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ABSTRACT
Background Success of T cell immunotherapy hinges on 
the tumor microenvironment (TME), and abnormal tumor 
vasculature is a hallmark of most solid tumors and associated 
with immune evasion. The efficacy of T cell engaging bispecific 
antibody (BsAb) treatment relies on the successful trafficking 
and cytolytic activity of T cells in solid tumors. Normalization 
of tumor vasculature using vascular endothelial growth factor 
(VEGF) blockades could improve efficacy of BsAb- based T cell 
immunotherapy.
Methods Anti- human VEGF (bevacizumab, BVZ) or anti- 
mouse VEGFR2 antibody (DC101) was used as VEGF 
blockade, and ex vivo armed T cells (EATs) carrying anti- 
GD2, anti- HER2, or anti- glypican3 (GPC3) IgG- (L)- scFv 
platformed BsAb were used. BsAb- driven intratumoral 
T cell infiltration and in vivo antitumor response were 
evaluated using cancer cell line- derived xenografts (CDXs) 
or patient- derived xenografts (PDXs) carried out in BALB-
Rag2-/-IL- 2R-γc- KO (BRG) mice. VEGF expression on 
human cancer cell lines was analyzed by flow cytometry, 
and VEGF levels in mouse serum were measured using 
VEGF Quantikine ELISA Kit. Tumor infiltrating lymphocytes 
(TILs) were evaluated using flow cytometry and by 
bioluminescence; both TILs and tumor vasculature were 
studied using immunohistochemistry.
Results VEGF expression on cancer cell lines increased 
with seeding density in vitro. BVZ significantly reduced 
serum VEGF levels in mice. BVZ or DC101 increased high 
endothelial venules (HEVs) in the TME and substantially 
enhanced (2.1–8.1 fold) BsAb- driven T cell infiltration into 
neuroblastoma and osteosarcoma xenografts, which was 
preferential for CD8(+) TILs versus CD4(+) TILs, leading to 
superior antitumor effects in multiple CDX and PDX tumor 
models without added toxicities.
Conclusions VEGF blockade using specific antibodies against 
VEGF or VEGFR2 increased HEVs in the TME and cytotoxic 
CD8(+) TILs, significantly improving the therapeutic efficacy 
of EAT strategies in preclinical models, supporting the clinical 
investigation of VEGF blockades to further enhance BsAb- based 
T cell immunotherapies.

INTRODUCTION
T cell immunotherapy has proven effi-
cacy against refractory or relapsed cancers. 
Despite the potent cytotoxicity, T cells often 
fail to penetrate deep into solid tumors, or 
even after successful infiltration they fail to 

fully function because of the immunosup-
pressive and hypoxic tumor microenviron-
ment (TME).1–4 An immature and chaotic 
tumor microvasculature is another challenge 
for T cell immunotherapy responsible for 
the hypoxic TME,5 which alters tumor and 
immune cell metabolism, in turn promoting 
stromal desmoplasia and inflammation, 
contributing to therapeutic resistance and 
tumor progression.6–8 Inhibiting abnormal 
tumor angiogenesis was first proposed as a 
therapeutic strategy by Folkman.9 Targeting 
the abnormal microvasculature to improve 
tissue perfusion has the potential to over-
come the immune- hostile TME by alleviating 
intratumoral hypoxia and converting immu-
nosuppressive tumor infiltrating myeloid 
cells (TIMs) to immunosupportive ones, 
thereby improving antitumor response of T 
cell immunotherapy.10 11

Reciprocal interactions between endo-
thelial and mesenchymal cells control the 
process of angiogenesis where the vascular 
endothelial growth factor (VEGF- A, in short 
as VEGF) and its receptors play pivotal 
roles.12 VEGF is expressed at high levels in 
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many different types of cancer,13 and tumor- derived 
VEGF stimulates tumor progression by inducing blood 
vessel formation, supporting immunosuppressive TIMs, 
and promoting T cell exhaustion by an autonomous 
VEGF and VEGFR2 feed- forward loop.14 VEGF is a 
member of the homodimeric cysteine knot protein family 
growth factor15 with affinity for the two tyrosine kinase 
receptors VEGFR1 (Flt- 1) and VEGFR2 (KDR), with the 
latter functioning as the main receptor mediating most 
of the endothelial cell action.16 17 Excessive activation of 
VEGFR2 mediates tissue- damaging vascular changes as 
well as the induction of tumor blood vessel expansion to 
support tumor growth. Unlike in normal vascular devel-
opment and wound healing, VEGF expression is highly 
deregulated in primary and metastatic tumors, leading 
to endothelial cell hyperproliferation and loss of guid-
ance on angiogenic sprouting that result in a chaotic 
tumor vascular bed.12 VEGF is expressed by a variety of 
cells inside tumors, including the cancer cells, myeloid 
cells, stromal cells, and endothelial cells, reducing the 
ability of antigen- presenting cells (APCs) to prime T cells 
and causing systemic immunosuppression and immune 
effector cell anergy.18

Despite initial enthusiasm, anti- VEGF therapy alone 
including neutralizing antibodies, small molecular tyro-
sine kinase inhibitors, VEGF decoy receptors, and VEGF 
targeting ribozymes did not sufficiently improve survival 
when employed as alternatives to conventional anti- 
cancer treatments.19 Subsequently when combined with 
chemotherapeutic agents or radiation treatment, these 
anti- VEGF therapies have shown more encouraging 
benefits. The US FDA first gave approval to bevacizumab 
(BVZ) as first- line therapy in combination with chemo-
therapeutic agents for metastatic colorectal carcinoma, 
non- squamous non- small cell lung cancer, ovarian carci-
noma, breast cancer, renal cell carcinoma, and hepato-
cellular carcinoma.20 In addition, recent studies reported 
synergistic effects of antiangiogenic agents and immune 
checkpoint inhibitors (ICIs) against advanced renal cell 
carcinoma and hepatocellular carcinoma.21 22 However, 
many challenges remain. The potential role of anti- VEGF 
therapy in other solid tumors remains to be proven, and 
its impact on BsAb- based or CAR- based T cell immuno-
therapies has yet to be studied in depth. Here, we explore 
how VEGF blockades could affect BsAb- driven T cell 
infiltration into TME and how they potentiate antitumor 
effect of BsAb and T cell therapy in solid tumors.

