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Abstract
Pancreatic cancer is one of the most lethal malignancies worldwide. Although the standard of care in pancreatic cancer has 
improved, prognoses for patients remain poor with a 5-year survival rate of < 5%. Angiogenesis, namely, the formation of new 
blood vessels from pre-existing vessels, is an important event in tumor growth and hematogenous metastasis. It is a dynamic 
and complex process involving multiple mechanisms and is regulated by various molecules. Inhibition of angiogenesis has 
been an established therapeutic strategy for many solid tumors. However, clinical outcomes are far from satisfying for pan-
creatic cancer patients receiving anti-angiogenic therapies. In this review, we summarize the current status of angiogenesis 
in pancreatic cancer research and explore the reasons for the poor efficacy of anti-angiogenic therapies, aiming to identify 
some potential therapeutic targets that may enhance the effectiveness of anti-angiogenic treatments.
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Introduction

Pancreatic cancer is one of the most devastating malignan-
cies and ranks fourth among all causes of cancer death in 
the United States [1]. In 2018, there will be an estimated 
55,440 new cases of pancreatic cancer and 44,330 pancreatic 
cancer-related deaths [2]. Despite wide applications of sur-
gical resection, chemotherapy, and chemoradiotherapy, the 

long-term prognosis of pancreatic cancer patients remains 
poor with a median survival time of < 6 months and a 5-year 
survival of < 5% [3]. Moreover, pancreatic cancer is forecast 
to surpass prostate, breast, and colorectal cancers to become 
the second leading cause of cancer death by 2030 [4].

According to different tissue origins, pancreatic cancer 
can be divided into two major types: those that arise from 
pancreatic duct epithelium and those that are not pancre-
atic duct epithelium-derived [5]. The former type mainly 
refers to pancreatic ductal adenocarcinoma (PDAC) and its 
variants, including adenosquamous carcinoma, colloid car-
cinoma, signet ring carcinoma, undifferentiated carcinoma, 
and undifferentiated carcinoma with osteoclast-like giant 
cells. They represent over 85% of all pancreatic neoplasms, 
which we mainly emphasized in this review. The latter type 
includes acinar cell carcinoma, serous cystadenocarcinoma, 
mucinous cystadenocarcinoma, intraductal papillary-muci-
nous carcinoma, pancreatoblastoma, and solid-pseudopap-
illary carcinoma [5].

PDAC is a mucin-producing and gland-forming tumor 
that easily invades the lymphovascular system and metas-
tasizes to organs such as the liver [6]. A major pathologi-
cal feature of PDAC is the abundant deposition of fibrotic 
stroma caused by intense desmoplasia reaction [7]. This 
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induces elevated interstitial pressure of PDAC and inevitably 
compresses the blood vessels in the stroma, which renders 
PDAC with a hypovascular and hypoxic microenvironment. 
In addition, blood vessel compression inhibits effective 
drug penetration and uptake, contributing to the lack of effi-
ciency of conventional chemotherapies in PDAC treatment 
[8]. However, insulinoma is a major type of pancreatic neu-
roendocrine tumors (PNETs). PNETs originate from mature 
pancreatic endocrine cells or multipotent stem cells that can 
differentiate into endocrine cells in the pancreas [9]. Dif-
ferent from PDAC, PNETs exhibit dense vasculature and 
overexpression of pro-angiogenic factors. This enhanced 
vascularity is associated with the aggressive behavior of 
PNETs and makes them more susceptible to vessel-targeted 
therapies [10]. High response rates and disease control have 
been observed in patients with PNETs who received vascular 
targeted drugs such as sunitinib, which suggests possible 
treatments for pancreatic cancer [11].

Angiogenesis, the process by which new capillaries grow 
from pre-existing blood vessels, is essential for growth and 
metastasis of many solid tumors including pancreatic cancer 
[12]. Angiogenesis is activated when pro-angiogenic mol-
ecules predominate over anti-angiogenic molecules [13]. 
Among the already identified pro-angiogenic molecules, 
vascular endothelial growth factor A (VEGF-A) is con-
sidered as a key mediator of the regulation of pathological 
blood vessel growth and maintenance. VEGF-A functions 
as a mitogen for vascular endothelial cells and regulates 
endothelial cell survival. It is also a potent inducer of vas-
cular permeability and can enhance the mobilization of bone 
marrow-derived endothelial precursor cells. VEGF-A medi-
ates its pro-angiogenic effects via interactions with vascular 
endothelial growth factor receptor 1 and 2 (VEGFR-1 and 
VEGFR-2) and their co-receptors neuropilin-1 and 2 (NRP-1 
and NRP-2). Although VEGFR-1 has a 10-fold higher bind-
ing affinity to VEGF-A, its subsequent kinase activity in 
promoting angiogenesis is less than that of VEGFR-2. 
Therefore, the VEGF-A/VEGFR-2 signaling pathway is 
commonly regarded as the most important mechanism in 
vessel formation [14]. VEGF-B and placental growth fac-
tor (PGF) are also VEGF family members that both bind 
to VEGFR-1. The ability of VEGF-B to induce angiogen-
esis in most tissues is weak. It acts more as a pro-survival, 
rather than pro-angiogenic, factor. PGF, however, promotes 
stronger angiogenic responses in multiple tissues. This is 
somewhat confusing as both growth factors interact with 
the same type of receptor. However, the specific roles of 
these growth factors in tumor angiogenesis and progression 
remain to be validated [15]. VEGF-C and VEGF-D preferen-
tially mediate lymphangiogenesis, rather than angiogenesis, 
by binding to VEGFR-3. Compared with other VEGF family 
members, they have received less attention in terms of their 
roles in tumor vessel formation [16].

As neovascularization is associated with the aggressive 
nature of malignancies, it is reasonable to retard tumor 
growth and metastasis by inhibiting angiogenesis. The suc-
cesses of anti-VEGF therapy in colorectal cancer and other 
tumor types provide hope for the application of this anti-
angiogenic strategy in the treatment of pancreatic cancer 
[17–19]. This article reviews the current understanding of 
angiogenesis in pancreatic cancer, and further suggests some 
promising anti-angiogenic therapeutic targets.

Pathways of vessel formation in pancreatic 
cancer

Sprouting angiogenesis

Sprouting angiogenesis is a ubiquitous mechanism of vessel 
formation in which a sprout arises from a pre-existing vessel 
and elongates to form a new vessel. It is a common hallmark 
in the development of most cancers, including pancreatic 
cancer [20]. Two basic cell types have been recognized in 
sprouting angiogenesis, i.e., tip cells and stalk cells. Tip 
cells are located at the vascular forefront and navigate the 
microenvironment for angiogenic stimuli with their motile 
filopodia. Stalk cells align behind the tip cells and proliferate 
at high rates, by which the sprouting branch is elongated and 
the process of lumenization is started [20].

The differentiation of tip cells and stalk cells is under 
tight control by VEGF-A and Notch signaling. As stated 
above, VEGF-A binds to VEGFR-1 and VEGFR-2 with 
different affinities and these two receptors exhibit different 
abilities in promoting angiogenesis. Therefore, different 
endothelial cells dynamically compete for the tip cell posi-
tion by changing their relative expressions of VEGFR-1 and 
VEGFR-2 [21]. Once a tip cell is selected, it then upregu-
lates the expression of Delta-like ligand 4 (DLL4), which 
binds to Notch receptors in neighboring endothelial cells and 
suppresses their potential to become new tip cells. When tip 
cells from two distinct sprouts meet, they communicate with 
each other through their filopodia and anastomose to form a 
new vessel branch [21].

Mechanical forces are important in promoting sprouting 
angiogenesis. Fluid shear stress is a crucial parameter in 
regulating angiogenic sprouting and continuous blood flow 
is needed to prevent the already formed vessels from retract-
ing [22].

