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Pancreatic Tumor Microenvironment
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Abstract

The pancreatic ductal adenocarcinoma 
(PDAC) microenvironment is a diverse and 
complex milieu of immune, stromal, and 
tumor cells and is characterized by a dense 
stroma, which mediates the interaction 
between the tumor and the immune system 
within the tumor microenvironment (TME). 
The interaction between stromal and tumor 
cells signals and shapes the immune infiltration 
of TME.  The desmoplastic compartment 
contains infiltrated immune cells including 
tumor-associated macrophages (TAMs) and 
large numbers of fibroblasts/myofibroblasts 
dominated by pancreatic stellate cells (PSCs) 
which contribute to fibrosis. The highly 
fibrotic stroma with its extensive infiltration of 
immunosuppressive cells forms the major 
component of the pro-tumorigenic 
microenvironment (Laklai et  al. Nat Med 
22:497–505, 2016, Zhu et  al. Cancer Res 
74:5057–5069, 2014) provides a barrier to the 
delivery of cytotoxic agents and limits T-cell 
access to tumor cells (Feig et  al. Proc Natl 
Acad Sci USA 110:20212–20217, 2013, 
Provenzano et  al Cancer Cell 21:418–429, 

2012). Activated PSCs reduced infiltration of 
cytotoxic T cells to the juxtatumoral stroma 
(immediately adjacent to the tumor epithelial 
cells) of PDAC (Ene-Obong et  al. 
Gastroenterology 145:1121–1132, 2013). M1 
macrophages activate an immune response 
against tumor, but M2 macrophages are 
involved in immunosuppression promoting 
tumor progression (Noy and Pollard Immunity 
41:49–61, 2014, Ruffell et al. Trends Immunol 
33:119–126, 2012). The desmoplastic stroma 
is reported to protect tumor cells against che-
motherapies, promoting their proliferation 
and migration. However, experimental deple-
tion of the desmoplastic stroma has led to 
more aggressive cancers in animal studies 
(Nielsen et al. World J Gastroenterol 22:2678–
2700, 2016). Hence reprogramming rather 
than simple depletion of the PDAC stroma has 
the potential for developing new therapeutic 
strategies for PC treatment. Modulation of 
PSCs/fibrosis and immune infiltration/inflam-
mation composes the major aspects of TME 
reprogramming.

Keywords

Tumor microenvironment (TME) · Pancreatic 
stellate cells (PSCs) · Extracellular matrix 
(ECM) · Gemcitabine · Pancreatic ductal 
adenocarcinoma (PDAC) · Hypoxia · 

K. Wang · H. He (*) 
Department of Surgery, University of Melbourne, 
Austin Health, Heidelberg, VIC, Australia
e-mail: hong.he@unimelb.edu.au

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-59038-3_15&domain=pdf
https://doi.org/10.1007/978-3-030-59038-3_15#DOI
mailto:hong.he@unimelb.edu.au


244

Hypoxia-inducible factors (HIFs) · Alpha-
smooth muscle actin (α-SMA) · Collagens · 
Tumor immune response · Tumor infiltrating 
lymphocytes (TILs) · Myeloid-derived 
suppressor cells (MDSCs) · Tumor-associated 
macrophages (TAMs) · Immune checkpoint 
proteins · Cytotoxic T cells

15.1	 �Introduction

Pancreatic cancer (PC) is one of the most lethal 
malignancies worldwide, with a 5-year survival 
rate less than 10% [9]. During the last decade, 
with the progression of pharmaceutics, increasing 
numbers of novel therapeutic regimens have been 
used to improve the prognosis of several types of 
cancers, including melanoma, breast, lung, 
colorectal, and pancreatic cancers. However, the 
long-term survival rate in PC has only been 
marginally improved. More importantly, the 
death rate of PC continues to increase by 0.3% 
per  annum and is estimated to be the second 
leading cause of cancer-related death in the 
United States by 2030 [10].

Currently, gemcitabine-based chemotherapeu-
tic strategy, used as the standard of care for 
regional and metastatic PC, only delivers modest 
improvement in patient survival. The more 
aggressive combination chemotherapy, 
FOLFIRINOX (folinic acid, fluorouracil, 
irinotecan, oxaliplatin), has prolonged overall 
median survival in advanced PC to 11.1 months 
compared to 6.8 months by gemcitabine single-
agent treatment. However, it can only be used in 
patients with good health condition due to its 
extremely high toxicity. Moreover, the emerging 
novel immunotherapies (e.g., anti-PD-1/PD-L1) 
tested in clinical settings have only shown very 
limited therapeutic efficacy. Treatment targeting 
tumor cells (which represent <50% tissue mass in 
PC) only does not yield a satisfied result. 
Therefore, a growing research interest is now 
focused on the tumor microenvironment (TME). 
Indeed, PC is a stroma-rich cancer, of which over 
90% is consisted of cellular (e.g., pancreatic 
stellate cells, infiltrating immune cells, and 

