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The STING agonist stimulates an anti-tumor immune response by activating T cells, but its limited tumor-
targeting specificity poses risks of cytokine storms or autoimmune reactions. Conversely, attenuated Salmo-
nella typhimurium /AppGpp (S.t/AppGpp) exhibits superior tumor-targeting specificity and potent anti-tumor
immunogenicity. However, the anti-tumor effects of Salmonella carrying STING agonists remain underex-
plored. In this study, we engineered a strain called SL, utilizing S.t/AppGpp as a carrier, to produce c-di-AMP.

This engineered strain effectively enhances dendritic cell maturation and M1-type macrophage polarization by
inducing type I interferon production, thereby recruiting and activating effector T cells against tumor progres-
sion. This process is regulated by the STING/type I interferon pathway. Our findings indicate that utilizing S.
t/AppGpp as a delivery vehicle for STING agonists holds promise as a strategy for synergistic bacterial-mediated

immunotherapy.

1. Introduction

Immunotherapy exerts anticancer activity by reprogramming or
augmenting immune surveillance and is classified into “passive”
methods such as monoclonal antibodies, adoptive T cell transfer, and
genetically engineered T cells, or “active” approaches such as cancer
vaccines or immune stimulators (Galluzzi et al., 2014). Immunostimu-
latory therapy, exemplified by its ability to enhance the effectiveness of
the immune response, thus facilitating the identification and eradication
of tumor cells to inhibit metastasis and recurrence, is adaptable to
diverse tumor types (McNutt, 2013). The development of therapeutics
mediated by STING has recently emerged as a pivotal avenue in the
realm of immunostimulatory therapy. The induction of type I interferons
by Antigen Present Cells (APCs) through the STING pathway effectively
activates effector T cells, thereby amplifying the anti-tumor immune
response (L. k, 1. n, y. w, g. h, 1. x, c. b, 2022). However, if STING agonists
lead to activation of STING in effector T cells, this will lead to apoptosis
and ultimately hinder the formation of immune memory (Larkin et al.,
2017; Sivick et al., 2018). Furthermore, the lack of tumor-targeted
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STING agonist therapy raises the potential risk of triggering a systemic
inflammatory response, leading to cytokine storms or autoimmune
adverse events (Mullard, 2018). Consequently, the development of
tumor-targeted delivery options for STING agonists remains a formi-
dable challenge for enhancing their anti-tumor efficacy and mitigating
undesirable side effects.

Certain bacteria are actively phagocytosed by APCs and are ideal
carriers for the delivery of STING agonists. Bacterial immunotherapy
dates back to the mid-19th century, when William Coley used heat-
inactivated Streptococcus pyogenes and Serratia marcescens to treat solid
tumors (McCarthy, 2006). Today, bacteria-mediated cancer therapy
(BMCT) is recognized as a hopeful approach in the treatment of solid
tumors and metastasis. Salmonella has been widely studied in this field
due to its high tumor specificity, deep tissue penetration, natural bac-
terial cytotoxicity, ease of genetic modification and safety (Guo et al.,
2020). One of the mechanisms for tumor targeting is the disordered
blood vessels in tumors result in the creation of oxygen-deprived and
necrotic zones, creating perfect settings for essential anaerobic organ-
isms (Duong et al., 2019). In another respect; the nutrients released from
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necrotic tumor cells, along with bacterial motility and chemokines,
support bacterial growth and proliferation. Alternatively, Salmonella is
forced to invade the tumor for protection after the host inflammation,
where the tumor microenvironment is highly immunosuppressive, pre-
venting bacteria from being cleared by the host immune system. Post-
tumor infiltration, Salmonella infection results in an extensive invasion
of immune cells, predominantly neutrophils and dendritic cells, posi-
tioned between the tumor’s living and necrotic zones, thereby restrict-
ing the bacteria’s spatial spread (Saccheri et al., 2010; Westphal et al.,
2008). Its potential antitumor mechanisms primarily involve inducing
autophagy and apoptosis in tumor cells, and it operates by activating
host immune cell responses, including neutrophils, macrophages, den-
dritic cells, CD4", and CD8™ T cells, thereby inhibiting tumor growth
and metastasis (Duong et al., 2019; Guo et al., 2020). To suppress bac-
terial virulence and make bacteriotherapy safer, some attenuated strains
have been constructed. The strain termed AppGpp, defective in syn-
thesizing guanosine 5'diphosphate-3'-diphosphate, significantly elevates
the median lethal dose (LD50) by a factor of 100,000 to 1,000,000 (Song
et al., 2004). The condition is almost non-avirulent in BALB/c mice (Na
et al., 2006), exhibiting highly specific tumor targeting and immune
activation within the tumor’s microenvironment (Kim et al., 2015).
Furthermore, S.t/AppGpp has been confirmed as an excellent vector,
enhancing the anti-tumor effects of the bacteria by carrying therapeutic
payloads, such as Noxa (Jeong et al., 2014); FlaB (Zheng et al., 2017);
ClyA (Jiang et al, 2013). Based on these findings, we consider
S. typhimurium /\ppGpp is a promising bacterial vector for STING
agonists.

