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ABSTRACT

Pleural mesothelioma (PM) is an aggressive cancer caused by asbestos exposure, with limited
treatment options and poor prognosis, highlighting the need for more effective therapies.
Combining immune checkpoint blockade with anti-angiogenic therapy has shown potential in
other cancers. Our study investigated the combined inhibition of PD-L1 and VEGFR2 in a mouse
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Mice received intraperitoneal doses every three days for three treatments. Tumor growth, survival,
tumor-infiltrating immune cells and intra-tumoral vasculature were analyzed. Results demonstrated
that combining anti-PD-L1 with induction or concomitant anti-VEGFR2 significantly delayed tumor

combination therapy;
immune checkpoint
blockade; pleural
mesothelioma

growth, improved survival, and promoted vascular maturation. Flow cytometry suggested T cell
exhaustion in monotherapy groups, while no significant changes were seen with concomitant
treatment. Depleting CD4* T cells reversed the positive effects of concomitant treatment. These
findings suggest that dual inhibition of PD-L1 and VEGFR2 is a promising therapeutic approach for
PM, with CD4" T cells playing a critical role in the immune response. This dual targeting of immune
checkpoints and angiogenesis offers a potential new avenue for improving outcomes in PM treat-
ment and warrants further clinical exploration.
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1. Introduction

Pleural mesothelioma (PM) is an aggressive tumor affecting the
pleura that is commonly attributed to asbestos exposure." As of
today, 144 out of 198 countries have not yet banned the use of
asbestos. With all member states of the European Union imple-
menting an asbestos ban by 2005, PM incidence reached its
predicted peak around 2020, thus garnering a lot of interest in
recent years."* Given the median latency period of approxi-
mately 30-40 years and the forecasted 4% annual increase in
asbestos exposure among construction workers until 2031, the
global mesothelioma burden is predicted to worsen.">>° For
over 20 years, the first-line treatment for PM patients has con-
sisted of a combination of platinum-based chemotherapy (cis-
platin or carboplatin) with an antifolate (pemetrexed or
raltitrexed). However this regimen has improved the median
overall survival (OS) to merely 12-14 months compared to
6-9 months when left untreated.”® With the recent introduction
of dual immunotherapy as standard-of-care treatment in PM,
prognosis further improved to a median of 18 months which is
still poor for the large majority of patients.” Improved treatment
strategies are therefore urgently needed.

The development of new immunotherapies targeting
immune checkpoints has significantly advanced since the first
FDA-approval of ipilimumab in 2011, followed by pembroli-
zumab and nivolumab in 2014.'° The CheckMate743 trial,
which resulted in the approval of combined ipilimumab +
nivolumab as first-line treatment for PM, represents a pivotal
moment for immunotherapy in mesothelioma,” while
a multitude of other immune checkpoint blockade (ICB) stra-
tegies are still being investigated in preclinical and clinical
trials.""

In addition, therapies targeting other pathways involved in
mesothelioma pathogenesis, such as anti-angiogenic agents,
have also been studied extensively in recent clinical trials in
various combination strategies.lz"14 As a cancer hallmark,
angiogenesis is an attractive target for cancer therapy. The pro-
angiogenic vascular endothelial growth factor receptor 2
(VEGFR2) is known to be highly expressed in malignant
epithelial mesothelioma'> and has been explored as
a potential therapeutic target in preclinical models of PM, as
well as in clinical trials. The small molecule inhibitor ninteda-
nib was shown to have significant anti-tumor effects in
mesothelioma in vitro and in vivo,'® but ultimately failed to
improve progression-free survival (PFS) of PM patients when
combined with standard-of-care chemotherapy in the phase 3
LUME-Meso trial.'® In the phase 2 RAMES trial, a monoclonal
antibody (mAb) targeting VEGFR2 (ramucirumab) was found
to significantly improve OS when used in combination with
gemcitabine as a second-line treatment for PM.'* Interestingly,
anti-angiogenic strategies and ICB have also been shown to
enhance each other’s efficacy in various solid tumor
models.'”'® In mesothelioma, the mAb bevacizumab, which
targets VEGF, has recently been studied in combination with
the anti-PD-L1 agent atezolizumab and chemotherapy in the
BEAT-meso trial (NCT03762018). However, this trial failed to
meet its primary endpoint of significantly improving OS with
this treatment arm (20.5 months versus 18.1 months with bev-
acizumab + chemotherapy, p=0.14; data presented at the

ASCO Annual Meeting 2024), underscoring the need for
further preclinical research. In particular, preclinical investiga-
tion of monoclonal antibodies targeting VEGFR2 could shed
more light on the best combination regimen and its mechan-
ism of action in mesothelioma.

As we have previously demonstrated a survival benefit for
blockade of PD-L1 in a mouse model of PM,'® the primary
objective of this study was to determine the therapeutic effects
of combined blockade of PD-L1 and VEGFR2. A secondary
objective was to assess the effects of this combination treatment
on the intratumoural vasculature and the tumor immune
microenvironment (TIME), to elucidate the underlying
mechanisms of the potentially enhanced therapeutic effect.

