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Optimizing co-stimulatory signaling to enhance T cell re-
sponses is central to effective antitumor immunity. In this
study, we developed single-stranded RNAs (ssRNAs) utilizing
the internal ribosome entry site (IRES) of encephalomyocar-
ditis virus (EMCV) to express OX40L, 4-1BBL, and ICOSL
and evaluated their efficacy. Co-culture of splenocytes
with tumor cells transfected with these ssRNAs resulted in
increased cytokine production and proliferation, along with
altered T helper (Th) subsets. In vivo, intramuscular delivery
of ssRNAs expressing co-stimulatory molecules expanded an-
tigen-specific CD8" T cells. Furthermore, intratumoral deliv-
ery of these ssSRNAs significantly suppressed tumor growth
and induced complete tumor regression in a subset of mela-
noma-bearing mice. Mechanistically, ssRNAs expressing co-
stimulatory molecules promoted immune cell infiltration
into the tumor site and increased the cytotoxic CD8"
T cells while reducing regulatory T cells (Tregs) in secondary
lymphoid organs. These findings suggest that IRES-based
ssRNAs expressing co-stimulatory molecules represent a
promising platform for the development of effective cancer
immunotherapies.

INTRODUCTION

For the effective T cell activation, signal 2, mediated by co-stimula-
tory molecules expressed on antigen-presenting cells (APCs) and
T cells, is essential alongside signal 1, which is mediated by interac-
tion between the peptide-major histocompatibility (MHC) complex
and the T cell receptor.' Co-stimulatory molecules largely fall within
the B7-CD28 family or the tumor necrosis factor receptor (TNFR)
superfamily, and their positive signaling is critical for effective anti-
tumor responses.”

In the tumor microenvironment, tumor cells often lack co-stimu-
latory molecules and instead express inhibitory molecules,
facilitating immune evasion.” Therefore, restoring or activating
co-stimulatory pathways offers a promising therapeutic strategy
for cancer immunotherapy.

Inducible T cell co-stimulator ligand (ICOSL) is a member of the B7
family, primarily expressed on APCs, and binds to Inducible T cell
co-stimulator (ICOS) expressed on activated T cells.”” The ICOSL-
ICOS interaction promotes cytokine production in T cells, including
regulatory T cells (Tregs), and supports effector and memory T cell
generation.™® In tumors, ICOSL-ICOS signaling has context-depen-
dent effects across T cell subsets. High-ICOS-expressing Tregs accu-
mulate within tumors, yet high ICOS expression also marks T helper
1 cells that express T-bet and produce interferon gamma (IFN-y).” In
mouse melanoma models, an ICOS agonist antibody enhanced anti-
cytotoxic T lymphocyte-associated protein 4 therapy by increasing
the effector T cell/Treg ratio.®

4-1BB ligand (4-1BBL), a member of the TNFR/tumor necrosis fac-
tor (TNF) superfamily, is expressed on immune cells—including
dendritic cells (DCs), B cells, macrophages, and T cells—and on
non-lymphoid cells such as fibroblasts and tumor cells.” It binds
4-1BB on activated T cells and triggers NF-kB, mitogen-activated
protein kinase, and extracellular signal-regulated kinase signaling,
promoting cytokine production, proliferation, and survival,!*"1?
Antitumor effects of 4-1BBL/4-1BB signaling have been reported.'’
4-1BB agonistic antibody increased the proliferation and effector
function of cytotoxic T cells in a murine sarcoma model, and com-
bined treatment with 4-1BB agonist antibody and tumor antigen
induced tumor regression by increasing effector cytotoxic T cells

in a TC-1 tumor model.'*"”

0X40 ligand (OX40L), a member of the TNFR/TNF superfamily, is
primarily expressed by APCs but is also found on nonimmune cells,
including endothelial and smooth muscle cells.'>'” OX40, its recep-
tor, is expressed on activated T cells, natural killer (NK) cells, neutro-
phils, and Tregs.'®'? The OX40/0OX40L signaling pathway is known
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to prolong the survival of T cell by increasing the expression of Bcl-2
and Bcl-xL, and OX40 ligation with agonist OX40-specific reagents
significantly improved antitumor T cell responses and altered the
generation of effector and memory T cells.”>*" Additionally,
OX40/0X40L signaling inhibits the differentiation of CD4" T cells
into induced Treg (CD4"Foxp3") in response to TGF-B.*

