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Abstract

Anti–vascular endothelial growth factor (VEGF) therapy has failed to improve survival in patients 

with breast cancer (BC). Potential mechanisms of resistance to anti-VEGF therapy include the up-

regulation of alternative angiogenic and proinflammatory factors. Obesity is associated with 

hypoxic adipose tissues, including those in the breast, resulting in increased production of some of 

the aforementioned factors. Hence, we hypothesized that obesity could contribute to anti-VEGF 

therapy’s lack of efficacy. We found that BC patients with obesity harbored increased systemic 

concentrations of interleukin-6 (IL-6) and/or fibroblast growth factor 2 (FGF-2), and their tumor 

vasculature was less sensitive to anti-VEGF treatment. Mouse models revealed that obesity 

impairs the effects of anti-VEGF on angiogenesis, tumor growth, and metastasis. In one murine 

BC model, obesity was associated with increased IL-6 production from adipocytes and myeloid 

cells within tumors. IL-6 blockade abrogated the obesity-induced resistance to anti-VEGF therapy 

in primary and metastatic sites by directly affecting tumor cell proliferation, normalizing tumor 

vasculature, alleviating hypoxia, and reducing immunosuppression. Similarly, in a second mouse 

model, where obesity was associated with increased FGF-2, normalization of FGF-2 expression by 

metformin or specific FGF receptor inhibition decreased vessel density and restored tumor 

sensitivity to anti-VEGF therapy in obese mice. Collectively, our data indicate that obesity fuels 

BC resistance to anti-VEGF therapy via the production of inflammatory and angiogenic factors.

INTRODUCTION

Antiangiogenic therapy in cancer patients has fallen short of expectations (1, 2). In 

metastatic breast cancer (BC) in particular, the U.S. Food and Drug Administration (FDA) 

revoked the approval of the vascular endothelial growth factor (VEGF) antibody 

bevacizumab because of a lack of overall survival benefit in phase 3 trials (3). Therefore, 

understanding the mechanisms of resistance to anti-VEGF treatment and seeking potential 

biomarkers of response to anti-VEGF are paramount. In metastatic colon cancer, obesity has 

been associated with reduced survival, specifically in patients receiving antiangiogenic 

therapies (4). Reports for other cancers, such as metastatic kidney cancer, have been 

conflicting, whereas the effect of obesity on anti-VEGF response in BC patients is unknown 

(5–7).

Proinflammatory and alternative angiogenic factors can sustain angiogenesis and tumor 

progression despite VEGF blockade (1, 8–11). Many of these same factors are also 

increased in obesity, where the rate of adipose tissue expansion exceeds that of angiogenesis, 

resulting in inadequate tissue vascularization and hypoxia (12–15). In response to hypoxia, 

cytokines and chemokines (adipokines) are released, causing inflammation and the 

recruitment of additional proinflammatory and proangiogenesis mediators (6, 16–19). 
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Adipose tissue makes up a large proportion of BC, with cancer-associated adipocytes 

(CAAs) being the predominant cell population in the stromal compartment of BCs (20). 

Consistent with this, obesity can increase tumor inflammation (15, 21, 22). Therefore, we 

hypothesized that obesity promotes resistance to anti-VEGF therapy in BCs via systemic as 

well as local overproduction of inflammatory and alternative angiogenic factors.

Combining preclinical studies with a phase 2 clinical study of BC patients treated with anti-

VEGF, we found that multiple cell types contributed to the overproduction of interleukin-6 

(IL-6) in tumors with obesity. Blockade of IL-6 reverted obesity-induced resistance to anti-

VEGF therapy in primary and metastatic BC models. In addition, we found that fibroblast 

growth factor 2 (FGF-2) was also associated with obesity and may contribute to resistance to 

anti-VEGF. With 60 to 70% of BC patients presenting with excess weight at diagnosis (23), 

this study is timely, provides relevant insight into the mechanisms underlying the poor 

efficacy of antiangiogenic therapy, and identifies potential strategies for overcoming these 

hurdles in BC patients.

RESULTS

In BC patients treated with anti-VEGF therapy, IL-6 correlates with worse outcome in 
patients with excess weight

To evaluate the impact of obesity on response to anti-VEGF in patients, we performed a sub-

analysis of a phase 2 clinical trial assessing neoadjuvant bevacizumab therapy. Ninety-nine 

patients with estrogen receptor–positive (ER+) and triple-negative (TN) BC were treated 

with bevacizumab (monoclonal antibody against VEGF) alone for 2 weeks, followed by 

bevacizumab plus chemotherapy (Fig. 1A) (24). In the original study, only ~16% of patients 

presented with a pathologic complete response, confirming previous reports of the limited 

efficacy of anti-VEGF therapy in BC (3). We obtained body mass index (BMI) data (average 

BMI, 27.9) and measured the areas of visceral and subcutaneous adipose tissue (VAT and 

SAT, respectively) by computerized tomography (CT) scan image analysis (Fig. 1B). As 

expected, VAT and SAT strongly correlated with BMI (fig. S1). We found that patients with 

a BMI ≥ 25 presented with 33% larger tumor size at baseline (4.1 versus 3.3 cm average 

size) compared to patients with a BMI < 25 (Fig. 1C). In addition, we performed 

immunohistochemical staining for tumor vessels in biopsy samples obtained before (day 0) 

and after (day 14) bevacizumab treatment (Fig. 1D). At day 0, tumor vessel density inversely 

correlated with adipose tissue area (Fig. 1E). Consistent with this, expression of the hypoxia 

marker carbonic anhydrase IX (CA-IX) positively correlated with VAT (Fig. 1F). Both of 

these findings are reminiscent of the vascular impairment that characterizes adipose tissue in 

obesity (17, 25). However, on day 14 of bevacizumab treatment, vessel densities and 

hypoxia became independent of patient VAT (Fig. 1, E and F). These data suggest that the 

differences in vessel density in patients with low and high adiposity were abrogated after 

bevacizumab treatment because of a greater sensitivity to this therapy in the low adiposity 

setting compared to the high adiposity setting. We then determined whether molecules 

associated with resistance to anti-VEGF therapies (1, 8–11), such as IL-6 and FGF-2, were 

increased in the circulation of patients with obesity. We observed that plasma concentrations 

of IL-6 (Fig. 1G, left) and FGF-2 (Fig. 1H, top) positively correlated with the degree of 
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adiposity (VAT). IL-6, in particular, was increased at baseline and throughout the course of 

treatment in patients with elevated VAT, SAT (Fig. 1G and fig. S2), and BMI measurements 

