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LNP-RNA-mediated antigen presentation
leverages SARS-CoV-2-specific immunity for
cancer treatment
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Lipid nanoparticle (LNP)-mRNA vaccines have demonstrated protective cap-
ability in combating SARS-CoV-2. Their extensive deployment across the glo-
bal population leads to the broad presence of T-cell immunity against the
SARS-CoV-2 spike protein, presenting an opportunity to harness this immu-
nological response as a universal antigen target for cancer treatment. Herein,
we design and synthesize a series of amino alcohol- or amino acid-derived
ionizable lipids (AA lipids) and develop an LNP-RNA-based antigen presenta-
tion platform to redirect spike-specific T-cell immunity against cancer in
mouse models. First, in a prime-boost regimen, AA2 LNP encapsulating spike
mRNA elicit stronger T-cell immunity against the spike epitopes compared to
FDA-approved LNPs (ALC-0315 and SM-102), highlighting the superior delivery
efficiency of AA2 LNP. Next, AA15V LNP efficiently delivers self-amplifying
RNAs (saRNAs) encoding spike epitope-loaded single-chain trimer (sSE-SCT)
MHC I molecules into tumor tissues, thereby inducing the presentation of
spike epitopes. Our results show that a single intratumoral (i.t.) treatment of
AA15V LNP-sSE-SCTs suppresses tumor growth and extends the survival of
B16F10 melanoma and A20 lymphoma tumor-bearing mice vaccinated with
AA2 LNP-spike mRNA. Additionally, AA15V LNP-sSE-SCTs enable SE-SCT
expression in ex vivo human glioblastoma and lung cancer samples, suggest-
ing its potential in clinical translation.

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a
highly transmissible RNA virus, has posed a significant threat to global
public health since the outbreak in late 20191,2. To counteract its
morbidity and mortality, a variety of vaccines, such as virus-based
vaccines and lipid nanoparticle (LNP)-mRNA vaccines, have been
developed3,4. These vaccines have demonstrated abilities to elicit

protective immune responses against the SARS-CoV-2 virus5,6. Among
them, Pfizer/BioNTech’s BNT162b2 and Moderna’s mRNA-1273, both
LNP-mRNA vaccines, encapsulate mRNA encoding a full-length spike
protein, inducing protective spike-specific antibody and T-cell
immunity7–11. Since the deployment of these vaccines, a significant
portion of the global population has been immunized to limit the
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transmission of SARS-CoV-212. This widespread anti-spike T-cell
immunity offers an opportunity for reprogramming toward cancer
immunotherapy.

Immunotherapy has highlighted the benefit of harnessing the
immune system for cancer treatment13,14. Effective antitumor immunity
requires the priming of T cells against tumor-associated antigens (TAAs)
presented by the major histocompatibility complex (MHC)15,16. How-
ever, due to tumor heterogeneity and individual differences, it is chal-
lenging to identify TAAs that display high universality, specificity, and
immunogenicity17–19. To tackle this challenge, redirecting pre-existent
immunity against cancer cells has emerged as a feasible and promising
strategy20–22. For instance, a recent study leveraged virus-specific T cells
to control tumors through intratumoral (i.t.) injection of viral peptides,
demonstrating the ability of viral antigenic reprogramming21. In another
study, cytomegalovirus (CMV) epitopes were conjugated with tumor-
targeting antibodies, which facilitated their accumulation in tumors and
subsequent presentation on tumor cell surface by MHC I molecules22.
This approach enabled CMV-specific cytotoxic T lymphocytes (CTLs),
which were already primed to attack CMV, to recognize and destroy
cancer cells. Given the prevalence and efficacy of LNP-mRNA vaccine-
induced anti-spike T-cell immunity, the spike-derived epitopes may
serve as a new universal antigen that can be leveraged to redirect spike-
specific T-cell immunity against tumors. However, stable presentation
of desired epitopes by tumor MHC I is challenging23–26. Some tumors
show impaired antigen presentation because of downregulation or even
loss of MHC I23. Moreover, the competition between exogenously
introduced and endogenously generated epitopes may compromise
the presentation efficiency of MHC I27. This may reduce the immunos-
timulatory effect of viral peptides in these tumors.

The single-chain trimer (SCT)MHC Imolecule, which consists of a
polymorphic heavy chain, a β2 microglobulin (β2m) light chain, and a
covalently attachedepitope connectedby a linker, hasbeendeveloped
to induce antigen-specific immune responses28,29. The covalent binding
of an epitope in the SCT allows stable expression of defined epitope-
loaded MHC I molecules on cell surface. Herein, we hypothesize that
i.t. delivery of RNA encoding spike epitope-loaded SCTs (SE-SCTs)may
retarget the anti-spike immunity against tumors inmice immunized by
SARS-CoV-2 vaccines (Fig. 1a). To examine this hypothesis, we first
designed a series of mRNAs and self-amplifying RNAs (saRNAs)
encoding SE-SCTs. To effectively deliver RNA in vivo, we synthesized a
library of amino alcohol- or amino acid-derived ionizable lipid mate-
rials (AA lipids) containing various headgroup structures (differ in
types and quantities of hydrogen-donors) and types of hydrophobic
tails (vary in length, biodegradability, and location of biodegradable
groups). Through comprehensive explorations, we identified two lead
LNP formulations, AA2 and AA15V. The FDA-approved LNP-mRNA
vaccines, Moderna’s mRNA-1273 and Pfizer/BioNTech’s BNT162b2,
utilize SM-102 and ALC-0315 as ionizable lipids, respectively30. Com-
pared to the SM-102 andALC-0315 LNPs, AA2 LNP showed higher spike
mRNAdelivery efficiencypost intramuscular (i.m.) injection, leading to
a stronger vaccination efficacy against SARS-CoV-2 as exhibited by the
robust generation of spike-specific CD8+ T cells. Moreover, AA15V LNP
demonstrated more potent RNA delivery efficiency to mouse cancer
cells than the FDA-approved LNPs. As a result, a single i.t. treatment
with AA15V LNP-saRNA encoding SE-SCTs (sSE-SCTs) significantly
repressed tumor progression and extended the overall survival of the
tumor-bearing mice that were immunized by AA2 LNP-spike mRNA
vaccines. Additionally, AA15V LNP-sSE-SCTs facilitated SE-SCT
expression in ex vivo human cancer samples, suggesting the poten-
tial for future clinical applications.

