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ABSTRACT

Background Pancreatic ductal adenocarcinoma (PDAC)
remains largely refractory to chimeric antigen receptor
(CAR)-T cell therapy. Insufficient T cell infiltration, a highly
immunosuppressive microenvironment, and antigen loss
pose major challenges for CAR-T cell therapy.

Methods We investigated therapeutic synergies of
synthetic 5’-triphosphate RNA (3p-RNA), an agonist of the
cytoplasmic double-stranded RNA sensor Retinoic Acid
Inducible Gene I (RIG-I), and CAR-T cell therapy using
syngeneic and human xenograft PDAC models. Tumor
growth, chemokine secretion, immune-cell composition,
CAR-T persistence, and endogenous T cell responses were
assessed by flow cytometry, multiplex cytokine arrays,
Enzyme-linked Immunospot (ELISpot), and vaccination-
challenge.

Results 3p-RNA provoked rapid type | interferon
accompanied with chemokine ligand CCL5 and
CXCL9/10/11 secretion, creating chemokine gradients
that recruited chemokine receptor CCR5*/CXCR3" CAR-T
cells into tumors. RIG-I activation enhanced CAR-T cell
proliferation, activity, and CAR-T persistence. Combination
therapy eradicated established tumors in 60%—70% of
mice, whereas either monotherapy was largely ineffective.
Cured animals rejected CAR antigen-negative tumor

cell rechallenge, demonstrating antigen-spreading and
endogenous T cell responses.

Conclusions Intratumoral RIG-I priming reprograms the
PDAC microenvironment, transforming a non-responsive
cancer into a CAR-T-permissive one, supporting durable,
poly-antigenic immunity. These findings position 3p-RNA
as a rapid, clinically tractable co-therapy to extend CAR-T
efficacy to solid tumors.

BACKGROUND

Pancreatic ductal adenocarcinoma (PDAC)
is projected to become the second leading
cause of cancerrelated mortality by 2030,
and its b-year survival rate remains below
12% despite incremental improvements
from folinic acid, fluorouracil, irinotecan,
and oxaliplatin and gemcitabine/paclitaxel
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= CAR-T cell therapy has shown limited efficacy in
solid tumors, such as pancreatic ductal adenocar-
cinoma (PDAC), due to immune exclusion, stro-
mal barriers, and antigen escape. Synthetic RIG-I
agonists like 3p-RNA can trigger innate immune
activation but have not yet translated into durable
responses as monotherapy.

WHAT THIS STUDY ADDS

= This study demonstrates that local priming with
3p-RNA enhances CAR-T cell infiltration, surviv-
al, and function in PDAC, leading to sustained tu-
mor regression. Interestingly, the combination
facilitated antigen-spreading leading to CAR target-
independent endogenous T cell response.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The findings support clinical translation of RIG-I ag-
onist priming as a co-therapy with CAR-T cells in
solid tumors. This approach may broaden the appli-
cability of CAR-T cell therapy beyond hematological
malignancies, especially in immune-excluded can-
cers like PDAC.

chemotherapy.! Immunotherapies that have
transformed therapy of hematological malig-
nancies have delivered only limited efficacy
in PDAC.** Immune checkpoint blockade
and early chimeric antigen receptor (CAR)-T
trials have so far yielded only transient bene-
fits in PDAC with pembrolizumab producing
an objective response rate of only <3% with a
median overall survival of ~4 months in the
KEYNOTE-158 cohort. Mesothelin-specific
and Prostate-Specific Membrane Antigen-
directed CAR-T cells were safe but achieved
only short-lived tumor shrinkage. CLDN18.2-
directed CAR-T cells recently have shown
improved outcomes,* ° but results still fall
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short in comparison to non-solid tumors, underscoring
the need for rational combination strategies.”®”

PDAC is characterized by a highly immunosuppres-
sive microenvironment composed of a dense extracel-
lular matrix, tumor-associated macrophages (TAMs),
myeloid-derived suppressor cells (MDSCs), and regula-
tory T cells that sculpt an immunosuppressive cytokine
milieu, among others dominated by TGF-B, IL-10, and
arginase-1, that blunts T cell activation. Its pronounced
genomic and antigenic heterogeneity enables rapid
outgrowth of tumor clones that downregulate the
targeted antigen, leading to immune escape and limiting
durable control.*"* Resistance persists even when CAR-T
cells manage to infiltrate the tumor, underlining the
need for complementary interventions that both sensi-
tize tumor cells and initiate lasting immunity. Reflecting
these headwinds, recent Society for Immunotherapy of
Cancer guidelines emphasize that future PDAC immuno-
therapy will require multimodal combinations that modu-
late both stroma and intrinsic tumor properties.'* One
approach to overcoming tumor antigen loss is provoking
an immune response that triggers antigen spreading, a
process whereby initial tumor lysis releases additional
neoantigens that are cross-presented to naive T cells.
This endogenous immune activation is hypothesized to
generate immune memory, a state in which the immune
system is capable of recognizing and targeting residual
or recurrent tumor cells in the long term, thus reducing
the likelihood of relapse. This broadening of the endoge-
nous T cell receptor (TCR) repertoire has been shown in
melanoma and glioma models and was closely associated
with sustained tumor control and resistance to escape
variants."” '® While endogenous T and NK cell cytotoxicity
induces immunogenic cell death (ICD), which promotes
the initiation of de novo immune responses,'” ' the
immunogenic potential of CAR-T-mediated cytotoxicity
remains highly debated.