(Fig. 1G and fig. S3). Moreover, immunohistochemical observation of tumors in obesity 

revealed that IL-6 and FGF-2 expression in tumors was particularly abundant in adipocyte-

rich regions (Fig. 1, G and H, images). Collectively, we found that patients with excess 

weight present with larger and more hypoxic tumors. These patients also had increased 

circulating concentrations of IL-6 and FGF-2, and expression of these factors in tumors was 

localized in close proximity to adipocyte-rich regions.

Diet-induced obesity attenuates the effect of anti-VEGF therapy on BC progression in 
mouse models

To dissect the role of obesity in BC response to anti-VEGF therapy, high- and low-fat diets 

were used to generate obese and lean mice [Fig. 2, A and B; individual body weight (BW) 

gain curves in fig. S4]. We used two syngeneic murine models reflecting ER+ (E0771) and 

TN (MCaIV) BC subtypes (Fig. 2C), similar to the patient populations studied. Obesity 

accelerated tumor growth in the early stages of tumor development, with tumors in obese 

mice becoming 50% larger in size compared to those in lean mice (~150 versus 100 mm3) 

(figs. S5 and S6, A and B). However, once tumors reached this size range, the growth rate 

was identical between the lean and obese mice (fig. S6A, from day 13 in obese mice and day 

17 in lean mice onward, as also depicted in fig. S6C). We assigned animals to control/

treatment groups when tumors became established at a median volume of around 100 to 150 

mm3 (with minor variability between experiments), with tumor sizes being equally 

distributed in all control/treatment/diet groups in each experiment. After tumors were size-

matched at around 125 mm3 on day 0, tumor growth rates in lean versus obese control mice 

(no treatment) appeared indistinguishable, as depicted in Fig. 2D and fig. S6C. Treatment 

with anti-mouse VEGF antibody (B20-4.1.1) was more effective at inhibiting tumor growth 

in lean compared to obese mice (Fig. 2, D and E; individual curves in fig. S7). Nine days of 

B20 treatment reduced the E0771 and MCaIV tumor volumes in lean mice by 50 and 57%, 

respectively, but only by 12 and 28% in obese mice, respectively (Fig. 2, D and E). To 

determine whether the reduced sensitivity of tumors in obesity to B20 treatment was due to 

diet or BW, a proportion of tumor-bearing animals previously fed a low-fat diet were 

switched to a high-fat diet. Tumor growth in animals that experienced a change in diet was 

similar to that observed in animals maintained on low-fat diet, indicating that BW, rather 

than diet, accounted for the reduced sensitivity of tumors in obesity to B20 treatment (fig. 

S8). Together, these data indicate that anti-VEGF therapy is less effective in inhibiting BC 

progression in obese mice.

The adipocyte-rich and hypoxic tumor microenvironment in obese mice is associated with 
reduced response to anti-VEGF therapy

To determine why B20 failed to control tumors from obese animals to the same extent as in 

lean animals, we first assessed the effects of B20 on tumor vasculature. Similar to patients 

with obesity, E0771 tumors from obese mice presented with lower vessel density (Fig. 3A) 

and higher expression of hypoxia markers, namely, CA-IX and glucose transporter 1 

(GLUT-1), compared to tumors from lean mice (Fig. 3B and fig. S9, A and B). In addition, 

the phosphorylated forms of major regulators of cell proliferation and survival [extracellular 
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signal–regulated kinase (ERK), AKT, and S6] were highly expressed in obese tumors and 

retained their expression even in the presence of anti-VEGF therapy (Fig. 3C; quantification 

in fig. S10). Conversely, in lean mice, the expression of the active forms of these mediators 

was relatively low and appeared to decrease after anti-VEGF therapy (Fig. 3C and fig. S10). 

These findings may account for the increased tumor burden in anti-VEGF–treated obese 

mice compared to anti-VEGF–treated lean mice (Fig. 2, D and E). Furthermore, the 

hypovascularity and hypoxia in tumors from obese animals were associated with increased 

presence of CAAs (Fig. 4A, left). We further confirmed the presence of CAAs by detecting 

various adipocyte markers such as perilipin, Oil Red O staining, caveolin, and fatty acid 

synthase (FAS) (fig. S11, A to D) (26). Not surprisingly, in obese tumors, we observed 

increases in both adipocyte size and number (Fig. 4, A and B). Moreover, adipocyte-rich 

tumor areas had lower vessel density and were hypoxic (Fig. 4, C and D). The expression of 

proliferative markers was particularly pronounced in tumor areas abundant in hypertrophic 

CAAs (Fig. 4, E and F) (27). In addition, when tumor-bearing animals were treated with 

B20, tumor tissue in adipocyte-rich regions remained viable (nonnecrotic), whereas 

extensive necrosis was observed in adipocyte-poor areas, suggesting a protective effect of 

adipose stroma in tumors (Fig. 4G and fig. S11E).

