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Pancreatic ductal adenocarcinoma (PDAC) is an aggressive and lethal cancer

with a dismal five-year survival rate of 11%. Despite remarkable advancements in

cancer therapeutics, PDAC patients rarely benefit from it due to insurmountable

treatment resistance. Notably, PDAC is pathologically characterized by an

extensive desmoplastic reaction and an extremely immunosuppressive

tumour microenvironment (TME). The PDAC TME consists of cell

components (e.g., tumour, immune and stromal cells) and noncellular

components (e.g., extracellular matrix), exhibiting high complexity and their

interplay resulting in resistance to chemotherapeutics and immune checkpoint

inhibitors. In our review, we shed light on how crosstalk of complex

environmental components modulates PDAC drug resistance, and we

summarize related clinical trials. Moreover, we extend our discussion on

TME exploration and exosome analysis, providing new insights into clinical

applications, including personalized medicine, disease monitoring and drug

carriers.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive

and lethal cancer type with a dismal five-year survival rate of 11%

(Siegel et al., 2022). According to National Comprehensive

Cancer Network guidelines, surgical resection is the only

potentially curative approach (Tempero et al., 2019).

Unfortunately, it is estimated that approximately 80% of

PDAC patients are diagnosed at an advanced or metastatic

stage (Siegel et al., 2022). In other words, only 20% of PDAC

patients are appropriate candidates for surgery (Moletta et al.,

2019). Thus, systemic chemotherapy is the mainstay treatment

for most patients (Sohal et al., 2016). Nevertheless, the clinical

outcome is not significantly encouraging due to the occurrence of

chemoresistance (Ducreux et al., 2019). The emergence of

immune checkpoint inhibitors (ICIs) has revolutionized

cancer treatment and brought benefits, especially for patients

with haematological malignancies (Armand, 2015). However,

PDAC patients rarely benefit from ICIs due to poor response

(O’Reilly et al., 2019). Based on this fact, further investigation of

drug mechanisms and the development of more effective

regimens to overcome drug resistance are urgently needed for

PDAC patients.

A large body of studies have indicated that PDAC is

characterized by extensive desmoplasia. Its acellular matrix

can constitute up to 90% of PDAC tumour bulk (Neesse

et al., 2011; Torphy et al., 2018), and the tumour

microenvironment (TME) consists of nonmalignant cells (e.g.,

stromal and immune cells) and noncellular components (e.g.,

collagen, glycoprotein and proteoglycans), indicating its

complexity and desmoplasia (Feig et al., 2012; Tian et al.,

2019). Notably, the PDAC TME is the culprit in

insurmountable treatment resistance (Capurso and Sette,

2019), and it also contributes to recurrence and metastatic

spread, which are also critical issues for PDAC patients (Steele

et al., 2016; Brooks et al., 2018). Considering that radiotherapy is

relatively less frequently prescribed than systemic chemotherapy

due to late diagnosis of the disease (Orth et al., 2019; Siegel et al.,

2022), and that a large number of genetic alterations are ranked

as level II to IV in PDAC according to the ESMO Scale for

Clinical Actionability of molecular Targets (ESCAT) (Mosele

et al., 2020), we mainly focused on treatment resistance to

chemotherapeutics and immunotherapy. Therefore, in this

review, we shed light on the complex relationships between

tumours and the TME, emphasizing how stromal-immune

crosstalk exacerbates PDAC resistance to chemotherapy

and ICIs.

PDAC TME and chemoresistance

As mentioned previously, nearly 80% of PDAC cases are

inoperable due to the time of diagnosis at an advanced or

metastatic stage, urgently requiring systemic chemotherapy

(Siegel et al., 2022). For locally advanced or metastatic PDAC

patients with good performance status (PS), gemcitabine (GEM,

also known as dFdC)/nanoalbumin-bound paclitaxel (Nab-PTX)

or FOLFIRINOX (including leucovorin, 5-FU, irinotecan and

oxaliplatin) are recognized as preferred first-line regimens to

prolong survival (Tempero et al., 2021a). Conversely, GEM

monotherapy is preferred for unresectable patients with poor

PS due to less toxicity (Tempero et al., 2021a). Nevertheless, most

patients develop chemoresistance, likely followed by local

recurrence or metastatic spread. Given that GEM-based

regimens are the standard of care for inoperable PDAC cases,

we mainly shed light on GEM resistance in the following section.

PDAC TME confers gemcitabine
resistance through modulating drug
actions

Mechanistically, GEM uptake is mediated by human

nucleoside transporter (hNT) and converted into gemcitabine

monophosphate (dFdCMP) through deoxycytidine kinase

(dCK), finally transforming into an active form to exert

cytotoxicity by subsequent phosphate kinases. Conversely,

cytidine deaminase (CDA) deactivates GEM to 2′,2′-
difluorodeoxyuridine (dFdU), compromising its activity (Qin

et al., 2020). Accumulating evidence has indicated that GEM

resistance can be conferred by components within the PDAC

TME through modulating drug metabolism (Figure 1A).

Halbrook and colleagues discovered that tumour-associated

macrophage (TAM)-derived pyrimidine metabolites, especially

deoxycytidine, competitively interact with dCK, resulting in a

reduced level of active GEM (Halbrook et al., 2019). Another

study demonstrated that platelet-derived ADP binds with P2Y12

(ADP receptor) on PDAC, contributing to hNT downregulation

and CDA upregulation (Elaskalani et al., 2017). GEM-elicited

cytotoxicity is induced by DNA damage-associated apoptosis,

and a previous study reported that deficient proapoptotic effects

contributed to chemoresistance (Figure 1A) (Li et al., 2020a).

Mast cells (MCs), which are primarily responsible for allergic

reactions, are also involved in PDAC tumorigenesis (Krystel-

Whittemore et al., 2015). Porcelli et al. revealed that MCs drive

PDAC drug resistance through TGF-β signalling activation and

upregulated antiapoptotic effects. However, administration of the

TGF-β receptor type I inhibitor galunisertib restored GEM

cytotoxicity. Notably, the serum level of MC tryptase

increased in unresponsive patients, potently serving as an

indicator of treatment response (Porcelli et al., 2019). Cancer-

associated fibroblasts (CAFs), located in the stroma, are involved

in several cancer processes, such as angiogenesis and

immunosuppression (Li et al., 2020b; Francescone et al.,

2021). Pancreatic stellate cells (PSCs), a well-investigated

source of CAFs within the pancreatic stroma, are
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physiologically involved in extracellular matrix (ECM)

homeostasis (Apte et al., 2012). However, ECM dysregulation

contributes to PDAC progression. It is evident that periostin

upregulation in PSCs enhances GEM resistance by blocking

cleaved caspase-9 and DNA damage-triggered apoptosis (Liu

et al., 2016).

PDAC TME confers gemcitabine
resistance through disrupting drug
delivery

ECM protein deposition driven by activated CAFs forms a

physical barrier that compromises drug entry and is associated

with poor prognosis (Hingorani et al., 2018; Gorchs et al., 2019).

Moreover, a unique pathological feature of PDAC is

hypovascularity, which is mediated by high interstitial fluid

pressure generated by excessive ECM deposition and closely

correlated with reduced chemotherapeutic agent efficacy and

poor prognosis (Figure 1B) (Di Maggio et al., 2016; Katsuta et al.,

2019). Zhang et al. demonstrated that PDAC-secreted IL-1β
stimulates CAFs and tumour fibrosis via IRAK4/NF-kB

signalling, forming a shield to exclude GEM (Zhang et al.,

2018). Heparan sulphate proteoglycan 2 (a multifunctional

proteoglycan) derived from CAFs not only diminished the

efficacy of GEM/Nab-PTX but also established a prometastatic

niche via NF-kB paracrine signalling (Vennin et al., 2019).

Overexpressed hyaluronic acid (HA) secreted by CAFs also

compromises perfusion and drug entry. Notably, in a phase II

clinical study (NCT01839487), improved PFS was observed in

patients with stage IV PDAC after treatment with PEGPH20

(PEGylated recombinant human hyaluronidase) plus GEM/Nab-

PTX (Hingorani et al., 2018). Rho-associated protein kinase 1

(ROCK1), which functions in controlling cell motility, is

overexpressed in CAFs and is highly correlated with CAF

activation, as well as ECM deposition (Whatcott et al., 2017).

Vennin and colleagues found that inhibition of ROCK by the Rho

kinase inhibitor fasudil stimulated ECM remodelling in vivo, not

only compromising metastatic spread and liver colonization but

also improving sensitivity to GEM/Nab-PTX (Vennin et al.,

2017). Furthermore, Whatcott et al. reported that treatment

with fasudil resulted in increased mean dFdCMP

concentrations, indicating that ROCK inhibition attenuates

CAF-induced ECM accumulation and drug exclusion

(Whatcott et al., 2017). Recently, several studies have

suggested that vitamin D receptor (VDR) signaling activation

can drive CAFs into a quiescent state, concomitant with

decreased ECM deposition and increased vascular lumen size.

