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growth and recurrence and affecting the efficacy of RFA. In this study, the constructed STM-Mn@OM Vs,
which were produced through the rational functionalisation of bacterial-derived OMVs with Mn>" ions
and the methylation inhibitor STM2457, were found to effectively activate antitumor immunity. Our
study shows that STM-Mn@QOMVs can effectively promote dendritic cells (DCs) maturation, T cell acti-
vation, and STING pathway activation after endocytosis by cells, thus promoting immune cell infiltration.
The STM-Mn@OMYVs were able to promote cellular pyroptosis and synergistically activate the STING
pathway. Furthermore, STM-Mn@OMVs promoted the increase of M1 macrophage phenotype in tumor-
associated macrophages (TAMs) by reducing the infiltration of immunosuppressive cell populations such
as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), thus reversing the suppres-
sive immune microenvironment after IRFA to some extent. Ultimately, the growth of residual tumors was
inhibited. In addition, the biosafety of STM-Mn@OMYVs was demonstrated in this study. Therefore, the
STM-Mn@OMVs constructed in this study have great potential for application in the field of RFA and
immunotherapy for HCC.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Radiofrequency ablation (RFA) represents a significant advance-
ment in the treatment of HCC and is currently recommended by
the American Association for the Study of Liver Diseases as a
treatment for early-stage HCC'?. However, insufficient RFA
(IRFA) elevates the probability of tumor recurrence’. During the
RFA procedure, the central zone is defined as the temperature
exceeding 50 °C, which is capable of inducing coagulation
denaturation or necrosis to kill tumor cells*. While cells in non-
lethal temperatures of the transition zone exposed to sub-lethal
heat stress at temperatures ranging between 41 and 50 °C are
capable of inducing dynamic epigenetic changes in tumor cells,
leading to the expression of stress-responsive genes, which
maintain cellular homeostasis and survival*®.

Research indicates that the N° -methyladenosine (m°®A) mRNA-
YTH m°A RNA-binding protein 1 (YTHDF1)-epidermal growth
factor receptor (EGFR) axis plays a promoting role in the recur-
rence and progression of HCC after IRFA”. After IRFA treatment,
the m®A methylation modification level in HCC tumor cells
significantly increased, which in turn led to the upregulation of
YTHDF1 expression, thereby promoting the recurrence and pro-
gression of HCC by upregulating EGFR expression. Meanwhile,
the METTL3 in the cytoplasm of HCC cells translocated to the
nucleus in large quantities, enabling it to bind to more mRNAs
and exert a stronger m°®A catalytic activity. m°A RNA methylation
has been demonstrated to be a pivotal factor in the development
and progression of numerous tumors, including HCC®®. In addi-
tion, residual tumor cells after IRFA are able to induce infiltration
of myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs), leading to persistent local
inflammation'®. The upregulation of MDSCs is able to inhibit
T-cell function in the tumor, thereby suppressing the anti-
inflammatory effects of the tumor immune microenvironment
(TIME) and accelerating the progression of the residual
tumor' "2, Therefore, in response to the clinical need to reduce
tumor recurrence after IRFA, there is an urgent need to develop a
combined immunotherapy strategy that is easy to implement in
clinical practice, has significant efficacy, and has few side effects.
This strategy can effectively curb the local chronic inflammation
caused by sublethal thermal stress in the transition zone by
inhibiting m®A methylation and actively regulating the tumor

immune microenvironment (TIME), thereby further enhancing the
clinical efficacy of RFA.

Nanomaterials offer significant advantages in immunotherapy
due to their precise delivery capabilities, multifunctionality, and
potential to synergistically activate the immune system'>"'¢. While
biological nanoparticles of natural origin have important appli-
cations in tumor therapy, they also contribute to the excellent
biocompatibility and functionality. Among these, outer membrane
vesicles (OMVs) of Gram-negative bacterial origin, as an
emerging biocarrier, show potential in drug delivery, tumor tar-
geting, and immunomodulation'”. The presence of multiple
pathogen-associated molecular patterns (PAMPs), such as pepti-
doglycans, lipopolysaccharides (LPSs), and flagellin, in OMVs
possesses the potent ability to activate innate immune signalling
pathways'®. They are capable of activating intracellular signalling
through ligand—-receptor interactions and/or being internalised by
target cells through endocytosis, phagocytosis, micropinocytosis,
or membrane fusion'®. It has been demonstrated that OMVs can
activate the NLRP3 inflammatory vesicle signalling pathway via
Caspase-11, upregulate IL-18 secretion®’, and promote T cell
maturation and its mediated adaptive immune response®'*?. And
the activation of NLRP3 inflammatory vesicle can lead to the
cleavage and activation of pro-Caspase-12*, while the activated
Caspase-1 is a key enzyme in the process of cellular pyroptosis>*.
Furthermore, the LPS of OMVs can induce the onset of cellular
pyroptosis through a non-classical pathway, resulting in the
release of antigens and inflammatory factors (including IL-10) in
tumor cells®. At the same time, proinflammatory cytokines are
beneficial in reversing the immune-suppressive tumor microenvi-
ronment and enhancing antitumor immunity*®?’. Despite the
considerable efforts of numerous researchers to investigate the
potential of OMVs in tumor immunotherapy, research into HCC
remains underexplored.

In view of the aforementioned background, the aim of our study
was to design and develop a radiofrequency sensitising adjuvant
based on OMVs that would be beneficial in enhancing the immune
response and reducing tumor recurrence following IRFA. In pre-
vious studies, we have demonstrated that Mn*" ions activate the
cGAS/STING pathway, which significantly enhances antitumor
immunity?®. A series of related studies have been conducted on the
STING pathway®. Moreover, evidence suggests that the STING
pathway has the capacity to reverse the immune-suppressive
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tumor microenvironment in HCC, enhance the effect of immune
checkpoint inhibitors, and reduce tumor recurrence’. Given the
role of Mn*" in activating the STING pathway and enhancing MRI
T1-weighted imaging signals, and considering the key regulatory
role of m°A RNA methylation in tumor recurrence after IRFA, we
developed a strategy to co-load Mn>" ions and an m®A methylation
inhibitor (STM2457) mainly targeting METTL3 methyltransferase
onto OMVs. This approach aims to enhance antitumor immunity
while attenuating the sub-lethal heat stress effect after IRFA. The
results demonstrate that following systemic injection, the prepared
STM-Mn@OMVs were capable of markedly enhancing the im-
mune response following IRFA in the mouse HCC model. This
resulted in a robust antitumor response without evident side effects.
By regulating m®A RNA methylation, activating the STING
pathway, inducing pyroptosis, and reversing the immune-
suppressive tumor microenvironment, this novel adjuvant pro-
vides new ideas and strategies for the treatment of HCC with
tremendous potential for clinical application.

2. Materials and methods

Detailed descriptions of the material synthesis, animal models
employed, and experimental methodologies utilized in this study
are provided in the Supporting Information

2.1.  Study design

The primary objective of this study was to test the hypothesis that
OMVs carrying Mn*" ions and STM2457 (STM-Mn@OMVs),
administered intravenously, could enhance the immune response
of HCC following IRFA and inhibit the growth of residual tumors.
In this study, we used the Hepal-6 mouse model of HCC to assess
the therapeutic effect of STM-Mn@OMVs by comparing tumor
size, survival, and changes in the TIME in different groups. We
quantified and immunophenotyped endogenous and peripherally
transfected tumor-infiltrating T-cell populations to assess the
reversal of immunosuppression. Immunofluorescence and Western
blotting were used to analyse cGAS/STING pathway activation as
well as cellular pyroptosis in the tumor microenvironment. Before
starting treatment, all mice were randomly assigned to different
groups. The study ended when mice showed signs of serious
health problems or when the tumor size was equal to or greater
than 1000 mm®. Tumor size assessment was performed anony-
mously where feasible. Each experiment was conducted a
minimum of three times (Scheme 1).

