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A B S T R A C T

Objective: VEGF-A exerts complex immunomodulatory effects that foster an immunosuppressive tumour micro
environment, including impaired dendritic cell (DC) maturation, expansion of regulatory T cells (Tregs), and 
induction of T-cell exhaustion, while transiently enhancing effector T-cell responses. This dual activity un
derscores the need to clarify the immunosuppressive versus immunostimulatory consequences of VEGF-A re
ceptor activation to optimise selective inhibition. This proof-of-concept study evaluated whether selective 
VEGFR-1 blockade can counteract VEGF-A-driven immunosuppression in human immune cells using the 
monoclonal antibody (mAb) D16F7, which inhibits membrane-bound VEGFR-1 while preserving the decoy and 
anti-angiogenic activity of its soluble form.

Methods: The impact of VEGFR-1 blockade by D16F7 mAb on VEGF-A-mediated immune modulation was 
assessed by multiparametric flow cytometry using primary immune cells from healthy donors. Human DCs were 
generated from CD14+ monocytes and cultured with VEGF-A; tolerogenic and pro-exhaustion activity was 
evaluated via maturation markers (CD80, CD83, HLA-DR) and PD-1 expression on DC-stimulated T cells after 14 
days. Short-term effects on effector T cells, stratified by PD-1 and CD28 expression, were analysed by intracel
lular cytokine staining at 5–6 and 18 h. Purified Tregs, isolated via a two-step magnetic separation, were cultured 
for 1 week to assess the acquisition of an immunosuppressive phenotype by measuring the expression of 
checkpoint markers (PD-1, ICOS, TIM-3).

Results: D16F7 reversed VEGF-A-induced DC maturation defects, reduced DC-mediated T-cell tolerance, and 
attenuated the emergence of a highly immunosuppressive Treg phenotype, while largely preserving short-term 
effector T-cell function.

Conclusions: Despite the limitations of an in vitro PBMC-based system, selective VEGFR-1 blockade by D16F7 
mAb alleviates VEGF-A-driven immune tolerance while preserving T-cell activation, supporting its translational 
potential as a complementary immunomodulatory approach.

1. Introduction

Vascular Endothelial Growth Factor-A (VEGF-A) is a key regulator of 
angiogenesis, promoting endothelial cell proliferation, migration, sur
vival, and vascular permeability [1]. These effects are mediated by two 
high-affinity tyrosine kinase receptors, VEGFR-1 (Flt-1) and VEGFR-2 
(KDR/Flk-1), which exhibit distinct yet complementary roles in angio
genesis, tumour invasiveness and immune regulation [2]. Beyond its 
canonical vascular functions, VEGF-A exerts profound 

immunoregulatory effects through both direct and indirect mechanisms 
[3]. Within the tumour microenvironment (TME), VEGF-A-driven 
vascular abnormalities impair T-cell infiltration [4], downregulate 
adhesion molecules, and create physical barriers that limit T-cell 
migration and adhesion, collectively fostering immune evasion and 
sustaining irregular angiogenesis [5,6].

VEGF-A further promotes an immunosuppressive TME by enhancing 
the accumulation of myeloid-derived suppressor cells (MDSCs) [7] and 
interfering with dendritic cell (DC) differentiation [8]. This results in 

* Corresponding authors.
E-mail addresses: franzese@uniroma2.it (O. Franzese), graziani@uniroma2.it (G. Graziani). 

Contents lists available at ScienceDirect

International Immunopharmacology

journal homepage: www.elsevier.com/locate/intimp

https://doi.org/10.1016/j.intimp.2026.116380
Received 5 December 2025; Received in revised form 5 February 2026; Accepted 9 February 2026  

International Immunopharmacology 174 (2026) 116380 

Available online 17 February 2026 
1567-5769/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:franzese@uniroma2.it
mailto:graziani@uniroma2.it
www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2026.116380
https://doi.org/10.1016/j.intimp.2026.116380
http://creativecommons.org/licenses/by/4.0/


defective antigen (Ag) presentation and tolerance induction. Elevated 
VEGF-A levels in cancer patients correlate with immature DCs [9], 
which in turn facilitate regulatory T-cell (Treg) generation and tolero
genic T-cell responses [10,11]. VEGF-A also contributes to a hypoxic and 
acidic TME, reinforcing the recruitment and activity of Tregs, MDSCs, 
and M2 tumour-associated macrophages (TAMs) [12].

Tregs are central regulators of immune homeostasis, suppressing 
effector T-cell responses and promoting tolerance in both trans
plantation [13] and cancer, where they support immune evasion and 
resistance to immunotherapy [14]. In tumours, VEGF-A contributes to 
the expansion of Tregs via VEGFR-2, either by enhancing their prolif
eration or by converting conventional CD4+ T cells into regulatory 
phenotypes [3]. Accordingly, elevated Treg frequency is consistently 
associated with poor prognosis [15–17]. While VEGFR-2 plays a major 
role in maintaining Treg suppressive function [18], a distinct CD4+ Treg 
subset characterised by high levels of VEGFR-1 has also been identified, 
exhibiting strong immunosuppressive activity by inhibiting conven
tional T-cell proliferation and dampening inflammatory responses [19].

The effects of VEGF-A on effector T cells are context- and time- 
dependent. Sustained VEGF-A exposure can suppress the proliferation 
of T cells isolated from ovarian cancer ascites via VEGFR-2 signalling 
[20]. In microsatellite-stable colorectal cancer, VEGF-A drives T-cell 
exhaustion through TOX upregulation, leading to resistance to PD-1 
blockade [21] and increased expression of inhibitory checkpoints, 
including PD-1, CTLA-4, TIM-3, and LAG-3 [22]. Conversely, under 
certain conditions, VEGF-A can enhance T-cell activation, promoting 
IFN-γ release from CD45RO+ memory CD4+ T cells via ERK/AKT sig
nalling [23] or augmenting CD4+ cytotoxic T-cell function through 
AKT/mTOR pathways [24]. These findings underscore the multifaceted, 
context-dependent immunomodulatory role of VEGF-A.

Importantly, unlike VEGFR-2, VEGFR-1 is dispensable for physio
logical angiogenesis in adults but is crucial for pathological angiogen
esis, including tumour-associated neo vessel formation [25]. VEGFR-1 
also regulates the mobilisation of myeloid progenitors and recruitment 
of M2 TAMs [26], highlighting its dual role in angiogenesis and immune 
regulation. Activated human CD4+ and CD8+ T cells express VEGFR-1, 
suggesting a direct role in VEGF-A-mediated modulation of lympho
cyte function [27]. These findings collectively identify VEGFR-1 as a 
promising therapeutic target to counteract VEGF-A-driven immuno
suppression and reshape the tumour immune landscape.

Based on this evidence, we investigated the immunomodulatory ef
fects of the anti-VEGFR-1 monoclonal antibody (mAb) D16F7 that 
selectively inhibits VEGFR-1 activation by a non-competitive mecha
nism (i.e., without hampering ligand binding). Its unique mechanism of 
action allows to preserve the decoy function of the soluble VEGFR-1 
(sVEGFR-1) forms that sequester VEGF-A in the extra-cellular matrix, 
contributing to restrain angiogenesis and tumour invasiveness [28–30].

The selective blockade of VEGFR-1 with the D16F7 mAb can provide 
a useful strategy to dissect VEGFR-1-dependent outcomes in DCs and T 
cells. Herein, we examined how VEGFR-1 inhibition shapes VEGF-A- 
driven immune modulation, focusing on three key processes: the in
duction of immature or tolerogenic DCs, the acquisition of suppressive 
phenotypes by Tregs, and the functional responses of conventional T-cell 
subsets characterised by PD-1 and CD28 expression. These two mole
cules are central regulators of T-cell activation and exhaustion and serve 
as important biomarkers of clinical responses to immune checkpoint 
inhibitors (ICIs) [31–33]. Of relevance, PD-1 blockade has been shown 
to preferentially reinvigorate a CD28+ progenitor-like subset of 
exhausted CD8+ T cells. By contrast, PD-1+CD28- CD8+ T cells represent 
a terminally exhausted subset that lacks the CD28-dependent cos
timulatory machinery required for the proliferative burst induced by PD- 
1 inhibition [34] and therefore responds poorly to anti-PD-1 therapies.