METHODS
Tumor cell lines
Representative melanoma cell line M14 (NCI- DTP Cat# 
M14, RRID:CVCL_1395), small cell lung cancer cell line 
NCI- N87 (ATCC Cat# CRL- 5822, RRID:CVCL_1603), 
human leukemia cell line HL6 (ATCC Cat# CCL- 240, 
RRID:CVCL_0002), breast cancer cell line HCC1954 
(ATCC Cat# CRL- 2338, RRID:CVCL_1259), osteo-
sarcoma cell line 143B (ATCC Cat# CRL- 8303, 

RRID:CVCL_2270), and hepatoblastoma cell line 
Hep- G2 (ATCC Cat# HB- 8065, RRID:CVCL_0027) 
were purchased. All the cell lines used were authenti-
cated by short tandem repeat profiling with PowerPlex 
V.1.2 System (Promega), and periodically tested for 
mycoplasma infection using MycoAlert PLUS Myco-
plasma Detection Kit (Lonza). The cells were cultured 
in RPMI1640 (Sigma) supplemented with 10% heat- 
inactivated fetal bovine serum (Life Technologies) at 
37℃ in a 5% CO2 humidified incubator. The luciferase- 
labeled melanoma cell line M14Luc was generated by 
retroviral infection with an SFG- GF Luc vector.

Antibodies
To target VEGF, the anti- human VEGF (hVEGF) 
monoclonal IgG1 antibody BVZ (Avastin; Genentech, 
South San Francisco, CA) and anti- mouse VEGFR2 
(mVEGFR2) antibody DC101 (Bio X Cell Cat# BE0060, 
RRID:AB_1107766) were used in vivo. The VEGF inhib-
itors were given intraperitoneally (ip) 1 day before each 
EAT injection. T cells armed ex vivo with BsAb (EATs) 
were generated as previously described.23 24 Anti- GD2, 
anti- HER2, and anti- glypican3 (GPC3) BsAbs were mainly 
used in the experiments to test the synergy between 
EATs and VEGF blockades. These BsAbs were built on 
the IgG- (L)- scFv format using the sequences of anti- CD3 
(huOKT3) IgG and anti- GD2 hu3F8 IgG1, anti- epidermal 
growth factor receptor- 2 (HER2) (trastuzumab) IgG1, or 
anti- GPC3 antibody (clone GC33).25 26 For each BsAb, scFv 
of huOKT3 was fused to the C- terminus of the light chain 
of human IgG1 via a C- terminal (G4S)3 linker.27 N297A 
and K322A mutations on the Fc portion were generated 
with site- directed mutagenesis via primer extension in 
polymerase chain reactions.28 The nucleotide sequence 
encoding each BsAb was synthesized by GenScript and 
was subcloned into a mammalian expression vector. BsAb 
was produced using Expi293 expression system (Thermo 
Fisher Scientific) separately. Antibodies were purified 
with protein A affinity column chromatography. The 
purity of these antibodies was tested by size- exclusion 
high- performance liquid chromatography as previously 
described.23 24

T cell expansion ex vivo
Serially expanded T cells from a single donor were used 
for each individual experiment. Peripheral blood mono-
nuclear cells (PBMCs) were separated from buffy coats 
(New York Blood Center) using Ficoll. Naïve T cells were 
purified using Pan T cell isolation kit (Miltenyi Biotec, 
Cat#130096535) and expanded by CD3/CD28 Dynabeads 
(GibcoTM, Cat#11 132D) for 7 to 14 days in the presence 
of 30 IU/mL of IL- 2. Expanded T cells were analyzed for 
their proportion of CD3(+), CD4(+), and CD8(+) T cells, 
and the fraction of CD4(+) or CD8(+) T cells was allowed 
between 40% and 60% to maintain consistency. Unless 
stated otherwise, these activated T cells were used for all 
T cell experiments.
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Flow cytometry analysis of VEGF expression
Increasing numbers of various cancer cells (4×103 to 1×106 
cells/well), including gastric cancer cell line NCI- N87, 
melanoma cell line M14Luc, leukemia cell line HL60, 
and breast cancer cell line HCC1954, were incubated in 
96- well plates at 37℃ in a 5% CO2 humidified incubator. 
Cancer cells were harvested after 48 hours and stained 
with anti- hVEGF APC- conjugated antibody (R and D 
Systems Cat# IC2931A, RRID:AB_357310) according to 
manufacturer’s instructions. 1×106 cancer cells were incu-
bated with the antibody at 4°C for 30 min, washed, and 
analyzed by flow cytometry (BD FACS Calibur instrument 
and Attune NxT Flow Cytometer). Palivizumab was used 
as a control antibody. Data were analyzed with FlowJo 
V.10 software (FlowJo, RRID:SCR_008520).

Measurement of serum VEGF levels
Serum VEGF levels in murine plasma were measured 
using human VEGF Quantikine ELISA kit (R and D 
Systems Cat# DVE00, RRID:AB_2800364) according to 
the manufacturer’s instruction. The intensity of the reac-
tion was then revealed with tetramethylbenzidine and 
optical density was measured at 450 nm and at 540 nm 
using a Vmax microplate reader and Soft MAX Pro soft-
ware (Molecular Devices, Menlo Park, California, USA). 
All samples were run in triplicate, and a standard curve 
was established for each assay.

Therapeutic study with mouse xenograft model
Cancer cell line xenografts (CDXs) were established using 
1×1 06 143B and 5×106 Hep- G2 cells. Patient- derived xeno-
grafts (PDXs) were established from fresh surgical speci-
mens with MSKCC IRB approval from patients diagnosed 
with neuroblastoma or osteosarcoma. Tumor cells in 
Matrigel (Corning Corp) were implanted subcutaneously 
on the right flank of each mouse. To avoid biological vari-
ables, only female mice were used for in vivo experiments. 
Treatment was initiated after tumors were established, 
average tumor volume of 100 mm3 when measured using 
TM900 scanner (Piera, Brussels, Belgium). Before treat-
ment, mice with small tumors (<50 mm3) or mice with 
signs of skin infection were excluded from randomization 
to experimental groups. For ex vivo arming of T cells, a 
10 µg of each BsAb was used to arm 2×107 T cells per injec-
tion.23 24 BVZ or DC101 were given at 100 µg/dose intra-
peritoneally (ip) 1 day before each EAT injection. Tumor 
growth curves and overall survival were analyzed, and 
the overall survival was defined as the time from start of 
treatment to when tumor volume reached 2000 mm3. To 
define the well- being of mice, complete blood cell counts 
(CBC) analyses, changes in body weight, behavior and 
physical appearance were closely monitored. All animal 
experiments were repeated twice more with different 
donor’s T cells to ensure that our results were reliable.

