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Abstract

Combination immune checkpoint inhibitors (nivolumab and ipilimumab) are currently a first-line treatment for mesothelioma;
however, not all patients respond. The efficacy of treatment is influenced by the tumor microenvironment. Murine mesothe-
lioma tumors were irritated with various radiotherapy doses. Radiotherapy induced vasculature changes were monitored by
power Doppler and photoacoustic ultrasound and analyzed via mixed-effects models. Tissue staining was used to investigate
the immune cell infiltrate of tumors. The optimal radiotherapy schedule was combined with immune checkpoint inhibitors,
and the survival of mice was analyzed. Using low-dose, low-fraction radiotherapy allowed favorable modification of the
murine mesothelioma tumor microenvironment. Irradiating tumors with 2 Gy x5 fractions significantly improved blood
flow and reduced hypoxia, consequently increasing the presence of CD8% and regulatory T cells in the tumor. Understand-
ing the transient nature of these changes is crucial for optimizing the timing of therapeutic delivery. The combination of
radiotherapy with dual immunotherapy (anti-PD-1 plus anti-CTLA-4) proved highly curative when administered concur-
rently. A diminishing rate of cures was noted with an increasing delay between radiotherapy and subsequent immunotherapy.
Concurrent low-dose, low-fraction radiotherapy emerges as a translatable approach for improving the efficacy of immune
checkpoint inhibitors in patients.
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Introduction

Rebecca A. D’Alonzo and Synat Keam have equally contributed to
this work. Only a subset of cancer patients (13—43%) receiving immune
checkpoint inhibitors (ICIs) experience therapeutic benefit
[1, 2]. Poor responses partly result from impediments in
the tumor microenvironment (TME), including abnormal
and dysfunctional vasculature [3—7]. Disorganized vessels

exhibit excessive branching, arteriovenous shunts, and weak-
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ened vessel walls, creating regions of hypoxia and acidity
[4-8]. Hypoxia can upregulate genes associated with angio-
genesis, glycolysis, metastasis, and tumor progression [4—8].
Hypoxia increases immune checkpoint molecules, including
programmed death-ligand 1 (PD-L1), and increases immu-
nosuppressive cells, such as tumor-associated macrophages
and regulatory T cells (Tregs) — resulting in impaired
immune cell function [6, 7]. Some hypoxia-associated fac-
tors are found not only in the TME, but also in peripheral cir-
culation, promoting systemic immunosuppression and facili-
tating metastatic spread [6, 7]. Poor perfusion, leaky vessels,
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and dysfunctional supporting cells also inhibit circulating
drugs and immune cells from entering tumors and enable
cancerous cells to access the blood stream [6—8]. Abnormal
vascular growth, hypoxia, and immunosuppression are intri-
cately linked through complex feedback processes.

Low-dose radiotherapy (LDRT; small numbers of frac-
tions <2 Gy per fraction, resulting in a low total dose) may
enhance tumor perfusion and oxygenation through vascular
normalization [7—13]. LDRT also modulates TME immune
components, which leads to effector T cell recruitment and
activation of CD4* T cells, CD8* T cells, Tregs, myeloid
cells, and other immune cells [13-19]. LDRT induces
upregulation of immune checkpoint molecules on tumor
cells, including PD-L.1 [13, 18-20]. The immuno-modula-
tory effects of LDRT typically last for a week, with repeated
treatments sustaining these effects [15-18, 20]. Vascular
remodeling can persist for up to two weeks post-irradiation
in mice [8—11, 13, 21], and potentially longer in patients [13,
22,23]. Compared to single-dose RT, fractionation improves
extravascular normalization, perfusion, oxygenation [7, 9,
10, 13], and increases immune cell infiltration [13, 24, 25].
LDRT-induced TME modulation can synergize with vari-
ous immunotherapies [14—17, 20, 26, 27], with fractionated
RT yielding better treatment outcomes over single-dose RT
when combined with ICIs [13, 25]. Windows of LDRT-
induced vascular normalization and immune response may
have more predictable timing than anti-angiogenic drugs;
even for different tumor types [13, 15]. Despite this, optimal
LDRT dose fractionation and respective timing of immu-
notherapy remain unclear. A few days delay in delivering
immunotherapy following LDRT can significantly reduce
treatment response [19, 20, 25, 26]. However, other studies
have indicated a broader time range in which positive out-
comes can still be achieved [15, 19, 26]. Thus, the optimal
timing of LDRT-immunotherapy combination varies with
factors such as RT dose, fractionation, immunotherapies
used (including single versus dual immunotherapies), and
tumor type — leading to a range of responses. Investiga-
tion into temporal changes within the TME, and its immune
component, will help define the normalization window and
can guide the timing of ICI delivery.

Mesothelioma, a typical cancer for ICI treatment, has
a clinically approved first-line treatment of anti-CTLA-4
(ipilimumab) and anti-PD-1 (nivolumab), but response rates
remain low [28]. Here, we investigate the potential of LDRT
to normalize tumor vasculature and examine variations in
both vascular and immunological aspects within the TME.
Using novel in vivo imaging technology and immunohis-
tochemistry, we tracked temporal changes in vasculature,
hypoxia, and immune infiltrate. These approaches allow
for identification of optimal LDRT fractionation schedules
to prime tumors for immunotherapy. Finally, a successful,
highly curative radiotherapy-immunotherapy combination in

@ Springer

a preclinical mesothelioma mouse model is reported, using
ICIs analogous to current first-line clinical mesothelioma
treatment.

Materials and methods
Mice

Female BALB/cJAusBP mice (aged 6-8 weeks) were
obtained from Harry Perkins Institute of Medical Research
(HPIMR) South Facility (Perth, Australia) and housed at
HPIMR North Facility (Perth, Australia). All mouse experi-
ments were approved by the respective authorities and con-
ducted in accordance with the Australian Code for the Care
and Use of Animals for Scientific Purposes (8th edition,
2013) and University of Western Australia animal ethics
guidelines and protocols.

