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ABSTRACT
Prostate cancer (PCa) is characterized as a “cold tumor” with limited immune responses, rendering the 
tumor resistant to immune checkpoint inhibitors (ICI). Therapeutic messenger RNA (mRNA) vaccines have 
emerged as a promising strategy to overcome this challenge by enhancing immune reactivity and 
significantly boosting anti-tumor efficacy. In our study, we synthesized Tetra, an mRNA vaccine mixed 
with multiple tumor-associated antigens, and ImmunER, an immune-enhancing adjuvant, aiming to 
induce potent anti-tumor immunity. ImmunER exhibited the capacity to promote dendritic cells (DCs) 
maturation, enhance DCs migration, and improve antigen presentation at both cellular and animal levels. 
Moreover, Tetra, in combination with ImmunER, induced a transformation of bone marrow-derived 
dendritic cells (BMDCs) to cDC1-CCL22 and up-regulated the JAK-STAT1 pathway, promoting the release 
of IL-12, TNF-α, and other cytokines. This cascade led to enhanced proliferation and activation of T cells, 
resulting in effective killing of tumor cells. In vivo experiments further revealed that Tetra + ImmunER 
increased CD8+T cell infiltration and activation in RM-1-PSMA tumor tissues. In summary, our findings 
underscore the promising potential of the integrated Tetra and ImmunER mRNA-LNP therapy for robust 
anti-tumor immunity in PCa.

ARTICLE HISTORY 
Received 29 February 2024  
Revised 23 June 2024  
Accepted 24 June 2024 

KEYWORDS 
Immunotherapy; lipid 
nanoparticles; mRNA 
vaccine; prostate cancer; 
tumor-associated antigens

Introduction

Prostate cancer (PCa) stands out as the most prevalent malig-
nant tumor in men.1 Androgen deprivation therapy (ADT) 
serves as the first-line treatment for PCa. However, patients 
with advanced PCa inevitably progress to the castration- 
resistant prostate cancer (CRPC) stage, rendering them unre-
sponsive to ADT.2 Thus, the development of new therapeutic 
strategies for CRPC is urgently required.

Tumor-associated antigens (TAAs) exhibit elevated expres-
sion in tumor tissues while being minimally detectable in 
normal tissues.3 Previous studies demonstrated that prostate- 
specific membrane antigen (PSMA), prostate acid phosphatase 
(PAP), and prostate stem cell antigen (PSCA) are PCa TAAs 
and promising candidates for therapeutic targets.4–6 

Transglutaminase 4 (TGM4) is highly expressed in PCa lumi-
nal epithelial cells but is rarely detected in extraprostatic tis-
sues, and the immunogenicity of TGM4 had been reported in 
a previous study.7 TAA messenger RNA (mRNA)-lipid nano-
particle (LNP)-based tumor therapy involves the adaptation of 
dendritic cells (DCs) followed by the initiation of T cell anti- 
tumor responses.8 The processing of TAAs or neoantigens by 
DCs or other APCs is the foundation of anti-tumor responses 
to mRNA-based cancer therapeutics. DCs play a crucial role in 

antigen presentation and the induction of T cell-mediated 
immune responses.9 TAA mRNA-LNPs administration initi-
ates both specific humoral responses and cellular immune 
responses. DCs capture the TAA mRNA-LNPs, translate the 
targeted antigen, and process and present the antigen peptides 
to T cells to induce specific cytotoxicity to the relevant tumor.10 

However, central and peripheral tolerance to TAAs, which are 
non-mutated self-antigens, is characterized by weak immuno-
genicity. Thus, mRNA sequences must be optimized or com-
bined with adjuvants or the drug delivery system must be 
modified to improve TAA-based mRNA therapeutics.11

T lymphocyte activation requires the stimulation of T cell 
receptors and costimulatory signals. DCs are a professional 
subset of APCs; after antigen processing, augmented DCs 
home to secondary lymphoid nodes and interact with 
T cells.12 Immune cell homing is mediated by adhesion factors, 
chemokines, and chemokine receptors.13 CCR7 is necessary for 
directional DCs homing and CCL19 and CCL21 are CCR7 
ligands. Mobilized DCs migrate to multiple tissues, including 
tumor sites, and these chemokines facilitate the communica-
tion between DCs and T cells.13,14 Costimulatory signals reg-
ulate T cell activation; T cell enhancement helps us fight 
against tumors or microbe infections, and T cell suppression
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helps us resist autoimmunity. After stimulation of antigen- 
manufactured APCs, the expression of 4-1BB (CD137/ILA/ 
TNFRSF9) is inducible on T cells. The 4-1BBL-4-1BB pathway 

is involved in sustained activation, proliferation, differentia-
tion, and effector function of T cells. Furthermore, 4-1BB 
signaling is preferentially involved in CD8+ T cell effector