Indeed, the D16F7 mAb has been shown to recognise not only the 
human VEGFR-1 but also the murine receptor [28] allowing to 
demonstrate that it exerts antitumor activity in a syngeneic melanoma 
model, where it reduces tumour growth and reshapes the TME by 

limiting M2 macrophage, PD-1+ T cell, and Treg infiltration [35]. 
Building on these in vivo observations, the present study provides an 
immune-cell-focused proof-of-concept analysis in a human context, 
complementing prior murine work and highlighting the immunomod
ulatory potential of VEGFR-1 inhibition.

Our results indicate that VEGFR-1 inhibition with the D16F7 mAb 
counteracts VEGF-A-driven impairment of DC maturation and tolero
genic skewing, preserves T-cell effector functionality, and reduces the 
acquisition of an immunosuppressive Treg phenotype. These findings 
suggest that selective VEGFR-1 blockade may not only hamper patho
logical angiogenesis and tumour invasiveness [28–30] but also serve as a 
promising immunomodulatory approach.

2. Material and methods

2.1. Peripheral blood mononuclear cell (PBMC) isolation and culture

PBMCs were isolated from buffy coat samples obtained from healthy 
donors by Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) by density 
gradient centrifugation. Cells were resuspended in RPMI 1640 medium 
(Life Technologies, Carlsbad, CA, USA) supplemented with 10% foetal 
calf serum (FCS; Life Technologies), 2 mM L-glutamine (Flow Labora
tories, Irvine, UK), and 100 IU/mL penicillin-streptomycin (Life Tech
nologies). Cultures were maintained at 37◦C in a humidified 5% CO2 
incubator.

2.2. Flow cytometry and intracellular cytokine staining

Surface marker staining was performed at 4◦C for 30 min using 
fluorochrome-conjugated mAbs: BV605 anti-human CD8 (BD Bio
sciences, Franklin Lakes, NJ, USA; cat. no. 564115), BV650 anti-human 
PD-1 (BD; 564104), APC-R700 anti-human CD28 (BD; 565181), BB700 
anti-human CD4 (BD; 566392), BV786 anti-human ICOS (BD; 567922), 
BB515 anti-human TIM-3/CD366 (BD; 565568), BV421 anti-human 
CD80 (BD; 564160), PE anti-human HLA-DR (BD; 555812), FITC anti- 
human CD83 (BD; 556910), BV786 anti-human VEGFR-2/CD309 (BD; 
759690), and PE anti-human VEGFR-1/Flt-1 (R&D Systems, Bio-Techne, 
Minneapolis, MN, USA; FAB321P), together with matched isotype con
trols (BD).

Intracellular cytokine staining was carried out using the BD IntraSure 
kit (BD; 641778), following the manufacturer's instructions. The 
following mAbs were used: APC anti-human tumour necrosis factor α 
(TNF-α) (BD; 554514), BV480 anti-human interferon γ (IFN-γ) (BD; 
566176), and BV421 anti-human granzyme B (GrzB) (BD; 563389).

For functional assays, 2–3 × 105 cells were stimulated with plate- 
bound anti-CD3 mAb (OKT3, functional grade; eBioscience, San Diego, 
CA, USA; cat. no. 16-0037-81) and recombinant human (rh) interleukin 
(IL)-2 (5 ng/mL; R&D Systems, Minneapolis, MN, USA) with or without 
50 ng/mL rhVEGF-A165 (ImmunoTools; cat. no. 11343665), with or 
without the anti-VEGFR-1 mAb D16F7 [27] (5 μg/mL) or the anti- 
VEGFR-2 mAb ramucirumab (Thermo Fisher Scientific, Waltham, MA, 
USA; cat. no. MA5-58411) (10 μg/mL) for 5–6 hours (h), 18 h or 24 h in 
the presence of the protein transport inhibitors GolgiStop (BD Bio
sciences, Franklin Lakes, NJ, USA; cat. no. 554724) and GolgiPlug (BD; 
cat. no. 555029), when required. After stimulation, cells were stained 
with appropriate combinations of labelled mAbs for surface and intra
cellular markers as indicated.

Flow cytometric acquisition was performed using a BD FACSCelesta 
flow cytometer (BD Biosciences), and data were analysed with BD 
FACSDiva software. Results were expressed as the percentage of marker- 
positive cells or as mean fluorescence intensity (MFI), calculated as the 
product of the percentage of positive cells and their mean fluorescence 
value (MFV). When indicated, MFI and percentage values were 
normalized as fold changes relative to untreated controls (set to 1).
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2.3. In vitro generation, phenotypical and functional analysis of human 
DCs

Monocytes were purified from PBMCs using anti-human CD14 
magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany; 
cat. no. 130-097-052) according to the manufacturer's instructions. 
Briefly, PBMCs were incubated with anti-CD14 microbeads for 15 min at 
4 ◦C, washed, and passed through a magnetic separation column to 
isolate CD14+ monocytes. Purified monocytes were counted and resus
pended in RPMI 1640 medium supplemented with 10% heat-inactivated 
foetal bovine serum and antibiotics.

Monocytes were seeded at 0.5–1 × 106 cells/mL and cultured for six 
days in the presence of 500 IU/mL rh granulocyte-macrophage colony- 
stimulating factor (GM-CSF; ImmunoTools, Friesoythe, Germany; cat. 
no. 12343125) and 500 IU/mL rh IL-4 (ImmunoTools; cat. no. 
11340045) to induce differentiation into immature DCs. On day 3, half 
of the culture medium was replaced with fresh medium containing the 
same cytokine concentrations. Cultures were performed in the absence 
or presence of rhVEGF-A165 (50 ng/mL), with or without the anti- 
VEGFR-1 mAb D16F7 [28] (5 μg/mL) or the anti-VEGFR-2 mAb ramu
cirumab (10 μg/mL). On day 6, DC maturation was induced by adding 
rhTNF-α (100 ng/mL; ImmunoTools; cat. no. 11343015) or lipopoly
saccharide (LPS, 100 ng/mL; Sigma-Aldrich–Merck, Saint Louis, MO, 
USA; cat. no. L439). Cells were incubated for additional 24-48 h before 
harvesting mature DCs. VEGF-A (50 ng/mL) and the anti-VEGFR-1 mAb 
D16F7 (5 μg/mL) and, in selected experiments, the anti-VEGFR-2 mAb 
ramucirumab (10 μg/mL) were added at culture initiation, on day 3 
during medium change, and again at the maturation stage. DCs were 
visualized and photographed using a Nikon Eclipse TS100 microscope in 
conjunction with a Nikon DS-Fi1 high resolution camera (Melville, NY). 
Mature DCs were analysed morphologically and by flow cytometry 
following staining with anti-human CD80, CD83, and HLA-DR mAbs (all 
from BD Biosciences).

2.4. Co-cultures of tolerogenic DCs with autologous and allogeneic T cells

To evaluate the tolerogenic activity of VEGF-A and the potential 
antagonistic effect of the anti-VEGFR-1 mAb D16F7, mature CD14+- 
derived DCs were loaded with a pool of viral peptides (PepTivator CEF 
MHC Class I Plus-hu; Miltenyi Biotec, cat. no. 130-042-401), according 
to the manufacturer's instructions, and co-cultured with autologous 
CD14- cells in complete RPMI 1640 medium supplemented with 5% 
human serum (Sigma-Aldrich–Merck, Saint Louis, MO, USA; cat. no. 
P2918) plus 5 ng/mL rhIL-2, at a 10:1 T cell/DC ratio in 96-well flat- 
bottom plates (200 μL per well).

