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ABSTRACT
The tumor microenvironment is replete with cells that evolve with and 

provide support to tumor cells during the transition to malignancy. The hijacking 
of the immune system in the pancreatic tumor microenvironment is suggested to 
contribute to the failure to date to produce significant improvements in pancreatic 
cancer survival by various chemotherapeutics. Regulatory T cells, myeloid derived 
suppressor cells, and fibroblasts, all of which constitute a complex ecology 
microenvironment, can suppress CD8+ T cells and NK cells, thus inhibiting effector 
immune responses. Tumor-associated macrophages (TAM) are versatile immune 
cells that can express different functional programs in response to stimuli in tumor 
microenvironment at different stages of pancreatic cancer development. TAM have 
been implicated in suppression of anti-tumorigenic immune responses, promotion 
of cancer cell proliferation, stimulation of tumor angiogenesis and extracellular 
matrix breakdown, and subsequent enhancement of tumor invasion and metastasis. 
Many emerging agents that have demonstrated efficacy in combating other types of 
tumors via modulation of macrophages in tumor microenvironments are, however, 
only marginally studied for pancreatic cancer prevention and treatment. A better 
understanding of the paradoxical roles of TAM in pancreatic cancer may pave the 
way to novel preventive and therapeutic approaches. Here we give an overview of 
the recruitment and differentiation of macrophages, TAM and pancreatic cancer 
progression and prognosis, as well as the potential preventive and therapeutic targets 
that interact with TAM for pancreatic cancer prevention and treatment.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA), which 
accounts for more than 90% pancreatic cancer cases, 
is one of the most aggressive malignancies, with 
poor response of tumors to conventional therapeutic 
intervention chemotherapy and radiotherapy [1]. As 
PDA predominantly develops without early symptoms, 
the majority (85-90%) of PDA patients initially present 
with locally advanced and metastatic disease for which 
therapeutic options are very limited, in line with low 
overall 5-year survival rate of 6% [2]. By 2020, PDA 

is anticipated to become the second leading cause of 
cancer death in the United State, overtaking deaths from 
breast and colon cancers [3]. There is an urgent and 
unmet medical need to discover novel and more effective 
therapeutic and preventive strategies for this lethal disease.

Some key characteristics of PDA, such as the 
desmoplasia (tumor stroma), restricted vasculature 
and hypoxic environment may prevent the delivery of 
chemotherapy to the tumor thereby explaining the limited 
benefits observed to-date. PDA is one of the most stroma-
rich cancers, which in some cases up to 80% of the tumor 
mass are made up by stromal tissue [4]. In PDA, the tumor 
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stroma comprises abundant fibrotic tissue composed 
of infiltrating immune cells [being most prominent for 
immunosuppressive leukocytes, including macrophages, 
myeloid-derived suppressor cells (MDSC), and regulatory 
T cells (Treg)], pancreatic stellate cells, vascular cells, 
fibroblasts, myofibroblasts and other extracellular 
matrix components [5]. Although each component of the 
stromal compartment was described as promoting PDA 
progression, this review will focus on the recent findings 
of tumor promoting functions of macrophages.

In fact, immune cells are one of the most important 
supportive cells in PDA progression, and one of the reasons 
for the resilience of PDA towards intensive treatment is 
that the cancer is capable of hijacking the immune system 
[6]. Macrophages, an essential component of the innate 
immune system in humans, represent the major immune 
cell type present in the PDA tumor microenvironment, 
where they are commonly termed tumor-associated 
macrophages (TAM) [7]. TAM, derived from circulating 
monocytes, are the main population of inflammatory 
cells in the solid tumors and key regulators of the link 
between inflammation and various types of cancer [8-11]. 
TAM can generally promote cancer cell proliferation, 
stimulate tumor angiogenesis and extracellular matrix 
breakdown, and subsequently enhance tumor invasion 
and metastasis [12]. TAM are also immunosuppressive, 
preventing tumor cells attacked by natural killer and T 
cells during tumor progression and after recovery from 
chemo- or immunotherapy [13]. Given that the limited 
benefits have been observed for the current conventional 
therapeutic intervention which targets cancer cells itself, 
targeting TAM provides an opportunity for the prevention 
and treatment of pancreatic cancer. In this review, we 
give an overview of the recruitment and differentiation of 
macrophages, TAM and PDA progression and prognosis, 
as well as the potential preventive and therapeutic targets 
that interact with TAM for pancreatic cancer prevention 
and treatment.

TAM AND PROGNOSIS IN PANCREATIC 
CANCER

Macrophages shift their functional phenotype 
in response to various microenvironmental stimuli 
such as IL-10, TGF-β and other cytokines. Based on 
their function, macrophages are divided broadly into 
two categories: M1 (pro-inflammatory or ‘classically 
activated’ macrophages) and M2 (anti-inflammatory or 
‘alternatively activated’ macrophages) (Figure 1). The 
macrophage phenotype transition from M1 to M2 is 
believed to be a remarkable event in tumor initiation and 
progression. Macrophages in tumors (e.g. TAM) closely 
resemble the M2-polarized macrophages and are critical 
modulators of the tumor microenvironment. TAM promote 
tumor progression by suppressing an anti-tumor immune 
response, stimulating vascularization, invasion, metastasis, 

and increasing the tumorigenicity of cancer stem cells [14-
18]. Approximately 80% of tumors have shown a positive 
correlation between the poor prognosis and TAM, while 
only tumors less than 10% of TAM density demonstrated 
good prognosis [19]. M2-polarized macrophages 
(identified by CD163 immunopositivity) were significantly 
more abundant in primary PDA samples, compared to the 
paired adjacent normal tissues and those diagnosed as 
chronic pancreatitis [20]. The presence of M2 polarized 
TAM in the stroma are strongly correlated with the tumors 
located in the tail and body of the pancreas [20], and 
higher counts of M2-polarized TAM were associated with 
increased risk of lymph node metastasis, neural invasion, 
chemoresistance, and hence the worse prognosis and 
survival in PDA [21-23].