Intussusceptive angiogenesis

Tumor neovascularization does not occur solely by sprout-
ing angiogenesis, but also through an alternative pattern 
termed intussusceptive angiogenesis. A typical character-
istic of intussusceptive angiogenesis is the formation of an 
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intraluminal pillar [23]. Paku et al. have elucidated a pos-
sible mechanism of intraluminal pillar formation consist-
ing of four main steps. (1) Endothelial cells from opposing 
vascular walls contact with each other and form a translu-
minal endothelial bridge. (2) Basement membranes on the 
abluminal side of the bridge-formed endothelial cells are 
locally degraded and a nearby collagen bundle adheres to 
the endothelial cell. (3) The collagen bundle extends and 
reaches the other side of the lumen. (4) Pericytes and myofi-
broblasts migrate into the collagen pillar and generate con-
nective tissues that promote maturation of the pillar [24]. 
Following these four steps, the pillar increases in girth and 
finally splits up the initial vessel forms into two new ves-
sels. This process does not depend primarily on endothelial 
cell proliferation, and is, therefore, a rapid mechanism for 
generating new vessels and increasing microvessel density 
(MVD). Some studies have reported a switch from sprouting 
to intussusceptive angiogenesis after anti-angiogenic or radi-
ation therapy, which may represent a dynamic adjustment of 
vessel formation under the stress of the tumor microenviron-
ment [25, 26].

Similar with sprouting angiogenesis, hemodynamic 
forces, such as increased blood flow and shear stress, play 
key roles in triggering intussusceptive angiogenesis [27–29]. 
To date, however, the underlying molecular mechanisms 
involved in this process are poorly understood. VEGF-A is 
currently the best described pro-angiogenic growth factor 
and its overexpression has been demonstrated to promote 
intussusceptive rather than sprouting angiogenesis in the 
skeletal muscle [30]. In addition, Notch signaling seems to 
be a negative regulator of intussusceptive angiogenesis as 
two experiments have collectively shown that disruption of 
this signaling induces rapid augmentation of vasculature pre-
dominantly by intussusceptive angiogenesis [31, 32].

Vessel co‑option

Apart from sprouting and intussusceptive angiogenesis, 
some non-angiogenic types of vascularization have been 
described in pancreatic cancer. For example, vessel co-
option is a mechanism in which tumor cells obtain their 
blood supply by hijacking and moving along the pre-existing 
vasculature of the host organ. This mechanism frequently 
occurs in hypervascular organs such as brain and liver [33, 
34]. Using a RIP1-TAG2 pancreatic neuroendocrine tumor 
mouse model, Franco et al. found that tumors refractory 
to anti-angiogenic treatment contained blood vessels with 
abundant α-smooth muscle actin (α-SMA) positive pericytes 
surrounding them. This subtype of blood vessels was likely 
to be derived from co-opted vessels, as they were predomi-
nantly observed on the tumor/normal pancreas border [35]. 
To our knowledge, this is the only report that investigated 
vessel co-option status in pancreatic tumors. In recent years, 

vessel co-option has been demonstrated to be a prevailing 
mechanism in different metastatic lesions of tumors regard-
less of their origins, and it mediates resistance to conven-
tional anti-angiogenic therapies [36, 37]. This partially 
explains why anti-angiogenic therapy is not as beneficial as 
we had previously anticipated and emphasizes the necessity 
of combined inhibition of angiogenesis and vessel co-option 
in treatment of cancer.

Vasculogenic mimicry (VM)

VM is another non-angiogenic pattern of tumor vasculariza-
tion. Different from classical endothelium-dependent angio-
genesis, VM refers to the highly aggressive and genetically 
dysregulated cancer cells can mimic endothelial cells and 
directly form vessel-like fluid-conducting channels due 
to their high plasticity [38]. VM was first introduced in a 
melanoma research report [39] and has subsequently been 
detected in different tumor types [40–44]. Overexpression 
of VM in pancreatic cancer correlates with poor tumor dif-
ferentiation, late clinical stage, lymph node metastasis, and 
is a predictor of poor prognosis [42]. Several molecules 
have been identified in promoting VM, among which VE-
cadherin is the most important. It is an adhesion molecule 
specifically expressed in endothelial cells that has an active 
role in VM [43]. Guo et al. administered Ginsenoside Rg3 to 
nude mice xenografts of pancreatic cancer, resulting in the 
downregulation of VE-cadherin and significantly reduced 
VM formation [44]. Mourad-Zeidan et al. demonstrated that 
highly metastatic melanoma cells could form vasculogenic-
like networks on three-dimensional (3D) type I collagen gel, 
and this effect could be inhibited by the galectin-3 silenc-
ing technique, suggesting that galectin-3 contributed to the 
aggressive phenotype of melanoma partially by mediating 
tumor VM [45]. In a similar manner, another study showed 
that the ability of melanoma cells to form VM was signifi-
cantly suppressed when exposed to high concentrations of 
genistein, both on 3D type I collagen gels in vitro and in 
an ectopic mice model of melanoma in vivo. The authors 
also demonstrated that genistein inhibited the formation of 
VM by downregulating VE-cadherin [46]. Because VM can 
be inhibited by different agents, the clinical utility of these 
agents may be of potential value for further development of 
effective anti-pancreatic cancer treatments.

Vasculogenesis

Although most tumors form new microvessels by spout-
ing angiogenesis or intussusceptive angiogenesis, evidence 
has emerged that vasculogenesis also contributes to tumor 
growth. Vasculogenesis refers to the spontaneous formation 
of new blood vessels mediated by bone marrow-derived 
endothelial progenitor cells (EPCs) [47]. In pancreatic 



18	 Angiogenesis (2019) 22:15–36

1 3

cancer, EPCs have been found to be concentrated within 
cancer tissues, approximately 26-fold higher than that in the 
normal pancreas [48]. Moreover, EPC counts are closely 
associated with increased risk of poor prognoses in pancre-
atic cancer patients, because patients with high EPC counts 
have significantly shorter survival compared with those who 
have normal EPC counts [48].

The mobilization, migration, and differentiation of EPCs 
are complex events involving different molecular pathways. 
Pro-angiogenic factors released by pancreatic cancer cells, 
such as VEGF, can attract circulating EPCs to the tumor site, 
and direct their differentiation into endothelial cells, which 
are key components of the newly formed vessels, thereby 
supporting tumor growth and distant metastasis [49, 50]. 
Sonic Hedgehog (Shh) derived from pancreatic cancer cells 
also augments migration and the pro-angiogenic function 
of EPCs by increasing the expression of angiopoietin-1 
(Ang-1), stromal cell-derived factor-1 (SDF-1), and insu-
lin-like growth factor-1 (IGF-1) [51, 52]. In addition, CXC 
chemokine receptor 2 (CXCR2) signaling is important in 
promoting EPC-mediated vasculogenesis and subsequent 
tumor growth in pancreatic cancer, as a study showed that 
vasculogenesis was significantly reduced in a pancreatic 
tumor-bearing CXCR2 knockout mouse model [53].

The above studies collectively demonstrated that under 
the stimulation of different pro-angiogenic signals, EPCs 
home to the tumor area and contribute to tumor development 
via vasculogenesis. The homing specificity for angiogenic 
tumor sites of EPCs makes them potential anti-tumor thera-
peutic targets for inhibiting intratumoral vasculogenesis.

Characteristics of the vasculature 
in pancreatic cancer

Heterogeneous distribution

Measurement of MVD is an established method for quanti-
tating tumor angiogenesis [54]. Regarding pancreatic cancer, 
high levels of tumor MVD are associated with larger tumor 
sizes, higher frequencies of lymph node and distant metas-
tasis, poorer tumor differentiation, and more R0 resection 
failure [55–57].