Therefore, we selected S.t/AppGpp as a vector, incorporating the c-
di-AMP synthase gene, to explore its anti-tumor effects mediated by the
STING signal and its influence on the tumor microenvironment.

2. Materials and methods
2.1. Bacterial strains

Attenuated Salmonella typhimurium defective in AppGpp synthesis
(relA::cat, spoT::kan) (Song et al., 2004), carrying luciferase gene Lux by
P22HT int transduction, was provided by J. J. Min (Institute for Mo-
lecular Imaging and Theranostics, Chonnam National University Hwa-
sun Hospital, Jeonnam, Republic of Korea). The previously described
three c-di-AMP synthase genes (dncV, dacA, and cdaS) (Leventhal et al.,
2020) was cut with Nco I and Pme [ and used to directly replace Rluc8 at
the same site in pBAD-pelB-Rluc8 (Le et al., 2011) under the regulatory
control of the pBAD promoter.

2.2. Western blot analysis

Protein samples were quantified using a bicinchoninic acid (BCA)
assay (Beyotime Technology, China) and separated on sodium dodecyl
sulfate-polyacrylamide gels electrophoresis (SDS-PAGE), followed by
transfer to nitrocellulose membranes. These membranes were blocked
with 5 % Bovine serum albumin (BSA) for 2 h and subsequently incu-
bated with antibodies. The protein bands on the membranes were
developed using a super ECL Plus Kit (Boster Biological Technology,
Wuhan, China) and recorded by Image Lab software (Tanon 4600SF,
Shanghai, China). Anti-Flag antibody was employed to determine gene
expression, such as dacA, dncV, and cdaS in bacteria, while anti-p-
STING, STING, p-TBK and TBK antibodies were used to determine
STING activation in tumors and Anti-p-actin was used as a housekeeping
marker. All antibodies were purchased from Bioss Biotechnology (Bei-
jing, China).

2.3. c-di-AMP quantification by HPLC

To quantify CDA production in vitro, bacteria were harvested by
centrifugation after induction with L-arabinose (SLdaCA group), rinsed
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with DPBS, 10° cells frozen at — 80 °C. Tumors were harvested from
CT26 tumor-bearing mice (as described in 2.4 Mouse tumor models and
bacterial injection) 24 h after L-arabinose injection. Tumors were ho-
mogenized in PBS, frozen and stored at — 80 °C. Bacterial pellets, tumor
homogenates and c-di-AMP standard (Beijing Psaitong Biotechnology,
Beijing, China) were injected into an HPLC system (e2695, Waters, USA)
and separated on an X-Bridge C18 column (Waters, USA), with a mobile
phase consisting of 0.1 % formic acid (A) and acetonitrile containing 0.1
% formic acid (B). The flow rate was set at 0.8 mL/min, and the column
temperature was controlled at 30°C.

