
  1 

 

   

Angiogenesis and Pancreatic Cancer: novel approaches to overcome 

treatment resistance 

Craig Grobbelaar 1, Mpho Kgomo 2, Peace Mabeta 3 

1Department of Physiology, University of Pretoria, CNR Lynnwood Road and Roper Street, Hatfield, 0028, South Africa. 

2Department of Internal Medicine, Faculty of Health Sciences, University of Pretoria, 9 Bophelo Road, Arcadia, CNR Lynnwood Road and Roper Street, 

Hatfield, 0028, South Africa. 

3Department of Physiology, University of Pretoria, CNR Lynnwood Road and Roper Street, Hatfield, 0028, South Africa 

 

Abstract: Pancreatic cancer (PCa) is  acknowledged as a significant  contributor to global cancer-related mortality and 

is widely recognised as one of the most challenging malignant diseases to treat. Pancreatic ductal adenocarcinoma (PDAC), 

which is the most common type of PCa, is highly aggressive and is mostly incurable. The poor prognosis of this neoplasm 

is exacerbated by the prevalence of angiogenic molecules which contribute to stromal stiffness and immune escape. PDAC 

overexpresses various proangiogenic proteins including vascular endothelial growth factor (VEGF)-A, and the levels of 

these molecules correlate with poor prognosis and treatment resistance. Moreover, VEGF-targeting anti-angiogenesis 

treatments are associated with the onset of resistance due to the development of hypoxia, which in turn induces the 

production of angiogenic molecules. Furthermore, excessive angiogenesis is one of the hallmarks of the second most 

common form of PCa, namely, pancreatic neuroendocrine tumor (PNET). In this review, the role of angiogenesis regulators 

in promoting disease progression in PCa, and the impact of these molecules on resistance to gemcitabine and various 

therapies against PCa are discussed. Finally, the use of anti-angiogenic agents in combination with chemotherapy and other 

targeted therapeutic molecules are discussed as novel solutions to overcome current treatment limitations in PCa. 
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1. INTRODUCTION 

Pancreatic cancer (PCa) is one of the leading causes of 

mortality in the world, and the Global Cancer Observatory 

(GLOBOCAN) 2020 data estimates a total of 495,773 new 

pancreatic cancer cases with a worldwide mortality of 

466,003 [1]. The American Cancer Society estimates that 

the relative 5-year survival rate of this cancer is 11% at the 

time of diagnosis, with upwards of 80% presenting with 

unresectable or distant disease in 2020 [2]. According to the 

World Health Organization International Agency for 

Research on Cancer (WHO - IARC), pancreatic cancer is 

considered the 12th most commonly diagnosed cancer in 

both men and women worldwide, with data estimating a 

higher incidence and mortality in men compared to women 

[3]. These figures highlight the alarmingly high incidence 

and death from pancreatic cancer in both high-income and 

low-to-middle-income nations. According to recent 

projections, pancreatic cancer will likely be the 2nd most 

common cause of cancer-related mortality in the United 

States of America (USA) within a few decades, due to an 

annual growth of just over 1% since the 1970s [1,4]. 

Glaringly, age-standardized incidence rates (ASRs) remain 

relatively high in Asian countries, with a total incidence and 

mortality of almost 50% of all known cancer cases [3]. The 

rising incidence of pancreatic cancer diagnosis in all 

countries is offset by a high mortality rate primarily as a 

result of late diagnosis [5]. The reasons for regional 

differences in incidence and mortality remain largely 

unknown but could be explained by possible exposure to 

certain risk factors, access to and variation in diagnostic 

modalities, as well as the varying degree of completeness 

of cancer registries.  



2  
 

Approximately 90% of PCa’s are pancreatic ductal 

adenocarcinomas (PDAC), while cancers of the endocrine 

pancreas, also known as pancreatic neuroendocrine tumors 

(PNETs), occur at a much lower frequency [6,7]. The most 

effective treatment for pancreatic cancer is still early 

surgical resection, but late clinical presentation 

compromises successful treatment [5]. Kamisawa et al. 

maintain that even after undergoing early, complete 

surgical resection, the 5-year survival rate is no higher than 

25% [5]. Treatment resistance is largely influenced by the 

fibrotic landscape of the tumor and a dysregulated immune 

response, both of which are fueled by high levels of pro-

angiogenic molecules [6,7]. Therefore, an understanding of 

how angiogenesis regulators drive disease progression and 

influence drug perfusion in PCa is pivotal for effective 

clinical management. 

 

2. ANGIOGENESIS AND PANCREATIC CANCER 

Angiogenesis is the formation of blood vessels from pre-

existing microvessels and in the normal physiological 

setting, the balance between inhibitors and stimulators of 

this process is controlled carefully [8]. On the other hand, 

the loss of balance between pro- and anti-angiogenic 

molecules underlies the transition from tumor dormancy to 

malignancy in many solid tumors [9]. Pancreatic 

neuroendocrine tumors exhibit the same loss of balance 

between pro- and anti-angiogenic molecules as most solid 

tumors and are characterized by excessive angiogenesis [8]. 

In contrast, PDAC is considered hypovascularized due to 

collapsed blood vessels Fig. (1), although this cancer 

develops endothelial cell (EC) projections or vessel 

microvilli which contribute to vessel density. These vessel 

microvilli enable blood flow and nutrient uptake but limit 

drug extravasation [6,10].  

The notion that because PDAC is hypovascular, 

angiogenesis and its regulators play no role in this neoplasm 

is incorrect. One of the most potent angiogenic regulators, 

vascular endothelial growth factor-A (VEGF), was 

characterized in six human PCa cells, including MIA-Pac-

2 and PANC-1, which are PDAC cell lines [11]. Also, there 

is more than a five-fold increase in VEGF levels in these 

cell lines compared to non-cancerous pancreatic cells. 

Similarly, patients with PDAC overexpress VEGF, and a 

positive VEGF immunoreactivity correlates with a lower 

survival rate [12]. Moreover, the canonical receptor for 

VEGF, VEGFR-2 was found to be a predictor of survival 

in patients with PDAC [13]. Interestingly, VEGF is 

considered a more accurate predictor of liver metastasis and 

poor outcome in resected PCa than the tumor, node, and 

metastasis (TNM) staging [14].  

 

The evaluation of the PDAC secretome has revealed that 

several proangiogenic factors including VEGF, basic 

fibroblast growth factor (bFGF), and transforming growth 

factor (TGF)-ß Fig. (1) were overexpressed. Another 

angiogenic factor that has been detected in PDAC is platelet 

derived growth factor (PDGF)-A Fig. (1) [15]. The PDAC 

stroma is composed of fibroblasts, various immune cells 

including macrophages and lymphocytes, as well as a thick 

extracellular matrix Fig. (1). In a pre-clinical model of 

pancreatic cancer, VEGFR-2 inhibition correlated with an 

upregulation of bFGF in both endothelial and PCa cells. 

The study further revealed that bFGF levels rose in tandem 

with the onset of hypoxia [16]. Taken together, the study 

signifies that the inhibition of the VEGF/VEGFR-2 

signaling may activate other angiogenic factors, leading to 

the development of resistance against VEGF/VEGFR-2 

targeted anti-angiogenic treatments. In PNET, high levels 

of angiogenic cytokines, VEGF and IL-8 were detected in 

patient samples and these molecules correlated with poor 

outcome [17]. Additionally, over-expression of VEGF and 

PDGF-A are associated with poor prognosis as well as 

 

Fig (1). The tumor microenvironment in the most commonly occurring form of pancreatic cancer, 
pancreatic ductal adenocarcinoma. A secretome consisting of VEGF, bFGF, TGF-ß and several 
interleukins is indispensable for the formation of the highly dense stroma in PDAC. This stroma 
limits drug perfusion, promotes treatment resistance and supports disease progression. Figure 
created using BioRender. bFGF – basic fibroblast growth factor, VEGF – vascular endothelial 
growth factor, TGF-ß – transforming growth factor beta.
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resistance to anti-angiogenic treatments [17]. The presence 

of these angiogenic molecules is further associated with a 

disturbance in immune responses to cancer. 

