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Purpose: The tumor immune microenvironment (TIME) is often dysfunctional and complex, contributing to tumor metastasis and 
drug resistance. This study investigates the use of mRNA-based cancer agents as promising tools to combat and reverse refractory 
TIME conditions.
Methods: We optimized and engineered an mRNA cancer agent encoding double tandemly repeated sequences of the T cell 
costimulator Oxford 40 ligand (diOX40L). The diOX40L mRNAs were encapsulated into lipid nanoparticles (LNPs) for effective 
delivery. The research explored its safety and antitumor effects through a series of in vivo and in vivo experiments.
Results: Our results demonstrate that diOX40L mRNAs efficiently express increased levels of OX40L proteins. The optimized 
diOX40L mRNA cancer agent generated potent immune costimulatory signals within the TIME, leading to decreased tumor growth 
and improved survival compared to the original sequence agent. OX40L expression in subcutaneous tumors promoted CD4+ and CD8+ 

T cell activation, resulting in heightened IFN-γ and IL-2 secretion and robust immune responses. Combination therapy involving PD-1 
antibodies and diOX40L substantially enhanced antitumor efficacy, with increased infiltration of activated CD4+ and CD8+ T cells.
Discussion: In conclusion, our findings highlight the therapeutic potential of the optimized diOX40L mRNA cancer agent in cancer 
treatment and its potential as an innovative alternative to protein-based therapies. The study underscores the significance of mRNA- 
based agents in modulating the immune microenvironment and enhancing antitumor responses.
Keywords: tumor immunotherapy, tumor immune microenvironment, OX40L mRNA, malignant tumor, lipid nanoparticles

Introduction
Cancer poses a substantial threat to human health, characterized by its high morbidity and mortality rates. Among cancer 
types, hepatocellular carcinoma (HCC) has emerged as the fourth leading cause of cancer-related mortality.1 

Conventionally, HCC therapy has mainly relied on surgical treatment, adjuvant radiotherapy, and chemotherapy. 
However, these modalities have limited therapeutic effects against advanced HCC.2 Immunotherapy such as immune 
checkpoint inhibitors has revolutionized cancer therapeutic management, becoming a highly effective cancer treatment.3 

The use of immunotherapy in HCC following the success of a Phase II trial of anti-PD1 therapy (nivolumab).4

The presence of suppressive and intricately organized immunocyte infiltration within the tumor microenvironment 
(TME) is a well-known contributor to tumor metastasis and drug resistance.5,6 To improve the sensitivity of immu
notherapy and overcome drug resistance, it is crucial to investigate and understand the intricacies of the dysfunctional 
TME.7,8 Recently, cancer patients are benefiting from immunoactivated tumor microenvironment with ICIs.9 However, 
there are still controversies and differences in choosing ICIs as the best first-line treatment.10,11 Preclinically, increasing 
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the expression of costimulatory molecules is a promising candidate for the next generation to enhance immunotherapy.12– 

14 Members of the tumor necrosis factor receptor/tumor necrosis factor superfamily, OX40 (CD134) and OX40L 
(CD252) are expressed on activated CD4+ and CD8+ T cells as well as on a variety of other lymphoid and non- 
lymphoid cells. In line with the modulatory functions that targeted T cells, OX40-OX40L interactions have been found to 
play a role in multiple TIME cell infiltration, making them attractive candidates for intervention in the clinic.15 It was 
discovered that the OX40-OX40L pathway could contribute to enhanced responses in a tumor model using OX40L 
fusion proteins and anti-OX40 mAbs.16,17 Following several agonist drugs targeting OX40 and immunostimulants 
expressing OX40L have been developed as adjuvant immunotherapy for cancers.18 Thus, modulating the OX40- 
OX40L axis, particularly by activating OX40 on T cells, represents an effective strategy to enhance overall curative 
outcomes.19

Conventional protein-based platforms for producing OX40-OX40L agonists or immunostimulants often encounter 
manufacturing-related difficulties, including tendencies to aggregate over time, the presence of inherent production 
process impurities, and inherent drug product properties.20 These challenges result in costly, time-consuming, and labor- 
intensive manufacturing processes. Therefore, there is a pressing need to explore alternative protein expression platforms. 
mRNA cancer agents have emerged as a promising platform for cancer immunotherapy due to their high efficacy, safe 
administration, rapid development potential, and cost-effective manufacturing.21 This mRNA-based protein platform is 
synthesized by in vitro transcription of mRNA and encapsulating with LNP. Then the thoroughly purified agent was 
injected to complete the delivery of mRNA and the expression of protein.22 Thus, mRNA cancer agents are being swiftly 
adopted for targeting a range of elements, including tumor-associated antigens, neoantigens, antibodies, and immunos
timulants, achieved through sequence screening and optimization. For example, the pioneer player Moderna has 
developed two mRNA products about OX40L for intratumoral immunostimulatory activities. Phase I clinical trials are 
now being conducted to assess their safety and tolerability when administered repeatedly. One drug is mRNA-2416, 
which treats metastatic ovarian cancer and lymphoma by utilizing mRNA encoding OX40L either alone or in combina
tion with the PD-L1 inhibitor durvalumab (NCT03323398).23 The other, called mRNA-2752, is intended to treat 
lymphoma and is made up of the mRNAs OX40L/IL-23/IL-36 (NCT03739931).24,25 Meanwhile, the OX40L mRNA 
cancer agent has been reported in our previous articles, demonstrating its therapeutic potential.26,27 For the purposes of 
this investigation, we have undertaken additional sequence optimization to investigate broader potential and mechanisms 
of immunostimulants.

