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Abstract: Angiogenesis, the sprouting of the existing vascular network to form new 
vessels, is required for the growth of solid tumors. For this reason, the primary stimulant of 
angiogenesis, vascular endothelial growth factor-A (VEGF), is an attractive target for 
tumor therapy. In fact, there are currently numerous anti-VEGF therapies in clinical 
development for the treatment of various cancers, including breast cancer. VEGF signals 
through two primary VEGF receptors, VEGFR1 and VEGFR2. VEGFR2 is the primary 
angiogenic receptor, and VEGFR1 has been implicated in macrophage chemotaxis and 
tumor cell survival and invasion. It has only been appreciated recently that the VEGFRs 
are expressed not only on endothelial cells and tumor cells but also on many host immune 
cells. Therefore, to better understand the effects of anti-VEGF therapy it is important to 
consider the effects of VEGF on all cells in the tumor microenvironment, including 
immune cells. Bevacizumab (Avastin®, Genetech), which binds VEGF and inhibits 
interaction with VEGFR1 and VEGFR2, was approved for the treatment of metastatic 
HER2/NEU-negative breast cancer in 2008, however, the majority of human mammary 
tumors are either innately resistant or will acquire resistance to anti-VEGF therapy. This 
suggests that these tumors activate alternate angiogenesis pathways. Pleiotrophin (PTN) is 
an important angiogenic cytokine in breast cancer and is expressed at high levels in 
approximately 60% of human breast tumors. PTN functions as an angiogenic factor and 
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promotes remodeling of the tumor microenvironment as well as epithelial-mesenchymal 
transition (EMT). In addition, PTN can have profound effects on macrophage phenotype. 
The present review focuses on the functions of VEGF and PTN on immune cell infiltration 
and function in breast cancer. Furthermore, we will discuss how anti-VEGF therapy 
modulates the immune cell profile.  
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1. Introduction 

Breast cancer is the most frequently diagnosed malignancy in women in North America. 
Advancements in standard treatment regimens have improved the overall outlook for breast cancer 
patients in recent years; however, 40,000 women a year succumb to this disease [1]. Breast cancer 
initiates when mammary epithelial cells acquire mutations in genes that regulate cell proliferation, 
survival, polarity, and differentiation (reviewed in [2]). However, a growing body of evidence 
indicates that the stromal cell response to these malignant cells is required for the tumor to advance 
past the hyperplastic stage (reviewed in [2,3]). Cells of the tumor stroma include host fibroblasts, 
endothelial cells, and immune cells, all of which are known to promote carcinogenesis. 

Angiogenesis, the sprouting of an existing vascular network to form new vessels, is required for the 
growth of solid tumors [4]. For this reason, tumor angiogenesis is an attractive target for tumor 
therapy. Many of the current anti-angiogenic therapies target vascular endothelial growth factor-A 
(VEGF), a primary stimulant for angiogenesis [5]. VEGF binds to and activates two primary VEGF 
receptors, VEGFR1 and VEGFR2. VEGFR2 is the primary angiogenic receptor, while the function of 
VEGFR1 is less defined (reviewed in [6]). VEGFR1, however, has been implicated in macrophage 
chemotaxis [7], tumor cell survival [8] and invasion [9]. It is important to note that the VEGFRs are 
expressed on endothelial cells, tumor cells and on many host immune cells. Therefore, to better 
understand the effects of anti-VEGF therapy it is important to consider the effects of VEGF on all cells 
in the tumor microenvironment. 