Adipocytes and infiltrating myeloid cells in adipocyte-rich regions of mouse tumors 
overexpress IL-6

Similar to the enlarged adipocytes that form in adipose tissue during obesity, CAAs are 

associated with increased production of proangiogenic growth factors and proinflammatory 

cytokines (15, 16, 21). These growth factors and cytokines, when present in the tumor 

microenvironment, can sustain angiogenesis and tumor progression despite blockade of 

VEGF signaling (1, 9–11, 28, 29). Consistent with the higher concentrations of IL-6 

observed in the plasma and adipocyte-rich tumor regions of BC patients with obesity, we 

found that E0771 tumors from obese mice presented with increased mRNA expression 

(more than fourfold) of Il6, Cxcl1, Cxcl3, Ifnß, and Lif (Fig. 5A). A protein array for 

inflammatory cytokines confirmed the robust increase in IL-6, in addition to CXCL1, IL-12, 

and TNFα (tumor necrosis factor–α) (Fig. 5B and fig. S12). IL-6 concentrations in tumors 

from E0771 tumor-bearing mice were increased at baseline in obese mice (fig. S13), 

possibly reflecting the baseline increase in tumor hypoxia, because hypoxia can increase 

IL-6 production (30, 31). Similar to human tumor samples, IL-6 expression was localized in 

adipocyte-rich regions of E0771 tumors and colocalized with the expression of hypoxia 

markers (Fig. 5, C and D). Double staining for cell surface markers and IL-6 in tumor tissue 

revealed the cellular sources of IL-6 to be adipocytes and infiltrating CD11b+ myeloid cells, 

in particular F4/80+ macrophages (Fig. 5, E and F). Consistent with the predominance of 

IL-6 in hypoxic adipocyte-rich areas, macrophage infiltration was also more prevalent in 

these areas (Fig. 5G and fig. S14). We found that E0771 tumor cells express both the IL-6 

receptor (IL-6R) and the IL-6 signal-transducing subunit gp130, indicating that IL-6 can act 

directly on cancer cells to activate signaling pathways (Fig. 5H). Consistent with a local 

release of IL-6 by myeloid cells and adipocytes, we detected expression of phosphorylated 

signal transducer and activator of transcription 3 (p-STAT3) particularly in cells localized 

adjacent to immune cells and CAAs (Fig. 5I). Overall, these results suggest that IL-6 may be 

a rational target to overcome obesity-induced resistance to anti-VEGF therapy.

Incio et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2018 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IL-6 blockade overcomes resistance to anti-VEGF therapy in obese mice

Pharmacological inhibition of IL-6 (~50% decreased concentration of IL-6 in tumors; fig. 

S15) in combination with B20 treatment reduced tumor growth (Fig. 6A; individual curves 

in fig. S16) and metastasis (Fig. 6B and fig. S17) in obese mice to rates similar to lean mice 

receiving B20. IL-6 blockade did not improve response to B20 in the lean setting, indicating 

that IL-6 specifically mediates obesity-induced resistance to antiangiogenic therapy. 

Deletion of host-derived IL-6 using IL-6 knockout (Il6−/−) mice reduced tumor IL-6 by 

~75%, suggesting that host stromal cells are the major source of IL-6 production in tumors 

(fig. S15). The tumor growth curve for obese mice treated with anti–IL-6 in combination 

with B20 did not vary much from that of obese Il6−/− mice treated with B20 (fig. S18). 

Conversely, IL-6 inhibition alone did not alter tumor growth in the absence of VEGF 

inhibition even in the obese setting (fig. S19). Together, these findings suggest that IL-6 

plays an important role in tumor progression but only in the context of obesity and VEGF 

blockade. In mice treated with B20, consistent with tumor growth data, IL-6 inhibition 

decreased tumor cell proliferation (Fig. 6C) and number of mitoses in obese but not lean 

mice (fig. S20), although attenuation of obesity-induced signaling pathways like p-STAT3, 

p-JNK (phosphorylated c-Jun N-terminal kinase), and p-p38 was not observed in IL-6–

inhibited tumors (Fig. 6D; quantification in fig. S21). B20 treatment increased necrosis, but 

addition of IL-6 blockade to B20 did not further increase the amount of necrosis (fig. S22). 

In addition to its effects on tumor cells, anti–IL-6 combined with anti-VEGF therapy 

increased functional (perfused) vessel density (about sixfold; Fig. 6E, left) and decreased the 

expression of hypoxia marker CA-IX by ~60% in obese animals (no effects were observed 

in lean mice) (Fig. 6E, right). Both hypoxia and IL-6 can promote infiltration of immune 

cells, which may contribute to resistance to anti-VEGF therapy by acting as additional 

sources of IL-6 and other angiogenic and tumor-promoting factors (29). In obese mice, both 

genetic and pharmacological IL-6 inhibition attenuated the B20-induced infiltration of 

CD4+CD25+ regulatory T cells (Fig. 6F, left) and CD4+ T cells (Fig. 6F, right). Regulatory T 

cells, in particular, induce immunosuppression and tumor progression (32, 33). Consistent 

with a decrease in immunosuppressive cell recruitment, IL-6 inhibition reduced tumor 

concentrations of the prometastatic chemokine CXCL1 (34) in obese mice (fig. S23). 

Together, these findings indicate that IL-6 up-regulation contributes to resistance to anti-

VEGF in obesity by sustaining tumor cell proliferation, reducing perfusion with associated 

aberrant hypoxic microenvironment, and promoting chemokine and immune cell 

recruitment. Finally, we evaluated whether the addition of anti–IL-6 could improve the 

efficacy of chemotherapy/anti-VEGF combination treatment in BC. To this end, we used a 

suboptimal dose of doxorubicin (2 mg/kg) to mimic patient response in the clinical setting 

(35). Consistent with tumor growth data in Fig. 6A, the addition of IL-6 inhibition to B20 

plus doxorubicin in obese animals prolonged the time to tumor progression to levels similar 

to those seen in lean mice that received B20/doxorubicin treatment, whereas in lean animals 

the triple combination therapy did not further enhance the efficacy of anti-VEGF/

doxorubicin (Fig. 6, G and H).
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In the absence of obesity-promoted IL-6 up-regulation, FGF-2 may mediate resistance to 
anti-VEGF therapy in obesity

In a second breast tumor model, we discovered that FGF-2, but not IL-6, was strongly 

associated with obesity. B20-treated TN MCaIV tumors displayed higher gene expression of 

Fgf2, Il6, Tnfα , Vegfa, and angiogenin (12-, 3-, 5-, 2-, and 4-fold increases, respectively) in 

obese compared to lean animals (Fig. 7A). Protein expression analysis confirmed increased 

FGF-2, but not IL-6, TNFα, or VEGF-A (Fig. 7B and fig. S24). Akin to the increased IL-6 

expression in the E0771 model, baseline tumor FGF-2 expression (both mRNA and protein) 

was increased in untreated obese mice compared to untreated lean mice (fig. S25, A and B). 