Over recent decades, mRNA-based therapeutics have emerged in
cancer immunotherapy owing to advantages over conventional ap-
proaches, including safety, efficacy, and scalability.”’ In addition to
mRNA expressing tumor antigens, the therapeutic efficacy of
mRNA expressing co-stimulatory molecules has been evaluated in
preclinical and clinical studies.”>** To date, mRNA vaccines and
therapeutic platforms have primarily relied on cap-dependent trans-
lation, as eukaryotic mRNAs typically require a 5’ cap structure for
efficient translation initiation.”>?° However, under certain condi-
tions such as cellular stress and infection, some eukaryotic messages
use internal ribosome entry site (IRES).” In the tumor microenvi-
ronment, cellular stress factors, such as hypoxia and DNA damage,
activate IRES-mediated translation.”®?’ Therefore, IRES-based plat-
forms may provide a unique advantage in the tumor microenviron-
ment, where hypoxia and DNA damage activate IRES-mediated
translation, making them particularly suited for gene expression in
cancer therapies. Additionally, IRES-based systems could offer eco-
nomic benefits by eliminating the need for mRNA capping during
production.”” Furthermore, the IRES-containing platform allows
for the expression of multiple proteins through the use of various
IRES elements, with the level of expression being adjustable via these

31,32
elements.

In this study, we aimed to develop co-stimulatory molecule-ex-
pressing single-stranded RNAs (ssRNAs) based on an IRES
platform and evaluated their T cell-stimulatory effects in an
in vitro co-culture system and an in vivo tumor model. Our
findings demonstrate that IRES platforms could serve as potent
candidates for cancer immunotherapy by expressing co-stimula-
tory molecules.

RESULTS

Construction of IRES-based ssRNAs expressing ICOSL, 4-1BBL,
or OX40L

Each of ICOSL, 4-1BBL, and OX40L coding sequences was inserted
into 5" IRES and 3’ UTR (untranslated region) elements derived from
encephalomyocarditis virus (EMCV). The ssRNA constructs were
transcribed with T7 polymerase and carried a poly(A) tail of 100 ad-
enylates interrupted by a 10-nucleotide linker (A50LA50) at the 3’
end of the 3’ UTR (Figures 1A and S1). Surface expression of
ICOSL, 4-1BBL, and OX40L in B16 melanoma and TC-1 tumor cells
was assessed by flow cytometry at 6, 12, 24, and 48 h after transfec-
tion with ssRNA-ICOSL, ssRNA-4-1BBL, or ssSRNA-OX40L (here-
after referred to as ssSRNA-ICOSL, ssRNA-4-1BBL, and ssRNA-
OX40L, respectively). Despite the shared EMCV-IRES platform,
expression kinetics varied by encoded molecule and cell line
(Figure 1B). ssSRNA-OX40L-transfected cells showed the highest
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expression (35.265% =+ 3.4% of B16 cells or 40.0433% + 5.5% of
TC-1 cells expressed OX40L), whereas ssSRNA-4-1BBL-transfected
cells showed the lowest (16.935% = 1.15% of B16 cells or 9.94% =+
0.85% of TC-1 cells expressed 4-1BBL) at 24 h post-transfection
(Figure 1B). We next tested whether transfection with ssRNAs ex-
pressing co-stimulatory molecules directly affected tumor cell prolif-
eration. To assess the independent effect of co-stimulatory molecule
expression, ssSRNA expressing GFP was used as a control. In B16
melanoma and TC-1 cells, none of the ssRNAs expressing co-stimu-
latory molecules showed a significant difference in cell viability
compared with ssSRNA-GFP (Figure 1C). We also assessed the
expression kinetics of ssSRNA expressing co-stimulatory molecules
in splenocytes and their effects on splenocyte viability. Fewer than
5% of T cells, B cells, DCs, and macrophage subsets expressed the
respective co-stimulatory molecules after transfection, reflecting
limited transfection efficiency in non-proliferating primary cells
(Figure S2). Splenocyte viability was slightly higher in the ssSRNA-
ICOSL-transfected group than in the ssRNA-GFP-transfected group
(Figure S3).

