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Pancreatic cancer has one of the poorest prognoses of all malignancies, with little improve-
ment in clinical outcome over the past 40 years. Pancreatic ductal adenocarcinoma is re-
sponsible for the vast majority of pancreatic cancer cases, and is characterised by the pres-
ence of a dense stroma that impacts therapeutic efficacy and drives pro-tumorigenic pro-
grams. More specifically, the inflammatory nature of the tumour microenvironment is thought
to underlie the loss of anti-tumour immunity and development of resistance to current treat-
ments. Inflammatory pathways are largely mediated by the expression of, and signalling
through, cytokines, chemokines, and other cellular messengers. In recent years, there has
been much attention focused on dual targeting of cancer cells and the tumour microenvi-
ronment. Here we review our current understanding of the role of IL-6, and the broader IL-6
cytokine family, in pancreatic cancer, including their contribution to pancreatic inflammation
and various roles in pancreatic cancer pathogenesis. We also summarise potential oppor-
tunities for therapeutic targeting of these pathways as an avenue towards combating poor
patient outcomes.

Introduction

Pancreatic cancer is a devastating malignancy with a 5-year relative survival rate of only 3-9%, dependent
on the geographical location surveyed [1-4], with these statistics exhibiting only modest improvement
over the last four decades [1-3]. The median survival post-diagnosis ranges from just 6-11 months for
locally advanced disease, and 2—-6 months for metastatic disease [4]. It was estimated by the World Health
Organisation that pancreatic cancer is currently the 7" leading cause of cancer-related death, being re-
sponsible for over 430,000 deaths worldwide in 2018 [5]. With incidence increasing, pancreatic cancer
has been predicted to be the third leading cause of cancer-related death in the European Union by 2025
[6], and the second leading cause of cancer-related death in the United States of America and Germany
by 2030 [7,8].

Several factors contribute to the poor survival of pancreatic cancer patients. A current lack of reliable
diagnostic markers that would enable early screening [9], coupled with largely non-specific symptoms of
disease, results in over 50% of patients presenting with metastatic disease at diagnosis [1,3]. This subgroup
of patients have limited therapeutic options, and are thus typically administered palliative chemotherapy
aimed at prolonging survival and reducing symptoms during end-of-life care [10-12]. Moreover, whilst
approximately 10-20% of patients present with localised disease that is eligible for potentially curative
surgery [1,12,13], disease recurs in over 70% of patients post-resection [14,15]. Ultimately, these factors
culminate in more than 90% of patients diagnosed with pancreatic cancer succumbing to disease [12].

These harrowing statistics highlight that despite research efforts, there remains a lack of understanding
of the pathogenesis of disease, which in turn limits the development of new therapeutics.
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Pancreatic ductal adenocarcinoma
Pancreatic ductal adenocarcinoma is the predominant pancreatic

malignancy

Pancreatic cancer can arise from either the endocrine or the exocrine region of the pancreas. Tumours arising from
the exocrine compartment are termed pancreatic ductal adenocarcinoma (PDAC) and account for over 85% of all
pancreatic cancers [12,16].

PDAC develops via a stepwise progression, from normal tissue through to invasive lesions, which is associated with
distinct morphological characteristics [17-19]. It has been proposed that this process begins with a phenomenon
termed acinar-to-ductal metaplasia (ADM), which is a normal homeostatic mechanism whereby acinar cells transd-
ifferentiate into a ductal phenotype in response to particular stimuli [20]. However, if compounded by an oncogenic
‘hit’, cells are pushed towards a pathogenic phenotype that develops into pancreatic intraepithelial neoplasia (PanIN)
[21-24]. Disease progresses through pre-invasive stages, termed PanIN-1A, PanIN-1B, PanIN-2, and PanIN-3, prior
to invasive PDAC [25]. This progression is associated with increasing nuclear atypia, whereby the nuclei are no longer
positioned basally, and loss of normal architecture as cells become more papillary in nature, with PanIN-3 lesions
demonstrating increased mitoses [17]. As disease progresses to PDAC, cells become invasive and breach the base-
ment membrane, growing through the extracellular matrix and metastasising to distant organs (Figure 1).

Less common precursor lesions include intraductal papillary mucinous neoplasms (IPMNs) and mucinous cystic
neoplasms (MCNs) that also develop through multistep processes [25]. Whilst they share some common features,
each lesion is morphologically and genetically distinct. In contrast with PanINs that form within small ducts, IPMNs
develop within the primary or secondary branches of the main pancreatic duct, whilst MCNs lack ductal involvement
[25].

An inflammatory tumour microenvironment contributes to PDAC

pathogenesis

An archetypal feature of PDAC is the development of extensive stromal networks within the tumour microenviron-
ment (TME) that can account for up to 90% of the total tumour volume [26-29]. This unique characteristic drives the
inflammatory nature of PDAC that contributes to its aggressive phenotype [30]. Desmoplasia is driven by pancreatic
stellate cells (PSCs) and cancer-associated fibroblasts (CAFs) that, upon activation, produce a range of extracellular
matrix (ECM) components such as collagen, laminin, and fibronectin, which in turn form a physical barrier prevent-
ing the penetration of therapeutics [31-37]. Though PSCs and CAFs have been shown to support cancer metasta-
sis and drug resistance, they interact with cancer cells in a bidirectional manner, with each promoting the survival,
growth, and proliferation of the other [36-42]. Quiescent fibroblasts are able to differentiate into two unique sub-
types, termed myofibroblastic CAFs (myCAFs) and inflammatory CAFs (iCAFs) [36]. These two subtypes are dis-
tinct, whereby myCAFs express high levels of &-smooth muscle actin (x-SMA) and are located adjacent to cancer
cells, while iCAFs express low levels of x-SMA and instead secrete high levels of inflammatory mediators, includ-
ing IL-6, and are distributed distant from cancer cells within desmoplastic tumour regions [36]. Broadly, myCAFs
appear to have roles in epithelial-to-mesenchymal transition (EMT) and ECM remodelling, whilst iCAFs appear to
be involved in inflammation and ECM deposition [36,43]. A third less abundant subtype, termed antigen-presenting
CAFs (apCAFs), has more recently been defined [43]. These cells express low levels of both «-SMA and IL-6, and
instead express high levels of major histocompatibility complex class II (MHCII) and related genes [43]. As such, all
three subtypes are transcriptionally and functionally distinct.

The wider TME contains a plethora of other cell types including endothelial cells, tumour-associated macrophages
(TAMs) and neutrophils (TANs), mast cells, regulatory T-cells, myeloid-derived suppressor cells (MDSCs), dendritic
cells, natural killer (NK) cells, and nerve cells [44]. Interactions between various cells within the TME can drive
either pro-or anti-tumorigenic functions of others, for example, cancer cells can induce PSCs to secrete inflammatory
cytokines that drive immune cells towards an immunosuppressive phenotype, and also form a positive feedback loop
by increasing the tumorigenic potential of cancer cells [36,45,46]. The ECM itself has also been suggested to modify
PSC behaviour, in particular, that ECM stiffness promotes the myCAF phenotype, indicated by increased x-SMA
expression [47]. This results in substantial complexity that ultimately determines tumour phenotype [26,37].