Similarly, FGF-2 was expressed abundantly in adipocyte-rich areas toward the tumor 

periphery (Fig. 7C, top, and fig. S25C), as well as in activated cancer-associated fibroblasts 

(Fig. 7C, bottom, and fig. S25D). These findings are consistent with the localization of 

FGF-2 to adipocyte-rich regions in human BCs (Fig. 1H, bottom) and the association of 

obesity with circulating FGF-2 in patients (Fig. 1H, top). Considering that FGF-2 has 

previously been implicated in resistance to antiangiogenic therapy (36–38), this poses yet 

another potential mechanism of resistance to anti-VEGF therapy induced by obesity. As seen 

in E0771 tumors, MCaIV tumors were less vascularized and more hypoxic when grown in 

obese mice (Fig. 7D and figs. S26 and S27). Obesity also rendered B20 ineffective in 

reducing vessel density compared to lean mice (53% reduction) (Fig. 7D). We next 

investigated the role of FGF-2 in anti-VEGF therapy resistance. Specific inhibition of the 

FGF receptor (FGFR) using anti-FGFR (AZD4547, 12.5 mg/kg orally, once daily) improved 

tumor responsiveness to B20 in obese mice (Fig. 7E, green versus blue curves in the graph; 

individual curves in fig. S28), whereas in lean mice the improvement was not significant 

(Fig. 7E, brown versus orange curves). However, this treatment was associated with 

substantial BW loss in mice from all treated groups, suggesting systemic toxicity (fig. S29). 

Therefore, we sought nontoxic alternatives to reduce FGF-2 in our model. The biguanide 

metformin—a clinically used anti-diabetes drug with a good safety profile—can reduce the 

cellular expression of FGF-2 (39) and has promising anticancer effects in the obese setting 

(22, 40, 41). We found that metformin reduced gene and protein expression of FGF-2 in 

B20-treated MCaIV tumors in obesity (Fig. 7, A and B). We also observed that metformin 

treatment induced robust deactivation of FGF-2 downstream signaling pathways such as 

AKT, S6, ERK, and STAT3 (Fig. 7F; quantification in fig. S30), reduced vessel density (Fig. 

7, G and H), and ultimately resensitized tumors to anti-VEGF treatment in obese mice (Fig. 

7I). Although FGFR phosphorylation in metformin-treated tumors was approximately half, 

the difference was not statistically significant (fig. S30). Notably, metformin also caused 

activation of adenosine 5′-monophosphate–activated protein kinase/acetyl-CoA carboxylase 

(AMPK/ACC) in tumors (Fig. 7F and fig. S30), suggesting that it may have direct effects on 

tumor cell signaling. Together, these data indicate that, in the absence of obesity-promoted 

IL-6 up-regulation as seen in the MCaIV/C3H model, FGF-2 may mediate resistance to anti-

VEGF therapy in the obese setting by sustaining angiogenesis. Overall, we identified two 

complementary strategies to overcome BC resistance to anti-VEGF therapy in obesity by 

targeting IL-6 and/or FGF-2 (Fig. 7J).
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DISCUSSION

The results from our clinical study and clinically relevant orthotopic tumor models reveal 

that obesity associates with hypovascularized and hypoxic tumors at diagnosis, accelerated 

tumor growth, and resistance to anti-VEGF therapy in BC via increased secretion of IL-6 

and/or FGF-2 from hypoxic adipocyte-rich regions in tumors. Previous studies have reported 

the role of IL-6 or FGF-2 in the context of resistance to antiangiogenic therapies (1, 8–11). 

This study, however, suggests that these molecules mediate obesity-induced resistance to 

anti-VEGF therapy. In addition, given that conflicting findings have been reported for the 

same tumor type, such as when obesity was reported to associate with both better and worse 

clinical outcomes in kidney cancer patients taking antiangiogenic therapies (5, 7), the effect 

of obesity in BC on anti-VEGF therapy was unknown.

Here, we confirmed that breast adipose tissue tends to be invaded by the advancing BC (20, 

42). Furthermore, the increase in intratumoral adipocyte size and density that we observed in 

obese mice is also consistent with previous reports (17, 43, 44), and adipocytes proximal to 

tumors are hypoxic in BC patients (17, 43, 44). These characteristic findings may be due to 

the invasion of BC into the local breast adipose tissues, which are already hypoxic and 

hypovascular in the obese setting (13). Notably, we observed increased tumor cell 

proliferation in these adipocyte-rich regions, which remained viable despite anti-VEGF 

therapy, whereas adipocyte-poor areas tended to be necrotic. The abundance of these 

protumor adipocytes that arise in obese mouse tumors allowed for continuous tumor 

progression during anti-VEGF treatment. Such protumor functions in the vicinity of 

intratumoral adipocytes have also been reported in nonobese mice (27, 42, 45–47). In 

addition, E0771 BC cells proliferate faster when co-cultured with adipocytes, and when co-

implanted with these cells in mice, breast tumors grow faster and are more metastatic (27, 

42, 46–48). Here, we show that adipocyte-rich areas in tumors are associated with resistance 

to anti-VEGF therapy in obesity. Together, our findings indicate that, under obese 

conditions, tumors grow in and adapt to (with up-regulation of hypoxia adaptation factors, 

such as CA-IX and GLUT-1) the hypoxic microenvironment of obese adipose tissue. Thus, 

obese microenvironment–adapted BC cells are able to survive during anti-VEGF therapy, 

whereas lean BC cells do not. These results corroborate previous reports showing that 

hypovascularization, hypoxia, or hypoxia-related markers are associated with resistance to 

anti-VEGF therapy (36, 49–52).

