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Abstract: The tumor microenvironment (TME) plays a central role in tumor initiation, development, immune es-
cape, and clinical treatment. Hypoxia, an important characteristic of the TME, mediates vascular endothelial factor 
(VEGF) signaling through direct or indirect mechanisms. Directly, hypoxia promotes the expression of VEGF through 
hypoxia-inducible factor (HIF) induction. Indirectly, VEGF inhibits dendritic cell (DC) maturation and function by bind-
ing to VEGF receptors (VEGFRs) and co-receptors expressed on cell membranes. Additionally, HIF can bypass VEGF/
VEGFR and activate downstream signaling factors to promote tumor development. Currently, DC vaccine, anti-HIF 
and anti-VEGF therapies are widely used in clinical treatment, but their long-term effects remain limited. Therefore, 
a further understanding of the effects of hypoxia and VEGF signaling on DCs will help in the development of innova-
tive combination therapies and the identification of new targets.
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Introduction

Cancer incidence is rapidly increasing world-
wide and is likely to be the leading cause of 
death in the 21st century [1]. Tumor metastasis 
and drug resistance limit the efficacy of cancer 
treatment. Multiple therapies targeting specific 
signaling pathways have been developed; how-
ever, their long-term effects remain limited [2]. 
A growing understanding of tumor initiation and 
progression has revealed the importance of the 
tumor microenvironment (TME) and its poten-
tial applications in clinical treatments. The TME 
is the internal environment in which tumor cells 
develop and exist. This is also where symbiotic 
nutrient sharing, nutrient competition, and sig-
naling molecule interference occur [3], and it 
has been demonstrated to affect angiogenes- 
is, tumor development, and metastasis [4]. In- 
creasing studies have revealed that perturba-
tion of the TME strongly influences the func-
tions of immune cells [3, 5]. Tumors can drive 

dendritic cell (DC) differentiation and matura-
tion, resulting in a poor immune response [6, 7] 
and making DCs a crucial target for tumors to 
escape immunosurveillance mechanisms [8]. 
Combining anti-angiogenic therapy with chemo-
therapy and immunotherapy is believed to be 
an important strategy to overcome the immu- 
nosuppressive TME [7, 9]. Understanding the 
complex networks in the TME can help in the 
development of novel drugs and treatments. 

Growing evidence shows that the level of hypox-
ia, vascular endothelial factor (VEGF) expres-
sion, and immune cell infiltration are important 
in the TME. Furthermore, the relationships am- 
ong these factors in the TME are also impor-
tant. One of the common characteristics of the 
TME is hypoxia, which is defined as an oxygen 
pressure around cells lower than 5-10 mmHg 
[10]. The level of hypoxia is positively correlat- 
ed with cancer mortality [11]. Usually, hypoxia 
in normal organs or tissues (e.g., the liver) and 
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pathological tissues is induced by inflamma-
tion, hypoglycemia, and tumor development 
[12]. Extensive clinical data have demonstrat-
ed that hypoxia regulates repetitive-injury re- 
generation [5], angiogenesis, tumor survival 
[13], immune responses, and drug resistance 
[2]. 

Hypoxia-inducible factor (HIF) is one of the 
most important signaling molecules in the 
hypoxia signaling pathway. HIF is a heterodi-
meric transcription factor consisting of an α 
subunit and a β subunit. The composition of 
subunits is regulated by the surrounding con-
centration of oxygen [14]. A low oxygen level 
stabilizes the expression and activation of HIF. 
Thus, HIF can be applied as an indicator of the 
surrounding hypoxia level. Moreover, HIFs are 
responsible for transducing signals to down-
stream factors. HIF-1 and HIF-2 regulate gene 
transcription using similar mechanisms, where-
as HIF-3 functions as a regulator of HIF-1/2 by 
modulating glucose uptake, metabolism, and 
cell proliferation [2, 10]. Therefore, HIF is con-
sidered the main transducer of hypoxia signal-
ing pathways in tumor development [13].

Hypoxia, which can be induced by chemoembo-
lization, plays a significant role in the TME by 
upregulating VEGF through HIF. VEGF rebound 
can thus lead to treatment failure and poor sur-
vival rates in tumor patients [15]. VEGF is syn-
thesized by most types of tumor cells and DCs, 
and it acts as a central regulatory factor and  
an important indicator of tumor migration, inva-
sion, and regulation [7, 16-19]. In addition to 
preventing tumor angiogenesis, the inhibition 
of VEGF signaling can also improve the function 
of DCs in the TME [7]. 

VEGF has several isoforms, including VEGFA-E 
and placental growth factor [20]. These iso-
forms are generated through alternative splic-
ing, and they can perform distinct functions by 
binding to various receptors [21]. The three 
tyrosine kinases receptors VEGFR1, VEGFR2, 
and VEGFR3 are the most common transmem-
brane receptors activated by the ligand bind- 
ing of VEGF. All three receptors are dimers with 
similar protein organization but different func-
tions [22-24]. Both VEGFR1 and VEGFR2 are 
essential factors in suppressing DC functions 
[17, 25]. The former mainly inhibits DC matura-
tion, and the latter primarily inhibits DC migra-
tion. VEGFR3 can prevent TLR4 (Toll-like recep-

tor)/NF-κB (Nuclear Factor of κ-light-chain-
enhancer of activated B cells) activation [18] 
and suppress the trafficking of DCs to drain- 
ing lymph nodes to mediate delayed-type hy- 
persensitivity (DTH) in corneal transplantations 
[26]. However, the downstream effectors of the 
VEGFR3 signaling pathway remain unclear, and 
further study is needed. Besides VEGFR1/2/3, 
other membrane proteins have similar func-
tions, including Neuropilins (NRP1 and NRP2). 
As co-receptors, they play a crucial role in VEGF 
signal transduction [20]. We will discuss their 
functions in the co-receptor section below.

