy (Li et al., 2018). Similarly, cancer cell intrinsic activation
of the WNT/R-catenin signaling pathway in melanoma correlates with
T cell exclusion by suppressing the recruitment of dendritic cells
(Spranger, Bao, & Gajewski, 2015). It remains unclear, though, whether
this pathway impacts T cell exclusion in PDAC. Mismatch repair defi-
ciency (MMR-D) in malignant epithelial cells also inversely correlates
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with T cell exclusion (Llosa et al., 2015) and its presence is associated
with increased sensitivity to immune checkpoint blockade (Le et al.,
2015). Although MMR-D tumors represent <1% of pancreatic cancers
(Hu et al., 2018), patients with MMR-D PDAC can respond to PD-1
checkpoint blockade and thus, PD-1 immunotherapy is an FDA ap-
proved treatment option. Finally, the immunogenic quality of
neoantigens expressed by PDAC has been proposed as a key determi-
nant of productive immunosurveillance in patients with surgically-
resected disease (Beatty, Eghbali, & Kim, 2017). Although CD8™ T cell
infiltration alone positively correlates with long-term survival in this
patient population, the quality of neoantigens defined by a fitness
model, rather than the quantity, was shown to combine with CD8* T
cell abundance to most effectively stratify patients with long-term sur-
vival (Balachandran et al., 2017). Together, these findings support a role
for cancer cell intrinsic properties in shaping local inflammation, PDAC
immunogenicity, and cancer cell susceptibility to immunotherapy.

24. Cancer extrinsic mechanisms regulating the inflammatory response

Due to its anatomical location, the pancreas is intimately linked with
the gut microbiota (Cani & Jordan, 2018). Bacteria in the gut can directly
access the pancreas, implying that intestinal bacteria may regulate the
pancreatic microenvironment (Pushalkar et al., 2018). In both mice
and humans, the microbiome of PDAC differs substantially from the nor-
mal pancreas (Pushalkar et al., 2018). In models of PDAC, broad spec-
trum oral antibiotics that deplete the gut microbiome significantly
reduce tumor burden and liver metastasis (Sethi et al., 2018). This out-
come is dependent on mature T and B cells and associated with an in-
crease in IFNy* T cells in tumors, with a corresponding decrease in T
cells producing IL-17A and IL-10 production. Further, bacterial ablation
can shift the cellular composition of the tumor microenvironment by re-
ducing immature myeloid cells, altering the differentiation status of
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macrophages, and promoting T activation (Pushalkar et al., 2018). These
effects of the microbiome appear mediated through tolerogenic im-
mune signaling via select Toll-like receptors in monocytic cells. Bacteria
found within the tumor microenvironment in PDAC patients have also
been implicated in resistance to chemotherapy via their expression of
cytidine deaminase that metabolizes gemcitabine (Geller et al., 2017).
Together, the gut microbiome has emerged as a therapeutic target in
cancer due to its capacity to affect inflammation, regulate tumor pro-
gression, and define chemoresistance.

2.5. Inflammation as a classification strategy for PDAC subtypes

Dysregulation in defined core cellular signaling pathways character-
ize pancreatic cancer (Jones et al., 2008). For instance, integrated geno-
mic analyses show that mutations in recurrent genes aggregate into
pathways that define subtypes of PDAC with potential therapeutic im-
plications (Bailey, Chang, Nones, et al., 2016; Collisson et al., 2011;
Moffitt et al., 2015; Puleo et al., 2018). Amongst these subtypes, it has
been proposed that a subset of PDAC tumors display immunogenic fea-
tures defined by upregulation of networks associated with immunoreg-
ulation (Bailey, Chang, Nones, et al., 2016). Consistent with this
observation, a subset of human PDAC also demonstrates high cytolytic
T cell activity, which is inversely correlated with genomic alterations
in the tumor (Balli, Rech, Stanger, & Vonderheide, 2017). Notably,
these tumors exhibit increased expression of multiple immune check-
point genes other than PD-L1 (Balli et al., 2017). This finding is consis-
tent with clinical observations and supports a role for alternative
mechanisms of adaptive and acquired immune resistance beyond PD-
1 and CTLA-4.