2.4. Mouse tumor models and bacterial injection

To establish cancer xenografts, CT26 cells, B16.F10 cells, 4 T1 cells,
and HT29 cells (ATCC, VA, USA) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco, USA) supplemented with 10 % fetal
bovine serum (Gibco, USA). CT26 cells (1.5 x 10° cells), 4 T1 cells (1.5
x 108 cells), B16.F10 cells (2 x 10° cells) and HT29 cells (1.5 x 10°
cells) were implanted subcutaneously into the right flank of SPF male
BALB/c, female BALB/c, male C57BL/6 and BALB/c-nu/nu mice (5-6
weeks old; weighing 18-25 g), respectively. All mice obtained from the
Guangdong Medical Laboratory Animal Center (Guangzhou, China).
Tumor growth was monitored by measuring their dimensions with a
caliper every other day, and tumor volume was calculated using the
formula (length x width?)/2. Once the tumor volume reached 90-160
mm?, the mice were randomly divided into three groups: phosphate-
buffered saline (PBS), S.tAppGpp/Lux (SL), or S.tAppGpp/Lux car-
rying pBAD-pelB-dacA (SLY24). SL and SLYA groups were administered
3.75 x 107 colony-forming units (CFU) of bacteria via the tail vein; in
addition to bacteria, SLY* groups were supplemented daily with 0.12 g
of L-arabinose via intraperitoneal injection from day 2 to day 16. The
STING antagonist, H-151 (MedChemExpress, USA), was administered at
7 pg/kg via intraperitoneal injection on days 3, 5, 7, 9, and 11.

2.5. Bioluminescence imaging

For bacterial monitoring and colonization assessment, CT26 tumor-
bearing mice were administered 3.75 x 107 CFU SL or SL%* by intra-
venous injection. Starting on day 2, the SLYA groups were supple-
mented with 0.12 g L-arabinose daily by intraperitoneal injection. An in
vivo imaging system (IVIS 100, Caliper, USA) was used to detect
bioluminescence signals generated by Lux in S.t AppGpp, on days 2, 4, 6
and 8 after administration.

2.6. Bacterial counting

Tissue samples, including heart, liver, spleen, lung, kidney, and
tumor, were collected from CT26-tumor-bearing mice on day 3 and day
5 after bacterial administration. These samples were diluted (10-fold)
and plated onto LB-agarose plates. After overnight incubation at 37°C,
the bacterial titer (CFU/g tissue) was determined using the formula Y x
10% x (1 + X) x 10/X, where X is the weight of the tissues, Y is the
number of colonies on the plate, and Z is the number of times of dilution.

2.7. Hematoxylin and eosin (H&E) staining

The heart, lung, liver, spleen, kidney, and tumor collected from CT26
tumor-bearing mice were fixed in a 4 % paraformaldehyde solution.
Paraffin sections (3 pm thick) were prepared and subjected to H&E
staining using a commercial staining kit (C0105, Beyotime, China),
following the manufacturer’s instructions.

2.8. ALT and AST quantification

The sample was detected by mouse serum using alanine trans-
aminase (ALT) and aspartate transaminase (AST) Kits (Shenzhen
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Mindray Animal Medical Technology, Shenzhen, China) and analyzed
using a Biochemical analyzer (BS-240Vet, Shenzhen Dumbo Medical
Technology, Shenzhen, China).

2.9. Real-Time quantitative PCR analysis

To confirm cytokine expression in vivo, tumor tissues from mice
were harvested 24 h after L-arabinose injection. RNA isolation from
tumors and cells (see 2.10. IFN-1p responses in dendritic cells and THP-1)
was performed using Trizol reagent (Beyotime Biotechnology, China),
followed by reverse transcription using the SuperScript II cDNA syn-
thesis kit (Takara, Japan). The qPCR was performed using SYBR Green
(Vazyme, Nanjing, China). The HPRT gene was used as a housekeeping
gene for BMDC and tumor samples, and the hGAPDH gene was used as
the housekeeping gene for THP-1 cells. Primer sequences are listed in
Table S1. Relative expression levels compared with control samples
were calculated in each experiment using the AACt method.

2.10. IFN-p responses in dendritic cells, macrophage and THP-1

For the generation of murine bone marrow-derived dendritic cells
(BMDC) and bone marrow-derived macrophages (BMDM), bone marrow
cells were harvested from the tibia and femur under sterile conditions
and erythrocytes were lysed using sterile erythrocyte lysing buffer
(Wuhan Servicebio Technology, Co., Ltd.). Bone marrow cells were
resuspended in culture medium RPMI 1640-GlutaMax containing 10 %
fetal bovine serum, 50 pM 2-mercaptoethanol, penicillin-streptomycin
(100 IU/mL and 100 mg/mL) and 20 ng/mL GM-CSF (BioLegend) (in
BMDC cultured) or M—CSF (Yeasen) (in BMDM cultured). BMDC were
cultured for a further 6 days and BMDM for a further 12 days before use.

