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ABSTRACT

Background Immune-stimulatory agents, like agonists
of the innate immune receptor RIG-1, are currently tested
in clinical trials as an intratumoral treatment option for
patients with unresectable melanoma, aiming to enhance
anti-tumor T cell responses. Switching of melanoma
toward a dedifferentiated cell state has recently been
linked to T cell and therapy resistance. It remains to be
determined whether RIG-I agonists affect melanoma
differentiation, potentially leading to T cell resistance.
Methods Patient metastases-derived melanoma cell
lines were treated with the synthetic RIG-I agonist
3pRNA, and effects on tumor cell survival, phenotype

and differentiation were determined. Transcriptomic

data sets from cell lines and metastases were analyzed
for associations between RIG-/ (DDX58) and melanoma
differentiation markers and used to define signaling
pathways involved in RIG-I-driven dedifferentiation. The
impact of 3pRNA-induced melanoma dedifferentiation on
CD8 T cell activation was studied in autologous tumor T
cell models.

Results RIG-I activation by 3pRNA induced apoptosis in
a subpopulation of melanoma cells, while the majority

of tumor cells switched into a non-proliferative cell

state. Those persisters displayed a dedifferentiated cell
phenotype, marked by downregulation of the melanocytic
lineage transcription factor MITF and its target genes,
including melanoma differentiation antigens (MDA).
Transition into the MITF*"/MDA" cell state was JAK-
dependent, with some cells acquiring nerve growth factor
receptor expression. MITF®/MDA™" persisters switched
back to the proliferative differentiated cell state when RIG-I
signaling declined. Consistent with our in vitro findings,
an association between melanoma dedifferentiation and
high RIG-I1 (DDX58) levels was detected in transcriptomic
data from patient metastases. Notably, despite their
dedifferentiated cell phenotype, 3pRNA-induced MITF®Y/
MDA"" persisters were still efficiently targeted by
autologous CD8 tumor-infiltrating T lymphocytes (TILS).
Conclusions Our results demonstrate that RIG-I signaling
in melanoma cells drives a transient phenotypic switch
toward a non-proliferative dedifferentiated persister cell
state. Despite their dedifferentiation, those persisters are
highly immunogenic and sensitive toward autologous TILs,
challenging the concept of melanoma dedifferentiation as

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Human melanoma is highly plastic and can adapt
to environmental stresses by transition into dedif-
ferentiated cell states, which have repeatedly been
associated with T cell resistance.

= Synthetic agonists of the innate pattern recogni-
tion receptor RIG-I are administered intratumorally
to improve anti-tumor T cell responses, although
knowledge about their impact on the differentiation
state of melanoma cells is lacking.

WHAT THIS STUDY ADDS

= Here, we demonstrate that in response to RIG-I ac-
tivation subpopulations of melanoma cells switch
into a non-proliferative dedifferentiated persister
cell state, from which they escape when RIG-I sig-
naling declines.

= Despite their JAK-STAT-dependent dedifferentiation,
those persisters can be efficiently targeted by autol-
ogous tumor-infiltrating lymphocytes.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE AND/OR POLICY

= RIG-I-induced melanoma dedifferentiation is not a
barrier to effective anti-tumor T cell responses, sup-
porting the application of RIG-I agonists in tumor
therapy and suggesting that melanoma dedifferenti-
ation is not a general but rather context-dependent
indicator of T cell resistance.

a general indicator of T cell resistance. In sum, our findings
support the application of RIG-I agonists as a therapeutic
tool for the generation of long-term clinical benefit in non-
resectable melanoma.

BACKGROUND

Immune checkpoint blockade (ICB) has
revolutionized the treatment of advanced
melanoma, but clinical responses are still
limited to a subgroup of patients. Cytotoxic
CD8 T cells are central anti-tumor effectors
in ICB. Accordingly, ICB resistance has been
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associated with metastases lacking CD8 T cell infiltrates
and expressing low levels of HLA class I (HLA-I) mole-
cules presenting antigens to CD8 T cells."™ To overcome
resistance and improve clinical responses, innate pattern
recognition receptors (PRRs) attracted attention as
targets for combination ICB therapies.

Intratumoral application of PRR agonists can induce
tumor cell death and orchestrate local innate and adaptive
anti-tumor immune responses, potentially translating into
systemic immunity.*® This has also been demonstrated
for mimetics of viral double-stranded RNA (dsRNA)
binding to the ubiquitous cytosolic immune receptor reti-
noic acid-inducible gene I (RIG-I).7 8 Activation of RIG-I
by its synthetic agonist 5"-triphosphate dsRNA (3pRNA)
triggers the production of type I interferons (IFN-I) and
T cell-attracting chemokines in melanoma cells.?® More-
over, PRR signaling enhances melanoma cell immunoge-
nicity by upregulation of the HLA-I antigen processing
and presentation machinery (HLA-I APM) and has the
capacity to overcome tumor cell-intrinsic resistance to T
cells.?? There is accumulating evidence also from preclin-
ical studies that PRR signaling synergizes with ICB in
boosting the anti-tumor activity of CD8 T cells in mela-
noma.? '"!* These findings and the clinical observation
that patients with RIG-I (DDX58)-high melanomas show
improved survival® ' provided a strong rational for clin-
ical trials combining intratumoral injection of synthetic
RIG-I ligands with anti-PD-1/-L1 antibodies.