endothelial cells) and noncellular (extracellular 
matrix, cytokines, chemokines, and growth 
factors) stromal component. Increasing efforts 
have been made to elucidate the stroma biology 
to provide more extensive insights into tumor-
stroma crosstalk. However, it is still under debate 
about the stroma in PC being “friend or foe.” 
Some early studies have revealed that stroma 
component, served as “partner in crime,” 
stimulated the initiation and progression of PC 
[11]. Also, it is believed that therapeutic failures 
have been attributed to the dense fibrotic stroma 
and collapsed vasculature resulting from 
extensive desmoplastic reaction [12, 13]. On the 
other hand, there are evidences showing that the 
stroma has protective effects, and the depletion of 
stroma leads to cancer metastasis [14]. All these 
findings suggest that TME is not just a static 
entity, and the role of the stroma is constantly 
changing in different context and time period 
[15]. It is postulated that activation and 
upregulation of the stroma reaction reflect the 
intention to isolate tumor cells and protect host 
during the early stage of tumorigenesis; however, 
with the progression of the tumor, tumor cells 
could evolve to obtain the ability to induce the 
stroma cells into criminal accomplice [16].

In this chapter, we will break down the TME 
of PC into different components and discuss how 
each component contributes to tumor 
development as outlined in Fig.  15.1 and some 
roles of nerves in the TME of PC. We will also 
discuss existing treatments targeting the stromal 
components.

15.2	 �Pancreatic Stellate Cells

Pancreatic stellate cells (PSCs) were firstly 
described as vitamin A-storing cells in the 
periacinar areas by Watari in 1982 via examination 
of the pancreas tissue collected from mice with 
excessive vitamin A administration [17]. Sixteen 
years later, in 1998, two different research groups 
published their work about isolation and culture 
of PSCs from rat and human tissues [18, 19], 
which was considered as a milestone in pancreatic 
research as they provided an invaluable method 
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to investigate the biology of PSCs in vitro. In a 
quiescent state, PSCs comprise approximately 
4–7% of the total cells in the pancreas and show 
a starlike morphology with abundant vitamin A 
lipid droplets in the cytoplasm surrounding the 
central nucleus. In an activated state, PSCs 
exhibit fibroblast-like morphology with the 
absence of vitamin A lipid droplets, start 
expressing alpha-smooth muscle actin (α-SMA) 
and increase secreting extracellular matrix 
(ECM) proteins including laminins, fibronectins, 
and collagens (more details in the following 
ECM section) [20]. As a well-known marker for 
PSC activation [21], α-SMA was reported to be a 
negative prognostic factor for patients with 
resectable pancreatic cancer [22, 23].

During the tumorigenesis of PC, cancer cells 
activate PSCs through secretion of various 
cytokines and growth factors such as transforming 
growth factor-beta1 (TGF-β1), interleukin 6 (IL-
6), platelet-derived growth factor (PDGF), and 
vascular endothelial growth factor (VEGF), and 
these cytokines and growth factors also maintain 
cancer cells in the active state by autocrine 
mechanisms [24]. When co-cultured with cancer 

cells directly, PSCs increased cancer cells 
proliferation via activation the notch signaling 
pathway [25]. Conditioned medium collected 
from PSCs stimulated proliferation and 
invasiveness of cancer cells through upregulation 
of galectin-3 [26] and PDGF [13]. Some in vivo 
studies also revealed the critical tumor-stroma 
interaction in PC progression. Subcutaneous or 
orthotopic tumor mass isolated from the mice 
injected with the mixture of cancer cells and 
PSCs exhibited increased tumor growth, spread, 
and desmoplasia compared to the mice injected 
with the cancer cells alone [13, 27, 28]. Xu et al. 
demonstrated the role of PSCs in facilitating 
cancer cells metastasis in  vivo. Using an 
orthotopic model, they found that mice injected 
with the mixture of cancer cells and PSCs showed 
increased metastasis and that the PSCs migrated 
along with the cancer cells from the primary site 
to the distant site [29]. Furthermore, inducing 
quiescence in PSCs by all-trans retinoic acid 
(ATRA) attenuated the pro-tumor effect of PSCs 
on cancer cells and suppressed tumor progression 
[30, 31]. In this regard, anti-stromal treatment 
with ATRA has been emerging as an attractive 

Fig. 15.1  Regulation of pancreatic tumor microenvi-
ronment. The pancreatic cancer (PC) stromal sells play 
important roles in the dynamic changes that stimulate or 
inhibit the tumor growth and metastasis. The major stro-
mal cells of PC include pancreatic stellate cells (PCSs), 
immune cells including regulatory T cells (Treg), active T 
cells, myeloid-derived suppressor cells (MDSC), and 
tumor-associated macrophages (TAMs) which is further 

divided into M1 and M2. The active T cells kill tumor 
cells, and M1 macrophages promote the antitumor 
immune response, while Th2 Treg, M2, and MDSC inhibit 
the antitumor immune response and promote tumor 
development. The extracellular matrix (ECM) functions 
as an important medium to integrate the interactions 
between the tumor cells (PC) and their surrounding 
microenvironment
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therapeutic approach. A phase 1B clinical trial 
(NCT03307148) was proposed to repurpose 
ATRA as an anti-stromal agent to increase the 
delivery of chemotherapeutic drugs by 
reprograming the stroma to decrease the 
desmoplastic reaction. A recent study also 
showed an important role of activated PSC in 
pro-angiogenic signaling. Induction of PSC 
quiescence by ATRA suppressed pro-
angiogenesis and thus exerted a significant 
impact on vascularity in the stromal component 
[32].