IRES-based ssRNAs expressing co-stimulatory molecules
enhance cytokine production, cytotoxicity, and T cell
proliferation in an in vitro co-culture system

We evaluated whether induction of co-stimulatory molecule expres-
sion on tumor cells by IRES-ssRNAs increases T cell responses. To
investigate this, we established an in vitro co-culture system. B16
melanoma cells were transfected with ssRNAs expressing co-stimu-
latory molecules and then co-cultured with splenocytes in the pres-
ence of anti-CD3/CD28 antibodies. To rule out immunomodulatory
effects of the ssRNA backbone, ssSRNA expressing GFP served as a
control. Of note, the supernatants of groups transfected with ssRNAs
expressing co-stimulatory molecules showed significantly higher
IL-2 levels compared with the ssRNA-GFP-transfected group
(Figure 2A), with the ssRNA-ICOSL-transfected group exhibiting
the highest IL-2 (Figure 2A). The ssRNA-OX40L-transfected group
exhibited the highest increase in IFN-vy levels, while ssSRNA-ICOSL,
4-1BBL-transfected groups exhibited slight increases (Figure 2B).
Granzyme B and perforin-producing cells, which mediate cytotoxic
killing of tumor cells, were significantly increased in all groups trans-
fected with ssSRNAs expressing co-stimulatory molecules, with the
ssRNA-OX40L-transfected group showing the highest increase
(Figures 2C and 2D).

We also assessed whether transfecting tumor cells with ssRNAs ex-
pressing co-stimulatory molecules could enhance the proliferation
of co-cultured T cells. Notably, CD4" T cell proliferation increased
in the ssRNA-OX40L and ssRNA-4-1BBL groups, while CD8"
T cell proliferation was elevated in all groups transfected with
ssRNAs expressing co-stimulatory molecules compared with the
control (Figure 2E). To further validate the direct effects of ssRNAs
expressing co-stimulatory molecules on immune cell proliferation
and cytokine production, splenocytes were transfected with each
construct in the presence of T cell stimulation. IL-2 secretion was
significantly increased in all groups transfected with ssRNAs
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Figure 1. Construction and characterization of IRES-based ssRNAs expressing ICOSL, 4-1BBL, and OX40L

(A) Gene structures of each EMCV-IRES platform expressing co-stimulatory molecules. (B) Expression of ICOSL, 4-1BBL, and OX40L in ssRNA-transfected B16 melanoma
and TC-1 cells measured by flow cytometry. Graphs represent results from three independent experiments. (C) B16 melanoma and TC-1 cell viability 24 h after ssRNA
transfection assessed by MTT assay. Graphs represent results from three independent experiments with n = 3. Data are presented as mean + standard deviation. Statistical

significance was determined by one-way ANOVA (o < 0.01 and ***p < 0.001).

expressing co-stimulatory molecules, whereas IFN-y production was
elevated specifically in the ssRNA-ICOSL and ssRNA-OX40L groups
(Figures S4A and $4B). Consistently, CD8" T cell proliferation was
enhanced in all transfected groups, while a significant increase in
CD4" T cell proliferation was observed only in the ssRNA-4-1BBL
group (Figure S4C).

IRES-based ssRNAs expressing co-stimulatory molecules
modulate Th cell subsets while reducing Treg cells in an in vitro
co-culture system

To determine whether ssRNAs expressing co-stimulatory molecules
influence the generation and differentiation of T helper (Th) cells, we
analyzed the expression levels of Th cell transcription factors in
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splenocytes co-cultured with tumor cells transfected with ssRNAs
expressing co-stimulatory molecules. Significantly increased T-bet
mRNA expression in splenocytes was detected across all groups
transfected with ssRNAs expressing co-stimulatory molecules, and
increased GATA-3 mRNA levels were detected in ssSRNA-ICOSL-
and ssRNA-OX40L-transfected groups (Figure 2F). We also exam-
ined effects on Tregs. As shown in Figure 2F, ssRNAs expressing
co-stimulatory molecules reduced the proportion of Foxp3™ Treg
cells compared with ssRNA-GFP. Additionally, PD-1 (programmed
death-1)—an exhaustion marker—decreased in CD4" and CD8"*
T cells in the co-stimulatory molecule-expressing ssSRNA groups
(Figure 2G). By contrast, expression of CD40L (a T cell activation
marker) was increased in CD4" T cells transfected with ssRNA-4-
1BBL and in all CD8" T cells transfected with ssRNAs expressing
co-stimulatory molecules (Figure 2G). Additionally, the composition
of memory T cell subsets was analyzed, but no significant changes in
effector or central memory T cells were observed in the group trans-
fected with ssRNAs expressing co-stimulatory molecules compared
with the ssRNA-GFP-transfected group (Figure S5).

