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Abstract

In line with the ongoing phase I trial (NCT03784625) dedicated to melanoma targeted radionuclide therapy (TRT), we
explore the interplay between immune system and the melanin ligand ['*'TJICF01012 alone or combined with immunotherapy
(immune checkpoint inhibitors, ICI) in preclinical models. Here we demonstrate that ['*'T]ICF01012 induces immunogenic
cell death, characterized by a significant increase in cell surface-exposed annexin Al and calreticulin. Additionally, ['*'I]
ICF01012 increases survival in immunocompetent mice, compared to immunocompromised (29 vs. 24 days, p =0.0374).
Flow cytometry and RT-qgPCR analyses highlight that ['3'IJICF01012 induces adaptive and innate immune cell recruitment
in the tumor microenvironment. [13II]ICF01012 combination with ICIs (anti-CTLA-4, anti-PD-1, anti-PD-L1) has shown that
tolerance is a main immune escape mechanism, whereas exhaustion is not present after TRT. Furthermore, [13II]ICF01012
and ICI combination has systematically resulted in a prolonged survival (p <0.0001) compared to TRT alone. Specifically,
[*'TJICF01012 + anti-CTLA-4 combination significantly increases survival compared to anti-CTLA-4 alone (41 vs. 26 days;
p=0.0011), without toxicity. This work represents the first global characterization of TRT-induced modifications of the
antitumor immune response, demonstrating that tolerance is a main immune escape mechanism and that combining TRT
and ICI is promising.

Keywords Targeted radionuclide therapy - Metastatic melanoma - Immune checkpoint inhibitor - Tolerance - Melanin -
Anti-Big-h3
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Introduction

Cutaneous melanoma is one of the deadliest types of
skin cancer, developing from epidermis melanocytes—
cells specialized in melanin synthesis. Since 2010, the
emergence of new specific treatments has heavily modi-
fied metastatic melanoma prognosis, especially MAPK-
targeted therapies and immunotherapy. Melanoma is an
obvious candidate for immunotherapy due to its high
mutational burden [1], leading to a high number of poten-
tial neoantigens. However, stimulating immune response
is a challenge since melanoma cells develop mechanisms
to avoid or annihilate it. These immune escape mecha-
nisms involve (1) decrease in antigen expression, CMH
molecules or natural killer (NK) cell co-activator ligands,
(2) inhibition of co-stimulatory signals, (3) expression
of co-inhibitors, (4) induction of T cell exhaustion and
(5) tolerogenic immune response [2]. Classical oncologic
treatments (such as external beam radiation therapy, EBRT
[3]) can boost these mechanisms. On the other hand, a
strategy of immunotherapy consists in reversing these
immune escape mechanisms using immune checkpoint
inhibitors [4] (i.e., anti-CTLA-4 and anti-PD-1 antibodies,
Abs). CTLA-4 and PD-1 are immune checkpoint receptors
that downregulate T cell activation involved in immuno-
logic tolerance. CTLA-4 is expressed by T regulatory cells
and upregulated in activated T cells. CTLA-4 is a CD28
homologue that competes with CD28 to interact with B7
ligands to inactivate T cells [5]. PD-1 is expressed by
activated T cells, monocytes, B cells and NK cells. PD-1
interaction with its ligands, PD-L1 or PD-L2, inhibits T
cell receptor signaling and prevents T cell activation as
well as proinflammatory cytokine secretion [6]. PD-1 is
the main marker of T cell exhaustion. Therapeutic inhibi-
tion of PD-1 and of CTLA-4 in melanoma induces persis-
tent response and long-term survival [4]. Other immune
checkpoint inhibitors (ICIs) are currently being tested in
clinical trials (for instance, Ab against Lag3) [4]. Another
interesting approach consists in depleting pig-h3, a matrix
protein expressed upon TGF-f signaling, with a specific
Ab. Pig-h3 is highly expressed in melanoma and associ-
ated with bad prognosis and metastatic spread [7]. pig-
h3 via interactions with integrin B3 inhibits proliferation
and activation of CD8" cells and macrophages in tumor
microenvironment. Therefore, a Pig-h3-depleting mAb
significantly decreased tumor growth by promoting anti-
tumor immunity in a murine model of pancreatic ductal
adenocarcinoma [8, 9].