For allogeneic mixed lymphocyte reaction (MLR) assays, CD14- T 
cells were isolated from PBMCs of unrelated healthy donors and co- 
cultured with allogeneic DCs at a 10:1 T cell/DC ratio in 96-well flat- 
bottom plates (200 μL per well). Co-cultures were maintained for 14 
days at 37◦C in a humidified 5% CO2 incubator, with fresh medium 
supplemented with rhIL-2 (5 ng/mL) added every 3 days. At day 14, 
expression of the exhaustion marker PD-1 on CD8+ and CD4+ T-cell 
subsets, and the frequency of T-cell subsets characterized by PD-1 and/ 
or CD28 expression was assessed by flow cytometry by using standard 
staining protocols.

2.5. Isolation and culture of Tregs

Highly purified CD4+ Tregs were isolated from PBMCs of healthy 
donors using the CD4+CD25+CD127^dim Regulatory T-cell Isolation Kit 
(Miltenyi Biotec, cat. no. 130-094-775), by a two-step magnetic sepa
ration following the manufacturer's instructions. Purified Tregs were 
stimulated with plate-bound anti-human CD3 mAb, soluble anti-human 
CD28 mAb (clone CD28.6; eBioscience, San Diego, CA, USA; cat. no. 16- 
0288-81), and rhIL-2 (5 ng/mL).

Cells were cultured for 7 days in the presence or absence of rhVEGF- 

A (50 ng/mL), either alone or combined with the anti-VEGFR-1 mAb 
D16F7 (5 μg/mL) or the anti-VEGFR-2 mAb ramucirumab (10 μg/mL). 
Fresh medium containing rhIL-2 and the respective treatments (VEGF-A, 
D16F7 mAb, or ramucirumab) was replenished every 3 days. After 7 
days, surface expression of PD-1, ICOS, and TIM-3 on Tregs was analysed 
by flow cytometry using standard staining procedures, as above 
described.

2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 
9.3.1 (GraphPad Software, San Diego, CA, USA). Two-tailed paired t- 
tests were applied for pairwise comparisons. For each treatment con
dition, comparisons included VEGF-A versus control, and VEGF-A 
combined with anti-VEGFR-1 (D16F7) or anti-VEGFR-2 (ramucir
umab) versus VEGF-A alone. P values <0.05 were considered statisti
cally significant, while P values >0.05 and ≤ 0.1 were interpreted as 
indicating a trend toward significance. Data presented in column graphs 
are expressed as mean ± standard deviation (SD). Box plots indicate 
minimum and maximum values (whiskers) and display the median 
(horizontal line within the box).

3. Results

3.1. Subset-specific expression of VEGFR-1 and VEGFR-2 suggests distinct 
roles in CD8+ and CD4+ T-cell activation and exhaustion

CD28, a co-stimulatory receptor essential for delivering the “second 
signal” during T-cell activation, has recently emerged as a critical 
determinant of responsiveness to ICIs, particularly anti-PD-1 mAbs 
[31–34]. Mechanistic studies by Hui et al. demonstrated that PD-1 pri
marily inhibits T-cell activity by blocking CD28 signalling, and that 
restoration of this pathway is essential for the anti-PD-1-mediated 
reinvigoration of exhausted CD8+ T cells [31].

Because VEGF-A functions not only as an immunosuppressive factor 
but also as a broader immunomodulator within the TME [9], blockade of 
its signalling can produce heterogeneous immunologic effects. Accord
ingly, the expression patterns of VEGF-A receptors may help identify T- 
cell subsets whose functionality is most likely to be modulated by se
lective activation of VEGFR-1 or VEGFR-2.

To investigate the potential impact of VEGF-A on phenotypically and 
functionally distinct T-cell subsets, we analysed baseline VEGFR-1 and 
VEGFR-2 expression in CD8+ and CD4+ T cells from healthy donor 
PBMCs, stratified by PD-1 and CD28 expression. We specifically 
compared VEGFR-1 and VEGFR-2 levels between PD-1+ subsets and 
their PD-1- counterparts (PD-1-CD28- and PD-1-CD28+) to determine 
whether receptor expression correlates with PD-1-associated exhaus
tion, activation, or differentiation status.

In CD8+ T cells, VEGFR-1 expression was higher in PD-1+ subsets, 
with a strong trend observed between PD-1+CD28- and PD-1-CD28- cells 
(p=0.06), and reaching statistical significance when comparing PD- 
1+CD28+ versus the PD-1-CD28- subset (p=0.02) (Fig. 1A, upper panel), 
as measured by MFI. Among CD4+ T-cell subsets, VEGFR-1 differences 
were not statistically significant (Fig. 1A, lower panel).

Overall, this expression pattern suggests that VEGF-A, via VEGFR-1 
engagement, primarily modulates CD8+ T-cell function within PD-1+

subsets, which already exhibit a checkpoint-associated dysfunctional 
phenotype. VEGFR-2 expression was consistently higher than VEGFR-1 
across all T-cell subsets (Supplementary Fig. 1) and showed only 
limited variation among the different populations (Fig. 1B).

To investigate how T-cell activation influences VEGFR expression, 
PBMCs from healthy donors were stimulated with plate-bound anti-CD3 
mAb in the presence of rhIL-2 for 24 h. Because PD-1 is rapidly induced 
upon T-cell activation [36,37] and CD28 expression is also dynamically 
regulated following stimulation [38], PD-1/CD28-based subset 
discrimination was not used post-stimulation. Instead, expression of 
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VEGFR-1 and VEGFR-2 was analysed in total CD8+ and CD4+ T-cell 
populations, enabling an unbiased assessment of receptor modulation 
under activation conditions without confounding effects from pheno
typic remodelling. Forward scatter (FSC) and side scatter (SSC) param
eters were used to distinguish small, resting (unstimulated) lymphocytes 
from larger, activated (stimulated) cells, based on differences in size and 
internal complexity [39] (Fig. 1C).

When comparing unstimulated (small cell size) and activated (large 
cell size) T-cell populations, VEGFR-1 expression was significantly 
increased in big/activated CD8+ T cells (p=0.0084), whereas an oppo
site pattern was observed in CD4+ T cells, where VEGFR-1 levels were 
reduced upon activation (p=0.0148) (Fig. 1D). This opposite trend 
suggests distinct regulatory mechanisms between cytotoxic and helper 
compartments.

In CD8+ T cells, VEGFR-2 was also modestly but significantly upre
gulated in the activated population (p=0.0017) (Fig. 1E).

3.2. The anti VEGF-R1 mAb D16F7 counteracts VEGF-A-mediated 
induction of tolerogenic DCs

VEGF-A can impair DC maturation by engaging VEGFR-1 [40]. 
Indeed, VEGF-A-conditioned DCs exhibit reduced capacity to mature 
and present Ags, ultimately impairing the generation of effective 
effector T cells [41]. Based on this evidence, we aimed to determine 
whether VEGFR-1 blockade with the D16F7 mAb could counteract the 
tolerogenic effects of VEGF-A on DC differentiation and maturation.

DCs were generated from purified CD14+ monocytes isolated from 
PBMCs of healthy donors, as described in the Materials and Methods 
section. Phenotypic maturation was induced using TNF-α (100 ng/mL) 

or LPS (100 ng/mL), two well-characterised stimuli of DC differentia
tion. TNF-α promotes the transition of immature monocyte-derived DCs 
into a mature Ag-presenting phenotype [42], whereas LPS activates 
maturation through TLR4 signalling, enhances co-stimulatory molecule 
expression and cytokine release [43].

Maturation was assessed by evaluating CD80 and CD83, key in
dicators of DC survival and T-cell priming activity [44–47], and HLA- 
DR, a major histocompatibility complex class II molecule, essential for 
Ag presentation and full T-cell stimulatory capacity [47]. Consistent 
with Lu et al. [48], control DCs formed large clusters of non-adherent 
cells with short dendrites, whereas VEGF-A-conditioned DCs became 
adherent with elongated, spindle-shaped dendrites, displaying an 
endothelial-like morphology (Fig. 2A). VEGFR-1 inhibition partially 
reversed this phenotype, yielding a mixed population of rounded, non- 
adherent cells and fewer spindle-shaped dendritic forms (Fig. 2A).