IRES-ssRNAs expressing co-stimulatory molecules enhance
cytotoxic CD8* T cell responses in vivo

We tested whether ssRNAs expressing co-stimulatory molecules
could enhance cytotoxic CD8" T cell responses in vivo. Mice were
immunized with ovalbumin (OVA) and each co-stimulatory mole-
cule-expressing ssRNA, formulated with lipid nanoparticles
(LNPs), twice at a 2-week interval, as shown in Figure 3A. Although
the percentages of CD8" T cells were not significantly changed (data
not shown), mice immunized with ssRNA-OX40L showed an
increased frequency of OVA-specific CD8" T cells in blood
(Figure 3B). Mice immunized with ssSRNA-ICOSL or ssRNA-
OX40L exhibited an increased total cell number in the draining
lymph nodes (dLNs), although the difference did not reach statistical
significance (Figure 3C). Compared with the ssRNA-GFP group, all
groups immunized with ssRNAs expressing co-stimulatory mole-
cules exhibited higher frequencies of IFN-y, granzyme B, and per-
forin-producing CD8" T cells, with the ssRNA-4-1BBL group
showing the most pronounced increases in IFN-y and granzyme B
(Figure 3D). In the spleen, all groups immunized with ssSRNAs ex-
pressing co-stimulatory molecules exhibited increased total cell

numbers and higher frequencies of IFN-y-producing CD8" T cells
compared with the ssGFP-immunized group (Figures 3E and 3F).
To determine whether these ssRNAs also modulate humoral
immune responses, we measured OVA-specific IgGl and IgG2
antibody levels. As shown in Figure 3G, immunization with ssSRNAs
expressing co-stimulatory molecules did not lead to a significant in-
crease in OVA-specific IgG1l or IgG2 levels compared with the
ssRNA-GFP control group.

IRES-ssRNAs expressing co-stimulatory molecules significantly
suppress tumor growth and enhance antitumor immune
responses

To test whether ssSRNAs expressing co-stimulatory molecules reduce
tumor growth and enhance antitumor responses in vivo, each ssRNA
was formulated with LNPs and administered intratumorally to B16-
OVA (B16 expressing OVA) melanoma-bearing mice on days 6 and
11 post-tumor inoculation (Figure 4A). Notably, both tumor volume
and tumor weight were significantly lower in the groups immunized
with ssRNAs expressing co-stimulatory molecules than those in the
group receiving ssSRNA-GFP (Figures 4B-4D). Specifically, complete
tumor regression was observed in one of nine mice treated with
ssRNA-4-1BBL and in two of nine mice treated with ssRNA-
OX40L (Figure 4C).

To further evaluate whether ssRNAs expressing co-stimulatory
molecules can enhance antitumor immune responses when combined
with a tumor antigen, B16-OVA melanoma-bearing mice received
each LNP-formulated co-stimulatory molecule-expressing ssRNA
together with OVA protein on days 9 and 14 post-tumor inoculation
(Figure 5A). Intratumoral treatment with ssSRNA-4-1BBL, ssRNA-
OX40L, or a cocktail containing ssRNA-4-1BBL, OX40L, and
ICOSL significantly reduced tumor volume and weight (Figures 5B-
5D). Among these treatments, sSRNA-4-1BBL elicited the most pro-
nounced therapeutic effect, with five of nine mice exhibiting clinical
tumor regression (Figures 5B-5D and S6). At the tumor site, all
groups treated with ssRNAs expressing co-stimulatory molecules
exhibited increased infiltration of CD45" immune cells and NK
cells (Figure 5E). Additionally, CD8" T cell infiltration was elevated
in the ssRNA-ICOSL-, OX40L-, and cocktail-treated groups
(Figure 5E). In the dLN, all groups treated with ssRNAs expressing

Figure 2. Effects of IRES-ssRNAs expressing co-stimulatory molecules on cytokine production, proliferation, and T cell subsets in an in vitro co-culture
system