In this study, we engineered a double-OX40L mRNA cancer agent to achieve a substantial increase in OX40L protein 
expression. Through intratumoral administration, we observed a heightened release of OX40L into the tumor micro
environment (TEM) in vivo. The therapeutic potential of the diOX40L mRNA agent was evaluated using an H22 tumor 
model, where it demonstrated remarkable efficacy and significantly prolonged the survival of H22-bearing mice. Similar 
promising results were obtained in the B16F10 mouse melanoma model. These findings suggest the feasibility of 
utilizing engineered OX40L mRNA agents as part of immunotherapy for liver cancer. Moreover, the mRNA agent’s 
capacity to express optimized proteins with locoregional delivery offers a promising and non-toxic approach to enhance 
cancer immunotherapy.

Materials and Methods
Sequence Optimization of diOX40L mRNA and mRNA Preparation
First designing the template for constructing mRNA, we inserted the transcription template into plasmid pcDNA3.1 
through the restriction site. In this way, the cDNA sequence containing the 5′ end, ORF, and 3′ end was built on plasmid 
pcDNA3.1. The selection restriction sites are BamH I and Xba I through software DNAMAN design. The sequence of 
ORF consists of two OX40L concatenated by linker. The recombinant pcDNA3.1 plasmid encoding diOX40L was 
synthesized by Biotech Bioengineering (Shanghai) Co. and confirmed by DNA sequencing. The plasmid with the target 
fragment was extracted and the linearized template diOX40L-pcDNA3.1 was obtained by mono-enzymatic cleavage of 
the target plasmid by Xba I in a water bath at 37°C for 30 min, followed by column purification using a DNA purification 
kit. Agarose gel electrophoresis and nucleic acid concentration detection were performed to evaluate the quality of the 
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plasmid. The mRNA was produced in vitro by T7 RNA polymerase-mediated transcription (Novoprotein, GMP-E121) 
from the linearized DNA template from plasmids. 5′-triphosphate (UTP) substituted with N1-methylpseudo-UTP Stable 
diOX40L mRNA was produced by using cowpox cap system to synthesize Cap1 structures and using Escherichia coli 
poly(A) polymerase to add poly(A) tails of >100 bases. The mRNA was purified by RNA purification kit (NEB, T2040) 
and the quality of mRNA was evaluated by performing agarose gel electrophoresis and nucleic acid concentration assay.

LNP Formulation
The final mRNA-diOX40L-LNP formulations were prepared using the method previously described.24 The LNP 
formulations are composed of Dlin-MC3-DMA, DSPC, Cholesterol and DSPE-PEG2000 (molar ratio at 
50:10:38.5:1.5). The after-encapsulated diOX40L mRNAs were collected by ultracentrifugation and characterized 
using DLS for quality control. The particle size was assayed by using electron microscopy.

Patients Characterization and Sample Collection
A total of 29 paired HCC tissues and paracancerous tissues were collected from patients at the Fifth Medical Center of 
Chinese PLA General Hospital. The tissue specimens collected from each subjects were stored at −80°C. All of these 
patients were identified with primary HCC by pathological diagnosis. The study complies with the Declaration of 
Helsinki and was approved by the Ethics Committee of the Fifth Medical Center of Chinese PLA General Hospital. All 
patients provided written informed consent.

Real-Time Quantitative PCR
Total RNA of HCC and paracancerous tissues collected from HCC patients was extracted according to manufacturer’s 
instructions of R1200 RNA Isolation Kit (Solarbio, Beijing, China). cDNA was synthesized based on the instructions of 
cDNA Synthesis Mix Kit (KR118, Tiangen, Beijing, China). An SYBR Green qPCR PreMix (FP207, Tiangen, Beijing, 
China) was applied for the quantification of mRNA. GAPDH level was used for the normalization of OX40L expression. 
Relevant sequences used were listed in Supplementary Table S1. The data were analyzed using the 2−ΔΔct method.

Cell Culture and Strains
Human endothelial kidney cell line HEK293T, mouse HCC cell lines H22 and mouse melanoma cell lines B16F10 were 
obtained from ATCC. HEK293T and H22 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM). B16F10 
cells were grown in minimum essential medium (MEM). All culture mediums were supplemented with 10% fetal bovine 
serum and 1% penicillin-streptomycin. Competent cells DH5α were purchased from Tiangen for plasmid amplification.

In vitro Transfection of mRNA-diOX40L-LNP
HEK293T cells were seeded in 6-well plates at 5×105 cells/well. Twenty-four hours later, the OX40L-mRNA (prepared 
by method previously described24) and diOX40L-mRNA were transfected by LNP. Cells were collected at 24, 48 and 
72 hours after transfection and analyzed by Western blotting and immunofluorescent as described below.