The majority of human mammary tumors are either innately resistant or will acquire resistance to 
anti-VEGF therapy [10], suggesting that these tumors activate alternate angiogenesis pathways. The 
alternate angiogenic factors fibroblast growth factor (FGF 1 and 2), ephrin A1 and 2, angiopoietin 
(Ang-1 and 2), placental growth factor (PlGF), stromal cell-derived factor 1 alpha (SDF-1α), and 
others, have been implicated in resistance to anti-VEGF therapy (reviewed in [11]). Furthermore, 
many of these affect immune cell infiltration and function [12–24]. In this review we focus on two 
angiogenic cytokines: VEGF and pleiotrophin. Pleiotrophin (PTN) is a less studied but important 
angiogenic cytokine in the mammary tumor microenvironment (reviewed in [25]). Interestingly,  
anti-VEGF therapy can modulate PTN expression in multiple pre-clinical mouse models [26]. PTN, an 
18 kDa heparin-binding cytokine, is expressed extensively during development, but expression in adult 
tissues is restricted except during times of inflammation and remodeling [27–30]. The primary receptor 
for PTN is receptor protein tyrosine phosphatase (RPTP)β/ζ. RPTPβ/ζ maintains steady-state 
phosphorylation levels of a number of substrates including anaplastic lymphoma kinase (ALK),  
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β-catenin, β-adducin and others under normal cellular conditions. When bound by PTN, RPTPβ/ζ is 
inactive and can no longer keep substrate phosphorylation in check. The result is a net increase in 
substrate phosphorylation following PTN stimulation, which can promote cell proliferation, migration, 
differentiation, and transformation [31-35]. 

PTN is an important angiogenic cytokine in many models of breast cancer [25] and is expressed 
highly by approximately 60% of primary breast tumors [32,36]. When MCF-7 human breast cancer 
cells were engineered to express high levels of PTN, tumor progression and angiogenesis was 
enhanced [37]. Additionally, expression of a dominant negative PTN by MDA-MB-231 human breast 
cancer cells abrogated angiogenesis and progression to malignancy [38]. Finally, when PTN was  
over-expressed in the mammary fat pad of MMTV-PyMT transgenic mice, a well characterized 
transgenic breast cancer model, angiogenesis and tumor progression was accelerated significantly [39]. 
PTN functions as an angiogenic factor and promotes remodeling of the tumor microenvironment and 
epithelial-mesenchymal transition (EMT) [35,39]. These studies suggest that PTN is an attractive 
therapeutic target in breast cancer; however, more information is needed concerning the effects of PTN 
on the tumor microenvironment including recruitment and activation of immune cells.  

The present review focuses on the functions of the angiogenic factors VEGF and PTN on immune 
cell infiltration and function in breast cancer. Furthermore, we will discuss how anti-VEGF therapy 
modulates the immune cell profile (Table 1). 

2. Bone Marrow 

Bone marrow consists of a diverse population of cells including hematopoietic stem cells (HSCs), 
endothelial cells (ECs), chondroblasts, osteoblasts, and other stromal cells. VEGF is expressed by a 
number of cells in bone marrow, including HSCs, and serves a variety of functions [40,41]. 
Interestingly, VEGF-deficient HSCs and bone marrow mononuclear cells are unable to form colonies 
in vitro or repopulate lethally irradiated hosts, suggesting that VEGF regulates HSC survival [41]. 
Further studies indicate that VEGF maintains HSC pluripotency and regulates survival through an 
internal autocrine loop [40]. Receptor tyrosine kinase inhibitors, such as sunitinib (Sutent®, Pfizer) and 
sorafenib (Nexavar®, Bayer), can cross the cell membrane and inhibit this autocrine survival loop, 
however this loop is not accessed or inhibited by anti-VEGF antibodies [40]. Clinical data further 
supports the importance of the internal autocrine VEGF loop in HSC survival, as both sunitinib [42,43] 
and sorafenib [44] are myelosuppressive as monotherapies, whereas bevacizumab is not. Interestingly, 
mice treated in vivo with VEGF-Trap or an antibody directed against VEGFR2 experience 
significantly delayed hematopoietic recovery following treatment with sublethal irradiation [45,46]. 
This lag in hematopoietic reconstitution is not due to direct effects on HSC survival but rather is 
attributed to delayed regeneration of sinusoidal endothelial cells in the bone marrow, which is required 
for HSC self-renewal, survival, and differentiation [45,46].  

