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Pancreatic cancer is one of the deadliest cancers worldwide, largely due to its aggressive development.
Consequently, treatment options are often palliative, as only one-fifth of patients present with potentially curable
tumors. The only available treatment with curative intent is surgery followed by adjuvant chemotherapy. However,

even for patients that are eligible for surgery, the 5-year OS remains below 10%.

PDAC TME cancer therapy pancreatic cancer

| 1. Introduction

Pancreatic cancer, in its most common form—pancreatic ductal adenocarcinoma (PDAC)—is one of the most lethal
cancers worldwide. PDAC is the third leading cause of cancer death and is expected to become the first within the
next ten years. With its five-year survival rate of 7%, PDAC is characterized by its aggressive nature and rapid
metastasis formation. Moreover, the symptoms of PDAC, such as back pain, loss of appetite, weight loss and new-
onset diabetes [, are not specific and are often misinterpreted, leading to a late diagnosis . In fact, less than
20% of PDAC patients present local and potentially curable tumors. While the cause of pancreatic cancer remains
unknown, some factors such as smoking 81 chronic pancreatitis, which can be caused by excessive alcohol
consumption @Bl and age have been associated with an increased risk for the development of PDAC I,
Furthermore, some pathogenic germline gene variants are known to increase susceptibility to PDAC, mainly
occurring in DNA damage repair genes. The most observed variants in PDAC include BRCA1/2 (breast cancer

gene 1/2) and ATM (ataxia telangiectasia mutated).

In most cases, pancreatic cancer originates in the ductal epithelium and develops from pre-malignant lesions. The
best-characterized pre-malignant lesion and precursor of pancreatic cancer is called pancreatic intraepithelial
neoplasia (PanIN) . As cancer develops, the minimally dysplastic epithelium, called pancreatic intraepithelial
neoplasia grades 1A and 1B, progresses to more severe dysplasia called pancreatic intraepithelial neoplasia
grades 2 and 3 to finally reach the stage of an invasive carcinoma. In parallel, successive mutations accumulate,
including the activation of the KRAS oncogene, the inactivation of the tumor-suppressor gene CDKNZ2A, and finally
the inactivation of the tumor-suppressor gene TP53 and deleted in pancreatic cancer 4 (DPC4), also known as the
SMAD family member 4 (SMADA4). The inactivation of CDKN2A results in the loss of the p16 protein, a regulator of
the G1-S transition of the cell cycle, and the activation of TP53 allows cells to bypass DNA damage control
checkpoints. The mutation of SMAD4 results in aberrant transforming growth factor 3 (TGF-) signaling. Other less
well characterized premalignant lesions of the pancreas have been described and characterized as intrapancreatic

mucinous neoplasia (IPMN) and mucinous cystic neoplasia (MCN) £, The Genome Project showed that PDAC is a
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type of tumor with high inter-tumoral genetic heterogeneity [29. This suggests that it might not be possible to find a
single therapy for all PDAC patients. In fact, two major molecular subtypes of PDAC have recently been described,
namely the classical and the basal-like subtypes. The classical subtype is characterized by a higher differentiation
of the tumor, fibrosis, and inflammation, while the basal-like subtype shows a loss of differentiation and is
associated with poor survival and a lack of response to existing chemotherapy regimens 1. These findings
support the fact that PDAC presents a high inter-patient variability and that treatment regimens may have to be

adapted to the different tumor subtypes.