It was evident that intratumoural concentrations of dFdCTP, also

an active form of GEM, increased significantly in vivo after

treatment with the vitamin D analogue calcipotriol (Sherman

et al., 2014). Another study conducted by Kim demonstrated that

pretreatment with calcipotriol alleviated fibrosis, which not only

improved chemotherapy delivery, but also promoted oncolytic

virus-mediated antitumour immunity through increased

immune cells recruitment and reduced T cell exhaustion. This

FIGURE 1
The components within the PDAC TME facilitate chemoresistance. (A) Chemoresistance conferred by tumour microenvironmental cells GEM
resistance can be conferred by the components within the PDAC TME by modulating drug metabolism and enhancing antiapoptotic effects. (B)
Desmoplasia and poor tumour perfusion spatially exclude GEM Activated CAFs induce ECM deposition, resulting in poor perfusion, forming a
physical barrier and considerably compromising the access of GEM to tumour compartments.
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indicated calcipotriol can serve as a promising adjuvant to

enhance viroimmunotherapy efficacy by loosing PDAC dense

stroma beforehand (Kim et al., 2022). Based on the rationale,

several clinical trials are ongoing to assess the effectiveness of

vitamin D ligands on reprogramming the PDAC TME. For

instance, a phase I/II clinical study (NCT03520790)

investigated the safety as well as efficacy of paricalcitol (a

vitamin D analogue approved by the FDA to treat chronic

renal failure-related hypercalcaemia) plus GEM/Nab-PTX in

patients with metastatic PDAC. Another randomized clinical

trial (NCT02030860) evaluated neoadjuvant paricalcitol with

GEM/Nab-PTX in resectable PDAC patients. In addition to

VDR signaling activation, photodynamic therapy (PDT) has

also been reported to decrease ECM density, increase collagen

nonalignment, and improve drug delivery (Obaid et al., 2019;

Obaid et al., 2022). Patients who are refractory to GEM require

high-dose administration, but intolerable toxicities are major

concerns. Anbil and colleagues revealed that photodynamic

priming coupled with calcipotriol can effectively increase

intratumoural accumulation of chemotherapeutic agents by

suppressing CXCL12/CXCR7 crosstalk and promoting

vascular permeability. Hence, this strategy improved patients’

tolerability but maintained treatment efficacy (Anbil et al., 2020).

Intriguingly, metformin, widely prescribed for patients with

type 2 diabetes mellitus, was suggested to reduce desmoplasia

through inhibiting collagen I and hyaluronan production from

CAFs by downregulating angiotensin-II receptor 1 (AT-1)/

transforming growth factor-beta (TGF-β) signalling (Incio

et al., 2015). Indeed, in a phase II clinical trial

(NCT02005419), the activities of metformin combined with

GEM were evaluated in resectable PDAC patients. Another

phase II clinical study (NCT01210911) aimed to determine

the activity of metformin with erlotinib and GEM in patients

with locally advanced or metastatic PDAC.

Collectively, apart from the intrinsic resistance of PDAC

cells, the components within the PDAC TME also facilitate

chemoresistance. Importantly, the contributing factors

primarily include resistance abilities conferred by surrounding

cells and drug exclusion driven by dense stroma along with poor

tumour perfusion.

PDAC TME and ICI resistance

PDAC TME confers ICI resistance through
modulating immunogenicity

ICIs have attracted much attention in recent years and have

brought benefits to patients with haematological malignancies

(Armand, 2015). Nevertheless, PDAC patients rarely benefit

from ICIs owing to poor response (O’Reilly et al., 2019). The

poor response to ICIs is primarily attributed to a low tumour

mutation burden, an immunosuppressive TME and physical

barriers (Yarchoan et al., 2017; Hester et al., 2021). Indeed,

PDAC escapes immune surveillance since tumour-associated

antigens (TAAs) are usually limited and absent (Fan et al.,

2020). Autoantibodies (AAbs) are antibodies against TAAs.

PDAC-derived extracellular vesicles are enriched in TAAs that

serve as competitive binding sites for AAbs, which protect

tumour cells from antibody-dependent cell-mediated

cytotoxicity (Capello et al., 2019). Heterogeneous expression

of MHC I occurs in PDAC because neighbour of BRCA1 gene

1 (NBR1), an autophagy receptor, interacts withMHC I to induce

its autophagic degradation. Lysosomal inhibition through

BafA1 and CQ upregulates MHC I and sensitizes PDAC to

ICIs (Yamamoto et al., 2020). Furthermore, Elyada and

colleagues found a CAF subpopulation called antigen-

presenting CAFs that express high levels of MHC II without

costimulatory molecules, such as CD80, CD40 and CD86,

expressed by DCs. This situation leads to T-cell anergy and

also promotes immunosuppressive CD4+ FOXP3+ regulatory

T-cell (Treg) accumulation (Figure 2B) (Elyada et al., 2019).

PDAC TME confers ICI resistance through
affecting the spatial proximity of CD8+

T cells

It has been suggested that the spatial proximity of CD8+

T cells to tumours is highly associated with the ICI response

(Figure 2A) (Slagter et al., 2020). Zhang and colleagues

showed that T helper 17-cell-secreted IL-17 induced

neutrophil recruitment, excluding CD8+ T cells from

PDAC, and triggered ICI resistance. IL-17 neutralization

alters spatial distribution and promotes CD8+ T-cell

proximity to PDAC while upregulating PD-L1 mRNA

expression. Hence, dual administration of an anti-IL-

17 mAb and an ICI exerts a synergistic effect on PDAC

regression (Zhang et al., 2020). Another study revealed that

macrophage-derived granulin induces fibrosis to exclude

CD8+ T-cell infiltration from the liver metastatic site

instead of influencing their functions. This outcome likely

explains ICI resistance in metastatic PDAC (Quaranta et al.,

2018). Interestingly, one study showed that activated PSCs

secrete C-X-C motif chemokine ligand 12 (CXCL12) to

sequester CD8+ T cells, reducing CD8+ T-cell infiltration in

the juxtatumoural compartment (identified as <100 μm from

the tumour) (Ene-Obong et al., 2013). Administration of BL-

8040, a C-X-C motif chemokine receptor 4 (CXCR4)

antagonist, increases the density of CD8+ T cells and

suppresses myeloid-derived suppressor cells (MDSCs) and

Tregs within the intratumoural stroma. It was also found

that BL-8040 outweighs other CXCR4 antagonists owing to

its superior affinity. In a phase II clinical study, a cohort of

metastatic PDAC patients with chemoresistance who received

BL-8040 plus pembrolizumab (anti-PD-1 blocker) showed a
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43.5% disease control rate and a 7.5-month median overall

survival (Bockorny et al., 2020). Similar to chemoresistance

driven by drug exclusion, the ICI response is also determined

by the density of the stroma. Koikawa et al. emphasized that

proline isomerase peptidyl-prolyl cis/trans isomerase NIMA-

interacting 1 (PIN1) is overexpressed in CAFs and PDAC and

that its overexpression also correlates with poor T-cell

infiltration due to an active desmoplastic reaction.

However, in vivo, inhibition of PIN1 by all-trans retinoic

acid and arsenic trioxide or sulfopsin alleviates ECM

deposition and improves anti-PD-1 blockade sensitivity

(Koikawa et al., 2021). As mentioned previously, VDR

signaling activation can reprogram PDAC stroma and

reduce ECM deposition (Sherman et al., 2014). Of note, it

was evident that autophagy contributed to VDR signaling

inactivation within PSCs (Kong et al., 2022). Based on this

fact, Kong and associates utilized pH-buffering micelles

encapsulated with calcipotriol to block autophagic flux and

synergistically reprogram PSCs in vitro and in vivo, which

enhanced the PDAC response to anti-PD-1 blockade (Kong

et al., 2022). A phase II clinical study (NCT03331562)

evaluated whether the effect of pembrolizumab (anti-PD-

1 blockade) could be enhanced by addition of calcipotriol

in PDAC patients. However, recent evidence in 2D or 3D cell

culture system reveals although calcipotriol can inhibit CAFs

proliferation as well as migration, it unexpectedly upregulates

PD-L1 and suppresses T cell activity (Gorchs et al., 2020).

Hence, further clinical investigation is urgently needed.

