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ABSTRACT: T cell exhaustion has emerged as a major hurdle
that impedes the clinical translation of stimulator of interferon
genes (STING) agonists. It is crucial to explore innovative
strategies to rejuvenate exhausted T cells and potentiate the
antitumor efficacy. Here, we propose an approach utilizing
MSA-2 as a STING agonist, along with nanoparticle-mediated
delivery of mRNA encoding interleukin-12 (IL-12) to restore
the function of T cells. We developed a lipid nanoparticle
(DMT7-IL12 LNP) that encapsulated IL12 mRNA. Our findings
convincingly demonstrated that the combination of MSA-2 and
DMT7-IL12 LNP can effectively reverse the exhausted T cell
phenotype, as evidenced by the enhanced secretion of cytokines,
such as tumor necrosis factor alpha, interferon gamma, and
Granzyme B, coupled with reduced levels of inhibitory molecules such as T cell immunoglobulin and mucin domain-3 and
programmed cell death protein-1 on CD8+ T cells. Furthermore, this approach led to improved survival and tumor regression
without causing any systemic toxicity in melanoma and lung metastasis models. These findings suggest that mRNA encoding
IL-12 in conjunction with STING agonists has the potential to confer superior clinical outcomes, representing a promising
advancement in cancer immunotherapy.
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INTRODUCTION
The pathway involving the stimulator of interferon genes
(STING) in dendritic cells (DCs) resident within tumors,
once activated, ultimately leads to the generation and release of
proinflammatory cytokines and type I interferons. This
subsequently amplifies T cell priming and enhances the
migration of natural killer (NK) cells and DCs into the
tumor microenvironment (TME).1,2 In recent years, immune-
oncology research has primarily concentrated on manipulating
the STING pathway to promote agonistic STING responses
within the TME. This approach has demonstrated considerable
promise in numerous preclinical models for treating solid
tumors and hematological malignancies. However, STING
agonists, while effective at killing tumor cells in the early stages
of tumor progression, elicit only a moderate to poor antitumor
immune response in patients with advanced-stage solid tumors.
This limitation is primarily due to T cell exhaustion, which

poses a significant obstacle to the clinical application of
STING agonists in cancer therapy.3 T cell exhaustion,
characterized by a progressive decline in effector functions,
persistent expression of inhibitory receptors (such as T cell
immunoglobulin and mucin domain-3 (TIM-3) and pro-
grammed cell death protein-1 (PD-1)), and diminished
cytokine levels (including tumor necrosis factor alpha (TNF-
α), Granzyme B, and interferon gamma (IFN-γ)), has been
recognized as a significant impediment in achieving durable T
cell-dependent tumor immunity.4 Therefore, there is an unmet
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demand to circumvent T cell exhaustion for enhanced
antitumor efficiency of immunotherapies, including the use
of STING agonists.
We hypothesize that the utilization of an immune system

modulator like IL-12, which can stimulate responses against
foreign pathogens and reshape the tumor immune micro-
environments (TIME), holds promise in mitigating T cell
exhaustion, thereby augmenting the antitumor immune
response. In this context, we introduce a nanoparticle mRNA
therapeutic strategy aimed at restoring the complete effector
functionality of T cells that undergo exhaustion following
priming by STING agonist-based therapy. Specifically, the
sequential administration of MSA-2, a potent second-
generation STING agonist with strong binding affinity for
both mouse and human STING,5 followed by lipid nano-
particle (LNP)-encapsulated mRNA encoding IL-12 (IL12
mRNA) to the TME, constitutes a two-step stimulation
strategy. MSA-2 initiates an innate immune response in the
first step, facilitating the influx of nonexhausted T cells into
tumors.6−8 Subsequently, the IL-12-driven adaptive immune
response activates the cytotoxic functions of CD8+ T cells and
further shields them from exhaustion, sustaining the antitumor
activity of T cells. This groundbreaking strategy offers a
potentially universal solution for reversing T cell exhaustion,
effectively reprogramming the TIME into a highly inflamed
phenotype, exhibits a synergistic effect with STING agonists,
and presents a versatile treatment option for a wide variety of
tumor types.
IL-12, a cytokine initially identified as a growth factor for T

cells, has been shown to not only stimulate the proliferation
and effector functions of NK and CD8+ T cells but also
facilitate the T helper 1 (Th1) cell differentiation and IFN-γ
production.9−12 While possessing promising antitumor im-
mune properties, the clinical translation of recombinant IL-12
has been hindered by its short half-life in the bloodstream

(approximately 30 min) and the potential toxicity associated
with high-dose systemic administration.13,14 Therefore, it is
crucial to devise strategies that enable sustained local
expression of bioactive IL-12 to maintain prolonged antitumor
effects within the TME.15,16 With the rapid advancement of
mRNA technology, mRNA has surfaced as a promising
therapeutic option for a multitude of diseases.17,18 To address
the challenges associated with the clinical use of IL-12, it is
imperative to develop nanocarriers facilitating the delivery of
mRNA therapeutics, such as IL12 mRNA, to the TME. This
approach aims to alleviate T cell exhaustion and induce a
robust adaptive immune response for improved cancer
immunotherapy.

To achieve this goal, we have formulated and synthesized a
collection of innovative ionizable lipids. Among them, DMT7
emerged as a highly effective ionizable lipid for the formulation
of mRNA-loaded LNPs. The combination immunotherapy
strategy, which involves sequential intratumoral delivery of
MSA-2 followed by DMT7-IL12 LNPs, significantly boosts the
number of CD8+ T cells that produce cytokines (Granzyme B,
TNF-α, and IFN-γ) within the TME of B16F10 tumor-bearing
mice. This approach also diminishes the expression of
inhibitory molecules such as TIM-3 and PD-1 on CD8+ T
cells, indicating a reversal of T cell exhaustion in the
immunosuppressive TME (Figure 1A). The overall antitumor
activity of this combination immunotherapy strategy was
further evaluated in both B16F10 and 4T1 tumor models. The
findings clearly demonstrate a significant enhancement in
antitumor responses in untreated contralateral tumors and lung
metastases compared to treatment with DMT7-IL12 LNPs or
MSA-2 alone. Notably, the sequential intratumoral delivery of
MSA-2 and DMT7-IL12 LNPs synergizes with anti-PD-1
(αPD-1) therapy to enhance antitumor immune responses.
These findings highlight the translational potential of this
combinatorial approach for antitumoral immunotherapy. It is

Figure 1. Combinative therapies for enhanced cancer immunotherapy. (A) Illustration of enhanced cancer immunotherapy achieved by
utilizing lipid nanoparticles to deliver mRNA encoding cytokines in conjunction with STING agonist-based treatment. (B) The chemical
structures of the ionizable lipids and ALC-0315 (C) Preparation of LNP-mRNA using a microfluidic method.
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worth noting that this mRNA-LNP approach for reversing T
cell exhaustion could potentially be applied to other cancer
immunotherapies, including CAR-T (Chimeric Antigen
Receptor Engineered T cell) or TCR (T cell receptor)
therapies, to enhance therapeutic efficacy.

RESULTS
Design, Synthesis, and Screening of Ionizable Lipids

for mRNA Delivery. We have rationally designed a series of
ionizable lipids consisting of piperazine and piperidine
derivatives as ionizable headgroups, which are chemically
bound to hydrophobic linoleic acid chains through different
biodegradable linkers containing a thiourea or carbamate bond.