 

3. IMMUNE REGULATION-ANGIOGENESIS 

CROSSTALK AFFECTS PCA TREATMENT  

The immune system regulates early tumor growth, and the 

dysfunction of its innate and adaptive responses favors 

cancer progression [18]. The immune system is capable of 

protecting against tumor growth as well as shaping the 

immunogenicity of cancer via immunoediting [19,20]. 

Three phases are involved in this dynamic process of 

immunoediting and are present in PCa [21,22]. In the first 

phase, known as the elimination phase, the immune system 

regulates early tumor growth, thus preventing disease 

progression. In the second phase, cancer cells develop 

resistance to immune responses, and while tumor growth is 

halted temporarily, the resistant cancer cells survive 

elimination, this is known as the equilibrium phase. The 

third or escape phase is underpinned by uncontrolled tumor 

growth due to the proliferation of cancer cells that have 

evaded immune control, and there is subsequent 

progression to clinical disease [18]. Various angiogenesis 

regulators such as VEGF have been implicated in this phase 

Fig. (2) [24, 25].  

Effective immune response against PCa progression 

requires cytokine-activation of cytotoxic T lymphocytes 

(CTL), T-helper cells (Th1), mature dendritic cells (DCs) 

that primarily act as antigen-presenting cells (APCs), pro-

inflammatory macrophages (M1) and natural killer cells 

(NKC) to promote an “immune-stimulatory environment” 

[18,23]. This ‘immune-stimulatory environment’ is 

hampered by the presence of angiogenic factors which 

promote the escape phase through its effects on immune 

cells. VEGF impairs the maturation of DCs Fig. (2) and 

induces their differentiation into EC-like cells [24]. DCs 

also secrete VEGF and transforming growth factor (TGF)-

β which induce tumor vascularization [X]. Additionally, 

VEGF promotes the presence and proliferation of 

regulatory T cells (Tregs) in the tumor microenvironment 

Fig. (2). Regulatory T cells in turn secrete angiogenic 

cytokines such as IL-10 and TGF-β, which promote tumor 

vascularization. Noteworthy is that these Tregs denote both 

advanced disease and poor post-resection survival [23]. 

These angiogenesis modulators further impair T 

lymphocyte development, and lead to a reduction in 

CD4/CD8 cells, thus possibly contributing to cancer-

associated immune-deficiency [25]. VEGF also promotes 

macrophage infiltration in the tumor site and these tumor-

associated macrophages (TAMs) Fig. (2) confer a poor 

prognosis in various malignancies and are notably elevated 

in pancreatic cancer [26]. When the protective mechanism 

provided by the body’s immune system is disabled, 

progression to clinical disease is apparent. This ‘immune-

inhibition environment’, triggered by the activation of 

angiogenic factors such as VEGF and TGF-β, as well as 

several cytokines (IL-4, IL-5, IL-6, IL-10, and IL-13), 

renders NKCs ineffective [24]. Of note is that TGF-β is an 

angiogenesis modulator and a potent immune suppressor 

that is associated with PCa immune evasion [24]. Together 

with other angiogenesis regulators, namely bFGF and TGF-

β is involved in the remodeling of the tumor 

microenvironment (TME) in both PDAC and PNET. 

Importantly, TAMs, TREGs and MDSCs secrete VEGF [X]. 

This ligand acts in a paracrine manner to stimulate tumor 

angiogenesis. Therefore, this cross-talk between 

modulators of angiogenesis and immune cells promotes 

disease progression and negatively affects disease response 

to therapy. Noteworthy is that hypoxia is an important 

stimulus for the production of the of VEGF and other 

proangiogenic cytokines such as IL-6 and TGF-β [X] 

[27,28]. 
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4. HYPOXIA IS ASSOCIATED WITH RELAPSE 

AND POOR RESPONSE TO TREATMENT 

The pancreatic tumor microenvironment is endowed with a 

fibrotic extracellular matrix, proliferating tumor cells, and 

in PDAC, is characterized by poor vascularization which 

limits the effectiveness of immunotherapies [27,28]. This 

deficient tumor vascularity predisposes the underlying 

malignant tissue to hypoxia. Besides the loss of 

conventional tissue vascularity, aberrant growth of 

tumorigenic cells increases oxygen demand in tissues 

beyond that which can be supplied. Also, expanding tumors 

increase the distance of neoplastic cells to the inherent 

tissue blood supply, further reducing diffusion and 

worsening hypoxia [29]. Hypoxia in pancreatic tissue 

promotes the induction of hypoxia-inducible factors (HIFs), 

particularly HIF-1α. In PNET hypoxia induces rapid and 

aberrant blood vessel formation, creating leaky, immature, 

and wholly abnormal new blood vessels [27-29]. HIF-1α 

also plays a role in the pathogenesis of PDAC through 

binding to fascin actin-bundling protein 1 and Lim and SRC 

Homology 3 (SH3) protein 1 [32]. These proteins promote 

metastasis. Also, there is a significant correlation between 

HIF-1α and proangiogenic factors VEGF, bFGF and 

PDGF-A in patients with PDAC [15]. Furthermore, HIF-1α 

leads to the activation of the Phosphatidylinositol-3-

kinase/Protein kinase B (PI3K/PKB) pathway via the 

CXC3CLI/CXCR1 axis, thus promoting tumor cell 

proliferation, migration and the development of resistance 

to radiation therapy and chemotherapy in PDAC [30,31].   

Hypoxia, in addition to affecting the cellular mechanisms 

that influence treatment resistance, results in the 

upregulation of various proangiogenic molecules and 

contributes to processes that limit drug delivery to the 

tumor [29,32].  

 

5. APPROACHES TO OVERCOME RESISTANCE 

TO THERAPY 

The management of PCa, including limiting the possibility 

of resistance and refractoriness, will improve with an 

effective screening of high-risk individuals, an accurate 

early diagnosis, and the employment of efficacious targeted 

therapies. 

 

Early detection, screening, and disease staging 

Studies exploring the benefits of population-based 

screening for pancreatic cancer have concluded that 

widespread screening is not appropriate [33,34]. However, 

according to the International Cancer of the Pancreas 

Screening Consortium (CAPS) individuals meeting the 

criteria for familial pancreatic cancer (FPC) should be the 

major targets for screening, with a focus on screening for 

high-risk individuals [33,34]. Early screening aims to 

ensure early diagnosis as this contributes to early surgical 

resection- the only potential cure for pancreatic cancer. 

However, the asymptomatic nature of early disease implies 

that the majority of those diagnosed with pancreatic cancer 

present with unresectable or metastatic disease [2,4]. 

Clinicians rely on imaging tools such as computed 

tomography (CT), magnetic resonance imaging (MRI), 

endoscopic ultrasonography (EUS), endoscopic retrograde 

cholangiopancreatography (ERCP), and magnetic 

cholangiopancreatography (MRCP)[35] to make an early 

diagnosis as a clinical evaluation of patients in the early 

stages of the disease remains elusive due to non-specific 

clinical presentation. Biomarkers can thus play a major role 

in the detection of early disease in high-risk individuals. 

Commonly used biomarkers include carbohydrate antigen 

(CA) 19-9, carcinoembryonic antigen (CEA), and CA12-5 

and the downside to the use of these biomarkers is their 

poor specificity [36,37]. There is, therefore, a need to 

Fig. (2). Cross-talk between immune cells and the tumor vasculature. VEGF, which is secreted by endothelial and 
tumor cells, sets up an immunosuppressive environment. Immune cells secrete angiogenic molecules, VEGF, 
bFGF, IL-6 and IL-10 and TGF-β, which in turn promote angiogenesis. IL – interleukin, VEGF – vascular 
endothelial growth factor, bFGF – basic fibroblast growth factor, TGF-β – transforming growth factor-β, DC –
Dendritic cell, NKC – Natural killer cell, CTC – Cytotoxic T-cell, TAM – tumor associated macrophage, Treg –
regulatory T-cell 
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include additional biomarkers for early diagnosis in PCa, 

including select markers found in body fluids [38].  

