J Cancer Sci Clin Ther 2022; 6 (1): 61-86 DOI: 10.26502/jcsct.5079146

Review Article

A New Era: Tumor Microenvironment in Chemoresistance of Pancreatic

Cancer
Xueping Zhao!, Zongze Li?, Zongting Gu?"

School of Life Science and Biopharmaceutical, Shenyang Pharmaceutical University, Shenyang, China
2Department of Pancreatic and Gastric Surgery, National Cancer Center/Cancer Hospital, Chinese Academy of Medical

Sciences and Peking Union Medical College, Beijing, China

“Corresponding Author: Zongting Gu, Associate Professor, State Key Lab of Molecular Oncology & Department of
Pancreatic and Gastric Surgery, National Cancer Center/Cancer Hospital, Chinese Academy of Medical Sciences and Peking
Union Medical College, 17 Panjiayuan Nanli, Chaoyang District, Beijing 100021, China. Tel: +861087787122; Fax:
+861087787123.

Received: 29 November 2021; Accepted: 07 December 2021; Published: 15 February 2022

Citation: Xueping Zhao, Zongze Li, Zongting Gu. A New Era: Tumor Microenvironment in Chemoresistance of Pancreatic

Cancer. Journal of Cancer Science and Clinical Therapeutics 6 (2022): 61-86.

Abstract

Pancreatic ductal adenocarcinoma [PDAC] is a solid an extensive desmoplasia in the tumor microenvironment

malignant tumor with an extremely poor prognosis.
Gemcitabine [GEM]-based chemotherapy remains one of
the most important treatment choices for PDAC. However,
either as monotherapy or as a part of the combination
chemotherapy, GEM achieved only limited success in
improving the survival of patients with advanced PDAC,

primarily due to GEM resistance. PDAC is characterized by
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[TME]. Increasing evidence indicates that this fibrotic TME
not only actively participates in the tumor growth and
spread of PDAC but also contributes to the induction of
GEM resistance. Here we review the current advances of
how TME components are involved in the induction of

GEM resistance.
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Transglutaminase 2; TIMP1: Tissue inhibitor of
metalloproteinases 1; MT1-MMP: Membrane type 1-matrix
metalloproteinase; CA9: Carbonic anhydrase 9; MDR1:

Multidrug resistance protein 1.

1 Introduction

Pancreatic cancer is the solid malignant tumor with the
worst  prognosis in humans, and histologically,
approximately 90% of cases are Pancreatic Ductal
Adenocarcinoma [PDAC]. Despite continued advances in
PDAC treatment, the survival rate has barely improved in
the past 40 years, and the 5-year survival rate is still below
10% [1]. At present, surgical resection remains the only

possible cure for PDAC. However, due to a lack of clear
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clinical symptoms or signs in the early stage, the diagnosis
of PDAC is extremely difficult, and only 15-20% of
patients are eligible for surgical resection [2]. Therefore, for
borderline-resectable, advanced or metastatic PDAC,
systemic chemotherapy [including neoadjuvant therapy] is
the most important or the only treatment option. Although
the modified FOLFIRINOX

leucovorin, irinotecan, and 5-fluorouracil] has been shown

regimen  [oxaliplatin,
to be superior to Gemcitabine [GEM] for the treatment of
PDAC, higher toxicity limits its application [3]. Therefore,
monotherapy or combined therapy with GEM is still the
mainstay of current PDAC chemotherapy. As a nucleoside
analog of deoxycytidine, GEM enters PDAC cells and
undergoes a series of precise phosphorylation processes. Its
derivatives are incorporated into DNA strands and
interferes with DNA replication, ultimately leading to
apoptosis [4] (Figure 1). However, the overall response rate
of pancreatic cancer to GEM treatment is less than 20% [5].
The median progression-free survival for GEM
monotherapy for advanced PDAC is only 3.7 months [6].
GEM resistance is one of the most critical determinants of
chemotherapy efficacy and is also the basis of poor
prognosis. Therefore, overcoming GEM resistance is an
urgent objective for PDAC treatment [7]. Compared with
other malignant tumors, an extensive and dense fibrous
matrix is a defining characteristic of PDAC. Hyperplastic
connective tissue surrounding PDAC cells accounts for
approximately 90% of the total tumor volume and has a
significant impact on the pancreatic tissue structure [8]. The
hyperplastic connective tissue is mostly composed of
stromal cells and Extracellular Matrix [ECM], which
together with PDAC cells form the Tumor

Microenvironment [TME]. The interaction between PDAC
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cells and the TME is the primary driving force behind GEM resistance. In contrast, this review focuses on the

desmoplasia [9]. Mounting evidence shows that the TME major cellular and molecular mechanisms of GEM

not only actively participates in the proliferation and resistance through various components of the TME.
metastasis of PDAC but also potentially contributes to Identification of potential therapeutic targets for GEM
inducing GEM resistance [10]. Existing literature has resistance facilitates the development of new strategies for

extensively reviewed how the intracellular metabolism and chemotherapy sensitization and improves the overall

molecular regulation are altered in PDAC cells and confer prognosis of patients with PDAC.
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Figure 1: The mechanism of action of GEM in PDAC treatment. GEM (2',2'-difluorodeoxycytidine, dFdC) crosses the cell
membrane and is continuously phosphorylated by the phosphorylation rate-limiting enzyme Deoxycytidine Kinase (dCK) to
form GEM monophosphate (IFACMP), GEM diphosphate (dFdCDP), and GEM Triphosphate (dFACTP). As a substrate for
DNA polymerase, dFdCTP competes with Deoxycytidine Triphosphate (dCTP), a raw material for DNA synthesis. DNA
polymerase stochastically incorporates dFACTP into DNA during replication, which terminates DNA strand elongation and
ultimately leads to apoptosis. Two active metabolites, dFdCDP and dFdCTP, can inhibit ribonucleotide reductase (RR). RR is
the rate-limiting enzyme (RRM1 and RRM2) in the DNA synthesis pathway and is mainly responsible for converting
ribonucleotides into deoxyribonucleoside triphosphates (dNTPs), which are essential for DNA assembly and repair. In
addition, dFdCDP and dFdCTP can inhibit Cytidine Deaminase (CDA) or Deoxycytidylate Deaminase (DCTD), which can
inactivate dFACMP.
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1.1 Review of the current literature

