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Abstract
Personalized neoantigen peptide vaccines have shown remarkable anti-tumor activity across diverse cancer types. 
With the rapid advancement of messenger RNA (mRNA) delivery technologies during the coronavirus disease of 2019 
(COVID-19) pandemic, mRNA-based cancer vaccines have emerged as a promising therapeutic approach because 
of their scalable production, safety, and capacity to elicit potent immune responses. However, the predominant 
distribution of mRNA delivery systems in the liver may lead to hepatic damage and restrict therapeutic accessibility. In 
this study, we designed a novel ionizable lipid library to shift the delivery to the spleen. By incorporating an additional 
anionic lipid, we identified an optimized vaccine formulation, which exhibited efficient uptake by dendritic cells (DCs). 
Notably, this formulation achieved spleen-selective delivery without requiring targeting ligand modifications, thereby 
minimizing cytotoxicity risks. Furthermore, the spleen-targeted L242-20Lipo nanoparticle was employed to facilitate 
the efficient delivery of personalized neoantigen mRNA vaccines. Evaluation in a hepatocellular carcinoma (HCC) 
model demonstrated that the NeoPol-mL242 mRNA vaccine elicited potent anti-tumor immunity while maintaining 
an excellent safety profile. These results highlight NeoPol-mL242 as a promising candidate for application in cancer 
immunotherapy.

Graphical abstract
Schematic illustration of L242-20Lipo for in vivo delivery of personalized neoantigen mRNA. The formulation 
of spleen-targeted L242-20Lipo and the preparation of personalized neoantigen mRNA vaccines, including 
B16M01-mL242 for murine melanoma and NeoPol-mL242 for hepatocellular carcinoma, enable precise and effective 
immune activation.
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Introduction
Hepatocellular carcinoma (HCC) is the third leading 
cause of cancer-related deaths worldwide, with a 5-year 
survival rate below 20% in advanced-stage disease [1, 2]. 
Surgical resection remains the mainstay treatment for 
early-stage HCC [3]. Nonetheless, high recurrence rates 
and limited availability of donor organs for liver trans-
plantation [4] necessitate alternative therapies. Systemic 
therapies, such as sorafenib [5] and lenvatinib [6], provide 
modest survival benefits by inhibiting tumor growth and 
angiogenesis. However, resistance and therapy-related 
toxicity pose considerable challenges.

Cancer immunotherapy has emerged as an effective 
anti-tumor strategy that activates the host immune sys-
tem. Clinically effective modalities consist of immune 
checkpoint inhibitors [7–9], chimeric antigen receptor 
T-cell (CAR-T) therapy [10, 11], and bispecific antibod-
ies [12–14]. However, their application in HCC remains 
constrained primarily due to the immunosuppressive 
tumor microenvironment, characterized by restricted 
T-cell infiltration [15]. Considering these drawbacks, 

strategies that enhance tumor-specific T-cell infiltration 
and improve immunotherapy outcomes are warranted. 
The discovery of neoantigens derived from tumor-spe-
cific mutations has revolutionized the field of cancer 
immunotherapy [16, 17]. Compared with tumor-associ-
ated antigens (TAAs) and tumor-specific antigens (TSAs) 
[18–20], personalized neoantigens demonstrate unique 
advantages in yielding robust tumor-specific T-cell 
responses while minimizing off-target effects.

Conventional peptide-based neoantigen vaccines 
encounter clinical challenges, including complex manu-
facturing processes, structural instability, and restricted 
capacity in facilitating antigen presentation [21, 22]. 
In contrast, the mRNA vaccine design process can be 
promptly initiated upon determination of the target 
genetic sequence [23]. The exclusive expression of tar-
get antigens effectively minimizes off-target immune 
responses, enhancing the safety and efficacy of the vac-
cines [24]. Moreover, the inherent characteristics of in 
vitro transcribed mRNA enable both scalable manufac-
turing and rapid antigenic adaptation through sequence 
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modification [25]. However, the initial clinical applica-
tions of naked mRNA were limited by inefficient protein 
translation, enzymatic degradation, and impaired endo-
cytic activity of antigen-presenting cells (APCs) [26].

These limitations necessitated technological advance-
ments. The optimization of mRNA vaccines has focused 
on two key aspects: the mRNA structure [26] and its 
delivery systems [27]. mRNA modifications, including 
changes to the 5’ cap [28–30], the 5’-UTR/3’-UTR frame-
work [31, 32], and a 120-nucleotide poly(A) tail [33–35], 
have enhanced mRNA stability and translational effi-
ciency. On the other hand, effective delivery technology 
is crucial for therapeutic applications. Among the exist-
ing mRNA delivery platforms, including viral vectors 
[36, 37] and polymeric carriers [38], lipid nanoparticles 
(LNPs) have emerged as the preferred vehicle. They offer 
superior mRNA stability, high transfection efficiency, and 
favorable immunogenicity [39–41].

Tumor neoantigens necessitate processing and pre-
sentation through the major histocompatibility complex 
(MHC) to elicit an immune response. In this context, 
DCs play a pivotal role in this therapeutic strategy, owing 
to their ability to capture, process, and present antigens 
via MHC molecules [42]. Therefore, targeted delivery 
to lymphoid organs, particularly the spleen, is crucial 
for ensuring vaccine efficacy [43]. Recent advances in 
targeted delivery have focused on adjusting the physi-
cochemical properties (e.g., molecular structure, com-
ponent ratios, and surface chemistry) of LNPs [44]. The 
surface pH significantly influences their delivery effi-
ciency and in vivo biodistribution [45]. This phenom-
enon has been demonstrated in selective organ targeting 
(SORT) studies, which show that negatively charged 
LNPs preferentially accumulate in the spleen [46].

In this study, we designed a spleen-targeted L242-
20Lipo vector for personalized neoantigen mRNA vac-
cines. This engineering strategy involved comprehensive 
structural screening of the amino head group, hydro-
phobic tail, and internal linker of ionizable cationic lip-
ids. Furthermore, through precise optimization of the 
molar ratio of 18:1 PA, L242-20Lipo nanoparticles dem-
onstrating enhanced splenic tropism were successfully 
engineered with significantly reduced hepatic distribu-
tion. Efficacy validation in hot tumor models has bol-
stered our confidence in this approach. We engineered 
NeoPol-mL242 vaccine, which incorporates seven neo-
antigens from the Hepa1-6 cell line. As expected, Neo-
Pol-mL242 vaccine induced robust anti-tumor immunity 
in the murine orthotopic HCC model. Taken together, 
the L242-20Lipo mRNA delivery vector enhanced the 
delivery effect to the spleen. Importantly, the efficacy and 
safety of NeoPol-mL242 vaccine highlight its therapeutic 
potential in cancer immunotherapy.