Recent evidence suggests that restoring RIG-I/MAVS
signaling can resensitize tumors to cytotoxic lympho-
cytes.'? Activation of innate RNA sensing pathways offers
a means to remodel the tumor microenvironment (TME)
without overt systemic toxicity. A compelling example of
this strategy involves short double-stranded 5’-triphos-
phate RNA (3p-RNA), which is a potent agonist of the
retinoic acid-inducible gene I (RIG-I) receptor.* On
binding to 3p-RNA, RIG-I undergoes a conformational
change that activates MAVS-dependent IRF3/NF-kB
downstream signaling pathways, leading to the produc-
tion of type I interferons (IFNs) and the secretion of
proinflammatory cytokines and chemokines. We have
shown earlier that RIG-I-like receptor (RLR) activation
by 3p-RNA provokes an immunogenic form of tumor-cell
death marked by calreticulin exposure, HMGBI release,
and type Iinterferon, which licenses CD80." dendritic cells
(DCs) to cross-present tumor antigen and activate naive
CDS8' T cells. The same stimulus upregulates MHC-I and
Fas on surviving tumor cells, rendering them exquisitely
sensitive to cytotoxic T lymphocyte attack.?’ Additionally,

RLR activation was shown to induce functional repro-
gramming of the myeloid compartment into an anti-
tumor-directed Ml-like state and an increased CD8" T
cell infiltration into TME; however, this is insufficient for
complete tumor regression.'’ Based on these findings, we
hypothesized that combining innate immune signaling
with CAR-T cell therapy enhances the therapeutic
response against solid tumors. Here, we test whether
3p-RNA can precondition the PDAC microenvironment
to (1) increase immune cell infiltration and activity, (2)
sensitize tumor cells toward CAR-T cell-mediated killing,
and (3) ignite a broad intrinsic antitumor response for
relapse protection.

METHODS

Cell line generation and culture

The murine KPC-derived T110299 tumor cell line (kindly
provided by Prof. Jens Siveke, University Hospital Essen,
Germany, and previously described by Metzger et al'! 12,
was retrovirally engineered to express the murine EpCAM
protein (UNIPROT entry Q99JW5). The resulting
T110299-EpCAM cell line was transfected with linearized
PAC-Neo-OVA plasmid and selected with 1 mg/mL G418
(Invivogen) to generate T110299-EpCAM-OVA tumor
cells. The human SUIT-2-MSLN tumor cell line has been
previously described.? Surface expression of EpCAM or
human mesothelin (MSLN) in the tumor cell lines was veri-
fied by flow cytometry using anti-mouse CD326 (118210,
Biolegend) or anti-human mesothelin (FAB32652, RnD
Systems), respectively. OVA expression was confirmed in
cytotoxicity assays using OT-I T cells. All cell lines were
cultured as previously described'? unless otherwise noted.
Retroviral vectors (pMP71) encoding CAR or chemokine
receptors were introduced into packaging cell lines for
virus production as previously described.” All cell lines
used in experiments were routinely tested for myco-
plasma contamination using the MycoAlert Detection Kit
(LT07-318, Lonza).

3p-RNA generation and tumor cell transfection
Double-stranded 3p-RNA was synthesized from a DNA
template using the HiScribe T7 Quick High Yield RNA
Synthesis Kit (E2050L, New England Biolabs), followed
by DNase I digestion for 15 minutes at 37°C. RNA was
then purified using the RNA Cleanup and Concentration
Kit (43200, Norgen Biotek). For in vitro transfection,
tumor cells were seeded at 1.2x10* cells per well in 96-well
flat-bottom plates or 2x10° cells per well in 6-well plates.
RNA was transfected using Lipofectamine RNAIMAX
(18778150, Invitrogen). T110299-EpCAM and T110299-
EpCAM-OVA cells were transfected with 160 nM RNA,
complexed with 0.9 pL. RNAIMAX per well in 96-well
plates, in tumor cell medium supplemented with 2% FCS
(Gibco). SUIT-02-MSLN cells were transfected with 80 -
160 nM RNA, complexed with 0.15-0.3 pL. RNAIMAX per
well, and cultured in tumor media with 10% FCS.
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T cell transduction and culture

Second-generation CAR constructs included a single-
chain variable fragment derived from murine anti-
EpCAM (clone G8.8) or human anti-mesothelin (clone
SS1) antibodies, linked to CD28 and CD3{ intracellular
signaling domains. Chemokine receptor constructs were
generated by overlap extension PCR and recombinant
cloning of full-length receptors linked to GFP via a 2A
sequence.23 Retroviral transduction of murine spleno-
cytes was performed following activation with 1 pg/mL
murine anti-CD3 (16-0031-82, Invitrogen) and 0.1 pg/mL
murine anti-CD28 (16-0281-82, Invitrogen) antibodies,
with expansion in murine T cell media supplemented
with IL-15 (200-15, Peprotech) every second day as previ-
ously described.”” Human CAR-T cells were generated by
retroviral transduction of activated PBMCs from healthy
donors as previously described.** Transduction efficiency
was verified by flow cytometry.