Cell lines

The AB1-HA cell line was obtained from the National Cen-
tre for Asbestos Related Diseases (NCARD; Perth, Aus-
tralia). AB1 murine mesothelioma cell lines were originally
generated by intraperitoneal injection of crocidolite asbestos
into BALB/c mice [29, 30] and then transfected with influ-
enza hemagglutinin (HA) to generate the AB1-HA cell line
[31]. Cells were cultured in a medium containing 20 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES; Sigma Aldrich, Australia), 100U/mL Benzylpeni-
cillin, 500 mg/mL Gentamicin, 0.05 mM 2-Mercapteotha-
nol, and 10% neonatal calf serum.

Tumor model

ABI1-HA cells were resuspended in sterile 1X phosphate-
buffered saline (PBS) at 5x 10° cells/mL, 100 pL (5x 10°
cells) was then subcutaneously injected into the shaved right
flank (designated ‘day 0’). Tumor width (W) and length (L)
were measured using calipers, tumor volume was calcu-
lated using the formula (W2xL)/2. Mice were euthanized
at specified time points as indicated, or sooner if tumors
reached the maximum volume of 1000mm? before the time
point indicated.

Radiotherapy

Tumor irradiation was conducted using the Precision X-Ray
Small Animal Radiation Therapy (SmART) X-RAD225Cx,
utilizing Pilot software (version 1.12) and SmART-Plan
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software (version 2.0) (Precision X-Ray, Connecticut, USA).
The device is calibrated according to the AAPM protocols
[32], with technical details provided in Feddersen, 2019
[33]. Radiotherapy was performed with a 225 kVp beam,
13 mA tube current, dose rate of 3 Gy/min, and a source
to target distance of approximately 30 cm. Treatment plans
were individualized for each mouse at each time point, cre-
ated from a cone beam CT taken each treatment day. Treat-
ment plans had a single isocenter in the middle of the tumor.
Two fixed coplanar beams, 180° apart, each delivered half
of the prescribed dose via the sagittal plane. Tumors were
irradiated with a 5 mm diameter circle collimator. Mice were
anesthetized (1.5-2% isoflurane in 100 mL/min air) for a
total time of 15-20 min, which included positioning, CT
imaging, and irradiation; animals not receiving RT (sham-
irradiation) were anesthetized for a comparable duration. RT
time points are provided in Figs. 1a, 3a, and 6a.

Immunotherapy

ICI antibodies used in this study were anti-PD-1 (clone
RMP1I-14, Rat IgG2a) and anti-CTLA-4 (clone 9H10, Syr-
ian Hamster IgG), obtained from BioXcell (West Lebanon,
NH, USA). A total of 200 pg of each antibody were sus-
pended in 100 pl of InVivoPure pH 7 sterile dilution buff-
ers (Cat # IP0070, BioXcell, New Hampshire, USA) and
administered via intraperitoneal injection. Control mice
were injected with 100 pl dilution buffer. ICI time points
are provided in Fig. 6a.

Ultrasound imaging

Ultrasound imaging was performed using a Vevo LAZR-X
High Frequency Ultrasound and Photoacoustic Imaging sys-
tem (Fujifilm VisualSonics, Toronto, Canada). An MX550D
transducer was used for power Doppler (gain: 40 dB) and
photoacoustic ultrasound imaging (gain: 40 dB). Employing
the Vevo Rail system (Fujifilm, VisualSonics, Inc.), a 3D
scan of the whole tumor was conducted with a step size of
0.05 mm. Imaging with both modalities (anesthetized with
1.5-2% isoflurane in 100 mL/min air for 20 min), occurred
every second day, commencing day 15 post-inoculation and
maintained to day 29 or euthanasia. Ultrasound time points
are provided in Fig. la.

Image analysis

Ultrasound images were imported into VevoLab Analysis
software (version 5.5.1) (Fujifilm VisualSonics, Toronto,
Canada). The largest 25% of the tumor was contoured, as

determined by the area in the transverse plane. Core vol-
umes, a 1 mm diameter circle in the center of the tumor,
were also contoured. The ‘whole core’ extends to the previ-
ously contoured tumor slices, and the ‘center core’ consists
of 11 slices centered in the largest contoured area. Slices dis-
playing breathing artifacts were excluded. The software cal-
culated the percentage of functional vasculature blood flow
(%V g0y from power Doppler images and oxygen saturation
(%s0,) values from photoacoustic images. Data, including
pixels without a photoacoustic signal, were used to calcu-
late %s0, levels in overall tumor tissue (%sO,T), and blood
%s0, (%sO,B) values were calculated using only pixels with
a photoacoustic signal.

Immunohistochemistry

Tumors were collected at time points specified in figure
legends and were frozen in OCT compound buffer (Ther-
mofisher Scientific, Massachusetts, USA). Sections 7 pm
thick were stained using various antibodies (Supplementary
Table 1 ) and DAPI nuclear stain. Sections were examined
by PANNORAMIC 250 Flash III slide scanner (Budapest,
Hungary). The percentage of area positive for markers, or
T cell concentration, were calculated using HistoQuant and
CellQuant (Budapest, Hungary), respectively. Vessel diam-
eter was measured by manually outlining individual groups
of conjoined CD317 cells (‘vessels’), then HistoQuant soft-
ware used to calculate the average diameter of that vessel. A
mean vessel diameter was then calculated from all CD31*
vessels in any given tumor section. The vessel density was
counted as the number of vessels per 1 mm?. At least three
sections per tumor analyzed. For functional analysis, mice
were injected with pimonidazole (intraperitoneal injec-
tion, 60 mg/kg, 60 min prior to euthanasia), and/or lectin-
FITC (intravenous injection, 50 pg/mouse, 10 min prior to
euthanasia).