Results
Design and characterization of an ionizable lipid library
Successful LNP-mediated delivery to the liver and bone 
marrow was achieved in our previous studies [47, 48]. 
To enhance immunogenicity via spleen-targeted mRNA 
delivery, we systematically engineered a library of LNPs 
by modifying both the head and tail structures with a 
unique linker (Fig. 1A, Fig. S1A). The ionizable cationic 
lipids were synthesized by Yoltech Therapeutics (Shang-
hai, China). Detailed synthetic methods are provided in 
our patents (WO/2024/152512, WO/2024/193525, and 
WO/2025/011532). Briefly, twenty-five molecules were 
synthesized using a standardized three-step process 
(Fig. 1B). Candidate ionizable lipids were formulated with 
cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC), DMG-PEG2000, and the addi-
tional anionic lipid 1,2-dioleoyl-sn-glycero-3-phosphate 
(18:1 PA). To enhance spleen targeting, we progressively 
reduced the concentration of 18:1 PA from 30 to 20% and 
further to 10%, based on previous reports (Table S1) [46]. 
We evaluated these lipid nanoparticles (LNPs) by deliv-
ering GFP mRNA in vivo. The delivery efficiency of the 
LNPs was directly related to the chemical structure of 
the ionizable lipid. Notably, LNPs formulated with lipids 
L221 and L242 demonstrated superior transfection effi-
ciency compared to other candidates (Fig. 1C).

Screening and optimization of LNPs for spleen-targeted 
mRNA delivery
To identify optimal candidates for splenic delivery, ion-
izable lipids predicted to exhibit high spleen-targeting 
efficiency were screened using commercial ACL-0315 
as a control. Mice were intravenously injected with 
0.5  mg/kg luciferase mRNA (mLuc), followed by fluo-
rescence assessment after 6  h using an in vivo imag-
ing system (Fig.  2A). The bioluminescence distribution 
in the mice suggested that the optimized molar ratio of 
the L242 lipid, Chol, DSPC, DMG-PEG, and 18:1 PA 
was 40:8:30.8:1.2:20 (Fig.  2B, C, Table S1). At this ratio, 
L242−20Lipo exhibited significantly enhanced splenic 
accumulation while maintaining minimal hepatic distri-
bution, compared with both L221- and ALC−0315-based 
formulations (Fig.  2D). Interestingly, the spleen-to-liver 
signal ratio of L242−20Lipo was > 4.5-fold higher than 
that of L0315−20Lipo, confirming its selective targeting 
capability (Fig. 2D). To elucidate the association between 
the physicochemical properties of LNPs and their organ-
targeting efficacy, the pKa, particle size, polydispersity 
index (PDI) and encapsulation efficiency were system-
atically characterized (Fig.  2E-G, Fig. S2A). Representa-
tive cryo-transmission electron microscopy (cryo-TEM) 
images of L0315-20Lipo, L221-20Lipo and L242-20Lipo 
revealed no significant differences in apparent size 
or structure (Fig.  2H). These results indicate that the 



Page 4 of 17Wu et al. Journal of Nanobiotechnology          (2025) 23:602 

incorporation of 18:1 PA modulated the surface charge 
characteristics of LNPs, thus improving their spleen-tar-
geting efficacy.

Effect of Spleen-Targeted LNPs on dendritic cells (DCs)
To further investigate the immunotherapeutic potential 
of spleen-targeted LNPs, we first analyzed their biodistri-
bution among antigen-presenting cells (APCs) and other 
immune cell populations in Ai14 reporter mice. Candi-
date LNPs were designed to encapsulate mRNA encod-
ing Cre recombinase (mCre), which mediated excision 
of LoxP sites to activate tdTomato expression, enabling 
precise identification of transfected cell subsets (Fig. 3A). 
Cre mRNA integrity was verified by capillary electropho-
resis (CE) (Fig. S3Q). Quantitative analysis reveled Cre-
L242-20Lipo uptake in approximately 8% of T cells, 1% 
of B cells, 27% of dendritic cells (DCs), and 19% of mac-
rophages (Fig.  3B, Fig. S4). Notably, Cre-L242-20Lipo 
exhibited a 3.4-fold increase in DC transfection com-
pared to Cre-L0315-20Lipo (27% vs. 8%), highlighting 
its superior targeting ability. These results caught our 
attention because DCs are crucial for presenting neoan-
tigens to naïve T cells, thereby initiating robust cytotoxic 
T lymphocyte (CTL) responses. To corroborate these 

findings, we performed parallel in vivo delivery of GFP 
mRNA. The DC transfection profile confirmed the tar-
geting advantage of L242-20Lipo with a dose-dependent 
increase (Fig.  3C). Moreover, our findings demonstrate 
that mRNA encoding neoantigen (Hepa-M01-mRNA) 
delivered by L242-20Lipo efficiently active DCs, enhanc-
ing CD40 expression by 7.5-fold and CD86 expression by 
5.7-fold compared to blank DCs (Fig.  3D, E). All LNPs 
managed to produce increased expression of CD40 
and CD86, which indicates successful BMDC activa-
tion. Meanwhile, ELISA analysis confirmed the superior 
secretion of cytokine IL-12 and TFN-α expression in the 
supernatant of BMDCs pulsed with neoantigen-LNPs 
(Fig. 3F, G). Given that the immunostimulatory potency 
of neoantigen-based cancer therapeutic vaccines is criti-
cally contingent upon uptake by APCs, L242-20Lipo 
emerges as a promising carrier for facilitating antigen 
delivery and subsequent immune activation.