T cell transduction
To obtain luciferase- expressing T cells (Luc(+) T cells), T 
cells isolated from peripheral blood were stimulated with 

Dynabeads Human T- Activator CD3/CD28 for 24 hours 
and then transduced with retroviral constructs containing 
tdTomato and click beetle red luciferase in RetroNectin- 
coated six- well plates in the presence of IL- 2 (100 IU/
mL) and protamine sulfate (4 µg/mL). Transduced T 
cells were cultured for 8 days before being used in animal 
experiments.

Bioluminescence imaging
Mice were anesthetized and imaged after intravenous 
injection of 3 mg of D- luciferin (Gold Biotechnology) on 
different days post T cell injection. Images were acquired 
using IVIS Spectrum CT In Vivo Imaging System (Caliper 
Life Sciences). Bioluminescence images were overlaid 
with photographs, regions of interest (ROI) were drawn 
based on the location and contour of the tumors, and 
total photon counts (photons/s) were obtained using 
Living image V.2.60 (Xenogen). Bioluminescence signal 
(total flux, photon/s) of tumor in the untreated group 
were used as baselines.

Immunohistochemistry and immunofluorescence staining
Immunohistochemistry (IHC) staining was performed at 
the MSK Molecular Cytology Core Facility using Discovery 
XT processor (Ventana Medical Systems) as previously 
described.24 25 Tumor samples were fixed and embedded 
in paraffin. Anti- human CD45 (Abcam Cat# ab10558, 
RRID:AB_442810), anti- human CD3 (Agilent, Cat# 
A0452, RRID:AB_2335677), anti- human CD4 (Ventana 
Medical Systems Cat# 790- 4423, RRID:AB_2335982), 
anti- human CD8 (Ventana Medical Systems Cat# 790- 
4460, RRID:AB_2335985), and anti- mouse CD31(Abcam 
Cat# ab134168, RRID:AB_2890012) were used, followed 
by a biotinylated secondary antibody. The detection was 
performed using a DAB detection kit (Ventana Medical 
Systems) or Alexa Fluor 488 or 568 Tyramide Reagent 
(Invitrogen). IHC staining of peripheral node addressin 
(PNA) (MECA79) was done with a manual protocol at 
Laboratory of Comparative Pathology using anti- PNA 
antibody (MECA79R) (Novus Cat# NBP2- 78792). Immu-
nofluorescence (IF) double staining of PNA and human 
CD3 was performed with the identical anti- PNA anti-
body and monoclonal rabbit anti- human CD3 antibody 
(clone MRQ- 39, LS- C202826). Microscopic images were 
captured from tumor sections using a Nikon ECLIPSE 
Ni- U microscope and NIS- Elements V.4.0 imaging soft-
ware. Antigen positive cells were counted with Qupath 
V.0.1.2 or using positive pixel count analysis.

Positive pixel count analysis
IHC slides were scanned (Aperio ScanScope XT) and 
analyzed by comparing positive pixel counts (Aperio 
Technologies). For analyzing tumor infiltrating lympho-
cytes (TILs), the largest area of intact tumor tissue was 
included, and oblique sections were avoided. Each slide 
was visually inspected to ensure specificity and sensitivity 
of antibody staining. After positive pixel count analysis 
was run, analyzed slides were examined to confirm that 
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positively identified pixels were consistent with lympho-
cyte or endothelial cell staining and not background 
staining. Percentages were calculated as the total number 
of positive pixels divided by the total number of pixels (% 
positive pixels/total pixels).

Flow cytometry analysis
For flow cytometry analyses of blood and tumor samples 
from mice, the following antibodies were used: anti- human 
CD45- APC (HI30, Speed BioSystems Cat# ZYF1027, 
RRID:AB_11160221), anti- human CD3- Percp/Cy5.5 
(SK7, BioLegend Cat# 344808, RRID:AB_10640736), 
anti- human CD8- FITC (HIT8a, BioLegend Cat# 300906, 
RRID:AB_314110), anti- human CD4- PE/Cy7 (SK3, 
BioLegend Cat# 344612, RRID:AB_2028479), anti- 
mouse CD45- Brilliant Violet 711 (30- F11, BioLegend 
Cat# 103147, RRID:AB_2564383), anti- mouse CD11b- 
Brilliant Violet 570 (M1/70, BioLegend Cat# 101233, 
RRID:AB_10896949), anti- mouse Ly6G- FITC (1A8, 
BioLegend Cat# 127606, RRID:AB_1236494), anti- mouse 
Ly6C- PerCP/Cy5.5 (HK1.4, BioLegend Cat# 128012, 
RR:AB_1659241), and anti- mouse F4/80- PE (BM8, 
BioLegend Cat# 123110, RRID:AB_893486).

Cytokine release assays
EAT- induced human cytokine release was analyzed in 
vitro and in vivo. Human Th1 cell released cytokines 
were analyzed by LEGENDplexTM Human Th1 Panel 
(Biolegend, Cat# 741035). Five T cell cytokines including 
IL- 2, IL- 6, IL- 10, IFN-γ and TNF-α were analyzed using 
mouse serum after treatment with EATs with or without 
VEGF blockade.

Statistical analysis
In vivo antitumor effect was compared by tumor growth 
curves and survival curves. Area under curves (AUCs) 
of tumor growth were calculated and compared among 
groups. Differences between groups indicated in the 
figures were tested for statistical significance by two- 
tailed Student’s t- test for two sets of data while one- way 
analysis of variance with Tukey’s post hoc test was used to 
compare data among three or more groups. All statistical 
analyses were performed by using GraphPad Prism V.8.0 
for Windows (GraphPad Software, La Jolla, California, 
USA, www. graphpad. com). A p<0.05 was considered 
statistically significant. Asterisks indicate that the exper-
imental p value is statistically significantly different from 
the associated controls at *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001.