The impact of EBRT on the immune response involves
both innate and adaptive mechanisms [3], and EBRT
has been successfully used in combination with ICIs in
both preclinical models [10] and clinical trials [11, 12].
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Tonizing radiations enhance antitumor immune response
by releasing antigens and inducing neoantigens expression,
by increasing expression of co-stimulatory or co-inhibitory
molecules or CMH molecules, by recruiting immune cells
in the tumor microenvironment such as CD8* T cells and
regulatory T cells and by provoking immunogenic death.
Immunogenic death [13] is a form of cell death induced
by irradiation as well as chemotherapy, which leads to
expression of damage-associated molecular pattern mol-
ecules (DAMPs) by the tumor cells. These DAMPs are
immunostimulatory signals that activate antigen-present-
ing cells and promote cytotoxic T cell response. DAMP
signals consist in the externalization of calreticulin and
annexin Al [14], in the release of HMGB1 and ATP in the
extracellular matrix and in the secretion of IFN-1.

Few data are available regarding consequences of tar-
geted radionuclide therapy (TRT) on antitumor immune
response. A study has shown that TRT using !”’Lu-DOTA-
TATE induces recruitment of CD86-bearing antigen-
presenting cells and NK cells in murine neuroendocrine
tumor microenvironment [15]. Additionally, the use of
224Ra wires in different tumor models induces an immune
T response [16]. Combination of a 90y radiolabeled anti-
CEA mAb with an antitumoral vaccine induces a CD4%
and CD8* T-response in a murine carcinoma model [17].
Recently, Hernandez et al. have demonstrated that a *°Y
radiolabeled alkylphosphocholine (NM600) induces a
memory T cell response in a lymphoma syngeneic model
[18].

Thus, combining TRT with ICIs might be of major inter-
est since it could increase ICIs efficacy. Recently, Choi et al.
have combined ICI with a TRT approach using a !""Lu-
radiolabeled peptidomimetic targeting very late antigen-4
(VLA-4) [19], an integrin highly expressed in melanoma
as well as in immune cells. In this preclinical study, TRT
combined with dual ICI (anti-CTLA-4 + either anti-PD-1 or
anti-PD-L1) has led to a benefit in median survival (22 days
and 23 days, respectively) compared to TRT alone (19 days).

Our group has developed [*'T]ICF01012, a radiolabeled
melanin ligand for metastatic melanoma TRT [20], which
specifically binds to pigmented melanoma [21]. In murine
syngeneic [22] and xenograft [23] preclinical models, sys-
temic injection of ["*'T]JICF01012 reduces tumor growth and
extends survival time, with minimal toxicity [24]. A phase I
clinical trial of ['*'IJICF01012 is currently ongoing in order
to evaluate its toxicity and assess the appropriate therapeutic
dose in human (NCT03784625). Here we study the interac-
tion between immune system and ['3'IJICF01012 TRT using
functional and molecular in vitro and in vivo approaches in
the murine B16F10 model. We also evaluate the efficacy of
combined use of ['*'IJICF01012 with different ICI (anti-
CTLAA4, anti-PD1 and anti-PDL1) and with an anti-Big-h3
Ab.
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Materials and methods
Cell culture and cell lines

Murine B16F10 melanoma cell line was purchased from the
ATCC in 2005 and grown as previously described [25]. Cells
were free of mycobacterial contamination tested by PCR
(EUROFINS) in 10/2018.