FIGURE 2
The components within the PDAC TME facilitate ICI resistance. (A) ICI resistance mediated by spatial exclusion of CD8+ T cells is primarily
facilitated by the accumulation of tumour-infiltrating neutrophils and excessive ECM deposition. (B) ICI resistance induced by low immunogenicity
and dysfunction of CD8+ T-cell ICI efficacy is compromised by downregulated antigenic presentation and reduced CD8+ T-cell activity.
Abbreviations: AAbs, autoantibodies; ADCC, antibody-dependent cell-mediated cytotoxicity; CXCL12, C-X-C motif chemokine ligand 12;
CXCR4, C-X-C motif chemokine receptor 4; TAAs, tumour-associated antigens; TAM, tumour-associated macrophage; TAN, tumour-associated
neutrophil; TCR, T-cell receptor; TMB, tumour mutation burden.
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Intriguingly, CAFs are not always involved in establishing

dense stroma; conversely, they can also facilitate PDAC

progression by alleviating desmoplastic reactions. Wang

and associates identified a novel subset of CAFs with high

expression of phospholipase A2 group IIA, called metabolic

state CAFs (meCAFs), by single-cell RNA sequencing. These

cells predominate in loose-type PDAC, whereby a loose

stroma facilitates CD8+ T-cell infiltration and cytotoxicity

but promotes metastasis. Hence, an abundance of meCAFs

is linked to poor prognosis, although it indicates a better

response to immunotherapy; it is estimated that PDAC

patients with abundant meCAFs have a 64.7% response rate

to PD-1 inhibitors (Wang et al., 2021a).

PDAC TME confers ICI resistance through
affecting the function of CD8+ T cells

Apart from the spatial distribution of CD8+ T cells, the ICI

response is also influenced by its activity and function (Figure 2B),

which are primarily mediated by interactions between inhibitory

checkpoint molecules and their corresponding inhibitory receptors.

Lymphocyte-activation gene 3 (LAG-3), a coinhibitory molecule,

impairs CD8+ T-cell function. Additionally, LAG-3+ T-cell

infiltration is related to reduced DFS (Long et al., 2018); in

contrast, a high inducible costimulator positive (ICOS+) T-cell

density is suggestive of extended DFS since ICOS is a paramount

stimulatory checkpoint molecule for T-cell activation (Seifert et al.,

2021). Disappointingly, ICOS expression on Tregs is higher than that

onCD8+T cells. Nevertheless, KY-1044, a selective anti-ICOS blocker,

preferentially inhibits tumour-infiltrating ICOS-high Tregs. The

safety, tolerability and efficacy of KY-1044 with atezolizumab were

evaluated in advanced PDAC in a phase I/II clinical trial

(NCT03829501) (Quaratino et al., 2019). γδ T cells are minor

T-cell lineages and non-MHC-restricted lymphocyte subsets

involved in innate immunity (Daley et al., 2020). However, a

recent study uncovered their role in PDAC tumorigenesis. Daley

et al. revealed that tumour-infiltrating γδT cells induce dysfunction of

CD8+ T cells via upregulation of inhibitory ligands (e.g., PD-L1 and

galectin-9 (Gal-9)). High expression of Gal-9 was observed in γδ
T cells, inducing M2 polarization and inhibiting T cells. Notably,

serumGal-9 is able to distinguish PDAC cases frombenign or healthy

subjects (HS) (Seifert et al., 2020). Surprisingly, γδT cells constitute up

to 75% of all T lymphocytes in the human PDAC stroma, and

depletion of γδ T cells not only leads to extended survival but also

induces T helper 1 (Th1) cell differentiation and CD8+ T-cell

cytotoxicity (Daley et al., 2020). Over the past few decades, the

role of B cells in solid tumours has been neglected and

underrated. Bruton tyrosine kinase (BTK) is an important kinase

for promoting B-cell activity and M2 polarization. Administration of

the FDA-approved BTK inhibitor ibrutinib restores CD8+ T-cell

cytotoxicity (Gunderson et al., 2016). Interestingly, emerging

evidence has indicated that B cells are also one of the sources of

PD-L1. Activated B cells suppress CD8+ T-cell activity and IFN-γ

FIGURE 3
Overview and future perspectives. Disease monitoring: PDAC or tumour microenvironmental cell-derived exosomes are detected in body
fluids (e.g., blood and urine), and their cargos are indicative of PDAC progression. Taking advantage of chip-based exosome analysis can immediately
predict treatment response and prognosis. Precisionmedicine: Components of the TME (e.g., immune cells, stromal cells and ECM)make substantial
contributions to PDAC progression. Hence, single-cell sequencing of tumour microenvironmental components in combination with immune
profiling provides physicians with comprehensive information to establish personalized regimens. Subsequently, drug candidates can be
encapsulated in exosomes to improve drug penetration.
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generation in a PD-L1-dependentmanner. Additionally, elevated PD-

L1 expression on circulating B cells was observed in patients with

advanced PDAC rather than HS (Tong et al., 2020). Zhao et al.

reported that PDAC-producing IL-18 promotes IL-10 secretion by

regulatory B cells and induces PD-L1 expression on B cells to inhibit

cytotoxic T cells with reduced granzyme B and IFN-γ (Zhao et al.,

2018).

A previous study indicated that increasing resistance of

prostate cancer to ipilimumab (anti-CTLA-4 mAb) could be

attributed to a compensatory inhibitory pathway. In other words,

CTLA-4 blockade induces the upregulation of other inhibitory

checkpoint molecules, including PD-1, PD-L1 and V-domain

immunoglobulin suppressor of T-cell activation (VISTA) (Gao

et al., 2017). A similar phenomenon was also observed in PDAC.

Hou et al. indicated that VISTA is highly expressed on PDAC

and M2 macrophages in tumour tissues, causing CD8+ T-cell

exhaustion (Hou et al., 2021). The safety and recommended

effective dose of JNJ-61610588 (anti-VISTA mAb) in PDAC

patients were evaluated in a phase I clinical study

(NCT02671955). Unfortunately, the study was terminated

owing to the manufacturer’s decision. Nonetheless, VISTA

remains a promising target for patients with pancreatic cancer

(Blando et al., 2019).

To conclude, the poor response to ICIs in PDAC is primarily

attributed to low immunogenicity, spatial exclusion of CD8+

T cells by a strong desmoplastic reaction and suppressed

activity of cytotoxic T cells, facilitated by immunosuppressive

cell trafficking to the TME.

Clinical trials: Strategies that
modulate PDAC TME to restore drug
sensitivity

PDAC is characterized by an extensive desmoplastic

reaction and immunosuppressive TME, making substantial

contributions to restraining clinically prescribed

chemotherapy and compromising ICI efficacy. In recent

years, a growing number of studies have demonstrated that

modulating the PDAC TME not only boosts the efficacy of

chemotherapy and ICIs but also leads to tumour regression,

along with an improved survival rate in in vivo preclinical

models. Among these strategies, targeting stromal

desmoplasia (e.g., alleviating ECM deposition) and

restoring tumour immunosurveillance (e.g., promoting

CD8+ T-cell infiltration and function) have attracted much

TABLE 1 Clinical trials of strategies for conditioning the PDAC TME.

Phase NCT
number

Status Condition/disease Intervention/
treatment

Description

Not
applicable

NCT02030860 Completed Resectable PDAC Neoadjuvant paricalcitol
with GEM/Nab-PTX

To evaluate the effect of paricalcitol plus GEM/Nab-PTX

I NCT01777477 Completed Unresectable and metastatic
PDAC

Chloroquine plus GEM To evaluate combination safety, MTD and efficacy

I/II NCT03520790 Recruiting Metastatic PDAC Paricalcitol plus GEM/
Nab-PTX

To evaluate the efficacy

I/II NCT01373164 Completed Unresectable PDAC Galunisertib with GEM To evaluate the safety, tolerable dose and OS

I/II NCT02403271 Completed Relapsed or refractory
PDAC

Ibrutinib with durvalumab To evaluate the safety, tolerability, and efficacy

I/II NCT03829501 Recruiting Advanced PDAC KY-1044 with atezolizumab To evaluate safety, tolerability, and efficacy

II NCT02005419 Completed PDAC after curative
resection

GEM plus metformin To evaluate combination activity and safety

II NCT01210911 Completed Locally advanced or
metastatic pancreatic cancer

GEM, metformin and
erlotinib

To determine the activity and safety

II NCT01839487 Completed Metastatic PDAC PEGPH20 and GEM/nab-
PTX (PAG)

Improved PFS was observed in PAG treatment, and the
longest PFS was in patients with HA-high PDAC
receiving PAG.

II NCT03331562 Completed Pancreatic cancer Pembrolizumab plus
paricalcitol

To evaluate the combination effect for the maintenance of
pancreatic cancer

II NCT02907099 Active, not
recruiting

Recurrent or metastatic
PDAC

BL-8040 with
pembrolizumab

To assess ORR and T-cell infiltration

II NCT03634332 Unknown HA-high metastatic PDAC PEGPH20 and
pembrolizumab

To evaluate the efficacy of combination

III NCT02436668 Completed Metastatic PDAC Ibrutinib and GEM/
nab-PTX

To assess safety, OS, and PFS.