| 2. PDAC Standard-of-Care Treatments

To optimally treat PDAC patients, tumor staging is a crucial step. The staging of pancreatic cancer is based on the
results of helical CT and tumor-node-metastasis classification according to the most recent edition of the ‘American
Joint Committee on Cancer’ 12 (Table 1). The goal of CT imaging is to determine the position and size of the
tumor, the involvement of veins and arteries, and the presence of metastasis. In brief, stages | and Il comprise
tumors that are limited to the pancreas and have minimal or no contact with major vessels. The difference between
stage | and Il is the size of the tumor (<2 cm for | and >2 cm for II). Tumors of stage Il are extended beyond the
pancreas, involving the superior mesenteric vein, portal vein or splenic vein, but do not involve the celiac axis or
the superior mesenteric artery. These three tumor stages can include regional lymph node metastasis. Stage IV
tumors involve the superior mesenteric artery or celiac axis 22 The tumor stage is a benchmark for assessing
resectability. Stage | and Il are considered resectable, stage II-1ll tumors are borderline resectable (BRPC) or
locally advanced PDAC (LAPC), depending on whether a safe and complete resection and the reconstruction of
the affected veins and arteries are possible. In general, the borderline resectable status indicates that the tumor is
neither clearly resectable nor clearly unresectable but rather involves a greater likelihood of incomplete resection,
including R1 resection and a positive margin, as part of upfront surgery 4. Finally, stage IV tumors are metastatic
PDAC and are considered non-resectable 2!, Precise tumor staging allows clinicians to provide the optimal
treatment to the patients based on the advancement of the disease.

Table 1. Overview of pancreatic cancer staging.

AJCC Staging -1 - -1l v
. B li Locall .
Clinical stage Resectable orderline ocaly Metastatic
resectable advanced
< o
Vascular involvement O EF e <180° contact >180° contact N/A
contact

Prevalence at diagnosis (~%)
a

10-15 30-35 30-35 50
Treatment intent Curative Curative Palliative Palliative
5-year survival rate (~%) 2 35-45 10-15 10-15 <5
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2.1. Surgery

Today, surgery remains the only cure for patients with pancreatic cancer, but less than 20% of them are eligible for
surgery. The main goal of surgery is to resect the entire tumor, in a way that no cancer cells can been seen
microscopically at the primary tumor site. This successful resection is termed RO. On the other hand, a resection is
called R1 when cancer cells remain microscopically visible at the primary tumor site. Unfortunately, a recent
analysis concluded that the proportion of R1 resection exceeds 75%, even in specialized surgical centers 18, The
Whipple procedure, the resection of pancreatic head adenocarcinoma, consists of pancreatoduodenectomy, which
includes the resection of the pancreatic head, duodenum, distal common bile, and sometimes gastric antrum,
followed by pancreatoenterostomy, hepaticojejunostomy and gastrojejunostomy. This procedure is associated with
a high morbidity rate of up to 45%. When the tumor is found in the tail or the body of the pancreas, the performed
surgery is termed distal pancreatectomy, where the tail and possibly a part of the body of the pancreas is resected.
As a safety measure due to proximity, the spleen is often removed as well. Finally, if the cancer has spread
throughout the pancreas but is still resectable, a total pancreatectomy is performed, whereby the entire pancreas is
removed, as well as the gallbladder, the spleen and parts of the stomach and the small intestine. This type of
resection is the most drastic and is avoided as much as possible due to major side effects, such as diabetes and
the inability to digest certain foods. Therefore, patients that have undergone total pancreatectomy are entirely

dependent on insulin shots and must take pancreatic enzymes for life.