Figure 1. PCa TAA mRNA-LNPs-stimulated immunity suppresses prostate tumor growth in mice. (a) Schematic structure of TAA and TAA-EGFP mRNAs. TAA-EGFP mRNA 
was employed to verify mRNA expression efficiency; TAA mRNA was used for both in vitro and in vivo immunological assessments. (b) HEK293 cells were transfected 
with 1 μg of TAA-EGFP mRNA-LNPs and fluorescence intensity was detected by flow cytometry to verify mRNA expression 24 h after transfection. (c) BMDC maturation 
and activation levels after different treatments in vitro. Each symbol represented the BMDCs from one mouse transfected with 0.5 μg/ml mRNA-LNP. (d) IFN-γ ELISpot 
assays were used to detect the release of IFN-γ by spleen cells activated by BMDCs membrane antigens on day 5 after the last TAA mRNA therapeutic treatment in mice. 
Each dot represented one independent mice. (e) C57BL/6 mice (n = 8) were grafted with 2 × 105 RM-1-PSMA tumor cells and treated with different mRNA therapeutics 
by intramuscular injection on days 4, 9, 13, 17, and 21. (f and g) Tumor growth (f) and survival (g) of the tumor-bearing mice were observed until all mice died. Data were 
presented as means ± SEMs. Statistical significance was determined by One-Way ANOVA (b to d), Students t test (f), and Kaplan-Meier survival analysis (g). *P < .05, 
**P < .01, ***P < .001, and ****P < .0001.
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Figure 2. ImmunER enhances the function of dendritic cells and suppresses tumor growth. (a and b) The expression of 4-1BBL (a) and OX40L (b) mRNA on the cell 
membranes of BMDCs. Each symbol represented BMDCs from one mouse transfected with 0.5 μg/ml mRNA-LNPs. (c) BMDCs were transfected with 0.5 μg/ml mRNA-LNPs 
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function rather than CD4+ T cell effector function.15 OX40 is 
transiently expressed by T cells and down-regulated after T cell 
activation. The ligation of OX40L mediates the survival and 
expansion of both CD8+ T cells and CD4+ T cells.16 Currently, 
mRNA therapies based on costimulatory molecules are under-
going clinical trials.17,18

We hypothesized that TAAs could initiate specific tumor 
cytotoxicity and that immunomodulatory factors could 
enhance the tumor-killing ability of T cells. Consequently, 
combining TAAs and immune factors might lead to more 
effective tumor clearance. In this study, we selected PSCA, 
PAP, PSMA, and TGM4 as candidate targets of TAA, used 
4-1BBL, OX40L and CCR7 as immune-enhancing adjuvants. 
We explored their potential ability to inhibit tumor prolifera-
tion. We demonstrate that the four TAA mRNA-LNPs 
(referred to as Tetra) prime specific immunogenicity and the 
three immune enhancer mRNA-LNPs (referred to as 
ImmunER) enhance the immune reaction, resulting in the 
amelioration of tumor growth and prolongation of survival in 
a murine homograft cancer model. Moreover, the safety of the 
combined mRNA-LNPs was verified. Our study supports the 
feasibility of combining ImmunER and Tetra therapeutics to 
treat PCa. Furthermore, this new treatment concept may apply 
to other tumor types.

Materials and methods

Ethics statement

The IACUC Board at Shenzhen Bay Laboratory approved all 
animal procedures (AEZGF202201). All animal experiments 
were performed under pathogen-free conditions and in com-
pliance with the Laboratory Animals Care and Use Guidelines 
set by the National Institute of Health.

Cell lines and animals

The RM-1 cell line was purchased from the American Type 
Culture Collection (ATCC). DC2.4, B16-OVA, HEK293, 293T, 
and TC-1 cell lines were purchased from Pricella company. 
The RM-1-PSMA cell lines were established by our group.

The 6–8-week-old C57BL/6 mice were purchased from 
Gempharmatech. The subcutaneous tumor cell transplant 
mouse models, including TC-1, B16-OVA, and RM-1-PSMA, 
were used in efficacy experiments. Each treatment group 
included at least 6 mice (and up to 12). Mice were randomly 
assigned to different groups before treatment. For each experi-
ment, one researcher was responsible for drug administration, 
and another researcher was responsible for tumor measure-
ment. For the in-situ prostate cancer model, subcutaneous 

RM-1-PSMA tumors were excised on day 10 and cut into 1  
mm3 tissue blocks. Each RM-1-PSMA tissue block was then 
implanted into the anterior lobe of the prostate in mice using 
a 1 mL syringe needle. For the subcutaneous tumor model, 
tumor cells were subcutaneously injected in the right flank of 
the mouse. Subcutaneous tumor size was measured with 
a caliper every 2 to 3 days until the tumor volume reached 
the endpoint of 1500 mm3. Tumor size was calculated using the 
formula (length×width2/2. Mice were euthanized if they lost ≥  
20% of their body weight, were unable to eat, or had tumors 
exceeding 1.5 cm3.

RNA-LNPs preparation, LNPs characterization, and 
transfection efficiency of LNPs

The ionizable amino lipid (A1A3) synthesis and the complete 
methodology for mRNA-LNP synthesis has been thoroughly 
detailed in our earlier article.19 PAP, PSCA, PSMA, TGM4 
mRNA were mixed initially before the synthesis of Tetra. 
Similarly, 4-1BBL, OX40L, CCR7 mRNA were mixed initially 
before the synthesis of ImmunER. A Malvern NanoAnalyzer 
was used to detect the size, polydispersity index, and zeta 
potentials at room temperature. The RiboGreen RNA assay 
(Invitrogen) was used to measure nucleic acid encapsulation 
efficiency. Gel qualitative method (Charles River) was used to 
measure endotoxin levels in purified vaccine. 2 × 105 Hek293 
cells were transfected with mRNA-LNPs for 24 h to check 
transfection efficiency using flow cytometry (Beckman 
CytoFLEX S).

BMDC activation and maturation assay

BMDCs were cultured in 10 cm dishes in dendritic cell med-
ium as described in the literature.20 In brief, half of the medium 
was replaced every two days. On day 6, immature DCs were 
collected and plated at 1 × 106/ml. The DCs were treated with 
0.5 or 1 μg/ml of various mRNA-LNPs or PBS. After 24 h of co- 
incubation, BMDCs were collected, stained using flow anti-
body staining, and analyzed via flow cytometry.