Analysis of MVD reveals that microvessels are heteroge-
neously distributed in pancreatic cancer due to two causes. 
First, MVD in different subtypes of pancreatic cancer are 
heterogeneous. van der Zee et al. examined two types of 
pancreatic cancer, pancreatic head and periampullary can-
cer, and observed a higher MVD in periampullary cancer 
compared with pancreatic head cancer [58]. The authors 
attributed this difference to different stem cell origins of 
the two tumors. This reflected the extent to which the two 
subtypes of pancreatic cancers rely on angiogenesis to grow. 

This is not surprising as diffuse types of gastric cancer are 
less angiogenesis-dependent than intestinal types of gastric 
cancer [59].

On the other hand, even within a specific type of pan-
creatic cancer, heterogeneity of vascular distribution exists. 
Through digital micro-imaging and computerized analy-
ses, Barău et al. showed that MVD in intratumoral areas of 
pancreatic adenocarcinoma were significantly higher than 
that in peritumoral areas and normal pancreatic tissue. Fur-
thermore, peritumoral tissues had a higher MVD compared 
with normal pancreatic tissue [60]. This phenomenon sup-
ports the existence of an active angiogenic process in the 
central tumor, and the tumor may subsequently extend its 
influence on the surrounding tissues. However, Di Maggio 
et al. observed that juxta-tumoral stroma (≤ 100 µm from 
the epithelial cancer component) was hypovascular, and 
normal pancreas surrounding the tumor was hypervascular 
compared to the panstromal compartment. They also sug-
gested that stellate cells played a key role in modulating 
spatial heterogeneity of microvessel distribution in pan-
creatic cancer [61]. In both aortic ring angiogenesis assays 
and 3D organotypic cultures, the authors demonstrated a 
pro-angiogenic feature of activated stellate cells and signifi-
cant anti-angiogenic influence exerted by pancreatic cancer 
cells. Moreover, increasing concentrations of collagen could 
impair the formation of vascular sprouts and compress the 
microvessels. Therefore, the authors suggested that in the 
juxta-tumoral area, the anti-angiogenic signaling induced by 
cancer cells and the deposition of dense extracellular matrix 
both contributed to its hypovascular feature. However, in the 
normal pancreas adjacent to the tumor surrounding stroma, 
activated stellate cells promoted angiogenesis via different 
molecular mechanisms, which might include the secretion 
of VEGF and periostin, driving more aggressive cancer 
behavior.

Poor perfusion

Pancreatic adenocarcinoma, accounting for over 85% of 
pancreatic cancer, is predominantly characterized by the 
development of extensive fibrosis termed desmoplasia. Des-
moplasia causes abnormally elevated stromal pressure that 
results in vascular collapse, presented as an almost complete 
absence of large diameter vessels (> 10 µm) [8]. Compared 
with normal pancreatic tissue, the blood flow in malignant 
pancreatic tumors is decreased by approximately 60% [62]. 
The poor blood perfusion of pancreatic cancer is simultane-
ously accompanied by impaired drug delivery to the tumor 
site, which greatly limits the efficacy of conventional chemo-
therapy [8].

Shh, a soluble ligand expressed by neoplastic cells, sig-
nals to fibroblasts in the surrounding stroma and drives 
the formation of unique desmoplastic microenvironments 
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in pancreatic cancer [63]. Using a genetically engineered 
mouse model, Olive et al. showed that administration of IPI-
926, a Hedgehog signaling inhibitor, produced a dramatic 
depletion of stromal components paralleled by an increase in 
intratumoral MVD and intratumoral concentration of gem-
citabine, leading to stabilization of the disease [64]. There-
fore, inhibiting Hedgehog signaling can serve as a novel tool 
in the planning of pancreatic cancer treatments targeting the 
enhancement of effective drug delivery.

Newly identified vascular projections‑basal 
microvilli

Using thick section immunostaining and 3D construction 
imaging, Hexige et al. identified a special feature of micro-
vasculature in advanced pancreatic adenocarcinoma. They 
noticed many “hairy-like” projections on the basal surface 
of microvessels, which were referred to as “basal microvilli,” 
measuring approximately 3–41 µm in length and 0.8–1.2 µm 
in diameter [65] (Fig. 1a). The basal microvilli differed from 
normal microvessels in three aspects. First, basal microvilli 
did not express the endothelial cell marker CD31 or the tip 
cell marker UNC5B, nor did they actively proliferate as 
they lacked Ki-67 staining. In addition, they had low lev-
els of VEGFR-2 phosphorylation, indicating that they may 
not depend on the prominent VEGF-A/VEGFR-2 signaling 
pathway to sustain their growth. Second, basal microvilli 
contained many glucose transporter-1 (GLUT-1) positive 
vesicles. Some long projections could transverse the perivas-
cular stroma and connected with tumor epithelium (Fig. 1b). 

Areas with abundant basal microvilli positively correlated 
with high glucose uptake as demonstrated by positron emis-
sion tomography–computed tomography (PET–CT). The 
above observations suggested that basal microvilli could 
enhance glucose trafficking between microvessels and pan-
creatic tumor cells to help the tumor meet its high glucose 
needs. Third, basal microvilli only presented in aggressive 
and metastatic pancreatic tumors, but not in normal pancreas 
or pancreatic precursor lesions. The emergence of basal 
microvilli may, therefore, represent a unique phenomenon 
under pathological, rather than physiological, conditions. 
From this perspective, basal microvilli add extra diagnostic 
value and are a promising therapeutic target for pancreatic 
cancer treatment [65].

Impaired microvessel integrity (MVI)

Pericytes serve several important functions for the estab-
lishment of normal vasculature. They regulate endothelial 
cell growth via direct cell–cell contact or paracrine circuits, 
and contribute to microvessel maturation, stabilization, and 
remodeling [66, 67]. Therefore, we reviewed the indispen-
sable role of pericytes in maintaining MVI. If MVD repre-
sents the quantity of microvessels, then MVI can be deemed a 
hallmark of the quality of microvessels. Tumor blood vessels 
in pancreatic cancer typically exhibit low levels of pericyte 
coverage, namely impaired MVI [68]. Studies indicate that 
enhancing pancreatic tumor MVI is a key mechanism for nor-
malizing tumor vasculature and inhibiting tumor growth. In a 
mouse model of pancreatic adenocarcinoma, McCarty et al. 
showed that overexpression of platelet-derived growth factor 
BB (PDGF-BB), a key homodimer growth factor involved 
in stimulating pericyte proliferation and migration, resulted 
in a significant increase in pericyte coverage of endothelial 
cells along with decreased tumor volume and improved over-
all survival (OS) [69]. A recent report by Gilles et al. also 
revealed that an increase of pericyte coverage was paralleled 
by enhanced tumor perfusion and reduced hypoxic area in 
both pancreatic adenocarcinoma and neuroendocrine tumor 
models. In addition, it also improved the delivery and efficacy 
of chemotherapeutic drugs [70]. The above studies collec-
tively demonstrate that besides direct targeting of endothelial 
cell-mediated angiogenesis, focusing on normalization of the 
tumor vasculature is another potent therapeutic method that 
may provide clinical benefits for patients.

Wang et al. clarified the relationship between MVI and 
the prognosis of postoperative patients in hypovascular pan-
creatic cancer and hypervascular hepatocellular carcinoma. 
Although perfusion status was distinct, multivariate analyses 
revealed an identical conclusion that high MVD together 
with low MVI was predictive of early recurrence, unfavora-
ble metastasis, and short survival after surgical resection in 
both tumor types [71]. Thus, MVI may provide an important 

Fig. 1   Both pictures were quoted from Ref. [65]. a CD34-immu-
nostained 3D image of the basal surface appearance of PDAC 
microvessels. Basal microvilli are widely distributed across the 
microvessels, measuring approximately 0.8–1.2  µm in diameter. 
b Depicts some of the longest basal microvilli that transverse the 
perivascular stroma and reach the pancreatic neoplastic epithelium. 
The white arrows points to the basal microvilli, and the white dotted 
line represents the separation of tumor cells and stroma. Basal micro-
villi can enhance glucose trafficking between microvessels and pan-
creatic tumor cells to help the tumor meet its high glucose needs
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complement to MVD. The quality and quantity of tumor 
microvessels should be taken into consideration when evalu-
ating the prognoses of patients with pancreatic cancer.