Although HIF/VEGF signaling pathway has been 
proved to be involved in tumor immunity, the 
effects on DC are not thoroughly explained. In 
this review, we first describe the crosstalk 
between VEGF and DCs at the molecular level 
upon HIF activation, especially the signal trans-
duction through the three VEGF receptors and 
co-receptors. Then, we introduce the mecha-
nisms that activate VEGF downstream signaling 
pathways independent of VEGF/VEGFR interac-
tions. Finally, we discuss the efficacy of mole-
cules targeting HIF and VEGF signaling path-
ways in clinical cancer treatment. 

Dual impacts of hypoxia on DCs

DCs, the most powerful antigen-presenting ce- 
lls, originate from bone marrow-derived pluripo-
tent hematopoietic stem cells and can be di- 
vided into different subtypes according to their 
source: conventional dendritic cells (cDC) and 
plasmacytoid dendritic cells (pDC) [27-29]. In 
addition, these can be further divided into sev-
eral subpopulations according to the distribu-
tion of surface antigens [30]. 

DCs can induce antitumor immunity by activat-
ing both innate and adaptive immune systems 
[19]. cDCs are crucial in antigen presentation 
[31]. When stimulated, cDCs become activat-
ed, carry antigens from tumors to lymph nodes, 
activate T cells, and initiate tumor cell killing 
[31, 32]. Unlike cDCs, pDCs were thought to 
have a low antigen uptake capacity [31]. How- 
ever, the level of pDCs is positively related to 
the prognosis of patients, indicating that pDCs 
may play an important role in antitumor immu-
nity [31]. pDCs produce type I interferon (IFN- 
1), which subsequently stimulates natural killer 
(NK) cells, macrophages, and other innate im- 
mune cells by activating Toll-like receptor 7 or 9 
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[33, 34]. IFN-1 can also promote Th1/Th2 po- 
larity shift, B cell differentiation, apoptotic cell 
responses, and other adaptive immune cells 
[30, 33]. Recently, pDCs were also demonstr- 
ated to function as antigen-presenting cells 
(APCs) by presenting antigens and activating 
autoimmunity [30]. Because DCs are essential 
in antitumor immunity, modulating DCs may  
be a promising cancer strategy and potentially 
overcome tumor-induced immunosuppression 
[30].

However, cancer cells can influence the immu-
nogenic or tolerogenic functions of pDCs to 
inhibit immune responses in the TME, and 
hypoxia is one of the key pathways [30]. The 
effects of hypoxia on DCs are complex. First, 
the response of cells in the hypoxic state is 
highly associated with the degree of hypoxia. 
Different durations and severities of hypoxia 
can cause varying degrees of cell responses. 
For example, cells survive under moderate hy- 
poxia, whereas prolonged hypoxia can cause 
cell death [35]. Second, hypoxia can affect DCs 
directly or indirectly by regulating both the qual-
ity and intensity of the immune response [36]. 
In mice, hypoxia itself does not activate DCs 
directly, but it can enhance the expression of 
costimulatory molecules, pro-inflammatory cy- 
tokine synthesis, allogeneic lymphocyte prolif-
eration, and glucose use in the presence of 
lipopolysaccharide (LPS) [27]. However, hypox-
ia also suppresses immune function through 
other induced factors. Third, hypoxia can affect 
both pro-survival and pro-apoptotic pathways 
[37]. Additionally, hypoxia can have completely 
distinct effects on tumor development in differ-
ent tissues and patients, and it may even have 
different effects on the same drugs [38]. In 
clinical settings, long-term hypoxia is generally 
considered to be unfavorable, and its suppres-
sion of immunity usually promotes the prolifera-
tion and metastasis of tumor cells.

Hypoxia can affect DCs by regulating the levels 
of several molecules, such as reactive oxygen 
species (ROS). As the Warburg effect explains, 
in low oxygen conditions, cells will produce ATP 
through a higher rate of anaerobic glycolysis, 
resulting in an increased level of reactive oxy-
gen species (ROS) in both tumor cells and 
immune cells [35]. A lack of energy can inhibit 
cell development, and a high level of ROS can 
prevent DC maturation via p38-MAPK and 
ERK1/2 pathways and influence antigen pre-

sentation. Moreover, ROS can modulate pro-
inflammatory signaling pathways in DCs [27, 
39] and thus affect the physiological state of 
DCs.

Hypoxia induces HIF expression in DCs. Seve- 
ral HIF-mediated pathways are altered under 
hypoxic conditions [40]. In rats, the use of HIF 
inhibitors can strongly increase the anti-tumor 
activity of DC-based vaccines [13].

