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VEGFA Gene Expression in Breast Cancer Is Associated
With Worse Prognosis, but Better Response to
Chemotherapy and Immunotherapy

Pia Sharma?, Kohei Chida® ®, Rongrong Wu® ¢, Kaity Tung® 9, Kenichi Hakamada®,
Takashi Ishikawa¢, Kazuaki Takabe® ¢ d. ¢ f. & h. i

Abstract

Background: Vascular endothelial growth factor-A (VEGFA) is a key
inducer of angiogenesis, responsible for generating new blood vessels
in the tumor microenvironment (TME) and facilitating metastasis. No-
tably, Avastin, which targets VEGFA, failed to demonstrate any signifi-
cant benefit in clinical trials for breast cancer (BC). This study aimed
to investigate the clinical relevance of VEGFA gene expression in BC.

Methods: A total of 7,336 BC patients across eight independ-
ent cohorts: ISPY2 (GSE173839), Sweden Cancerome Analysis
Network-Breast (SCAN-B) (GSE96058), Molecular Taxonomy of
Breast Cancer International Consortium (METABRIC), GSE25066,
GSE163882, GSE34138, GSE20194, and The Cancer Genome Atlas
(TCGA), were analyzed. The calculated median VEGFA expression
level was used to stratify these cohorts into high and low groups.

Results: High VEGFA was associated with worse disease-free, disease-
specific, and overall survival in the METABRIC cohort, with findings
supported by the SCAN-B cohort, which also showed worse overall
survival (all P < 0.02). High VEGFA expression was seen in triple-
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negative breast cancer (TNBC) but not in BC with lymph node me-
tastasis. Additionally, there was a significant correlation between high
VEGFA expression and higher silent and non-silent mutations, single-
nucleotide variant (SNV) neoantigens, homologous recombination de-
fect, intratumoral heterogeneity, in the TCGA cohort. In the TCGA,
METABRIC, and SCAN-B cohorts, high VEGFA BC was also associ-
ated with higher cell proliferation: higher Ki67 gene expression, higher
Nottingham histological grade, and consistent enrichment of all the
Hallmark cell proliferation-related gene sets. Unexpectedly, the angio-
genesis gene set was not enriched in any of the cohorts and showed no
association with infiltrations of lymphatic or blood vascular endothelial
cells besides pericytes. High VEGFA BC had significantly less infiltra-
tion of anti-cancer immune cells but higher infiltration of pro-cancer
immune cells in TCGA, METABRIC, and SCAN-B cohorts. Interest-
ingly, BC, which had a pathological complete response (pCR) after
anthracycline- and taxane-based neoadjuvant therapy, was associated
with significantly heightened VEGFA expression in both estrogen re-
ceptor (ER)+/human epidermal growth factor receptor 2 (HER2)- and
TNBC subtypes in the GSE25066 cohort and after immunotherapy in
ER-+/ HER2- subtype, but not TNBC in the ISPY?2 cohort.

Conclusions: Our research indicates that high VEGFA BC confers
high cell proliferation, reduced immune cell infiltration, and poorer
survival, but allows better response to anthracycline- and taxane-
based chemotherapy, and immunotherapy.

Keywords: VEGFA; Gene expression; Angiogenesis; Chemothera-
py; Immunotherapy; Breast cancer

Introduction

Breast cancer (BC) is the second leading cause of mortality in
women in the USA [1]. Since the mid-2000s, the incidence rates
of BC in females have steadily increased by approximately 0.6%
per year [1]. In this recent era of BC treatment, a variety of differ-
ent therapies have emerged, including surgery, chemotherapy;, ra-
diation, immunotherapy, hormone therapy, and targeted therapy
[2]. A key area of interest in the development of targeted therapy
is angiogenesis (the formation of new blood vessels from exist-
ing ones), which is a hallmark of cancer and a critical process
that can fuel tumor growth and provide a conduit for cancer to
metastasize [3-6]. We have previously demonstrated that in BC,
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intra-tumoral angiogenesis is associated with inflammation, im-
mune reaction, and metastatic recurrence [7]. Numerous studies
have focused on identifying and validating molecular biomarkers
for their use as prognostic and predictive indicators [8-10].