Validation of B16M01-mL242 in a B16F10 tumor model
Initially, the anti-tumor ability of L242-20Lipo-delivered 
neoantigen B16M01 mRNA was evaluated in a vali-
dated melanoma model (Table S2) [49]. C57BL/6 mice 
were subcutaneously inoculated with B16F10 cells, 

Fig. 1  Candidate ionizable nanoparticles for mRNA delivery. (A) The chemical structures of the ionizable liposomes that serve as candidates in this study. 
(B) Representative synthesis pathways and conditions for Lipid-242. (C) Heat map image showing in vivo delivering efficiency in splenic cells. C57BL/6 
mice were treated with 25 different LNP packages containing GFP mRNA at a dose of 1 mg/kg, and GFP-positive percentage was measured. Data are 
presented as mean in panel C, n = 3
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and then vaccinated with 0.5  mg/kg of B16M01-mL242 
on days 4, 11 and 18 (Fig.  4A). Significant immune cell 
activation was observed in the spleen and lymph nodes 
of mice treated with B16M01-mRNA/L242-20Lipo 
(B16M01-mL242) (Fig.  4B, Fig. S5, Fig. S6). Compared 
with ACL-0315 formulation, which primarily targets the 
liver, the spleen-targeting L242-20Lipo showed more 
significant immune activation. B16M01-mL242 vaccina-
tion was demonstrated to eradicate tumors and prolong 
survival, whereas rapid tumor progression was observed 
in both the wild-type mRNA/L242-20Lipo (B16WT01-
mL242) group and the PBS group (Fig.  4C, F). On day 
25, the mice vaccinated with B16M01-mL242 showed an 
approximately 86% reduction in tumor size and weight 
compared to the PBS group (Fig. 4D, E). CD4+ and CD8+ 
tumor-infiltrating T cell activation was demonstrated 
with 3.5% and 6.7% IFN-γ positive cells in the B16M01-
mL242 group, compared with 0.4% and 0.5% in the 

B16WT01-mL242 group (Fig.  4H and Fig. S7). Taken 
together, L242-20Lipo designed to deliver neoantigen 
mRNA effectively induces immune activation against 
melanoma, thereby eradicating the tumor in vivo.

Anti-tumor immunity of NeoPol-mL242 in the orthotopic 
HCC model
It implies the potential of L242-20Lipo to deliver neo-
antigen mRNA vaccines across diverse tumor models, 
as demonstrated by the tumor eradication in the mela-
noma model. Thus, the immunotherapeutic efficacy of 
L242-20Lipo-mediated neoantigen mRNA vaccination 
(NeoPol-mL242) was further investigated in the ortho-
topic HCC model. NeoPol was composed of neoantigens 
Hepa-M01 to Hepa-M07, which were identified accord-
ing to previous research findings (Fig.  5A, Table S2, 
S3) [50]. As shown in the timeline, mice received three 
doses of NeoPol-mL242 (Fig.  5B). Tumor progression 

Fig. 2  Screening of spleen-targeted lipid nanoparticles. (A) The illustration depicts the encapsulation of 0.5 mg/kg luciferase-encoding mRNA in five-
component LNPs and the subsequent in vivo screening in mice. (B) The chart shows the corresponding composition ratios of ACL-0315, L221 and L242 
LNPs containing anionic liposome at molar ratios of 10%, 20% and 30%. (C) In vivo imaging graph of mice (left), and the bar chart (right) show the bio-
luminescence in the spleens of mice. (D) Representative images and histogram of bioluminescence distribution in liver and spleen of mice treated with 
L0315-20Lipo, L221-20Lipo, L242-20Lipo containing luciferase mRNA. (E-G) Physicochemical properties of candidate LNPs: (E) apparent pKa, (F) particle 
size, and (G) polydispersity index. (H) Cryo-transmission electron microscopy (Cryo-TEM) images of L0315-20Lipo, L221-20Lipo and L242-20Lipo. Data are 
plotted as mean ± SD and were analyzed using unpaired two-tailed Student’s t-tests in C and D. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 3  Exploration of key cells in mRNA presentation. (A) Schematic illustration of the mechanism for demonstrating Cre-mRNA distribution in Ai14-
tdTomato reporter mice. (B) Histogram of the percentage of tdTomato-positive cells in different types of immunocytes 48 h after tail-vein injection of 
0.5 mg/kg mCre-L0315-20Lipo, mCre-L221-20Lipo, and mCre-L242-20Lipo. (C) Scatter plot of the percentage of GFP-positive dendritic cells (DCs) after 
treatment with ACL-0315, L221, and L242 LNPs containing different ratios of 18:1 PA at various dosages. (D, E) Expression of DC activation markers: (D) 
CD40 and (E) CD86 positive-percentage of DCs. (F, G) Cytokine concentration of (F) IL-12 and (G) TNF-α after treatment with 0.1 ug/mL Hepa-M01-LNPs. 
Data are presented as means ± SD in B-G (n = 3). Independent two-tailed Student’s t-tests was used to determine the statistical significance (*P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001). Cre mRNA, cyclization recombination mRNA
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was monitored throughout the treatment using the in 
vivo imaging system (Fig. 5C). Compared with the con-
trol group, mice vaccinated with NeoPol-mL242 exhib-
ited ~ 90% lower tumor burdens (Fig.  5C, Fig. S8). The 
0.5 mg/kg NeoPol-mL242 group showed significant sur-
vival extension and weight stability (Fig.  5D, E). Con-
sistently, a higher level of CD8+ T cell infiltration was 
detected in tumors from NeoPol-mL242-treated mice 
than in controls (Fig.  5F). Tumor tissues were collected 
for Ki67 and TUNEL assays to evaluate the tumor-killing 

ability of NeoPol-mL242 (Fig. 3G). Immunofluorescence 
results demonstrated a marked decrease in proliferative 
(Ki67-positive) capacity of tumor cells in mice receiv-
ing NeoPol-mL242 vaccination (Fig.  3H). In addition, a 
significant increase in terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick end 
labeling (TUNEL)-positive cells validated the tumor-kill-
ing ability of NeoPol-mL242 (Fig. 3I).

