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Abstract

RIG-I is a cytosolic RNA sensor that recognizes short 5’ triphosphate RNA, commonly generated during virus infection.
Upon activation, RIG-I initiates antiviral immunity, and in some circumstances, induces cell death. Because of this dual
capacity, RIG-I has emerged as a promising target for cancer immunotherapy. Previously, a sequence-optimized RIG-I ago-
nist (termed M8) was generated and shown to stimulate a robust immune response capable of blocking viral infection and to
function as an adjuvant in vaccination strategies. Here, we investigated the potential of M8 as an anti-cancer agent by ana-
lyzing its ability to induce cell death and activate the immune response. In multiple cancer cell lines, M8 treatment strongly
activated caspase 3-dependent apoptosis, that relied on an intrinsic NOXA and PUMA-driven pathway that was dependent
on IFN-I signaling. Additionally, cell death induced by M8 was characterized by the expression of markers of immunogenic
cell death-related damage-associated molecular patterns (ICD-DAMP)—calreticulin, HMGB1 and ATP—and high levels
of ICD-related cytokines CXCL10, IFNf, CCL2 and CXCL1. Moreover, M8 increased the levels of HLA-ABC expression
on the tumor cell surface, as well as up-regulation of genes involved in antigen processing and presentation. M8 induction
of the RIG-I pathway in cancer cells favored dendritic cell phagocytosis and induction of co-stimulatory molecules CD80
and CD86, together with increased expression of IL12 and CXCL10. Altogether, these results highlight the potential of M8
in cancer immunotherapy, with the capacity to induce ICD-DAMP on tumor cells and activate immunostimulatory signals
that synergize with current therapies.
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Introduction

Tumor cells use multiple strategies to escape immune
surveillance and to generate an immunosuppressive
and protumorigenic microenvironment [1]. During this
“immunoediting escape phase”, cancer cells become less
visible to cells of the immune system by: (1) downregu-
lation of HLA-ABC, co-stimulatory molecules and NK
ligands; (2) secretion of immunosuppressive factors (such
as PD-L1, Galectin 9, IDO1); and/or (3) chemoattraction
of immunosuppressive cells such as regulatory T cells,
myeloid-derived suppressor cells and tumor-associated
macrophages (Treg, MDSC and TAM, respectively)
[2]. Several strategies are currently being investigated
to overcome the limitations of the immunosuppressive
microenvironment and induce tumor cell death. Among
these approaches, the use of compounds that mimic viral
infection represents a promising strategy to pair cell death
signals with immune activation events [3]. During viral
infection in fact, cells sense pathogen-associated molecu-
lar patterns (PAMP) and damage-associated molecular pat-
terns (DAMP) through a family of sensors, collectively
named pattern recognition receptors (PRR), that activate
multiple immune response pathways, and in some cases,
lead to death of infected cells.

The retinoic acid-inducible gene-I (RIG-I) is a cyto-
solic PRR for short 5’ triphosphate double-strand RNA,
with a crucial role in activating immune response against
viral infection [4]. Upon recognition of viral RNA, RIG-I
associates with the adaptor mitochondrial antiviral sign-
aling protein (MAVS), via caspase recruitment domain
(CARD)-mediated interactions that in turn activate TBK1
and the IKK complex [5]. TBK1 and IKK then lead to the
activation of IRF3 and NF-xB, respectively, thus inducing
the interferon (IFN) antiviral and inflammatory responses
[6, 7]. RIG-I signaling can also trigger suicide of infected
cells as an ultimate mechanism of protection that limits
viral spread through at least three different mechanisms:
IRF3-dependent induction of apoptotic genes [8]; IRF3-
mediated induction of BAX-dependent mitochondrial
apoptosis [9]; and direct RIG-I induction of necroptosis
[10]. Such dual effects (i.e., induction of cell death and
immune activation) render RIG-I agonists promising ther-
apeutic compounds for cancer treatment. Indeed, prelimi-
nary results have already shown that RIG-I agonists can
induce cell death in different tumor types and activate both
innate and adaptive immunity against tumors in mouse
models [11-15].

By modifying the length, structure and sequence of
the 5’ end of Vesicular Stomatitis Virus (VSV) RNA,
we developed and characterized a RIG-I agonist (named
MS8) that was 10-100-fold more potent in stimulating an
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antiviral response, when compared to other agonists [16].
MS8 potently blocked a variety of viral infections in vitro
and in vivo, in part due to the activation of an innate
immune response with greater breadth and intensity. Fur-
thermore, M8 acted as a potent vaccine adjuvant against
influenza, leading to high antibody titers and a Thl-
skewing of immune responses [17]. In the present study,
we tested the anti-cancer therapeutic potential of M8 by
taking advantage of its dual ability to induce cell death
and activate innate immunity. Our results demonstrate
that stimulation of the RIG-I pathway by M8 induced an
IFN-dependent intrinsic apoptosis in different cancer cells,
characterized by multiple features of ICD, as well as an
increased antigen processing capacity and strong activa-
tion of dendritic cells (DC).