During therapy, tumor cells are exposed to various
environmental pressures that melanoma cells can adapt
to and escape from via phenotype switching." '* For
instance, under prolonged exposure to proinflammatory
cytokines or inhibitors of oncogenic signaling pathways
(MAPK inhibitors, MAPKi), differentiated melanoma
cells can stably switch into diverse dedifferentiated cell
states.””™” Common to these cell states is the downreg-
ulation of the melanocytic lineage Microphthalmia-
associated transcription factor (MITF) and its target gene
network.””'7 Of note, certain dedifferentiated cell states
are characterized by the upregulation of specific pheno-
typic markers, such as receptor tyrosine kinase AXL or
nerve growth factor receptor (NGFR/CD271),'* %%
the latter recently described as a regulator of melanoma
phenotype switching.'®

Melanoma dedifferentiation is of highest clinical rele-
vance, as it has repeatedly been observed in tumor biop-
sies derived from patients resistant to targeted inhibitor
therapy or immunotherapy.” *** Therapy resistance of
dedifferentiated melanomas has been attributed, at least
partly, to the lower immunogenicity of dedifferentiated
cells, lacking expression of melanoma differentiation
antigens (MDAs), such as Melan-A and tyrosinase.'*"” #*

Our previous studies demonstrated that short-term
RIG-I activation in melanoma cells (up to 24 hours)
immediately enhances their sensitivity toward autologous
CDS8 T cells.” However, tumor-T cell contacts might be
delayed, in particular, when RIG-I agonists are injected
into immune-cold lesions. Here, we demonstrate that

under prolonged RIG-I signaling, melanoma cells tran-
siently switch into a dedifferentiated but highly immu-
nogenic persister cell state, still sensitive to autologous
CD8 T cells. Our findings suggest that despite induction
of melanoma dedifferentiation, intratumoral injection of
RIG-I agonists could be a valuable strategy for improve-
ment of melanoma therapy.

MATERIALS AND METHODS

Patient samples

Tumor tissues were collected after written informed
consent. Studies on human material were approved
by the institutional review board. Melanoma cell lines
(Ma-Mel-47, Ma-Mel-61a, Ma-Mel-63a, Ma-Mel-86¢, UKE-
Mel-164a) were established from metastatic lesions, as
previously described.'® * ** Cells were confirmed to be
mycoplasma-free in monthly intervals and authenticated
by genetic profiling on genomic DNA at the Institute
for Forensic Medicine (University Hospital Essen) using
the AmpFLSTR-Profiler Plus kit (Applied Biosystems).
Melanoma cell lines were cultured in RPMI1640 medium
supplemented with 10% (v/v) fetal calf serum (FCS) and
penicillin/streptomycin except for UKE-Mel-164a, main-
tained in Dulbecco's Modified Eagle Medium (DMEM)
medium supplemented with 10% FCS, penicillin/strep-
tomycin, 1% non-essential amino acids and 1% sodium
pyruvate. All cells were grown at 5% CO,, 37°C.

Transfection of RIG-I agonists

The here used 3pRNA and non-stimulatory control (Ctrl)
RNA were described previously.” High molecular weight
poly(I:C) was purchased from Invivogen. Tumor cells
were transfected with 100-200ng/mL 3pRNA, Ctrl RNA
or 50-100ng/mL poly(I:C) using Lipofectamine 2000
(Invitrogen). All transfections were performed according
to the manufacturer’s instructions. Serum addition (Ma-
Mel cells) or medium exchange (UKE-Mel-164a) was
carried out 6 hours post-transfection. Cells were incu-
bated at 5% CO,, 37°C, and subjected to further analyses
at the indicated time points.

Transfection efficiency was estimated using a
fluorescence-conjugated microRNA mimic (Dharmacon),
resembling 3pRNA in structure (double-stranded)
and size. Cells were transfected with 100-200ng/
mL microRNA according to the 3pRNA transfection
protocol. After 24 hours, cells were harvested, washed at
least three times, and subjected to fluorescence measure-
ment applying the Gallios flow cytometer (Beckman
Coulter). Data analysis was carried out using Kaluza soft-
ware (Beckman Coulter).

Inhibitor and cytokine treatment

Inhibitor treatment

Cells were seeded and transfected with 3pRNA or
Ctrl RNA as described above. Sixhours post-3pRNA-
transfection, cells were treated with 0.5 or 2pM JAK1/2
inhibitor (JAKi, Ruxolitinib; Selleckchem) for 3 days.
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Cytokine treatment

Cells were seeded and 24 hours later exposed to inter-
feron-y (IFN-y) (500IU/mL; Imukin, Boehringer Ingel-
heim) or tumor necrosis factor-o. (TNF-01) (100ng/mL;
Boehringer Ingelheim) for the indicated time period.
Control cells were left untreated.

Annexin V-propidium iodide staining

On day 3 post-transfection, cells were harvested and
washed with phosphate-buffered saline (PBS). For
staining, pellets were resuspended in binding buffer
(10mM HEPES, pH 7.4; 140mM NaCl; 2.5mM CaCl,)
containing Annexin V-APC (BD Pharmingen) and
propidium iodide (PI; BD Pharmingen) and incubated
at room temperature in the absence of light for 15min.
Afterward, PBS was added, and cells were immediately
measured. Measurement and data processing were
performed using the Gallios flow cytometer and Kaluza
software, respectively (Beckman Coulter).

Western blot

Tumor cell lysates were obtained using 1x Cell Lysis
Buffer (Cell Signaling). About 15pg protein/sample was
separated on 8%-12%sodium dodecyl sulfate (SDS)-
polyacrylamide gels, electroblotted onto nitrocellulose
membranes, and probed with the following primary anti-
bodies at 4°C overnight: anti-human rabbit antibodies
anti-RIG-I (clone D14G6), anti-STAT1 (clone D1K9Y),
anti-phospho (Tyr701) STAT1 (clone 58D6), anti-IRF1
(clone D5E4, XP), anti-CDK2 (clone 78B2), anti-p21
Wafl/Cipl (clone 12D1), anti-p27 Kip (clone D69C12,
XP), anti-AXL (clone C89E7), anti-cjun (clone 60A8),
anti-phosphoSer73 cjun (clone D47G9), anti-FRA1 (clone
D80B4) and anti-GAPDH (clone 14C10) were purchased
from Cell Signaling. Anti-human mouse antibodies used:
anti-tyrosinase (clone T311, Santa Cruz), anti-MITF
(clone Cb, Sigma-Aldrich), anti-MART1/Melan-A (clone
M2-7C10, Zytomed). After washing, membranes were
incubated with the appropriate secondary antibody conju-
gated with horseradish peroxidase. Antibody binding was
visualized using enhanced chemiluminescence system
(Thermo Scientific). In all experiments, GAPDH served
as a loading control.