Although short-term hypoxia can slightly in- 
crease the migratory ability of immature DCs 
from the periphery into draining lymph nodes 
[41, 42], hypoxia mainly inhibits cell maturation 
and induces cell death. Data suggest that as a 
transcription factor, HIF upregulates the expr- 
ession of the pro-apoptotic protein BAX, induc-
es the hypoxia-inducible gene BNIP3, and pro-
motes cell death. HIF can also regulate the 
PI3K/Akt pathway. The downregulation of Akt is 
associated with cell survival and can affect DC 
activation. The life span of DCs may vary from 
different oxygen levels depending on different 
molecules. Additionally, DC migration can be 
inhibited. New evidence also shows that HIF 
inhibits the migratory ability of DCs via meta-
bolic reprogramming toward glycolysis and pre-
venting the upregulation of CCR7 [43-45]. By 
inducing apoptosis and regulating cell migra-
tion, HIF can greatly affect the number and 
immune function of DCs. Furthermore, the 
secretory function of DCs is also affected by 
HIF. Hammami et al. recently found that HIF 
could decrease IL-12 production from DCs, 
leading to immature Th1 development [44]. In 
addition, increased IL-22 secretion was obser- 
ved in the hypoxia microenvironment, whereas 
the levels of IL-10, IL-6, TNF-α, IL-1β, and IL-23 
were decreased [42].

However, the functions of hypoxia are complex 
because it can have different effects on mature 
and immature DCs [7]. For instance, under 2% 
O2, which is close to the oxygen level in lymph 
nodes, immature DCs die, but mature DCs  
survive and can still perform their functions 
[36]. Although hypoxia reduces the cell growth 
of bone marrow-derived DCs (BMDCs), it can 
enhance their phenotypic maturation [42]. The- 
se effects may depend on the duration and 
extent of hypoxia and DC subtypes. Further- 
more, HIF-1 and HIF-2 may have opposing ef- 
fects [42], and elucidating their distinct func-
tions requires additional studies (Figure 1). 
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Hypoxia induces VEGF activation

In addition to directly affecting the expressi- 
on of intracellular signaling molecules, hypoxia 
can indirectly regulate the maturation and func-
tion of DCs by inducing the secretion of parti- 
cular cytokines. The VEGF signaling pathway is 
one of the most important downstream path-
ways and plays a crucial role in immunity. 
Clinical studies have confirmed the positive 
correlation between VEGF signaling pathway 
activation and the overall survival of cancer 
patients. Reagents targeting VEGF or VEGF re- 
ceptors (e.g., bevacizumab, sunitinib, and sora- 
fenib) have been applied in clinical cancer trials 
[16]. These drugs not only impair angiogenesis 
but also suppress immune responses.

As an important hypoxia-associated factor, VE- 
GF is not just a downstream molecule of HIF. 
The crosstalk between HIF and VEGF is com-
plex. HIF and VEGF are both negatively corre-
lated with the prognosis of cancer patients, 
suggesting that there may be a relationship 
between these two factors. In fact, HIF-1 can 

and signaling molecules. The HIF/VEGF signal-
ing pathway can influence both antigen presen-
tation and immune factor secretion, thereby 
increasing the probability of immune escape. 

VEGF and DCs

VEGFR1 signaling pathway

The VEGFR1 signaling pathway impairs DC mat-
uration directly in the early phase by regulating 
NF-κB activity and influences the expression of 
NF-κB subunits, such as rel-B. Therefore, it can 
affect the antigen-presenting and secretory 
functions of DCs.

VEGFR1 binds to VEGFA, VEGFB, and placental 
growth factor. It mainly inhibits DC maturation 
during the early phase [19]. At physiological 
concentrations, VEGF signaling via VEGFR1 has 
a minimal effect on DC maturation; it only me- 
diates maturation at high ligand concentrati- 
ons [48]. Several findings have shown that the 
VEGFR1 signaling pathway can block NF-κB ac- 
tivation and impair hemopoietic progenitor cell 

Figure 1. Hypoxia effects on immune cells. As a transcription factor, HIF can 
directly affect the differentiation and function of different immune cells, 
such as T cells, dendritic cells, NK cells, and macrophages (the left side). 
Additionally, it can mediate the interactions between cells and thus influence 
the maturation and activation of immune cells (the right side).

induce the production of 
VEGF, which subsequently 
promotes angiogenesis to in- 
crease the oxygen content. In 
addition, HIF overexpression 
has been found to promote 
angiogenesis [46, 47]. For ex- 
ample, by activating NF-κB 
and AP-1 signaling pathways, 
ROS promote angiogenesis 
with increased VEGF secreti- 
on [35]. Subsequently, incre- 
ased HIF expression or hypox-
ia levels can promote VEGF 
expression to some extent. 
Accumulating findings sup-
port HIF as an upstream re- 
gulatory factor of VEGF. Spe- 
cifically, HIF can upregulate 
VEGF gene expression by mo- 
dulating DNA transcription. 

In fact, HIF can affect the 
function of DCs through sev-
eral signaling pathways. The 
HIF/VEGF pathway is a signifi-
cant mechanism, and VEGF 
can influence the develop-
ment and function of DCs 
through different receptors 
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(HPC) differentiation into DCs [49]. It is worth 
noting that this pathway only functions in the 
early phase of differentiation, both in vivo and 
in vitro. In other words, only HPCs and not 
mature DCs can respond to VEGF through the 
VEGFR1 pathway [49].