However, recent accumulating evidence shows that 
TAM often share features of both M1 and M2 rather than 
could be classified into two classes, and the phenotype 
of TAM may vary during different stages of tumor 
progression [24]. For instance, macrophages may function 
with an M1-like phenotype during the initiation of tumor, 
and switch to an M2-like phenotype when the tumor 
begins to invade and metastasize [27, 28]. In pancreatic 
cancer, TAM also exhibit characteristics of both pro- and 
anti-inflammation properties and contribute to epithelial-
mesenchymal-transition (EMT) [25, 26], reflecting 
the plasticity and heterogeneity of TAM. In addition, 
recent reports suggested that cancer treatment may also 
modulate macrophages phenotype, while the regional 
microenvironment, which is featured by dense stroma 
infiltration, generally plays a decisive role in recruiting 
monocytes and modulating macrophage phenotype. Low-
dose irradiation might redirect macrophage differentiation 
from a tumor-promoting/immunosuppressive state to an 
anti-tumor immunostimulatory phenotype, indicating 
a possibility of shifting between M1 and M2 [29]. 
Neoadjuvant cyclophosphamide was also found to 
decrease density of CD206+ and IL-10+ TAM (M2-like 
phenotype) at the PDA-stroma interface, moreover, 
in vitro, gemcitabine-treated macrophages became 
tumoricidal, inhibiting their protumoural effect and 
switching to an antitumour phenotype [30]. The plasticity 
and heterogeneity of TAM in pancreatic cancer may be 
one of the major reasons for the poor prognosis of cancer 
patients and presents a significant challenge for targeting 
TAM in pancreatic cancer.

RECRUITMENT AND CHARACTERISTICS 
OF TAM IN PANCREATIC CANCER

Macrophage infiltration and origins of TAM

In tumor microenvironment, TAM originate 
from the circulating monocyte, and acquire either a 
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classical M1 or alternative M2 phenotype depending 
on microenvironmental stimuli. The recruitment of 
macrophages into tumors is primarily regulated by 
cytokines, chemokines, and growth factors that are 
derived from tumor and stromal cells in the tumor 
microenvironment. One of these chemokines, tumor-
derived C-C chemokine ligand 2 (CCL2) acts as a potent 
factor for Th2 polarization and shifts monocytes toward 
the M2-polarized macrophages (Figure 1). CCL2 acting 
via its receptor C-C chemokine receptor 2 (CCR2) is a 
direct mediator of monocyte recruitment to the primary 
tumor and to metastases in the Polyoma Middle T 
oncoprotein (PyMT) model [31, 32]. Under physiologic 
conditions, the CCL2/CCR2 chemokine axis plays 
an important role in the mobilization of inflammatory 
monocytes from the bone marrow to the blood [36]. 
Studies had proposed a dual role of CCL2 on tumor 
growth, and CCL2 can be protective in some tumor 
models but destructive in others [37, 38]. Overexpression 
of CCL2 by tumor cells can lead to their destruction by an 
infiltrate of activated mononuclear cells and may indicate 
a more favorable prognosis. 

Pancreatic cancer is rich in stroma, which facilitate 
the secretion of CCL2 [41, 42]. It has been reported 
that the overproduction of CCL2 is closely related to 

macrophage infiltration in pancreatic cancer [33-35]. 
The potential contribution of CCL2 to pancreatic cancer 
progression is of major interest because CCL2 production 
correlated with the levels of macrophage content in 
transplanted tumors in vivo [43]. Sanford et al. found that 
an increased ratio of inflammatory monocytes in the blood 
versus the bone marrow is a novel predictor of decreased 
pancreatic cancer patient survival following tumor 
resection, and patients with high CCL2 expression/low 
CD8 T cell infiltrate have significantly decreased survival 
[39]. Monti et al. [44] also showed that pancreatic cancer 
patients with high circulating CCL2 have higher numbers 
of CD68+ tumor-infiltrating macrophages, and circulating 
levels of CCL2 are inversely correlated with Ki-67, 
a well-established marker of tumor cell proliferation. 
However, low level CCL2 secretion, with physiological 
accumulation of TAM, promoted tumor formation. 

CCL5 produced by naive T cells and tumor cells 
also contributes to monocyte migration into tumor 
sites [45]. While the presence of other CC chemokines 
including CCL3, CCL4, CCL18 and CCL22 and some 
CXC chemokines, in particular CXCL8 [46], has been 
correlated with the presence of macrophages, it still 
remains to be determined whether they play a role in 
the recruitment or in the maintenance of the TAM in 

Figure 1: Dual role of macrophages in the response to stimuli in tumor microenvironment. Briefly, stimuli that polarize 
macrophages are divided into membrane receptors, cytokines and its receptors, chemokines and its receptors, and effector molecules. The 
majority of molecules listed above are secreted by both M1- and M2-TAM. However, the phenotype of TAM may vary during different 
stages of tumor progression, resulting in differential stimuli density in M1- or M2-TAM. Arg, arginase; CCL, C-C chemokine ligand; 
GM-CSF, granulocyte macrophage colony-stimulating factor; HIF, hypoxia-inducible factor; HRG, histidine-rich glycoprotein; IFN-γ, 
interferon-γ; IL, interleukin; M-CSF, macrophage colony-stimulating factor; MR, mannose receptor; NOS, nitric oxide synthase; TAM, 
tumor-associated macrophages; TGF, transforming growth factor; TLR, toll-like receptor; TNF, tumor necrosis factor.
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tumor tissue [47]. Interestingly, CCL5 stimulates human 
monocytes to express CCL2, CCL3, CCL4 and CXCL8, 
all of them chemoattractants for myeloid cells [48]. 

Along with the chemokines, several cytokines such 
as macrophage colony-stimulating factor (M-CSF or CSF-
1) and endothelial monocyte-activating polypetiptide 
II (EMAPII) have been implicated in the recruitment of 
monocytes into tumors [53]. While high levels of CSF-1 
were often observed in luminal breast cancer cells, CSF-
1 is not frequently overexpressed by pancreatic cancer 
cells [54]. By contrast, granulocyte macrophage (GM)-
CSF (CSF-2) is commonly expressed in pancreatic cancer 
cells and has been linked to the generation of MDSC 
with immunosuppressive features [55]. Additionally, 
certain growth factors including vascular endothelial 
growth factor (VEGF) [56], platelet-derived growth 
factor (PDGF) [57] have also been reported to promote 
monocyte/macrophage recruitment. However, the anti-
angiogenic drug sunitinib, which targets VEGF and PDGF 
receptor signaling, did not inhibit PDA progression in a 
mouse model, although it showed temporal blockage of 
tumor growth in several tumor animal models [58].