One of the mechanisms by which hypoxia may contribute to the resistance to antiangiogenic 

therapy is production of inflammatory cytokines and angiogenic factors by adipocytes and 

infiltrating myeloid cells (25, 36, 53–59). We found the expression of IL-6 and/or FGF-2 in 

adipocytes, myeloid cells including macrophages (IL-6), and fibroblasts (FGF-2) 

preferentially in adipocyte-rich hypoxic regions. These adipose-rich regions were more 

prevalent in tumors from obese mice. Hence, IL-6 and FGF-2 were also higher as well. 

These findings further support the hypothesis that an intrinsic resistance mechanism is 

already in place in BCs in obesity before anti-VEGF therapy is initiated. Consistent with 

that, macrophages and IL-6 expression are typically found in close proximity to dead 

adipocytes in breast adipose tissue (56). In addition, our results align with the finding in 

patients that adipocytes located near tumor cells up-regulate IL-6 production (27, 42, 55). 
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The link between IL-6 and obesity is well-established (60–62). In addition, transcriptomic 

analysis revealed marked up-regulation of IL-6 inflammatory pathway in the tumors of BC 

patients with obesity in comparison to those without obesity (63). In our study, we found 

that IL-6 increased with BW in BC patients and mice, was particularly expressed in adipose-

rich regions of tumors, and was associated with worse response to anti-VEGF therapy. 

Although IL-6 appeared to originate from adipocytes and myeloid cells, CAAs seem to be 

the major contributor for the increased IL-6 in tumors from obese mice. We have recently 

found that obesity did not promote infiltration of myeloid cells, monocytes, or macrophages 

in E0771 tumors (22). Another study also found no difference in the expression of myeloid 

(CD11b+)–specific IL-6 originating from E0771 tumors implanted in lean and obese mice 

(63).

IL-6 can influence all stages of tumor development and metastasis (64, 65), induce up-

regulation of CA-IX, and promote a hypoxia-resistant invasive phenotype in BC cells (66). 

In addition, high plasma concentrations of IL-6 have been associated with poor outcomes in 

cancer patients (kidney and liver cancer) treated with antiangiogenic agents, and IL-6 

inhibition improved response to anti-VEGF in a mouse glioma model (10, 29, 65, 67). Here, 

targeting IL-6 in B20-treated E0771 breast tumors in obese mice decreased STAT3 

signaling, tumor cell proliferation, tumor growth, and metastasis and increased survival. 

IL-6R expression and the downstream mediator gp130 in E0771 cells are consistent with the 

effect on tumor cell proliferation. However, IL-6 blockade was ineffective without obesity or 

anti-VEGF therapy. It is possible that the abundance of IL-6 in the obese setting predisposes 

obese tumors to respond to IL-6 inhibition. In addition, IL-6 may be a critical 

protumorigenic molecule only in the context of VEGF signaling blockade. IL-6 can also 

regulate trafficking and recruitment of immune cells such as myeloid cells, which are a 

further source of proinflammatory and protumorigenic cytokines and can induce tumor 

immunosuppression by induction of regulatory T cells (68–70). In our study, IL-6 inhibition 

reversed the B20-induced recruitment of immunosuppressive regulatory T cells in obese 

mice, suggesting that IL-6 inhibition may potentiate immunotherapy especially in the obese 

setting. Furthermore, the addition of IL-6 blockade to anti-VEGF therapy improved blood 

vessel perfusion and tissue oxygenation, hallmarks of vascular normalization (2), in obese 

mice. This is consistent with findings in an asthma model, in which lung vascular 

permeability was decreased by IL-6 inhibition (71). As shown elsewhere (2), vascular 

normalization can improve concomitantly administered cytotoxic therapies, demonstrating 

additional benefit of the combination of anti-VEGF with IL-6 inhibition. In conclusion, IL-6 

blockade may prevent the effects of obesity on cell proliferation, vascular dysfunction, 

immune cell recruitment, and immunosuppression.

In addition to IL-6, FGF-2 was also increased in patients and mice with obesity. Adipocytes 

produce FGF-2, and plasma FGF-2 correlated with BMI (37, 72). In addition, FGF pathway 

activation has been proposed as a mechanism of escape from VEGF-targeted therapies (36–

38). Here, FGF inhibition using an FGFR inhibitor tested in clinical trials (73) or metformin 

sensitized tumors to anti-VEGF treatment in obese but not in lean mice. In B20-treated 

obese mice, metformin decreased tumor FGF-2 at the gene and protein levels, as well as its 

downstream signaling and vessel density without any signs of toxicity. This is consistent 

with previous studies showing that metformin may be more effective in a hypoxic setting 
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(74) and that it can decrease tumor vessel density induced by obesity to levels observed in 

lean mice (63). These studies may explain the benefits recently reported in a cancer patient 

when metformin was added to bevacizumab treatment (75). In addition, metformin is 

particularly effective in the obese setting and likely acts via multiple mechanisms (22, 41).

Epidemiological evidence suggests that BC patients who have obesity at diagnosis have a 

worse prognosis compared to patients without obesity (76–79). In particular, a meta-analysis 

of 43 studies that examined the association between obesity at diagnosis and BC outcome 

revealed that patients with obesity were 33% more likely to die of BC compared to patients 

without it (79). Moreover, in a recent study with 137 ER+ BC patients, those with obesity 

had lower overall and progression-free survival (48). For our clinical study, no data for 

recurrence, overall survival, or progression-free survival are available yet, given the 

neoadjuvant setting and the recent completion of the study, which poses a limitation to our 

study. However, we observed 33% larger tumor size at diagnosis in patients with excess 

weight compared to lean subjects, which was corroborated by our animal models. In 

addition, E0771 tumor cell growth was only modestly accelerated in obese compared to lean 

mice, particularly in the early stages of tumor growth. Although studies using the same 

tumor model have shown a similar growth pattern (80), Chen et al. (81) and Kolb et al. (63) 

have shown a more dramatic acceleration in tumor growth in obese mice. Several factors 

may explain this discrepancy, including the existence of subclones of E0771 with different 

aggressiveness (those with lower aggressiveness may respond more to obesity-induced 

metabolic or inflammatory cues), number of cells implanted [2 × 105 cells in the studies of 