Human monocyte THP-1 cells (ATCC, TIB-202) were maintained at
37°C in RPMI supplemented with 10 % fetal bovine serum. 1 x 108
BMDC, BMDM or THP-1 cells/well cells were seeded into a 24 well plate
in 0.5 mL without any antibiotics. Bacteria, harvested by centrifugation
after induction with L-arabinose (SL* group), were added to the plate
at MOI of 1 and incubated at 37 °C for 1.5 h to allow internalization of
treatments. The cells were washed with PBS containing antibiotics and
fresh media containing antibiotics were added. BMDC and BMDM were
harvested at 4 h and THP-1 was harvested at 18 h post-treatment. Cells
and supernatants were collected for analysis of gene expression and
cytokine proteins. Protein levels of IFN-f} were determined using ELISA
kits purchased from MeiMian (Jiangsu, China) and an Enzyme immu-
noassay analyzer (Hangzhou Allsheng Instruments Co., Ltd.). mRNA
levels of IFN-f were measured using real-time quantitative PCR as
described above.

2.11. Flow cytometry analysis

After bacterial stimulation as described above, BMDC were deter-
mined by flow cytometry using anti-mouse CD11c/MHC II and CD11c/
CD80 antibodies, and BMDM were determined using anti-mouse F4/80
/CD86 and F4/80 /CD206 antibodies. For in vivo experiments, tumor
samples were harvested from CT26 tumor-bearing mice 48 h after bac-
terial administration (as described in 2.4 Mouse tumor models and bac-
terial injection). Single cells were isolated from tumor pieces through
digestion with collagenase I (Wuhan Servicebio Technology, Co., Ltd.)
followed by filtration through a 70 pm cell strainer. The prepared
samples were then incubated with specific fluorochrome-labelled anti-
bodies (F4/80, CD86, CD206, Ly6G, CD49b, CD3, CD4, and CDS,
Elabscience Biotechnology, Wuhan, China) and analyzed using a FACS
Calibur flow cytometer (Beckman Coulter CytoFlex). At least 10,000
events were analyzed in each sample.

2.12. Mass cytometry by time of flight (CyTOF) analysis

Single-cell isolation was performed using the mouse tumor
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dissociation Kit (130-096-730, Miltenyi Biotec., Germany), and anti-
body labelling was performed using the Fluidigm labelling kit according
to the manufacturer’s instructions. For intracellular marker staining,
permeabilization buffer (eBioscience, USA) was used according to the
manufacturer’s instructions. After washing and resuspension, cells were
stored at 4°C before acquisition on a Helios instrument (Fluidigm, USA).

2.13. Splenocyte proliferation and T cell polarization

To verify the proliferative and polarizing potential of T cells after
BMDC treatment, splenocytes were isolated from the spleen and stained
with CFSE. Attenuated Salmonella-stimulated BMDC (as described
above) were co-cultured with mouse splenocytes at a ratio of 1:10. The
samples were subjected to flow cytometry analysis with labelled of CD3,
CD4, and CD8 antibodies (Elabscience Biotechnology, Wuhan, China) to
measure T cell polarization.

2.14. Data analysis

Statistical analysis was performed using GraphPad Prism software
10. A p-value of less than 0.05 was considered statistically significant.
Except for Kaplan-Meier survival analysis was performed log-rank
(Mantel-Cox) test, values were compared using one-way ANOVA with
Tukey’s multiple comparisons posttests. The data were presented as the
mean =+ standard error of the mean (SEM).