As shown in Figure 1B, we successfully synthesized 11
ionizable lipids following the representative synthetic routes
shown in Figures S1−S4, and mass spectroscopy (MS) and
nuclear magnetic resonance (NMR) were utilized to character-
ize their chemical structures (Figures S5−S15). We also
synthesized mRNAs encoding Firefly luciferase (FLuc mRNA),
green fluorescence protein mRNA (GFP mRNA), and
interleukin-12 mRNA (IL12 mRNA), respectively, using an
in vitro transcription method as described previously.19 To
construct LNPs, the synthesized ionizable lipids were
combined with mRNA, PEG-lipid conjugates, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) phospholipid, and
cholesterol using a microfluidic method (Figure 1C). Dynamic
light scattering (DLS) results indicate that FLuc mRNA-LNPs

Figure 2. (A) Representative bioluminescence images of mice were obtained following intramuscular injection of FLuc mRNA-loaded LNPs.
(B) Semiquantification of luminescence intensity in (A) (n = 4). (C) Representative TEM images of DMT7-mRNA. Scale bar, 50 nm. (D)
The size distribution of ALC-0315-mRNA and DMT7-mRNA detected by DLS. (E) The size change of ALC-0315-mRNA and DMT7-mRNA
in PBS during evaluation over 7 days (n = 4). (F) Cellular uptake of Cy5-labeled mRNA encapsulated in ALC-0315/DMT7 LNPs (red) was
evaluated at various time points. (G) Flow cytometry analysis of GFP expression in B16F10 cells (n = 4), significant differences were
assessed using a one-way ANOVA with Tukey test, ****p < 0.0001, data are presented as mean ± SD. (H) Cytotoxicity of DMT7 and ALC-
0315 LNPs was evaluated in B16F10 cells (n = 6), and no significant difference was observed in the cytotoxicity between DMT7 LNPs and
ALC-0315 LNPs.
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have a neutral ζ-potential (Figure S16), and their sizes range
from 55 to 90 nm, with a polydispersity index (PDI) value of
less than 0.2 (Figure S17). The pKa values of different LNPs
were all within the range of 5−9 (Table S1). The
encapsulation efficiency of most obtained LNPs was over
80%, and DMT7 LNP showed the highest mRNA
encapsulation efficiency (95.3%) (Table S2). We further
studied the in vivo transfection efficiency of different LNPs
through intramuscular injection of LNPs formulated with FLuc
mRNA and found that DMT7 LNP displayed the highest
mRNA delivery efficiency (Figure 2A). The transfection
efficiency of DMT7 LNP is 2.8-fold higher than that of
ALC-0315 LNP, a commercial mRNA delivery system that has
been widely used in the production of COVID-19 mRNA
vaccines20−22 (Figure 2B). Overall, these results suggest that
after screening for in vivo transfection efficiency, a potent LNP
(DMT7 LNP) with high mRNA delivery efficiency was
identified for further investigation.
In Vitro Assessment of DMT7 LNP-Mediated mRNA

Transfection and Cytotoxicity. As shown in Figure 2C, the
DMT7-IL12 mRNA LNP exhibited a uniform and spherical
structure under transmission electron microscopy (TEM), and
the hydrodynamic diameter of DMT7-IL12 mRNA LNP was
similar to ALC-0315-IL12 mRNA LNP (Figure 2D). To assess
the ability of the DMT7 LNP to protect mRNA from
degradation by nucleases that are abundant in the tumor
microenvironment (TME), we tested the stability of mRNA
encapsulated within the DMT7 LNP under different
conditions. As illustrated in Figure S18, in comparison to the
PBS treatment group, the levels of IL-12 p70 expression in
tumor tissues exhibit a notable increase at 6 h post
intratumoral administration of DMT7-IL12 mRNA, which
gradually declines over time. Nevertheless, there persists a
substantial expression level of nearly 30% even after 72 h. The
mRNA encapsulated within the DMT7 LNP demonstrated
good stability when incubated with 10% fetal bovine serum
(FBS) or 10 ng/mL RNase for up to 24 h when in its free
form, the mRNA rapidly degraded within 5 min, as shown in
Figures S19 and S20. Notably, there was a gradual increase in
particle size over 7 days when the DMT7-IL12 LNP was
incubated in PBS at 37 °C to mimic a physiological
environment (Figure 2E). The transfection and expression
efficacy of DMT7-IL12 LNP in B16F10 and 4T1 cell lines
were analyzed by ELISA. The results reveal a significantly
elevated expression of IL-12 at 24 h, which subsequently
decreases over time; nonetheless, there remains a nearly 40%
expression level even after 7 days (Figure S21). Additionally,
we monitored turbidity to assess the stability of the mRNA-
DMT7 LNP in serum, and as shown in Figure S22, no
observable aggregation was found, indicating its stability at
room temperature (RT) or 37 °C in the presence of serum.
Collectively, these findings suggest that the developed DMT7
LNP possesses a stable nanostructure capable of effectively
shielding the encapsulated mRNA from degradation over a
specific duration.
We subsequently conducted confocal laser scanning

microscopy to explore the intracellular uptake and trafficking
processes of the DMT7 LNP in B16F10 cells, using ALC-0315
LNP as a positive control. The Cy5-labeled FLuc mRNA was
encapsulated into both the ALC-0315 and DMT7 LNPs
(denoted as Cy5-FLuc mRNA-ALC-0315 or Cy5-FLuc mRNA-
DMT7). B16F10 cells were incubated with these Cy5-FLuc
mRNA-LNPs for 2, 4, or 8 h. Figures 2F and S23 demonstrate

that Cy5-FLuc mRNA-LNPs are effectively internalized into
tumor cells and undergo lysosomal escape in a time-dependent
manner. To elucidate the endocytic routes implicated in the
cellular uptake of the DMT7 LNP, we transfected B16F10 cells
with DMT7 LNP encapsulating GFP mRNA after treating
them with various endocytic inhibitors. The inhibitors utilized
in our study included 5-(N-methyl-N-isopropyl) amiloride
(EIPA), filipin, and chlorpromazine hydrochlorides (CPZ),
responsible for macropinocytosis, caveolae-mediated endocy-
tosis, and clathrin-mediated endocytosis, respectively. Upon
exposure to EIPA, GFP expression was notably inhibited by
35%, while CPZ treatment resulted in a more substantial
reduction of 56%, while Filipin treatment caused moderate
differences in GFP expression (Figure S24). These results
suggest that the DMT7 LNP is likely internalized mainly
through macropinocytosis and clathrin-mediated endocytic
pathways, consistent with previous studies.23,24 Flow cytometry
analysis revealed that GFP mRNA-DMT7 LNP increased the
average percentage of GFP+ cells by 1.08-fold compared with
the GFP mRNA-ALC-0315 LNP treatment group (Figures 2G
and S25), indicating a superior in vitro transfection efficiency
of the DMT7 LNPs. The cytotoxicity of the GFP mRNA-
DMT7 LNP was determined in B16F10 cells by measuring cell
viability after treatment with varying doses of LNPs for 48 h.
The data revealed comparable cell viability, even at mRNA
concentrations reaching as high as 1000 ng/mL, thereby
demonstrating the excellent biocompatibility of the DMT7
LNPs (Figure 2H). We then measured the expression levels of
secreted interleukin (IL)-12 p70 via ELISA. The secretion of
IL-12 p70 peaked at 12 h after treatment with DMT7-IL12
LNP (Figure S26). These findings strongly suggest that DMT7
LNP, due to its efficient mRNA delivery and excellent
biocompatibility, holds significant potential for mRNA-based
therapeutic applications.
Reduced T Cell Exhaustion by DMT7-IL12 LNP + MSA-

2 in TME. Tumor-reactive CD8+ T cells that infiltrate tumors
often display a consistent phenotype of exhaustion due to
persistent antigen exposure across multiple tumor models.25−27

In situ vaccination strategies, such as the use of STING
agonists, have demonstrated considerable promise in systemi-
cally augmenting the population of tumor-reactive T cells.28 In
this work, we first assessed the antitumor effect of MSA-2, a
known STING agonist that promotes innate immunity,2,6,7 in
the context of B16F10 murine melanoma�a highly aggressive
and immunologically limited tumor model.29 Notably, while
MSA-2 treatment alone did exhibit an antitumor effect in
treated tumors 18−20 days postinoculation, it failed to achieve
sustained tumor inhibition in both treated and untreated
tumors (Figure S27). This limited efficacy is likely attributed to
the exhausted phenotype of T cells resulting from STING
signaling.3 To sustain a robust antitumor immune response,
modulating the TIME in conjunction with reversing T cell
exhaustion through the local delivery of IL-12 via DMT7-IL12
LNPs may significantly impact immunotherapy outcomes.
Once activated, cytotoxic T lymphocytes can execute their
effector functions through devious mechanisms. Among these
are the secretion of cytolytic molecules, such as granzymes, and
the generation of inflammatory cytokines, including TNF-α
and IFN-γ.30,31 To specifically investigate the efficacy of
DMT7-IL12 LNP + MSA-2 in regulating the functional
recovery of effector T cells, we administered MSA-2 into the
tumor site 24 h prior to the intratumoral injection of DMT7-
IL12 LNP in a B16F10 tumor model (Figure 3). Our findings
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demonstrated that MSA-2 treatment alone resulted in a mere
1.5-fold elevation in the frequency of tumor-infiltrating CD8+
T cells producing cytokines (TNF-α, Granzyme B, and IFN-γ)
in comparison to PBS or DMT7-Luc LNP treatment. However,
a noteworthy observation was made in tumor-bearing mice
subjected to DMT7-IL12 LNP combined with MSA-2
treatment. In these mice, we observed a significant 2.28- to
4.9-fold increase in the frequency of tumor-infiltrating CD8+ T
cells secreting cytokines (TNF-α, Granzyme B, and IFN-γ)
compared to the groups receiving PBS or DMT7-FLuc LNP
treatment (Figure 3B−D). This significant elevation highlights
a substantial restoration of T cell function within the TME,
emphasizing the heightened antitumor T cell responses
triggered by the combined DMT7-IL12 LNP + MSA-2
treatment.
In the context of continuous exposure to tumor antigens, T