Statistical analysis

GraphPad Prism 9.3 was used to perform statistical analysis. 
An Agostino-Pearson test was performed to assess normality 
before analysis. When comparing two groups or more, two- 
sided Student’s t tests with Welch corrections or one-way 
analysis of variance (ANOVA) with Tukey correction were 
performed. Kaplan-Meier survival analyses were performed, 
and p values were calculated using the log-rank test (Mantel-

and harvested for Western blot analysis. (d) DC2.4 migration ability after treatment with 0.5 μg/ml CCR7 mRNA-LNPs and ImmunER for 24 h was confirmed with Transwell 
migration assays. Results were calculated from two biological repeats in five technical duplicates. (e) In vivo BMDCs migration assay (n = 3). (f) The antigen uptake and 
presentation abilities of BMDCs were evaluated by flow cytometry. Each symbol represented BMDCs from a separate mouse transfected with 20 μg/ml OVA peptide. (g) Mice 
(n = 6–7) were grafted with 5 × 105 B16-OVA tumor cells and treated with different mRNA therapeutics by intramuscular injection on days 7, 12, 18, 24, and 30. Tumor 
growth curve (h) and survival (i) of B16-OVA tumor-bearing mice after intramuscular injection with PBS, OVA, OVA + 4-1BBL, OVA + OX40L, OVA + CCR7, ImmunER and OVA  
+ ImmunER mRNA therapeutics, respectively. (j) Mice (n = 11–12) were grafted with 5 × 105 TC-1 tumor cells and treated with different mRNA therapeutics by intramuscular 
injection on days 7, 12, 18, 24, and 30. Tumor growth curve (k) and survival (l) of TC-1 tumor-bearing mice after intramuscular injection with PBS, E7, E7 + 4-1BBL, E7 +  
OX40L, E7 + CCR7, ImmunER and E7 + ImmunER mRNA therapeutics, respectively. Data were presented as means ± SEMs. Statistical significance was determined by One- 
Way ANOVA (a, b, d to f), Student t test (h, k), and Kaplan-Meier survival analysis (i, l). *P < .05, **P < .01, ***P < .001 and ****P < .0001.
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Figure 3. ImmunER enhances the level of immunity in vivo. C57BL/6 mice (n = 4) were grafted with 5 × 105 B16-OVA tumor cells and treated with PBS, luciferase, 
OVA, ImmunER, and OVA + ImmunER mRNA therapeutics on Day 4, 8, 12, respectively. (a) Tumor growth curve of B16-OVA tumor-bearing mice. (b) The tumors of each 
group were photographed 15 days after tumor inoculation. (c) SIINFEKL-H-2Kb+CD11c+MHC-II+ DCs in lymph nodes. (d) DCs maturation levels in lymph nodes. (e) OVA 
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Cox). Data are expressed as means ± SEMs. p < .05 was con-
sidered a significant difference.

Results

A1A3 LNPs passively target antigen presenting cells after 
intramuscular injection

In our previous research, we outlined the screening process 
and immunological assessment of A1A3 LNPs.19 Nonetheless, 
the distribution of A1A3 LNPs within tumor-bearing mice 
remain unresolved. To address this gap, we conducted 
a comparative analysis between A1A3 LNPs and MC3 LNPs, 
a commercially available lipid, to evaluate the in vivo distribu-
tion of A1A3 LNPs. 5 μg Luciferase (LUC) mRNA-LNPs was 
injected intramuscularly when tumors reached 100 mm3 

(Figure S1a). Six hours post-injection, whole-body imaging 
revealed that the fluorescence signal of A1A3 LUC mRNA- 
LNPs was 1.6 times stronger than that of MC3 LUC mRNA- 
LNPs (Figure S1b,c). Subsequent to a 24-hour interval, we 
euthanized the mice, dissected vital organs and tumors, and 
observed a robust luminescent signal in the lymph nodes, with 
little fluorescence signals detected in the tumors (Figure S1d,e).

To further explore the intracellular distribution of lipid 
nanoparticles, Green Fluorescent Protein (EGFP) mRNA was 
employed. The percentage of EGFP-positive DCs in the drain-
ing lymph nodes escalated to 10%. Moreover, the percentage of 
EGFP-positive natural killer (NK) cells surpassed 5% (Figure 
S1f and Figure S2a,b). Despite observing a higher percentage of 
EGFP-positive tumor cells in the A1A3 group, this percentage 
remained below 1% (Figure S1g). Immunohistochemistry con-
ducted at the injection site revealed edema and immune cell 
infiltration in muscle tissue post-administration. Our observa-
tions indicate that immune cells infiltrating the muscle tissue 
can undergo transfection with A1A3 LNPs, leading to the 
expression of EGFP. However, the normal morphology of 
muscle tissue remained unchanged, and staining outcomes 
did not suggest overexpression of EGFP in the muscle tissue 
(Figure S1h).

Immunogenicity and treatment efficacy of PCa TAA 
mRNA-LNPs

PSMA, PSCA, PAP, and TGM4 are extensively expressed in 
prostate cancer tissue and are PCa-associated antigens.4,7 

Publicly available data demonstrated similar histological dis-
tributions of these TAAs in mice and humans (Figure S3a,b).21 