Transcriptional regulation of angiogenesis 
in pancreatic cancer

Pancreatic cancer angiogenesis is triggered by genetic and 
epigenetic alterations and a constant evolution of its chaotic 
microenvironment. The diverse upstream signals seem to 
converge on limited sets of transcription factors that sub-
sequently transduce those signals to various downstream 
effector molecules [72]. From this perspective, we may ben-
efit more from targeting a specific transcription factor than 
solely targeting an upstream or downstream factor. In this 
section, we focus on the major transcription factors involved 
in angiogenesis during pancreatic cancer (Fig. 2).

Nuclear factor‑κB (NF‑κB)

NF-κB is a ubiquitous transcription factor that plays critical 
roles in multiple physiological and pathological processes. 

Inactive NF-κB resides in the cell cytoplasm and binds 
with its two inhibitor proteins, IκB-α and IκB-β. Follow-
ing upstream stimulation, the inhibitor proteins are phos-
phorylated by IκB kinase and then dissociate from NF-κB, 
allowing NF-κB to translocate into the nucleus and activate 
its downstream targets [73]. NF-κB signaling is aberrantly 
activated in pancreatic cancer and contributes to its malig-
nant phenotype by promoting tumor proliferation, migration, 
metastasis, anti-apoptotic effects, and epithelial-to-mesen-
chymal transition (EMT) [74, 75].

In the past decade, accumulating evidence suggests a 
contributing role for NF-κB in pancreatic tumor angiogen-
esis. Constitutive activation of NF-κB promotes secretion of 
pro-angiogenic factors like VEGF-A and chemokine (C-X-C 
motif) ligand 8 (CXCL8) [76]. Overexpression of G-protein 
coupled receptor GPR87 is correlated with activation of the 
NF-κB signaling pathway that enhances pancreatic cancer 
aggressiveness at least partially by stimulating angiogen-
esis [77]. Several studies have also shown that blockage of 
NF-κB signaling, mainly by inhibiting IκB phosphorylation, 
significantly reduced the expression of angiogenesis-related 
factors and, therefore, suppressed microvessel formation 
[78, 79]. Particularly, blocking NF-κB is an effective way to 

Fig. 2   Major transcription factors involved in angiogenesis of pan-
creatic cancer. Different upstream signals can activate limited sets 
of transcription factors, which can subsequently bind with DNA and 
promote the transcription of various pro-angiogenic molecules. NF-
κB nuclear factor-κB; Sp specificity protein; STAT3 signal transducer 
and activator of transcription 3; VEGF vascular endothelial growth 

factor; VEGFR vascular endothelial growth factor receptor; IL-8 
interleukin 8; MMP-2 metalloproteinase 2; COX2 cyclooxygenase 2; 
CXCL8 chemokine (C-X-C motif) ligand 8; TFs transcription factors; 
HIF-1α hypoxia-induced factor 1α; COUP-TFII chicken ovalbumin 
upstream promoter transcription factor type 2; PPARγ peroxisome 
proliferator-activated receptor γ
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enhance responses to gemcitabine [80]. Thus, inhibition of 
NF-κB signaling may improve the combining effects of anti-
tumor and anti-angiogenic therapies in pancreatic cancer.

Specificity protein (Sp)

Sp belongs to the Sp/Krupel-like factor (KLF) family char-
acterized by the presence of three highly conserved DNA-
binding zinc finger domains at the C-terminus and a variable 
N-terminus with transcriptional regulatory motifs. Sp can 
be categorized into four subtypes, including Sp1, Sp2, Sp3, 
and Sp4; all but Sp2 are believed to be essential in tumor 
angiogenesis [81, 82]. Using RNA interference techniques, 
Abdelrahim et al. showed that Sp1 and Sp3 were required for 
transactivation of VEGF-A promoter constructs in pancre-
atic cancer cells. Moreover, they also demonstrated that Sp4 
cooperatively interacted with Sp1 and Sp3 to activate this 
process [83]. Because VEGF-mediated angiogenesis occurs 
through binding to specific receptors, two studies showed 
that Sp could upregulate the expression of VEGFR-1 and 
VEGFR-2 by binding to GC-rich regions of their promoters 
[84, 85].

Besides being a direct regulator of angiogenesis-related 
factors, Sp also regulates the expression of cyclooxygenase 
2 (COX2), a key enzyme commonly implicated in chronic 
inflammation and various malignancies [86]. Inhibition of 
Sp leads to decreased levels of COX2 that can further sup-
press angiogenesis via downregulation of VEGF-A, further 
suggesting an indirect regulatory mechanism between Sp 
and VEGF-A in pancreatic cancer [86]. The above obser-
vations suggest that anti-angiogenic therapy in pancreatic 
cancer by suppressing the activity of Sp is possible. In fact, 
some drugs, like celecoxib, tolfenamic acid, and mithramy-
cin, effectively inhibit Sp in different in vitro and in vivo 
studies [87–89].

Signal transducer and activator of transcription 3 
(STAT3)

Another major transcription factor that contributes to tumor 
angiogenesis is STAT3, which is activated through phospho-
rylation of a conserved tyrosine residue (Y705) by upstream 
kinases such as JAK2 and c-Src [90, 91]. Once the tyrosine 
is phosphorylated, two STAT3 monomers form a double-
stranded dimer via their Src-homology 2 (SH2) domains, 
and translocate to the nucleus to regulate transcription of 
angiogenesis-related target genes [91]. STAT3 activation 
in pancreatic tumor tissues is significantly higher than 
that in normal tissues and can promote the expression of 
VEGF-A, as well as its receptor VEGFR-2 [92, 93]. STAT3 
enhances early lymphatic metastasis of pancreatic cancer 
through VEGF-C [94]. In addition, STAT3 is required for 
the expression of other angiogenic promoting factors, like 

interleukin-8 (IL-8) and matrix metalloproteinase 2 (MMP-
2) [95, 96]. Administration of FLLL32, a curcumin-derived 
inhibitor of STAT3 phosphorylation, has been demonstrated 
to exhibit growth suppressive activity in pancreatic cancer 
cells by reducing tumor vascularity [97]. Consistent with 
this, MVD is significantly lower in STAT3-silenced pan-
creatic tumors compared to that of unsilenced tumors [98].

In recent years, STAT3 was also studied for its potential 
role in normalizing the vasculature. Studies have demon-
strated that endothelial cells treated with STAT3 inhibitors 
formed abnormal vascular network structures, whereas 
microvessels in the control group exhibited typical mor-
phologies of normal vasculatures [99]. Other members of 
the STATs family may also be involved in neovasculariza-
tion. For example, blockade of STAT5b is accompanied by 
reduced expression of pro-angiogenic factors in vitro and 
impaired tumor angiogenesis in vivo [100]. However, their 
exact roles in pancreatic tumor development including angi-
ogenesis remain to be determined.