Materials and methods
Cell lines and cultures

Mel1007, Mel120, and PC3 cells were grown in RPMI
supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific) and 1% of penicillin—streptomycin solu-
tion (P/S, 10,000 U/ml penicillin and 10 mg/ml streptomy-
cin sulfate, Euroclone). A549 cells were grown in Ham’s
F-12K (Kaighn’s) Medium (Thermo Fisher Scientific) sup-
plemented with 10% FBS and 1% of P/S. HCT116 cells were
grown in McCoy’s SA (Modified) Medium (Thermo Fisher
Scientific) supplemented with 10% FBS and 1% of P/S.

Generation of RIG-I agonists and transfection

MS, RIG-I agonists #1 and #2 (RA#1 and RA#2) were syn-
thesized using Megascript T7 Transcription Kit (Thermo
Fisher Scientific) with synthetic oligonucleotides (Eurofins
Genomics) and following manufacturer instructions. Tem-
plates used were:

GAAATTAATACGACTCACTATAGACGAAGACCA
CAAAACCAGATAAAAAAAAAAAAAAAAAAAAAA
AAAATAATTTTTTTTTTTTTTTTTTTTTTTTTTATC
TGGTTTTGTGGTCTTCGTC and GACGAAGACCAC
AAAACCAGATAAAAAAAAAAAAAAAAAAAAAAA
AAATTATTTTTTTTTTTTTTTTTTTTTTTTTTATCT
GGTTTTGTGGTCTTCGTCTATAGTGAGTCGTATTAA
TTTC for M8; TCAAACAGAGGCCGCATGCCTATAGTG
AGTCGTATTA and GCATGCGGCCTCTGTTTGACTATA
GTGAGTCGTATTA for RA#1; TACGTAAGCTGGATA
GCGCTATAGTGAGTCGTATTA and GCGCTATCCAGC
TTACGTATATAGTGAGTCGTATTA for RA#2.

For RA#1 and RA#2, the two templates were used
to synthesize complementary RNAs that were annealed

before transfection. Synthesized RNA was then purified
using Nucleospin MiRNA Kit (Macherey-Nagel) and their
concentration was assessed using Nanodrop 2000 (Thermo
Fisher Scientific).

For transfection of all RA, Lipofectamine RNA/iMax
(Thermo Fischer Scientific) was used following manu-
facturer instructions. The amount of Lipofectamine was
optimized for each cell type to reduce toxicity: 1.5 pl/ml
was used for Mel1007 cells, 2 pl/ml for HCT116, 3 pl/
ml for PC3, Mel120 and A549. Both RNAiIMAX and RA
were diluted in Opti-Mem (Thermo Fisher Scientific). To
remove the 5' triphosphate group of M8, Calf Intestinal
Alkaline Phosphatase (Thermo Fischer Scientific) was
used following manufacturer instructions and RNA was
then purified as above.

Reagents

The LDH cytotoxicity assay (Thermo Fischer Scientific)
was used following manufacturer instructions. For cell
death inhibition, Z-VAD-FMK (Santa Cruz Biotechnol-
ogy) was used at a final concentration of 100 pM, Ac-
YVAD-CMK (Sigma Aldrich) was used at a final concen-
tration of 100 pg/ml (~ 180 pM), Necrostatin-1 (Cayman
Chemical) was used at a final concentration of 50 pM;
all the reagents were added to the culture immediately
after transfection. For RIG-I silencing by siRNA, Mel1007
plated in 6-well plates were transfected with 80 pmol of
RIG-I siRNA or control-siRNA-A (Santa Cruz Biotechnol-
ogy) using Lipofectamine RNA/iMax. After 24 h, cells
were transfected with M8 and viability assessed after
48 h. To block IFN-I signaling anti-interferon-o/p recep-
tor (IFNAR1) Chain 2 Antibody (clone MMHAR-2, Merck
Millipore) was added to the culture media immediately
after M8-transfection to a final concentration of 1 pg/ml.

