Ce”ular Phy5|ology Cell Physiol Biochem 2024;58:477-490

DOI: 10.33594/000000726 © 2024 The Author(s)

i i Published online: 8 September 2024 Published by Cell Physiol Bioch
and Biochemistry P o o Sty
Accepted: 13 August 2024 www.cellphysiolbiochem.com

This article is licensed under the Creative Commons Attribution 4.0 International License (CC BY). This means
that any user shall be free to copy and redistribute the material in any medium or format, also for commercial
purposes, provided proper credit is given to the Authors as well as the original publisher.

Original Paper

ASMase is Essential for the Immune
Response to Partial-Tumor Radiation
Exposure

Mickael Mathieu® Prerna R. Nepali® James Russellc Hadi Askarifirouzjaei®
Melis Baltaci® Simon N. Powell> John Humme¢ Joseph O. Deasy*
Adriana Haimovitz-Friedman®

®Clinical Research Unit, Emile Roux Hospital Center, Le Puy-en-Velay, France, ®"Department of Radiation
Oncology, Memorial Sloan Kettering Cancer Center, New York City, NY, USA, ‘Department of Medical
Physics, Memorial Sloan Kettering Cancer Center, New York City, NY, USA

Key Words
Acid Sphingomyelinase ¢ Partial Volume Radiotherapy * Immune Response ¢ STING

Abstract

Background/Aims: Tumor response to radiation is thought to depend on the direct killing of
tumor cells. Our laboratory has called this into question. Firstly, we showed that the biology
of the host, specifically the endothelial expression of acid sphingomyelinase (ASMase), was
critical in determining tumor radiocurability. Secondly, we have shown that the immune system
can enhance radiation response by allowing a complete tumor control in hemi-irradiated
tumors. In this paper, we focus on the integration of these two findings. Methods: We used
Lewis Lung Carcinoma (LLC) cells, injected in the flank of either: (i) ASMase knockout or (ii)
WT of matched background (sv129xBI/6) or (iii) C57BI/6 mice. Radiation therapy (RT) was
delivered to 50% or 100% of the LLC tumor volume. Tumor response, immune infiltration
(CD8* T cells), ICAM-1, and STING activation were measured. Radiotherapy was also combined
with methyl-cyclodextrin, to inhibit the ASMase-mediated formation of ceramide-enriched
lipid rafts. Results: We recapitulated our previous finding, namely that tumor hemi-irradiation
was sufficient for tumor control in the LLC/C57BI/6 model. However, in ASMase KO mice
hemi-irradiation was ineffective. Likewise, pharmacological inhibition of ASMase significantly
reduced the tumor response to hemi-irradiation. Further, we demonstrated elevated ICAM-1
expression, increased levels of CD8* T cells, ICAM-1, and STING activation in tumors growing
in C57BIl/6 mice, as well as the ASMase WT strain. However, no such changes were seen
in tumors growing in ASMase KO mice. Conclusion: ASMase and ceramide generation are
necessary to mediate a radiation-induced anti-tumor immune response via STING activation.
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Introduction

Radiation therapy (RT) is commonly used to treat cancer [1]. Initially, it was assumed
that RT acted only through cytotoxic effects on the tumor cell population, mediated either by
direct unrepairable physical DNA damage or indirect damage from reactive oxygen species
[2]. However, recent results show that RT also impacts both the tumor microenvironment [3]
and tumor immunogenicity, in ways that can significantly affect outcome. Thus, irradiated
tumor cells may generate specific molecular signals that trigger an immune response [4-
6]. RT can also trigger anti-tumoral responses occurring at a distance from the treatment
area. This phenomenon, known as the abscopal effect, has occasionally been reported in the
clinic [7, 8], and might also have been observed in patients treated with RT combined with
immune checkpoint blockade treatments [9]. The future of RT resides in the modulation
of the immune responses involved in tumor control while preserving the normal tissues
surrounding the tumors. To achieve this goal, it is imperative to better understand the
mechanisms involved in RT-induced immune responses.

If radiation is considered as a direct tumor cell killing agent, it is critical to achieve a
uniform dose distribution throughout the tumor volume if tumor cure is to be accomplished.
Any untreated volume will harbor surviving clonogens that can repopulate the tumor and
cause treatment failure. However, if radiation acts through micro-environmental or immune
mechanisms, this consideration no longer necessarily applies. Recently, some clinics have
experimented with spatially-fractionated irradiation (SFRT) such as GRID/Lattice RT, which
delivers high-dose radiation to small volumes within a tumor target [10, 11], and has been
linked to bystander effects [12], but also potentially aided by activation of the host immune
system [1].