NF-κB is a transcription factor present in almost 
all animal cells. At first, it was discovered to be 
able to bind to the enhancer element of the 
immunoglobulin κ light-chain of activated B 
cells [50]. NF-κB can form both homo- and het-
erodimeric complexes consisting of five sub-
units: RelA (p65), RelB, c-Rel, NF-κB1 (p105), 
and NF-κB2 (p100). Different combinations de- 
termine the specificity of the transcriptional 
response [50]. The most common NF-κB dimer 
is the heterodimer of RelA and p50. Notably,  
its subunits may also play a role. For example, 
recent data suggest that RelB is crucial for DC 
development, and knocking out RelB in mice 
prevents DC maturation [51]. Accumulating evi-
dence indicates that NF-κB can regulate gene 
transcription and thus mediate inflammation, 
angiogenesis, proliferation, differentiation, and 
apoptosis. However, the role of NF-κB is quite 
controversial. It can act both as a tumor pro-
moter and suppressor under different circum-
stances [50].

Tsunehiro et al. found that increased VEGF lev-
els rapidly decreased the specific DNA bind- 
ing ability of NF-κB and drastically reduced the 
expression of proteins downstream of NF-κB 
signaling. However, the mRNA level of NF-κB 
subunits was only slightly reduced during the 
very early phase (less than 7 days) [49]. This 
suggested that the aberrant function of NF-κB 
may be due to its reduced activity [52]. 

The regulatory effects of VEGF on NF-κB may 
be related to the dissociation of inhibitor-κB 
(I-κB) and NF-κB in the cytoplasm. The activa-
tion of NF-κB requires co-activators, co-repres-
sors, and other transcription factors. It can also 
be inhibited by various regulators, such as I-κB. 
Research has shown that even after blocking 
NF-κB activity during early differentiation stag-
es, a dominant I-κB inhibitor can still restore 
the effects of VEGF [49]. 

In the cytoplasm, I-κB can bind to NF-κB and 
inhibit its translocation into the nucleus and 
subsequent binding to DNA. Phosphorylation or 
acetylation can disassociate them and active 

NF-κB. Data revealed that the VEGFR1 signal-
ing pathway inhibits the disassociation betwe- 
en NF-κB and I-κB. Thus, NF-κB-regulated tran-
scription pathways are inhibited, and protein 
synthesis is also reduced. For example, the pro-
duction of MHC class II molecules, costimula-
tory molecules (CD40, CD86), and pro-inflam-
matory cytokines is substantially inhibited [20]. 
After VEGF treatment, the level of RelB is also 
decreased. 

VEGFR2 signaling pathway

VEGFR2 can bind to VEGFA, VEGFC, VEGFD, 
and VEGFE (except mouse VEGFD). It is the 
most well-known receptor and is indispensa- 
ble for angiogenesis. In the absence of VEGFR2 
tyrosine kinase signaling, early hematopoiesis 
is abnormal. As for DCs, VEGFR2 signaling has 
a weak effect on maturation but a significant 
influence on early hemopoietic differentiation 
and cell migration [48]. 

VEGF induces VEGFR2 complex assembly [24], 
and VEGF/VEGFR2 binding can impair the mo- 
tility, antigen-presenting, and secretory func-
tion of mature DCs through the RhoA-COF1 
pathway [53]. Researchers found that increas- 
ed VEGF can upregulate the expression of RhoA 
and that the effect of VEGF on DCs is reversed 
with a RhoA inhibitor. Previous results suggest 
that RhoA is a downstream molecule of VEGF/
VEGFR2 [53]. 

When VEGF binds to VEGFR2, it activates the 
RhoA/ROCK signaling pathway. RhoA is a small 
G protein belonging to the Rho GTP subfamily  
of GTPases. It is activated by several cytokines 
and inflammatory mediators. Active RhoA can 
bind to GTP and then activate its downstream 
serine/threonine protein kinase Rho-associa- 
ted kinase (ROCK) [54], which subsequently 
affects the production and secretion of cellular 
molecules. Active ROCK can inactivate down-
stream myosin phosphatase, which dephosph- 
orylates the myosin light chain (MLC), thereby 
preventing MLC dephosphorylation and result-
ing in increased actin-myosin interactions. As a 
result, cell contraction and migration are influ-
enced [55]. 

The RhoA/ROCK signaling pathway is an im- 
portant mediator of transcription, cytoskeleton 
remodeling, cell proliferation, migration, inva-
sion, and differentiation in several immune ce- 
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lls. One of the downstream molecules of the 
RhoA/ROCK pathway is cofilin1 (COF-1). COF-1 
is an actin-binding protein in eukaryotic cells. It 
can promote the cycle of actin fibers by ensur-
ing the rapid polymerization and depolymeriza-
tion of actin fibers. Therefore, it can affect the 
adhesion of cells and their extracellular matrix, 
thereby promoting cell movement, migration, 
division, and apoptosis. 

In the presence of high VEGF levels, the phos-
phorylation of COF-1 is increased. Normally, 
COF-1 is dephosphorylated when DCs undergo 
maturation [56]. Thus, abnormally elevated lev-
els of COF-1 phosphorylation inhibit DC ma- 
turation. Meanwhile, the abnormal structure of 
COF-1 leads to its dysfunction, which impairs 
DC cytoskeleton remodeling and directional 
motility. The antigen-presenting activity of DCs 
also depends on motility because they need to 
migrate to the lymph nodes to perform their 
function. A further study found that the mRNA 
level of COF-1 was increased, and COF-1 local-
ization was altered following VEGF stimulation. 
The function of COF-1 also depends on its lo- 
cation, and this change further compromises 
the immune function of DCs [53]. Therefore, 
the VEGFR2/RhoA/COF-1 pathway inhibits the 
immune function of DCs. 