Murine models

Experimentations on mice were in conformity with the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (8" edition, 2011)
and were approved by local Ethic committee of Clermont-
Ferrand (C2E2A no. 002) and French Ministry of Education
and Research (Approval No. 12211-2017111613576925).
B16F10 cells (2 10°) were injected subcutaneously in the
right flank of 5-week-old female mice. C57BL6/J wild-type
mice were purchased at Charles River (L’Arbresle, France),
and Rag2%? mice were provided by Dr Hennino INSERM
U1052, Lyon, France).

Therapy protocols

[*'IJICF01012 was prepared according to Chezal et al. [20].
[PICF01012 monotherapy B16F10(C57BL/6 J) and
B16F10(Rag2X?) mice were injected intravenously with
either 18.5 MBq/100 pL of [*'IJICF01012 or with 100 L
of vehicle ten days after tumor implantation.
Combinations B16F10(C57BL/6 J) mice received four
intraperitoneal injections of immunotherapy or correspond-
ing isotype (Supplementary Table 3) days 6, 10, 14 and 18
post-tumor implantation. Anti-PD-1, anti-PD-L1 and anti-
CTLA-4 antibodies were purchased at BioXCell (Leba-
non, USA) and used at the dose of 200 pg per injection.
Anti-fig-h3 antibody was provided by Dr HENNINO and
used at the dose of 6 pg per injection. After the second anti-
body injection, mice were injected intravenously with ['*!1]
ICF01012 (18.5 MBg/100 pL) or vehicle (100 uL).

Follow-up and survival study

Body weight and tumor volume were measured three times a
week until tumor volume reached 1000 mm? and then daily.
Tumor volume was calculated from the measurement of two
perpendicular diameters using a caliper according to the for-
mula Lx S*2, where L and S are the largest and smallest
diameters, respectively, expressed in millimeters. Mice were
killed when tumor volume reached approximately 2000 mm?
or in case of a weight loss reaching 20% or at experiment

time. Adverse events were monitored daily. Doubling times
(DT) have been calculated individually for each animal as
previously described [22].

Tumor collection

B16F10(C57BL/6J) mice were killed at day ten post-intrave-
nously injection of [*'IJICF01012 for immunofluorescence
and RTqPCR analyses and at day 3, day 6 and day 12 post-
i.v. injection of ['*'TJICF01012 for flow cytometry analy-
ses. For TLDA analysis, BI6F10(C57BL/6 J) mice were
harvested when they reached the survival endpoint. Tumors
were frozen in liquid nitrogen and stored at — 80 °C for RT-
gpCR and TLDA analysis, or fixed in 10% neutral buffered
formalin (Sigma) and stored in 70% ethanol for immunofiuo-
rescence analysis. Flow cytometry analyses were performed
on fresh tumor in RPMI 1640 (Invitrogen).

Immunofluorescence

Immunofluorescence was performed as previously described
[25]. The following primary Abs were used: rabbit poly-
clonal anti-annexin A1 (1/200, ThermoFischer® #71-3400)
and recombinant rabbit monoclonal anti-calreticulin (1/500,
Abcam ab92516). Isotype controls used irrelevant normal
rabbit IgG (Sigma). Slides were then incubated with flu-
orescence-conjugated secondary Ab to rabbit IgG (1/500;
Invitrogen) for 1 h at RT. Nuclei were stained with DAPI
(0.1 pg/mL; Sigma). After slide mounting with Vectash-
ield, emitting fluorescence was detected using SPE confocal
microscope (Leica) and analyzed with Fiji software.

Flow cytometry

Antibodies (Supplementary Table 4) for flow cytometry
were provided by BD Biosciences®. Tumors were totally
dissociated with a tumor dissociation kit mouse (Miltenyi
Biotec®). After filtration and wash, cells were incubated in
staining buffer with a mixture of the anti-mouse-conjugated
antibodies for 15 min in the dark at 4 °C. Gating was per-
formed among CD45 + cells. NK cells were identified as
CD37/NKp46™, CD8* T cells were identified as CD45%/
CD3%/CD8* cells, CD4™ T cells were identified as CD45%/
CD3*/CD4" cells, and regulatory T cells were identified as
CD45%/CD4*/CD127"Y cells. Absolute quantification was
obtained using CountBright beads (Invitrogen).