Quantitative real-time PCR (qPCR)

Total mRNA isolation, transcription and
TagMan-based real-time PCR were performed as previ-
ously described.”*® The amount of specific mRNA was
normalized to endogenous GAPDH (Ma-Mel-47) or
RPLPO (Ma-Mel-61a) mRNA levels. Due to the instability
of different house keeping genes in 3pRNA-transfected
Ma-Mel-61a cells, specific mRNA levels of 3pRNA-treated
Ma-Mel-61a cells were normalized to RPLPO mRNA
levels of Ctrl RNA-transfected cells. Fold change in rela-
tive mRNA expression was calculated by normalizing
the expression of treated cells to the corresponding
controls.

reverse

Microscopy

Cell morphology and density were documented by light
microscopy (Olympus CKX41) using the Olympus Cell-
Sens Standard software.

Real-time proliferation assay (xCELLigence)

Background was measured with 50 pL. medium per well
in an E-Plate 16 (Roche). Then 3x10°or 5x10° cells/well
were seeded in 150 pL additional volume. Cell attach-
ment was monitored with RTCA SP (Roche) instrument
and the RTCA Software V.1.2 (Roche) every 10min.
After 16—-20 hours, melanoma cells were transfected with
100-200ng/mL 3pRNA or Ctrl RNA and incubated
for 10-15days at 5% CO,, 37°C. As additional controls,
cells were treated with Lipofectamine 2000 only or left
untransfected. Sixhours post-transfection, 10% FCS was
added to Ma-Mel-86¢ and Ma-Mel-47 cells, the medium
was exchanged entirely for UKE-Mel-164a cells. All exper-
iments were carried out as triplicates. Changes in the elec-
tric impedance were given as a dimensionless cell index
value derived from relative impedance changes corre-
sponding to cellular coverage of the electrode sensors.
The cell index was first normalized to the baseline imped-
ance value of the background and then to the time point
of transfection.

Flow cytometry

Melanoma cells were harvested at the indicated time
points after transfection and once washed with PBS,
followed by staining with live/dead stain kit (Invit-
rogen) and incubation at room temperature in the
absence of light for 30min. After washing, cells were
split up for intracellular and surface staining. For surface
staining, cells were incubated with the following anti-
bodies: anti-AXL-SB436 (clone DS7HAXL, Invitrogen),
anti-HLA-ABC-APC (clone W6/32, Invitrogen), anti-
CD271(NGFR)-PE (clone ME20.4, BioLegend) and fixed
with 4% paraformaldehyde. For intracellular staining,
cells were fixed and permeabilized using Fixation/
Permeabilization Kit (eBioscience) and stained with the
following antibodies: anti-Melan-A-FITC (clone A103,
Santa Cruz) and anti-CD271 (NGFR)-APC/Fire750 (clone
ME20.4, BioLegend). Fixed samples were measured
using the Gallios flow cytometer (Beckman Coulter).
Autofluorescence was determined by unstained samples,
and Kaluza software (Beckman Coulter) was used for
data analysis. Fold change in relative mean fluorescence
intensity (MFI) was calculated by normalizing the MFI of
treated cells to the corresponding controls.

Cell sorting

Ma-Mel-47 were transfected with 3pRNA or Ctrl RNA.
On day 3 posttransfection, cells were stained with
anti-CD271 (NGFR)-APC/Fire750 (clone MEZ20.4,
BioLegend). Stained 3pRNA-transfected cells were
separated into NGFR"®" and NGFR'" subpopulations
applying the BD FACSAria III cell sorter. Aliquots of
sorted cells were analyzed for their differentiation status
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by intracellular Melan-A staining. The remaining cells
were cultured until regrowth, followed by analyses of
intracellular Melan-A and NGFR expression levels via flow
cytometry, as described above.

CFSE proliferation assay

Ma-Mel-61a cells were transfected with 3pRNA or Ctrl
RNA. On day 3 post-transfection, cells were stained with
10pM  CellTrace carboxyfluorescein diacetate succin-
imidyl ester (CFSE) Cell Proliferation Kit (Invitrogen)
according to the manufacturer’s instructions. CFSE-
labled cells were harvested and co-stained for intracel-
lular NGFR at the indicated time points followed by flow
cytometry analysis.

Expansion of autologous CD8 T cells

Tumor-reactive bulk CD8 T cells from peripheral blood of
patient Ma-Mel-61 and CD8 TILs from patient Ma-Mel-86
were expanded following previously described proto-
cols.'® ** Expansion of tumorreactive tumor-infiltrating
lymphocytes (TILs) from patient UKE-Mel-164 was
carried out as follows: Single-cell suspension from fresh
tumor tissue was obtained using GentleMACS dissocia-
tion kit (Miltenyi Biotec). CD8 T cells were isolated using
anti-CD8 MicroBeads (Miltenyi Biotec). Isolated T cells
(1x10°%) were co-cultured in 24-well culture plates with
irradiated autologous melanoma cells (1x10°%) in AIM-V
medium (Gibco/BRL) supplemented with 10% (v/v)
human serum at 5% CO,, 37°C. On day 3, recombinant
human IL-2 (250IU/mL) was added. In weekly intervals,
10°T cells were restimulated with 10° irradiated mela-
noma cells.

T cell activation assay

Intracellular cytokine staining was performed to deter-
mine the activation of CD8 T cells by 3pRNA-transfected
and poly(I:C)-transfected autologous melanoma cells.
The T cell-stimulatory capacity of 3pRNA, poly(I:C) or
Ctrl RNA-treated melanoma cells was determined 24
hours and/or 3days after transfection. For long-term
3pRNA or Ctrl RNA treatment, melanoma cells were
transfected twice (days 0 and 6) and subjected to T cells
24 hours later (day 7). Briefly, T cells were stimulated
with indicated autologous melanoma cells (1:1 ratio) for
4hours in the presence of Brefeldin A (10 pg/mL; Sigma-
Aldrich) at 5% CO2, 37°C. Afterward, cells were fixed
and permeabilized wusing Fixation/Permeabilization
Kit (eBioscience) and stained with an antibody cocktail
containing anti-CD3-BV421 (clone UCHTI, BioLegend);
anti-CD8-APC/Cy7 (clone SKI1, BioLegend), anti-IFN-
vPE (clone B27, BioLegend) and anti-TNF-a-PE/Cy7
(clone Mabll, BioLegend). For cell analysis and data
processing, the Gallios flow cytometer and Kaluza soft-
ware were used, respectively (Beckman Coulter).