A well-known biomarker is the vascular endothelial growth
factor-A (VEGFA), which is recognized for its capacity to in-
duce angiogenesis and potential to achieve effective treatment
[11, 12]. Recently, our understanding of VEGFA has expanded,
and we recognize that VEGFA is pivotal in not only regulating
blood vessel formation but also in modifying tumor-induced im-
munosuppression [13]. VEGFA was evaluated as a prognostic
marker but was shown to have no predictive value in metastatic
colorectal, renal, and non-small-cell lung cancers [14]. Despite
its established role, the clinical implications of VEGFA in BC
concerning patient outcomes and therapeutic responses have not
yet been understood. Therefore, it was in our interest to investi-
gate the clinical relevance of VEGFA gene expression as both a
prognostic and predictive biomarker in BC.

Recently, VEGFA has been recognized as a key target for
emerging anti-angiogenic therapies [4, 15]. Due to an initial
lack of benefit of the anti-angiogenic therapy bevacizumab for
BC and a more recent understanding of VEGFA, combining
anti-angiogenic therapies such as bevacizumab with immuno-
therapies has raised great interest [16]. Bevacizumab (Avas-
tin®) is the first anti-angiogenic targeted therapy that was de-
veloped. It has great efficacy for treating colorectal and lung
cancers [17] but has been withdrawn from the treatment for
BC [18]. Thus, there is a gap in existing research pertaining
to the clinical implications of VEGFA expression in BC and
its interaction with the tumor microenvironment (TME). This
study aims to fill this gap by analyzing VEGFA gene expres-
sion across multiple large cohorts of BC patients to understand
the clinical relevance of VEGFA expression in BC, its impact
on patient outcomes, and its potential as a biomarker for ther-
apy response, potentially leading to the development of more
personalized treatment strategies and improved outcomes.

Materials and Methods

Clinical data acquisition

A total of 7,336 BC patients from eight publicly available inde-
pendent cohorts were analyzed, ISPY2 (GSE173839, n = 105),
Sweden Cancerome Analysis Network - Breast (SCAN-B)
(GSE96058, n = 3,069), Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) (n = 1,903), The Can-
cer Genome Atlas (TCGA) (n = 1,073), GSE25066 (n = 508),
GSE20194 (n = 278), GSE163882 (n = 222), and GSE34138
(n = 178). The cohorts analyzed in this study were selected
based on their robust sample sizes, and association of clinical
parameters and full transcriptome including VEGFA gene ex-
pression, which are critical for ensuring comprehensive and sta-
tistically reliable analyses. TCGA, METABRIC, and SCAN-B
are the largest cohorts representing diverse patient demograph-
ics (TCGA is from the USA, METABRIC is from the UK and
Canada, and SCAN-B is from Sweden) that we were able to ac-
cess. Cohorts GSE20194, GSE34138, GSE163882, GSE25066,

and ISPY2, were chosen for their detailed drug response data
associated with full transcriptome, allowing the assessment of
VEGFA expression in relation to therapeutic outcomes. High
and low VEGFA gene expression groups were divided based
on the calculated median. The TCGA cohort data [19] and the
METABRIC cohort data [20] were downloaded from cBiopor-
tal as described by Gao et al [21]. The SCAN-B cohort data
[22] were downloaded using the R package GEOquery from the
NCBI Gene Expression Omnibus database. To analyze the re-
lationship between VEGFA gene expression and drug response,
the following primary BC cohorts were analyzed: GSE20194,
GSE34138, GSE163882, GSE25066, and ISPY2 [23-27]. These
cohorts were also downloaded from the NCBI Gene Expression
Omnibus database using the R package GEOquery.

The TCGA, METABRIC, SCAN-B and all GEO cohorts
used in this study are deidentified and available within the
public domain, therefore approval from the Institutional Re-
view Board was waived. The declaration of ethical compliance
with human study was not applicable.