The VEGFR2/RhoA/COF-1 axis is just one key 
signaling pathway. VEGFR2 can also influence 
other signaling molecules in DCs. For example, 
the combination of VEGF and VEGFR2 has been 
found to affect the phosphorylation of extracel-
lular regulated protein kinases (ERK1/2), whi- 
ch are also important serine/threonine protein 
kinases in signal transduction. ERK1/2 signals 
through MAPK cascades and the PI3K/AKT/
PKB pathway [57]. When the expression of 
VEGF increases, VEGF can assist in the recruit-
ment of DC precursors to the tumor via the 
VEGFR2 pathway [46]. 

Following VEGF stimulation, some immature 
DCs can also differentiate into endothelial-like 
cells (ELC), thereby reducing the number of 
mature DCs. VEGF can promote angiogenesis 
and also induce the differentiation of cells into 
ELCs to promote neovascularization. DCs can 
promote angiogenesis by secreting VEGF and 
interleukin and interacting with endothelial ce- 
lls [43, 58]. In addition, the secretory ability of 
DCs is modulated to promote vascular forma-
tion. For instance, IL-2 secretion by DCs sup-

presses angiogenesis. The detailed signaling 
pathway has not yet been revealed, but the 
shift from DCs to ELCs is likely related to ERK 
signaling [59]. Some VEGFR2-mediated signal-
ing pathways have been clearly elucidated in T 
cells, macrophages, or other immune cells, and 
researchers recently showed that these might 
also function in DCs. 

Co-receptors: the NRP signaling pathway

As co-receptors of VEGF, NRPs can bind to 
VEGF165, VEGF145, and VEGFC on DCs, regu-
latory T cells, and macrophages. NRPs can fo- 
rm complexes with VEGFR2 and VEGF to en- 
hance signal transduction. Therefore, they are 
known as co-receptors [60]. Recent studies 
indicate that co-receptors also play significant 
roles in mediating the effects of VEGF. VEGF co-
receptors include NRP1 and NRP2. NRP1 was 
first identified in 1995 and thought to be a co-
receptor of the neural guidance factor sema-
phorin 3A [46]. Although NRPs have no intrinsic 
signaling capability, they can form complexes 
with VEGF RTKs (VEGFR1 and VEGFR2) and 
thus increase the affinity of VEGF by more than 
4-fold [21]. 

NRPs are known to be involved in angiogenesis, 
immune responses, tumor development, and 
epithelial-mesenchymal transition (EMT) [61]. 
In cancer patients, aberrantly enhanced NRP1 
and NRP2 expression [20, 62] promotes tu- 
mor tissue angiogenesis, tumor cell growth, 
and metastasis. NRPs also participate in regu-
lating immune responses. They impair T cell 
activation, regulate myeloid cell migration, and 
strongly inhibit BMDC maturation [20]. In the 
absence of NRP1, BMDC physiology is not im- 
paired, but these cells exhibit a reduced ability 
to respond to VEGF, resulting in deficient gr- 
owth, maturation, and T cell stimulation [20, 
63]. In addition, NRPs can inhibit LPS stimula-
tion initiated by TLR signaling. TLR4 activates 
downstream MyD88/IRAK4 signaling to modu-
late the phosphorylation of ERK1/2 and NF-κB. 
After receiving the signal from VEGF, NRPs are 
upregulated and disrupt the downstream TLR4 
signaling pathway to reverse the phosphoryla-
tion of ERK1/2 and NF-κB [20]. ERK1/2 and 
NF-κB pathways are crucial for DC maturation 
and differentiation, MHC II expression, and 
costimulatory molecule (CD40, CD86) secreti- 
on. Further research revealed that this rever- 
se was caused by direct interactions between 
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NRPs and TLR4. There is also a negative feed-
back mechanism in this TLR4 signaling path-
way whereby the suppression of ERK and NF-κB 
signaling and reduced secretion of inflamma- 
tory cytokines inhibit ligand-bound NRP1 [20]. 
Regarding other immune cells, NRP can inter-
act with VEGFR2. However, in BMDCs, there is 
no direct evidence of their interaction, and its 
role in other DC subtypes is not well under- 
stood (Figure 2).

Other responses

After stimulation with VEGF, the mechanisms 
underlying many of the changes that occur in 
DCs are unknown.

Compared with wild-type mice, the number of 
DCs was increased in VEGF transgenic mice, 
and enhanced VEGFR2 but decreased VEGFR1 
expression were observed [21, 32]. Following 
VEGF stimulation, DCs strongly express u-PA 
[52], and changes in the expression of more 

than 33 proteins have been reported [53]. In 
addition, Takuya et al. found that the propor- 
tion of DC subtypes (DC 1/DC2) was decreas- 
ed [52]. Although the detailed signaling path-
ways have not yet been explained, these vari-
ants are associated with VEGF stimulation. 