In previous pre-clinical work [13], we explored a very different spatial dose distribution,
where murine tumors were given a dose to only half of the tumor volume. Partial volume
radiotherapy (PVRT) was successful in controlling tumor growth, even though the radiation
exposure could not have directly targeted more than 50% of the tumor cells. In this treatment,
very few unirradiated cells would have irradiated neighbors, and so we can discount any
bystander effect. Instead, multiple lines of evidence conclusively showed an immune
contribution to tumor response. Further, Markovsky et al. 2018 showed that PVRT induces
an increased expression of intracellular adhesion molecule-1 (ICAM-1), which is responsible
for lymphocyte recruitment, followed by a significant infiltration of cytotoxic CD8* T cells
into the tumors [13]. We subsequently found that this response is activated by cGAS/STING
[14]. Similar to viral infection, RT induces DNA damage accumulation within the cytoplasm
that activates cGAS/STING [15-22], and we demonstrated that PVRT induces an antitumor
response by activating STING, which stimulates a specific cytokine signature as part of the
immune response. STING activation occurred either via the canonical cGAS/STING pathway
or a non-canonical ATM-driven pathway, depending on the tumor model [14].

Earlier work from the laboratory of Fuks and Kolesnick suggests a further route by which
RT might produce a therapeutic response, independently of tumor cell kill [23]. Endothelial
cells are prone to radiation-induced apoptosis, and this is induced, not by the p53 pathway,
but through the activation of acid sphingomyelinase (ASMase), which generates ceramide
with changes in membrane structure and the formation of ceramide enriched platforms
(CRMs) as an initial step to apoptosis [23-27]. Endothelial cell apoptosis could be reliably
induced in tumors by doses over 15Gy, but this effect was absent when ASMase knockout
mice were used as the tumor host. Importantly, the radiation response of tumors in the
ASMase knockout mice was also significantly attenuated suggesting, but not proving a causal
link between endothelial cell apoptosis and tumor radioresponse [23].

Because ceramide has also been linked to immune response, we investigated the role of
ASMase after PVRT. We used a genetic approach first and used the poorly immunogenic and
radioresistant Lewis lung carcinoma cells (LLC) model, grown in either wild-type or ASMase
KO mice. In addition, we also used a biochemical approach by inhibiting the formation of
ceramide-enriched platforms with methyl-cyclodextrin and showed with both approaches
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that the sensitivity of LLC tumors to PVRT was ASMase-ceramide dependent. Furthermore,
all the associated upstream events: STING activation, ICAM-1 upregulation, and tumor
infiltration by CD8* T cells also required host ASMase-ceramide.

Materials and Methods

Cell culture

Lewis lung carcinoma cells (from ATCC) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin and 0.25 pg/mL amphotericin B. Cells were kept in a humidified incubator at 37°C, in 5% CO,,

Tumor inoculation

C,,Bl/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME). ASMase KO and WT were
generously provided by Drs. Edward Schuchman (Mount Sinai Medical Center) and Richard Kolesnick
(Memorial Sloan Kettering Cancer Center) and bred at the Research Animal Resource Center (RARC) of
Memorial Sloan Kettering Cancer Center. By mating ASMase+/- mice, we obtained both ASMase KO
(ASMase-/-) and WT (+/- and +/+) littermates. Mice were then used at 12 weeks of age, to allow the immune
system to mature. LLC cells were injected subcutaneously (s.c.) in the flank. 1.5 x 10° cells were injected with
50% Matrigel (Growth Factor Reduced) in PBS. Previous data showed no difference between sexes in our
experiments [14]. Therefore, we used both male and female mice in our experiments.

Drug injections

Mice were treated with water (control group) or Methyl-cyclodextrin (100mg/kg, 2h pre-RT & once
a week, i.p.) (MCD group) and with an IgG2a antibody (control group) or Ly6G antibody (PMN-depleted
group) (200pg/mouse, 24h pre-RT & twice a week, i.p.).