RT-qPCR
Extraction of RNA was performed on 30 mg of tumor with
RNA Extraction Kit (Macherey—Nagel, Hoerdt, France). To

represent tumor heterogeneity, two distant samples from
each tumor (4 controls, 5 TRTs) were used. cDNA was
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synthesized from 2500 ng of RNA with SuperScript™ IV
VILO™ Master Mix (ThermoFisher, Courtaboeuf, France).
Two transcriptase reverse reactions were done for each sam-
ple and pooled. qPCRs (Supplementary Table 5) were real-
ized in triplicate with SYBR® Mix (KAPABIOSYSTEMS,
Boston, USA) on a StepOnePlus device (Applied BioSys-
tems, Foster City, USA). PCR product specificity was veri-
fied with a melting curve procedure. Results were calculated
with the AACT method after normalizing the expression to
that of Ubiquitin C and GAPDH.

Transcriptomic analyses

Extraction of whole-tumor RNA and reverse transcrip-
tion were realized using the above protocol. Pre-designed
TagqMan probe and primer sets for 64 target genes were cho-
sen from an online catalogue (Applied Biosystems). Gene
families were immune response (n=40), epithelial-mesen-
chymal transition (n=20) and stemcellness (n=4). Once
selected, the sets were factory loaded into the 384 wells of
TaqMan low-density arrays (TLDAs). qPCRs were real-
ized with a TagMan™ Fast Advanced Master Mix (Applied
Biosystems). Samples were run and analyzed using the
7900HT system with a TLDA Upgrade (Applied Biosys-
tems) according to the manufacturer’s instructions. Gene
expression values were calculated with the AACT method
after normalizing the expression to that of Gapdh, TPB
and Ubiquitin c. For each gene, expression in TRT + anti-
CTLA-4, TRT + anti-CTLA-4 + anti-PD-1 and TRT + anti-
CTLA-4 + anti-PD-L1 tumors was compared to that of TRT
alone treated tumors.

Statistics

Statistical analyses were conducted using Stata software
(StataCorp, College Station, Texas, USA) and Prism soft-
ware (GraphPad, San Diego, California, USA). A two-tailed
p value of less than 0.05 was considered to indicate statisti-
cal significance.

For RT-qPCR analysis, the fold changes (Control vs TRT)
are expressed as mean + SD and were compared with Stu-
dent’s t test. The normality assumption was analyzed using
Shapiro—Wilk’s test. TLDA analyses were compared using
one-way ANOVA. For the analysis of repeated measures
(tumor growth), the random effects model (REM) was con-
sidered, as usually proposed, to study the following fixed
effects—treatment groups, time point evaluation and their
interaction group X time — taking into account between-
and within-subject variability (as random effect). Censored
data (survival) were estimated using the Kaplan—Meier
method. The log-rank test was used in univariate analysis
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for two-group comparison. These analyses were completed
by Cox proportional hazards model applying a Sidak’s type
I error correction to take into account multiple comparisons.
The proportional hazard hypothesis was studied with Sch-
oenfeld’s test. Synergy analyses were performed according
to Viallard et al. [26].

Results
TRT modulates antitumor immune response

Expression of annexin A1l and calreticulin, which are known
immunogenic cell death markers, was assessed using immu-
nofluorescence techniques. We demonstrated that (3]
ICF01012 significantly increases annexin Al (Fig. la,
p=0.0059) and calreticulin (Fig. 1b, p=0.0470) expression
on cell surface ten days after irradiation in a B16F10 tumor
model, showing that [BICF01012 irradiation induces
immunogenic cell death.