2. Methods
2.1. Cell lines

Murine AE17 epithelioid mesothelioma cells were maintained
in RPMI 1640 medium (Gibco®, Life Technologies, Belgium)
supplemented with 10% fetal bovine serum (FBS) and 2 mm
L-glutamine (Gibco®©, Life Technologies, Belgium). This PM
cell line was kindly provided by our collaborator Dr. Scott
Fisher from the Tumor Immunology Group at the National
Centre for Asbestos Related Diseases (NCARD) at the
University of Western Australia in Perth. Cells were harvested
with TrypLE (Gibco®, Life Technologies, Belgium), washed
twice in sterile phosphate buffered saline (PBS), and counted
prior to in vivo inoculation. Cell viability was assessed by
trypan blue exclusion assay and only suspensions with
a viability of >95% were used.

2.2. Mice

Female C57BL/6] mice (6-8weeks) were bought from
Charles River Laboratories (Saint-Germain-Nuelles, France)
and maintained under standard housing conditions at the
animal facility of the University of Antwerp. All experiments
were conducted in accordance with the University of
Antwerp animal ethics guidelines (Ethical Committee for
Animal Testing, University of Antwerp, Belgium, approval
number ECD 2019-32) and with the European code for the
care and use of laboratory animals and the ARRIVE guide-
lines. Sample size calculations were performed using the
statistical software package G*power. The effect size was
calculated based on preliminary experiments. A significance
level of p<0.05 was used to calculate the sample size of
n mice per group. In total, 319 mice were used during this
study. Animals were excluded from analysis if humane end-
points were met before the end of treatment and outliers
were identified and excluded using the ROUT method.

2.3. Tumour cell inoculation

Mice were inoculated subcutaneously (s.c.) into the shaved left
flank with 0.5x 10® AE17 cells in 100 uL PBS using a 27 G
needle. A calliper was used to monitor tumor size. Tumor



volume in cubic millimeters (mm?) was determined using the

. Length x Width?
following formula: =22 =222
Mice were euthanized once tumor volume exceeded

936 mm?°, in accordance with animal ethics guidelines.

2.4. Immune checkpoint and angiogenesis blocking
antibodies in vivo

All our in vivo antibodies were bought from BioXCell: anti-
VEGFR?2 (clone DC101) and anti-PD-L1 (clone 10F.9G2). The
concentration of the anti-PD-L1 antibody (200 pg; 10 mg/kg)
and the treatment schedule (1 dose every 3 days for a total of 3
doses; q3dx3) was based on the literature®® and was previously
validated in vivo."” The concentration of the anti-VEGFR2
antibody was determined in vivo after titration (100 pg,
200 pg, 400 pg, 800 ug), with the maximum dose (800 ug; 40
mg/kg) being based on literature.”' Blocking antibodies were
administered via intraperitoneal (i.p.) injection at the appro-
priate dose diluted in 100 pL PBS per mouse.

2.5. Frozen tissue sectioning

Tumors were harvested at endpoint (2936 mm®) and main-
tained in a 10% sucrose solution for 1 hour at 4°C before being
transferred to a 30% sucrose solution and left at 4°C overnight.
Tumors were then placed in embedding molds, covered in
Tissue-VECTASHIELD® O.C.T." embedding medium
(Sakura Finetek Europe B.V., Netherlands), and immersed in
ice-cold isopentane for 3 minutes before being frozen down to
-80°C.** Frozen tissue sections of 5pum were made using
a cryostat and were fixed for 10 minutes in ice-cold acetone.
For each treatment group, 3 tumors were randomly selected for
further analysis and tissue sections were made at the 25%, 50%,
and 75% regions of the tumors to get data representative of the
whole tumor. Tissue sections were preserved at —80°C.

2.6. Immunofluorescence

Pre-fixed frozen tissue sections were fixed again for 10 minutes
in ice-cold acetone. After being left to air-dry, an IHC PAP pen
(Enzo Life Sciences BVBA, Belgium) was used to create
a hydrophobic barrier around the tissue sections. Following
a washing step using PBS, blocking buffer (PBS with 10% FBS
and 1% BSA) was added to the sections for 1 hour at room
temperature. The tissues were then incubated with a primary
antibody solution in a humid chamber and left overnight at
4°C.** The primary antibodies used in this study include: Rat
anti-mouse CD31 (clone MEC 13.3, dilution 1:100, BD
Biosciences, Belgium); Rabbit polyclonal anti-CA9 (dilution
1:1500, Novus Biologicals, UK); and Rabbit polyclonal anti-
aSMA (dilution 1:100, Novus Biologicals). Tissues were then
washed three times in PBS and incubated with fluorescent
labeled secondary antibodies for 1 hour at room temperature
in a dark humid chamber. The following fluorescent conju-
gated secondary antibodies were used: Donkey anti-rat AF594
(red, dilution 1:3000, ThermoFisher Scientific, Belgium); and
Goat anti-rabbit AF488 (green, dilution 1:200 for CA9 detec-
tion and 1:500 for aSMA detection, Abcam, UK). Negative
controls consisted of tissues stained with a secondary antibody,
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but not a primary antibody. The tissues were then washed 3
times for 5 minutes in a PBS-filled beaker. Finally, we added
30uL of VECTASHIELD® HardSet Antifade Mounting
Medium with DAPI (Vector Laboratories, Belgium) per tissue
section, and covered the tissues with a coverslip. The mounting
medium was allowed to harden for 15 minutes at room tem-
perature, after which the slides were kept at 4°C in the dark
until image acquisition on a reflected light fluorescence micro-
scopy system (Olympus BX51) with the CellSens Dimension
software. For each tumor section, 4 representative images were
taken at 10x magnification. Further analysis of the images was
carried out using ImageJ, the IKOSA® Network Formation
Assay (v2.2.0), and GraphPad Prism (v10.2.1).