Irradiation procedure

Tumors (mean volume between 150 and 250 mm?) were irradiated with either 100% or 50% volume
coverage using an XRAD 225C (Precision X-Ray, North Branford CT), with a 2 x 2 cm collimator, at 225kV,
13mA, dose rate of approximately 3.5Gy/min (Supp Fig. 1). The irradiation field was defined using GAF
chromic film, and the mouse was positioned so that either all or half of the tumor was in the field. The part
of the tumor that was outside of the irradiation field (Off Field=OF) received a dose of <5% of the primary
In-Field (IF) dose [13]. OF doses were based on densitometry profiles of radiochromic films, exposed in
water phantoms. These were incorporated into an in-house treatment planning system (Metropolis) that
was used to create sample plans on CT scans of treated mice. Full details have been published by Jeong et
al. [28]. Our initial report [13] contains biologic support for the OF dosimetry. LLC inoculated mice received
a single dose of 15Gy. After irradiation, mice were either observed for tumor response or euthanized at 24
hours post-RT to collect the tumor.

Immunohistochemistry (IHC) staining

Staining was performed by the Memorial Sloan Kettering Cancer Center Molecular Cytology Core
Facility using a Discovery XT processor (Ventana Medical Systems). Tumors were fixed with 10% formalin,
embedded in paraffin, and sectioned at 5um thickness. Tumors that were 50% irradiated were cut with a
scalpel along the edge of the irradiation field (marked on the skin of the mouse) before excision of the tumor
and the irradiated and non-irradiated halves were processed separately.

Tissue sections were deparaffinized with EZPrep buffer followed by heat-induced epitope retrieval in
a pH 6.0 buffer. Sections were blocked for 30 minutes with Background Buster solution (Innovex). Sections
were incubated with primary antibodies (anti-STING antibody: Abcam (ab189430), anti-ICAM-1: R&D
Systems (AF796), anti-CD8: Cedarlane (HS-36100(Sy)), and anti-Ly6G: Abcam (ab238132) followed by
60 minutes incubation with the appropriate biotinylated secondary antibody (goat anti-rabbit IgG (Vector
labs), goat anti-mouse IgG (Vector labs), and goat anti-rat IgG (Vector labs)). All stains were performed
in a Leica Bond RX automated stainer using the Bond Polymer Refine detection system (Leica Biosystem
DS9800). The chromogen used was 3, 3 diaminobenzidine tetrachloride and sections were counterstained
with hematoxylin.
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Imaging and analysis

Slides were imaged on a Panoramic 250 slide scanner (3DHISTECH) at 20x resolution. Entire tissue
sections were used for analysis. Threshold was adjusted to exclude background and stained regions were
quantified using Image].

Statistical analysis

Data are expressed as mean * SEM. Statistical analyses were performed using 1-way analysis of
variance and post hoc Tukey’s Multiple comparisons tests or Student’s t-test with Welch’s correction (Prism
9.0.0; GraphPad). Significance was set at P < 0.05. The comparisons between all the different groups have
been made for each experiment. However, the comparisons that are not of interest are not shown to not
overcharge the graphs.

Results

ASMase-ceramide is essential for the PVRT-induced tumor response

Tumors were irradiated (when mean tumor volume was between 150-250 mm?)
with a dose of 15Gy using either PVRT or 100% tumor volume exposure in both ASMase
KO (ASMase -/-) and ASMase Wild-Type (ASMase +/- or +/+) littermate mice. On the
conventional assumption that tumor response to radiation is determined by the extent of
tumor cell kill, hemi-irradiation or PVRT, could never affect more than a 50% reduction in
viable cell numbers, and hence never induce a growth delay greater than one tumor volume
doubling time. In the results reported here, as well as in our lab’s previously published
paper [13, 14], LLC tumors’ response differs markedly from this expectation, with the
PVRT tumors being controlled compared to the non-irradiated ones to the same extent as
fully irradiated tumors (Fig. 1A-B). There is no effect of the ASMase depletion on the tumor
growth without RT. However, when tumors were grown in ASMase KO mice, PVRT became
ineffective, as illustrated in Fig. 1A-C. We observed indeed a significant difference between
the 50%-irradiated WT and KO groups, as well as a significant difference between the 50%
and 100% tumors in the ASMase KO mice, demonstrating the essential role of ASMase in the
PVRT-induced tumor response There was no difference between the tumor 100% irradiated
in ASMase WT and KO mice (Fig. 1A), indicating that the ASMase is not involved in the tumor
control after a 100% RT tumor volume exposure. These results also suggest that the ASMase
expression is essential in the host cells.