The immune microenvironment in cancer is dynamic and diverse.
In-depth analyses using six molecular platforms designed to interrogate
RNA, DNA, and protein signatures have revealed six immune subtypes
across a wide range of malignancies, including (i) wound healing, (ii)
IFNy dominant, (iii) inflammatory, (iv) lymphocyte depleted,
(v) immunologically quiet, and (vi) TGF-> dominant (Thorsson et al.,
2018). In PDAC, the wound healing and inflammatory subtypes were
the most common. However, tissue-based microscopy of human PDAC
reveals heterogeneous cellular subpopulations of immune cells ar-
ranged spatially within the tumor microenvironment suggesting in-
creased complexity to the interpretation of genetic-based profiles
using whole tissues (Beatty, Eghbali, & Kim, 2017; Carstens et al.,
2017; Stromnes et al., 2017; Tsujikawa et al., 2017). Microscopy-based
analysis also shows that PDAC tumors with cytotoxic T cells located ad-
jacent to cancer cells significantly correlate with improved survival in
patients (Carstens et al,, 2017). In addition, tissue-based microscopy in
combination with genetic analyses has revealed four PDAC subtypes
based on genetic, stromal and immunologic diversity (Knudsen et al.,
2017). This suggests that the inflammatory reaction to PDAC assumes
non-random patterns which has implications for the potential to shift
tumors from therapeutically-resistant to -sensitive. However, an under-
standing of the mechanisms driving these immunologically-distinct mi-
croenvironments is lacking. Nonetheless, tissue analyses of human
PDAC are providing an initial framework toward understanding the cel-
lular and molecular pathways that might be used to immunologically
define PDAC with the aim to identify a foothold for immunotherapy.

3. Pancreatic carcinoma induces systemic inflammation

Cancer can be a systemic process even prior to its dissemination to
distant organs. In particular, malignant cells can provoke systemic in-
flammation that in turn, supports tumor growth and portends a poor
prognosis. In patients with surgically-resectable PDAC, inflammatory
monocytes are increased in the peripheral blood and decreased in the
bone marrow, indicative of cellular mobilization (Sanford et al., 2013).
This biology is reproduced in mouse models of cancer where it has

been found that bone marrow mobilization in PDAC is driven by the
CCR2/CCL2 axis (Sanford et al., 2013).

The systemic inflammatory response to cancer is detected in pa-
tients by an increase in the neutrophil:lymphocyte ratio and by in-
creased peripheral blood inflammatory cytokines, including C-reactive
protein (CRP), interleukin-6 (IL-6), soluble tumor necrosis factor recep-
tor type II (STNF-RII) and macrophage inhibitory cytokine-1 (MIC-1)
(Olive, 2017). High circulating concentrations of these proteins are asso-
ciated with significantly higher mortality and a poor prognosis (Babic
et al.,, 2018).

The systemic inflammatory response to PDAC also results in a
reprogramming of host metabolism. Specifically, in patients with
PDAC, inflammation can be associated with a wasting syndrome, ca-
chexia, that directs loss of both adipose and muscle tissue (Hendifar
et al., 2018). This process appears to be driven by local tumor growth
in the pancreatic environment leading to decreased exocrine pancreatic
function (Danai et al., 2018). IL-6 produced in response to PDAC devel-
opment also reduces the ketogenic potential of the liver (Flint et al.,
2016). In doing so, IL-6 triggers increased glucocorticoid levels which
may even impair immunosurveillance and thereby, limit the potential
of immunotherapy (Flint et al., 2016). Thus, local PDAC development
can invoke systemic biology with clinical implications.

4. Inflammation supports cancer metastasis

Inflammation is a key determinant of cancer metastasis. In mouse
models of PDAC, depletion of macrophages using clodronate-
encapsulated liposomes significantly diminishes the liver and lung met-
astatic potential of spontaneously arising PDAC (Griesmann et al.,
2017). Similarly, in an orthotopic injection model of PDAC, inflamma-
tory monocytes mobilized from the bone marrow are recruited to the
liver during cancer progression where they establish a niche supportive
of metastasis (Sanford et al., 2013). Thus, a systemic myeloid reaction is
provoked by cancer to support the spread of PDAC to distant organs.

Disrupting monocyte recruitment to the liver by blocking CCR2 pro-
tects against liver metastasis (Sanford et al., 2013). This finding illus-
trates the importance of chemotactic factors in defining the pro-
metastatic potential of myeloid cells. Once in the liver, inflammatory
monocytes secrete granulin which activates resident hepatic stellate
cells, stimulating their secretion of periostin and formation of a fibrotic
microenvironment that facilitates PDAC liver metastasis (Nielsen et al.,
2016). Thus, macrophages recruited to distant organs can initiate a cas-
cade of signaling events that culminate in formation of a pro-metastatic
niche.

The pro-metastatic niche that forms in the liver during cancer devel-
opment may be instructed by multiple factors. For example, exosomes
released by malignant cells can induce formation of the niche by stimu-
lating Kupffer cells (resident liver macrophages) to release TGF-3 which
induces fibronectin production by hepatic stellate cells (Costa-Silva
et al.,, 2015; Hoshino et al., 2015). In contrast, expression of TIMP1 by
premalignant lesions can facilitate formation of a pro-metastatic niche
by first activating hepatic stellate cells via CD63 and phos-
phatidylinositol 3-kinase (PI3K), which in turn lead to increased hepatic
CXCL12 (also known as stromal-derived factor-1), an inducer of neutro-
phil migration (Grunwald et al., 2016; Seubert et al., 2015). Thus, it is
possible for macrophages or stellate cells to serve as the initial orches-
trators of a pro-metastatic niche in the liver.