A comprehensive literature search was conducted in the
PubMed, Embase, and Web of Science databases. Only
articles in English from 2000 to 2021 were included. Search
terms included pancreatic cancer; pancreatic ductal
adenocarcinoma; tumor stroma; tumor microenvironment;
gemcitabine; and chemoresistance. We present the
following article in accordance with the Narrative Review

reporting checklist.

1.2 GEM resistance and hypoxia

Desmoplasia and a paucity of blood vessels reduces tissue
perfusion of PDAC, resulting in a hypoxic TME [11].
Adaptive mechanisms to the hypoxic TME confer GEM
resistance to PDAC cells (Figure 2). Hypoxia promotes
epidermal-mesenchymal transition [EMT] and activates
glycolytic pathway through Hypoxia Inducible Factor-la
[HIF-1a] in PDAC cells, resulting in GEM resistance [12,
13]. In vitro experiments have also confirmed that the
downregulation of HIF-1a increases GEM sensitivity [12,
14]. In addition, GEM has been shown to induce stemness
in PDAC cells, which can be further enhanced by hypoxia
and promote chemoresistance through the protein kinase
B/Notch homolog 1 [Akt/Notchl] signaling pathway in
vitro [15]. Therefore, hypoxia in the TME confers
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resistance to GEM. Unfortunately, the results of a phase 111
clinical trial [NCT01746979] with GEM combined with a
cytotoxic drug [TH-302] that targets the hypoxic TME for
the treatment of advanced PDAC did not show a significant
difference in overall survival [OS] [16]. The heterogeneity
of PDAC itself and its associated TME can complicate the
mechanism of hypoxia-induced GEM resistance, which
may be one of the reasons why clinical trials failed.
Hypoxia-induced acidosis is another important feature of
the TME. HIF-la-mediated glycolytic lactate production
and carbonic anhydrase [CA]-mediated carbonic acid
formation are the main sources of extracellular H+ in
PDAC [17]. McDonald et al. showed that in PDAC,
hypoxia-induced HIF-1o promoted glycolysis and changes
in intra- and extracellular pH and enhanced GEM resistance
by upregulating Carbonic Anhydrase 9 [CA9] expression in
vitro. In contrast, silencing or inhibiting CA9 reversed this
process [18]. In addition, an acidic TME may mediate GEM
resistance by inducing EMT [19]. Therefore, targeted
correction of extracellular pH may become a new strategy
to restore GEM sensitivity [20]. In addition, TME stress can
reshape cell metabolism, but the direct relationship between
its metabolic effects and GEM resistance remains to be
further elucidated [7].
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Figure 2: Crosstalks between PDAC cells and TME and their contribution to GEM resistance. Stromal cells interact with

PDAC cells through direct cell-cell contact and paracellular pathways to modulate GEM resistance. Stromal cells can secrete

ECM proteins, cytokines or chemokines and interact with PDAC cells by activating prosurvival pathways to promote EMT and

cell stemness or inhibit apoptosis and ultimately induce GEM resistance. In addition to secreting cytokines such as ILs that

bind directly to receptors on PDAC cell surface, immune cells can also exert immunosuppression through proinflammatory

pathways and induce GEM resistance. In addition, exosomes, autophagosomes play essential roles in signaling and substance

exchange.

1.3 GEM resistance and ECM

Numerous dense matrix components are present in the TME
of PDAC. Dense fibrous tissue blocks blood vessels in
tumor tissue and prevents GEM from entering into the
tissue; furthermore, the interaction between matrix
components and PDAC cells promotes GEM resistance

(Figure 2).
1.4 Collagen

Type | collagen is the most abundant type of collagen in the
ECM. The normal subtype of type | collagen is a
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heterotrimer that can be degraded by collagenase. However,
PDAC cells can secrete unique homotrimers, which are
resistant to all collagenolytic matrix metalloproteinases
[MMPs] [21]. Preclinical studies confirmed that matrix
collagen forms a physical barrier that impedes GEM
infiltration and the therapeutic response [10]. In addition,
collagen upregulates the expression of membrane type 1-
[MT1-MMP] PDAC,

increasing the phosphorylation of extracellular signal-

matrix  metalloproteinase in

regulated kinase [ERK] 1/2 and further upregulating high
mobility group A2 [HMGAZ2] expression [22]. HMGA2
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plays a role in DNA end-joining repair; it has
purine/pyrimidine cleavage enzyme activity and removes
small, damaged bases from DNA, which can impair the
efficacy of GEM in a collagen-rich TME [23]. In addition,
HMGAZ2 overexpression promotes the upregulation of
histone acetyltransferases [HATS] in PDAC cells; increases
the acetylation of histones, including histone H3 lysine 9
[H3K9] and histone H3 lysine 27 [H3K27]; promotes
chromatin relaxation and final DNA repair; and mediates
GEM resistance [24]. Thus, targeting the MT1-
MMP/HMGAZ2/HAT signaling pathway may be a new
GEM sensitization strategy. However, no clinical trials with
broad-spectrum MMP inhibitors have shown a prognostic
advantage over GEM monotherapy so far. The lack of
selective MMP inhibitors might be one of the reasons for
trial failure [25]. Studies by D'Costa et al. show that tissue
inhibitor of metalloproteinase 1 [TIMP1] promotes GEM
resistance by activating the PI3K/Akt signaling pathway
and that this process can be reversed by downregulating
TIMP1 expression [26]. Therefore, PDAC matrix collagen
may play a bidirectional role in the mechanism of GEM
resistance, suggesting that TIMP1 may be a potential target

of GEM sensitization.