Fig. 4  T-cell responses and anti-tumor efficacy of B16M01-mL242. (A) Treatment timeline for vaccination in the subcutaneous B16F10 tumor model 
(n = 5). (B) Statistical graphs of the flow cytometry results regarding the percentages of CD69+ T cells and IFN-γ+ T cells in the spleen and lymph nodes after 
vaccination. (C) Images of isolated tumors of mice treated with B16M01-mL242, B16WT01-mL242, or PBS. (D) Tumor growth curves and (E) tumor weights 
for the indicated mouse groups. (F) Kaplan–Meier curves for mouse survival in different treatment groups over 48 days. (G) Body weight monitoring of 
mice in each group every 3 days over a 25-day period. (H) Representative flow cytometry diagram shows the percentages of IFN-γ+ T cells within CD4+ 
and CD8+ TILs. Results are presented as means ± SD. Independent two-tailed Student’s t-tests was used to determine the statistical significance (n = 5). 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig. 5  Tumor cytotoxicity of NeoPol-mL242 in the orthotopic HCC model. (A) The schematic illustration shows the workflow for in vitro transcription of 
neoantigen-encoding mRNA followed by lipid nanoparticle (LNP) formulation. (B) Treatment timeline for vaccination in the orthotopic HCC model (n = 5). 
(C) Bioluminescence images (left) of C57BL/6 mice treated with NeoPol-mL242 (0.1 mg/kg, 0.5 mg/kg), WTPol-mL242 (0.5 mg/kg), or PBS. Line chart 
(right) of fluorescence luminescence intensity for tumor burden monitoring every seven days. (D) Kaplan–Meier curves for mouse survival over 50 days. 
(E) Body weight monitoring of mice every 3 days. (F) Frequency of T and NK cells infiltrating tumors 7 days after the third vaccination. (G) Immunofluo-
rescence staining of Ki67 (green) and TUNEL (red) in tumor tissues for proliferation and apoptosis analysis. Staining of DAPI (blue) indicates nucleus. Scale 
bar, 50 μm. (H, I) Quantitative analysis of positive cell proportions using ImageJ software: (H) the percentage of Ki67-positive proliferating cells and (I) the 
percentage of TUNEL-positive apoptotic cells. Results are presented as means ± SD for C-F, H and I. Statistical significance was assessed using unpaired 
Student’s t-tests (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001. mpk, mg/kg
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Immune specificity of NeoPol-mL242 vaccine
Based on the findings aforementioned, we further evalu-
ated neoantigen-specific CD8+ TILs and central memory 
CD8+ T cells (TCMs, CD44+ and CD62L+) (Fig.  6A-D). 
Peptide-MHC tetramer staining revealed a higher per-
centage of intratumoral neoantigen-specific CD8+ T cells 
in NeoPol-mL242 treated mice (Fig.  6B). Moreover, the 
percentage of CD8+ TCMs in the mice vaccinated with 
NeoPol-mL242 was significantly increased (Fig.  6D). 
These data confirm the neoantigen-specific efficacy of 
NeoPol-mL242 therapy. To further verified the immune 
specificity, we assessed the antigen-presenting capac-
ity of mature DCs. BMDCs were stimulated with seven 
neoantigenic peptides or wild-type peptides and then 
co-cultured with splenic T cells isolated from mice vac-
cinated with either NeoPol-mL242 or WTPol-mL242 
(Fig.  6D). Ex vivo IFN-γ ELISPOT and flow cytom-
etry assays revealed an obvious activation of T cells via 
DC-mediated presentation of neoantigens in the Neo-
Pol-mL242 group (Fig.  6F-K). Flow cytometry analysis 
demonstrated that mice administered 0.5  mg/kg Neo-
Pol-mL242 exhibited statistically significant increases 
in the frequencies of CD69 + and IFN-γ+ T cells (Fig. 6F, 
G). However, DCs pulsed with wild-type peptides failed 
to activate CD4+ or CD8+ T cells across all experimental 
groups (Fig. S9). The 0.5  mg/kg dose of NeoPol-mL242 
vaccine showed a 3.8-fold increase in spot forming cells 
over the 0.1  mg/kg dose representing a dose-dependent 
relationship (Fig.  6H, I). Meanwhile, no significant dif-
ferences in IFN-γ production were observed between 
the WTPol-mL242 and PBS groups. Specifically, the 
proportion of CD69+ activated NK cells in the 0.5  mg/
kg NeoPol-mL242 group reached approximately 10.8%, 
compared to 3.2% in the WTPol-mL242 group (Fig.  6J, 
K). Experimental results proved that NK cells were mark-
edly activated and cytotoxic (Fig. S10). Taken together, 
these comprehensive analyses indicate that the NeoPol-
mL242 vaccine effectively induces neoantigen-specific T 
cell immunity via DC-dependent pathways.

Then CD8+ T cells were isolated using fluorescence-
activated cell sorting (FACS) and subsequently co-cul-
tured with Hepa1-6 cells to investigate the tumoricidal 
capacity. Flow cytometry analysis revealed apoptosis 
in ~ 42% of Hepa1−6 target cells induced by neoanti-
genic peptide-stimulated CD8+ T cells from 0.5  mg/
kg NeoPol-mL242-treated mice (Fig.  6M). Consistent 
with fluorescence microscopy imaging, these results 
indicate the tumor-killing ability of NeoPol-mL242 vac-
cination (Fig.  6L). Cytokine secretion was also analyzed 
using enzyme-linked immunosorbent assay (ELISA). 
Tumor necrosis factor-alpha (TNF-α) level was signifi-
cantly higher in the 0.5  mg/kg NeoPol-mL242 group, 
corroborating that NeoPol-mL242 enhances CD8+ T cell-
mediated anti-tumor immunity (Fig. 6N). Overall, these 

results indicated that NeoPol-mL242 could successfully 
induce a strong neoantigen-specific antitumor response 
in the murine orthotopic hepatocellular carcinoma 
model.

Safety assessment of NeoPol-mL242 vaccine in mice
In vivo safety evaluations of the NeoPol-mL242 vac-
cine were conducted through comprehensive analyses, 
including serum biochemistry and histopathological 
examinations (Fig.  7A). Transient elevations in hepatic 
enzymes, specifically aspartate transaminase (AST) and 
alanine transaminase (ALT), were observed, peaking at 
24 h post-administration (Fig. 7B, C). Nevertheless, these 
parameters normalized within 72 h in mice treated with 
NeoPol-mL242. Moreover, no significant differences were 
detected in alkaline phosphatase (ALP), albumin (ALB), 
or total protein (TP) levels across treatment groups (Fig. 
S11). To characterize the inflammatory response, serum 
concentrations of interleukin-1β (IL-1β), interleukin-6 
(IL-6), TNF-α, and interferon-γ-induced protein-10 (IP-
10) were quantified using ELISA (Fig.  7D-G). A tran-
sient elevation of inflammatory cytokines was observed 
at 2  h post-vaccination, while all cytokine concentra-
tions returned to baseline within one week. Histopatho-
logical assessments of major organs (liver, heart, spleen, 
lung, and kidney) suggested no pathological alterations 
in any experimental group (Fig.  7H-J). In addition, no 
tissue damage was observed across all groups 6 months 
after injection (Fig. S12). To assess the pharmacokinet-
ics of LNPs, we quantified the amount of GFP mRNA 
remaining in the plasma after injection of GFP-L242-
20Lipo (Fig.  7K). Biodistribution analysis revealed that 
GFP mRNA expression was predominantly localized in 
the spleen, with levels declining and nearly undetectable 
after 96 h (Fig. 7L-N). Together, these data demonstrate 
the absence of acute toxicity, reinforcing the favorable 
safety profile of the NeoPol-mL242 vaccine. Furthermore, 
the low dose vaccine induced robust T cell responses 
while avoiding significant inflammation or tissue damage, 
underscoring its clinical application potential.