2.7. Preparation of single cell suspensions

For the flow cytometric characterization of the immune cell
populations in the TIME, single-cell suspensions were made
from tumors harvested 24 hours after the final treatment. After
harvesting, tumor tissue was minced as small as possible using
a scalpel and suspended into tumor digestion medium (FACS
buffer [Sheath fluid +10 mg/mL BSA +20 mg/mL NaNj] + 0.2
mg/mL DNA-se +1.5 mg/mL collagenase type IV). Tumors
were then incubated for 30 minutes at 37°C and 5% CO, on
a tube rocker. After incubation, the tumor tissue was passed
through a 40 um cell strainer (VECTASHIELD?®, Netherlands).
Tumor cell suspensions were washed with FACS buffer to
remove any remaining traces of digestion medium, after
which they were ready for further downstream applications.

2.8. Flow cytometry

The effect of the different (combination) treatment strategies on
the immune cell composition of the in vivo TIME was investi-
gated using a multicolor flow cytometry panel. Single cell sus-
pensions from in vivo tumors were stained using the following
anti-mouse mAbs: CD45.2-AlexaFluor700 (clone 104), CD3-
BV510 (clone 17A2), CD4-PerCP-Cy5.5 (clone GK1.5), CD8a-
BV570 (clone 53-6.7), CD335-BV605 (clone 29A1.4), I-A/
I-E-BV650 (clone M5/114.15.2), CD25-BV785 (clone PC61),
CD11c¢c-FITC (clone N418), CD278-PE-Dazzle594 (clone
C398.4A), CD274-PE-Cy7 (clone MIH7), CD279-BV421
(clone 29F.1A12), CD309-PE (clone 89B3A5), and FOXP3-
APC (clone MF-14; intracellular), which were all purchased
from VECTASHIELD® (Netherlands). The LIVE/IKOSA®
Fixable Near-IR Stain from Tek® (ThermoFisher Biolegend®)
was used to stain dead cells. FMO controls were also included.
The NovoCyte Quanteon flow cytometer with NovoExpress
software was used for sample acquisition, and further analysis
was carried out using FlowJo (v10.10.0) and GraphPad Prism.

2.9. Immune cell depletion

To investigate the role of different immune cell popula-
tions, we functionally depleted specific immune cell types.
Mice were subcutaneously injected with AE17 cells as
described above. CD8", CD4", and regulatory T cells were
depleted using 200 ug of anti-CD8 (Clone YTS 196.4,
BioXCell), anti-CD4 (Clone GKI1.5, BioXCell), or anti-
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CD25 (Clone 7D4 (non-IL-2 blocking), Absolute Antibody,
UK) mAbs, respectively. Two different isotype controls
were included: Rat IgG2b anti-keyhole limpet hemocyanin
(Clone LTF-2, BioXCell) for anti-CD8 and anti-CD4, and
Mouse IgG2a anti-fluorescein (Clone 4-4-20 (enhanced),
Absolute Antibody) for anti-CD25. Mice were randomized
into 7 different treatment groupsl: PBS control? anti-PD-
L1 + anti-VEGFR2%; anti-PD-L1 + anti-VEGFR2 + anti-
CD8% anti-PD-L1 + anti-VEGFR2 + anti-CD4’; anti-PD-L1
+ anti-VEGFR2 + anti-CD25% anti-PD-L1 + anti-VEGFR2 +
IgG2a isotype control; and’ anti-PD-L1 + anti-VEGFR2 +
IgG2b isotype control. Depletion antibodies or isotype con-
trol were administered i.p. on days -1, 0, 3, and 6 of the
treatment schedule. Tumour growth and survival were fol-
lowed up as described above. On day 1, a depletion check
was performed via flow cytometric analysis on 5uL of
blood collected from the tail vein.

2.10. TCGA data analysis

Gene and protein expression (respectively counts and
z-scores) data and clinicopathological characteristics (i.e.
survival data) for a series of 87 patients with PM (TCGA
Firehose Legacy) were retrieved from the cBioPortal for
Cancer Genomics (https://www.cbioportal.org). Gene
expression data were normalized using the variance stabi-
lizing transformation (VST) algorithm of the BioC-package
DESeq2. VST-normalized gene expression data were used
to calculate abundance scores for various cell types using
the BioC-package ConsensusTME with marker gene sets
specific for PM. The tumor inflammation score (TIS*)
was calculated using gene set variation analysis (BioC-
package GSVA) with a Gaussian kernel to estimate the
cumulative distribution function. Spearman correlations
between VEGFA, KDR (VEGFR2), CD274 (PD-L1),
PDCD1 (PD-1) gene expression, VEGFR2 protein expres-
sion, TIS values and regulatory T cell abundance scores
were calculated and visualized using the R-package rstatix.
Univariate Cox regression analyses for disease-specific, dis-
ease-free, progression-free, and overall survival were per-
formed using the R-package survival. Kaplan-Meier plots
were visualized using the R-package survminer. Correlation
analysis and visualization was performed using the
R-package rstatix, and univariate and multivariate interac-
tion models were constructed with base R-functions.
Likelihood-ratio tests were performed with the R-package
Imtest.

2.11. Statistics

Kaplan-Meier curves were created for in vivo survival data
and a log-rank (Mantel-cox) test was performed to detect
any statistical differences between the different treatment
groups.

To analyze differences in tumor kinetics over time, we used
R with the afex and emmeans®* packages to perform mixed
model ANOVAs.

