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Although most cancer deaths are caused by metastasis, there are no effective
therapeutic approaches. This study describes the efficacy of a short synthetic
mRNA (s-mRNA) designed by the sequence of non-vesicular extracellular IL1{3-
mRNA found in the pre-metastatic lung of tumor-bearing mice. The adminis-
tration of s-mRNA inhibits murine lung metastasis by inducing the innate and
adaptive immune systems. s-mRNA binds to ZC3H12D, an RNA-binding protein
on natural killer cells and cytotoxic T lymphocytes. The ZC3H12D-s-mRNA
complex translocated to the nucleus without being involved in translation.
This process induces cytolytic activity and cell death in cancer cells without
inducing a cytokine storm, and immune cells retain their antitumor activity.
Although the antitumor activity of cytotoxic lymphocytes declines as the
disease progresses in cancer patients, s-mRNA induces sustained high killing
capacities of natural killer cells and cytotoxic T lymphocytes from colon can-
cer patients. Therefore, s-mRNA could be a breakthrough solution to prevent
metastasis.

Cancer is a significant health concern due to its increasing incidence
among people younger than 50 and its association with longevity'.
Although treatments for more than 200 different types of primary
cancer” have improved in the last decade, metastasis remains a threat
to the prognosis of cancer’’. Metastasis is very complicated; the
interplay between cancer cells, immune cells, and tissue that
metastasizes contributes to metastasis, and metastasis may differ
from cancer to cancer and from tissue to tissue*’. Studies have
shown that cancer cells create a microenvironment that facilitates

metastasis to target organs before metastasis occurs in mouse
models and cancer patients®”®. At this stage, a small population of
antimetastatic immune cells exists'>'%;, however, the majority of
immune cells become guardians of cancer cells’. Therefore, to pre-
vent metastasis, it is practical to intervene in immune cells and
promote their ability to combat cancer cells. Natural killer (NK) cells
and cytotoxic T lymphocytes (CTLs) are potential targets of inter-
vention due to their strong direct tumor-killing ability in metastasis".
They are key players in both innate and adaptive immunity, and their
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therapeutic value for cancer treatment has been demonstrated in
several ways'* ™,

Extracellular mRNAs that are not enclosed in a vesicle play an
important role” in premetastatic organs®®. A detailed study
revealed that full-length IL1IB-mRNA (full-IL1B-mRNA) is present in
premetastatic lungs and is incorporated into NK cells in a manner
dependent on the surface receptor ZC3HI12D" to enhance their
antimetastatic ability. The molecular mechanism of external
mRNA signaling is not fully understood, but the ILIB-mRNA-
ZC3H12D complex is transferred to the nucleus without being
used for protein translation. In a mouse model study, the transfer of
NK cells through adoptive cell transfer (ACT) combined with in vitro
stimulation by full-IL13-mRNA significantly suppressed metastasis”.
This finding suggests that the administration of full-IL13-mRNA is
highly effective in preventing metastasis. However, full-IL13-mRNA
was degraded in the blood because serum contains RNase (Sup-
plementary Fig. 1a).

This study successfully demonstrates that a short ILI3-mRNA with
a core immunostimulatory sequence activates not only NK cells but
also CTLs, increasing their tumoricidal ability (Fig. 1a, summary). In
addition, this synthetic mRNA can be administered intravenously to
provide sustainable prevention of metastasis. The chemical modifica-
tions introduces in the mRNA protect it from degradation by RNase,
and thus, it retains its abilities for an extended period.

Results

Synthetic RNA sequences and characteristics

To determine the functional region of ILIB-mRNA as a non-vesicular
extracellular signaling molecule, we first focused on the 3’ untranslated
region (UTR). This is because the ZC3HI2D receptor protein recog-
nizes this region”. We used a migration assay to screen the functional
region. The 130-mer region of the 3’'UTR of ILIB-mRNA was selected
based on a comparison of mouse and human ILIB-mRNA sequences,
and this region retained a biological activity equivalent to that of the
full-IL13-mRNA (Supplementary Fig. 1b). This region induced migration
in ZC3H12D-overexpressing 786-0 cells. Further sequence alignment
revealed that the potential functional region is an AU-rich element
containing a 50-mer (Fig. 1b and Supplementary Fig. 2 and 3a). Before
preparing the in vivo-grade 50-mer fragment (synthetic ILIB-mRNA,
sILIB-mRNA), we tested several modifications to confirm that the 50-
mer was RNase resistant (Fig. 1c). The binding ability of 50-mer sIL1j3-
mRNA to the receptor protein was then confirmed by electrophoretic
mobility shift assay (EMSA) using recombinant ZC3HI2D protein
(ZC36) (Fig. 1d). Modifications of 4’-aminoethyl-2"-F?° in the ribose
group at both ends of uracil and 2’-O-methyl* for other nucleotides
(referred to as _OMe_AE) increased the migration activity to levels as
high as those of unmodified RNA (Fig. 1e). However, the migration
activity of RNA with phosphorothioate modifications (_S)** was as low
as that of the negative control, sPoly A-mRNA_OMe_AE and sf-actin-
mRNA_OMe_AE. This indicates that sILIB-mRNA_OMe_AE retains the
biological activity of native ILI3-mRNA (Fig. 1e). The concentration
dependency of the migration activity induced by sILIB-mRNA_OMe_AE
showed a typical bell-shaped pattern, allowing us to set the optimal
concentration as 10 ng/mL for subsequent in vitro research. It was
reported that single-stranded RNA (ssRNA) is recognized by intracel-
lular TLR7%. To investigate whether TLR 7 is involved in the s-mRNA-
mediated migration, we first established a ZC3H12D-overexpressing
RAW?264.7 cell line because TLR7 is expressed in the cells. Then, TLR7
knockdown was carried out in the ZC3H12D" cells (Supplementary
Fig. 3b). Our migration assay data showed that sIL13-mRNA_OMe_AE
induced both control and TLR7 siRNAs-treated groups at the same
level (Supplementary Fig. 3c). To confirm the stability of sIL1B-
mRNA_OMe_AE, synthetic RNAs were incubated with mouse or human
serum. The unmodified RNAs were rapidly degraded by endogenous
RNases, but the sILIB-mRNA_OMe AEs remained intact for 48 hr

(Fig. 1f, g, and Supplementary Fig. 4a-d). This indicates that s-mRNA
are suitable for in vivo research.

To locate the s-mRNA, we introduced a fluorescein isothiocyanate
(FITC) label at the 5’ end before conducting the metastasis study. It is
well established that a primary tumor can remotely create a pre-
metastatic microenvironment that is favorable for metastasis’. We
replicated this microenvironment in a healthy mouse model by intra-
peritoneally injecting tumor-conditioned medium (TCM) (Fig. 1h).
TCM is expected to contain many signaling factors® released from
tumor cells that facilitate tumor metastasis. We observed resistance of
FITC-s-mRNA in 100% concentrations of mouse serum in vitro (Fig. 1i,
left). However, FITC-s-mRNA was present in the serum 30 min after
intravenous injection but not 48 hr after intravenous injection (Fig. 1i,
in vivo), implying that the s-mRNA was excreted from the body or
absorbed in the tissues within 48 hr. Next, we investigated the locali-
zation of FITC-s-mRNA to determine the relationship between the
premetastatic microenvironment and FITC-s-mRNA (Fig. 1j gel picture
and Supplementary Fig. 4e). To visualize the premetastatic micro-
environment, we injected fluorescent-labeled breast cancer cells
(E0771 cells) into mice because these cancer cells tend to settle within
20 um of the premetastatic sites’. FITC-s-mRNA was injected for 1h
after PKH26-labeled EQ771 cells were injected. After 24 hr, the lungs
exhibited clear recruitment of FITC signals near the PKH26-positive
tumor cells (Fig. 1j, k).

sIL1B-mRNA uptake and tumoricidal ability in vitro

It has been demonstrated that full-ILI3-mRNA can induce tumoricidal
activity when incorporated into NK cells”. Regarding ZC3H12D, two
ZC3H12D-derived splicing variants encoding potential tumor sup-
pressors, PS8™ and P36™, were first identified”. It was reported that
ZC3HI12D is preferentially expressed on normal lymphoid tissues. In
addition, the tumor-bearing situation influenced the recruitment of
ZC3H12D to the cell surface”. Initially, we examined the expression of
ZC3HI12D in NK and T cells derived from healthy human peripheral
blood mononuclear cells (PBMCs) and mouse splenocytes.
Fluorescence-activated cell sorting (FACS) and immunohistochemistry
(IHC) revealed that ZC3H12D was expressed at homeostatic levels in
these cells (Supplementary Figs. 5 and 6a—c).

We tested whether s-mRNAs are incorporated into human NK or
T cells (Fig. 2a, b, and Supplementary Fig. 7). Our FACS analysis revealed
the uptake of FITC-sILIB-mRNA OMe AE, but not of FITC-sPoly A-
mRNA_OMe_AE, by CD56"CD3 NK and CD3" T cells (Fig. 2a, b). Similarly,
mouse NK and T cells also captured FITC-sILIB-mRNA_OMe_AE but not
FITC-sPoly A-mRNA_OMe AE (Fig. 2c). This uptake occurred in a
ZC3H12D-dependent manner, as shown by the use of Zc3h12 d knockout
(KO) mice® (Fig. 2d). Fluorescence microscopy confirmed the transport
of s-mRNA into the nucleus (Fig. 2e, f). Then, we assessed the s-mRNA-
mediated immune cell response. Previous studies have reported phe-
notypic and functional differences between the CD56%™ and CD56"&"
subpopulations”. Therefore, we assessed these subpopulations inde-
pendently. The production of interferon-y (IFNy) in CD56°€™ cells sti-
mulated with sILIB-mRNA_OMe_AE was as high as that in CD56"€" cells
stimulated with the IL-12 protein, which is classically known as an
immune cell stimulator®” (Supplementary Fig. 8a, b). In contrast,
CD56%™ cells did not show any induction of IFNy production (Supple-
mentary Fig. 8c). Regarding the T-cell response, IFNy induction by sIL1f3-
mRNA_OMe_AE in CD3" T cells was detected at a similar level to that of
the IL-12 protein (Supplementary Fig. 8d, e). In addition, sILIp-
mMRNA_OMe_AE or IL-12 protein stimulation increased the cellular
growth rate of CD56°€" cells (Supplementary Fig. 9a, b).