VEGF secretion effectively mobilizes mononuclear myeloid cell from the bone marrow. These cells 
home to target organs, position themselves in perivascular regions, and promote angiogenesis through 
secretion of angiogenic cytokines [47]. Recent work also specifies an important function for HSCs in 
tumor metastasis. Circulating HSCs home to sites of future metastasis, where they secrete proteases 
and growth factors, effectively preparing the “soil” for the metastasizing tumor cells. Homing to the 
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pre-metastatic niche is purported to require VEGFR1 signaling, as treatment with anti-VEGFR1 
antibodies can prevent HSC homing and subsequent metastasis [48]. In summary, VEGF signaling is 
important in the maintenance and survival of HSCs and promotes their mobilization from the bone 
marrow and homing to target organs (Table 1). 

PTN is also expressed in the adult bone marrow where it stimulates osteogenic differentiation at 
low concentrations [49]. PTN is crucial for the differentiation of many stem cell types including 
human embryonic stem cells [50], neural stem cells, late retinal progenitor cells [51], and  
myoblasts [52]. PTN also promotes nitric oxide (NO)-dependent mobilization and migration of 
endothelial progenitor cells [53]. These studies suggest that PTN functions primarily as a stem cell 
differentiation factor, but it is unknown what specific effects PTN has on HSC survival and 
differentiation. 

3. Macrophages 

Inflammatory cells comprise a major portion of the overall tumor mass and of these, macrophages 
represent an abundant and important cell type [54]. In fact, macrophages regulate the angiogenic switch 
in MMTV-PyMT tumors [55]. There are two basic classes of macrophages found in tumors. Classically 
activated (M1) macrophages are potent effector cells that produce pro-inflammatory cytokines (IL-6, 
IL-12, TNFα) and are capable of killing tumor cells. In contrast, alternatively activated (M2) macrophages 
secrete angiogenic and anti-inflammatory cytokines (IL-10, TGFβ, and VEGF) and therefore suppress 
the immune system and promote tumor progression (reviewed in [56]). The majority of macrophages 
in the tumor microenvironment display an M2 phenotype, as macrophage depletion inhibits tumor 
growth and metastasis in many pre-clinical models [55,57]. Interestingly, expression of VEGF restores 
tumor growth in macrophage-depleted animals, indicating that macrophage-derived VEGF is critical 
for tumor progression, angiogenesis, and invasion [58]. In addition, increased macrophage infiltration 
confers a poor prognosis in breast cancer, whereby an increase in macrophage hotspots correlates with 
decreased relapse-free and overall survival [59,60]. Recent studies also suggest that a distinct macrophage 
population assists in metastasis by facilitating tumor cell intravasation and extravasation [61,62]. 
Furthermore, depletion of macrophages after tumor cell seeding at the metastatic site is sufficient to 
significantly reduce metastatic burden in pre-clinical models of breast cancer [61]. This distinct 
macrophage population can be described as F480+CD11b+Gr1-CCR2hiCX3CR1hi and VEGFR1hi, 
however, the VEGFR2 status of these macrophages has not been established.  

VEGF stimulates macrophage chemotaxis [7] into the tumor microenvironment, and we and others 
have shown that anti-VEGF therapy can reduce macrophage infiltration in pre-clinical tumor models 
(Table 1) [63–67]. We found that macrophages harvested from a tumor-bearing animal express both 
VEGFR1 and VEGFR2, whereas those harvested from non-tumor bearing mice are VEGFR1+ but 
deficient in VEGFR2. Furthermore, when VEGFR2 is expressed, it becomes the dominant receptor 
driving VEGF-induced chemotaxis and specific blockade of VEGF:VEGFR2 interaction is sufficient 
to inhibit chemotaxis [63,64]. Interestingly, analysis of human peripheral blood from cancer patients 
and healthy volunteers revealed a population of VEGFR2+/CD45bright/CD14+ monocytes; this 
population was significantly more prominent in blood from cancer patients compared to that of healthy 
volunteers, confirming our pre-clinical findings [68] 
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Table 1. Summary of the effects of VEGF, pleiotrophin, and pre-clinical and clinical anti-VEGF therapy on the immune profile. 