HA, hyaluronic acid; MTD, maximum tolerated dose; OS, overall survival; ORR, overall response rate; PFS, progression-free survival.
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attention from researchers. Since standard-of-care regimens

remain important for tumour elimination, most clinical trials

are designed to evaluate the efficacy of combinations of TME-

modulated agents with standard-of-care drugs. The following

table (Table 1) briefly summarizes and describes the related

clinical trials. Most clinical studies are in phase I or II to

evaluate drug tolerability, safety and side effects; several

studies have reported promising outcomes. For instance, in

a phase II study (NCT01373164), galunisertib (an inhibitor of

TGF-β receptor I) plus GEM showed improved OS with

manageable toxicities compared to GEM plus placebo

(Melisi et al., 2018). Another phase II study

(NCT01839487) reported that patients with HA-high

tumours largely benefited from PEGPH20 (recombinant

human hyaluronidase) in PFS (Hingorani et al., 2018).

Nevertheless, some trials were terminated due to lack of

funding, slow accrual and unexpected adverse events.

Unfortunately, in a phase III study (NCT02436668),

ibrutinib plus GEM/nab-PTX showed no improvement in

OS and even shorter PFS in metastatic PDAC (Tempero

et al., 2021b). Despite this setback, the continued

development of TME modulation is ongoing and promising

in improving therapeutic efficacy, but it requires further

investigation.

Conclusion

Mounting evidence has indicated that the dismal

prognosis of PDAC can be primarily attributed to

treatment resistance and the limitations of early detection.

PDAC is characterized by an extensive desmoplastic

reaction and an extremely immunosuppressive TME, also

known as a “cold tumour”. The complexity of the PDAC

TME makes substantial contributions to restraining

therapeutic efficacy, particularly with chemotherapy

and immunotherapy, and so that subsequent local

recurrence or metastatic relapse likely occurs. Regarding

chemoresistance, the contributing factors include

(Siegel et al., 2022): dense stroma; along with

hypovascularity to exclude chemodrugs; and (Tempero

et al., 2019) resistance abilities conferred by the

components of the TME through altering of drug

metabolism or upregulating of anti-apoptotic effects. The

poor response to ICI is mainly due to (Siegel et al., 2022):

low TMB (Tempero et al., 2019); establishment of a physical

barrier to spatially preclude cytotoxic T cells; and (Moletta

et al., 2019) dysfunction of cytotoxic T cells mediated by

immunosuppressive cells. In conclusion, a comprehensive

investigation of the characteristics of the PDAC TME

might facilitate the design of feasible combination

regimens to improve therapeutic efficacy and prolong

patient survival.

Discussion

Predicting drug efficacy by exploring
components of PDAC TME

Over the past few decades, cancer treatment has mainly

depended on the histological features of cancer cells and

AJCC/UICC TNM staging. With remarkable advances in gene

sequencing, oncologists have focused attention on precision

medicine, and specific gene mutations are now considered

biomarkers or therapeutic targets (e.g., EGFR mutations in

non-small-cell lung cancer and Gefitinib) (Nan et al., 2017).

Recently, immune profiling has developed and attracted much

attention. Immune profiling refers to deep analysis of immune

cell phenotypes within the TME. Parra and colleagues established

and optimized a novel immune-profiling methodology, namely

the automated multiplex immunofluorescence panel, to examine

the density and spatial distribution of specific immune cells

within the stromal or tumour compartments (Parra et al.,

2021). Chauh et al. reported that high-dimensional

technologies, such as single-cell RNA-Seq (scRNA-Seq),

cytometry by time of flight and multiplex

immunohistochemistry, are accessible for evaluating rare

immune cell subsets and overcoming heterogeneity, profiling

the immune context of the TME to accurately predict prognosis

and immunotherapy-related adverse effects (Chuah and Chew,

2020). Additionally, Lenzo et al. conducted immune profiling of

PDAC patients by quantifying cell types using scRNA-seq and

evaluating the spatial distribution of CD8+ T cells with

immunohistochemistry (Lenzo et al., 2021). Garner claimed

that binary classification of immune cells, such as TAMs and

tumour-associated neutrophils (TANs), is insufficient for the

accurate assessment of phenotypes. According to single-cell

sequencing, TAMs can coexpress M1-and M2-related genes,

and TANs could exhibit a spectrum of phenotypes.

Furthermore, single-cell transcriptomics identified 25 distinct

tumour-infiltrating myeloid cell states. Such findings raise

concerns about whether single-cell sequencing can actually

model the sophistication of the TME (Garner and de Visser,

2020). The same phenomenon has been observed in CAFs.

Stromal contents serve as “Jekyll and Hyde” in PDAC

progression, which might be explained by the high

heterogeneity and diverse subsets of CAFs. As mentioned

previously, CAF-induced dense stroma forms a physical

barrier to reduce drug efficacy and hypovascularity while

simultaneously restraining PDAC cell invasion and metastasis

(Wang et al., 2021a). Moreover, Tian and associates

proteomically analysed PDAC ECM composition by liquid

chromatography-tandem mass spectrometry and discovered

that a stroma-derived ECM correlates with either better or

poorer clinical outcomes. Intriguingly, changed expression of

specific ECM types is capable of distinguishing PDAC from the

premalignant stage or pancreatitis (Tian et al., 2019).

Frontiers in Molecular Biosciences frontiersin.org08

Hsu et al. 10.3389/fmolb.2022.1020888

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1020888


Collectively, analysing subpopulations of CAFs and ECM

composition within the TME should be given prominence,

which would provide the opportunity to evaluate drug efficacy

before administration and facilitate the design of precision

medicine (Figure 3). However, the types of CAFs that are

involved in the PDAC TME and the categories of ECM that

should be recognized as favourable or unfavourable indicators

require further investigation.

Exosomes derived from PDAC TME as
promising biomarkers

Accumulating studies have reported that small extracellular

vesicles (e.g., exosomes) and their cargos (e.g., proteins and

nucleic acids) are involved in modulating PDAC progression,

including chemoresistance, through crosstalk between PDAC

cells and immunosuppressive cells (Binenbaum et al., 2018;

Xavier et al., 2021). Because exosomes are secreted by parental

cells to deliver intracellular signals and are detectable in several

body fluids, they are considered promising biomarkers for

disease monitoring (Zhou et al., 2020a). Shao and colleagues

developed microfluidic-based chips to detect the mRNA levels of

exosomal cargos, potentially providing physicians with real-time

information about patients’ response to chemotherapy (Shao

et al., 2015). Indeed, with significant progress in microfluidics

research, the use of chip-based assays for exosome isolation and

analysis has gained popularity based on its advantages over

conventional exosome isolation (i.e., ultracentrifugation), such

as greater sensitivity, lower sample volume requirements, more

rapid processing, lower reagent consumption, and greater cost

effectiveness (Wang et al., 2021b). Furthermore, Melo et al.

revealed that glypican-1 is upregulated in PDAC and was

specifically detected on PDAC-derived exosomes but not on

nontumourigenic cell-derived exosomes (Melo et al., 2015).

Hence, there is potential that chip-based analysis of PDAC-

derived exosomal cargos might be used in clinical applications

to immediately evaluate PDAC patient response to GEM

(Figure 3). Nevertheless, there are several urgent issues that

require further investigation. Cancer is notorious for its high

heterogeneity; hence, the identification of specific surface

markers to distinguish the originating cells of exosomes is

paramount to avoid false-negative results. In addition, the

development of good manufacturing practices to standardize

operating procedures and parameters across different platforms

and optimize exosome processing should be considered.

Exosomes as drug carriers to improve drug
penetration

Apart from disease monitoring, drug accumulation in

malignant lesions seems to be a critical problem that must be

surmounted in PDAC because of the impenetrable dense stroma

and poor perfusion. Exosomes have offered new insights into

PDAC treatment for two main reasons (Siegel et al., 2022):

exosomes easily overcome impenetrable barriers, such as the

blood–brain barrier and dense stroma, in PDAC (Zhou et al.,

2020b; Zhou et al., 2021); and (Tempero et al., 2019) exosomes

have low immunogenicity compared to other nanoparticle

vesicles because they are natural endogenous nanovesicles that

avoid systemic allergic reactions (Samanta et al., 2018). Zhou and

associates demonstrated that incorporating PTX and dFdCMP,

an intermediate of GEM, into purified exosomes collected from

bone marrow-derived mesenchymal stem cell supernatant led to

superior penetrating ability and antitumor effects in vitro and in

vivo. Encouragingly, only mild systemic toxicity was observed

after intravenous injection of exosomes (Zhou et al., 2020b).

Similar to taking advantage of exosomes as liquid biopsies,

standardization of engineering therapeutic exosomes and their

pharmacokinetics in the real world requires further investigation

from the bench to the clinic (Figure 3).