(A-G) ssRNA-transfected tumor cells were co-cultured with splenocytes in the presence of anti-CD3/CD28 antibodies. (A) IL-2 and (B) IFN-y in culture supernatants were
measured by ELISA after 24 h. Experiments were conducted independently three times, and representative data are shown as mean + standard deviation. (C) Percentage of
granzyme B-producing CD8* T cells and (D) percentage of perforin-producing CD8" T cells were quantified by flow cytometry. Means + standard deviation of three in-
dependent experiments are shown. (E) T cell proliferation was monitored using CFSE labeling. CFSE-labeled splenocytes were co-cultured with ssRNA-transfected tumor
cells in the presence of anti-CD3/CD28 antibodies, and proliferation was analyzed after 72 h. The percentage of proliferating cells in each culture is shown. Experiments were
conducted independently three times, and representative data are shown as mean + standard deviation. A representative image from three independent experiments is
shown. (F) Splenocytes were co-cultured with ssRNA-transfected tumor cells in the presence of anti-CD3/CD28 antibodies for 12 h. T-bet and GATA-3 expression in CD45*
cells was assessed by real-time PCR. Splenocytes were co-cultured with ssRNA-transfected tumor cells in the presence of anti-CD3/CD28 antibodies for 24 h. Percentages
of Foxp3* cells among CD4™ T cells were analyzed by flow cytometry. Graphs represent results from three independent experiments. (G) Splenocytes were co-cultured with
ssRNA-transfected tumor cells in the presence of anti-CD3/CD28 antibodies for 24 h. PD-1 and CD154 expression in CD4* and CD8" T cells was measured by flow cy-
tometry. Graphs represent results from three or four independent experiments. Data are presented as mean + standard deviation. Statistical significance was determined by
one-way ANOVA (*p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001).
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Figure 3. Effects of IRES-ssRNAs expressing co-stimulatory molecules on CD8* T cells in vivo

(A-G) Blood and lymph nodes were collected from mice 10 days after the second immunization. (A) Immunization schedule and analysis time points of the mice. (B) Per-
centages of OVA-specific CD8" T cells in blood were determined by flow cytometry; representative images from each group are shown. (C) Total numbers of dLN cells. (D)
Lymph node cells were stimulated with OVA for 24 h, and percentages of IFN-y-, granzyme B-, and perforin-producing cells among CD8" T cells were measured by flow
cytometry. (E) Total numbers of splenocytes. (F) Splenocytes were stimulated with OVA for 24 h, and percentages of IFN-y-producing cells among CD8" T cells were
measured by flow cytometry. (G) Serum OVA-specific IgG1 (1:100) and IgG2a (1:20) were measured by ELISA. Data are mean + standard deviation; n = 5. Statistical
significance was determined by one-way ANOVA (p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001).

co-stimulatory molecules showed increased frequencies of CD8"
T cells producing IFN-y, granzyme B, and perforin (Figure 5F). In
the dLN and spleen, a reduction in Treg frequency or PD-1 expression
on CD4" and CD8" T cells was observed across all groups treated with
ssRNAs expressing co-stimulatory molecules (Figures 5G and S7).
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DISCUSSION

Following the successful development of the COVID-19 mRNA vac-
cine, RNA-based therapies have emerged as innovative approaches
for treating various diseases, particularly tumors.> In this study, we
developed ssRNA constructs expressing co-stimulatory molecules
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Figure 4. IRES ssRNAs expressing co-stimulatory molecules alone significantly reduced tumor growth in melanoma-bearing mice

(A) Experimental design. Seven-week-old C57BL/6 mice (n = 9 per group) received subcutaneous injections of B16-OVA tumor cells. Tumor-bearing mice were immunized in-
tratumorally on days 6 and 11 with 10 ug ssRNA expressing ICOSL, OX40L, 4-1BBL, or GFP formulated with LNPs. (B and C) Tumor growth kinetics. (D) Tumor weight and images
of tumors from the indicated groups. Data are presented as mean + standard deviation. Statistical significance was determined by one-way ANOVA (*p < 0.05 and *p < 0.01).

using the EMCV IRES and evaluated their T cell-boosting effects and
therapeutic potential. Here, we selected OX40L, 4-1BBL, and ICOSL
(co-stimulatory molecules primarily expressed in APCs) as our genes
of interest (GOIs) in the IRES-based ssRNA platform because they
regulate T cell differentiation, proliferation, and survival. Although
each gene was encoded within the same EMCV IRES platform, expres-
sion of OX40L, 4-1BBL, and ICOSL varied across tumor cell types. This
variability suggests that factors such as ssRNA secondary structure,

sequence length, or codon usage may influence expression efficiency.
Thus, although EMCV-IRES was used in this study, further work is
needed to identify the most appropriate IRES platform tailored to spe-
cific tumor cell types and GOls.