Macrophage polarization

A network of signaling molecules, transcription 
factors, epigenetic mechanisms and posttranscriptional 
regulators participate in directing macrophage 
polarization. The detailed molecular determinants of 
macrophage polarization have been outlined and reviewed 
[24]. In brief, stimulation with lipopolysaccharide (LPS) 
and interferon-γ (IFN-γ) leads to M1 activation and the 
secretion of IL-1β, IL-6 and tumor necrosis factor α 
(TNF-α) along with the expression of leukocyte antigen 
(HLA)-DRhigh, CD11c, NOS-2, IL-12b, and IL-23. M2 
macrophages, in contrast, are activated by IL-4 and 
IL-13, secrete IL-10 and expression makers such as 
HLA-DRlow, CD124 (IL-4Rα), CD204 (SR-A), CD206 
(mannose receptor), arginase 1 (Arg-1), and stabilin-1[59, 
60] (Figure 1). Notably, M-CSF-driven macrophage 
differentiation leads to the expression of a substantial part 
of M2 transcriptome, while GM-CSF rather induces an 
M1-type of activation [47, 61]. Interestingly, the hypoxia-
inducible factors (HIF)-1α and HIF-2α are expressed 
differentially in M1- and M2-polarized macrophages 
[62] and regulate inducible NOS-2 (M1) and Arg-1 (M2), 
respectively (Figure 1), suggesting that tumor hypoxia 
may mediate the transition of M1 to M2.

Recently, several regulators have been suggested 
to mediate the polarization of macrophage in pancreatic 
cancer. Histidine-rich glycoprotein (HRG), a multidomain 
plasma protein synthesized by hepatocytes, has been 
reported to skew TAM polarization away from the 
M2- to a tumor-inhibiting M1-phenotype in orthotopic 
Panc02 tumor models [63]. Heparanase, which is an 
endoglycosidase that cleaves heparan sulfate (HS) 

glycosaminoglycans, can also guide cancer-promoting 
action of TAM by augmenting STAT3 signaling in vitro 
and in a mouse model of heparanase-overexpressing 
pancreatic carcinoma [64]. Reg3β, a small secretory 
protein belonging to the calcium-dependent lectin 
superfamily, also contribute to M2-polarized phenotype 
through the activation of STAT3 pathway in an orthotopic 
mouse model of pancreatic cancer [65]. Additionally, the 
homeobox transcription factor CUX1 has been shown 
to antagonize M1 polarization by negatively interfering 
with NF-κB signaling in vitro and in LSL-KrasG12D/+; LSL-
Trp53R172H/+; Pdx-1-Cre mice [66]. These studies highlight 
a potential therapeutic opportunity in which re-educating 
TAM might have beneficial anti-tumorigenic effects on 
pancreatic cancer. 

TAM AND TUMOR PROGRESSION IN 
PANCREATIC CANCER

TAM and regulation of angiogenesis and hypoxia

Angiogenesis sustained by mediators produced by 
tumor and stromal cells provides oxygen and nutrients 
to allow cancer cells to multiply, invade nearby tissue, 
and metastasize. TAM can accelerate vessel growth 
by releasing a panel of pro-angiogenic factors, such as 
vascular endothelial growth factor A (VEGF-A), TNF-α, 
basic fibroblast growth factor (bFGF), and the angiogenic 
factor thymidine phosphorylase (TP) (Figure 2). Of these 
factors, VEGF-A is the best characterized one and is 
recognized as a major pro-angiogenic cytokine released 
by TAM [67]. VEGF-A stimulates angiogenesis by 
promoting endothelial cell migration and proliferation via 
binding with its corresponding tyrosine kinase receptors, 
VEGFR-1 and VEGFR-2 [68]. Additionally, TAM also 
involved in angiogenic processes by producing several 
angiogenesis-modulating enzymes such as MMP-2, 
MMP-7, MMP-9, MMP-12 and cyclooxygenase-2 (Cox-
2), and chemokines such as CXCL12, CCL2, CXCL8, 
CXCL1, CXCL13 and CCL5 (Figure 2). TAM can express 
proteases to release a number of pro-angiogenic molecules 
bound to heparan sulfate in proteoglycans, and fragment 
of fibrin and collagen, which facilitate angiogenesis [71]. 
Among these, MMP-9 [72], urokinase plasminogen 
activator (uPA) and receptor [73-76] are the prominent 
ones which promote tumor directed angiogenesis.

Paradoxically, unlike the majority of other tumor 
types which are clearly dependent on angiogenesis, PDA 
is characterized by hypovascularity [77], and PDA tumor 
samples (both in mice and human) show substantially 
lower microvessel densities than those of the normal 
pancreas [78]. However, mechanisms behind these 
histopathological features have not been fully elucidated. 
Discouraging results of antiangiogenic therapies in 
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clinical and preclinical studies add to mounting evidence 
of angiogenetic independence and dominance of tumor 
driven angiostasis of PDA, suggesting that tumor 
angiogenesis might affect PDA progression to a lesser 
extent than in other cancers [79, 80]. Despite this, the 
overexpression of VEGF in PDA has been reported to 
be closely related to a high microvessel density, disease 
progression, increased risk of metastatic spread, and a 
poor prognosis [70]. VEGFR-2 is essential for VEGF-

stimulated migration of TAM, and selective inhibition 
of VEGFR-2 reduces recruitment of macrophages into 
orthotopic pancreatic tumors in mice [69]. Therefore, 
alternative approaches targeting the PDA vasculature 
remain attractive and potentially feasible. It is conceivable 
and important to figure out whether TAM confer PDA to 
desmoplastic reaction and hypovascularity.