To evaluate the tumoricidal activities of human NK and T cells
in vitro, we examined whether sIL13-mRNA_OMe_AE-primed NK cells can
kill colon cancer cells (CaCO2, DLD-1) and breast cancer cells (MDA-MB-
231). The tumoricidal effect was found to be influenced by the ratio of
immune cells to tumor cells*. An equal ratio of immune cells to tumor
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Fig. 1| Functional synthetic short ILIB-mRNA (s-mRNA) sequences and stability
in the tumor-bearing state. a Summary of metastasis inhibition by systemic s-
mRNA-primed NK cells and CTLs. b Detection of core functional sIL1I3-mRNA in
humans and mice. ¢ Structural formulas of RNase-resistant synthetic nucleotides.
d Binding analysis of mRNAs by EMSA. Lane 1, FITC-mouse IL1B-mRNA (50-mer)
alone; lane 2, FITC-mouse IL1B-mRNA (50-mer) + ZC36 protein; lane 3, FITC-mouse
IL1B-mRNA (50-mer) + ZC36 protein + non-labeled unrelated RNA (50-mer); lane 4,
FITC-mouse IL1-mRNA (50-mer) + ZC36 protein + non-labeled mouse ILI3-mRNA
(50-mer); lane 5, FITC-sIL1IB-mRNA_OMe_AE alone; lane 6, FITC-sIL13-mRNA_O-
Me_AE +ZC36 protein; lane 7, FITC-sIL13-mRNA_OMe_AE + ZC36 protein + non-
labeled unrelated RNA (50-mer); lane 8, FITC-IL13-mRNA_OMe_AE + ZC36 pro-
tein + non-labeled mouse IL13-mRNA (50-mer). e Migration analyses of ZC3H12D-
overexpressing 786-0 cells using various synthetic modified ILI3-mRNA. N=3
independent experimental replicates for ILIB-mRNA, IL13-mRNA_OMe, IL13-
mMRNA_S, IL13-mRNA_AE, IL13-mRNA_OMe_AE, and poly A-mRNA_OMe_AE and N=2
independent experimental replicates for B-actin-mRNA_OMe_AE. One-way ANOVA
with Bonferroni correction. Mean + SEM. f, g FITC-labeled sIL1B-mRNA was

incubated with 20% mouse and human serum. sILIB-mRNA_OMe_AE was more
resistant than nonmodified sIL13-mRNA. Representative electrophoresis gel image
(f) and its quantification (g). h Trace scheme of s-mRNA in vivo. Blood and lungs
were examined after tail vein injection of FITC-s-mRNA into mice stimulated with
TCM. i Detection of fluorescein in mouse serum at 30 min or 48 hr after tail vein
injection of FITC-sILI3-mRNA_OMe_AE (right, serum). The left panels show positive
controls after a mixture of PBS or FITC-sILI3-mRNA_OMe_AE and serum in vitro.

j Representative images of FITC-s-mRNA near metastatic PKH26-labeled

EO771 cells in the lungs taken 24 hr after injection with either PBS or FITC-sIL1f-
mRNA_OMe_AE. Scale bar: 50 pm, 10 um. Electropherogram of the retrieved mRNA
from the lungs 30 min after tail vein injection of FITC-s-mRNA. O, FITC-sIL1f-
mRNA_OMe_AE; 1 and 2, mRNA from the lung without FITC-s-mRNA injection (two
mice); 3 and 4, mRNA from the lung with FITC-sILI3-mRNA_OMe_AE injection (two
mice). k Quantification of FITC-s-mRNA signals around EQ771 cells in the lungs. The
distance between the FITC signal and the metastatic tumor cell was set at 20 pm.
N =30 areas from 3 mice. One-way ANOVA with Bonferroni correction. Mean + SEM.
Source data are provided as a Source Data file.

cells was chosen for in vitro experiments. This is because subsequent
in vivo metastasis experiments (Fig. 3) assume that the numbers of
tumor cells injected in mice and NK cells in the blood are approximately
the same. The tumoricidal activity of CD56%™ NK cells was enhanced by
sILIB-mRNA_OMe_AE to the same extent as the IL-12 protein (Fig. 2g-k),
whereas that of CD56*" NK cells was not (Supplementary Fig. 9¢). In
addition, sIL1B-mRNA_OMe_AE enhanced the cytotoxic activity of CD8"
T cells in the presence of dendritic cells (DCs) stimulated with tumor cell
lysate (Fig. 2g, | and m). Notably, sILIB-mRNA OMe_AE-induced CD8"

T-cell activation was lost when DCs were absent (Fig. 2m). In contrast,
the addition of sILIB-mRNA_OMe AE did not enhance the cytotoxic
activity of CD4" T cells (Supplementary Fig. 9d-f). We also investigated
the effect of repetitive stimulation by sILI3-mRNA_OMe_AE, as it is well
known that repetitive stimulation can cause immune cells to be refrac-
tory to stimulation (Fig. 2n). When used for single stimulation, sIL1B-
mRNA OMe AE, the IL1B-protein, and the IL-12 protein similarly
enhanced NK cell tumoricidal activities (Fig. 20). However, in the second
and third rounds, the stimulatory power of the IL13-protein and IL-12
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Fig. 2 | Uptake of sIL1B-mRNA and tumoricidal activities of human NK and

T cells in vitro. a Histogram after the uptake of FITC-sIL13-mRNA_OMe_AE in
human CD56°CD3 NK and CD3* T cells derived from PBMCs using flow cytometry.
FITC-sPoly A-mRNA_OMe_AE (50-mer) was used as a control. b Quantification of the
number of cells that were taken up by s-mRNA-FITC. N =5 individuals. One-way
ANOVA with Bonferroni correction. Mean + SEM. ¢, d Quantification of FITC-
sIL13-mRNA_OMe_AE uptake in NK1.1" NK, CD4* T and CDS8" T cells from spleno-
cytes of wild-type (WT) (c) and Zc3h12d knockout (KO) mice (d) by FACS. N=3
mice. One-way ANOVA with Bonferroni correction. Mean + SEM. e Representative
confocal microscopy images of FITC-s-mRNA relocation in the nucleus of

human CD56“™CD3 NK cells at 1h after the addition of 10 ng/ml FITC-sIL1p-
mRNA_OMe_AE. 10 stacked images. Scale bar: 10 pm. f Quantitative analyses of
nuclear FITC signals in human NK cells after treatment with FITC-s-mRNA. N=13
cells from 3 individuals, none; N = 37 cells from 3 individuals, sIL13-mRNA_OMe_AE;
N =44 cells from 3 individuals, sPoly A-mRNA_OMe_AE. One-way ANOVA with
Bonferroni correction. Mean + SEM. g Schematic of the tumoricidal assay for NK
cells and T cells (see ‘Methods’ for details). h Representative Zombie" cells indicate

cells killed by sIL1IB-mRNA_OMe_AE-activated CD56“™CD3" NK cells.

i~k Quantitative analysis of killed tumor cells, DLD-1 (i), Caco-2 (j), and MDA-MB-231
(k) cells. Scale bar: 20 pm. N =3 independent experimental replicates. One-way
ANOVA with Bonferroni correction. Mean + SEM. | Representative Zombie" dead
tumor cells killed by sILIB-mRNA_OMe_AE-activated CD8" T cells. m Quantitative
analysis of tumor cells killed by s-mRNA- or protein-stimulated CD8" T cells
cocultured with (left) or without dendritic cells (DCs) (right). Scale bar: 20 um.N=3
independent experimental replicates. One-way ANOVA with Bonferroni correction.
Mean + SEM. n Strategy for the tumoricidal assay using s-mRNA-primed
CD569mCD3" NK cells or CD8* T cells after multiple rounds of stimulation (see
‘Methods’ for details). o-q Quantitative analysis of tumor cells killed by
CD56%mCD3" NK cells after single (0), two (p), or three (q) stimulation events. N=3
independent experimental replicates. One-way ANOVA with Bonferroni correction.
Mean + SEM. r-t Quantitative analysis of tumor cells killed by CD8" T cells after
single (r), two (s), or three (t) stimulations. N =3 independent experimental repli-
cates. One-way ANOVA with Bonferroni correction. Mean + SEM. Source data are
provided as a Source Data file.

proteins gradually decreased, and sILI3-mRNA_OMe AE retained its
enhancing effect (Fig. 2p, q). Regarding CD8" T-cell-mediated cytotoxic
ability, sILIB-mRNA_ OMe_AE showed a booster effect after a series of
stimulations (Fig. 2r-t). These data indicate that sIL13-mRNA_OMe_AE
was able to maintain the activated state of NK cells and CTLs without
exhaustion, which other classic stimulators cannot achieve.