We treated Rag2X? mice to specify the involvement of the
adaptive immune system in TRT efficiency. Tumor growth
was significantly slower after TRT in C57BL/6 mice com-
pared to Rag2%® mice (Fig. 1c). In the TRT-treated wild-
type mice, we showed (Fig. 1d, Supplementary Table 1)
an extension of median survival (29 days vs. 21 days,
p=0.0182). In contrast, median survival was not different
in both TRT-treated and untreated immunocompromised
Rag2X? mice (Fig. 1d, Supplementary Table 1, 24 days
vs. 21 days, p=0.6094). Additionally, survival was similar
in both untreated groups (C57BL/6 T vs. Rag2X?, 21 days
vs. 21 days, p=0.8763). These results suggest that ['>'T]
ICF01012 efficacy relies on the adaptive immune system to
be fully efficient.

Flow cytometry analyses revealed an initial decrease in
CD45" leucocytes, CD8* T lymphocytes, CD4* T lympho-
cytes and NK cells three days after TRT injection (Fig. 2a);
however, this decrease was non-significant. This could be
related to a peripheral hematoxicity due to non-specific radi-
ation effect of [*'TJICF01012. However, twelve days after
TRT injection, CD8* and CD4" T populations significantly
increased in tumors compared to control (p=0.0351 and
p=0.0347, respectively) while NK cell population increased
at day 6 without reaching statistical significance (Fig. 2a).
Additionally, we observed a non-significant increase in
CD4" CDI127"¥ T regulatory cell population at day 12 in
the treated tumors (p =0.0977).

RT-qPCR analyses (Fig. 2b) at day 10 strengthened
the flow cytometry data by showing a twofold increase
in the Adgrel (Emrl) and Ncrl (Nkp46) gene transcripts
(»p=0.0416 and p=0.0285, respectively) suggesting a
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response genes were upregulated, with a 1.5-fold increase for
Cd8a, Ifny and Tnfa (p=0.0256, p=0.0456 and p =0.0884,
respectively) and a threefold increase for Gzmb (p =0.0358).
The transcription of genes involved in immune tolerance
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«Fig.2 TRT modifies tumor immune microenvironment. (a) Number
of tumor infiltrating lymphocytes per gram was quantified by flow
cytometry 3 days, 6 days and 12 days after irradiation (n=6 per time
and condition). Gating was performed among CD45% cells. NK cells
were identified as CD37/NKp46*, CD8 T cells were identified as
CD3*/CDS8™ cells, CD4 T cells were identified as CD31/CD4" cells,
and regulatory T cells were identified as CD4*/CD127°" cells. (b)
Expression of immune response genes ten days after TRT assessed
by RT-gPCR on two distant samples from each tumor (control: n=4,
TRT: n=5)

and regulatory T cells was significantly increased: four-
fold change for Cd4 and Foxp3 (p=0.0260 and p=0.0123,
respectively) and sixfold change for Ctla4 (p=0.0385).
Exhaustion-related gene expression was not modified after
TRT except Pdcdllg2, which was significantly higher (1.5-
fold change, p=0.0325).

These findings highlight the intratumoral recruitment of
cytotoxic T cells, macrophages, NK cells and regulatory T
cells after ['*'IJICF01012 injection. They also suggest that
tolerogenic mechanisms prevail in the TRT-related immune
response, whereas exhaustion seems less preponderant.

[*"11ICF01012 combined with immune checkpoint
inhibitors

To assess further the role of exhaustion and tolerance in
TRT-mediated immune response, we tested TRT combina-
tion with ICIs in B16F10 model. Survival and individual
growth curves are shown in Fig. 3, and survival medians
and tumor growth information are summarized in Table 1.
Groups receiving the IgG isotype were not significantly dif-
ferent compared to control and TRT alone groups (Fig. 3b,
Table 1).