Cell Type VEGF Effects Pre-Clinical Anti-VEGF Clinical Anti-VEGF Pleiotrophin 
Effects 

Hematopoietic 
stem cells 
(HSCs) 

Regulates pluripotency, survival, 
and mobilization from the bone 
marrow [25,26] 

Anti-VEGFR2 inhibits reconstitution following sublethal irradiation [30,31] 
Anti-VEGFR1 prevents mobilization and recruitment to pre-metastatic niche in a 
Lewis lung carcinoma model [33] 

Sunitinib and sorafenib result 
in myelosuppression as 
monotherapies [27–29] 

Unknown 

Macrophages Macrophage chemotaxis [7] Reduces macrophage infiltration in multiple breast cancer and other cancer  
models [48–52] 

Unknown Induces macrophage 
VEGFR2 expression 
and promotes an 
angiogenic phenotype 
[48,54–56] 

Myeloid 
derived 

suppressor 
cells (MDSCs) 

Promotes differentiation into 
neutrophils, macrophages, and 
dendritic cells [59] 

VEGFR2 specific inhibition decreases MDSC in MDA-MB-231 xenograft and 
MMTV-PyMT transgenic models [50] 
 
Inhibition of both VEGFR1 and VEGFR2 increases MDSC number in the tumor 
in MDA-MB-231 xenograft and MMTV-PyMT transgenic models [50] 

Sunitinib decreases MDSCs in 
in patients with renal cell 
carcinoma (RCC) [91] 
Bevacizumab decreases 
MDSCs in patients with a 
variety of cancers [77] 

Unknown 

Neutrophils Neutrophil chemotaxis [65] VEGFR2 specific inhibition increases neutrophil infiltration into tumors in 
multiple breast cancer models [49,50] 
Inhibition of both VEGFR1 and VEGFR2 decrease neutrophil infiltration into 
tumors in multiple breast cancer models [49,50] 

Unknown Neutrophil chemotaxis 
[68] 

Dendritic cells 
(DCs) 

VEGF:VEGFR1 activation inhibits 
the differentiation of HSCs down 
the DC lineage [71,72] 
VEGF:VEGFR2 activation inhibits 
DC antigen presenting cell 
functions [73,74] 

Specific inhibition of VEGF: VEGFR2 activation increases the number of mature 
dendritic cells in the MDA-MB-231 xenograft and 4T1 syngeneic breast cancer 
models [49,50]  

Sorafenib reverses defects in 
DC maturation in patients 
with RCC [78] 
Bevacizumab reverses defects 
in DC maturation in colorectal 
cancer patients [78] 

Unknown 

Regulatory  
T-cells (Tregs) 

VEGF expression can be correlated 
to high FoxP3 expression in breast 
carcinoma [83] 

VEGFR2 specific inhibition decreases Tregs MMTV-PyMT transgenic model [50] 
Inhibition of both VEGFR1 and VEGFR2 increases Tregs in the MMTV-PyMT 
transgenic model [50] 

Sunitinib decreased Tregs in 
patients with RCC [91] 

Unknown 
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Specific inhibitors of the VEGF:VEGFR2 interaction significantly increase PTN expression in three 
separate pre-clinical tumor models, suggesting that VEGFR1 signaling may be important in this 
phenomenon [26]. Once expressed, PTN induces the expression of VEGFR2 on macrophages and can 
promote the transdifferentiation of macrophages into functional endothelial cells in vitro [63,69,70]. 
Furthermore, PTN may promote an angiogenic macrophage (M2) phenotype in vitro [71]. This 
suggests that while anti-VEGF therapy reduces macrophage infiltration into the tumor, compensating 
expression of PTN can promote an M2 phenotype in those macrophages that are either (1) in the tumor 
prior to therapy or (2) migrate into the tumor in response to a non-VEGF cytokine. 