The environment of distant organs is a key determinant of the met-
astatic potential of disseminated tumor cells. Formation of a niche envi-
ronment in distant organs can occur early during carcinogenesis (Lee
et al., 2019). The mechanistic underpinnings that direct formation of
the niche may also differ between organs. In the lung, a pro-metastatic
niche can form in response to primary tumor development. This biology
involves release of lung-derived chemoattractants (e.g. ST00A8 and
S100A9) that recruit myeloid cells (Hiratsuka et al., 2008; Hiratsuka,
Watanabe, Aburatani, & Maru, 2006). Disseminated cancer cells
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entering the lung can also recruit inflammatory monocytes via CCL2-
CCR2 which then support cancer cell extravasation through their release
of VEGF (Qian et al., 2011). Cancer cells can also activate myeloid cells
via TLR2 signaling to release TNF that supports lung metastasis (Kim
et al., 2009). In general, sustained inflammation facilitates cancer cell
metastasis but can also awaken dormant cancer cells by inducing neu-
trophil recruitment to metastatic sites where they remodel extracellular
matrix components and stimulate cancer cell proliferation (Albrengues
et al, 2018).

In the liver, macrophages and hepatic stellate cells are implicated in
orchestrating a pro-metastatic niche and in promoting the outgrowth of
disseminated tumor cells. This biology can be instructed by hepatocytes,
the chief functional cells of the liver, which coordinate formation of the
niche through their secretion of acute phase reactants, namely serum
amyloid A (SAA) proteins (Lee et al., 2019). Importantly, hepatocytes
are not implicated in formation of a pro-metastatic niche in the lung.
This observation identifies a role for organ-specific mechanisms in reg-
ulating metastatic spread in cancer. In the liver, the pro-metastatic
niche is instructed by IL-6 released early during carcinogenesis by
non-malignant stromal cells residing in primary tumors (Fig. 1). Hepa-
tocytes respond to IL-6 by activating STAT3 which induces the release
of SAA that then orchestrate a niche environment in the liver supportive
of cancer seeding and growth. IL-6 released in non-malignant settings
can reproduce the same biology implying that other inflammatory con-
ditions, such as obesity and cardiovascular disease, which are associated
with elevated IL-6 may influence the metastatic potential of cancer.
Blocking IL-6 activation of STAT3, genetic deletion of STAT3 in hepato-
cytes, or genetic knockout of SAA prevents formation of a pro-
metastatic niche (Lee et al., 2019). Together, these findings illustrate
the inherent role of hepatocytes in defining cancer metastasis to the
liver due to their sensitivity to inflammatory mediators.

5. Inflammation is a therapeutic barrier in PDAC

Cancer inflammation is a key determinant of therapeutic efficacy.
For instance, tumor-infiltrating myeloid cells can mediate resistance to
both cytotoxic- and immune-based therapies. Myeloid cells facilitate
treatment resistance by suppressing the induction and activity of anti-
tumor adaptive immunity, metabolizing chemotherapy, providing
growth factors, and supporting neovascularization (De Palma & Lewis,
2013). However, myeloid cell phenotype is pliable and dependent on
cues received from the surrounding microenvironment, such that
while myeloid cells most commonly acquire pro-tumor properties,
they can be induced with anti-tumor activity (Long & Beatty, 2013).
As such, strategies to intervene on inflammation include not only ap-
proaches to disrupt the intra-tumoral recruitment and activity of mye-
loid cells in cancer but also methods to redirect myeloid cells with
tumor-suppressive and immune-stimulatory properties (Liu et al.,
2017).

5.1. Inhibiting myeloid cell recruitment as a therapeutic strategy

Peripheral blood myeloid cells are recruited to the tumor microenvi-
ronment by an array of chemokines. For instance, the CCL2/CCR2 che-
mokine pathway recruits a subset of peripheral blood monocytes to
tumor tissues where they then differentiate into macrophages
(Mitchem et al., 2013; Nywening et al., 2018; Sanford et al., 2013). In
mouse models of PDAC, CCR2 inhibition blocks monocyte recruitment,
improves the efficacy of chemotherapy, inhibits metastasis, and in-
creases T cell immune infiltration and anti-tumor activity (Mitchem
et al,, 2013; Nywening et al., 2018; Sanford et al., 2013). Inhibiting the
CCL2/CCR2 axis also suppresses radiation-induced neovascularization
by blocking monocyte recruitment to tumors and in doing so, enhances
the efficacy of radiotherapy in a mouse model of PDAC (Kalbasi et al.,
2017). Thus, monocyte recruitment to tumors can be targeted for ther-
apeutic benefit.