Significant differences in marker expression between treat-
ment groups as assessed by flow cytometry or

immunofluorescence were investigated with a Tukey’s multiple
comparisons test. P-values <0.05 were considered statistically
significant. p-values <0.1 were considered as trending toward
statistical significance. GraphPad Prism was used for statistical
analyses.

3. Results

3.1. Inhibition of VEGF-VEGFR2 signalling significantly
slows tumour growth and improves survival in
a mesothelioma mouse model

Through the analysis of data from 87 pleural mesothelioma
patients available on the Cancer Genome Atlas (TCGA), we
were able to identify an association between VEGFR2 protein
expression and poor survival outcomes. Using Cox regression
analysis, we found that patients with high VEGFR2 protein
expression had significantly worse PFS (hazard ratio (HR) =
1.647, p=0.013), and disease-specific survival (DSS; HR = 1.44,
p =0.004) outcomes compared to those with low VEGFR2 pro-
tein expression, whereas no associations with OS (p =0.117) or
disease-free survival (p =0.090) were found (Supplementary
figure S1). When dichotomizing VEGFR2 protein expression
levels relative to the median, the above associations were con-
firmed through Kaplan-Meier analysis (Figure 1 a,b). Notably,
no associations between VEGFR2, or VEGFA mRNA expres-
sion levels and any of the evaluated survival endpoints were
observed (Supplementary figure S1), despite significant correla-
tion between these parameters and VEGFR2 protein expression
(Figure 1c). Together, these data solidify VEGFR2 as an inter-
esting potential target for anti-cancer therapy in PM.

To explore how combined targeting of VEGFR2 and PD-1/
PD-L1 might affect the TIME, we evaluated correlations
amongst VEGFR2 mRNA (KDR) and protein expression,
mRNA expression of VEGFA, CD274 (PD-L1), and PDCD1
(PD-1), and tumor inflammation scores (TIS) (Figure 1c). TIS
values are significantly correlated with CD274 and PDCD1
mRNA expression but not with VEGFA mRNA or VEGFR2
mRNA/protein expression. We then explored if tumor inflam-
mation can be better explained by considering interactions
between expression values of VEGFA/VEGFR2 on the one
hand, and CD274/PDCD1 on the other hand. Our results
(Supplementary figure S2) demonstrate that the interaction
terms of PDCD1 mRNA expression, but not CD274 mRNA
expression, with any of the VEGF-related expression values are
associated with higher TIS values (i.e. interaction PDCD1
mRNA and VEGFR2 protein: OR =1.243, p =0.003; interac-
tion PDCD1 and VEGFR2 mRNA: OR =1.555, p=0.013;
interaction PDCD1 and VEGFA mRNA: OR=1.086, p=
0.074). Likelihood-ratio tests reveal that the multivariate inter-
action models containing VEGFR2 expression values better
explain TIS values as compared to the univariate models con-
taining only PDCD1 mRNA expression (VEGFR2 protein: p =
0.006; VEGFR2 mRNA: p=0.017; VEGFA: p=0.169).
Subgroup analysis comparing TIS values to PDCD1 expression
in PM samples with high and low VEGFR?2 protein expression,
dichotomized relative to zero, indeed reveal a stronger correla-
tion in the VEGFR2-high group (Figure 1d). Interestingly, high
TIS scores have been linked to better clinical sensitivity to
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Figure 1. Anti-VEGFR2 monoclonal antibody delays tumour growth and extends survival of the AE17 C57BL/6 PM mouse model. (a-b) Kaplan-Meier curves showing (a)
the progression-free survival (PFS) and (b) the disease-specific survival (DSS) of 87 pleural mesothelioma patients in function of their VEGFR2 protein expression level. (c)
bubble plot showing the correlations between CD274 (PD-L1), KDR (VEGFR2), PDCD1 (PD-1), and VEGFA gene expression, VEGFR2 protein expression, and tumour
inflammation signature (TIS) scores. (d) correlation analysis between PDCD1 mRNA expression and TIS within VEGFR2-low (left) and VEGFR2-high (right) subgroups. (e)
Kaplan-Meier curve showing the survival of mice treated with increasing doses of anti-VEGFR2 mAb or PBS control. Pooled data from three independent experiments (n

= 15 mice per group). Statistical significance was determined using a log-rank test.

(f) tumour growth curves from mice treated with increasing doses of anti-VEGFR2

mAb or PBS control. Tumour size (mm?) as measured over time from the start of treatment (day 0) until the first mouse of each group was euthanised. Mice were treated
every third day for a total of three doses (q3dx3). Statistical significance was determined using a mixed model ANOVA. Error bars represent the mean + SEM. Data
representative of three independent experiments (n = 5 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001.

ICB.> Together, these results highlight the complex entangle-
ment of the VEGF/VEGFR2 and PD-1/PD-L1 pathways in
shaping the TIME of PM.

In the present study, we first performed a dose titration of
an anti-VEGFR2 mAbD in the AE17 C57BL/6 model of pleural
mesothelioma. Compared to the untreated control, we
observed a statistically significant survival benefit with the

administration of 400 ug and 800 ug of anti-VEGFR2 mAb,
but not with 100 pg or 200 pg (Figure le). In addition, there
was a significant delay in tumor growth with all different doses
compared to the control group (Figure 1f). In concordance
with the prolonged survival even compared to the 100 pg dose,
the 800 ug dose also achieved the most substantial deceleration
of tumor growth, differing significantly from all the other



6 (&) S.ROVERSETAL.

lower doses (Figure 1f). These findings, in conjunction with
existing literature,”" provided the rationale for selecting the
800 pg dosage of the anti-VEGFR2 mAD for subsequent pre-
clinical investigation and potential combination with ICB.