Under these experimental conditions, DCs exposed to VEGF-A during 
both the differentiation phase (with rhGM-CSF and rhIL-4) and the 
subsequent TNF-α-induced maturation phase exhibited significantly 
reduced CD80 and CD83 expression compared with untreated controls 
(MFI=1) (p=0.009 and p=0.006, respectively) (Fig. 2B), indicating a 
marked impairment in their maturation. VEGFR-1 blockade with D16F7 
mAb significantly restored CD80 expression to control levels (p=0.044 
versus VEGF-A alone), while leaving CD83 unaffected (Fig. 2B). At 
variance, in our experimental setting, HLA-DR expression showed a 
modest upward trend following VEGF-A exposure (p=0.06), in line with 
previous reports suggesting that tolerogenic DCs may display a HLA- 
DRhigh phenotype despite their suppressive function [9]. VEGFR-1 
blockade did not significantly affect HLA-DR expression compared 
with VEGF-A alone (Fig. 2B). Overall, these findings underscore an 

Fig. 1. VEGFR-1 and VEGFR-2 expression in total CD8+ and CD4+ T cells and PD-1/CD28-defined subsets at baseline and after activation. PBMCs from healthy 
donors were analysed at baseline (A,B) or after 24 h stimulation with plate-bound anti-CD3 mAb and rhIL-2 (C–E) by flow-cytometry. (A) Comparison of VEGFR-1 
and VEGFR-2 between PD-1+ and PD-1− subsets shows significantly higher VEGFR-1 in CD8+PD-1+ T cells. (B) In CD4+ T cells, VEGFR-1 and VEGFR-2 expression 
differences between PD-1+ and PD-1− subsets are not significant. (C) Gating strategy for large and small lymphocyte populations (FSC/SSC) after 24 h stimulation, 
with representative histograms of VEGFR-1 and VEGFR-2 expression in small (unstimulated) versus large (stimulated) CD8+ and CD4+ T cells. (D) VEGFR-1 is 
significantly higher in large CD8+ T cells and small non-stimulated CD4+ T cells. (E) VEGFR-2 shows a modest but significant increase in large CD8+ T cells. Data are 
shown as mean ± SD from n = 3 independent donors. Two-tailed paired t-tests were used for pairwise comparisons; p ≤ 0.05 was considered significant.
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important role for VEGFR-1 in the tolerogenic reprogramming of DCs 
and highlight the potential of VEGFR-1 blockade to mitigate VEGF-A- 
driven immune dysfunction.

Given previous evidence that VEGF-A suppresses LPS-driven DC 
maturation more effectively than cytokine-induced DC maturation [49], 
we examined whether VEGFR-1 blockade with the D16F7 mAb could 
counteract this suppression. To this end, we assessed CD80, CD83, and 
HLA-DR expression in DCs exposed to VEGF-A during both the differ
entiation and the successive LPS-induced maturation phase. Moreover, 
to delineate receptor-specific contributions, VEGFR-2 inhibition with 
ramucirumab mAb was included, both as an experimental control and to 
account for the established role of VEGFR-2 in mediating VEGF-A- 
induced tolerogenicity of DCs, particularly under LPS-driven matura
tion conditions [50].

Under these conditions, CD80 expression was consistently down
regulated in DCs exposed to VEGF-A during both differentiation and 
maturation (p=0.0048). Notably, this reduction was reversed by co- 
treatment with either the anti-VEGFR-1 or, to a greater extent, with 
the anti-VEGFR-2 mAb (p=0.0059 and p=0.0019, respectively), indi
cating that both receptors contribute to VEGF-A-mediated impairment 
of DC co-stimulatory function (Fig. 2C), although to different extents. 
Similarly, CD83 expression was markedly reduced following VEGF-A 
exposure (p<0.0001); however, unlike CD80, this reduction was not 
reversed by blocking either VEGFR-1 or VEGFR-2 (Fig. 2C). In contrast 
to the effects observed with TNF-α, VEGF-A significantly decreased HLA- 
DR expression during LPS-induced DC maturation (p=0.005). This effect 
was effectively counteracted by blockade of VEGFR-1 (p=0.0135) or 

VEGFR-2 (p=0.008) (Fig. 2C). These different effects likely reflect cross- 
talks between VEGF-A receptor-mediated pathways and diverse matu
ration processes engaged by TNF-α and LPS [9].

3.3. VEGFR-1 blockade by D16F7 mAb reverses PD-1 upregulation in T 
cells stimulated by VEGF-A-conditioned DCs

We then assessed whether VEGF-A-conditioned DCs could promote 
T-cell tolerance by inducing PD-1, as previously reported [51]. DCs were 
derived from purified CD14+ PBMCs of healthy donors, pulsed with a 
viral peptide pool, and co-cultured with autologous CD14- T cells. PD-1 
expression was analysed after 14 days, a time point selected to minimise 
transient, activation-induced PD-1 upregulation and capture sustained 
expression more closely associated with T-cell exhaustion. T-cell subsets 
were defined based on PD-1 and CD28 expression to distinguish pro
gressive stages of exhaustion [52]. A trend toward increased frequency 
of PD-1+CD28+ cells was observed in both CD8+ and CD4+ T-cell subsets 
when co-cultured with viral peptide-loaded DCs conditioned with VEGF- 
A; this effect was attenuated in the presence of the anti-VEGFR-1 mAb 
D16F7 (Supplementary Fig. 2). Notably, VEGF-A-conditioned DCs 
increased PD-1 MFV in co-cultured PD-1+CD8+ T cells, particularly in 
the highly exhausted PD-1+CD28- subset (p=0.03), an effect reversed by 
VEGFR-1 inhibition (p=0.05) (Fig. 3A,B). A similar pattern was 
observed in CD4+ T cells, where VEGF-A-conditioned DCs induced a 
trend toward increased PD-1 expression (p=0.1) in the overall popula
tion, which was likewise attenuated by anti-VEGFR-1 treatment 
(Fig. 3A,C).

Fig. 2. VEGFR-1 blockade with D16F7 mAb partially restores DC maturation impaired by VEGF-A. PBMC-derived DCs were differentiated with rhGM-CSF + rhIL-4 
± VEGF-A and analysed after TNF-α or LPS-induced maturation. (A) Morphology: control DCs form large, non-adherent clusters with dendritic projections; VEGF-A- 
conditioned DCs are adherent and spindle-shaped. D16F7 partially reverses this phenotype. (B) TNF-α-induced maturation: VEGF-A decreases CD80 and CD83 
expression. D16F7 selectively restores CD80; CD83 and HLA-DR remain unchanged. (C) LPS-induced maturation: VEGF-A downregulates CD80, CD83, and HLA-DR. 
D16F7 restores CD80 and HLA-DR, whereas VEGFR-2 blockade (ramucirumab, included as control) has a stronger effect on CD80 and comparable effect on HLA-DR. 
Data are presented as box-and-whisker plots showing the median and interquartile range (B), with whiskers indicating the minimum and maximum values (n = 4–5 
independent donors), and bar graphs (C) displaying mean ± SD (n = 3 independent donors). MFI values were normalized as fold changes relative to untreated 
controls (set to 1). Two-tailed paired t-tests were used for pairwise comparisons, specifically evaluating VEGF-A versus control, and VEGF-A combined with D16F7 or 
ramucirumab versus VEGF-A alone; p ≤ 0.05 was considered significant.
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These results indicate that VEGFR-1 blockade with D16F7 partially 
reverses T cell exhaustion, providing proof-of-concept that VEGFR-1 
inhibition can modulate immune tolerance.