Fig. 1. ASMase is essential for the PVRT-
induced tumor response. (A) ASMase
KO and WT mice bearing subcutaneous
LLC tumors were irradiated with 15Gy
on either PVRT or all (100%) of the
tumor area. Experiment was done 5
times, with a total of 7-10 mice per
group (ASMase WT: NoRT n= 7; 50% n=
9; 100% n= 8 and ASMase KO: NoRT n=
7; 50% n= 10; 100% n= 9). Data have
been normalized and pooled to show
a unique graph with both males and
females. (B) Graph of the tumor growth
delay experiment described above
for the ASMase WT mice. (C) Graph of
the tumor growth delay experiment
described above for the ASMase KO
mice. Statistical analysis: Ordinary one-
way ANOVA on the last tumor measurements for each group with post hoc Tukey’s Multiple comparisons
tests: ns=non-significant, * p-value < 0.05.
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Pharmacological inhibition
of ceramide-enriched lipid raft
formation disrupts the PVRT-
induced immune tumor response

To further confirm the role
of ASMase and ceramide in PVRT
response, we used a biochemical
approach in addition to the
genetic approach used in the
previous experiment described
above. When activated, ASMase
hydrolyses sphingomyelin and
generates ceramide  which
initiates the assembly of
cholesterol-and ceramide-rich
lipid rafts (CRMs) [29, 30]. Ithas

been previously demonstrated
that methyl cyclodextrin (MCD)
depletes membrane cholesterol
notably from ceramide/
cholesterol monolayer and thus
disrupts the CRMs [31]. When
LLC-tumor bearing C_Bl/, mice
were treated with MCD, while
there was no effect on the tumor
growth of the non-irradiated

Fig. 2. Pharmacological ASMase inhibition disrupts the PVRT-
induced tumor response. (A) C57BL6 mice bearing subcutaneous
LLC tumors were irradiated with 15Gy on either PVRT or all
(100%) of the tumor area. Mice are treated with water (control
group) or Methyl-cyclodextrin (100mg/kg, 2h pre-RT & once
a week, IP) (MCD group). Experiment was done 2 times, with 5
mice per group. Data have been normalized and pooled to show a
unique graph with both males and females. (B) Graph of the tumor
growth delay experiment described above for the control mice.
(C) Graph of the tumor growth delay experiment described above

tumors (no significant difference for the MCD-treated mice. Statistical analysis: Ordinary one-way
between No RT control and ANOVA on the last tumor measurements for each group with post
treated groups), the sensitivity hoc Tukey’s Multiple comparisons tests: ns=non-significant, **

to PVRT was abolished (Fig. 2A  p-value < 0.01,***p-value < 0.001.
and Fig. 2C). This suggests that
CRM generation is essential for the tumor response to PVRT.

ASMase is essential for RT-induced ICAM-1 expression

As PVRT has previously been shown to activate ICAM-1 expression [13, 14], we tested
the effect of PVRT and 100% irradiation on ICAM-1 expression in ASMase-depleted and
wild-type mice. Expression was detected by IHC in tumors collected 24 hours after exposure
(Fig. 3A).

While the baseline ICAM-1 expression (No RT) is similar in ASMase WT and KO mice
(p-value=0.72), their response to radiation is different (Fig. 3B and C). As expected, we
observed increased expression of ICAM-1 in wild-type mice, in both the fully irradiated
(100%) (average expression of 41%) and PVRT tumors compared to the non-irradiated
controls (30.8%). The PVRT tumors from wild-type mice showed enhanced ICAM-1
expression in both the irradiated (In Field = IF) (42.5%) and unirradiated (Off Field = OF)
(42.8%) fields. However, increased ICAM-1 was not observed in any of the irradiated tumors
growing in ASMase KO mice (average no RT: 36.2% OF: 37.6%, IF: 38.8%, 100%: 33.1%).
ICAM-1/IHC was quantified as the percent of ICAM-stained cells (Fig 3B and C), revealing
that these differences were statistically significant at the 5% significance level. In addition,
we compared the ICAM-1 relative expression (normalized from the No RT mean) of the WT
and KO mice. We observed a significant decreased ICAM-1 expression in the ASMase KO
mice compared to the WT in the 50% OF, the 50% IF, and the 100%-irradiated tumors (Fig.
3D). Altogether, these data demonstrate that ASMase is necessary for the ICAM-1 expression
induced by both PVRT and 100% RT in the LLC model.
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Fig. 3. ASMase is necessary for the ICAM-1 expression induced by RT in the LLC cancer model. (A)
Representative ICAM-1-stained images (AF796) with Hematoxylin counterstained nuclei for the
unirradiated controls, in-field (IF) hemi-irradiated tumors, Off-field (OF) hemi-irradiated tumors (Half of
the tumor not receiving the radiation), and the fully (100% volume) irradiated tumors of ASMase WT and
KO mice. Mice are sacrificed 24 hours after the radiation therapy. Staining performed by the molecular
cytology core facility in MSKCC. (B) Quantification of the ICAM-1-positive cells/Total cell number from
a representative experiment with 4-5 ASMase WT mice per treatment group (NoRT n= 4 mice; 50% OF
n=4; 50% IF n= 4; 100% n=4). (C) Quantification of the ICAM-1-positive cells/Total cell number from a
representative experiment with 3-4 ASMase KO mice per treatment group (NoRT n= 3 mice; 50% OF n=
4; 50% IF n= 4; 100% n=3). (D) Comparison of the relative expression of ICAM-1 (normalized from NoRT
mean expression) in ASMase WT and KO mice. Statistical analysis: Ordinary one-way ANOVA with post hoc
Tukey’s Multiple comparisons tests, on the area of the positive signal compared to the total area for each
group: * p-value < 0.05, ** p-value < 0.01.