RNA extraction and sequencing

Tumors were collected on days 14, 15, 18, 22, and 27 post-
inoculation (Fig. 3a) and RNA extracted using a RNeasy
Kit with RNeasy Mini Spin Columns (QIAGEN, Maryland,
USA) according to manufacturer’s instructions. RNA was
quality checked using a Bioanalyzer (Agilent) and stored
at -80 °C before sequencing. Total RNA libraries were
prepared using TruSeq Stranded mRNA library Prep Kit
(Illumina Inc., California, USA) and sequenced by Illumina
HiSeq2500, 50 bp paired reads, v4 chemistry, at the Austral-
ian Genome Research Facility. On average, 20 million reads
were generated per sample.
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Radiotherapy Power Doppler + Photoacoustic Ultrasound
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RNAseq analysis

Quality of RNA sequencing raw files were assessed using
FastQC, then aligned to mouse reference genome using
Kallisto [34], with more than 90% of reads mapped to
the reference genome. Gene level quantification (count) of
aligned reads was performed using the tximport function
in R [35], genes with < 10 counts were removed. Principal
component analysis was performed using variance stabiliz-
ing transformation, and analysis of differentially expressed
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genes between groups was carried out using DESeq2 [36].
Gene Ontology and hallmark pathway analyses were per-
formed using Enrichr, and significant pathways (overrep-
resentation) were examined using Fisher’s exact test [37].
Estimation of the proportion of infiltrating immune cells
from the normalized count of bulk-RNA sequencing data
was performed using the CIBERSORT algorithm [38],
based on the 511-mouse gene signature as a reference [39]
and was validated for 25 mouse immune cell types.



Cancer Immunology, Immunotherapy (2025) 74:44

Page50f16 44

«Fig.1 LDRT increases the functional vasculature and oxygen satu-
ration in tumors. A Schematic showing the experimental timeline.
Subcutaneous injection of AB1-HA mesothelioma cells on day O.
Radiotherapy commenced on day 10 post-inoculation when tumors
were~40 mm?® (standard deviation+ 15 mm?®). Each group received
dose and fraction as stated in the table. Power Doppler and photoa-
coustic imaging commenced the day following final irradiation (day
15) and was conducted every second day until tumors reached 1000
mm? or until the experimental endpoint on day 29. B Representative
Power Doppler ultrasound of non-irradiated (0 Gy) tumor (0.3% V4,
day 15) and irradiated (2 Gy X 5) tumor (15.3%V,,, day 23) of simi-
lar contoured volumes (21.5+ 1.5 mm?®). C Analysis of power Dop-
pler ultrasound to determine the %Vj,,, of the contoured tumor vol-
ume. Results show the mean %V, +standard mean error (SEM) for
each group at each time point with individual data points shown. D
Representative photoacoustic ultrasound of non-irradiated (0 Gy)
tumor (17.5%s0,T and 40.1%s0,B day 15) and irradiated (2 Gy x5)
tumor (22.6%s0,T and 66.7%sO,B day 23) of similar contoured
volumes (26.5+2.6 mm.?). E Analysis of photoacoustic ultrasound
to determine the %sO,T of the contoured tumor volume. Results
show the mean %sO,T=+SEM plus individual data points for each
group at each time point. F Comparison of the %Vy,,, in the whole
contoured tumor volume and the center tumor volume for 2 Gy x5
fractions (LDRT) and 6 GyXx2 fractions (hypofractionated dose).
G Comparison of the %sO,T of the whole contoured tumor volume
and the center tumor volume for 2 Gy x5 fractions and 6 Gy x 2 frac-
tions. P values calculated using estimated marginal means with Tuk-
ey’s adjustment, based on mixed-effect model. The experiment was
repeated 4 times, with 1 mouse from each group in each experimental
repeat (n=4 mice per group), except for the 2 Gyx3 group where
n=3 mice per group. Not all days have 4 imaging data points; this
is due to equipment error. The 0 Gy, 2 Gyx3, and 6 Gy X 1 fraction
groups had mice reach the maximum tumor volume and were eutha-
nized before day 29 post-inoculation (0 Gy: 2 mice day 19 and 2 day
21.2 Gyx3: 1 mouse day 23 and 1 day 25. 6 Gy X 1: 2 mice day 25)

Tumor rechallenge

‘Cured’ mice (tumor-free for 30 days) were reinoculated
with subcutaneous injection (5 x 10> AB1-HA cells in 100 pl
PBS) on the opposite flank and monitored until 80 days post-
primary tumor inoculation. In each batch of rechallenge
injections, five naive control mice also received inoculation
for quality control (data not shown).

Statistical analysis

For all experiments, mice were randomized into groups and
investigators were not blinded. Sample sizes were calculated
using power and sample size calculation software [40]. For
experiments involving matched data and repeated imaging,
a group size of four mice provided 80% power (p =0.05)
to detect 40% change, considering a 20% standard devia-
tion. The same group size was adopted for the time-course
immunohistochemistry. For radiotherapy-immunotherapy
investigation, ten mice per group were initially planned to
detect a 26% difference between schedules with 80% power
(p=0.05), assuming a 20% within-group standard deviation.

In the event a tumor showed delayed growth and was too
small at the beginning of the experiment (< 15 mm? on
day 10 post-inoculation); these mice were excluded from
treatment prior to randomization. This reduced the number
of mice per group to a minimum of seven, resulting in a
detectable difference of 32% using the same parameters of
power and significance as above. The number of mice and
replicates are specified in each figure legend.