Discussion
Despite neoantigen-peptide vaccines showing promise 
in anti-tumor immunotherapy for solid tumors, such as 
melanoma [51] and pancreatic cancer [52, 53], the role 
of mRNA-based neoantigen vaccines for HCC models 
remains largely unexplored. The development of mRNA 
vaccines for COVID-19 has dramatically advanced tech-
nologies in vivo mRNA delivery platforms. Considering 
that neoantigen immunogenicity necessitates the tar-
geted activation of immune organs, this study focused on 
spleen-targeted delivery to enhance anti-tumor immu-
nity. In this study, a series of LNP formulations were 
systematically screened to identify the optimal mRNA 
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Fig. 6  Immune specificity of NeoPol-mL242 (A) Flow cytometry analysis showing the percentage of Ptpn2376−384 (RWLYWQPTL): H-2Kb specific tumor-
infiltrating CD8+ T cells. (B) Statistical chart of Tetramer+ CD8+ TILs. (C) Flow cytometry showing the percentage of central memory T cells (TCMs, CD44+ and 
CD62L+) in spleen. (D) Statistical chart of TCMs. (E) Schematic illustration of co-culturing antigen-stimulated mature bone marrow-derived dendritic cells 
(BMDCs) with splenic T cells isolated from immunized mice. (F-G) Flow cytometry analysis of splenic T cells activated by Mut-peptide pool stimulating 
DCs. (F) Percentage of CD69+ CD4+ and CD8+ T cells 24 h after co-culture. (G) Percentage of IFN-γ+ CD4+ and CD8+ T cells 72 h after co-culture. (H) ELISpot 
images of IFN-γ-secreting T cells per 2 × 105 splenocytes. (I) Bar graph of the IFN-γ-positive spot number. (J) Representative flow cytometry diagrams of 
CD69-positive cells within splenic NK cells stimulated by neoantigen pools. (K) Statistical chart of CD69+ NK cells. (L) Fluorescence microscopy images of 
Hepa1-6 cells after co-culture with stimulated CD8+ T cells. Apoptotic cells (green, Annexin V-FITC+), late-stage apoptosis or necrosis (dual-stained green/
red, Annexin V-FITC+ and propidium iodide+), and viable cells (non-fluorescent) are indicated. (M) Flow cytometry analysis of apoptosis (Annexin V/PI 
staining) in Hepa1-6 cells. (N) TNF-α secretion level in culture medium supernatant at 24 h post-stimulation via ELISA. Data are presented as means ± SD 
(n = 4). Independent two-tailed Student’s t-tests were used. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. mpk, mg/kg
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Fig. 7 (See legend on next page.)
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delivery vehicles. Among those, L242-20Lipo was iden-
tified as the most promising candidate for therapeutic 
mRNA vaccination.

Initially, the influence of the ionizable lipid structure, 
particularly the head, linker and tail regions, on splenic 
mRNA expression was investigated. The optimized cat-
ionic lipids were further evaluated with 18:1 PA, an 
anionic lipid that modulates surface charge. Notably, 
L242-20Lipo exhibited enhanced spleen-specific deliv-
ery of luciferase mRNA (mLuc). Ai14 mice were used to 
monitor Cre mRNA uptake in splenic immune subsets. 
The significant increase of fluorescence signals in DCs 
suggested their presentation of neoantigens, highlighting 
the clinical potential of L242-20Lipo as a vaccine delivery 
vector. In addition, serum analysis indicated no persis-
tent abnormalities, indicating minimal hepatotoxic risk 
of L242-20Lipo. Possibly, the modest hepatic distribution 
of NeoPol-mL242 may offer therapeutic advantages in 
HCC by allowing tumor infiltration while maintaining a 
safety profile.

The B16F10 melanoma model was utilized to validate 
the therapeutic efficacy of the MHC class II-restricted 
neoantigen B16-M01 delivered by L242-20Lipo. This 
formulation mediated complete tumor regression within 
25 days, suggesting both the efficacy of the LNP delivery 
platform and the therapeutic potential of MHC class II-
presented neoantigens. This strategy in HCC model, an 
immunologically resistant malignancy, elicited neoan-
tigen-specific CD4+ and CD8+ T cell responses through 
coordinated antigen presentation via both MHC classes. 
NeoPol-mL242 vaccine contains five MHC class I and 
two class II-restricted neoantigens from Hepa1-6 cells. 
These findings collectively demonstrate that optimized 
DC delivery can initiate robust adaptive immunity via 
both MHC class I and II pathways. Additionally, the plat-
form enables rapid vaccine production within two weeks 
through simple neoantigen mRNA replacement, show-
casing its superior scalability, manufacturability and reg-
ulatory feasibility.

The novel spleen-targeting LNP vector, L242-20Lipo, 
demonstrates superior mRNA delivery to antigen-pre-
senting cells (APCs) compared to ACL-0315 formula-
tions. The efficacy of immune cell-mediated neoantigen 
recognition primarily depends on effective antigen pre-
sentation by APCs. Functional validation confirmed 
the activation of dendritic cells (DCs) and downstream 
immune responses, supporting the mechanistic role of 

APCs in driving vaccine efficacy. Together, these findings 
position NeoPol-mL242 as a promising platform for pre-
senting personalized neoantigen-mRNA vaccines. How-
ever, while preclinical studies in murine melanoma and 
hepatocellular carcinoma (HCC) models demonstrate 
proof-of-concept, further investigation is required to 
evaluate its applicability across broader tumor types and 
in clinical settings. Strategic combination with check-
point inhibitors or other immunomodulators may poten-
tiate synergistic therapeutic effects.