Neutrophils can also limit the efficacy of cytotoxic therapies and re-
strain the anti-tumor activity of T cells. Neutrophils are recruited to tu-
mors via their expression of CXCR2. Inhibition of CXCR2 modestly
improves T cell infiltration into spontaneously-arising PDAC tumors in
mice (Steele et al., 2016) and delays tumor engraftment in an implant-
able model of PDAC (Chao, Furth, & Vonderheide, 2016). In combination
with chemotherapy or PD1 blockade, CXCR2 inhibition also produces a
survival benefit in mice with spontaneous PDAC (Chao et al., 2016).
These findings support a role for neutrophils in regulating T cell
immunosurveillance and the efficacy of cytotoxic chemotherapy.

Disrupting the recruitment of monocytes or neutrophils to tumors
can cause a compensatory increase in the non-targeted myeloid popula-
tion. For instance, CXCR2 inhibition invokes a compensatory increase in
macrophages, whereas CCR2 inhibition stimulates an increase in neu-
trophil recruitment to tumors (Nywening et al., 2018). This observation
provides rationale to intervene on the trafficking of both myeloid cell
types. To this end, blockade of CCR2 and CXCR2 was tested in an
orthotopic PDAC model and found to improve the efficacy of chemo-
therapy that was dependent on T cells (Nywening et al., 2018). Simi-
larly, CXCR2 inhibition was found to combine with CSF1R inhibition
and PD1 blockade to induce T cell dependent anti-tumor immunity in
subcutaneous cancer models (Kumar et al., 2017). Together, these find-
ings illustrate the dynamic interplay between multiple myeloid cell
populations that compensate for each other to restrict T cell
immunosurveillance in cancer.

The recruitment of inflammatory cells to the tumor microenviron-
ment is supported by both cancer cell intrinsic and extrinsic mecha-
nisms. For instance, CXCL1 expression by tumor cells has been posited
as a mechanism of recruitment for neutrophils which then restrict T
cell entry (Li et al., 2018). Similarly, hyperactivation of focal adhesion ki-
nase (FAK) in neoplastic cells induces a chemokine and cytokine net-
work that can attract inflammatory cells to the tumor
microenvironment (Jiang et al., 2016). Disruption of FAK activity can re-
model the inflammatory and fibrotic environment of tumors and in
doing so, sensitize PDAC in mouse models to chemotherapy and T cell
immunotherapy (Jiang et al., 2016). However, non-malignant cells can
also regulate T cell immunosurveillance in PDAC. For example, macro-
phages residing outside of the tumor microenvironment have been im-
plicated in restricting T cell entry and the efficacy of cancer
immunotherapy (Beatty et al., 2015). In addition, cancer-associated fi-
broblasts via their secretion of CXCL12 have been found to regulate T
cell entry into PDAC (Feig et al., 2013; Garg et al., 2018). CXCL12 inter-
acts with CXCR4 and can promote tumor survival and invasion
(Sleightholm et al., 2017) as well as the recruitment of myeloid cells
(Obermajer, Muthuswamy, Odunsi, Edwards, & Kalinski, 2011). Inhibi-
tion of CXCR4 alone was found to rapidly facilitate the infiltration of T
cells in a spontaneous model of PDAC and to combine with PDL1 block-
ade to provide short-term control of tumor growth (Feig et al., 2013).
Together, these data demonstrate that the T cell immune privileged sta-
tus of PDAC is an actively regulated process coordinated by both malig-
nant and non-malignant cells.

5.2. Disrupting signaling pathways to redirect myeloid cell biology in cancer

Within the tumor microenvironment, multiple signaling pathways
are involved in defining the immunosuppressive activity of macro-
phages. For instance, Fcy receptor signaling via PI3K+y activation of the
BTK signaling pathway polarizes macrophages with immunosuppres-
sive properties (Gunderson et al., 2016). Disruption of either PI3K~y or
BTK in an orthotopic mouse model of PDAC was shown to promote T
cell infiltration and enhanced efficacy of chemotherapy in a T cell de-
pendent manner (Gunderson et al., 2016). Blockade of inflammatory
mediators, such as IL-6, that drive STAT3 activation can also improve
the efficacy of chemotherapy (Long et al., 2017; Wormann et al.,
2016). Similarly, colony stimulating factor 1 (CSF1) is a growth factor
important for macrophage survival and in defining the polarity of
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tumor-associated macrophages (Pyonteck et al., 2013). In a mouse
model of spontaneous PDAC, inhibition of CSF1R produced a depletion
of tumor-associated macrophages and improved overall survival
(Candido et al., 2018). In an orthotopic model of PDAC, CSF1R blockade
also shifted the phenotype of tumor-associated macrophages seen by a
decrease in macrophage expression of immunosuppressive genes (e.g.
1110, Arg1) and an increase of anti-tumor immunity genes (e.g. I[12p35,
Ifnb, Nos2) (Zhu et al., 2014). This “reprogramming” of macrophages
in the tumor by targeting CSF1R was associated with an increase in
activated T cells, PDL1 expression on tumor cells, and enhanced respon-
siveness to immune checkpoint blockade with anti-PD1 and anti-CTLA4
antibodies (Zhu et al., 2014). Together, these findings support a role for
signaling pathways in macrophages in shaping the complexity of the
immune reaction to PDAC.