Western Blotting Assay
Cells from control, OX40L and diOX40L group were harvested at 24, 48 and 72 hours after transfection using 0.25% 
EDTA-Trypsin. Total protein was extracted using RIPA buffer (Solarbio, R0010). Protein concentrations were deter
mined using a BCA Protein Assay Kit according to the manufacturer’s instructions. Next, proteins (10μg per lane) were 
resolved on 10% SDS-PAGE. For immunoblotting, proteins were transferred to a polyvinylidene difluoride membrane. 
Blots were incubated for 1 hour at room temperature in blocking buffer containing 5% bovine serum albumin (BSA; 
Solarbio, SW3015); incubated overnight at 4°C with rabbit anti-OX40L antibody (1:1500 dilution, CST, 14991) and 
mouse anti-β-actin antibody (1:1500 dilution, CST, 3700); and subsequently incubated with HRP-conjugated goat anti- 
rabbit (1:5000 dilution) and HRP-conjugated goat anti-mouse (1:5000 dilution) antibodies for 1.5 h at room temperature. 
The blots were visualized using an ECL detection system.
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Immunofluorescent Assay
For the immunofluorescent examination, 1×105 HEK293T cells were seeded on glass coverslips in 12-well plates 
pretreated with TC (Solarbio). After incubation for 24 h to reach 75% confluence, the cells were transfected with 
diOX40L mRNA and incubated at 37°C for 60 min. Then, the mixture was removed, and 1.5 mL fresh medium was 
added to the transfected cells. After further incubation at 37°C for 24 h, the wells were fixed with 4% paraformaldehyde 
for 30 min followed by three washes with PBST. Cells were incubated in a blocking buffer containing 5% BSA. Next, 
cells were incubated with primary antibodies against rabbit anti-OX40L antibody (1:200, Abcam, ab263910) in PBST at 
4 overnight. The coverslips were washed three times with PBST and incubated with Alexa Fluor® 488-conjugated goat 
anti-rabbit IgG H&L (1:250, Abcam, ab150077) for 1 h at room temperature. Nuclei were counterstained with DAPI 
(Solarbio, C0065). Images were taken with a confocal laser scanning microscope.

In vivo HCC Mouse Model
All animal experiments were approved by the Animal Welfare and Ethics Committee of the Chinese PLA General 
Hospital in accordance with the Regulations on the Administration of Laboratory Animals and the relevant internationally 
recognized animal welfare guidelines (Guide for the Care and Use of Laboratory Animals) to ensure that the animals 
received proper care and humane treatment throughout the experimental process. Four- to six-week-old female BALB/C 
mice were purchased from SPF (Beijing) Biotechnology Co. All mice were provided with food and water ad libitum and 
maintained in a 12-h light–dark cycle under standard conditions at SPF environment. For subcutaneous experiments, H22 
cells were pre-inoculated intraperitoneally into Kunming mice. One week later, cells with ascites were harvested and 
5×106 H22 cells were subcutaneously injected into the left flank of the mice. When the tumor volume reached to 
100mm3, the mice were randomly divided into three groups (n=6/group). mRNA-OX40L-LNP or mRNA-diOX40L-LNP 
or LNP was intratumorally administrated at 11.5 μg into mice in each group, respectively. Intratumoral injections were 
performed six times at 3-day intervals.

As to subcutaneous experiments of diOX40L-mRNA combined PD-1, four- to six-week-old female BALB/C mice 
and H22 cells were also used as described above. 5×106 H22 cells were subcutaneously injected into the left flank of the 
mice and when the tumor volume grew to 100 mm3, the mice were randomly divided into four groups (n=6/group). LNP 
was intratumorally administrated six times at 3-day intervals at 11.5 μg into negative control (NC) group. mRNA- 
diOX40L-LNP was intratumorally administrated six times at 3-day intervals at 11.5 μg into diOX40L group and 
diOX40L+PD-1 group. PD-1 antibody was intraperitoneal injected two times a week for two weeks at 10mg/kg into 
diOX40L+PD-1 group and PD-1 group.

All experiments continuously measured tumor volume and survival condition. The endpoints of the study were animal 
death or a tumor reaching 2000 mm3. Tumors were collected and weighed, tumor volume was calculated as (tumor length 
× tumor width2×0.5), Kaplan–Meier survival curves were plotted after 21 days.