Antimetastatic ability of systemic administration of sIL1I3-mRNA
To assess the effectiveness of systemic administration of sIL1B-
mRNA_OMe_AE, we conducted a metastasis inhibition assay (Fig. 3a).
We used tumor cell lines, such as EO771 or MC-38 (a colon cancer cell
line), to induce the premetastatic phase in tumor-bearing mice. At this
stage, the lungs do not contain metastatic cells, despite the presence
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Fig. 3 | Antimetastatic ability of sILIB-mRNA_OMe_AE after administration

in vivo. a Schematic of the antimetastatic experiment using EO771 and MC-38 cells.
Tumor-bearing mice were treated with intravenous (iv) injection of s-mRNA or PBS,
followed by iv injection of PKH26-labeled tumor cells. b Representative image of
the primary tumor taken on day 7 after mammary fat pad (mfp) injection of
EO771 cells. The white-lined squares indicate 1cm. ¢ Volumes of primary tumors
treated with ss-mRNA or PBS on day 7. N=5 mice, PBS; N=5 mice, sPoly A-
mRNA_OMe_AE; N = 4 mice, 1 ug of sILIB-mRNA_OMe_AE; N = 4 mice, 10 pg of sIL1p-
mRNA_OMe_AE. One-way ANOVA with Bonferroni correction. Mean + SEM.

d Representative images of PKH26-labeled EO771 cells in the lungs on day 7.

e Number of EQ771 cells in the lungs of mice treated with s-mRNA or PBS. N =5 mice,
PBS; N =35 mice, sPoly A-mRNA_OMe_AE; N =4 mice, 1 pg of sILI3-mRNA_OMe_AE;
N =4 mice, 10 pg of sILIB-mRNA_OMe_AE. One-way ANOVA with Bonferroni cor-
rection. Mean + SEM. f Number of EO771 cells in the lungs of mice treated with PBS,
1 g of sIL1B-mRNA_OMe_AE, or 1 pg of full-length ILI3-mRNA. N =5 mice. One-way
ANOVA with Bonferroni correction. Mean + SEM. g Scheme for the antimetastasis
assay, similar to Fig. 3a, in WT and Zc3h12d KO mice. h Number of metastatic cells in
the lung of EO771-bearing WT and Zc3hi12d KO mice treated with sIL1p-
mRNA_OMe_AE or PBS. N =5 mice. One-way ANOVA with Bonferroni correction.

Mean + SEM. i, j Metastasis of MC-38 cells. Number of metastatic cells in the lung (j)
after treatment with sIL13-mRNA_OMe_AE or PBS. The primary tumor volume is also
shown (i). N=5 mice, PBS; N = 6 mice, sILI3-mRNA_OMe_AE. Student’s two-sided ¢
test. Mean + SEM. k Schematic of an antimetastatic experiment using sIL1f-
mRNA_OMe_AE in mice with NK cell depletion (I-n), T-cell depletion (o-r), and NK/
T-cell double depletion (s) in combination with anti-ASGM-1 or/and anti-CD4/CD8a
antibodies. I, m Validation of NK cell depletion among lymphocytes in the blood (I)
and lungs (m). N=>5 mice, PBS; N=6 mice, Anti-ASGML. Student’s two-sided ¢ test.
Mean + SEM. n Number of metastatic EQ771 cells in the lungs of NK cell-depleted
mice. N=5 mice, PBS; N=6 mice, Anti-ASGML. Student’s two-sided ¢ test. Mean
SEM. o, p Analyses of the percentages of CD4* T and CD8a* T cells among TCRB*
lymphocytes in the blood (o) and lung (p). N =5 mice. Student’s two-sided ¢ test.
Mean + SEM. q Number of metastatic EQ771 cells in T-cell-depleted lungs. N=5
mice, PBS; N =6 mice, Anti-CD4/CD8a. Student’s two-sided ¢ test. Mean + SEM.

r Number of metastatic EQ771 cells in T-cell-depleted lungs. N =5 mice. One-way
ANOVA with Bonferroni correction. Mean + SEM. s Number of metastatic

E0771 cells in the lungs of both PBS-treated control mice and NK/T double-depleted
mice. N =35 mice. Student’s two-sided ¢ test. Mean + SEM. Source data are provided
as a Source Data file.

of a primary tumor at a distant site. EO771 or MC-38 cells were injected
into the mammary fat pad (mfp) or subcutaneously (sc), respectively.
The s-mRNA were then intravenously (iv) administered. To mimic the
metastatic phase, PKH26-labeled tumor cells were additionally iv
injected, and the lungs were examined (Fig. 3a). In this study, we used a
three-dose regimen because it was more effective than a single
administration at suppressing metastasis (Supplementary Fig. 10a-d).
Furthermore, multiple administrations are expected to have a booster
effect (Fig. 2q and t). Considering the short half-life of s-mRNA (< 48 hr)
in the serum (Fig. 1g and i), continuous antimetastatic treatment might

be necessary during primary tumor growth. Mammary fat pad
implantation of EO771 cells resulted in the formation of a tumor nodule
(-5mm) within one week (Fig. 3b), and s-mRNA treatment did not
affect the size of the tumor (Fig. 3¢). However, this treatment reduced
the number of metastatic cells in the lungs (Fig. 3d) compared to that
in the control groups (Fig. 3e). To ensure consistency, we used a 1 ug
injection/dose of s-mRNA for one mouse in subsequent experiments,
as this dose was found to have the same antimetastatic effectasa10 pg
injection/dose (Fig. 3e). We also tested unmodified full-IL13-mRNA in
this assay and found that injection of the full-ILIB-mRNA had no
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significant effect on inhibiting metastasis (Fig. 3f). Furthermore, the
data indicated that Zc3h12d KO mice had more metastatic cells than
did WT mice in this assay (Fig. 3g, h), suggesting a ZC3H12D-dependent
effect. To confirm the antimetastatic effect of s-mRNA, we repeated
the experiment using a different cell line, MC-38. Similarly, treatment
with s-mRNA did not affect the size of the primary tumor (Fig. 3i and
Supplementary Fig. 10e) but did reduce the number of lung metastases
(Fig. 3j). The data suggest that the antimetastatic effect of s-mRNA
treatment is effective in the lung environment, as it does not appear to
be effective in the initial colonization of tumor cells in the liver (Sup-
plementary Fig. 10f).

The assay was also performed under immune cell depletion con-
ditions (Fig. 3k). To eliminate NK cells, anti-ASGMI1 (5 pl)* was injected,
and the loss of NK cells in the blood and lungs was confirmed on day 7
(Fig. 31, m, and Supplementary Fig. 11a). The results of the assay indi-
cated that the effect of s-mRNA was reversed by NK cell depletion
(Fig. 3n). To eliminate T cells, we injected CD4 and/or CD8a antibodies
(both 250 pg)** into mice (Fig. 30, p, and Supplementary Fig. 11b). The
s-mRNA effect was also reversed when CD8a" T-cell depletion was
applied (Fig. 3q and r). When both depletions were combined, the
number of metastases more than doubled (Fig. 3s and Supplementary
Fig. 11c and d). The antimetastatic effect of s-mRNA was mainly
observed on NK and CDS8" T cells.

Antimetastatic effects of sILIB-mRNA with no noticeable side
effects

Firstly, to consider the s-mRNA-mediated side effect, we examined the
location of ZC3HI2D" cells. ZC3H12D was mainly expressed on CD45*
leukocytes in the lung, liver, kidney, and in the primary tumors of
tumor-bearing mice (Supplementary Fig. 12a). In contrast, ZC3H12D-
positive cells were rare in lung, liver, and kidney tissues of non-tumor-
bearing mice. Next, we investigated the side effects of systemic
administration of s-mRNA by examining the serum, lung, liver, kidney,
and spleen 6 hr after the final injection of s-mRNA or controls (Fig. 4a).
In this study, we used IL-12 protein injection as a reference. IL-12
potentially exerts antitumor effects, but it can also cause toxicity and
systemic induction of immunosuppressive signals®. Based on pub-
lished data, the antitumor effect of intraperitoneal injection of the IL-12
protein (1pg) for 5 consecutive days* appears to be comparable to
that of the three-dose s-mRNA treatment.

Histologically, hematoxylin-eosin (HE) staining did not reveal any
significant changes, such as inflammation, increased apoptotic bodies,
or necrosis, in the organs of the s-mRNA and PBS groups (Fig. 4b).
However, the IL-12 group exhibited spotty necrosis in the liver and
neutrophil infiltration in the splenic red pulp (Fig. 4b). Furthermore,
the IL-12 group exhibited elevated serum AST and ALT levels compared
to those in the s-mRNA and PBS groups (Fig. 4c). In addition, blood
cytokine levels were quantified 6 hr after s-mRNA injection to investi-
gate the potential cytokine storm® induced by IFNy and/or TNFa
(Fig. 4d). The levels of IFNy and/or TNFa in the IL-12 group were greater
than those in the s-mRNA and PBS groups, with the latter two groups
exhibiting similar levels. In the ELISA assay, culture medium derived
from mouse splenocytes treated with ss-mRNA did not increase IFNo
(Fig. 4e). Furthermore, we performed the same examination 48 hr after
the final injection of s-mRNA or controls and obtained similar results
(Supplementary Figs. 12b, 12¢, 13a, 13b, and 14). In addition, we inves-
tigated the potential side effects of continuous administration for one
month (Supplementary Fig. 15a) in anticipation of future regular
administration to human patients. The results showed no remarkable
damage to organs or abnormal blood indicator levels (Supplementary
Figs. 15b-d and 16).

Long-term observation models and xenograft model
To assess the long-term effect of s-mRNA on lung metastasis, we
excised the lungs 14 days after the tail vein injection of tumor cells

(Fig. 5a) to count the metastatic nodules. To simulate a clinical scenario
in which only a few metastatic nodules are present in the lungs of
cancer patients, we optimized the number of tumor cells used for
injection (Supplementary Fig. 17a-d). Thus, we determined empirically
that an injection of 1x 10’ tumor cells yielded optimal results without
any apparent changes in body or lung weight (Fig. 5b, c). In this study,
compared with control treatment, ss-mRNA treatment significantly
reduced tumor metastasis (Fig. 5d, e). Ki-67 staining of the lungs, which
enables the detection of micrometastasis, also demonstrated the
antitumor effect of s-mRNA treatment (Fig. 5f, g).