Pancreatic cancer is staged according to tumor extent (T), 

lymph node involvement (N), and presence of metastases 

(M), referred hereto as TNM staging I – IV; with stage I 

referring to cancer confined to the pancreas and stage IV 

indicating the spread of cancer to other organs. This staging 

considers the examination of resected pancreatic tissue and 

is classified as the pathological or surgical stage. When a 

tumor is too large to be resected or has metastasized and 

therefore cannot be surgically removed, it has reached the 

clinical stage and chemotherapy and radiotherapy may be 

required as initial treatment in this stage[39]. Furthermore, 

criteria which considers the degree of resectability of the 

tumor and the possibility of recurrence is required primarily 

to plan treatment [40,41].   

 

Treatment 

Early surgical resection remains the only potentially 

curative treatment for pancreatic cancer, however, despite 

total resection, the 5-year survival rate remains over 20% 

due to local recurrence. Oftentimes, postoperative 

chemotherapy and radiotherapy are provided in order to 

limit recurrence and improve overall survival. Moreover, 

radiotherapy has not been used as a single modality in 

recent times with locally advanced pancreatic cancer 

patients largely receiving combination chemotherapy with 

a select cohort undergoing concurrent chemoradiotherapy. 

Gemcitabine and 5-Fluorouracil-based treatments are the 

most commonly used chemotherapies in PCa, and they’ve 

been ineffective in the treatment of both early and advanced 

stage disease [33,34]. The targeting of pathways that 

contribute to resistance, such as the inhibition of angiogenic 

regulators, is necessary to enhance the efficacy of PCa 

treatments.  

 

Targeting the vasculature in PCa 

Several angiogenesis inhibitors have received approval 

from regulatory agencies in various continents including 

the U.S. Food and Drug Administration (FDA) to treat solid 

tumors.  

Some of the treatments have been studied in pre-clinical 

models of pancreatic cancer and others have undergone 

clinical evaluation (Table I) in patients with PCa. The key 

proangiogenic molecule which also functions as an immune 

modulator, VEGF, has been targeted using bevacizumab in 

phase I/II clinical trials of patients with unresectable PDAC, 

but there was a low success rate and a considerable increase 

in toxicity [42,43]. In a phase II trial of bevacizumab and 

gemcitabine in patients with advanced PCa the median 

survival was 9.2 months [44]. However, a phase III 

randomized trial investigating the combination of 

gemcitabine and bevacizumab did not improve OS. In 

contrast, a randomized phase II trial in unresectable, locally 

advanced or metastatic PCa revealed that axitinib, a multi-

targeting VEGFR inhibitor resulted in a slight improvement 

in OS compared to gemcitabine alone, and the observations 

were confirmed in a double-blind randomized phase III 

study in patients with advanced PCa [45,46]. In vitro 

studies have shown the effectiveness of sunitinib malate in 

PCa [47,48]. However, the combination of erlotinib, 

bevacizumab and gemcitabine had a significant 

improvement on PFS, although but not in OS. In a separate 

phase III study, erlotinib and gemcitabine resulted in an 

improvement in both OS (23%) and PFS (hazard ration 

0.77%) [44].     

 
Drugs that target multiple angiogenic molecules such as 

sorafenib (Table 1) seem to be more effective than single 

molecule targeting angiogenesis inhibitors.  
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Preclinical studies revealed that nintedanib inhibited 

angiogenesis and reduced pancreatic cancer growth in vivo, 

while in vitro the drug suppressed the proliferation of a 

PDAC cell line and induced apoptosis in these cells [49]. 

Slight improvement was observed in a phase II randomized 

trial of post-operative sorafenib + gemcitabine treatment, 

although promising results were observed when treatment 

was administered for more than 6 months [49]. A previous 

study reported a median OS of 1.3 months (Table 1), with 

moderate toxicity [49]. When employed in combination 

with evofosfamide in advanced progressive PNETs (Table 

1), sunitinib malate resulted in a median progression-free 

survival of 10.4 months, although there was considerable 

toxicity [49]. The co-administration of hypoxia-targeting 

drugs may alleviate the side-effects associated with 

sunitinib in PNET since the drug is associated with the 

development of hypoxia. On the other hand sunitinib malate 

was shown to be effective as maintenance therapy in a 

randomized phase II trial in metastatic PDAC patients and 

resulted in a significantly high OS of 22.9% after 2 years 

while stable disease was 51.9% [50]. Pazopanib, another 

tyrosine kinase inhibitor, had a mean progression free 

survival of 11,6 months and a mean OS of 24.6 months 

from various trials [50]. These observations highlight the 

possible involvement of various angiogenesis modulators 

and the need to profile these markers in PCa to enable 

effective targeting of angiogenic pathways. Hypoxia-

induced alterations which include increased secretion of 

VEGF-independent growth factors, mobilization of bone 

marrow-derived endothelial cells, the induction of 

epithelial-to-mesenchymal transition and vessel co-option 

can promote resistance to anti-angiogenic drugs [10,51,52]. 

Moreover, clinical trials have revealed that blocking 

VEGF/VEGFR signaling can aggravate tumor hypoxia, 

which results in tumor cells secreting proteins such as basic 

fibroblast growth factor and platelet-derived growth factor 

[53].  

Hypoxia has been shown to be promoted by histone 

deacetylase (HDAC) through the induction of HIF-

dependent gene expression [54]. The drug Abexinostat 

which suppresses hypoxia by inhibiting HDAC could thus 

be useful in overcoming hypoxia-associated resistance to 

anti-angiogenics [55]. In pre-clinical studies the 

Abexinostat was found to have a significant effect on the 

suppression of tumor angiogenesis [55]. Another drug 

which targets hypoxia, panobinostat was evaluated in Phase 

II clinical trials for the treatment of B-cell lymphoma and 

has also showed promise in solid tumors when used as a 

part of combination treatments [54,56]. It is possible that 

these hypoxia-suppressing drugs could contribute to the 

reduction of resistance to angiogenic inhibitors and be of 

benefit as part of combination anti-angiogenic strategies. 

Moreover, since several angiogenic molecules suppress 

immune function in cancer, modulating immune system 

responses ought to be considered in treatment approaches. 

Immunotherapy 

To overcome the barrier of a compromised immune 

response promoted largely by angiogenic cytokines and 

growth factors, various immunotherapies have been 

employed (Table 2). Important to note is that while 

immune-targeting therapies have yielded successful results 

in the treatment of many cancers, results have been 

disappointing in PCa owing largely to the unique 

histopathological features of the cancer [57].  