An understanding of the drivers of myeloid cell biology in the tumor
microenvironment has important therapeutic implications. Innate im-
mune receptors specific for damage-associated molecular patterns
(DAMPs) can define the activity of macrophages. For instance, ligation
of dectin 1 in macrophages stimulates their infiltration and induction
of pancreatic carcinogenesis in mice (Daley et al., 2017). Although
acute activation of TLR signaling can stimulate an anti-tumor response
(Liu et al., 2019), chronic stimulation promotes immune suppression
(Zambirinis & Miller, 2013). TLR7 (Ochi et al., 2012) and TLR9 ligands
(Zambirinis et al., 2015) produced in the setting of pancreatic carcino-
genesis and pancreatitis promote tumor progression and upregulate in-
flammatory pathways such as STAT3, Notch, and NF«B. Similarly, TLR9
activation induces pancreatic stellate cells to secrete CCL11 which pro-
duces immune suppressive effects via regulatory T cell recruitment
and immature myeloid cell proliferation. TLR4 agonism in myeloid
cells also accelerates pancreatic carcinogenesis in mice (Ochi et al.,
2012). Similarly, RIP1K expression in tumor-associated macrophages
suppresses the STAT1 pathway in macrophages and in doing so, endows
them with immunosuppressive properties. Inhibition of RIP1K redirects
macrophages with increased STAT1 signaling and immunostimulatory
properties that support the activity of T cell immunotherapy (Wang
et al., 2018). It is noteworthy that central to the activity of dectin 1,
TLRs, and RIP1K is the downstream activation of NFkB pathway. NFkB
transcription factors can also be activated by interleukin-1 receptor-
associated kinases (IRAKs). Specifically, IRAK4 is a central regulator of
TLR signaling and inhibition of IRAK4 activation reduces NFkB activity
in PDAC and enhances the efficacy of chemotherapy (Zhang, Li, et al.,
2017). Together, these data demonstrate the impact of chronic inflam-
matory signals in driving immunosuppression and therapeutic
resistance.

5.3. Inducing inflammation with anti-tumor activity

The inherent plasticity of the myeloid compartment has emerged as
a therapeutic opportunity in cancer. Myeloid cell infiltration in cancer is
nearly universal (Qian & Pollard, 2010) and although these cells com-
monly contribute to tumor development and metastasis, tumor-
infiltrating myeloid cells can be manipulated (Long, Collier, & Beatty,
2017). This potential to harness the myeloid compartment for thera-
peutic benefit is seen with a CD40 agonist. CD40 is expressed on mye-
loid cells, including monocytes, macrophages and dendritic cells.
Although CD40 ligation is a critical step in licensing dendritic cells to ef-
fectively present antigen and activate CD8™ T cells, systemic CD40 acti-
vation also induces an acute and systemic cytokine release of CCL2 and
IFN-vy, among several other cytokines (Beatty, Li, & Long, 2017). In re-
sponse to this systemic immune reaction induced by a CD40 agonist,
monocytes are recruited to tumors by CCL2 where they mediate IFN<y
dependent anti-fibrotic activity. IFNy-activated monocytes facilitate
intra-tumoral release of matrix metalloproteinases which in turn, de-
grade components of the extracellular matrix within tumors, including
collagen and fibronectin (Long et al., 2016). Together, this anti-fibrotic

inflammatory response mediated by IFN-y-activated monocytes condi-
tions tumors with increased sensitivity to chemotherapy.

CD40 agonists can promote macrophage-dependent anti-tumor ac-
tivity in both mice and humans that is independent of T cells (Beatty
et al., 2011; Buhtoiarov, Lum, Berke, Sondel, & Rakhmilevich, 2006).
However, CD40 agonists can also re-invigorate T cells in lymph nodes
surrounding PDAC in mice (Beatty et al., 2011), thereby providing ratio-
nale for CD40 agonists to potentially stimulate productive T cell
immunosurveillance. To this end, CD40 agonists have been tested in
mouse models of PDAC in combination with radiation and chemother-
apy (Beatty et al,, 2015; Byrne & Vonderheide, 2016; Rech et al., 2018;
Winograd et al., 2015; Yasmin-Karim et al., 2018). These combination
strategies aim to leverage the immunostimulatory activity of a CD40 ag-
onist with the potential of cytotoxic therapy to induce immunogenic
cell death and the release of tumor antigens (Beatty, Li, & Long, 2017).
In addition, immune checkpoint blockade has been combined with a
CD40 agonist in mouse models to produce enhanced anti-tumor T cell
dependent responses (Winograd et al., 2015). Thus, myeloid agonists
show potential for stimulating both innate and adaptive
immunosurveillance for improving therapeutic outcomes with stan-
dard therapies.