Chen et al. (81) and Kolb et al. (63) versus 1 × 106 cells in our study], cell media used for 

implantation [50:50 Matrigel/phosphate-buffered saline (PBS) in the study of Kolb et al. 
(63) versus PBS only in our study], diets used for control mice [normal chow diets in the 

study of Chen et al. (81) and Kolb et al. (63) versus purified nutrient-matched low-fat diet in 

our study], and environment where animals are located, which may affect the microbiota 

(animals in the Steele Laboratories are located in a gnotobiotic facility, which may differ 

from other groups). This point has also been raised recently by Scully et al. (80), who, 

similar to our study, observed only a mild increase in E0771 tumor growth in obese mice 

(and similar vascular phenotypes, as discussed below). They stated that differences in the 

duration of feeding, the type of diet, age, or menopausal status of the mice may explain the 

different observations in the literature. Similarly, there have been inconsistent reports of the 

effect of obesity on tumor vessel density, which can also be explained by the factors 

discussed above. In particular, in the study by Kolb et al. (63), the authors observed 

increased IL-1β, VEGF-A, and vessel density in tumors of obese mice, with the latter two 

returning to the concentrations observed in lean mice after treatment with anti–IL-1β. In our 

study, neither IL-1β nor VEGF-A expression was affected by obesity in patients or mouse 

models, which may explain the differences in vessel density in these studies. On the other 

hand, Scully et al. (80), using a similar E0771 model in lean and obese female C57BL/6, 

showed not only similar tumor growth behavior to our studies but also a similar vessel 

density decrease in tumors from obese mice. They went on to conclude that the association 

between tumor vessel density and obesity not only is influenced by menopausal status but 

also is age-and model-dependent.
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These findings indicate that adipocyte-dense hypoxic areas in tumors from individuals with 

obesity induce resistance to anti-VEGF therapy by producing inflammatory cytokines and 

angiogenic factors such as IL-6 or FGF-2, which sustain vasculature and promote an 

immunosuppressive environment and tumor cell survival. Targeting these pathways with 

specific drugs, such as tocilizumab, an anti–IL-6R antibody that has already been approved 

by FDA for other indications (82), or other agents that affect these pathways, such as 

metformin, ultimately sensitizes primary and metastatic tumors to anti-VEGF therapy in 

obesity. On the other hand, this study is consistent with recent evidence that weight 

management in BC patients may be an effective tool to improve prognosis (83). Given the 

prevalence of obesity among BC patients, the lack of stratification by obesity status using 

BMI or VAT may explain the lack of overall survival benefit with anti-VEGF therapy in 

BCs. Our work reveals strategies to improve the clinical outcome of BC. Whether stratifying 

patients based on obesity or obesity-related markers as well as inflammatory or angiogenic 

factors will allow a more personalized approach to BC treatment, and in particular whether 

targeting specific inflammatory or angiogenic pathways will overcome obesity-induced 

resistance to anti-VEGF treatment, warrants prospective evaluation. Finally, because 

inflammation and angiogenesis can affect response to conventional and other molecularly 

targeted therapies, the findings of this work may extend beyond anti-VEGF treatment in BC.

MATERIALS AND METHODS

Study design

The objective of the present study was to evaluate the impact of obesity on response to anti-

VEGF–targeted therapy. The sample sizes of the experiments were selected on the basis of 

previous experience. Data collection was stopped at a priori defined time points. Animal 

experiments were performed with an a priori hypothesis without repetition. Experiments 

were carried out in an unblinded fashion except for analyses of immunohistochemistry 

images.

Statistical analysis

Statistical differences were assessed by two-tailed Student’s t test for comparisons between 

two groups, one-way ANOVA followed by post hoc multiple comparisons test when 

analyzing multiple pairs of interest without a priori selection within the obese mouse 

population, two-way ANOVA with post hoc multiple comparisons test when comparing 

tumor growth and multiple treatment/genetic groups in lean and obese mice, and Spearman 

test for correlation between continuous variables. Density of adipocyte-rich or adipocyte-

poor regions in tumors from lean and obese mice was assessed using χ2 test. Time to 

progression (survival curves) was estimated by Kaplan-Meier curves and compared using 

the log-rank test. All statistical analyses were performed using GraphPad Prism software. A 

P value of less than 0.05 was considered to denote statistical significance as calculated by 

the appropriate statistical test. For more details on experimental procedures, please see the 

Supplementary Materials.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Reduced anti-vascular effect of anti-VEGF therapy in patients with excess weight is 
associated with increased IL-6 and FGF-2
(A) Schematic of the clinical study performed using samples and data from a phase 2 

neoadjuvant trial in BC. (B) Representative CT scans demonstrating how VAT and SAT data 

were collected in BC patients. (C) Baseline tumor size in patients with BMI below or above 

25 (n = 29 and 70, respectively). (D) Representative images of vessel staining (CD31) in 

human breast tumor samples from patients with low or high VAT, before (day 0) and after 

(day 14) bevacizumab (anti-VEGF) treatment. (E) Correlation of tumor vessel count with 

SAT before (day 0) and after (day 14) anti-VEGF therapy. n.s., not significant. (F) 
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Correlation of tumor CA-IX expression with VAT before and after anti-VEGF therapy. (G) 

Left: Correlation of plasma IL-6 with VAT and BMI at baseline and day 14. Right: 

Representative images of IL-6 staining in human breast tumor samples. (H) Top: Correlation 

of plasma FGF-2 with VAT at baseline and day 14. Bottom: Representative image of FGF-2 

staining in a human breast tumor sample. Significant differences were assessed in (C) using t 
test and in (E) to (H) using Spearman’s correlation test. *P < 0.05, **P < 0.01, ***P < 

0.001. Data in (C) and (E) to (H) are shown as individual values, regression line, and box 

plots with minimum, maximum, and median values.
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Fig. 2. Obesity associates with resistance to anti-VEGF therapy in mouse models of BC
(A) Schematic demonstrating the experimental design of preclinical studies. C57BL/6 and 

C3H mice were fed a high-fat diet (HFD; 60% fat) or a low-fat diet (LFD; 10% fat) from 6 

weeks of age. Tumor cells/chunks were implanted 8 to 10 weeks after diet initiation, and 

treatments began when tumors reached ~100 to 150 mm3. (B) BW gain over time in C3H 

and C57BL/6 mice fed either an LFD or HFD (C57BL/6: LFD, n = 6; HFD, n = 7; C3H: 

LFD, n = 4; HFD, n = 4). Significant differences using two-way analysis of variance 

(ANOVA) with post hoc test for multiple comparisons are indicated. *P < 0.05, **P < 0.01, 
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****P < 0.0001. (C) Tumor/cell protein extracts were used to access the expression of ER 

and epidermal growth factor receptor 2 (ERBB2) in tumors/cell lines. MCF7 and BT474 cell 

lines were used as positive controls for ER and (in the case of BT474) ERBB2 (antibody 

used detects both human and mouse HER2/ERBB2). Tubulin was used as loading control. 