We also evaluated the effect of s-mRNA in a spontaneous metas-
tasis model using orthotopic transplantation (Fig. 5h). Since E0771
tumor cells do not spontaneously metastasize unless a primary tumor
is removed, primary tumor resection was used in this assay®. Then,
s-mRNAs were injected intravenously during the first week. We coun-
ted metastatic foci in the lungs 21 days after primary tumor resection.
The assay result clearly showed that s-mRNA treatment prevented lung
metastasis (Fig. 5i, j). Based on this result, a survival assay system was
designed (Fig. 5k), and our result showed that the s-mRNA treatment
group had a better prognosis than the control group (Fig. 51 and m).

Finally, we performed a xenograft model using human cell lines to
better mimic clinical conditions (Fig. 5n). This assay used NOD/Shi-
scid, IL-2RyKO (NOG) mouse, which lacks NK and T cells and has a high
engraftment rate of human cells. The results showed that s-mRNA
treatment reduced lung metastasis after intravenous injection of
human cancer cells (Fig. 50). Thus, these assay data indicate that
s-mRNA treatment may be effective in suppressing lung metastasis in
humans.

Nuclear response of NK and CTL cells to sIL1I3-mRNA

This investigation revealed that s-mRNA is an antimetastatic drug with
no inflammatory side effects. To understand the underlying mechan-
isms of s-mRNA, we conducted molecular-level research. We applied
FITC-sILIB-mRNA to human PBMCs and separated FITC + CD56°CD3
NK cells or FITC +CD3" T cells using a cell sorter 30 min or 6 hr after
administration because IL1-mRNA uptake began at 30 min (Supple-
mentary Fig. 18a). Total RNA was isolated from these cells, and their
gene expression profiles were analyzed using next-generation
sequencing (NGS) (Fig. 6a).

Gene Ontology (GO) analysis was performed based on the gene
expression changes resulting from s-mRNA stimulation in the NK and
T-cell populations (Supplementary Fig. 18b). The enrichment ana-
lyses of transcriptional regulatory relationships, as revealed by
sentence-based text mining (TRRUST) and transcription factor tar-
gets, appeared to differ between the two groups (Supplementary
Fig.18c, d). GO analyses of upregulated genes ( > 2-fold) revealed that
both NK and T cells exhibited activation of ‘natural killer cell-
mediated cytotoxicity’ and ‘positive regulation of defense response’
(Supplementary Fig. 19a). In addition, GO analyses of downregulated
genes (< 0.5-fold) indicated that ‘regulation of cell activation’ and
‘inflammatory regulation’ were suppressed (Supplementary Fig. 19b),
which is consistent with the fact that a massive inflammatory
response was prevented in the s-mRNA treatment group. When
visualizing the cytokine response as pie charts, the percentages of
sILIB-mRNA_OMe_AE-induced individual responses were found to be
within the background levels (Supplementary Fig. 19c). The inflam-
matory cytokine-related heatmap showed that stimulation of NK and
T cells with sILIB-mRNA_OMe_AE did not affect the levels of many
inflammatory cytokines, including IL-2, IL-6 and TNFa (Fig. 6b and
Supplementary Fig. 19d). Furthermore, we examined signal trans-
duction by western blot analyses and found that p38 phosphoryla-
tion occurred after sILIB-mRNA stimulation (Supplementary
Fig. 19e), which is related to cell migration*.

Supplementary Table 1 shows the genes whose expression was
upregulated compared to that in the unstimulated group as a
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Fig. 4 | Systemic administration of sIL13-mRNA inhibits macroscopic metas-
tasis without obvious side effects. a Schematic of screening for immunogenic
side effects. The s-mRNA and control PBS groups received intravenous injections 3
times. The IL-12 group received intraperitoneal injections for 5 consecutive days. All
groups were dissected 6 hr after the final injections, and their organs and blood
were examined. b HE staining of the lung, liver, kidney, and spleen. The necrotic
area in the livers of mice treated with IL-12 was increased. Scale bar: 20 um, 50 pum.
¢ Comparison of blood biochemical values among the 3 groups. N =5 mice, PBS;

N =6 mice, sILIB-mRNA_OMe_AE; N =4 mice, IL-12. One-way ANOVA with Bonfer-
roni correction for multiple comparisons. Mean + SEM. d Comparison of

blood cytokine values among the 3 groups. N=5 mice, PBS; N=6 mice,
sIL1I3-mRNA_OMe_AE; N = 4 mice, IL-12. One-way ANOVA with Bonferroni correction
for multiple comparisons. Mean + SEM. e Comparison of IFNa values among the
4 groups by the ELISA assay. N =6 mice. One-way ANOVA with Bonferroni correc-
tion for multiple comparisons. Mean + SEM. Source data are provided as a Source
Data file.

control. We focused on two genes, granzyme B (GZMB) and Fc
epsilon receptor Ig (FCERIG), as they are abundant in immune
cells”?%, To confirm the NGS results, we quantified the expression
levels of GZMB and FCERI1G in CD56°CD3 NK cells and CD8" T cells
using quantitative polymerase chain reaction (qPCR) (Fig. 6¢ and
Supplementary Fig. 20a). According to reports, GZMB is a central
protease derived from cytotoxic lymphocytes, such as NK cells and
CTLs, that is responsible for killing target cells*. The production of
GZMB from cytotoxic lymphocytes was increased by sIL1B-
mRNA_OMe_AE (Fig. 6d, e). In addition, sILIB-mRNA_OMe_AE stimu-
lation moderately upregulated TNFSF10 (TRAIL)* in NK cells
(Fig. 6b). To clarify the function of the upregulated genes in
tumoricidal activity, we knocked down GZMB and TRAIL in NK cells
and CTLs using small interfering (si) RNAs" (Fig. 6f and

Supplementary Fig. 20b-g). The killing ability associated with
ss-mRNA was prevented in CD56°CD3 NK cells and CD8" T cells
transfected with GZMB siRNA (Fig. 6g-j), and the knockdown with
TRAIL siRNA did not change this ability (Supplementary Fig. 21a, b).
For verification, we performed this experiment using PBMCs from
different donors and obtained the same results (Supplementary
Fig. 22a-c and 23a-c). These results suggest that GZMB is a central
molecule involved in s-mRNA-mediated tumoricidal activity.

sIL1B-mRNA promoted tumoricidal activity in NK cells and CTLs
from cancer patients

The composition and status of PBMCs differ between cancer patients
and healthy donors. Specifically, GZMB is reportedly decreased in the
CTLs of cancer patients compared to those of healthy donors***’, We
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Fig. 5 | Long-term observation models and xenograft model. a Scheme of pre-
ventive metastatic nodule assay. TCM-stimulated mice were pre-treated with
s-mRNAs or PBS and then injected intravenously with metastatic tumor cells. The
mice were dissected after 2 weeks. b Weights of the body (left) and lungs (right)
among three groups. N =6 mice per group. One-way ANOVA with Bonferroni cor-
rection. Mean + SEM. ¢ Representative photo of lungs with metastatic nodules (red
circles). The white lines indicate 1 cm squares. d, e Blockade of metastasis through
the use of sIL13-mRNA. Photos of the lungs were taken 14 days after EO771 injection
for each treatment (d). The green arrows show metastatic nodules. Some nodules
are present on the dorsal surface. Number of metastatic nodules (e). N = 6 mice per
group. One-way ANOVA with Bonferroni correction. Mean + SEM. f, g IHC analysis
of metastatic cells in the lungs using Ki-67 staining. Representative images of Ki-67
signals (). Scale bar: 50 um. Number of the Ki-67-positive cells (g). N=6 mice per
group. One-way ANOVA with Bonferroni correction. Mean + SEM. h Scheme of the
orthotopic model using EQ771 cells. Primary tumors were removed 14 days after
initial orthotopic implantation, and mice were treated with s-mRNAs or PBS. Lung
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metastases were counted 3 weeks after removal of the primary tumor.

i Representative image of the lung with metastatic nodules (red circle). White lines
indicate 1cm squares. j Number of metastatic nodules. N=5 mice per group. Stu-
dent’s two-sided ¢t test. Mean + SEM. k Scheme of the long-term survival model.
Primary tumors were removed 14 days after initial orthotopic implantation,

and mice were treated with ss-mRNAs or PBS. | Representative image of the lung
with metastatic nodules (yellow arrows). White lines indicate 1cm squares.

m Survival data were plotted on a Kaplan-Meier survival curve and statistical sig-
nificance was calculated using the log-rank test. N=10 mice, PBS; N =8 mice,
sIL1I3-mRNA_OMe_AE. n Scheme of the xenograft model using NOD/Shi-scid, IL-
2RyKO (NOG) mouse, and MDA-MB-231 cells. CD56'CD3" NK cells or CD8" T cells
from a healthy donor were intravenously injected into TCM-stimulated mice, fol-
lowed by intravenous injection of PKH26-labeled tumor cells. o Number of MDA-
MB-231 cells in the lungs of mice treated with s-mRNA or PBS. N=5 mice. One-way
ANOVA with Bonferroni correction. Mean + SEM. Source data are provided as a
Source Data file.

investigated whether sILIB-mRNA_OMe AE could activate CTLs
derived from colon cancer patients. CD56°CD3" NK and CD8" T cells
were prepared from five patients who were diagnosed and treated
based on their cancer stage (Fig. 7a, b). The results indicated that
compared with the control sPoly A-mRNA_OMe_AE, sILI1B-
mRNA_OMe_AE induced cytotoxicity in CD56'CD3" NK and CDS8*
T cells against the colon cancer cell lines DLD-1 and Caco-2 (Fig. 7c-f).
Notably, s-mRNA maintained its killing ability, whereas IL-12 failed to
do so, especially during anticancer drug treatment or in the case of
multiple cancers (Fig. 7g). In addition, ~70% of cancer cells were
eliminated by sIL13-mRNA_OMe_AE-primed NK cells and CTLs (Fig. 7c,

d). Furthermore, the groups of DLD-1 cells treated with s-mRNA, in
addition to the anti-PD1 antibody exhibited enhanced killing ability
compared to the group treated with the anti-PD1 antibody alone
(Supplementary Fig. 24a-c).