Gene set enrichment analysis (GSEA)

Due to its ability to identify biologically meaningful patterns
within large genomic datasets, GSEA [28] was used to inves-
tigate which hallmark of cancer gene sets from the Molecu-
lar Signatures Database (MSigDB) [29] were associated with
VEGFA expression within TCGA, METABRIC, and SCAN-
B cohorts. The gene sets were enriched to high or low based
on median VEGFA expression. Based on the guidelines of
the GSEA MSigDB to balance sensitivity and specificity, the
statistical significance was defined as a false discovery rate
(FDR) of less than 0.25, and the normalized enrichment score
(NES) was used to assess the correlation strength.

Other scores

TCGA samples such as homologous recombination deficiency
(HRD) score, intratumoral heterogeneity score, insertions and
deletions (Indel) neoantigens, single-nucleotide variant (SNV)
neoantigens, and silent and non-silent mutations were calculated
and reported by Thorsson et al [30]. The xCell computer algo-
rithm was used to estimate the fraction of intratumoral immune
and stromal cells [31]. For each cohort, xCell compared 489 gene
signatures corresponding to 64 cell types to estimate the im-
mune and stromal cell fraction [31]. The use of TCGA-specific
genomic and immune-related scores, such as HRD and immune
cell fractions calculated using xCell, was intended to provide a
multi-dimensional view of the TME and genetic alterations.

Statistical analysis

This study was analyzed using R software (version 4.3.1). All
P values were calculated by a two-sided test, and the statistical
significance was set at 0.05. A Log-rank test was used to test
the significance of the survival analysis.
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Figure 1. Survival relevance for VEGFA expression. Kaplan-Meier curve with log-rank P value of disease-free survival (DFS),
disease-specific survival (DSS), and overall survival (OS) in TCGA and METABRIC and OS in SCAN-B. The median value was
used as a cutoff for two VEGFA expression groups, low (blue) and high (red). VEGFA: vascular endothelial growth factor-A;
SCAN-B: Sweden Cancerome Analysis Network-Breast; METABRIC: Molecular Taxonomy of Breast Cancer International Con-

sortium; TCGA: The Cancer Genome Atlas.

Results

High VEGFA expression was associated with lower sur-
vival in comparison to the low VEGFA expression group

Given that VEGFA is an established angiogenesis factor, and
angiogenesis is associated with metastasis, it was our interest to
analyze the relationship between VEGFA expression and patient

survival firstly. We found that the VEGFA high expression group
showed significantly lower disease-free survival (DFS), disease-
specific survival (DSS), and overall survival (OS) in the META-
BRIC cohort, as well as significantly lower OS in the SCAN-B
cohort (all P <0.02) (Fig. 1). There were no significant survival
differences by VEGFA expression in the TCGA cohort, likely
due to its smaller sample size. The overall analysis consistently
indicated that patients with high VEGFA expression were associ-
ated with a worse survival outcome compared to those with low
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Figure 2. The association between VEGFA expression and clinical parameters. Boxplots of clinical factors: subtype, stage,
lymph node metastasis, and distant metastasis in TCGA, METABRIC and SCAN-B cohorts by VEGFA expression. ER: estrogen
receptor; HER2: human epidermal growth factor receptor 2; VEGFA: vascular endothelial growth factor-A; SCAN-B: Sweden
Cancerome Analysis Network-Breast; METABRIC: Molecular Taxonomy of Breast Cancer International Consortium; TCGA: The

Cancer Genome Atlas.

VEGFA expression. This finding aligns with the role of VEGFA
in promoting angiogenesis and facilitating metastatic potential.

VEGFA expression was associated with triple-negative
breast cancer (TNBC), but not with American Joint Com-
mittee on Cancer (AJCC) staging

The finding that high VEGFA expression was associated with a
worse clinical prognosis prompted further analysis of clinical
parameters, such as the subtype and AJCC staging. High VEG-
FA expression was found to have a significant association with
the TNBC subtype in TCGA, METABRIC, and SCAN-B co-
horts (all P < 0.001) (Fig. 2). As TNBC is the more aggressive
BC subtype, these results suggest that high VEGFA expression
is associated with more aggressive BC. Interestingly, BC with
higher VEGFA expression had lower lymph node metastasis in
METABRIC and SCAN-B cohorts (P = 0.001 and P = 0.004,
respectively). Furthermore, there was no consistent association
with distant metastasis.