(D and E) Tumor growth curves. E0771 (D) and MCaIV (E) tumors grown in obese versus 

lean mice were treated with anti-VEGF antibody (B20) or control immunoglobulin G (IgG) 

[E0771: n = 3 animals in obese control group and 6 animals for other groups; MCaIV: n = 8 

animals in obese control group and 6 animals for other groups; two additional animals in the 

obese control group were removed after treatment (IgG) initiation because of failure of 

tumor growth]. Significant differences using two-way ANOVA with post hoc test for 

multiple comparisons are indicated. **P < 0.01, ****P < 0.0001 control versus B20 in lean 

or obese settings; #P < 0.05, ##P < 0.01, ####P < 0.0001, lean B20 versus obese B20. Data in 

(B), (D), and (E) are means ± SEM.
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Fig. 3. Anti-VEGF therapy is less effective in reducing tumor vessel density in obese mice
(A) Left: Representative images of CD31 staining (immunohistochemistry) in E0771 tumors 

from lean and obese mice, treated with control IgG or B20 for 14 days (tumor size-matched 

at treatment initiation). Right: Quantification of CD31+ expression (percentage of viable 

tumor area). (B) Quantification of hypoxia [percentage of CA-IX expression over 4′,6-

diamidino-2-phenylindole (DAPI) viable area] in whole E0771 tumors from lean and obese 

animals treated with B20 or control IgG. (C) Protein expression determined by Western blot 

in tumors from lean and obese animals treated with control IgG or B20. Each lane 

corresponds to an individual tumor. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 

Significant differences in (A) and (B) using two-way ANOVA with post hoc test for multiple 

comparisons are indicated, *P < 0.05, ***P < 0.001, ****P < 0.0001. Data in (A) and (B) 

are shown as individual values plus box plots with minimum, maximum, and median values.
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Fig. 4. The hypoxic adipocyte-rich tumor microenvironment in obese mice associates with 
sustained E0771 tumor progression despite anti-VEGF therapy
(A) Left: Representative images of hematoxylin and eosin (H&E)–stained E0771 tumors 

from lean and obese mice. Right: Density of adipocytes in E0771 tumors. Quantification 

denotes enrichment for adipocytes [adipocyte-rich: 12 or more adipocytes per region of 

interest (ROI); intermediate: 5 to 11 adipocytes per ROI; adipocyte-poor: less than 5 

adipocytes per ROI (2.16 by 1.44 mm at ×4 magnification), n = 4 to 10 ROIs per tumor from 

a total of four tumors per group]. (B) Quantification of adipocyte diameter in E0771 tumors. 

Cross-sectional diameter was obtained from H&E-stained tumor sections (n = 12 to 20 ROIs 
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per tumor from a total of four tumors per group). (C) Left: Representative images of tumor 

vessel density (CD31 staining) in adipocyte-poor and adipocyte-rich areas in the E0771 

model. Right: Quantification of vessel density in regions with low and high numbers of 

adipocytes (n = 3 to 4 ROIs from a total of eight tumors). Significant difference using t test, 

*P < 0.05. (D) Representative images of CA-IX staining in adipocyte-poor and adipocyte-

rich areas of E0771 tumors. Arrows in images point to adipocytes. (E) Left: Representative 

images of adipocyte-poor and adipocyte-rich areas after H&E staining of E0771 tumors. 

Inset highlights an abundance of mitotic cells (arrows) near an adipocyte. Bottom right: 

Number of mitosis in adipocyte-poor and adipocyte-rich regions (n = 15 to 22 ROIs from a 

total of eight tumors). (F) Left: Immunofluorescence images of an E0771 tumor from an 

obese mouse showing the expression of Ki-67 in tumor adipocyte-rich areas. Right: Higher-

magnification inset from a region expressing Ki-67. (G) Left: Representative images of 

H&E-stained whole E0771 tumors before and after anti-VEGF therapy. Right: 

Quantification of necrosis in adipose-poor and adipocyte-rich regions of tumors from 

animals treated with anti-VEGF. Significant differences using χ2 for (A) and t test for (B), 

(C), (E), and (G) are indicated. *P < 0.05, **P < 0.01. Data in (B), (C), (E), and (G) are 

shown as individual values plus box plots with minimum, maximum, and median values.
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Fig. 5. Hypoxic tumors from obese mice associate with increased production of IL-6 by 
adipocytes and myeloid cells
(A) mRNA expression (normalized to a panel of housekeeping genes) of proinflammatory 

cytokines and proangiogenic growth factors in E0771 tumors from lean and obese animals 

treated with B20. Four samples per group were pooled in each array plate used. Genes that 

increased more than about twofold are included (in addition to VEGF family genes). (B) 

Protein expression of IL-6 in E0771 tumors from lean and obese animals treated with B20. 

Significant differences using t test are indicated, *P < 0.05. Data are shown as individual 

values plus box plots with minimum, maximum, and median values. (C) 

Immunohistochemistry indicating IL-6 expression in adipocyte-rich areas (arrows point to 

adipocytes). (D) Immunofluorescence showing IL-6 expression and hypoxic (GLUT-1+) 

adipocyte-rich areas (arrow points to adipocytes). (E) Colocalization of IL-6 with the 

myeloid marker CD11b (arrow points to adipocytes). (F) Colocalization of macrophages 

(F4/80+ cells) with IL-6 in tumors (arrows point to adipocytes). (G) Colocalization of 
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macrophages (F4/80+ cells) with adipocytes in hypoxic (CA-IX–positive) areas. Scale bar, 

400 μm. (H) E0771 BC cells express IL-6R and the IL-6 signal-transducing subunit gp130. 