Author contributions

S-KH and MJ wrote the manuscript. C-CC conceived of the

structure and revised the manuscript. W-TL, W-TC, and C-TH

revised the manuscript. All of the authors read and approved the

final manuscript.

Funding

We thank the following institutions for providing financial

support: The Ministry of Science and Technology, Taiwan

(grant numbers MOST 109-2314-B-037-069-MY3);

NSYSU-KMU joint grants (grant number NSYSUKMU111-

P25), Kaohsiung Medical University Research Center, Taiwan

(grant number KMU-TC109A04); Kaohsiung Medical

University Hospital (KMUH) (grants KMUH110-0M40);

and the ChiMei-KMU Joint Research Project (grant number

111CM-KMU-03).

Acknowledgments

We are thankful to the organizations that provided financial

support.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers in Molecular Biosciences frontiersin.org09

Hsu et al. 10.3389/fmolb.2022.1020888

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1020888


Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Anbil, S., Pigula, M., Huang, H-C., Mallidi, S., Broekgaarden, M., Baglo, Y., et al.
(2020). Vitamin D receptor activation and photodynamic priming enables durable
low-dose chemotherapy. Mol. Cancer Ther. 19 (6), 1308–1319. doi:10.1158/1535-
7163.MCT-19-0791

Apte, M. V., Pirola, R. C., and Wilson, J. S. (2012). Pancreatic stellate cells: A
starring role in normal and diseased pancreas. Front. Physiol. 3, 344. doi:10.3389/
fphys.2012.00344

Armand, P. (2015). Immune checkpoint blockade in hematologic malignancies.
Blood 125 (22), 3393–3400. doi:10.1182/blood-2015-02-567453

Binenbaum, Y., Fridman, E., Yaari, Z., Milman, N., Schroeder, A., Ben David, G.,
et al. (2018). Transfer of miRNA in macrophage-derived exosomes induces drug
resistance in pancreatic adenocarcinoma. Cancer Res. 78 (18), 5287–5299. doi:10.
1158/0008-5472.CAN-18-0124

Blando, J., Sharma, A., Higa, M. G., Zhao, H., Vence, L., Yadav, S. S., et al. (2019).
Comparison of immune infiltrates in melanoma and pancreatic cancer highlights
VISTA as a potential target in pancreatic cancer. Proc. Natl. Acad. Sci. U. S. A. 116
(5), 1692–1697. doi:10.1073/pnas.1811067116

Bockorny, B., Semenisty, V., Macarulla, T., Borazanci, E., Wolpin, B. M.,
Stemmer, S. M., et al. (2020). BL-8040, a CXCR4 antagonist, in combination
with pembrolizumab and chemotherapy for pancreatic cancer: The COMBAT trial.
Nat. Med. 26 (6), 878–885. doi:10.1038/s41591-020-0880-x

Brooks, J., Fleischmann-Mundt, B., Woller, N., Niemann, J., Ribback, S., Peters,
K., et al. (2018). Perioperative, spatiotemporally coordinated activation of T and NK
cells prevents recurrence of pancreatic cancer. Cancer Res. 78 (2), 475–488. doi:10.
1158/0008-5472.CAN-17-2415

Capello, M., Vykoukal, J. V., Katayama, H., Bantis, L. E., Wang, H., Kundnani, D.
L., et al. (2019). Exosomes harbor B cell targets in pancreatic adenocarcinoma and
exert decoy function against complement-mediated cytotoxicity. Nat. Commun. 10
(1), 254. doi:10.1038/s41467-018-08109-6

Capurso, G., and Sette, C. (2019). Drug resistance in pancreatic cancer: New
player caught in act. EBioMedicine 40, 39–40. doi:10.1016/j.ebiom.2019.
02.008

Chuah, S., and Chew, V. (2020). High-dimensional immune-profiling in cancer:
Implications for immunotherapy. J. Immunother. Cancer 8 (1), e000363. doi:10.
1136/jitc-2019-000363

Daley, D., Zambirinis, C. P., Seifert, L., Akkad, N., Mohan, N., Werba, G., et al.
(2020). Γδ T cells support pancreatic oncogenesis by restraining αβ T cell activation.
Cell 183 (4), 1134–1136. doi:10.1016/j.cell.2020.10.041

Di Maggio, F., Arumugam, P., Delvecchio, F. R., Batista, S., Lechertier, T.,
Hodivala-Dilke, K., et al. (2016). Pancreatic stellate cells regulate blood vessel
density in the stroma of pancreatic ductal adenocarcinoma. Pancreatology 16 (6),
995–1004. doi:10.1016/j.pan.2016.05.393

Ducreux, M., Seufferlein, T., Van Laethem, J. L., Laurent-Puig, P., Smolenschi, C.,
Malka, D., et al. (2019). Systemic treatment of pancreatic cancer revisited. Semin.
Oncol. 46 (1), 28–38. doi:10.1053/j.seminoncol.2018.12.003

Elaskalani, O., Falasca, M., Moran, N., Berndt, M. C., and Metharom, P. (2017).
The role of platelet-derived ADP and ATP in promoting pancreatic cancer cell
survival and gemcitabine resistance. Cancers (Basel) 9 (10), E142. doi:10.3390/
cancers9100142

Elyada, E., Bolisetty, M., Laise, P., Flynn, W. F., Courtois, E. T., Burkhart, R. A.,
et al. (2019). Cross-species single-cell analysis of pancreatic ductal adenocarcinoma
reveals antigen-presenting cancer-associated fibroblasts. Cancer Discov. 9 (8),
1102–1123. doi:10.1158/2159-8290.CD-19-0094

Ene-Obong, A., Clear, A. J., Watt, J., Wang, J., Fatah, R., Riches, J. C., et al. (2013).
Activated pancreatic stellate cells sequester CD8+ T cells to reduce their infiltration
of the juxtatumoral compartment of pancreatic ductal adenocarcinoma.
Gastroenterology 145 (5), 1121–1132. doi:10.1053/j.gastro.2013.07.025

Fan, J. Q., Wang, M. F., Chen, H. L., Shang, D., Das, J. K., and Song, J. (2020).
Current advances and outlooks in immunotherapy for pancreatic ductal
adenocarcinoma. Mol. Cancer 19 (1), 32. doi:10.1186/s12943-020-01151-3

Feig, C., Gopinathan, A., Neesse, A., Chan, D. S., Cook, N., and Tuveson, D. A.
(2012). The pancreas cancer microenvironment. Clin. Cancer Res. 18 (16),
4266–4276. doi:10.1158/1078-0432.CCR-11-3114

Francescone, R., Barbosa Vendramini-Costa, D., Franco-Barraza, J., Wagner, J.,
Muir, A., Lau, A. N., et al. (2021). Netrin G1 promotes pancreatic tumorigenesis
through cancer-associated fibroblast-driven nutritional support and
immunosuppression. Cancer Discov. 11 (2), 446–479. doi:10.1158/2159-8290.
CD-20-0775

Gao, J., Ward, J. F., Pettaway, C. A., Shi, L. Z., Subudhi, S. K., Vence, L. M., et al.
(2017). VISTA is an inhibitory immune checkpoint that is increased after
ipilimumab therapy in patients with prostate cancer. Nat. Med. 23 (5), 551–555.
doi:10.1038/nm.4308

Garner, H., and de Visser, K. E. (2020). Immune crosstalk in cancer progression
and metastatic spread: A complex conversation. Nat. Rev. Immunol. 20 (8),
483–497. doi:10.1038/s41577-019-0271-z

Gorchs, L., Ahmed, S., Mayer, C., Knauf, A., Fernández Moro, C., Svensson,
M., et al. (2020). The vitamin D analogue calcipotriol promotes an anti-
tumorigenic phenotype of human pancreatic CAFs but reduces T cell
mediated immunity. Sci. Rep. 10 (1), 17444. doi:10.1038/s41598-020-74368-3

Gorchs, L., Fernandez Moro, C., Bankhead, P., Kern, K. P., Sadeak, I., Meng, Q.,
et al. (2019). Human pancreatic carcinoma-associated fibroblasts promote
expression of Co-inhibitory markers on CD4(+) and CD8(+) T-cells. Front.
Immunol. 10, 847. doi:10.3389/fimmu.2019.00847

Gunderson, A. J., Kaneda, M. M., Tsujikawa, T., Nguyen, A. V., Affara, N. I.,
Ruffell, B., et al. (2016). Bruton tyrosine kinase-dependent immune cell cross-talk
drives pancreas cancer. Cancer Discov. 6 (3), 270–285. doi:10.1158/2159-8290.CD-
15-0827

Halbrook, C. J., Pontious, C., Kovalenko, I., Lapienyte, L., Dreyer, S., Lee, H. J., et al.
(2019). Macrophage-released pyrimidines inhibit gemcitabine therapy in pancreatic
cancer. Cell Metab. 29 (6), 1390–1399. doi:10.1016/j.cmet.2019.02.001