Statistical analyses used R software (R Studio version
4.1.2). In the RT dose titration experiment, multiple group
comparisons for imaging modalities were performed using
linear mixed-effects models. Considering the longitudinal
nature of the data and the relationship between measurements
and the day post-inoculation, it was necessary to control for
several factors, including experimental group, contoured
area, post-inoculation time point, and interactions between
these variables. Additionally, a random factor was included
in the model to account for variations between individual
mice. Multiple group comparisons from final models were
performed using estimated marginal means (EMMs) with
Tukey’s adjustment. This was used to compare group means
for each modality/model. For pairwise comparison of groups
given the same tumor area, EMMs with Tukey’s adjustment
were set to assess the model at given areas (5-50 mm?). The
same analysis method was used to compare imaging days.
Multiple group comparisons for tissue stains from RT dose
titration experiments were performed using one-way analysis
of variance (ANOVA) with Tukey’s adjustment for pair-wise
comparison. A two-group comparison of tissue stains from
the time-course study was performed using an independent T
test (RT and size-matched sham-irradiation). A linear mixed-
effects model was used to compare tumor growth between
groups. The Kaplan-Meier method was used to estimate sur-
vival curves, and log-rank statistics used to compare survival
between groups. Statistical significance was set at p <0.05.

RESULTS

Fractionated low-dose RT increases blood flow
and oxygen saturation in tumors

Low-dose radiotherapy (LDRT; small numbers of frac-
tions <2 Gy per fraction resulting in a low total dose) has
been postulated to normalize tumor vasculature and reduce
hypoxia [7-13]. However, this area of research remains
poorly studied-particularly regarding optimal RT dosing
and scheduling, and the mechanisms underlying these
effects. We titrated the number of 2 Gy fractions required
to achieve vascular remodeling in subcutaneous AB1-HA
mesothelioma tumors. These treatment schedules were
also compared to hypofractionated (6 Gy) treatments and
sham-irradiated controls (Fig. 1a). Temporal changes in
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response to RT schedules were tracked by imaging tumors
on alternate days post-irradiation using power Doppler and
photoacoustic ultrasound, allowing measurement of both
inter- and intra-tumor variability [41].

A significant increase in blood flow (% V) was
observed in tumors treated with 2 Gy X 5 fractions and
2 Gy x 4 fractions compared to non-irradiated controls
(Fig. 1b and 1c). Tumors receiving 2 Gy X 5 fractions and
2 Gy x4 fractions exhibited a mean blood flow increase
of 10.5 and 7.5 times compared to controls, respectively.
The 2 Gy X 5 fractions group achieved maximum %Vg,,,
21-23 days post-inoculation (i.e.,7-9 days after final irra-
diation) (Fig. Ic). Tumors receiving 2 Gy X4 or 2 Gy X 5
fractions continued to have significantly higher %V,
compared to non-irradiated tumors at all time points. To
check whether these changes were not simply correlated
with tumor size, comparisons were made between tumors
of the same contoured area, confirming that tumors treated
with 2 Gy X4 or 2 Gy X 5 fractions exhibited significantly
higher %V, than the controls (Supplementary Fig. 1a).

To examine inter-tumor and intra-tumor changes in oxy-
gen saturation (%s0O,), tumors were imaged using photoa-
coustic ultrasound (Fig. 1a). Photoacoustic imaging uses
the differential absorption properties of oxygenated and
deoxygenated hemoglobin to calculate the %sO, of the
total tumor tissue volume (%sO,T) and blood (%sO,B)
[41]. The %sO,T in tumors treated with 2 Gy X5 and
6 Gy X 2 fractions significantly increased compared to the
control group (Fig. 1d and le). Tumors receiving 2 Gy X 5
or 6 Gy X2 fractions had a mean %sO,T that was 4 and
3.5 times greater than non-irradiated tumors during the
same imaging session, respectively. Maximum %sO,T val-
ues were sustained until 19 days post-inoculation (5 days
post-irradiation) for tumors that received 2 Gy X 5 frac-
tions (Fig. le). Although there was a decreasing trend in
%s0,T over time, both the 2 Gy x5 and 6 Gy X2 frac-
tion groups had greater %sO,T than the sham-irradiated
group on all days. When comparing established tumors of
equivalent size (contoured area> 15 mm?), 2 Gy x5 and
6 Gy x 2 fractions resulted in significantly higher %sO,T
than non-irradiated groups (Supplementary Fig. 1b).
Significant increases in %sO,B were observed in tumors
treated with 2 Gy X4 fractions and 2 Gy X5 fractions
compared to the sham-irradiated group (Supplementary
Fig. 2). Tumors that received 2 Gy X4 and 2 Gy X 5 frac-
tions both had 1.4 times greater %sO,B than non-irradi-
ated tumors (Supplementary Fig. 2). The %sO,B for the
2 Gy x 5 fractions group remained stable over time, sug-
gesting the functionality of blood vessels was maintained
over time. The 2 Gy X 4 fractions and 2 Gy x5 fractions
groups exhibited greater %sO,B than the control group
across all time points (Supplementary Fig. 2) and for all
areas (Supplementary Fig. 1c).

@ Springer

Although LDRT and hypofractionated RT resulted in
similar sized tumors (Supplementary Fig. 1d), there were
regional differences between the doses, thus the core data
was analyzed. We found that 2 Gy X 5 fractions significantly
increased blood flow in the middle of tumors compared to
those treated with 6 Gy X 2 fractions (Fig. 1f). For 6 Gy X2
fractions, there was a significant decrease in %sO,T in the
middle of the tumor (Fig. 1g). Analysis of %sO,B found no
significant difference in irradiated tumor regions for both
intra-group and inter-group comparisons (Supplementary
Fig. 2b). Tumor growth curves are shown in Supplemen-
tary Fig. 1d.