The expression of TAAs was further confirmed in RM- 
1-PSMA cell line, along with the corresponding subcuta-
neously transplanted tumors (Figure S4a, b). After the animal 
model was established, mRNA-LNPs was synthesized and its 
quality was controlled to ensure the reproducibility of results 
(Figure S5a-e). Furthermore, we assessed the cytotoxicity of 

mRNA-LNPs on bone marrow-derived dendritic cells 
(BMDCs) via CCK8 and apoptosis assay, and the results 
showed that the synthetic mRNA-LNPs had no significant 
effect on DCs viability when the concentration was less than 
1 μg/ml (Figure S6a – g). We synthesized the open reading 
frames of PSMA, PSCA, PAP, and TGM4 and synthesized the 
corresponding mRNAs (Figure 1a).The translation efficiency 
of mRNA was assessed using EGFP.22 The translation effi-
ciency of TAA-EGFP mRNA was assessed using the EGFP 
sequence inserted behind the TAA mRNA sequence, measured 
by flow cytometry on HEK293 cell lines (Figure 1a,b). DC 
maturation and activation are crucial to antigen presentation 
and subsequent immune responses. The four TAA mRNA- 
LNPs initiated the maturation (CD80 and CD86) and activa-
tion (CD40 and CD69) of BMDCs (Figure 1c and Figure S7a). 
A second exposure to the same antigen usually results in 
enhanced antigen-specific T-cell mediated immunity, which 
is referred to as recall immunity. After immunizing mice 
twice with the four TAA mRNA-LNPs, the splenocytes from 
C57BL/6 mice were isolated and subjected to ELISpot assays. 
The TAA mRNA-LNPs-pretreated DCs induced significantly 
more IFN-γ production compared with control DCs (PBS) 
(Figure 1d).

In a murine subcutaneously-implanted RM-1-PSMA tumor 
model, the four TAA mRNA-LNPs separately suppressed 
tumor development at an early stage. However, treatment 
with the combined TAAs did not substantially extend the 
median survival of tumor-burdened mice compared to the 
single TAA mRNA-LNPs treatments (Figure 1e–g). 
Considering tumor heterogeneity, the combination of TAAs 
could prove more advantageous for PCa patients, as the alli-
ance of TAAs induces a broad spectrum of clinical application. 
Therefore, PCa TAA mRNA-LNPs (Tetra) was selected for 
subsequent studies. Subsequently, we performed animal 
experiments again and found that intramuscular injection of 
non-related mRNA-LNPs had minimal impact on the subcu-
taneous tumor growth of RM-1-PSMA (Figure S8a,b). Overall, 
our findings demonstrate that Tetra is capable of inducing 
antigen-specific cytotoxicity.

ImmunER facilitates anti-tumor efficacy

The 4-1BBL-4-1BB axis promotes the maintenance of anti- 
tumor immunity through the expression of 4-1BBL on antigen- 
presenting cells and receptors on T cells or NK cells.15 The 
OX40L-OX40 pathway enhances the Th1-mediated immune 
response and promotes the generation and maintenance of 
memory CD8+T cells.16 CCR7 plays a crucial function in the 
homing of DCs to lymphoid tissue. We synthesized mRNA for 
4-1BBL, OX40L, and CCR7 and fabricated the corresponding 
mRNA-LNPs. Successful expression of mRNA-LNPs was 
observed in transfected target cells (Figure 2a–c and Figure 
S9a). We found that CCR7 mRNA-LNPs slightly promoted

specific CD8+T cells in spleen. (f) OVA specific CD8+T cells in tumor. (g) IFN-γ+CD8+T cells in blood. (h) Ratios of OVA specific IgG2a/IgG1. C57BL/6 mice (n = 5) were 
treated with PBS, OVA, ImmunER, and OVA + ImmunER mRNA therapeutics on day 0 and 5. Blood samples were collected 3 weeks after the last treatment. (i and j) 
Proportion of CD8+ TCM and TEM in blood. Data in a, c to j were presented as means ± SEMs. Statistical significance was determined by One-Way ANOVA (c to j). *P < 
.05, and **p < .01.
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Figure 4. Tetra combined with ImmunER enhances the function of BMDCs in vitro. (a) Representative flow cytometry data and statistical analysis showing BMDCs 
activation induced by PBS, Tetra, ImmunER, and Tetra + ImmunER. Each symbol represented BMDCs from one mouse treated with 1 μg/ml mRNA-LNPs. (b and c) Flow 
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CCL21 release from BMDCs, which may drive peripheral DCs 
to lymph node metastasis in vivo (Figure S9B). Subsequently, 
we observed a notable upregulation in the migration of DCs 
both in vitro and in vivo upon the application of CCR7 mRNA- 
LNPs. (Figure 2d,e and Figure S9c,d). ImmunER, consisting of 
4-1BBL, OX40L, and CCR7, also upregulated the expression of 
CD80, CD86, and MHC-II, indicating the maturation of DCs 
(Figure S9e). The dominant CD8 epitope of OVA peptide is 
SIINFEKL, which binds to MHC-I on DCs and can be detected 
as SIINFEKL-H-2Kb complexes. The formation of these com-
plexes is indicative of the antigen-presenting ability of DCs. 
SIINFEKL-H-2Kb complexes increased in ImmunER- 
programed DCs (Figure 2f). These results demonstrate that 
ImmunER enhanced antigen presentation, and migration 
of DCs.

B16-OVA and TC-1 tumor models are well-established 
murine tumor models commonly used in cancer immunother-
apy research. Unlike tumor-associated antigens, OVA and 
human papillomavirus E7 protein are known to efficiently 
initiate immune responses.8,23 Therefore, we conducted experi-
ments using two murine tumor models to investigate whether 
the combination of ImmunER and exogenous protein mRNA 
could enhance immunity (Figure 2g,j). In B16-OVA model, the 
groups treated with OVA + 4-1BBL, OVA + OX40L, and OVA  
+ CCR7 conferred a moderate level of immune therapeutic 
effect. OVA + ImmunER immunized group maintained 
a high survival rate (Figure 2h,i). Similar results were observed 
in TC-1 model (Figure 2k,l). In the murine B16-OVA model, 2/ 
7 mice treated with the OVA-conjugated ImmunER regimen 
achieved complete remission (CR) (Figure S10a). In the murine 
TC-1 model, treatment with E7 combined with ImmunER 
administration induced 83.3% (10/12) CR in the murine TC- 
1 tumor model (Figure S10b). These results demonstrate that 
ImmunER mRNA enhanced a universal anti-tumoral response 
in multiple murine tumor models. In addition, intramuscular 
administration of ImmunER inhibited tumor growth in mice 
subcutaneously implanted with RM-1-PSMA cells (Figure 
S10c). Taken together, our results indicated that ImmunER 
enhanced antigen presentation in DCs and anti-tumor efficacy.