Other transcription factors

While the above transcription factors are of utmost impor-
tance in angiogenesis of pancreatic cancer, numerous other 
transcription factors are also important for the regulation 
of angiogenesis. Sahraei et al. indicated that in pancre-
atic cancer, Mucin 1 could facilitate nuclear translocation 
of hypoxia-induced factor 1α (HIF-1α), a well described 
transcription factor commonly upregulated in hypoxia con-
ditions. This process promoted the expression of platelet-
derived growth factor A (PDGF-A), which was one of the 
many drivers in pancreatic tumor growth, angiogenesis, and 
metastasis [101]. Polvani et al. demonstrated that silencing 
of the chicken ovalbumin upstream promoter transcription 
factor type 2 (COUP-TFII) by shRNA resulted in reduced 
cell growth and invasiveness of pancreatic tumors, and 
angiogenesis was strongly inhibited mainly by downregula-
tion of VEGF-C [102]. However, not all transcription factors 
are pro-angiogenic. For instance, peroxisome proliferator-
activated receptor γ (PPARγ) is one of the anti-angiogenic 
transcription factors that exhibits less impact on the expres-
sion of angiogenesis-related molecules once activated by its 
ligands, such as by pioglitazone [103].

Roles of stromal components in pancreatic 
tumor angiogenesis

Pancreatic cancer is distinctive from other cancers because 
of the excessive deposition of stromal matrix. Various 
stromal components, including non-cellular components 
and cellular components, are closely associated with the 
development of pancreatic cancer. In this section, we have 
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reviewed the current studies of different functions of stromal 
components in pancreatic tumor (Fig. 3), and their impacts 
on pancreatic tumor angiogenesis (Fig. 4).

Hyaluronic acid (HA)

HA, a non-sulfated glycosaminoglycan composed of 
repeated N-acetyl glucosamine/glucuronic acid disaccha-
ride units, is highly abundant in the extracellular matrix of 

Fig. 3   Functions of major stro-
mal components in pancreatic 
cancer. Pancreatic cancer is 
characterized by an intense stro-
mal desmoplasia reaction sur-
rounding the cancer cells. Both 
non-cellular and cellular stromal 
components interact closely 
with pancreatic tumor cells, 
providing a specific microenvi-
ronment that deeply influences 
the development of pancreatic 
cancer. HA hyaluronic acid; 
EMT epithelial-to-mesenchymal 
transition; ECM extracellular 
matrix; MCs mast cells; ECs 
endothelial cells; PSCs pancre-
atic stellate cells; TAMs tumor-
associated macrophages

Fig. 4   Different roles of stromal 
components in pancreatic 
cancer angiogenesis. Multiple 
stromal cells and extracelluar 
matrix play important roles 
in stimulating or inhibiting 
angiogenesis via different path-
ways in pancreatic cancer. HA 
hyaluronic acid; IFP interstitial 
fluid pressure; SS solid stress; 
ELR− Glu-Leu-Arg−; ELR+ 
Glu-Leu-Arg+; CXCR2 C-X-C 
motif chemokine receptor 2; 
MCs mast cells; TAMs tumor-
associated macrophages; MMP-
9 metalloproteinase 9; NGAL 
neutrophil gelatinase associated 
lipocalin; qPSCs quiescent 
pancreatic stellate cells; aPSCs 
activated pancreatic stellate 
cells; HGF hepatocyte growth 
factor; Ang-1 angiopoeitin-1; 
VEGF-A vascular endothelial 
growth factor A; VEGFR-2 vas-
cular endothelial growth factor 
receptor 2
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pancreatic cancer tissues [104]. Excessive HA deposition 
has a direct impact on the vascular status of the tumor. In 
a genetically engineered mouse model of pancreatic can-
cer, dramatically elevated interstitial fluid pressure (IFP) 
was detected due to the strong water retention capacity of 
HA, contributing to compression of tumor blood vessels and 
impairment of effective drug delivery [8]. Administration 
of PEGPH20, a PEGylated recombinant hyaluronidase, sig-
nificantly reduced IFP by ablation of stromal HA, resulting 
in re-expansion of tumor blood vessels and increased intra-
tumoral concentration of chemotherapeutic agents [8]. This 
result is in agreement with another study, which apart from 
confirming the aforementioned observations, also demon-
strated that PEGPH20 induced a hyperpermeability pheno-
type of the pancreatic tumor vasculature by formation of 
fenestrations and inter-endothelial junctional gaps of tumor 
vessels [105].

Both studies suggested an effective way of improving 
pharmacological delivery by means of stromal depletion 
and, therefore, re-expanded tumor blood vessels. How-
ever, whether this innovative strategy can be translated into 
improved clinical outcomes for pancreatic cancer patients 
remains to be determined. In a phase Ib clinical trial, combi-
nation of PEGPH20 with gemcitabine improved both OS and 
progression-free survival (PFS) in patients with advanced 
pancreatic adenocarcinoma, especially those with high HA 
levels [106]. Other ongoing clinical trials include nab-pacli-
taxel plus gemcitabine (NCT01839487) or FOLFIRINOX 
(NCT01959139) with or without PEGPH20 in metastatic 
pancreatic cancer patients. In addition, some promising HA-
targeting agents, such as Minnelide and 4-MU, have already 
been identified [107, 108]. Of particular note, HA was found 
to be present at a comparable level in primary and metastatic 
pancreatic tumor lesions, which strongly indicated that meta-
static lesions may also potentially benefit from HA depletion 
therapy [7].

Collagen

Another important non-cellular component of pancreatic 
tumor stroma is collagen. Collagen contributes to elevated 
tissue pressure mainly by increasing solid stress (SS) rather 
than IFP [109]. The deposition of collagen in the extracel-
lular matrix of pancreatic cancer correlates inversely with 
patent vessel areas. Enzymatic degradation of collagen has 
been demonstrated to be an effective way of reducing stro-
mal pressure and increasing drug delivery to tumor cells via 
decompression of the vasculature [109]. A study showed 
that collagen deposition level was greatly increased after 
anti-VEGF therapy, which could promote pancreatic tumor 
spread and disease progression by collagen-mediated sign-
aling [110]. Berchtold et al. reported that among diverse 
types of collagen, collagen type V (Col V) was capable of 

affecting tumor angiogenesis [111]. Ablation of Col V by 
si-RNA impaired tube formation of endothelial cells and, 
therefore, resulted in reduced MVD in nude mouse models 
of pancreatic adenocarcinoma. Liver metastatic burden was 
also significantly diminished, indicating that Col V acceler-
ated the formation of hepatic metastasis at least partially by 
promoting angiogenesis [111].

Chemokines

Chemokines are indispensable components in the tumor 
microenvironment. CXCR2, as well as its corresponding 
ligands, makes up an important biological axis in regulat-
ing microvessel formation of pancreatic cancer. The main 
ligands for CXCR2 include the ELR+ (Glu-Leu-Arg+) CXC-
motif chemokines, among which CXCL8 is the most impor-
tant [112]. Met signaling is essential in remodeling the tumor 
vasculature by inducing secretion of pro-angiogenic CXCL8 
[113]. CXCL8 also cooperates with CXCL12 to promote 
angiogenesis and invasiveness in pancreatic cancer [114]. 
In contrast, ELR− (Glu-Leu-Arg−) CXC-motif chemokines 
such as CXCL14 usually exhibit anti-angiogenic features 
[115]. The balance between these two groups of chemokines 
may help determine the propensity for angiogenesis and the 
progression of tumor growth.

As for CXCR2, a specific genotype of this G protein-cou-
pled receptor (+ 1208T/T) has been identified as a negative 
predictor of disease-free survival (DFS) in patients with pan-
creatic cancer [116]. Pharmacological blockade of CXCR2 
is linked with reduced MVD, thereby suppressing tumor 
hematogenous metastasis [117]. In addition, a recent report 
showed that high level expression of Duffy antigen receptor 
for chemokines (DARC), a decoy receptor for CXC-motif 
chemokines, restrained angiogenesis and tumor progression 
by inhibiting CXCR2-mediated STAT3 activation [118].