The components of the microenvironment modify tumour behaviour through the production of cytokines, growth
factors, and other signalling molecules that predominantly drive a pro-inflammatory and immunosuppressive pro-
gram that enhances PDAC tumour growth and progression [28,40,44,48-52] (Figure 1). The ability of the TME to
inhibit therapeutic efficacy through both molecular mechanisms and physical fibrotic barriers contributes to the
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Figure 1. Our current understanding of the contribution of IL-6 family cytokines to PanIN and PDAC development
Pre-invasive PanlIN lesions develop from normal ductal epithelia, through PanIN stages 1A, 1B, 2, and 3, to stage 4 invasive and/or
metastatic PDAC. This process is associated with acinar-to-ductal metaplasia (ADM) early in disease, combined with an accumu-
lation of oncogenic mutations (most common mutations are indicated). A number of cells within the tumour microenvironment have
been shown to secrete IL-6 family cytokines, which in turn results in the activation of a pro-tumorigenic signalling cascade. A better
understanding of the relationship between each of these cells within the tumour microenvironment may reveal new therapeutic
opportunities to manage cancer progression.

intrinsic resistance of disease [34]. Thus, dual targeting of cancer cells and the TME may be required to induce a
favourable therapeutic response, although this poses a signficant scientific and clinical challenge [28,51,53-56].

Molecular basis of pathogenesis

PDAC development is associated with accumulation of mutations

The progression of tumorigenesis through PanIN and PDAC stages is associated with the stepwise accumulation of
specific genetic mutations that drive malignant transformation. The most frequent genetic alteration is an activating
KRAS point mutation (codon 12) that occurs early on in tumour development [57], and is detected in over 90% of
PDAC tumours [58-60]. Mutations in KRAS have been shown to drive development of precursor PanIN lesions, and
when combined with an appropriate tumour suppressor mutation, these lesions progress to invasive or metastatic
PDAC [61,62] (Figure 1). Patient tumours harbouring wild-type (WT) KRAS often carry activating mutations in
downstream effector molecules, such as BRAF or PIK3CA [58].
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Inactivation of a range of tumour suppressor proteins is also common, including mutations in TP53, CDKN2A,
and SMA D4, in approximately 74%, 35%, and 31% of tumours, respectively [59,60]. Whilst each mutation has unique
mechanistic outcomes, all three proteins are either directly or indirectly involved in the regulation of the G1/S cell
cycle checkpoint. Analysis of patient tumours indicates that two or more of these mutations often occur together, with
CDKN2A mutation being combined with either TP53, SMA D4, or both, usually in the background of KRAS muta-
tion [63]. This suggests that by disrupting this checkpoint, cancer cells are able to overcome inhibitory mechanisms,
allowing continued progression to invasive disease.

Unbiased sequencing efforts have also enabled identification of low prevalence PDAC mutations observed in less
than 10% of cases [59]. These include mutations in genes involved in chromatin modification, KDM6A (10%); DNA
damage repair, ATM (<2%); and other tumour-related processes such as growth (TGFBR1 or TGFBR2; <5%) [59].
Furthermore, it is important to note that technical advances are continuously uncovering epigenetic mechanisms that
further modulate the PDAC transcriptional landscape and ultimately influence disease heterogeneity and tumour
progression [64].

Molecular subtypes

The PDAC epithelial compartment is typically divided into two subtypes, including a classical subtype exhibiting an
epithelial-like expression profile, and a squamous or mesenchymal-like subtype [65,66]. An additional third exocrine
subtype is outlined in some analyses, and is characterised by a gene expression profile related to digestive enzyme
production [67,68]. The classical or epithelial subtype has also been further divided into a pancreatic progenitor and
an immunogenic subtype, whereby the immunogenic subtype is distinguished by significant immune infiltration and
associated gene programmes [67]. Though there is no consensus on which classification system will allow the most
valuable stratification of patients, the mesenchymal subtype is invariably associated with a poor prognosis [65,67,68].
The stromal compartment has also been classified into either normal or activated subtypes, reflecting the pro-and
anti-tumorigenic capabilities of the TME, with the activated subtype associated with reduced survival [65]. This is
particularly valuable as the extensive heterogeneity of PDAC complicates clinically relevant stratification of patients.
Thus, the identification of molecularly unique subtypes may enable development of tailored therapeutic regimens
that will provide improved clinical outcomes.

Current treatment options

Regardless of disease stage at time of diagnosis, patients have relatively limited treatment options. For the majority
of patients, disease will be locally advanced or metastatic, disqualifying them from undergoing potentially curative
surgery [1,3]. In these cases, patients are typically offered chemotherapy with palliative intent [10-12].

Surgery provides the only potentially curative treatment

Surgical resection remains the only potentially curative treatment option due to minimal efficacy of standard-of-care
chemotherapy and radiotherapy. Due to its aggressive nature, the majority of patients present to clinic with locally
advanced or metastatic disease, with only 10-20% of patients presenting with localised tumours that are eligible
for surgical resection [1,12,69]. Even for those able to undergo surgical intervention, over 70% of patients relapse
post-resection [14,15], with median survival improving to 18 months, and 5-year relative survival rate increasing
modestly to 15-20% [70]. The use of neoadjuvant therapy is generally reserved for borderline resectable disease in
an effort to enable patients to become eligible for surgery [71]. However, a range of recent trials have shown im-
proved clinical outcomes, including overall survival, for neoadjuvant treatment of patients with resectable tumours
[71]. Following surgical resection, patients are typically treated with adjuvant gemcitabine-based chemotherapy [72],
although a recent study showed improved disease-free survival and overall survival with a modified FOLFIRINOX
therapy (combination of oxaliplatin, irinotecan, leucovorin and fluorouracil) [73].

Radiotherapy provides variable clinical outcome

Whilst the use of radiotherapy and chemoradiotherapy (combination chemo- and radiotherapy) in the neoadjuvant
and adjuvant settings have been investigated, there remains a lack of consensus regarding therapeutic benefit [74,75].
This is due to issues such as insufficient radiation dose and low participant numbers, as well as low uptake of modern
techniques [76]. In the neoadjuvant setting, preliminary studies reported reduced lymph node positivity and rates of
local recurrence for chemoradiotherapy compared to surgery with adjuvant chemotherapy [75,76]. However, the use
of radiotherapy in the palliative setting was reported to modestly reduce overall survival [77]. More recent studies
using ablative doses of radiation have shown a survival benefit, highlighting that technological advancements may
provide an avenue for improved clinical outcomes following radiotherapy [78]. These contrasting results highlight the
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need to determine which subset of patients may benefit from the inclusion of radiotherapy approaches in standard
treatment regimens.

Chemotherapy remains the cornerstone of treatment

Despite modest improvements in overall survival, palliative chemotherapy remains the standard treatment option
for patients with locally advanced or metastatic disease. Gemcitabine monotherapy has been the mainstay treatment
for pancreatic cancer since 1997 when it was demonstrated to improve median survival by just over 1 month, com-
pared with fluorouracil [79]. Within the last decade there have been some further improvements in clinical outcome
with combination chemotherapies gemcitabine/nab-paclitaxel and FOLFIRINOX providing median overall survival
benefits of 1.8 and 4.3 months, respectively, compared with gemcitabine alone [80,81]. Although FOLFIRINOX treat-
ment resulted in a lower percentage of patients experiencing reduced quality of life, it also had increased toxicity and
adverse events, thus preventing its administration to patients with multiple comorbidities [73].