Results
Ionizable lipids play a pivotal role in LNPs for the encapsulation of
mRNAmolecules30,31. Through electrostatic interactions, their positive
head groups engage with the negatively charged phosphate groups of

the mRNA, facilitating the complexation of the lipids with the mRNA
and the formation of nanoparticles. Furthermore, it has been observed
that the establishment of hydrogen bonds between the hydroxyl or
amide groups present in these lipids and mRNA molecules can sig-
nificantly enhance the entrapment of mRNA, thereby leading to
improved mRNA translation32. The state-of-the-art ionizable lipids
developed for COVID-19 vaccines, ALC-0315 and SM-102, incorporate
hydroxyl groups in their structures, demonstrating effective mRNA
delivery efficacy. In this work, we designed a library of amino alcohol-
or amino acid-derived ionizable lipids, which contain hydroxylic or
carboxylic moieties as the hydrogen bond donor. To enhance the
chemical diversity of AA lipids, we first fine-tuned the quantities of
hydrogen bond donors in the head groups, adjusted the length of
carbon spacer between hydrogen bond donors and head group, and
varied the types of hydrophobic tails (Fig. 1b). Particularly, AA1-AA26
lipids are amino alcohol-derived lipids featuring a hydroxyl group
connected with the amino head groups via varying carbon spacers.
AA27-AA45 lipids are amino acid-derived lipids incorporating a car-
boxylic acid group. In AA46-AA50 lipids, two hydroxyl groups were
introduced to the head group via an ethylidene linker. To further
augment the chemical diversity of the lipid library, four classes of
hydrophobic tails were attached to the amino head groups, including
non-biodegradable hydrocarbon tails (tail R1), biodegradable tails
containing ester (tail R2), carbonate ester (tail R3-R6), and acid-labile
acetal groups (tail R7-R9). The presence of these diverse hydrophobic
tails in lipids can greatly affect their biodegradability, particle forma-
tion, and interactions with biological membranes33. The general
synthesis routes of AA lipids are shown in Fig. 1c.

To assess AA lipids, AA LNPs were formulatedwith 1,2-dioleoyl-sn-
glycerol-3-phosphoethanolamine (DOPE), cholesterol, andDMG-PEG2k

with firefly luciferase (FLuc) mRNA. The AA LNP-FLucmRNA displayed
particle sizes between 86.4 ± 4.6 nm to 154.0 ± 4.5 nm, with a poly-
dispersity index (PDI) < 0.3 (Supplementary Fig. 1a). These LNPs were
slightly positively charged and obtained mRNA encapsulation effi-
ciencies ranging from 29.7 ± 5.3% to 89.8 ± 1.9% (Supplementary
Fig. 1b). Then, we treated C2C12 myoblasts and JAWSII dendritic cells
(DCs) with AA LNPs to evaluate their mRNA delivery efficiency. These
two cell lines were selected because i.m. vaccination tends to target
muscle cells and antigen-presenting cells (APCs), including DCs for
antigen presentation and immune stimulation. Among all these AA
lipids, lipids with branched ester tails (tail R2), especially lipid AA2,
exhibited superior mRNA delivery efficiency compared to other AA
lipids and clinically approved SM-102 and ALC-0315 LNPs at an
equivalentmRNAdose (Fig. 2a, b). This enhanced performancemay be
attributed to the hydrogen bond-forming capability of the hydroxyl
group in the amino head groups of AA lipids. Moreover, the increased
delivery efficiency of lipids with branched tails R2may be attributed to
their potential to adopt a more cone-shaped structure, facilitating
improved endosomal escape compared to AA lipids with linear tails
(such as hydrocarbonic, carbonated, and acetal tails)34,35. Conversely,
the reduced mRNA delivery efficiency observed among AA46-AA50
lipids couldbeexplainedby the fact that their two-tailed core structure
is less likely to adopt a cone-shaped structure compared to the three-
tailed lipids34,35. Additionally, the diminished mRNA delivery efficiency
of AA27-AA50 lipidsmay be associatedwith the deprotonation of their
carboxylic acid group under physiological pH conditions, leading to
decreased hydrogen bond donation capacity of lipids and limited
mRNA entrapment (Supplementary Fig. 1b)33. Based on the in vitro
results, we selected 18 lead AA LNPs with over 2-fold higher mRNA
delivery efficiency than the SM-102 LNP in both cell lines for in vivo
evaluations. These AA LNPs encapsulating FLuc mRNA were i.m.
administered intomice, and the luminescence intensity at the injection
site was measured after 6 h. Among all the AA LNPs tested, AA2 LNP
displayed the most potent mRNA delivery efficiency with 5.4-fold and
2.4-fold higher luminescence intensity than ALC-0315 LNP and SM-102
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LNP, respectively (Fig. 2c). Meanwhile, AA2 LNP showed lower off-
target delivery to liver and spleen compared to ALC-0315 LNP and SM-
102 LNP (Supplementary Fig. 2b–d). Notably, the luminescence
intensity of AA2 LNP could still be observed at the injection site after
24 h (Fig. 2d; Supplementary Fig. 2a). Based on the above results, we

selected AA2 LNP for detailed characterizations. The AA2 LNP exhib-
ited a particle size of 108.6 ± 3.7 nm and an mRNA encapsulation effi-
ciency of 89.0 ± 1.4% (Supplementary Fig. 2e, f). The particle was
slightly positively charged and displayed a spherical morphology in
Cryo-TEM images (Supplementary Fig. 2f, g).
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To further evaluate the vaccination efficacy of AA2 LNP, we
synthesized the mRNA encoding the full-length spike protein from
SARS-CoV-2 and vaccinatedmice via a prime-boost regimen. AA2 LNP
generated 4.7-fold and 3.4-fold higher anti-spike IgG antibody titer
than ALC-0315 LNP and SM-102 LNP, respectively (Fig. 2e). Impor-
tantly, activation-inducedmarker (AIM) assays revealed that AA2 LNP
vaccination elicited spike-specific T cell populations in the blood and
spleen (Fig. 3a). Particularly, to measure spike-specific CD4+ T cells in
the vaccinated mice, we stimulated peripheral blood mononuclear
cells (PBMCs) with a mixture of spike epitopes (SE; SGWTFGA-
GAALQIPF and VTWFHAIHVSGTNGT)36,37. The random peptide
sequence AAAAFAAL was used as a negative control epitope (CE)38.
Compared to treatment with CE, spike epitopes significantly
increased activation markers of CD4+ T cells from blood (Fig. 3b;
Supplementary Fig. 3a). Similarly, spike epitopes elicited higher
percentages of CD137+CD134+ and CD154+CD134+ in CD4+ T cells from
the spleen (Fig. 3d; Supplementary Fig. 3b). The CD4+ T cells isolated
from the blood and spleen of mice vaccinated with SM-102 LNP also
showed increased activation markers following stimulation with
spike epitopes (Fig. 3b, d). However, the activation efficiency was
lower than those observed with AA2 LNP. These results demon-
strated the effective development of spike-specific CD4+ T cells

induced by AA2 LNP-spike mRNA vaccinations. To detect spike-
specific CD8+ T cells, we included one additional methodology,
intracellular cytokine staining (ICS). Four spike-derived epitopes (SE;
VNFNFNGL, SIIAYTMSL, VVFLHVTYV, VVLSFELL) were selected for
CD8+ T cell activation based on their algorithm-predicted MHC I
binding affinity and reported applications39–43. In both blood and
spleen, AIM and ICS detected obvious CD8+ T cell responses to spike
epitopes, with AA2 LNP-spike mRNA vaccination inducing increased
levels of CD69+, CD69+CD137+, IFN-γ+, TNF-α+, and granzyme B+

compared to SM102 LNP (Fig. 3c, e; Supplementary Fig. 3). These
results are consistent with the in vivo mRNA delivery efficiency and
spike-specific IgG titers, indicating that vaccinations with AA2 LNP-
spike mRNA generate stronger spike-specific T-cell immunity com-
pared to SM-102 LNP-spike mRNA. This provides a solid foundation
for the utilization of SE-SCTs to redirect spike-specific T-cell immune
responses against tumors.