Interestingly, conditioned media from the ovarian cancer cell line SKOV3 is unable to induce the 
differentiation of monocytes into CD14+/VEGFR2+ cells, until these cells are forced to undergo  
EMT [71]. Conditioned media from SKOV3 cells with a mesenchymal phenotype contains increased 
levels of PTN and induces the differentiation of monocytes into CD14+/VEGFR2+ cells [71]. These 
CD14+/VEGFR2+ angiogenic monocytes are able to increase in vitro tube formation when co-cultured 
with endothelial cells and induce endothelial cell migration, indicating that VEGFR2+ monocytes may 
represent a sub-type of M2 macrophages [71]. Furthermore, addition of an anti-PTN blocking antibody 
to mesenchymal SKOV3 CM prevented the differentiation of primary monocytes into 
CD14+/VEGFR2+ angiogenic monocytes [71]. 

4. Myeloid Derived Suppressor Cells 

Myeloid derived suppressor cells (MDSCs) are an immature and heterogeneous population of cells 
described by the expression CD11b+Gr1+CD14–. MDSCs expand during tumorigenesis, inflammation, 
and infection and suppress the adaptive immune system through inhibition of T-cell function. MDSC 
induced T-cell anomalies in tumors include antigen-specific T-cell tolerance, nonspecific suppression 
of T-cell function, and induction of T-cell apoptosis [72]. MDSCs exert all of these effects through the 
secretion of arginase, reactive oxygen, and reactive nitrogen species. MDSCs also secrete large 
amounts of MMP-9, which regulates the bioavailability of VEGF in the tumor microenvironment, thus 
MDSCs increase VEGF bioavailability and indirectly increase tumor angiogenesis [73]. Furthermore, 
VEGF increases the number of MDSCs by preventing the differentiation of these cells into 
neutrophils, macrophages, and dendritic cells [74].  

CD11b+Gr1+ cells are able to mediate refractoriness to anti-VEGF therapy through secretion of the 
alternative angiogenic factor Bv8. Bv8 binds to and signals through two G-protein coupled receptors 
termed EG-VEGFR/PKR-1 and EG-VEGFR/PKR-2. Strikingly, refractoriness to anti-VEGF therapy is 
alleviated when mice are treated with a combination of anti-VEGF and anti-Bv8 therapy [75,76]. 
Following these studies, the effects of acute and long term anti-VEGF therapy on MDSC number and 
function has become a topic of significant interest. We examined these effects using different of anti-
VEGF strategies and three separate pre-clinical mouse models [65]. Our results indicate the effects of 
anti-VEGF therapy on MDSC infiltration are model dependent (Table 1). In MDA-MB-231 xenografts 
and MMTV-PyMT transgenic tumors simultaneous blockade of both VEGFR1 and VEGFR2 
increased MDSC infiltration, however, this did not hold true in 4T1 syngenic tumors, where all anti-
VEGF strategies reduced MDSC accumulation [65]. A potential explanation of this phenomenon is the 
level of intra-tumoral cytokine levels. IL-1β levels are changed following anti-VEGF therapy and 
regulate MDSC infiltration in a bimodal manner. We found low levels of IL-1β (<5 pg/mg/protein) 
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correlate with increased MDSC infiltration in the MDA-MB-231 and MMTV-PyMT models while 
elevated levels of IL-1β (>50 pg/mg/protein) following anti-VEGF therapy in the 4T1 model 
correlated with reduced MDSC infiltration [65].  

5. Neutrophils 

While many studies have focused on the function of tumor-associated macrophages in tumor 
progression, the function of tumor associated neutrophils has not been studied in detail. However, 
recent evidence indicates that neutrophils also participate actively in tumorigenesis through a number 
of mechanisms including the secretion of angiogenic growth factors (i.e., VEGF) and matrix-
metalloproteinases, such as MMP-9 [77–79]. In fact, neutrophil derived MMP-9 mediates the 
angiogenic switch in a mouse model of pancreatic cancer [77,78]. Neutrophils respond to chemotactic 
agents including CXCL8 (IL-8), G-CSF, and VEGF. Neutrophil migration toward VEGF is mediated 
by VEGFR1 activation [80]. Anti-VEGF therapy modulates neutrophil infiltration in an agent 
dependent manner, whereby agents that specifically block activation of VEGFR2 increase neutrophil 
infiltration. In contrast those that block activation of both VEGFR1 and VEGFR2 decrease neutrophil 
infiltration, indicating that VEGFR1 is the primary receptor involved in VEGF-induced neutrophil 
chemotaxis into tumors [64,65]. It is important to note, that the differentiation of MDSCs into 
neutrophils following VEGFR2-specific therapy may also contribute to neutrophil accumulation in this 
model. Alternatively, recent evidence indicates that macrophages can reduce neutrophil infiltration by 
inhibiting CXCL8-dependent chemotaxis [81]. Therefore, macrophage numbers often correlate 
inversely with neutrophil levels. We have found that in general anti-VEGF strategies reduce 
macrophage infiltration; however only selective inhibition of VEGF-activation of VEGFR2 by 
receptor specific agents resulted in marked accumulation of neutrophils [65,81]. Interestingly, 
neutrophil numbers in the blood are an independent prognostic indicator of response to anti-VEGF 
therapy in patients with renal cell carcinoma, whereby increased neutrophil number correlates with a 
decreased overall survival following anti-VEGF therapy [82]. 