2.2.  Cell lines and animals

The cells employed in this study were Hepal-6, obtained from
ATCC and cultivated in the recommended medium and conditions,
in strict adherence to the prescribed procedure. The animal ex-
periments were conducted using 6- to 8-week-old C57BL/6 mice
sourced from SPF Biotech (Beijing, China). All experimental
procedures were performed in strict accordance with the estab-
lished guidelines and were approved by the Animal Ethics Com-
mittee of Jinan University (IACUC-20240104-06).

2.3.  Animal models and treatments

In this study, an in vivo model of the antitumor effect of
STM@OMVs was established through the subcutaneous

inoculation of 1 x 10° Hepal-6 cells into C57BL/6 mice. An
orthotopic liver tumor model was also established to evaluate the
antitumor efficacy of STM@OMVs by inoculating 1 x 10°
Hepal-6 cells into the liver parenchyma at a depth of approxi-
mately 3 mm using a syringe, followed by slow and controlled
injection to ensure localized cell deposition.

IRFA treatment of the Hepal-6 tumor mice (subcutaneous
inoculation): after 7 days of culture of the tumor mice, the
tumors grew to approximately 150 mm®. The mice were
randomly divided into different groups. The group without IRFA
is the control group, while the experimental group needs to be
treated with IRFA. RFA was performed using a 17-gauge single
ablation electrode (RITA Medical Systems Inc., Mountain View,
CA, USA) inserted percutaneously into a 1 cm active tip. The
power was set at 7 W, and the electrode tip was positioned at the
midpoint of the tumor’s long axis. The treatment time was 1.5 to
2.0 min, with the target temperature set at 70 °C. The objective
was to induce partial necrosis of the tumor in order to achieve
IRFA'®. The specific subgroups of the IRFA group and the
corresponding modes of administration are described in detail
below.

The Hepal-6 tumor-bearing mice (hepatic in orthotopic model)
were cultured for a period of seven days, during which time the
tumors exhibited growth to an approximate volume of 150 mm?.
The mice were randomly divided into two groups (n = 5), and
both groups were pre-treated with IRFA according to the afore-
mentioned procedure. On the first day after IRFA, the IRFA group
was injected with PBS, while the STM@OMVs group was
injected with STM@OMVs.

During the assessment period following administration of the
Hepal-6 tumor-bearing mice model, the tumor volume, body
weight, and survival rate of the mice were monitored and recorded
at 2-day intervals. The IVIS Lumina imaging system (Caliper Life
Science, MA, USA) was used to track tumor growth using
bioluminescent signals emitted by tumor cells. The study ended
when mice showed signs of serious health problems or when the
tumor size was equal to or greater than 1000 mm>. Blood samples,
tumor tissues, major organs, and draining lymph nodes of mice
were collected for further study.

2.4.  Immunoactivation analysis of the components of the
material

In order to clarify and validate the effect of each component of our
prepared materials on immune activation, we first validated the
role of each component of the materials in promoting DCs
maturation and STING pathway activation. The Hepal-6 subcu-
taneous tumor-bearing mice were cultured for a period of seven
days and then randomly divided into seven groups, of which six
groups were pre-treated with IRFA, and the group without IRFA
was designated as the control group. The IRFA pre-treated group
was injected intravenously with PBS, OMVs, Mn2+, STM?2457, a
mixture (simply mixing STM2457, OMVs, and Mn2+), and STM-
Mn@OMVs, respectively, on Day 1 after IRFA. At the same time,
the control group was injected with PBS. DC cell maturation in
tumor-draining lymph nodes was analyzed by flow cytometry after
3 days of treatment. Western blot analysis was also conducted to
assess the activation of the STING pathway in tumor cells, with
the expression of STING, p-STING, IRF3, p-IRF3, TBKI, and
p-TBK1. After 3 days of treatment, the concentrations of IL-14,
IL-6, TNF-¢, and IL-12p70 in serum were quantified by ELISA in
blood samples obtained from mice. Then, the mice were
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Scheme 1

Schematic diagram representation of residual hepatocellular carcinoma anti-tumor immunity after enhancement of IRFA by

STM-Mn@OMVs. (A) Aggregation of STM@OMVs to residual tumor sites after IRFA in hepatocellular carcinoma. (B) Anti-tumor immunity is
activated after treatment with STM-Mn@OMYVs, which convert “Cold” tumors into “Hot” tumors. (C) STM-Mn@OMVs induces tumor cellular
pyroptosis, synergistically activating the cGAS—STING pathway. This figure was created in BioRender. Jiaxin, Y. (2025) https://BioRender.com/

p59y584.

euthanised, and the tumor tissues were collected and filtered
through a 40 pum nylon mesh to create a single-cell suspension,
and the infiltration of CD3YCD8™ lymphocytes was analyzed by
flow cytometry.

2.5.  Therapeutic efficacy and immune response analysis

Assessment of treatment efficacy: the Hepal-6 subcutaneous
tumor-bearing mice were cultured for a period of seven days and
then randomly divided into six groups, of which five groups were
pre-treated with IRFA, and the group without IRFA was desig-
nated as the control group. The IRFA pre-treated group was
injected intravenously with PBS, OMYVs, Mn@OMYVs,
STM@OMVs, and STM-Mn@OMVs. At the same time, the
control group was injected with PBS. The tumor volume, body
weight, and survival rate of the mice were monitored and recorded
at 2-day intervals. Tumor tissues were collected after 14 days of
treatment for H&E, Ki-67, TUNEL staining, and Western blot
analysis.

Immune cell infiltration and pyroptosis analysis: in the Hepal-
6 tumor-bearing mice (subcutaneous inoculation) model, after 7
days of treatment, the tumor tissues were collected. Expression of
IL-18, Gasdermin D (GSDMD), cleaved GSDMD-N, pro-Cas-
pase-1, and cleaved-Caspase-1 in tumor cells was analysed by
Western blot for clear activation of pyroptosis. Immune activation

after treatment was assessed by flow cytometry analysis of the
infiltration of different types of immune cells into the tumor tissue
and ELISA analysis of the production of corresponding cytokines
such as Interferon-gamma (IFN-v), Granzyme B (GZMB), tumor
Necrosis Factor-alpha (TNF-«), Forkhead box P3 (Foxp3),
Transforming Growth Factor-beta (TGF-8), and so on.

Immune activation in orthotopic model: We further verified the
immune activation and efficacy of the drug in the Hepal-6 tumor-
bearing mice (orthotopic HCC model). The mice were euthanized,
and the tumor tissues were collected for sectioning and staining
after the corresponding treatment period. After 7 days of treat-
ment, blood samples were collected to quantify serum levels of
TNF-a and IFN-v. In addition, the tumor tissues were also ob-
tained for flow cytometry analysis of tumor cells and staining by
Western blotting. We also detected tumor cell proliferation (Ki-
67) and apoptosis (TUNEL method®").