Table 1. Selected angiogenesis inhibitors that have been evaluated in pancreatic cancer. 
Drug Target Type of 

pancreatic 
cancer 

Preclinical/ 
Clinical 

evaluation 

Study Outcome Reference 

Bevacizumab VEGF PDAC   Clinical No improvement 
in OS, Significant 

toxicity 

[43, 44, 50] 

Axitinib VEGFR-1,-2,-3,  PDAC Clinical Slight but 
insignificant 

improvement in 
OS 

[47] 

Nintedanib VEGFR-1,-2,-3, 
FGFR, PDGFR 

PDAC, 
PNET 

Preclinical 

 

Inhibited cell 
proliferation and 

tumor 
angiogenesis 

[51] [52] 

Sorafenib VEGFR-2,-3, 
EGFR, PDGFR, c-

Kit 

PDAC Clinical Marginal 
insignificant 

effect  

[53] 

Sunitinib malate VEGFR-1,-2,-3, 
PDGFRβ, FLT3, c-

KIT 

PDAC, 
PNET 

Clinical PFS 1.31 and 10.4 
mnths; OS 3.6 

mnths 

Significant 
toxicity 

[54, 55] 

Pazopanib VEGFR-1,-2,-3, 
FGFR -1,-3,  KIT, 

PDGFR-β 

PNET Clinical Partial response, 
OS 24.6 mnths 

[56] 

Pertuzumab VEGFR-1,-2,-3, 
PDGFRs, FGFRs  

PDAC, 
PNET 

Clinical Well tolerated, OS 
24.6 mnths, PFS 

6.5 mnths 

[57] 

OS- overall survival, PFS- progression free survival, VEGF- vascular endothelial growth factor, VEGFR- 
vascular endothelial growth factor receptor, PDAC- pancreatic ductal adenocarcinoma, FGFR- fibroblast 
growth factor receptor, PNET- pancreatic neuroendocrine tumor, PDGFR- platelet-derived growth factor 
receptor, FLT- Fms related receptor tyrosine kinase. 
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Amedei et al. highlight a few ways in which the immune 

system may be targeted in pancreatic cancer through the use 

of vaccine-based immunotherapy would require the 

administration of tumor antigens in the form of DNA or 

peptides to stimulate tumor-specific immunity [23]. This 

implies that the expression of the antigen must be restricted 

to the tumor and not induce a systemic response. Vaccine-

mediated immunotherapy strategies employed to date 

include whole-cell vaccines, peptide-based vaccines, 

dendritic cell vaccines, and DNA and mRNA vaccines 

[58,59]. While there has been little success with this 

treatment strategy in pancreatic cancer, recently a phase II 

study using vaccine OCV-C01 with gemcitabine showed 

superior efficacy to the use of gemcitabine alone [60].  

 

Another form of immunotherapy, namely, immune 

checkpoint inhibitors (ICI) has led to improved clinical 

results in several cancers. The role of immune checkpoints 

lies in their inherent ability to modulate T-cell responses 

through regulatory mechanisms preventing an exacerbated 

immune response [61,62]. However, tumor cells exploit 

this inhibition in order to escape immune detection, 

promoting growth and progression of tumors. Cytotoxic T 

lymphocyte protein 4 (CTLA-4) is known to inhibit T-cell 

activation, whilst the binding of programmed death-ligand 

1 (PDL-1) to its cognate receptor, programmed death-1 

(PD-1), also has an inhibitory effect on T-cell activation, 

effectively “putting the brakes” on the anti-tumor immune 

response. CTLA-4, PDL-1 and PD-1 are the most studied 

immune checkpoint modulators and therefore remain viable 

targets for blockade therapy [62-65]. Pembrolizumab, is the 

only FDA-approved immunotherapy for patients with 

advanced PDAC [66,67]. Humanized monoclonal 

antibodies (atezolizumab, avelumab, durvalumab) which 

target PDL-1 ligand activity, induce T-cell activation and 

may be of benefit when used in combination treatments. 

PD-1 antibodies (pembrolizumab, nivolumab, cemiplimab) 

enhance the immune response against tumor cells, and may 

thus have a role in enhancing PCa therapies. 

Ipilimumab and tremelimumab are two CTLA-4 human 

monoclonal antibodies designed to block the suppressive 

action of CTLA-4 on the T-cell and induce a CTL anti-

tumor response. CTLA-4 is also involved in modulating the 

immune suppressive Treg activity, since Tregs in tumor 

microenvironments express higher levels of surface CTLA-

4. This attribute underpins the putative role of CTLA-4 

antibodies in blocking the action or reducing Treg activity 

[66]. Combination ICI therapies targeting both CTLA-4 

and PD-1, primarily using ipilimumab and nivolumab, have 

shown promise in some tumors [64,68].  Chimeric antigen 

receptor (CAR) T cell immunotherapy, form of adoptive T 

cell transfer therapy, has shown some promise in solid 

tumor treatment and is currently being evaluated with 

checkpoint inhibitors as a promising combination 

therapy[69,70].  

Despite the potential of ICI therapy, the response has not 

been entirely promising in PCa due to low bioavailability 

and immune-related adverse events [68,71]. Indeed, the 

dysfunctional vasculature in PCa’s limits the effectiveness 

of ICIs. This conundrum can potentially be circumvented 

by combination strategies which target various cancer 

promoters in the TME, including angiogenesis markers [72].  

CONCLUSION 

Conventional chemotherapy has had little impact on PCa.  

The hypovascularization in PDAC which is characterized 

by collapsed blood vessels limits drug perfusion. Similarly, 

the hypervascularization that characterizes neuroendocrine 

Table 2. Potential immune targets in pancreatic cancer.

Target Role in PCa Targeting therapy Reference 

PDL-1 Upregulated in pancreatic cancer cells and inhibits 
T cell activity by binding to PD-1. 

Immune checkpoint 
blockade 

[69] 

CTLA-4 Inhibits T cell activity. Immune checkpoint 
blockade 

[70] 

PD-1 Inhibits T cell activity; expression associated with 
poor prognosis and reduced survival. 

Immune checkpoint 
blockade 

[69] 

LAG3 Expressed on T cells and inhibits T cell activity Immune checkpoint 
blockade 

[71] 

TIM3 Expressed on T cells and other immune cells and 
inhibits T cell activity. 

Immune checkpoint 
blockade 

[72, 73] 

VISTA Suppress T cell activation, proliferation, and 
cytokine production 

Immune checkpoint 
blockade 

[74] 

CD137 Regulates T cell activation and proliferation Checkpoint activation [75] 

CD27 Essential for T-cell and B-cell co-stimulation Checkpoint activation [76, 77] 

CD40 Alter macrophage differentiation to M1 phenotype, 
reduce cancer proliferation 

Checkpoint activation [78] 

GITR Promotes growth and spread of cancer cells. Checkpoint activation [79] 

OX40 Activates T cells and promote their survival and 
proliferation. 

Checkpoint activation [80] 

ICOS Enhances T cell ability to recognize and attack 
cancer cells in the pancreas. 

Checkpoint activation [71] 

CCR2/CCL2 Stimulates release of proinflammatory cytokines Myeloid suppression [81, 82] 

IDO1 Enzyme expressed by tumor cells and immune cells 
that can suppress T cell activity and promote 

immune tolerance in pancreatic tumors 

Myeloid suppression [83] 

TGFB1 Promotes apoptosis and inhibits epithelial cell cycle 
progression; induces late-stage genomic instability, 

neoangiogenesis, immune evasion. 

Myeloid suppression [84] 

TNF Tumor promoting and suppressive: promote 
inflammation, cell survival, and proliferation; 

induce cell death, inhibit angiogenesis 

Myeloid suppression [85] 

CSF1R Promotes differentiation of myeloid progenitors. Myeloid suppression [86] 

ADORA2A/CD39/CD73 Promotes development, differentiation, migration, 
and invasion of cancer cells 

Metabolic suppression [87] 

NPR1/2 Mediates proliferation, survival, tissue invasion and 
metastasis, angiogenesis, energy metabolism, and 

cellular transformation. 