ASMase is essential for radiation induced CD8* T cell infiltration

[t has been previously shown that PVRT can stimulate CD8* T cell tumor infiltration and
this effect can be abolished by neutralizing ICAM-1 antibody treatment [13, 14]. We therefore
stained LLC tumors for the presence of CD8* T cells (Fig. 4A). There was no significant
difference (p-value=0.48) between the baseline (No RT) of CD8* T cells expression in WT and
KO mice. In the ASMase WT mice, we replicated our previously published data by showing
an increased CD8* T cell infiltration following PVRT, both in the irradiated and unirradiated
volumes parts of the tumor compared to the No RT group. Similar levels of infiltration were
observed in the 100% RT group, but this failed to reach significance (p-value=0.17) (average
no RT: 2.6% OF: 6.4%, IF: 6.2%, 100%: 5.3%) (Fig. 4B). However, in the ASMase KO mice,
no significant increase in CD8" T cells was observed (average No RT: 4.6% OF: 4.4%, IF:
3.9%, 100%: 2.9%) (Fig. 4C). By comparing the relative percentage of CD8-positive cells
in both ASMase WT and KO mice, we showed a significant loss of CD8* T cells infiltration
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in the ASMase-depleted mice in both PVRT groups and in the 100% RT (Fig. 4D). These
results show the key role of the ASMase in the CD8* T cells-mediated PVRT-induced immune
response, and to a lesser extent in tumors fully exposed to RT.

ASMase is essential for STING activation following PVRT

It has previously been demonstrated that PVRT activates STING in the LLC cancer model
[14]. To extend these findings, IHC was used to assess STING expression in ASMase WT and
KO mice following PVRT or 100% exposure (Fig. 5A). In ASMase WT mice, PVRT induces an
increased expression of STING in both IF and OF parts of the PVRT tumors compared to the
non-irradiated ones. There is no significant increased expression of STING (p-value=0.17) in
tumors that have received 100% exposure RT (average No RT: 17.6% OF: 30.2%, IF: 26.3%,
100%: 25.6%) (Fig. 5B). When the same experiment was performed in ASMase KO mice, the
increased expression of STING following PVRT is lost. There are no differences between all the
groups (average No RT: 20.2% OF: 18.7%, IF: 21.1%, 100%: 20.2%) (Fig. 5C). Similarly, there
is no significant difference (p-value=0.66) between the baseline (NoRT) STING expression
in WT and KO mice. The comparison of the STING relative expression between ASMase WT
and KO mice showed a significantly higher expression of STING in the WT mice in both PVRT
groups. This difference is not found in the 100% groups (Fig. 5D). These data bring to light
the essential role of ASMase in the PVRT-induced activation of STING.