2.6.  Biosafety

The biosafety assessment is divided into blood biochemistry (liver
and kidney function) and post-treatment organ examination.
Post-treatment organ examination: Hepal-6 tumor-bearing
mice were divided into six groups (n = 5) with the following
treatment protocols. (1) control group, tail vein injection of PBS
buffer. (2)—(5) groups were all treated with IRFA, where (2) was
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injected with PBS buffer; (3) was injected with OMVs; (4) was
injected with Mn@OMVs; (5) was injected with STM@OM Vs;
and (6) was injected with STM-Mn@OMYVs. The deposition of
Mn?>* in various organs and tumor tissues was quantitatively
assessed by ICP-OES 14 days after treatment in the STM-
Mn@OMVs group. Following the above experimental protocols,
organs (heart, lung, liver, spleen, and kidney) from each group
were collected 14 days post-treatment, fixed in 4% para-
formaldehyde, and embedded in paraffin to prepare four pm-thick
tissue sections. The sections were deparaffinised, hydrated, and
stained with haematoxylin and eosin for 2—5 min. After staining,
the sections were rinsed with water and embedded in resin for
rehydration. PerkinElmer evaluated pathological changes using
the automated quantitative pathology imaging system.

Blood biochemistry analysis (liver and kidney function): to
evaluate the drug safety of STM-Mn@OMVs, the healthy mice
were randomly divided into two groups (n = 3). (1) a control
group treated with PBS via the tail vein and (2) an STM-
Mn@OMVs group treated with STM-Mn@OMVs via the tail
vein. Blood samples were taken 30 days after drug administration,
and serum was extracted and centrifuged at 860 rpm (Dynamica
Velocity 14R PRO). In addition, organs (heart, lung, liver,
spleen, and kidney) were collected and pathological changes were
assessed as described above. A number of biochemical
parameters, including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), albumin (ALB), creatinine (CREA),
urea, vy-glutamyltransferase (y-GT), creatine kinase (CK), and
lactate dehydrogenase (LDH), were measured using a fully
automated biochemical analyser.

2.7.  Statistical analysis

The results are compared using unpaired Student’s t-tests and
expressed as mean =+ standard deviation (SD), as indicated. The
log-rank (Mantel-Cox) test was employed to analyze statistical
differences in survival rates. Statistical analysis was performed
using MedCalc software (MedCalc Software Ltd., Ostend,
Belgium) and GraphPad Prism 9.0 Software for Windows
(GraphPad Software, San Diego, CA, USA). (ns, not significant,
*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results
3.1.  Characterization of STM-Mn@OMYVs

STM-Mn@OMVs characteristics: the schematic of the synthesis
of STM-Mn@OMVs is shown in Fig. 1A. The morphology of
OMVs, STM@OMVs, Mn@OMYVs, and STM-Mn@OMVs was
observed to be spherical by TEM (Fig. 1B). In addition, the mean
diameter of each material synthesised approximates that of the
OMVs, which are approximately 100 nm (Fig. 1C). This finding
indicates that the loading of the drug does not result in a sub-
stantial alteration in the size of the OMVs. Elemental mapping
analysis of STM-Mn@OMVs confirms the presence of C, N, O, P,
and Mn elements (Supporting Information Fig. S1). The drug
encapsulation efficiency of Mn®" was quantified using inductively
coupled plasma optical emission spectrometry (ICP-OES),
yielding a value of 56.8%. Concurrently, the encapsulation effi-
ciency of STM2457 was analyzed via high-performance liquid
chromatography (HPLC), resulting in a value of 62.4%. In this
study, we employed MRI to monitor the alterations in the

T1-weighted signal of STM-Mn@OMVs following 24 h of intra-
tumor (i.t.) administration. The T1-weighted images (Fig. 1D)
demonstrated  that the Tl-weighted signals in the
STM-Mn@OMVs group underwent gradual enhancement at 6, 12,
and 24 h following drug administration, thereby indicating that the
drug was capable of significant enrichment within the tumor.
Furthermore, the treatment of STM-Mn@OMYVs demonstrated a
reduction in T1 relaxation time and an enhancement in
Tl-weighted signals in comparison to free Mn®" (Fig. 1E),
thereby further substantiating the hypothesis that STM-
Mn@OMVs exhibited a greater retention of free Mn®" within
the tumor region. Subsequently, we investigated the pH-responsive
drug release behaviors of STM-Mn@OMYVs. The pH values were
set to 7.4 and 6.5 to simulate drug release under normal physio-
logical conditions and in the acidic microenvironment of tumors,
respectively. The results demonstrate that Mn>* and STM2457 of
STM-Mn@OMVs exhibited rapid release at a pH of 6.5, with a
significantly higher percentage of release compared to pH 7.4
(Fig. 1F and G). This phenomenon may be attributed to the
decreased membrane stability of OMVs under acidic conditions™?,
as well as the change in permeability due to alterations in protein
conformation®®. To further evaluate the membrane stability of
OMVs under varying pH conditions, we monitored the temporal
changes in OMV size across different pH levels (Supporting In-
formation Fig. S2). The results reveal that at pH 6.5, OMVs
exhibited a gradual increase in size over time, indicating potential
vesicle swelling, aggregation, and fusion. In contrast, at pH 7.4,
the vesicle size remained largely unchanged. These observations
demonstrate that OMVs maintain favorable membrane stability
under the normal physiological pH of the human body (7.4),
whereas their structural integrity is compromised in the acidic
tumor microenvironment, which may promote enhanced drug
release. The in vitro optimal dose gradient experiment demon-
strated that STM-Mn@OMYVs induced a dose-dependent decrease
in cell viability in Hepal-6 cells (Supporting Information Fig. S3).
Consequently, the present study demonstrates that the prepared
STM-Mn@OMVs not only exhibit significant tumor enrichment
and enhance the T1l-weighted MRI signals, but also possess
pH-responsive therapeutic release properties and exert in vitro
therapeutic effects. These findings provide strong evidence for the
therapeutic potential of STM-Mn@OMVs in tumor-specific
therapy.

Immune activation of the components of STM-Mn@OMVs:
OMVs have been shown to have a strong ability to be activators of
innate immune pathways'®, while Mn>" has also been shown to
activate the cGAS—STING pathway>*. In order to investigate the
effect of the different components of our designed material on the
immune activation aspect, we collected tumor-draining lymph
nodes and tumor tissue three days after drug administration in the
mouse model and analyzed them separately.

We analysed dendritic cells (DCs) maturation in the mouse
tumor-draining lymph nodes. The results show that mature DCs
were significantly higher in the STM-Mn@OMYVs, Mixture, and
OMVs group compared to the other groups (Fig. 2A). It is well
established that CD80 and CD86 are two crucial co-stimulatory
molecules predominantly expressed on DCs, which are instru-
mental in antigen presentation and T cell activation®>. CD80 and
CD86 bind to CD28 molecules on T cells and provide co-
stimulatory signals that contribute to T cell activation, prolifera-
tion, and differentiation. They are also involved in the prolifera-
tion of regulatory T cells (Tregs) and thus play an important role
in immunomodulation®®. Among the single-component groups,
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Figure 1  Structural and MRI characterization of STM-Mn@OMYVs. (A) Schematic diagram of the synthesis of STM-Mn@OMVs. This figure
was created in BioRender. Jiaxin, Y. (2025) https://BioRender.com/m32y910. (B) TEM image of OMVs, STM@OMVs, Mn@OMYVs, and STM-
Mn@OMVs. Scale bar = 300 nm. (C) The average diameter image of OMVs, STM@OMVs, Mn@OMVs, and STM-Mn@OMVs. (D)
Representative T1-weighted MR images of tumor mice after treatment of STM-Mn@OMV: or free Mn”" after i.t. administration for 24 h. (E) T1
relaxation time plots of Mn>" signal in the tumor region after i.t. injection of STM-Mn@OMV's or free Mn*" for 24 h. (F, G) Cumulative release
percentage of STM2457 (F) and Mn?+ (G) under various pH values at different time points. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not

significant.

the OMVs group had the highest expression of CD80 and CD86
and the highest content of mature DCs, so we hypothesized that
OMVs in STM-Mn@OMVs played an important role in promot-
ing DCs’ maturation. And the STM-Mn@OMYVs group exhibited
the highest expression of CD80 and CD86 in lymph nodes
(42.0%), and the highest percentage of infiltrated CD8"CD3"
T-cell populations (34.8%) among all administered groups
(Fig. 2B—D). This shows that the material we constructed
significantly enhances DCs’ maturation compared to single com-
ponents and pure mixtures. Furthermore, the serum of mice in the
STM-Mn@OMVs group exhibited a notable elevation in the
expression of IL-12p70 (Fig. 2E), predominantly secreted by DCs
and other antigen-presenting cells (APCs)*’. Additionally, the
levels of IL-16, IL-6, and TNF-a, crucial cytokines in immune
regulation and antitumor immunity, were also significantly
elevated (Fig. 2F—H).