3.2. Combination of anti-PD-L1 with anti-VEGFR2 as
induction or concomitant treatment slows tumour growth
and improves survival

We next sought to explore the effect of combining an anti-
VEGFR2 mAb with another antibody targeting the immune
checkpoint molecule PD-L1. In a previous study, we observed
a delay in tumor growth and significant survival benefit with PD-
L1-targeting therapy in the AB1 hA BALB/c PM mouse model."”
In the current study utilizing the AE17 C57BL/6 model, we
adopted a similar approach with an anti-PD-L1 mAb dosage of
200 ug/mouse administered every third day for a total of 3 doses
(q3dx3).

As in Figure 1, C57BL/6 mice were subcutaneously inocu-
lated with AE17 murine mesothelioma cells subjected to treat-
ment with PBS control, anti-VEGFR2 or anti-PD-L1
monotherapy, or a combination regimen where anti-VEGFR2
was administered as induction (prior to ICB), concomitant (with
ICB), or consolidation (after ICB) therapy (Figure 2a). We noted
a significant delay (p < 0.05) in tumor growth with all treatment
regimens compared to the PBS control group (Figure 2c and d).
Interestingly, the concomitant treatment cohort (light blue lines)
exhibited a longer delay in tumor growth compared to both the
anti-PD-L1 monotherapy (p <0.001) and the consolidation
treatment (p =0.009) groups. Furthermore, survival analysis
indicated a notable survival benefit only for the anti-VEGFR2
monotherapy and its combination with anti-PD-L1 when admi-
nistered as induction or concomitant therapy (Figure 2b). Our
findings revealed a significant improvement in survival among
mice treated with the combination therapy (either as induction
or concomitant therapy) compared to those receiving anti-PD-
L1 monotherapy (p = 0.0001 and p = 0.0018, respectively) or the
consolidation regimen (p = 0.0012 and p = 0.0064, respectively).
Notably, despite the lack of statistical significance, there was
a discernible trend toward enhanced survival in both the con-
comitant (p = 0.09) and induction (p = 0.08) groups compared to
anti-VEGFR2 monotherapy. We conclude that the combination
of anti-VEGFR2 with anti-PD-L1 leads to a significant delay in
tumor growth and longer survival when anti-VEGFR2 is admi-
nistered as induction or concomitant therapy, but not as con-
solidation therapy.

3.3. Normalisation of tumour vasculature by combined
anti-PD-L1 and anti-VEGFR2 treatment

We hypothesized that the observed enhanced effects of com-
bined treatment may be a consequence of blood vessel normal-
ization and subsequent immune microenvironment
reprogramming. Therefore, we collected and cryopreserved
tumors from mice treated with the treatment schedules
depicted in Figure 2a and performed immunofluorescent ima-
ging of endothelial cell marker CD31, pericyte marker aSMA
(Figure 3a, Supplementary figure S3A), and hypoxia marker
CA9 (Supplementary figure S3B and C). The VECTASHIELD®

tube formation analysis software was used to quantitatively
evaluate various important characteristics of a mature vascular
network (endothelial cell-covered area, number of branching
points, number of loops, and total vessel length). Image] soft-
ware was used to evaluate CD31-aSMA co-localization as
a marker of pericyte coverage, indicative of vessel
normalization.*®

We observed significantly increased CD31 expression in
tumors subjected to anti-PD-L1 monotherapy or combined
with concomitant or induction VEGFR2 blockade when com-
pared to the other treatment groups (Figure 3b-c). In addition,
while tumors in the anti-VEGFR2 monotherapy and consoli-
dation groups displayed a notable diminuation of branching
points and blood vessel length, the concomitant treatment
significantly improved these attributes (Figure 3b-c). Both the
induction and concomitant regimens also significantly
increased the presence of blood vessel loops, suggestive of
a more mature vascular network (Figure 3b-c). Interestingly,
analysis of alpha-SMA expression revealed a significantly
higher percentage of CD31-positive cells co-localizing with
alpha-SMA-positive cells in the induction therapy group, indi-
cating an increase in pericyte coverage of the blood vessels
(Figure 3b-c). No significant changes in CA9 expression were
identified (Supplementary figure S3B and C). Overall, our
findings led us to conclude that the anti-VEGFR2 monother-
apy and consolidation groups did not exhibit any indications of
vessel normalization. Conversely, the induction and concomi-
tant modalities revealed several traits suggestive of a more
mature and functional vascular network, with the concomitant
treatment demonstrating 4 out of the 6 distinctive character-
istics evaluated.