Public RNA-seq data analyses

RNA sequencing (RNA-seq) data from human melanoma
cell lines (Tsoi data set27) and patient samples (Gide
cohort,” Liu cohort®) were analyzed by dividing the

cohorts into equally sized groups of samples with low and
high expression of RIG-I (DDX58). Groups were compared
for expression of MLANA, MITF, DCT, TYR, and CDS8A.
For the Gide cohort, gene expression was quantified from
fastq files in transcripts per million mapped reads (TPM)
per gene using kallisto.”” The annotation of transcripts
to genes was used as provided by kallisto in the Homo_
sapiens.GRCh38.96.gtf from the isoform estimates. The
data on gene expression from the other cohorts were
used as published. Immune infiltrates were quantified
applying the TIMER webtool®' using the TPM expression
values of the Gide and Liu cohorts with the SKCM cancer
type selected.”

Enrichment analysis

For the enrichment analysis RIG-I (DDX58), co-regu-
lated genes were determined using Spearman correla-
tion in RNA-seq data of the Tsoi melanoma cell line
cohort.”” The conservative correction for the number
of tests yielded Bonferroni-corrected g-values, and FDR-
corrected g-values were computed by applying p.adjust()
in R using the FDR method. Genes were then sorted by
significance. The top 50 correlated genes were queried
in enrichment analysis using the Enrichr webtool™
at https://maayanlab.cloud/Enrichr/. The resulting
enrichments were considered statistically significant if p
values were less than 0.05.

Statistics

Experimental data from three independent experiments
are depicted as means plus SE of the mean (+SEM). For
comparison of experimental groups, the two-tailed paired
t-test was applied using GraphPad Prism V.8 software
(GraphPad). For group comparisons of RNA-seq data, the
two-sided Wilcoxon rank test was applied. Experimental
groups were considered to be significantly different at
levels of p value less than 0.05.

RESULTS
3pRNA-treated melanoma cells persist in a transient non-
proliferative cell state
To study the effects of RIG-I signaling on melanoma
cell states, we transfected various tumor cell lines, estab-
lished from patient metastases, with 3pRNA or Ctrl RNA.
Tumor cells were treated once, according to clinical trial
protocols applying PRR agonists intratumorally in 3-week
intervals (NCT03739138, NCT02828098). Intact RIG-I
signaling was confirmed by elevated RIG-I protein expres-
sion in 3pRNA-treated melanoma cells (figure 1A) and
cytotoxic effects of the highly efficient transfection proce-
dure were excluded (online supplemental figure SIA-D).
Activation of RIG-I in tumor cells has been demon-
strated to trigger 21p0ptosis.34_36 As shown in figure 1B
by Annexin V-PI staining, we detected significantly
enhanced cell death in all 3pRNA-treated melanoma cell
lines (figure 1B,C). But, except for cell line Ma-Mel-63a,
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Figure 1 Enhanced melanoma cell death in response to 3pRNA treatment. (A-C) Melanoma cells were transfected with 3pRNA

(+) or Ctrl RNA (-) and subjected to further analyses on day 3 post-transfection. (A) RIG-I expression analyzed by western blot.
GAPDH, loading control. Representative data from three independent experiments. (B, C) Cells stained for Annexin V/Pl and
analyzed by flow cytometry. (B) Representative dot plots, (C) percentage of Annexin V-positive (Annexin V*) cells shown as
mean+SEM from three independent experiments. Significantly different experimental groups: *p<0.05, **p<0.01, **p<0.005 by
two-tailed paired t-test. Ctrl, control; PI, propidium iodide; RIG-I, retinoic acid-inducible gene I.

the majority of transfected cells (60%-80%) remained
viable (figure 1C).

Analyzing the cells that persisted upon RIG-I activa-
tion, we recognized a more spindle-like mesenchymal
cell shape of 3pRNA-treated melanoma cells compared
with control cells (figure 2A). Moreover, persisters
switched into a non-proliferative cell state, indicated by
downregulation of the cell cycle regulator CDK2 in four
out of five 3pRNA-treated cell lines and upregulation
of the CDK inhibitor p27 in Ma-Mel-61a, Ma-Mel-86¢,
and UKE-Mel-164a cells (figure 2B). We confirmed the
strong inhibitory effect of RIG-I activation on Ma-Mel-86¢
and UKE-Mel-164a cells in real-time proliferation assays
applying an impedance-based technology (figure 2C,D;
online supplemental figure S2A,B). Strikingly, on day 4 to
day 5 after 3pRNA transfection, melanoma cells resumed
proliferation. Overall, these data demonstrated that
prolonged RIG-I signaling in melanoma cells induced a
transient non-proliferative cell state.

Persisting melanoma cells acquire a dedifferentiated
phenotype

The lineage transcription factor MITF functions as a driver
of melanoma cell proliferation.”” As shown by western
blot in figure 3A, 3pRNA-induced non-proliferative
persisters strongly downregulated the expression of MITF
and its targets Melan-A and tyrosinase. Some cell lines
(Ma-Mel-61a, Ma-Mel-47) appeared to even switch off
differentiation marker expression. Considering that loss
in melanoma differentiation can be accompanied by an
upregulation of dedifferentiation markers, such as AXL
or NGF R,14 2138 We examined the expression of Melan-A,
AXL, and NGFR in 3pRNA-treated and Ctrl RNA-treated
cells by flow cytometry. Consistent with the western blot
analyses, a decrease in Melan-A was measured also by
flow cytometry in all cell lines tested, with Ma-Mel-47
lacking protein expression in the majority of cells and
Ma-Mel-61a displaying a nearly complete Melan-A loss.
Among the 3pRNA-induced Melan-A-negative cells, we
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Figure 2 Induction of a transient non-proliferative melanoma cell state upon RIG-I activation. (A, B) Melanoma cells were

transfected with 3pRNA (+) or Ctrl RNA (-) and subjected to further analyses on day 3 post-transfection. (A) Microscopic
analyses of cell morphology and density (x10 magnification). Representative images from three independent experiments.
(B) Expression of cell cycle regulators analyzed by western blot. GAPDH, loading control. Representative data from three
independent experiments. (C, D) Real-time proliferation of cell lines Ma-Mel-86¢ (C) and UKE-Mel-164a (D) after 3pRNA (red)
or Ctrl RNA (blue) transfection. Vertical gray lines indicate time point of transfection; gray arrow shows medium exchange.
Representative data from three independent experiments. Ctrl, control; RIG-I, retinoic acid-inducible gene I.