PBMC and DC differentiation

PBMC were isolated from anonymous healthy donor bufty
coats by Ficoll Paque Plus (GE healthcare) following man-
ufacturer instructions and cultured in RPMI supplemented
with 10% certified FBS (Thermo Fisher Scientific) and
1% of P/S. For DC differentiation, monocytes were iso-
lated from fresh PBMC by magnetic selection using CD14
MicroBeads (Miltenyi Biotec) and cultured in RPMI sup-
plemented with 10% Certified FBS (Thermo Fisher Sci-
entific), 1% of P/S, 50 ng/ml of GMCSF (Miltenyi) and
25 ng/ml of IL-4 (Miltenyi). After 5 days of culture, DC
were used for the phagocytosis assay or stimulated for 24 h
with supernatants of transfected Mel1007 cells.
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NK CD107 degranulation and cytotoxicity assay

As the source of effector cells, PBMCs were isolated from
three healthy donors by gradient centrifugation Lymphoprep
(Nycomed, Oslo, Norway) and co-cultured for 10 days with
the irradiated (30 Gy) EBV-transformed B cell line RPMI
8866 at 37 °C in a humidified 5% CO, atmosphere, as pre-
viously described [18]. On day 10, the cell population was
routinely >95% CD567"CD167CD3™, as assessed by immu-
nofluorescence and flow cytometry. M8-transfected Mel1007
cells and K562 cells were then incubated with the effec-
tor cells at 37 °C for 2 h. Thereafter, cells were washed
and incubated for 45" at 4 °C with the lysosomal marker
CD107a-APC, anti-CD3-APC-H7 and anti-CD56-PE to
gate on NK cells. At the end of the incubation, cells were
washed and analyzed by flow cytometry for the percentage
of CD107a+ cells among the gated CD3—/CD56+ cells.

The effector NKL cells were labeled with CFSE and co-
cultured for 4 h with target Mel1007 transfected or not with
MS for 48 h or K562 cells at several Effector—Target ratios
for 4 h at 37 °C. Cells were then washed and cytotoxicity
was assessed by flow cytometry to analyze viable cells using
7-AAD among the CFSE™ cells.

Phagocytosis assay

Mel1007 cells were labeled with Cell Trace Far Red (CTFR)
(Thermo Fischer Scientific) and transfected with M8 for
48 h. Cells were then co-cultured at a 1:1 ratio with DC for
4 h. Cells were then washed and labeled with anti-CD209-
PE and 7-AAD, and analyzed by flow cytometry to assess
CTFR™ cells among live CD209" cells.

Flow cytometry

Viability was assessed by gating 7-AAD exclusion over
FSC-A plots on FSC-A vs FSC-H gated singlet cells. To
evaluate early versus late apoptosis, cells were labeled
with Annexin-V-APC (Biolegend) and 7-AAD in a solu-
tion of HEPES 0.01 M (Sigma Aldrich), NaCl 140 mM
(Sigma Aldrich), CaCl2 2.5 mM (Sigma Aldrich) follow-
ing manufacturer instructions. Mitochondrial depolarization
was assessed by JC-1 staining (Thermo Scientific); after
M8 treatment, JC-1 was added to a final concentration of
2.5 uM; cells were incubated in the dark at 37 °C for 15 min
before cytometric analysis. The gating strategy was based on
cells treated with the mitochondrial depolarization reagent
carbonyl cyanide 3-chlorophenylhydrazone (CCCP).

To stain for calreticulin, cells were washed twice
with cold PBS, fixed for 5’ in 0.25% paraformaldehyde,
washed twice in cold PBS and incubated for 20’ with
anti-calreticulin Ab (PA3900, Thermo Fischer Scien-
tific). Labeled cells were then washed twice and incubated
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with AlexaFluor488-labeled secondary Ab for 30" on ice
(Abcam—ab150077). At the end of the incubation, cells
were washed twice and re-suspended in a PBS solution
containing 7-AAD. As a positive control, cells treated with
Mitoxantrone 1 pM (Sigma Aldrich) were used. Only live
cells were analyzed; dead cells were removed based on
7-AAD staining.

Staining for other cell surface markers was performed
using standard incubation protocols and staining with anti-
HLA-ABC-PE, anti-HLA-DR-APC (21388996) (both from
Immunotools), anti-CD86-Brilliant Violet 421 (305426)
and anti-CD209-PE (330106) (both from Biolegend), anti-
CDS8O-FITC (557226), anti-CD3-APC-H7 (clone SK7),
anti-CD56-PE (clone NCAM16.2), anti-CD107a-APC
(clone H4A3) (all from BD Biosciences) antibodies. All
the experiments were performed on BD FacsCanto II (BD
Biosciences).

Quantitative PCR

RNA was isolated by column separation using the RNeasy
Kit (Qiagen) following manufacturer’s instructions and the
concentration was measured with Nanodrop 2000 (Thermo
Fischer Scientific). 350 ng of RNA was used for cDNA syn-
thesis using the High-Capacity cDNA Reverse Transcription
Kit (Thermo Fischer Scientific). Quantitative PCR was then
performed using Tagman Fast Advanced MasterMix with
Tagman probes or Universal ProbeLibrary Probes (Roche)
with specific primers designed using the Roche Lifescience
Assay Design Center (https://lifescience.roche.com/en_it/
brands/universal-probe-library.html#assay-design-center)
on a StepOnePlus Real-Time PCR System (Thermo Fischer
Scientific). A relative quantification method was used, with
GAPDH as housekeeper gene.