In addition, pancreatic tumors are frequently marked 
by regions of hypoxia, as rapidly dividing malignant cells 

Figure 2: Schematic representation of cells and mediators influencing the function of TAM and tumor progression 
in pancreatic cancer. TAM can release a panel of mediators facilitating lymphangiogenesis, angiogenesis, EMT, immune suppression, 
and tumorigenicity of CSC, which provide a permissive environment for pancreatic tumor progression. Ang-2, angiopoietin-2; CSC, 
cancer stem cells; EMT, epithelial-mesenchymal transition; FGF, fibroblast growth factor; ISG-15, interferon-stimulated gene 15; MDSC, 
myeloid-derived suppressor cells; MFG-E8, milk-fat globule-epidermal growth factor-VIII; MIF, migration inhibitory factor; MMP, matrix 
metalloproteinases; NK, nature killer; NOS, nitric oxide synthase; PD, programmed death; PDA, pancreatic ductal adenocarcinoma; TAM, 
tumor-associated macrophage; TEM, Tie2-expressing monocytes; TGF, transforming growth factor; TP, thymidine phosphorylase; Treg, 
regulatory T cells.
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outpace the capacity of the established vasculature to 
deliver oxygen and nutrients. In this context, hypoxia is 
associated with restrained proliferation, differentiation, 
necrosis or apoptosis, and it can also lead to the 
development of an aggressive phenotype [81] (Figure 2). 
TAM have localized in the hypoxic regions into the tumor 
microenvironment which promoted the expression of HIF-
1 and HIF-2. HIF-1α is a major regulator of the production 
of VEGF-A in TAM. HIF-1α induces VEGF expression 
and recruits CD45+ monocytic cells which in turn 
enhance the mobilization of VEGF from the extracellular 
matrix. This translocation makes VEGF available for its 
receptor VEGFR-2 and may cause vascular remodeling 
and neovascularization [82]. Knockout of HIF-1α in 
TAM enhances M2 polarization and attenuates their pro-
angiogenic responses [83].

TGF-β is another common TAM-produced 
cytokine that can induce VEGF-A through HIF-1 
pathway. TGF-β is the prototype of a large superfamily of 
secreted signaling polypeptides [including TGF-β, bone 
morphogenic proteins (BMP), and activin/inhibin], with 
diverse functions in the development and pathogenesis 
of a variety of diseases [84, 85]. Jeon et al. found that 
TGF-β induced the transcription and secretion of VEGF 
through the synergistic action of HIF-1α and Smad3/4 
in macrophages [86]. Recently, an intrinsic angiogenesis 
inhibitor, vasohibin-1, has been shown to be regulated by 
the TGF-β/BMP signaling between TAM and pancreatic 
cancer cells [87]. 

Apart from VEGF, HIF-1α, and TGF-β, 
angiopoietin-2 (Ang-2), a ligand of the Tie2 tyrosine 
kinase receptor, has also been reported to be involved in 
TAM-regulated angiogenesis in tumor microenvironment 
(Figure 2). Targeting Ang-2 or Tie2 releases the 
macrophage-vessel association and inhibits angiogenesis 
in RIP1-Tag2 transgenic pancreatic islet adenocarcinomas 
mouse model [88]. Tie2 is primarily expressed on 
endothelial cells, but also expressed on some monocytes/
macrophages. Tie2-expressing monocytes/macrophages 
(TEM) are characterized by the expression of Tie2 receptor 
and accumulate in hypoxic areas of tumors in response to 
Ang-2 produced at high levels by hypoxic vascular cells. 
TEM with pro-angiogenic and pro-tumorigenic activity 
play a pivotal role in the angiogenic switch [90], and have 
been identified in several mouse tumor models, including 
RIP1-Tag2 transgenic pancreatic islet adenocarcinomas 
[91, 92]. Selective depletion of TEM in RIP1-Tag2 
transgenic mice during early stages of tumor development 
prevents tumor neovascularization and inhibits tumor 
growth [91]. It has also been suggested that hypoxia 
up-regulates Tie2 expression on TEM and, together 
with Ang-2, down-regulates their antitumor functions 
[93]. Interestingly, CSF-1 upregulates Tie2 on TAM, 
indicating a link between CSF-1, Tie2+ macrophages, 
and the induction of the angiogenic switch [94]. Given 
their tumor-homing ability and selectivity, TEM may be 

used as surrogate makers to monitor angiogenesis in vivo 
or as gene delivery vehicles to restrict antiangiogenic or 
antitumor gene expression to the tumor site [93].

In addition, TAM are involved in 
lymphangiogenesis, a process mediated by a number of 
factors including VEGF-C and VEGF-D via VEGFR3. It 
has been reported that VEGF-C expressing TAM secreted 
lymphatic endothelial growth factors which are related 
to peritumoral lymphangiogenesis in human cervical 
cancers [95, 96]. VEGF-A, an essential hemangiogenic 
factor, has also been shown to increase lymphangiogenesis 
via recruitment of monocytes/macrophages using a 
mouse model in which both lymphangiogenesis and 
hemangiogenesis are induced in the normally avascular 
cornea [97]. 

TAM and immunosuppression

TAM convey immunosuppressive activity through 
secretion of immunosuppressive cytokines, chemokines, 
and proteases, such as TGF-β, IL-10, CCL17, CCL22, and 
Arg-1. The role of TAM-derived cytokines, chemokines, 
and proteases in immunosuppression has been reviewed 
previously [98]. TAM may also promote apoptosis of T 
cells by expressing the inhibitory B7 family molecules, 
such as B7 homolog 1 (B7-H1) or programmed death-
ligand 1 (PD-L1) on their cell surface. Here, we are 
focusing on the roles of TAM in pancreatic cancer 
immunosuppression. 

Pancreatic tumor microenvironment is 
immunosuppressive, which limit the activation of immune 
responses and inhibit the function of activated immune 
effectors [104]. Of all the different types of immune cells, 
Treg, which defined as CD4+CD25+FoxP3+ cells, have 
gotten the most attention in pancreatic tumor immunology 
research. The mechanism of inhibitory activity of Treg on 
immune suppression remains to be completed understood, 
but involves the production of inhibitory cytokines, such 
as TGFβ, IL-10 and IL-35 (Figure 2). Treg produce a 
local immunosuppressive environment ideal for tumor 
growth. The selective recruitment of Treg by tumor-
derived endothelial cells is in part response by Treg to 
chemokines such as CCL-22, which is expressed by 
TAM. FoxP3 transcription factor, which is crucial for 
Tregs survival and function, expressed in PDA cells and 
inhibit naive T cell proliferation, but not activation. In the 
mutant k-ras model of pancreatic cancer, Tregs are present 
in increased amounts within the tumor microenvironment 
early in disease progression [106]. Patients with pancreatic 
cancer have increased numbers of Tregs both in the 
circulation and at the tumor site, and low Tregs percentage 
in the circulation one year post resection correlates with 
improved survival [105].