Activated PSCs not only interact with cancer 
cells to facilitate tumor progression but also 
modulate the immune response in TME.  PSCs 
inhibit antitumor immunity and facilitate immune 
evasion by blocking infiltration of T cells, 
suppressing the activation of effector T cells and 
stimulating immunosuppressive cells [11, 33]. 
An early study revealed that PSCs overexpressed 
Galectin-1 and induced T-cell (CD4+ and CD8+) 
apoptosis and IL-4 and IL-5 secretion by Th2 T 
regular cells, which would contribute to the 
immunosuppressive microenvironment of PC 
[34]. Moreover, stroma cells with high expression 
of fibroblast activation protein-alpha (FAP-α) 
disrupted the antitumor immunity in solid tumors. 
Depletion of FAP-α+ stroma cells in a 
subcutaneous model of PC caused tumor 
regression mediated by an immunogenic 
environment [35].

15.3	 �Extracellular Matrix (ECM)

The ECM is a 3D noncellular network of various 
cross-linked proteins. In normal conditions, 
quiescent PSCs are responsible for maintaining 
the balance between synthesis and degradation of 
ECM proteins. Once PSCs are activated, this 
physiological balance is impaired, leading to 
excessive accumulation of ECM proteins [36]. 
This desmoplastic reaction contributes to the 
alterations in mechanical and physical features as 
well as biochemical signaling transduction [1]. 
PC cells play important roles in mediating ECM 
production via recruiting and activating PSCs 
through secretion of sonic hedgehog (SHH) [37]. 

Additionally, PC cells also secrete various 
cytokines, e.g., fibroblast growth factor 2 (FGF2), 
PDGF, and TGFβ1, to stimulate PSC activation 
and collagen production [27]. Importantly, once 
activated, PSCs enter a positive feedback loop of 
maintaining active status by TGFβ1 autocrine, 
leading to constant desmoplasia [38]. An in vitro 
study showed that PSCs also maintained their 
activation through secretion of ECM protein 
periostin [39].

Except for its key role in tissue integrity, ECM 
also modulates cell biology by interacting with 
certain cell surface receptors and is recognized as 
a hallmark for certain cancer types, including 
liver, lung, and pancreas [40]. Collagens are the 
most well-characterized component of ECM in 
PC. Type I collagen plays an important role in the 
desmoplastic reaction of PC and is reported to be 
a potential pro-tumorigenic factor. An early study 
showed that PC patients with low collagen I 
deposition had a significantly improved survival 
compared to those with high collagen I deposition 
[41]. In contrast, type XV collagen has an 
antitumor effect. Reduced type XV collagen has 
been reported to be associated with tumor 
progression in colon cancer and breast cancer, 
while increased expression of type XV collagen 
led to decreased migration of PC cells [40]. By 
binding to the integrin receptors, type I and V 
collagens stimulated cell survival, proliferation, 
and migration and prevented apoptosis in PC cell 
lines [42, 43]. Knockdown of integrin-β1 reduced 
tumor growth and metastasis in an orthotopic PC 
mouse model by blocking the binding of these 
collagens to PC cells [44]. Focal adhesion kinase 
(FAK) is an important effector downstream of 
type I collagen-mediated signaling pathway. 
Once activated, FAK can regulate epithelial to 
mesenchymal transition (EMT) by decreasing 
E-cadherin, increasing N-cadherin, and 
stimulating Wnt signaling via upregulation of 
β-catenin phosphorylation [45, 46].

The abundant ECM compartment also con-
tributes to mechanical alterations, such as tissue 
stiffness. In this regard, elevated interstitial fluid 
pressure is commonly found in desmoplastic 
stroma, which can prevent drugs from entering 
tumor mass. The sparse and collapsed vasculature 

K. Wang and H. He



247

in stroma can further impair the delivery of 
antitumor drugs, leading to therapeutic resistance. 
A previous study was reported that depletion of 
the interstitial hyaluronan significantly reduced 
the interstitial pressures and relieved the barrier 
to drug delivery [47]. In addition, the stiff stroma 
reduced tissue polarity, disrupted adherence 
junctions, enhanced tumor cell proliferation, and 
led to poor patient survival [1]. In contrast, 
another clinical study suggested that patients 
with dense stroma had significant improved 
overall survival compared to those with loose and 
moderate stroma [23].