Next, we evaluated the delivery efficiency of AA LNP-FLuc mRNA
in B16F10 melanoma cells. Similarly, AA lipids with branched ester
tails (tail R2) exhibited higher mRNA delivery efficiency than other
tail types of AA lipids in B16F10 cells. The lead material, AA15 LNP,
induced the highest luminescence intensity, which was over 25.6-fold
and 5.3-fold greater than ALC-0315 LNP and SM-102 LNP, respectively
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Fig. 2 | Investigation of AA LNPs for spike mRNA vaccination. a The lumines-
cence intensity in C2C12 cells. b The luminescence intensity in JAWSII cells. c The
luminescence intensity of the muscle in the lead AA LNP-FLuc mRNA-treated
C57BL/6 mice. The intensity was normalized to the ALC-0315 LNP group.
d Representative images of C57BL/6 mice i.m. treated with AA2 LNP-FLuc mRNA,
ALC-0315 LNP-FLucmRNA, andSM-102LNP-FLucmRNA. e Spike-specific IgG titer in

blood drawn from C57BL/6 mice vaccinated with AA2 LNP-spike mRNA, ALC-0315
LNP-spike mRNA or SM-102 LNP-spike mRNA. Data in (a–d) are from n = 3 biolo-
gically independent samples. Data in (e) are from n = 6 biologically independent
samples. Data are presented as mean ± SD. Statistical significance was determined
by one-way ANOVA followed by Dunnett’s multiple comparison test. *P <0.05,
**P <0.01, ****P <0.0001.
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(Fig. 4a). To further increasemRNA delivery capacity of AA15 LNP, we
fine-tuned themolar ratios for each formulated lipid using an L16 (4)4

orthogonal table (Supplementary Fig. 4a). We also optimized the
mass ratio of AA15 lipid to mRNA in the formulation. The lead for-
mulation AA15V LNP demonstrated 1.5-fold and 3.1-fold higher
luminescence intensity compared to the 1st-round top orthogonal
formulation AA15I and the original formulation AA15, respectively
(Supplementary Fig. 4b, c). The hydrodynamic diameter of AA15V
LNP was 102.3 ± 4.1 nm with a PDI < 0.15. Over 85% mRNA was
encapsulated in AA15V LNP, and the particle exhibited a slightly
positive charge and spherical morphology (Supplementary
Fig. 4d–f). Accordingly, AA15V LNP was chosen for mRNA delivery to
cancer cells in the following studies.

The covalent binding of an epitope in a single-chain trimer (SCT)
MHC I molecule enables stable expression of defined epitope-loaded
MHC Imolecules on the cell surface28,29. To express spike epitope (SE)-
loaded single-chain trimer (SE-SCT) MHC I molecule on B16F10 cells,
we constructed mRNAs and saRNAs encoding four distinct SE-SCTs
with spike epitopes (VNFNFNGL, SIIAYTMSL, VVFLHVTYV, VVLSFELL,
Fig. 4b). We refer to mRNAs and saRNAs encoding SE-SCTs as mSE-
SCTs and sSE-SCTs, respectively. The saRNA encoding SCT with
AAAAFAAL, the control epitope, was named sCE-SCTs. Both mRNAs
encoding SE-SCTs (mSE-SCTs) and saRNAs encoding SE-SCTs (sSE-
SCTs) delivered by AA15V enabled over 80% B16F10 cells to express
H-2Kb+β2m+ with individual epitopes at 24 h (Supplementary Fig. 5a).
To evaluate dynamic expression of SE-SCTs, B16F10 cells were treated
with AA15V containing the four-mixed mSE-SCTs or sSE-SCTs.

Although both treatments induced over 90% expression of SE-SCTs at
24 h (Fig. 4c; Supplementary Fig. 5b), the sSE-SCTs group retained
69.0 ± 2.9% H-2Kb+β2m+ B16F10 cells on day 3 while the mSE-SCTs
group showed a sharply decreased level to 59.1 ± 2.5% on day 2 and
further to 5.8 ± 1.8% on day 3. To assess the expression of antigen-
specific H-2Kb molecules on tumor cells following i.t. injection of
AA15V LNP encapsulating SCT-saRNAs in vivo, we constructed saRNAs
encoding OVA257-264 peptide-SCTs (OP-SCTs), enabling the quantifi-
cation of OVA-H-2Kb+ live tumor cells using established antibodies.We
established the tumor model using B16F10-FLuc cells and found a
single i.t. injection of AA15V LNP-sOP-SCTs resulted in 27.8 ± 7.7% of
OVA-H-2Kb+ live B16F10 cells within tumor tissues (Fig. 4d; Supple-
mentary Fig. 6). This result indicated our AA15VLNP-SCT saRNAs could
effectively induce expression of antigen-specific H-2Kb molecules on
cancer cells in vivo.

Cytotoxicity of spike-specific CD8+ T cells was evaluated by iso-
lating CD8+ T cells from the spleens of vaccinated mice, which were
then co-cultured with B16F10 cells that had been pretreated in vitro
with PBS, AA15V LNP-sCE-SCTs, or AA15V LNP-sSE-SCTs. These CD8+

T cells exhibited cytotoxicity against B16F10 cells pretreated with
AA15V LNP-sSE-SCTs (Fig. 4e, f; Supplementary Fig. 5c). In contrast, no
notable T cell-mediating cell killing was observed in the AA15V LNP-
sCE-SCTs group compared to PBS control. To assess whether spike-
specific T cells could infiltrate tumors, C57BL/6 mice vaccinated with
AA2 LNP-spike mRNA were inoculated with B16F10 cells, after which
T cells were isolated frommelanoma tissues and later co-culturedwith
CD4- and CD8-specific spike epitopes (Supplementary Fig. 5d). AIM
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SM-102 LNP-spike mRNA. Created in BioRender. Xue, Y. (2025) https://BioRender.
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assays revealed that specific epitopes targeting MHC II and MHC I
stimulated tumor-infiltrating T cells, resulting in increased levels of
CD69+CD134+ in CD4+ T cells and CD69+CD137+ in CD8+ T cells,
respectively (Fig. 4g, h). These findings indicate the potential of AA15V
LNP-sSE-SCTs to retarget spike-specificT-cell immunity against tumors
in vaccinated mice.