Other cells and tumor molecules effecting immune 
defects in pancreatic cancer include MDSC, TGF-β, 
mucins, COX-2-derived PGE-2, MHC I-related chain 



Oncotarget50741www.impactjournals.com/oncotarget

A/B molecules (MICA/B), PD-L1/PD-H1 and PD-L2/
PD-DC. The expansion and activation of MDSCs is 
regulated by several factors (e.g. IL-4, IL-13, IL-1β, INFγ 
and GM-CSF) that are released by activated macrophages 
and T cells, tumor cells, tumor stromal cells, and by 
pathogen-infected cells [107]. Immature mononuclear 
cells within the MDSC population are precursors for 
immunosuppressive TAM, which have an ability to 
induce energy or T-cell tolerance due to downregulation 
of HLA-DR molecules on TAM [108]. MDSC express 
high levels of both Arg-1 and iNOS, which play a direct 
role in the inhibition of CD8+ T-cell function [109]. In 
contrast to MDSCs, TAM upregulate the expression of 
either Arg-1 or iNOS, depending on the nature of the 
tumor microenvironment, but not of both proteins [107]. 
In addition, TGF-β, which secreted by the tumor cells and 
the MDSC population, has immunosuppressive properties 
that include inhibition of T cell activation, proliferation 
and differentiation into CTL or Th cell subsets, as well 
as drives the development of FoxP3+, CD4+, CD25+ 
Treg which suppress antitumor immunity [110, 111]. 
In a genetically defined PDA mouse model, Clark and 
colleagues [112] observed a prominent leukocytic 
infiltration even around the lowest grade pre-invasive 
lesions, while immunosuppressive cells, including TAM, 
MDSC, and Treg, dominated the early response and 
persisted through invasive pancreatic cancer.

It is important to note that TAM, MDSC, and Treg 
express high levels of the ligand receptors for immune-
checkpoint PD-1 and cytotoxic T-lymphocyte-associated 
antigen 4 (CTLA-4) that upon activation suppress 
cytotoxic functions of T cells, NK T cells and NK cells. 
Since pancreatic tumors are highly infiltrated with 
these cellular suppressors of effector immune response, 
blockade of the PD-1 and CTLA-4 pathway may enhance 
antitumor immune response by diminishing the number 
and/or suppressive activity of these three intratumoral 
suppressor cells. However, single-agent checkpoint 
inhibitors that alter immune suppressive signals in other 
human cancer such as CTLA-4, PD-1 and its ligand PD-
L1, have failed to demonstrated objective response when 
given as single agents to PDA patients [113]. A possible 
explanation for the therapeutic failure of CTLA-4, PD-1 
or PD-L1 blockade therapy in PDA is the lack of a nature 
infiltration of effector immune cells in the majority of 
PDA. A potential strategy to activate effector T-cell 
trafficking into the tumor microenvironment is vaccine-
based immunotherapy. Given that cancer vaccine-based 
immunotherapy may overcome the resistance of PDA to 
immune checkpoint inhibitors, while immune checkpoint 
inhibitors may enhance the efficacy of the cancer-vaccine 
therapies, combining vaccine therapy with dual blockade 
of CTLA-4 and PD-1 might be an attractive approach, 
although the autoimmune toxicities can be concern. 

TAM and EMT

Epithelial-mesenchymal transition (EMT) is an 
important biological process by which epithelial tumor 
cells lose epithelial features and gain mesenchymal 
phenotypes in the progression of primary tumors toward 
metastasis [114]. E-cadherin, an epithelial cell marker, 
diminishes during EMT, while mesenchymal cell 
markers are upregulated. Interestingly, the expression of 
E-cadherin can also be repressed by the mesenchymal 
markers, Snail and Slug. These markers have been 
identified in tumor tissue following pancreatic resection 
[115]. Pancreatic cancer cell lines (PANC-1 and BxPC-
3) co-cultured with M2-polarized TAM could upregulate 
mesenchymal markers vimentin and Snail at the mRNA 
and protein levels, augment the proteolytic activity of 
metalloproteinases MMP-2 and MMP-9, and decrease the 
expression of the epithelial marker E-cadherin [116]. 

TAM have been found to enhance EMT in various 
cancer types. For example, TAM induced EMT in lung 
cancer cells through paracrine TGF-β signaling and 
consecutive activation of the β-catenin pathway [117]. 
In hepatocellular carcinoma, TAM may induce EMT via 
the IL-8 activated JAK2/STAT3/Snail pathway [118]. 
Recently, Su et al. reported that TAM in breast cancer 
induced EMT via CCL-18-induced NF-κB activation to 
form a positive feedback loop between mesenchymal-like 
cancer cells and macrophages [119]. In pancreatic cancer, 
both M1 and M2 macrophages were equally capable of 
promoting EMT in malignant and premalignant pancreatic 
ductal epithelial cells [26]. Several cytokines, such as 
interleukin-10 (IL-10) [116], macrophage migration 
inhibitory factor (MIF) [120], and CCL-18 [121], have 
been shown to induce EMT in pancreatic cancer cells 
(Figure 2). It is possible that these inflammatory factors 
released by TAM may work coordinately to provide a 
permissive environment for pancreatic tumor progression.