In vivo Melanoma Mouse Model
Four- to six-week-old female C57BL/6 mice were purchased from SPF (Beijing) Biotechnology Co. and housed in an 
SPF environment with regular watering and feeding. For melanoma mouse model, 5×105 B16F10 cells were subcuta
neously injected into the left flank of the mice. When the tumor volume reached to 100mm3, the mice were randomly 
divided into four groups (n=8/group). NC group was intratumorally administrated at 11.5 μg LNP four times at 3-day 
intervals. diOX40L group was intratumorally administrated at 11.5 μg mRNA-OX40L-LNP four times at 3-day intervals. 
diOX40L+PD-1 group was intratumorally administrated at 11.5 μg mRNA-OX40L-LNP four times at 3-day intervals and 
was intraperitoneal injected PD-1 antibody two times a week for one week at 10mg/kg. PD-1 group was intraperitoneal 
injected PD-1 antibody two times a week for one week at 10mg/kg. Subcutaneous experiments continuously measured 
tumor volume and survival condition. The endpoints of the study were animal death or a tumor reaching 2000 mm3. 
Tumors were collected and weighted, and tumor volume was calculated as (tumor length × tumor width2×0.5). Tumor 
draining lymph node (TdLN) was collected. The orbital blood was collected and centrifuged at 3000×g at 4°C for 15 min, 
serum was collected and stored at −80°C for further test. Kaplan–Meier survival curves were plotted after 21 days.
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Flow Cytometry Assay
The evaluation of immune cells population was performed by using flow cytometry assay. The mouse tumor single-cell 
suspension was acquired through grinding and percoll gradient separation. Then, cells were activated by cell activation 
cocktail with Brefeldin A (Biolegend). Cells were stained with the anti-CD45-Alex Fluor 700 antibody, anti-CD3-DsRed 
antibody, anti-CD4-PE-Texas Red-A antibody, anti-CD8-Percp-Cy5.5 antibody, anti-Ly6G-APC/cyanine7 antibody, anti- 
CD44-PE/cyanine7 antibody, anti-CD25-PE/cyanine5 antibody, anti-CD11b-Brilliant Violet 711 antibody, anti-B220- 
Qdot 605 antibody, anti-CD62L-FITC, anti-CTLA-4-APC. Extracellular staining was fixed with cell fixation fluid, after 
which intracellular staining was performed. Intracellular antibodies were diluted in Intracellular Staining 
Permeabilization Wash buffer (Biolegend, 421002). Intracellular staining was anti-Granzyme B-DAPI antibody. For 
the experiment of aPD-1 combined with diOX40L mRNA, the procession of tumor single-cell suspension was same as 
above. The TDLN single-cell suspension was screened by grinding through the cell sieve. Anti-CD45-APC/cyanine7 
antibody, anti-CD3-PE/cyanine7 antibody, anti-CD4-FITC antibody, anti-CD8-Percp-Cy5.5 antibody, anti-CD69-PE 
antibody, anti-CD44-Brilliant Violet 510 antibody, anti-CD62L-Alex Fluor 700 antibody, anti-IFNγ-APC antibody and 
anti-IL2-Brilliant Violet 421 antibody were used to evaluate the T cells subpopulation. All of the stained antibodies were 
purchased at Biolegend. Finally, the cells were washed three times with PBS and analyzed using FACS.

In vivo Systemic Toxicities Evaluation
To assess the potential for liver and renal toxicity of mRNA-diOX40L-LNP, serum samples were obtained from 
a subcutaneous melanoma mouse model. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), and 
creatine kinase (CK) in serums were measured enzymatically using the Alanine aminotransferase Assay Kit (C009- 
2-1, Nanjing Jiancheng Bioengineering Institute), Aspartate aminotransferase Assay Kit (C010-2-1, Nanjing Jiancheng 
Bioengineering Institute), and Creatine kinase assay kit (A032-1-1, Nanjing Jiancheng Bioengineering Institute) accord
ing to the manufacturer’s instructions, respectively.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism software. Data are expressed as medians ± minimum to 
maximum or means ± SDs. Fisher’s exact test and t-test were used for comparisons between the two groups. Multiple 
comparisons were performed using one-way ANOVA with Dunnett’s multiple comparison post hoc test while in survival 
test, the statistical significance was analyzed by Wilcoxon log-rank. A P value < 0.05 was considered statistically 
significant (*P < 0.05; **P < 0.01; ***P < 0.001).

Results
Preparation and Characterization of the Optimized diOX40L mRNA Cancer Agent
As shown in Figure 1A, the opening reading frame (ORF) of the diOX40L mRNA, which is the protein-coding sequence 
region, is composed of double OX40L sequences linked by linker ligation. In addition, intact mRNA molecule includes 
5′ UTR and 3′ UTR to regulate the translation of the mRNA; the 2′-O-methylated Cap0 (Cap1) to imitate the natural cap 
structure to help the ribosome recognition; and Poly(A) tail to protect mRNA from its degradation. At the same time, the 
Kozak sequence was selected in 5′ UTR region to mediate the initiation of protein translation. Based on the RNA 
secondary structure prediction algorithm combined with bioinformatics analysis, the OX40L with tandem structure is the 
target sequence to enhance the molecular biological structure. Finally, we determined the mRNA sequence with the most 
stably expressed diOX40L. In the subsequent experiments, for the studies on mice, we used the mouse-derived OX40L 
sequence. In the in vitro experiments, we utilized the human-derived sequence for validation. The optimization results of 
human-derived sequence were provided in the Supplementary Table S2.

The entire coding sequence was constructed on a plasmid vector pcDNA3.1 (+), gel electrophoresis of which showed 
in Figure 1B. The Xba I-digested recombinant plasmid allowed the polymerase to perform conventional in vitro 
transcription. The linearized plasmid size was about 6600 bp (Figure 1C). The gel electrophoresis of diOX40L mRNA 
shows demonstrating that the length of the mRNA fits with the diOX40L (Figure 1C). For successful protein expression, 
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we prepared LNP delivery formulations to carrier the mRNA into the cells. Transmission electron microscope (TEM) 
observation and dynamic light scattering (DLS) analysis revealed that the LNP encapsulated diOX40L mRNA exhibited 
regular spherical membrane structures with average diameters of about 100 nm (Figure 1D-F).