3. Results

3.1. Construction of a c-di-AMP producing system in attenuated
Salmonella

Bacterial c-di-AMP has the ability to bind to and activate STING
(Krasteva and Sondermann, 2017). To specifically target STING activa-
tion within tumor APCs, we utilized S.t/\ppGpp (SL) as a vector and
developed three attenuated Salmonella strains containing the c-di-AMP
synthase gene, namely SLI"V (with dncV from Vibrio cholerae), SL°s
(with cdaS from Bacillus subtilis), and SLI% (with 924 from Listeria
monocytogenes) (Fig. 1A and Figure S1A and B). Western Blot results
demonstrated that induction with the plasmid pBAD inducer L-arabi-
nose effectively initiated protein expression (Fig. 1B and Figure S1C, D).
However, only SLY could produce c-di-AMP after L-arabinose induc-
tion, analyzed by HPLC (Fig. 1C, D, E, Figure S1E, F) and matched SL in
bacterial abundance (Figure S1G). Similarly, only tumors in spdacA
group showed significant c-di-AMP production (Figure S2). Conse-
quently, we selected SLI2A for the subsequent experiments.

3.2. SL%A qctivates CD4" and CD8™ T cells by enhancing antigen
presentation in dendritic cells

Previous studies have shown that Salmonella activates dendritic cells
(DC) in the tumor microenvironment, thereby increasing the ratio of
CD4" T cells and CD8™ T cells and achieving tumor suppression (Wang
etal., 2022). Following initiation of the STING signaling pathway, type I
interferons are generated, leading to increased expression of MHC and
various co-stimulatory molecules in DC (Weichselbaum et al., 2017; Lan
et al., 2014). This process enhances antigen presentation by DC. To
investigate the effect of SLY* on APCs antigen presentation, we infec-
ted BMDC, BMDM and THP-1 with SL and SL% to assess the ability of
APCs to present antigens. The results show that SLY* significantly
increased type I interferon secretion in BMDC (Fig. 2A), BMDM
(Figure S4A) and THP-1 (Fig. 2B). Moreover, SLY°A showed upregula-
tion of MHC II (p < 0.05, Fig. 2C, D) and the co-stimulatory factor CD80
(p < 0.001, Fig. 2E, F) in BMDC compared to the control group, sug-
gesting that SLY2A treatment promotes dendritic cell maturation. To
further validate the enhanced antigen presentation ability of BMDC
induced by SLYA we co-cultured SLYAstimulated BMDC with
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Fig. 1. Expression of dacA by engineered S. typhimurium carrying the pBAD-dacA plasmid(SLdacA). (A) Maps of pBAD-dacA. (B) Expression of dacA in bacteria was
analyzed by western blotting with an anti- FLAG antibody without or with (+) induction with 0.2 % L-arabinose. (C) Chromatogram of the c-di-AMP standard. HPLC
analysis of the diadenylate cyclase activity of SLdacA without (D) or with (E) induction of 0.2 % L-arabinose.

splenocytes and analyzed the proportion of CD4* and CD8™ T cells using
flow cytometry. Our results indicated that SLYA-treated BMDG pro-
moted the proliferation of splenocytes (p < 0.05, Figure S3A, B) and
CD4* T cells (p < 0.05, Figure S3C, D), leading to a significant increase
in the proportion of CD4" and CD8" T cells (p < 0.05, Fig. 2G-J)
compared to the control groups. In addition, SLIA mediated the po-
larization of M1-type macrophages (Figure S4B-E). These results suggest
that SLYA activates T cells by enhancing the antigen presentation ca-
pacity of APCs, which contributes to its antitumor effects.