Migration assay

Migration of chemokine receptor-transduced T cells
toward the supernatant of 3p-RNA-transfected or control-
transfected T110299-EpCAM cells was assessed in 3 pm
pore transwell plates (3386, Corning) as described.®
Transduced T cells (5x10°) were seeded in the upper
chamber, and cells migrating to the lower chamber after
4hours at 37°C were analyzed by flow cytometry.

T cell proliferation and cytotoxic assays

T cell proliferation was assessed using
5-ethynyl-2"-deoxyuridine (EdU) incorporation. T cells
were cultured for 24 hours in the presence of 10 pM
Click-iT EdU (C10418, Invitrogen), stained and fixed
according to the manufacturer’s instructions, and
analyzed by flow cytometry.

Cytotoxicity was measured using either the xCELLi-
gence Real-Time Cell Analysis system (Agilent) or the
Incucyte Live-Cell Analysis System (Sartorius). The
xCELLigence platform quantifies tumor cell adhesion as
a proxy for viability, whereas the Incucyte system moni-
tors changes in cell confluence and uptake of Incucyte
Cytotox Green dye (Sartorius, #4633), which was added
at 250nM to assess tumor-cell death. For xCELLigence
assays, tumor cells (2x10* per well) were transfected with
3p-RNA or control RNA and seeded in 96-well E-plates.
Once the cell index reached 1, CAR-T cells were added at
the effector-to-target (E:T) ratios specified in the figure
legends. Cell index values were normalized to the time
point of effector cell addition. For Incucyte assays, tumor
cells (1x10* per well) were seeded in 96-well flat-bottom
plates and transfected 6 hours after plating with 3p-RNA
or left untreated. 24hours after tumor-cell seeding,
CAR-T cells were added at a 1:1 E:T ratio.

Quantitative RT-PCR of chemokine expression and cytokine
secretion quantification

Tumor cells were harvested 6 hours post-transfection for
RNA isolation using the RNeasy Plus Mini Kit (74134,

Qiagen). cDNA was synthesized using the RevertAid First
Strand ¢cDNA Synthesis Kit (K1622, Thermo Scientific).
qPCR primers were designed using Roche’s Universal
ProbeLibrary based on NCBI GenBank sequences. Ampli-
fication was performed on the Roche LightCycler 480 II.
Supernatant cytokine levels were quantified by ELISA for
murine IFN-y, Granzyme B, and IFN-} (DY485, DY1865,
and DY8234-05, respectively; R&D Systems). ELISpot was
used to quantify IFN-y spotforming units in splenocytes
(2x10° cells per well) stimulated for 24 hours with SIIN-
FEKL peptide using the Mouse IFN-y T Cell ELISpot Kit
(CT317-PR5, U-CyTech).

Tumor growth studies and treatments

All animal experiments were approved by the local
regulatory agencies (Regierung von Oberbayern).
Female C57BL/6] mice (Charles River) were subcuta-
neously implanted with 10° T110299-EpCAM cells (with
or without OVA). When average tumor size reached ~9
mm?, mice were randomized and treated intratumorally
with 10 pg 3p-RNA complexed with in vivojetPEI (VWR
International, Darmstadt, Germany) with an amine to
phosphate (N/P) ratio of 6 or phosphate buffered saline
(PBS). Six hours later, 107 transduced T cells (>30% anti-
EpCAM CAR") were injected intravenously. Intratumoral
injections of 3p-RNA were repeated as indicated. Tumor
size was measured every two days by a blinded observer.
To assess CAR-T cell infiltration and TME composition,
mice were euthanized at day 3 post-treatment in specific
experiments. OVA-specific T cells were evaluated at day 9.
Human CAR-T cell infiltration was assessed in NXG mice
(Janvier) inoculated with 10° SUIT-2-MSLN cells under
the same treatment protocol.

Mouse vaccination with in vitro killed tumor cells
T110299-EpCAM-OVA cells (1.2x10°) were co-cultured
for 48 hours with anti-EpCAM CAR-T cells, with or without
prior transfection of 160nM 3p-RNA or treated with 5 pM
staurosporine. Cell debris and supernatant were collected
and used to vaccinate C57BL/6] mice subcutaneously
in the right flank. After 6days, mice were challenged
with 0.5x10° T110299 cells in the opposite flank. Tumor
volume was measured every 2 days.

Organ and single-cell preparation

Spleens were mashed through 70 pm strainers, and red
blood cells were lysed with ammonium chloride-Tris
(ACT) buffer. Erythrocyte lysis in blood, collected via
heparinized capillary tubes, was performed using BD
Pharm Lyse (555899, BD Biosciences). Tumors were
dissected into 1-2 mm? pieces and enzymatically digested
using the Tumor Dissociation Kit (130-096-730, Miltenyi
Biotec) and gentleMACS Dissociator.

Flow cytometry

Single-cell suspensions were stained in PBS with 2% FCS
and 2mM EDTA. Dead cells were excluded using fixable
viability violet dye (65-0865-18, Invitrogen). Surface
markers were stained for 30min at 4°C; chemokine
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receptors were stained at 37°C for 15 min. Absolute cell
counts were obtained using CountBright counting beads
(C36950, Invitrogen). Acquisition was performed using
BD FACSCanto II or BD LSRFortessa cytometers and
analyzed using FlowJo V.10.3.