3.4. Concomitant anti-VEGFR2 and anti-PD-L1 therapy
sustains immune stability in a mesothelioma model

Next, as combined therapy appeared to normalize the intratu-
moural vasculature, we hypothesized that this might lead to
increased tumor infiltration of immune cells. Therefore, to
assess whether combination treatment also affected the
TIME, we performed flow cytometric analyses on tumors to
determine the presence and expression profiles of different
immune cell populations (Figure 4a, Supplementary figure
S4). Tumors treated with anti-PD-L1 or anti-VEGFR2 mono-
therapy were significantly smaller compared to control and the
induction anti-VEGFR2 setting at the time of euthanisation
(Figure 4b). While there were no significant differences in the
number of CD45" immune cells across any of the treatment
groups (Figure 4c), we did observe notable variances in the
presence of some specific immune cell subsets. The number of
dendritic cells (DCs) per mg of tumor tissue was significantly
elevated in the anti-PD-L1 and anti-VEGFR2 monotherapy
groups compared to control and the combination treatments
(Figure 4d), whereas no differences were found in the natural
killer (NK) cell population (Figure 4e). Total T cell presence
was significantly higher in the anti-VEGFR2 monotherapy
group (Figure 4f), and further analysis revealed that both
CD8" T cells, CD4" T helper cells, and regulatory T cells
(Tregs) were specifically increased in this group (Figure 4h-j).
We also identified a CD3-positive, CD4- and CD8-negative
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double-negative T (DNT) cell population (Figure 4g), as well as
a CD25~ FoxP3" subset of Tregs (Figure 4k), but neither cell
type presented any significant changes in numbers. In addition,
when comparing the expression levels of PD-1, PD-L1, and
ICOS on the different immune cell populations, we found an
increased expression of PD-1 on CD8" T cells in both mono-
therapy groups and the consolidation anti-VEGFR2 group that
could be suggestive of T cell exhaustion (Figure 4I).
Furthermore, ICOS expression was significantly higher on
Tregs in the monotherapy groups. As Tregs are commonly
associated with immunosuppression, this observation is

consistent with our in vivo findings where the monotherapies
demonstrated inferior efficacy compared to the combination
therapy (Figure 2). PD-L1 expression was upregulated on DCs
and NK cells across all treatment groups. Surprisingly, the
induction treatment group displayed an expression profile
similar to that of the consolidation treatment group, with
significantly heightened PD-1 expression on DCs as well as
elevated ICOS expression on CD8" T cells and Tregs, indicative
of immune response regulation (Figure 4I). In light of these
findings and in consideration of the potential future clinical
implementation of this treatment, we decided to continue with
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Figure 4. The complex tumour immune microenvironment of the AE17 C57BL/6 mesothelioma mouse model treated with anti-VEGFR2 and/or anti-PD-L1 therapy. (a)
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the concomitant combination approach in further

experiments.

3.5. CD4"* T cells are critical for anti-VEGFR2 and anti-PD-
L1 therapy efficacy

To further understand the role of the different T cell popula-
tions found within the TIME, we depleted these cells in vivo
and investigated the impact on treatment outcome. As depicted
in Figure 5a, mice with subcutaneous AE17 tumors received

injections of mAbs targeting CD8, CD4, or CD25 (non-IL-2
blocking), and were treated with concomitant anti-VEGFR2
and anti-PD-L1. Depletion efficacy was assessed via flow cyto-
metry on day 1, confirming successful ablation of CD8" T cells,
CD4" T cells, and Tregs, respectively (Supplementary fig-
ure S5).

Depletion of CD8" T cells did not significantly affect tumor
growth (p=0.971) or survival (p =0.0964) compared to the
concomitant treatment group, although there was a trend
toward reduced survival benefit (Figure 5b-c). On the other
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hand, CD4" T cell depletion completely reversed the effect of
combination treatment, with a statistically significant loss of
tumor growth control (p <0.001) (Figure 5c). Conversely,
depletion of CD25" Tregs significantly improved the therapeu-
tic outcome compared to concomitant treatment with
improved tumor growth control (p =0.023) (Figure 5c¢). In
addition, survival curves generally followed the same trend
(aCD4 vs concomitant: p =0.0823; aCD25 vs concomitant: p
=0.0727) (Figure 5b).

Based on literature,”” we hypothesized that the attenuation
of treatment efficacy in the absence of CD4" T cells could be
due to this cell population’s apparent role in angiogenesis. As
such, we performed additional immunofluorescent staining of
the intratumoural blood vessels and observed a significant
destabilization of the vasculature in the CD4" depletion
group (Figure 5d-e). In fact, compared to the non-depleted
combination treatment group, CD4" T cell depletion was asso-
ciated with a significant reduction in CD31" endothelial cells
and a sparse vascular network with minimal branching and
loop formation (Figure 5e). Interestingly, CD25 depletion also
negatively impacted the intratumoural vasculature, albeit to
a lesser extent (Figure 5e). These results highlight the critical
role of CD4" T cells in maintaining vascular stability and
therapeutic efficacy, while Treg depletion suggests potential
for improved treatment outcomes.

4. Discussion

The aggressive nature of PM is compounded by the associated
complex tumor microenvironment, characterized by immune
evasion and angiogenic processes. Understanding the interplay
between immune checkpoints and angiogenesis is crucial for
the development of more effective treatment options. In our
study, we explored the effect of anti-VEGFR2 monoclonal
antibody therapy, alone or in combination with anti-PD-L1
immune checkpoint blockade (ICB) in a syngeneic mouse
model of mesothelioma, focusing on the association between
tumor growth, immune cell infiltration, and vascular changes.