Inducing co-stimulatory molecule expression in tumor cells via

ssRNA constructs modulated cytokine production and T cell prolif-
eration and differentiation in co-cultured splenocytes, with effects
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Figure 5. IRES ssRNAs expressing co-stimulatory molecules combined with tumor antigen immunization significantly reduced tumor growth in melanoma
(A) Experimental design. Seven-week-old C57BL/6 mice (n = 9 per group) received subcutaneous injections of B16-OVA tumor cells. Tumor-bearing mice were immunized
intratumorally on days 9 and 14 with 10 ug ssRNA expressing ICOSL, OX40L, 4-1BBL, or GFP formulated with LNPs and OVA protein. (B and C) Tumor growth kinetics and
(C) images of tumors from the indicated groups. (D) Tumor weight from the indicated groups. (E) Absolute numbers of CD45 immune cells, CD8" cells, and NK cells per gram
of tumor tissue, assessed by flow cytometry after tissue dissociation. Sample sizes: ssSRNA expressing ICOSL, n = 8; ssRNA expressing 4-1BBL, n = 3; ssRNA expressing
OX40L, n = 8; ssRNA cocktail, n = 7; ssRNA expressing GFP, n = 9; and OVA only, n = 7. (F) Percentages of granzyme B-, perforin-, and IFN-y-producing CD8" T cells in the

(legend continued on next page)
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depending on the encoded co-stimulatory molecule. These results
indicate that each co-stimulatory molecule-expressing ssRNA in-
duces distinct cytokine and proliferation profiles, suggesting that
strategic combinations could be tailored to specific therapeutic goals.

Notably, intramuscular administration of ssRNAs expressing
co-stimulatory molecules combined with OVA protein enhanced
cytotoxic CD8" T cell responses in vivo. All groups receiving co-
stimulatory molecule-expressing ssSRNA constructs exhibited higher
frequencies of cytotoxic CD8" T cells in the dLN compared with the
ssSRNA-GFP control. In particular, ssRNA-OX40L significantly
increased OV A-specific CD8" T cells in blood, indicating robust pro-
motion of CD8" T cell proliferation.

Interestingly, administration of ssRNAs expressing co-stimulatory
molecules alone significantly suppressed tumor growth in the mela-
noma model compared with ssSRNA-GFP. The antitumor effects
were particularly pronounced within the ssRNA-4-1BBL and
ssSRNA-OX40L groups, with complete tumor regression observed
in one of nine mice in the ssSRNA-4-1BBL-treated group and two
of nine mice in the ssRNA-OX40L-treated group.

In combination with the tumor antigen OVA, ssRNA-4-1BBL was
most effective, resulting in complete tumor regression in five of
nine mice. This outcome is notable given that mice received only
two injections. ssRNAs expressing co-stimulatory molecules
increased cytotoxic T cells in the dLN. In the spleen, all treated
groups showed reduced Tregs in melanoma-bearing mice. These
findings suggest that intratumoral delivery of ssRNAs expressing
co-stimulatory molecules modulates immune responses not only at
the injected tumor site but also in distal lymphoid organ. Further-
more, ssSRNAs expressing co-stimulatory molecules activated DCs
within tumors and dLNs. MHC class II expression on CD11c"
DCs increased at the tumor site, and MHC class I and CD80 expres-
sion increased on DCs in dLNs (Figure S8). Consistent with prior
reports that intratumoral delivery of mRNAs expressing 4-1BBL,
IL-21, and IL-7 induces cytotoxic CD8" T cell responses in dLNs**
and that DC-targeted delivery of mRNAs expressing co-stimulatory
molecules such as 4-1BB and OX40L promotes DC maturation and
antigen-presenting capacity in dLNs,” our study showed that intra-
tumoral injection of ssRNAs expressing co-stimulatory molecules
activated DCs in both tumors and dLNs, thereby priming antitumor
immunity.

Notably, ssRNAs expressing co-stimulatory molecules did not cause
significant weight loss in mice after intramuscular or intratumoral
administration (Figures S6, S9, and S10). These findings indicate

that co-stimulatory molecule-expressing ssSRNA constructs do not
elicit appreciable systemic toxicity.

Cap-dependent translation platforms are typically more efficient
than cap-independent systems. Consistent with this, IRES-driven
translation of 4-1BBL in melanoma cell lines in vitro was lower
than that of the cap-dependent construct (data not shown). Howev-
er, in vivo, the cap-dependent ssSRNA expressing 4-1BBL did not
outperform the IRES-based ssSRNA expressing 4-1BBL in antitumor
efficacy (data not shown). These results suggest that IRES-based
ssRNA can translate the encoded gene within the tumor microenvi-
ronment and modulate immune responses, implying that the
antitumor activity of IRES-based RNA may depend not only on
translation efficiency but also on additional immunologic mecha-
nisms, potentially including stimulatory effects of IRES secondary
structures.