Statistical analysis

Data are presented as mean+SD or SEM, as indicated in
figure legends. For mouse experiments, group means
with SEM were used. Statistical comparisons between
groups were made using one-way or two-way analysis of
variance, with Dunnett’s or Bonferroni’s post-tests, one-
sample or two-sample t-tests, or Mann-Whitney U test as
described in figure legends. Significance thresholds were
defined as p<0.05, with specific thresholds indicated (*
for p<0.05, ** for p<0.01, *** for p<0.001, and **** for
p<0.0001). Analyses were performed using GraphPad
Prism (V.8, GraphPad Software), with replicates (n) spec-
ified in the figure legends.

RESULTS

Engineering and validation of a preclinical PDAC tumor model
for combined CAR-T cell and RIG-I-targeted therapy

To evaluate whether RIG-I activation in the TME can
enhance the efficacy of CAR-T cells in solid tumors such
as PDAC, we used a tumor model that recapitulates key
features observed in human disease where limited immu-
notherapeutic benefit was observed. We selected the
T110299 tumor cell line, which is derived from tumors
of LSL-Kras®'?P’ *,'LSL—Trp53RJ 72H/+ . Pdx-1-Cre (KPC) mice.
Isolated cell lines from these tumors retain desmoplastic
TME with low T cell and high macrophage infiltration."
We used an established murine CAR construct targeting
murine epithelial cell adhesion molecule (in short,
EpCAM) that has preclinically validated data in murine
tumor models.” * T110299-EpCAM was generated by
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means of a stable retroviral transduction and polyclonal
sorting process. EpCAM-specific CAR-T cells were able
to recognize T110299-EpCAM cells in a dose-dependent
manner (figure la, online supplemental Figure la) but
not T110299 cells (figure 1b, online supplemental Figure
1b). T110299-EpCAM preserved functional RIG-I and
IFN sensing pathways as shown by IFN-B secretion upon
3p-RNA stimulation (figure lc). Furthermore, 3p-RNA-
stimulated T110299-EpCAM cells upregulated MHC-I
(figure 1d) underpinning the potential for 3p-RNA
therapy to synergize with adoptive T cell therapy in solid
tumors by enhancing antigen presentation and triggering
an inflammatory signature in the TME.” As observed in
previous work,”® tumor cell transfection with 3p-RNA does
not induce significant killing effects in T110299-EpCAM
cells in vitro (figure le, online supplemental Figure 1c).

3p-RNA and CAR-T cells synergize for improved anti-tumoral
efficacy in murine and human pancreatic tumor models
3p-RNA and CAR-T cells have distinct killing mecha-
nisms®! % that may synergize in the killing of tumor
cells in a combination setting. To test this hypothesis, we
performed co-cultures of anti-EpCAM CAR-T cells and
T110299-EpCAM tumor cells with and without 3p-RNA.
Samples treated with the combination of 3p-RNA and
CAR-T cells demonstrated faster cell-killing kinetics
than the monotherapy (figure 2a—c, as well as online
supplemental Figure 1d and e and online supplemental
Figure 2a). To understand the mechanism behind the
enhanced cytotoxicity, we analyzed CAR-T cell activa-
tion and effector function 24 hours post co-culture.
CAR-T cells exposed to 3p-RNA-transfected tumor cells
exhibited higher CD69 surface expression (figure 2d)
and increased degranulation of IFN-y and Granzyme B
(figure 2e,f, as well as online supplemental Figure 1f and
g). These findings were confirmed in a human in vitro
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Figure 1 The novel T110299-EpCAM murine pancreatic tumor model can be targeted by murine anti-EpCAM CAR-T cells
and is sensitive to 3p-RNA stimulation in vitro. (a, b) Real-time impedance-based cytotoxicity assays (xCELLigence) tracking
the growth of T110299-EpCAM (a) and T110299 (b) tumor cells as a proxy for CAR-T cell-mediated lysis when co-cultured with
anti-EpCAM CAR-T cells at three effector-to-target (E:T) ratios: 0.25:1, 0.5:1, and 1:1. Arrows denote the time at which CAR-T
cells were added to the culture. (c) ELISA measurement of murine IFN-f in the supernatant of T110299-EpCAM tumor cells 24
hours post-transfection with either 3p-RNA or OH-RNA control. (d) Analysis of MHC-I surface expression by flow cytometry