More Efficient Expression of Immunostimulant OX40L in vitro and in vivo
We detected the mRNA expression level of OX40L in HCC tissues and paracancerous tissues by RT-qPCR and demonstrated 
that the expression of OX40L exists in HCC and the expression level is higher than that in adjacent tissues (Figure 2A). Then, 
we evaluated the delivery efficiency of LNP and the capacity of diOX40L mRNA-based protein expression. To this end, the 
transfection study was performed in the HEK293T cells in vitro. We compared the expression of OX40L between the 
optimized diOX40L mRNA and the original single OX40L mRNA by Western blot. The results showed a higher expression 
level of OX40L using diOX40L mRNA agents (Figure 2B). We performed a time-dependent experiment to detect the 
expression of OX40L protein and proved that the protein expression was the highest at 24 h (Figure 2C). According to laser 
confocal microscope analysis of transfected HEK293T cells, as shown in Figure 2D, the cellular distribution of OX40L was 
on the cell surface and the expression reduced with time, in agreement with the findings in Figure 2C.

To explore whether OX40L is well expressed in vivo, we injected diOX40L mRNA, original single OX40L mRNA, and 
non-coding sequence preparations, respectively, into subcutaneous tumor. After 24 hours intratumorally injection of 10μg 
mRNA preparations, we collected the tumor tissue and performed flow cytometry analysis to verify the expression of OX40L 
in vivo and the feasibility of the LNP formulation (Figure 2E). All analyzed H22 cancer cells expressed OX40L higher in the 
group of diOX40L than the other two groups, by percentage and Mean fluorescence intensity (MFI) (Figure 2F-G).

Comparison of Antitumor Effect of the diOX40L mRNA versus Original OX40L 
mRNA
To evaluate the efficacy of diOX40L mRNA for the in vivo treatment of liver tumors, we utilized the H22 subcutaneous 
tumor-bearing mouse model. At the same time, to better evaluate the effect of the agents on the larger H22 tumors, we 

Figure 1 Optimization and characterization of encapsulated diOX40L mRNA agent. (A) Design of an optimized diOX40L mRNA. (B) Identification of recombinant plasmid 
and restriction-digested plasmid by gel electrophoresis. 1) 15000 bp marker, 2) diOX40LpcDNA3.1 and 3) Xba I-digested diOX40L-pcDNA3.1. (C) Electrophoretic profile 
of mRNA 1) 2000 bp marker; 2) diOX40L mRNA. (D) TEM image of LNP-formulated diOX40L mRNA. Scale bar, 100 nm. (E) Size distribution of LNP-formulated diOX40L 
mRNA. (F) ζ potential of LNP-formulated diOX40L mRNA.
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delayed the starting point of the treatment from 80 mm3 to 100 mm3 of the tumor volume, which was different from the 
previous article. Twelve days after tumor implantation, animals received intratumorally injection with diOX40L and 
original OX40L and non-coding mRNA preparation at the dose of 10μg per mouse.26 Experiment schedule is shown in 
Figure 3A. Tumor progression was monitored by measuring its volume at two-day intervals. When the tumor volume 
exceeded 1500 mm3, the animal was considered dead. Original OX40L and diOX40L agents all slowed H22 progression 
and the diOX40L agents were effective than others in inhibiting the growth of H22 tumors in vivo (Figure 3B-C). 
Moreover, prolonged median survival of 33 days after the H22 cells inoculation was shown among the three groups 
(Figure 3D). The volume and weight of the tumors isolated on day 21 are shown in Figure 3E. Photographs of isolated 
H22 tumors are shown in Figure 3F. To further explore the antitumor mechanisms of the diOX40L mRNA in HCC, we 
extracted lymphocytes from the tumor tissues and detected the phenotypes of immune cells by using flow cytometry. Our 
results showed that the cytotoxic T cells, helper T cells, naive T cells, central memory T cells and effector T cells were 
more abundant in the diOX40L group than both the OX40L group and control group. Compared with the control group, 
the diOX40L group was more overrepresented on neutrophils, B cells, and GrzmB+ T cells. However, Treg cells in 
diOX40L group did not show significant differences from the other two groups (Figure 3G). Based on the above animal 