1.5 Hyaluronic acid [HA]

HA is a nonsulfated glycosaminoglycan and is regulated by
a dynamic balance between synthesis and degradation
under physiological conditions [27]. HA is a predominant
component in the ECM and plays a key role in GEM
resistance, and high HA expression is an independent
prognostic marker for PDAC patients [28]. Because HA is
highly water absorptive, its accumulation significantly

increases Interstitial Fluid Pressure [IFP] and impairs
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convection in tumors. Consequently, the reduced solute flux
in perfusing vessels lead to tumor hypoperfusion, which is a
hydrodynamic mechanism of GEM resistance [29].
Notably, HA binds to cell surface receptors such as cluster
of differentiation 44 [CD44] and mediates chemoresistance
through a tyrosine kinase receptor-mediated signaling
pathway, and CD44 downregulation can reverse GEM
resistance [30]. In addition, the HA-CD44 axis can promote
upregulation of multidrug resistance protein 1 [MDR1];
increase GEM efflux by enhancing the phosphorylation of
Nanog, a biomarker for cancer stem cells [CSCs]; or induce
EMT to mediate GEM resistance via the Wnt signaling
pathway through B-catenin [31, 32]. Therefore, targeting
the HA-CD44 signaling axis may be a promising strategy
for GEM sensitization. In this regard, Serri et al. designed a
novel liposome nanoparticle loaded with GEM that targeted
CD44 and confirmed its efficacy in in vitro experiments
[33]. Pegvorhyaluronidase alfa [PEGPH20] is a novel
PEGylated recombinant human hyaluronidase that can
effectively scavenge matrix HA and achieve GEM
sensitization in a PDAC animal model [34]. Recently, two
clinical trials for the treatment of advanced PDAC
[NCT01839487 and NCT02715804] involving PEGPH20
combined with GEM have reported positive results [35,
36]. Two recent studies have shown that dynamic contrast-
enhanced [DCE]-MRI can identify perfusion changes in
tumor microvasculature [37] and that SPECT/CT can
identify novel fluorescent molecular labeled HA-CD44
tumor cells [38]. These technologies will facilitate direct
evaluation of responses to HA-targeted PDAC therapeutics
in the future. Nevertheless, a phase Il clinical trial of
metastatic PDAC [HALO 109-301] recently suggested that
PEGPH20 in combination with GEM did not have any
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additional advantages but had significantly increased toxic
side effects [39]. This finding further raises the question

about the effectiveness of antistromal treatment.

1.6 Laminin [LN]

LN, another key component of the ECM, binds to the
integrin family of cell adhesion molecules expressed on the
PDAC cell surface, and its expression is significantly
correlated with poor patient prognosis [40]. The adhesion of
PDAC cells to LNs and subsequent activation of signaling
pathways form the basis of GEM resistance. Focal adhesion
kinase [FAK] is a key intracellular molecule that transmits
FAK/Akt

phosphorylation, LN promotes survivin expression and

ECM signals to cells. By inducing

resistance to GEM-induced cytotoxicity and apoptosis [41].
In addition, a study in a xenotransplantation model showed
that transglutaminase 2 [TG2] secreted by PDAC cells
stimulates LN-1 secretion by cancer-associated fibroblasts
[CAFs], which in turn increases GEM resistance and that
the downregulation of TG2 reverses this trend [42].
Therefore, TG2/LN/FAK may be a potential target for
GEM sensitization. However, due to the lack of specific
inhibitors, only a limited number of relevant studies have

been reported.

1.7 Fibronectin [FN]

FN, another main component of the ECM, can interact with
integrins to transmit signals inside and outside the cell and
play an important role in GEM resistance [43]. In addition
to forming stromal barriers like other ECM proteins, FN
also mediates GEM resistance by inducing ERK1/2
phosphorylation to confer resistance to GEM-induced

apoptosis. In an in vitro study, ERK inhibition restored
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response to GEM [44]. Therefore, targeting FN/ERK may
be a potential strategy to overcome GEM resistance in
PDAC, but relevant studies are very limited so far [44, 45].