on T110299-EpCAM cells 24 hours after transfection with 3p-RNA or OH-RNA at a concentration of 160nM. (e) Real-time
impedance-based cytotoxicity assays tracking the growth of T110299-EpCAM tumor cells when treated with 160nM 3p-RNA.
Data shown are representative of three independent experiments (a—e) with error bars representing mean values+SD of technical
replicates from the experiment shown. Statistical significance was determined by two-tailed t-tests for (c, d) and two-way
ANOVA for (a, b, €).”* p<0.001, **** p<0.0001. If no statistics are shown, a significance of p<0.05was not achieved. ANOVA,
analysis of variance; MHC-I, major histocompatibility complex |; MFI, mean fluorescence intensity.
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Figure 2 3p-RNA and CAR-T cells synergize for more potent antitumor efficacy. (a) Real-time cytotoxicity of murine T110299-
EpCAM tumor cells measured by xCELLigence at a 10:1 effector-to-target (E:T) ratio, and (b, ¢) Incucyte Cytotox Green-based
quantification of tumor-cell lysis at a 1:1 E:T ratio, with or without 3p-RNA treatment (160nM). Arrow depicts the time point of
CAR-T cell addition. Data are representative of 2-3 independent experiments. Differences between groups were analyzed using
two-way ANOVA with Tukey’s correction for multiple comparisons. (d, e, f) CD69 expression (d) and secretion of IFN-y (e) and
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quantification of tumor-cell lysis at a 1:1 E:T ratio, with or without 3p-RNA treatment (80 nM). Arrow depicts the time point of
CAR-T cell addition. Data are representative of 2-3 independent experiments. Differences between groups were analyzed using
two-way ANOVA with Tukey’s correction for multiple comparisons. (j) Schematic representation of the in vivo tumor challenge
experimental timeline. (k) Tumor growth curve of T110299-EpCAM in mice treated with 10 g 3p-RNA complexed to in vivo-
JetPEl and/or 107 total T cells, of which at least 30% were anti-EpCAM CAR-T cells (n>5mice per group). () Survival plots of the
treatment experiment are depicted in (k). In vivo error bars represent mean+SEM. Differences between groups were analyzed
using two-way ANOVA with Bonferroni correction for multiple comparisons. *p<0.05, **p<0.01, *** p<0.001, ***p<0.0001.
ANOVA, analysis of variance; PBS, phosphate buffered saline.

Days after T110299-EpCAM tumor implantation

Days after T110299-EpCAM tumor implantation

system using a mesothelin-transduced pancreatic tumor
cell line, SUIT2 (SUIT—Q-MSLN),26 and human anti-
Mesothelin CAR-T cells (figure 2g—i, as well as online
supplemental Figure 1h and i and online supplemental
Figure 2b). To evaluate the effect in vivo, we treated mice
bearing subcutaneous T110299-EpCAM tumors with
either monotherapy or combination therapy (figure 2j).
While CAR-T cells alone had minimal effect and 3p-RNA
alone induced only transient tumor growth delay, the
combination treatment led to complete tumor rejec-
tion in 3 of 6 mice (figure 2k,l). Notably, although it was
confirmed that the C57BL/6T110299 model exhibits

some type I IFN responsiveness, 3p-RNA alone does not
induce durable tumor eradication (Figure k). Instead,
we postulate that the 3p-RNA creates a CAR-T-permissive
therapeutic window in this model, which we intend to
further mechanistically characterize.

RIG-I activation remodels the TME, enhances CAR-T cell
infiltration and proliferation

PDAC is characterized by an immunosuppressive milieu
in which an increased infiltration of MDSCs and TAMs
coincides with an exclusion of T cells."' We have shown
earlier that the myeloid compartment in the TME can
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Figure 3 3p-RNA remodels the PDAC microenvironment, enhances CAR-T cell persistence, proliferation, and chemokine-
driven infiltration. (a) C57BL/6 mice bearing T112099-EpCAM tumors were treated with 107 adoptively transferred T cells (at
least 30% were anti-EpCAM CARY) with or without 10 g 3p-RNA complexed to in vivo-JetPEl. Tumors were explanted 3days
post-treatment for flow cytometry analysis. Frequency of live CD11b* Ly6C™ Ly6G* (tumor-associated neutrophils, in short
TAN), CD11b* Ly6C~ F4/80* (tumor-associated macrophages, in short TAM), CD11b* Ly6C"9" Ly6G~ (Monocytes, in short
Mono), and CD11b* CD11¢™ MHC-II* (dendritic cells, in short DC) in tumors. (b) MHC-I expression on TAM and DC. (c, d) CD4*
or CD8" CAR-T cell counts in pancreatic murine tumors (c) and in pancreatic human xenograft tumors (d). (e) Counts of CD8"
CAR-T cells in blood on days 9 and 14 after adoptive cell transfer in T112099-EpCAM tumor-bearing mice. (f) Proliferation of
CD8* CAR-T cells, assessed via EdU incorporation, when co-cultured with untreated or 3p-RNA-transfected T110299-EpCAM
tumor cells in vitro. (g) Quantitative real-time PCR (qPCR) of chemokine expression in T110299-EpCAM tumor cells 24 hours
post-transfection with 3p-RNA or OH-RNA control. Only chemokines with significant induction are depicted. (h) Schematic

of individual chemokine receptor functional probing in primary murine T cells. Migration toward supernatants from T110299-
EpCAM tumor cells transfected with 3p-RNA or OH-RNA was assessed using a Boyden chamber. (i) Flow-cytometry readout of
specific migration of CKR-transduced T cells toward supernatant of 3p-RNA-stimulated cells. For each biological replication, a
fold change of migration toward supernatants from OH-RNA (control) and 3p-RNA-stimulated cells was calculated, and each
CKR-transduced T cell was then normalized to GFP-transduced control T cells. The dashed gray line depicts the baseline for
said GFP-control transduced T cells. Error bars indicate mean+SEM (n=8 mice, for (a—c, €); n=3mice, for (d)) for in vivo data
and mean+SEM (n=2 technical duplicates, for (g); n=6-9 technical replicates pooled from three independent experiments for

(i)) for in vitro data. Statistical analysis for TME composition, MHC expression, CAR-T cell infiltration, and T cell migration was
performed using Mann-Whitney U test. In vitro proliferation was analyzed using unpaired two-sample t-tests. *p<0.05, **p<0.01,
***p<0.001. PDAC, pancreatic ductal adenocarcinoma. MHC-I, major histocompatibility complex I; CKRs, chemokine receptors.