Figure 2 In vitro transfection of the diOX40L mRNA. (A) Reverse transcription (RT) quantitative (q)PCR assay of OX40L expression on patient-derived HCC. Data were 
processed using GraphPad Prism 8 and are presented as the mean ± SD. The P values were determined using a t-test. ***, P < 0.001. (B) Western blot analysis of OX40L 
expression in HEK293T cells after the indicated treatments for 24 hours. (C) Western blot analysis of OX40L expression in HEK293T cells after the diOX40L mRNA 
transfected for 24, 48, and 72 hours. (D) Immunofluorescence imaging of OX40L expression in HEK293T cells treated with noncoding and diOX40L mRNA for 24 hours, 
48 hours, and 72 hours. OX40L protein was stained in green, and DAPI in blue. (E) Flow cytometry analysis of cell uptake efficiency by H22 subcutaneous tumors after 
intratumoral injection with different mRNA agents. (F) The percentages were used to present the flow cytometry data. (G) The mean fluorescence intensity (MFI) was used 
to present the flow cytometry data. Data of (E, F) were processed using GraphPad Prism 8 and are presented as the mean ± SD. The P values were analyzed by One-way 
ANOVA with multiple comparisons. *, P < 0.1; **, P < 0.01; ***, P < 0.001.
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experiment results, we conducted an in vitro validation experiment using human-derived Hep3B cells and T cells. In 
addition, real-time quantitative PCR was performed to evaluate the levels of IFNγ, IL-2, IL-4, PD1, OX40, Gata3 and 
Tbet by coculture T cells and Hep3B cells transfected diOX40L. The results of qPCR showed that the levels of IFNγ, IL- 
2, IL-4, PD1 and OX40 in PBMC were significantly increased in diOX40L group, which indicated that the mechanisms 
of diOX40L may play an antitumor effect by regulating the secretion of IFNγ, IL-2 and IL-4. Meanwhile, the expression 
of OX40 (the receptor of OX40L) and PD1 was also increased. This indicates that in addition to the OX40 receptor, the 
PD1-PDL1 pathway also plays a role (Figure 3H). In summary, these results suggested that intratumoral injection of 
diOX40L in mice can exert an antitumor effect, which may be achieved by regulating the phenotypes of immune cells or 
the secretion of cytokines in the tumor microenvironment.

For Tumors Sensitive to ICIs, Activation of TIME Can Enhance Its Antitumor Effect
To investigate whether the in vivo mRNA-translated diOX40L possess the potential of adjuvant immune checkpoint 
inhibitors, we assessed the therapeutic effect of the diOX40L agent in combination with the anti-PD1 antibody (aPD-1) 
against H22 tumors. The diOX40L agent was intratumorally administrated once every three days as before and systemic 
intraperitoneal (i.p.) aPD-1 was administration twice a week (Figure 4A). When the tumor volume exceeded 1500 mm3, 

Figure 3 The optimized diOX40L mRNA play a stronger role than the original sequence in inhibiting H22 subcutaneous tumors growth in vivo.FIGURE 5: (A) Schematic 
illustration of the experiment schedule.(B) Growth curves of subcutaneous tumors in each mouse (n = 6). (C) Tumor growth curves of each group. (D) Survival curve (n 
= 6). (E) Average tumor weight and volume of each group. (F) Photography of isolated tumors from each group. (G) Activation of immune cells detected by flow cytometry. 
(H) Transcription level detected by qPCR after co-culture of immune cells with diOX40L-treated Hep3B. Data of (B, E, G, H) were processed using GraphPad Prism 8 and 
are presented as the mean ± SD. The P values were analyzed by One-way ANOVA with multiple comparisons. *, P < 0.1; **, P < 0.01; ***, P < 0.001.
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the animal was considered dead. Without any intervention, the probability of survival was less than 50% by 21 days 
(Figure 4B). The recordings of tumor volume showed that the combination strategy was significantly more effective than 
any of it given alone in inhibiting the progression of H22 tumors in vivo (Figure 4C-D). A third of the subcutaneous H22 
tumors were declined after the combined treatment with diOX40L and aPD-1. We can see that H22 tumors are sensitive 
to immune checkpoint inhibitors (Figure 4C-D). Therefore, for cancers that are susceptible to ICIs, the effective of ICIs 
on tumors can be enhanced by stimulating the tumor microenvironment. We then performed the immune cell analysis of 
the tumor tissue using flow cytometry. It is generally known that aPD-1 primarily target T cells in order to counteract 
tumors tendency to escape the immune system in the tumor microenvironment. So the detection and analysis of flow 

Figure 4 Improved antitumor efficacy with combination of diOX40L mRNA therapy and checkpoint blockade. (A) Schematic illustration of the experiment schedule with 
anti–PD-1. (B) Survival curves of H22 tumor-bearing mice after treatment with a single diOX40L mRNA intratumorally with or without anti–PD-1. (C) Growth curves of 
subcutaneous tumors in each mouse (n = 6). (D) Tumor growth curves of each group. (E) T-cell activation by flow cytometry. CD4+ T cells and CD8+ T cells in the tumors 
of the H22 tumor-bearing BALB/c mice. (F) Quantification of IFNγ expression in CD8+ T cells and IL2 expression in CD4+ T cells. (G) Quantification of two types of 
memory T cells from tumors. Statistical analyses were performed by one-way ANOVA with P values corrected for multiple comparisons. *, P < 0.1; **, P < 0.01; ***, P < 
0.001. Data were presented as mean values ± SD.
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cytometry mainly focused on T cells. Combination therapy significantly increased the proportion of CD4+ and CD8+ 

T cells in lymphocytes in the TEM compared to the control groups (Figure 4E). By T cell activation assays, up to 45% of 
CD8+ T cells secreted IFNγ and up to 60% of CD4+ T cells secreted IL2 in the TIEM in the combined therapy group, 
which were much higher than those in the control group (Figure 4F). We analyzed that the combination treatment 
increased the proportion of both central memory T cells (CD44+ CD62L+) and effector memory T cells (CD44+ CD62L−) 
in the tumor tissues (Figure 4G). The results demonstrated that diOX40L can activate the tumor immune microenviron
ment, enhance the memory immune effect of T cells on tumor antigens, and combination with aPD-1 is superior to any 
single dose alone in improving immune efficacy.