Some non-CXC-motif chemokines also promote tumor 
angiogenesis. Using the KPC mouse model of pancreatic 
adenocarcinoma, researchers demonstrated that CCL2 
could mediate tumor resistance to radiotherapy by recruit-
ing monocytes to support tumor neovascularization [119]. 
The combination of radiotherapy and simultaneous CCL2 
inhibition may improve treatment efficacy. CCL21-CCR7 
chemotactic interaction is critical in pancreatic tumor pro-
gression. While CCL21 is significantly associated with the 
formation of microvessels, its receptor, CCR7, is more rel-
evant to lymphangiogenesis and lymph node metastasis in 
pancreatic cancer [120].

Fibronectin

Fibronectin is a major constituent of the extracellular matrix 
that mainly binds to cell surface integrins on multiple cell 
types. The expression of fibronectin is aberrantly elevated in 
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many solid tumors [121]. Among the large integrin family, 
α5β1 integrin is required for angiogenesis [122]. Although 
preclinical studies have supported the effectiveness of 
inhibiting angiogenesis by disrupting interactions between 
fibronectin and α5β1 [123, 124], clinical outcomes thus far 
have been discouraging. The most advanced study to date, a 
phase III clinical trial of a selective αvβ3 and αvβ5 integrin 
inhibitor Cilengitide, revealed no treatment benefit [125].

Murphy et al. have suggested a possible explanation for 
the discrepancy between preclinical and clinical results. 
Using tissue-specific and inducible genetics to delete the α5 
and αv subunits in the endothelium of pancreatic tumors, 
they observed no decrease in MVD or tumor mass. In addi-
tion, deletion of fibronectin could not suppress angiogen-
esis or deposition of the vascular basement membrane [126]. 
This result is contrary to the current consensus that imped-
ing fibronectin–integrin interactions is the underlying mech-
anism by which tumor angiogenesis is inhibited. The authors 
speculated that multiple other integrin-binding proteins in 
tumor stroma may compensate and support angiogenesis in 
the absence of fibronectin. However, this hypothesis remains 
to be validated.

Mast cells (MCs)

MCs are bone marrow derived cells that play critical roles 
in adaptive immunities and inflammations [127, 128]. They 
also interact with other stromal cells to regulate the regional 
microenvironment and promote tumor growth [129]. Regard-
ing pancreatic cancer, infiltrating mast cell count is posi-
tively correlated with tumor MVD, indicating their critical 
roles in angiogenesis [130, 131]. The distribution of MCs 
in pancreatic tumor tissues is also zone-specific. A study 
indicated that MCs tended to accumulate in peritumoral and 
intratumoral border zones rather than in tumor center zones. 
Specifically, the greatest number of microvessels was also 
found in tumor border zones, therefore, suggesting the pos-
sibility of involvement of MCs in zone-specific remodeling 
of tumor blood vessels [132].

In a pancreatic islet tumor model, Soucek et  al. first 
observed that Myc activation triggered rapid accumula-
tion of MCs to the tumor mesenchyme, which could fur-
ther induce macroscopic tumor expansion by facilitating 
angiogenesis [133]. However, the underlying mechanism 
of MC-mediated vascularization has not been well eluci-
dated. A recent study revealed a strong positive correlation 
between serum mast cell tryptase (MCT) levels and MVD. 
MCT was found to promote proliferation and tube formation 
of human umbilical vascular endothelial cells (HUVECs). 
Notably, expression levels of Ang-1 and its receptor Tie-2, 
which are both pro-angiogenic factors, were significantly 
enhanced after treatment with MCT in HUVECs [134]. 
These results together demonstrate that tryptase secreted by 

MCs can mediate angiogenesis in pancreatic cancer through 
activation of the Ang-1/Tie-2 pathway. Several studies have 
also demonstrated similar pro-angiogenic properties of MCT 
in other malignancies [135, 136]. Hence, administration of 
tryptase inhibitors such as gabexate mesilate and nafamostat 
mesilate may be an effective anti-angiogenic approach in 
pancreatic cancer therapy.

Pancreatic stellate cells (PSCs)

PSCs are major fibrogenic type cells in the tumor stroma 
that are closely associated with tumorigenesis, tumor growth 
and metastasis, and immunosuppression of pancreatic can-
cer [137–141]. Quiescent PSCs (qPSCs) transform into their 
activated states under the stimulation of various cytokines 
and growth factors [142, 143]. Activated PSCs (aPSCs) con-
stitutively produce VEGF-A in an autocrine manner, which 
in turn, stimulates oriented migration of PSCs in pancreatic 
tumor tissue [144]. This pro-angiogenic process is upregu-
lated under hypoxia conditions. PSCs also express angiogen-
esis-regulating molecules including VEGFR-1 and VEGFR-
2, Ang-1, and its receptor Tie-2, and vasohibin-1, indicating 
a close relationship between PSCs and tumor angiogenesis 
[144]. In addition, PSCs also contribute to the heterogeneity 
of vascular distribution in pancreatic cancer [61].

Although PSCs are now accepted as dominant promoters 
of angiogenesis, their overall effect together with pancreatic 
cancer cells on tumor angiogenesis remains controversial. 
An in vivo study showed that co-injection of MiaPaCa-2 
pancreatic cancer cells and PSCs in the pancreas of mice 
resulted in increased CD31 staining (a marker of vascular 
endothelial cells) of primary tumors compared with those 
injected with cancer cells alone [145]. This observation 
was further supported by in vitro studies demonstrating that 
exposure to PSCs significantly enhanced tube formation of 
vascular endothelial cells. This pro-angiogenic effect could 
be partially inhibited by VEGF-A neutralizing antibody, sug-
gesting that PSCs mediated tumor angiogenesis, at least in 
part, through VEGF-A signaling pathway [145]. The study 
further supports the angiogenesis stimulating property of 
the pancreatic cancer cell-stellate cell system. However, 
other studies have different results. For example, Erkan et al. 
examined the co-culture system of pancreatic cancer cells 
and PSCs and found it was predominantly anti-angiogenic 
as indicated by the decreased growth of HUVECs in vitro 
[146]. In this study, although PSCs induced higher amounts 
of VEGF-A when treated with cancer cell supernatants, they 
also increased the production of endostatin (an angiogen-
esis inhibitor) by cancer cells [146]. Therefore, the overall 
effect of the system on angiogenesis may be determined by 
the kinds of molecules that predominate, the pro-angiogenic 
molecules or anti-angiogenic molecules. The discordance 



25Angiogenesis (2019) 22:15–36	

1 3

between these studies may reflect the complex interactions 
between pancreatic cancer cells and PSCs.

Apart from VEGF signaling, the hepatocyte growth factor 
(HGF)/cMET pathway is another possible candidate path-
way in PSCs-mediated angiogenesis. AMG102, an HGF/
cMET inhibitor, has been shown to decrease the proliferation 
and tube formation of endothelial cells upon exposure to 
secretions of PSCs [147]. Consistent with this, HGF inhi-
bition showed better effects than gemcitabine in reducing 
tumor angiogenesis and controlling distant metastasis in an 
orthotopic mouse model of pancreatic cancer [148]. These 
results are of great clinical importance, providing us with an 
alternative anti-angiogenic therapeutic strategy that targets 
the HGF/cMET pathway as a complement to the traditional 
VEGF inhibitor treatment [149, 150]. Specifically, clinical 
use of AMG102 has shown encouraging outcomes in treat-
ing glioblastoma and gastric cancer, further suggesting the 
translational utility of this agent in the treatment of pancre-
atic cancer [151, 152].

Tumor associated macrophages (TAMs)

Macrophages belong to the myeloid cell lineage and are 
derived from differentiation of circulating monocytes. Under 
activations by different cytokines, they can be polarized into 
two opposite states, namely M1 and M2 macrophage phe-
notypes. The former phenotype mediates resistance against 
tumors, while the latter phenotype facilitates progression 
and migration of tumor cells [153]. Macrophages that reside 
in tumor tissues and interact with cancer cells are usually 
termed as TAMs. In most solid tumors including pancreatic 
cancer, the prevalent phenotype of TAMs is M2-like [154, 
155].