In summary, the modified short mRNA is imported into the
nucleus of NK cells and CTLs via the RNA binding protein receptor
ZC3H12D, which induces a common tumor-killing molecule, GZMB. Its
booster-like effects allow for multiple doses without fatigue. The
treatment can be administered systemically and exhibits antitumor
effects without severe side effects, such as the substantial production
of inflammatory cytokines (Fig. 8).
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¢ GZMB were upregulated in CD56'CD3 NK and CD8" T cells 0.5 hr after the uptake
of FITC-sIL13-mRNA_OMe_AE. N = 2 biological replicates. d, e IHC analysis of GZMB
expression in CD564™CD3 NK cells 6 hr after stimulation with sILI3-mRNA_OMe_AE.
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d Representative images of GZMB staining and (e) quantification of GZMB
expression. Scale bar: 10 um. N =50 cells per group. Student’s two-sided

t test. Mean + SEM. f Schematic of electroporation and GZMB staining.

g-j Quantitative analysis of tumor cells (Caco-2, DLD-1, and MDA-MB231) killed
by sIL1B-mRNA_OMe_AE-activated CD56“™CD3" NK cells or CD8" T cells after elec-
troporation of siRNA -control (g, i), -GZMB (h, j). N =3 independent experimental
replicates. One-way ANOVA with Bonferroni correction was used for multiple
comparisons. Mean + SEM. Source data are provided as a Source Data file.

Discussion

sIL1IB-mRNA drives tumor killing

Recent progress has been made in the development of immu-
notherapies, including ACT and immune checkpoint blockade
(ICB)*. The combination of the innate and adaptive immune systems
accounts for both the nonspecific and specific immune responses in
the attack against tumor cells®. Traditionally, cytotoxic lymphocytes
such as NK cells and CTLs play central roles in innate and adaptive
anticancer immunity by recognizing the loss or gain of tumor-
derived peptide antigens on major histocompatibility complex class |
(MHC-I) molecules on tumor cells, respectively®™. In addition, CD4* T
cells, monocytes, and macrophages collaborate to participate in
tumoricidal activity**™*8, Various inducers that can mobilize both

systems have been discovered. The IL-12 protein is known for its
ability to strongly activate NK cells and CTLs. Clinical trials of IL-12
administration with improved drug delivery to mitigate severe toxic
side effects are underway”?. Clinical trials of CpG oligos, which
indirectly promote the killing of tumor cells by NK cells and CTLs, are
also ongoing***°.

Our previous study suggested that mRNA is a potential activator
for immune cells in vitro”. The difficulty in delivering mRNA into the
body is that it is degraded by RNase in its naked state. Therefore, we
introduced chemical modifications into a short-length mRNA that can
be synthesized in an oligonucleotide synthesizer to increase RNase
resistance while maintaining its biological activity to suppress tumor
metastasis in vivo. This study indicates that sILIB-mRNA is a potent

Nature Communications | (2025)16:1925


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57123-y

a . b Sex Chemotherapy Stage Other cancer
—_— : Ho No. 1 female No 1 No
- ";‘1\ No. 2 female No lla No
¥y N
2\ 1 ‘ No.3  male Yes v No Mean age 68 years
~N 7z i
= No.4 iiale Yo e No (ranging from 56 to 79 years)
CD569mCD3-NK cell Yes
CD8"' T cell RomS malo tio L (Lung cancer and gastric cancer)
CD569"CD3 NK cell d CD569"CD3" NK cell CD569"CD3" NK cell
; P =0.002
.
= 100 P =10.002 . £100
5 80 P=0048 L5 80
3 g o0
< Lo
£ ]
N 'R

CD8* T cell
=100 2
< o
3 80 3
a 6o 3
=40 £
2 2 2
N N
3
&
«0
K
&
N \\Z‘Q
Q0 R

CD56“"CD3" NK cell

Zomb* / DLD-1 (%)

Fig. 7 | Tumoricidal activities of NK and CTL cells from colon cancer patients.
a Schematic of blood collection from colorectal cancer patients. b Summary of the
characteristics of patients with colorectal cancer. c-g Quantitative analysis of colon
cancer cells (Caco-2 and DLD-1) killed by sIL13-mRNA_OMe_AE-activated

CD8' T cell

100

Zomb* / Caco-2 (%)

CD56“"CD3" NK cell

+ CD56“"CD3" NK cell +
CD8* T cell CD8* T cell
100 100 100
80P <0.001 80P <0001 80P <0.001
P <0.001 P <0.001 P <0.001

CD56%™CD3 NK cells and/or CD8' T cells from patient-1 (c), patient-2 (d), patient-3
(e), patient-4 (f), and patient-5 (g). N =3 independent experimental replicates. One-
way ANOVA with Bonferroni correction was used for multiple comparisons.

Mean + SEM. Source data are provided as a Source Data file.

inducer of NK cells and CTLs. The expression of GZMB was upregu-
lated in cells that received s-mRNA, and this upregulation enhances
their cytotoxic activity. Notably, s-mRNA stimulation does not cause
serious side effects, such as a cytokine storm. Unlike many immunos-
timulants, including IL-12, s-mRNA does not upregulate IFNo/ and
only moderately induces IFNy, a key activator of cytotoxicity. The
levels of the IRF-1 transcription factor”, which is responsible for IFN
gene expression, did not increase upon sILIB-mRNA stimulation (GEO
or Supplementary Table 1). Importantly, chronic inflammatory stimu-
lation can change the characteristics of immune cells from antitumor
to protumor in the tumor microenvironment. Therefore, the mod-
ulation of immune cells to prevent excessive inflammation is necessary
for effective treatment. The advantage of s-mRNA treatment is that it
can be administered in multiple doses without causing unwanted
inflammatory side effects. Antimetastasis therapy requires long-term
treatment, making periodic injections of therapeutic reagents inevi-
table. Thus, we conclude that s-mRNA is suitable for sustainable
treatment to suppress metastasis.

Again, the mechanism clarified in this paper is that extracellular
chemically modified short mRNA regulates signal transduction
through p38 phosphorylation and induction of GZMB-dependent
tumoricidal activity, without significant induction of inflammatory
cytokines. Correlations between the fact that the s-mRNA complex is

transported into the nucleus and that s-mRNA induces antimetastatic
effects without serious side effects need to be addressed in the future.

Sequence-dependent tumoricidal activity via ZC3H12D

Our previous studies unveiled three important facts related to the
sequence-dependent ILIB-mRNA antimetastatic activity. First, we
found that the biological function of IL13-mRNA as a signaling mole-
cule is translation-independent because the introduction of stop
codon mutations in the coding sequence of ILI3-mRNA did not spoil its
activity”. This is the first observation in the field of mammalian biol-
ogy. Second, the IL13-mRNA signal is received by the ZC3H12D protein,
which recognizes AU-rich elements in the 3’'UTR region of IL13-mRNA.
This is why B-actin and Poly A-mRNA were unable to stimulate anti-
metastatic immune cells. Third, antimetastatic immune cells expres-
sing ZC3H12D were first found as a population that migrated from the
liver to the lung'®, and the population showed strong tumor-killing
activity. Although the whole mechanism of this biology is still
unknown, in this paper, we revealed part of the mechanism respon-
sible for the tumoricidal activity.

sIL1B-mRNA is an antimetastatic agent
Many targets associated with metastasis could be candidates for
antimetastatic drugs®. Host tissues have been shown to dictate the
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Fig. 8 | Graphical summary of the antimetastatic effect of s-mRNA. Since the
chemically synthesized short mRNA (IL1B-mRNA_OMe_AE) is RNase resistant,
it can be used to stimulate NK and CTL via the ZC3H12D receptor in vivo.

These immune cells enhance its Granzyme B-dependent tumoricidal activity
without inducing inflammatory responses that cause severe side effects.

extent to which a tumor can metastasize. The tumor microenviron-
ment is complex, varies extensively among different organs, and is
influenced by tumor-host cell interactions, physical and metabolic
changes, and secreted cytokines, chemokines, and growth factors*.
Many preclinical tumor models are more suitable for testing agents
with a direct antitumor effect on primary tumors rather than clinically
relevant effects on metastasis’. In addition, making it is difficult to
determine its effect in previous clinical studies®™. Therefore, early-stage
molecules related to premetastatic and early metastatic stages may be
stronger candidates. As demonstrated in this study, s-mRNA was found
to be a stimulator of NK cells and CTLs in metastasis. Metastatic can-
cers are a complex and heterogeneous group of cancers that evade the
immune response. The MHC molecules on the surface of cancer cells
are also heterogeneous™. Furthermore, CTLs derived from colon
cancer patients who received chemotherapy or had multiple types of
cancer showed exhaustion without exerting a tumoricidal effect
(Fig. 7e-g). These data suggest that protecting against escaping cancer
cells is challenging for the immune system. Moreover, s-mRNA, but not
IL-12, elicited cytotoxic effects in these cells (Fig. 7e-g). The s-mRNA-
primed cytotoxic lymphocytes may prevent metastasis.