cells often enter a state of exhaustion within tumor sites,
characterized by increased levels of inhibitory checkpoint
receptors such as TIM-3 and PD-1.32 Therefore, we further
explored whether DMT7-IL12 LNP + MSA-2 could effectively
reverse the exhausted phenotype of CD8+ T cells within the
TME. As shown in Figure 3E,F, the administration of MSA-2

alone led to a moderate decrease in the level of inhibitory
molecules, including TIM-3 and PD-1, on CD8+ T cells within
the TME. Although DMT7-Luc LNP slightly reduced the
expression of TIM-3, probably due to the elevated levels of IL-
6 and other proinflammatory cytokines induced by lipid
nanoparticles,33−35 there was no significant difference observed
between the PBS and DMT7-Luc LNP treatment groups.
Notably, in the DMT7-IL12 LNP + MSA-2-treated group, we
observed a significant reduction of 66.6% and 83.3% in the
expression of TIM-3 and PD-1 on CD8+ T cells, respectively.
This reduction indicates a significant reversal of the exhausted
phenotype in CD8+ T cells within the hostile TME.
Collectively, these findings presented here clearly demonstrate
that the combination of localized MSA-2 administration and
the production of bioactive IL-12 through DMT7-IL12 LNP
effectively reverses the exhausted phenotype of CD8+ T cells,
redirecting them toward an effector phenotype within the
TME. Modulating the TME into a highly inflamed state
significantly enhances antitumor T cell responses.
Improved Antitumor Effect of DMT7-IL12 LNP with

MSA-2 in the B16F10 Tumor Model. Building on the
improved T cell responses in the TME after DMT7-IL12 LNP

Figure 3. In vivo antitumor immune responses by DMT7-IL12 LNP with MSA-2 in a B16F10 melanoma model. (A) This diagram illustrates
the schedule for immune cell analysis within TME in the B16F10 mouse model. (B−D) Representative flow cytometry dot plots and
percentage of IFN-γ+ (B), TNF-α+ (C), and Granzyme B+ (D) cells in CD8+ T cells (CD3 + CD8+), (n = 6), p > 0.05 (ns, not significant),
**p < 0.01 and ***p < 0.001. (E, F) Representative flow cytometry dot plots and percentage of TIM-3+ (E) and PD-1+ (F) cells in CD8+ T
cells (CD3 + CD8+), (n = 5), *p < 0.05. All data are presented as mean ± standard deviation (SD) and were analyzed via one-way ANOVA
with Tukey’s test.
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Figure 4. In vivo evaluation of antitumor activity of DMT7-IL12 LNP with MSA-2 in a B16F10 melanoma model. (A) Schematic illustration
of the treatment regimen for the antitumor study. (B, C) Average tumor growth at the treated side (B) and Kaplan−Meier survival curves
(C) of B16F10 melanoma−bearing mice with different treatments (n = 8). (D) Body weight changes following intratumoral administration
of the indicated treatment groups. (E−H) Tumor volumes of individual mice at the untreated side. (I) Schematic illustration of the
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+ MSA-2 treatment, our next objective was to explore the
potential enhanced antitumor effect of this combinatorial
approach. In the contralateral B16F10 dual-tumor model, it
was observed that tumors grew rapidly in the groups treated
with PBS and blank DMT7 LNPs (Figure 4B). Unfortunately,
all tumor-bearing mice succumbed to the disease within 30

days, indicating the aggressiveness of the tumor growth in
these untreated and control groups (Figure 4C). As shown in
Figure 4B, DMT7-IL12 LNP + MSA-2 demonstrated a notably
potent antitumor effect on the treated tumor sides, leading to a
74.5% reduction in tumor volume compared to DMT7-IL12
LNP treatment alone. Moreover, this combinatorial treatment

Figure 4. continued

treatment regimen for flow cytometry analysis. (J, K) Flow cytometry analysis of the immune composition of leukocytes in tumors 24 h after
intratumoral injection of the indicated treatment groups. (L and M) The ratio of CD4 + CD25 + Foxp3 + Treg cell filtration and M2
polarization of macrophages toward the M1 phenotype in tumors 24 h after intratumoral injection of the indicated treatment groups. (N−Q)
ELISA analysis of IL-12 (N), IL-2 (O), TNF-α (P), and IFN-γ (Q) expression in 200 mg of B16F10 tumor tissues (n = 6). Significant
differences were evaluated using a one-way ANOVA with Tukey’s test (B, J, K, L, M, and N−Q). For the survival curve, statistical
significance was determined using the log-rank test (C). Data in (B, D, J, K, L, M, and N−Q) are presented as mean ± SD. The level of
significance is indicated as follows: p > 0.05 (ns, not significant), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Figure 5. In vivo evaluation of antitumor activity of DMT7-IL12 LNP with MSA-2 in the 4T1 breast cancer model. (A) Schematic
representation of the administration strategy. (B) Average tumor growth curves of mice bearing 4T1 tumors and subjected to different
therapeutic combinations (n = 8). (C) Kaplan−Meier survival curves for the mice. Statistical significance was determined using the log-rank
test. (D) Changes in body weight following intratumoral administration of different treatment groups. (E) Representative images of lungs
after treatments with the indicated combinations. (F) Quantification of metastatic foci on the lung surfaces from (E) (n = 6). (G)
Representative H&E-stained lung sections, scale bar, 2 mm. (H) Percentage of tumor area within the total lung area after treatments with
different combinations (n = 6). Significant differences were assessed using a one-way ANOVA with Tukey’s test for (B, F, and H). The level
of significance is indicated as follows: p > 0.05 (ns, not significant), *p < 0.05, ***p < 0.001, and ****p < 0.0001. All data in (B, F, and H)
are presented as mean ± SD.
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significantly prolonged the overall survival of tumor-bearing
mice for over 2 months, with an improved cure rate of 50%.
We also monitored the growth of untreated tumors on the
contralateral side. Notably, enhanced tumor regression was
observed after treatment with DMT7-IL12 LNP + MSA-2,
while moderate tumor growth inhibition was observed in the

DMT7-IL12 LNP, blank DMT7 LNP, or PBS-treated groups.
Collectively, these results suggest that the combination of
DMT7-IL12 LNP with MSA-2 enhances the antitumor effect
and demonstrates durable antitumor immunity.

Using the dosing strategy described in Figure 4I to assess the
impact of DMT7-IL12 LNP + MSA-2 on immune cell

Figure 6. Antitumor activity of doubling treatment cycles of DMT7-IL12 LNP + MSA-2 in the 4T1 breast cancer model. (A) Schematic
representation of the antitumor treatment regimen. (B, C) Average tumor growth curves (B) and Kaplan−Meier survival curves (C) of 4T1
tumor-bearing mice treated with various therapeutic combinations. (D, E) Representative images (D) and weights (E) of excised 4T1 tumors
(n = 6−8). (F) Changes in body weight following intratumoral administration of the indicated treatment groups. (G−I) Representative
images of lungs (G), lung weights (H), and the number of metastatic foci on lung surfaces (I) after treatment with different combinations.
(J) Representative lung sections stained with H&E, scale bar, 2 mm. (K) Percentage of tumor area within the total lung area following
treatment (n = 6). Significant differences were evaluated using a one-way ANOVA with Tukey’s test for (B, E, H, I, and K). The significance
levels are as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. The statistical significance of the survival curve was
determined using the log-rank test (C). Data in (B, E, F, H, I, and K) are presented as mean ± SD.
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infiltration within TME, we conducted an analysis 24 h after
the final administration of the different formulations. Notably,
in comparison to the groups treated with PBS and blank
DMT7 LNPs, the DMT7-IL12 LNP + MSA-2 treatment group
exhibited a significant increase in the count of tumor-
infiltrating CD4+ T helper and CD8+ T effector cells. Notably,
the level of CD8+ T effector cells was increased by 2.75-fold
compared to that observed in the DMT7-IL12 LNP group
(Figure 4J,K). DMT7-IL12 LNP + MSA-2 treatment also
increased the recruitment of NK cells and granulocytes by
2.75- and 4.8-fold, respectively, compared to the DMT7-IL12
LNP treatment group. These findings underscore the potent
effect of DMT7-IL12 LNP + MSA-2 in promoting the
infiltration and activation of immune cells in the TME. The
infiltrated regulatory T cells (Treg) decreased by 19 and 29%,
respectively, following treatment with DMT7-IL12 LNP or