To further validate these findings, we examined whether VEGF-A- 
conditioned DCs could promote tolerogenic features in a classical 
tolerance-inducing mixed lymphocyte reaction (MLR), using CD14- T 
cells isolated from unrelated healthy donors. After 14 days of co-culture, 
VEGF-A exposure increased PD-1 MFV values in PD-1+CD8+ T cells. 
Notably, blockade of either VEGFR-1 (p=0.025) or VEGFR-2 (p=0.037) 
significantly reduced PD-1 MFV compared with VEGF-A treatment alone 
within the terminally exhausted PD-1+CD28- subset (Fig. 3D). In CD4+ T 
cells, VEGF-A-conditioned DCs induced a significant increase in PD-1 
expression across the total population (p= 0.047), with a pronounced 
trend toward reversal observed following VEGFR-1 inhibition with 
D16F7 mAb (p=0.06) (Fig. 3E). Collectively, these findings indicate that 
VEGF-A programs DCs toward a tolerogenic phenotype that promotes 
PD-1 upregulation and T-cell exhaustion, whereas blockade of both, 
VEGFR-1 and VEGFR-2 partially restores this effect inducing a less 
exhausted T-cell profile. Although some effects reached only trend-level 
significance, the consistent observations across both autologous and 
allogeneic co-cultures underscore VEGFR-1 as a central mediator of 
VEGF-A-driven, DC-mediated T-cell dysfunction and highlight the po
tential of VEGFR-1 blockade as a strategy to counteract immune sup
pression in the TME.

3.4. Blockade of VEGFR-1 with D16F7 preserves T-cell functionality

We next evaluated the direct effects of VEGF-A and selective 
blockade of VEGFR-1 or VEGFR-2 on the effector function of PBMC- 
derived CD8+ and CD4+ T cells from healthy donors. To this end, IFN- 
γ, GrzB, and TNF-α production were measured after a 5-6 h stimulation 
with plate-bound anti-CD3 mAb and rhIL-2, to capture primary cytokine 
responses while minimizing confounding effects from secondary acti
vation or proliferation. Analyses were conducted on total T cells and on 
subsets defined by PD-1 and CD28 expression, which reflect progressive 
differentiation from naïve/early memory (PD-1-CD28+) to terminally 
exhausted (PD-1+CD28-) cells and help identify populations with dif
ferential responsiveness to PD-1-targeted immunotherapy [32–34,52]. 
According to previous reports [23,24,53], VEGF-A modestly yet 
consistently enhanced IFN-γ production in both total CD8+ T cells 
(p=0.035) and the PD-1+ subset (p=0.034) (Fig. 4A,B). This effect was 
not affected by the anti-VEGFR-1 mAb D16F7 but was significantly 
reversed by VEGFR-2 blockade (p=0.036 in total CD8+; p=0.025 in PD- 
1+CD8+ T cells), indicating that VEGF-A-induced IFN-γ responses are 
primarily mediated through VEGFR-2. In contrast, VEGF-A did not 
significantly alter GrzB expression in either total or PD-1+CD8+ T cells, 
and inhibition of VEGFR-2 did not further modify GrzB levels. Notably, 
co-treatment with the VEGFR-1-blocking mAb significantly increased 
GrzB expression in total CD8+ T cells compared with VEGF-A alone 
(p=0.014) (Fig. 4B), suggesting a potential immunostimulatory effect of 
VEGFR-1 inhibition in this context. VEGF-A also induced a mild upward 
trend in TNF-α production in both total (p=0.08) and PD-1+CD8+ T cells 

Fig. 3. VEGF-A-conditioned DCs induce PD-1 upregulation in co-cultured T cells, counteracted by the anti-VEGFR-1 mAb D16F7. (A) Gating strategy for CD8+ and 
CD4+ T-cell subsets based on PD-1/CD28 expression, with representative dot plots. (B,C) Autologous priming: CD14+ monocytes were differentiated into DCs ±
VEGF-A/TNF-α, pulsed with viral peptides, and co-cultured with autologous CD14− T cells for 14 days. PD-1 MFV was assessed in CD8+ (B) and CD4+ (C) PD-1+

subsets. VEGF-A significantly increases PD-1 MFV in CD8+PD-1+CD28− T cells; D16F7 reverses this effect. (D,E) Allogeneic mixed lymphocyte reaction: VEGF-A- 
conditioned DCs maturated with LPS increase PD-1 MFI in PD-1+CD28− T cells, significant in CD4+ cells (D). The anti-VEGFR-1 mAb D16F7 reverses this effect 
in both lineages; VEGFR-2 blockade (ramucirumab, control) selectively reduces PD-1 in CD8+PD-1+CD28− T cells (E). Data are shown as mean ± SD from n = 3 (B,C) 
and 6 (D,E) independent donors. MFI values were normalized as fold changes relative to untreated controls (set to 1). Two-tailed paired t-tests were used for pairwise 
comparisons, specifically evaluating VEGF-A versus control, and VEGF-A combined with D16F7 or ramucirumab versus VEGF-A alone; p ≤ 0.05 was consid
ered significant.
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(p=0.09). Notably, this effect was significantly attenuated only by 
VEGFR-2 blockade in both total CD8+ (p=0.0018) and PD-1+CD8+ T 
cells (p=0.0036) (Fig. 4A,B), supporting a predominant role for VEGFR- 
2 in mediating short-term VEGF-A-driven TNF-α upregulation, including 
within the functionally relevant PD-1+ subset.

Across CD8+ T-cell subsets defined by PD-1 and CD28 expression, 
VEGF-A modestly increased IFN-γ production in the PD-1+CD28+ pop
ulation (p=0.033), while showing a trend toward reduction in naïve PD- 
1-CD28+ cells (p=0.069) (Fig. 4C). Co-treatment with D16F7 did not 
modify IFN-γ levels in any subset. In contrast, VEGFR-2 inhibition 
showed a trend toward reduced IFN-γ production specifically in PD- 
1+CD28+ cells (p=0.1).

VEGF-A did not significantly change GrzB production across CD8+ T- 
cell subsets. However, VEGFR-1 blockade with D16F7 increased GrzB 
expression, most notably in PD-1-CD28- cells (p=0.037), with a strong 
trend also observed in the highly exhausted PD-1+CD28- subset 
(p=0.07) (Fig. 4C), indicating a potential immunostimulatory effect of 
D16F7 mAb in selected T-cell populations.

Regarding TNF-α, VEGF-A tended to increase its production in PD- 
1+CD28+ cells (p=0.08), significantly reduced by VEGFR-2 blockade 
(p=0.037), and showed a trend in PD-1+CD28- cells (p=0.07). Together, 
these results indicate that VEGFR-2, rather than VEGFR-1, is the prin
cipal mediator of VEGF-A-mediated functional changes in CD8+ T cells. 
Notably, VEGFR-1 blockade with D16F7 mAb did not reduce effector 
functions under short-term stimulation; instead, it enhanced GrzB pro
duction in selected subsets, supporting its potential benefit as an 
immunostimulatory strategy.

In total CD4+ T cells and the PD-1+CD4+ subset, VEGF-A signifi
cantly increased IFN-γ production (p=0.05 and p=0.038, respectively), 
consistent with the findings obtained with CD8+ T-cell (Fig. 5A,B). This 

effect was strongly inhibited by VEGFR-2 blockade (p=0.0034 and 
p=0.024), indicating that VEGFR-2 is the main mediator of short-term 
VEGF-A-driven IFN-γ induction in CD4+ T cells. While GrzB expres
sion was largely unaffected by VEGF-A, co-treatment with D16F7 mAb 
produced only a modest downward trend in total CD4+ T cells (p = 0.06) 
without impairing the PD-1+ subset. VEGF-A induced a non-significant 
increase in TNF-α in total CD4+ T cells, which was reduced by both 
VEGFR-1 (p=0.01) and VEGFR-2 (p=0.05) blockade. In PD-1+CD4+

cells, only VEGFR-2 inhibition significantly decreased TNF-α (p=0.025) 
(Fig. 5B). Overall, D16F7 mAb had inhibitory effects mainly in total 
CD4+ T cells, whereas VEGFR-2 blockade consistently suppressed VEGF- 
A-driven cytokine responses in PD-1+CD4+ cells. Analysis of CD4+

subsets showed that VEGF-A induced a trend toward increased IFN-γ in 
PD-1+CD28+ cells (p=0.08), which was significantly reduced by 
VEGFR-2 inhibition (p=0.042) (Fig. 5C). VEGFR-2 blockade also 
induced a trend towards reduced IFN-γ in PD-1+CD28- cells (p=0.08). 
VEGF-A had minimal effects on GrzB across subsets, with uptrend-level 
significance only in PD-1-CD28- cells (p=0.06), unaffected by receptor 
blockade. TNF-α was significantly increased by VEGF-A in PD-1+CD28+

cells (p=0.037) and effectively normalised by VEGFR-2 inhibition 
(p=0.017) (Fig. 5C).