In this study, we evaluated lung metastasis, but other metastasis
including liver metastasis, could not be evaluated due to the limita-
tions of the metastasis model. As for macroscopic metastasis to other
organs, such as the liver, we need further elaboration of stable
assessment for this issue. In the future, we expect to discover a tumor-
associated liver factor that attracts ZC3H12D-positive immune cells in
the liver or a liver-specific RNA ligand. These factors are likely to
complement the s-mRNA based antimetastatic therapy.

Thus, we conclude that s-mRNA is suitable for sustainable treat-
ment to suppress metastasis. In terms of clinical application, we need
to continue to carefully investigate factors related to side effects such
as cytokine storm in vivo.

Methods

Ethical approval

This research complies with all relevant ethical regulations. Blood
samples were purchased from Lonza (CC-2702) or collected from
healthy donors as part of an ethically approved study (approved by the

Ethics Committee of the Shinshu University School of Medicine,
Approval No.4816). A random sample from multiple donors was used
for this research. In addition, blood samples were collected from five
colorectal cancer patients during a standard therapeutic procedure
(approved by the Ethics Committee of the Shinshu University School
of Medicine, Approval No.5167). The mean age of the patients was 68
years (ranging from 56 to 79 years). Written informed consent was
obtained from all patients for the analysis of this study. The investi-
gation was conducted in accordance with the principles of the
Declaration of Helsinki. All animal procedures were performed
according to the guidelines of the Animal Research Committee of
Shinshu University, after the approval of a protocol by the Committee
(permission numbers: 021029-1, 024023, 024032). In this study, the
tumor size did not exceed 13 mm, which is the maximum tumor size
permitted by the Committee.

Materials
Human cell culture: Anti-human IL-2 (BioLegend, 589102, 200 U/mL);
Anti-human IL-12 (Proteintech, HZ-1256, 20 ng/mL); Anti-human GM-
CSF (BioLegend, 572902, 1000 U/mL); Anti-human IL-4 (BioLegend,
574002, 1000 U/mL); Anti-human CD279 (PD-1) (BioLegend, 329902,
2.5ug/mL).

Mouse in vivo: Anti-asialo GM1 (Wako, 014-09801, 50 pL/animal);
Anti-mouse CD4 (BioLegend, 100457, 250 pg/animal); Anti-mouse
CD8a (BioLegend, 100763, 250 pg/animal).

Human cell sorting: PE anti-human CD56 (NCAM) (BioLegend,
362524, dilution 1:50-100), and isotype control, mouse IgGl, k (Bio-
Legend, 400112, dilution 1:50-100); Alexa Fluor 488 anti-human CD3
(BioLegend, 300454, dilution 1:100), and isotype control, mouse IgGl,
K (BioLegend, 400132, dilution 1:100); Alexa Fluor 647 anti-human CD4
(BioLegend, 300523, dilution 1:100), and isotype control, mouse IgG1,
K (BioLegend, 400130, dilution 1:100); PE anti-human CD8 (BioLegend,
344705, dilution 1:100), and isotype control, mouse IgGl, k (BioLe-
gend, 400112, dilution 1:100); Anti-ZC3H12D (Thermo, PA5-110590,
dilution 1:200), and isotype control, rabit (DAIE) mAb IgG XP (Cell
Signaling Technology, #3900, dilution 1:200). Human Fc receptor
blocking solution (BioLegend, 422302, dilution 1:40) was used to block
nonspecific antibody bindings.
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Mouse cell sorting: Brilliant Violet 421 anti-mouse NK-1.1 (BioLe-
gend, 108741, dilution 1:100), and isotype control, Brilliant Violet 421
mouse IgG2a, k (BioLegend, 400260, dilution 1:100); PE anti-mouse
CD4 (BioLegend, 100511, dilution 1:100), and isotype control, PE rat
IgG2a, k (BioLegend, 400507, dilution 1:100); FITC anti-mouse CD8a
(BioLegend, 100706, dilution 1:100), and isotype control, FITC rat
IgG2a, k (BioLegend, 400505, dilution 1:100); APC-Cy7 anti-mouse
TCRp chain (BD Bioscience, 560656, dilution 1:100), and isotype con-
trol, APC-Cy7 hamster IgG2a, A1 (BD Bioscience, 560604, dilution
1:100). Anti-mouse CD16/CD32 monoclonal antibody (BioLegend,
156604, dilution 1:20) was used to block nonspecific antibody
bindings.

Cell staining: Anti-ZC3H12D (Abcam, abl000862, dilution
1:100-200), and isotype control, rabit (DA1E) mAb IgG XP (Cell Sig-
naling Technology, #3900, dilution 1:200); Anti-IFNy (BioLegend,
506501, dilution 1:200), and isotype control, mouse IgGl, k (MBL,
MO075-3, dilution 1:200); Anti-GZMB (CST, 17215, dilution 1:400);
Zombie Green Fixable Viability Kit (BioLegend, 423111, dilution 1:600);
PKH26 red fluorescent cell linker mini kit (Sigma-Aldrich, MINI26-1KT,
dilution 1:200); DAPI (BioLegend, 422801, dilution 1:1200) or Pro-
Long™ Diamond Antifade Mountant with DAPI (Thermo, P36962);
Anti-Ki67 (Sigma-Aldrich, SAB5700770, dilution 1:50), and isotype
control, normal rabbit IgG (Wako, 148-09551, dilution 1:200); Anti-
mouse CD45 (BioLegend, 103101, dilution 1:200), and isotype control,
rat IgG2b, k (BioLegend, 400601, dilution 1:200).

Western blot: Anti-TLR7 (Cell Signaling Technology, #82658,
dilution 1:1000); Anti-GAPDH (MBL, #M171-3, dilution 1:1000); Anti-Akt
(Cell Signaling Technology, #9272, dilution 1:1000); Anti-phospho-Akt
(Cell Signaling Technology, #4060, dilution 1:1000); Anti-p38 MAPK
(Cell Signaling Technology, #2371, dilution 1:1000); Anti-phospho-p38
MAPK (Cell Signaling Technology, #4631, dilution 1:1000); Anti-IkBx
(Cell Signaling Technology, #9242, dilution 1:1000); Anti-phospho-
IkBa (Cell Signaling Technology, #9241, dilution 1:1000); Anti-ERK1/2
(Proteintech, #51068-1-AP, dilution 1:1000); Anti-phospho-ERK1/2
(Proteintech, #28733-1-AP, dilution 1:1000).

Preparation of mRNA

Enzymatically synthetic RNAs were generated using RiboMAX large-
scale RNA production systems (T7 RNA polymerase). The templates
used were genes cloned in pCR-Blunt II and linearized by Spel or
BamHI restriction endonuclease. The resulting synthetic RNAs were
treated with DNase I and purified using the RNA Basic kit spin column
kit (Nippon Genetics, Tokyo, Japan). We used the Agilent 2100 Bioa-
nalyzer (Agilent Technologies Japan, Ltd., Tokyo, Japan) to analyze
synthesized RNAs.

Solid-phase oligonucleotide synthesis

The DNA/RNA synthesis was performed using a phosphoramidite
method on a synthesizer. After synthesis, the controlled-pore glass
(CPG) beads were treated with 10% dimethylamine in CH3CN for 5 min,
followed by a rinse with CH;CN to selectively remove cyanoethyl
groups. The oligomers were then cleaved from the CPG beads and
deprotected by treatment with a concentrated solution of NH3/40%
methylamine (1:1, v/v) for 10 min at 65 °C. The 2’-O-t-butyldimethylsilyl
groups were eliminated using Et;N-3HF (125 uL) + DMSO (100 uL) at
65°C for 1.5hr. The reaction was quenched with 0.1M Triethy-
lammonium acetate buffer (pH 7.0), and the mixture was desalted
using a Sep-Pak C18 cartridge. The oligonucleotides were purified
using 15% polyacrylamide gel electrophoresis (500 V, 20 mA).

RNA-seq

Human PBMCs were purchased from Roche. Thawed PBMCs were
maintained in an HPLM (Thermo) medium supplemented with 10%
FCS. The next day, FITC-labeled ILI3-mRNA (10 ng/mL) was added to
the media, and 0.5 h or 6 h later, cells were FACS-sorted to isolate NK

cells (CD56'CD3’) and CD3" T cells. The isolated cells were immediately
added to Sepasol®-RNA I Super G (Nacalai Tesque, Inc., Kyoto, Japan,
09379-97) reagent to obtain total RNA. Library preparation for RNA-
Seq was performed using the TAKARA SMART-Seq® HT PLUS Kit
(Takara Bio Inc., Shiga, Japan, R400748). A portion (0.4-1.4 ng) of total
RNA was reverse transcribed and amplified by 12 cycles of PCR. Then,
3 ng of each complementary DNA (cDNA) was subjected to fragmen-
tation, Illumina index attachment at the ends, and PCR amplification
(15 cycles). Finally, the combined library was sequenced using HiSeq X
Ten and Illlumina Hiseq 2 x 150 bp sequencing configuration, per lane
(-350 M reads) (Azenta Japan Corp., Tokyo, Japan). Reads were trim-
med and clipped in Trimmomatic v0.39 and imported into STAR
v2.7.6a for alignment to BAM files using the human genome sequence
(hg38, GRCh38). BAM files were imported into FeatureCounts (in
Subread v2.0.6), and PRKM counts were calculated. Based on the
comparisons between (NK control =0 hr) and (NK 0.5 hr or 6 hr) or
between (T control=0hr) and (T 0.5hr or 6 hr), genes upregulated
(>2-fold) in the RNA-stimulated cells were selected and the gene list
was imported into Metascape, a gene annotation and analysis
resource™ (https://metascape.org/gp/index.html#/main/stepl). Heat-
map was generated using Next-Generation Clustered Heat Map (NG-
CHM) Viewer (https://bioinformatics.mdanderson.org/public-software/
ngchm/)%.