(I) Immunofluorescence showing tumor expression of p-STAT3 and macrophages 

infiltrating adipocyte-rich areas (arrow points to an adipocyte). Scale bar, 100 μm.
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Fig. 6. IL-6 inhibition improves tumor response to anti-VEGF in the obese setting
(A) Tumor growth curves. E0771 tumors grown in lean versus obese C57BL/6 mice were 

treated with control IgG (lean, n = 9; obese, n = 6), B20 (lean, n = 6; obese, n = 7), or a 

combination of B20 and IL-6 inhibitor (lean, n = 8; obese, n = 7). ***P < 0.001, ****P < 

0.0001 lean B20 versus obese B20; #P < 0.05, ##P < 0.01 obese B20 versus obese B20 + 

IL-6 inhibition. (B) Left: Representative image of lung collected from E0771 tumor-bearing 

obese mice (arrow points to lung metastasis in the inset). Right: Number of lung metastases 

collected from E0771 tumor-bearing lean and obese C57BL/6 mice treated with control IgG, 

B20, anti–IL-6 antibody, or a combination of B20 and anti–IL-6. (C) Tumor cell 

proliferation (Ki-67) in tumors collected from lean and obese mice treated with B20 or B20 

+ anti–IL-6 antibody. (D) Protein expression from tumors in lean and obese mice, treated 

with B20 or B20 plus IL-6 inhibitor. Western blots, where each lane represents an individual 

tumor. (E) Left: Vessel perfusion (percentage of CD31+ stain colocalizing with lectin) in 
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EO771 tumors. Right: Expression of the hypoxia marker CA-IX in EO771 tumors. (F) Flow 

cytometric analysis of immune cells in tumors in obese mice, showing the percentage of 

total immune cells of regulatory T (Treg) cells (CD4+CD25+; left) and CD4+ T cells (right). 

(G) Kaplan-Meier survival curves (percentages of animals that bear tumors of less than 1 

cm3 in size); the difference between obese B20 plus doxorubicin (Doxo, 2 mg/kg) and obese 

B20 plus doxorubicin plus IL-6 inhibitor (IL-6inh) groups is significant by log-rank test, as 

indicated. *P < 0.05. (H) Median time to progression (time for tumors to reach 1 cm3) is 

depicted in the right. Significant differences using one-way ANOVA for (E) and (F) and 

two-way ANOVA for (A) to (C), (E), and (H) with post hoc multiple comparisons tests are 

indicated. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data in (A) are shown as 

means ± SEM and in (B), (C), (E), (F), and (H) are shown as individual values plus box 

plots with minimum, maximum, and median values.
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Fig. 7. FGF-2 inhibition improves tumor response to anti-VEGF in obese setting in a second BC 
model
(A) mRNA expression (normalized to a panel of housekeeping genes) of proinflammatory 

cytokines and proangiogenic growth factors in tumors from lean and obese animals treated 

with B20, as well as obese mice treated with B20 + metformin (Met). Four samples per 

group were pooled in each array plate used. (B) Protein expression of IL-6 and FGF-2 in 

MCaIV tumors from lean and obese mice treated with B20 or B20 plus metformin. (C) 

Immunofluorescent staining of MCaIV tumor sections. FGF-2 is expressed by adipocytes 

(top, arrows) and fibroblasts [smooth muscle actin (SMA)] (top). (D) Quantification of 

vessel density in MCaIV tumors from lean or obese mice untreated or treated with B20. (E) 

Tumor growth curves. MCaIV tumor-bearing lean and obese mice were treated with anti-

VEGF (B20) and/or anti-FGFR once fully established (at median tumor volume ~350 mm3; 
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lean animals: control, n = 5; anti-FGFR, n = 4; B20, n = 5; B20 + anti-FGFR, n = 5; obese 

animals: control, n = 4; anti-FGFR, n = 4; B20, n = 8; B20 + anti-FGFR, n = 9). Significant 

differences using two-way ANOVA with post hoc multiple comparisons tests between B20 

and B20 + anti-FGFR groups in both lean and obese conditions are indicated in the graph, 

****P < 0.0001 in obese and NS (not significant) in lean (day 6). At day 9, a direct 

comparison between anti-FGFR and B20 + anti-FGFR groups was made for both lean and 

obese mice. Significant differences using t test, ##P < 0.01 in obese and NS in lean. (F) 

Western blot demonstrating the effect of metformin on downstream signaling of the FGF 

pathway and AMPK/ACC. (G and H) Effect of metformin on vessel density in obese 

animals treated with B20. Representative images (G) showing CD31+ expression in whole 

tumors. Scale bars, 300 μm. (H) Quantification of CD31+ density in total DAPI viable area. 

(I) Effect of metformin on tumor volume in lean and obese animals treated with B20. Data 

shown as tumor volume 16 days after treatment initiation. (J) The obese microenvironment 

promotes tumor resistance to antiangiogenic therapy. In breast tumors treated with anti-

VEGF, obesity-induced IL-6 and FGF-2 production may mediate resistance to anti-VEGF 

via potentially distinct mechanisms. IL-6 sustains tumor cell proliferation, promotes immune 

cell recruitment, and drives dysfunctional angiogenesis that further aggravates hypoxia and 

promotes tumor progression despite anti-VEGF therapy. The proangiogenic factor FGF-2 

sustains angiogenesis despite VEGF blockade. Significant differences using t test in (F); 

one-way ANOVA in (B) and (H) and two-way ANOVA in (D), (E), and (I) with post hoc 

multiple comparisons tests are indicated. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. Data in (B), (D), (H), and (I) are shown as individual values plus box plots with 

minimum, maximum, and median values and in (E) are shown as means ± SEM.
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