RESULTS
VEGF expression on tumor cells was positively correlated with 
seeding density in vitro
Flow cytometry revealed that VEGF expression on tumor 
cells increased when the cells were seeded more densely 
(online supplemental figure S1A). M14Luc, HCC1954, 
NCI- N87, and HL60 cells incubated at higher densities 

(0.5–1 × 106 cells/well) had 2–10 fold higher MFIs than 
the cells seeded at the lowest density (4×103 cells/well). 
Particularly, M14Luc cells incubated at high density 
expressed significantly elevated levels of VEGF, while 
those incubated at low density did not express VEGF. 
The frequency of VEGF positivity also increased with cell 
density. While a few cancer cells expressed VEGF when 
incubated at the lowest density, more than 50% of cancer 
cells expressed VEGF at the highest cell density.

Anti-VEGF antibody reduced serum VEGF levels
Mice- bearing HGSOC1 osteosarcoma PDX were treated 
with T cells armed ex vivo with anti- HER2- BsAb (HER2- 
EATs) with or without VEGF blockade using BVZ (anti- 
hVEGF) or DC101 (anti- mVEGFR2). These antibodies 
have no known species cross reactivity (online supple-
mental table S1).29–32 After two doses of each treatment 
(day 5 post- treatment, at 48 hours after second dose of 
BVZ or DC101), serum hVEGF levels were measured using 
Quantikine ELISA assay. In contrast to DC101 which had 
no effect on the level of h- VEGF in the mouse blood, BVZ 
significantly reduced serum hVEGF levels (online supple-
mental figure S1B).

Effect of VEGF blockade on cytokine levels after EAT therapy
To investigate the effect of VEGF blockade on cytokine 
release by T cells, we measured TH1 cell cytokines after 
injection of GD2- EATs following treatment with BVZ or 
DC101 in mice bearing neuroblastoma PDX (online 
supplemental figure S2A). The TH1 cell cytokines (IL- 2, 
IL- 10, IFN-γ, and TNF-α) were significantly lower in the 
BVZ combination group, but not in the DC101 combi-
nation group when analyzed 2 hours after the first dose 
of GD2- EATs. Thereafter, despite repeated injections of 
GD2- EATs, TH1 cell cytokines decreased overtime. IFN-γ, 
however, leveled off after day 7 and then rapidly rose 
between days 21 and 40 in both GD2- EATs plus VEGF 
blockade groups in contrast with other TH1 cytokines 
showing low levels (online supplemental figure S2B).

VEGF blockade facilitates BsAb-driven T cell trafficking into 
tumors when assayed by bioluminescence
We next studied the effect of VEGF blockade on BsAb- 
driven T cell trafficking into solid tumors. Luciferase 
transduced T cells armed with anti- HER2- BsAb (Luc (+) 
HER2- EATs) were administered in combination with BVZ 
or with DC101 to mice bearing HGSOC1 osteosarcoma 
PDX (figure 1A). The bioluminescence of TILs was moni-
tored over time and quantified as a bioluminescence inten-
sity (BLI). HER2- EATs successfully trafficked into tumors, 
where their bioluminescence peaked around day 5. Both 
BVZ and DC101 significantly increased the BLI of TILs in 
tumors. The duration of HER2- EAT persistence was also 
significantly longer with VEGF blockade; the AUC of BLI 
was much greater in VEGF blockade combination groups 
than those in HER2- EATs without VEGF blockade (7.5- fold 
(+ BVZ) and 2.4- fold (+DC101) increase in BLI AUC, p 
value of 0.05 and 0.016, respectively) (online supplemental 
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Figure 1 VEGF blockade enhances BsAb- driven T cell trafficking and persistence in tumors. (A) Luciferase transduced T 
cells armed ex vivo with anti- HER2 BsAb (Luc(+) HER2- EATs) were administered with BVZ or DC101 to mice bearing HER2(+) 
HGSOC1 osteosarcoma PDXs, and the bioluminescence of T cells in tumors was monitored over time and quantified as a 
bioluminescence intensity (BLI, photons/sec). (B) Luciferase transduced T cells armed ex vivo with anti- GD2 BsAb (Luc(+) GD2- 
EATs) were administered with BVZ or DC101 to treat GD2(+) neuroblastoma PDXs, and the bioluminescence of T cells in tumors 
was analyzed.*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. BsAb, bispecific antibody; BVZ, bevacizumab; EATs, T cells armed 
ex vivo with BsAb; PDXs, patient- derived xenografts; VEGF, vascular endothelial growth factor.
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table S2). The effect of VEGF blockade on BsAb- driven 
T cell trafficking was tested in a separate tumor model 
using GD- EATs against a GD2 positive neuroblastoma PDX 
(figure 1B). Both BVZ and DC101 increased BLI in tumors 
(2.8- fold and 8.1- fold increase in BLI- AUC, p value 0.01 and 
0.05, respectively), significantly prolonging TIL persistence. 
The TIL bioluminescence peaked around days 7–14 and 
remained detectable more than 30 days post- treatment. 
Online supplemental figure S3 exhibits prolonged biolumi-
nescence persistence in combination groups.

VEGF blockade significantly increased T cell infiltration into 
tumors when assayed by immunostaining
To study the effect of VEGF blockade on T cell infiltra-
tion into tumors, 143B osteosarcoma CDXs were analyzed 
on day 60 post- treatment (online supplemental figure 
S4A). While osteosarcoma CDXs treated with unarmed 
T cells had few hCD45(+) TILs irrespective of VEGF 
blockade, tumors treated with GD2- EATs had higher 
TILs on day 60 post- treatment, and, in the presence of 
BVZ or DC101, not just hCD45(+) TILs but also hCD8(+) 
TILs were significantly increased. This effect of VEGF 
blockade was confirmed by IHC staining. In contrast 
to tumors treated with unarmed T cells with or without 
VEGF blockade which had few TILs, osteosarcoma CDXs 
treated with GD2- EATs showed diffuse T cell infiltration 
(online supplemental figure S4B). TILs were significantly 
increased in both BVZ and DC101 combination- treated 
groups compared with the group treated with GD2- EATs 
alone (p<0.0001 and p<0.0001, respectively). There 
was no difference between the two blocking antibodies 
(p=0.69).