5.4. Targeting immune checkpoint pathways regulating innate
immunosurveillance in cancer

The biology of myeloid cells is defined by a balance of stimulatory
and inhibitory signals. For instance, macrophage phagocytosis of
tumor cells is determined by both pro-phagocytic and anti-phagocytic
signals that are communicated to macrophages by malignant
cells (Long & Beatty, 2013). In mouse models of hematologic cancers,
blockade of CD47, a “don’t eat me signal”, promotes macrophage
phagocytosis of tumor cells and improves the therapeutic activity of
tumor-specific antibodies (e.g. anti-CD20) (Jaiswal et al., 2009;
Weiskopf et al., 2013). CD47 suppresses the phagocytic activity of mac-
rophages by binding SIRPa (signal regulatory protein o)-receptor
expressed on macrophages. However, in solid cancers, CD47 blocking
antibodies have shown minimal activity in promoting macrophage
phagocytosis of malignant epithelial cells (Barkal et al., 2018; Feng
et al,, 2015; Liu et al,, 2019; Michaels et al., 2018). This finding is
thought to reflect additional negative regulatory signals beyond CD47
that govern macrophage activity. For instance, LILRB1 is an inhibitory
receptor upregulated on the surface of tumor-associated macrophages
which binds MHC class I to suppress macrophage phagocytosis of
tumor cells (Barkal et al., 2018). Loss of MHC class I expression on
tumor cells was found to sensitize tumors to macrophage-dependent
immunosurveillance (Barkal et al., 2018). Thus, macrophages have
the capacity to survey tissues for loss of self-defining markers, such as
MHC molecules.

Although chronic TLR agonism is associated with tumor progression,
acute stimulation of TLR pathways in macrophages invokes anti-tumor
activity (Buhtoiarov et al., 2006; Liu et al., 2019). This appears to be
due, at least in part, to the capacity of macrophage-stimulatory path-
ways to influence the metabolic state of macrophages, a key determi-
nant of their biology. Acute TLR agonism alters the central carbon
metabolism of macrophages to enhance their capacity to phagocytose
tumor cells and circumvent inhibitory signals (e.g. CD47) (Liu et al.,
2019). Thus, macrophage-dependent immunosurveillance in cancer
can be harnessed by disrupting immune checkpoint signals (e.g. CD47
and LILRB1) as well as by providing stimulatory signals (e.g. TLR
agonism). Overall, the plasticity and therapeutic potential of the inflam-
matory reaction to cancer offers a novel approach to intervening on the
natural history of tumors. However, this therapeutic potential is tem-
pered by the substantial complexity and dynamics of inflammation, as
well as the remarkable resilience of malignant epithelial cells to rapidly
adapt to immune pressure.
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6. Clinical studies targeting inflammation in pancreatic cancer

The remarkable success seen with immune checkpoint blockade
targeting the PD-1/PD-L1 pathway in solid tumors has provided the sci-
entific and clinical rationale for investigation of immunotherapy in
PDAC. Efforts to translate immunotherapy to PDAC, though, have been
met with significant challenge. For instance, PD1/PDL1 immune check-
point blockade as monotherapy has not produced clinical benefit for
the majority of patients with the exception of a subset (<1%) with mi-
crosatellite instability (MSI)-high tumors (Brahmer et al., 2012; Le
etal, 2017; Ott et al., 2019). Similarly, CTLA-4 antibodies as monother-
apy and in combination with chemotherapy have not shown overt clin-
ical activity (Aglietta et al., 2014; Royal et al., 2010). Vaccines and
chimeric antigen receptor (CAR)-modified autologous T cells have also
not demonstrated reproducible clinical responses (Beatty et al., 2014;
Beatty et al., 2018). Together, these clinical data signify that multiple
mechanisms likely underpin immune evasion in PDAC and reinforce
the need for rational treatment combinations. To this end, trials with
combination immunotherapy are being tested in pancreatic cancer
(Table 1). While the response rate in these trials is low, it is notable
that responses to combination immunotherapy (in the absence of cyto-
toxic therapy) are occasionally observed in a subset of patients with
good performance status and who have received multiple prior lines
of therapy (Table 1). These responses illustrate the potential of pancre-
atic cancer to be immune-sensitive.

Discoveries from preclinical models are informing the next genera-
tion of therapeutic strategies in PDAC. Ongoing clinical trials for patients
with pancreatic cancer, including all stages of disease, are investigating
drugs that target inflammation in combination with cytotoxic therapy
(chemotherapy and radiation) and with PD-1/PD-L1 checkpoint block-
ade (Table 2). Inflammatory pathways being targeted include CD40,
ICOS, IL-6R, Vitamin D receptor, IL-1, FAK, CD73, Adenosine A2A recep-
tor, CCR2/5, CXCR4, PEGPH20, CSF1R, and BTK. In addition, vaccines are
being combined with immune checkpoint blockade directed against
CTLA-4, IDO, and PD1/PDL1 as well as with radiation and CSF1R block-
ade. Multiple CAR T cell studies have been initiated to identify the po-
tential safety and relevance of CAR targets and to understand
mechanisms that regulate T cell trafficking and anti-tumor activity.
Novel cell-based therapies involving the adoptive transfer of NK cells
as well as oncolytic viruses are under investigation in early phase stud-
ies. Moreover, to rapidly advance the evaluation of novel therapeutics
and combinations, platform trial designs are being developed that are
conducted across multiple institutional sites (NCT03214250,
NCT03193190). Together, these “signal-seeking” studies aim to rapidly
screen promising treatment strategies and to identify subsets of pa-
tients who may achieve clinical benefit.