There are very few studies examining the effects of PTN on neutrophil infiltration and function. 
However, there is some evidence that PTN can function as a neutrophil chemotactic agent [83].  

6. Dendritic Cells 

Dendritic cells (DC) are the most potent antigen presenting cells and are crucial for induction and 
maintenance of anti-tumor responses. Defects in antigen presentation by DCs related to  
abnormal differentiation and activation are regulated by many soluble factors in the tumor  
microenvironment [84]. VEGF was the first described tumor-derived factor shown to inhibit DC 
differentiation [85]. During physiologic DC differentiation, variations in VEGFR expression regulate 
maturation of DC from bone marrow progenitor cells to immature DC in peripheral blood and to 
mature antigen presenting DCs in secondary lymphoid organs [74,86,87]. VEGF activation of 
VEGFR1 on CD34+ early progenitor cells blocks activation of NF-κB, resulting in inhibition of HSC 
differentiation along the DC lineage [74,87]. However, inhibition of DC function, via impaired antigen 
presentation and blunted T-cell stimulation and proliferation result from VEGFR2 activation [86,88].  



Cancers 2010, 2              
 

977 

The effects of VEGF and VEGF-targeted therapies on tumors extend beyond the effects on 
angiogenesis. Previously, using MDA-MB-231 xenografts, we found an increase in mature DC in 
animals treated with r84, an anti-VEGF antibody that selectively inhibits VEGF binding to VEGFR2, 
but not bevacizumab, an antibody that inhibits VEGF from binding VEGFR1 and VEGFR2 [64]. 
Using the 4T1 model in immunocompetent animals, we found a similar effect after only one week of 
therapy, where inhibition of VEGF binding to VEGFR2 with mouse chimeric r84 reduced the number 
of total DC, but increased the mature fraction of these cells [64].  

Clinical data support that VEGF can induce DC defects in cancer patients. First, in cancer patients, 
elevated systemic VEGF levels correlate with low DC frequencies [89]. Furthermore, patients with 
metastatic cancer have an increased proportion of immature DC, a population of cells not capable of 
stimulating T-cell responses [90]. Additionally, in certain types of cancer, DC differentiation has been 
shown to be negatively affected by VEGF, as demonstrated in pre-clinical models [91]. Despite this 
wealth of pre-clinical data the majority of anti-VEGF agents have minimal effect on DC activity in 
human patients [91-93]. However, this is not true in all cases. Select anti-VEGF agents (renal cell 
cancer/sorafenib and colorectal cancer/bevacizumab) can reverse deficits in DC maturation [90]. These 
data highlight the importance of VEGF in DC maturation in cancer patients and support the further 
investigation of the anti-VEGF therapy on DC subsets. 