ImmunER enhances antigen-specific T cell response and 
memory immune response in vivo

In this study, we employed the B16-OVA model to further 
elucidate the mechanism by which ImmunER enhances immu-
nity. Following three injections, treatments with OVA, 
ImmunER, and OVA + ImmunER all demonstrated significant 
suppression of tumor growth (Figure 3a,b). Within lymph 
nodes, the presentation of epitopes to T cells by antigen- 
burdened DCs is essential for cytotoxic T cell priming.13,14 The 
combined treatment group exhibited the highest number of 
SIINFEKL-H-2Kb+ DCs on the drainage side (Figure 3c). 
Besides, the proportion of CD80+ DCs in the draining lymph 

nodes of the OVA + ImmunER group was twice compared to 
OVA or ImmunER alone (Figure 3d). Subsequent assessment of 
OVA-specific T cells revealed that the OVA + ImmunER group 
exhibited the highest proportion of OVA-specific T cells within 
both the spleen and tumor-infiltrating immune cells, with 
a statistically significant difference in spleen (Figure 3e,f). IFN- 
γ, playing a crucial role in tumor killing by specific T cells, 
showed a 15% increase in the proportion of IFN-γ-releasing 
T cells after ImmunER combined with OVA compared to 
OVA alone (Figure 3g). The serum OVA-specific IgG2a/IgG1 
ratio was > 1.0 in the combination treatment group, further 
indicating that ImmunER played a role in promoting cellular 
immunity (Figure 3h). Overall, the above experiments demon-
strate that ImmunER significantly enhanced antigen presenta-
tion and increased the proportion of antigen-specific T cells.

To assess whether ImmunER could augment vaccine 
protection, healthy mice were immunized on days 0 and 
5. Three weeks after the last treatment, blood samples were 
collected to assess the levels of central memory T cells 
(TCM) and central effector T cells (TEM). The proportion 
of TCM and TEM in the blood of the combination group 
was twice that of the OVA group at 3 weeks after the last 
dose (Figure 3i,j), demonstrating that ImmunER enhanced 
the production of antigen-specific immune memory. 
Besides, we observed a marginal improvement in the out-
come of B16-OVA-bearing mice with ImmunER alone. In 
an effort to elucidate this phenomenon, we conducted 
in vivo killing experiments. Our findings revealed that 
spleen cells from mice immunized with ImmunER exhib-
ited a 30% cytotoxicity against OVA peptide-incubated 
spleen cells within 22 hours (Figure S10d).

ImmunER facilitates the immunity induced by Tetra 
in vitro

Tetra for PCa induces tumor-specific cytotoxicity, and 
ImmunER enhances the immune response. Therefore, we 
hypothesized that the combination of TAA and ImmunER 
would exert a greater suppressive effect on tumors. The 
expression of CD40 and CD69 indicates DC activation. 
CD103+DCs play a role in cross-presentation of antigens 
to CD8+T cells, and CD54 (ICAM-1) is critical in establish-
ing the immune synapse.24,25 The combination of Tetra and 
ImmunER enhanced the activation of DCs more effectively 
than Tetra or ImmunER separately (Figure 4a). 
Simultaneously, we observed an increase in IL-12 and 
TNF-α signals in flow cytometry and ELISA, with 
a statistically significant difference in the Tetra +  
ImmunER group compared with the Tetra group 
(Figure 4b-e). Additionally, the secretion and release of 
IL-6 and IFN-γ were enhanced in the Tetra + ImmunER 
group (Figure S11a). Pretreatment of DCs with Tetra +

cytometry analysis (b) and ELISA (c) showed the expression of IL-12 in BMDCs. (d and e) Flow cytometry analysis (d) and ELISA (e) showed the expression of TNF-α in 
BMDCs. (f) Representative histograms and statistical analysis showing T cell proliferation in vitro. (g) Representative flow cytometry data and statistical data showing the 
killing activity of splenic T cells 7 days after the last treatment. Data in a to g were presented as means ± SEMs. Statistical significance was determined by One-Way 
ANOVA (a to g). *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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Figure 5. Tetra-ImmunER exhibits therapeutic effects and alters the tumor immune microenvironments in a PCa murine model. (a) C57BL/6 mice (n = 8) were grafted 
with 2 × 105 RM-1-PSMA tumor cells and treated with PBS, Tetra, ImmunER, and Tetra + ImmunER mRNA therapeutics on days 4, 9, 13, 17, and 21. Tumor size growth (b) 
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ImmunER also recalled abundant IFN-γ specific produc-
tion of T cells (Figure S11b). TAA-programmed DCs sti-
mulate the proliferation of T cells and prime T cells for 
specific tumor cytotoxicity.4 Compared with Tetra alone, 
coupling Tetra with ImmunER effectively promoted T cell 
proliferation (Figure 4f). In addition, spleen cells from 
different treatment groups were harvested and incubated 
with tumor cells for 6 hours. The combination group exhib-
ited the elimination of approximately 29% of the RM- 
1-PSMA tumor cells, while only about 22% of the tumor 
cells in the single treatment group were cleared. (Figure 4g 
and Figure S7d). Overall, Tetra initiates a specific anti- 
tumoral response and ImmunER boosts this response. 
Thus, the combination of Tetra and ImmunER displays 
greater anti-tumor efficacy than either agent alone.