To evaluate the antitumor effects of spike-specificT-cell immunity
against cancer cells expressing SE-SCT, we performed a single i.t.
treatment in a B16F10 melanoma mouse model, where the mice
received prime-boost immunizations of AA2 LNP-spike mRNA before
tumor inoculation (Fig. 5a). Compared to PBS, AA15V LNP-mSE-SCTs,
and AA15V LNP-sCE-SCTs treatment, AA15V LNP-sSE-SCTs more effec-
tively suppressed the tumor growthby 22.0-fold, 18.2-fold, and 7.5-fold
(14 d post-inoculation), respectively, and substantially extended the
overall survival time (Fig. 5b, c; Supplementary Fig. 7a–d). To evaluate
the function of CD4+ and CD8+ T cells in AA15V LNP-sSE-SCTs treat-
ment, tumor-bearingmicewere treatedwith isotype control, anti-CD4,
or anti-CD8 antibodies prior to receiving AA15V LNP-sSE-SCTs (Sup-
plementary Fig. 8a). Depletionof CD8+ T cellsmarkedly diminished the
therapeutic effects of AA15V LNP-sSE-SCTs, as evidenced by reduced
tumor regression and lower survival rates (Supplementary Fig. 8b–g).
In contrast, while CD4+ T cell depletion moderately compromised

tumor suppression, it did not lead to significant differences in overall
survival between mice pretreated with isotype control or anti-CD4
antibodies (Supplementary Fig. 8b–g). These results indicate thatCD8+

T cells play a more crucial role than CD4+ T cells in the antitumor
effects of AA15V LNP-sSE-SCTs treatment.

To profile the changes in the tumor microenvironment (TME)
after a single treatment, we examined the expression of cytokines
and chemokines in tumor tissues and blood. Relative to PBS treat-
ment, AA15V LNP-mSE-SCTs, AA15V LNP-sCE-SCTs, and AA15V LNP-
sSE-SCTs all stimulated immune responses, as indicated by elevated
levels of pro-inflammatory cytokines and chemokines in both tumor
and blood samples (Fig. 5d–g). Notably, AA15V LNP-sCE-SCTs
induced comparable or even higher levels of multiple pro-
inflammatory cytokines and chemokines compared to AA15V LNP-
mSE-SCTs. This may be attributed to the immunogenicity of saRNA
which can form double-stranded RNA intermediates during transla-
tion, triggering innate immune responses44. Compared to these
treatments, AA15V LNP-sSE-SCTs significantly increased levels of pro-
inflammatory cytokines and chemokines, including IL-1α, IL-6, IL-7,
IL-12p70, IL-15, IFN-γ, TNF-α, and CXCL9, in both tumor tissues and
blood 24 h post-administration (Fig. 5d–g). Next, we detected the
infiltration and activation of immune cells in tumors including
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conventional dendritic cells (cDC1 and cDC2), macrophages, CD4+,
and CD8+ T cells (Fig. 5h–l; Supplementary Fig. 9). Compared to
AA15V LNP-mSE-SCTs, AA15V LNP-sCE-SCTs demonstrated an equal
or greater capacity of recruiting and activating immune cells within
tumor tissues including macrophages and CD80+ cDC1s (Fig. 5h–l).
Consistent with the trends observed in cytokine and chemokine
levels, AA15V LNP-sSE-SCTs treatment recruited more immune cells
to the tumor tissues and achieved stronger immune cell activation

than other treatments. Specifically, AA15V LNP-sSE-SCTs treatment
increased the populations of activated APCs, including CD80+/86+

DCs and CD80+/86+ macrophages (Fig. 5i–j), as well as activated CD4+

T cells expressing CD137+CD134+ and CD154+CD134+ within tumor
tissues (Fig. 5k). Importantly, the treatment also upregulated the
expression of Ki-67, IFN-γ, TNF-α, and granzyme B in CD8+ T cells
compared to other groups, indicating activation of cytotoxic
responses (Fig. 5l). These findings suggest that both saRNA-mediated

a

6 10 14 18
0

500

1000

1500

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Days post-tumor inoculation

PBS
mSE-SCT
sCE-SCT
sSE-SCT

* P = 0.0044

b

Days post-tumor inoculation
0 10 20 30

0

25

50

75

100

Pe
rc

en
t s

ur
viv

al
 (%

) PBS
mSE-SCT
sCE-SCT
sSE-SCT

** P = 0.0042

** P = 0.0025

** P = 0.0026-26 -5 0 6 Days

Prime Boost Tumor 
inoculationTreatment

Vaccination Tumor size: 0.5 cm
c

0
5

10
15
20
40
60
80

Im
m

un
e 

ce
lls

 (×
10

2 )
 in

 2
×1

05  t
ot

al
 c

el
ls

   

CD4+ T cells CD8+ T cellscDC1 cDC2 Mϕ

CD80+ CD86+
0

500

1000

1500

2000

2500

M
ϕ 

in
 2

×1
05  t

ot
al

 c
el

ls
   

0

200

400

600

800

CD80+ CD86+ CD80+ CD86+

cDC1 cDC2

D
C

s 
in

 2
×1

05  t
ot

al
 c

el
ls

   

0

100

200

300

400

CD69+ CD137+ CD154+

CD134+

C
D

4+  T
 c

el
ls

 
in

 2
×1

05  t
ot

al
 c

el
ls

   

0

100

200

300

400

500

CD69+ TNF-α+ Ki67+GzmB+IFN-γ+

C
D

8+  T
 c

el
ls

 
in

 2
×1

05  t
ot

al
 c

el
ls

   

h i

j k l

*** P = 0.0003
**** P < 0.0001

** P = 0.0053
*** P = 0.0004

*** P = 0.0002
**** P < 0.0001

* P = 0.0108
*** P = 0.001

*** P = 0.0004
*** P = 0.0002 n.s. P = 0.0707

** P = 0.0016 ** P = 0.0014
*** P = 0.0002

* P = 0.0201
** P = 0.0013

**** P < 0.0001
**** P < 0.0001

n.s. P = 0.0778
** P = 0.005

* P = 0.0153
* P = 0.0100

**** P < 0.0001
**** P < 0.0001

*** P = 0.0010
*** P = 0.0002

** P = 0.0065
*** P = 0.0006 * P = 0.0101

** P = 0.0012

** P = 0.0084
* P = 0.0235 * P = 0.0246

n.s. P = 0.125**** P < 0.0001
**** P < 0.0001

**** P < 0.0001
**** P < 0.0001

PBS mSE-SCT sSE-SCTsCE-SCT

IL-1α
IL-1β

IL-2
IL-3
IL-5
IL-6
IL-7
IL-9

IL-10
IL-12p40
IL-12p70

IL-13
IL-15
IL-17

G-CSF
GM-CSF

IFN-γ
LIF

M-CSF
TNF-α
CCL2
CCL3
CCL4
CCL5

CCL11
CXCL1
CXCL2
CXCL9

CXCL10

Blood sample
mSE sCE sSE

0

500

1000

1500

IL
-6

 (p
g/

m
L)