["*'1]ICF01012 induces tolerogenic immune mechanisms

To determine the importance of T cell exhaustion during
TRT, we combined ["*'[JICF01012 with an anti-PD-1 anti-
body (Fig. 3c) or with an anti-PD-L1 antibody (Fig. 3d).
Anti-PD1-groups showed a significant survival increase
compared to TRT alone (p <0.0001) suggesting exhaustion
mechanisms in non-treated tumors. However, TRT + anti-
PD-1 survival was similar to the anti-PD-1 group (30 days).
Interestingly, the group receiving TRT + anti-PDL-1 exhib-
ited a small non-significant increase in survival compared
to the anti-PD-L1 group (34 days vs 25 days, p=0.104).
In TRT +ICI groups, tumor doubling times (DT) were not
significantly different from the ICI alone groups (Table 1).
These results suggest that CD8" T cell exhaustion is not
preponderant in the TRT-mediated immune response.

RT-gPCR analyses suggested that tolerance is an impor-
tant mechanism throughout TRT. We combined TRT with
anti-CTLA-4 antibody (Fig. 3e). Interestingly, TRT + anti-
CTLA-4 group showed a significant increase in survival
compared to monotherapy groups (Fig. 3e, Table 2, 41 days
vs. 27 days (p=0.011), vs. 26 days (p <0.0001), respec-
tively). Doubling times in the TRT + anti-CTLA-4 group
were also significantly higher compared to TRT alone
and anti-CTLA-4 alone groups (Fig. 4c, 7.088 days™! vs
3.808 days™! vs 3.713 days™', respectively; p <0.0001).
Additionally, combining TRT with anti-CTLA-4 extended
the slow growth phase (26 days for TRT + anti-CTLA-4 vs.
19 days for anti-CTLA-4 alone). Furthermore, the inter-
action between TRT and anti-CTLA-4 was synergistic
(HR7pT1ani-ctLA4 (0.08) <[HRpgr (0.626) X HR i c1ra4
(0.419)]=0.262) [27], suggesting a major contribution of
tolerance in the TRT-mediated immune response.

TRT-induced tolerance reversal by anti-CTLA-4 Ab
treatment favors T cell exhaustion

Induction of exhaustion occurs when anti-CTLA-4 is com-
bined with external radiotherapy [10]. We hypothesized
that the same phenomenon could occur during TRT. We
added anti-PD-1 (Fig. 4a) or anti-PD-L1 (Fig. 4b) to the
combination of TRT + anti-CTLA-4. On the one hand,
the addition of anti-PD1 to the combination TRT + anti-
CTLA-4 induced a 2.5 days gain of survival associated
with a higher DT (Fig. 4c, 7.544 days™' vs 7.088 days™!,
ns). On the other hand, combining TRT + anti-CTLA-4
with anti-PD-L1 did not modify DT or median survival
compared to TRT + anti-CTLA-4. However, the effects
of this combination led to a more homogeneous response
in terms of slow growth and DT compared to TRT + anti-
CTLA-4. Interestingly, TRT + anti-CTLA-4 + anti-PD-L1
(HR1RT 1 anti-cTLA-44anti-pp-L1 (0-175) <[HRpgy (0.632) X
HR,ni-cTLA-4+ani-pp-L1 (0.404)]=0.255) was a synergistic
combination, whereas TRT + anti-CTLA-4 + anti-PD-1 was
only an additive association.

Using TLDA analyses (Fig. 4d), we compared TRT + anti-
CTLA-4 gene expression with the gene expression of
TRT + anti-CTLA-4 + anti-PD-1 group and TRT + anti-
CTLA-4 + anti-PD-L1 group. TLDA analyses showed
an increase in the exhaustion-related genes Cd274, Lag3
and Eomes in the TRT + anti-CTLA-4 group compared to
TRT + anti-CTLA-4 + anti-PD-1 (»p =0.0022, p=0.0079 and
p=0.1438, respectively) and to TRT + anti-CTLA-4 + anti-
PD-L1 group (p=0.0031, p=0.0670 and p =0.0396, respec-
tively). The addition of anti-PD-1 or anti-PD-L1 to TRT-
CTLA4 combination induced a return to control values for
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Fig.3 TRT combination with immune checkpoint inhibitors in mono- Kaplan—Meier survival curves were represented for each immune
therapy. Individual growth curves were represented for each pair of checkpoint inhibitor and compared with control and TRT group.
groups (control and TRT): (a) without immune checkpoint inhibi- Median survival and doubling times are resumed in Table 1