We analysed the tumor tissues of mice for STING pathway-
related proteins. Compared to the other groups, the phosphoryla-
tion of STING, IRF3, and TBK1 was increased in the Mn,

Mixture, and STM-Mn@OMVs groups (Fig. 2I), most signifi-
cantly in the STM-Mn@OMVs group. This suggests that
STM-Mn@OMVs plays a role in the STING/TBK1/IRF3 innate
immune pathway. The aforementioned results demonstrate that the
designed materials, STM-Mn@OMJVs, are capable of stimulating
the immune system by promoting DCs maturation, antigen
presentation, and T cell activation to a greater extent than single
components and mixtures (Fig. 2J). Furthermore, STM-
Mn@OMVs were observed to more effectively activate STING
pathways, promote immune cell infiltration, and enhance anti-
tumor immunity. This provides a reliable basis for the selection of
materials for our study and validates the feasibility of subsequent
studies.

3.2.  STM-Mn@OMVs significantly inhibited tumor growth in
the in vivo study

To confirm whether STM-Mn@OMVs has a tumor growth
inhibitory effect, the Hepal-6 hepatocellular carcinoma mouse
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Figure 2

STM-Mn@OMVs activate immune and STING pathways. (A) Histogram of maturation of DCs for different treatments. (B) Flow

cytometry scatter plots of CD80TCD86™ T cells in the mouse tumor tissue following different treatments. (C) Flow cytometry histograms of
CD8'"CD3" T cells in the tumor tissue following different treatments. (D) Flow cytometry scatter plots of CD8"CD3™ T cells in the mouse tumor
tissue following different treatments. (E—H) Histograms of IL-12p70 (E), IL-18 (F), IL-6 (G), and TNF-« (H) expression levels in mouse serum
after different treatments. (I) WB analysis will be used to assess the levels of p-STING, STING, p-IRF3, IRF3, p-TBK1, and TBK1 expression in
the tumor tissues of mice subjected to different treatments. (J) Schematic of STM-Mn@OMVs promoting DCs maturation and activation of the
cGAS/STING pathway. This figure was created in BioRender. Jiaxin, Y. (2025) https://BioRender.com/c70z871. Data are presented as mean =+ SD

(n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

model was cultured for seven days following a subcutaneous
inoculation. Once the tumors had reached approximately
150 mm?, the mice were randomly divided into six groups. Five of
these groups were pre-treated with IRFA, while one group served
as the control group and was not pre-treated with IRFA (Fig. 3A).
The results of IRFA following the treatment of mice in each group
with different drugs demonstrated that mice treated with
Mn@OMVs, STM@OMYVs, and STM-Mn@OMYVs exhibited a
notable delay in tumor growth (Fig. 3B—G). The combination of
STM2457 and Mn*>" exerted a synergistic effect, resulting in a
notable reduction in tumor size and weight in the STM-
Mn@OMVs group (Fig. 3H and I, Supporting Information
Fig. S4), which indicated that the STM-Mn@OMYVs treatment

regimen exhibited the most pronounced antitumor efficacy. The
results demonstrate a correlation between tumor size and survival
rate in mice. In the control group, all mice succumbed to the
disease within 25 days. In contrast, the mice treated with STM-
Mn@OMVs exhibited the highest survival rate, with 40% of
mice surviving for at least 60 days (Fig. 3J). No significant weight
loss was observed in any of the treatment groups during the
14-day observation period (Fig. 3K), which preliminarily suggests
that STM-Mn@OMVs have a favourable biosafety profile.

To further verify the antitumor effect of STM-Mn@OMVs
from histological and cellular molecular perspectives, tumor tis-
sues were collected for H&E, Ki-67, and TUNEL staining, as well
as Western blot analysis, 14 days after treatment in mice. In
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Figure 3

STM-Mn@OMVs significantly inhibited the subcutaneous tumor development. (A) Schematic diagram of treatment protocols.

This figure was created in BioRender. Jiaxin, Y. (2025) https://BioRender.com/gr91chf. (B—H) Individual (B-G) and average (H) tumor growth
kinetics of various treatment groups, starting from treatment Day 0, and the average body weight of mice in each group are shown. (I) Tumor
weights on Day 14 after different treatment groups are displayed. (J) Survival curves of different treated mice. (K) Body weights on Day 14 after
different treatment groups are displayed. (L) H&E, Ki-67, and TUNEL immunostained images for Hepal-6 tumor tissues on Day 14 of different
treatments. Scale bar = 50 um. (M) WB analysis will be used to assess the levels of P53, P21, BCL-2, BCL-XL and EGFR expression in the
tumor tissues of mice subjected to different treatments. (N) WB analysis will be used to assess the levels of HIF-1« expression in the tumor tissues
of mice subjected to different treatments. Data are presented as mean 4+ SD (n = 5). ¥*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

comparison to the other control groups, the mice in the STM-
Mn@OMVs group exhibited markedly reduced levels of H&E and
Ki67 staining, thereby providing compelling evidence that the
drug effectively inhibited tumor proliferation (Fig. 3L and Sup-
porting Information Fig. S5). The results of the TUNEL assay
demonstrated that the intensity of green fluorescence of the indi-
cated DNA fragments (Fig. 3L and Fig. S5) was significantly
elevated in the STM-Mn@OMVs group in comparison to the

other groups. This observation suggests that STM-Mn@OMVs-
treated tumor tissues have a higher level of DNA damage, con-
firming that it can significantly promote cancer cell apoptosis.
Western blot analysis demonstrated that the STM-Mn@OMVs
group inhibited tumor proliferation and promoted the
up-regulation of apoptosis-promoting proteins P53 and P21
(Fig. 3M). In contrast, the anti-apoptotic proteins BCL-2 and
BCL-XL, which inhibit apoptosis and support tumor cell survival,
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were down-regulated (Fig. 3M). Additionally, the expression
levels of epidermal growth factor receptor (EGFR) and hypoxia-
inducible factor 1 alpha (HIF-1«), both of which promote tumor
angiogenesis, were also reduced (Fig. 3N). In conclusion, the data
demonstrate that STM-Mn@OMVs effectively inhibit cancer cell
proliferation and stimulate apoptosis in vivo, indicating their
crucial role in tumor growth inhibition.