Therapeutic resistance remains a significant barrier to patient survival

Despite advances in chemotherapeutic options, treatment efficacy and patient prognosis remain poor due to the in-
herent therapeutic resistance of pancreatic cancer. It has been proposed that this drug resistance may be driven by the
TME, including changes to cytokine signalling and metabolic pathways [82-84]. This intrinsic resistance is demon-
strated by patients experiencing similar overall survival for chemotherapy treatment (3.0-8.6 months) compared with
best supportive care (2.5-7.0 months), which encompasses the use of palliative surgery, psychological support, pain
management and other methods of symptom control [85]. Whilst a range of targeted treatments, such as EGFR or
checkpoint inhibitors, have been trialled with or without chemotherapy, they have shown limited success [86-88].

Emerging roles for the IL-6 family of cytokines in PDAC

Cytokines are soluble molecular messengers that enable efficient communication between a range of cell types, and
have been recognised to be major contributors to the growth and metastasis of cancers [89-92]. In pancreatic can-
cer, cytokines mediate signalling between cancer cells, and the cells of the TME, including PSCs, CAFs, endothelial
cells, and a range of immune cells including macrophages, mast cells, neutrophils, and regulatory T-cells [26,93-98].
It is the specific signalling pathways active within this community of cells that dictates the balance of pro- and
anti-tumorigenic functions [99].

The IL-6 family of cytokines

The interleukin 6 (IL-6) family of cytokines includes IL-6, IL-11, leukaemia inhibitory factor (LIF), oncostatin M
(OSM)), ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT-1), cardiotrophin-like cytokine (CLC), neuropoi-
etin (NP), IL-27, and IL-31 [100-104]. These cytokines are grouped as they share structural similarity, forming a four
a-helical bundle (termed helices A-D) with an up-up-down-down topology [101,105,106].

IL-6 and IL-11 utilise a hexameric signalling complex, consisting of two molecules each of the cytokine, «-receptor
(either IL-6R or IL-11R, respectively), and (3-receptor glycoprotein 130 (gp130) [107-109]. IL-6 and IL-11 are able
to signal via two distinct mechanisms, termed classic and trans-signalling. Classic signalling involves the forma-
tion of a complex including membrane-bound IL-6R or IL-11R, with gp130 and the respective cytokine. Conversely,
trans-signalling utilises soluble IL-6R or IL-11R molecules, which are able to form a signalling complex with gp130
and the respective cytokine [110-113]. In this way, classic signalling relies on the responding cell’s intrinsic expression
of IL-6R or IL-11R, whilst trans-signalling is able to activate any cell expressing gp130 [110,114].

LIE OSM, IL-27, and IL-31 signal through trimeric complexes, with a single cytokine molecule engaging
the respective receptor, LIFR, OSMR, IL-27R (WSX-1), or IL-31R, and either gp130 or OSMR (for IL-31)
[100,101,105,115-117]. CNTE CT1, CLC, and NP form tetrameric signalling complexes, composed of one cytokine
molecule, one LIFR, one CNTFR, and one gp130 receptor [100,105]. In each case, the active signalling complex con-
sists of two chains that are signalling competent, with a combination of either gp130, LIFR, OSMR, IL-27R, or IL-31R
[105]. The requirement for multiple receptor subunits means that, although gp130 is ubiquitously expressed, the ex-
pression of other receptor subunits dictates the ability for any given cell to respond to cytokine, as signalling initiation
requires the presence of cytokine and a compatible receptor complex [118] (Figure 2A).

Signalling complex assembly leads to trans-phosphorylation and activation of receptor-associated Janus tyrosine
kinases (JAKs), largely JAK1, and to a lesser extent JAK2 and TYK2 [119,120]. In the case of gp130-mediated sig-
nalling this results in phosphorylation of the cytoplasmic domain of gp130 at tyrosine (Y) 683, 759, 767, 814, 905,
and 915 [121]. Phosphotyrosine (pY) 767, 814, 905, and 915 of gp130 provide docking sites for signal transducer and
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Figure 2. IL-6 family cytokine signalling pathway

(A) Schematic representation of the stepwise binding process for the IL-6 family members, with IL-6 as an example. The site 1
interaction involves cytokine binding to the respective receptor, with the site 2 interaction generally between the cytokine and the
common gp130 receptor chain, finally site 3 interactions involve formation of the final active signalling complex, in this case, for-
mation of the IL-6/IL-6R/gp130 hexameric complex. (B) General outline of the IL-6 family cytokine signalling pathway. Formation of
an active hexameric complex leads to activation of JAKs with subsequent activation of the STAT3, MAPK, and PI3K pathways (left).
This results in up-regulation of the negative regulator SOCS3, as well as a range of inflammatory and pro-tumorigenic molecules.
The pathway is inhibited by SOCS3, PIASS3, and PTPs via dephosphorylation, ubiquitin-mediated proteasomal degradation, and
SUMOylation (right).
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activator of transcription (STAT) molecules, leading to their subsequent phosphorylation by JAK1 and formation of
active STAT dimers [121-123]. Phosphorylated STAT (pSTAT) dimers then translocate to the nucleus and modulate
target gene expression, including up-regulation of a range of genes involved in inflammatory and pro-tumorigenic
pathways [122-124] (Figure 2B). Broadly, these STAT3-regulated genes can be categorised into pathways associated
with inhibition of apoptosis, increased cell proliferation, modulation of immunity and inflammation, increased an-
giogenesis, and increased invasive and metastatic potential [125-132].

Although JAK/STAT signalling is the predominant pathway activated downstream of IL-6 family cytokines, the
mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways can also be activated
[122]. The MAPK pathway has been suggested to be activated by a Src homology domain 2-containing phosphatase 2
(SHP2)-mediated mechanism, whereby SHP2 is recruited to pY759 on gp130, allowing JAK-mediated phosphoryla-
tion of SHP2 [106,133,134]. This promotes association with the adaptor protein, growth factor receptor bound protein
2 (Grb2), leading to activation of the G-protein, Ras, via son of sevenless (SOS), with a subsequent phosphorylation
cascade including Raf, MEK, and ERK1/2 activity [106,135]. Following this, a MAPK-dependent phosphorylation
event leads to the recruitment of Grb2-associated binding protein 1 (Gab1) to the plasma membrane, where Gab1 is
suggested to act as a scaffold or adaptor protein to allow binding of PI3K and SHP2, leading to activation of the PI3K
and MAPK pathways, respectively [133] (Figure 2B).

The suppressor of cytokine signalling 3 (SOCS3) is largely responsible for regulation of signalling, and is directly
upregulated by STAT3 [100]. SOCS3 contains an SH2 domain, allowing it to bind to pY residues within the gp130
receptor [100], with preferential binding to Y759 [134,136,137]. Once bound, SOCS3 recruits an E3 ubiquitin ligase
complex, containing Cullin5, Rbx2 and adaptors Elongin B and C, via its SOCS box domain [138]. This complex
ubiquitinates the gp130 receptor, inducing its internalisation and targeting it for proteasomal degradation [138-143],
and is also able to ubiquitinate JAK2 in vitro [144]. SOCS3 also mediates direct inhibition of the kinase activity
of JAK1/2 via its kinase inhibitory region [145-148]. Thus, SOCS3 is able to down-regulate IL-6 family cytokine
signalling pathways, through two distinct mechanisms.