Moreover, VEGF can indirectly affect the devel-
opment and function of DCs by regulating other 
cells. VEGF inhibits the maturation of myeloid 
cells (MCs), and the coexistence of iMCs can 
inhibit the maturation of DCs [17]. Of course, 
VEGF also affects the entire immune system  
by modulating the maturation and function of 
other cells via the regulation of DCs. On the one 
hand, DCs regulate surrounding immune cells 
by secreting cytokines through direct interac-
tions. For instance, inhibition of the transcrip-
tion factor kruppel-like factor 2 (KLF2) in DCs 
can inhibit Th2 cell development [64]. On the 
other hand, the abnormal secretion of mole-
cules from DCs may disrupt the entire immune 
system [65]. In addition, abnormal levels of 

Figure 2. Three VEGF/VEGFR signaling pathways involved in DC regulation. VEGFR1, VEGFR2, and NRPs can bind to 
different VEGF subtypes. The VEGFR1 pathway inhibits cell maturation by promoting the binding between I-κB and 
NF-κB in the early phase. VEGFR2 can impair cell migration by activating RhoA/ROCK and increasing phosphory-
lated (P)-cofilin levels. VEGFR2 may also participate in the ERK1/2 signaling pathway, resulting in abnormal cell dif-
ferentiation and decreased DC numbers. NRP1 influences both NF-κB and ERK1/2 signaling pathways associated 
with Toll-like receptors.
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TNF-α, which is secreted by DCs, may promote 
tumor development.

Hypoxia interference 

Hypoxia can both inhibit and activate DCs 
depending on the degree and duration of hy- 
poxia and patient characteristics [36]. This may 
due to the complex interaction between the 
hypoxia pathway and immune cell activation 
pathways [35]. It was found that the effect of 
hypoxia on downstream signaling molecules in 
both VEGFR1 and VEGFR2 pathways was not 
completely consistent with the effect of VEGF, 
suggesting that hypoxia may interfere with the 
VEGF pathway through other signaling path- 
ways. 

NF-κB pathway: opposite effect

In contrast to VEGF, HIF can promote the action 
of NF-κB. Walmsley. et al. found that the acti- 
vation and expression of NF-κB were regulated 
by HIF-1, and its expression was significantly 
increased in the hypoxic microenvironment 
[66]. In fact, NF-κB was induced primarily by 
inflammation stimulation and hypoxia functions 
through a secondary mechanism under inflam-
matory conditions [67]. By increasing the pro-
duction of costimulatory molecules and pro-
inflammatory cytokines, hypoxia can enhance 
NF-κB production and activation. Currently, NF- 
κB is thought to be an indispensable intermedi-
ate molecule between hypoxia and inflamma-
tion. In turn, NF-κB can also induce HIF mRNA 
production [68].

There is also extensive crosstalk between the 
HIF and NF-κB pathways. For example, some 
cytokines can both activate the NF-κB pathway 
and promote the expression of HIF, or some 
cytokines can enhance their function through 
NF-κB pathways or HIF pathways [67]. The 
interaction between NF-κB and HIF is complex 
and can occur at different levels from activa-
tors to the target genes [50]. For VEGF, DC mat-
uration was inhibited only in the early phase. 
HIF function is not only affected during the 
early phase. It can function during DC matu- 
ration and even in mature DCs. Therefore, the 
role of hypoxia in regulating NF-κB in DCs needs 
to be discussed in terms of specific stages of 
development.

During different developmental periods or in 
different cell types, NF-κB exhibits various func-

tions. It can promote both development and 
apoptosis depending on the different stages  
of cell development and cell types. For exam-
ple, NF-κB was found to induce the apoptosis  
of T cells [69]. Although these results have not 
been confirmed in DCs, this study suggested 
that we could not determine the effects of HIF 
simply by assessing NF-κB expression or acti-
vation because the developmental stages of 
DCs are also important. The detailed effects  
of NF-κB in DCs have not been completely 
revealed, and further studies are still needed. 

RhoA/ROCK pathway: similar effect

For molecules in the VEGFR2 signaling path-
way, hypoxia has a similar effect as VEGF. Un- 
like the VEGFR1 signaling pathway, RhoA and 
ROCK are thought to function upstream of HIF 
[70]. In hypoxic microenvironments, the am- 
ount of GTP-bound RhoA increases, and thus 
the activity of RhoA is enhanced. Additionally, 
the level of ROCK2 but not ROCK1 was incre- 
ased. However, the expression and stabilization 
of HIF did not affect RhoA/ROCK expression, 
whereas the mRNA and protein expression lev-
els of HIF were altered in response to RhoA/
ROCK signaling under low oxygen conditions 
[70]. These results show that RhoA/ROCK can 
be an upstream factor of HIF but not hypoxia. In 
addition, VEGF can inhibit EMT, similar to HIF. In 
this case, hypoxia cannot be represented 
directly by HIF, but these changes are consis-
tent with the effect of VEGF.

Normally, hypoxia impairs the activity and ex- 
pression of COF-1 because RhoA/ROCK is ac- 
tivated. In addition, some studies found that 
hypoxia could promote F-actin depolymeriza-
tion by inhibiting COF-1 activation in intestinal 
epithelial cells [71]. However, this study was not 
conducted in DCs. In fact, there is currently no 
definite conclusion on the relationship between 
hypoxia and COF-1 in DCs.

From these studies, HIF inhibits DCs by induc-
ing VEGF, but the regulatory effects are not the 
ultimate effect of HIF. In previous experiments, 
the effects of these two proteins were usually 
studied independently, but their interactions 
may cause DCs to respond differently. 