In other solid malignancies, new treatment paradigms are beginning
to emerge that have relevance to PDAC. For instance, maintenance

Table 2
Active immunotherapy-based trials in pancreatic ductal adenocarcinoma®

Treatment type Active Treatment targets
and
recruiting
trials (n)
ADC 10 AG7, AXL, CA19-9, CD71, GCC, Her2,
mesothelin, PSMA, tissue factor
Antibody CA19-9, CD25, CEACAM5/6, LIF
CART cell 10 CD70, CEA, EPCAM, Her2, mesothelin, MUCT,

PSCA

Cell-based (non-CAR 15 NK cells, T cells, TIL

T cell)

Cytotoxic Therapy + 2 Mesothelin
ADC

Cytotoxic Therapy + 9 CDA40, Claudin-18.2, CTLA4, HGF, IL-1alpha,
Antibody IL-6R, PDGFRalpha, VEGF

Cytotoxic Therapy + 17
PD1/PDL1 + Other

Angiotensin Il receptor, CCR2/5, CD40, CD73,
CSF1R, CTLA4, FAK, HCQ, Vaccine, VEGF

Cytotoxic Therapy + 1 N/A
Oncolytic Virus
10 (Other) 3 DART (B7H3-CD3), DR5 agonist, Pegylated
IL10
Oncolytic virus 6 N/A
PD1/PDL1 blockade 26 41BB, adenosine A2A receptor, CD73, CTLA4,
+ Other CXCR4, DNA methyltransferase, FAK, HA,
HDAC, Hsp90, ICOS, JAK1, MCSF, MEK,
Paricalcitol, PARP, PI3Kdelta, PORCN, RIPK1,
SBRT, SEMA4D, TGF-beta, vaccine, VEGFR2
Vaccine 8 DC, Peptide, Whole Cell
Vaccine + Other 3 CSF1R, CTLA4, IDO, PD1

ADC, antibody drug conjugate; CAR, chimeric antigen receptor; Cytotoxic therapy, in-
cludes chemotherapy and radiation; DART, dual-affinity re-targeting; DC, dendritic cell;
10, immuno-oncology drug; SBRT, stereotactic body radiation

2 Includes studies for all stages of pancreatic cancer.

therapy with PDL1 blocking antibodies is a treatment option for stage
Il non-small cell lung cancer patients after definitive concurrent che-
moradiation (Antonia et al., 2017; Antonia et al., 2018). As treatment re-
sponses to chemotherapy in PDAC are almost uniformly incomplete and
transient, strategies to consolidate and maintain responses would be of
significant benefit. To this end, PARP inhibitors, which block DNA repair
of double stranded breaks leading to synthetic lethality in BRCA mutant
cells, are being applied as maintenance therapy in other solid malignan-
cies (Mirza et al.,, 2016). This approach is also being investigated in pa-
tients with BRCA mutant PDAC and next generation strategies are
already being studied in which PARP inhibitors are combined with im-
munotherapy in the maintenance setting (NCT03404960). We propose
that strategies that target inflammation and are agnostic to BRCA muta-
tional status may also be incorporated as maintenance strategies and
would spare the need for continued cytotoxic therapy which could
then be reserved as a salvage treatment.