The phosphotyrosine phosphatases (PTPs) and protein inhibitors of activated STATs (PIASs) also limit the strength
and duration of cytokine signalling [122]. A range of PTPs, including SHP2, are responsible for de-phosphorylating
tyrosine phosphorylated substrates, including JAKs, STATs and other SHP2 molecules [122,134,149]. PIAS3 prefer-
entially binds pSTAT3 and inhibits activity either by preventing STAT3 interaction with DNA, by recruiting tran-
scriptional repressors to STAT3 target genes, or by SUMOylating STAT3 to prevent its activity [150,151] (Figure 2B).

Interleukin 6 in PDAC

Elevation of serum IL-6 is a negative prognostic marker in human PDAC

Serum IL-6 levels were increased in PDAC patients compared with healthy patients [69,152-158] or those with
chronic pancreatitis [152,154,157,158], and were also increased in patients with metastatic PDAC compared to those
with locally advanced disease [157-161]. Moreover, elevated serum IL-6 positively correlated with increased disease
burden, weight loss/cachexia, and metastasis [69,152-160,162-167], however, there are conflicting observations in
the literature regarding IL-6 and cachexia [161]. Although, increased serum IL-6 levels correlate with increased dis-
ease stage, and in metastatic patients correlates with poor overall survival [161,168]. As such, it has been suggested
that IL-6 may be a superior marker for diagnostic and prognostic purposes, compared with the standard C-reactive
protein (CRP), carcinoembryonic antigen (CEA), and carbohydrate antigen 19-9 (CA19-9) markers [157].

IL-6 is expressed within the TME

IL6/IL-6 was overexpressed in human PDAC tumours in comparison with adjacent normal tissue [165,169]. Whilst
this tumour-specific elevation has been correlated with reduced survival in some studies [69,155,157,161,165], others
showed no significant correlation with survival [160], similar to the data available in The Cancer Genome Atlas
(TCGA) dataset for both IL-6 and IL-6R (Figure 3A,B). The TCGA comprise aggregate sequencing data, which does
have limitations regarding interpretation of contributions of individual cell populations to disease outcome; however,
it remains a widely used resource for exploratory investigations. However, overexpression of IL-6 has been observed
at the mRNA and protein level in the pancreata of PDAC mice [46,170,171], with 116 expression increasing with age,
which is indicative of disease stage in these models [172].

Despite the presence of IL-6 in tumours, primary human and commercial pancreatic cancer cell lines have been re-
ported to exhibit variable expression levels of IL-6 and secreted cytokine, albeit consistently higher than normal pan-
creatic ductal epithelial cells [46,153,165,173,174]. In an organoid model, minimal IL-6 was expressed by pancreatic
cancer cells (PCCs) or PSCs in monoculture, however in coculture, PCCs expressed only I16ra, whilst iCAFs expressed
high levels of IL-6, with this activating STAT3 within PCCs [36,171,175]. iCAFs also demonstrate an upregulation of
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Figure 3. IL-6 family cytokine expression in PDAC patients
Overall survival for patients with high (top quartile) and low (bottom quartile) level expression of (A) IL6, (B) IL6R, (C) IL11, (D) IL11R,
(E) LIF, (F) OSM, (G) CNTF, (H) CTF1 (CT-1), (Il CLCF1 (CLC), and (J) IL27 (n = 43 per group). Data and graphs obtained from
Oncolnc [272] using data from The Cancer Genome Atlas (TCGA). Statistical significance determined by Mantel-Cox Log-rank
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the JAK/STAT pathway, with expression of IL-6 being dramatically increased in vitro when incubated with PCC con-
ditioned media, indicating that soluble factor/s trigger IL-6 production [36,43,46]. More recently, PCC-derived IL-1
has been shown to induce autocrine LIF secretion, and thereby promote the iCAF phenotype, including activation of
the JAK/STAT signalling pathway and IL-6 production [176].

In addition, TAMs have been identified as producers of IL-6 in pancreatic cancer by correlative immunohisto-
chemistry and expression analysis of isolated cell populations [46,172,177]. Production of IL-6 by TAMs was shown
to influence tumour development via bone-marrow chimeras, as mice reconstituted with IL-6 knockout (KO) (1167")
myeloid cells developed low-grade PanINs, whilst those reconstituted with IL-6 W'T cells developed PanIN-3 lesions
[172].

IL-6 is a driver of PDAC pathogenesis

Both in vitro and in vivo studies suggest that the presence of IL-6 in the TME can drive activation of STAT3 [178],
with IL-6 inhibition reducing STAT3 phosphorylation [172,179]. This IL-6/STAT3 program has been proposed to
be a driver of PDAC pathogenesis, by enhancing tumour initiation and progression, angiogenesis, regulation of cy-
tokine expression and immune cell behaviour, resistance to apoptosis, and promotion of metastasis [180-182]. In an
inducible KRAS-driven mouse model, genetic deletion of 116 resulted in a reduction of ADM and PanIN formation
when KRAS mutation was initiated embryonically, compared with controls, suggesting a role for IL-6 in tumour ini-
tiation [46]. This was also observed in a constitutive KRAS mutant model, where genetic deletion of IL-6 prevented
tumour initiation in vivo, with a reduction in the number of PanIN 1, 2, and 3 lesions [172]. Interestingly, oncogenic
KRAS and hypoxic conditions, both features of PDAC tumours [12,183,184], were shown to induce IL-6 production
[173,185,186], perhaps representing a feed-forward pathway enhancing tumorigenesis [126]. However, IL-6 is not
absolutely required for PanIN formation, as induction of KRAS mutation at 4-6 weeks of age, in conjunction with an
experimental pancreatitis model, drove formation of PanIN lesions that were not significantly different between IL-6
WT and KO mice [46].

1167~ mice exhibited reduced tumour progression with decreased proliferative capacity of both cancer and stro-
mal cells, enabling regression of precursor lesions [46]. Furthermore, this inhibition of tumour progression by IL-6
deletion was due, at least in part, to the reversal of ADM, with ductal cells reverting to an acinar-like phenotype
[46]. Increased apoptosis of cancer and stromal cells was also shown to contribute to this reduced tumour pro-
gression, as demonstrated by appropriate immunohistochemical analyses, with up-regulation of pro-apoptotic, and
down-regulation of anti-apoptotic BCL-2 family members [46]. This is mirrored by in vitro data, whereby IL-6 stim-
ulation increased the expression of anti-apoptotic BCL2/BCL-2 and BCL2L1/BCL-XL [187], with blockade of IL-6
signalling or STAT?3 activation inducing apoptosis [169,179]. Collectively, these data suggest that whilst IL-6 con-
tributes, it is not required for PDAC initiation and progression.

The process of angiogenesis supports tumour growth and progression by enabling adequate blood supply, which
is enhanced by IL-6 signalling. Upon IL-6 stimulation, PDAC cell lines up-regulate key angiogenic factors such as
vascular endothelial growth factor (VEGF/VEGF) and neurophilin-1 (NRPI/NRP1) [173,178,188,189], with signifi-
cant correlation observed between the expression of IL-6R and VEGF on human PDAC sections [189]. IL-6-induced
up-regulation of VEGF correlated with a growth advantage in PCCs, with both features inhibited by treatment with
a JAK?2 inhibitor [178].