DMT7-IL12 LNP + MSA-2 compared to the PBS treatment
group (Figure 4L). Moreover, the administration of DMT7-
IL12 LNP + MSA-2 not only augmented the infiltration of
immune cells but also promoted the polarization of macro-
phages from the immunosuppressive M2 state toward the
immunostimulatory M1 phenotype, compared to the other
treatment groups (Figure 4M). These findings suggested that
the combined strategy of MSA-2 and DMT7-IL12 LNP was
effective in reprogramming the immunosuppressive environ-
ment in tumors. Additionally, we assessed the levels of IL-12,
TNF-α, and IFN-γ, important indicators of effector T cell
activity and proliferation. Compared with the PBS or blank
DMT7 LNP group, IL-2, and TNF-α levels in the DMT7-IL12
LNP + MSA-2 treatment group were increased by 3.12- and
1.48-fold, respectively (Figure 4O−P). DMT7-IL12 LNP +
MSA-2 treatment further revealed the activation of antitumor

Figure 7. (A) Schematic representation of the treatment regimen for flow cytometry analysis. (B−D) Flow cytometry analysis of immune cell
subsets in the lungs of mice treated with different combinations: (B) CD8+ T cells, (C) CD4+ T cells, and (D) NK T cells. (E−H) Flow
cytometry analysis of immune cell subsets in the serum of mice from different treatment groups: (E) CD4+ T cells, (F) IFN-γ + CD4+ T
cells, (G) CD8+ T cells, and (H) IFN-γ + CD8+ T cells (n = 6). All significant differences were assessed using a one-way ANOVA with the
Tukey test. The level of significance is indicated as follows: p > 0.05 (ns, not significant), *p < 0.05, **p < 0.01, and ***p < 0.001. Data in
(B−H) are presented as mean ± SD.
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immune responses and effector functionality recovery of T
cells, as evidenced by the improved levels of IFN-γ (2−6.3-
fold) and IL-12 (3.1−3.5-fold) either in TME or in circulation
system as compared to PBS and blank DMT7 treatment
groups (Figures 4N,Q and S28). Overall, DMT7-IL12 LNP +
MSA-2 induced extensive infiltration of immune cells within
TME and triggered a robust and effective antitumor immune
response.
Suppressed Tumor Growth with DMT7-IL12 LNP in

the Presence of MSA-2 in the 4T1 Tumor Model. Since
DMT7-IL12 LNP + MSA-2 significantly inhibited tumor
growth at the untreated side in a contralateral B16F10 dual-
tumor model, it is essential to assess the systemic
immunotherapy efficacy of DMT7-IL12 LNP + MSA-2. The
systemic antitumor effect of this treatment was evaluated in a
mouse model bearing 4T1 lung metastases via intratumoral
injection of DMT7-IL12 LNP + MSA-2 (Figure 5A). The data
revealed that DMT7-IL12 LNP + MSA-2 significantly
suppressed the growth of primary 4T1 tumors, resulting in a
40.5% reduction in tumor volume compared with the DMT7-
IL12 LNP treatment group (Figure 5B). However, our analysis
revealed no significant difference in the median survival time of
animals treated with either DMT7-IL12 LNP alone or in
combination with MSA-2 (Figure 5C). Lung tissues were
isolated and processed for hematoxylin and eosin (H&E)
staining on day 30 postinoculation. As shown in Figure 5D,E,
when compared to the PBS-treated group, DMT7-IL12 LNP
treatment significantly reduced the number of tumor nodules
on the lung surfaces by 45.4%, while the combination of
DMT7-IL12 LNP and MSA-2 demonstrated an even more
profound reduction of 76.9%. In terms of the relative area of
metastases within the lungs, both DMT7-IL12 LNP and
DMT7-IL12 LNP + MSA-2 inhibited the growth of 4T1
metastases by 37.5 and 55% over the PBS treatment group
(Figure 5G,H). However, no notable difference in the
antimetastasis ability was observed between the DMT7-IL12
LNP and DMT7-IL12 LNP + MSA-2 treatment groups. These
results further support the notion that DMT7-IL12 LNP +
MSA-2 exhibits systemic immunotherapy efficacy similar to
that of DMT7-IL12 LNP alone. Collectively, the 4T1 lung
metastases model exhibited a diminished therapeutic response
toward MSA-2, leading to an impaired recruitment efficiency of
nonexhausted T cells into the tumors, thereby restricting the
overall antitumor immune response.
Impact of Treatment Frequency of DMT7-IL12 LNP +

MSA-2 on the Antitumor Efficacy in the 4T1 Tumor
Model. In terms of the slightly intensified antitumor activity
observed with DMT7-IL12 LNP + MSA-2 therapy in both
primary tumor sites and distal lung metastases compared with
DMT7-IL12 LNP treatment, we aimed to determine whether
doubling the treatment frequency of DMT7-IL12 LNP +
MSA-2 could achieve a better antitumor ability in the 4T1 lung
metastases model. Using the treatment strategy described in
Figure 6A, 4T1 tumor-bearing mice were intratumorally
treated with two or four injections of MSA-2 combined with
DMT7-IL12 LNP at multiple time points. According to the
results in Figure 6, both the administration of 2 × (DMT7-
IL12 LNP + MSA-2) and 4 × (DMT7-IL12 LNP + MSA-2)
significantly enhanced the regression of primary tumors and
distal metastases compared with the PBS treatment group.
Interestingly, treatment with 4 × (DMT7-IL12 LNP + MSA-2)
inhibited primary tumor growth, resulting in a 56.5% reduction
in tumor volume compared to the 2 × (DMT7-IL12 LNP +

MSA-2) treatment group (Figure 6B,D,E). Additionally, the 4
× (DMT7-IL12 LNP + MSA-2) treatment group prolonged
overall animal survival, accompanied by an improved cure rate
of 50% (Figure 6C). Furthermore, we found that compared
with PBS and 2 × (DMT7-IL12 LNP + MSA-2) treatment
groups, the number of tumor nodules on the lung surfaces in
the 4 × (DMT7-IL12 LNP + MSA-2) treatment group was
significantly reduced by 89.5 and 77.8%, respectively,
suggesting that multiple treatment frequencies are necessary
for achieving enhanced tumor inhibition in a 4T1 lung
metastases model (Figure 6G,H). Similarly, 4 × (DMT7-IL12
LNP + MSA-2) treatment decreased lung weight and the
relative area of metastases within the lungs compared to PBS
and 2 × (DMT7-IL12 LNP + MSA-2) treatment groups
(Figure 6I,K). The results indicate that increasing the
treatment frequency of DMT7-IL12 LNP + MSA-2 leads to
more effective antitumor activity in the mouse model of lung
metastases. These findings offer valuable insights for
optimizing DMT7-IL12 LNP + MSA-2 therapy and achieving
improved outcomes in various preclinical tumor models.

To further elucidate the immunotherapeutic mechanism of
DMT7-IL12 LNP + MSA-2 therapy in the 4T1 lung
metastases model, we performed flow cytometry analysis to
investigate its influence on immune cell infiltration within the
lungs (Figure 7A). After administering DMT7-IL12 LNP +
MSA-2, we did not detect any notable differences in the
infiltration of NK T cells into the lungs (Figure 7D). However,
a statistically significant elevation in the frequencies of CD8+
and CD4+ T cells was evident in the group treated with
DMT7-IL12 LNP + MSA-2, compared to both the DMT7-
IL12 LNP and PBS treatment groups (Figure 7B,C).
Furthermore, to investigate the potential systemic antitumor
immunity elicited by intratumoral injections of DMT7-IL12
LNP + MSA-2 at the primary tumor site, mouse serum was
harvested from mice bearing 4T1 tumors 28 days after tumor
inoculation and then subjected to analysis using flow
cytometry. No notable difference in the average levels of
CD4+ and IFN-γ + CD4+ T cells in serum was observed
between the DMT7-IL12 LNP and DMT7-IL12 LNP + MSA-
2 treatment groups (Figure 7E,F). However, the adminis-
tration of DMT7-IL12 LNP + MSA-2 elevated the average
levels of CD8+ and IFN-γ + CD8+ T cells in serum compared
to DMT7-IL12 LNP alone (Figure 7G,H). Both the DMT7-
IL12 LNP + MSA-2 and DMT7-IL12 LNP treatments led to a
significant increase in the proportion of CD8+ and CD4+ T
cells in the serum compared to the PBS treatment group
(Figure 7E,G). Collectively, intratumoral administrations of
DMT7-IL12 LNP + MSA-2 dynamically integrated STING
agonist-mediated innate immune stimuli with IL-12-mediated
adaptive immune stimuli to generate a robust systemic
antitumor immunity while reducing T cell exhaustion,
effectively preventing tumor metastases in a 4T1 lung
metastases model.
Improved Antitumor Activity of DMT7-IL12 LNP +

MSA-2 Therapy with αPD-1 in Both B16F10 and 4T1
Mouse Tumor Models. The previous results strongly support
the effectiveness of DMT7-IL12 LNP + MSA-2 therapy as a
highly promising avenue in the field of cancer immunotherapy.
The PD-1 inhibitory pathway plays a crucial role in regulating
T cell exhaustion during cancer progression.36 In the past few
years, PD-1-targeting agents have been widely used as first-line
antitumor therapeutics in the clinic. Nonetheless, not all
patients exhibit a favorable response to αPD-1 monotherapy,
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implying that the reversal of T cell exhaustion cannot solely
depend on the elimination of the PD-1 inhibitory brake, but it
is also imperative to provide stimulatory signals to T cells to
effectively overcome exhaustion and promote a robust
antitumor immune response. This led us to combine PD-1
blockade with DMT7-IL12 LNP + MSA-2 therapy as a strategy

to further improve the overall response rate across multiple
tumor models.