Table 1
Activity of immunotherapy combinations in advanced pancreatic ductal adenocarcinoma
Targets  Treatment Prior # of Tumor Reference
therapies Patients response
BTK + Ibrutinib + >1 43 1PR Hong, DS et al. “A multicenter study of the Bruton's tyrosine kinase (BTK) inhibitor ibrutinib plus durvalumab in
PDL1  durvalumab patients with relapsed/refractory (R/R) solid tumors.” Journal of Clinical Oncology 36, no. 15_suppl (May 20
2018) 2578-2578.
CD73 + Oleclumab + 2-3 20 2PR Overman, M] et al. “Safety, efficacy and pharmacodynamics (PD) of MEDI9447 (oleclumab) alone or in
PDL1  durvalumab combination with durvalumab in advanced colorectal cancer (CRC) or pancreatic cancer (panc).“Journal of
Clinical Oncology 36, no. 15_suppl (May 20 2018) 4123-4123.
CSF1R Cabiralizumab + >1 33 4 PR Wainberg, Z et al. “First-in-human phase 1 dose escalation and expansion of a novel combination, anti-CSF-1
+ PD1 nivolumab receptor (cabiralizumab) plus anti-PD-1 (nivolumab), in patients with advanced solid tumors” J Immunother
Cancer. 2017 [abst 042]
CXCR4  BL-8040 + >1 37 1PR Sun, D et al. “Anti-PD-1 therapy combined with chemotherapy or target therapy in patients with advanced
+ PD1 pembrolizumab biliary tract cancer in real-world clinical setting.” Annals of Oncology (2018) 29 (suppl_8): viii400-viii441.
IDO + Epacadostat + >1 15 0PR Naing, A et al. “Epacadostat plus durvalumab in patients with advanced solid tumors: preliminary results of the
PDL1  durvalumab ongoing, open-label, phase I/Il ECHO-203 study.”Cancer Res 2018;78(13 Suppl):Abstract nr CT177.
Total 178 9 (5%)
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Immunotherapy in PDAC is also being investigated in the neoadju-
vant and adjuvant settings. For patients with surgically-resected PDAC,
the standard of care remains surgery followed by adjuvant chemother-
apy. However, accumulating evidence is suggesting a role for neoadju-
vant therapy in PDAC (Tienhoven, et al., 2018; Versteijne et al., 2018).
The neoadjuvant setting also offers an opportunity to more rigorously
interrogate mechanisms of treatment response and resistance. In
other solid tumors, neoadjuvant immunotherapy has demonstrated ac-
tivity (Blank et al., 2018; Forde, Chaft, & Pardoll, 2018; Huang et al.,
2019). In PDAC, neoadjuvant vaccination has shown the capacity to in-
duce the formation of tertiary lymphoid aggregates in primary tumors
(Lutz et al.,, 2014). As T cell infiltration in surgically-resected PDAC spec-
imens correlates with improved outcomes (Balachandran et al., 2017), a
logical next step to impact survival in resectable PDAC is to invoke a pro-
ductive T cell immune response prior to surgical resection.

A major focus of immunotherapy in PDAC is to identify strategies
that can convert tumors from immunologically-resistant to -sensitive.
For instance, whole cell vaccination has demonstrated the capacity to
trigger the formation of T cell-rich tertiary lymphoid structures within
pancreatic tumors that correlate with improved outcomes (Lutz et al.,
2014). Overall, there is growing evidence that successful immune re-
sponses can be mounted against pancreatic cancer. For instance, long-
term survivors have been characterized as having high CD8™ T cell infil-
trates as well as high-quality neoantigens (Balachandran et al., 2017).
Furthermore, checkpoint blockade can produce remarkable responses
in patients with mismatch repair-deficient pancreatic cancer(Le et al.,
2017). Finally, clinical responses in combination immunotherapy trials,
that are targeting both the myeloid reaction and T cell immune check-
points, have been observed suggesting the potential to convert even
mismatch repair-proficient PDAC into an immune-sensitive cancer
(Table 1). Thus far, though, it is evident that enhancing the efficacy of
immunotherapy in PDAC will require a multipronged approach that in-
corporates multiple immunotherapeutic targets. Stimulating productive
innate and adaptive immunosurveillance in PDAC will need to consider
strategies that improve cancer cell immunogenicity, resolve local and
systemic immunosuppression, and invoke and maintain anti-tumor
immunity.

7. Concluding Remarks

Pancreatic cancer is notable for its remarkable therapeutic resis-
tance. Preclinical models have revealed the importance of inflammation
as a key determinant of not only immunotherapy, but also cytotoxic
therapies such as chemotherapy and radiation. In this review, we de-
scribed the cellular components of inflammation in pancreatic cancer;
we reviewed mechanisms by which inflammatory cells regulate tumor-
igenesis, immune evasion, and metastasis; and we discussed strategies
to derail mechanisms of treatment resistance imposed by inflammation.
Inflammation is tightly regulated by both cancer cell intrinsic and ex-
trinsic mechanisms. Consistent with this, patterns of inflammation in
cancer, that are detected amidst an otherwise heterogeneous and seem-
ingly disorganized microenvironment, are emerging via high-
dimensional genomic and single cell analyses. This biology is expected
to inform strategies to shift tumors from treatment-resistant to
-sensitive.

Inflammation is a key determinant of cancer cell survival, immune
evasion, and metastasis. Disrupting mechanisms central to inflamma-
tory cell recruitment and biology as well shifting the phenotype of the
inflammatory reaction from pro- to anti-tumor are therapeutic strate-
gies that are under investigation. Ongoing research aims to expand
our understanding of the intercellular networks that coordinate the in-
flammatory reaction to cancer. Next generation treatment strategies are
expected to focus on rational drug combinations and sequencing with
the goal to produce deep and durable treatment responses. In summary,
cancer cell biology is intimately dependent on instructional cues re-
ceived from inflammatory cells and thus, inflammation holds much

promise as a therapeutic target in PDAC should it be capable of being
tamed.
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