Neuropillins  [88] 

PD-1- Programmed cell death protein 1; PD-L1- Programmed death-ligand 1; CTLA-4- Cytotoxic T-lymphocyte-associated protein 4; LAG3-
Lymphocyte-activation gene 3; TIM3- T-cell immunoglobulin and mucin domain-containing protein 3; VISTA- V-domain immunoglobulin
suppressor of T cell activation; CD137- Cluster of differentiation 137; CD27- Cluster of differentiation 27; CD40- Cluster of differentiation 40;
GITR- Glucocorticoid-induced TNF receptor-related protein; OX40- Tumor necrosis factor receptor superfamily member 4; ICOS- Inducible T-
cell co-stimulator; CCR2/CCL2- C-C chemokine receptor type 2/ C-C motif chemokine ligand 2; IDO1- Indoleamine 2,3-dioxygenase 1; TGFB1-
Transforming growth factor beta 1; TNF- Tumor necrosis factor; CSF1R- Colony-stimulating factor 1 receptor; ADORA2A/CD39/CD73-
Adenosine A2A receptor/Cluster of differentiation 39/Cluster of differentiation 73; NRP1/2- Neuropilin-1,-2. 
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pancreatic tumors affects drug infiltration as the vessels are 

structurally and functionally defective. Proangiogenic 

molecules such as VEGF, bFGF and TGF-ß are 

overexpressed in the two most common forms of PCa, 

PDAC and NET, and these growth factors are potent 

immune modulators linked to gemcitabine and 

immunotherapy resistance. As a result, the targeting of the 

angiogenic molecules is an important therapeutic 

imperative for PCa. Moreover, targeting VEGF or VEGFR-

2 is associated with an increase in hypoxia, which in turn 

stimulates several factors including bFGF and PDGF-A. As 

such, bFGF represents an important novel target in PCa and 

drugs such as nintedanib and Lenvatinib which inhibit this 

potent angiogenic factor may be of value as part of multi-

targeting approaches. However, the efficacy of multi-

targeting angiogenesis inhibitors is off-set by the 

development of hypoxia. Therefore, combination 

approaches that include anti-cancer chemotherapy, anti-

angiogenics targeting multiple pathways including hypoxia, 

as well as the inclusion of immunotherapy may overcome 

resistance and thus enable more effective management of 

PCa. Drug delivery systems such as nano carriers could 

reduce the toxicity profile of such combination strategies 

and improve treatment efficacy. 

ETHICAL APPROVAL AND CONSENT TO 

PARTICIPATE 

Not applicable. 

CONSENT FOR PUBLICATION 

Not applicable. 

AVAILABILITY OF DATA AND MATERIALS  

Not applicable. 

FUNDING 

This paper has no specific funding source and is part of the 

employment of the authors at the University of Pretoria. 

CONFLICTS OF INTEREST 

All authors declared that there are no conflicts of interest. 

REFERENCES 

1. Mittal, D.; Gubin, M.M.; Schreiber, R.D.; Smyth, M.J. 

New insights into cancer immunoediting and its three 

component phases—elimination, equilibrium and escape. 

Curr Opin Immunol 2014, 27:16-25.  

2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. 

Cancer statistics, 2021. Cancer J Clin 2021, 71(1):7-33.  

3. Mizrahi, J.D.; Surana, R.; Valle, J.W.; Shroff, R.T. 

Pancreatic cancer. Lancet 2020, 395(10242):2008-2020.  

4. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; 

Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer 

statistics 2020: GLOBOCAN estimates of incidence and 

mortality worldwide for 36 cancers in 185 countries. 

Cancer J Clin 2021, 71(3):209-249.  

5. McGuigan, A.; Kelly, P.; Turkington, R.C.; Jones, C.; 

Coleman, H.G.; McCain, R.S. Pancreatic cancer: A review 

of clinical diagnosis, epidemiology, treatment and 

outcomes. World J Gastroenterol 2018, 24(43):4846.  

6. Kamisawa, T.; Wood, L.D.; Itoi, T.; Takaori, K. 

Pancreatic cancer. Lancet 2016, 388(10039):73-85.  

7. Annese, T.; Tamma, R.; Ruggieri, S.; Ribatti, D. 

Angiogenesis in pancreatic cancer: Pre-clinical and 

clinical studies. Cancers 2019, 11(3):381.  

8. Tamburrino, A.; Piro, G.; Carbone, C.; Tortora, G.; 

Melisi, D. Mechanisms of resistance to chemotherapeutic 

and anti-angiogenic drugs as novel targets for pancreatic 

cancer therapy. Front Pharmacol 2013, 4:56.  

9. Mabeta, P.; Pepper, M.S. A comparative study on the 

anti-angiogenic effects of DNA-damaging and 

cytoskeletal-disrupting agents. Angiogenesis 2009, 12:81-

90.  

10. Mabeta, P.; Hull, R.; Dlamini, Z. LncRNAs and the 

angiogenic switch in cancer: Clinical significance and 

therapeutic opportunities. Genes 2022, 13(1):152.  

11. Ma, S.; Pradeep, S.; Hu, W.; Zhang, D.; Coleman, R.; 

Sood, A. The role of tumor microenvironment in 

resistance to anti-angiogenic therapy. F1000Res 2018, 7.  

12. Itakura, J.; Ishiwata, T.; Friess, H.; Fujii, H.; 

Matsumoto, Y.; Büchler, M.; Korc, M. Enhanced 

expression of vascular endothelial growth factor in human 

pancreatic cancer correlates with local disease 

progression. Clin Cancer Res: Am J Cancer Res 1997, 

3(8):1309-1316.  

13. Ikeda, N.; Adachi, M.; Taki, T.; Huang, C.; Hashida, 

H.; Takabayashi, A.; Sho, M.; Nakajima, Y.; Kanehiro, H.; 

Hisanaga, M. Prognostic significance of angiogenesis in 



 9 
 

 

human pancreatic cancer. Br J Cancer 1999, 79(9):1553-

1563.  

14. Morin, E.; Sjöberg, E.; Tjomsland, V.; Testini, C.; 

Lindskog, C.; Franklin, O.; Sund, M.; Öhlund, D.; 

Kiflemariam, S.; Sjöblom, T. VEGF receptor‐2/neuropilin 

1 trans‐complex formation between endothelial and tumor 

cells is an independent predictor of pancreatic cancer 

survival. J Pathol 2018, 246(3):311-322.  

15. Kuwahara, K.; Sasaki, T.; Kuwada, Y.; Murakami, M.; 

Yamasaki, S.; Chayama, K. Expressions of angiogenic 

factors in pancreatic ductal carcinoma: A correlative study 

with clinicopathologic parameters and patient survival. 

Pancreas 2003, 26(4):344-349.  

16. Hoffmann, A.-C.; Mori, R.; Vallbohmer, D.; 

Brabender, J.; Klein, E.; Drebber, U.; Baldus, S.E.; Cooc, 

J.; Azuma, M.; Metzger, R. High expression of HIF1a is a 

predictor of clinical outcome in patients with pancreatic 

ductal adenocarcinomas and correlated to PDGFA, VEGF, 

and bFGF. Neoplasia 2008, 10(7):674-679.  

17. Lee, J.; Lee, J.; Yun, J.H.; Choi, C.; Cho, S.; Kim, S.J.; 

Kim, J.H. Autocrine DUSP28 signaling mediates 

pancreatic cancer malignancy via regulation of PDGF-A. 

Sci Rep 2017, 7(1):12760.  

18. Zahra, F.T.; Sajib, M.S.; Mikelis, C.M. Role of bFGF 

in acquired resistance upon anti-VEGF therapy in cancer. 

Cancers 2021, 13(6):1422.  

19. Pavel, M.E.; Hassler, G.; Baum, U.; Hahn, E.G.; 

Lohmann, T.; Schuppan, D. Circulating levels of 

angiogenic cytokines can predict tumour progression and 

prognosis in neuroendocrine carcinomas. Clin Endocrinol 

2005, 62(4):434-443.  

20. Inman, K.S.; Francis, A.A.; Murray, N.R. Complex 

role for the immune system in initiation and progression of 

pancreatic cancer. World J Gastroenterol 2014, 

20(32):11160.  

21. Dunn, G.P.; Bruce, A.T.; Ikeda, H.; Old, L.J.; 

Schreiber, R.D. Cancer immunoediting: From 

immunosurveillance to tumor escape. Nat Immunol 2002, 

3(11):991-998.  

22. Arum, C.-J.; Anderssen, E.; Viset, T.; Kodama, Y.; 

Lundgren, S.; Chen, D.; Zhao, C.-M. Cancer 

immunoediting from immunosurveillance to tumor escape 

in microvillus-formed niche: A study of syngeneic 

orthotopic rat bladder cancer model in comparison with 

human bladder cancer. Neoplasia 2010, 12(6):434-442.  