tor, (b) isotype IgG, (c¢) anti-PD-1, (d) anti-PD-L1, (e) anti-CTLA-4.
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Table 1 Survival. ar'1d tumor Group Median sur- P Doubling times p
growth‘characterlstlcs fqr vival (days) (days™")
TRT +immune checkpoint
inhibitor combination Control (n=33) 24.0 0.058 3.10+0.14 0.2154
TRT (n=25) 26.0 3.81+0.17
IgG (n=11) 25.0 0.379 2.85+0.15 >0.9999
TRT +1gG (n=17) 26.0 2.98+0.20
Anti-PD-1 (n=9) 30.0 0.693 3.34+0.27 0.8414
TRT +anti-PD-1 (n=9) 30.0 4.09+0.32
Anti-PD-L1 (n=11) 25.0 0.104 3.30+0.21 0.5587
TRT +anti-PD-L1 (n=9) 34.0 425+043
Anti-CTLA-4 (n=11) 27.0 0.011 3.71+0.32 <0.0001
TRT +anti-CTLA-4 (n=9) 41.0 7.09+0.99
Anti-PD1 + anti-CTLA-4 (n=10) 38.0 0.794 5.84+0.60 0.0391
TRT + anti-PD-1 + anti-CTLA-4 (n=10) 43.5 7.54+0.64
Anti-PD-L1 + anti-CTLA-4 (n=10) 29.5 0.091 4.74+043 0.0003
TRT + anti-PD-L1 + anti-CTLA-4 (n=10) 36.0 7.07+0.66

these three genes. All these results suggest that anti-CTLA-4
combined to TRT contributes to induce exhaustion.

[*"1]ICF01012 combined with an original
immunotherapy: TRT + anti-Big-h3

We have tested the effect of an anti-fig-h3mAb alone or
combined with ['*'TJICF01012 in B16F10 model. Groups
receiving the IgG isotype (Fig. 5b) did not show differences
compared to the control and TRT alone groups (Fig. 5a).
Anti-fig-h3 alone did not modify median survival compared
to control group (Fig. 5c, 24 days). TRT + anti-fig-h3 group
survival was significantly longer compared to anti-Pig-h3
alone (29 days vs 24 days, p=0.0297). However, median
survival in the combination TRT + anti-fig-h3 group did not
reach statistical significance compared to other TRT groups.
However, we showed a survival gain of 1.5 day (Supplemen-
tary Table 2). Additionally, we demonstrated a significant
difference of tumor doubling times between the anti-pig-h3
group and TRT + anti-fig-h3 group (p=0.0121), with a dif-
ference between means of 0.94 +0.33 days (Fig. 5d).

Discussion

This study allows a complete characterization of TRT-
induced modifications in the antitumor immune response
in the syngeneic B16F10 model. We demonstrate here that
TRT using [*'TJICF01012 induces immunogenic cell death
which contributes to adaptive immune cell recruitment to
the tumoral site. Thus, the efficacy of [3']ICF01012 on

pigmented melanoma depends on the immune system and
particularly on the adaptive immune response, as we estab-
lished by comparing TRT effects between immunocompe-
tent and immunodeficient mice. We also highlight that TRT
modifies tumor immune microenvironment, especially by
inducing cytotoxic T response and stimulating recruitment
of innate immune cells as NK cells and macrophages. Simi-
lar to EBRT, escape mechanisms also occur throughout TRT.
We demonstrate that tolerance, as well as regulatory T cell
recruitment, is one of the main immune escape mechanisms
in TRT. Additionally, the immunologic tolerance induced
by TRT could be overcome by the use of an anti-CTLA-4
antibody at the cost of an induction of exhaustion, which
could, however, be counteracted by the addition of an anti-
PD-1 or anti-PD-L1 antibody. This hypothesis is supported
by a previous study [10] on external radiation therapy by
Twyman-Saint Victor et al.