detected subpopulations of cells upregulating NGFR or
AXL. An increase in the NGFR"" /Melan-A"® fraction
(Q1) was observed in all investigated melanoma cell lines
(figure 3B,C), while an enrichment of AXL-positive cells
was detected only in two cases (figure 3D; online supple-
mental figure S3A,B). Thus, prolonged RIG-I signaling
induced a non-proliferative dedifferentiated melanoma
cell state.

To verify our finding that melanoma differentiation
and RIG- levels are inversely correlated, we analyzed
public transcriptomic data from 53 patient-derived mela-
noma cell lines (Tsoi data set).27 Melanoma cell lines
were divided into RIG-I (DDX58) low and high expression
groups and compared for levels of MITF and its targets
MILANA, DCT, and TYR. As shown in figure 3E, expression
of each marker was significantly decreased in the RIG-I"¢"
(DDX58"#8M) compared with RIG-I" (DDX58°Y) group, in
line with our findings that elevated RIG-I protein expres-
sion (figure 1A) in melanoma cells is associated with
dedifferentiation.

RIG-I-induced melanoma dedifferentiation involves JAK-STAT
signaling

To decipher the mechanisms underlying 3pRNA-induced
dedifferentiation, we performed pathway analysis on the
Tsoi transcriptome data set” and found genes involved
in IFN and JAK/STAT signaling strongly enriched in
RIG-I"®" (DDX58"8") melanoma cells (figure 4A; online
supplemental table SIA,B and figure S4). Considering
also our previous observations of IFN-I expression by
3pRNA-treated tumor cells,” we postulated the involve-
ment of JAK-STAT signaling in melanoma dedifferen-
tiation. To analyze this, we selected melanoma models
Ma-Mel-47 and Ma-Mel-61a, showing strongest RIG-I-
induced dedifferentiation in terms of Melan-A downregu-
lation (figure 3A—C), and treated those cells with 3pRNA
in the presence or absence of the JAK inhibitor (JAKi)
Ruxolitinib. As shown for Ma-Mel-47 in figure 4B, JAK-
STAT signaling, triggered in response to RIG-I activation,
was strongly decreased in the presence of Ruxolitinib. The
inhibitor also blocked Melan-A downregulation by 3pRNA
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Figure 3 Dedifferentiation of 3pRNA-induced persister cells. (A-D) Melanoma cells were transfected with 3pRNA (+) or Ctrl
RNA (-) and subjected to further analyses on day 3 post-transfection. (A) Expression of differentiation markers analyzed by
western blot. GAPDH, loading control. Representative data of three independent experiments. (B, C) Single-cell phenotype
profiling by flow cytometry. (B) Representative dot plots of NGFR and Melan-A expression. Numbers indicate the percentage
of specific cell populations. Quadrants defined based on autofluorescence of unstained cells. (C) Heatmap of the quadrant's
median of three independent experiments. (D) Surface expression of AXL measured by flow cytometry. Percentage of AXL-
positive (AXL") cells shown as mean+SEM of three independent experiments. Significantly different experimental groups:
*p<0.05, **p<0.01 by two-tailed paired t-test. (E) Analysis of Tsoi transcriptomic data set,>” comparing gene expression in
patient-derived melanoma cell lines grouped by RIG-I®" (DDX58"°") and RIG-I"9" (DDX58"9") (n=27 vs n=27; threshold: 7 TPM).
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in a concentration-dependent manner (figure 4C-E).
Similar effects of JAKi were observed for 3pRNA-treated
Ma-Mel-61a cells (figure 4F,G), indicating an involve-
ment of JAK-STAT signaling in RIG-I-iinduced melanoma
dedifferentiation.

In addition to 3pRNA, JAK-STAT pathway activation
and tumor cell dedifferentiation were induced also by
transfection of poly(I:C), demonstrating that distinct
synthetic RIG-I agonists trigger the same molecular and

phenotypic alterations in melanoma cells (online supple-
mental figure S5A-D).

Decline in RIG-I signaling reverses melanoma phenotype
switching

To address the transient nature of dedifferentiation,
we harvested persisting Ma-Mel-47 cells on day 3 and
day 14 post-3pRNA-transfection. Time points were
selected based on real-time cell viability measurement
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(figure 5A), with day 3 corresponding to the non-
proliferative cell state and day 14 to the regrowth phase.
As shown in figure 5B, on day 3 of RIG-I activation, the
majority of non-proliferative Ma-Mel-47 persisters lost
Melan-A expression. In contrast, when cells regained
their proliferative capacity (day 14), the Melan-A-positive
phenotype dominated (figure 5B-D). Consistent with a
back-switch toward a differentiated phenotype, prolif-
erative Ma-Mel-47 persisters showed a decrease in
NGFR and AXL expression (figure 5B; online supple-
mental figure S6E) and downregulation in JAK-STAT
signaling (figure 5E). Similar time-dependent changes
in the expression of differentiation and dedifferentiation
markers were observed for 3pRNA-treated Ma-Mel-61a
cells (online supplemental figure S6A-E).

To stress the reversibility of RIG-I-driven phenotype
switching and demonstrate that even highly dedif-
ferentiated persisters can switch back to a differenti-
ated proliferative cell state, we sorted 3pRNA-induced
NGFR"8" Ma-Mel-47 cells from NGFR'" cells (day 3
post-transfection) (figure 5F,G). Of the sorted NGFR"#"
cells, more than 91% showed a dedifferentiated Melan-A-
negative phenotype compared with 57% of the NGFR'"
population (figure 5G,H). Both the NGFR"" and
NGFR"8" population resumed proliferation and switched
back toward a differentiated phenotype similar to control
cells (day 20 post-transfection) (figure 5G,H).