be functionally reprogrammed from suppressive to
pro-inflammatory phenotype using RIG-I-like helicase
agonists."" To understand if this holds true in the CAR-T
cell combination setting, we performed flow cytometric
analysis of tumors treated with CAR-T cells alone or in
combination with 3p-RNA. Tumors from mice receiving
the combination therapy showed a significant decrease
in the relative frequency of tumor-associated neutro-
phils (TAN), often referred to as polymorphonuclear
(PMN)-MDSC, and TAM, within the CD11b* immune
cell fraction, accompanied by a marked increase of Ly6C"
inflammatory monocytes (figure 3a). Furthermore, it
was evident that although the relative frequency of DC
remained unchanged (figure 3a), the surface expression
of MHC-I was significantly upregulated in the presence
of 3p-RNA in both DC and TAM populations (figure 3b).
These changes in the myeloid compartment coincide
with an increase in intratumoral CD8" CAR-T cells,
observed in both the murine T110299-EpCAM tumor

model (figure 3c) and the human SUIT-2-MSLN xeno-
graft model (figure 3d).

Limited proliferation and poor persistence of CAR-T
cells are major barriers to effective treatment of both
hematological malignancies and solid tumors, where the
TME further restricts T cell expansion and survival.”
To evaluate whether 3p-RNA treatment could enhance
CAR-T cell persistence, we used flow cytometry to
quantify circulating CAR-T cells in peripheral blood at
multiple time points. Notably, these experiments were
performed without lymphodepleting preconditioning—a
regimen typically used to enhance CAR-T cell engraft-
ment and expansion by reducing competition from
endogenous lymphocytes and increasing the availability
of homeostatic cytokines. Mice receiving the combina-
tion treatment consistently exhibited higher numbers of
circulating CAR-T cells, whereas mice treated with CAR-T
cell monotherapy had no detectable CAR-T cells in circu-
lation by day 14 (figure 3e). In vitro, we observed that
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CAR-T cells cultured with tumor cells that were treated
with 3p-RNA had a higher proliferation rate measured
by  5-ethynyl-2’-deoxyuridine (EdU)-incorporation
(figure 3f). These findings suggest that 3p-RNA positively
influences CAR-T cell proliferation and persistence.
Chemokine ligands and their cognate chemokine
receptors are known orchestrators of immune responses
with the potential to steer infiltration of immune cell
subtypes and even drive critical signaling crucial for
immune cell proliferation.”® RIG-I activation induces a
plethora of chemokines that could facilitate CAR-T cell
infiltration into the TME. To get a better understanding
of the relevant chemotactic cues, we established a chemo-
kine expression profile of T110299-EpCAM tumor cells
transfected with 3p-RNA or OH-RNA control indicated
by qPCR analysis. A variety of chemokines were highly
induced, among which several could attract T cells
(figure 3g). To evaluate the relevance of upregulated
chemokines in mediating CAR-T cell migration, we used
a gain-offunction approach and transduced primary
murine T cells to express each chemokine receptor indi-
vidually and probed them on a Boyden chamber migra-
tion assay for migration toward 3p-RNA-treated tumor
cell supernatant (figure 3h). A significant fold increase
of the migration of CCR5- and CXCR3-transduced T
cells toward 3p-RNA-treated tumor cell supernatant
was observed (figure 3i) aligning well to the observed
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increase in their cognate chemokines CCL4, CCL5, and
CXCLY9, 10, 11, respectively. Together, these data suggest
that RIG-T activation of T110299-EpCAM TME can induce
the expression of a variety of chemokines, with physiolog-
ically relevant attraction of CAR-T cells through a CCR5
and CXCR3-dependent mechanism.

3p-RNA-triggered ICD potentiates CAR-T therapy antigen
spreading and induces de novo responses in PDAC models
Antigen loss is the most frequent cause of relapse in
patients who initially respond to CAR-T cell therapy."
Cell death induction mediated by 3p-RNA has been previ-
ously described to induce an immunogenic form of cell
death,?" which can consequently drive antigen spreading
and potentially assist with the mounting of endogenous
anti-tumoral T cell clonal expansions for long-lasting
tumor control. Cell surface exposure of calreticulin is a
known hallmark of ICD.* In both murine (figure 4a) and
human (figure 4b) in vitro PDAC models, CAR-T cell-
mediated killing did not induce calreticulin exposure.
In contrast, adding 3p-RNA as a combination partner
potentiated ICD, as evidenced by increased calreticulin
expression. To assess whether this enhanced ICD trans-
lated into improved endogenous immune responses, we
employed a model neoantigen system using OVA. Mice
bearing subcutaneous T110299-EpCAM-OVA tumors
were treated with 3p-RNA and anti-EpCAM CAR-T cells