Another facet of the pro-tumorigenic effects of IL-6 is the regulation of cytokine expression that enables modulation
of the immune system [69]. In particular, it has been shown that IL-6 is able to up-regulate a type 2 cytokine profile in
vitro that may inhibit anti-tumour immunity in disease [173]. IL-6 suppressed the differentiation of human CD14*
cells into dendritic cells (DCs) in vitro, whilst combination treatment with IL-6 and granulocyte colony-stimulating
factor (G-CSF) inhibited the ability of DCs to respond to alloantigen, a process that is required for DC maturation
and antigen presentation, where these effects were reversed by blockade of IL-6 and/or G-CSF [190]. IL-6 has also
been implicated in driving increased apoptosis of type I conventional DCs (cDCls), leading to ¢cDC1 dysfunction
early in tumorigenesis, and thereby decreased CD8"* T-cell activation [191]. This notion is further supported by in
vivo studies whereby genetic deletion of IL-6 in a KRAS-driven PDAC mouse model exhibited a significant decrease
in the percentage of intra-tumoral cancer-promoting macrophages and MDSCs [46]. Utilising primary human PSCs,
MDSC differentiation was shown to be driven by PSC-derived IL-6, in a STAT3-dependent manner [45]. The resultant
MDSCs were able to suppress T-cell proliferation [45], suggesting a role for IL-6 in promoting an immunosuppressive
TME. Correlative analysis indicates that IL-6, through the generation of metabolic stress, indirectly causes a reduction
in the percentage of intra-tumoral natural killer (NK) cells, CD4", and CD8" T-cells in pre-cachectic and cachectic
mice [192]. This effect was coupled to a reduction in the expression of an array of genes involved in immune cell
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recruitment and T-cell effector function [192], indicating that IL-6 is able to, directly and indirectly, modulate immune
regulation to enhance tumorigenesis.

EMT, migration, and invasion are prerequisite abilities that are required for tumour metastasis. Stimulation of PCCs
with IL-6 modulated the expression of a range of proteins that drive EMT and migration, including up-regulation
of SNAII/SNAI1 (Snail), SNAI2 (Slug), CDH2 (N-cadherin), VIM (vimentin), FN1 (fibronectin), COLIAI (col-
lagen), and TWIST2, and down-regulation of CDH1/CDHI1 (E-cadherin), with these effects mitigated by IL-6 or
STATS3 inhibition [175,193,194]. IL-6-treated PCCs and pre-invasive PanINs exhibited morphological changes, with
cells displaying up to three-fold increased invasive ability that was abrogated by IL-6, JAK2, or STAT3 inhibition
[171,178,193-195]. These results suggest that IL-6 mediates its effects predominantly through the JAK/STATS3 sig-
nalling pathway. This IL-6 driven invasive ability was recapitulated in human xenograft-derived PCCs, with the mech-
anism reported to be due, at least in part, to activation of a small GTPase, CDC42, which promotes the development
of migratory filopodia, but not lamellipodia [195]. In addition, IL-6 drives up-regulation of matrix metalloproteinase
(MMP) 2 in vitro in a JAK2-dependent manner [178]. As such, it has been demonstrated that IL-6 enhances the
migratory, invasive, and metastatic capability of PDAC cells.

Collectively, these data suggest that IL-6 is able to enhance tumorigenesis and metastatic potential through a variety
of molecular pathways that are predominantly reliant on the JAK2/STAT?3 signalling axis (Figure 1).

Anti-IL-6 treatment inhibits tumour growth in murine models

The vast majority of literature exploring the function of IL-6 in PDAC indicates a pathogenic role, providing a ro-
bust rationale for the targeted inhibition of this signalling pathway. Autocrine signalling of IL-6 by PCCs has also
been demonstrated to prevent gemcitabine-induced apoptosis in vitro [42]. Knockdown of IL-6 by RNA interfer-
ence (RNAI) resulted in increased sensitivity of PDAC cells to gemcitabine, leading to reduced proliferation, colony
formation, and invasion, and increased apoptosis in vitro [169]. These results were mirrored in a PDAC cell line
xenograft model, where IL-6 knockdown, in combination with gemcitabine, produced a substantial reduction in
tumour burden [169]. Furthermore, pancreas-specific Kras®!?P/*/P>3#/+ mutant mice with established disease were
treated with an IL-6 neutralising antibody, resulting in a reduction in ADM and almost complete lack of PanIN
lesions, compared to mice treated with isotype control that exhibited a range of ADM, PanIN-1, 2, and 3 lesions
[46]. Combination treatment of anti-IL-6R with anti-programmed death-ligand 1 (PD-L1) immunotherapy was also
demonstrated to be promising, with syngeneic xenograft models exhibiting reduced tumour growth, reduced abun-
dance of x-SMA fibrobalsts (likely myCAFs), and increased infiltration of effector T-cells, and pancreas-specific
Kras®12D/* /p53R2700//+ /By a2l mutant mice exhibiting decreased disease progression and increased overall sur-
vival [196].

Whilst these studies provide evidence that IL-6 inhibition may provide therapeutic benefit, the application of IL-6
targeted treatments will require assessment of the value of targeting classical and/or trans-signalling pathways. It has
been proposed that trans-signalling is the predominant pathway by which IL-6 mediates pathogenic effects in pan-
creatic cancer [101]. The contribution of each signalling mechanism was explored in vivo by crossing KRAS-mutant
mice with either I167" or soluble gp130 (sgp130) transgenic mice (sgp130Tg) to prevent classic and trans-signalling
[197], respectively [172]. In this model, sgp130Tg mice exhibited a more pronounced reduction in the number of
PanIN lesions, than Kras®!?P/Il67- mice, compared with KrasG12D mice [172]. As such, it may be beneficial to
specifically target IL-6 trans-signalling using sgp130, preferentially to anti-IL-6 or anti-IL-6R therapies.

In order to investigate the contribution of classic and trans-signalling, PDAC cell line xenografts were treated with
either anti-IL-6R or sgp130 [174]. Treatment during tumour growth (beginning 3 days post-injection) or follow-
ing tumour resection (resected 10 days post-injection, treatment 3 days post-resection), resulted in reduced tumour
burden compared with PBS or gemcitabine treatment, with sgp130 exhibiting enhanced results in each case; how-
ever, anti-IL-6R treatment exhibited fewer metastases post-resection [174]. In order to assess whether gemcitabine
chemotherapy would improve responses, xenografts were treated with anti-IL-6R or sgp130 in combination with
gemcitabine [174]. However, this strategy did not significantly improve inhibition of tumour growth compared to
monotherapy, although gemcitabine alone or in combination reduced metastatic spread [174]. Whilst combination
of all three treatments was not performed, it would be intriguing to explore whether bulk or staged treatment regimens
would be capable of reducing both tumour growth and metastatic spread.