2.2. Neoadjuvant Chemotherapy

Neoadjuvant therapy can eradicate metastases that are not visible with imaging methods and in some cases,
tumor shrinkage has been observed, which improves the resectability 2. However, the benefit of neoadjuvant
therapy compared to upfront surgery and adjuvant therapy for resectable PDAC is undergoing evaluation. This is
addressed in the ongoing phase Ill trial (A021806) where perioperative FOLFIRINOX (Ca®* folinate, 5-FU,
irinotecan and oxaliplatin) is compared to adjuvant FOLFIRINOX for patients with resectable PDAC (18], For BRPC
tumors, surgery is often an option but is likely to result in R1 resection, which is an important negative prognostic
factor for overall survival (OS) 19, In these cases, neoadjuvant chemotherapy, such as FOLFIRINOX, may
increase the rate of successful RO resection and improve long-term survival 22, Although neoadjuvant treatment is
recommended by the National Comprehensive Cancer Network (NCCN), it has not yet become the standard-of-
care treatment due to the lack of randomized studies and the added complexity to the multidisciplinary treatment
planning. Neoadjuvant therapy requires a pretreatment biopsy and endoscopic stent placement in patients with
biliary obstruction. However, a meta-analysis that included 13 trials demonstrated the down-staging of patients with
BRPC or unresectable tumors after neoadjuvant FOLFIRINOX therapy, with an RO resection rate of 40% [21l,
Another meta-analysis highlighted the benefits of neoadjuvant therapy in resectable and borderline resectable
pancreatic cancer, by comparing survival by intention to treat between patients undergoing upfront surgery and
neoadjuvant chemotherapy. A total of 3484 patients were included in the analysis and approximately 50% of them

received neoadjuvant treatment. Despite a lower resection rate (66% vs. 81.3%), patients who received
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neoadjuvant therapy survived longer compared to upfront surgery (18.8 vs. 14.8 months, respectively). The

difference was even larger among patients who underwent resection (26.1 vs. 15 months) 22,

2.3. Adjuvant Chemotherapy for Resected Pancreatic Cancer

The randomized trial of the ESPAC-1 demonstrated that adjuvant fluorouracil (5-FU) chemotherapy has a
beneficial impact on the OS of the patients after RO and R1 resection (Table 2) 23, The phase Il CONKO-001 trial
showed similar positive results after gemcitabine treatment, with prolonged disease-free survival (DFS) and OS,
including in patients with RO- and R1-resected tumors (Table 2). Long-term follow up also showed an increased
10-year OS of 5% [24123], Finally, the phase Il ESPAC-3 trial compared adjuvant therapy with either gemcitabine or
5-FU plus folinic acid and concluded that there was no significant difference between the two options 28! (Table 2).
Therefore, both are currently considered standard treatments 2. The benefit of adjuvant radiotherapy remains
controversial. Therefore, treatment with systemic chemotherapy has become the standard of care after RO and R1
resection. Recently, impressive progress has been achieved with FOLFIRINOX as adjuvant treatment for patients
with resected PDAC. As shown in the PRODIGE 24/CCTG PA.6 trial, the median OS of the FOLFIRINOX group
reached 53.5 months compared to 35.5 months in the gemcitabine group. A recent update of this trial included the
5-year patient follow up. The 5-year DFS rate is 26.1% for patients treated with FOLFIRINOX vs. 19.0% for
gemcitabine, and the 5-year OS rate is 43.2% vs. 31.4%, respectively 2 (Table 2). Although FOLFIRINOX does
not cure PDAC, these data demonstrate its positive impact on patient survival and are another step in the right
direction. Therefore, FOLFIRINOX is recommended as adjuvant treatment for patients with excellent health status.

For patients with poorer general health status, gemcitabine remains the preferred option.

Table 2. Summary of selected clinical trials.

Trial Theraov Tvbe Treatment Grouns Number of Median Survival Year of
py Typ P Patients in Months Publication
ESPAC-1 Adjuvant 5-FU vs. resection only 188 19.7 vs. 14 2001
CONKO- Adjuvant Gemeitabine vs. 368 13.4vs. 6.7 2007
001 resection only
ESPAC-3 Adjuvant 5-FU +folinic acid vs. 1088 23 vs. 23.6 2010
gemcitabine
pRODIGE I rstline for FOLFIRINOX vs. 342 11.1vs. 6.8 2011
stage IV gemcitabine
PRODIGE- Adjuvant FOLFIRINOX vs. 493 54.4 vs. 35 2017
24 Gemcitabine