TAM and pancreatic cancer stem cells

Increasing evidence indicates that cancer stem cells 
(CSC) play a major role in the development and metastatic 
progression of PDA [122, 123]. TAM have recently been 
found to regulate the self-renewal, tumorigenic and 
metastatic potential of CSC in various cancer types [18]. 
TAM can also interact with and promote the tumorigenicity 
of CSC via production of the milk-fat globule-epidermal 
growth factor-VIII (MFG-E8), a major regulator of CSC 
activities, which activates STAT3 and sonic hedgehog 
pathways in CSC [18]. In pancreatic cancer, inhibition 
of macrophage recruitment by targeting either the CSF-1 
receptor (CSF-1R) (PLX6134, PLX3397) or CCR-2 (PF-
04136309) resulted in a significant reduction of pancreatic 
cancer cells expressing high levels of the CSC marker 
ALDH [124]. Interestingly, TAM can directly enhance 
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the tumor-initiating capacity of pancreatic cancer cells 
by activating the transcription factor STAT3, thereby 
facilitating macrophage-mediated suppression of CD8+ 
T lymphocytes [124]. Recently, Sainz et al. showed that 
interferon-stimulated gene 15 (ISG-15), which is an IFN-
α/β-inducible ubiquitin-like modifier, was expressed and 
secreted by TAM in response to IFN-β produced by PDA 
cells. ISG-15 then reinforced the self-renewal, invasive 
capacity, and tumorigenic potential of CSC [125] (Figure 
2).

In addition, CD47, a ligand to signal regulatory 
protein α (SIRPα) on macrophages, is highly expressed 
on pancreatic CSC, and the high expression of CD47 in 
CSC could communicate to the SIRPα and result in the 
inhibition of phagocytosis by macrophages[126]. A recent 
in vivo and in vitro study [127] revealed that anti-CD47 
antibody not only enables phagocytosis of these cells by 
macrophages, but also directly induces apoptosis of PDA 
CSC, while exerting no effect on non-malignant cells.

Interestingly, an antimicrobial peptide, LL-37/
hCAP-18 secreted by TAM in response to CSC-secreted 
Nodal/Activin A is strongly expressed in the stroma 
of PDA [128]. LL-37 could increase pluripotency-
associated gene expression, self-renewal, invasion 
and tumourigenicity of CSC via formyl peptide 
receptor 2 (FPR2)- and P2X purinoceptor 7 receptor 
(P2X7R)-dependent mechanisms (Figure 2). In a 
k-ras-driven pancreatic tumourigenesis mouse model, 
pharmacologically inhibition of FPR2 and P2X7R could 
effectively inhibit tumor formation [128]. Taken together, 
these studies supported that TAM play a critical role in 
the induction, maintenance, and expansion of CSC in 
the tumor microenvironment. Targeting pancreatic CSC 
in combination with interrupting the interplay between 
pancreatic CSC and TAM may provide more effective 
clinical treatments for pancreatic cancer.

TAM and tumor invasion and metastasis in 
pancreatic cancer

TAM promote tumor metastasis by enhancing 
the invasion of malignant cells and also by influencing 
tumor microenvironment via secreting matrix proteins 
and several proteases such as serine proteases, MMP 
and cathepsins, which act on cell-cell junctions, modify 
the ECM composition, and promote basal membrane 
disruption. In human pancreatic cancer, the macrophage 
inflammatory protein-3 alpha (MIP-3α) expressed by 
TAM and pancreatic cancer cells has been implicated as 
a regulator of tumor cell invasion [129] (Figure 2). MIP-
3α induced MMP9 expression of pancreatic cells through 
its receptor CCR6 and consequently increased pancreatic 
cancer cell invasion in collagen Type IV [130, 131]. In a 
pancreatic tumor mouse model, inhibition of macrophage 
recruitment using the CSF-1R inhibitors reduced 

metastatic spreading to liver [124], while increased 
macrophage conversion towards to the M2 phenotype by 
the loss of histidine-rich glycoprotein (HRG) increased 
metastatic spreading [17]. In addition, CXCL8/IL-8 and 
CXCL12/stromal cell-derived factor-1α (SDF-1α) can co-
operatively promote migration/invasion and angiogenesis 
in pancreatic cancer, [132] indicating that CXCR2 
and CXCR4, corresponding receptors for CXCL8 and 
CXCL12 respectively, are potential anti-angiogenic and 
anti-metastatic therapeutic targets in pancreatic cancer. 

Macrophage can also promote pancreatic tumor 
metastasis through their ability to promote lymph 
angiogenesis either by the secretion of the lymphatic 
endothelial growth factor VEGF-C [133] or their direct 
integration into tumor associated lymphatic vessels [134]. 
It has been reported that M2-polarized TAM infiltration 
of regional lymph nodes was significantly associated with 
nodal lymphangiogenesis [135], and M2-polarized TAM 
identified by CD163 and CD206 in the invasion front 
of human pancreatic cancer were associated with a poor 
prognosis due to accelerated lymphatic metastasis [21]. 
Therefore, inhibition of the functional interaction between 
M2-polarized TAM and lymphangiogenesis may suppress 
tumor invasion and metastasis in pancreatic cancer.

Additionally, endoneurial macrophages that lie 
around nerves may also foster the invasion of pancreatic 
cancer cells along the nerves through secreting high levels 
of glial-derived neurotrophic factor (GDNF), thus inducing 
the activation of the GNDF receptor GFRα1 and its co-
receptor RET [136]. RET is involved in tumorigenesis 
through multiple distinct signaling pathways such as 
RAS-MAPK, PI3K-AKT, and JAK-STAT3 [137-139], 
and has been shown to be expressed in 50-65% of PaCA 
and to be correlated to advanced metastatic status [139-
141]. Activated RET in PaCA cells induces cell migration 
towards nerves in both in vitro and in vivo models of 
perineural invasion [136, 142, 143]. Targeting RET might 
be an attractive approach for prevention and treatment of 
PDA metastasis.

TARGETING MACROPHAGE IN 
PANCREATIC CANCER

Inhibiting monocyte/macrophage recruitment

As described above, the CCL2/CCR2 axis plays an 
important role in monocyte recruitment in many cancer 
types, including pancreatic cancer [144, 145]. Targeting 
the CCL2/CCR2 axis is promising as it results in blocking 
mobilization of monocytes from the bone marrow to the 
blood, which results in preventing their recruitment to the 
tumor [146] (Figure 3). In fact, CCL2 has been implicated 
in various neoplasias and adopted as a therapeutic target 
[40]. One of the CCL2-targeting agents, trabectedin, has 
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been effectively used in clinic to treat human ovarian 
cancer and myxoid liposarcoma, as second-line treatment. 
In addition, antibodies (carlumab) to CCL2 are now being 
tested in clinical trials [147]. Combinations of carlumab 
with conventional chemotherapy regimens showed 
preliminary antitumor activity in advanced cancer patients 
and was well tolerated [148]. 