7. Regulatory T-cells 

Regulatory T-cells (Treg) are a specialized immunosuppressive population of T-cells defined by the 
expression of CD25 and FoxP3. Tregs are produced by the immune system to control self-tolerance and 
prevent autoimmunity and exert these effects through the secretion of anti-inflammatory cytokines 
such as TGFβ and IL-10 [94]. Tumors take advantage of this regulatory mechanism to prevent  
anti-tumor responses. They recruit and expand naturally occurring Treg populations and induce the 
formation of new Treg cohorts, which specifically recognize tumor-associated antigens. In fact, high 
FoxP3 expression is associated with increased TGFβ and VEGF levels, invasiveness, and metastasis in 
infiltrating breast carcinoma, indicating that FoxP3 expression can be used as a prognostic  
indicator [95]. TGFβ is reported to increase VEGF expression, explaining the correlation in these two 
parameters [96]. We have examined the effects of anti-VEGF therapy on Treg accumulation in two 
immunocompetent mouse models and have found that the effects are model dependent. In  
MMTV-PyMT tumors, anti-VEGF therapy that specifically inhibits VEGFR2 signaling decreases Treg 
accumulation, whereas blockade of both VEGFR1 and VEGFR2 signaling actually increases Treg 
infiltration. In contrast, all anti-VEGF therapies inhibit Treg accumulation in 4T1 tumors [65]. Recent 
evidence indicates that Treg infiltration may be mediated by myeloid cells in the tumor 
microenvironment, whereby myeloid cell depletion can reduce Treg homing to tumors [97]. 
Furthermore, macrophages are the key cell type responsible for Treg expansion in certain 
immunosuppressive settings [98]. Re-examination and analysis of our previous data revealed that 
macrophage infiltration correlates with Treg accumulation in the PyMT-MMTV (r2 = 0.99) and 4T1  
(r2 = 0.86) models following anti-VEGF therapy (Figure 1A, B). Furthermore, MDSC number 
correlates with Treg accumulation in 4T1 (r2 = 0.743) but not MMTV-PyMT tumors (r2 = 0.43)  
(Figure 1C, D). Examination of multiple cytokines revealed that only IFN-γ correlated consistently 
with Treg number [65].  
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There are no studies which directly examine the effects of PTN on Treg cells; however, there are 
numerous studies, which suggest that PTN has a profound influence on macrophage phenotype. 
Therefore, PTN may indirectly affect Tregs in the tumor microenvironment through modulation of 
macrophage infiltration and phenotype. 

Figure 1. Macrophage infiltration correlates with the accumulation of CD25+ FoxP3+ 
regulatory T-cells in two pre-clinical models of breast cancer following anti-VEGF 
therapy. Mice in each experiment received therapy with either control antibody (C44), 
mouse-chimeric r84 (inhibits the VEGF: VEGFR2 interaction), sunitinib (inhibits 
VEGFR1, VEGFR2 PDGFRβ, c-kit), or GU81 (inhibits VEGFR1 and VEGFR2). (A, B) 
By linear regression analysis, changes intra-tumoral Treg number following anti-VEGF 
therapy positively correlate with CD68+ macrophage levels after four weeks of therapy in 
the 4T1 syngeneic (A) and MMTV-PyMT transgenic breast cancer models (B). Each dot 
represents the mean for CD68+ area and the number of Tregs in each treatment group. (C, D) 
By linear regression analysis, changes in intra-tumor Treg number positively correlate with 
the number of CD11b+ Gr1+ MDSCs following four weeks of therapy in the 4T1 syngenic 
(C) but not the MMTV-PyMT transgenic (D) breast cancer model. Each dot represents the 
mean for the number of MDSCs and Tregs in each treatment group. 

 

 