The enhanced intratumoral T cell infiltration with 
VEGF blockade was reproduced in a second model where 
neuroblastoma PDXs were treated with GD2- EATs with 
or without VEGF blockade. Tumors were harvested on 
day 10 post- treatment and analyzed by flow cytometry 
(figure 2A). Tumors treated with GD2- EATs showed 
higher frequencies of intratumoral hCD45(+) T cells than 
tumors treated with unarmed T cells as reported previ-
ously.23 33 When BVZ or DC101 was combined with GD2- 
EATs, the increase in hCD45(+) TILs was much more 
pronounced. We also compared CD3(+), CD4(+), and 
CD8(+) T cell infiltration by IHC staining (figure 2B). 
VEGF blockade significantly increased TILs in tumors 
treated with GD2- EATs. The addition of BVZ or DC101 
led to a 3- fold and 2.5- fold increase of CD3(+) TILs, 
respectively, compared with those treated with GD2- EATs 
alone. While CD4(+) TILs increased only 1.1- fold and 1.3- 
fold, respectively, without significant difference between 
GD2- EATs group, CD8(+) TIL increase was more robust, 
at 5- fold and 4- fold, respectively. Because of these shifts, 
the CD8/CD4 ratio significantly increased when VEGF 
blockade was combined with GD2- EATs (figure 2C and 
table 1).

VEGF blockade and TIM cells
To test if VEGF blockade affected CBC or frequency of 
TIM cells, CBC and flow cytometry analysis of tumors 

were performed on day 5 and day 10 post- EAT treatment, 
respectively. There were no significant changes in the red 
blood cell, leukocyte, or platelet counts (online supple-
mental figure S5A). The effect on TIMs was also analyzed 
using flow cytometry performed on tumors (online 
supplemental figure S5B). As reported previously, while 
tumors in the no treatment (G1) or unarmed T cells 
(G2) groups had fewer TIMs, tumors treated with GD2- 
EATs (G3) had abundant mCD45(+) mCD11b(+) TIMs.33 
When we compared VEGF blockade combination groups 
(G4, GD2- EATs plus BVZ, and G5, GD2- EATs plus DC101), 
there was no significant difference in the frequencies of 
TIMs between G4 and G5, either among the Ly6G+ PMN- 
MDSC, Ly6Chi M- MDSC, F4/80+ TAM, or Ly6Clo MDSC 
subsets. We repeated TIM analysis in a different tumor 
model using 143B CDXs where blood and tumors were 
analyzed on day 5 and day 60 post- treatment, respectively. 
Again, VEGF blockade did not result in significant differ-
ences in CBC among groups (online supplemental figure 
S6A), and there were no differences in TIM frequen-
cies including PMN- MDSC, M- MDSC, and TAM subsets 
among groups with or without VEGF blockade (online 
supplemental figure S6B).

Effect of VEGF blockades on intratumoral microvasculization
Intratumoral blood vessels in neuroblastoma PDXs were 
stained with anti- mCD31 antibody to study the effect of 
VEGF blockade on tumor microvasculature (figure 3A). 
Although there was no difference among three groups 
without VEGF blockade (no treatment (G1), unarmed 
T cells (G2), and GD2- EATs (G3)), there was a signifi-
cant increase in mCD31(+) endothelial cell staining in 
VEGF blockade combination groups (G3 vs G4 (+BVZ), 
p=0.0062; G3 vs G5 (+DC101), p=0.0038) on day 10 post- 
treatment. Notably, VEGF blockade changed the shape of 
intratumoral blood vessels (figure 3B), which appeared 
thickened with plump cuboidal endothelial cells char-
acteristic of high endothelial venules (HEVs),34 35 
contrasting with the vessels in other groups without VEGF 
blockade (G1, G2, and G3) which appeared as flat and 
thin endothelial cells typical of tumor microvasculature. 
Indeed, the endothelial cells in tumors treated with 
VEGF blockade exhibited positive IHC staining for PNA/
MECA79, a specific marker for HEVs34 (figure 3C). PNA/
MECA79 and hCD3 double IF staining also showed T cell 
infiltration around the HEVs (figure 3D). Table 2 analyzes 
the distribution of tumor- associated HEVs (TA- HEVs) 
and hCD3(+) TILs and compared their densities among 
groups. The tumors treated with GD2- EATs plus BVZ or 
DC101 showed much higher densities of HEVs (number 
of PNA/MECA79(+) vessels per tumor area) compared 
with those in GD2- EATs alone. The density hCD3(+) TILs 
(hCD3(+) T cells per tumor area) was correlated with the 
density of HEVs: the tumors treated with GD2- EATs plus 
BVZ or DC101 showed higher densities of hCD3(+) TILs. 
When we compared the ratio of hCD3(+) TIL density 
in peri- HEVs 50 µm (the tumor region located within a 
50 µm radius around HEVs) to the hCD3(+) TIL density 

https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
https://dx.doi.org/10.1136/jitc-2023-006680
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Figure 2 VEGF blockade enhances GD2- EAT infiltration into neuroblastoma and particularly, increased intratumoral CD8(+) 
T cells. (A) Neuroblastoma PDXs were treated with a combination of GD2- EATs and anti- VEGF (BVZ) or VEGFR2 antibody 
(DC101). Tumors were harvested on day 10 post- EAT treatment and analyzed by flow cytometry. (B) Immunohistochemical 
staining (IHC) of neuroblastoma PDXs. Tumors were harvested on day 10 post- EAT treatment and stained with anti- human CD3, 
anti- human CD4, and anti- human CD8 antibody. (C) Intratumoral CD3, CD4, and CD8 T cells were quantified by positive pixel 
count analyses and compared among groups. G1, no treatment; G2, unarmed T cells; G3, GD2- EATs; G4, GD2- EATs plus BVZ; 
G5, GD2- EATs plus DC101. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. BVZ, bevacizumab; EATs, T cells armed ex vivo with 
BsAb; PDXs, patient- derived xenografts; VEGF, vascular endothelial growth factor.
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in the whole tumor area, VEGF blockade combination 
groups showed lower hCD3(+) T cell densities around 
peri- HEVs 50 µm than the group of GD2- EATs alone, 
consistent with a more effective dispersion of TILs after 
extravasation.