Overall, VEGF-A-driven short-term cytokine responses in CD4+ T 
cells are predominantly mediated by VEGFR-2, while VEGFR-1 blockade 
with D16F7 mAb has a modest impact. VEGFR-2 inhibition effectively 
suppresses IFN-γ and TNF-α induction, particularly in PD-1+CD28+

cells, highlighting differential receptor-specific roles in modulating 
CD4+ T-cell effector function.

To assess time-dependent effects of VEGF-A and VEGFR blockade, we 
extended the stimulation period to 18 hours to evaluate sustained 
cytokine production and delayed cytolytic programming. To enable an 

Fig. 4. VEGFR-1 blockade with the D16F7 mAb does not impair short-term VEGF-A-associated cytokine production in CD8+ T cells. PBMCs were stimulated 5–6 h ±
VEGF-A with selective VEGFR blockade. (A) Gating strategy for CD8+ and CD4+ T-cell subsets based on PD-1/CD28 expression and representative flow cytometry 
dot-plots for IFN-γ, GrzB, and TNF-α in total CD8+ cells under indicated culture conditions. (B) VEGF-A increases IFN-γ and induces a trend toward higher TNF-α in 
total and PD-1+CD8+ T cells, effects reversed by VEGFR-2 blockade but unaffected by D16F7. (C) In PD-1+CD28+ cells, VEGF-A-induced TNF-α is reduced by VEGFR- 
2 inhibition; VEGFR-1 blockade has no effect. Data are shown as mean ± SD from n = 7 independent donors. MFI values were normalized as fold changes relative to 
untreated controls (set to 1). Two-tailed paired t-tests were used for pairwise comparisons, specifically evaluating VEGF-A versus control, and VEGF-A combined with 
D16F7 or ramucirumab versus VEGF-A alone; p ≤ 0.05 was considered significant.
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unbiased assessment of receptor modulation under activation conditions 
without confounding effects from phenotypic remodelling, analyses 
were restricted to total and PD-1+ T cells, ensuring reliable assessment of 
functionally relevant populations.

After 18 h, VEGF-A continued to enhance IFN-γ (p=0.034) and TNF-α 
(p=0.037) primarily in CD8+ T cells (Supplementary Fig. 3A,B). VEGFR- 
2 blockade consistently and significantly abolished cytokine production 
(IFN-γ: total CD8+ p = 0.012, CD8+PD-1+ p=0.002; TNF-α: total CD8+

p= 0.009, CD8+PD-1+ p=0.019). Notably, VEGFR-2 inhibition 
increased GrzB at 18 h (total CD8+ p = 0.054; CD8+PD-1+ p = 0.035), 
despite minimal VEGF-A effect on GrzB (Supplementary Fig. 3A,B), 
suggesting time-dependent regulation of cytolytic programming medi
ated by VEGFR-2.

In CD4+ T cells, VEGF-A effects were weaker and largely restricted to 
TNF-α, which was significantly reduced by VEGFR-2 blockade 
(p=0.017) (Supplementary Fig. 3C). The early mild inhibitory effects of 
VEGFR-1 blockade were no longer detectable.

Overall, these data indicate that during prolonged stimulation, 
VEGFR-2 remains the dominant mediator of VEGF-A-driven cytokine 
responses, while VEGFR-1 has minimal impact.

3.5. Effect of VEGF-A on the direct induction of Tregs and modulation by 
D16F7: Impact of PD-1, ICOS and TIM-3

VEGF-A has been shown to expand Tregs through VEGFR-2, thereby 
contributing to an immunosuppressive TME [3]. Accordingly, increased 
Treg frequency correlates with poor prognosis across multiple cancer 
types [15,16,54]. In addition to VEGFR-2, VEGFR-1 has also been 
implicated in sustaining the suppressive activity of CD4+ Tregs. Notably, 

a distinct VEGFR-1high CD4+ Treg subset has been described, suggesting 
that VEGF-A may broadly influence Treg differentiation and function 
[19]. Based on these observations, we investigated whether selective 
VEGFR-1 blockade by D16F7 mAb could counteract VEGF-A-mediated 
Treg support.

CD4+CD25highCD127low Tregs were isolated from PBMCs of healthy 
donors and cultured for 7 days with plate-bound anti-CD3 and soluble 
anti-CD28 Abs plus rhIL-2, in the presence or absence of VEGF-A. PD-1 
expression in Tregs has been linked to both suppressive capacity [55]
and expansion [56], with PD-1+ICOS+ Tregs representing precursors of 
highly potent, tissue-resident subsets associated with immune evasion 
[57,58]. Moreover, TIM-3 marks an activated, effector-like Treg popu
lation enriched in tumours, characterised by enhanced suppressor 
function [59,60]. Accordingly, we assessed the effects of VEGF-A and 
selective VEGFR-1 or VEGFR-2 blockade on the expression of PD-1, 
ICOS, and TIM-3, markers of an immunoregulatory phenotype.

After 7 days, VEGF-A significantly upregulated single PD-1 
(p=0.0048) and ICOS (p=0.006) (Fig. 6A-C), while appreciably 
reducing TIM-3 expression (p=0.036) (Fig. 6A,D). Treatment with the 
VEGFR-1-blocking mAb D16F7 produced a clear trend toward PD-1 
downregulation (p=0.08), whereas VEGFR-2 inhibition had no effect 
on VEGF-A-driven PD-1 induction. Conversely, VEGF-A-induced ICOS 
upregulation was significantly reduced by VEGFR-2 blockade 
(p=0.0057) but was not affected by D16F7 mAb (Fig. 6C), suggesting 
that PD-1 modulation is mainly VEGFR-1-dependent, whereas ICOS in
duction primarily relies on VEGFR-2. Interestingly, TIM-3 expression 
was significantly reduced by VEGFR-2 blockade (p=0.05), while 
reduction mediated by VEGFR-1 inhibition did not reach statistical 
significance (Fig. 6D).

Fig. 5. VEGFR-2 blockade has a stronger effect than D16F7-mediated VEGFR-1 blockade on short-term VEGF-A-induced cytokine production in CD4+ T cells. PBMCs 
were stimulated 5–6 h ± VEGF-A with selective VEGFR blockade. (A) Gating strategy for CD8+ and CD4+ T-cell subsets based on PD-1/CD28 expression and 
representative flow cytometry dot-plots for IFN-γ, GrzB, and TNF-α in total CD4+ cells under indicated culture conditions. (B) VEGF-A increases IFN-γ in total and PD- 
1+ CD4+ T cells, effect reversed by VEGFR-2 blockade, unaffected by D16F7. TNF-α is modestly reduced by D16F7 in total CD4+ T cells; VEGFR-2 inhibition 
suppresses TNF-α in both total and PD-1+ cells. (C) In PD-1+CD28+ cells, VEGF-A-induced TNF-α is significantly decreased by VEGFR-2 blockade. Data are shown as 
mean ± SD from n = 5 independent donors. MFI values were normalized as fold changes relative to untreated controls (set to 1). Two-tailed paired t-tests were used 
for pairwise comparisons, specifically evaluating VEGF-A versus control, and VEGF-A combined with D16F7 or ramucirumab versus VEGF-A alone; p ≤ 0.05 was 
considered significant.
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Because co-expression of multiple immune checkpoint molecules 
defines functionally potent Treg subsets, we next examined their 
combinatorial expression profiles. VEGF-A significantly increased the 
frequencies of PD-1+ICOS+ (p=0.001), PD-1+TIM-3+ (p=0.004), and 
PD-1+ICOS+TIM-3+ Tregs (p=0.022), expressed as percentage fold 
changes relative to untreated controls (set to 1) (Fig. 6E-G). Both 
VEGFR-1 and VEGFR-2 blockade significantly counteracted the VEGF-A- 
induced expansion of multi-checkpoint Treg subsets, reducing the 
acquisition of an immunoregulatory phenotype. D16F7 mAb and 
ramucirumab each decreased the frequencies of PD-1+ICOS+ Tregs 
(p=0.0023; p=0.0025), PD-1+TIM-3+ Tregs (p=0.0016; p=0.008), and 
PD-1+ICOS+TIM-3+ Tregs (p=0.0022; p=0.0013), respectively (Fig. 6E- 
G).