23. O’Donnell, J.S.; Teng, M.W.; Smyth, M.J. Cancer 

immunoediting and resistance to T cell-based 

immunotherapy. Nat Rev Clin Oncol 2019, 16(3):151-167.  

24. Amedei, A.; Niccolai, E.; Prisco, D. Pancreatic cancer: 

Role of the immune system in cancer progression and 

vaccine-based immunotherapy. Hum Vaccin Immunother 

2014, 10(11):3354-3368.  

25. Riboldi, E.; Musso, T.; Moroni, E.; Urbinati, C.; 

Bernasconi, S.; Rusnati, M.; Adorini, L.; Presta, M.; 

Sozzani, S. Cutting edge: Proangiogenic properties of 

alternatively activated dendritic cells. J Immun 2005, 

175(5):2788-2792.  

26. Li, Y.-L.; Zhao, H.; Ren, X.-B. Relationship of 

VEGF/VEGFR with immune and cancer cells: Staggering 

or forward? Cancer Biol Med 2016, 13(2):206.  

27. Esposito, I.; Menicagli, M.; Funel, N.; Bergmann, F.; 

Boggi, U.; Mosca, F.; Bevilacqua, G.; Campani, D. 

Inflammatory cells contribute to the generation of an 

angiogenic phenotype in pancreatic ductal 

adenocarcinoma. J Clin Pathol 2004, 57(6):630-636.  

28. Petrova, V.; Annicchiarico-Petruzzelli, M.; Melino, G.; 

Amelio, I. The hypoxic tumour microenvironment. 

Oncogenesis 2018, 7(1):10.  

29. Tao, J.; Yang, G.; Zhou, W.; Qiu, J.; Chen, G.; Luo, 

W.; Zhao, F.; You, L.; Zheng, L.; Zhang, T. Targeting 

hypoxic tumor microenvironment in pancreatic cancer. J 

Hematol Oncol 2021, 14:1-25.  

30. Muz, B.; de la Puente, P.; Azab, F.; Kareem Azab, A. 

The role of hypoxia in cancer progression, angiogenesis, 

metastasis, and resistance to therapy. Hypoxia 2015:83-92.  

31. Hao, J. HIF-1 is a critical target of pancreatic cancer. 

Oncoimmunology 2015, 4(9):e1026535.  

32. Fuentes, N.R.; Phan, J.; Huang, Y.; Lin, D.; Taniguchi, 

C.M. Resolving the HIF paradox in pancreatic cancer. 

Cancer Lett 2020, 489:50-55.  

33. Garvalov, B.K.; Acker, T. Implications of oxygen 

homeostasis for tumor biology and treatment. Hypoxia 

2016:169-185.  

34. Unger, K.; Mehta, K.Y.; Kaur, P.; Wang, Y.; Menon, 

S.S.; Jain, S.K.; Moonjelly, R.A.; Suman, S.; Datta, K.; 

Singh, R. Metabolomics based predictive classifier for 



10  
 

early detection of pancreatic ductal adenocarcinoma. 

Oncotarget 2018, 9(33):23078.  

35. Canto, M.I.; Harinck, F.; Hruban, R.H.; Offerhaus, 

G.J.; Poley, J.-W.; Kamel, I.; Nio, Y.; Schulick, R.S.; 

Bassi, C.; Kluijt, I. International cancer of the pancreas 

screening (CAPS) consortium summit on the management 

of patients with increased risk for familial pancreatic 

cancer. Gut 2013, 62(3):339-347.  

36. Henrikson, N.B.; Bowles, E.J.A.; Blasi, P.R.; 

Morrison, C.C.; Nguyen, M.; Pillarisetty, V.G.; Lin, J.S. 

Screening for pancreatic cancer: Updated evidence report 

and systematic review for the us preventive services task 

force. Jama 2019, 322(5):445-454.  

37. van Manen, L.; Groen, J.V.; Putter, H.; Vahrmeijer, 

A.L.; Swijnenburg, R.-J.; Bonsing, B.A.; Mieog, J.S.D. 

Elevated CEA and CA19-9 serum levels independently 

predict advanced pancreatic cancer at diagnosis. 

Biomarkers 2020, 25(2):186-193.  

38. Meng, Q.; Shi, S.; Liang, C.; Xiang, J.; Liang, D.; 

Zhang, B.; Qin, Y.; Ji, S.; Xu, W.; Xu, J. Diagnostic 

accuracy of a CA125-based biomarker panel in patients 

with pancreatic cancer: A systematic review and meta-

analysis. J Cancer 2017, 8(17):3615.  

39. Cai, J.; Chen, H.; Lu, M.; Zhang, Y.; Lu, B.; You, L.; 

Zhang, T.; Dai, M.; Zhao, Y. Advances in the 

epidemiology of pancreatic cancer: Trends, risk factors, 

screening, and prognosis. Cancer Lett 2021, 520:1-11.  

40. Chun, Y.S.; Pawlik, T.M.; Vauthey, J.-N. Of the AJCC 

cancer staging manual: Pancreas and hepatobiliary 

cancers. Ann Surg Oncol 2018, 25:845-847.  

41. Board, P.A.T.E. Pancreatic cancer treatment (PDQ®). 

PDQ cancer information summaries [internet]: National 

Cancer Institute (US); 2023. 

42. Hidalgo, M. Pancreatic cancer. N Engl J Med 2010, 

362(17):1605-1617.  

43. Crane, C.H.; Winter, K.; Regine, W.F.; Safran, H.; 

Rich, T.A.; Curran, W.; Wolff, R.A.; Willett, C.G. Phase II 

study of bevacizumab with concurrent capecitabine and 

radiation followed by maintenance gemcitabine and 

bevacizumab for locally advanced pancreatic cancer: 

Radiation therapy oncology group RTOG 0411. J Clin 

Oncol 2009, 27(25):4096.  

44. Koukourakis, M.I.; Giatromanolaki, II A.; Sheldon, H.; 

Buffa, F.M.; Kouklakis, G.; Ragoussis, I.; Sivridis, E.; 

Harris, A.L.; Tumour; Group, A.R. Phase I/II trial of 

bevacizumab and radiotherapy for locally advanced 

inoperable colorectal cancer: Vasculature-independent 

radiosensitizing effect of bevacizumab. Clin Cancer Res 

2009, 15(22):7069-7076.  

45. Kindler, H.L.; Friberg, G.; Singh, D.A.; Locker, G.; 

Nattam, S.; Kozloff, M.; Taber, D.A.; Karrison, T.; 

Dachman, A.; Stadler, W.M. Phase trial of bevacizumab 

plus gemcitabine in patients with advanced pancreatic 

cancer. J Clin Oncol 2005, 23(31):8033-8040.  

46. Spano, J.-P.; Chodkiewicz, C.; Maurel, J.; Wong, R.; 

Wasan, H.; Barone, C.; Létourneau, R.; Bajetta, E.; 

Pithavala, Y.; Bycott, P. Efficacy of gemcitabine plus 

axitinib compared with gemcitabine alone in patients with 

advanced pancreatic cancer: An open-label randomised 

phase II study. Lancet 2008, 371(9630):2101-2108.  

47. Kindler, H.L.; Ioka, T.; Richel, D.J.; Bennouna, J.; 

Létourneau, R.; Okusaka, T.; Funakoshi, A.; Furuse, J.; 

Park, Y.S.; Ohkawa, S. Axitinib plus gemcitabine versus 

placebo plus gemcitabine in patients with advanced 

pancreatic adenocarcinoma: A double-blind randomised 

phase 3 study. Lancet Oncol 2011, 12(3):256-262.  

48. Awasthi, N.; Schwarz, M.A.; Schwarz, R.E. 

Antitumour activity of sunitinib in combination with 

gemcitabine in experimental pancreatic cancer. HPB 

(Oxford) 2011, 13(9):597-604.  