C57BI/6
Day female mice

0 q T112099-EpCAM-OVA
tumor s.c. implantation

Treatment:
Il PBS
[l CAR
[ 3p-RNA
[ 3p-RNAand CAR

IFN-y SFU

17
v

Blood draw for lymphocyte
in vitro stimulation with
SIINFEKL peptide and ELISPOT

Blood

W PBS [O3p-RNA
I CAR [ 3p-RNAand CAR

= Staurosporin

—CAR = |
= 3p-RNAand CAR

5 10 15 20
Days after T110299-WT challenge

Figure 4 3p-RNA-induced ICD enhances antigen presentation and spreading. (a) Flow cytometry analysis of calreticulin
exposure in in vitro assays using T110299-EpCAM-OVA, and (b) SUIT-2-MSLN tumor cells transfected with 3p-RNA for 24
hours, followed by in vitro co-culture with CAR-T cells for additional 24 hours. (c) Experimental layout where mice with T110299-
EpCAM-OVA tumors were treated with 10ug of in vivo-JetPEI-complexed 3p-RNA and/or 107 adoptively transferred T cells

(at least 30% were anti-EpCAM CAR-T cells). Nine days post-treatment, leukocytes were isolated, stimulated with SIINFEKL
peptide, and IFN-y production quantified by ELISpot, data depicted in (d). (e) Experimental layout for tumor antigen spreading
after vaccination with killed tumor cell debris. (f) T110299-EpCAM-OVA cells were killed in vitro with anti-EpCAM CAR-T cells
alone, CAR-T cells together with 3p-RNA or Staurosporin, and cell debris was used to vaccinate naive mice by s.c. injection

in the right flank. 8 days later, mice were challenged with antigen-negative T110299 tumor cells s.c. injected in the left flank,
and tumor volume was monitored. Error bars represent mean+SEM. Individual plots show the tumor growth of each mouse in
a specific group, colored, vs. the tumor growth of each mouse in other groups, gray. Statistical analysis was performed using
one-way ANOVA or two-way ANOVA with Tukey’s multiple comparisons. *p<0.05, **p<0.01, **p<0.001, **** p<0.0001. ANOVA,
analysis of variance; ICD, immunogenic cell death; s.c., subcutaneous.
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(figure 4c). 9 days post-treatment, IFN-y ELISpot analysis
of peripheral blood T cells revealed a significant increase
in OVA-specific spot-forming units (SFU) in the 3p-RNA
and CAR combination group compared with CAR-T
cell monotherapy (figure 4d). Although 3p-RNA mono-
therapy induces a measurable OVA-specific ELISpot
response consistent with its known ability to trigger ICD,
only the combination therapy leads to tumor eradication
and relapse protection. Thus, the ELISpot signal reflects
initiation of antigen spreading but does not predict ther-
apeutic potency. These findings were further supported
by a vaccination assay—the gold standard for evaluating
ICD (figure 4e,f). Tumor cells were pretreated for 48
hours with CAR-T cells alone, CAR-T cells together with
3p-RNA, or staurosporine as anon-ICD inducing control,*!
ensuring complete cell killing. Killed tumor cells were
then injected subcutaneously into naive mice (figure 4e).
Upon subsequent challenge with CAR antigen-negative
wild-type tumor cells 8days later, mice vaccinated with
3p-RNA/CAR-T cell-killed cells exhibited improved
tumor control compared with those vaccinated with cells
killed by CAR-T cells or staurosporine alone (figure 4f).
The vaccination study does not allow a 3p-RNA-only
control group because 3p-RNA does not lead to suffi-
cient cell death in vitro; therefore, we cannot quantify
the 3p-RNA specific contributions. Nevertheless, in the
therapeutic experiments, 3p-RNA monotherapy did not
induce tumor eradication, whereas only the 3p-RNA and
CAR-T combination produced durable control, increased
CAR-T persistence, and TME remodeling. Collectively,
these data indicate that CAR-T cells alone induce limited
immunogenicity and antigen spreading. The addition of
3p-RNA markedly enhances ICD and promotes de novo
neoantigen-specific T cell responses—an effect that may
help prevent relapse driven by antigen loss.

DISCUSSION
This study demonstrates that preconditioning of the TME by
intratumoral 3p-RNA treatment converts refractory PDAC
into CAR-T cell responsive disease by overcoming key immu-
nologic and microenvironmental barriers. Our findings
show that RIG activation in murine and human PDAC
tumor models enhances CAR-T cell activation, degranula-
tion, and cytotoxicity, as evidenced by increased expression
of CD69, IFN-y, and Granzyme B, as well as faster tumor cell
killing. While 3p-RNA-monotherapy does not lead to suffi-
cient tumor clearance, it initiates antigen spreading through
ICD, and the combination with CAR-T cells converts this
initial signal into durable, polyclonal antitumor immunity.
Thus, 3p-RNA serves as an initiator of immunogenicity, but
CAR-T effector function is indispensable for therapeutic
translation of antigen spreading. These findings are in line
with recent studies highlighting the potential of RNA-based
immunomodulatory approaches to enhance T cell-based
therapies.”**