VEGFA was consistently associated with cell proliferation
and aggressive features of cancer

Cell proliferation is also a key feature of cancer aggression, so it
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was of interest to investigate the association of VEGFA with mu-
tation rate using scores pre-calculated by Thorsson et al [30] and
with cell proliferation. We found that VEGFA was significantly
associated with a higher Nottingham histological grade, and more
expression of the proliferative marker (Ki67 gene) in TCGA, ME-
TABRIC, and SCAN-B cohorts (all P <0.001) (Fig. 3a). VEGFA
also consistently enriched all the Hallmark cell proliferation-relat-
ed gene sets including MYC targets v1 and v2, E2F targets, G2M
checkpoint, mitotic spindle, and mTorC1 signaling in TCGA,
METABRIC, and SCAN-B cohorts (Fig. 3b). Additional analyses
in the TCGA cohort revealed that high VEGFA expression was
linked to higher silent and non-silent mutation rates, HRD, intra-
tumoral heterogeneity, and SNV neoantigens (Fig. 3c).

VEGFA was associated with an immunosuppressive TME

To understand how VEGFA might influence the TME, we in-
vestigated the association of VEGFA expression with immune
cell infiltration within the TME. It was seen that VEGFA was
associated with low infiltration of anti-cancer immune cells
such as CD8* T cells, central memory cytotoxic T cells (CD8"
Tcm), CD4* T cells, CD4" naive T cells, dendric cells, B cells,
and naive B cells, as well as a high infiltration of immune cells,
such as type 1 helper T cells (Thl cells), regulatory T cells,
type 2 helper T cells, and plasma cells (Fig. 4).
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Figure 3. Association of VEGFA with pathological grade, mutation rates, neoantigens, and cell proliferation-related gene sets. (a)
Boxplots of pathological grade and Ki67 gene (MKI67) expression in TCGA, METABRIC, and SCAN-B cohorts. (b) Enrichment
score plots of cell proliferation-related gene sets: mitotic spindle, G2M checkpoint, E2F targets, MYC targets v1 and v2, and
MTORCH1 signaling in TCGA, METABRIC, and SCAN-B cohorts by GSEA using NES (normalized enrichment score) and FDR
(false discovery rate). As recommended by GSEA software, FDR < 0.25 defined statistical significance. (c) Boxplots of homolo-
gous recombination defects (HRD), intratumor heterogeneity, and the mutation-related scores: silent and non-silent mutation
rate, single nucleotide variation (SNV) and indel neoantigens in TCGA cohort. High and low VEGFA expression groups were
determined by median cutoff. VEGFA: vascular endothelial growth factor-A; SCAN-B: Sweden Cancerome Analysis Network-
Breast; METABRIC: Molecular Taxonomy of Breast Cancer International Consortium; TCGA: The Cancer Genome Atlas; GSEA:

gene set enrichment analysis; ITH: intratumor heterogeneity.

VEGFA expression correlated with angiogenesis-related
data but not angiogenesis

Since VEGFA is primarily known as an angiogenesis factor,
we were particularly interested in investigating the relationship
between VEGFA and angiogenesis. There was an association
of VEGFA with high infiltration of pericytes, but surprisingly,
there was no significant association with the angiogenesis gene
set or infiltration of endothelial cells, microvascular endotheli-
al (MVE) cells, or lymphatic endothelial cells (LECs) (Fig. 5).

Patients with high VEGFA were shown to have a better re-
sponse to anthracycline- and taxane-based chemotherapy
as well as immunotherapy

Due to VEGFA being consistently associated with cancer ag-
gressiveness, it was in our interest to explore the relationship
between VEGFA expression and treatment response. Patients
with high VEGFA expression showed significantly higher path-
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ological complete response (pCR) with durvalumab/olaparib
immunotherapy treatment in comparison to patients with low
VEGFA expression in estrogen receptor (ER) positive/human
epidermal growth factor receptor 2 (HER2) negative (ER+/
HER2-) BC in the ISPY2 cohort. This immunotherapy treat-
ment was also shown to have significantly better results in
comparison to the standard chemotherapy group (Fig. 6a). In
the GSE25066 cohort, patients with high VEGFA were also
shown to have significantly higher pCR with anthracycline-
and taxane-based chemotherapy for ER+/HER2- and TNBC,
which was supported by the data trends in the GSE20194,
GSE163882, and GSE34138 cohorts (Fig. 6b). To ensure that
these results were not confounded, all cohorts used were neo-
adjuvant cohorts. Therapy-specific cohorts such as ISPY2 and
GSE25066, were analyzed separately to account for treatment
heterogeneity.