49. Bergmann, L.; Maute, L.; Heil, G.; Rüssel, J.; 

Weidmann, E.; Köberle, D.; Fuxius, S.; Weigang-Köhler, 

K.; Aulitzky, W.; Wörmann, B. A prospective randomised 

phase-II trial with gemcitabine versus gemcitabine plus 

sunitinib in advanced pancreatic cancer: A study of the 

CESAR central european society for anticancer drug 

research–EWIV. Eur J Cancer 2015, 51(1):27-36.  

50. Pant, S.; Martin, L.K.; Geyer, S.; Wei, L.; Van Loon, 

K.; Sommovilla, N.; Zalupski, M.; Iyer, R.; Fogelman, D.; 

Ko, A.H. Treatment-related hypertension as a 

pharmacodynamic biomarker for the efficacy of 

bevacizumab in advanced pancreas cancer: A pooled 

analysis of 4 prospective trials of gemcitabine-based 

therapy with bevacizumab. Am J Clin Oncol 2016, 

39(6):614.  

51. Awasthi, N.; Hinz, S.; Brekken, R.A.; Schwarz, M.A.; 

Schwarz, R.E. Nintedanib, a triple angiokinase inhibitor, 



 11 
 

 

enhances cytotoxic therapy response in pancreatic cancer. 

Cancer Lett 2015, 358(1):59-66.  

52. Bill, R.; Fagiani, E.; Zumsteg, A.; Antoniadis, H.; 

Johansson, D.; Haefliger, S.; Albrecht, I.; Hilberg, F.; 

Christofori, G. Nintedanib is a highly effective therapeutic 

for neuroendocrine carcinoma of the pancreas (PNET) in 

the Rip1Tag2 transgenic mouse model. Clin Cancer Res 

2015, 21(21):4856-4867.  

53. Faloppi, L.; Bianconi, M.; Giampieri, R.; Sobrero, A.; 

Labianca, R.; Ferrari, D.; Barni, S.; Aitini, E.; Zaniboni, 

A.; Boni, C. The value of lactate dehydrogenase serum 

levels as a prognostic and predictive factor for advanced 

pancreatic cancer patients receiving sorafenib. Oncotarget 

2015, 6(33):35087.  

54. Wegner, C.S.; Hauge, A.; Simonsen, T.G.; Gaustad, J.-

V.; Andersen, L.M.K.; Rofstad, E.K. DCE-MRI of 

sunitinib-induced changes in tumor microvasculature and 

hypoxia: A study of pancreatic ductal adenocarcinoma 

xenografts. Neoplasia 2018, 20(7):734-744.  

55. O'Reilly, E.M.; Niedzwiecki, D.; Hall, M.; Hollis, D.; 

Bekaii-Saab, T.; Pluard, T.; Douglas, K.; Abou-Alfa, G.K.; 

Kindler, H.L.; Schilsky, R.L. A cancer and leukemia group 

B phase II study of sunitinib malate in patients with 

previously treated metastatic pancreatic adenocarcinoma 

(CALGB 80603). Oncol 2010, 15(12):1310-1319.  

56. Grande, E.; Rodriguez-Antona, C.; López, C.; Alonso-

Gordoa, T.; Benavent, M.; Capdevila, J.; Teulé, A.; 

Custodio, A.; Sevilla, I.; Hernando, J. Sunitinib and 

evofosfamide (TH-302) in systemic treatment-naive 

patients with grade 1/2 metastatic pancreatic 

neuroendocrine tumors: The GETNE-1408 trial. Oncol 

2021, 26(11):941-949.  

57. Bendell, J.C.; Zakari, A.; Lang, E.; Waterhouse, D.; 

Flora, D.; Alguire, K.; McCleod, M.; Peacock, N.; 

Ruehlman, P.; Lane, C.M. A phase II study of the 

combination of bevacizumab, pertuzumab, and octreotide 

LAR for patients with advanced neuroendocrine cancers. 

Cancer Invest 2016, 34(5):213-219.  

58. Reni, M.; Cereda, S.; Milella, M.; Novarino, A.; 

Passardi, A.; Mambrini, A.; Di Lucca, G.; Aprile, G.; 

Belli, C.; Danova, M. Maintenance sunitinib or 

observation in metastatic pancreatic adenocarcinoma: A 

phase II randomised trial. Eur J Cancer 2013, 

49(17):3609-3615.  

59. Jain, R.K. Antiangiogenesis strategies revisited: From 

starving tumors to alleviating hypoxia. Cancer Cell 2014, 

26(5):605-622.  

60. Zhou, P.; Li, B.; Liu, F.; Zhang, M.; Wang, Q.; Liu, Y.; 

Yao, Y.; Li, D. The epithelial to mesenchymal transition 

(EMT) and cancer stem cells: Implication for treatment 

resistance in pancreatic cancer. Mol Cancer 2017, 16:1-11.  

61. Ribatti, D. Tumor refractoriness to anti-VEGF therapy. 

Oncotarget 2016, 7(29):46668.  

62. Zang, J.; Liang, X.; Huang, Y.; Jia, Y.; Li, X.; Xu, W.; 

Chou, C.J.; Zhang, Y. Discovery of novel pazopanib-based 

HDAC and VEGFR dual inhibitors targeting cancer 

epigenetics and angiogenesis simultaneously. J Med Chem 

2018, 61(12):5304-5322.  

63. Aggarwal, R.; Thomas, S.; Pawlowska, N.; Bartelink, 

I.; Grabowsky, J.; Jahan, T.; Cripps, A.; Harb, A.; Leng, J.; 

Reinert, A. Inhibiting histone deacetylase as a means to 

reverse resistance to angiogenesis inhibitors: Phase I study 

of abexinostat plus pazopanib in advanced solid tumor 

malignancies. J Clin Oncol 2017, 35(11):1231.  

64. Barnes, J.A.; Redd, R.; Fisher, D.C.; Hochberg, E.P.; 

Takvorian, T.; Neuberg, D.; Jacobsen, E.; Abramson, J.S. 

Panobinostat in combination with rituximab in heavily 

pretreated diffuse large B‐cell lymphoma: Results of a 

phase II study. Hematol Oncol 2018, 36(4):633-637.  

65. Di Federico, A.; Mosca, M.; Pagani, R.; Carloni, R.; 

Frega, G.; De Giglio, A.; Rizzo, A.; Ricci, D.; Tavolari, S.; 

Di Marco, M. Immunotherapy in pancreatic cancer: Why 

do we keep failing? A focus on tumor immune 

microenvironment, predictive biomarkers and treatment 

outcomes. Cancers 2022, 14(10):2429.  

66. McCormick, K.A.; Coveler, A.L.; Rossi, G.R.; 

Vahanian, N.N.; Link, C.; Chiorean, E.G. Pancreatic 

cancer: Update on immunotherapies and algenpantucel-L. 

Hum Vaccin Immunother 2016, 12(3):563-575.  

67. Luo, W.; Yang, G.; Luo, W.; Cao, Z.; Liu, Y.; Qiu, J.; 

Chen, G.; You, L.; Zhao, F.; Zheng, L. Novel therapeutic 

strategies and perspectives for metastatic pancreatic 

cancer: Vaccine therapy is more than just a theory. Cancer 

Cell Int 2020, 20(1):1-10.  



12  
 

68. Miyazawa, M.; Katsuda, M.; Maguchi, H.; Katanuma, 

A.; Ishii, H.; Ozaka, M.; Yamao, K.; Imaoka, H.; Kawai, 

M.; Hirono, S. Phase II clinical trial using novel peptide 

cocktail vaccine as a postoperative adjuvant treatment for 

surgically resected pancreatic cancer patients. Int J Cancer 

2017, 140(4):973-982.  

69. Mucileanu, A.; Chira, R.; Mircea, P.A. PD-1/PD-L1 

expression in pancreatic cancer and its implication in 

novel therapies. Med Pharm Rep 2021, 94(4):402.  

70. Bengsch, F.; Knoblock, D.M.; Liu, A.; McAllister, F.; 

Beatty, G.L. CTLA-4/CD80 pathway regulates T cell 

infiltration into pancreatic cancer. Cancer Immunol 

Immunother 2017, 66(12):1609-1617.  