1.8 Cytokines and chemokines

Cytokines and chemokines are regulatory mediators
between PDAC cells and the ECM and play a key role in
GEM resistance. Among them, connective tissue growth
factor [CTGF] promotes proliferation of stromal fibroblasts
and directly inhibits apoptotic vesicle formation initiated by
caspase-3/7/9 by inducing the phosphorylation of X-linked
inhibitor of apoptosis protein [XIAP], thereby conferring
GEM resistance [46]. In vitro and xenogeneic model studies
have shown that the targeted inhibition of CTGF [FG-3019]
or XIAP [AZD5582] reverses GEM resistance by inducing
PDAC cell apoptosis [46, 47]. Therefore, the CTGF/XIAP
axis is a potential target to overcome GEM resistance.
Currently, an ongoing clinical trial [NCT02210559] is
evaluating the efficacy of a monoclonal antibody
[pamreviumab] against CTGF combined with GEM for the
treatment of locally advanced PDAC. Preliminary results
show that the combination regimen can increase the RO
resection rate and is well tolerated [48]. Transforming
growth factor-p [TGF-B] is another cytokine critically
involved in PDAC. Its overexpression in PDAC induces the
expression of cysteine-rich angiogenic inducer 61 [CYR61]
through the classical TGF-B/ALK5/Smad2/3 signaling
pathway. CYRG61 negatively regulates the nucleoside
transporters human equilibrative nucleoside transporters 1
[NENT1] and human concentrative nucleoside transporter 3
[NCNT3] [Figure 1] and increases the cellular uptake of
GEM, and the targeted inhibition of TGF-B/CYR61 can
result in GEM sensitization [49-51]. In addition to
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regulating genes in the TGF-f/Smad pathway, TGF- also
promotes EMT and mediates GEM resistance through
epigenetic changes, such as methylation of the VVav guanine
nucleotide exchange factor 1 [VAV1] gene, and targeted
inhibition of the TGF-B/VAVI1 axis can significantly
enhance the efficacy of GEM [52]. Therefore, targeting
TGF-B/CYR61/VAV1 is also a potential strategy for GEM

sensitization.

The epidermal growth factor receptor [EGFR] and vascular
endothelial growth factor receptor [VEGFR] pathways play
key roles in cancer initiation and progression [53]. Among
them, EGFR is a member of the epidermal growth factor
family of receptor tyrosine kinases [ErbBs] and expressed
in 40-60% of PDAC cases. Preclinical studies have shown
that GEM itself can induce adaptive resistance to GEM in
PDAC by activating the HAb18G/CD147-EGFR-signal
transducer and activator of transcription 3 [STATS3]
prosurvival signaling pathway [54, 55]. Targeted inhibition
of HAb18G [CD147] or EGFR/STAT3 signaling reverses
GEM resistance [55, 56]. Therefore, the HADb18G
[CD147]/EGFR/STAT3 axis is a potential target for
overcoming GEM resistance. Nevertheless, compared with
GEM monotherapy, combination therapies of EGFR
tyrosine kinase inhibitors [EGFR-TKIs] and GEM did not
improve disease-free survival [DFS] or OS in resectable or
advanced PDAC clinical trials [57-59]. In addition, phase
I clinical trials [NCT00471146] of VEGFR-TKIs
combined with GEM failed [60]. TKI-induced fast
compensation mechanisms in cells may be one of the

reasons for clinical trial failures [61].
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Binding of insulin-like growth factor-1 [IGF-1] to its
receptor IGF-1R can activate the PI3K/Akt/mechanistic
target of rapamycin [MTOR] and MEK/ERK pathways,
promote PDAC proliferation and induce GEM resistance
[62]. The targeted inhibition of IGF-1R can enhance the
antitumor effect of GEM in PDAC xenografts [63].
Monoclonal antibodies against human IGF-1R have been
used to treat several cancers, but a phase Il clinical trial
[NCT01231347] of anti-IGF-1R monoclonal antibodies
combined with GEM for the treatment of metastatic PDAC
was not successful [64]. A recent phase I/l clinical trial
[NCT00769483] conducted by Abdel-Wahab et al. in
advanced PDAC showed that compared with GEM +
EGFR-TKIs, IGF-1R inhibitors combined with GEM +
EGFR-TKIs significantly improved OS [65]. Platelet-
derived growth factor-D [PDGF-D] is critically involved in
inducing interstitial fibrosis and increasing IFP in PDAC
and promotes GEM resistance, presumably by triggering
EMT via the PI3K/Akt and mTOR, nuclear factor kappa B
[NF-xB], ERK, mitogen-activated protein kinase [MAPK],
and Notch pathways [66]. Although PDGF receptor
[PDGFRY] inhibitors combined with GEM showed efficacy
in preclinical studies [67], the most recent clinical trials
failed [68-70]. In addition to cytokines, the binding of CXC
ligand [CXCL] to its receptor [CXC chemokine receptor,
CXCR] can induce GEM resistance through the paracrine
action of PDAC stromal cells and autocrine signal
transduction by cancer cells. CXCL12/CXCR4 is the
crucial nexus in this pathway [71]. CXCR4 is a G-protein-
coupled receptor localized on the cell surface. It is highly
expressed in PDAC cells and is closely linked to poor
patient prognosis [72]. The CXCL12/CXCR4 axis can
activate the FAK, ERK, and Akt prosurvival pathways,
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enhance the transcriptional activity of B-catenin and NF-«B,
promote survivin expression, and induce GEM resistance
[73]. Preclinical studies have shown that CXCR4
antagonists can significantly enhance the efficacy of GEM
[73-75]. In recent years, novel CXCR pathways have been
revealed, and the inhibition of related pathways in vitro has
shown similar effects [76, 77]. Therefore, CXCR appears to
be an attractive target of intervention in future studies on

GEM sensitization.

1.9 GEM resistance and stromal cells

Stromal cells are an important component of the TME.
They interact with PDAC cells via direct intercellular
contact and through paracrine [ECM protein] pathways to

confer GEM resistance [Figure 2].