Discussion

The clinical relevance of VEGFA gene expression was investi-

| https://wjon.elmerpub.com
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Figure 4. Infiltration fractions of immune cells in the tumor microenvironment by VEGFA expression. Box plots show infiltration
fractions for immune cells: CD8* T cells, CD8* Tcm cells, CD4* T cells, CD4* naive T cells, helper T type 1 (Th1 cells), dendric
cells (DC), regulatory T cells (Tregs), helper T type 2 (Th2) cells, B cells, naive B cells, and plasma cells in TCGA, METABRIC,
and SCAN-B cohorts by low and high VEGFA expression groups determined by median cutoff. VEGFA: vascular endothelial
growth factor-A; SCAN-B: Sweden Cancerome Analysis Network-Breast; METABRIC: Molecular Taxonomy of Breast Cancer

International Consortium; TCGA: The Cancer Genome Atlas.

gated to evaluate its potential as both a prognostic and predic-
tive biomarker in BC. High VEGFA expression was associated
with worse OS. Interestingly, VEGFA expression was elevated
in TNBC but not in BC with lymph node metastasis. There
is also an association of VEGFA expression to increased cell
proliferation, as evidenced by elevated Ki67 gene expression,
higher Nottingham histological grade, and the enrichment of
all the Hallmark cell proliferation-related gene sets, including
MYC targets vl and v2, E2F targets, G2M checkpoint, mitotic
spindle, and mTorC1 signaling. Following this trend, VEGFA
expression also correlated with significantly higher SNV neo-
antigens, silent and non-silent mutations, homologous recom-
bination defect, and intratumoral heterogeneity, in TCGA. In
addition, VEGFA was associated with low infiltration of anti-
cancer immune cells. Also, the angiogenesis gene set was not
enriched, and neither blood nor lymphatic vascular endothelial
cells, apart from pericytes, were infiltrated in VEGFA-high BC
in any of the cohorts. Furthermore, BC, which achieved pCR
after anthracycline- and taxane-based neoadjuvant therapy,
was associated with significantly higher VEGFA expression in
both ER+/HER2- and TNBC subtypes, as well as after immu-
notherapy in ER+/HER2- subtype, but not TNBC.

Given the significant treatment complexities that cancer
poses, there was considerable interest in a promising anti-
VEGFA treatment, aiming to suppress angiogenesis by target-
ing VEGFA, a key inducer [32]. Around 15 years ago, the first
approved anti-VEGFA drug bevacizumab (Avastin®, F. Hoff-
mann La-Roche AG, Switzerland) entered clinical practice
[13]. This anti-VEGFA drug revolutionized treatments in can-
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cer, specifically in metastatic colorectal cancer. But unfortu-
nately, it was shown to be ineffective and withdrawn from the
treatment of BC [18]. This inefficiency was determined based
on two randomized, double-blind, placebo-controlled phase
1T trials: AVADO and RIBBON-1. The AVADO trial was a
three-arm trial evaluating bevacizumab in combination with
docetaxel as first-line therapy for HER2-negative, locally re-
current or metastatic BC [33]. The RIBBON-1 trial evaluated
anthracycline- or taxane-based chemotherapy with or without
bevacizumab as the first-line treatment of HER2-negative, lo-
cally recurrent, or metastatic BC [34]. The degree of improve-
ment in progression-free survival (PFS) seen in the AVADO
and RIBBON-1 studies did not match the level of improve-
ment observed for the accelerated approval, so bevacizumab
was withdrawn from BC treatment [18].