As depicted in Figure 8A,I, tumor-bearing mice were
concurrently administered systemic αPD-1 therapy, replicating
a clinical setting where immune checkpoint blockade (ICB)
inhibitors are employed as the standard of care.37 We first

Figure 8. In vivo evaluation of antitumor activity of DMT7-IL12 LNP + MSA-2 with αPD-1. (A) Schematic representation of the treatment
regimen for anti-B16F10 tumor study. (B, C) Analysis of mice bearing B16F10 melanoma treated with different therapeutic combinations,
showing average tumor growth (B) and Kaplan−Meier survival curves (C). (D) Monitoring of body weight changes following intratumoral
administration of the specified treatment groups. (E−H) Tumor volumes of individual mice on the untreated side (n = 5−8). (I) Schematic
representation of the treatment protocol for the anti-4T1 tumor study. (J, K) Evaluation of 4T1 tumor-bearing mice treated with various
therapeutic combinations, revealing average tumor growth (J) and Kaplan−Meier survival curves (K). (L, M) Representative images (L) of
lungs and quantification of metastatic foci (M) on lung surfaces following treatment with different therapeutic combinations. (N)
Monitoring of body weight changes following intratumoral administration of the designated treatment groups. (O) Representative lung
sections stained with H&E, scale bar, 2 mm. (P) Quantification of the percentage of tumor area relative to the total lung area following
treatments (n = 6). Significant differences were determined using a one-way ANOVA with Tukey’s test for (B, J, M, and P). The statistical
significance of survival curves was evaluated using the log-rank test for (C, K). Data presented in (B, D, J, M, N, and P) represent the mean
± SD from the second experiment. Significance levels are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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investigated the antitumor activity of DMT7-IL12 LNP +
MSA-2 with αPD-1 in a contralateral B16F10 dual-tumor
model. As shown in Figure 8B,C,F, αPD-1 alone caused a
moderate antitumor efficacy in both treated and untreated
tumors. The combined DMT7-IL12 LNP + αPD-1 treatment
resulted in a significant enhancement of antitumor activity and
overall survival when compared to the PBS treatment group
(Figure 8B,C,G). Furthermore, when compared to other
treatment groups, a complete tumor regression (Figure 8B,H)
and a durable cure rate of 65% (Figure 8C) were observed
after treatment with DMT7-IL12 LNP + MSA-2 + αPD-1.
This suggests that the antitumor activity of DMT7-IL12 LNP
+ MSA-2 therapy is significantly boosted by αPD-1. Next, we
evaluated the combination of intratumoral DMT7-IL12 LNP +
MSA-2 and αPD-1 in a 4T1 lung metastases model. With the
addition of αPD-1, DMT7-IL12 LNP + MSA-2 treatment
significantly improved the therapeutic efficacy in primary
tumors (Figure 8J), leading to prolonged median survival of
4T1 tumor-bearing mice and an improved cure rate of 65%
compared to other treatment groups (Figure 8K). Moreover,
the addition of αPD-1 to DMT7-IL12 LNP + MSA-2
treatment dramatically reduced the number of tumor nodules
on the lung surfaces. No detectable metastases were observed
even 30 days after tumor inoculation compared to other
treatment groups (Figure 8O,P). The significant reduction in
tumor nodules and absence of metastases can be attributed to
the synergistic effect of reinforced systemic antitumor
immunity achieved by the inclusion of αPD-1 in the treatment
regimen. In summary, the combination of DMT7-IL12 LNP +
MSA-2 and αPD-1 showed superior inhibition of both primary
and distal tumor growth compared to each therapy alone. This
highlights the potential of this combination as a powerful
therapeutic strategy to enhance the overall antitumor immune
response.
Biodistribution and Toxicity Assessment of DMT7

LNP. To further investigate the biodistribution of DMT7 LNP,
we labeled it with Cy7 (Cy7-DMT7 LNP) and observed that it
accumulated significantly at the tumor site for 96 h, with no
discernible fluorescence signal detected in other organs
(Figures S29 and S30). The blood levels of DMT7 LNP
peaked at 24 h postinjection but rapidly cleared within the next
72 h (Figure S31), indicating its efficient biodegradation.
There was no evidence of inflammation following intratumoral
administration of the blank DMT7 LNP, as determined by
flow cytometry analysis of immune cells in the TME (Figure
4J,K), indicating the low immunogenicity of DMT7 LNP.
Furthermore, throughout the entire treatment period for all in
vivo studies, no notable weight loss or behavioral alterations
were observed in any of the animals.
The potential adverse effects of DMT7 LNP were further

evaluated through hematological assessment and histological
examination. H&E staining revealed no pathological changes in
major organs (heart, liver, spleen, lung, and kidney) after two
intratumoral administrations of empty DMT7 LNP (Figure
S32). To further assess the organ function (heart, liver, and
kidney), serum levels of biochemical indicators such as alanine
aminotransferase (ALA), low-density lipoprotein cholesterol
(LDL-c), aspartate transaminase (AST), creatine kinase (CK),
blood urea nitrogen (BUN), and creatinine were measured.
Comparable to the PBS groups, the levels of these indicators in
mice treated with DMT7 LNP remained within the reference
ranges (Figure S33), suggesting that LNP treatment did not
induce notable cardiac, hepatic, or renal toxicity. These results

confirm the excellent biocompatibility of DMT7 LNP,
suggesting its safety for further development as LNP-based
mRNA nanomedicine for cancer therapy or viral infectious
diseases.

DISCUSSION
STING agonists play a vital role in promoting tumor-reactive
T cell trafficking into the TME, which is crucial for antitumor
immunity.38,39 However, while STING agonists have shown
successful therapeutic effects against early-stage solid tumors,
the response to treatment varies significantly among patients,
and the clinical outcomes have been less than satisfactory due
to immunosuppression in many tumor types.40 In this study,
we observed a similar phenomenon that treatment with MSA-
2, a potent STING agonist,2 could only prevent tumor growth
at the early stages of tumor progression without inducing a
continuous antitumor immune response. T cell exhaustion,
characterized by a gradual decline in effector function and
persistent expression of inhibitory receptors, most likely
explains the unsatisfactory efficacy of STING agonist-based
cancer therapy. Therefore, reversing T cell exhaustion to
enhance antitumor immunity is a crucial component for
successful immunotherapy. Currently, multiple strategies have
been investigated to restore exhausted T cell functions. One
approach to enhancing antitumor therapy effectiveness in
gliomas and glioblastomas involves restoring normoxia, which
has demonstrated its effectiveness in mitigating CD8+ T cell
exhaustion.41,42 Another approach involves the use of N-
acetylcysteine, a known antioxidant and ROS scavenger, which
acts directly on T cell metabolism to enhance mitochondrial
function and successfully restore T cell function in vitro and in
vivo.43 Additionally, the inclusion of immunostimulants, such
as the administration of IL-2, could also reverse T cell
exhaustion and facilitate additional immune system mecha-
nisms to drive tumor suppression.44 Unfortunately, none of
these approaches have been clinically approved to address the
challenges associated with T cell exhaustion, highlighting an
unmet demand for alternative solutions. Here, we present a
promising candidate for combination therapy with MSA-2 and
IL-12, aiming at in situ modulation of the TIME and
restoration of complete effector functionality in T cells. The
rationale for this approach lies in two key aspects: first, to
facilitate the infiltration of fresh, nonexhausted T cells into the
TME through the MSA-2-mediated innate immune response;
second, to concurrently deliver a stimulatory signal to T cells
via IL-12, a potent driver of CD8+ T cell effector functions and
prevention against CD8+ T cell exhaustion.45−47