15.4	 �Hypoxic Environment

The accumulation of ECM during the desmoplas-
tic reaction distorts the normal pancreatic struc-
ture and compresses blood and lymphatic vessels 
in the stromal component. Pancreatic ductal ade-
nocarcinoma is characterized by hypovascularity 
and low level of angiogenesis. In relation to 
tumor angiogenesis, it is noticed recently that 
type 2 pericytes promoted the formation of new 
blood vessels and thus may become a potential 
target to inhibit the tumor angiogenesis [48]. 
Microvessel density determined by CD31 immu-
nohistochemistry was found significantly reduced 
in tumor compartment compared to its normal 
counterparts [15]. These features contribute to 
decreased perfusion, which in turn leads to 
impaired delivery of nutrients, drugs, and oxygen 
into pancreatic tumor tissues. Consequently, a 
hypoxic condition within the TME is formed. In 
an early study with small volume cases of PC 
patients, the oxygen pressure in the tumor tissues 
was measured in order to investigate the direct 
oxygenation in PC. This study revealed a remark-
able reduction in oxygenation in tumor compart-
ment compared to normal pancreas tissue [49]. 
However, most of the studies provide indirect 
evidence to evaluate the hypoxic status, such as 
necrotic lesions and hypoxia-inducible factor 
(HIF)-associated proteins [50].

It is widely accepted that cancer cells under 
hypoxic condition can orchestrate multiple 
signaling pathways necessary for regulating cell 

metabolism, survival, and metastasis. Ultimately 
these cancer cells become more malignant with 
high resistance to conventional chemo and 
radiotherapies [15]. HIF proteins are key 
mediators in cancer cell response to hypoxia. 
High expression and activity of HIF-1α enhanced 
gemcitabine resistance in PC cells by inhibition 
of gemcitabine uptake through downregulation of 
the transcription and expression of hENT1 and 
hENT2 [51]. HIF-1α was also involved in the 
recruitment of macrophages by promoting C-C 
motif chemokine ligand 2 secretion, and 
macrophage infiltration could further stimulate 
PSCs. In this regard, HIF-1α plays an important 
role, at least partially, in tumor immune response 
and desmoplastic reaction in TME [52]. Cells 
change their way for energy production under 
hypoxic condition. HIF-1α stimulates glucose 
supply by increasing transcription of GLUT1 and 
GLUT3 transporters and synthesis of pyruvate 
and lactate dehydrogenase [53]. HIF-1α also 
promotes PC cell survival in hypoxia via 
upregulation of autophagy [54]. Moreover, 
HIF-1α can facilitate EMT by regulation of 
NF-κB, snail, and slug, to increase pancreatic 
cancer cell migration [55, 56]. Li and colleagues 
found that HIF-1α knockdown in tumor targeted 
the delivery of CRISPR/Cas9 system and 
significantly suppressed the tumor growth and 
metastasis and improved survival in PC animal 
model. More importantly, this approach had 
limited impact on HIF-1α expression in normal 
cells, which significantly reduced toxicity in vivo 
[57].

15.5	 �Infiltrating Immune Cells

Chronic inflammation in the pancreas has been 
reported to drive pancreatic carcinogenesis. 
Patients with chronic pancreatitis have an 
increased risk of developing PC in 10–20  years 
[11]. Damaged acinar cells by various pancreatic 
injuries could release multiple inflammation-
associated cytokines (e.g., interleukin 6 (IL-6), 
tumor necrosis factor (TNF)), which promote the 
subsequent immune response, and stimulate the 
growth of precancerous cells [58]. Meanwhile, 
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quiescent PSCs were activated in this inflamma-
tory microenvironment, starting to produce mas-
sive amount of ECM proteins and orchestrate the 
network of acinar cells, infiltrating immune cells 
(IICs) and cancer cells [13]. IICs have both pro-
tumor and antitumor effects. The former class of 
IICs includes regulatory T cells, myeloid-derived 
suppressor cells (MDSC), and tumor-associated 
macrophages (TAM), whereas the latter class 
includes CD8+ T cells, Th1-type CD4+ T cells, 
and natural killer cells [33, 59]. At early stage, 
activated immune cells can eliminate genetically 
altered precancerous cells. However, this antican-
cer immune response gradually becomes insuffi-
cient to suppress all altered cancer cells, with an 
increasing number of immunosuppressive cells 
attracted into the stromal compartment. These 
immunosuppressive cells can ward off the host 
immune defense and protect tumor cells from 
being recognized, leading to immune evasion, 
even in precancerous lesions such as pancreatic 
intraepithelial neoplasms (PanINs) and intra-
ductal papillary mucinous neoplasms (IPMN) 
[60], and eventually a highly immunosuppressive 
microenvironment is formed. As an important 
component of the stromal microenvironment, 
IICs have been characterized as valuable markers 
in predicting prognosis.

A great attention has been paid to targeting the 
aberrant immune regulation of the tumor microen-
vironment, with the intention to remove the sup-
pression of antitumor immunity. A good example 
is the conversion of pancreatic cancer from “a non-
immunogenic malignancy” into “an immunogenic 
malignancy” by treatment with a novel immuno-
modulatory vaccine, and the immunotherapy using 
the checkpoint (PD-1/PD-L1, CTLA-4) blockade 
was more effective in the vaccine-treated patients 
than in the untreated patients [61].