Combination therapy inhibits mouse prostate cancer 
growth in vivo

The effectiveness of combination therapy with Tetra and 
ImmunER was also demonstrated in murine models of PCa. In 
the RM-1-PSMA subcutaneous allograft model, Tetra combined 
with ImmunER induced anti-tumoral effects (Figure 5a,b); 
Overall, there was a delay in tumor growth in response to the 
combination treatment, with 3 mice reaching the endpoint volume 
by day 38 after tumor grafting. Survival in the Tetra + ImmunER 
group was better than the Tetra regimen alone (Figure 5c,d). 
Monoclonal antibodies to CD8a successfully blocked all 
CD8+T cells in the mice’s blood (Figure S12a, b). Notably, the 
depletion of CD8+T cells significantly impaired the anti-tumor 
efficacy of the Tetra + ImmunER combination therapy (Figure 
S12c). We further assessed the efficacy of combining mRNA 
therapy with ICI in the suppression of RM-1-PSMA subcutaneous 
tumors. During a 25-day observation period, two out of five mice 
in the Tetra + ImmunER + ICI group achieved CR, whereas all 
mice in the ICI monotherapy group met the criteria for sacrifice 
by day 25 (Figure S12d-f). The robust tumor suppression capabil-
ity of the Tetra + ImmunER therapy was additionally demon-
strated using the RM-1-PSMA orthotopic model (Figure S12g- 
h). Collectively, these animal experiments suggest that the Tetra +  
ImmunER therapy effectively suppresses PCa tumor growth and 
extends the survival of PCa-bearing C57BL/6 mice.

Immunofluorescence staining and flow cytometry data 
showed that IFN-γ and TNF-α increased at the tumor site in 
the combined treatment group, and the IFN-γ and TNF-α 
staining overlapped with CD8+ T cells (Figure 5e,f and Figure 
S11c-f), indicating that combination therapy with PCa Tetra 
and ImmunER enhanced the functional CD8+T cells response 
at the tumor site. The humoral immune response was also 
investigated. Total IgG, IgG1, and IgG2a levels were upregu-
lated in the combination treatment group (Figure 5g). The 

ratio of IgG2a/IgG1, suggesting the Th1 type cellular immune 
response,23 also increased in the combination therapy group. 
This part of the data is consistent with the change of OVA- 
specific IgG2a/IgG1 ratio in the B16-OVA model, suggesting 
that TAA combined with ImmunER suppressed the tumor 
primarily through cellular immunity.

The safety of combinational mRNA therapeutics was explored 
in vivo. Aspartate aminotransferase (AST), alanine aminotransfer-
ase (ALT), blood urea nitrogen (BUN), and creatinine (CREA) 
levels were measured to determine the effects of treatments on 
liver and renal functions. None of the treatments significantly 
affected liver or renal function (Figure S13a-d). Major organs 
were collected from mice in the control and treated groups and 
examined histologically. No significant toxicity was observed in 
any organ (Figure S14). These results demonstrate that repeated 
administration of combination therapy with Tetra and ImmunER 
did not induce any adverse effects in mice, confirming the short- 
term safety of the combination therapy.

Combination therapy reconstitutes the immunity 
characteristics in tumor-bearing mice

Effective anti-tumor responses require T cells capable of recog-
nizing tumor antigens.26 In our study, the accumulation of 
CD8+ T cells increased at the tumor site after combination 
treatment in RM-1-PSMA allograft mice (Figure 6a,b and 
Figure S11g). In general, when DCs upregulate 4-1BBL or 
OX40L, T cells should correspondingly up-regulate 4-1BB or 
OX40. The heightened infiltration of OX40+CD8+T cells and 
4-1BB+CD8+T cells within tumors can impede tumor growth 
and enhance the outcome of mice.15,16 Flow cytometry analysis 
revealed a significant increase in the proportion and expression 
intensity of OX40+CD8+T cells and 4-1BB+CD8+T cells among 
tumor-infiltrating T cells in the combined treatment group 
(Figure 6c,d). Furthermore, an elevated proportion of 
CD44+CD8+T cells was observed in the combined treatment 
group (with PBS) (Figure 6e). These results indicate that the 
combination therapy markedly promoted the activation of 
T cells. Myeloid-derived suppressor cells (MDSCs) infiltration 
typically increases in prostate tumor tissues, significantly inhi-
biting T cell activity.27 Our data show that the combination of 
Tetra and ImmunER markedly reduced MDSCs infiltration 
within the tumors (Figure S11h). Besides, flow cytometry 
results indicated a slight increase in the proportion of Tregs 
among tumor-infiltrating lymphocytes following the combina-
tion treatment (Figure S11i).

In lymph tissues, TCM cells provide immune surveillance 
against known pathogens.28 TCM cells were upregulated in the 
treatment group (Figure 6g,j). During the process of cell lysis, 
CD8+ effector T cells undergo fusion with the target cell mem-
brane, and subsequently discharge cytotoxic mediators