Magnetic Luminex assay

Supernatants of M8-transfected Mel1007 cells were ana-
lyzed on a 96-well plate for the presence of the following
analytes: CCL2, CXCL1, CXCL10, and IFNp. The fluo-
rescence responses and concentrations of cytokines were
obtained using a human premixed Multi-Analyte kit (R&D
systems), and analyzed with a MAGPIX system and the
accompanying xPONENT Software. All reagents were pro-
vided with the kit and were prepared according to the manu-
facturer’s recommendations; reconstituted standards were
serially diluted 1:3 in calibrator diluent, which was used
as background. A microparticle cocktail, biotin-antibody
cocktail, and streptavidin-PE were diluted in their specific
buffers immediately before the assay. The Luminex protocol
was followed exactly; 50 pl of sample and standard were
incubated for 2 h with 50 pl of microplate cocktail, then the
plate was washed and 50 pl of biotin-antibody cocktail was
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added. After 1-h incubation, the plate was washed and 50 pl
of streptavidin-PE was added for 30’, followed by a final
wash and resuspension in 100 pl of wash buffer. All incuba-
tions were performed at room temperature on a microplate
shaker at 800 rpm. Both standards and samples were tested
in duplicate. The concentration values and detection limits
were determined from standard curves generated from each
kit’s standards using the weighted SPL curve fitting pro-
cedure. To maximize the number of concentration values
available for analysis, the extrapolated values were included.

HMGB1 ELISA

Supernatants of Mel1007, HCT116 and PC3 cells trans-
fected or not with M8 for 48 h were analyzed for HMGB1
levels using HMGB1 ELISA kit (ST51001, IBL interna-
tional) following manufacturer instructions and absorbance
measured with the iMark™ Microplate Absorbance Reader
(Bio-Rad). As a positive control, cells treated with Mitox-
antrone 1 pM (Sigma Aldrich) were used.

ATP release

Extracellular ATP levels were measured by the luciferin-
based ENLITEN ATP Assay (Promega, Madison, WI, USA),
following the manufacturer’s instructions, and light inten-
sity was measured using the Glomax luminometer. Briefly,
100 pl of undiluted supernatant was dispensed in duplicate
in an opaque-walled 96-well plate; an equal volume of rL./L
reagent was added to each well by an injection system, and
a 2-s delay time after injection and 10-s RLU signal integra-
tion time were used to record the light signals resulting from
the luciferase reactions.

Statistical analysis

Graphs and statistical analyses were performed using Graph-
Pad Prism 6. Depending on the type of data to be analyzed, a
one-way ANOVA or two-way ANOVA was used correcting
multiple comparisons with Tukey’s test, or standard # test
using Sidak correction for multiple comparisons.

Results

Sequence-optimized RIG-l agonist M8 potently
induced cell death in melanoma cancer cells

To assess the potential of M8 as an anti-cancer agent, we
initially analyzed its ability to induce cell death in the mela-
noma cell line Mel1007. Significant levels of cell death were
observed with concentrations of M8 higher than 100 ng/ml
(Fig. 1a, b). To determine the specificity of M8 to induce

RIG-I-directed cell killing, the 5’ triphosphate group of M8
was removed by calf intestinal phosphatase, resulting in a
dramatic reduction in cell death (50% vs 3.7%) (Fig. 1c).
A similar result was observed when RIG-I expression was
silenced with siRNA against RIG-I for 24 h prior to M8
treatment. Indeed, M8-directed cell death was reduced to
control levels in RIG-I silenced cells (from 30 to 9.5%)
(Fig. 1d), thus supporting the observation that the 5’ triphos-
phate moiety is required to maintain specificity for RIG-I
[6, 16].

Next, the capacity of M8 to induce cell death was com-
pared to other RIG-I agonists previously shown to induce
cell death in cancer cells [11, 15]. Among the compounds
tested, M8 proved to be the strongest inducer of cell death
in Mel1007 (58% vs 11 and 8%) (Fig. 1e). Moreover, M8
was effective in inducing cell death in a variety of other can-
cer cell lines, including metastatic melanoma Mel120, lung
adenocarcinoma A549, colon carcinoma HCT116, prostate
carcinoma PC3 (Fig. 1f) (40%, 75%, 45%, and 33%, respec-
tively), indicating that cell death pathways activated by M8
were intact in other cancer cell types. The toxicity of M8 was
also evaluated in PBMC, and MS led to minimal levels of
cell death, even at the highest dose (Fig. 1g), thus indicating
that M8 toxicity was selective for cancer cells rather than
normal cells [12]. Altogether, these results indicate that M8
activation of RIG-I induced cell death in different cancer cell
types, while displaying limited toxicity in non-cancerous
cells.