Furthermore, there are still some limitations to 
the related studies. First, it is difficult to deter-
mine the specific effect of hypoxia. In fact, stud-
ies have generally focused on either hypoxia or 
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VEGF rather than directly studying their interac-
tion. Additionally, the studies on the crosstalk 
between hypoxia and VEGF have focused on 
HIF and VEGF themselves rather than the down-
stream signaling molecules. Second, most sig-
naling pathway studies have been conducted in 
mouse models, and some studies have shown 
that there may be differences in DCs and VEGF 
between humans and mice [32, 51, 53]. Third, 
most studies on DC mechanisms were based 
on previous results from other cells, such as T 
cells. Because some are well-known signaling 
pathways, complete validation using in vitro 
and in vivo experiments is sometimes not per-
formed. Finally, studies on different VEGFRs 
have focused on a single receptor pathway, 
overlooking their connection with other recep-
tors [71]. 

Applications and prospects 

Because HIF/VEGF signaling promotes tumor 
development and may cause drug resistance, 
controlling the expression and activation of this 
signaling pathway is important in clinical treat-
ments [72]. Many drugs targeting the HIF/VEGF 
signaling pathway have been developed, and 
some drugs that have used effectively in the 
past are also found to be related to the down-
regulation of HIF/VEGF [73]. Asparagus poly-
saccharide in asparagus, a type of traditional 
Chinese herb, can downregulate the HIF/VEGF 
pathway [18]. Anti-VEGF and anti-VEGFR target-
ed therapies are widely used in clinical treat-
ment [16, 74]. VEGF can not only promote tu- 
mor development by enhancing angiogenesis, 
but it also affects the function of immune cells 
through the VEGFR pathway [52, 75]. There- 
fore, anti-VEGF/VEGFR therapy can either tar-
get tumors by preventing angiogenesis or pro-
mote an immune-supportive tumor microenvi-
ronment. However, anti-VEGF/VEGFR therapy 
can lead to drug resistance by inducing a hy- 
poxic microenvironment [9, 76]. Therefore, it 
only achieves a short-term effect in patients 
[11, 16].

In recent years, the use of combination thera-
pies, also termed “acceleration on” strategies, 
has been promoted in clinical treatment. Us- 
ing anti-VEGF therapy in combination with DC 
immunotherapy, tumor vaccine therapy, or chi-
meric antigen receptor T-cell therapy can in- 
crease treatment efficacy and reduce the pos-

sibility of drug resistance [6, 52, 77]. DC-based 
vaccines, one type of tumor vaccination, is a 
common combination therapy [78]. However, 
the synthesis of DC-based vaccines is compli-
cated, and their efficacy remains limited. Thus, 
highly effective, long-term, and stable treat-
ments are still needed.

In addition, HIF inhibitors (e.g., halofuginone 
and topotecan) were applied in clinical trials 
and shown to be effective in various settings 
[79]. A number of HIF inhibitors are currently 
being investigated in clinical trials, which have 
shown promising results for future cancer 
treatments.

The HIF/VEGF pathway and DCs have been 
demonstrated to play a role in many tumors 
and affect the outcomes of clinical treatment. 
Angiogenesis plays an important role in the 
tumorigenesis and development of multiple 
myeloma (MM). The proteasome inhibitor bort-
ezomib, which is used to treat MM, was also 
found to inhibit VEGF production and asso- 
ciated angiogenesis [80]. HIF helps maintain 
MM homeostasis. Approximately 35% of MM 
patients constitutively produce HIF-1α [81]. 
Therefore, the suppression of HIF-1α may be  
an effective therapy. Recent studies found that 
the suppression of HIF-1α enhanced the anti-
tumor effect of lenalidomide [82]. Although DC 
function is impaired in many MM patients, the 
effects of DC vaccines are unsatisfactory. Sh- 
inde et al. reported that the combination of  
a stem cell-derived DC vaccine and an anti-
CTLA-4 antibody was a promising treatment for 
MM [83]. 

The HIF/VEGF signaling pathway also partici-
pates in the regulation of colorectal cancer 
(CRC) cell migration and invasion [84]. Anti-
angiogenic therapy is used to treat CRC, but 
acquired resistance develops within several 
months. Thus, the efficacy of anti-VEGF therapy 
is insufficient. However, a recent study found 
that a combination treatment consisting of 
anti-VEGF therapy could control tumor growth 
and inhibit drug resistance [74, 85]. Therefore, 
a combination of anti-VEGF drugs and HIF inhib-
itors may benefit cancer patients in clinical tri-
als [86]. Moreover, anti-VEGF therapy inhibits 
the liver metastasis of CRC [87]. DC vaccines 
are an attractive therapeutic strategy for CRC 
treatment. DC vaccines have not been approv- 
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ed for CRC treatment, but clinical trials have 
demonstrated that DC vaccines could enhance 
immune responses and improve survival in CRC 
patients without severe adverse effects [88, 
89]. 