Antitumor Effect Exerted by the diOX40L mRNA in the B16F10 Melanoma Mouse 
Model
To further evaluate the therapeutic potential of OX40L mediated T cell costimulation in various sensitivity tumor models, 
B16F10 melanoma models were constructed to examine the sensitivity to t diOX40L mRNA agent combined with aPD- 
1. Due to the high malignancy of melanoma, we intratumorally administered the mRNA preparations once a day and give 
systemic intraperitoneal injections of aPD-1 twice a week (Figure 5A). The combined treatment group had the smallest 

Figure 5 The diOX40L mRNA agent increase the therapeutic efficacy in multiple tumor models. (A) Schematic illustration of the experiment schedule in the B16F10 tumor- 
bearing mouse model. (B) Average tumor volume and weight of each group. (C) Growth curves of subcutaneous tumors in each mouse (n = 8). (D) Tumor growth curves 
of each group. (E) Survival curve (n=8). (F) Photography of isolated tumors from each group. (G) Quantification of tumor infiltrating CD4+ T cells, CD8+ T cells, IFNγ+ 

T cells and IL-2+ T cells in each group. (H) Quantification of CD4+ T cells and CD8+ T cells of per TdLN in each group. (I) Frequency of CD44+ T cells in CD4+ T cells and 
CD8+ T cells, respectively. Statistical analyses were performed by one-way ANOVA with P values corrected for multiple comparisons. *, P < 0.1; **, P < 0.01; ***, P < 0.001. 
Data were presented as mean values ± SD.
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tumor volume and weight, as illustrated in Figure 5B. By monitoring tumor volumes in mice, we can see that the 
inhibitory effect of the aPD-1 on B16F10 tumors was gradually diminished and three-eighth of the mice developed 
resistance to aPD-1 at later stages (Figure 5C). Administration of diOX40L mRNA agent showed an antitumor 
enhancement in aPD-1 tolerant melanoma (Figure 5D). In contrast to the NC group, 75% of survival were rescued 
through experimental dosing after 20 days upon challenge with B16F10 cells (Figure 5E). The photography of isolated 
tumors from each group on day 7 is shown on Figure 5F. These findings suggest that aPD-1 combined with diOX40L 
mRNA agents could lessen tumor cells’ resistance towards aPD-1 and elicit potent antitumor effects that with an 
unfavorable TME.

DiOX40L mRNA Agent Promotes Immune Activation and TME Remodeling
Since we observed an increase in types of memory T cells in the H22 antitumor model, similar analysis of melanoma 
demonstrated that memory T cells were similarly increased in the TIME after the combination therapy, and the majority 
were CD4+ T cells (Figure 5G). These T cells secrete both IL 2 and IFNγ. When we isolated and examined tumor- 
draining lymph nodes (TDLN) in melanoma, both CD4+ and CD8+ T cells in the TDLNs were relatively abundant in the 
experimental groups (Figure 5H). The memory cells in the TDLNs showed an activated state (CD69+CD44+) in 
Figure 5I. From this, we speculated that the effector T cells in the tumor microenvironment arise from migration of 
the TDLNs. The mRNA-translated diOX40L as an up-regulated T cells adaptor reconstructed the immune tolerance state 
by increasing memory T cells in the TEM. Even for melanoma, an immune ICI-resistant tumor, the combination of 
diOX40L agents and systemic intraperitoneal administration of aPD-1 is a promising therapeutic approach. Finally, the 
Hematoxylin and Eosin (HE) staining in different organs showed no abnormalities after treatment with different regimens 
(Figure 6A). Whether there was any irreversible liver or renal impairment was indicated by serum alanine transaminase 
(ALT), aspartate transaminase (AST), and creatine kinase (CK) levels. The results showed that although the data of the 
experimental groups were slightly higher than those of the negative control group, there was no statistical difference 
between the groups (Figure 6B–D).

Discussion
In the realm of cancer treatment, immune checkpoint inhibitors have displayed remarkable potential as an emerging form 
of immunotherapy. Nevertheless, the formidable hurdle of tumor-induced immune suppression has remained a substantial 
barrier to effective cancer immunotherapy.8 Recently, increasing numbers of immune targets have been developed to 
reverse the refractory TIME.28 The OX40-OX40L axis is typically used in cancer immunotherapy to co-stimulate the 
immune system and to eradicate tumors through adjuvant immunotherapy.29–32 This strategy could be achieved mainly 
by increasing the activity of OX40 on T cells. The major forms of existing treatment are agonist OX40 antibodies and 
gene therapies that mimic OX40L to improve connection to OX40.18 Gene therapy incorporating OX40L expression has 
gained prominence recently, driven by the shortcomings of protein-based medicines, such as their time-consuming 
production, persisting impurities, and tendency to aggregate.27,33–35 In this study, mRNA encoding sequences were 
adopted to express the OX40L protein. Because the mRNA therapy stands out as a safer alternative to other forms of 
gene therapy, as it does not require entry into the cell nucleus and does not integrate into the genome.36 This quality 
makes it an appealing option for cancer immunotherapy, holding significant promise in the battle against cancer. 
Presently, patients with diverse cancer diagnoses are actively participating in numerous clinical trials to assess the 
efficacy of mRNA agents in treatment.37