M8 induction of the IFN-I-dependent intrinsic
apoptotic pathway

Next, the kinetics of induction of apoptosis was evaluated by
annexin V staining at different times after M8 treatment. As
shown in Fig. 2a, Mel1007 treated with M8 began showing
apoptotic features as early as 16 h post transfection, with
high percentages of early apoptotic cells between 24 and
30 h; by 48 h, most of the cells were dead, indicating that the
mechanisms leading to cell death are initiated within the first
24 h. Several pharmacological inhibitors of cell death path-
ways were used to explore the specific nature of M8-medi-
ated cell death. The pan-caspase inhibitor Z-VAD signifi-
cantly reduced M8-induced cell death (from 44 to 19%) in a
caspase 3-dependent manner, whereas caspase 1-dependent
pyroptosis or necroptosis through the RIP1 kinase was ruled
out, based on the use of the caspase 1 inhibitor YVAD or
the necroptosis inhibitor necrostatin 1 (Fig. 2b). Cleavage
of caspases 3 and 9 was detected by immunoblot at 24 h
post treatment, together with cleavage of the downstream
target PARP (Fig. 2¢), indicating that M8-induced cell death
involved the intrinsic apoptotic pathway. Mitochondrial
depolarization was analyzed by JC1 staining at 24 h post
treatment; as shown in Fig. 2d, M8 treatment of Mel1007
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Fig.1 RIG-I agonist M8 induces cell death in cancer cells. a Via-
bility of Mell007 cells transfected with different amounts of M8
(1-500 ng/ml) for 48 h was assessed by 7-AAD exclusion by flow
cytometry; b LDH based cytotoxicity was measured in Mel1007 cell
supernatants transfected with different amounts of M8 (1-500 ng/
ml) for 48 h, the percentage cytotoxicity was calculated as the ratio
of spontaneous-normalized LDH activity over normalized maximum
control, as per manufacturer instructions; ¢ viability of Mell007
cells transfected with M8 or 5’ dephosphorylated M8 (CIAP-MS)
(500 ng/ml) for 48 h, assessed by 7-AAD exclusion by flow cytom-

cells increased the percentage of cells exhibiting disrupted
mitochondria. Next, to understand the pro-apoptotic factors
involved in M8-induced cell death, we analyzed gene expres-
sion levels of the pro-apoptotic genes NOXA and PUMA.
Notably, both genes were significantly induced upon M8
transfection (Fig. 2e, f); however, while PUMA expression
levels were induced threefold, NOXA gene expression was
induced approximately 100-fold.

To evaluate whether the apoptosis induced by M8 was
modulated by type I IFN (IFN-I), cell death levels were
evaluated in M8-treated Mel1007 cells in the presence of
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etry; d) Viability of Mell007 cells pretreated for 24 h with siRNA
specific for RIG-I, and then transfected with M8 (500 ng/ml) for
48 h; e viability of Mell007 cells transfected with the indicated
RIG-I agonists (500 ng/ml), untreated, or transfected only with lipo-
fectamine for 48 h; f viability of metastatic melanoma Mel120, lung
adenocarcinoma A549, colon carcinoma HCT116, and prostate car-
cinoma PC3 transfected with 500 ng/ml of M8 for 48 h; g viability
of PBMC transfected with different doses of M8 (1-500 ng/ml) for
48 h, assessed by 7-AAD exclusion by flow cytometry. *P <0.05;
**P<0.01; ¥**¥*P <0.001

IFNARI blocking antibodies. As shown in Fig. 3a, cell death
induced by M8 was inhibited by IFNAR1 blocking antibod-
ies (21% vs 57%), thus demonstrating the requirement for
IFN-I production and indicating that secreted IFN-I con-
tributed to apoptosis. Consistent with this observation, the
blockade of IFN-I signaling with [IFNAR1 blocking antibod-
ies inhibited pro-apoptotic gene expression and reduced the
levels of PUMA and NOXA in M8-treated cells (1.4- vs
2.6-fold for PUMA, 45- vs 110-fold for NOXA) (Fig. 3b,
c). Altogether, these results indicate that M8 induced an
intrinsic apoptotic pathway in Mel1007 cells that relied on
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mRNA Fold Change

percentage of Mell007 cells showing monomeric JC-1, an indicator
of mitochondria depolarization, at 24 h after transfection. CCCP was
used as a positive control and added 30’ before the analysis; e expres-
sion levels of NOXA gene in Mell007 cells 24 h after transfection
with the indicated doses of M8; f expression levels of PUMA gene in
Mel1007 cells 24 h after transfection with the indicated doses of M8.
*P<0.05; ¥**P<0.01; ***P<0.001
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Fig.3 MB8-induced apoptosis relies on IFN-I signaling. a Viability
of Mell007 cells transfected with M8 (500 ng/ml) and treated with
IFNARI1 blocking antibody (1 pg/ml) for 48 h; b, ¢ expression levels
of NOXA and PUMA genes, respectively, in Mel1007 cells 24 h after

IFN-I-dependent induction of PUMA and NOXA. The levels
of residual apoptosis indicated that IFN-independent mecha-
nisms may also contribute to M8-induced cell death [6, 12].