In our previous study, angiogenesis was seen to be as-
sociated with an attenuated TME, aggressive biology, and
poorer survival outcomes in gastric cancer patients [3]. We
have shown that the angiopoietin pathway that promotes an-
giogenesis was associated with poor survival in BC patients
[35]. In our past studies, we have been proficient in perform-
ing single-gene analyses of biomarkers using similar methods
[36, 37]. We have repeatedly demonstrated that sphingosine
1-phosphate, generated by sphingosine kinase 1, is exported
from cancer cells and promotes angiogenesis and lymphangi-
ogenesis in BC [7, 38-42]. It was in our interest to evaluate
VEGFA as an angiogenesis factor in BC due to the variability
in anti-VEGFA treatment efficacy by cancer type [13].

Aligning with VEGFA’s role in promoting angiogenesis,
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Figure 5. VEGFA association with angiogenesis and angiogenesis-related data. (a) Boxplots of infiltration fractions for angio-
genesis-related cells: pericytes, endothelial cells, microvascular endothelial (MVE) cells, and lymphatic endothelial cells (LECs)
in in TCGA, METABRIC, and SCAN-B cohorts. (b) Enrichment score plots of angiogenesis gene set by VEGFA high and low
groups by GSEA in TCGA, METABRIC, and SCAN-B cohorts. VEGFA: vascular endothelial growth factor-A; SCAN-B: Sweden
Cancerome Analysis Network-Breast; METABRIC: Molecular Taxonomy of Breast Cancer International Consortium; TCGA: The

Cancer Genome Atlas.

high VEGFA expression in BC was found to be associated with
poorer OS, as demonstrated in the METABRIC cohort and fur-
ther validated in the SCAN-B cohort. The worse survival out-
comes may be attributed to VEGFA’s contribution to creating
a more aggressive TME by facilitating the formation of new
blood vessels, therefore supporting tumor growth. The find-
ing that VEGFA expression is higher in TNBC, a particularly
aggressive subtype with poor prognosis, supports the idea that
VEGFA gene expression is associated with more aggressive
forms of BC. In contrast, the lower VEGFA levels observed
in BC with lymph node metastasis suggest that the role of
VEGFA in metastasis could be more complex, potentially in-
fluenced by other molecular pathways or factors in the TME.
An interesting piece of information that may warrant more
investigation was the lack of enrichment of the angiogenesis
gene set in all the cohorts, despite VEGFA being a well-estab-
lished pro-angiogenic factor. Additionally, VEGFA expression
did not correlate with the infiltration of lymphatic or blood
vascular endothelial cells, except for pericytes. This discrep-
ancy suggests that VEGFA’s role in BC may extend beyond
traditional angiogenesis. VEGFA may influence other aspects
of the TME, such as immune modulation or cellular prolif-
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eration, which could indirectly affect tumor progression and
patient outcomes [43]. Further studies are needed to analyze
this relationship and determine whether VEGFA’s impact on
angiogenesis is context-dependent or modulated by other sign-
aling pathways.

The association between high VEGFA expression and
reduced infiltration of anti-cancer immune cells highlights
VEGFA’s potential role in immune evasion [44, 45]. This find-
ing is consistent across multiple cohorts (SCAN-B, META-
BRIC, and TCGA) and suggests that VEGFA may contribute
to creating an immunosuppressive TME. Previous studies have
demonstrated that angiogenesis and immunosuppression work
together as part of the same tissue repair program, including
in cancer [46, 47]. By limiting the presence of cytotoxic T
cells and enhancing the infiltration of immunosuppressive cell
types, VEGFA may help tumors evade immune surveillance,
promoting tumor growth and resistance to certain therapies.
Interestingly, despite its association with more aggressive tu-
mor characteristics and poorer survival, high VEGFA expres-
sion was linked to a better response to anthracycline- and
taxane-based chemotherapy as well as immunotherapy. This
finding suggests that VEGFA expression could serve as a pre-
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dictive biomarker for chemotherapy and immunotherapy re-
sponse in BC. The enhanced response to chemotherapy may be
due to VEGFA-induced changes in the TME, such as increased
cell proliferation, which could make tumor cells more vulner-
able to DNA-damaging agents like anthracyclines and taxanes
[48]. Additionally, the better response to immunotherapy in
VEGFA-high tumors may be related to the higher mutation rate
observed, potentially leading to more neoantigens that could
be targeted by the immune system when adequately stimulated
by immunotherapy [49].