15.5.1	 �Myeloid-Derived Suppressor 
Cells

Myeloid-derived suppressor cells (MDSCs), 
including both granulocytic and monocytic 
subtypes, are a heterogeneous mixture of 
activated immature myeloid cells. They can 

promote tumor progression by inducing 
regulatory T cells and suppressing the activation 
of antigen-specific T cells [62, 63]. Oncogenic 
Kras mutation can reprogram the 
immunosuppressive microenvironment by 
recruiting circulating myeloid progenitor cells 
into the stroma and stimulating its differentiation 
into MDSCs through upregulation of tumor-
derived granulocyte macrophage colony-
stimulating factor (GM-CSF) [64]. In other types 
of cancers, MDSCs can also impair antitumor 
immunity by suppression of T-cell activation, 
conversion of macrophages to M2 phenotype, 
and inhibition of NK cells cytotoxicity [65, 66].

A previous study has reported the immuno-
suppressive role of MDSCs in the process from 
pancreatic precancerous lesions to malignant car-
cinoma using a genetically modified mouse 
model of PC [33]. This study showed the correla-
tion between intra-tumoral MDSCs and the 
decreased tumor-infiltrating CD8+ cells. Both 
circulating and intra-tumoral MDSCs, of the 
granulocytic subset (Lin-HLA-DR-
CD33+CD11b+CD15+), but not the monocytic 
subset (Lin-HLA-DR-CD14+), are significantly 
increased in PC patients compared to the healthy 
population [67]. Stromnes and colleagues 
reported the potential therapeutic benefits of 
targeting granulocytic MDSCs by showing that 
depletion of granulocytic MDSCs enhanced the 
antitumor T-cell immune response [68]. 
Additionally, MDSCs were also reported as an 
independent prognostic factor for patients’ 
survival as one unit increment in MDSC 
percentage led to a 22% greater risk of mortality 
[69].

15.5.2	 �Tumor-Associated 
Macrophages

In an established tumor microenvironment, PC 
cells can mediate differentiation of macrophages 
which reciprocally facilitate the progression of 
PC. Using a PC xenograft mouse model, Menen 
and colleagues have found a significantly 
increased tumor size and metastasis in the tumor-
bearing mice implanted with tumor-educated 
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macrophages compared to those with naive 
macrophage [70]. Similarly, another study also 
reported that the interaction between PC cells 
and macrophages played an important role in 
tumor progression, especially in those patients 
with hyperglycemia and diabetes mellitus [71].

Tumor-associated macrophages (TAMs) are 
divided into two groups: M1 (pro-inflammatory 
macrophages) and M2 (anti-inflammatory 
macrophages). M1 TAMs can suppress tumor 
development by stimulating a T-cell-mediated 
antitumor response, whereas the interaction of 
M2 TAMs with tumor and stellate cells can 
stimulate secretion of various anti-inflammation 
cytokines and reprogram the tumor 
microenvironment to facilitate tumor progression 
[72]. PC cell-conditioned medium could convert 
naive macrophages to M2 phenotype in vitro. It 
has been reported that cytokines including IL-4, 
IL-10, and IL-13 produced by tumor cells or T 
cells induced M2 polarization of macrophages, 
which are predominant in the immunosuppressive 
tumor microenvironment [71]. Liu et al. reported 
that activation of toll-like receptor 4 on M2 
macrophages induced the EMT in PC cells by 
increasing the secretion of IL-10 [73]. Clinical 
studies also revealed the important role of M2 
macrophages in PC patient’s survival. PC patients 
with high infiltration of M2 macrophages had 
poor prognosis, which was because of the 
increased nodal lymphangiogenesis and 
lymphatic metastasis induced by M2 macrophage-
induced VEGF-C production [74, 75].

HIF-1α enhances the recruitment of TAMs in 
the tumor microenvironment by stimulation of 
C-C motif chemokine ligand 2 (CCL2) secretion 
which in turn binds to chemokine (C-C motif) 
receptor 2 (CCR2) [52]. Mitchem et  al. have 
shown that TAMs promoted tumor progression 
by activating the signal transducer and activator 
of transcription 3 (STAT3). Targeting TAMs by 
inhibition of the colony-stimulating factor-1 
receptor (CSF1R) or CCR2 improved 
chemotherapeutic sensitivity, inhibited tumor 
metastasis, and upregulated antitumor T-cell 
responses [76]. In agreement, Sanford et al. also 
revealed the key role of CCL2/CCR2  in TAM 
recruitment. They found that the migration of 

circulating CCR2+ monocytes toward the tumor 
was massively blocked by a CCR2 antagonist 
(PF-04136309), which in turn led to a consequent 
depletion of TAMs in a PC mouse model. Their 
clinical data also showed a significantly decreased 
survival in patients with a higher level of CCL2 
expression and infiltration of immunosuppressive 
CCR2+ TAMs [77]. Additionally, an early study 
showed that macrophages originated from tumor-
bearing animals rather than those originated from 
non-tumor-bearing animals expressed VEGF 
receptor 2 (VEGFR2), which is associated with 
VEGF-induced macrophage migration, and 
selective inhibition of VEGFR2 reduced 
infiltration of macrophages in orthotopic PC 
animal model [78].