Electrophoretic mobility shift assay (EMSA)
Human ZC3HI2D protein, purified from HEK293T cells transfected
with hZC36 expression vector', was mixed with FITC-labeled mouse
IL13-mRNA 50-mer or mouse IL13-mRNA_OMe_AE 50-mer in a reaction
buffer (10% Glycerol, 0.1 mg/mL tRNA, 50 mM phosphate, 10 mM
Hepes, 30 mM NacCl, 40 mM arginine, 20 mM KCI, 1 mM MgCl,, pH 7.4)
and run in a 5-20% gradient polyacrylamide gel (WAKO). Fluorescent
signals from FITC-labeled mRNA were detected by a ChemiDoc Touch
Gel Imaging System (Bio-Rad Laboratories, Hercules, California, USA),
and data are analyzed by Image Lab 6.1 software (Bio-Rad).

To demonstrate sequence-specific interaction between ZC pro-
tein and IL13-mRNA, non-labeled IL13-mRNA 50-mer or unrelated RNA
50-mer was added to the samples.

Nuclease resistance of mRNA

Fluorescein-labeled RNAs (300 pmol) were dissolved in 37.5 pL of Opti-
MEM. Then, 60 pL of bovine serum was added, and the solution was
incubated at 37 °C for the specific time intervals (0 and 5min and 1, 3,
6, 12, 24 hr, and 48 hr). Aliquots of 2 uL were diluted with a stop
solution (10 mM EDTA, 90% formamide, 10 pL). The samples under-
went electrophoresis in 20% denaturing PAGE*1 (500 V, 20 mA) and
were analyzed using a Luminescent Image analyzer LAS-4000 (Fuji-
film) and Image Lab 6.1 software (Bio-Rad).

FITC-labeled RNA purification from mouse lung

Mouse lungs were homogenized in 4 mL extraction buffer (50 mM
sodium phosphate buffer, pH 7.6, 300 mM NaCl, 1% Triton X-100,
100 pg/mL Proteinase K (Wako)). The homogenate was centrifuged,
and the supernatant was passed through a microspin column
(Cytiva). Ethanol was then added to the solution to precipitate the
RNA. The precipitate was dissolved in an aqueous buffer containing
MgCl, and treated with DNase I (Sigma) for 1 hr at room temperature
(RT), followed by treatment with Proteinase K (1 hr at RT). After these
reactions, the RNA was retrieved by ethanol precipitation. The pre-
cipitate was further purified using NucleoSpin miRNA (Takara), and
the purified small RNA fraction was analyzed on a 16% urea-
polyacrylamide gel.

Animals
In the animal study, 6- to 10-week-old female or male C57BL/6 mice and
NOD.Cg-Prkdc*™Ii2rg™*/ShijJic (NOG) mice were used. Mice were
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purchased from SLC (Shizuoka, Japan) and Clea Japan (Tokyo, Japan),
respectively. The Zc3h12d KO mice”® were also used in the experiments.
The mice were maintained in a specific pathogen-free condition in a
controlled environment with a constant temperature (22°C) and
humidity (50%) under a 12 hr light/dark cycle.

Tumor cell lines and TCM
Mouse EQ771 breast cancer cells (American Type Culture Collection
(ATCC), CRL-3461) were originally established by Dr Sirotnak (Mem-
orial Sloan-Kettering Cancer Center, New York, NY, USA) and provided
by Dr Mihich (Roswell Park Memorial Institute, Buffalo, NY, USA). MC-
38 murine colon carcinoma cells (T8291) were purchased from Applied
Biological Materials Inc. (Richmond, BC, Canada). RAW264.7
(RCB0535) was purchased from RIKEN Cell Bank (Tokyo, Japan).
EQ771 cells and RAW264.7 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 units/mL penicillin G sodium, and 100 pg/mL strep-
tomycin sulfate. MC-38 cells were maintained in DMEM supplemented
with 10%FBS, 2 mM glutamine, 0.1 mM nonessential amino acids, 1 mM
sodium pyruvate, 10 mM Hepes, and 50 pg/mL gentamicin sulfate.
Human breast cancer cells MDA-MB-231 (HTB-26) and human
kidney carcinoma cells 786-O (CRL-1932) were purchased from the
ATCC. Human colorectal cancer cells Caco-2 (CVCL 0025), DLD-1
(CVCL_0248), and human monocytic cells THP-1 (RCB1189) were
purchased from RIKEN Cell Bank (Tokyo, Japan) and Cell Resource
Center for Biomedical Research Institute of Development, Aging and
Cancer, Tohoku University, respectively. 786-0 cells were cultured in
DMEM/Ham'’s F-12 medium supplemented with 10%FBS, 100 units/
mL penicillin G sodium, and 100 pg/mL streptomycin sulfate. MDA-
MB-231 cells, DLD-1 cells, and THP-1 cells were maintained in
RPMI1640 supplemented with 10%FBS, 100 units/mL penicillin G
sodium, and 100 pg/mL streptomycin sulfate. Caco-2 cells were cul-
turedin DMEM supplemented with 10%FBS, 100 units/mL penicillin
G sodium, and 100 pg/mL streptomycin sulfate. The cell lines were
tested negative for mycoplasma contamination by using MycoAlert
Mycoplasma Detection Kit (Lonza, LT-07-218). Cells were not
authenticated. TCM was obtained by incubating cells overnight in a
serum-free medium without cell death. The collected TCMs were
centrifuged at 1000 x g for 5min, and the supernatant was further
centrifuged at 20,000 x g for 20 min. The TCMs were then stored at
- 80 °C before experiments.

Tumor metastasis models

EQ771 cells or MC-38 cells were implanted in 6- to 10-week-old female
or male C57BL/6 mice via mammary fat pads implantation or sub-
cutaneous implantation, respectively. A total of 1x10° tumor cells
were implanted to generate tumor-bearing mice. In some cases, TCM
obtained from EQ771 cells was injected intraperitoneally to mimic
tumor-bearing mice. For the tumor cell homing assays, 1 x 10 PKH26-
labeled cells were suspended in 100 pL of PBS and intravenously
injected. Lungs were excised 48 hr after the injection. In the case of
long-term observation assay, 1 x 10° or 5 x 10* EO771 cells were injected.
Random lung tissue fragments (2 mm in diameter) were embedded in
an Optimal Cutting Temperature compound (Sakura Finetek Japan,
Tokyo, Japan) and frozen at — 80 °C. Sections (10 pm thickness) were
obtained from the frozen samples using a CM3050S or CM1950
cryostat (Leica Biosystems, Nussloch, Germany). The sections were
then examined under confocal microscopy (Leica TCS SP8, Heidel-
berg, Germany). The labeled tumor cell counts were normalized based
on the total tissue surface area.

Xenograft model

We used NOG mice as a xenograft model. To simulate a tumor-bearing
environment, we administered TCM derived from MDA-MB-231 cells
intraperitoneally. We injected 1x10° human CD56"CD3 NK cells or

CDS8" T cells from a healthy donor intravenously. Then, 1x10° PKH26-
labeled MDA-MB-231 cells were injected intravenously. After 48 h, the
lungs were excised for analysis.

Orthotopic and survival models

E0771 cells were implanted into female C57BL/6 mice via the mammary
fat pad. A total of 1x10° tumor cells were used to generate tumor-
bearing mice. Fourteen days after injection, the tumor was excised to
create lung metastasis models. For the orthotopic model, the lungs
were excised 21 days after tumor removal, and the number of macro-
scopic lung metastases was counted. In the survival model, mice were
monitored until death or weight loss of up to 20%.

Flow cytometry and data analysis

To collect NK cells and T cells from human peripheral blood mono-
nuclear cells (PBMCs) and splenocytes from mice, cells were purified
using a cell sorter (FACSAria™ Ilu or FACSAria™ Ill (BD Bioscience)).
FACSCelesta (BD Bioscience) was also used for flow cytometry, and
data analyses were conducted with FACSDiva v8.0.2 (BD Bioscience)
and FlowJo v10.6.2 (Flowjo LLC).

RNA uptake assay for flow cytometry

Prior to mRNA application, primary cells were pre-incubated in serum-
free culture medium for 3 hr and supplemented with 1% TCM from
MDA-MB-231 cells or E0771 cells for 30 min. Subsequently, 10 ng/mL of
mRNAs was added to the medium for 1h. To halt mRNA uptake, 4%
paraformaldehyde was added for 5min (2% final concentration) and
washed three times. After the staining of CD56*, CD3*, CD4*, CDS8",
NK1.I°, or TCRB" cells were isolated using BD FACSCelesta (BD
Bioscience). Data analyses were performed using FACSDiva v8.0.2 (BD
Bioscience) and FlowJo v10.6.2 (FlowJo LLC).

RNA uptake assay for immunohistochemistry

The cells fixed with 4% paraformaldehyde in the RNA uptake assay
were treated with 0.1% Triton X-100 and stained with anti-ZC3H12D
and a fluorescent-labeled secondary antibody. Confocal z-stack images
were obtained using Leica TCS SP8 confocal microscopy. The top and
bottom of the nucleus were oriented by the 4’,6-diamidino-2-pheny-
lindole (DAPI) signal, and a series of 10 images from the top to the
bottom of the nucleus were captured and constructed into 3D images
for a cell. For precise comparisons among samples, image data were
acquired within 2 days. The image data were analyzed using Leica
Application Suite X (LAS X v3, Leica). All cells were checked for RNA
uptake in the nucleus using a single image of the central portion of the
nucleus.