Hester, R., Mazur, P. K., and McAllister, F. (2021). Immunotherapy in pancreatic
adenocarcinoma: Beyond "Copy/Paste. Clin. Cancer Res. 27 (23), 6287–6297. doi:10.
1158/1078-0432.CCR-18-0900

Hingorani, S. R., Zheng, L., Bullock, A. J., Seery, T. E., Harris, W. P., Sigal, D. S.,
et al. (2018). Halo 202: Randomized phase II study of PEGPH20 plus nab-paclitaxel/
gemcitabine versus nab-paclitaxel/gemcitabine in patients with untreated,
metastatic pancreatic ductal adenocarcinoma. J. Clin. Oncol. 36 (4), 359–366.
doi:10.1200/JCO.2017.74.9564

Hou, Z., Pan, Y., Fei, Q., Lin, Y., Zhou, Y., Liu, Y., et al. (2021). Prognostic
significance and therapeutic potential of the immune checkpoint VISTA in
pancreatic cancer. J. Cancer Res. Clin. Oncol. 147 (2), 517–531. doi:10.1007/
s00432-020-03463-9

Incio, J., Suboj, P., Chin, S. M., Vardam-Kaur, T., Liu, H., Hato, T., et al. (2015).
Metformin reduces desmoplasia in pancreatic cancer by reprogramming stellate
cells and tumor-associated macrophages. PLoS One 10 (12), e0141392. doi:10.1371/
journal.pone.0141392

Katsuta, E., Qi, Q., Peng, X., Hochwald, S. N., Yan, L., and Takabe, K. (2019).
Pancreatic adenocarcinomas with mature blood vessels have better overall survival.
Sci. Rep. 9 (1), 1310. doi:10.1038/s41598-018-37909-5

Kim, S-I., Chaurasiya, S., Sivanandam, V., Kang, S., Park, A. K., Lu, J., et al. (2022).
Priming stroma with a vitamin D analog to optimize viroimmunotherapy for
pancreatic cancer. Mol. Ther. Oncolytics 24, 864–872. doi:10.1016/j.omto.2022.
02.022

Koikawa, K., Kibe, S., Suizu, F., Sekino, N., Kim,N.,Manz, T.D., et al. (2021). Targeting
Pin1 renders pancreatic cancer eradicable by synergizing with immunochemotherapy.
Cell 184 (18), 4753–4771. doi:10.1016/j.cell.2021.07.020

Kong, W., Liu, Z., Sun, M., Liu, H., Kong, C., Ma, J., et al. (2022). Synergistic
autophagy blockade and VDR signaling activation enhance stellate cell
reprogramming in pancreatic ductal adenocarcinoma. Cancer Lett. 539, 215718.
doi:10.1016/j.canlet.2022.215718

Frontiers in Molecular Biosciences frontiersin.org10

Hsu et al. 10.3389/fmolb.2022.1020888

https://doi.org/10.1158/1535-7163.MCT-19-0791
https://doi.org/10.1158/1535-7163.MCT-19-0791
https://doi.org/10.3389/fphys.2012.00344
https://doi.org/10.3389/fphys.2012.00344
https://doi.org/10.1182/blood-2015-02-567453
https://doi.org/10.1158/0008-5472.CAN-18-0124
https://doi.org/10.1158/0008-5472.CAN-18-0124
https://doi.org/10.1073/pnas.1811067116
https://doi.org/10.1038/s41591-020-0880-x
https://doi.org/10.1158/0008-5472.CAN-17-2415
https://doi.org/10.1158/0008-5472.CAN-17-2415
https://doi.org/10.1038/s41467-018-08109-6
https://doi.org/10.1016/j.ebiom.2019.02.008
https://doi.org/10.1016/j.ebiom.2019.02.008
https://doi.org/10.1136/jitc-2019-000363
https://doi.org/10.1136/jitc-2019-000363
https://doi.org/10.1016/j.cell.2020.10.041
https://doi.org/10.1016/j.pan.2016.05.393
https://doi.org/10.1053/j.seminoncol.2018.12.003
https://doi.org/10.3390/cancers9100142
https://doi.org/10.3390/cancers9100142
https://doi.org/10.1158/2159-8290.CD-19-0094
https://doi.org/10.1053/j.gastro.2013.07.025
https://doi.org/10.1186/s12943-020-01151-3
https://doi.org/10.1158/1078-0432.CCR-11-3114
https://doi.org/10.1158/2159-8290.CD-20-0775
https://doi.org/10.1158/2159-8290.CD-20-0775
https://doi.org/10.1038/nm.4308
https://doi.org/10.1038/s41577-019-0271-z
https://doi.org/10.1038/s41598-020-74368-3
https://doi.org/10.3389/fimmu.2019.00847
https://doi.org/10.1158/2159-8290.CD-15-0827
https://doi.org/10.1158/2159-8290.CD-15-0827
https://doi.org/10.1016/j.cmet.2019.02.001
https://doi.org/10.1158/1078-0432.CCR-18-0900
https://doi.org/10.1158/1078-0432.CCR-18-0900
https://doi.org/10.1200/JCO.2017.74.9564
https://doi.org/10.1007/s00432-020-03463-9
https://doi.org/10.1007/s00432-020-03463-9
https://doi.org/10.1371/journal.pone.0141392
https://doi.org/10.1371/journal.pone.0141392
https://doi.org/10.1038/s41598-018-37909-5
https://doi.org/10.1016/j.omto.2022.02.022
https://doi.org/10.1016/j.omto.2022.02.022
https://doi.org/10.1016/j.cell.2021.07.020
https://doi.org/10.1016/j.canlet.2022.215718
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1020888


Krystel-Whittemore, M., Dileepan, K. N., and Wood, J. G. (2015). Mast cell: A
multi-functional master cell. Front. Immunol. 6, 620. doi:10.3389/fimmu.2015.
00620

Lenzo, F. L., Kato, S., Pabla, S., DePietro, P., Nesline, M. K., Conroy, J. M., et al.
(2021). Immune profiling and immunotherapeutic targets in pancreatic cancer.
Ann. Transl. Med. 9 (2), 119. doi:10.21037/atm-20-1076

Li, J., Liu, X., Zang, S., Zhou, J., Zhang, F., Sun, B., et al. (2020). Small extracellular
vesicle-bound vascular endothelial growth factor secreted by carcinoma-associated
fibroblasts promotes angiogenesis in a bevacizumab-resistant manner. Cancer Lett.
492, 71–83. doi:10.1016/j.canlet.2020.08.030

Li, W., Zhu, Y., Zhang, K., Yu, X., Lin, H., Wu, W., et al. (2020).
PROM2 promotes gemcitabine chemoresistance via activating the Akt
signaling pathway in pancreatic cancer. Exp. Mol. Med. 52 (3), 409–422.
doi:10.1038/s12276-020-0390-4

Liu, Y., Li, F., Gao, F., Xing, L., Qin, P., Liang, X., et al. (2016). Periostin promotes
the chemotherapy resistance to gemcitabine in pancreatic cancer. Tumour Biol. 37
(11), 15283–15291. doi:10.1007/s13277-016-5321-6

Long, L., Zhang, X., Chen, F., Pan, Q., Phiphatwatchara, P., Zeng, Y., et al. (2018).
The promising immune checkpoint LAG-3: From tumor microenvironment to
cancer immunotherapy. Genes Cancer 9 (5-6), 176–189. doi:10.18632/
genesandcancer.180

Melisi, D., Garcia-Carbonero, R., Macarulla, T., Pezet, D., Deplanque, G., Fuchs,
M., et al. (2018). Galunisertib plus gemcitabine vs. gemcitabine for first-line
treatment of patients with unresectable pancreatic cancer. Br. J. Cancer 119
(10), 1208–1214. doi:10.1038/s41416-018-0246-z

Melo, S. A., Luecke, L. B., Kahlert, C., Fernandez, A. F., Gammon, S. T., Kaye, J.,
et al. (2015). Glypican-1 identifies cancer exosomes and detects early pancreatic
cancer. Nature 523 (7559), 177–182. doi:10.1038/nature14581

Moletta, L., Serafini, S., Valmasoni, M., Pierobon, E. S., Ponzoni, A., and Sperti, C.
(2019). Surgery for recurrent pancreatic cancer: Is it effective? Cancers (Basel) 11
(7), E991. doi:10.3390/cancers11070991

Mosele, F., Remon, J., Mateo, J., Westphalen, C. B., Barlesi, F., Lolkema, M. P.,
et al. (2020). Recommendations for the use of next-generation sequencing (NGS)
for patients with metastatic cancers: A report from the ESMO precision medicine
working group. Ann. Oncol. 31 (11), 1491–1505. doi:10.1016/j.annonc.2020.07.014