The rationale for using mRNA agents for immunotherapy is to use mRNA-encoded proteins to modify the tumor 
microenvironment.38,39 In this study, we have presented a significant exploration of diOX40L mRNA preparation and its 
impact on modulating the tumor microenvironment and counteracting tumor immunosuppression. The application of this 
method is limited by the screening mRNA structures and delivery techniques. To address the aforementioned challenges, 
researchers employ continuous sequence optimization through bioinformatics techniques tailored to the specific require
ments of developing various types of drugs.40,41 We have similarly taken these approaches. OX40L is expressed in 
trimeric form and binds three OX40 molecules with high affinity and slow dissociation, which is a crucial characteristic 
for its role in immunomodulation.42,43 To more effectively enhance the interaction of the OX40 to OX40L, a series of 
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optimization strategies were implemented. The OX40L sequence was optimized, and the double OX40L sequence was 
linked together in the opening reading frame. The increase of Kozak sequence can regulate the initiation of translation, 
and this ensured that the protein synthesis process was more efficient and accurately controlled. Meanwhile, the use of 
N1 methyl-modified UTP favors stabilizing mRNA, thereby reducing its immunogenicity.44,45 Our optimized sequence 
demonstrated increased OX40L production both in vitro and in vivo, which was a crucial starting point.

Additionally, two of the more commonly employed delivery systems for mRNA are LNP and lipoplex (LPX).46,47 

LNP is currently considered the most ideal delivery system, consisting of neutral lipid, cationic liposome, cholesterol, 
and PEG-lipid.48 The mRNA is a typical technology platform, with its standard operation process and strong 
scalability.49 Ideally, all components can be pre-prepared, except for the encoding area. With the support of well- 
established LNP delivery technology, mRNA can rapidly expand its applications into various areas of tumor immunity 
research.50 So after the diOX40L-mRNA was synthesized through in vitro transcription, capping, and tail addition 
procedures, it was uniformly coated around LNP by advanced microfluidic technology.51 Subsequently, the diOX40L 
mRNA agents were finally obtained through a purification process to remove impurities, ensuring the purity and quality 
of the final product.

This study primarily showcases the capacity of diOX40L mRNA preparation to modulate the tumor microenviron
ment and counteract tumor immunosuppression in vivo. The comparative analysis between the optimized and original 
sequences in H22 subcutaneous tumor-bearing mice revealed the superior antitumor effects of the optimized diOX40L 

Figure 6 Safety and Toxicity Evaluation. (A) The HE staining of the different organs from mice after treatment with different regimens. Scale bar = 100 μm. (B) Serum AST 
Level. (C) Serum ALT Level. (D) Serum CK Level. Statistical analyses were performed by one-way ANOVA.
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mRNA agents, as evidenced by cytotoxic T cell activation, tumor volume reduction, and overall survival. By co-culturing 
T cells with Hep3B cells transfected with the mRNA agents in vitro, it was found that in addition to the OX40-OX40L 
axis playing a role, the PD1-PDL1 axis may also play a role. This is similar to previous studies.29,52,53 We then proceeded 
to combine the diOX40L mRNA agents with aPD1 therapy to assess the feasibility of adjuvant immunotherapy. The 
results were highly promising, especially in tumors sensitive to immunotherapy. This approach not only activated T cells 
but also increased central memory cells and effector memory T cells within the TME. To further investigate the origins of 
these memory cells and the broad efficacy of diOX40L mRNA agents, we extended our combination strategy with aPD1 
to a B16F10 melanoma model. Melanoma, with its high malignancy and resistance to ICIs, required us to identify novel 
combinations integrating ICIs with different agents for clinical treatment guidance.54–56 The results found that intratu
moral injection of diOX40L mRNA preparations combined with intraperitoneal administration of aPD1 led to 
a remarkable delay in tumor development compared to any single-dose group. This transformed the ‘cold’ immune- 
evasive TME into a ‘hot’ state, facilitating tumor cell elimination.57 This was achieved through the migration of memory 
cells from the TDLNs, activation of T cells within the TME, and the release of cytokines. In conclusion, experimental 
results demonstrated that local delivery of diOX40L mRNA yielded several significant outcomes: (1) direct increase of 
the cytotoxic effects of T cells; (2) increased T cell infiltration and the activation of the TIME; (3) adjuvant killing of H22 
tumors sensitive to aPD1; (4) broad-spectrum antitumor effects to the B16F10 melanoma mouse model; (5) increased 
infiltration of central memory T cells and effector T cells; (6) migration of memory cells from the TDLNs.

Conclusion
The OX40-OX40L axis emerges as one of the most vital costimulatory molecular axes for regulating T cells. Our 
findings confirm its potential to enhance various types of T cells and impede the progression of malignancies. 
Importantly, this study provides a theoretical foundation for clinical treatments, showing that OX40 activation can 
complement T cell checkpoint blockade like aPD1 and reshape the refractory TME. Future research will focus on 
validating this agent in more experimental animals and other tumors. Additionally, we will explore its potential in clinical 
applications.
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