When mice were euthanized (time points specified in
Fig. 1a) tumors were collected for immunofluorescence
staining. Analysis of endothelial (CD317%) cells revealed that
only the 2 Gy x5 fraction group had significantly smaller
and thinner vessels compared to non-irradiated controls
(Fig. 2a—d) — more characteristic of ‘normal’ blood ves-
sels found in non-tumor tissues [42]. Higher concentrations
of CD3* T cells were observed in tumors irradiated with
2 Gy x5 fractions than sham-irradiated tumors (Fig. 2e and
2f). The mean diameter of intra-tumor blood vessels was
inversely correlated with T cell concentration (Supplemen-
tary Fig. 3).

Low-dose RT transiently alters functionality
and morphology of tumor vasculature

Herein, the study focused on 2 Gy x5 fractions, as this
schedule resulted in the greatest increase in tumor blood
flow, %s0,, and CD3™ T cell concentration, which were sus-
tained for a week post-irradiation. Lower doses per fraction
(i.e., 2 Gy vs. 6 Gy) would minimize potential damage to
endothelial cells and pre-existing T cells within the tumor.
To gain further insights into temporal effects of 2 Gy X 5
fractions on the TME, a time-course study was conducted
by harvesting tumors at different post-irradiation timepoints
(Fig. 3a). Lectin (a surrogate for vascular perfusion) revealed
a significant increase in lectin-stained vessels within LDRT
(2 Gy x5) tumors 3 h (0.1 day), 1 day, and 4 days post-irradi-
ation. By day 8, perfusion returned to levels similar to those
in untreated tumors, indicating transient vascular normali-
zation (Fig. 3b and 3c). Hypoxia, assessed using pimonida-
zole staining, showed that the proportion of hypoxic areas
within tumors were significantly lower in the LDRT group
compared to sham-irradiated controls 0.1-, 1-, and 4-days
post-irradiation; however, by day 8 hypoxia had increased
to non-irradiated equivalent levels (Fig. 3d and 3e). These
results further indicate that LDRT transiently restored vas-
cular function, improved vessel perfusion and reduced tumor
hypoxia.

To further characterize short-term LDRT-induced vas-
cular changes, sections collected 1-day post-irradiation
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Fig.2 LDRT reduces vessel length and diameter and increases intra-
tumoral CD3* T cells. A Representative immunofluorescence images
of endothelial cells (CD31%, red) from mesothelioma tumors treated
with various RT fractionation schedules. B-D Mean data plus individ-
ual data points showing vessel density, length, and diameter. E Repre-
sentative immunofluorescence images of sectioned tumor tissue from

underwent additional staining. This time point was chosen
as it had the largest difference in hypoxia and perfusion
between the irradiated versus non-irradiated tumors. Peri-
cyte cells were evaluated using alpha smooth muscle actin
(aSMA), and pericyte integrity via the perivascular mark-
ers calponin and caldesmon [10, 21, 42]. LDRT (2 Gy X 5)
increased pericyte coverage around blood vessels compared
to the non-irradiated group (Fig. 3f). Although the propor-
tion of caldesmon covering the tumor vessels appeared ele-
vated in the LDRT group (suggesting pericyte maturation)
compared to the sham-irradiated group, the difference was
not significant (p=0.09; Fig. 3g). There was no significant
difference in calponin expression, which serves as a marker

T T T T T T
0Gy 2Gyx2 2Gyx3 2Gyx4 2Gyx5 6Gyx1 6Gyx2

mesothelioma tumors treated with various RT fractionation sched-
ules, stained for T cells (CD3*, green). F Mean data plus individual
data points displaying CD3* T cells per unit area (mm.?). P values
calculated using one-way analysis of variance (ANOVA) with Tuk-
ey’s adjustment. The experiment was repeated 4 times, with 1 mouse
from each group in each experimental repeat (n=4 mice per group)

of pericyte contractile ability (Fig. 3h). Endothelial cell acti-
vation enables effective T cell migration to the tumor [5].
To examine whether LDRT could activate endothelial cells
and strengthen the basement membranes around the vessels,
tumor sections were stained with ICAM-1 and collagen-IV,
respectively. LDRT resulted in increased [CAM-1 compared
to controls (Fig. 3i), suggesting endothelial cell activation
However, there was no significant difference in collagen-IV
expression, suggesting little change in blood vessel basement
membranes between the LDRT and non-irradiated groups
(Fig. 3j).

Following the earlier observation of increased CD3* T
cells two weeks after LDRT, tumor sections were stained for
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CD8™ T cells and Tregs (Foxp3™) at all time points (Fig. 3a).
CD8* T cell numbers were significantly higher in tumors
receiving LDRT than in sham-irradiated tumors from 1 to
4 days post-irradiation, then plateauing until the final time
point (Fig. 4a and 4c). Additionally, Foxp3* Tregs were more
numerous in LDRT tumors compared to the control groups
(Fig. 4b and 4d). Although CD8* to Treg ratios showed an
increasing trend in favor of CD8" cells in the LDRT group
compared to the non-irradiated group, the differences were
not statistically significant (Fig. 4e).
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Low-dose RT upregulates inflammatory
pathway genes and modulates
the immunological environment