71. Seifert, L.; Plesca, I.; Müller, L.; Sommer, U.; Heiduk, 

M.; von Renesse, J.; Digomann, D.; Glück, J.; Klimova, 

A.; Weitz, J. LAG-3-expressing tumor-infiltrating T cells 

are associated with reduced disease-free survival in 

pancreatic cancer. Cancers 2021, 13(6):1297.  

72. Peng, P.-j.; Li, Y.; Sun, S. On the significance of Tim-3 

expression in pancreatic cancer. Saudi J Biol Sci 2017, 

24(8):1754-1757.  

73. Noubissi Nzeteu, G.A.; Gibbs, B.F.; Kotnik, N.; Troja, 

A.; Bockhorn, M.; Meyer, N.H. Nanoparticle-based 

immunotherapy of pancreatic cancer. Front Mol Biosci 

2022, 9:948898.  

74. Hou, Z.; Pan, Y.; Fei, Q.; Lin, Y.; Zhou, Y.; Liu, Y.; 

Guan, H.; Yu, X.; Lin, X.; Lu, F. Prognostic significance 

and therapeutic potential of the immune checkpoint 

VISTA in pancreatic cancer. J Cancer Res Clin Oncol 

2021, 147:517-531.  

75. Muth, S.T.; Saung, M.T.; Blair, A.B.; Henderson, 

M.G.; Thomas II, D.L.; Zheng, L. CD137 agonist-based 

combination immunotherapy enhances activated, effector 

memory T cells and prolongs survival in pancreatic 

adenocarcinoma. Cancer Lett 2021, 499:99-108.  

76. Starzer, A.M.; Berghoff, A.S. New emerging targets in 

cancer immunotherapy: CD27 (TNFRSF7). ESMO Open 

2019, 4:e000629.  

77. Yeo, D.; Giardina, C.; Saxena, P.; Rasko, J.E. The next 

wave of cellular immunotherapies in pancreatic cancer. 

Mol Ther Oncolytics 2022, 24:561-576.  

78. Lim, C.Y.; Chang, J.H.; Lee, W.S.; Kim, J.; Park, I.Y. 

CD40 agonists alter the pancreatic cancer 

microenvironment by shifting the macrophage phenotype 

toward M1 and suppress human pancreatic cancer in 

organotypic slice cultures. Gut Liver 2022, 16(4):645.  

79. Vence, L.; Bucktrout, S.L.; Fernandez Curbelo, I.; 

Blando, J.; Smith, B.M.; Mahne, A.E.; Lin, J.C.; Park, T.; 

Pascua, E.; Sai, T. Characterization and comparison of 

GITR expression in solid tumors. Clin Cancer Res 2019, 

25(21):6501-6510.  

80. Yadav, R.; Redmond, W.L. Current clinical trial 

landscape of OX40 agonists. Curr Oncol Rep 2022, 

24(7):951-960.  

81. Kadomoto, S.; Izumi, K.; Mizokami, A. Roles of 

CCL2-CCR2 axis in the tumor microenvironment. Int J 

Mol Sci 2021, 22(16):8530.  

82. Xu, M.; Wang, Y.; Xia, R.; Wei, Y.; Wei, X. Role of the 

CCL2‐CCR2 signalling axis in cancer: Mechanisms and 

therapeutic targeting. Cell Prolif 2021, 54(10):e13115.  

83. Meireson, A.; Devos, M.; Brochez, L. Ido expression 

in cancer: Different compartment, different functionality? 

Front Immunol 2020, 11:531491.  

84. Shen, W.; Tao, G.-Q.; Zhang, Y.; Cai, B.; Sun, J.; Tian, 

Z.-Q. Tgf-β in pancreatic cancer initiation and 

progression: Two sides of the same coin. Cell Biosci 2017, 

7:1-7.  

85. Padoan, A.; Plebani, M.; Basso, D. Inflammation and 

pancreatic cancer: Focus on metabolism, cytokines, and 

immunity. Int J Mol Sci 2019, 20(3):676.  

86. Candido, J.B.; Morton, J.P.; Bailey, P.; Campbell, 

A.D.; Karim, S.A.; Jamieson, T.; Lapienyte, L.; 

Gopinathan, A.; Clark, W.; McGhee, E.J. CSF1R+ 

macrophages sustain pancreatic tumor growth through T 

cell suppression and maintenance of key gene programs 

that define the squamous subtype. Cell Rep 2018, 

23(5):1448-1460. 

87. Xia, C.; Yin, S.; To, K.K.; Fu, L. CD39/CD73/A2AR 

pathway and cancer immunotherapy. Mol Cancer 2023, 

22(1):1-17.  

88. Matkar, P.N.; Jong, E.D.; Ariyagunarajah, R.; 

Prud'homme, G.J.; Singh, K.K.; Leong‐Poi, H. Jack of 

many trades: Multifaceted role of neuropilins in pancreatic 

cancer. Cancer Med 2018, 7(10):5036-5046.  

89. Henriksen, A.; Dyhl-Polk, A.; Chen, I.; Nielsen, D. 

Checkpoint inhibitors in pancreatic cancer. Cancer Treat 

Rev 2019, 78:17-30.  



 13 
 

 

90. Li, H.-B.; Yang, Z.-H.; Guo, Q.-Q. Immune checkpoint 

inhibition for pancreatic ductal adenocarcinoma: 

Limitations and prospects: A systematic review. Cell 

Commun Signal 2021, 19:1-13.  

91. Darvin, P.; Toor, S.M.; Sasidharan Nair, V.; Elkord, E. 

Immune checkpoint inhibitors: Recent progress and 

potential biomarkers. Exp Mol Med 2018, 50(12):1-11.  

92. Johansson, H.; Andersson, R.; Bauden, M.; Hammes, 

S.; Holdenrieder, S.; Ansari, D. Immune checkpoint 

therapy for pancreatic cancer. World J Gastroenterol 2016, 

22(43):9457.  

93. Macherla, S.; Laks, S.; Naqash, A.R.; Bulumulle, A.; 

Zervos, E.; Muzaffar, M. Emerging role of immune 

checkpoint blockade in pancreatic cancer. Int J Mol Sci 

2018, 19(11):3505.  

94. Bian, J.; Almhanna, K. Pancreatic cancer and immune 

checkpoint inhibitors—still a long way to go. Transl 

Gastroenterol Hepatol 2021, 6.  

95. Patel, K.; Siraj, S.; Smith, C.; Nair, M.; Vishwanatha, 

J.K.; Basha, R. Pancreatic cancer: An emphasis on current 

perspectives in immunotherapy. Crit Rev Oncog 2019, 

24(2)  

96. Hargadon, K.M.; Johnson, C.E.; Williams, C.J. 

Immune checkpoint blockade therapy for cancer: An 

overview of FDA-approved immune checkpoint 

inhibitors. Int Immunopharmacol 2018, 62:29-39.  

97. Varghese, A.M. Chimeric antigen receptor (CAR) T 

and other T cell strategies for pancreas adenocarcinoma. 

Chin Clin Oncol 2017, 6(6):66-66.  

98. Yoon, J.H.; Jung, Y.-J.; Moon, S.-H. Immunotherapy 

for pancreatic cancer. World J Clin Cases 2021, 

9(13):2969.  

99. de Miguel, M.; Calvo, E. Clinical challenges of 

immune checkpoint inhibitors. Cancer Cell 2020, 

38(3):326-333.  

100. Shi, Y.; Li, Y.; Wu, B.; Zhong, C.; Lang, Q.; Liang, 

Z.; Zhang, Y.; Lv, C.; Han, S.; Yu, Y. Normalization of 

tumor vasculature: A potential strategy to increase the 

efficiency of immune checkpoint blockades in cancers. Int 

Immunopharmacol 2022, 110:108968.  

 

 

 

 