VEGF blockade improved tumor responsiveness to EAT 
therapy in vivo
Next, we studied the effect of VEGF blockade on in vivo 
antitumor response to EATs. We tested the effect in four 
different tumor models including two osteosarcomas, one 
neuroblastoma, and one hepatoblastoma. First, we treated 
osteosarcoma 143B CDXs with GD2- EATs plus BVZ or 
DC101 (figure 4A). BVZ or DC101 with unarmed T cells 
did not show any antitumor effect, and GD2- EATs without 
VEGF blockade showed only modest tumor suppression. 
When BVZ or DC101 was combined, the antitumor effect 
of GD2- EATs was profoundly improved (p=0.007 and 
p=0.0041, respectively), significantly prolonging mouse 
survival (p=0.0002). In the second tumor model, we 
treated TEOSC1 osteosarcoma PDXs with 2 doses of GD2- 
EATs and 3 doses of either BVZ or DC101 (figure 4B). 
VEGF blockade plus GD2- EATs produced long- term 
remission past 6 months, significantly longer than GD2- 
EATs alone (p=0.0221). Of particular interest were the 
histological changes among tumors treated by GD2- EATs 
plus VEGF blockade, showing fibrous and cavitary bone 
lesions characterized by extramedullary hematopoiesis 
and mineralization without visible tumor cells, in contrast 
to relapsed tumors in the GD2- EATs group showing chon-
droid differentiating osteosarcoma (figure 4C). In the 
third tumor model, we treated neuroblastoma PDXs with 
GD2- EATs in the presence of VEGF blockade. Contrary 
to the GD2- EATs alone group showing unabated tumor 
growth, GD2- EATs plus BVZ or plus DC101 presented 
significantly better antitumor effect in vivo (figure 5A). 
The combinations successfully ablated all tumors and 
demonstrated sustained remission without clinical 
toxicity, significantly prolonging survival (p<0.0001). In 
the fourth model, a HepG2 hepatoblastoma CDX was 
treated with T cells armed ex vivo with anti- glypican 3 
BsAb (GPC3- EATs) with VEGF blockade (figure 5B). In 
contrast to unarmed T cells or GPC3- EATs plus control 
IgG, GPC3- EATs plus BVZ or DC101 significantly 

enhanced antitumor response, confirming the synergy 
between VEGF blockade and EATs.

DISCUSSION
T- BsAbs built on the IgG- (L)- scFv platform, whether 
administered as stand- alone or as carried on EATs are 
effective in driving T cells into solid tumors, inducing 
potent antitumor effects against a variety of human 
cancer targets.22 28–30 These BsAbs transformed immu-
nologically ‘cold tumors’ into ‘hot tumors’ by recruiting 
TILs, followed by TIMs.33 We have previously shown that 
depleting TIMs including PMN- MDSCs, M- MDSCs, and 
TAMs could significantly enhance BsAb- driven T cell infil-
tration and persistence in tumors, resulting in boosted 
antitumor immune response against solid cancers.33 
Independent from these TIM depleting strategies, here 
we demonstrated that targeting VEGF by neutralizing the 
ligand or blocking the receptor could also significantly 
increase BsAb- driven T cell infiltration into solid tumors 
and enhance antitumor response without affecting 
blood cell count or immunosuppressive TIM frequen-
cies. Although combination therapies of VEGF inhibitors 
and chemotherapy or ICIs have produced superior treat-
ment outcomes compared with single treatment modali-
ties,20 36 37 synergy between VEGF blockade and BsAb or 
CAR T cells has not been fully investigated. In our preclin-
ical models, the combination of EATs and VEGF blockade 
was tolerable without significant cytokine release while 
inducing long- term immune surveillance associated with 
delayed IFN-γ surge. Both VEGF blockades, neutralizing 
VEGF by BVZ or blocking VEGFR2 by DC101, induced 
HEV formation in tumors, increasing the quantity of TILs 
and their persistence, enabling effective dispersion of T 
cells, and enhancing antitumor effect.

The activation of VEGFR2 by VEGF is the most crit-
ical driver of tumor angiogenesis,38 and therapeutic 
intervention aimed at inhibiting the VEGF and VEGFR2 
pathway has become a mainstay of treatment for cancer. 
The VEGF/VEGFR2 signaling contributes to cancer cell 
resistance on multiple mechanisms. Activated VEGFR2 
results in the activation of diverse downstream pathways 
(eg, selective catalytic reduction, phospholipase C-γ, 

Table 1 Distribution of CD3, CD4, and CD8 T cells in neuroblastoma patient- derived xenografts by positive pixel count 
analyses

Treatment

% CD3(+) 
cells
(mean±SD)

P value
(vs GD2- 
EATs)

% CD4(+) 
cells 
(mean±SD)

P value (vs 
GD2- EATs)

% CD8(+) 
cells
(mean±SD)

P value
(vs GD2- 
EATs)

Ratio of 
CD8 to 
CD4 T 
cells

P value (vs 
GD2- EATs)