Notably, transition back to proliferation was observed
also for 3pRNA-treated Ma-Mel-61a persisters, which
consisted of up to 93% dedifferentiated cells on day 3
post-transfection (figure 3B; online supplemental figure
S6E). To exclude that proliferative cells were exclusively
derived from the small subpopulation of Ma-Mel-61a
cells that preserved their differentiated phenotype under
3pRNA treatment (figure 3B; online supplemental figure
S6E), we monitored the reproliferation of CFSE-labeled
persister in a short-term setting. Bulk adherent persister
cells were stained with CFSE on day 3 post-3pRNA-
transfection and fluorescence intensity was measured on
day 3, day 6 and day 8. Flow cytometry analysis revealed
a time-dependent gradual loss of CFSE signal intensity
in total cells, associated with a reexpression of Melan-A
(online supplemental figure S7), clearly demonstrating
that even highly dedifferentiated persisters switched
back toward a differentiated cell state and resumed
proliferation.

Taken together, our findings suggest that RIG-I signaling
in melanoma cells induces a transient non-proliferative
dedifferentiated cell state via JAK-STAT pathway activa-
tion that tumor cells escape from when RIG-I signaling
declines.

Dedifferentiated RIG-/"" tumors show enhanced T cell
infiltration

To address the clinical relevance of our findings, we
studied RIG-I (DDX58) and differentiation marker
expression in public transcriptomic data sets from
melanoma tissues. Analysis of two independent patient

cohorts revealed a significant downregulation of differ-
entiation genes (MITF, MLANA, TYR, DCT) in RIG-I"¢"
(DDX58"#8) compared with RIG-I" (DDX58°Y) tumors
(figure 6A,B). Moreover, RIG-I"8" (DDX58"#") mela-
nomas showed elevated CD8A expression (figure 6C,D).
Applying the TIMER webtool, we estimated the CD8 T
cell infiltrates based on the transcriptomic data and
found them increased in RIG-I"8" (DDX58"") lesions
(figure 6C,D), consistent with the elevated CDSA expres-
sion. In summary, the tissue expression data strength-
ened our in vitro findings, and the enhanced infiltration
of RIG-I"®" (DDX58"®") melanomas by CD8 T cells led
us to ask for the reactivity of CD8 T cells toward 3pRNA-
induced dedifferentiated persister cells.

CD8 T cells efficiently respond toward RIG-I-induced
dedifferentiated persisters

Recently, we demonstrated impaired recognition of
MAPKi-induced dedifferentiated melanoma cells by CD8
T cells.'® ' To study T cell responses toward 3pRNA-
induced persisters, we took advantage of various autolo-
gous CD8 T cell-melanoma cell models.

In patient model UKE-Mel-164, we analyzed the recog-
nition of 3pRNA-induced persisters by autologous TILs.
To enhance RIG-I signaling and melanoma dedifferen-
tiation, tumor cells were transfected twice with 3pRNA.
Compared with single transfection (figure 3A), we
detected a stronger downregulation of the differentiation
antigen tyrosinase (figure 7A), but still, the majority of
melanoma cells retained Melan-A expression (figure 7B).
RIG-I signaling also triggered JAK-STAT pathway acti-
vation (figure 7C) and upregulation of HLA-T surface
molecules (figure 7D). Strikingly, the amount of TILs
producing IFN-y and/or TNF-o. was strongly increased in
the presence of 3pRNA-induced persisters compared with
Ctrl RNA-treated tumor cells (figure 7E,F).

With Ma-Mel-86¢, we studied a second melanoma
model, showing stronger dedifferentiation in response
to RIG-T activation than UKE-Mel-164a (figure 3A; online
supplemental figure S8A,B). We confirmed JAK-STAT
pathway activation and increased HLA-I expression in
response to RIG-I signaling (online supplemental figure
S8C-E). 3pRNA treatment of Ma-Mel-86¢ cells triggered
enhanced activation of autologous TILs at early time
points (24 hours) (online supplemental figure S8F,H), in
line with our previous study.” In contrast, persister cells
showed T cell-stimulatory capacity similar to control cells
(online supplemental figure S8G,H).

So far, the functional data suggested that T cell responses
toward dedifferentiated persisters were not impaired but
even enhanced. However, persisters from both patient
models still contained subpopulations of partially differ-
entiated cells, potentially contributing to T cell activa-
tion. To overcome this limitation, we finally incorporated
the melanoma model Ma-Mel-61 in our study. Tumor
cells from this patient showed a complete loss of MITF,
tyrosinase, and Melan-A protein expression on day 3 post-
3pRNA-transfection (figures 3A and 7G), concurrent to
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Figure 5 Transient melanoma cell dedifferentiation upon RIG-I activation. (A-E) Ma-Mel-47 cells were transfected once

with 3pRNA or Ctrl RNA and analyzed on day 3 (3 d) and 14 (14 d) post-transfection. (A, top) Real-time proliferation of Ma-
Mel-47 after 3pRNA (red) or Ctrl RNA (blue) transfection. Vertical gray line indicates time point of transfection; gray arrows

show medium exchange. Representative data of three independent experiments. (A, bottom) Morphology and cell density
monitored microscopically (x10 magnification). Representative images of three independent experiments. (B) Differentiation
status determined by the expression of indicated proteins. GAPDH, loading control. Representative data of three independent
experiments. (C, D) Melan-A expression determined by flow cytometry. (C) Representative histograms with dotted line
representing unstained control and (D) fold change of MFI given as mean+SEM of three independent experiments. (E) RIG-I
expression and JAK-STAT pathway activation analyzed by western blot. GAPDH, loading control. Representative data of three
independent experiments. (F-H) 3pRNA-transfected Ma-Mel-47 were sorted for NGFR expression on day 3 post-transfection
and cultured until reproliferation (20 d). (F) Scheme of workflow. lllustration created with BioRender.com. (G, top) NGFR surface
expression before cell sorting on day 3 post-transfection. (G, bottom) Melan-A and NGFR coexpression in melanoma cells
analyzed by flow cytometry directly after cell sorting (3 d) and at the time point of reproliferation on day 20 post-transfection