Migration assay

Cell migration was assessed with a chemotaxis Boyden chamber
(AP48, Neuro Probe) using a 5pm pore-size polyvinylpyrrolidone-
free polycarbonate filter (Neuro Probe). Various mRNAs were added
to the bottom wells. A 50 pL aliquot of the 786-O cell suspension
(1x10° cells/mL) was seeded into each of the top wells and incubated
for 3 hr. Following incubation, the filter membrane was stained with
Diff Quick (Sysmex, 16920). Cells on the upper surface of the filter
were removed by wiping, and the migrated cells on the lower surface
were counted.

IFNy induction and tumoricidal assay for NK cells

Human CD56°CD3" NK cells were primed with 10 ng/mL of mRNAs or
20 ng/mL of human IL-12 as a positive control in a Human Plasma-Like
Medium (HPLM) (Gibco) supplemented with 200 IU/mL of IL-2. After
priming, NK cells were stained with an anti-human IFNy antibody 24 hr
later. For the tumoricidal assay, mRNA was removed by washing to
eliminate any impact on the tumor cells. The dead PKH26-stained
tumor cells were detected 18-24 hr after incubation with human
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CD569™CD3 NK cells that were primed with 10 ng/mL mRNA for 24 hr,
using Zombie Green Fixable Viability Kit (BioLegend).

IFNy induction and tumoricidal assay for T cells

Human CD4" T cells and CD8" T cells were primed with 10 ng/mL of
mRNAs or 20 ng/mL of human IL-12. After 24 hr, the mRNA was
removed by washing. The T cells were then co-cultured with dendritic
cells (DCs) primed with cancer cell lysate, as described below, for 24 hr.
After this, the DCs were removed, and cells were stained with an anti-
human IFNy antibody. For the tumoricidal assay, the DC-stimulated
T cells were co-cultured with tumor cells for 18-24 hr. Dead tumor cells
were detected using the Zombie Green Fixable Viability Kit.

Generation of monocyte-derived dendritic cells

Monocytes were isolated from PBMCs by adhering them to culture
dishes for 2 hr of incubation at 37 °C and 5%CO,. Non-adherent cells
were removed, and adherent PBMCs were cultured in RPMI1640,
containing 10%FBS, 1000 U/mL of GM-CSF, and 1000 U/mL of IL-4. Half
of the medium containing GM-CSF and IL-4 was exchanged every
3 days. After 6 days of culture, the cells were incubated with freeze-
thawed tumor cell lysate (10%) for 24 hr. The non-adherent and loosely
adherent cells of tumor cell lysate-primed DCs were harvested and
washed twice. Then the DC cells were co-incubated with the CD8*
T cells at aratio of 1:20 in HPLM, containing 10% FBS and 200 U/mL IL-2
for assay of cytotoxic T lymphocyte activity.

Preparation of tumor cell lysate

To prepare the lysate, tumor cells (1 x 10° cells) were rapidly frozen at
—-80°C for 5min and then thawed at 37 °C six times. The lysate was
then centrifuged (10,000 % g, 5min) to remove crude debris. The
resulting supernatants was filtered through on a 0.2 pm filter (Minisart,
Sartorius) and stored in aliquots at — 80 °C until use.

Side effect examination

Mice were anesthetized, and blood was collected through cardiac
puncture. Subsequently, the lung, liver, spleen, and kidney were
extracted. The serum was separated by centrifugation (1500 x g for
10 min) twice immediately after sample collection. The following
values were measured using FUJI DRI-CHEM NX700 according to the
manufacturer’s instructions: aspartate aminotransferase (AST), alanine
aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine
(CRE). Inflammatory cytokines were measured by using a bead-based
immunoassay with the LEGENDplex™ Mouse Inflammation Panel (13-
plex) (BioLegend) following the manufacturer’s instructions and ana-
lyzed on a flow cytometer (FACSCelesta). The data were analyzed with
the LEGENDplex Software (Version 8.0). To ensure accurate compar-
isons, mean fluorescence intensity was evaluated as the limits of
detection for cytokines were higher than the actual values. The
extracted organs were fixed in 10% formaldehyde and embedded in
paraffin. Subsequently, 4 um thick serial sections were cut from these
blocks and stained with haematoxylin and eosin.

ELISA for IFNa

Mouse splenocytes were incubated with or without 10 ng/mL of mRNA
or 10 pg/mL of Poly (I:C). After 24 hr, the supernatants were collected,
and IFNa secreted into the medium was measured using the IFN-o
ELISA kit (ELISA MAX™ Deluxe Set Mouse IFN-al1, 447904, BioLegend).
A 96-well ELISA plate was coated with diluted capture antibody (Mouse
IFN-a1 ELISA MAX™ Capture Antibody, dilution 1:200) incubated
overnight at 4 °C. After washing four times with PBS containing 0.05%
Tween 20 (PBS-T), Assay Diluent A was added to the wells to block
nonspecific binding and reduce background. The plate was incubated
for 1 hr at RT and washed four times. Then, standards or samples were
added to each well and further incubation was carried out for 2 hr at
RT. The plate was washed four times. A diluted detection antibody

(Mouse IFN-al ELISA MAX™ Detection Antibody, dilution 1:200) was
added to each well and incubated for 1 hr at RT. The plate was washed
four times, and diluted Avidin-HRP solution (1:1000) was added to
each well and incubated for 30 min at RT. After washing five times,
TMB substrate solution was added to each well and incubated for
10 min at RT in the dark, and the reaction was stopped by using
hydrochloric acid (3 M). Absorbance was recorded at 450 and 570 nm
on a plate reader (SpectraMax iD5, Molecular Devices) with Soft-
MaxPro 7.1 (Molecular Devices).

Quantitative PCR

To generate cDNA from total RNA was performed with SMART-Seq®
HT PLUS Kit (Takara Bio Inc) as RNA Seq. Quantitative polymerase
chain reaction (PCR) analysis was performed using PowerTrack™ SYBR
Green Master Mix for qPCR (Applied Biosystems, Foster City, CA,
A46109), THUNDERBIRD® SYBR™ qPCR Mix (Toyobo Co., Ltd., Osaka,
Japan, QPS-201) or TagMan™ Gene Expression Master Mix (Applied
Biosystems, 4369016) in a detection system (StepOnePlus, Applied
Biosystems). The gene expression levels were calculated from Ct
values, and normalized to that of 18S of ribosomal RNA in each sample.
The analysis of FceR1G, GZMB, IL-2, IL-6, TNFa, and 18S, were done
with the primer sets and TagMan Assay described below.

FceR1G 5-ACCAGGAACCAGGAGACTTA-
5- GGAAGAACCAGAAGCCAAAGA-3
GZMB 5-CGACAGTACCATTGAGTTGTGC-3’
5-GCCACCTTGTTACACACAAGAG-¥
TNFa 5-CCAGGGACCTCTCTCTAATCA-3
5-TCAGCTTGAGGGTTTGCTAC-¥
IL-2 5-CTCACCAGGATGCTCACATTTA-3
5-CCTCCAGAGGTTTGAGTTCTTC-3
IL-6 5-GGAGACTTGCCTGGTGAAA-3
5-CTGGCTTGTTCCTCACTACTC-3
18S Hs03928990 g1 (Applied Biosystems, 4331182)
Transfection for SiRNA

To knockdown TLR7 for the migration assay, RAW264.7 cells were
treated with siRNA [ON-TARGET plus Mouse TIr7 (170743) siRNA
(SMARTpool)] using Lipofectamine™ RNAIMAX transfection reagent
(Thermo Fisher Scientific, USA). ON-TARGET plus Nontargeting pool
(Dharmacon Horizon Discovery) was used as control siRNA.

To knockdown GZMB and TRAIL, human CD56'CD3" NK cells or
CD8" T cells were treated with 0.5 uM siRNA [ON-TARGET plus GZMB
(3002) siRNA and TRAIL (8743) siRNA (SMARTpool)] using electro-
poration with an Amaxa Nucleofector system (Human T Cell Nucleo-
fector Kit, Lonza, Basel, Switzerland, VPA-1002) by using program
U-014. The control siRNA used was ON-TARGET plus Nontargeting
pool. The efficiency of knockdown at the protein level was examined
with IHC staining. An RNA uptake assay was carried out 48 hr after the
application of 0.5 uM siRNA.

Checkpoint blockade experiments

To analyze the impact of the PD-1 signaling pathway on T cell anti-
tumor response and its synergistic effect with s-mRNA, we used
blocking monoclonal antibody (anti-human CD279 (PD-1), BioLegend,
329902). The anti-PD1 antibody was added to the target wells at a
concentration of 2.5 pg/mL during co-culture with tumor cells. The
efficacy of the blockade was assessed using the zombie assay as well as
described above.

Statistics & Reproducibility

The data are presented as mean + standard error of the mean. Statis-
tical analysis was conducted as specified. P < 0.05 was considered
statistically significant. All Student’s ¢ tests were unpaired and two-
sided. Analysis of variance was always performed with Bonferroni’s
correction. P-values were calculated using Prism v8 software
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(GraphPad Software, San Diego, CA, USA). The experiments were
repeated at least twice to obtain representative images. No statistical
method was used to predetermine the sample size. No data were
excluded from the analyses. The experiments were not randomized.
The investigators were not blinded to allocation during experiments
and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The next-generation sequencing data [Fig. 6b and Supplementary
Fig.18b-d and 19a-c, and Supplementary Table 1] have been deposited
in the NCBI Gene Expression Omnibus as GSE262314. All other data
supporting the findings in this work are included in the main article,
supplementary information, or source data file. Source data are pro-
vided in this paper.
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