Given the limited bioavailability and short plasma half-life of
recombinant cytokine IL-12, using mRNA technology to
induce the sustained local expression of bioactive IL-12 within
the TME is a relevant solution. mRNA nanomedicine, as an
emerging biotechnology platform, offers opportunities for
preventing and treating various clinical indications. The
outstanding effectiveness of COVID-19 mRNA vaccines has
recently generated intense studies, leading to the design and
development of innovative LNP-based mRNA delivery systems
for cancer immunotherapy.23,48,49 LNP-based nanocarriers
have the potential for prolonged and local delivery of IL-12,
providing an ideal alternative to overcome the toxicity
associated with systemic administration.24,50 Although
mRNA-based drugs have made progress in translational
research, few mRNA nanomedicines (mRNA vaccines or
therapies) have been applied to cancer therapy in the clinic
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until recently. The primary concern lies in the safety and
efficiency issues associated with the delivery platforms. To
tackle this challenge, we created and synthesized a series of
ionizable amino lipids, subsequently formulating them into
LNPs for efficient mRNA delivery. Our developed DMT7 LNP
not only exhibits a higher mRNA delivery efficiency compared
to commercial ALC-0315 LNP in vivo but also shows no
discernible harm to major organs or impairment of heart, liver,
and kidney function following intratumoral administration.
Therefore, it could be a potentially effective and safe mRNA
delivery platform for in situ vaccination of tumors.
As expected, the combinatorial approach using DMT7-IL12

LNP and MSA-2 showed great efficacy in reversing the
exhausted phenotype of T cells. This was characterized by their
impaired production of effector cytokines and high levels of
inhibitory receptors. The combination of DMT7-IL12 LNP +
MSA-2 therapy significantly boosted cytokine production
(IFN-γ, TNF-α, and Granzyme B) in tumor-infiltrating
CD8+ T cells. Furthermore, the combined therapy of
DMT7-IL12 LNP + MSA-2 notably reduced the expression
levels of inhibitory molecules such as TIM-3 and PD-1 on
these cells when compared to control groups receiving MSA-2
or DMT7-IL12 LNP as monotherapy. These findings suggest
that the combination therapy potentiates antitumor immune
responses by reinvigorating CD8+ T cells. In a contralateral
B16F10 dual-tumor model, this combination treatment
resulted in a 74.5% reduction in tumor volume, as compared
to the treatment with DMT7-IL12 LNP alone. This treatment
also increased the generation of CD8+ and CD4+ T cells,
promoting their secretion of proinflammatory cytokines (TNF-
α, IL-2, IFN-γ, and IL-12) in B16F10 tumor tissues. The
antitumor effect of DMT7-IL12 LNP + MSA-2 therapy was
further assessed in a 4T1 lung metastases model. This
treatment demonstrated a comparable ability to inhibit
tumor growth in both primary tumors and distal tumor
metastases when compared to DMT7-IL12 LNP treatment
alone. Given that 4T1 tumors exhibited a reduced therapeutic
response to MSA-2, it is possible that the prescribed treatment
frequency may result in suboptimal responses or even
treatment failure in various cancer types. Therefore, it is
essential to consider the optimal treatment frequency for each
cancer type to ensure optimal therapeutic outcomes. We
therefore investigated whether doubling the treatment
frequency of DMT7-IL12 LNP + MSA-2 could enhance its
antitumor efficacy. Surprisingly, 4× (DMT7-IL12 LNP +
MSA-2) treatment significantly suppressed the growth of both
primary and distant tumor metastases compared to 2×
(DMT7-IL12 LNP + MSA-2). This significant reduction in
tumor volume was presumably attributed to the elevated
frequencies of CD8+ and CD4+ T cells producing IFN-γ in the
serums and lungs of mice with 4T1 tumors. To further
enhance the antitumor efficacy of DMT7-IL12 LNP + MSA-2
therapy, we added αPD-1 to the treatment protocol. Despite
the absence of a significant difference in the median survival
time between the animals treated with DMT7-IL12 LNP +
MSA-2 and those receiving DMT7-IL12 LNP + MSA-2 in
combination with aPD-1, it is noteworthy that both treatments
demonstrated therapeutic efficacy. Notably, the combined
therapy utilizing DMT7-IL12 LNP + MSA-2 along with αPD-1
led to nearly complete responses, not only in the directly
treated tumors but also in distal, untreated tumors and
metastases. These profound findings highlight the treatment’s

ability to elicit potent systemic antitumor immunity in vivo,
suggesting its promise as a potential therapeutic approach.

Preclinical studies that exclusively focused on IL-12 delivery
often reported therapeutic efficacy limited to the treatment of
small tumor burdens. This limitation is presumably attributed
to the insufficient stimulation of all aspects of the cancer-
immunity cycle by a single cytokine, as well as the
compromised effector function of T cells within larger tumor
tissues.51,52 So far, no studies have specifically examined the
potential synergistic effect of IL-12 coupled with STING
agonists in reversing T cell exhaustion. Our developed
combination immunotherapy strategy, which enhances the
activation, proliferation, and survival of immune cells while
reversing the exhausted phenotype of T cells, promoting
immune rejection of tumors by harnessing the immunor-
egulatory function of both IL-12 and the STING pathway, has
demonstrated superior antitumor efficacy compared to treat-
ment with MSA-2 or DMT7-IL12 LNP alone. Furthermore,
the strategy proposed in this research has significant
implications for clinical trials, as DMT7-IL12 LNP + MSA-2
could be combined with αPD-1, which has already undergone
clinical evaluation. For future studies, it is essential to conduct
a comprehensive investigation regarding the impact of the
dosing strategy and treatment frequency of DMT7-IL12 LNP
or MSA-2 on the antitumor effect, providing valuable insights
for optimizing the treatment regimen. Additionally, in the
translational research setting, a thorough assessment of the
pharmacokinetics and toxicology profiles of DMT7-IL12 LNP
or MSA-2 following intratumoral administration is crucial.
These evaluations will inform and guide the potential clinical
translation of this approach, ensuring its safety and efficacy in
clinical trials. Furthermore, we aim to develop LNPs with
tumor-targeting capabilities and investigate their antitumor
efficacy in orthotopic tumors through systemic administration.

CONCLUSIONS
In summary, our study presents a robust combination
immunotherapy strategy designed to restore the exhausted
phenotype of T cells for improved cancer immunotherapy. By
combining MSA-2-induced STING activation with local
delivery of IL-12 in the tumor microenvironment using
DMT7-IL12 LNP, we successfully rejuvenated the immuno-
suppressive tumor immune microenvironment and reversed
the exhausted phenotype of T cells in the tumor. This resulted
in significantly improved antitumor efficacy in both established
B16F10 and 4T1 tumor models. This innovative combinatorial
approach presents a proof of concept for effectively and safely
addressing T cell exhaustion in the realm of cancer
immunotherapy.

EXPERIMENTAL SECTION
Materials. pVAX1-IL12 plasmid was obtained from Suzhou

Genewiz Biotechnology Co., Ltd. (China). Trypsin-EDTA, pen-
icillin−streptomycin solution, RPMI 1640 medium, FBS, and
Dulbecco’s modified Eagle’s medium (DMEM) were purchased
from Gibco (USA). Kanamycin and ammonium sulfate were acquired
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (China).
Cy7-labeled cholesterol was obtained from Sigma-Aldrich Co., Ltd.
(USA). All agents not specified were acquired from Sigma-Aldrich
unless otherwise noted.