M8-induced markers of ICD-DAMP

Given its ability to mimic aspects of virus infection, M8
induced a RIG-I-dependent cytokine response; IFNf tran-
script levels increased proportionally with increased con-
centration of M8 (10, 100, 500 ng/ml), and the downstream
chemokine CXCL10 was induced dramatically (up to
10°~10*-fold). Addition of IFNAR1 blocking Ab reduced
transcript levels, although residual cytokine mRNA was
detected (Fig. 4a, b). Since IFN and CXCL10 are two criti-
cal factors required for ICD [19], we next determined the
potential of M8 to induce the complete chemokine signature
of ICD (i.e., CCL2, CXCL1, CXCL10 and IFNp) by a mul-
tiplex ELISA assay. Notably, all cytokines tested displayed
a dose-dependent and statistically significant increase, as
measured in the supernatant of M8-treated Mel1007 ver-
sus control (Fig. 4c). Next, we assessed whether cell death
induced by M8 displayed other features of ICD, such as
exposure of calreticulin on the cell membrane, secretion of
High Mobility Group Box 1 (HMGB1) and ATP release.
As shown in Fig. 4d, M8 induced the surface exposure of
calreticulin at levels comparable to the ICD inducer mitox-
antrone in Mel1007 cells (Fig. 4d). Similar results were
also observed in the HCT116 and PC3 cell lines (data not
shown). Another marker of ICD, HMGBI1 release was
increased ~ 3-fold after M8 treatment in Mel1007 cells
(Fig. 4e). HCT116 and PC3 cancer cells also induced ICD
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body for 48 h (1 pg/ml). Fold changes were calculated over untreated
Mel1007 cells. ¥*P <0.01

markers after M8 treatment (data not shown). Finally, ATP
was measured in the extracellular supernatants of Mel1007
cells using a luciferase-based assay, revealing a> 500-fold
increase in ATP release after M8 treatment (Fig. 4f). Alto-
gether, these results demonstrate that M8 induced caspase
3-dependent cell death characterized by the induction of
multiple ICD-DAMP.

M8 triggering of RIG-I represses NK activity
and upregulates antigen processing machinery

Having observed the activation of several markers of ICD in
cancer cells stimulated by M8, we next sought to determine
if pathways downstream of RIG-I activation also generated
signals crucial for immune cell recognition. The induction of
NK cell activating signals on Mel1007 was evaluated using
mid-range doses of M8 to ensure strong RIG-I activation and
minimize cell death. As shown in Fig. 5a, most activating NK
ligands were increased on the Mel1007 cell surface after M8
treatment, although not to a statistically relevant level. How-
ever, when NK degranulation and cytotoxic activities were
measured, a clear inhibition of NK activity was observed.
In fact, both CD107 exposure on the NK surface and the
percentage of dead target cells after co-culture of NK and
MS8-Mel1007 cells indicated that M8 reduced NK activity
when compared to negative or positive control cells (Fig. 5b,
c), thus suggesting the potential involvement of inhibitory sur-
face markers. In fact, a consistent induction of an NK inhibit-
ing marker—HIL.A-ABC expression—was observed after M8
treatment (Fig. 5d) and was associated with a general increase
in the activity of the antigen processing machinery (APM).
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Fig.4 M8 induces ICD-DAMP in cancer cells. a, b Expression of
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percentage of positive cells in Mel1007 30 h after transfection with
M8 (500 ng/ml); mitoxantrone (1 pM) was used as positive control; e
HMGBI levels assessed by ELISA in supernatants of Mel1007 cells
transfected with M8 (500 ng/ml) for 48 h; mitoxantrone (1 pM) was
used as positive control; f ATP release by Mel1007 cells transfected
with M8 (500 ng/ml) for 48 h as assessed in culture supernatants by
luciferase-based test. *P <0.05; **P<0.01; ***P <(0.001
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line against Mell007 cells transfected with M8 (10-100 ng/ml) for
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48 h. Mean+ SEM values are shown. Both in b and ¢ K562 were used
as a positive control of NK activation; d MFI of HLA-ABC expres-
sion levels of Mell007 transfected for 24 h with different doses of
M8 (1-500 ng/ml) and IFNARI1 blocking Ab (1 pg/ml) over control
cells; e expression levels of the indicated APM genes in Mel1007
cells 24 h after transfection with different doses of M8 (1-500 ng/
ml) and IFNAR1 blocking Ab (1 pg/ml) over control cells. *P <0.05;
**P<0.01
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The expression of numerous APM genes—immunoprotea-
some subunits PSMBS8, PSMB9, and PSMB 10, transporters
associated with antigen processing TAP1 and TAP2, and the
endoplasmic reticulum chaperone Tapasin (TAPBP)—dis-
played a dose-dependent increase in M8-Mel1007 cells, peak-
ing at a concentration of 100 ng/ml M8, with induction rang-
ing from 15- to 500-fold, relative to untreated cells (Fig. Se).
Consistent with previous studies [20], the expression of APM
factors was strongly dependent on IFN-I, since IFNARI1
signaling blockade resulted in a reduction of the expression
levels of both HLA-ABC protein (to basal levels) and APM
genes (~three—sixfold) (Fig. 5d, ). Similar results in terms of
reduced NK activity and APM induction were also observed
in HCT116 cells (data not shown). Altogether, these results
indicate that the antigen processing machinery was activated
in an IFN-dependent manner in cancer cells treated with M8,
whereas anti-tumor NK activity was inhibited.