0

5

10

15

IL
-7

 (p
g/

m
L)

0

100

200

300

IL
-1

2p
70

 (p
g/

m
L)

0

100

200

300

IL
-1

5 
(p

g/
m

L)
0

10

20

30

 T
N

F-
α 

(p
g/

m
L)

0
10
20
30
40
50

IF
N

-γ
 (p

g/
m

L)

PBS mSE-SCT
sSE-SCTsCE-SCT

Log2 (fold change relative to PBS)

-8 -4 0 84

0
200
400
600
800

1000

 IL
-1

α 
(p

g/
m

L)

*** P = 0.0002
**** P < 0.0001

0
5000

10000
15000
20000
25000

C
XC

L9
 (p

g/
m

L)

 ** P = 0.0011
**** P < 0.0001

 * P = 0.0347
* P = 0.0361

 *** P = 0.0008
** P = 0.0023

 * P = 0.0320
** P = 0.0078

 ** P = 0.0025
** P = 0.0026

 ** P = 0.0172
* P = 0.0279

 **** P < 0.0001
**** P < 0.0001

f g

*** P = 0.0001 * P = 0.0209

 *** P = 0.0002

IL-1α
IL-1β

IL-2
IL-3
IL-5
IL-6
IL-7
IL-9

IL-10
IL-12p40
IL-12p70

IL-13
IL-15
IL-17

G-CSF
GM-CSF

IFN-γ
LIF

M-CSF
TNF-α
CCL2
CCL3
CCL4
CCL5

CCL11
CXCL1
CXCL2
CXCL9

CXCL10

0
500

1000
1500
2000
2500

IL
-6

 (p
g/

m
L)

0
20
40
60
80

100

IL
-7

 (p
g/

m
L)

0
20
40
60
80

100

IL
-1

2p
70

 (p
g/

m
L)

0

200

400

600

IL
-1

5 
(p

g/
m

L)

IF
N

-γ
 (p

g/
m

L)

0
50

100
150
200

 T
N

F-
α 

(p
g/

m
L)

0
30
60
90

120

Tumor sample
mSE sCE sSE

PBS mSE-SCT
sSE-SCTsCE-SCT

Log2 (fold change relative to PBS)

-8 -4 0 84

 IL
-1

α 
(p

g/
m

L)

0

1000

2000

3000

0

10000

20000

30000

C
XC

L9
 (p

g/
m

L)

 * P = 0.0249
**** P < 0.0001

 **** P < 0.0001
*** P = 0.0006

 ** P = 0.0025
** P = 0.0067

 * P = 0.0255
* P = 0.0159

 *** P = 0.0005
*** P = 0.0003

 ** P = 0.0042
*** P = 0.0009

 ** P = 0.0054
*** P = 0.0007

 **** P < 0.0001
**** P < 0.0001

d e

 ** P = 0.0025

 **** P < 0.0001

 ** P = 0.0066

** P = 0.0032
*** P = 0.0004

Article https://doi.org/10.1038/s41467-025-57149-2

Nature Communications |         (2025) 16:2198 7

www.nature.com/naturecommunications


innate immune responses and spike-specific T-cell immunity con-
tribute to the antitumor effects of AA15V LNP-sSE-SCTs.

Although AA15V LNP-sSE-SCTs treatment showed obvious anti-
tumor effects, the incomplete eradication of the tumor necessitates
boosting the efficacy of primed T-cell responses. Immune checkpoint
inhibitors (ICIs), including antibodies that target PD-1 and CTLA-4,
enable enhanced T lymphocyte survival and efficacy in cancer
treatments45. To further improve the antitumor effects of AA15V LNP-
sSE-SCTs, we incorporate the ICI combination, anti-PD-1 and anti-
CTLA-4 Abs, in our strategy. We intraperitoneally injected one dose of
ICI prior to the AA15V LNP-sSE-SCTs treatment, followed by three
subsequent doses given at three-day intervals throughout the treat-
ment (Fig. 6a). The combination of AA15V LNP-sSE-SCTs (single dose)
and ICI (four doses) dramatically inhibited tumor growth and pro-
longed survival of the tumor-bearing vaccinatedmice in comparison to
those treated with AA15V LNP-sSE-SCTs alone or AA15V LNP-sCE-SCTs
(Fig. 6b, c; Supplementary Fig. 10a–d). Moreover, 12.5% of the mice
treated with the AA15V LNP-sSE-SCTs + ICI showed complete regres-
sion (Fig. 6c). To explore the applicability of AA15V LNP-sSE-SCTs, we
assessed the antitumor effects on the A20 tumor model in BALB/C
mice. H-2Kd-based SE-SCTs were constructed to match the MHC I
haplotype of BALB/C mice (Fig. 6d). Additionally, we incorporated
control groupsof unvaccinatedmice to assess the role of spike-specific
T-cell immunity in the antitumor efficacy of our strategy. The AA15V
LNP-sSE-SCTs + ICI treatment induced completed tumor rejection and
long-term survival in over 28.6% of the vaccinated mice (Fig. 6e, f;
Supplementary Fig. 11a–e). However, such treatment in the unvacci-
nated mice failed to achieve a complete response, and all the mice
reached the end point criteria beforeday 31, indicating the importance
of spike-specific T-cell immunity in suppressing tumors expressing
SE-SCTs.

To further explore the clinical translatability of AA15V LNP-sSE-
SCTs, we examined AA15V LNP for the delivery of sSE-SCTs to human
tumor tissues ex vivo (Fig. 6g). Glioma samples from one patient were
treated with AA15V LNP-sSE-SCTs. Quantitative analysis revealed
H-2Kb+β2m+ expression in 7.1 ± 0.2% of CD45− cells in the glioma
samples while the untreated slices exhibited no detectable expression
(Fig. 6h; Supplementary Fig. 12). Furthermore, in one lung left lower
lobe (LLL) adenocarcinoma specimen from a patient, AA15V LNP-sSE-
SCTs treatment resulted in 5.8 ± 2.2% of CD45− cells expressing
H-2Kb+β2m+ (Fig. 6i). In the LLL adenocarcinoma sample from another
adult human subject, AA15V LNP-sSE-SCTs treatment induced
H-2Kb+β2m+ expression in 8.7 ± 2.0% of CD45− cells (Fig. 6j). Given the
cellular heterogeneity within the tumor microenvironment of human
tumors, the expression of H-2Kb+β2m+ couldbepresent in both cancer
cells and tumor stromal cells. These results demonstrate the ability of
AA15V LNP for delivery of sSE-SCTs to primary human tumor samples.