To assess the morphology of lipid nanoparticles (LNPs), a
transmission electron microscope (TEM) from Thermo Scientific
(Talos, Waltham, MA) was utilized. Furthermore, dynamic light
scattering (DLS, Malvern, Worcestershire) measurements were
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conducted to determine the average particle size and ζ-potential of
the LNPs.
Cell Lines and Animals. B16F10 and 4T1 cells (ATCC) were

cultured in RPMI 1640 medium supplemented with 10% FBS. Female
C57BL/6 or Balb/c mice were sourced from Charles River
Laboratories (Beijing). All animal experiments conducted in this
study complied with the ethical standards and guidelines established
by the Animal Care and Use Committee of Shanghai Jiao Tong
University.
mRNA Design, Synthesis, and Formulation. Secreted IL-12

was designed using the native nucleotide sequences encoding the
protein subunits IL-12B and IL-12A, also known as IL-12 p40 and IL-
12 p30, respectively. For mice, the reference sequences are
NM_001303244 (IL-12B) and NM_031252 (IL-12A). These
sequences were merged into a single construct with a linker bridging
the IL-12B and IL-12A subunits. The signal peptide of IL-12B was
preserved to facilitate secretion, while the signal peptide of IL-12A
was excised (corresponding to the first 21 amino acids in mice and 19
amino acids in humans, as per the UniProt entries Q9EQ14 for mouse
and Q9NPF7 for human). Firefly luciferase mRNA (FLuc mRNA),
green fluorescence protein mRNA (GFP mRNA), and interleukin-12
mRNA (IL12 mRNA) were synthesized in vitro using the T7 RNA
polymerase transcription method. This process involved the use of a
linearized DNA template that incorporated the 5′ and 3′ untranslated
regions (UTRs) and a polyadenylated tail, as described previously.19

Additionally, uridine 5′-triphosphate (UTP) was replaced with N1-
methylpseudo UTP during transcription. Furthermore, a Cap1-GAG
analogue was employed to enhance the translation efficiency of the
mRNA. The size and sequence of these mRNAs are provided in Table
S3.
Synthesis of Different Ionizable Amino Lipids. CDCl3,

DMSO-d6, or CD3OD served as the solvent, and the internal standard
was trimethylsilane (TMS). Mass spectrometry was performed on a
Finnigan MAT-95/711 spectrometer. Thin-layer chromatography
(TLC) analyses were conducted on Merck silica gel 60 F254 plates.
The solvents used were CDCl3, DMSO-d6, or CD3OD, with
trimethylsilane (TMS) serving as the internal standard. The
synthesized compounds were identified through proton nuclear
magnetic resonance (1H NMR) on a Bruker AMX-400 spectrometer.
The corresponding results are illustrated in Figures S5−S15.

The synthesis of (9Z,12Z)-octadeca-9,12-dien-1-ol (Compound b),
(9Z,12Z)-octadeca-9,12-dien-1-yl methanesulfonate (Compound c),
(6Z,9Z)-18-bromooctadeca-6,9-diene (Compound d), and
(6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-tetraen-19-ol (Compound
e) followed the protocol as described previously.53,54

(6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl 3-
Bromopropanoate (Compound f). Triethylamine (0.50 g, 4.92
mM) and Compound e (2.0 g, 3.78 mM) were dissolved in anhydrous
THF (20 mL) and stirred at 0 °C for 30 min under nitrogen.
Subsequently, bromopropionyl chloride (0.98 g, 4.54 mM) was added
dropwise. Following the reaction and purification via column
chromatography, Compound f, was obtained in its pure form as a
colorless oil (2.1 g, 83.7%).
(6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl 3-

(4-(2-hydroxyethyl) Piperazin-1-yl) Propanoate (Ionizable
Lipid Compound HPZE1). Compound f (0.5 g, 0.75 mM), N,N-
diisopropylethylamine (DIPEA, 0.15 g, 1.13 mM), 2-(piperazin-1-yl)
ethan-1-ol (0.18 g, 0.90 mM), and 5 mL of anhydrous ethanol were
added to the reaction flask. Following the reaction and purification via
column chromatography, compound HPZE1 was obtained in its pure
form as a colorless oil (57.7%). The synthetic route of HPZE1 is
described in Figure S1, and ionizable amino lipids HPZE2, HPZE3,
and HPDE4 can be synthesized using the same method described
above.
(6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl (2-

(4-Methylpiperazin-1-yl) ethyl) Carbamate (Ionizable Lipid
Compound HPZC5). Compound e (0.5 g, 0.95 mM), N,N′-
disuccinimidyl carbonate (0.29 g, 1.13 mM), and anhydrous DCM (5
mL) were combined in the reaction flask. Subsequently, 2-(4-
methylpiperazin-1-yl) ethan-1-amine (0.16 g, 1.13 mM) was added,

and following the reaction and purification via column chromatog-
raphy, compound HPZC5 was obtained in its pure form as a colorless
oil (0.52 g, 78.8%). The synthetic route of HPZC5 is described in
Figure S2, and ionizable amino lipid HPZC6 can be synthesized using
the same method described above.
2-((6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl)

Isoindoline-1,3-dione (Compound g). Triphenylphosphine (3.22
g, 12.29 mM), Compound e (5.0 g, 9.45 mM), phthalimide (1.7 g,
11.34 mM), and diethyl ether (50 mL) were combined in the reaction
flask. Diisopropyl azodicarboxylate (1.8 g, 12.29 mM) was then added
dropwise. Following the reaction and purification via column
chromatography, Compound g was obtained in its pure form as a
colorless oil (5.5 g, 88.4%).
(6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-

amine (Compound h). Compound g (3.0 g, 4.56 mM) was
dissolved in diethyl ethanol (20 mL), and hydrazine hydrate (85%,
0.54 g, 9.12 mM) was added. The reaction mixture was then heated
and refluxed for 2 h. Subsequently, 3 mL of diluted hydrochloric acid
was added. After purification through column chromatography, the
pure product Compound h was obtained as a colorless oil (1.5 g,
62.3%).
1-(2-(Dimethylamino) ethyl)-3-((6Z,9Z,28Z,31Z)-heptatria-

conta-6,9,28,31-tetraen-19-yl) Thiourea (Ionizable Lipid Com-
pound DMT7). Compound h (0.8 g, 1.52 mM), 2-isothiocyanato-
N,N-dimethylethan-1-amine (0.2 g, 1.52 mM), and 5 mL of
anhydrous N,N-dimethylformamide (DMF) were combined in the
reaction flask. Following the reaction and purification via column
chromatography, compound DMT7 was obtained in its pure form as a
colorless oil (0.58 g, 58.2%). The synthetic route of DMT7 is
described in Figure S3 and ionizable amino lipids DMT8, MPZT10,
and MPZT11 can be synthesized using the same method described
above.
(6Z ,9Z ,28Z ,31Z)-19-Isothiocyanatoheptatriaconta-

6,9,28,31-tetraene (Compound (i)). Compound h (1.5 g, 2.84
mM) and 10 mL of anhydrous THF were combined in the reaction
flask, followed by the addition of N,N′-dicyclohexylcarbodiimide
(DCC, 1.17 g, 5.68 mM). CS2 was then added dropwise in an ice
bath. Following the reaction and purification via column chromatog-
raphy, Compound i was obtained in its pure form as a colorless oil
(1.1 g, 67.9%).

N-((6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl)-
4-methylpiperazine-1carbothioamide (Ionizable Lipid Com-
pound MPZT9). Compound i (0.5 g, 0.88 mM) and 1-
methylpiperazine (0.09 g, 0.88 mM) were dissolved in 3 mL of
anhydrous DMF. Following the reaction and purification via column
chromatography, compound MPZT9 was obtained in its pure form as
a colorless oil (0.31 g, 52.7%). The synthetic route of MPZT9 is
described in Figure S4.
Formulations of Lipid Nanoparticles and Encapsulation of

mRNAs. To encapsulate mRNAs into diverse LNPs, a lipid mixture
was formulated with mRNA in sodium acetate buffer solution (pH
4.6, 25 mM) using a microfluidic device (Micro&Nano, China). The
weight ratio of lipid components in the mixture is 25:40:50:2,
including cholesterol (Sigma-Aldrich, provided at 6 mg/mL in
ethanol), DOPE (Avanti, at 3 mg/mL in ethanol), ionizable lipids
(Avanti, supplied at 10 mg/mL in ethanol), and DMG-PEG2000
(Avanti, at 2.5 mg/mL in ethanol). Subsequently, the mixture was
placed in a dialysis cassette with a 3500 molecular weight and dialyzed
against PBS for 1 h at 25 °C to purify the nanoparticles and remove
residual solvents. Concurrently, encapsulation of mRNAs into
Lipofectamine Messenger MAX nanoparticles was carried out strictly
in accordance with the manufacturer’s instructions provided by
Thermo Fisher Scientific.
Characterization of mRNA-Encapsulated LNPs. The morpho-

logical structure and hydrodynamic diameter of ALC-0315/DMT7-
mRNA were accurately determined using TEM and DLS, respectively.
For TEM analysis, 5 μL of DMT7-mRNA LNPs was meticulously
placed onto a TEM copper grid. Following a 1 min settling period,
excess liquid was gently removed by blotting with Kimwipes. Next, 5
μL of 1% uranyl acetate solution was added to stain the LNP samples
for another minute. The stained samples were subsequently rinsed
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with distilled water and left to air-dry in a fume hood. To evaluate the
prolonged in vitro stability of ALC-0315/DMT7-mRNA, the LNPs
were subjected to incubation in PBS and cell culture medium at 37
°C. The hydrodynamic diameters of the LNPs were assessed at
different time intervals (0, 1, 3, 5, and 7 days) to monitor any changes
over time.
Protection Assay. DMT7 LNP containing GFP mRNA or naked