Interleukin 11 in PDAC

IL-11 expression is associated with poor prognosis in PDAC

IL-11 has been shown to be overexpressed in 64% of human PDAC tumours [165,198], with patients also displaying
significantly elevated serum IL-11 levels compared to healthy controls [199]. Whilst two studies reported that reduced
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serum or tissue IL-11 levels correlated with poor survival [165,199], data available in the TCGA data demonstrated
that high IL-11 expression, but low IL-11R expression correlates with poor overall survival (Figure 3C,D). This ap-
parent dichotomy is not understood.

IL-11 may have a pro-tumorigenic role in PDAC

Both IL-11 and IL-11R are expressed by pancreatic organoids and PSCs, with higher expression in cells isolated from
the primary tumour, compared with those from metastatic sites [36]. Moreover, it is the PSCs, especially those with an
iCAF phenotype, rather than the tumour organoids, which are the prominent producers of IL-11 [36]. Recombinant
IL-11 stimulation has been shown to induce the activation of STAT3 in pancreatic cancer cell lines, with neutralising
antibodies able to block this effect [36]. Furthermore, it was shown that oncogenic KRAS was able to up-regulate
IL11 expression, with inhibition of STAT3 preventing this effect [200], suggesting that STAT3 is involved in mutant
KRAS-mediated expression of IL-11. Knockdown of IL-11 in pancreatic cancer cell lines resulted in reduced expres-
sion of MMP2 and MMP9 and a 50% reduction in invasive capacity [200]. These results suggest that IL-11 may have
a pro-tumorigenic effect in pancreatic cancer, similar to its roles in colorectal [201], gastric [202], and breast [203]
cancers.

LIF in PDAC

LIF may be associated with poor prognosis in human disease

Elevated LIF levels have been detected in the serum of PDAC patients, compared with healthy patients [170]. In-
creased serum levels of LIF have been shown to correlate with poor therapeutic response and reduced disease-free
and overall survival [170], although this is not reflected in data available in the TCGA (Figure 3E). The correlation be-
tween serum LIF concentration was determined to be a superior indicator of response compared to the FDA-approved
marker CA19-9 [170]. LIF overexpression is specifically observed in PDAC tumours, compared with adjacent normal
tissue, healthy patients, or patients with chronic pancreatitis or benign pancreatic tumours, who exhibit normal low
level expression [170,204,205]. This specific increase in LIF expression was correlated with tumour differentiation
status and is thought to contribute to PDAC pathogenesis.

LIF overexpression promotes STAT3 activation, cell growth, and proliferation

LIF overexpression has been reported in a number of pancreatic cancer cell lines and organoids [36], with stimulation
by a range of cytokines, such as TNF, IL-1f3, IL-6, or LIF itself, leading to further increased expression of LIF [206].
The most potent producers of LIF are PSCs, particularly those with an iCAF phenotype, but macrophages and mast
cells also secrete the cytokine [36,170,204,206]. It has been suggested that increased LIF expression may be driven
by overactive KRAS, which is present in the vast majority of human PDAC tumours [12,207]. Furthermore, PCCs
express high levels of LIFR [36], as well as gp130, with LIF stimulation resulting in further upregulation of LIFR,
suggesting that these cells may be the target of TME-derived LIF [170,206]. LIF stimulation resulted in increased ac-
tivation of STAT3, but not of other downstream molecules ERK or AKT, and knockdown of LIFR or treatment with
LIF-neutralising antibodies reduced STAT3 activation in pancreatic cancer cell lines [36,170]. In vitro, LIF stimula-
tion promotes cell growth and proliferation, potentially via up-regulation of CXCL-8 [206,208], among other path-
ways, with increased expression of CXCL-8 in the serum and tumours of PDAC patients correlating with increased
tumour growth [209].

Anti-LIF treatment inhibits tumorigenesis and increases overall survival in murine models

Mouse models of PDAC mirror the overexpression of LIF observed in patients, with elevated levels detected in serum
at 3 weeks of age, and in pancreas tissue at 5 weeks of age, concurrent with development of early-stage PanIN le-
sions, suggesting that increased expression of LIF correlates with increased disease progression [170,204]. Inhibition
of LIF signalling, by genetic LIFR deletion, LIF knockdown, or treatment with LIF neutralising monoclonal antibod-
ies, results in reduced tumour progression in PDAC mouse models and decreased tumour engraftment and growth in
pancreatic cancer cell line xenograft models [170,207]. In combination with chemotherapy, LIF inhibition increased
overall survival and prolonged response to therapy in PDAC mouse models, KRAS?P-driven syngeneic xenograft
and patient-derived xenograft models [170,207]. Even in the context of chemotherapy pre-treated PDAC mice, com-
bination treatment with gemcitabine plus anti-LIF significantly improved survival [170]. This survival advantage was
proposed to be due to reduced EMT, increased cancer cell differentiation, and increased apoptosis, resulting in less ag-
gressive disease that was more amenable to treatment [170]. Anti-LIF treatment of PDAC mice also demonstrated that
LIF is involved in a process termed neural remodelling, which drives invasion into pancreatic nerves and enhances
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metastatic processes [204]. These data implicate LIF in PDAC pathogenesis, with particular roles in enhancing disease
progression and therapeutic resistance.

Conversely, the down-regulation of LIFR was observed in approximately 70% of human tumours, with this de-
creased expression correlated with increased invasion and metastasis [210]. This finding was validated in pancreatic
cancer cell lines and xenograft models, with the mechanism being linked to reduced expression of genes that drive
EMT [210]. This disparity in the effects of increased LIF and LIFR expression highlight the need to gain a deeper
understanding of the contribution of LIF signalling to PDAC pathogenesis.

OSM in PDAC

OSM is associated with poor prognosis in human disease

Elevated levels of OSM have been detected in the serum of untreated PDAC patients, as well as those treated with
gemcitabine and erlotinib combination therapy, compared with healthy controls [211]. OSM and OSMR are overex-
pressed in human PDAC tumours compared with normal pancreas [212-215], with OSM expression correlating with
increased expression of STAT3 target genes [216], but not with overall survival (Figure 3F).

Upon comparison of PDAC tumour and adjacent normal tissue, 22 pathways were found to be up-regulated, 4 of
which involved OSM signalling via both the JAK/STAT and MAPK pathways [217]. While regulation of OSMR has
not been thoroughly studied, 20% of human PDAC tumours exhibited OSMR methylation, a mechanism reported in
melanoma cells to downregulate OSMR to evade OSM-mediated growth control [218].

OSM contributes to EMT of PDAC cells

A range of in vitro studies have highlighted that OSM is able to promote EMT, drive stem-like phenotypes, and inhibit
apoptosis in PDAC [216,219-221]. For example, stimulation of human PDAC cell lines with OSM alone, or in com-
bination with transforming growth factor 3 (TGF[3) or hepatocyte growth factor (HGF), promoted EMT, defined by
up-regulation of vimentin and down-regulation of E-cadherin [216,221]. OSM and HGF combination treatment was
found to modulate mRNA expression of 11 EMT-related genes, with three of these being solely OSM-driven [221]. In
particular, expression of key EMT-related transcription factors, ZEBI and SNAII (Snail), were increased following
OSM stimulation, with associated JAK/STAT3 and STAT3/TGF[3/SMAD?3 activation, respectively [216,220]. Further-
more, OSM stimulation promoted expression of OSMR, thus providing a positive feedback loop [216]. OSM-mediated
modulation of EMT factors and associated morphological changes were partially blocked by MEK inhibition, and
completely blocked by JAK and PI3K inhibition, with OSM/HGF-mediated changes being partially blocked by each
inhibitor [221]. Similar observations have been made in 3D culture systems, indicating that multiple downstream
pathways are involved in OSM-driven EMT [221].