1.10 Pancreatic stellate cells [PSCs] and CAFs

Quiescent PSCs characterized by stellate morphology and
enriched in vitamin A are the main effector cells in PDAC
desmoplasia. However, the origin of PSCs is still being
debated, and

neuroectodermal origins are suggested [78]. Quiescent

mesenchymal, endodermal, and
PSCs can be activated from a static phenotype to CAFs by
tumor necrosis factor o [TNF-a], TGF-p, interleukin 1 [IL-
1], IL-2, IL-10, and PDGF [79]. CAFs secrete ECM
proteins that form fibrous matrix and hypoxic TME,
promoting GEM resistance[79, 80]. PSCs can also induce
GEM resistance through direct contact with PDAC cells
and paracrine cytokine signaling. In vitro coculture studies
confirmed that PSCs activate the Notch signaling pathway
by increasing Hesl expression in PDAC cells. The Notch
signaling pathway induces GEM resistance by promoting

EMT and the CSC phenotype. PSC-induced
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chemoresistance can be effectively reversed when Hesl
gene expression or the Notch pathway is inhibited [81].
Therefore, targeting the Hes/Notch signaling pathway may
be an effective strategy to reverse GEM resistance. Most
current in vitro studies use two-dimensional [2D]
monolayer culture models, which cannot simulate the TME
in vivo, such as cell-cell and cell-matrix interactions. The
latest three-dimensional [3D] culture models can better
simulate TME conditions in vivo; therefore, 3D models
have become important tools for cancer research. An in
vitro 3D coculture study by Firuzi et al. showed that PSCs
can hind to the receptor tyrosine kinase c-Met in PDAC
cells and induce c-Met phosphorylation by secreting
hepatocyte growth factor [HGF]. c-Met induces GEM
resistance by activating the PI3K/Akt/mTOR prosurvival
pathway [82]. Preclinical studies of a c-Met-targeting
inhibitor combined with GEM reported significantly
improved efficacy [82, 83], and a phase | clinical trial
[NCT00874042] also confirmed that the combination of
these two had good safety and tolerability[84]. Therefore,
targeted inhibition of the HGF/c-Met pathway may be a
promising strategy for GEM sensitization. Recently, a study
by Dalin et al. showed that PSCs protect PDAC from GEM
toxicity by secreting deoxycytidine [dC], but the specific
mechanism remains unclear [85]. This process might be
related to the competition with deoxycytidine kinase [dCK]
in GEM-treated cells [Figure 1]. Therefore, stromal dC may
also be a potential target for GEM sensitization. In PDAC,
most CAFs are derived from the activation of PSCs; a small
portion are derived from resting fibroblasts, mesenchymal
stem cells, or the EMT of tumor cells [86]. Activated CAFs
are characterized by the expression of a-smooth muscle
actin [a-SMA] and fibroblast activation protein [FAP].
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They are naturally resistant to GEM and may acquire drug
resistance through various mechanisms [87]. However,
studies in a transgenic mouse model showed that targeted
depletion of a-SMA in CAFs did not enhance the efficacy
of GEM in PDAC but upregulated the expression of
cytotoxic T lymphocyte associated antigen-4 [CTLA-4];
notably, antibody therapy targeting CTLA-4 can improve
0OS[88]. A recent study by Principe et al. showed that
pretreatment with GEM enhanced the expression of
programmed death-1 [PD-1] and subsequently elevated
sensitivity to combination PD-1 immunotherapy [89].
Therefore, GEM might increase the expression of immune
targets by remodeling of the TME in PDAC. Combination
immunotherapy may be a potential second-line treatment of
GEM-resistant PDAC. Although the targeted inhibition of
FAP improved the efficacy of chemotherapy in a preclinical
model [90], a phase I clinical trial by Nugent et al. showed
that the efficacy of combination therapy with a FAP
inhibitor and GEM for the treatment of metastatic PDAC

was very limited [91].

In addition, the Hedgehog [HH] signaling pathway and one
of its ligands, Sonic Hedgehog [SHH], are potent regulators
of CAF activation and promote proliferation and repair of
PDAC cells; however, their role in the induction of GEM
resistance remains controversial [25]. Although preclinical
studies demonstrated that small-molecule inhibitors of the
SHH pathway sensitized tumors to GEM [92, 93],
subsequent phase Il clinical trials of GEM combination
therapy for the treatment of advanced PDAC failed [5, 94].
In addition, genomic analyses indicated that inflammatory
mediators such as IL-6 were overexpressed in GEM-

resistant CAFs and that drug resistance was positively
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correlated with IL-6 levels [95], suggesting that CAF-
induced GEM

proinflammatory pathways [96]. In addition, IL-6 can also

resistance might be linked to

induce GEM resistance through the classical IL-
6/JAK/STAT3 pathway, and targeted inhibition of the
JAK/STATS3 axis improves drug delivery and upregulates
CDA via stromal remodeling, ultimately sensitizes tumors
to GEM in both in vitro and ex vivo models [97, 98].
Therefore, targeting the IL-6/JAK/STAT3 axis may be an
effective strategy to reverse GEM resistance. Interestingly,
Ohlund et al. used a 3D coculture platform to characterize
CAFs and revealed that two subtypes of CAFs with
different levels of a-SMA and IL-6 expression have
opposite effects in PDAC. This study emphasized the
heterogeneity of stromal CAFs [99], which may account for
the failure of the above clinical trial [87]. Recently, studies
by Richards et al. have shown that GEM-resistant CAFs
release significantly more extracellular vesicles known as
exosomes. These exosomes may promote EMT and
ultimately induce GEM resistance by activating the
mesenchymal transcription factor Snail [100]. miRNA-
106b in exosomes may play an important role in this
process [101]. The treatment of GEM-resistant CAFs with
exosomal release inhibitors or miRNA-106b inhibitors
significantly reduced the survival rate of cocultured PDAC
cells [100, 101], indicating that exosomes might be

potential targets for overcoming GEM resistance.