Consistent with several studies'”'®***® we found that high-
dose (40 mg/kg) anti-VEGFR2 therapy significantly delayed
tumor growth and improved survival in our mesothelioma
model. These studies uniformly report that anti-VEGFR2 at
this dose effectively inhibits tumor growth across different
cancer types, including breast cancer,'®*® pancreatic neuroen-
docrine tumors,'” and hepatocellular carcinoma (HCC).%®
Notably, profound anti-tumor effects have also been observed
with low-dose (10 mg/kg) anti-VEGFR2 when combined with
anti-PD-1 ICB.*® In fact, combining anti-angiogenic therapy
with ICB agents like anti-PD-L1 or anti-PD-1 has been shown
to further enhance tumor growth delay and improve survival in
various murine models,'”'**%? aligning with our observations
of better tumor control and survival with combination therapy.
Additionally, we evaluated the effect of combining anti-
VEGFR2 and anti-PD-L1 in a sequential manner. While we
found that both induction and concomitant administrations of
anti-VEGFR2 were superior to consolidation in PM, a study in
Lewis lung carcinoma indicated that the induction setting
resulted in reduced tumor volume compared to simultaneous
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treatment.”’ This confirms the importance of the order of
compound administration in combination therapies.

Anti-VEGFR2 monotherapy led to a significant reduction in
blood vessel length and a slight decrease in microvessel density
(MVD), aligning with the anti-angiogenic effects observed in
various tumor models."®*®?*> These studies consistently
demonstrated that high-dose anti-VEGFR2 induces vascular
regression and decreases vessel density across different cancer
types. However, our combination treatment with high-dose
anti-VEGFR2 and anti-PD-L1 produced different vascular
effects. Notably, in our AE17 PM model this combination
resulted in increased MVD, more branching points, longer
vessel length, and more loops, indicating a shift toward vascu-
lar normalization rather than regression. This finding is con-
sistent with reports by Sato et al.’' and Shigeta et al.,® where
combined anti-angiogenic and immune checkpoint therapies
promoted durable vascular formation and normalization in
Lewis lung carcinoma and HCC, respectively. The increased
vessel length and complexity observed in our study suggest that
the combination treatment can enhance vascular maturation
and remodeling, potentially improving therapeutic delivery
and efficacy.

Pericyte coverage was notably enhanced when anti-
VEGFR2 treatment was administered in the induction setting
before anti-PD-L1. This sequential administration effect,
enhancing vessel stability and normalization, aligns with find-
ings from Winkler et al.** and Sato et al.,’' who reported
increased pericyte coverage and structural vessel improve-
ments following combined treatments in preclinical models
of glioma and Lewis lung carcinoma, respectively.

Contrary to two studies that reported reduced hypoxia
following vascular normalization,”®** our study found no sig-
nificant changes in hypoxia levels with either anti-VEGFR2
monotherapy or the combination treatment. This discrepancy
might be due to the differences in experimental setup, such as
tumor models and timing of hypoxia assessment. It is possible
that hypoxia reduction might occur at earlier stages post-
treatment, which we did not evaluate.

In summary, our combination treatment with high-dose
anti-VEGFR2 and anti-PD-L1 resulted in increased MVD,
more complex vascular structures, and improved pericyte cov-
erage when administered sequentially, indicating significant
vascular normalization. These effects contribute to the overall
anti-tumor efficacy observed and highlight the intricate bal-
ance between anti-angiogenic and immune checkpoint thera-
pies in modulating tumor vasculature.

Our finding that anti-VEGFR2 monotherapy increased
Treg, CD4" Th, and CD8" T cell infiltration compares with
the varied immune responses observed in studies on other
tumor types. For example, Li et al.'"® and Allen et al.'” reported
increased CD8" T cell infiltration in breast and pancreatic
tumors, respectively, while Shigeta et al.?® found a decrease in
cytotoxic T lymphocytes (CTL) with high-dose anti-VEGFR2
treatment in HCC. It is worth noting, however, that infiltrating
immune cell numbers in our experiments were low, and sta-
tistical significance reflected small absolute changes in cell
numbers rather than a substantial biological effect.
Interestingly, and in line with our observations, Tada et al.*
also did not see an increase in infiltrating lymphocytes in
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mouse mesothelioma tumors treated with anti-PD-1 and nin-
tedanib. In addition, they observed a shift in the morphology of
tumor-associated macrophages toward the more anti-tumor
M1 phenotype, which would be an interesting venue to explore
further.

We also identified a population of CD3"CD4 CD8~ double-
negative T (DNT) cells and a subset of CD4"CD25 FOXP3" cells
within tumors, neither of which significantly changed in response
to treatment. DNT cells have been described as having both pro-
and anti-tumor functions depending on the tumor context, and
have been observed in several malignancies, including NSCLC,
glioma, melanoma, and pancreatic cancer.** 38 Similarly,
CD4"CD25 FOXP3" cells have been suggested to represent
a distinct subset of regulatory T cells with immunomodulatory
functions.>>*® While their role in mesothelioma remains unclear,
these immune subsets could play a role in shaping the TIME by
influencing immune activation or suppression.

These variations suggest that the immune-modulatory
effects of anti-VEGFR2 and ICB therapies are highly depen-
dent on the tumor microenvironment and specific immune cell
populations within different tumor types.

Depletion of CD4" T cells, not CD8" T cells, significantly
reversed the therapeutic benefits of combined anti-VEGFR2
and anti-PD-L1 treatment in our mesothelioma model. This
contrasts with findings showing that CD8" T cell depletion
abrogated the antitumoural effects of low-dose anti-VEGFR2
and anti-PD-1 in murine breast cancer,”® highlighting the
importance of CD4" T cells in our model. Tian et al.”” also
emphasized the crucial role of CD4" T cells, demonstrating
that combined ICB targeting CTLA-4 and PD-1 in mouse
mammary tumors still effectively delayed tumor growth even
in the absence of CD8" T cells.