Although suppressive function was not directly assessed, the 
observed phenotypic changes provide a proof-of-concept indication of 
reduced regulatory potential, consistent with extensive prior literature 
linking the coordinated expression of these markers to enhanced Treg 
suppressive activity [3,18,56–61]. Importantly, the concordant modu
lation of multiple, well-validated inhibitory and activation checkpoints 
strengthens the biological plausibility of this interpretation. However, 
dedicated functional assays will be required to assess whether VEGFR-1 
blockade directly reduces Treg suppressive capacity.

Overall, these findings demonstrate that VEGF-A enhances the 
immunosuppressive programming of CD4+ Tregs through coordinately 
upregulating PD-1, ICOS, and TIM-3, both individually and in combi
nation. Blockade of either VEGFR-1 or VEGFR-2 partially mitigates these 
effects, indicating that VEGF-A orchestrates Treg activation via com
plementary receptor pathways. Importantly, the ability of the anti- 
VEGFR-1 mAb D16F7 to limit VEGF-A-induced PD-1 and multi- 

checkpoint Treg expansion, without impairing effector T-cell function, 
underscores its potential to relieve VEGF-A-mediated immune suppres
sion while preserving T-cell-mediated antitumour immunity.

4. Discussion

VEGF-A exerts complex, context-dependent immunoregulatory ef
fects within the TME, promoting DC dysfunction [8,9], T-cell exhaustion 
[21,22], and Treg expansion [3,18,19], via both VEGFR-1 and VEGFR-2, 
while inducing transient effector activation under specific conditions 
[23,24]. Dissecting the distinct contributions of these receptors is 
therefore essential for identifying the immune subsets most responsive 
to the modulation of the VEGF-A pathway and for clarifying the nature 
and magnitude of their functional responses. In this context, the present 
study was designed as a human PBMC-based proof-of-concept analysis to 
assess the immunological impact of VEGFR-1 blockade and dissect the 
contributions of VEGFR-1 versus VEGFR-2 under controlled conditions. 
Moreover, the use of the anti-VEGFR-1 mAb D16F7, which selectively 
inhibits membrane-bound VEGFR-1 while preserving soluble VEGFR-1 
decoy activity, provides an opportunity to delineate receptor-specific 
mechanisms underlying VEGF-A-mediated immune regulation [35]. 
D16F7 has been shown to recognise not only the human VEGFR-1 but 
also the murine receptor [28] allowing to demonstrate that it exerts 
antitumor activity in a syngeneic melanoma in vivo model, where it 
reduces tumour growth and modulates the TME by limiting M2 
macrophage, PD-1+ T cell, and Treg infiltration [35]. Extending these in 
vivo findings, the present study provides a human immune-cell-focused 
proof-of-principle analysis, offering insights into DC maturation and 
tolerogenic programming, VEGFR-1/VEGFR-2 expression, CD28/PD-1- 

Fig. 6. Blockade of VEGFR-1 and VEGFR-2 reduces the occurrence of an immunosuppressive Treg phenotype through different mechanisms. VEGFR-1 drives PD-1 
upregulation, VEGFR-2 mediates ICOS induction. (A) Representative gating for CD4+ Tregs and representative flow cytometry dot-plots for PD-1, ICOS, TIM-3 single 
positive and PD-1+ICOS+TIM-3+ triple positive Tregs under indicated culture conditions. (B) VEGF-A increases PD-1, partially reversed by D16F7; VEGFR-2 blockade 
has no effect on single ICOS expression. (C) ICOS is upregulated by VEGF-A, reduced by VEGFR-2 blockade, not affected by D16F7. (D) TIM-3 is modestly reduced by 
VEGF-A, further downregulated by VEGFR-2 blockade. E) VEGF-A increases PD-1+ICOS+, PD-1+TIM-3+, and triple-positive Tregs; effects counteracted by both 
D16F7 and VEGFR-2 blockade. Data are shown as mean ± SD from n = 3 independent donors. MFI (B,C,D) and percentage (%) (E,F,G) values were normalized as fold 
changes relative to untreated controls (set to 1). Two-tailed paired t-tests were used for pairwise comparisons, specifically evaluating VEGF-A versus control, and 
VEGF-A combined with D16F7 or ramucirumab versus VEGF-A alone; p ≤ 0.05 was considered significant.
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defined T-cell subset functionality, and suppressive Treg phenotypes. 
Although obtained in a non-tumour setting, these observations com
plement prior murine work and underscore the translational potential of 
VEGFR-1 inhibition as an immunomodulatory strategy. The analysis of 
VEGFR expression patterns across T-cell subsets indicates that VEGFR-1 
is dynamically regulated, with higher expression in PD-1+ than in PD- 
1− CD8+ T cells [Fig. 7A] and with notable differences between resting 
and activated states. VEGFR-2 expression, by contrast, remains 
comparatively stable. These observations support a model in which 
VEGFR-1 preferentially operates in T cells already engaged in PD-1- 
mediated inhibitory programs, whereas VEGFR-2 contributes to 
impact both early activated and partially exhausted populations. The 
enrichment of VEGFR-1 in PD-1+ T cells aligns with its induction upon 
antigenic stimulation [27], and prolonged VEGF-A/VEGFR-1 engage
ment may therefore reinforce inhibitory pathways and metabolic 
dysfunction associated with exhaustion or regulatory differentiation, as 
described in VEGF-A-rich tumour settings [22]. However, these findings 
contribute to inform, although do not establish, the potential relevance 
of VEGFR-1 blockade in the VEGF-A-enriched TME.

VEGF-A impaired CD80 and CD83 upregulation [Fig. 7B] during 
TNF-α- and LPS-driven maturation and reduced HLA-DR expression 
under LPS, thereby promoting a tolerogenic phenotype. Restoration of 
CD80 expression in both maturation models following VEGFR-1 

blockade with D16F7 mAb [Fig. 7B] underscores the critical contribu
tion of VEGFR-1 to VEGF-A-induced DC maturation and tolerogenicity, 
comparable to the role played by VEGFR-2. Although direct intracellular 
signalling was not interrogated here, these functional outcomes are 
consistent with prior studies implicating VEGFR-1-dependent pathways 
in DC-mediated immune suppression [9,40,41].