To investigate changes in gene expression induced by LDRT
(2 Gy x5), bulk-RNA sequencing was conducted on tumors
collected 0.1, 1-, 4-, and 8-days post-irradiation (Fig. 3a).
Principal component analysis revealed that RNA transcripts
from LDRT groups were separated from non-irradiated
tumors (Fig. 5a). Analysis showed that tumors collected
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«Fig.3 LDRT decreases hypoxia, increases perfusion and pericyte
coverage, and activates tumor blood vessels. A Schematic showing
time-course experimental plan. Subcutaneous injection of AB1-HA
mesothelioma cells at day 0. Radiotherapy commenced on day 10
post-inoculation when tumors were~40+15 mm>. At each experi-
mental time point (green box) mice were injected with pimonidazole
and lectin prior to euthanasia; tumors were subsequently removed for
analysis. Untreated mice were euthanized on day 22 post-inoculation
(when maximum tumor volume reached), and treated mice on day
27 post-inoculation. B Representative immunofluorescence images
of CD31% vascular endothelial cells (red) counterstained with lec-
tin (green) from LDRT treated tumors and size-matched control
tumors at 3 h (0.1 day), 1 day, 4 days and 8 days post-RT. C Com-
parison of vessel perfusion (lectin covered CD31" cells) between
2 Gy x5 fractions group and size-matched control group at different
days following RT. D Representative immunofluorescence images
of hypoxic (pimonidazole®) area (green) for LDRT treated tumors
and size-matched control tumors at 3 h (0.1 day), 1 day, 4 days and
8 days post-RT. E Comparison of hypoxic area between radiotherapy
of 2 GyxS5 fractions and size matched control groups at different
days following RT. Representative immunofluorescence images of
LDRT versus control tumors 1-day post-RT staining (in green) for F
pericytes — alpha muscle smooth actin (aSMA); G pericyte matu-
ration — caldesmon; H pericyte contractile ability — calponin; I
endothelial cell activation—ICAM-1; and J vessel basement mem-
brane — collagen IV. DAPI staining is blue and CD31." is pink. NB:
no data available for sham-irradiated animals at day 13 post-irradia-
tion; tumors had already reached maximum size and mice had been
euthanized. The experiment was repeated 4 times, with 1 mouse from
each group and time point in each experimental repeat (n=4 mice per
group)

1-day post-irradiation generated the most differentially
expressed genes (6378 total genes; 3532 upregulated and
2827 downregulated) (Fig. 5b). Pathway analysis demon-
strated upregulation of interferon-y, TNF-a, IL-2 signaling,
inflammatory responses, T cell activation and migration,
and MHC-I antigen presentation. Pathways such as DNA
replication and repair, and G2/M cell cycle processes were
downregulated (Fig. Sc—f). Whilst not in the top 500 upreg-
ulated pathways in the Gene Ontology pathway analysis,
the ‘regulation of angiogenesis’ and ‘positive regulation of
angiogenesis’ pathways were upregulated to a minor degree
(»=0.026 and p =0.0403, respectively).

To better understand the immunological changes, the
CIBERSORT algorithm was used to identify 25 immune
cell types from gene expression data (Fig. 5g). This analy-
sis highlighted differences in the predominant macrophage
phenotype, with a prevalence of MO (non-activated) mac-
rophages in sham-irradiated tumors, and M1 (pro-inflam-
matory) macrophages in irradiated tumors. These differ-
ences appeared temporary and were minimal a week after
irradiation (Fig. 5g and 5h). Non-significant differences in
several other cell types as a proportion of total CD45% cells
were also observed following CIBERSORT analysis (Sup-
plementary Fig. 4). CD8" T cells appeared more abundant
in LDRT tumors harvested 4 days post-irradiation than in
sham-irradiated tumors, consistent with histological data.

Natural killer cells also appeared proportionally higher in
the LDRT group compared to the non-irradiated group at
0.1 days post-irradiation; however, there was no difference
from day 1 to day 8. The proportion of B cells did not change
between the LDRT and non-irradiated groups from 0.1 to
4 days; however, on day 8 it was lower in the LDRT group
(Supplementary Fig. 4).

Post hoc analysis of normalized PD-1 and CTLA-4
mRNA expression indicated higher transcript levels from
both genes in the LDRT group compared to the control
group; however, it was only significant for 1-day post-irra-
diation (Supplementary Fig. 5).

Low-dose RT optimally improves response
to immunotherapy when given concurrently

The combination anti-PD-1 (nivolumab) and anti-CTLA-4
(ipilimumab) is currently approved as first-line treatment for
mesothelioma [2, 28]. However, most patients, especially
those with epithelioid disease, do not respond to this com-
bination and it is important to examine strategies to improve
response rates. By treating tumors with LDRT (2 Gy X 5), we
were able to transiently improve vascular function, enhance
%s0, levels, and increase the number of CD8™ tumor-infil-
trating lymphocytes (TILs) compared to controls. Based on
these findings, we hypothesized that these changes could
sensitize mesothelioma tumors to ICI therapy, and that this
may require the delivery of immunotherapy to be appropri-
ately timed with respect to irradiation.

Mice bearing subcutaneous AB1-HA mesothelioma
tumors were treated with LDRT and/or dual ICIs, as shown
in Fig. 6a. High complete response rates were observed in
mice receiving dual ICIs either concurrently with LDRT
(100%) or beginning 1 day after the final RT fraction
(87.5%); this was more than double the cure rate seen in
mice treated with dual ICIs without RT (43%) (Fig. 6b).
However, there was only one complete response in irradiated
mice that received dual ICIs starting 7 days post-irradiation
(day 21 post-inoculation) (Fig. 6b). We observed a signifi-
cant delay in tumor growth for mice treated dual ICIs con-
currently with RT (p=0.014) or 1 day after RT (»p=0.027)
compared to dual ICIs. A significant delay in tumor growth
was seen when comparing RT only with RT + dual ICIs
concurrently (p =0.022) and ICIs following RT (p =0.041).
There was no significant difference in tumor growth between
treatment with dual ICIs only and RT only. All treatment
groups had a significant delay in tumor growth compared to
untreated mice (dual ICIs p=0.038, RT p=0.027, RT +dual
ICIs (days 10, 12, 14) p<0.0001, RT + dual ICIs (days 15,
17, 19) p<0.0001, and RT +dual ICIs (days 21, 23, 25)
p=0.002; Fig. 6b). Median survival increased in all groups
receiving RT + dual ICIs versus ICIs alone; however, this
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Fig.4 LDRT induces significant cytotoxic T cell infiltration.
Tumors were collected at sequential timepoints after RT for immu-
nofluorescence staining. A Representative images of T cell sub-
sets (CD4t — green, CD8" — red, nuclei (DAPI) — blue). B Rep-
resentative images showing regulatory T cells (CD4" — green,
Foxp3* — red, nuclei (DAPI) — blue). C-E Mean values plus indi-

was only significant for concurrent RT +ICIs (p=0.0217;
Fig. 6¢). There was a significant increase in survival for mice
treated with RT plus concurrent (»p =0.00031) or consecutive
(»p=0.00031) dual ICIs compared to RT only. All treatment
groups had a significant increase in survival compared to
untreated mice (Fig. 6¢).