(20 d). Representative dot plots with percentage of cells from two independent experiments. (H) Quantification of Melan-A
expression given as fold change of MFI from two independent experiments. Linked points indicate results from the same
experiment. Significantly different experimental groups: **p<0.01; ***p<0.005 by two-tailed paired t-test. Ctrl, control; MFI, mean
fluorescence intensity; MITF, Microphthalmia-associated transcription factor; NGFR, nerve growth factor receptor; RIG-I, retinoic
acid-inducible gene I.
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Figure 6 RIG-I (DDX58) expression in melanoma biopsies correlates with dedifferentiation and T cell infiltration. Expression of
melanoma differentiation markers MITF, MLANA, TYR, and DCT (A, B), and T cell marker CD8A (C, D, left) in RIG-I®" (DDX58"")
and RIG-I"" (DDX58"") expression groups from published RNA-seq data sets. (C, D, right) Calculated CD8 T cell infiltrates in
RIG-I°" (DDX58"") and RIG-I"9" (DDX58"9") expression groups. Data sets of the Gide cohort®® (A, C, n=45vs n=46; threshold:
11.1 TPM) and Liu cohort®® (B,D; n=60vs n=61; threshold: 7.7 TPM). P values from two-sided Wilcoxon rank tests. MITF,
Microphthalmia-associated transcription factor; RIG-I, retinoic acid-inducible gene |; TPM, transcripts per million mapped reads.

JAK-STAT pathway activation and HLA-I upregulation
(figure 7H-]). Despite total dedifferentiation, 3pRNA-
induced persisters strongly activated autologous CD8
T cells in contrast to Ctrl RNA-treated melanoma cells
(figure 7K,L). Thus, persisting Ma-Mel-61a cells showed
enhanced immunogenicity and triggered T cell activation
by antigens other than the lost differentiation antigens.
Similar to 3pRNA-induced persisters, also poly(I:C)-
transfected Ma-Mel-61a cells displayed improved T cell-
stimulatory capacity (online supplemental figure S9A-C).

3pRNA-induced persisters upregulate the HLA-I antigen
presenting machinery similar to IFNy-treated cells

Our previous study demonstrated increased expression of
the HLA-I APM by short-term 3pRNA-treated melanoma
cells,” suggesting that HLA-I APM upregulation could
contribute also to the enhanced T cell-stimulatory capacity
of 3pRNA-induced persisters. To estimate the level of

HILA-I APM upregulation, we compared the expression of
specific APM components in 3pRNA-induced persisters
to IFN-y- and TNF-o-treated melanoma cells. IFN-y is
known as potent HLA-I APM inducer and both IFN-yand
TNF-o. have been described to trigger melanoma dedif-
ferentiation.'” #* * In fact, each agent (3pRNA, IFN-y,
TNF-0) downregulated MITF and its target genes in our
melanoma models (online supplemental figure S10A,B).
But, only 3pRNA and IFN-y potently triggered JAK/STAT
pathway activation linked to the induction of HLA-I
APM genes, including HLA-B, HLA-C, B2M and PSMB9
involved in antigen peptide presentation and processing,
respectively (figure 7M,N). In line with this observation,
HLA-I upregulation was strongest on 3pRNA-induced
dedifferentiated NGFR"" persisters (online supple-
mental figure S11A-C), indicating their potent antigen-
presenting capacity.
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Figure 7 Strong CD8 T cell reactivity toward 3pRNA-induced dedifferentiated persisters. (A, B and D, F) UKE-Mel-164a

cells were transfected twice with 3pRNA (+) or Ctrl RNA (-) and subjected to further analyses on day 7 post-transfection.

(A) Differentiation status of UKE-Mel-164a determined by the expression of indicated proteins. GAPDH, loading control.
Representative data from three independent experiments. (B) Melan-A expression determined by flow cytometry. Representative
histogram from three independent experiments. (C) RIG-I expression and JAK-STAT pathway activation analyzed 24 hours
post-transfection by western blot. GAPDH, loading control. Representative data from three independent experiments. (D) HLA-I
cell surface expression measured by flow cytometry. Representative histogram from three independent experiments. (E, F)
Activation of autologous TILs by UKE-Mel-164a cells transfected with 3pRNA or Ctrl RNA analyzed by intracellular cytokine
staining in flow cytometry. (E) Representative dot plot and (F) quantification of IFN-y* TNF-o.* CD8* TILs. Fold change given as
mean+SEM from three independent experiments. (G-L) Ma-Mel-61a melanoma cells were transfected with 3pRNA (+) or Ctrl
RNA (-) and subjected to further analyses on day 1 (H) or day 3 (G, |-L) post-transfection. (G) Melan-A expression analyzed

by flow cytometry. Representative data from three independent experiments. (H) RIG-I expression and JAK-STAT pathway
activation analyzed on day 1 post-transfection by western blot. GAPDH, loading control. Representative data from three
independent experiments. (I, J) HLA-I cell surface expression measured by flow cytometry. () Representative histogram and

(J) fold change of MFI given as mean+SEM from three independent experiments. (K, L) Activation of autologous T cells by Ma-
Mel-61a cells transfected with 3pRNA or Ctrl RNA analyzed by intracellular IFN-y staining in flow cytometry. (K) Representative
dot plot and (L) quantification of IFN-y* CD8" T cells. Fold change given as mean+SEM from two independent experiments.