and overall survival (c) of RM-1-PSMA-bearing mice treated with the indicated mRNA-LNPs therapeutic were shown. (d) Tumor growth curves were shown for individual 
animals. C57BL/6 mice (n = 5) were grafted with 2 × 105 RM-1-PSMA tumor cells and treated with different mRNA therapeutics by intramuscular injection on days 4, 9, 
and 13. Mice were sacrificed on day 18 after tumor seeding. (e and f) Confocal fluorescence images of tumor tissues in the PBS, Tetra, ImmunER, and Tetra + ImmunER 
treatment groups. (e) The nuclei, CD8, and IFN-γ were stained with blue (DAPI), red, and green, respectively. (f) In consecutive sections, the nuclei, CD8, and TNF-α were 
stained with blue (DAPI), red, and green, respectively. (g) Total IgG, IgG1, IgG2a, and IgG2a/IgG1 levels in sera after treatment with PBS, Tetra, ImmunER, or Tetra +  
ImmunER. Data in b, g were presented as means ± SEMs. Statistical significance was determined by Student t test (b), Kaplan-Meier survival analysis (c) and One-Way 
ANOVA (g). *P < .05, **P < .01, and ****p < .0001.
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Figure 6. PCa Tetra-ImmunER upregulates cell adaptive immunity. C57BL/6 mice (n = 5) were grafted with 2 × 105 RM-1-PSMA tumor cells and treated with PBS, Tetra, 
and Tetra + ImmunER mRNA therapeutics on Day 4, 9, 13, respectively. Mice were sacrificed on day 18. (a and b) Representative flow dot plots and statistical analysis of 
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including perforin and granzyme.29 In spleen, the ability of 
CD8+ T cells to release both granzyme and perforin was 
enhanced in the treated group (Figure 6h,i). Interestingly, we 
observed a mildly reduced proportion of Tregs in the spleen 
(Figure 6f). These results demonstrate that combining Tetra 
with ImmunER enhances adaptive cytotoxicity to inhibit 
tumor growth and prolong the survival of mice with PCa.

Tetra combined with ImmunER reprograms transcription 
in BMDCs

To investigate the molecular basis of BMDC activation following 
treatment with various mRNA drugs, we collected BMDCs from 
four mice and treated the cells with different mRNA drugs for 24  
hours. Transcriptome analysis was then performed using RNA 
sequencing. Principal component analysis demonstrated strong 
replication within clusters, and notable distinctions between the 
treatment and control groups (Figure 7a). The volcano plots 
visually show the differentially expressed genes. In BMDCs, 514 
genes (426 up-regulate genes and 88 down-regulate genes) were 
differentially expressed in response to Tetra treatment compared 
with control treatment (Figure 7b,c), and 233 genes (170 up- 
regulate genes and 63 down-regulate genes) were differentially 
expressed in Tetra-treated BMDCs compared with Tetra +  
ImmunER-treated BMDCs (Figure 7b,d).

The Ccl22+ cDC1 subset of DCs specifically correlates with 
the upregulation of TEM cells and a decrease in exhausted CD8 
T cells.30 Accordingly, our DC cluster analysis revealed that 
mRNA from BMDCs treated with Tetra and ImmunER devel-
oped cDC1-Ccl22 reprogramming (Figure 7e), which was con-
firmed by RT-qPCR (Figure 7f). KEGG enrichment analysis and 
GSEA-KEGG analysis suggested that pathways involved in 
innate and adaptive immunity were highly activated in BMDCs 
treated with Tetra + ImmunER compared to BMDCs treated 
with Tetra (Figure 7g,h). The JAK-STAT pathway, known for 
its involvement in cytokine and growth factor production as well 
as T cell priming of DCs,31 was notably up-regulated in BMDCs 
treated with Tetra and ImmunER (Figure 7i). The increased level 
of STAT1 phosphorylation at Ser727 further substantiated this 
activation (Figure 7j). Overall, this reprogramming could enable 
the robust activation of cytotoxic T cells, ultimately leading to 
the inhibition of tumor growth (Figure 7k).

Discussion

CRPC exhibits resistance to ADT, and while certain che-
motherapeutic agents display effectiveness against CRPC, 
they are often associated with pronounced systemic adverse 
effects.32 Conventional immunotherapy may be ineffective 
against PCa due to the immunosuppressive tumor microenvir-
onment and limited immunogenicity. In the CheckMate 650 
study, only 3 out of 30 mCRPC patients, previously treated 

with endocrine therapy and chemotherapy, exhibited objective 
responses to targeting anti-PD-1 with anti-CTLA-4 therapy.33 

The success of Sipuleucel-T demonstrates that DC-based 
immunotherapy is practical, safe, and capable of inducing or 
enhancing tumor-specific immune responses. Nevertheless, 
the short prolongation of recipient lives demonstrates the 
unsatisfactory outcomes of PCa patients and the need for 
more effective therapeutics.5

Successful translational research depends on appropriate ani-
mal models. The expression of classic prostate TAAs in the 
normal tissues of C57BL/6 mice is similar to their expression 
in humans, based on publicly available mass spectrometry 
data.21 The expression levels of the four TAAs chosen in this 
study were verified in the RM-1-PSMA cell line used in our 
murine homograft tumor model. CV9103 and CV9104 are 
PCa TAA-based mRNA therapeutics. However, although these 
TAA-based mRNA therapies can stimulate patient-specific 
immunity in prostate cancer, they have not achieved satisfactory 
results in clinical trials.4 The specific immunogenicity of the 
chosen TAAs in this study was verified by ELISpot in mice. 
Unexpectedly, compared with single TAA mRNA-LNPs mono-
therapy, the combined treatment with four TAAs did not pro-
long the overall survival of RM-1-PSMA C57BL/6 model mice. 
This result indicates that in the prostate cancer mouse model, 
simply increasing the amount of TAA mRNA cannot effectively 
improve the outcome of tumor-bearing mice, suggesting that we 
need to use adjuvant or other means to improve the outcome of 
tumor-bearing mice. However, considering the coverage of 
TAAs in clinical prostate cancers and the confirmed immune 
response activation induced by all four selected TAAs, we used 
all four TAA mRNA-LNPs (Tetra) in our subsequent study.