Fig. 4. ASMase is necessary for the CD8+ T cell infiltration induced by PVRT. (A) Representative CD8-stained
images with Hematoxylin counterstained nuclei for the unirradiated controls, in-field (IF) hemi-irradiated
tumors, Off-field (OF) hemi-irradiated tumors (Half of the tumor not receiving the radiation), and the
fully (100% volume) irradiated tumors of ASMase WT and KO mice. Mice are sacrificed 24 hours after the
radiation therapy. Staining performed by the molecular cytology core facility in MSKCC. (B) Quantification
of the CD8-positive cells/Total cell number from a representative experiment with 6-7 ASMase WT mice per
treatment group (NoRT n= 6 mice; 50% OF n= 6; 50% IF n=7; 100% n=7). (C) Quantification of the CD8-
positive cells/Total cell number from a representative experiment with 5-8 ASMase KO mice per treatment
group (NoRT n= 5 mice; 50% OF n=8; 50% IF n= 6; 100% n=>5). (D) Comparison of the relative expression
of CD8 (normalized from NoRT mean expression) in ASMase WT and KO mice. Statistical analysis: Ordinary
one-way ANOVA with post hoc Tukey’s Multiple comparisons tests, on the area of the positive signal
compared to the total area for each group: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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Fig. 5. ASMase is necessary for the STING-expression induced by PVRT. (A) Representative STING-stained
images with Hematoxylin counterstained nuclei for the unirradiated controls, in-field (IF) hemi-irradiated
tumors, Off-field (OF) hemi-irradiated tumors (Half of the tumor not receiving the radiation), and the
fully (100% volume) irradiated tumors of ASMase WT and KO mice. Mice are sacrificed 24 hours after the
radiation therapy. Staining performed by the molecular cytology core facility in MSKCC. (B) Quantification
of the STING-positive cells/Total cell number from a representative experiment with 5 ASMase WT mice
per treatment group. (C) Quantification of the STING-positive cells/Total cell number from a representative
experiment with 3-5 ASMase KO mice per treatment group (NoRT n= 3 mice; 50% OF n=5; 50% IF n= 4;
100% n=3). (D) Comparison of the relative expression of STING (normalized from NoRT mean expression)
in ASMase WT and KO mice. Statistical analysis: Ordinary one-way ANOVA with post hoc Tukey’s Multiple
comparisons tests, on the area of the positive signal compared to the total area for each group: * p-value <
0.05, ** p-value < 0.01, *** p-value < 0.001.

The PVRT-induced immune tumor response does not involve polymorphonuclear
neutrophils

Polymorphonuclear neutrophils (PMNs) are the most abundant innate immune cells in
the body. Animal and human studies provide solid experimental evidence that PMNs can be
cancer-killing effector cells and may potentially be sufficient to destroy tumors [32]. PMNs
have been reported to bind to ICAM-1 on the inflamed endothelial cells [33]. Therefore, we
investigated the role of PMNs in the PVRT-induced tumor response. C57Bl/6 mice with LLC
tumors were pre-treated with anti-IgG2a antibody for the control group, or anti-Ly6G to
deplete the PMNs (Supp Fig. 2), 24 hours before RT (Fig. 6A). Control mice treated with the
anti-IgG2a show the same tumor response following PVRT and 100% RT (Fig. 6B). Similarly,
mice depleted of PMNs due to the anti-Ly6G treatment, have the same tumor response
following PVRT and 100% RT (Fig. 6C). Similarly, there is no significant difference in the
tumor response following No RT, PVRT (50%), and 100% RT between the control and the
PMN-depleted mice (Fig. 6A). These data indicate that the PMNs were not involved in the
PVRT-induced immune tumor response.
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Fig. 6. Polymorphonuclear neutrophil depletion has no effect on the PVRT-induced tumor response. (A)
C57BL6 mice bearing subcutaneous LLC tumors were irradiated with 15Gy on either PVRT or all (100%) of
the tumor area. Mice are treated with an IgG2a antibody (control group) or Ly6G antibody (PMN-depleted
group) (200pg/mouse, 24h pre-RT & twice a week, IP). Experiment was done 2 times, with 5 mice per
group. Data have been normalized and pooled to show a unique graph with both males and females. (B)
Graph of the tumor growth delay experiment described above for the control mice (a-IgG2a treated). (C)
Graph of the tumor growth delay experiment described above for the PMN-depleted mice (a-Ly6G treated).
Statistical analysis: Ordinary one-way ANOVA with post hoc Tukey’s Multiple comparisons tests, on the last
tumor measurements for each group: ns=non-significant

Discussion

Our study investigates the biological changes induced by partial-volume radiation
therapy (PVRT) in murine LLC tumors, focusing on the role of acid sphingomyelinase
(ASMase) and the subsequent ceramide production, CRMs generation in mediating these
effects.