Humans have encountered a multitude of viral infections. Fol-
lowing recovery, the body harbors memory T cells dispersed
throughout its entirety46,47. These antiviral memory T cells exhibit
notable characteristics: heightened vigilance, rapid response, and
cytotoxic abilities. Upon encountering virus-specific epitopes, indi-
cating potential reinfection, these memory T cells become primed,
efficiently orchestrating immune defenses at the reinfection site. In

contrast to human tumor antigens, which may be patient-specific and
non-immunogenic, the epitopes recognized by virus-specific T cells
are renowned for their universality and immunogenicity21. Therefore,
redirecting established antiviral immunity may offer a therapeutic
avenue for cancer immunotherapy, although more studies need to
determine if the antitumor activity of vaccine-induced T cells mirrors
that of T cells generated through natural viral infections.

The widespread use of mRNA vaccines against SARS-CoV-2 has
elicited anti-spike T-cell immunity on a global scale, establishing spike
epitopes as a viable antigenic target. Thus, we constructed RNA-
encoding spike epitope-loaded SCTs (SE-SCT) and explored the ther-
apeutic potential of leveraging LNP-RNA formulation-mediated anti-
gen presentation to redirect spike-specific T-cell immunity against
cancer. We synthesized and evaluated a library of amino alcohol- or
amino acid-derived (AA) ionizable lipid materials, identifying AA2, the
optimal LNP formulation for spike mRNA vaccination, and AA15V, the
optimal LNP formulation for RNA delivery in cancer cells. AA15V LNP-
sSE-SCTs enabled the presentation of SE-SCT on cancer cell surface,
expediting the recognition by spike-specific T cells induced through
AA2 LNP-spikemRNA vaccination. Such redirection of spike-specific T-
cell immunity facilitated cancer cell death induced by T-cell-mediated
cytotoxicity. Moreover, i.t. administration of AA15V LNP-sSE-SCTs
reprogrammed the TME by eliciting antitumor phenotypes of immune
cells and pro-inflammatory cytokines as well as chemokines. As a
result, a single treatment significantly suppressed the growth of mel-
anoma and lymphoma tumors and extended the survival of AA2 LNP-
spike mRNA-vaccinated mice, particularly when in combination with
ICI treatments.

Compared to AA15V LNP-mSE-SCTs, the enhanced antitumor
effects observed with AA15V LNP-sSE-SCTs are likely due to the pro-
longed translation and increased immunogenicity of saRNAs. First,
treatment with AA15V LNP-sSE-SCTs resulted in approximately 69.0%
of B16F10 cells expressing SE-SCTs by day 3, in contrast to just 5.8%
expression observed with AA15V LNP-mSE-SCTs (Fig. 4c), highlighting
the extended translation capacity of saRNA. Second, AA15V LNP-sCE-
SCTs encoding control epitopes demonstrated measurable antitumor
efficacy (Fig. 5b, c), potentially due to the immunogenic properties of
saRNA. During translation, saRNA forms double-stranded RNA inter-
mediates that activate innate immune responses48. As shown in
Fig. 5d, e, AA15V LNP-sCE-SCTs induced higher levels of IL-1α, IFN-γ,
and TNF-α in tumor tissues compared to AA15V LNP-mSE-SCTs. Such
nonspecific immune responses benefiting cancer treatment have also
been reported in previous studies, where i.t. injection of LNP-saRNA
encoding mCherry as a reporter gene showed significant antitumor
efficacy in mouse models44. However, the antitumor effects of LNP-
sCE-SCTswere limited relative toAA15V LNP-sSE-SCTs, likelydue to the
absence of spike-specific CD8+ T cell responses. As shown in Fig. 4h,
spike-specific CD8+ T cells were detected in tumor tissues following
vaccination. Moreover, i.t. injection of AA15V LNP-sSE-SCTs led to
significantly elevated levels of pro-inflammatory cytokines and che-
mokines, such as IL-1α, IL-6, IL-7, IL-12p70, IL-15, IFN-γ, TNF-α, and
CXCL9 (Fig. 5e, g) compared to AA15V LNP-sCE-SCTs. Consistently,
AA15V LNP-sSE-SCTs recruited more immune cells to the TME and
enhanced immune cell activation, evidenced by increased levels of

Fig. 5 | AA15V LNP-sSE-SCTs redirects spike-specific T-cell immunity to treat
tumors and reprogramTME. a Schematic of the treatment regimen in the B16F10
tumor model. Created in BioRender. Xue, Y. (2025) https://BioRender.com/
b49g753. b Tumor volumes in different groups. c Survival rates of the mice in the
B16F10 tumor model. d Expression of cytokines and chemokines in tumor samples
at 24h post-treatment. e Expression level of representative cytokines and chemo-
kines in tumor samples from (d). f Expressionof cytokines and chemokines in blood
samples at 24 h post-treatment. g Expression level of representative cytokines and
chemokines in blood samples from (f). h–l Immune cell populations in tumor

tissues. Populations of i activated DCs, j activated macrophages, k primed CD4+

T cells, and l primed CD8+ T cells in tumor tissues. Data in (b, c) and (h–l) are from
n = 5 biologically independent samples. Data in (d–g) are from n = 3 biologically
independent samples. Data are presented as mean ± SD. Statistical significance in
(b) was determined by two-tailed Student’s t-test. Statistical significance in (c) was
determined by the log-rank (Mantel–Cox) test. Statistical significance in (e–l) was
determined by one-way ANOVA followed by Dunnett’s multiple comparison test.
n.s. not significant P >0.05, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.
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CD80+/86+ DCs as well as IFN-γ+, TNF-α+, and granzyme B+ CD8+ T cells
(Fig. 5i–l). Furthermore, depletion of CD8+ T cells significantly dimin-
ished the therapeutic effects of AA15V LNP-sSE-SCTs (Supplementary
Fig. 8). All these results underscore the crucial roles of both saRNA-
mediated innate immune responses and spike-specific T-cell immunity
in the antitumor efficacy of AA15V LNP-sSE-SCTs.

Recent studies have explored the feasibility of using i.t. injection
of viral epitopes or intravenous injection of antibody-conjugated viral
epitopes to repurpose anti-virus T-cell immunity for cancer
treatment21,22. However, certain tumors exhibit impaired antigen pre-
sentation due to the downregulation or complete loss of MHC I23.
Additionally, competition between exogenously introduced epitopes
and thosegenerated endogenously can further reduce the efficiencyof
MHC I presentation27. The LNP-sSE-SCTs treatment restores MHC I
presentation in cancer cells, potentially enhancing the immunogeni-
city of cancer cells. Moreover, the expression of sSE-SCTs can facilitate
epitope loading onto MHC I molecules, circumventing competition
with endogenous tumor epitopes with low immunogenicity.