15.5.3	 �Tumor-Infiltrating 
Lymphocytes

Tumor-infiltrating lymphocytes (TILs), including 
CD4+ helper T cells, CD8+ cytotoxic T cells, 
regulatory T cells, and B cells, are another class 
of immune cells, which are critical in modulating 
the tumor microenvironment in PC [8]. Indeed, 
an increasing number of studies have revealed the 
predictive value of stromal TILs in patients with 
resectable pancreatic cancer. Two of the latest 
studies have demonstrated that patients with the 
negative stromal TILs had larger tumor with 
more advanced stage and liver metastasis and 
showed worse overall survival [79].

CD8+ T cells are referred as cytotoxic T cells, 
with the capability of recognizing and killing 
tumor cells. However, the CD8+ cytotoxic T cells 
in circulation and tumor microenvironment are 
diminished in PC patients. Multiple studies have 
reported that the numbers of CD8+ T cells are 
reduced in PC patients compared with the nor-
mal population [80, 81]. The number of tumor-
infiltrating CD8+ T cells is significantly lower in 
patients with PC than in patients with chronic 
pancreatitis [82]. Importantly, the infiltration of 
CD8+ cytotoxic T cells in the tumor microenvi-
ronment of PC is predominantly observed in 
low-grade precancerous lesions and much 
reduced during tumor development [83]. Ene-
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Obong and colleagues have revealed that CD8+ T 
cells were attracted by the activated PSC via 
secretion of CXCL12, leading to decreased num-
bers of CD8+ T cells in juxtatumoral compart-
ments and reduced antitumor immunity [5]. 
Furthermore, tumor-infiltrating CD8+ T cells 
together with CD4+ T cells have been reported to 
be associated with tumor stage and act as a favor-
able predictive factor for survival [84]. It has 
been shown that increased numbers of tumor-
infiltrating CD8+ T cells were significantly and 
independently related to the improved disease-
free survival and overall survival [5, 85, 86].

PC cells can suppress the expression of cyto-
lytic proteins (perforin and granzyme) in CD8+ T 
cells by producing immunosuppressive cytokine 
TGF-β [87]. Ellermeier et al. have demonstrated 
a potent antitumor effect of combining TGF-β 
gene silencing with activation of retinoic acid-
inducible gene I in an orthotopic mouse model of 
pancreatic cancer [88]. Furthermore, PC cells can 
modify themselves to regulate the interaction 
with CD8+ T cells. On one hand, the expression 
of human leukocyte antigen class I was signifi-
cantly reduced in PC cells, resulting in an escape 
from immune response by suppressing the infil-
tration of CD8+ T cells [86]. On the other hand, 
PD-L1 expressed and produced by PC cells, can 
bind to PD-1 on the active CD8+ T cells, inducing 
the cell death of these CD8+ T cells [89]. PD-1 
blockade promotes the infiltration and cytotoxic-
ity of the CD8+ T cells by producing tumor-spe-
cific interferon-γ and remarkably improves the 
mice survival when combined with granulocyte 
macrophage colony-stimulating factor-secreting 
PC vaccine (GVAX) [90].

CD4+ T cells play an essential role in activat-
ing and modulating both innate and adaptive 
immune responses. A decreased number of CD4+ 
T cells were observed in the circulation of PC 
patients compared to the healthy population [80] 
and also in PC tumor tissue compared to patients 
with chronic pancreatitis [82]. Importantly, the 
number of tumor-infiltrating CD4+ T cells was 
associated with PC patient’s survival [91].

Naive CD4+ helper T cells can be induced and 
differentiated into two groups: Th1 and Th2-
polarized supopulations. The former contributes 

to cell-mediated immune response by killing 
intracellular pathogens, and the latter is involved 
in humoral immune response and fight against 
extracellular pathogens. In tumor-associated 
immune response, Th1 cells are generally related 
to antitumor activity, and Th2 cells have the 
potential of inducing immune tolerance and thus 
promote tumor development. In PC cases, the 
differentiation is predominantly shifted to Th2 
cells due to various cytokines produced in its 
tumor microenvironment, such as IL-10 and 
TGF-β [92]. Therefore, reversing Th2 to Th1 
phenotype could be used as a potential therapy to 
improve antitumor immune response. Tassi and 
colleagues have reported that combination 
treatment of IL-12 and IL-27 could revert Th2 
phenotype to Th1 phenotype in carcinoembryonic 
antigen-specific CD4+ T cells derived from a PC 
patient [93].