Brenda et al. utilized electroporation technology to intro-
duce mRNA encoding CD70, CD40L, and TLR4 into DCs, and 
demonstrated that it could significantly promote T cell activa-
tion in vivo.34 On this basis, we devised and validated the 
proficiency of lipid nanoparticles as carriers for mRNA deliv-
ery to lymph nodes. This strategy aims to transfect DCs, pro-
moting T cell activation and inhibiting tumor growth. 
ImmunER, including 4-1BBL, OX40L and CCR7, was success-
fully constructed and evaluated in two classical animal models. 
In a B16-OVA murine model, 2/7 mice reached CR and the 
tumors were under 100 mm3 in more than half the mice after 
OVA and ImmunER treatment. In a TC-1 murine model, 10/ 
12 mice achieved CR. Subsequently, we observed that 
ImmunER increased the proportion of OVA-peptide- 
presenting DCs in lymph nodes, augmented the percentage of 
OVA-specific T cells in both spleen and tumor tissues, heigh-
tened the secretion of IFN-γ by T cells, and bolstered the 
presence of memory T cells in the blood. Adaptive immunity 
requires time to initiate; in vivo cell killing assays revealed that 
ImmunER may activate innate immune cells, prompting them 
to eliminate extraneous cells.

CD8+ (a) and CD4+T (b) cells in tumor-infiltrating CD3+T cells. (c) Representative flow dot plots and statistical analysis of CD8+4-1BB+T cells in the tumor. (d) 
Representative flow dot plots and statistical analysis of CD8+OX40+T cells in the tumor. (e) Representative flow dot plots and statistical analysis of CD8+CD44+T cells in 
the tumor. (f and g) The percentages of Tregs (f) and TCM (g) in CD4+T cells from spleen. (h and i) The percentages of perforin-positive (h) and granzyme B-positive (i) 
cells in CD8+T cells from spleen. (j) The percentages of TCM in CD8+T cells from spleen. Data in a to j were presented as means ± SEM. Statistical significance was 
determined by One-Way ANOVA (a to j). *P < .05, **P < .01, ***P < .001, and ****p < .0001.
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Figure 7. Sequencing of mRNA reveals the upregulation of cDC1-Ccl22 related genes and STAT1. BMDCs (day 6, n = 4) transfected with 1 μg/ml different mRNA-LNPs for 
24 h were lysed with Trizol and sent for mRNA sequencing. (a) Principal component analysis revealed that mRNA-LNPs-treated BMDCs formed separate clusters from the 
control mice group. (b) Statistical analysis of differentially expressed genes between the BMDC groups treated with different mRNA-LNPs. (c and d) Volcano plots 
showing the 514 (PBS vs. Tetra) (c) and 233 (Tetra vs. Tetra + ImmunER) (D) differentially expressed genes identified by RNA sequencing (p < .05) with a fold change 
greater than or equal to 2.0. (e) A heatmap showing the expression of genes associated with the DC subset. (f) The differential expression levels of 17 cDC1-CCL22- 
related genes were confirmed by qPCR (n = 3). (g and h) KEGG enrichment analysis (g) and GSEA (h) in the Tetra + ImmunER vs. Tetra groups. (i) The differential 
expression levels of pathway-related genes were confirmed by qPCR (n = 3). (j) Flow cytometry analysis showed the expression of pSTAT1 in BMDCs. (k) Diagram 
illustrated the strategy of intramuscular administration of Tetra and ImmunER to effectively stimulate T cells for the treatment of prostate cancer. Data in j were 
presented as means ± SEM. Statistical significance was determined by One-Way ANOVA (j). *P < .05, **P < .01, and ****p < .0001.
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Prostate malignancy is commonly characterized as an 
immune desert, and the transformation of immunologically 
cold tumors into a more inflamed state holds promise for 
improving the outcome of patients with PCa.35 An RNA seq 
analysis of BMDCs revealed that ImmunER, when combined 
with Tetra, significantly upregulated the expression of cDC1- 
Ccl22 related genes and activated the JAK-STAT signaling path-
way. This molecular insight suggests a potential mechanism for 
the observed therapeutic effects. Flow cytometry results further 
underscore the capacity of ImmunER to enhance the activation 
of T cells by DC. The combination of Tetra and ImmunER 
exhibited superior anti-tumoral effects in a PCa murine model. 
In the RM-1-PSMA subcutaneous allograft model, three mice 
treated with this combination therapy survived nearly twice as 
long as those in the control group. Similarly, in the orthotopic 
prostate cancer model, mRNA vaccines significantly inhibited 
tumor proliferation. The RM-1 cell line is insensitive to ICI 
treatment.36 However, combining mRNA vaccines with ICI 
resulted in 2/5 PCa-bearing mice achieving CR. ImmunER 
exhibits the potential to transform the “cold tumor” paradigm 
by augmenting the accumulation of CD8+T cells, particularly 
4-1BB+CD8+T cells and OX40+CD8+T cells, to suppress tumor 
growth. ImmunER not only augments T cell activation but also 
enhances the capacity of T cells to produce key immunomodu-
latory cytokines, such as IFN-γ and TNF-α, within the tumor- 
suppressive microenvironment of the murine PCa model. 
Furthermore, in addition to the specific cytotoxicity initiated 
by the combination therapy with ImmunER and Tetra, humoral 
immunity was also enhanced.

This paper has some limitations. Firstly, our examination of 
ImmunER-induced elevation of specific T cells was confined to 
the B16-OVA animal model. Secondly, we evaluated the mRNA 
vaccine using only one PCa cell line. Furthermore, the underlying 
molecular mechanisms of ImmunER necessitate further explora-
tion. Despite these limitations, we believe that these constraints do 
not undermine the integrity or validity of our conclusions.

In summary, we demonstrated the efficacy of 
a combinatorial mRNA-LNPs-based approach that includes 
PCa Tetra (PAP, PSCA, PSMA, TGM4 mRNA-LNPs) and 
ImmunER (4-1BBL, OX40L, CCR7 mRNA-LNPs) to enhance 
specific T cell cytotoxicity required for tumor elimination. In 
addition, the safety evaluation revealed that the treatment regi-
men did not damage normal tissues. This study is an essential 
first step in facilitating the clinical application of mRNA-LNPs- 
based therapy in patients with PCa.
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