3.3.  STM-Mn@OMYVs promotes tumor cells’ pyroptosis

To further investigate the mechanism by which STM-Mn@OMVs
promote antitumor immunity, tumor tissues were taken for flow
cytometry analysis and Western blot staining seven days after drug
administration in the mouse model (Fig. 4A). The gating and
sorting strategy used in flow cytometry analysis is detailed in the
Supporting Information (Supporting Information Figs. S6—S9).
Firstly, the activation of T cells and natural killer (NK) cells was
analysed by flow cytometry, which demonstrated a considerable
increase in the proportion of CD45" T cells infiltrating tumor
tissues in the STM-Mn@OMVs group (Fig. 4B and E). Addi-
tionally, there was a notable rise in the number of CD8"CD3" T
cells and activated CD8" T cells, including those expressing
IFNy", GZMB™, TNF-a", and Ki67" (Fig. 4C, F, and H—K,
Supporting Information Figs. S10—S13). The proportion of NK
cells (CD3"NKI1.1") was also significantly increased at 7.85%
(Fig. 4D and G), and the immunofluorescence showed signifi-
cantly increased CD8 and NKp46 immunofluorescence in the
STM-Mn@OMVs group (Supporting Information Figs. S14 and
S15). The observed increase in these markers indicated that
CD8™ T cells and NK cells were effectively activated, and that
activated CD8™ T cells and NK cells were able to recognise and
kill tumor cells more effectively. In antitumor immunity, CTLs as
well as NK cells are important for tumor control and
clearance™°.

In our designed STM-Mn@OMVs material, both Mn>" and
OMVs have been reported to induce the onset of cellular pyrop-
tosis?>*°, which can further promote T-cell activation*'. Western
blot staining for cellular pyroptosis-related proteins was then
performed, which demonstrated a reduction in the expression of
pro-Caspase-1 and Gasdermin-D (GSDMD) and an increase in the
expression of NLRP3, GSDMD-N-terminal domain (GSDMD-N),
cleaved-activated Caspase-1, and IL-16 in tumor tissues treated
with STM-Mn@OMVs (Fig. 4M and N). Flow cytometry analysis
showed that IL-18 was also significantly increased in STM-
Mn@OMVs treated tumor tissues (Fig. 4L). This finding pro-
vides compelling evidence that STM-Mn@OMVs induce cellular
pyroptosis. The results demonstrate that the designed drug, STM-
Mn@OMYVs, can promote the formation of NLRP3, thereby
facilitating the cleavage of pro-Caspase-1 into its active form,
Caspase-1, to a certain extent. Caspase-1 can cleave GSDMD to
generate active GSDMD-N and promote cellular pyroptosisz4. In
addition, the activated Caspase-1 promotes the active IL-1(6 for-
mation, amplifying the inflammatory response®. To further
elucidate the relationship between cellular pyroptosis and STING
activation, we introduced the pyroptosis inhibitor (Disulfiram) into
the G6 treatment regimen. Disulfiram, a well-documented agent,
effectively prevents the formation of GSDMD membrane pores,
thereby halting the process of cellular pyroptosis*>. We employed
Western blot analysis to evaluate the expression levels of proteins
associated with the STING pathway and cellular pyroptosis,
including p-TBK1, p-STING, p-IRF3, IL-18, cleaved-GSDMD-N,
and cleaved-Caspase-1 in the G2 (IRFA), G6 (IRFA + STM-

Mn@OMYVs), and G6+Disulfiram groups. Our results indicate
that the combined administration of STM-Mn@2457 and
Disulfiram can significantly down-regulate the expression of
STING protein and the levels of pyroptosis-related proteins
(Supporting Information Fig. S16). To further investigate whether
the Caspase-3/GSDME axis was concurrently activated and
contributed to cellular pyroptosis induction, we performed West-
ern blot analysis to assess the expression levels of relevant pro-
teins in tumor tissues from mice in groups G1 to G6, including
pro-Caspase-3, cleaved-Caspase-3, GSDME, and cleaved
GSDME-N. Our results demonstrated that the pyroptosis induced
by STM-Mn@OMVs did not occur via the Caspase-3/GSDME
signaling pathway (Supporting Information Fig. S17). These
findings confirm that inhibiting cellular pyroptosis effectively re-
duces STING activation, thus shedding light on the intimate cor-
relation between Caspase-1/GSDMD pyroptosis and STING
pathway activation. Granzyme B (GZMB), a protease released by
NK cells and CD8™ T cells that induces apoptosis in target cells, is
a crucial effector molecule in tumor cell killing by NK cells and
CTLs*. Our findings revealed a markedly elevated level of
GZMB immunofluorescence in tumor tissues treated with the
STM-Mn@OMVs group (Supporting Information Fig. S18).
These observations indicate that STM-Mn@OMVs can effectively
stimulate the immune system and correlate with cellular pyrop-
tosis, which collectively contribute to the effect of robust anti-
tumor immunity against tumor progression (Fig. 40).

3.4. STM-Mn@OMVs reverse immunosuppression of
immunomodulatory properties

As residual tumor cells after IRFA are able to induce infiltration of
MDSCs and TAMs, they accelerate residual tumor progres-
sion'""'%. To investigate whether STM-Mn@OMVs could reduce
the infiltration of suppressor immune cells and reverse the
immune-suppressive tumor microenvironment, we analysed the
infiltration of relevant immune cells in mice seven days after drug
administration by flow cytometry analysis (Fig. 4A). The results
show that the proportions of Tregs (CD25"Foxp3™ T cells)
(Fig. 5A and E) and MDSCs (CD11b"Gr-17 T cells) (Fig. 5B and
F) in the STM-Mn@OMVs group were significantly lower
compared to the other groups. This suggests that STM-
Mn@OMVs treatment effectively suppressed the expression of
Tregs and MDSCs. In addition, we analysed macrophages within
the tumor microenvironment (TME) to gain insight into the
immunomodulatory role played by STM-Mn@OMYVs. Compared
to the other groups, the STM-Mn@OMVs treatment group
showed a significant increase in CD86F4/80" M1 macrophages
(Fig. 5C and G), a decrease in CD206F4/80" M2 macrophages
(Fig. 5D and H), and the highest M1/M2 ratio (Fig. 5I). In the
tumor microenvironment, M1-type macrophages play an active
role in antitumor immunity by helping to activate T cells and NK
cells and promoting immune responses**. In contrast, M2-type
macrophages play a pro-tumor role in tumor progression, accel-
erating tumor development by promoting angiogenesis and sup-
porting tumor cell invasion and metastasis**. Our results indicated
that STM-Mn@OM Vs drugs enhance the antitumor activity of M1
macrophages while simultaneously impeding the pro-tumor
function of M2 macrophages, ultimately leading to the inhibi-
tion of tumor progression. Furthermore, flow cytometry analysis
demonstrated that the expression levels of antitumor and proin-
flammatory cytokines were elevated in the tumor tissues of the
STM-Mn@OMVs group, including IL-2, IL-6, IL-12p70, IFN-v,
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Figure 4 STM-Mn@OMYVs promote tumor cells’ pyroptosis. (A) Schematic diagram of treatment protocols. This figure was created in
BioRender. Jiaxin, Y. (2025) https://BioRender.com/1weiOxy. (B, E) Flow cytometry scatter plots and flow cytometry histograms of CD45" T
cells in the mouse tumor tissue following different treatments. (C, F) Flow cytometry scatter plots and flow cytometry histograms of CD8*CD3™"
T cells in the mouse tumor tissue following different treatments. (D, G) Flow cytometry scatter plots and flow cytometry histograms of
CD3*"NKI.1" T cells in the mouse tumor tissue following different treatments. (H-K) Flow cytometry scatter plots of IFNy"CD8* (H), TNF-
atCD8™ (I), Ki67"CD8™" (J), and GZMB™CD8™ (K) T cells in the mouse tumor tissue following different treatments. (L) The level of IL-2
expression was determined by ELISA in tumor tissues on Day 7 of different treatments. (M) WB analysis will be used to assess the levels of
NLRP3 expression in the tumor tissues of mice subjected to different treatments. (N) WB analysis will be used to assess the levels of IL-10,
GSDMD, cleaved-GADMD-N, pro-Caspase-1, and cleaved-Caspase-1 expression in the tumor tissues of mice subjected to different treatments.
(O) Schematic of STM-Mn@OMVs promoting tumor cells’ pyroptosis. This figure was created in BioRender. Jiaxin, Y. (2025) https://BioRender.
com/Imsusjg. Data are presented as mean + SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

and IFN-G. Conversely, the levels of inhibitory cytokines, partic- populations, including Tregs and MDSCs. Conversely, they
ularly TGF-g and IL-10, were markedly reduced (Fig. 5J—P). facilitate an increase in the M1 macrophage phenotype within the