Materials and methods
Materials
Ionizable lipid ALC-0315 was purchased from Med-
ChemExpress (Monmouth Junction, NJ, USA). Cho-
lesterol, DSPC and DMG-PEG were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). 1,2-dioleoyl-sn-
glycero-3-phosphate (18:1 PA) was purchased from 
MilliporeSigma (Burlington, MA, USA). Purified fluo-
rescein isothiocyanate (FITC)-conjugated anti-mouse 
CD3 antibody (BioLegend, 100203), allophycocyanin 
(APC)-conjugated anti-mouse CD4 antibody (BioLegend, 
116013), peridinin-chlorophyll-protein complex (PerCP)/
Cyanine5.5-conjugated anti-mouse CD19 antibody (Bio-
Legend, 152405), phycoerythrin (PE)-conjugated anti-
mouse NK1.1 antibody (eBioscience, 12-5941-82), PE/
Cyanine7-conjugated anti-mouse CD8 antibody (BioLe-
gend, 100722), APC/Cyanine7-conjugated anti-mouse 
F4/80 antibody (BioLegend, 157315), APC-conjugated 
anti-mouse CD11c antibody (BioLegend, 117309), PE-
conjugated anti-mouse CD40 antibody (eBioscience, 
12-0401-82), PerCP/Cyanine5.5-conjugated anti-mouse 
CD86 antibody (BioLegend, 159211), FITC-conjugated 
anti-mouse CD62L antibody (eBioscience, 11-0621-82), 
PE-conjugated anti-mouse CD44 antibody (eBioscience, 
12-0441-82), Brilliant Violet 510-conjugated anti-mouse 
CD69 antibody (BioLegend, 104531), and Brilliant Violet 
421-conjugated anti-mouse IFN-γ antibody (BioLegend, 
505829) were obtained from Thermo Fisher Scientific 
(Waltham, MA, USA). Anti-mouse MHC-Tetramer-PE 
(Ptpn2376−384 (RWLYWQPTL): H-2Kb) was obtained 
from AtaGenix (Wuhan, China).

Cells and animals
Murine B16F10 cells and Hepa1-6 cells were 
obtained from the Cell Bank of Type Culture Collec-
tion (Chinese Academy of Sciences). C57BL/6J mice 

(See figure on previous page.)
Fig. 7  Safety assessment of NeoPol-mL242 mRNA vaccine in mice (A) Time points for the collection of serum and tissue samples. Serum levels of (B) AST 
and (C) ALT in mice at various time points after vaccination with PBS, 0.5 mg/kg WTPol-mL242, 0.1 mg/kg NeoPol-mL242 and 0.5 mg/kg NeoPol-mL242. 
Serum concentrations of (D) IL-1β, (E) IL-6, (F) TNF-α, and (G) IP-10 in mice, measured by ELISA. (H) Histopathological analysis showing H&E staining of 
various tissues, Masson’s trichrome staining of liver sections, and Sirius Red staining of liver sections (n = 5). (I) Percentage of Masson-positive area. (J) 
Percentage of Sirius Red-positive area. (K) GFP mRNA level in mouse plasma at various time points up to 96 h after treatment with GFP-L242-20Lipo. (L-N) 
Biodistribution of GFP mRNA in tissues at various time points (n = 3). Data are presented as means ± SD in B-G (n = 4). Statistical significance was assessed 
using a two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001
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(female, 6–8 weeks old) and BALB/c mice (female, 
6–8 weeks old) were purchased from the Shang-
hai Laboratory Animal Center (Shanghai, China). B6; 
129S6-Gt(ROSA)26Sortm14(CAG−tdTomato)Hze/J Ai14 mice 
(female, 6–8 weeks old, 007908) were purchased from 
The Jackson Laboratory (Bar Harbor, ME, USA). All 
animal experiments were conducted in strict accor-
dance with the guidelines established by the Shang-
hai Laboratory Animal Commission. These procedures 
were approved by the Institutional Animal Care and Use 
Committee (IACUC) of East China Normal University 
(approval number: m20240814).

Ionizable lipids synthesis
The ionizable lipid library presented in this study was 
synthesized following the methodologies described in 
our patents (WO/2024/152512, WO/2024/193525, and 
WO/2025/011532), where detailed procedures can be 
found. The lipids were activated through 2-butyloctano-
ate esters, followed by amide coupling with a diverse 
range of diamines. The central pentanedioic acid scaffold 
was functionalized with N, N-dialkylated diamines of dif-
ferent chain lengths and substitution patterns. Finally, 
chromatographic purification was performed using silica 
gel chromatography with a CH₂Cl₂/MeOH gradient. Spe-
cifically, 5-(benzyloxy)−5-oxopentyl 2-butyloctanoate 
(64  g, 163.87 mmol) was hydrogenated using 10% Pd/C 
(3.49 g) in a MeOH/THF (1:1) solvent mixture. The reac-
tion was conducted at 25  °C for 16  h under hydrogen 
atmosphere. The product was obtained as a colorless oil 
(45  g) after filtration and concentration. Subsequently, 
this intermediate was converted to its corresponding 
acyl chloride by treatment with oxalyl chloride (2.54  g) 
and catalytic DMF (49 mg) in DCM at 0 °C for 3 h under 
nitrogen. After solvent removal, 2 g 5-chloro-5-oxopen-
tyl 2-butyloctanoate was produced. The intermediate 
(1 g) was coupled with N, N-diethylpropane-1,3-diamine 
(870 mg) in acetonitrile using K₂CO₃ and KI as catalysts 
at 90  °C for 16  h. The mixture was then extracted with 
ethyl acetate (EtOAc) and purified by silica gel chroma-
tography using a DCM/MeOH (50:1 to 10:1). Finally, the 
product was synthesized by coupling the above interme-
diate (500 mg) with 5-chloro-5-oxopentyl 2-butyloctano-
ate (310  mg) in DCM. After silica gel chromatography 
(40:1 to 15:1), the target compound was isolated as a col-
orless oil (410 mg).

Formulation of LNPs
To improve delivery efficiency, a series of lipids were 
synthesized and screened as described previously [46]. 
Briefly, ionizable lipids, DSPC, cholesterol, and PEG 
lipid were dissolved in ethanol at different molar ratios. 
To achieve spleen-targeting, the lipid mixture was com-
bined with anionic lipid 18:1 PA. Notably, the ionizable 

cationic lipids were procured from YolTech Therapeutics 
(Shanghai, China). The lipid-mRNA combination was 
prepared using a microfluidic mixer (Precision Nano-
systems, Vancouver, BC), at an aqueous-ethanol flow 
rate ratio of 3:1 to achieve the desired lipid-to-mRNA 
weight ratio of 40:1. Subsequently, the LNPs were diluted 
in PBS to a concentration of 0.5 ng/µl mRNA for in vitro 
assays. This preparation was further concentrated using 
Amicon Ultra-15 mL Centrifugal Filter Units (Millipore 
Sigma), sterilized by filtration through 0.22-µm filters, 
and stored at −80  °C for future use. Detailed formula-
tion information is described in Table S1. The physico-
chemical properties of the LNPs, such as particle size, 
polydispersity index and zeta potential were systemati-
cally characterized by dynamic light scattering using the 
NANO ZS3600 (Malvern, Worcestershire, UK). Addi-
tionally, RNA encapsulation efficiency within the LNPs 
was determined with the Quant-iT Ribogreen Assay (Life 
Technologies, R11490).