One potential challenge to clinical translation may be the transi-
tory durationof SARS-CoV-2-specific T-cellmemory. Clinical trials have
shown that booster immunizations with mRNA vaccines can enhance
the persistence of anti-spike T-cell memory49. However, another key
hurdle is the extensive diversity of human leukocyte antigens (HLA),
which complicates the ‘one-size-fits-all’ approach of our platform. A
single universal epitope may not be effective across individuals with
different HLA alleles50. Recently, next-generation sequencing (NGS)
has emerged as the preferred method for precise HLA typing in

transplantation, offering high throughput and rapid processing51.
Moreover, the production of mRNA or saRNA encoding target immu-
nogens is rapid and scalable. The synergy between NGS and LNP-
mRNA technologies has already led to several personalized cancer
vaccines in clinical trials52,53, underscoring the potential of this plat-
form as a personalized treatment strategy. Additionally, we recognize
that i.t administration may not be suitable for all tumor types. Recent
advancements in image-guided administration have the potential to
improve the precision and safety of i.t. delivery, particularly for deep-
seated tumors54–57. Some mRNA-based therapeutics are under evalua-
tion in clinical trials using i.t. injections58–60. For eligible patients, i.t.
delivery offers significant advantages, such as enhanced biodistribu-
tion within tumor tissues and reduced systemic side effects55,56.

In summary, we have developed an LNP-RNA-based antigen pre-
sentation platform designed to redirect spike-specific T-cell immunity
against cancer. The clinical potential of this platform is highlighted by
two key aspects: first, AA2 LNP demonstrates superior efficacy for
mRNA vaccine delivery in vivo compared to FDA-approved LNPs;
second, AA15V LNP facilitates the delivery of sSE-SCTs to human can-
cer samples. Considering that a significant portion of the global
population has already developed SARS-CoV-2 T cell memory, this
strategy provides a new avenue for cancer immunotherapy.

Methods
Reagents
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), cholesterol, and 1,2-dimyristoyl-
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rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2K) were
purchased from Avanti Polar Lipids. ALC-0315, ALC-0159 and SM-102
were obtained from MedKoo Biosciences. The purification of AA lipids
was achieved via column chromatography using a RediSep Gold Reso-
lution silica column (Teledyne Isco) with a CombiFlash Rf system
employing gradient elution. ¹H NMR spectral analyses were conducted
by a Bruker Avance 400MHz device. Mass spectrometry analyses were
executed using Acquity SQD UPLC/MS (Waters), LTQ Orbitrap XL mass
spectrometer (Thermo Scientific), and the ultrafleXtreme MALDI-TOF
mass spectrometer (Bruker) at The Ohio State University.

Cell culture
Murine myoblast C2C12 cell line (CRL-1772), murine JAWSII dendritic
cell line (CRL-3612),murinemelanomaB16F10 cell line (CRL-6475), and
murine B cell lymphomaA20 cell line (TIB-208) were all obtained from
American Type Culture Collection (ATCC). C2C12 cells and B16F10
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (50U/mL). JAWSII cells were cultured in RPMI-1640
medium with L-Glutamine, 20% FBS, penicillin-streptomycin (50U/
mL), and 5 ng/mL granulocyte-macrophage colony-stimulating factor
(GM-CSF).

RNA synthesis
The linear dsDNA of firefly luciferase (FLuc), the spike protein of SARS-
CoV-2 Delta variant, and spike epitope single-chain trimer MHC class I
molecules (SE-SCTs) were obtained from Integrated DNA Technolo-
gies. Corresponding plasmids were generated from pUC19 vector via
NEBuilder® HiFi DNA assembly. mRNA and saRNA synthesis were
conducted as previously reported61. AllmRNAs used in thismanuscript
are chemically modified with N1-methylpseudouridine.

LNP formulation and characterization
LNPs were formulated using Rapid Nanomedicine System INano L+
(Micro&Nano biologics Technology Ltd.) by mixing an ethanol solu-
tion comprising ionizable lipids, 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), cholesterol, and 1,2-dimyristoyl-rac-glycero-
3-methoxypolyethylene glycol-2000 (DMG-PEG2K), with aqueous
citrate solution containing the mRNAs (10mM, pH 3.0). For the pre-
liminary screening phase, LNPs were formulated with AA lipids, DOPE,
cholesterol, and DMG-PEG2K at the molar ratios of 20:30:40:0.75,
respectively. Concurrently, FLuc mRNA was formulated at the mass
ratio of AA lipid: mRNA set at 10:1. Subsequently, an L16 (4)4 ortho-
gonal array was constructed to optimize the LNP formulations. The
FDA-approved LNPs were formulated using previously established
lipid ratios and lipid-to-mRNA mass ratios62. For in vitro screening,
LNP-mRNA formulation was added to cells at the dose of 50 ng mRNA
per 2 × 104 cells. mRNA delivery efficiency was evaluated 18 h after
treatment by exposing cells to Bright-Glo luciferase substrate (Pro-
mega), followed by quantification of luminescence intensity using
Cytation 5 cell imaging multi-mode reader (Biotek). Hydrodynamic
diameter, zeta potential, and polydispersity index (PDI) were assessed
by NanoZS Zetasizer (Malvern, USA). Encapsulation efficiency was
evaluated using Ribogreen assay, while the morphology of LNPs was
visualized by Glacios Cryo-TEM (Thermo Scientific, USA).

Intramuscular injection and vaccination
For in vivo screening,micewere intramuscularly injectedwith AA LNP-
FLuc mRNA at 1.5μg mRNA per mouse. At 6- and 24-h time points,
150μL of D-luciferin substrate (30mg/mL) was intraperitoneally
injected into the mice. Following an 8-min interval, live mice were
imaged using a Xenogen IVIS imaging system to quantify the lumi-
nescence signals at muscles. To investigate the biodistribution of AA2
LNP, two parallel groups of mice were sacrificed to dissect major

organs for quantifying luminescence signals at 6- and 24-h time points,
respectively.

For spike mRNA vaccinations, mice were intramuscularly
immunized by AA2 LNP-spike mRNA at the mRNA dose of 0.3 mg/
kg on day 0. Booster immunization with the same dose was
conducted on day 21. Five days after the booster dose, mouse
blood was collected with anticoagulant (3.8% Sodium citrate) and
centrifugated at 1500×g for 10min at 4 °C to obtain plasma
before being stored at −80 °C until subsequent analysis. ELISA
assay was used to detect the plasma titer of Delta SARS-CoV-2
spike-specific antibodies. Specifically, 250 ng of Delta SARS-CoV-2
spike S1 subunit peptide was applied to coat a 96-well plate, after
which diluted mouse plasma was added to the wells. Goat anti-
mouse IgG linked to HRP (Abcam, ab7068, 1:5000 dilution) was
then added, and the mean optical density at 492 nm (OD492) was
recorded using a Cytation 5 cell imaging multi-mode reader
(Biotek). The anti-S1 antibody titer in the mouse plasma was
quantified against a standard curve employing a recombinant
anti-spike monoclonal antibody (Sino Biological, 40591-MM43).