1.11 CSCs

CSCs are a special group of cells that have characteristics
of PDAC stem cells, which maintain tumor formation and
growth. The role of CSCs in GEM resistance has gradually

attracted attention, but the exact cellular and molecular
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mechanisms have not been fully elucidated [102]. In vitro
studies have shown that CSCs may escape the cytotoxic
effect of GEM by EMT [103]. HOX transcript antisense
RNA [HOTAIR] is a class of long noncoding RNAs
[IncRNAs] produced by GEM-induced CSCs; HOTAIR can
induce GEM resistance by promoting proliferation and
inhibiting apoptosis [104]. Recently, Yang et al. showed
that CSCs can regulate miR-210 expression in noncoding
microRNA [miRNA] and increase the release of exosomal
miR-210, which further promotes GEM resistance in PDAC
cells by activating the prosurvival PI3K/AKt/mTOR
pathway [105]. Therefore, targeting CSCs and related
noncoding RNAs [ncRNAs] is expected to become a new

GEM sensitization strategy.

1.12 GEM resistance and immune cells

Inflammatory cell infiltration and immunosuppression are
characteristic of PDAC [106]. Immune cells in PDAC are
not innocent bystanders of GEM resistance but are

important participants in this process [Figure 2].

1.13 Myeloid-derived suppressor cells [MDSCs]

MDSCs are heterogeneous immune cell populations
derived from myeloid progenitor cells, and the granulocytic
myeloid-derived suppressor cell [G-MDSC] is the most
widely distributed subtype in tumors [107]. MDSCs can
accelerate tumor progression by inhibiting T cell immunity
and promoting angiogenesis [108]. Therefore, MDSCs are
also known as T cell-inhibiting neutrophils. An in vitro
study by Takeuchi et al. showed that through activation of
the MAPK and NF-xB pathways, GEM stimulates the
release of granulocyte-macrophage colony-stimulating
factor [GM-CSF], a major cytokine associated with KRAS
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mutations, which can further enhance MDSC differentiation
in PDAC and promote drug resistance. Targeted
neutralization of GM-CSF using antibodies can effectively
reduce the proportion of MDSCs, help restore T cell
function, and reverse GEM resistance [109]. Notably, GM-
CSF can also induce or activate antitumor T cell immunity
by stimulating dendritic cells; a GM-CSF transduced
pancreatic cancer vaccine [GVAX] was designed based on
this principle [110]. Regardless, GM-CSF may function
both positively and negatively in the TME of PDAC, which
may be one of the reasons for the failure of a phase Il
clinical trial [ISRCTN4382138] testing the treatment of
advanced PDAC with GM-CSF + telomerase vaccine
[GV1001] with or without GEM [111]. It should be noted
that due to the lack of specific markers, MDSCs cannot be
phenotypically identified. Therefore, the comparability and
reliability of relevant studies need to be further confirmed
[107, 112].

1.14 Tumor-associated macrophages [TAMs]

The phagocytosis of apoptotic cells is the main function of
TAMs. In addition, M2-polarized TAMs can directly
enhance the tumor initiation ability of CSCs by activating
the transcription factor STAT3[113] and inhibit GEM-
induced apoptosis by downregulating the caspase-3
pathway [114] to promote GEM resistance. In vitro studies
have shown that the targeted inhibition of colony-
stimulating factor-1 receptor [CSF-1R] or C-C Motif
Chemokine Receptor 2 [CCR2] can selectively deplete
TAMs and restore the efficacy of GEM [113, 114].
Moreover, activated STAT3 can also promote GEM
resistance by upregulating the expression of cytidine

deaminase [CDA; Figure 1] and promoting matrix
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remodeling [97, 114]. Studies in animal models have shown
that when combined with specific STAT3 inhibitors, the
efficacy of GEM significantly improves [97]. Therefore,
targeting TAMS/STAT3 may be a potential GEM
sensitization strategy [115, 116]. Notably, TAMs have high
plasticity and can be polarized into not only M2
macrophages, which promote tumorigenesis and confer
chemotherapy resistance, but also M1 macrophages, which
are antitumorigenic and confer chemotherapy sensitivity
[117]. Therefore, directed polarization of TAMs is another
important pathway of GEM sensitization in addition to the
depletion of TAMs [118, 119].

1.15 Tumor-associated neutrophils [TANs]

TANs are key regulators of inflammation and immune
status in PDAC[120]. Similar to TAMs, TANSs can also be
polarized into antitumor [N1] or tumorigenic [N2]
phenotypes by different chemokines in the TME [121].
Although the number and proportion of TANs are
recognized as prognostic biomarkers for solid tumors
including PDAC [122], the relationship between TANs and
GEM resistance remains unknown. Two recent studies have
indicated that the binding of CXCL2/5 to its receptor
CXCR2 is a key to promote N2 differentiation of TANs in
in vitro and in vivo models of PDAC. Targeted inhibition of
the CXCL2/CXCR2 axis can activate NF-kB prosurvival
pathways, promote functional T cell infiltration, and
enhance  antitumor  immunity and
[FOLFIRINOX] sensitivity [123, 124]. Nevertheless,
CXCR2 is not a TAN-specific marker, which may be an

chemotherapy

enormous obstacle to current clinical trials. Therefore, it is
necessary to identify a definitive TAN-specific phenotype
[125]. Nonetheless, studies on the plasticity of TANs have
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gradually become a hot area of investigation [112, 125],
and TANs may become a potential target for GEM

sensitization.