Dendritic cell activation is skewed
toward a pro-inflammatory phenotype

Based on the induction of ICD-DAMP and APM activation
in M8-Mel1007, we next examined DC activity to determine
whether the immune stimulatory signals induced by M8 also
enhanced DC phagocytosis of M8-Mel1007. Monocyte-
derived DC (MoDC) co-cultured with labeled Mel1007 or
MS8-Mel1007 were evaluated for their ability to incorporate
membrane dye by phagocytosis. Strikingly, MoDC phago-
cytized significantly more M8 treated-Mel1007 cells com-
pared to control Mel1007 (9.5% vs 2.2%) (Fig. 6a, b).

Next, we evaluated whether immune stimulatory sig-
nals induced in M8-Mel1007 cells affected the DC pheno-
type, specifically expression of co-stimulatory markers and
cytokine production. Flow cytometric analyses showed that
supernatants of M8-Mel1007 administered to DC increased
the expression levels of co-stimulatory markers CD80 and
CD86, and of HLA-DR of ~2.2-, 4.7-, and 2-fold, respec-
tively, thus indicating an increased potential to stimulate T
cell activation (Fig. 6¢). Moreover, expression of the pro-
Th1 cytokine IL-12 was stimulated in DC, whereas levels of
the pro-Treg cytokine IL-10 remained unchanged (Fig. 6d).
The pro-inflammatory cytokine CXCL10 was stimulated by
MS8-Mel1007 in a dose-dependent manner (Fig. 6e), further
supporting the observation that M8 treatment of Mel1007
stimulated the phagocytic potential of DC and also directed
DC towards a pro-inflammatory phenotype.

Discussion

Immunotherapy has emerged as a fourth pillar of cancer
treatment—together with chemotherapy, radiation and
surgery—to revolutionize clinical cancer care. Several

immunotherapeutic strategies have reached clinical practice
and demonstrated durable clinical responses and improved
survival [38—40]. However, the efficacy of these strategies is
limited to patients with highly immunogenic tumors; while
for the majority of patients, complementary therapeutic
strategies are required to convert non-immunogenic (“cold”)
tumors into immunogenic (“hot”’) tumors.

Immune mechanisms targeted against viral infection
rely on recognition of viral components (often viral nucleic
acids with distinct PAMP) to initiate a complex, multifaceted
array of processes that includes the secretion of IFN-I and
chemokines to mobilize immune effector cells, the activa-
tion of the APM for immune recognition of non-self anti-
gens, and in the last instance, cell death. All these processes
are also critical for the development of an efficient cancer
immunotherapy. In the present study, we demonstrate that
a sequence-optimized RIG agonist—MS8 [16, 17] induced
ICD-DAMP in cancer cell lines and triggered intrinsic
apoptotic pathways by an IFN-I-dependent mechanism.
Moreover, M8 boosted HLA-ABC and APM expression,
and activated DC toward a more pro-inflammatory phago-
cytic phenotype. M8 outperformed other RA in the induc-
tion of antiviral signaling [16], and potentiation of immune
response [17], with an efficacy dependent on an intact RIG-I
pathway and on the preservation of the 5’ triphosphate moi-
ety. Taken together, our results highlight M8 as a promising,
broad-acting RA for cancer immunotherapy against multiple
tumor types. Nevertheless, additional studies are necessary
to identify experimental conditions in which RIG-I activa-
tion is desirable.