2.4. Treatment of Locally Advanced and Metastatic Disease
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LAPC is inoperable and up to 80% of the patients will not have sufficient tumor response to neoadjuvant
chemotherapy to become eligible for resection. The standard treatment aims to control the disease with
chemotherapy, commonly FOLFIRINOX, nab-paclitaxel and/or gemcitabine 28, however, the OS of LAPC patients
remains below one year 29, Clinical trials have shown the equivalent response and efficacy of nab-paclitaxel and
gemcitabine or FOLFIRINOX BYBl These are therefore considered as standard-of-care treatments and the use of
either one is adapted based on the degree of adverse effects observed in each patient 2. However, for
approximately 20% of the patients who respond well to chemotherapy combinations, such as FOLFIRINOX or
gemcitabine plus nab-paclitaxel, some studies reported promising results, namely a reduction in tumor size,

converting some LAPC into resectable tumors [21],

Chemotherapy remains the standard treatment for metastatic pancreatic cancer. In fact, gemcitabine has been the
standard of care for first-line treatment for the past 14 years, as a study has shown its clinical benefits in improving
median progression-free survival (PFS). Unfortunately, even with gemcitabine treatment, the OS of patients with
metastatic disease is only between five and six months with a response rate of 5.4% [23l. Various combinations of
gemcitabine-based treatments with either cytotoxic or molecularly targeted agents have been tested and showed
only a slight increase in the OS, from a few weeks to a few months BAB3IB4BSIBE] - Sjmjlarly, several meta-analysis
of randomized controlled trials have shown that combining gemcitabine with fluoropyrimidine or platinum
compounds moderately improves OS in patients with advanced PDAC BZI38I39] |n the PRODIGE trial of 2011, an
important breakthrough for patients with metastatic PDAC was achieved with FOLFIRINOX treatment. The OS of
patients treated with FOLFIRINOX increased up to 11.1 months compared to the 6.8 months observed with
gemcitabine alone 2! (Table 2). Since this trial, FOLFIRINOX has become the standard of care for patients with
metastatic PDAC. This major discovery then led to the use of FOLFIRINOX as adjuvant and neoadjuvant therapy.
Recently, Shelemey et al. reported the case of a 59-year-old woman with adenocarcinoma of the pancreatic tail
and innumerable liver metastases who received FOLFIRINOX chemotherapy. Subsequent CT scans showed
shrinkage of the pancreatic mass, as well as the liver metastases. Her cancer antigen 19-9 (CA 19-9) normalized
after 11 months. Oxaliplatin was then discontinued due to peripheral neuropathy, but she still completed 37 cycles
of FOLFIRI (Ca?* folinate, 5-FU, irinotecan). During these cycles, the pancreatic mass disappeared, and the liver
metastases decreased in size and remained as scar tissue. After 5.5 years, an MRI of her abdomen showed no
recurrence of pancreatic mass, and two residual liver lesions, defined as scar tissue, remained stable 49, This
case of complete response to FOLFIRINOX/FOLFIRI chemotherapy is encouraging and argues for its use as

standard therapy.

3. PDAC TME, Immunotherapies and Therapy Resistance:
What to Target Next?

After reviewing the currently available treatments based on tumor stage, researchers now discuss the major
features of PDAC and its TME. In the next section, they will consider possible causes of treatment resistance and

how to identify potential new therapeutic targets based on what is known about the TME in PDAC (Figure 1).
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Figure 1. Overview of the key components in PDAC TME, their interactions and promising new targets.