1.16 Tumor infiltrating lymphocytes [TILs]

TILs include cytotoxic T lymphocytes [CTLs], helper T
cells [Th], regulatory T cells [Tregs], and many other
subtypes, which are key mediators in both antitumor and
regulatory immunity. Among them, PD-1 and CTLA-4 are
suppressive immune checkpoint receptors expressed on
TILs and can negatively regulate their antitumor functions
[126]. The high level of CTL infiltration is positively
correlated with the favorable prognosis in patients with
PDAC [127], providing the theoretical basis of targeted
blockade of immune checkpoints. However, single-inhibitor
therapy targeting the PD-1/L1 and CTLA-4 immune
checkpoints has not been shown to be effective for PDAC
[128]. A heterologous mouse pancreatic tumor model study
by Winograd et al. showed that GEM increased the
sensitivity to PD-1 and CTLA-4 inhibitors by inducing T
cell immunity and that GEM combined with immune
checkpoint inhibitors improved the survival rate of patients
with PDAC [129]. However, the actual efficacy in patients
still needs validation in clinical trials [130]. Another
potential target is HEAT repeat-containing protein 1
[HEATR1]. HEATR1 suppresses the Akt signaling
pathway, which exerts antitumor immune effects by
inducing CTLs. However, HEATR1 is generally
downregulated in PDAC and closely associated with GEM
resistance[131]. Zhou et al. showed that downregulation of
HEATRL activated nuclear factor erythroid-2-related factor
2 [Nrf2] signal transduction, which promotes the
antioxidative  and

transcription  of  downstream
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cytoprotective genes, ultimately leading to GEM resistance
[132]. Therefore, HEATR1/Nrf2 may be a potential target

for GEM chemotherapy sensitization.

1.17 Platelets [PLTs]

The risk of blood hypercoagulation and Venous
Thromboembolism [VTE] is one of the characteristics of
PDAC [133]. PDAC cells can induce PLT activation and
aggregation, while PDGF secreted by PLTs contributes to
GEM resistance [134-137]. Adenosine diphosphate [ADP]
is an important PLT agonist in PDAC and has hypoxic
characteristics. Recently, ADP-P2Y12 receptors on PLTs
have attracted increasing attention [138]. P2Y12 is a P2
purinergic receptor, a class of G-protein-coupled receptors
[GPCRs]. In PLTs, binding of ADP to the P2Y12 receptor
can upregulate the expression of EMT-related transcription
factors such as Slug and zinc finger E-box-binding
homeobox 1 [ZEB1] and downregulate the expression of
the GEM transporter hENT1 and the GEM-metabolizing
enzyme CDA, resulting in GEM resistance[136, 137].
Preclinical studies have confirmed that ADP-P2Y12 axis
inhibitors [ticagrelor] significantly synergize with GEM in
the treatment of PDAC but not as monotherapy [137]. A
clinical trial [NCT02404363] of the treatment of PDAC
with clopidogrel [P2Y12 inhibitor] combined with GEM is
ongoing, and the results are promising. In addition, the
inhibition of P2Y12 signaling significantly enhances the
efficacy of anti-EGFR therapy[137]. This process may also
be related to matrix remodeling, suggesting that P2Y12
inhibitors + GEM combined with EGFR-TKIs might be a
potential strategy for the treatment of PDAC.
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1.18 Conclusions and perspectives

The TME, which is characterized by extensive connective
tissue proliferation in PDAC, not only promotes tumor
proliferation and metastasis but also plays a key role in the
induction of GEM resistance [Figure 3]. Unfortunately,
most therapies targeting TME-related molecular pathways
have not achieved satisfactory results [139] [Table 1], and
even the physical barrier function of the stroma has been
questioned [140]. The key reasons for this disappointing
outcome may include the heterogeneity of PDAC cells and
their TME, possible bidirectional effects of the TME, a lack
of effective selective inhibitors, and the rapid upregulation
of alternative compensatory pathways. Recent technological
advances in single-cell analysis have enabled analysis of
cell heterogeneity in tumor samples. Single-cell analysis
can reveal not only the behavior of individual cells but also
interactions between cells in the TME, and this approach
has been employed to investigate intratumoral
heterogeneity, to identify cell subsets of PDAC, and to
probe mechanisms of chemotherapy resistance [141]. It
should also be pointed out that most of the currently
available evidence is from in vitro experimental models.
Although there have been advances in in vitro modeling,
the latest 3D or organoid culture models still fall short of
fully reproducing the complex biological interactions
between PDAC cells and the TME in preclinical studies
[142]. Similarly, inherent differences between species and
discordances between murine xenotransplant models should
also be noted [143, 144]. In short, the results of preclinical
studies in in vitro culture or in vivo animal models should
be interpreted with great caution. Therefore, the issues
listed above should be the key to enhance the efficacy of

GEM chemotherapy and improve the overall prognosis of
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PDAC in the future. In-depth studies of the effect of GEM

on TME remodeling are expected to guide multitarget

combination therapy, which may eventually improve the

future treatment model for patients with PDAC.