Identification of personalized neoantigens
Candidate neoantigens were primarily derived from 
non-synonymous mutations. HCC neoantigens were 
identified through genomic and transcriptomic sequenc-
ing of liver tissue from wild-type C57BL/6 mice and 
the Hepa1-6 cell line (variant allele frequency ≥ 10%, 
sequencing depth ≥ 20). The immunogenicity of each 
candidate was further predicted using the NetMHCpan 
binding affinity predictor (IC50 < 500 nM to H-2Kb), as 
described by Chen et al. [50]. In this study, one B16-M01 
[49] and seven Hepa1-6 neoantigens (9-mer mutant) [50] 
were selected to prepare mRNA vaccinations (Table S2).

Design and synthesis of neoantigen mRNAs
mRNAs encoding luciferase, GFP, Cre recombinase and 
neoantigens were synthesized using the HiScribe T7 
High Yield RNA Synthesis Kit (NEB, E2040S). The lin-
earized DNA template encompassed 5’ and 3’ untrans-
lated regions as well as a polyadenylated [poly(A)] tail. 
To enhance both stability and translational efficiency, 
the mRNA was capped using TriLink CleanCap Reagent 
AG (TriLink, N-7113), adhering to the manufacturer’s 
protocol. Meanwhile, uridine triphosphate (UTP) was 
substituted with 1-methylpseudoUTP during transcrip-
tion. Subsequently, the synthesized mRNAs were purified 
with the RNeasy Mini Kit (QIAGEN, 74143), following 
the manufacturer’s protocol. RNA concentration was 
determined using a NanoDrop spectrophotometric mea-
surement at 260 nm, and RNA quality was evaluated by 
analyzing transcript integrity and size distribution using 
an Agilent Bioanalyzer 2100 system.
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In vivo screening of mLuc LNPs
To systematically assess the performance of different 
LNP formulations (as outlined in Table S1), BALB/c mice 
received luciferase-encoding mRNA at a dose of 0.5 mg/
kg through an intravenous tail vein injection. 6  h after 
the injection, they received D-luciferin (BD Bioscience) 
intraperitoneally at a dose of 25  mg/kg based on body 
weight. After fifteen-minute incubation, biolumines-
cence was captured using the In Vivo Imaging System 
(PerkinElmer, Waltham, MA). To further evaluate tissue-
specific transfection efficiency, the liver and spleen were 
surgically excised and subjected to imaging analysis.

Spleen-targeted delivery of Cre mRNA in Ai14 mice
Ai14 mice received intravenous injections of Cre 
mRNA at a dose of 0.5  mg/kg to determine their effect 
on immune subsets. 72  h post-injection, mice were 
imaged using the In Vivo Imaging System (PerkinElmer, 
Waltham, MA). Subsequently, reporter protein expres-
sion was assessed via flow cytometry. Spleen cell suspen-
sions were prepared by disruption and filtration through 
a 40-µm strainer. 1 × 106 cells were incubated with 100 µL 
of flow cytometry staining buffer (eBioscience) contain-
ing a panel of fluorescent antibodies: FITC anti-CD3, 
PerCP-Cy5.5 anti-CD19, APC-Cy7 anti-F4/80 and APC 
anti-CD11c. After 1  h of incubation at 4  °C, cells were 
analyzed by flow cytometer (Fortessa, BD Biosciences). 
Data processing was conducted using FlowJo-v10, with 
gating strategies provided in Fig. S3A.

BMDC activation assay
Bone marrow-derived dendritic cells (BMDCs) were iso-
lated from the femurs of C57BL/6 mice, and cultured in 
the presence of 10 ng/mL IL-4 (R&D Systems, 404-ML-
010/CF) and 20 ng/mL mGM-CSF (R&D Systems, 415-
ML-020/CF) to promote differentiation. Then, the cells 
were treated with Hepa-M01-mRNA-loaded LNPs for 
24 h. To evaluate DC activation, expression of CD40 and 
CD86 was analyzed by flow cytometry, while the secre-
tion of IL-12 and TNF-α was quantified using enzyme-
linked immunosorbent assay (ELISA).

Subcutaneous B16F10 melanoma model
C57BL/6 mice were subcutaneously injected with 5 × 105 
B16F10 cells and randomly assigned to three groups: 
B16M01-mL242, B16WT01-mL242, and PBS control 
(0.5  mg/kg; n = 5 per group). Tumor volume was mea-
sured every 3–6 days after transplantation with calipers 
and calculated according to the formula: (A × B 2)/2 
(where A and B denote the largest and smallest tumor 
diameter, respectively). On day 25 post-inoculation, 
tumors were harvested, photographed and weighed. 
B16F10 cells were maintained in complete Dulbecco’s 
Modified Eagle’s Medium (DMEM) at 37 °C with 5% CO2.

Orthotopic Hepa1-6 HCC model
To investigate the efficacy of neoantigen mRNA treat-
ment, an orthotopic HCC model was developed utilizing 
female C57BL/6 mice (aged 6–8 weeks; n = 5). On day 0, 
a mixture of 3 × 105 Hepa1-6-luciferase cells and Matri-
gel was injected into the liver subcapsular space. Sub-
sequently, on days 7 and 14, treatment groups received 
intravenous tail vein injections of neoantigen mRNAs 
formulated with L242-20Lipo at doses of either 0.1 mg/
kg or 0.5 mg/kg in a total volume of 200 µL. In contrast, 
control groups received either 0.5 mg/kg wild-type anti-
gen mRNA or PBS. Tumor burden was monitored weekly 
using an IVIS Spectrum animal imaging system (Perki-
nElmer, Waltham, MA). Photon emission was quantified 
15 min after D-luciferin injection, and then in vivo bio-
luminescence within regions of interest was calculated 
using IVIS Living Image 4.0 software. On day 28, tumor 
tissues were collected for immunofluorescence analysis, 
and splenic lymphocytes were isolated for immunostimu-
lation detection.