Regulatory T cells (Tregs) are another sub-
population of CD4+ T cells, which are defined as 
CD4+CD25+Foxp3+ cells. Tregs are responsible 
for immunosuppressive activity by expressing 
CTLA-4 and secreting IL-10 and TGF-β. In 
homeostasis, Tregs prevent autoimmune 
response, whereas in tumorigenesis, Tregs 
facilitate tumor progression via downregulation 
of antitumor immune response by suppressing 
tumor-specific CD4+ and CD8+ T cells, TAMs, 
and NK cells in the tumor microenvironment. 
Tregs are observed in precancerous lesion and 
gradually increased through the progression to 
aggressive malignancy. Hiraoka and colleagues 
reported that the infiltration of Tregs in PC tissue 
was significantly increased compared to 
nonmalignant inflammatory lesions, and a low 
level of Treg was an independent risk factor in 
predicting patient’s survival [83]. Circulating 
Treg level was significantly higher in PC patients 
than that in the healthy population. High 
circulating Treg level could serve as a negative 
prognostic marker and was associated with worse 
survival in resectable PC patients [94, 95]. 
Moreover, when it combined with another 
systemic inflammation marker (neutrophil-
lymphocyte ratio), the predictive effectiveness 
was 3.5-fold increased [95]. PC cells produce 
abundant ligands that bind and stimulate 
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chemokine receptor type 5 (CCR5) expressed on 
Tregs. Disruption of this interaction suppressed 
Treg migration into tumor and reduced tumor 
growth in a murine PC model [96]. In addition, 
PC cells recruited Tregs from peripheral blood 
and induced the differentiation through secreting 
TGF-β, and polarized Tregs modulated an 
immunosuppressive tumor microenvironment by 
secreting TGF-β [97]. Therefore, Tregs have been 
emerging as a potential target for PC treatment. 
Blockade of the interaction between CTLA-4 on 
Tregs and its ligands B7–1 and B7–2 on antigen-
presenting cells would suppress the inhibitory 
signal on antitumor immune response. 
Unfortunately, an early phase II clinical trial on 
ipilimumab (an anti-CTLA-4 agent) demonstrated 
no significant effects in advanced PC patients, 
except for one case with tumor regression [98]. In 
a murine PC model, targeting Tregs with 
anti-CD25 agents or in combination with tumor 
vaccine stimulated a tumor-specific immune 
response, which led to significantly reduced 
tumor volume and improved survival compared 
to untreated control mice [99]. Anti-CD25 agents 
combined with tumor vaccine has been under 
investigation in patients with advanced PC.

15.6	 �Role of Nerves in the TME 
of PC

One of the pathological hallmarks of PDAC is 
perineural invasion (PNI), defined as the presence 
of cancer cells along nerves and/or within the 
different layers of nervous fibers: epineural, 
perineural, and endoneural spaces [100, 101]. 
PNI is highly prevalence in PDAC. Particularly 
PNI is detected in 75% of early stages of PDAC, 
suggesting that it could represent an early event 
in cancer progression [100–102]. Once cancer 
cells invade the nerves, they create the TME 
where multiple types of cells including PSCs, 
immune cells, Schwann cells, and cancer-
associated fibroblasts (CAFs) interact to facilitate 
the growth of cancer cells.

PSCs were suggested to promote neurites’ 
outgrowth and thus PNI, to reinforce cancer cell 
migration toward nerves and to facilitate ECM 

degradation [101, 103]. Inflammation changes 
observed in nerves of the early stages of PDAC or 
even in PanIN lesions suggest that nerves may 
modulate the immune system to support cancer 
progression [104, 105], resulting in hypertrophy 
and hypersensitivity of pancreatic afferents and 
sensory fibers [106, 107]. Interestingly, a recent 
report has shown that sensory nerves infiltrated 
within the melanoma TME, and genetic ablation 
or chemical denervation of sensory nerves 
accelerated melanoma growth in  vivo (DOI: 
10.111/jcmm.15381)(Prazeres et  al., 2020). 
Schwann cells support neurons’ integrity. 
Increasing numbers of studies indicate that 
Schwann cells have an active role in PNI in PC 
[108]. Schwann cells have a specific affinity 
toward preneoplastic and neoplastic PC cells 
[109]. After direct contact with cancer cells, 
Schwann cells actively promote cancer 
invasiveness and stimulate tumor metastasis 
[110]. Despite the contribution of Schwann cells 
to neural invasion, their functions in invasiveness 
and in pain development need further 
investigation. CAFs have a role in promoting 
neural invasion via secretion of cytokines and 
other factors. CAFs can stimulate Schwann cells 
migration and neural plasticity leading to 
increased neurite outgrowth. Particularly, CAFs 
in TME secrete leukemia inhibitory factor (LIF) 
which positively correlates with intra-tumoral 
neural density. LIF, in combination with CA19.9, 
could differentiate PC from other benign 
pancreatic diseases [111, 112].