Dual immunotherapies improve response rates; however,
they increase the risk of adverse effects and toxicities in
patients [2]. We investigated the effectiveness of anti-PD-1
combined with LDRT without the addition of anti-CTLA-4.
Mice were treated with LDRT and/or anti-PD-1, as shown
in Fig. 6a. A complete response was observed in 55% of
mice that received concurrent RT + anti-PD-1, and the cure
rates decreased the later after RT the anti-PD-1 treatment
began (Fig. 6d). All RT + anti-PD-1 treatment groups had
a significant delay in tumor growth compared to anti-PD-1
only (p=0.005, p=0.012, and p=0.032 for each group
respectively). There was no significant growth delay between
RT only and anti-PD-1 only, and RT only with any of the
RT + anti-PD-1 treatment groups (Fig. 6d). All treatment
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vidual data points showing C CD8* T cell concentration per mm?,
D Foxp3* Regulatory T cells concentration per mm? and E CD8*
T cell to regulatory T cell ratio. Statistical significance was set at
p<0.05. The experiment was repeated 4 times, with 1 mouse from
each group and time point in each experimental repeat (n=4 mice per
group)

groups, except anti-PD-1 only, had a significant delay in
tumor growth compared to untreated mice (anti-PD-1
p=0.653, RT p=0.007, RT + anti-PD-1 (days 10, 12, 14)
p <0.0001, RT + anti-PD-1 (days 15, 17, 19) p=0.0002,
and RT + anti-PD-1 (days 21, 23, 25) p=0.002; Fig. 6d).
There was an increase in median survival for RT + anti-PD-1
treatments compared to anti-PD-1 only; however, survival
was only significantly increased when anti-PD-1 was given
concurrently with or 1 day after RT (p=0.027 and p=0.034
respectively; Fig. 6e). There was a non-significant increase
in median survival for RT + anti-PD-1 treatments compared
to RT only. All treatment groups had a significant increase
in survival compared to untreated mice (Fig. 6e).

The addition of anti-CTLA-4 significantly increased the
survival rate for RT +ICI schedules when ICIs were given
with or 1 day after RT (»p=0.0369 and p =0.0069 respec-
tively), but not for the later delivery of ICIs (p=0.340) or
ICIs alone (p=0.221).

Cured mice (no primary tumor for 30 days) under-
went tumor rechallenge on the opposite flank, with no
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Fig.5 LDRT induces a
significant number of differ-
entially expressed genes. A
Principal component analysis of
RNA transcript data revealing
separation between radiotherapy
versus sham-irradiation groups.
B Volcano plot demonstrating
6378 differentially expressed
genes in response to LDRT, in
comparison to sham-irradiation,
1 day following final RT (3532
genes upregulated and 2827
genes downregulated). C and D
Hallmark pathway, and E and F
Gene Ontology (biological pro-
cess) pathway analysis, showing
top 10 upregulated (red) and
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reinoculated animals developing secondary tumors, indicat-
ing immunological protection. One primary tumor relapsed
in the RT + anti-PD-1 + anti-CTLA-4 (days 15, 17 and 19)
group after a period of 30 days with no measurable primary
tumor; interestingly, this relapse occurred one week follow-
ing rechallenge. Taken together, these indicate that efficacy
of concurrent RT + anti-PD-1 + anti-CTLA-4 is superior to
delayed ICIs, suggesting timing of immunotherapy admin-
istration with respect to RT is crucial for optimal synergy.

Discussion

ICIs have been approved for clinical use in a growing num-
ber of cancer types; however, only a minority of patients
respond. Consequently, there is an urgent need for strate-
gies to unlock the full potential of ICIs. In this study, the
hypothesis was posited that a low number of fractions of
the conventional dose of 2 Gy, resulting in a low total dose
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Fig.6 LDRT treatment improves response to anti-PD-1 and anti-
CTLA-4. A Schematic timeline showing radiotherapy-immunother-
apy schedules. Subcutaneous injection of AB1-HA cells occurred on
day 0. Radiotherapy commenced on day 10 post-inoculation, when
tumors were ~40+ 15 mm?>. Tumors were irradiated with 2 Gy for 5
consecutive days. Immunotherapy was administered over 3 injections
as described. Mice were monitored for up to 80 days and euthanized
if tumors reached 1000 mm®. B Individual tumor growth curves for
each treatment group with anti-PD-1 and anti-CTLA-4, numbers inset

(LDRT), could modulate tumor vasculature, priming the
TME to enhance ICI efficacy. The validity of our approach
was confirmed using advanced imaging techniques, along
with phenotypic and functional studies in a well-character-
ized preclinical model of mesothelioma. Existing literature
on this topic presents conflicting findings, with studies in
various cancer models suggesting that both low and hypof-
ractionated doses of RT might normalize tumor vessels [10,
11, 21, 43].