Finally, we show that combining TRT and ICI is a prom-
ising approach for melanoma treatment. It indeed results
without exception in a prolonged survival (p <0.0001)
compared to [*'TJICF01012 alone, especially in the case
when ICI alone does not modify tumor growth (i.e., anti-
CTLA-4, anti-PD-L1). Combining TRT + anti-CTLA-4 is
the most promising combination with a significant increase
in survival (15 days). Furthermore, approximately 22%
of TRT + anti-CTLA-4-treated mice survived longer
than 60 days, and one mouse turned out to be a very long
responder (>200 days). Interestingly, these results are
quite similar to the observations [10] made by Twyman-
Saint Victor et al. for the EBRT + anti-CTLA-4 combi-
nation in a B16F10 murine model. Contrasting with the
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«Fig.4 TRT combination with dual immune checkpoint inhibitors.
Individual growth curves were represented for each pair of groups
(control and TRT): (a) anti-PD-1+anti-CTLA-4, (b) anti-PD-
L1 +anti-CTLA-4. Kaplan—Meier survival curves were represented
for each dual immune checkpoint inhibitor and compared with con-
trol and TRT group, (c¢) doubling times for anti-CTLA-4 groups, anti-
PD-1+anti-CTLA-4 groups and anti-PD-L1+anti-CTLA-4 groups.
(d) Exhaustion-related gene expression for anti-CTLA-4 groups, anti-
PD-1+anti-CTLA-4 groups and anti-PD-L1+anti-CTLA-4 groups.
Median survival and doubling times are resumed in Table 1.

results [19] reported by Choi et al., we observed a longer
survival with either TRT alone, anti-CTLA-4 alone or
ICI+ TRT combination than what they described with
dual ICI combined with TRT. This could be explained by
three different factors: the fact that ['*'IJICF01012 does
not target immune cells, the use of a lower dose (18.5 MBq
vs 30 MBq) to limit hematotoxicity and the ['*'T]ICF01012
pharmacokinetics (i.e., rapid clearance of non-target
organs). We highlight also the safety of this type of com-
bination without reporting any adverse events, especially
no immune-related toxicity or melanin-related toxicity.
Association of TRT with anti-fig-h3 shows an extend of

survival that could probably be more detectable had we
used a more immunogenic model such as B16-OVA [28,
29]. However, demonstrating efficiency of TRT +ICI com-
bination in the less immunogenic murine B16F10 model
is really promising for clinical use in human melanoma
treatment since human melanoma has a higher mutational
burden that leads to higher immunogenicity. These results
validate the development of clinical trials for this type
of combination. However, keeping in mind that murine
and human melanoma have not the same immune behavior
[28], anti-PD-1 should also be considered for combination
as it is the most efficient ICI in human.

To conclude, we extend the knowledge on TRT-medi-
ated immune response, demonstrating that tolerance is a
prominent mechanism during ['*'IJICF01012 irradiation.
['*1]ICF01012 appears to be a good candidate in order to
be used in combination with ICIs, with the advantages of a
specific targeting and a high number of pigmented metas-
tases treated at once. We eagerly expect the toxicity results
of the phase 1 trial before proceeding with TRT + ICI com-
bination therapy in a clinical trial.
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Fig.5 TRT combination with anti-fig-h3 antibody. Individual growth
curves were represented for each pair of groups (control and TRT):
(a) without immunotherapy, (b) isotype 1gG, (c) anti-pig-h3. Kaplan—
Meier survival curves were represented for each dual immune check-
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