Immunofluorescence analysis
Tumor tissues were fixed in 4% neutral-buffered parafor-
maldehyde (PFA) at 4 °C for 24 h. Then, the tissues were 
cryoprotected in 30% sucrose solution at 4  °C for 12  h. 
The samples were embedded in Optimal Cutting Tem-
perature (OCT) compound (Tissue Tek, 4583), frozen at 
− 80  °C for 12  h, and sectioned into 10-µm slices using 
a cryostat microtome (Thermo Scientific). For TUNEL 
assay, the 10-µm slices were incubated with Alexa Fluor 
546-labeled deoxyuridine triphosphate for 1  h. For 
immunofluorescence staining, tissue sections were sub-
jected to antigen retrieval by heat treatment, blocked, 
and incubated with FITC-conjugated anti-Ki67 antibody. 
After washing, the slides were mounted with antifade 
medium containing DAPI and imaged using an Olympus 
BX53 upright fluorescence microscope. Statistics were 
performed using ImageJ software.

Flow cytometry analysis
For flow cytometry analysis, single-cell suspensions were 
prepared from tumors, spleens and lymph nodes. Cells 
were incubated with fluorochrome-conjugated antibod-
ies in 0.5% bovine serum albumin for 30 min in the dark. 
Next, intracellular staining was conducted following an 
established protocol [54]. Briefly, cells were fixed with 
0.05% glutaraldehyde (Sigma, 111-30-8) at room tem-
perature for 10  min, followed by permeabilization with 
0.1% Triton X-100 (Thermo Fisher Scientific, HFH10) for 
an additional 15 min. They were stained with anti-mouse 
IFN-γ-BV421 mAb (BioLegend, 505829) for 30  min at 
4  °C in the dark. Finally, flow cytometry analysis was 
conducted using a flow cytometer (Fortessa, BD, USA), 
and the acquired data were analyzed with FlowJo v.10 to 
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comprehensively assess cell subsets. The gating strategies 
are illustrated in Fig. S4.

ELISPOT assay
For BMDC stimulation, 5 × 104 cells were pulsed with 
2 µg/mL of each neoantigen peptide. Subsequently, these 
BMDCs were co-incubated with 5 × 105 splenic T cells in 
96-well Multiscreen plates pre-coated with anti-IFN-γ 
antibody (Abcam, ab64029). The co-culture was main-
tained at 37 °C with 5% CO2 for 48 h. IFN-γ spot-forming 
cells were visualized using the ELISPOT Analysis Sys-
tem (SinSage, AT-Spot-2200). Finally, images were cap-
tured and the spot number for each group was calculated 
automatically, facilitating the precise quantification of 
immune responses.

In vitro cytotoxicity assay of T cells
To assess the cytotoxic activity of splenic CD8+ T cells, 
cells were labeled with anti-mouse CD3-FITC, anti-
mouse CD4-APC, and anti-mouse CD8-PE/Cyanine7 
antibodies. Then, CD3+ CD4− CD8+ T cells were sorted 
by FACS on a BD FACSAria III (BD Biosciences, USA). 
For the cytotoxicity assay, CD8+ T cells were co-cultured 
with Hepa1-6 cells, and apoptosis induction was evalu-
ated by dual staining with Annexin V-FITC (Invitrogen, 
A10788) and propidium iodide (PI; Invitrogen, A10788). 
Flow cytometric analysis was conducted on a BD Fort-
essa (BD Biosciences, USA). Additionally, Hepa1-6 cell 
apoptosis was confirmed by fluorescence microscopy.

Histopathological analysis
For histological evaluation, tissues from murine liver, 
heart, spleen, lungs, and kidneys were collected and fixed 
in 4% paraformaldehyde at 25  °C for 12 h. Fixed tissues 
were dehydrated through a graded ethanol-xylene gradi-
ent, and then embedded in paraffin. Then, 4-µm sections 
were prepared using a rotary microtome (Leica, RM2235) 
and stained with hematoxylin and eosin (H&E), Masson, 
and Sirius Red [55]. Finally, slides were examined under 
an upright fluorescence microscope (Olympus, BX53) to 
assess histopathological alterations.

Serum biochemistry
C57BL/6 mice (n = 4 per group) were administered 
intravenously NeoPol-mL242 (0.1  mg/kg or 0.5  mg/kg), 
WTPol-mL242 (0.5 mg/kg), or PBS (control). Blood sam-
ples were collected 2  h, 24  h, 72  h, 7 days, and 14 days 
post-injection. They were allowed to clot at room temper-
ature for 1 h, and then centrifuged at 1,000 × g for 10 min 
to isolate the serum. Serum levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), alka-
line phosphatase (ALP), albumin (ALB), and total protein 
(TP) were quantified using the Aspartate Aminotrans-
ferase Assay Kit, Alanine Aminotransaminase Assay Kit, 

Alkaline Phosphatase Assay Kit, Albumin Assay Kit, and 
Total Protein Assay Kit (Sailuofei Biotechnology, China), 
respectively, following the manufacturer’s protocols. 
To evaluate systemic inflammatory responses, serum 
concentrations of interleukin-6 (IL-6), tumor necrosis 
factor-α (TNF-α), interferon gamma-induced protein 10 
(IP-10), and interleukin-1β (IL-1β) were measured using 
the Mouse IL-6 ELISA Kit (BioLegend, 431307), Mouse 
TNF-α ELISA Kit (Abcam, ab208348), Mouse IP-10 
ELISA Kit (Abcam, ab260067), and Mouse IL-1β Pre-
coated ELISA Kit (Dakewe, 1210122), respectively.

RT-qPCR
Organ tissues (liver, spleen, lungs, pancreas, heart and 
kidneys) were homogenized using a homogenizer (Tis-
sueMaster). Total RNA was isolated using TRIzol extrac-
tion Reagent (TS424, Sigma) following the manufacturer’s 
protocol. RNA integrity was verified by Nanodrop prior 
to reverse transcription. cDNA synthesis was performed 
using PrimeScript RT-PCR (RR036A, TaKaRa). Quan-
titative real-time PCR (RT-qPCR) was conducted with 
SYBR Green SuperMix (11202ES08, Yeasen, Shanghai, 
China). All mRNA expression levels were normalized 
to the housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). Primer sequences used for RT-
qPCR are listed in Table S4.

Data analysis
Data were analyzed using unpaired two-tailed Student’s 
t-tests in GraphPad Prism V.9.0 (GraphPad, San Diego, 
CA). Numerical variables are reported as mean ± stan-
dard deviation (SD). Statistical significance was set as * 
p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. To 
ensure robust evaluation, at least three biologically inde-
pendent experiments were conducted for all animal stud-
ies and cell-based experiments.
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