Unarmed T cells 1.4±0.7 0.05 0.8±0.4 0.001 0.07±0.06 0.662 0.1±0.07 0.96

GD2- EATs 8.4±2 – 6.8±1.3 – 1.1±0.3 – 0.2±0.06 –

GD2- EATs+BVZ 24±6 <0.0001 7.4±1.8 0.98 5±3 <0.0001 1.6±0.6 0.001

GD2- EATs+DC101 21±4 <0.0001 8.6±3.4 0.45 4±4 <0.0001 1.7±0.6 0.001

BVZ, bevacizumab; EAT, T cell armed ex vivo with BsAb.
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Figure 3 The effect of VEGF blockade on tumor microvasculature. (A) Neuroblastoma PDXs were harvested on day 10 
post- EAT treatment, and intratumoral blood vessels were stained using anti- mouse CD31 antibody. CD31 positive cells were 
quantified with positive pixel count analysis. (B) Combinations of GD2- EATs and anti- VEGF (BVZ) (G4) or anti- VEGFR2 antibody 
(DC101) (G5) induced high endothelial venules (HEVs) in tumors. (C) Representative image of HEVs in a tumor from G4 (GD2- 
EATs+BVZ), positively stained with anti- peripheral node addressin (PNA)/MECA79 antibody which specifically stain HEVs and 
no other types of blood vessels. (D) Double immunofluorescence (IF) staining of PNA/MECA79 and human CD3 was performed 
in tumors from G4, displaying HEVs and T cell distribution around them. G1, no treatment; G2, unarmed T cells; G3, GD2- EATs; 
G4, GD2- EATs plus BVZ; G5, GD2- EATs plus DC101. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. BVZ, bevacizumab; EATs, T 
cells armed ex vivo with BsAb; PDXs, patient- derived xenografts; VEGF, vascular endothelial growth factor.
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phosphoinositide- 3- kinase, P38 mitogen- activated protein 
kinase and focal adhesion kinase), culminating in specific 
changes in tumor microvasculature including endothelial 
cell shape, adhesion, permeability, survival, proliferation, 
vasodilatation, and migration.39 The VEGFR2 signaling in 
tumor cells mediated by VEGF receptor tyrosine kinases 
(RTKs) and neuropilins potentiates the signaling function 
of growth factor RTKs and integrins crucial for cancer cell 
survival.13 The VEGFR2 is also known to induce an immu-
nosuppressive TME by recruiting neutrophils, MDSCs, 
and M2 TAMs, while inhibiting T cell proliferation and 
cytotoxicity with upregulating checkpoint inhibitors on 
cytotoxic CD8(+) T cells.39

In this study, the contribution of mVEGF released from 
mouse stroma and TIMs can be a major confounding 
factor in interpreting the pharmacological effects of 
VEGF blockades. Despite the sequence homology of 
near 85%–89% between human and murine VEGFs and 
VEGFR2s, species- specific antibodies such as BVZ and 
DC101 are available.40 41 BVZ only inhibits the tumor- 
derived hVEGF and does not inhibit mVEGF, while DC101 
does not react with hVEGFR2.29 40 41 In our BRG mouse 
model, only tumor and T cells were human derived, 
and TME, including myeloid cells, vasculature and 
stroma, was all mouse derived, and we used BVZ to target 
hVEGF released from tumor cells and DC101 to target 
mVEGFR2 expressed on mouse endothelium or mouse- 
derived MDSCs. This study suggests an autocrine loop for 
hVEGF in tumor cell growth14 42 and implies that mVEGF 
derived from the tumor stroma and TIMs could engage 
mVEGFR2 to produce the downstream effects. Although 
the action of hVEGF on mVEGFR2 is expected to be 
weak,29 32 DC101 treatment is known to increase levels 
of plasma hVEGF in human tumor- bearing mice30; our 
data also suggest that hVEGF released by human tumors 
is active on both human and mouse VEGFR2, modulating 
murine endothelial cell formation in the TME. While 
BVZ neutralizes hVEGF signaling on both human and 
mouse cells, DC101 blockades only mVEGFR2 but not 
hVEGFR2, thereby pinpointing the importance of mouse 

angiogenic pathways. In our studies, hVEGF and mVEGF 
both contributed to tumor growth, since BVZ and DC101 
independently improved tumor responsiveness to EAT 
therapy. Blockade of both tumor- derived and stroma- 
derived VEGF by cross- species VEGF blocking antibodies 
showed more potent tumor suppressing effect when 
compared with single blockade of tumor- derived VEGF 
by BVZ.39 Future studies to explore these combined 
effects in BsAb- based T cell immunotherapy in preclinical 
models and in humans will be of interest.

One of the interesting findings is the HEV forma-
tion in tumors following treatment with GD2- EATs and 
BVZ or DC101. HEVs, specialized postcapillary venules, 
are the main sites of lymphocyte tethering, rolling, and 
sticking in the tumor microcirculation.43–45 While typical 
tumor blood vessels overexpress endothelin B receptor 
inhibiting lymphocyte adhesion and infiltration into 
tumors, HEVs are known to express specific chemokines 
and adhesion molecules ICAM- 1/ICAM- 2 and VCAM- 1, 
which contribute to the selective lymphocyte trafficking 
across these blood vessels.46 47 HEVs express high 
levels of sulfated sialomucins recognized by the HEV- 
specific antibody MECA79 (PNA),48 and the density of 
MECA79(+) TA- HEVs correlates with densities of CD3(+) 
and CD8(+) T cells and CD20(+) B cells, as well as with 
favorable clinical outcomes in breast cancer and mela-
noma.47 49 Combinations of anti- angiogenic therapy and 
ICIs also induced HEV formation in breast and pancreatic 
cancers, improving the antitumor efficacy.47 50 51 Another 
intriguing finding was the ratio of hCD3(+) TIL density in 
peri- HEVs 50 µm to whole tumor area. While the tumors 
treated with GD2- EATs plus BVZ or DC101 showed a 
much higher density of hCD3(+) TILs and HEVs than 
those in GD2- EATs alone, the T cells in VEGF blockade 
combination groups were more diffusely dispersed into 
tumors, contrasting to those in GD2- EATs monotherapy 
group showing that majority of CD3(+) T cells clustered 
around HEVs. Those findings suggest that VEGF blockade 
promotes TA- HEVs to increase exit points for T cells while 
at the same time increasing ability of TILs to disseminate 

Table 2 Distribution of tumor- associated high endothelial venules (TA- HEVs) and CD3(+) tumor infiltrating lymphocytes (TILs)

Group Treatment

HEVs in tumor 
(no of PNA(+) 
vessels)

Density of HEVs
(HEVs/ whole 
tumor area mm2)

Density of hCD3(+) T cells
(T cells/area mm2)