Additionally, PF-04136309, a small molecule 
CCR2 inhibitor, depletes CCR-2+/CD14+ monocytes 
and macrophages from the primary pancreatic tumor 
and premetastatic liver resulting in enhanced anti-
tumor immunity, decreased tumor growth, and reduced 
metastasis in mice model [39]. Recently, we observed that 
the combination of metformin and aspirin dramatically 
down-regulated the mRNA expression of the CCL2 in 
treated pancreatic cancer cells (50-fold down-regulation 
vs. untreated cells), indicating a possibility of the use of 
metformin and aspirin as adjuvant cancer immunotherapy 
[149]. 

Targeting macrophage activation

Substantial evidence suggests that inhibition of 
CSF-1/CSF-1R signaling by CSF1/CSF-1R neutralizing 
antibodies or CSF-1R1/CSF1R2 inhibitors (e.g. PLX6134/
PLX3397) is one of the most advanced approaches to 
target macrophage activation [151, 152] (Figure 3). Lin 
et al. showed that CSF-1 can promote metastatic potential 
of breast cancer by regulating the infiltration and function 
of TAM, and inhibition of CSF-1 signaling in PyMT 
models could inhibit tumor progression and metastasis 
[153]. Similarly, DeNardo et al. showed that blockade 
of macrophage recruitment with CSF-1R signaling 
antagonists, in combination with paclitaxel, improved 
survival of mammary tumor-bearing mice by slowing 
primary tumor development and reducing pulmonary 
metastasis [154]. In glioblastoma mouse models, striking 
inhibition of CSF-1R could result in a dramatic reduction 
in tumor volume and long-term survival of the mice 
[155]. Interestingly, this CSF-1R inhibition did not kill 
the TAM but caused them to repolarize to a state regulated 
by CSF-1 that has been suggested to be antitumoral 
[156]. More recently, a monoclonal antibody (RG7155) 
directed against human diffuse-type giant cell tumors 
CSF-1R has been described which improves the objective 
clinical responses and increases the CD8+/CD4+ T cell 
ratio through potently and selectively inhibiting CSF-
1R signaling by blocking receptor dimerization induced 
by CSF-1[151]. In addition, BLZ945, a selective c-Fms 
kinase/CSF-1R inhibitor, has produced potent antitumor 
activities in various types of malignancies[157]. Pyonteck 
et al. [155] found that the BLZ945-primed macrophages 
create an immunogenic antitumor milieu as manifested 
by increased activation of tumor-specific CD8+ T cells. 
In addition, receptor tyrosine kinase inhibitors, such as 
imatinib, dasatinib, and sunitinib, are proposed to regulate 

the tumorigenic and immunosuppressive functions of 
TAM [158-160]. The data suggested that targeting the 
activation of macrophages emerged as an important part 
of combinatorial therapies in human cancers. Several 
clinical trials combining the use of CSF-1R inhibitors and 
chemotherapy for the treatment of metastatic cancers have 
been initiated [161-163]. 

In human pancreatic tumors, GM-CSF (or CSF-2), 
as described above, is prominently expressed, compared 
to CSF-1. However, limited studies have reported on 
the inhibition of CSF-2/CSF-2R signaling in pancreatic 
cancer. In contrast, targeting TAM by inhibiting CSF-1R 
has been reported to decrease the numbers of pancreatic 
tumor-initiating cells and improves chemotherapeutic 
efficacy in vivo [124]. Zhu et al. [164] also showed 
that blockade of CSF-1/CSF-1R signaling in pancreatic 
tumors depletes CD206High TAM and reprograms 
remaining macrophages to support antitumor immunity. 
These data suggested that CSF-1/CSF-1R signaling 
may be an effective therapeutic target to reprogram 
the immunosuppressive microenvironment of human 
PDA tumors and more studies targeting CSF-2/CSF-
2R signaling are warranted to enhance the efficacy of 
pancreatic cancer immunotherapy. 

Increasing antitumor macrophages by 
reprogramming macrophage polarization

Reprogramming tumor infiltrating myeloid cells 
towards an antitumor phenotype may have the potential 
to enhance T cell-mediated antitumor responses and 
improve the efficacy of immunotherapies [165, 166] 
(Figure 3). Toll-like receptors (TLR), which are primarily 
expressed on macrophages, has been most closely 
connected to inflammation-mediated carcinogenesis and 
tumor progression [104]. Application of TLR4 siRNA and 
neutralizing antibodies against TLR4 and IL-10 expressed 
on M2-polarized TAM markedly inhibited E-cadherin 
reduction and the upregulation of Snail and vimentin in 
pancreatic cancer cells [116]. PolyI:C, a dsRNA analog 
that binding TLR-3, can reverse protumor macrophages 
to antitumor phenotype [167]. CpG-oligodeoxynucleotide 
(ODN), a TLR9 ligand, combined with anti-IL-10R 
antibodies can promptly switch infiltrating macrophages 
infiltrate from M2 to M1 and trigger innate response 
debulking large tumors within 16 hours [168].

Maintaining the immunosuppressive phenotype of 
TAM is a new role for NF-κB signaling. When NF-κB 
signaling is inhibited, TAM become cytotoxic to tumor 
cells and switch to a “classically” activated phenotype 
[166]. The NF-κB pathway can be activated by using 
TLR agonists and anti-CD40 mAbs [169]. CD40, another 
macrophage cell surface marker, can inhibit cytotoxic 
functions. Beatty et al. demonstrated that, in a mouse 
model of PDA, CD40 agonist antibodies promote a 
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remarkable antitumor effect and induced high expression 
of M1 markers (MHC class II and CD86) in macrophages 
[170]. Furthermore, CD40 agonist antibodies (CP-
870,893) enhanced the efficacy of gemcitabine in a small 
cohort of patients with surgically incurable pancreatic 
cancer [171]. 