Beyond direct enhancement of CAR-T cell cytotoxicity,
3p-RNA treatment profoundly reshaped the TME. In line

with previous reports from our group, 3p-RNA treatment
shifted the balance of myeloid cells from immunosuppressive
TANs and TAMs to pro-inflammatory Ly-6C" monocytes."
Our treatment schedule for 3p-RNA was restricted to two
injections due to the rapid but transient kinetics of RIG-I acti-
vation (higher dosages offer limited benefit while increasing
local toxicity)."" *' The increased immune cell infiltration in
the xenograft model indicates that part of the 3p-RNA effect
is mediated by conserved tumor-intrinsic RIG-I biology rather
than strictly by host immunity. Overlapping the second dose
of 3p-RNA with infiltration and expansion of adoptively
transferred CAR-T cells enabled us to maximize RIG-I-driven
chemokine induction and CAR-T recruitment in the tumor
models probed. This combination drives epitope spreading
and abscopal control, unlike either monotherapy, high-
lighting innate cues as amplifiers of durable T cell immu-
nity.® RIG-Idriven type I IFN and ICD enhance MHCI
expression in DCs as shown in this study, most likely leading
to antigen cross-presentation and CD8" T cell priming.”
Importantly, this bystander recruitment effect should also
be valid for endogenous T cells, suggesting that the combi-
nation strategy may synergize with endogenous immunity.37
In vitro migration assays further showed that specifically the
CCRb5-expressing and CXCR3-expressing T cells preferen-
tially migrated toward 3p-RNA-transfected tumor cells, impli-
cating the importance of the CCL4-5/CCR5 and CXCL9-11/
CXCR3 axes in the observed enhanced CAR-T recruitment.
This is consistent with earlier work showing that immuno-
genic chemotherapy and CAR-T combinations generate an
initial CCR5-dependent influx and a CXCR3-driven second
wave of infiltration in response to IFN-¢induced chemo-
kines.'” It is plausible that the enhanced infiltration we
observed in our study may also be driven by these known
orchestrators of tumor trafficking, CXCR3- and/or CCR5.%

Our study sheds light on the poorly understood relation-
ship between CAR-T cell therapy and antigen spreading.
While antigen spreading has been recognized as a hallmark
of durable antitumor responses,™ * it remains an open ques-
tion whether CAR-T cells alone can induce robust antigen
spreading. Emerging evidence suggests that CAR-T cell-
mediated cytotoxicity, in the absence of additional immuno-
logic cues, is insufficient to elicit strong endogenous T cell
responses against bystander tumor antigens. For instance,
Ma et al showed that vaccine-boosted CAR-T cells, but not
CAR-T monotherapy, elicited robust antigen spreading
by promoting DC recruitment and activation via IFN-y
signaling.*’ Likewise, Guo et al emphasized the critical role
of antigen-presenting cell activation in driving endogenous
T cell priming following CAR-T cell treatment.* ICD plays a
key role in activating DCs and promoting antigen uptake and
cross-presentation, thereby driving de novo T cell responses
against non-target tumor antigens.” Using an isolated cellular
in vitro model and a vaccination approach, our data validate
that CAR-T cells alone have limited capacity to induce ICD
marker and antigen-spreading. Notably, the combination
with 3p-RNA rescues the immunogenicity of the induced cell
death, thereby offering a novel approach to mitigate antigen
loss-mediated relapse in CAR-T cell therapy.
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This study primarily relied on murine and xenograft
models, and species- or model-specific contributions cannot
be entirely excluded. Despite model-specific consider-
ations—for example, different transfection efficacies across
SUIT-2 and KPC-derived murine PDAC cell lines,‘lg"45 or
higher RIG-I pathway expression and responsiveness in
human PDAC cell lines including SUIT2," * the trans-
lational relevance of RIG stimulation to human cancer
therapy is well supported. The RIG-I/RLR-interferon axis
is evolutionarily conserved and mediates a canonical type
I IFN and chemokine response across species.’® Moreover,
the enhanced CAR-T infiltration we observed in our human
SUIT-2 xenograft model, which lacks adaptive immunity,
indicates that at least part of the 3p-RNA effect is medi-
ated by tumor-intrinsic RIG- activation, rather than exclu-
sively by host immune circuitries. Importantly, synthetic
RIG- agonists, including IVT RNAs and stem-loop RNAs,
have entered early-phase clinical trials (eg, NCT03739138,
NCT04096638, NCT02828098), and have shown favorable
safety profiles. Early clinical experience with PEI-complexed
RLR-agonists supports the feasibility of intratumoral
administration without severe toxicity (NCT03739138,
NCT02828098). Local injection poses practical challenges,
but emerging systemic delivery platforms, including ioniz-
able lipid nanoparticles and targeted nanoparticles, have
demonstrated the ability to deliver immunostimulatory RNAs
to tumors and activate RIG-I/IFN pathways,”” * and early-
phase clinical studies of systemically administered innate
agonists (eg, SB-11285) are under way (NCT04096638).
These developments underscore the feasibility of translating
localized RIG-I activation into clinical settings and highlight
its potential value in human PDAC, where immune exclu-
sion and insufficient antigenicity remain dominant mecha-
nisms of resistance.

Although our data reveal a clear role for 3p-RNA in
restoring immunogenicity and enabling antigen spreading,
several mechanistic questions remain. Quantifying antigen
spreading with endogenous antigen assays, such as gp70
tetramers or an unbiased neo-epitope screen, would clarify
the breadth of epitope diversification triggered by 3p-RNA-
enhanced CAR-T therapy. These analyses lie beyond the scope
of the current work, but they present a rational roadmap to
strengthen translational confidence.

Our study establishes cytosolic RIG-I agonism with
3p-RNA as a fully synthetic lever to overcome immune
exclusion in solid tumors. By triggering a tumor-focused
type I interferon burst, 3p-RNA increases CAR-T cell infil-
tration, drives ICD, and broadens antigen recognition,
culminating in durable tumor control in stringent PDAC
models.
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