To our knowledge, this is the first demonstration of the effects of
IRES-based ssRNAs expressing co-stimulatory molecules on T cells
in an in vivo tumor model. Given the significant antitumor effects
observed with intratumoral injection of ssRNA-expressed co-stimu-
latory molecules, it is important to evaluate other potential injection
routes to optimize delivery.

Additionally, combining ssRNAs expressing co-stimulatory
molecules with other anticancer therapies may further enhance ef-
ficacy and merits continued investigation. In summary, our re-
sults indicate that ssRNAs expressing co-stimulatory molecules
represent promising candidates for cancer therapy and cancer
vaccines.

MATERIALS AND METHODS

IRES-based ssRNAs expressing ICOSL, 4-1BBL, and OX40L

An EMCV IRES-derived ssRNA backbone was used.’’ ICOSL,
4-1BBL, OX40L, and GFP coding sequences were inserted into
the multiple cloning site. The coding sequences for mouse
ICOSL, 4-1BBL, OX40L, and GFP mRNA were derived from
their wild-type references (GenBanK: NM_015790.3, GenBank:
NM_009404, GenBank: U12763.1, and GenBank: OK586152.1; Na-
tional Center for Biotechnology Information GenBank; Figure S1).
Codons were optimized using GenScript GenSmart Codon Optimi-
zation. All genes were synthesized by Cosmo Genetech, Inc. (Seoul,
Korea).

In vitro transcription
Detailed information on in vitro transcription is provided in the
supplemental materials and methods.

draining dLNs were analyzed by flow cytometry. Sample sizes: ssRNA expressing ICOSL, n = 8; ssRNA expressing 4-1BBL, n = 9; ssRNA expressing OX40L, n = 9; ssRNA
cocktail, n = 9; ssRNA expressing GFP, n = 8; and OVA only, n = 6. (G) Frequencies of CD25" Foxp3* Tregs within the CD4™ T cell population in the spleen were assessed by
flow cytometry. Sample sizes: ssRNA expressing ICOSL, n = 9; ssRNA expressing 4-1BBL, n = 9; ssRNA expressing OX40L, n = 9; ssRNA expressing GFP, n = 9; and OVA
only, n = 8. Data are presented as mean + standard deviation. Statistical significance was determined by one-way ANOVA (*p < 0.05, **p < 0.01, **p < 0.001, and

=5 < 0.0001).
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RNA formulation

LNP components matched those used in the Moderna COVID-19
mRNA vaccine. Briefly, lipid components—SM-102 (heptadecan-
9-yl 8-((2-hydroxyethyl) (6-0xo0-6-(undecyloxy)hexyl)amino)octa-
noate), PEG2000-DMG (1-monomethoxypolyethyleneglycol-2,3-
dimyristylglycerol; PEG average molecular weight 2,000), 1,
2-distearoyl-sn-glycero-3-phosphocholine, and cholesterol—were
mixed at a molar ratio of 50:10:38.5:1.5 and dissolved in ethanol,
and mRNAs were dissolved in Tris buffer. The N/P charge ratio
was 4. mRNA-LNPs were formulated using LinaPrep (Bioneer, Dae-
jeon, Korea) by mixing the aqueous and organic solutions at an aque-
ous:organic flow-rate ratio of 3:1. Formulations were dialyzed for
2 days against phosphate-buffered saline (PBS). Hydrodynamic
size and polydispersity index were measured by dynamic light scat-
tering (Zetasizer Nano-ZS, Malvern Panalytical, Malvern, UK). RNA
encapsulation was evaluated by 1% Tris-borate-EDTA (ethylenedia-
minetetraacetic acid) agarose gel electrophoresis in the presence of
Triton X-100.

Mice and immunization schedule
Detailed information on the immunization schedule is provided in
the supplemental materials and methods.