Ratio of hCD3(+) TIL 
density in peri- HEV 50 µm 
to whole tumor area

G2 Unarmed T cells 0 0.0 Peri- HEV 50 µm na na

Whole tumor 5

G3 GD2- EATs 5 0.1 Peri- HEV 50 µm 4145 34.83

Whole tumor 119

G4 GD2- EATs+BVZ 21 0.5 Peri- HEV 50 µm 1747 12.04

Whole tumor 145

G5 GD2- EATs+DC101 14 0.4 Peri- HEV 50 µm 1149 9.38

Whole tumor 123

Peri- HEV 50 µm, the tumor region located within a 50 µm radius around HEVs.
BVZ, bevacizumab; EAT, T cell armed ex vivo with BsAb; na, not applicable.
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into tumor parenchyma rather than clustering around 
HEVs, leading to more effective shrinkage of tumors. 
As shown in previous reports, VEGF blockade attenu-
ates VEGF/VEGFR2- dependent angiogenesis, thereby 
reducing vascular cell proliferation, and increases HEVs 
in tumors, relieving hypoxia while normalizing tumor 
pH, thereby facilitating T cell dispersion after extravasa-
tion to maximize antitumor immune response.50 52 53

In addition, VEGF blockade significantly increased CD8 
to CD4 TIL ratio. One of the mechanisms of regulating 
the tumor- endothelial barrier and T cell infiltration into 

tumors involves the selective expression of Fas ligand (FasL, 
CD95L) in the vasculature of human and mouse solid 
tumors but not in normal vasculature.54 Tumor- derived 
VEGF, IL- 10, and prostaglandin E2 (PGE2) cooperatively 
induced FasL expression in endothelial cells, which induces 
CD8(+) T cell apoptosis but not Tregs, resulting in scarce 
CD8(+) T cell infiltration and a predominance of FoxP3(+) 
Tregs.54 55 Pharmacological inhibition of VEGF and PGE2 
attenuated FasL expression and increased CD8(+) T cells 
over FoxP3(+) Tregs, inducing CD8(+) T cell- dependent 
tumor suppression.56

Figure 4 In vivo antitumor effect of combination therapies of GD2- EATs and VEGF blockades against osteosarcomas. (A) 143B 
osteosarcoma CDXs were treated by GD2- EATs with or without VEGF blockades, and in vivo tumor suppressing effects and 
overall survival were compared among groups. (B) TEOSC1 osteosarcoma PDXs were treated by GD2- EATs with or without 
VEGF blockade. Tumor growth curves and overall survival were plotted and compared among groups. G1, no treatment; G2, 
unarmed T cells; G3, GD2- EATs; G4, GD2- EATs plus BVZ; G5, GD2- EATs plus DC101. (C) H&E staining of tumors harvested on 
day 180 post- treatment. Tumors in G4 and G5 (combination therapy of GD2- EATs with VEGF blockade) showed extramedullary 
hematopoiesis and bone mineralization without visible tumor cells, which contrasted with those in G3 (GD2- EATs alone) showing 
viable chondroid differentiating osteosarcoma. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. BVZ, bevacizumab; EATs, T cells 
armed ex vivo with BsAb; PDXs, patient- derived xenografts; VEGF, vascular endothelial growth factor.
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Figure 5 In vivo antitumor effect of combination therapies of EATs and VEGF blockade. (A) Synergistic antitumor effects 
between GD2- EATs and VEGF blockades were tested in a neuroblastoma PDX model. Tumor growth, mouse weight, and overall 
survival curves were plotted and compared among groups. G1, no treatment; G2, unarmed T cells; G3, GD2- EATs; G4, GD2- 
EATs plus BVZ; G5, GD2- EATs plus DC101. (B) In vivo antitumor effects of GPC3- EATs (T cells armed ex vivo with anti- GPC3 
BsAb) and VEGF blockade combination were tested using HepG2 hepatoblastoma CDXs. Tumor growth, changes in body 
weight, and overall survival were monitored and analyzed. G1, unarmed T cells; G2, GPC3- EATs; G3, GPC3- EATs plus BVZ; G4, 
GPC3- EATs plus DC101. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. BsAb, bispecific antibody; BVZ, bevacizumab; EATs, T 
cells armed ex vivo with BsAb; PDXs, patient- derived xenografts; VEGF, vascular endothelial growth factor.
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Another notable finding of this study is the histology 
suggestive of differentiation following EAT therapy in the 
presence of VEGF blockade. Osteosarcoma PDXs treated 
with GD2- EATs in combination with BVZ or DC101 showed 
new bone formation at the tumor sites, supporting the role 
of VEGF signaling in osteoblastic maturation and mineraliza-
tion.57 VEGF secreted by tumor cells promotes dedifferenti-
ation and endothelial- to- mesenchymal transition (EndMT), 
consequently promoting tumor growth and invasion, and 
it can facilitate the function of cancer stem cells, leading 
to treatment resistance.13 58 Deletion of VEGFR2 in osteo-
blast precursors enhanced osteoblastic differentiation and 
mineralization during bone repair mainly through mecha-
nisms of intramembranous ossification.57 Neutralizing VEGF 
produced by osteosarcoma cells may enhance osteoblast 
differentiation and new bone formation at the tumor site 
while prohibiting EndMT, reducing production of cancer- 
associated fibroblasts.

We should note that this manuscript only showed the 
impact of anti- VEGF therapy on trafficking of preacti-
vated and ex vivo expanded T cells, which may not directly 
apply to systemic therapy with BsAb where T cells are acti-
vated directly in vivo. In mice engrafted with fresh PBMCs 
without ex vivo activation, intravenous BsAb successfully 
drove CD3(+) T cells into tumors to exert potent anti-
tumor effect as well.24 However, by using PBMC, the effect 
of T cells could not be easily isolated.

In conclusion, our study demonstrated the therapeutic 
potential of VEGF blockade using anti- VEGF or anti- VEGFR2 
antibody in combination with tumor- specific EATs. BVZ and 
DC101 significantly enhanced intratumoral EAT infiltration 
and persistence of CD8(+) T cells, improving in vivo anti-
tumor immune response and survival. Our findings suggest 
that both VEGF and VEGFR2 represent attractive targets 
to improve the antitumor effect of T cell immunotherapy, 
most likely by vascular normalization and inducing HEVs, 
increasing CD8(+) T cell survival and dispersion, and miti-
gating the immunosuppressive TME. Future studies directed 
at exploring the signaling pathways that connect angiogen-
esis, hypoxia, metabolism, T cell activation, and exhaustion 
should yield further insights into how to best combine antian-
giogenic therapy with BsAb- based T cell immunotherapy for 
patients with cancer.
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