After exploring temporal changes in tumor blood flow
and oxygen saturation in vivo for multiple dose fractiona-
tion schedules, a distinct additive effect when administering
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multiple consecutive daily fractions was demonstrated. The
standard dose used in human treatment (2 Gy per fraction)
was specifically chosen, as higher hypofractionated doses have
been found to cause damage to blood vessels [8, 10, 12, 13].
Crucially, fewer RT fractions (five) were delivered compared
with previous studies on vascular remodeling, which utilized
up to 10 fractions of 2 Gy [10]. Therefore, our approach may
result not only in lower tissue toxicity, but also fewer logistical
challenges for the preclinical setting and for future translation.
Less RT fractions would also reduce the impact on patients,
as there are fewer treatment days compared to conventional
RT schedules.
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Increased pericyte coverage around tumor vessels follow-
ing LDRT has been consistently observed and reported in
response to a wide range of RT doses in previous studies
[10, 11, 21, 43]. Vascular modification following LDRT was
shown to be transient and coincides with several immune-
related changes, including increased intra-tumoral CD8* T
cell concentration. Similar findings were reported in a previ-
ous study which demonstrated an increase in CD3*CD8* T
cells in AB12 and AE17 mesothelioma tumor models on day
7, peaking at day 12 after RT, with a fractionation schedule
of 5 Gy x 3 fractions [18]. The increased T cell population
is considered most likely due to an influx of infiltrating cells
through the modified, more functional vasculature, rather
than the proliferation of a small number of pre-existing TILs.
This is supported by our observation of increased ICAM-1
expression (necessary for the leukocyte adhesion cascade,
including capture, rolling and transmigration) 1-day post-
irradiation [8]. Apart from observing heavily upregulated
genes associated with inflammatory response pathways
following LDRT, as previously reported by other studies
[15, 16], downregulated genes were also found to be over-
represented in DNA repair, DNA replication, and regula-
tion of G2/M phase. These could contribute to the delays in
tumor growth following LDRT in our model. With respect
to the apparent polarization from MO (resting) toward M1
(inflammatory) macrophage phenotypes, our findings align
with several previous studies demonstrating that LDRT
(0.5-2 Gy) increased the presence of M1 macrophages
[44—-46]. In previous murine studies, it was also reported
that LDRT schedules of 2 Gy x 2 fractions suppressed p38
mitogen-activated protein-inducing M1 acquisition, accom-
panied by reduction in M2 macrophage associated proteins
such as Ym-1, Fizz-1, Arginase-1 and HSP90 in irradiated
mice [45]. Another study reported that switching from M2
to M1 was due to a reduction in tumor hypoxia [46]. The
accumulation of M1 macrophage may also increase the effi-
cacy of ICIs.

The ‘hot’ or ‘cold’ nature of tumors, as with most bio-
logical systems, is not binary but a spectrum. Whilst this
tumor model is in the ‘colder’ end of this spectrum, there
appears to be a ‘tipping point’ beyond which tumors can
successfully respond to therapy [47], as some unirradiated
tumors responded to ICIs alone. The nature of this tipping
point for this tumor model cannot be conclusively deter-
mined from these experiments, however, it can be specu-
lated that the immune infiltrate is a factor, particularly the
levels of tumor specific CD8* T cells. Immunofluorescent
staining showed a range of TIL concentrations present in
untreated tumors, and it is possible that responders to ICIs
had more CD8* TIL populations. This would be supported
by clinical literature, where CD8* T cell infiltration has been
reported to positively correlate with ICI outcomes in sev-
eral cancers [48—50]. This suggests our LDRT strategy can

change tumors toward the ‘hot’ end of the spectrum and thus
increases the proportion that are beyond the tipping point
where a response to ICIs is now achievable.

While studies combining RT with ICIs have reported
promising results for mesothelioma treatment both in clinical
and preclinical settings, our study is the first to specifically
target the vasculature with RT to improve current standard-
care immunotherapy [18, 27, 51, 52]. Our study used a well-
characterized mesothelioma model, which demonstrated
variable responses to either anti-PD-1 monotherapy or com-
bined anti-PD1 and anti-CTLA-4, with better responses seen
for the ICI combination. Not all mice responded to ICIs,
therefore, our model replicates the clinical settings, where
some patients did not respond to immunotherapy. Consist-
ent and reliable complete responses were achieved in mice
treated with combined LDRT and first-line ICIs for mesothe-
lioma (anti-PD-1 plus anti-CTLA-4). Our findings align with
previous radiotherapy-immunotherapy studies, demonstrat-
ing higher complete response rates when RT was combined
with dual ICIs compared to RT alone, ICI monotherapy,
or RT plus ICI monotherapy [14-17, 20, 53]. These find-
ings suggest that the key to improving overall survival and
inducing durable and complete responses lies in blocking
the inhibition steps imposed on T cells during the priming
phase (anti-CTLA-4) and in peripheral tissue (anti-PD-1).
Importantly, treatment achieved the highest success when
ICIs were administered concurrently with or immediately
after LDRT. This aligns with our identification of a defined
vascular modulation temporal window. One explanation is
that once PD-1/PD-L1 engagement occurs within the tumor,
it rapidly inhibits T cell activity. Prolonged signaling leads
to a ‘terminally exhausted’ phenotype that is unlikely to be
reversed by a subsequent anti-PD-1 blockade [54]. However,
if cells receive anti-PD-1 blockade at an early stage or are
‘pre-blocked’ prior to tumor entry, their functionality can
be maintained.

Conclusion

This study shows that LDRT, delivered in 2 Gy X 5 fractions,
can create a tumor environment that is more conducive to the
success of ICIs. LDRT can remodel vasculature to improve
perfusion, reduces hypoxia, and increases the presence of
perivascular structural and functional components. These
changes, accompanied by increased CD8" T cells and an
upregulation of pro-inflammatory pathways, may be particu-
larly useful in modifying the microenvironment of immuno-
logically ‘cold’ tumors. Since the immunotherapies studied
are regularly used to treat mesothelioma, it should soon be
possible to clinically assess LDRT +ICls.
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