In patients with prostate cancer (PCa), anti-
VEGF therapy increased their survival time [90]. 
HIF-1α can induce immune escape, suggesting 
its potential as a therapeutic target. However, 
the application of HIF inhibitors in PCa requires 
more studies [91]. Moreover, DC vaccines suc-
cessfully induced an immune response in all 
PCa patients [92]. Similar to PCa, VEGF is also 
essential in lung cancer, and anti-VEGF therapy 
has been approved for the clinical treatment of 
lung cancer [93]. HIF-1α promotes immune 
escape by increasing PD-L1 in non-small cell 
lung cancer (NSCLC) cells [94]. Therefore, the 
downregulation of HIF-1α can inhibit prolifera-
tion and angiogenesis in NSCLC patients [95]. 
DC vaccines are also considered effective for 
the treatment of lung cancer. DC vaccines in- 
hibit lung cancer cell proliferation in mice [96]. 
The combination of a DC vaccine and cytokine-
induced killer cell therapy can also benefit pa- 
tients without adverse effects [97].

tion of HIF inhibitor and DC vaccine may have 
more complex effects and hypoxia may mask 
the efficacy of VEGF therapy. The interference 
of hypoxia should also be controlled in the pro-
duction and application of DC vaccines. The- 
refore, the degree and duration of hypoxia 
should be considered in the specific treatment 
strategies. 

Understanding the HIF/VEGF signaling pathway 
also contributes to the development of strate-
gies for clinical diagnosis and precision medi-
cine. Ye et al. analyzed the data from exist- 
ing databases (The Cancer Genome Atlas) and 
found that drug efficacy was indeed affected by 
the level of hypoxia, and different drugs may 
have various sensitivities or tolerances at dif-
ferent hypoxia levels [38]. Therefore, the as- 
sessment of hypoxia levels in cancer patients 
is critical to improve the efficacy of drugs. The 
criteria for evaluating hypoxia and immune lev-
els in cancer patients still need to be improved 
and modified. Understanding the relationship 
between HIF/VEGF and immune cells can help 
in the adjustment of these hypoxia-immune 
correlation scales. Importantly, these correla-
tion scales can promote the development of 

Figure 3. Potential targets of HIF/VEGF/DC therapy and FDA approved drugs. 
Abbreviations: VEGF: vascular endothelial growth factor; DC: dendritic cell; 
HIF: hypoxia-inducible factor; ROS: reactive oxygen species; TME: tumor mi-
croenvironment; NRP1: Neuropilin-1; NF-κB: Nuclear Factor of κ-light-chain-
enhancer of activated B cells; MLC: myosin light chain; COF-1: Cofilin1; ERK: 
extracellular regulated protein kinases; ELCs: endothelial-like cells; TLR: 
toll-like receptor; EMT: epithelial-mesenchymal transition; LPS: lipopolysac-
charide.

In addition, anti-HIF/VEGF th- 
erapy and DC therapy are al- 
so effective in renal, esopha-
gogastric, breast, oral, and 
endometrial cancers (Figure 
3) [98-106]. However, indi- 
vidual treatments failed to 
achieve the promising expec-
tations in some cancers 
(Table 1). This treatment fail-
ure may be caused by differ-
ent patient conditions, drug 
resistance, or the complex 
crosslink between HIF, VEGF, 
and DCs [107]. Hence, “ac- 
celeration on” strategies may 
increase the efficacy of can-
cer immunotherapy in the fu- 
ture. VEGF is one of signifi-
cant TME barrier and can sup-
press effects on DC vaccine 
[108]. Theoretically anti-VEGF 
therapy could increase antitu-
mor responses of DC-based 
immunotherapy. Since hypox-
ia can function through by- 
pass pathways and have dual 
impacts on DC, the combina-
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precision medicine and improve the prognosis 
of cancer patients. 

More research is necessary and required. Al- 
though most studies showed that VEGF plays a 
negative role on DC through VEGFR1, VEGFR2 
and NRP pathways, the role of VEGFR3 has not 
been clearly studied. Also, the impact and 
mechanism of hypoxia on DC require further 
exploration. HIF could be a crucial regulator in 
the balance of the immune status of dendri- 
tic cells. Factors influenced by hypoxia should 
be valued, because these factors may be in- 
volved in the bypass pathway of HIF signal 
pathways and modulate efficacy of HIF inhibi-
tor. Understanding the crosstalk between hy- 
poxia, VEGF, and DC is essential for designing 
clinical therapies. Building upon current knowl-
edge, further investigations should focus on 
the dosage and duration of anti-VEGF agents 
combined with DC vaccine. It is worth looking 
forward to further findings which may realize 
the promise of immunology and immunothe- 
rapeutics.

Conclusion

Studies have shown that HIF is involved in 
tumor development. In the VEGF/VEGFR signal-
ing pathway, hypoxia is not just an upstream 
signaling molecule, but it participates in the 
downstream pathways of VEGF in DCs. Although 

different VEGF/VEGFR pathways can all affect 
the function of DCs, their specific impacts are 
distinct. 

Since its discovery, HIF has been studied in dif-
ferent types of cancer. The complex HIF path-
ways, which were elucidated in previous stud-
ies, increase the difficulty of analyzing and 
understanding its specific mechanisms. The 
complexity also affects the clinical application 
of anti-HIF therapies [109]. Additionally, most 
reviews of HIF/VEGF pathways focus on the 
mechanism in tumor cells and T cells, and the 
reviews on the mechanisms in DCs are limited. 
DC vaccines provide a new direction for cancer 
treatment and also highlight the necessity for 
mechanistic research on the TME. This review 
provides a comprehensive summary of the 
existing molecular pathways and may help pro-
mote the development of novel clinical treat-
ments. In cancer therapy, more attention has 
been paid to the control of hypoxia, VEGF lev-
els, and DC function. The hypoxic pathway in 
the TME is expected to become an important 
target of cancer treatment in the future.
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