The aforementioned findings indicate that STM-Mn@OMVs TAM, which results in a shift from an immunosuppressive to an
are capable of reducing the infiltration of immunosuppressive cell immune-responsive macrophage phenotype. Furthermore, STM-
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Figure 5 STM-Mn@OMVs reverse immune-suppressive tumor microenvironment. (A, E) Flow cytometry scatter plots and flow cytometry histograms
of CD25"Foxp3™ T cells in the mouse tumor tissue following different treatments. (B, F) Flow cytometry scatter plots and flow cytometry histograms of
CD11b*Gr-1" T cells in the mouse tumor tissue following different treatments. (C, G) Flow cytometry scatter plots and flow cytometry histograms of
CD86 " F4/80" M1 macrophages in the mouse tumor tissue following different treatments. (D, H) Flow cytometry scatter plots and flow cytometry histograms
of CD206 " F4/80" M2 macrophages in the mouse tumor tissue following different treatments. (I) Flow cytometry histograms of the M 1/M2 ratio in the mouse
tumor tissue following different treatments. (J—P) The level of IL-2 (J), IL-6 (K), IL-12p70 (L), IEN-y (M), IFN-G (N), TGF-£ (O), and IL-10 (P) expression
was determined by ELISA in tumor tissues. Data are presented as mean & SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. G1, Control
group; G2, IRFA group; G3, IRFA + OMVs group; G4, IRFA + Mn@OMVs group; G5, IRFA + STM@OMVs; G6, IRFA + STM-Mn@OM Vs.
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Mn@OMVs were observed to reverse the inhibitory TIME by
reducing the expression of inhibitory cytokines and promoting the
expression of antitumor cytokines. The aforementioned evidence
substantiates the assertion that STM-Mn@OMVs exert a pivotal
influence on the efficacy of immunotherapy.

3.5.  Assessment of immune activation and therapeutic efficacy
in the orthotopic mouse model of HCC

To further verify whether the proposed STM-Mn@OMVs have
tumor growth inhibitory effects in an orthotopic tumor model, we
used a Hepal-6 mouse in an orthotopic hepatocellular carcinoma
model for our experiments. The mice were randomly divided into
two groups after the tumors had grown to approximately 150 mm?,
and one group was injected with PBS after IRFA pretreatment, and
the other group was injected with STM@OMVs (Fig. 6A). Tumor

Figure 6

growth was meticulously monitored through the assessment of
bioluminescent signals, as the intensity of these signals is directly
proportional to tumor volume (Fig. 6B). The statistical analysis of
the relative fluorescence signals in different treatment groups is
shown in Supporting Information Fig. S19. The gross morpho-
logical images and histopathological sections of tumors following
treatment in the orthotopic liver cancer model are presented in
Supporting Information Figs. S20 and S21. These findings
revealed that mice treated with STM-Mn@OMVs exhibited a
notable delay in tumor growth or even complete regression. The
survival rate of mice in the IRFA group was less than 20 days,
whereas 40% of mice in the STM-Mn@OMVs group survived for
at least 80 days (Fig. 6C). Tumor tissues were collected for H&E,
Ki-67, and TUNEL staining, as well as Western blot analysis, 7
days after the treatment in mice. In comparison to the IRFA group,
the mice in the STM-Mn@OMYVs group exhibited markedly

The immune activation and therapeutic efficacy of STM-Mn@OMVs in orthotopic HCC mice. (A) Schematic diagram of treatment

protocols. This figure was created in BioRender. Jiaxin, Y. (2025) https://BioRender.com/b03u398. (B) Bioluminescence images of HCC tumor
mice after different treatments within 14 days of observation. (C) Survival curves of different treated mice (living mice/dead mice). (D-F) Flow
cytometry scatter plots of CD45" T cells (D), CD4"CD8" T cells (E), and NK cells (CD3"NK1.1") (F) in the mouse tumor tissue following
different treatments. (G-J) Flow cytometry histograms of CD45% T cells (G), CD8TCD3™ T cells (H), NK cells (NK1.17CD3") (I), and
CD47CD3™" T cells (J) in the mouse tumor tissue following different treatments. (K, L) Histograms of TNF-« (K) and IFN-vy (L) expression levels
in mouse serum after different treatments. Data are presented as mean + SD (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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reduced levels of H&E and Ki67 staining, thereby substantiating
the efficacy of the drug in inhibiting tumor proliferation (Sup-
porting Information Fig. S22). The TUNEL staining yielded the
same result as before, namely that the STM-Mn@OMYVs group
exhibited a higher green fluorescence intensity than the IRFA
group (Fig. S22). This observation corroborates the hypothesis
that STM-Mn@OMVs-treated in orthotopic tumors also have
higher levels of DNA damage, thereby confirming its ability to
significantly promote cancer cell apoptosis.

To further elucidate the alterations in key enzymes associated
with the m°A RNA methylation process following IRFA treat-
ment, we established a mouse orthotopic HCC model and
employed Western blot analysis to assess the expression levels of
critical components involved in the m°A RNA methylation
pathway in tumor tissues from both control mice (not subjected to
IRFA) and IRFA-treated mice. The results demonstrate that the
expression levels of METTL3, METTL14, YTHDFI1, PD-L1, and
EGFR were significantly increased after IRFA treatment (Sup-
porting Information Fig. S23). In contrast, no significant changes
were detected in the expression of WTAP, FTO, ALKBHS, or
YTHDEF2. Subsequently, we evaluated the expression levels of
METTL3, METTL14, YTHDFI1, EGFR, and PD-L1 in HCC cells
following treatment with IRFA 4+ PBS and IRFA + STM-
Mn@OMVs using Western blot analysis. The results demonstrate
that the protein levels of METTL3, METTL14, YTHDF1, and
EGFR were significantly reduced in tumor cells from mice treated
with IRFA + STM-Mn@OMVs, and PD-L1 expression was also
correspondingly decreased (Supporting Information Fig. S24).
This demonstrates that STM-Mn@OMVs can inhibit the functions
of m°A methylation modification-related enzymes, such as
METTL3, METTL14, and YTHDF]I, and suppress the activation
of the YTHDFI—EGEFR axis. Following seven days of treatment
in mice, tumor tissue and blood samples were collected for flow
cytometry analysis. The results of the analysis of tumor tissue
samples demonstrated that STM-Mn@OMVs exhibited a signifi-
cantly higher degree of infiltration into CD45" T cells,
CD4"CD8™ T cells, NK cells (CD3"NK1.1"), and CD8"CD3" T
cells compared to the IRFA group (Fig. 6D-I). Conversely, no
notable difference was observed in the proportion of CD3"CD4 ™"
T cells (Fig. 6J). This verified that CD8" T and NK cells were also
effectively activated in the orthotopic hepatocellular carcinoma
model, thereby exerting antitumor effects. Furthermore, the results
of flow analysis of serum demonstrated that the levels of TNF-«
and IFN-vy were markedly elevated in the STM-Mn@OMVs group
in comparison to the IRFA group (Fig. 6K and L). The afore-
mentioned evidence substantiates the assertion that STM-
Mn@OMVs is capable of enhancing antitumor immunity and
inhibiting tumor growth in the orthotopic model of mouse hepa-
tocellular carcinoma.