As mentioned above, HRG, a host-produced 
antiangiogenic and immunomodulatory factor [172], has 
been reported to promote anti-tumor immune responses 
and vessel normalization by skewing TAM polarization 
away from the M2- to a tumor-inhibiting M1-phenotype 
[63]. HRG binds thrombospondins (TSP), heparin, 
Fcγ receptors (FcγR) and other molecules, implicated 
in tumorigenesis. Furthermore, FcγR, expressed in 
macrophages, is found to be the potential player in 
skewing macrophages to an M2 phenotype [173], 
however, FcγR can also mediate activation of macrophage 
cytotoxicity induced by Trastuzumab [174]. These data 
indicated that HRG and its FcγR may open new avenues 
for more effective cancer treatment (Figure 3). 

In addition, Kratochvill et al. [175] recently showed 
that TNF, which can be released by both M1 and M2 
macrophages, is essential for suppressing the number of 
M2 tumor macrophages and blocks IL-13 production, a 
pro-M2 cytokine, from activated eosinophils. Peroxisome 
proliferator-activated receptor (PPAR)-γ agonists 
(thiazolidinediones) which have been used in the treatment 
of diabetes, were found to be linked to M2 polarization 
[176, 177] (Figure 3). Other therapeutic strategies that 
have been reported to affect macrophage polarization 
include zoledronicacid [178], statins [179], trabectedin 

[180], which shed new light on their mode of action. 
Taken together, reprogramming and reshaping deranged 
macrophage polarization is the holy grail of macrophage 
therapeutic targeting.

Decreasing survival of TAM

Unlike switching the TAM phenotype so as to 
combat cancer, targeting the destruction of TAM is another 
promising strategy against cancer. Macrophage surface 
markers are very important as they can act as useful 
targets. Interestingly, folate receptor-β (FR-β) originally 
detected in placenta, spleen, bone marrow, and thymus 
[181] has recently been shown to be over-expressed 
on TAM, indicating that it might be a good target for 
decreasing survival of TAM. Within myeloid lineage, FR-β 
is expressed in neutrophils and can mediate folate binding 
in ovarian cancer-associated murine macrophages [182]. 
Specially, FR-β was only reported on activated, but not 
resting or quiescent myeloid cells (primarily monocytes 
and macrophages) [183]. Further, FR-β constitutes a 
marker for M2-polarized phenotype that promotes tumor 
growth and metastasis and correlates with a poor prognosis 
[9, 184]. In an experimental glioma mouse model, 
injection of the immunotoxin targeting FR-β expressing 
TAM significantly depleted TAM and reduced tumor 
growth [185] (Figure 3). Shen et al. recently reported that 
FR-β expression was more pronounced in cells within 
the stroma, primarily macrophages and macrophage like 
cells than cancer cells in 20 different human cancer types 

Figure 3: Agents targeting TAM in pancreatic cancer. Multiple agents and strategies to target TAM as indicated here or referenced 
throughout the review are at different stages of clinical development for pancreatic cancer prevention and treatment. Ab, antibody; FR-β, 
folate receptor-β; TLR, Toll-like receptors.
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[186]. These data suggested that FR-β may constitute a 
good target for specific delivery of therapeutic agents to 
activated macrophages, and blocking FR-β expression by 
immunotoxin or other therapeutic agents may effectively 
decrease the survival of TAM, and thus reduce the tumor 
growth. 

Interestingly, Mycobacterium bovis bacillus 
Calmette-Gue´rin, which is used for the treatment of 
superficial bladder cancer via intravesical instillation, 
reduces tumor recurrence by stimulating the cytotoxic 
activity of macrophages [187]. In addition, certain 
bacteria that harbor in macrophages, such as Listeria 
monocytogenes, Chlamydia psittaci and Legionella 
pneumophila, are also being considered for TAM-targeted 
immunotherapy [188]. Intriguingly, certain sets of 
cytotoxic agents used in routine clinical practice, such as 
5-FU and docetaxel, are found to have unique properties 
of selectively depleting M2 macrophages [189, 190] 
(Figure 3), while other cytotoxic agents, such as cisplatin, 
and paclitaxel, are proposed to trigger recruitment of 
macrophages into tumors by inducing CSF-1 and IL-34 
expression [154]. PLX3397 (Plexxikon), which functions 
as a multi-kinase inhibitor targeting CSF-1R-associated 
kinases and c-kit, could also reduce survival of tumor-
infiltrating M2 macrophages and increase infiltration of 
antitumor CTL in a syngeneic orthotopic murine model of 
mammary carcinogenesis [191]. Studies on macrophage 
distraction in pancreatic cancer are still in infancy, and 
further studies on this important and undeveloped research 
field are needed. 

CONCLUSIONS AND PERSPECTIVES

Pancreatic cancer is more aggressive than any other 
gastrointestinal malignancy due to the propensity for 
hematogenous or lymphatic metastasis in its early stage, 
which is associated with a poor prognosis. TAM, one of 
the major components of the tumor microenvironment, 
plays a critical role in pancreatic tumor progression. 
Tumors are heterogeneous, and numerous players shape 
TAM phenotypes and function, such as PPAR, STAT, 
NF-κB, and HIF families. Immunoprevention and 
immunotherapy by developing effective chemoprevention 
and therapeutic agents that can achieve an optimal balance 
between pro- and anti-tumor macrophage activities 
provides an opportunity for pancreatic cancer prevention 
and treatment. Among these strategies, re-educating TAM 
to have anti-tumorigenic effects, rather than targeting 
ablation per se, becomes a promising avenue of an 
effective therapeutic intervention. However, as indicated 
and referenced above, most strategies and agents to target 
the TAM in cancer have been evaluated only in vivo in 
mouse models, and anti-TAM therapy in the clinic is 
not well-established. Moreover, many of the emerging 
agents that have demonstrated efficacy in combating 
other types of tumors via modulation of macrophages in 

tumor microenvironments have not been systematically 
evaluated for pancreatic cancer prevention and treatment. 
Further investigation of these novel agents or monoclonal 
antibodies targeting TAM in human pancreatic cancer is 
warranted to with the hope of improving the outcome of 
this fatal disease.
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