IFN-I plays a critical role in the development of the anti-
tumor response because of its capacity to induce ICD on
tumor cells [19], in part due to the induction of the pro-
apoptotic BH-3 only proteins NOXA and PUMA [21-27].
Tumor cells often develop resistance to IFN-I signaling by
downregulating IFNAR1 surface receptor expression or by
altering downstream signaling intermediates [22, 23, 28,
29], although some IFN-I signals are minimally affected by
IFNARU1 levels [30]. In the present experiments, cell death
induced by M8 relied on IFN-I production, and blockade of
IFNARI1 signaling decreased cancer cell death. Other RA
have demonstrated the ability to induce both IFN-dependent
and -independent mechanisms of cell death [11, 12], that
may be due to cell-specific differences in the induction of
antiviral versus apoptotic responses. Whether the effects of
MS8 would be limited in tumor cells with defective IFN-I
responses should be explored in more depth. Strategies such
as oncolytic virotherapy that specifically take advantage of
defects in IFN-I signaling would potentially be more effec-
tive in settings of diminished IFN responses [31-33].

NK cells exert a crucial role in modulating the response
to cancer therapy in several settings [34, 35]. However,
contrasting results have been reported on the relevance of
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Fig.6 MBS treatment in cancer cells induces phagocytosis and pro-
inflammatory phenotype in DC. a, b Mel1007 cells were stained with
CTFR and then transfected with M8 (500 ng/ml). After 48 h, Mo-DC
were added to the cell culture at a 1:1 ratio. After 4 h, phagocytosis of
DC was assessed by flow cytometry, analyzing the percentage of DC
(gated on CD209 expression) that incorporated CTFR. a Representa-
tive plots of the phagocytosis assay; b percentage of DC phagocytosis
as in a; c—e effects of supernatants of transfected Mel1007 cells on

NK cells in RA-based immunotherapy [11, 13, 14, 36]. In
contrast to other groups that analyzed systemic NK acti-
vation [11] or the activating effect of cell supernatants
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DC. Mell1007 were transfected for 48 h with different doses of M8
(1-500 ng/ml), supernatants were then used to stimulate DC. ¢ Cell
surface expression levels expressed as relative MFI of co-stimulatory
markers CD80 and CD86 and HLA-DR in DC treated for 24 h with
supernatants of Mell1007 transfected with different doses of M8; d, e
expression levels of IL-12A, IL-10 and CXCL10 genes in DC treated
as in ¢). *P <0.05; **P <0.01; ***P <0.001

[13], our results showed an overall inhibition of NK cell
activity against M8-transfected cells, despite the increased
expression of several NK activating ligands. We believe
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this may be due to the strong overexpression of the inhibi-
tory ligand HLA-ABC, but additional factors could also
be involved. Whether reduced NK activity would affect
MS8-based immunotherapy will be evaluated in vivo in the
near future to obtain a detailed understanding of mecha-
nisms regulating NK activity upon RA treatment.

The generation and/or strengthening of anti-tumor
antigen-specific immune responses is considered the
foundations of successful cancer immunotherapy, par-
ticularly given the progress with immune checkpoint
inhibitor therapies [37-39]. Because of their ability to
actively uptake and process tumor antigens, DC play a
pivotal role in inducing and maintaining tumor-specific
T cell responses [40] and combination therapies aimed
at increasing the pool of tumor antigens recognized by T
cells are highly sought after strategies [41]. Our obser-
vations that M8-treated tumor cells are phagocytized
by DC, and that DC stimulated with supernatants from
MS-treated cells increased the expression of HLA-DR and
costimulatory molecules, and promoted pro-inflammatory
cytokine production, indicate that M8 immunotherapy
could broaden the anti-tumor antigenic repertoire. Also,
the upregulation of the APM in cancer cells by M8 could
increase the recognition of cancer cells by the tumor infil-
trating lymphocytes, and thus additionally favor a strong
antigen-specific T cell-mediated immune response.

During the final preparation of this study, we became
aware of an excellent study that evaluated a distinct engi-
neered RA in a breast cancer cell panel that represented
each of three major clinical breast cancer subtypes [42].
Notably, in this setting, the RA triggered the extrin-
sic apoptosis pathway and pyroptosis, and also induced
expression of lymphocyte-recruiting chemokines and
IFN-I. Importantly, RIG-I activation in breast tumors
increased tumor lymphocytes and decreased tumor growth
and metastasis, thus illustrating the successful therapeutic
delivery of a synthetic RA to induce breast tumor cell kill-
ing and to modulate the tumor microenvironment in vivo.

In conclusion, we report that an optimized RA MS§
induced IFN-I dependent apoptosis in several tumor cell
lines, characterized by the production of ICD-DAMP,
together with the activation of APM and DC. These results
demonstrate that M8 triggering of the RIG-I pathway acti-
vates multiple processes within the tumor microenvironment
that favors the induction and strength of antigen-specific
responses and could synergize with checkpoint inhibitors.
Whether these effects will be sufficient for effective tumor
treatment will be explored in future in vivo studies.
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