3.6.  Biocompatibility and toxicity studies of STM-Mn@OMYVs

In our study, we evaluated biochemical parameters after tail vein
injection of STM-Mn@OMVs and examined histopathological
changes to investigate their biocompatibility and potential adverse
effects. As shown in Supporting Information Fig. S25, STM-
Mn@OMVs treatment did not induce any significant patholog-
ical changes in major organs such as the heart, lung, liver, spleen,
and kidney. In addition, biochemical indices of liver and kidney
function (ALT, AST, ALB, CREA, UREA, v-GT, CK, and LDH)
were within acceptable limits (Supporting Information Figs. S26
and S27). In addition, the body weight of the mice remained

stable throughout the treatment period. To further investigate the
biodistribution of STM-Mn@OMVs, we analyzed Mn*" levels at
various time points post-injection in both subcutaneous and
orthotopic HCC models using ICP-OES. The results reveal that
STM-Mn@OMVs predominantly accumulated in the liver and
tumor tissues across both models, with minimal deposition in the
heart, spleen, lungs, and kidneys (Supporting Information Figs.
S28 and S29). Notably, in the orthotopic HCC model, STM-
Mn@OMVs exhibited enhanced liver- and tumor-specific target-
ing, accompanied by a marked reduction in off-target accumula-
tion. Collectively, these findings demonstrate that the STM-
Mn@OMVs we developed exhibit favorable liver/tumor-
targeting capabilities and do not induce acute hepatic or renal
toxicity or any observable systemic toxicity during the treatment
period. These observations support the conclusion that STM-
Mn@OMYVs possess excellent targeting specificity and biosafety,
highlighting their promising potential for clinical application in
reducing the risk of tumor recurrence following IRFA in HCC.

4. Discussion

In hepatocellular carcinoma (HCC), insufficient radiofrequency
ablation (IRFA) leads to a significant increase in the m°A
methylation modification level in HCC tumor cells, with the
expression of YTHDF1 (as an m°A recognition protein) being
significantly upregulated, thereby promoting the expression of
EGFR and further exacerbating the recurrence and progression of
HCC after IRFA”. Additionally, during this process, the m°A
methyltransferase  METTL3 undergoes nuclear translocation,
further enhancing its catalytic activity. Moreover, a recent study
showed that IRFA promotes residual HCC growth and leads to the
formation of an immune-suppressive tumor microenvironment®.
Therefore, reducing m°A RNA methylation levels after RFA
treatment and attenuating the inhibitory immune microenviron-
ment that promotes tumor growth can effectively reduce residual
tumor recurrence due to IRFA. Based on this, the STM-
Mn@OMVs (a nano-carrier functionalized by rationally loading
Mn*" ions and the methylation inhibitor STM2457 onto OMVs
derived from bacteria) constructed in this study were confirmed to
significantly enhance the antitumor immune response and actively
regulate the TIME. We found that STM-Mn@OMVs can specif-
ically accumulate in tumor regions, possess pH-responsive thera-
peutic substance release characteristics, and enhance the TI1-
weighted signal of MRI. Moreover, STM-Mn@OMVs can
down-regulate the expression of m®A methylation modification-
related enzymes while activating the innate immune system and
the STING pathway. Besides, STM-Mn@OMVs were able to
induce cellular pyroptosis, which further promoted the activation
of the STING pathway and reversed the immune-suppressive
tumor microenvironment. This ultimately led to the maximiza-
tion of the clinical efficacy of RFA and the achievement of the
“one plus one greater than two” effect. Therefore, we believe that
this adjuvant we have designed offers new ideas and strategies for
the treatment of HCC and has the potential for broad clinical
application.

IRFA has been shown to promote residual HCC growth, which
is characterised by a reduction in DCs infiltration within the
tumor, a reduction in T-cell infiltration, a reduction in the number
of cytotoxic T-cells, and an M2-type polarisation of macro-
phages*>*®. In addition, the increase in tumor-infiltrating MDSCs
and the decrease in T-cell-mediated antitumor immunity after RFA
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may accelerate residual tumor progression'"*’. Therefore, altering
these conditions may help to inhibit residual tumor growth after
IRFA. DCs are known to play an important role in antigen pre-
sentation and immunomodulation in organismal activities. As the
most important antigen-presenting cells of the immune system,
mature DCs are able to capture, process, and present antigens to T
cells, thereby activating the T-cell killing response against tu-
mors*®. In antitumor therapy, promoting the maturation of DCs is
a key step in enhancing the immune response and improving
antitumor effects. The results demonstrate that the content of
mature DCs in the lymph nodes of mice in the STM-Mn@OMVs
group was markedly elevated, accompanied by elevated expres-
sion levels of CD80 and CD86 and increased infiltration of
CDS"CD3" T-cell populations. Furthermore, the expression of
IL-12p70, predominantly produced by DCs and other APCs, as
well as cytokines instrumental in immunomodulation and anti-
tumor immune response (IL-18, IL-6, TNF-«), was markedly
elevated in the serum of mice in the STM-Mn@OMVs group.
STING is a pivotal receptor that bridges intrinsic and adaptive
immunity. It can be stimulated by heat-induced DNA damage,
which in turn triggers an immune response®®. Heat treatment has
been demonstrated to induce double-stranded DNA (dsDNA)
damage, a process detected by cyclic GMPAMP synthase (cGAS),
which activates the interferon STING signalling pathway*’. While
activation of the cGAS/STING pathway upregulates the expres-
sion of IFN-G and other inflammatory cytokines to promote an-
tigen presentation, maturation of DCs, and activation of CDS' T
cells, which enhances the antitumor immune response and thus
effectively inhibits tumor growth and metastasis''>%>'. We found
that the phosphorylation levels of STING, IRF3, and TBKI1 in the
tumor tissues of IRFA-treated mice treated with STM-
Mn@OMVs drugs were significantly higher and superior to
those of the Mn>" group, the Mn@OMVs group, and the mixture
group. Mn”>" ions, a component of the STM-Mn@OMVs under
research, have been demonstrated to augment the sensitivity and
enzymatic activity of c¢cGAS in response to dsDNA, thereby
enabling cGAS to produce the secondary messenger cGAMP at
low concentrations of dsDNA’Z. In addition, Mn>* enhances
STING activity by increasing the affinity of cGAMP-STING
binding®®. Thus, we speculate that the significant activation of
the STING pathway by STM-Mn@OMYVs promotes the matura-
tion of DCs and enhances the STING pathway activation effect of
Mn>" due to the binding of the methylation inhibitor STM2457 to
OMVs. Besides, IRFA hyperthermia treatment also activated the
cGAS/STING pathway to a certain extent by inducing double-
stranded DNA damage. This suggests a potential advantage of
this adjuvant in promoting immune activation, enhancing anti-
tumor immunity, and inhibiting tumor progression after IRFA
treatment for hepatocellular carcinoma.