3.1. Pancreatic Cancer Cells

During the development of PDAC, pancreatic cancer cells acquire several features that enable them to evade the
immune system. First of all, cancer cells are able to downregulate their expression of major histocompatibility class
| (MHC-I) molecules, making them less well recognized by effector T cells 4142 Second, PDAC cells can attract
various immunosuppressive cells that further contribute to the low immunogenicity of the tumor. For example,
PDAC cells use the CCL2/CCR2 axis to recruit tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs) 43l and the CCL5/CCR5 axis to recruit regulatory T cells (Tregs) 24l Third, pancreatic
cancer cells can reduce effector cell function within the TME by the immune checkpoint molecule programmed
death-ligand 1 (PD-L1), which is expressed in approximately 13% of PDAC patients. PD-L1 binds to PD-1 onthe T
cells and induces their anergy and apoptosis, contributing to immune evasion “3. Furthermore, PDAC cells
produce indoleamine 2,3-dioxygenase (IDO), which catalyzes tryptophan degradation. As tryptophan is required for
T cell survival and activation, its degradation also leads to T cell apoptosis and anergy €. In addition, it has been
shown that IDO enhances the recruitment of Tregs and tryptophan starvation induces their development in the
TME 17481 Together, these mechanisms allow pancreatic cancer cells to develop and proliferate while being

protected from an immune response.

3.2. PDAC Stroma

Upon PDAC establishment, one major characteristic is a desmoplastic reaction which is the formation of dense

stroma 49, This stroma is composed of high-density fibrotic tissue and pancreatic stellate cells (PSCs), which are
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the cancer-associated fibroblasts (CAFs) specific to PDAC and the main feature of PDAC, accounting for nearly
90% of the tumor mass. The formation of a dense stroma is the result of PSCs or myofibroblasts activation by
growth factors such as TGF-[31, platelet-derived growth factor (PDGF) and fibroblast growth factor. Activated PSCs
secrete collagen and other components of the extracellular matrix which play a role in poor vascularization, which
is characteristic of PDAC Y. However, the role of stromal cells in pancreatic cancer progression seems
controversial. In some studies, the presence of stroma has been shown to promote immunosuppression and
fibrosis B2 and support cancer progression by attenuating antitumor effector mechanisms. The stroma itself
increases the number of immunosuppressive cells and inhibits cytotoxic CD8* T cells 28], In these studies, it seems
that the stroma does not only constitute a physical barrier, but also forms a compartment involved in the process of
tumor formation, progression, invasion and metastasis 49, It has been shown that stromal cells express proteins
associated with poor prognosis and treatment resistance, such as PDGF receptor, vascular endothelial growth
factor (VEGF) and secreted protein, acidic and rich in cysteine (SPARC) B4I33] However, Ozdemir et al. conducted
a preclinical study in which CAFs were depleted and surprisingly, they observed that collagen was reduced and
matrix was reorganized, angiogenesis was decreased, and hypoxia was enhanced. In addition, the number of
cancer stem cells and the frequency of Tregs increased, leading to a poor prognosis 28, Recently, much progress
has been made in deciphering the controversial role of CAFs, which is now known to be due to several contrasting
functions. Distinct CAFs populations have been identified that differ in their gene expression and secretome
profiles. Myofibroblastic CAFs (myCAFs) are the closest to cancer cells with properties of activated fibroblasts. On
the other hand, inflammatory-CAF (iCAFs) are in a more distal location from the tumor and are characterized by

the expression of inflammatory mediators, such as IL-1, IL-21, and CXCL1-3 B758],

3.3. Treatments Targeting PDAC Stroma

The desmoplastic stroma of PDAC not only constitutes a large portion of the tumor mass, but also plays a key role
in immunosuppression and acts as a barrier preventing effective therapy. However, treatments targeting the stroma
have revealed controversial results, and it is not clear whether the modulation of the stroma is beneficial in PDAC
(561591 |nterestingly, the most clinically advanced stromal modulator, hyaluronidase PEGPH20, has been tested in a
phase Il trial and has been shown to degrade stromal proteins, improve vascular perfusion, and prolong PFS in
combination with standard chemotherapy 9. Unfortunately, in a Phase Il study, PEGPH20 in combination with
chemotherapy failed to improve the clinical outcome of PDAC patients 8. Another stromal modulator and
regulator of TME fibrosis and immunosuppression, focal adhesion kinase (FAK), is associated with decreased T
cell infiltration when highly expressed in human PDAC. In preclinical studies, the inhibition of FAK enhanced the
response to chemotherapy and checkpoint blockade, while reducing the infiltration of MDSCs into the TME 62,
Further studies are required to understand the mechanisms and benefits of targeting the desmoplastic stroma in
PDAC.