Nan, X., Xie, C., Yu, X., and Liu, J. (2017). EGFR TKI as first-line treatment for
patients with advanced EGFR mutation-positive non-small-cell lung cancer.
Oncotarget 8 (43), 75712–75726. doi:10.18632/oncotarget.20095

Neesse, A., Michl, P., Frese, K. K., Feig, C., Cook, N., Jacobetz, M. A., et al. (2011).
Stromal biology and therapy in pancreatic cancer.Gut 60 (6), 861–868. doi:10.1136/
gut.2010.226092

O’Reilly, E. M., Oh, D. Y., Dhani, N., Renouf, D. J., Lee, M. A., Sun, W., et al.
(2019). Durvalumab with or without tremelimumab for patients with metastatic
pancreatic ductal adenocarcinoma: A phase 2 randomized clinical trial. JAMA
Oncol. 5 (10), 1431–1438. doi:10.1001/jamaoncol.2019.1588

Obaid, G., Bano, S., Mallidi, S., Broekgaarden, M., Kuriakose, J., Silber, Z., et al.
(2019). Impacting pancreatic cancer therapy in heterotypic in vitro organoids and in
vivo tumors with specificity-tuned, NIR-activable photoimmunonanoconjugates:
Towards conquering desmoplasia? Nano Lett. 19 (11), 7573–7587. doi:10.1021/acs.
nanolett.9b00859

Obaid, G., Bano, S., Thomsen, H., Callaghan, S., Shah, N., Swain, J. W., et al.
(2022). Remediating desmoplasia with EGFR-targeted photoactivable multi-
inhibitor liposomes doubles overall survival in pancreatic cancer. Adv. Sci. 9,
2104594. doi:10.1002/advs.202104594

Orth, M., Metzger, P., Gerum, S., Mayerle, J., Schneider, G., Belka, C., et al. (2019).
Pancreatic ductal adenocarcinoma: Biological hallmarks, current status, and future
perspectives of combined modality treatment approaches. Radiat. Oncol. 14 (1),
141. doi:10.1186/s13014-019-1345-6

Parra, E. R., Zhai, J., Tamegnon, A., Zhou, N., Pandurengan, R. K., Barreto, C.,
et al. (2021). Identification of distinct immune landscapes using an automated nine-
color multiplex immunofluorescence staining panel and image analysis in paraffin
tumor tissues. Sci. Rep. 11 (1), 4530. doi:10.1038/s41598-021-83858-x

Porcelli, L., Iacobazzi, R. M., Di Fonte, R., Serrati, S., Intini, A., Solimando, A. G.,
et al. (2019). CAFs and TGF-beta signaling activation by mast cells contribute to
resistance to gemcitabine/nabpaclitaxel in pancreatic cancer. Cancers (Basel) 11 (3),
330. doi:10.3390/cancers11030330

Qin, C., Yang, G., Yang, J., Ren, B., Wang, H., Chen, G., et al. (2020). Metabolism
of pancreatic cancer: Paving the way to better anticancer strategies. Mol. Cancer 19
(1), 50. doi:10.1186/s12943-020-01169-7

Quaranta, V., Rainer, C., Nielsen, S. R., Raymant, M. L., Ahmed, M. S., Engle, D.
D., et al. (2018). Macrophage-derived granulin drives resistance to immune
checkpoint inhibition in metastatic pancreatic cancer. Cancer Res. 78 (15),
4253–4269. doi:10.1158/0008-5472.CAN-17-3876

Quaratino, S., Sainson, R., Thotakura, A., Henderson, S. J., Pryke, K., Newton, A.,
et al. (2019). A first-in-human study of KY1044, a fully human anti-ICOS
IgG1 antibody as monotherapy and in combination with atezolizumab in
patients with selected advanced malignancies. Alexandria, Virginia,
United States: American Society of Clinical Oncology.

Samanta, S., Rajasingh, S., Drosos, N., Zhou, Z., Dawn, B., and Rajasingh, J.
(2018). Exosomes: New molecular targets of diseases. Acta Pharmacol. Sin. 39 (4),
501–513. doi:10.1038/aps.2017.162

Seifert, A. M., Reiche, C., Heiduk, M., Tannert, A., Meinecke, A. C., Baier, S., et al.
(2020). Detection of pancreatic ductal adenocarcinoma with galectin-9 serum levels.
Oncogene 39 (15), 3102–3113. doi:10.1038/s41388-020-1186-7

Seifert, L., Plesca, I., Muller, L., Sommer, U., Heiduk, M., von Renesse, J., et al.
(2021). LAG-3-Expressing tumor-infiltrating T cells are associated with reduced
disease-free survival in pancreatic cancer. Cancers (Basel) 13 (6), 1297. doi:10.3390/
cancers13061297

Shao, H., Chung, J., Lee, K., Balaj, L., Min, C., Carter, B. S., et al. (2015). Chip-
based analysis of exosomal mRNA mediating drug resistance in glioblastoma. Nat.
Commun. 6, 6999. doi:10.1038/ncomms7999

Sherman,M. H., Ruth, T. Y., Engle, D. D., Ding, N., Atkins, A. R., Tiriac, H., et al. (2014).
Vitamin D receptor-mediated stromal reprogramming suppresses pancreatitis and
enhances pancreatic cancer therapy. Cell 159 (1), 80–93. doi:10.1016/j.cell.2014.08.007

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2022). Cancer statistics,
2022. Ca. Cancer J. Clin. 72 (1), 7–33. doi:10.3322/caac.21708

Slagter, M., Rozeman, E. A., Ding, H., Versluis, J. M., Valenti, M., Peters, D., et al.
(2020). Spatial proximity of CD8 T cells to tumor cells as an independent biomarker
for response to anti-PD-1 therapy. Alexandria, Virginia, United States: American
Society of Clinical Oncology.

Sohal, D. P., Mangu, P. B., Khorana, A. A., Shah, M. A., Philip, P. A., O’Reilly, E.
M., et al. (2016). Metastatic pancreatic cancer: American society of clinical oncology
clinical practice guideline. J. Clin. Oncol. 34 (23), 2784–2796. doi:10.1200/JCO.2016.
67.1412

Steele, C.W., Karim, S. A., Leach, J. D. G., Bailey, P., Upstill-Goddard, R., Rishi, L.,
et al. (2016). CXCR2 inhibition profoundly suppresses metastases and augments
immunotherapy in pancreatic ductal adenocarcinoma. Cancer Cell 29 (6), 832–845.
doi:10.1016/j.ccell.2016.04.014

Tempero, M., Oh, D. Y., Tabernero, J., Reni, M., Van Cutsem, E., Hendifar, A.,
et al. (2021). Ibrutinib in combination with nab-paclitaxel and gemcitabine for first-
line treatment of patients with metastatic pancreatic adenocarcinoma: Phase III
RESOLVE study. Ann. Oncol. 32 (5), 600–608. doi:10.1016/j.annonc.2021.01.070

Tempero, M. A., Malafa, M. P., Al-Hawary, M., Behrman, S. W., Benson, A. B.,
Cardin, D. B., et al. (2021). Pancreatic adenocarcinoma, version 2.2021, NCCN
clinical practice guidelines in oncology. J. Natl. Compr. Canc. Netw. 19 (4), 439–457.
doi:10.6004/jnccn.2021.0017

Tempero, M. A., Malafa, M. P., Chiorean, E. G., Czito, B., Scaife, C., Narang, A. K.,
et al. (2019). Pancreatic adenocarcinoma, version 1.2019. J. Natl. Compr. Canc.
Netw. 17 (3), 202–210. doi:10.6004/jnccn.2019.0014

Tian, C., Clauser, K. R., Ohlund, D., Rickelt, S., Huang, Y., Gupta, M., et al. (2019).
Proteomic analyses of ECM during pancreatic ductal adenocarcinoma progression
reveal different contributions by tumor and stromal cells. Proc. Natl. Acad. Sci. U. S.
A. 116 (39), 19609–19618. doi:10.1073/pnas.1908626116

Tong, D. N., Guan, J., Sun, J. H., Zhao, C. Y., Chen, S. G., Zhang, Z. Y., et al.
(2020). Characterization of B cell-mediated PD-1/PD-L1 interaction in pancreatic
cancer patients. Clin. Exp. Pharmacol. Physiol. 47 (8), 1342–1349. doi:10.1111/1440-
1681.13317

Torphy, R. J., Wang, Z., True-Yasaki, A., Volmar, K. E., Rashid, N., Yeh, B., et al.
Stromal content is correlated with tissue site, contrast retention, and survival in
pancreatic adenocarcinoma. JCO Precis. Oncol. (2018) 2: 1–12. doi: Doi doi:10.1200/
Po.17.00121