Our results demonstrate that STM-Mn@OMVs significantly
inhibited tumor growth, prolonged mouse survival, and exhibited
favorable biosafety profiles in both subcutaneous and orthotopic
mouse models of HCC. In STM-Mn@OM Vs-treated tumor tis-
sues, the expression levels of key m®A methylation-related pro-
teins—including METTL3, METTLI14, and YTHDFIl—were
markedly downregulated. Additionally, the expression of EGFR
and PD-L1 was also significantly reduced. These findings confirm
that STM-Mn@OMVs effectively suppress the activation of the
YTHDFI1—EGFR signaling axis during m°A RNA methylation
following IRFA treatment. Moreover, our data revealed increased
DNA damage in the STM-Mn@OMVs treatment group, along
with upregulation of pro-apoptotic proteins such as P53 and P21,

and downregulation of anti-apoptotic proteins including BCL-2
and BCL-XL. Collectively, these observations further support
the conclusion that STM-Mn@OMVs promotes tumor cellular
apoptosis. We also observed a significant decrease in the expres-
sion of pro-angiogenic factors within the tumor microenviron-
ment, particularly EGFR and HIF-la. HIF-la is a pivotal
transcription factor for tumor cells, enabling the maintenance of
metabolism and physiological functions in hypoxic conditions. Its
elevated level is closely associated with several malignant pro-
cesses, including tumor metastasis, angiogenesis, poor patient
prognosis, and tumor resistance to drug therapy’’. Whereas
EGFR, as a receptor tyrosine kinase, is involved in cell prolifer-
ation, differentiation, and survival®®, its aberrant activation pro-
motes tumor formation. Besides, it has been demonstrated that the
interaction between EGFR and HIF-1a may influence the bio-
logical behaviour of tumors®. Consequently, STM-Mn@OMV's
have been demonstrated to impede tumor growth and metastasis
to a degree by regulating the expression of HIF-1« and EGFR.
The complementary roles of activated CD8" T cells and NK
cells in antitumor immunity have been elucidated*®**-3¢, CD8* T
cells recognise and kill cancer cells, while NK cells respond rapidly
and directly kill those expressing stress molecules’’. Furthermore,
NK cells can facilitate the activation and proliferation of CD8" T
cells through the expression of co-stimulatory receptors and cyto-
kines, thereby forming a synergistic antitumor immune response>®.
We found a significant increase in the proportion of CD45™ T cells,
CDS8"CD3" T cells, activated CD8" T cells (including IFNy™,
GZMB™, TNF-a", Ki67"), and NK cells (CD3"NK1.17") infil-
trating the tumor tissue after STM-Mn@OMYVs treatment. This
provides a robust foundation for effective control of residual tumor
growth following IRFA. Both Mn>" and OMVs have been demon-
strated to induce the onset of cellular pyroptosis>>**°°, and that
pyroptosis can further promote T cell activation*'. Consistent with
previous studies, our designed drug STM-Mn@OMVs was capable
of promoting the cleavage of pro-Caspase-1 to generate active
Caspase-1 to a certain extent. Caspase-1, on the one hand, is able to
cleave GSDMD and generate active GSDMD-N, which directly
induces the onset of cellular pyroptosis®* and activation of the
STING pathway®’. When STM-Mn@2457 was used in combination
with cellular pyroptosis inhibitors, the expression levels of STING-
related proteins significantly decreased. This result further indicates
that there is a close association between the cellular pyroptosis
pathway mediated by Caspase-1/GSDMD and the activation of the
STING signaling pathway. On the other hand, Caspase-1 cleaves pro
IL-18 to generate active IL-13, thereby activating CTLs and
inducing the secretion of GZMB, ultimately achieving effective
Killing of tumor cells*'. In light of these findings, our study showed
that the potent activation of the immune system by STM-
Mn@OMYVs correlates with cellular pyroptosis, which in turn pro-
motes activation of the STING pathway. This establishes a “cyclic
immunotherapy” against the tumor. This approach may also be
effective against tumor progression and recurrence following IRFA.
The immune-suppressive tumor microenvironment represents a
significant obstacle to the antitumor immune response, which
exerts its suppressive effects on immune cell function through
chemokine and cellular interactions®'. Consequently, reversing
this microenvironment can stimulate the immune system’s ca-
pacity to attack tumors and improve the therapeutic efficacy.
Tumor-associated macrophages (TAMs) play a complex and
pivotal role in the TIME, and these macrophages can manifest
either M1 or M2 characteristics. In the tumor microenvironment,
M1-type macrophages exert a beneficial influence on the immune
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response against tumors. This is due to their capacity to stimulate
T-cell and natural Kkiller cell (NK-cell) activation, thereby
enhancing the overall immune response**. In contrast, M2-type
macrophages could accelerate tumor progression by promoting
angiogenesis and enhancing the invasiveness and metastatic abil-
ity of tumor cells**. The modulation of the M1/M2 balance rep-
resents a promising strategy in the context of tumor therapy. Our
findings demonstrated that STM-Mn@OMYVs are capable of
enhancing the antitumor activity of M1 macrophages while
simultaneously impeding the pro-tumor function of M2 macro-
phages. Furthermore, it was observed that the infiltration of
immunosuppressive cell populations, such as Tregs and MDSCs,
was reduced. Additionally, the expression of suppressive cyto-
kines was found to be decreased, while the antitumor cytokines
were increased. We speculate that this may be because activation
of the STING pathway promotes the secretion of IFN-I (IFN-«
and IFN-g), which promotes macrophage M1 polarisation®®. In
addition, activation of the STING pathway was able to inhibit
MDSC expansion and T-cell suppression, and induce the pro-
duction of myeloid homing chemokines in MDSCs, thereby
inhibiting the immunosuppressive function of MDSCs®®. And it
also reduced the infiltration of Tregs®, ultimately reversing the
suppressive tumor immune microenvironment. The ability of
STM-Mn@OMVs to reverse the suppressive immune microenvi-
ronment following antitumor immunity may help reduce the risk
of tumor recurrence following IRFA.

Our results indicate that STM-Mn@OMVs, a novel adjuvant,
may have potential clinical applications in the treatment of RFA in
HCC. It is essential to exercise caution and closely monitor the
long-term toxicity and adverse effects of its use as the clinical
translation process progresses. The robust stimulation of immunity
has both beneficial and adverse effects. While it enhances the
capacity to eradicate tumors, it also carries the risk of triggering
an exaggerated immune response within the body. Therefore, how
to accurately determine the drug dose and route of administration
needs to be further explored in future studies.

5. Conclusions

In conclusion, we propose a novel bio-nanocarrier for hepatocellular
carcinoma RFA therapy, whereby bacterial-derived OMVs are
rationally functionalised with Mn>" ions and the methylation inhib-
itor STM2457. The STM-Mn@OMVs prepared in this study were
observed to effectively promote DCs maturation, T cell activation,
and the activation of STING pathways, thereby facilitating immune
cell infiltration. In subcutaneously and orthotopically implanted mice
models with hepatocellular carcinoma, STM-Mn@OMVs were able
to significantly inhibit tumor growth and prolong the survival of the
mice, suggesting their excellent therapeutic potential. Our study
demonstrated that STM-Mn@OMVs can promote cellular pyroptosis
and synergistically activate the STING pathway through pyroptosis,
ultimately effectively activating antitumor immunity. Furthermore,
STM-Mn@OM Vs reduced the infiltration of immune-suppressor cell
populations such as Treg cells and MDSCs and promoted the increase
of M1 macrophage phenotype within the TAM, leading to the
transformation of immune-suppressor macrophage phenotypes into
immune-responsive  phenotypes.  Ultimately, the immune-
suppressive tumor microenvironment was reversed to some extent.
Based on the superior biosafety and therapeutic efficacy of STM-
Mn@OMVs, it has significant potential for application in the field
of RFA and immunotherapy for hepatocellular carcinoma.
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