OSM, but not IL-6, has been shown to drive conversion of human PDAC cell lines to a stem-like phenotype (defined
as CD24low/CD44high) [222], and to suppress their re-differentiation [216,220]. This conversion to cancer stem cells
(CSCs) was associated with EMT, whereby changes in ZEB1, Snail and E-cadherin expression correlated with the
up-regulation of CD44 and down-regulation of CD24 [216]. This process was proposed to involve JAK activation
and the EMT-promoting STAT3/TGF(/SMAD3-mediated signalling pathway, as inhibition of JAK1/2 or SMAD3
was able to prevent CD44 expression and acquisition of CSC properties [216,220].

OSM stimulation of PCCs in vitro has also been shown to result in the emergence of a distinct cell population with
high tumorigenic and metastatic potential [216]. Generation of OSM-overexpressing PDAC cell lines revealed that
these cells had increased migratory potential and decreased sensitivity to gemcitabine, although proliferative capacity
was not affected [216]. Another study demonstrated that radiotherapy-resistant PDAC cells overexpress OSM, which
correlated with inhibition of apoptosis, enhanced DNA repair, and overexpression of ZEB1 [219]. These data suggest
that OSM may contribute to increased tumorigenic potential and therapeutic resistance in PDAC.

OSM drives an aggressive PDAC phenotype in murine models

Orthotopic xenograft mouse models with WT or OSM-overexpressing PDAC cells have shown that OSM promotes
a highly aggressive phenotype, with tumours 5-10 times larger, and with increased intraperitoneal metastases com-
pared to their WT counterparts [216]. Interestingly, co-injection of WT PDAC cells with either human WT fibroblasts
or OSM-overexpressing fibroblasts revealed that the latter was able to drive aggressive disease with increased tumour
burden and metastasis, compared to WT [216]. These results suggest that an OSM-rich TME promotes growth, in-
vasion, and metastasis, with TAMs colocalising with OSM in liver metastases, suggesting that they may be involved
in endogenous OSM production [223]. In contrast, treatment with OSM-expressing viruses was explored using an
orthotopic xenograft hamster model, in which localised expression of OSM within the TME significantly reduced
tumour burden and increased survival [224]. These contradicting results emphasise the dual processes seemingly at

(©) 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).



Clinical Science (2020) 134 2091-2115
https://doi.org/10.1042/CS20191211

play downstream of OSM and highlight the need to gain a refined understanding of its role during each stage of PDAC
pathogenesis.

Other IL-6 family members in PDAC

CNTF

There is limited data surrounding the role of CNTF in PDAC, however publicly available RNA-seq data shows that
it is expressed in the normal pancreas, with increased expression correlating with reduced overall survival in PDAC
patients (Figure 3G).

CT-1

PDAC cell lines express relatively low levels of CTF1/CT-1 compared with colorectal cancer cells [225]. As such, whilst
therapeutic neutralisation or genetic KO of CT-1 in mice prevented the hepatic engraftment of injected colorectal
cancer cells, engraftment rates of PDAC cells were not affected [225]. Furthermore, expression levels of CT-1 in
PDAC tumours do not correlate with overall survival in the TCGA dataset (Figure 3H).

CLC

Despite CLC having potential tumorigenic properties, particularly in KRAS mutant cancers [226], expression levels
of CLC in PDAC tumours do not correlate with overall survival (Figure 3I), suggesting that it may not play a role in
this malignancy.

IL-27

Both pro-and anti-tumorigenic roles have been suggested for IL-27, depending on the cancer type examined
[227,228]. In PDAGC, elevated levels of IL-27 correlate with poor overall survival (Figure 3]); however, it has been
shown that IL-27 overexpression in PDAC cell line xenograft models exhibited reduced tumour growth, due to
increased cell cycle arrest and apoptosis, and increased overall survival [229,230]. It was also shown by in vitro
co-culture that IL-27 inhibited the polarisation of TAMs towards an M2 phenotype, thereby reducing cancer cell
proliferation, migration, and invasion, inducing cancer cell apoptosis, and improving therapeutic response to gemc-
itabine [231].

IL-31
Human PCCs have been shown to express low levels of IL-31 and high levels of IL-31R, relative to a panel of cells
originating from other cancer types [232]. Although no publications or publicly available datasets address the expres-
sion levels or role of IL-31 signalling in PDAC, administration of IL-31-IgG was shown to reduce tumour growth and
angiogenesis in a colorectal cancer xenograft mouse model, suggesting that IL-31 may have anti-tumorigenic effects
[232].

JAK1/2 and STAT3 in PDAC

JAK1/2 and STAT3 are activated in PDAC and promote tumorigenesis

Overactivation of JAK1/2 and STATS3 is implicated in human and mouse models of PDAC, with particular links to
increased tumour growth and progression [126,129,130,172,182,233-235]. This overactivation of the JAK/STAT3
pathway provides a positive feedback loop through the production of cytokines, other growth factors, and ECM
components, the latter of which is a classic hallmark of PDAC [233,236].

Activation of JAK was shown to correlate with reduced overall survival compared with patients with moderate or
low activation levels [237]. JAK2 was shown to be crucial to the progression of cancer cachexia in PDAC mice [238],
a condition that develops in 80% of patients with late-stage disease and is a common cause of death [239].

PSTATS3 is elevated in human PDAC tissue, compared to adjacent normal tissue [240]. Elevation of pSTAT3 is
a negative prognostic marker in PDAC [241], and has been implicated in driving the up-regulation of STAT3 tar-
get genes that promote EMT, invasion, angiogenesis, and immunosuppression, and are required for tumour initi-
ation and progression [126-128,131,132,193,242,243]. In line with these observations, pancreas-specific deletion of
STAT3 in PDAC mouse models revealed reduced inflammation, tumour initiation, progression, and invasive potential
[126,172,244], exhibited by significant reduction in ADM, and loss of PanIN-2 and PanIN-3 lesions [172,244]. More-
over, activation of JAK2 and STAT3 has been shown to drive chemotherapy resistance in mouse models [234,245].
Thus, the downstream activation of the JAK/STAT3 signalling axis is thought to be a major contributing factor driving
PDAC pathogenesis, and has been proposed as an attractive therapeutic target [246,247].
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Do IL-6 family cytokines represent a new therapeutic opportunity?

Based on pre-clinical data, a range of IL-6 family cytokines, as well as their downstream mediators, have been demon-
strated to contribute to pancreatic cancer pathogenesis (Figure 1). Conflicting results suggest that we do not yet un-
derstand the precise temporal and mechanistic details of these pathways. However, there remains an opportunity
to utilise current experimental evidence to develop novel therapeutics to improve clinical outcomes for pancreatic
cancer patients.