The downstream consequences for T-cell priming are consistent with 
these effects on DCs. VEGF-A-conditioned DCs increased PD-1 expres
sion in responding T cells [Fig. 7B], biasing them toward an exhausted 
phenotype, whereas inhibition of either VEGFR-1 or VEGFR-2 partially 
reversed this effect. Together, these findings suggest that disrupting 
VEGF-A-mediated effects in DCs can limit the transmission of 
exhaustion-associated cues to T cells during priming. Receptor-specific 
contributions emerged under short-term T-cell stimulation. Acute 
VEGF-A exposure enhanced IFN-γ and TNF-α production [Fig. 7C], an 
effect abrogated almost exclusively by VEGFR-2 blockade, confirming 
its central role in rapid effector activation. In contrast, VEGFR-1 inhi
bition preserved these cytokine responses [Fig. 7C]. The minimal impact 
of D16F7 mAb on CD4+ T-cell activation is in agreement with evidence 
linking VEGFR-1 expression in CD4+ T cells to a regulatory phenotype 
[19]. Our observations partially diverge from those of Gavalas et al., 
who reported a VEGFR-2-dependent suppression of ovary ascites- 
derived T-cell proliferation and cytotoxicity after prolonged VEGF-A 

Fig. 7. VEGFR-1 (D16F7) versus VEGFR-2 (ramucirumab) blockade: summary of effects. (A) VEGFR-1 expression in T cells. PD-1+ T cells display higher VEGFR-1 
expression than PD-1− T cells. (B) VEGF-A-induced tolerogenic DC phenotype. VEGF-A impairs DC maturation (↓CD80/CD83), thereby promoting a tolerogenic DC 
profile. Blockade of either VEGFR-1 (D16F7 mAb) or VEGFR-2 (ramucirumab mAb) counteracts VEGF-A-induced tolerogenic DC development, as indicated by 
increased CD80 expression (↑CD80, pointed arrow), and reduced PD-1 levels on T cells stimulated by VEGF-A-conditioned DCs (pointed arrow). (C) T-cell func
tionality following short-term VEGF-A exposure. VEGF-A enhances IFN-γ and TNF-α production. VEGFR-1 blockade (D16F7 mAb) preserves CD8+ T-cell function
ality, whereas VEGFR-2 blockade (ramucirumab mAb) reduces VEGF-A-induced IFN-γ and TNF-α production (blunted-end arrows). (D) Regulatory T-cell activation 
markers. VEGF-A increases PD-1 and ICOS expression on Tregs. VEGFR-1 blockade (D16F7 mAb) counteracts VEGF-A-induced PD-1 up-regulation, while VEGFR-2 
blockade (ramucirumab mAb) reduces VEGF-A-induced ICOS up-regulation (pointed arrows). Created with BioRender.
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exposure [20]. This divergence likely reflects temporal and contextual 
differences, as short-term VEGF-A exposure in PBMC-based systems may 
transiently enhance effector responses through acute metabolic signal
ling, whereas chronic exposure in tumour-associated fluids promotes 
sustained inhibitory receptor expression, metabolic exhaustion, and 
functional decline.

The effects on Tregs revealed an additional layer of VEGF-A-driven 
immune suppression. VEGF-A induced coordinated upregulation of 
PD-1 and ICOS, markers associated with highly suppressive and tissue- 
resident Tregs [57,58]. Consistent with receptor specialisation, 
VEGFR-1 blockade selectively reduced PD-1 induction, whereas VEGFR- 
2 inhibition primarily decreased ICOS expression [Fig. 7D]. VEGF-A 
therefore engages both receptors to activate complementary suppres
sive pathways. Co-expression of PD-1, ICOS, and TIM-3, characteristic of 
highly suppressive Tregs [59–61], was diminished by blockade of either 
receptor, limiting the expansion of these potent regulatory subsets. 
Although suppressive function was not directly assessed, the observed 
phenotypic changes provide a proof-of-concept indication of reduced 
regulatory potential, consistent with extensive prior literature linking 
the coordinated expression of these markers to enhanced Treg sup
pressive activity [3,18,56–61]. Importantly, the concordant modulation 
of multiple, well-validated inhibitory and activation checkpoints 
strengthens the biological plausibility of this interpretation. However, 
future work specifically designed to assess Treg function will be required 
to establish whether VEGFR-1 blockade directly impacts their suppres
sive capacity.

Taken together, our data indicate that receptor-specific functional 
segregation is most pronounced at the level of T-cell-intrinsic responses, 
where VEGFR-1 and VEGFR-2 distinctly regulate short-term effector 
functionality in defined CD28/PD-1 subsets, whereas VEGF-A-driven DC 
tolerogenic program reflects a more convergent contribution of both 
receptors. Notably, Tregs exhibit an intermediate pattern, with receptor- 
specific modulation of individual checkpoints, PD-1 predominantly 
regulated by VEGFR-1 and ICOS by VEGFR-2, while the acquisition of 
multi-checkpoint phenotypes reflects partial convergence at the level of 
Treg programming.

To our knowledge, this study provides the first integrated, human 
PBMC-based proof-of-concept study demonstrating that selective 
blockade of membrane-bound VEGFR-1 with the mAb D16F7 can 
counteract VEGF-A-induced immune tolerance while preserving VEGFR- 
2-dependent short-term effector T-cell activation. Importantly, no prior 
study has directly compared selective VEGFR-1 versus VEGFR-2 
blockade on Treg immunosuppressive phenotype and on effector func
tion of T cells characterised by PD-1 and CD28 expression within the 
same human system.

Although ICIs have transformed cancer therapy, many patients fail to 
respond or develop resistance, underscoring the need for strategies that 
overcome VEGF-A-mediated immune suppression [62–65]. While our in 
vitro conditions cannot model hypoxia, stromal-immune interactions, or 
chronic VEGF-A exposure in the TME, the preserved VEGF-A-induced 
cytokine production following VEGFR-1 blockade is particularly rele
vant given the higher VEGFR-1 expression in CD8+PD-1+CD28+ pre- 
exhausted T cells, which are most effectively reinvigorated by anti-PD- 
1 therapies [31–34]. This suggests that VEGFR-1 blockade can relieve 
inhibitory signals in these cells without compromising effector function 
and highlights the need for further investigation into how VEGFR-1 
blockade modulates distinct T cell subsets within the TME. Accord
ingly, while this study does not establish therapeutic efficacy, it provides 
phenotypical and functional insights that can guide the design of future 
translational studies. These observations highlight the need for further 
investigation into how VEGFR-1 and VEGFR-2 modulate distinct im
mune subsets within the TME.

Notably, D16F7 mAb has also been shown to prevent chemotherapy- 
induced neurotoxicity without compromising antitumor activity [66], 
suggesting that VEGFR-1 blockade may simultaneously enhance thera
peutic efficacy and tolerability.

Overall, our findings underscore the importance of subset-resolved 
and temporally informed analyses of VEGF-A effects, support VEGFR 
profiling as a potential biomarker strategy, and position selective 
VEGFR-1 inhibition as a rational, mechanism-driven approach to alle
viate VEGF-A-induced immune dysfunction without impairing T-cell 
effector capacity.

4.1. Limitations of the Study

Several limitations should be acknowledged. PBMC-based assays and 
in vitro co-cultures, while informative for dissecting receptor-specific 
mechanisms, were used as a controlled proof-of-concept system and 
cannot fully reproduce the spatial organisation, metabolic constraints, 
hypoxia, stromal-immune interactions, or chronic antigen exposure 
characteristic of the TME.

The variable donor cohort size (ranging from n = 3 to 7, depending 
on the assay) and inherent inter-individual variability may influence the 
magnitude of certain effects. While core findings were consistently 
observed across donors, some observations, particularly those described 
as trend-level, should be interpreted with appropriate caution due to 
limited statistical power.

Furthermore, the short-term functional assays employed here (5–6 h 
and 18 h) were designed to define early receptor-specific immune ef
fects, but do not capture long-term adaptations, likely associated with 
compensatory signalling or immune remodelling that may arise under 
sustained VEGF-A exposure in vivo. Extended culture systems will 
therefore be required to assess the durability of VEGFR-1 blockade ef
fects on T-cell exhaustion, memory formation, and long-term antitumor 
immunity.

Despite these limitations, the present study, while not establishing 
therapeutic efficacy, provides a phenotypic and functional rationale to 
inform the design of future translational studies selectively targeting 
VEGFR-1 as a strategy to mitigate VEGF-A-driven immune suppression 
while preserving effector T-cell functionality.
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