There is a link between TAMs and VEGF-A/VEGFR-2 
signaling. TAMs can express VEGFR-2 and migrate toward 
VEGF-A with the existence of appropriate cytokines [156]. 
TAMs can also accelerate the proliferation of endothelial 
cells and vascular network formation in a VEGF-dependent 
manner [157]. Of note, TAMs exhibit a pronounced gly-
colytic signature in response to elevated glycolytic gene 
transcript levels. Use of glycolysis inhibitors is sufficient 
to impede TAM-induced angiogenesis, indicating a key 
role for metabolic reprogramming of TAMs in the devel-
opment of pancreatic cancer [157]. In addition, some spe-
cific subtypes of TAMs have a role in tumor angiogenesis. 
For example, folate receptor β-expressing (FRβ+) TAMs in 
pancreatic tumor microenvironments have been shown to 
express VEGF-A distinctly in perivascular regions of the 
tumor-invasive fronts, which contributes to the increase of 
MVD and tumor hematogenous metastasis [158].

To further confirm the role of TAMs in tumor vessel 
formation, studies have attempted to observe the impact 
on angiogenesis by suppression of these cells. Two almost 

simultaneously published studies showed that blockade 
of specific molecules reduced the recruitment of TAMs 
to pancreatic tumor tissues and induced an impairment of 
neovascularization [159, 160]. The pharmacological abla-
tion of TAMs by liposomal clodronate was associated with 
decreased MVD and markedly reduced circulating VEGF-A 
levels [161, 162].

The VEGF signaling pathway is an important mechanism 
in tumor angiogenesis. However, in a pancreatic neuroen-
docrine tumor model, Harney et al. showed that selective 
inhibition of Tie-2 receptor resulted in reduced blood vessels 
and increased vascular maturation, underlining the signifi-
cance of the Ang-1/Tie-2 pathway in blood vessel formation 
[163]. The above studies demonstrate that different mecha-
nisms are involved in angiogenesis mediated by TAMs. Anti-
angiogenic treatments targeting multiple rather than single 
signaling pathways may, therefore, produce better clinical 
outcomes.

TAM-induced angiogenesis is a complex process modu-
lated by various molecules such as HIF-1α, colony stimulat-
ing factor 1 (CSF1), and NF-κB [164–166]. HIF-1α plays an 
active role in recruiting TAMs to the tumor sites via CCL2 
secretion, which can further accelerate activation of PSCs 
[164]. Both cell types are strongly pro-angiogenic, thus 
revealing an extensive interplay between different stromal 
cells in the tumor microenvironment.

Another important function of TAMs is to promote 
metastasis by augmenting intravasation into the blood ves-
sels and extravasation out of the blood vessels of pancreatic 
tumors [157, 158]. This renders cancer cells more mobile, 
which is the foundation of forming a new metastatic niche. 
Of interest, ablation of TAMs by inhibiting CCR2 signaling 
has been demonstrated to block extravasation of tumor cells 
to the metastatic organs in animal models of breast cancer 
[167]. Infiltrating TAMs constitutively trigger new vessel 
formation and enhance the aggressiveness of cancer cells. 
We, therefore, hypothesize that inhibition of TAMs repre-
sents a novel tool for anti-angiogenic and anti-metastatic 
therapies in pancreatic cancer.

Neutrophils

Compared with PSCs and TAMs, studies that investigate the 
relationship between neutrophils and angiogenesis in pan-
creatic cancer are few. Neutrophils have a contradictory role 
in tumor angiogenesis. Bausch et al. found that neutrophils 
promoted pancreatic tumor angiogenesis mainly by secret-
ing MMP-9, which is an essential factor during the acquisi-
tion of an angiogenic tumor phenotype [168]. In this study, 
inhibition of MMP-9 alone by doxycycline resulted in a sig-
nificant decrease in mean MVD and tumor growth, while 
complete inhibition of angiogenesis required dual inhibition 
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of VEGF-A and MMP-9 [168]. However, neutrophils can 
also act as suppressors of tumor angiogenesis in pancreatic 
cancer. Tong et al. demonstrated that neutrophil gelatinase 
associated lipocalin (NGAL), a 25-kDa acute phase protein 
first purified from human neutrophils, was highly expressed 
in well to moderately differentiated PaCa cells, but not 
in moderately to poorly differentiated PaCa cells. NGAL 
overexpression was correlated with reduced tumor volume, 
angiogenesis, and local and distant metastasis [169]. Hence, 
neutrophils may be a double-edged sword in the process of 
tumor vessel formation. Further investigations are needed 
to clarify the roles of this cell type in angiogenesis of pan-
creatic cancer.

Clinical implications

Since the 2004 approval of bevacizumab, a humanized 
monoclonal antibody that binds with VEGF-A, it has been 
used as first-line therapy in colorectal cancer, non-small-
cell lung cancer, metastatic breast cancer, and metastatic 
renal cell carcinoma, and as second-line therapy in glio-
blastoma multiforme [170]. Other types of anti-angiogenic 
drugs approved by the FDA are the multi-target tyrosine 
kinase inhibitors (TKIs), including sunitinib, sorafenib, 
and pazopanib, all of which target VEGF receptors, par-
ticularly VEGFR-2 [171]. For pancreatic cancer treat-
ments, multiple clinical trials of anti-angiogenic agents 
have been carried out, yet the results are overwhelmingly 
disappointing [149, 150, 172–175] (Table 1). Although 
improved PFS was observed in a few clinical trials [149], 
none to date has shown significant prolongation of OS for 
pancreatic cancer patients.

A fundamental challenge is whether angiogenesis status 
in pancreatic cancer is associated with clinical outcomes. 

Although high MVD is generally regarded as a predictor 
of poor prognosis, there were considerable studies that 
failed to find any correlations between MVD and patient 
prognosis [57, 58, 60]. For example, van der Zee et al. 
observed no trend for an association of MVD with recur-
rence free survival (RFS), cancer specific survival (CSS), 
and OS in pancreatic cancer patients. They concluded that 
pancreatic cancer prognosis was angiogenesis independ-
ent and MVD provided no additional prognostic informa-
tion [58]. Indeed, some potential bias exists among the 
studies, including the use of different criteria for patient 
enrollment, different methods for angiogenesis quantifi-
cation, and different markers for identifying endothelial 
cells. Because MVD is the basis of angiogenesis targeting 
therapies, it is, therefore, necessary to investigate its value 
in predicting prognoses for pancreatic cancer patients in 
more standardized and larger scale studies.

Anti-angiogenic therapy for pancreatic cancer per se is 
a controversial topic. Anti-angiogenic therapy is based on 
the theory that tumors are unable to grow without continu-
ous formation of new blood vessels [176]. Blocking vessel 
formation is, therefore, believed to suppress tumor growth 
and provide survival benefits for cancer patients. Indeed, 
this strategy has prolonged the life of many cancer patients 
[18, 19, 177–180]. However, a growing number of clinical 
studies indicates that anti-angiogenic therapy renders tumors 
with a more invasive phenotype and easily triggers metas-
tasis to distant organs [181–183]. In a RIP1-Tag2 model of 
pancreatic neuroendocrine cancer, Pàez-Ribes et al. showed 
that administration of DC101, an anti-VEGFR2 antibody, 
for only 1 week, resulted in reduced tumor vasculature, but 
induced a more invasive tumor phenotype as determined by 
histological analyses [181]. Of note, tumor invasiveness was 
persistently augmented even after the termination of therapy 
and this invasive tumor phenotype finally translated into 

Table 1   Phase III clinical trials 
with anti-angiogenic agents

OS overall survival; PFS progression-free survival; m month (s)
*Statistically significant

Year Study drug Combination drugs Clinical outcomes (experi-
mental group vs. placebo 
group)