8. Anti-VEGF Therapy in Breast Cancer 

Bevacizumab, a humanized monoclonal antibody that binds human VEGF and prevents VEGF from 
binding VEGFR1 and VEGFR2, was approved for the treatment of metastatic HER2/NEU-negative 
breast cancer in 2008 [99]. The most relevant evidence for the efficacy of bevacizumab in the 
treatment of metastatic breast cancer comes from two large phase III clinical trials. In the first study, 
patients treated with the combination of capecitabine plus bevacizumab demonstrated increased overall 
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response rate compared to capecitabine alone [100]. The next major phase III clinical trial prior to the 
FDA approval of bevacizumab was the ECOG 2100 trial [101]. Patients treated with paclitaxel plus 
bevacizumab had prolonged progression-free survival as compared to those treated with paclitaxel 
alone (11.8 versus 5.9 months). However, there were no differences in overall survival between the 
two groups. Sub-group analysis revealed that patients with the VEGF-2578 AA genotype or  
VEGF-1154 A allele had prolonged overall survival in the combination arm compared with the 
alternate genotypes. Additionally, expression of the genotypes VEGF-634 CC and VEGF-1498 TT 
were associated with significantly less grade 3 or 4 hypertension compared with the alternate 
genotypes [102], demonstrating the need for molecular characterization of tumors to maximize 
therapeutic benefit of anti-VEGF therapy. At this time, few studies have evaluated the effects of VEGF 
and anti-VEGF therapy on immune cells in cancer. In patients with metastatic renal cell carcinoma, 
treatment with sunitinib, a receptor tyrosine kinase inhibitor of VEGFR1, VEGFR2, platelet-derived 
growth factor, c-Kit, Flt3 and CSF-1, resulted in significant reduction in MDSCs and correlated with 
reversal of type 1 T-cell suppression [103]. Furthermore, MDSC reduction correlated with a reduction 
of CD3+CD4+CD25hiFoxP3+ Treg cells. However, no correlation existed between change in tumor 
burden and change in Treg or MDSC infiltration, suggesting an alteration in the phenotype of these 
cells. A recent study from Duke evaluated the effect of bevacizumab therapy on immune cells in 
patients with a variety of cancers, including breast cancer [90]. Compared to healthy volunteers, cancer 
patients had deficits in DC maturation and an accumulation of immature myeloid cells. Interestingly, 
the number of immature myeloid cells correlated with serum VEGF levels. Furthermore, bevacizumab 
treatment reduced the number of immature myeloid cells in the blood and enhanced in vitro DC 
immune function in cancer patients [90]. These data suggest a potential to modulate antitumor 
immunity by reversing tumor-induced immunosuppression with anti-VEGF therapy [103]. An 
increased understanding of the effects of anti-VEGF therapy on immune cells is critically important for 
patients with breast cancer, as many of these cell types have been implicated as contributors to 
resistance. , Furthermore, preliminary clinical and pre-clinical data suggests that patients could be 
accessed for response early during the course of anti-VEGF therapy by evaluating changes in immune 
cell numbers and phenotype in the blood. 

9. Conclusions 

It has long been recognized that VEGF is critical for tumor progression, where it serves as an 
important angiogenic factor in the tumor microenvironment [104]. This information along with the 
observation that tumors cannot grow beyond the size of 1–2 mm3 in the absence of angiogenesis [4] 
has led to the development of a number of anti-cancer agents that inhibit the VEGF pathway [5]. 
However, it has become clear that VEGFRs are expressed on not only endothelial and tumor cells but 
also various immune cells in the tumor microenvironment, and therefore it is important to understand 
the effects of anti-VEGF therapy on all cells types.  

Pre-clinical data suggests that treatment with inhibitors such as r84, which specifically inhibits 
VEGF signaling through VEGFR2, results in an improved immune profile compared to broader 
spectrum inhibitors [64,65]. Treatment with r84 decreased the number of immunosuppressive MDSC 
and Tregs and increased the number of mature DC in three separate pre-clinical models. Furthermore, 
this improvement in immune profile was not reproducible with any of the other anti-VEGF agents 
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tested, including sunitinib and bevacizumab [64,65]. In fact, treatment with bevacizumab actually 
increased the number of tumor-associated MDSCs in the MDA-MB-231 xenograft model [65].  

Finally it is important to note that not all tumors are sensitive or will remain sensitive to anti-VEGF 
therapy [10]. We must, therefore, investigate alternative angiogenic and immunosuppressive pathways, 
such as PTN signaling pathways that may promote resistance to anti-VEGF therapy. We have 
preliminary evidence that anti-VEGF therapy can influence PTN expression and signaling and 
anticipate that combination of anti-VEGF with anti-PTN therapy will dramatically augment anti-tumor 
effects by reducing angiogenesis and improving the immunogenicity of tumor cells.  
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