Luminex analysis of cytokines and chemokines
Tumor tissues and blood samples from mice were collected at
24 h post-i.t. injection of PBS, AA15V LNP-mSE-SCTs, AA15V LNP-
sCE-SCTs, or AA15V LNP-sSE-SCTs (10 μg RNA per mouse). Tumor
tissues were promptly flash-frozen in liquid nitrogen, followed by
pulverization and extraction using RIPA lysis buffer (Thermo
Scientific, 89900) supplemented with protease inhibitors
(Thermo Scientific, 87785). Murine whole blood was collected in
sodium citrate-containing tubes, followed by centrifugation to
isolate the plasma. Both tumor lysate and plasma samples were
kept at −80 °C until further analysis. Mouse cytokine and che-
mokine levels were evaluated using mouse cytokine/chemokine
discovery assay (Eve Technologies).

Expression of activation-induced markers (AIM) of T cells from
SARS-CoV-2 vaccinated mice
Mouse spleens and blood samples were collected 5 days post-boost
vaccination. Single-cell suspension was prepared from mouse spleen,
and pan T cells were isolated according to the manufacturer’s instruc-
tions (T cell isolation kit, Miltenyi Biotec, Catalog # 130-096-130). Per-
ipheral blood mononuclear cells (PMBCs) from the whole blood were
isolated by centrifugation and resuspended in T cell medium for 6 h.
B16F10 tumors from vaccinated mice were harvested when the largest
tumor diameter exceeded 0.8 cm and dissociated into a single-cell
suspension for T-cell isolation (Miltenyi Biotec, Catalog #130-096-730).
The isolated pan T cells were resuspended in T cell medium and rested
for 6h. Following this, the T cells were stimulated with control, CD8, or
CD4 epitopes. After 10–12 h of culture, AIM expression was then asses-
sed by flow cytometry9,63. For CD8+ T cell killing assay, B16F10 cells
receiving AA15V LNP-sSE-SCTs or controls were co-cultured with CD8+

T cells isolated from the spleen of the mice vaccinated with AA2 LNP-
spike mRNA. The apoptosis of B16F10 cells was detected by dead cell
apoptosis kit (V13242 Invitrogen™).

Intratumoral delivery of AA15V LNP-SCT saRNAs in vivo
C57BL/6 mice were subcutaneously (s.c.) inoculated with 1 × 105

B16F10-FLuc cells on the right flank. When the largest tumor dia-
meter exceeded 0.8 cm, the mice were i.t. injected with AA15V LNP-
sOP SCTs at 10μg RNA dose. After 24 h, the tumor tissues were dis-
sected and dissociated into a single-cell suspension using tumor
dissociation kit (Miltenyi Biotec, Catalog # 130-096-730). Ery-
throcytes were removed with Red Blood Cell Lysis Solution (10×,
Miltenyi Biotec, Catalog # 130-094-183). The cells were then stained
with LIVE/DEAD™ Fixable Violet Dead Cell Stain Kit (Invitrogen™,
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L34955). After washing with PBS, the cells were stained with anti-
bodies followed by flow cytometry analysis.

Tumor models and treatment regimens
C57BL/6 and BALB/c mice (male and female, 6–10 weeks) were pur-
chased from the Jackson Laboratory and housed in the Icahn School of
Medicine at Mount Sinai. All mouse studies were approved by the
Institutional Animal Care and Use Committee (IACUC) at The Ohio
State University (2014A00000106) and Icahn School of Medicine at
Mount Sinai (IPROTO202200000134), and complied with local, state,
and federal regulations. In this study, a maximum of five mice were
accommodated in each cagewithin a barrier environment,maintaining
conditions of approximately 20 °C, 45% humidity, and a 12-h light/12-h
dark cycle.

Themice receivedbi-dose vaccinations ofAA2 LNP-spikemRNAat
0.3mg/kgmRNAdose. Fivedays after thebooster doses, around 1 × 105

B16F10 cells or 5 × 106 A20 cells were s.c. inoculated on the right flank
of the mice. The A20 tumor model included unvaccinated mice as
control groups.Onday 6 post-tumor inoculation,micewith tumor size
about or over 0.5 cm of the largest diameter were randomly separated
into different groups. For T cell depletion tumor model, 1 × 105 B16F10
cells s.c. inoculated on the right flank of the mice. The tumor-bearing
mice were intraperitoneally injected with anti-mouse CD8α, anti-
mouseCD4, or anti-rat IgG2b isotype antibodies, respectively, onday6
post-tumor inoculation. Each antibody was administered every 3 days.
One day after the first antibody depletion treatment (Day 7), the
tumor-bearing mice received a single i.t. dose of AA15V LNP-sSE-SCTs.
For the B16F10 tumor model groups without combinatorial therapy of
ICIs (anti-PD1+ anti-CTLA4 antibodies), a single dose of various treat-
ments (10μg RNA dose) was i.t. administered to the tumor-bearing
mice on day 6 following tumor inoculation. For the combination
therapy involving ICIs, starting from day 6, mice were injected intra-
peritoneally with anti-PD1 (100 µg/mouse, clone: RMP1-14, BioXcell)
and anti-CTLA4 antibodies (100 µg/mouse, clone: 9D9, BioXcell). Each
antibody was administered every 3 days for four doses. One day after
thefirst ICI treatment (Day7), the tumor-bearingmice received a single
i.t. dose of various treatments.

Ex vivo saRNA delivery in human tumor tissues
Lung tumor samples were obtained from surgical specimens of
patients undergoing resection at Mount Sinai Hospital (New York,
NY) after obtaining informed consent in accordance with a protocol
reviewed and approved by the Institutional Review Board at the
Icahn School of Medicine at Mount Sinai (IRB Human Subjects Elec-
tronic Research Application 10-00472A) and in collaboration with
the Biorepository and Department of Pathology. All glioma tissue
was banked, de-identified under approved institutional IRB protocol
(STUDY-18-00983), and informed consent was secured from all par-
ticipants. The obtained human tumor tissue biopsies were promptly
placed on ice in PBS and sectioned into 600 μm thick slices using
Leica VT 1200S microtome within 30min. The slices were then cul-
tured in RPMI-1640 medium containing 20% FBS for 1 h before being
treated with 1 µg AA15V LNP-sSE-SCTs. After 24 h, the slices were
dissociated into single-cell suspension and prepared for immuno-
fluorescence staining with specific cell markers.

Statistics and reproducibility
For the comparison of multiple data sets, one-way ANOVA with Dun-
nett’s multiple comparison test was used, whereas the two-tailed Stu-
dent’s t-test was used for comparing two groups. In the mouse tumor
model, tumor sizes were compared using two-way ANOVA with Dun-
nett’s multiple comparison, and survival rates were analyzed with the
log-rank (Mantel–Cox) test. P-values of <0.05 were considered statis-
tically significant. All data adhered to the assumptions of the statistical

tests applied, including normal distribution and equal variances, and
underwent formal testing to validate the statistical analysis. The sam-
ple size was not predetermined by any statistical method.

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

Data availability
The authors declare that all data supporting the findings of this study
are available within the paper and Supplementary Information files.
Source data is available for Figs. 2–6 and Supplementary Figs. 1, 2, 4, 8,
10 and 11 in the associated source data file. Source data are provided
with this paper.
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