Therapeutic benefit of JAK1/2 or STAT3 inhibition may be context dependent

Inhibition of JAK2 reduced pancreatic cancer cell proliferation, adhesion, and invasion, and induced apoptosis in
vitro [178,248-250]. Similarly, treatment of human and murine PSCs with the JAK1/2 inhibitor ruxolitinib re-
duced STAT3 phosphorylation, proliferation, and expression of PSC activation markers [251]. Treatment of PDAC
xenografts with WP1066, a dual inhibitor of JAK2/STAT3, reduced tumour growth in vivo [249]. Tofacitinib, an FDA
approved JAK inhibitor, reduced expression of chemokines and immune stimulatory molecules, which correlated
with a decrease in recruitment of TAMs and TANSs to the TME, compared with vehicle [252]. However, tofacitinib
yielded decreased tumour growth and delayed relapse following treatment only in combination with immunotoxins
or antibody-drug conjugates targeting mesothelin [252], a protein up-regulated in PDAC [253,254].

Inhibition of STAT3 using small molecules or RNAi reduced cancer cell proliferation, migration and invasion,
and induced apoptosis in vitro [179,255-257], whilst reducing tumour growth and angiogenesis in vivo [256,258].
Liposomal delivery of a small molecule STAT3 inhibitor reduced STAT3 activation and cell growth, and sensitised
cells to radiotherapy and chemotherapy in vitro and in vivo [240]. This was supported by another study where a
JAK/STAT?3 inhibitor, in combination with gemcitabine, significantly reduced tumour growth in both an orthotopic
xenograft and genetic mouse model of pancreatic cancer [235]. Conversely, other studies have shown that inhibition of
STATS3 results in up-regulation of anti-apoptotic genes in PDAC cell lines [259]. Furthermore, whilst STAT3 inhibition
alone reduced PDAC xenograft tumour growth, when used in combination with anti-PD-1, the beneficial effects of
STATS3 inhibition were negated [260]. These conflicting results may be explained by the differential expression of
STAT?3 at various disease stages, or the ability of STAT3 to drive distinct responses in different genetic backgrounds
and at different stages of disease [243].

Clinical trials targeting JAK1/2 or STAT3 are ongoing

Patients with metastatic pancreatic cancer who progressed following gemcitabine treatment were administered
capecitabine with or without ruxolitinib, a JAK1/2 inhibitor [261]. In this trial, treatment was generally well tolerated
and ruxolitinib extended median overall survival by 0.2 months, with patients who displayed systemic inflammation
having a 0.9 month survival benefit [261]. This improved response in a subset of patients with a more inflammatory
phenotype suggests that inhibition may be more valuable in certain physiological contexts. However, two follow-up
studies focusing on patients that had failed one line of chemotherapy and had systemic inflammation were terminated
early due to a lack of treatment efficacy [262]. Upon analysing the available data, no further safety issues were raised,
however there was no observed improvement in quality of life, progression-free survival, or overall survival [262].
Based on these results, a concurrent study investigating the efficacy of gemcitabine and ruxolitinib, with or without
nab-paclitaxel, for patients with metastatic pancreatic cancer was terminated early [263].

Application of another JAK1/2 inhibitor, momelotinib, in combination with gemcitabine and nab-paclitaxel for
patients with previously untreated metastatic pancreatic cancer demonstrated that the combination was well tolerated
but exhibited no clinical benefit compared with gemcitabine/nab-paclitaxel dual treatment [264]. Ongoing studies
trialling the combination of STAT3 inhibitor napabucasin with gemcitabine/nab-paclitaxel in patients with metastatic
pancreatic cancer demonstrated that the treatment is well tolerated, though conclusive results regarding efficacy are
pending [265,266].

Whilst the limited success of these JAK1/2 and STAT3 inhibitors seem to indicate that targeting this pathway may
not yield improved patient outcomes, only late stage patients were enrolled. Moreover, while well tolerated, it was
not reported whether the concentrations administered were sufficient to inhibit STAT3 activation in patient PDAC
tumour cells, or in cells within the TME. Increased dosing may not have been possible, as it is common for these small
molecule kinase inhibitors to lack specificity. For JAK inhibitors, off-target effects arise as many drugs are designed to
block the highly conserved ATP-binding pocket. Ruxolitinib exhibits considerable off-target effects, with a study of
368 kinases, representing approximately 60% of the human kinome, identifying 33 kinases that were more than 50%
inhibited, and 11 that were more than 80% inhibited by the drug [267]. Whilst momelotinib was not included in that
study, the two drugs show similar phenotypic response profiles, with momelotinib demonstrating off-target inhibition
of kinases such as JNKI1 that are involved in alternative signalling pathways. Similarly, though napabucasin has been
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shown to target STAT3 [268], small molecule inhibitors of STAT3 often have poor potency and pharmacokinetic
profiles [269]. Hence, despite therapies targeting either JAK1/2 or STAT3 so far failing to provide consistent clinical
benefit, the extent to which this may be due to inappropriate dosing, failure of drug to reach the tumour site, or
off-target effects remains unclear. Thus, inhibiting this pathway by another approach may be an alternative avenue
that provides therapeutic efficacy.

Therapeutic potential of targeting IL-6 family cytokines

There are advantages of targeting extracellular cytokine-receptor interactions, including the ease of drug accessibility
to its target, and the ability to specifically inhibit the cytokine pathway/s identified to be responsible for disease. This
reduces the potential for off-target effects that are implicated when inhibiting downstream signalling molecules that
are highly conserved between multiple signalling pathways.

Of all the IL-6 family members, only the most studied, IL-6, has clinical trials currently being performed to investi-
gate whether inhibition of this pathway will be efficacious in pancreatic cancer. One clinical trial has been conducted
using the anti-IL-6 monoclonal antibody, siltuximab, as a monotherapy, however results are pending (NCT00841191).
Siltuximab monotherapy has exhibited favourable results in clinical trials for metastatic renal carcinoma [270] and
relapsed and refractory multiple myeloma [271]. Another Phase II trial is currently recruiting, to investigate whether
addition of the anti-IL-6R monoclonal antibody, tocilizumab, to dual first-line gemcitabine/nab-paclitaxel treatment
is safe and efficacious for patients with unresectable locally advanced or metastatic pancreatic cancer (NCT02767557).
As these studies are completed, we will gain further insight into the potential of inhibiting IL-6 in pancreatic cancer,
though much work is required to increase our understanding of the contribution of other IL-6 family members to
disease and their potential to improve clinical outcomes.

Concluding remarks

The devastating prognosis of those diagnosed with pancreatic cancer, combined with the predicted increases in inci-
dence worldwide, reinforces the requirement to address this unmet clinical need for new therapeutics. The tumour
microenvironment, particularly in the inflammatory and fibrotic context of pancreatic cancer, has emerged as a ma-
jor contributor to pathogenesis, but also to evasion of anti-tumour immune responses and drug resistance. Although
these broad roles have been outlined, we lack the details regarding the intricacy of the molecular mechanisms gov-
erning these tumorigenic pathways, including the crucial temporal and contextual features that determine cellular
fate. In particular, the IL-6 family of cytokines have been demonstrated to influence pancreatic cancer pathogenesis,
and thus may represent a previously unleveraged therapeutic opportunity. As such, if we are able to understand more
deeply the intricacies of these cytokine signalling pathways, we may identify the precise context in which inhibition,
or activation, of these pathways will enable improved clinical benefit for pancreatic cancer patients.
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