(M) RIG-I and JAK/STAT pathway activation analyzed 24 hours post-transfection with 3pRNA or Ctrl RNA or post-treatment
with IFN-y or TNF-o. by western blot. GAPDH, loading control. Representative data from two independent experiments. (N)
Relative mRNA expression of genes involved in antigen processing and presentation in Ma-Mel-47 and Ma-Mel-61a cells on
day 3 post-3pRNA transfection or post-cytokine treatment. Fold change given as mean from two independent experiments.
Significantly different experimental groups: *p<0.05; ****p<0.001 by two-tailed paired t-test. Ctrl, control; IFN, interferon; MITF,
Microphthalmia-associated transcription factor; PBMC, peripheral blood mononuclear cell; RIG-I, retinoic acid-inducible gene |;
TIL, tumor-infiltrating T lymphocyte; TNF, tumor necrosis factor, w/o: without target cells.
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Overall, our data from the different melanoma models
clearly demonstrate that, despite inducing dedifferentia-
tion, RIG-I activation in melanoma cells preserves or even
enhances the immunogenicity of persisting melanoma
cells, enabling efficient anti-tumor T cell responses.

DISCUSSION

The capacity of RIG-I agonists to enhance innate and
adaptive anti-tumor immune responses has been demon-
strated in various preclinical studies,” "' ***' leading to
their implementation in clinical trial protocols. RIG-I
ligands are applied intratumorally in a carrier-complexed
format, thereby acting on stromal and tumor cells.
Previous studies demonstrated that uptake of 3pRNA in
tumor cells can induce mitochondrial apoptosis in vitro
and in vivo.”* Accordingly, in this study, we observed
an increase in cell death in 3pRNA-treated patient-
derived melanoma cell lines. However, the majority of
melanoma cells remained viable under 3pRNA treatment
and persisted in a non-proliferative state. RIG-I-induced
persisters downregulated the expression of melanocytic
differentiation proteins, which led to the development
of a MITF"/MDA"" tumor cell phenotype consistently
detected in the distinct melanoma models studied. Tran-
sition into the MITFY/MDA!" cell state was induced
not only by 3pRNA but also by the synthetic RIG-I
agonist poly(I:C). Among the dedifferentiated persisters,
subpopulations evolved showing an upregulation also of
the dedifferentiation markers NGFR or AXL. Treatment
with Ruxolitinib largely blocked switching toward the
MITF"/MDA"™ phenotype, suggesting an involvement
of JAK-STAT signaling in RIG-I-induced cell state transi-
tion. In fact, 3pRNA treatment triggered phosphoryla-
tion of STAT1 and expression of IRFI in melanoma cells.
Activation of the JAK-STAT1-IRF1 pathway is also induced
by interferons. IFN-y has recently been described as a
potent inducer of melanoma dedifferentiation, similar
to TNF-0.."” #* Both inflammatory cytokines have been
demonstrated to induce a Melan-A"""/NGFR"#" tumor-
cell phenotype. Accordingly, we detected downregulation
of MITF and its target genes in our melanoma models not
only in response to 3pRNA but also to IFN-y and TNF-o
treatment. It remains to be determined whether mech-
anisms eliciting melanoma dedifferentiation on RIG-I
signaling overlap with those triggered by IFN-y or TNF-o..
Moreover, it needs to be investigated whether other PRR
ligands, currently tested in clinical trials, such as TLR
agonistsf*?_44 have similar effects on the melanoma differ-
entiation state.

Melanoma phenotype switching has repeatedly been
associated with T cell and therapy resistance,'*”!7 22 ¥
Our own previous studies demonstrated that a subgroup
of melanoma cells acquires resistance to MAPKi by tran-
sition into a dedifferentiated cell state that can confer
cross-resistance to autologous tumorreactive CD8 T
cells.'® ' Unlike those MAPKi-resistant melanoma cells,
3pRNA-induced dedifferentiated persisters can still be

efficiently recognized by autologous CD8 TILs which
could be due to distinct transcriptional and epigenetic
programs triggered in response to the specific treat-
ments. According to its role in innate immunity, RIG-I
signaling elicits the expression of specific immune mole-
cules to ensure detection and killing by cytotoxic CD8
T cells. This includes several HLA-T APM components,”
which might reshape the presented antigen repertoire
and boost recognition by autologous CD8 TILs.* In fact,
a recent study by Samuels and colleagues demonstrated
that melanoma cells expressing subunits of the immuno-
proteasome display a distinct repertoire of HLA-I-bound
tumor antigen peptides with stronger T cell-stimulatory
capacity.”” Expression of immunoproteasome subunits
is induced in response to RIG-I signaling® and can be
detected also in 3pRNA-induced persister cells. In this
regard, 3pRNA-induced MITF"**/MDA"™" persisters very
much resemble IFN-yinduced MITF°Y /MDA mela-
noma cells, both showing JAK-STAT pathway activation
linked to potent HLA-I APM upregulation. Tumor cell-
intrinsic JAK-STAT signaling and HLA-I antigen presen-
tation play a key role in response to immunotherapy.” **
Notably, while TNF-a signaling also elicited melanoma
dedifferentiation, it did not trigger JAK-STAT pathway
activation and HLA-I APM upregulation, suggesting lack
of immunogenicity enhancement for TNF-o-treated cells
which should be addressed in future studies.

Hence, the outcome of treatment-induced dediffer-
entiation on anti-tumor T cell responses seems to be
dependent on the agent that triggers melanoma dedif-
ferentiation and the specific transcriptional program
induced on treatment. In line with our findings, Kim et
al recently demonstrated that melanoma biopsies from
patients responding to ICB show a decrease in melano-
cytic marker expression.”” Based on this observation, the
authors proposed melanoma dedifferentiation as an indi-
cator for an initial response to anti-PD-1 therapy.™

Although data from our study and Kim et a/ challenge
the concept of melanoma dedifferentiation as a general
T cell and therapy resistance marker, we expect that the
association still holds true for patients whose anti-tumor T
cell responses heavily rely on a MDA-specific T cell reper-
toire, and for those receiving MDA-specific therapies, like
adoptive transfer of MDA-specific T cells.

Overall, we think that our study is of strong clinical
significance. First, our findings support ongoing clin-
ical trials combining intratumoral injection of RIG-I
agonists with anti-PD-1 blocking antibodies as a treatment
option for unresectable melanomas (NCT03739138,
NCT02828098). Second, our data suggest that treatment-
induced melanoma dedifferentiation should not be
considered as a general T cell and therapy resistance
marker.
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