mRNA (200 ng) was exposed to FBS (5 μL) or varying
concentrations of RNase A (ranging from 0 to 150 μg/mL) at RT
for specified durations. Subsequently, the reactions were terminated
by adding proteinase K (1 mg/mL). Following this, the samples were
separated on a 1% agarose gel and subjected to visualization using an
advanced imaging system (Biorad) for analysis.
Susceptibility of DMT7 LNP to Serum-Induced Aggrega-

tion. This assay was performed following a previously described
protocol with slight modifications.55 To assess the aggregation state of
DMT7 LNPs, formulations containing GFP mRNA (100 ng) were
subjected to incubation with 10% FBS at either RT or 37 °C.
Subsequently, the absorbance at a wavelength of 660 nm was
recorded using a microplate reader (Tecan, Switzerland) to monitor
any changes in aggregation status.
Cellular Uptake and Lysosomal Escape of mRNA-Encapsu-

lated LNPs. To assess the uptake of LNPs, Cy5-labeled mRNA-
encapsulated ALC-0315 LNPs or Cy5-labeled mRNA-encapsulated
DMT7 LNPs were prepared. Initially, B16F10 cells were plated into
confocal dishes (Costar) at a density of 3 × 105 cells per dish and
cultured at 37 °C for 15 h to facilitate cell attachment and growth.
Subsequently, the cells were incubated with Cy5-mRNA-ALC-0315
LNPs or Cy5-mRNA-DMT7 LNPs in culture medium for 2, 4, or 8 h,
respectively. Following the incubation, the cells were gently washed
with PBS to remove any unbound LNPs. Finally, the cells were
observed and analyzed using an Olympus microscope to visualize and
quantify the intracellular localization and uptake of the Cy5-labeled
LNPs.
Cell Viability Assay. B16F10 cells were seeded at a density of 1 ×

104 cells per well in a 96-well plate and cultured overnight for cell
attachment. Subsequently, the cells were treated with various
concentrations of free mRNA, ALC-0315-mRNA LNPs, or DMT7-
mRNA LNPs for a duration of 24 h. A group of cells that received no
treatment served as the control. After the treatment period, the
culture medium was substituted with fresh complete medium
supplemented with the CCK8 reagent, and the plate was then
incubated at 37 °C for 2 h. The absorbance at 490 nm was then
recorded using a plate reader (Tecan, Switzerland).
Treatment of Contralateral B16F10 Tumors. To establish

contralateral B16F10 tumors, female C57BL/6 mice weighing 20−22
g were implanted subcutaneously with 1 × 106 B16F10 cells in the
right flank on day 0, followed by the injection of another 3 × 105
B16F10 cells into the left rear flank on day 2. Once the tumors
reached a size range of 20−50 mm3, approximately 7−9 days later, the
animals were treated intratumorally with either PBS (control), 150 μg
of free MSA-2, or 10 μg of IL12 mRNA encapsulated in DMT7 LNPs,
dissolved in approximately 100 μL of PBS, as indicated. The dosages
of MSA-2 and IL12 mRNA used for treatment were based on
previously published studies.8,56,57 In addition, some groups were
subjected to combinatorial immunotherapy, receiving intraperitoneal
injections of 100 μg of a checkpoint inhibitor (anti-PD-1 mAb).
Tumor sizes were monitored every 2 days, and the average tumor
volume was calculated using the formula: 1/2 × (length × width ×
width).
Treatment of Metastatic 4T1 Tumors. Female Balb/c mice

(20−22 g) were injected with 1 × 106 4T1 cells into the fourth
mammary fat pad. Seven to 9 days later, when tumors reached a size
of 20−50 mm3, animals were intratumorally injected with PBS
(control), free MSA-2 (150 μg), or DMT7-IL12 (10 μg mRNA) in
approximately 100 μL of PBS as indicated. For combinatorial
immunotherapy, certain groups received intraperitoneal injections of
100 μg checkpoint inhibitor (anti-PD-1 mAb). Tumor sizes were
assessed and calculated utilizing the aforementioned formula. Mice
were euthanized on day 30. Lung tissues were preserved in 4%

paraformaldehyde, and metastatic foci on the lungs were counted.
After counting, the stained lung tissues underwent further staining
with H&E. Metastatic tumor cell quantification in the H&E-stained
sections was conducted using an Aperio Image Scope, aided by the
tuned positive pixel count algorithm.
IVIS Spectrum Imaging Analysis. Female mice bearing 4T1

tumors received Cy7-labeled DMT7 LNPs via tail vein injection to
assess their biodistribution. Fluorescence signals were captured using
the In Vivo Imaging System (IVIS, PerkinElmer). Pharmacokinetic
(PK) parameters were evaluated by quantifying the fluorescence
intensity of Cy5-labeled DMT7 LNPs in the bloodstream at each
designated time point. Subsequent to injection, tumor tissues and
other organs, including the heart, liver, spleen, lung, and kidney, were
excised for ex vivo fluorescence analysis utilizing the same imaging
system.
Flow Cytometry Analysis. Flow cytometry was employed to

analyze tumor-associated immune cell populations in tumor tissues,
lungs, and serum. Antibodies against various mouse immune markers,
including Ly6g (clone 1A8), CD45 (clone 30-F11), Ly6c (clone
HK1.4), F4/80 (clone BM8), CD4 (clone GK1.5), CD3 (clone
17A2), CD11b (clone M1/70), CD25 (clone BC96), CD86 (clone
GL-1), CD206 (clone C068C2), Foxp3 (clone 259D), NK1.1 (clone
PK136), CD8a (clone 53−6.7), and IFN-γ (clone XMG1.2), were
sourced from BioLegend. All antibodies were diluted to a 1:100 ratio
for use in the analysis. Additionally, the live/dead dye Violet Zombie
(catalog number 423107) was also obtained from BioLegend and
diluted at a ratio of 1:500 for accurate cell viability assessment.

Flow cytometry analysis of CD8+ T cells in tumor tissues:
antibodies against mouse IFN-γ (clone XMG1.2), CD3 (clone 145−
2C11), CD8a (clone 53−6.7), Granzyme B (clone QA18A28), TNF-
α (clone MP6-XT22), CD366 (Tim-3) (clone RMT3−23), and
CD279 (PD-1) (clone 29F.1A12) were from BioLegend. All of the
antibodies from BioLegend were diluted at a ratio of 1:100. The live/
dead dye Violet Zombie (catalog number 423107) was also obtained
from BioLegend (diluted 1:500).

The tumor-bearing mice were humanely euthanized, and their
tumors were excised and sliced into small fragments. These tumor
fragments were then enzymatically digested using collagenase IV (1
mg/mL, Thermo Fisher Scientific) for a duration of 1 h at 37 °C to
dissociate the cells into a single-cell suspension. Subsequently, the
suspensions were passed through 70 μm nylon strainers to eliminate
any residual debris and cell clumps. The filtered cells were then
stained following the established protocol and were analyzed using a
FACSCalibur flow cytometry system (BD Biosciences, California). All
flow cytometry data were processed and analyzed utilizing FlowJo v10
software. The gating strategy utilized to identify each distinct immune
cell population is presented in Figures S34−S40.
H&E Staining for Tissues. Tissues from tumors and various

organs, including the heart, liver, spleen, lung, and kidney, were
processed for histological examination. The tissues were fixed in
paraformaldehyde, embedded in paraffin, and sectioned into thin
slices with 10 μm thickness. Subsequently, the sections were
deparaffinized and rehydrated to prepare them for further staining
procedures. To enhance the antigenicity of the tissues, the sections
were boiled in a 10 mM citrate buffer (pH 6.0) at 95 °C for 15 min.
For H&E staining, an assay kit from Servicebio (China) was utilized,
following the manufacturer’s guidelines. The stained sections were
then processed and analyzed using optical imaging techniques and the
ImageJ Fiji software.
ELISA Assay. The tumor tissue was meticulously homogenized

using a Precellys 24 Dual homogenizer in an ice-cold lysis buffer
supplemented with protease and phosphatase inhibitors. Once
homogenized, the lysates were centrifuged, and the supernatant was
collected. Subsequently, the supernatant was assayed using ELISA kits
from NeoBioscience to precisely quantify the levels of IL-12.
Additionally, the concentrations of IL-2, TNF-α, and IFN-γ in the
tumor tissues were accurately determined using the ELISA assay.
Statistical Analysis. Data collected from a minimum of three

independent experiments were presented as mean ± SD. The
statistical significance of differences between groups was determined
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using either Student’s t-test or one-way analysis of variance
(ANOVA). A p-value less than 0.05 was considered statistically
significant and was denoted as follows: *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.001.
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