While PVRT-induced tumor response has previously been studied, notably by our lab
[13, 14], to our knowledge, it’s the first time a study showed and described the involvement
of the ceramide-producing by ASMase and CRMs generation in this tumor response. We also
brought to light an unknown link between ASMase-ceramide, CRMS and STING activation.
Indeed, we demonstrated that ASMase is essential for the STING pathway activation
following PVRT, which is associated with increased infiltration of CD8+ T cells and elevated
intercellular adhesion molecule 1 (ICAM-1) expression in tumors. This response is markedly
diminished in ASMase knockout (KO) mice, indicating the indispensability of ASMase in
these processes. In addition, we have shown that the PMNs do not play a significant role in
the PVRT-induced immune response.
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This paper is consistent with previously published data showing that the PVRT-
induced immune response allows a similar tumor control in the hemi-irradiated tumors
than in the fully irradiated ones [13, 14]. Using pharmacological and genetic approaches,
the study highlighted the central role of CRMs, generated through ASMase activation, and
disrupted using Methyl Cyclodextrin (MCD) [34], in PVRT-induced anti-tumor immunity.
This aligns with prior research identifying ceramide as a key mediator in radiation-induced
vascular damage and immune activation [23, 26]. This study also suggests that the ceramide
production by the activated ASMase, triggers the subsequent STING activation, ICAM-1
expression, and CD8+ T cell infiltration which are part of the immune activation pathway in
response to PVRT previously described in the literature [13, 14].

CD8+ T cell infiltration is crucial in the tumor microenvironment, impacting tumor
growth and progression [19, 35]. Previous studies indicated ASMase and ceramide’s roles
in immune regulation, though no direct evidence linked ASMase to CD8+ T cell infiltration
post-irradiation [36, 37]. This study reveals ASMase’s pivotal role in facilitating CD8+ T cell
infiltration, crucial for PVRT-induced immune response [13 , 14]. In previously published
data [13], we showed that mice treated with a CD8-depleting antibody were strongly losing
the PVRT-induced tumor response. Our paper corroborates those data.

Polymorphonuclear Neutrophils (PMNs) are the most abundant circulating immune
cells and represent the first line of immune defense. However, the dynamic interplay between
irradiation and neutrophilsis a complex process that impacts radiation-based treatments [37
, 38]. Intriguingly, our results revealed no discernible difference in tumor response following
PVRT and 100% RT in both control and PMNs-depleted ones. These observations indicate
that PMNs, despite their potency as effector cells after irradiation [38], do not appear to
play a significant role in the PVRT-induced accelerated immune response at least in these
tumor models tested here. However, there is a broader immune landscape in the tumor
microenvironment [39] to explore. For example, the NK cells could be involved in the PVRT
response. Indeed, their activity is modulated in response to certain types of RT [40]. Those
cells will be part of future investigations. In addition, we are currently characterizing other
immune cell populations, such as T cell resident memory (Trm) described recently [41].

Intercellular adhesion molecule-1 (ICAM-1) is essential in inflammatory reactions [42],
providing crucial signals for T-cell activation [43] and the programming of memory CD8+
T cells [44]. ICAM-1 expression is triggered by inflammatory stimuli, including irradiation.
Previous research showed that PVRT activates ICAM-1 expression [13 , 14], which this
study explored further in ASMase-depleted mice. In ASMase WT mice, ICAM-1 expression
increased in fully irradiated tumors and PVRT-treated tumors, both in non-irradiated and
irradiated regions. However, ASMase KO mice showed no significant variation in ICAM-1
expression across treatment groups, indicating ASMase’s crucial role in ICAM-1 induction
in response to PVRT. Sphingomyelinase and ceramide modulate lipid rafts [45], which are
dynamic platforms for various cellular processes. MCD treatment disrupts ICAM-1 from
these rafts, reducing cell adhesion [46]. These findings highlight the interplay between
ASMase and adhesion molecules, offering insights into PVRT-induced immune responses.

Tumors are known to be more radioresistant when growing in ASMase KO mice than in
wild-type: this was attributed to vascular apoptosis, rather than immune effects, which were
also examined [23]. Our data shows that 100% irradiated tumors differ in their short-term
response to radiation when grown in ASMase wild-type or knockout hosts, particularly for
ICAM-1 expression. As the dose used (15Gy) was curative in both models: with complete
tumor control achieved in the more radioresistant ASMase KO model, it would not be possible
to measure increased sensitivity in the wild types.