Vennin, C., Chin, V. T., Warren, S. C., Lucas, M. C., Herrmann, D., Magenau, A.,
et al. (2017). Transient tissue priming via ROCK inhibition uncouples pancreatic
cancer progression, sensitivity to chemotherapy, and metastasis. Sci. Transl. Med.
9(384), eaai8504. doi:10.1126/scitranslmed.aai8504

Vennin, C., Melenec, P., Rouet, R., Nobis, M., Cazet, A. S., Murphy, K. J., et al.
(2019). CAF hierarchy driven by pancreatic cancer cell p53-status creates a pro-
metastatic and chemoresistant environment via perlecan. Nat. Commun. 10 (1),
3637. doi:10.1038/s41467-019-10968-6

Wang, J., Ma, P., Kim, D. H., Liu, B. F., and Demirci, U. (2021). Towards
microfluidic-based exosome isolation and detection for tumor therapy.Nano Today
37, 101066. doi:10.1016/j.nantod.2020.101066

Wang, Y., Liang, Y., Xu, H., Zhang, X., Mao, T., Cui, J., et al. (2021). Single-cell
analysis of pancreatic ductal adenocarcinoma identifies a novel fibroblast subtype
associated with poor prognosis but better immunotherapy response. Cell Discov. 7
(1), 36. doi:10.1038/s41421-021-00271-4

Frontiers in Molecular Biosciences frontiersin.org11

Hsu et al. 10.3389/fmolb.2022.1020888

https://doi.org/10.3389/fimmu.2015.00620
https://doi.org/10.3389/fimmu.2015.00620
https://doi.org/10.21037/atm-20-1076
https://doi.org/10.1016/j.canlet.2020.08.030
https://doi.org/10.1038/s12276-020-0390-4
https://doi.org/10.1007/s13277-016-5321-6
https://doi.org/10.18632/genesandcancer.180
https://doi.org/10.18632/genesandcancer.180
https://doi.org/10.1038/s41416-018-0246-z
https://doi.org/10.1038/nature14581
https://doi.org/10.3390/cancers11070991
https://doi.org/10.1016/j.annonc.2020.07.014
https://doi.org/10.18632/oncotarget.20095
https://doi.org/10.1136/gut.2010.226092
https://doi.org/10.1136/gut.2010.226092
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1021/acs.nanolett.9b00859
https://doi.org/10.1021/acs.nanolett.9b00859
https://doi.org/10.1002/advs.202104594
https://doi.org/10.1186/s13014-019-1345-6
https://doi.org/10.1038/s41598-021-83858-x
https://doi.org/10.3390/cancers11030330
https://doi.org/10.1186/s12943-020-01169-7
https://doi.org/10.1158/0008-5472.CAN-17-3876
https://doi.org/10.1038/aps.2017.162
https://doi.org/10.1038/s41388-020-1186-7
https://doi.org/10.3390/cancers13061297
https://doi.org/10.3390/cancers13061297
https://doi.org/10.1038/ncomms7999
https://doi.org/10.1016/j.cell.2014.08.007
https://doi.org/10.3322/caac.21708
https://doi.org/10.1200/JCO.2016.67.1412
https://doi.org/10.1200/JCO.2016.67.1412
https://doi.org/10.1016/j.ccell.2016.04.014
https://doi.org/10.1016/j.annonc.2021.01.070
https://doi.org/10.6004/jnccn.2021.0017
https://doi.org/10.6004/jnccn.2019.0014
https://doi.org/10.1073/pnas.1908626116
https://doi.org/10.1111/1440-1681.13317
https://doi.org/10.1111/1440-1681.13317
https://doi.org/10.1200/Po.17.00121
https://doi.org/10.1200/Po.17.00121
https://doi.org/10.1126/scitranslmed.aai8504
https://doi.org/10.1038/s41467-019-10968-6
https://doi.org/10.1016/j.nantod.2020.101066
https://doi.org/10.1038/s41421-021-00271-4
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1020888


Whatcott, C. J., Ng, S., Barrett, M. T., Hostetter, G., Von Hoff, D. D., and Han, H.
(2017). Inhibition of ROCK1 kinase modulates both tumor cells and stromal
fibroblasts in pancreatic cancer. PLoS One 12 (8), e0183871. doi:10.1371/journal.
pone.0183871

Xavier, C. P. R., Castro, I., Caires, H. R., Ferreira, D., Cavadas, B., Pereira, L., et al.
(2021). Chitinase 3-like-1 and fibronectin in the cargo of extracellular vesicles shed
by human macrophages influence pancreatic cancer cellular response to
gemcitabine. Cancer Lett. 501, 210–223. doi:10.1016/j.canlet.2020.11.013

Yamamoto, K., Venida, A., Yano, J., Biancur, D. E., Kakiuchi, M., Gupta, S., et al.
(2020). Autophagy promotes immune evasion of pancreatic cancer by degrading
MHC-I. Nature 581 (7806), 100–105. doi:10.1038/s41586-020-2229-5

Yarchoan, M., Hopkins, A., and Jaffee, E. M. (2017). Tumor mutational burden
and response rate to PD-1 inhibition. N. Engl. J. Med. 377 (25), 2500–2501. doi:10.
1056/NEJMc1713444

Zhang, D., Li, L., Jiang, H., Li, Q., Wang-Gillam, A., Yu, J., et al. (2018). Tumor-
stroma il1β-IRAK4 feedforward circuitry drives tumor fibrosis, chemoresistance,
and poor prognosis in pancreatic cancer. Cancer Res. 78 (7), 1700–1712. doi:10.
1158/0008-5472.CAN-17-1366

Zhang, Y., Chandra, V., Riquelme Sanchez, E., Dutta, P., Quesada, P. R., Rakoski,
A., et al. (2020). Interleukin-17-induced neutrophil extracellular traps mediate
resistance to checkpoint blockade in pancreatic cancer. J. Exp. Med. 217(12),
e20190354. doi:10.1084/jem.20190354

Zhao, Y., Shen, M., Feng, Y., He, R., Xu, X., Xie, Y., et al. (2018). Regulatory B cells
induced by pancreatic cancer cell-derived interleukin-18 promote immune
tolerance via the PD-1/PD-L1 pathway. Oncotarget 9 (19), 14803–14814. doi:10.
18632/oncotarget.22976

Zhou, B., Xu, K., Zheng, X., Chen, T., Wang, J., Song, Y., et al. (2020). Application
of exosomes as liquid biopsy in clinical diagnosis. Signal Transduct. Target. Ther. 5
(1), 144. doi:10.1038/s41392-020-00258-9

Zhou, W., Zhou, Y., Chen, X., Ning, T., Chen, H., Guo, Q., et al. (2021). Pancreatic
cancer-targeting exosomes for enhancing immunotherapy and reprogramming tumor
microenvironment. Biomaterials 268, 120546. doi:10.1016/j.biomaterials.2020.120546

Zhou, Y., Zhou, W., Chen, X., Wang, Q., Li, C., Chen, Q., et al. (2020). Bone
marrow mesenchymal stem cells-derived exosomes for penetrating and targeted
chemotherapy of pancreatic cancer. Acta Pharm. Sin. B 10 (8), 1563–1575. doi:10.
1016/j.apsb.2019.11.013

Frontiers in Molecular Biosciences frontiersin.org12

Hsu et al. 10.3389/fmolb.2022.1020888

https://doi.org/10.1371/journal.pone.0183871
https://doi.org/10.1371/journal.pone.0183871
https://doi.org/10.1016/j.canlet.2020.11.013
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1158/0008-5472.CAN-17-1366
https://doi.org/10.1158/0008-5472.CAN-17-1366
https://doi.org/10.1084/jem.20190354
https://doi.org/10.18632/oncotarget.22976
https://doi.org/10.18632/oncotarget.22976
https://doi.org/10.1038/s41392-020-00258-9
https://doi.org/10.1016/j.biomaterials.2020.120546
https://doi.org/10.1016/j.apsb.2019.11.013
https://doi.org/10.1016/j.apsb.2019.11.013
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1020888

	Culprits of PDAC resistance to gemcitabine and immune checkpoint inhibitor: Tumour microenvironment components
	Introduction
	PDAC TME and chemoresistance
	PDAC TME confers gemcitabine resistance through modulating drug actions
	PDAC TME confers gemcitabine resistance through disrupting drug delivery

	PDAC TME and ICI resistance
	PDAC TME confers ICI resistance through modulating immunogenicity
	PDAC TME confers ICI resistance through affecting the spatial proximity of CD8+ T cells
	PDAC TME confers ICI resistance through affecting the function of CD8+ T cells

	Clinical trials: Strategies that modulate PDAC TME to restore drug sensitivity
	Conclusion
	Discussion
	Predicting drug efficacy by exploring components of PDAC TME
	Exosomes derived from PDAC TME as promising biomarkers
	Exosomes as drug carriers to improve drug penetration

	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