Our analysis of VEGFA gene expression in BC across
eight independent cohorts, including TCGA, METABRIC, and
SCAN-B, reveals several notable findings that align with and
diverge from previous research. It has previously been reported
that high tumor levels of VEGFA predict a poor response to
systemic therapy in advanced BC [50]. In contrast, our find-
ings suggest that VEGFA-high tumors had a better response to
anthracycline- and taxane-based neoadjuvant therapy and im-
munotherapy when compared to VEGFA-low tumors. While
VEGFA-high tumors may have responded better to systemic
therapy, they also were significantly associated with a worse
survival rate. This supports the findings of various studies.
After bevacizumab failed to show benefit for BC, it was sug-
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gested that anti-angiogenic therapies, in combination with im-
munotherapy, may have successful outcomes in VEGFA-high
patients [51]. Recent studies, including those presented at the
2024 San Antonio Breast Cancer Symposium (SABCS), have
highlighted innovative approaches to targeting both angiogen-
esis and immune suppression in BC, using VEGF inhibitors in
combination with immune checkpoint inhibitors (ICIs). These
novel strategies, such as bispecific VEGFA and ICI therapies,
represent an emerging area of research that aims to address
the complex relationship between angiogenesis and immune
evasion in the TME. This was supported by our studies’ data,
which showed that VEGFA-high tumors had a better response
to the combination immunotherapy in the ISPY2 trial. This
also aligns with our findings that VEGFA-high tumors exhibit
an immunosuppressive microenvironment, which could poten-
tially be reversed by dual angiogenesis and immunotherapy ap-
proaches. Combining VEGF inhibitors with ICIs could poten-
tially overcome VEGFA-mediated immune evasion while also
leveraging the heightened mutation burden observed in VEG-
FA-high tumors to enhance immunotherapy efficacy. Future
studies should explore these combination regimens to deter-
mine their efficacy in VEGFA-high BCs. However, preliminary
biomarker analyses of bevacizumab trials in various metastatic
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cancers suggested that VEGFA was a prognostic marker but
had no predictive value [52]. In contrast, our study is among
the first to demonstrate that VEGFA can be both a prognostic
and predictive biomarker for BC. The association of VEGFA
with better responses to anthracycline- and taxane-based chem-
otherapy, as well as immunotherapy, provides a nuanced under-
standing of its relationship with survival outcomes. We cannot
help but speculate that a simplistic approach such as targeting
a factor (VEGFA) that is associated with poor prognosis with
bevacizumab would also suppress its function to sensitize can-
cer to the other treatments, which may be one of the reasons
that bevacizumab was not effective for BC. Future studies may
need to investigate the order and timing of administration of
agents with longitudinal assessment of the biomarkers.

Some limitations can be noted in this study. Since it is a
retrospective analysis based on patient data from various pub-
lic cohorts, some detailed clinical information, such as treat-
ment specifics, was unavailable. Despite the promising associ-
ation of VEGFA with aggressive tumor features and treatment
response, the translation of this study’s findings into clinical
practice faces several challenges. VEGFA gene expression was
assessed in each cohort, thus there is a need for standardized
expression thresholds to guide therapeutic decisions. Future
investigation of the mechanistic pathways, through which
VEGFA contributes to immune evasion and tumor prolifera-
tion, is needed to identify potential therapeutic targets. Addi-
tionally, exploring combination therapies, such as anti-VEGFA
agents with ICIs, is expected to overcome the limitations of
anti-angiogenic treatments in BC. These efforts may ultimate-
ly improve personalized treatment strategies and outcomes for
patients with VEGFA-driven BC.

Conclusions

High VEGFA expression in BC was linked to more aggressive
disease characteristics, including increased cell proliferation,
reduced immune cell infiltration in the TME, and poorer sur-
vival outcomes. However, it was also associated with a better
response to anthracycline- and taxane-based chemotherapy, as
well as immunotherapy. These findings suggest that VEGFA
could serve as a predictive biomarker to guide treatment selec-
tion, as well as a prognostic biomarker to identify patients with
poor outcomes.
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