Another question concerns how partial and total tumor irradiation are related. One
possibility is that the underlying biology is identical: radiation stimulates an immune
response capable of tumor control, regardless of radiation cell kill. The partial volume
treatment serves only to make this apparent because tumor control cannot be attributed
to a direct radiation effect. Indeed, it is known that radiation therapy promotes the release
of tumor neoantigens during cancer cell death in addition to stimulating immune adjuvant
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effects, engaging both innate and adaptive arms of the immune system and functioning like
an in-situ vaccine, generating tumor-specific T cells with local as well as potentially distant,
systemic effects [47]. Alternatively, the biology of 100% and PVRT-treated tumors may be
different, for example, if tumor-resident cells are contributing to orchestrating the immune
response, and the hemi-irradiation spares a portion of this hypothetical population. Indeed,
immune cells, such as lymphocytes are among the most radiosensitive cells [48]. PVRT, by
preserving a part of the tumor, its blood vessels, and the healthy tissues surrounding it, could
overcome this problem and lead to an immune tumor response.

Partial-volume irradiation techniques have emerged as promising approaches to
selectively irradiating smaller volumes within the tumor [10, 11] while sparing surrounding
healthy tissues and organs adjacent to the tumor. Beyond their direct effects on tumor cells
with reduced toxicity on healthy tissues, partial-volume irradiation methods have been found
to elicit intriguing systemic responses known as the bystander and abscopal effects. Despite
the promising potential of partial-volume irradiation approach in clinical human trials
[10, 49] and their link to bystander and abscopal effects [1, 12] through immune system
activation, the precise mechanisms underlying these effects are not yet fully understood.
A more comprehensive understanding of the cellular and molecular processes involved
is crucial for optimizing treatment strategies and harnessing these effects consistently,
providing a potential avenue for enhanced therapeutic outcomes using this approach. We
have previously demonstrated our ability to hemi-irradiated murine tumors and reliably
recover the treated and untreated volumes for histology [13 , 14]. However, because of
technical limitations, we are not able to target conclusively less than 50% of the tumor, yet.
It could be very interesting to determine the smallest irradiated area volume within a tumor
target to get the best activation of the host’s immune system. Similarly, we would like to
be as close to the clinic as possible by delivering PVRT to the tumor as GRID/Lattice RT by
alternating high-dose and low-dose areas as peaks and valleys.

Radiation-induced micronuclei and dsDNA are critical for anti-tumor immunity via
cGAS sensing and STING activation [50]. A previous study showed that PVRT activates STING
in the LLC cancer model [14]. In ASMase WT mice, STING expression increased in both
irradiated and non-irradiated tumor parts following PVRT, but not after 100% RT, indicating
different mechanisms for tumor volume control. In ASMase KO mice, the expected STING
upregulation post-PVRT was absent, highlighting ASMase’s crucial role in STING activation.
Research showed that administration of Ceramide-C6 disrupts lipid rafts at the Golgi,
hindering STING-dependent phosphorylation of TBK1 and IRF3 [19]. STING clustering in
lipid rafts at the trans-Golgi network is essential for TBK1 and IRF3 recruitment, differing
from STING clustering at the ER [51]. In addition, STING activation varies by tumor type,
occurring via cGAS/STING or non-canonical ATM-driven pathways [14]. While our findings
confirm the instrumental role of ASMase/ceramide in STING pathway activation following
PVRT, several critical questions remain unanswered. Further studies on ASMase/ceramide
regulation of TBK1 recruitment to STING, STING’s post-Golgi trafficking, and their impact on
CD8+ T cell infiltration and ICAM-1 expression.

This study highlights the significance of ASMase/ceramide function in PVRT-induced
accelerated adoptive immune responses, paving the way for further investigations into novel
therapeutic strategies that harness these effects to improve cancer treatment outcomes in
tumors considered radiation resistant, that are still quite a challenge for this therapy. By
comprehensively understanding the mechanisms involved, we may be able to optimize
PVRT approaches and enhance their efficacy for metastatic lesions, ultimately contributing
to more effective and targeted cancer therapies in the future.

In the study presented here, we recapitulated our previous finding, that hemi-
volume irradiation of the tumor was sufficient for tumor control in the relatively radio-
resistant LLC model. Using a genetic approach, we demonstrated that this is an ASMase-
ceramide-dependent process. Likewise, we demonstrated that increased levels of CD8+ T
cells, elevated ICAM-1 expression, and STING activation in tumors, are ASMase-ceramide
dependent. Further, pharmacological inhibition of ASMase significantly reduced the tumor
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response to hemi-irradiation, though inhibition of PMN cell infiltration was ineffective.
Acid sphingomyelinase-derived ceramide is required to mediate a partial-volume radiation
therapy-induced anti-tumor immune response which might show to be significant in the
metastatic setting of this disease.
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