While the predominance of CD4" over CD8" T cells in
mediating therapeutic effects is uncommon in most murine
tumor models, it may be partially explained by the antigen
presentation characteristics of AE17 mesothelioma cells.
Chang et al.*' assessed in vitro MHC expression in AE17 cells
and found that while baseline expression of MHC I was very
low (2.6%), it was substantially upregulated following IFNy
stimulation. In contrast, MHC II expression remained unde-
tectable even after stimulation. These findings suggest that
AE17 tumor cells are capable of presenting antigen to CD8"
T cells under inflammatory conditions, but may still be sub-
optimal targets compared to other models with high constitu-
tive MHC 1. This could contribute to the limited role of CD8"
T cells observed in our study. The absence of MHC II further
supports the idea that CD4" T cells likely act through indirect
mechanisms, which may include the secretion of cytokines that
shape the TME, modulation of other immune cells, or promo-
tion of vascular normalization. While the Chang et al. study
evaluated cultured AE17 cells and not ex vivo tumors, their
findings offer a mechanistic rationale for the CD4-dominant
response seen in our model.

CD4" T cell depletion in our study led to reduced MVD and
fewer vessel branching points, indicating a less mature and
functional vascular architecture. This aligns with findings
demonstrating that CD4" T cells are essential for vascular
remodeling and normal vessel formation in HCC models trea-
ted with combined anti-angiogenic and ICB therapy.*

Similarly, CD4" T cells have been found to play a critical role
in supporting vascular normalization in breast tumor tissue,”’
further supporting our observations.

The depletion of Tregs in our study significantly
improved survival and tumor growth control when com-
bined with anti-PD-L1 and anti-VEGFR?2, highlighting the
immunosuppressive role of Tregs. This is consistent with
studies showing that Treg depletion often results in
a significant therapeutic benefit, particularly in combina-
tion with other immunomodulatory interventions such as
ICB.42’43

Regarding vasculature, Treg depletion in our study led to
decreased MVD and fewer branching points, contributing to
a less mature vasculature. This finding aligns with research
demonstrating that Tregs can promote angiogenesis directly by
upregulating VEGF-A levels**** and are required for lung
angiogenesis.*® Our results indicate that targeting Tregs can dis-
rupt this process, underscoring the potential therapeutic benefit of
Treg depletion to enhance the efficacy of anti-angiogenic and ICB
therapies.

A key limitation of this study is the wuse of
a subcutaneous tumor model rather than an orthotopic
model of pleural mesothelioma. It is well established that
tumor location can influence the TME and immune land-
scape, including immune cell infiltration, stromal interac-
tions, and vascular dynamics.*”*® While our findings
provide valuable insights into the immune and vascular
effects of combined VEGFR2 and PD-L1 blockade, further
studies in orthotopic models will be important to confirm
the relevance of these mechanisms in the anatomical con-
text of pleural mesothelioma.

Several ongoing clinical trials are exploring combinations
of VEGFR2-targeting anti-angiogenic therapy and immune
checkpoint inhibitors in non-small cell lung cancer
(NSCLC). For instance, NCT03689855 is investigating ate-
zolizumab (anti-PD-L1) combined with ramucirumab (anti-
VEGFR2) in NSCLC patients who have progressed after
prior ICB therapy, while NCT03527108 focuses on nivolu-
mab (anti-PD-1) combined with ramucirumab in patients
with recurrent, advanced metastatic NSCLC. Results from
these trials are still pending but reflect a growing interest in
dual targeting of angiogenesis and immune pathways. In
mesothelioma, the phase 2 hCRN-LUN15-299 trial
(NCT03502746) examined the combination of ramucirumab
and nivolumab in patients with unresectable tumors after
disease progression. Although this study did not meet its
primary endpoint of a 40% objective response rate, the
combination demonstrated favorable PES and OS outcomes
compared to single-agent nivolumab and was deemed safe
with no increase in adverse effects relative to
monotherapy.*” Notably, this trial observed a better objec-
tive response rate in patients with non-epithelioid mesothe-
lioma. Similarly, the BEAT-meso trial (NCT03762018)
found that combined bevacizumab (anti-VEGF) + atezolizu-
mab + chemotherapy significantly improved OS and PFS in
the non-epithelioid but not the epithelioid subtype (p=
0.0022 and p <0.001 versus p=0.97 and p=0.060, respec-
tively; data presented at the ASCO Annual Meeting 2024).
While this is in contrast with our findings in our murine



model of epithelioid mesothelioma, it is important to note
that key differences in experimental setup such as therapeu-
tic target (PD-1 versus PD-L1, VEGF versus VEGFR2) and
administration route (systemic versus intraperitoneal), along
with the inherent differences between human patients and
murine models, could account for these discrepancies. As
such, our study adds valuable insight into optimizing com-
bination therapies for mesothelioma and underscores the
importance of further preclinical research, particularly in
the non-epithelioid histological subtype.

5. Conclusions

In conclusion, our study demonstrates that high-dose anti-
VEGFR?2, particularly in combination with anti-PD-L1, signif-
icantly enhances tumor growth control, survival, and vascular
normalization in a mesothelioma mouse model. These findings
underscore the critical role of the tumor microenvironment in
shaping therapeutic responses and emphasize the potential of
dual-targeting strategies to overcome the limitations of mono-
therapy. While our results align with prior research, they also
reveal tumor-specific dynamics that could inform the design of
more precise and effective treatments. This work paves the way
for future investigations into dose optimization and combina-
tion regimens, with the goal of advancing therapeutic strategies
for mesothelioma and improving clinical outcomes.
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