B16 melanoma tumor model and immunization

B16F10-OVA cells (4-5 x 10°) were subcutaneously inoculated into
the right flank of each mouse. Tumor size was measured daily with
an electronic caliper (Mitutoyo, Kanagawa, Japan), and volume
was calculated as width? x length x 0.52 (mm®). When tumors
became palpable 10 days after inoculation, mice received two intra-
tumoral immunizations, 5 days apart, with 10 pg OVA (Sigma-
Aldrich, St. Louis, MO, USA) and 10 pg ssRNA expressing ICOSL,
4-1BBL, OX40L, a cocktail (1:1:1 mixture of ssRNAs expressing
ICOSL, 4-1BBL, and OX40L), or ssRNA expressing GFP as a control.
In a separate cohort, mice received intratumoral injections of 10 pg
ssRNA expressing ICOSL, 4-1BBL, OX40L, or GFP—without
OVA—administered twice at 5-day intervals.

Co-culture of splenocytes with tumor cells
Detailed co-culture protocols are provided in the supplemental
materials and methods.

Enzyme-linked immunosorbent assay

Cytokine concentrations in supernatants from co-cultured spleno-
cytes and from splenocytes cultured alone were quantified with
ELISA MAX Deluxe Sets for mouse IL-2 and mouse IFN-y
(BioLegend) according to the manufacturer’s instructions. Absor-
bance at 450 nm was measured with a SpectraMax ABS Plus micro-
plate reader (Molecular Devices).

For OVA-specific IgG, 96-well plates were coated with OVA
(100 ng/100 pL in PBS) overnight at 4°C. Plates were washed
with PBS-T (PBS with 0.05% Tween 20; Sigma-Aldrich) and
blocked with 1% bovine serum albumin in PBS-T for 2 h at room
temperature. Diluted serum samples were added and incubated
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for 2 h, followed by horseradish peroxidase-conjugated anti-mouse
IgG1 or IgG2a antibodies (Invitrogen) for 1 h. 3,3',5,5'-tetramethyl-
benzidine substrate (BioLegend) was used for color development,
and the reaction was stopped with 1 N H,SO,. Absorbance was
measured at 450 nm using a SpectraMax ABS Plus microplate
reader (Molecular Devices).

Reverse-transcription quantitative PCR
Detailed reverse-transcription quantitative PCR protocols are pro-
vided in the supplemental materials and methods.

Cell proliferation assay

Splenocytes were resuspended in PBS at 1 x 10 cells/mL. CFSE (car-
boxyfluorescein succinimidyl ester; CellTrace CFSE Cell Prolifera-
tion Kit, Invitrogen) or CellTrace Violet dye (Invitrogen) was added
to a final concentration of 5 pM. After brief vortexing, cells were
incubated for 10 min at 37°C in 5% CO, in a horizontal position, fol-
lowed by two washes with PBS containing 2% FBS (fetal bovine
serum). CFSE-labeled splenocytes were co-cultured for 72 h with
B16 melanoma cells transfected with ssSRNAs expressing ICOSL,
4-1BBL, OX40L, or GFP. Co-cultures were supplemented with vary-
ing concentrations of anti-CD3 (0.125-0.25 pg/mL) and anti-CD28
(0.0625-0.125 pg/mL) to induce CD8" and CD4" T cell proliferation.

For splenocyte-only experiments, Violet-labeled splenocytes were
transfected with ssRNA expressing co-stimulatory molecules and
stimulated with anti-CD3 (0.5 pg/mL) and anti-CD28 (0.5 pg/mL)
to assess CD8" and CD4" T cell proliferation.

Tumor dissociation

Tumors were excised from the flanks of mice after euthanasia and
transferred to enzymatic digestion medium (RPMI 1640 [Roswell
Park Memorial Institute medium]; Welgene, Gyeongsan, Korea)
supplemented with 10% FBS, 1% penicillin/streptomycin, DNase I
(Roche), and collagenase IV (Gibco, Thermo Fisher Scientific, Wal-
tham, MA, USA). Tissues were minced with sterile scissors and incu-
bated at 37°C for 1 h with gentle shaking to promote enzymatic
digestion. Afterward, 1 M EDTA (Invitrogen) was added, and the
suspension was incubated for an additional 10 min at 37°C. The
digest was filtered through a 70-um cell strainer (SPL, Pocheon-si,
Korea), and red blood cells were removed using RBC Lysis Buffer
(BioLegend).

Flow cytometry
Detailed flow cytometry methods are provided in the supplemental
materials and methods.

Statistical analysis

Statistical differences were analyzed using one-way ANOVA (anal-
ysis of variance). Differences were considered statistically significant
at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data are
presented as mean + standard deviation, and all analyses were per-
formed using Prism version 10 (GraphPad Software, Inc.).
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