Hazard ratio References

2009 Bevacizumab Gemcitabine and erlotinib OS: 7.1 m versus 6 m
PFS: 4.6 m versus 3.6 m

OS: 0.89
PFS: 0.73*

[149]

2010 Bevacizumab Gemcitabine OS: 5.8 m versus 5.9 m
PFS: 3.8 m versus 2.9 m

OS: 1.044 [150]

2011 Axitinib Gemcitabine OS: 8.5 m versus 8.3 m
PFS: 4.4 m versus 4.4 m

OS: 1.014
PFS: 1.006

[172]

2012 Sorafenib Gemcitabine OS: 8 m versus 9.2 m
PFS: 3.8 m versus 5.7 m

OS: 1.27
PFS: 1.04

[173]

2013 Aflibercept Gemcitabine OS: 6.5 m versus 7.8 m
PFS: 3.7 m versus 3.7 m

OS: 1.165
PFS: 1.018

[174]

2015 Elpamotide Gemcitabine OS:8.36 m versus 8.54 m
PFS: 3.71 m versus 3.75 m

OS: 0.87 [175]
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distant metastasis [181]. Anti-angiogenic therapy induced 
invasiveness and metastasis are not confined to pancreatic 
malignancy, but have also been reported in other types of 
tumors, including breast cancer and hepatocellular carci-
noma [184–186].

The reasons for the increased tumor aggressiveness 
after anti-angiogenesis treatment have not been fully elu-
cidated. One plausible mechanism is tumor hypoxia. Along 
with angiogenesis inhibition, hypoxia-tolerant tumor cell 
clones are selected, and those cells more actively escape 
the hypoxia microenvironment by instigating EMT. As the 
disseminating cells require stronger resistance to hypoxic 
conditions, they are more likely to survive in the metastatic 
lesions [187]. Another explanation for the phenomenon is 
compensatory upregulation of pro-angiogenic or pro-met-
astatic cytokines as well as suppression of anti-metastatic 
mediators [188–190]. Some of these factors are capable 
of recruiting angiogenic bone marrow-derived endothelial 
and myeloid progenitor cells to create the formation of new 
metastatic niches [191]. In addition, some anti-angiogenic 
inhibitors simultaneously impair MVD and MVI, especially 
broad-spectrum TKIs. The decrease of vascular pericyte 
coverage destabilizes the vessels, making them more leaky 
and immature, which subsequently allows for increased 
intravasation of tumor cells and metastasis [192]. Apart from 
the aforementioned possible mechanisms, the induction of 
stromal autophagy, altered endothelial cell adhesion, and 
increased pro-thrombotic events may all contribute to the 
malignancy of pancreatic tumor cells [193–195].

The enhanced post-therapeutic tumor aggressiveness 
may, therefore, explain the results of a phase III clinical 
trial, in which additional use of bevacizumab to gemcitabine 
plus erlotinib led to 1 month improvement in median PFS, 
whereas no benefit in OS was observed [149]. We speculate 
that bevacizumab shows its rapid inhibition of VEGF-A at 
the initiation of treatment and impairs the growth of primary 
pancreatic tumors. This is reflected by significant prolonga-
tion of PFS. However, rapid emergence of local invasion 
and distant metastasis following the use of bevacizumab 
thereupon compromises the initially observed improvement 
in PFS, and eventually results in no robust benefit in OS. 
Developing anti-angiogenic strategies that can inhibit the 
growth of primary tumors, while at the same time suppress-
ing possible invasiveness and metastasis, are critical.

Another paradox is that while anti-angiogenic treatment 
inhibits blood supply to tumors, it inevitably diminishes 
drug delivery at the same time [105, 107]. Therefore, an 
apparent conundrum arises: should tumor vessels be inhib-
ited to induce tumor starvation and shrinkage, or should they 
be normalized to enhance effective drug concentrations? 
Studies have focused on vascular normalization in pancre-
atic cancer. Nagathihalli et al. demonstrated that targeted 
inhibition of STAT3 combined with gemcitabine was an 

efficient way to normalize pancreatic tumor vasculature and 
promote better drug delivery via stromal remodeling without 
depletion of tumor stromal components. With this method, 
tumor growth was significantly suppressed and therapeu-
tic response was improved [196]. In a model of pancreatic 
islet cancer, inhibition of regulator of G-protein signaling 5 
(RGS5) resulted in vascular normalization, marked by peri-
cyte maturation, and less leaky and more uniformly distrib-
uted microvessels. These changes in vasculature enhanced 
infiltrations of immune effector cells into pancreatic tumor 
parenchyma and markedly prolonged the survival of tumor-
bearing mice [197]. Because an abnormal tumor vasculature 
creates an immune-suppressive microenvironment, vascular 
normalization is now regarded as an emerging strategy to 
enhance cancer immunotherapy [198, 199]. In addition, it is 
now becoming increasingly clear that vascular normalization 
is associated with decreased tumor metastasis [200, 201]. 
Although some questions still exist, including the proper 
time to deliver the vascular normalization agents, and when 
resistance against vessel normalization will occur because 
vessels are too mature and can no longer remodel [202], 
vascular normalization is a promising innovative target that 
could complement conventional anti-angiogenic therapies 
in the treatment of pancreatic cancer.

As was observed in many clinical trials, the treatment 
effects varied substantially in different patients. The het-
erogeneity of therapeutic responses calls for investigations 
of useful biomarkers to predict which subsets of patients 
would be likely to benefit the most from treatments. In a 
phase II clinical trial, Astsaturov et al. evaluated the levels 
of circulating endothelial cells (CEC) and plasma VEGF-A 
in the blood of patients with pancreatic cancer receiving 
bevacizumab. However, they failed to find any relationship 
between the assumed biomarkers and the patients’ clinical 
outcomes [203]. Dragovich et al. examined a series of serum 
angiogenic factors, including VEGF-A, VEGF-C, VEGFR-
1, PDGF-BB, Ang-2, osteopontin (OPN), IL-6, and lactate 
dehydrogenase (LDH), in their clinical trial of the use of 
vatalanib in pancreatic cancer patients. Among those serum 
molecules, they confirmed the prognostic value of IL-6 and 
LDH, as both were demonstrated to correlate with the sur-
vival of their patients. None of the factors measured in the 
study had predictive values for the patient response to vata-
lanib [204]. Lassau et al. used dynamic contrast-enhanced 
ultrasonography (DCE-US) to measure mean transit times 
(MTTs) and found a close correlation with PFS of meta-
static pancreatic patients treated with bevacizumab. MTT is, 
therefore, regarded as an early biomarker to predict clinical 
outcomes for those who receive anti-angiogenic therapies 
[205]. To detect additional biomarkers, some studies have 
identified the angiogenic gene signature in human pancreatic 
cancers [206].
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Taken together, future studies of angiogenesis in pan-
creatic cancer should consider the following aspects. First, 
as pancreatic cancer is distinctly characterized by dense 
deposition of tumor stroma, we should, therefore, pay more 
attention to their critical roles in angiogenesis. Further 
exploration of stromal depletion strategies is needed. Sec-
ond, multiple underlying mechanisms are involved in the 
angiogenesis of pancreatic cancer. Thus, to block angiogen-
esis effectively, we need to simultaneously target different 
molecular signaling pathways. Third, vascular normalization 
is an emerging therapeutic strategy that has shown great 
clinical potential for enhancing effective drug delivery, 
improving local immunosuppressive microenvironment, 
and reducing distant metastasis. It could, therefore, serve 
as a supplement to traditional anti-angiogenic therapy and 
represents a promising future direction of vascular-targeted 
treatment in pancreatic cancer. Finally, more useful biomark-
ers are necessary to select appropriate patient populations 
that respond positively to anti-angiogenic or vascular nor-
malization therapies.
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