15.7	 �Future Directions

Lack of an effective approach for early stage 
screening and diagnosis is largely responsible for 
the dismal prognosis in PC. Most of the patients 
presented in clinic have already developed 
advanced and metastatic PC.  Therefore, it is 
extremely urgent to explore a specific method 
with high efficiency to detect the tumor at an early 
stage and guide clinical management. Liquid 
biopsy is now emerging as a promising technol-
ogy for the diagnosis and the prediction of 
patient’s outcome. The techniques used in the liq-
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uid biopsy in PC include circulating tumor cells 
(CTCs), cell-free nucleic acid (cfNA), and circu-
lating tumor exosomes. Recently, liquid biopsy 
that detected epidermal growth factor receptor 
(EGFR) gene mutations in non-small cell lung 
cancers has become the first blood-based genetic 
test approved by the FDA [113]. In PC diagnosis, 
using various isolation and detection techniques, 
early studies have reported a significantly 
increased positivity of CTC in PC patients com-
pared to the healthy population. Ting et al. found 
that CTCs expressed a high level of the stromal-
derived extracellular matrix, which was associ-
ated with metastasis to distant lesions and might 
imply the dynamic change in tumor microenvi-
ronment [114]. Tumor cells can act in clusters – 
circulating tumor micro-embolies (CTMs), in the 
circulation of PC patients, especially those with 
metastatic disease [115]. Poly-clonality of CTMs 
contains various components including cancer-
associated fibroblasts, immune cells, platelets, 
and PSCs, which facilitate distant metastasis 
[116]. These findings provide insight into clonal 
diversity and evolution in metastatic disease. In 
patients with undetectable CTCs, cfNA (e.g., cell-
free DNA, miRNA, noncoding RNA) could be 
used as a powerful and valuable tool for PC diag-
nosis. Cell-free DNAs are released into the circu-
lation during cancer cell apoptosis and necrosis 
within the tumor microenvironment. Additionally, 
the circulating tumor DNAs (ctDNAs) which are 
released by CTCs are optimal markers to repre-
sent the full spatiotemporal heterogeneity of 
tumor genetics, allowing real-time monitoring of 
cancer [117]. Furthermore, a significantly higher 
level of exosome was also observed in PC patients 
compared to the healthy individuals. Exosomes 
produced by living cells appear earlier in the 
blood than cfNA released by apoptotic and 
necrotic cells [118]. Exosomes play an important 
role in the intercellular interaction by carrying 
and transporting proteins, lipids, and nucleic acids 
(miRNAs, mRNAs, and DNAs). In PC patients, 
exosomes contain proteomic and genomic ele-
ments associated with cancer growth, invasion, 
metastasis, and chemoresistance [119, 120]. 
Circulating exosomes could contribute to immu-
nosuppressive response and even prime a distant 

site for cancer metastasis. Specific exosomes 
mediate metastasis by interacting with stromal 
cells and ECM at distant site and stimulating a 
cascade of signaling pathways and inflammation 
responses [121]. Other body fluids could also be 
used as a source of valuable biomarkers for the 
detection of pancreatic cancer. Pancreatic juice, as 
an attractive source collected by various endo-
scopic methods, is reported to improve the sensi-
tivity of the liquid biopsy by providing a higher 
concentration of components directly associated 
with tumor [122]. Release of pancreatic juice into 
the duodenum and intestine makes stool another 
potential candidate for noninvasive biopsy. 
Additionally, saliva, urine, and pleural effusion 
could also be used for monitoring PC. Therefore, 
combination in application of multiple sources of 
liquid biopsy would increase the positivity and 
specificity of this technique in the future.

While the stroma is quite distinctive in PC, 
its role in tumor development is still controver-
sial. A growing body of evidence suggests that 
the stroma has both pro- and antitumor effects 
[123]. The central role of PSCs in modulating 
the desmoplastic stroma in PC has been well 
established. Activated PSCs are present in pre-
cancerous lesions to advanced malignancy. 
Extensive experimental evidences support the 
role of PSCs in interacting with cancer cells 
and promoting tumor growth and metastasis. 
On the contrary, Ozdemir et  al. observed 
increased EMT of cancer cells, aggravated 
hypoxic condition, and decreased survival in a 
mouse model of pancreatic cancer with condi-
tional depletion of α-SMA-positive myofibro-
blasts [124]. It is presumably attributed to the 
dynamic and disease-stage-dependent role of 
PSCs in tumor initiation and progression. In the 
early stages of tumorigenesis, PSCs produce 
stromal components intending to restrict tumor 
cells, while in the later stages, cancer cells 
grow aggressively, and turn PSCs into cancer-
permissive cells, making the “protective” effect 
diminished. In the future, more emphasis 
should be placed on the spatiotemporally 
dynamic influence of PSC on tumor 
development.

K. Wang and H. He



253

In previous studies, various parameters are 
connected to patient’s survival separately. The 
PSC activation level (α-SMA expression), stroma 
density, and tumor-infiltrating immune cells are 
among the significant risk factors associated with 
prognosis. However, very limited evidence has 
demonstrated the combined effects of these fac-
tors on survival prediction. Erkan et al. combined 
expression of α-SMA with the expression of col-
lagen to calculate a specific index for the evalua-
tion of the stroma activation in each PC tissue, 
and they concluded that a high activated stroma 
index was associated with a poorer outcome and 
was an independent prognostic marker in the mul-
tivariate survival analysis [22]. Importantly, 
increasing research interests have focused on the 
presence of lymphocytes within tumor tissues and 
the location of TILs [125]. The presence of CD8+ 
T cells in intraepithelial rather than stromal 
regions was associated with significantly 
improved survival [126]. The application of mul-
tiplex immunohistochemistry to identify the 
localization and qualities of tumor-infiltrating 
CD8+ T cells and immunosuppressive cells in 
resected samples revealed different mechanisms 
involved in immunotherapy resistance [127], sug-
gesting that TILs in different compartments 
should be examined separately, and their connec-
tion to patient survival and therapeutic efficacy 
are to be investigated further. In the future, multi-
variate analysis can be used to evaluate all the fac-
tors that have statistical significance in the 
univariate analysis and to generate a mathemati-
cal model including different clinical, pathohisto-
logical, and molecular parameters, which can 
predict patient survival more accurately.
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