Potential target Drug resistance mechanism Preclinical models | Clinical trials | Literature
Induce the EMT; increase glycolysis and
dCTP levels; activate the Akt/Notchl Cell lines/mouse
Hypoxia/HIF-1a pathway; induce the CSC phenotype models NCT01746979 | [12-16]
Increase glycolysis; change intracellular and | Cell lines/mouse
CA9/Acidosis extracellular pH; induce the EMT models NA [18-20]
MT1-
MMP/HMGA2/HA | Stromal barrier; increase H3K9 and H3K27 | Cell lines/mouse
Ts acetylation; repair damaged DNA models NA [10,22-25]
Cell lines/mouse
TIMP1 Activate the PI3K/AKkt | pathway models NA [26]
Increase IFP; upregulate MDR1 expression; | Cell lines/mouse
HA/CD44 induce the EMT models NCT01839487 | [29-36,39]
NCT02715804
HALO109-
301
Stromal barrier; activate the PI3K/Akt and Cell lines/mouse
TG2/LN/FAK NF-«kB pathways models NA [41,42]
Stromal barrier; activate the ERK pathway; Cell lines/mouse
FN/ERK inhibit apoptosis models NA [44,45]
Inhibit the formation of caspase-3/7/9- Cell lines/mouse
CTGF/XIAP mediated apoptotic vesicles models NCT02210559 | [46-48]
Activate the TGF-p/ALK5/Smad2/3
TGE- pathway; downregulate hENT1 and hCNT3 | Cell lines/mouse
B/CYR61/VAV1 expression ; induce the EMT models NA [49-52]
HAb18G/EGFR/ST Cell lines/mouse
AT3 Activate the EGFR/STAT3 pathway models CONKOO005 [54-60]
ISRCTN9639
7434
NCT00471146
Activate the PI3K/Akt/mTOR and Cell lines/mouse
IGF-1R MEK/ERK pathways models NCT00769483 | [62-65]
NCT01231347
Increase IFP; activate the PI3K/Akt, mTOR,
NF-kB, ERK, MAPK, and Notch pathways; | Cell lines/mouse
PDGFR induce the EMT models BAYPAN [66-70]
Activate the FAK, ERK, and Akt pathways;
CXCL12/CXCR4 upregulate survivin expression Cell lines NA [73-75]
Stromal barrier; activate the Notch pathway; | Cell lines/mouse
Hes1/Notch induce the EMT and CSC phenotype models NA [79-81]
Cell lines/mouse
HGF/c-Met Activate the PI3K/Akt/mTOR pathway models NCTO00874042 | [82-84]
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Organoid cell
dC Intracellular dCK competition culture NA [85]
Increase hypoxia; induce the EMT and CSC
a-SMA-CAFs phenotype; stromal barrier Mouse models NA [87,88]
Cell lines/mouse
FAP-CAFs Remodel the ECM; stromal barrier models *Ref. [91] [90,91]
Cell lines/mouse
SHH Activate the HH pathway models NCT01064622 | [5,92-94]
NCT01088815
Activate the IL-6/JAK/STAT3 pathway; Cell lines/mouse
IL-6 promote proinflammatory pathways models NA [95-98]
Exosome Activate Snail; induce the EMT Cell lines NA [100,101]
Induce the EMT; inhibit apoptosis; activate
CSCs/ncRNA the PI3K/Akt/mTOR pathway Cell lines NA [103-105]
Activate the MAPK and NF-«B pathways; Cell lines/mouse ISRCTN4382
GM-CSF promote MDSCs differentiation models 138 [109-111]
Activate STAT3; induce the CSC
phenotype; inhibit apoptosis; upregulate Cell lines/mouse
TAMS/STAT3 CDA expression; M2 polarization models NA [113-119]
Activate NF-«kB pathway; promote Cell lines/mouse
CXCL2,5/CXCR2 functional T cell infiltration models NA [123,124]
Cell lines/mouse
PD-1/L1, CTLA-4 | Inhibit the cytotoxicity of CTLs models *Ref. [130] [129,130]
Negatively regulate the Akt pathway;
activate effector CTLs; negatively regulate
the transcription of downstream Cell lines/mouse
HEATR1/Nrf2 antioxidative and cytoprotective genes models NA [131,132]
Upregulate Slug and ZEB1 expression;
induce the EMT; downregulate hENT1 and
CDA expression; activate the EGFR Cell lines/mouse
ADP-P2Y12 pathway models NCT02404363 | [136,137]

Table 1: Potential targets and mechanisms of TME-induced resistance to GEM in PDAC cells.

Modified from our previous work (139) with permission. *Registration number cannot be retrieved from the website
"www.clinicaltrials.gov”. NA, Not Applicable. Abbreviations: HIF-1a, hypoxia-inducible factor-1a; CA9, carbonic anhydrase
9; MT1-MMP, membrane type 1-matrix metalloproteinase; HMGAZ2, high mobility group A2; HATS, histone cetyltransferases;
TIMP1, tissue inhibitor of metalloproteinases 1; HA, hyaluronic acid; TG2, transglutaminase 2; LN, laminin; FAK, focal
adhesion kinase; FN, fibronectin; ERK, extracellular regulated protein kinases; CTGF, connective tissue growth factor; XIAP,
X-linked inhibitor of apoptosis protein X; TGF-B, transforming growth factor B; CYR61, cysteine-rich angiogenic inducer 61;
VAV1, Vav guanine nucleotide exchange factor 1; EGFR, epidermal growth factor receptor; STATS3, signal transducer and

activator of transcription 3; IGF-1R, insulin-like growth factor 1 receptor; PDGFR, platelet-derived growth factor receptor;
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CXCL, CXC ligand; CXCR, CXC chemokine receptor; HGF, hepatocyte growth factor; dC, deoxycytidine; dCK,
deoxycytidine kinase; a-SMA, a-smooth muscle actin; FAP, fibroblast activation protein; SHH, sonic hedgehog pathway;
ncRNA, non-coding RNA; GM-CSF, granulocyte-macrophage colony-stimulating factor; PD-1, programmed death-1; CTLA-
4, cytotoxic T lymphocyte associated antigen-4; HEATR1, HEAT repeat-containing protein 1; Nrf2, nuclear factor erythroid-2-

related factor 2; ADP, adenosine diphosphate.
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Figure 3: Schematic diagram of the mechanism of TME-induced resistance to GEM in PDAC cells. The pathways are not

independent from each other, but they engage in crosstalk and promote the development of GEM resistance. Abbreviations:

EMT, epidermal-mesenchymal transition; GEM, gemcitabine; TME, tumor microenvironment.
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