3.4. The Immune Compartment in PDAC

As previously discussed, the TME in PDAC is mainly composed of cancer cell nests and stroma. The stroma itself

consists of stromal matrix and immune cells. Immune cells account for up to 50% of the total cell number in PDAC;
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however, only a small subset of these are tumoricidal cells, whilst the rest are tumor-promoting and
immunosuppressive cells 3. One of the reasons is the release of immunosuppressive cytokines such as IL-10
and TGF-B and the recruitment of immunosuppressive cells during tumorigenesis 641831 ||.-10 and TGF-B induce
Tregs, which also produce IL-10 and TGF-, creating a positive feedback loop that contributes to the inhibition of
effector T cells and the maintenance of immunosuppression [E8I67E8 The immune compartment of PDAC is
heterogeneous, the main immune cell types being dendritic cells (DCs), macrophages, neutrophils, MDSCs,
natural killer cells (NKs), and effector T cells 691 |n the next section, researchers will elaborate on the main

features of these various cell types, their role in PDAC, and their potential as therapeutic targets.

3.4.1. Dendritic Cells

In PDAC, the immunogenic and pro-inflammatory functions of myeloid cells are largely impaired. DCs have been
shown to infiltrate PDAC lesions and their number increases with disease progression from PanIN to PDAC.
However, the expression of DC maturation markers, such as MHC class Il and the costimulatory molecules CD86
and CD40, is reduced by the action of Tregs, which directly affects CD8" T cell activation and the expansion of
tumor-infiltrating DCs [Z9. DC function is further impaired by PDAC epithelial cells through the secretion of DC-
suppressive cytokines such as IL-10, which downregulate MHC class | and CD40 expression, maintaining DCs in

an immature stage [1172],

3.4.2. Macrophages

In steady-state conditions or upon inflammation, most tissue macrophages originate from bone marrow-derived
monocytes in the blood circulation. The remaining portion of macrophages are termed specialized tissue-resident,
such as alveolar macrophages in the lungs, microglia in the brain, or Kupffer cells in the liver, and are not derived
from blood monocytes 3. When a tumor develops, it can recruit and induce macrophages in the TME with various
chemokines and cytokines, such as CXCL12, CCL2, GM-CSF, colony-stimulating factor 1 (CSF-1), and IL-3. These
special macrophages are then called tumor-associated macrophages (TAMs) 473l A recent study showed that
certain TAMs may also originate from tissue-resident macrophages, representing a functionally distinct
subpopulation 78, Although they form a continuous spectrum, TAM subpopulations are mainly divided into two
opposite polarization states, namely M1 and M2. Typically, M1 macrophages are characterized by the secretion of
pro-inflammatory cytokines and a tumoricidal function, while conversely, M2 macrophages secrete anti-
inflammatory signals promoting tumor progression 7. In PDAC, the majority of TAMs display an M2-like
phenotype, characterized by the expression of surface markers CD163 and CD206, and the cytokines IL-10 and
TGF-B I8l They are primarily located at the invasive front of the tumor [E3Il72, Macrophage infiltration begins early
and persists throughout cancer progression 3. TAM infiltration is correlated with perineural invasion B9,
angiogenesis, lymph node metastasis BB cancer cell epithelia-mesenchymal transition and extravasation
[78] Therefore, macrophage depletion reduces lung and liver metastasis in an orthotopic mouse model of PDAC
43l Thus, TAMs appear to be involved in both regulating PDAC invasion and metastasis and are therefore

correlated with worse OS. Finally, TAMs are partially responsible for the impaired efficacy of chemotherapy in
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PDAC. It has been shown that they are regulating the function of cytidine deaminase (CDA), which is a key

metabolizer of gemcitabine, thereby contributing to gemcitabine-based chemotherapy resistance 2],
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