3.3. spdacA triggers anti-tumor immunotherapy

To evaluate the anti-tumor activity of SLI%A e established tumor-

bearing mouse models (Fig. 3A). The tumor volumes of mice in the
SLIA treatment group were significantly smaller than those in the
control group and the SL treatment group (Fig. 3B, C), and SL and sp.dacA
do not exhibit any variance in body weight (Fig. 3D). gpdacA resulting in
70 % of mice with complete CT26 tumor rejections (5 of 7) (Fig. 3E). The
survival rate of mice was higher in the SLA group compared with the
SL treatment group (Fig. 3F). Furthermore, the results also indicate that
spdacA significantly inhibits tumor growth and improves survival rates in
4 T1 (Fig. 3G, H and Figure S5C), and B16F10 (Fig. 31, J and Figure S5D)
tumor-bearing mice. Also, there is no difference in the body weight of 4
T1 and B16F10 tumor-bearing mice between SL and SLY* adminis-
tration (Figure S5A, B). Together, these results indicate that dacA
expression enhances the capacity of SL to fight against cancer.
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Fig. 2. SLdacA can activate T cells by increasing the antigen presentation capacity of dendritic cells. (A) IFN-p mRNA expression in BMDC and abundance from
BMDC supernatants. (B) IFN-f mRNA expression in THP-1 and abundance from THP-1 supernatants. (C) BMDC were double stained with MHCII and CD11c analyzed
by Flow Cytometry. (D) CD11c + MHCII + cells statistical graph. (E) BMDC were double stained with CD80 and CD11c analyzed by Flow Cytometry. (F) Histogram
for CD11c + CD80 + cells. (G) Splenocyte were double stained with CD3 and CD4 analyzed by Flow Cytometry. (H) Histogram for CD3 + CD4 + cells. (I) splenocyte
were double stained with CD3 and CD8 analyzed by Flow Cytometry. (J) Histogram for CD3 + CD8 + cells. Data were expressed as mean + SEM, n = 3.
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Fig. 3. Anticancer effects of SLdacA in subcutaneous cancer models. (A) Schematic for the treatment of mice. (B) Tumor growth in the CT26 cancer model. (C) CT26
tumors growth in PBS, SL, and SLdacA group respectively, n = 6 for PBS or SL, n = 7 for SLdacA. (D) Changes of mice weight in the CT26 tumor model. (E) Images of
CT26 tumor model from representative mice from each group. (G) Tumor growth in the 4 T1 cancer model, n = 5 for PBS, n = 6 for SL and SLdacA. (I) Tumor growth
in the B16F10 cancer model, n = 5 for PBS and SL, n = 6 for SLdacA. Mean + SEM are shown, one-way ANOVA with Tukey’s multiple comparisons tests *p < 0.05, **

p < 0.01, *** p < 0.001, **** p < 0.0001. (F, H, J) Long-term survival in CT26 tumor-bearing mice (F), 4 T1 tumor-bearing mice (H), or BI6F10 tumor-bearing mice
(J). Mantel-Cox log-rank comparisons ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.4. SL%A has tumor targeting and safety

To investigate the potential impact of c-di-AMP production on
tumor-targeting ability, we examined the bioluminescence signal
generated by Lux in S.t/AppGpp in the CT26 mouse tumor model of SL
and SL92A group. Our findings revealed that the bioluminescence signal
remained detectable in the tumor both in the SL and SL%* groups until
day 8 (Fig. 4A). Furthermore, to explore whether c-di-AMP secretion
affects the distribution of SL in major organs, we isolated the heart, liver,
spleen, lung, kidney, and tumor from CT26 tumor-bearing mice and
conducted viable bacterial counts. The results demonstrated no notable
differences in bacterial distribution within the heart, liver, spleen, lung,
and kidney between the SL and spdacA groups on either day 3 or day 5,
with the majority of bacteria colonizing at the tumor sites (Fig. 4B).
These findings suggest that c-di-AMP production does not impede the
tumor-targeting ability of SL.

To evaluate the potential toxicity of SLY on major organs, we
isolated the heart, liver, spleen, lung, and kidney from CT26 tumor-
bearing mice 48 h after bacterial administration, and conducted H&E
staining. Our observations indicated that SLY°A administration did not
induce any significant pathological abnormalities (Fig. 4C). Further-
more, there were no discernible differences in serum alanine trans-
aminase (ALT) and aspartate transaminase (AST) between the gpdacA
and control groups (Fig. 4D). These results affirm that c-di-AMP pro-
duction does not compromise the tumor-targeting ability of SL and does
not elicit adverse effects.

3.5, spdacA promotes upregulation of pro-inflammatory factor expression
in the tumor microenvironment

To investigate the effect of SLYA on the expression of cytokines in
the tumor microenvironment, we examined the mRNA expression of
cytokines in tumors from CT26 tumor-bearing mice 48 h after bacterial
administration. As shown in Fig. 5, SLY significantly upregulated the
mRNA expression of IFN-f in the tumor along with its protein expression
(Fig. 5A-B, p < 0.05). Moreover, SL%* markedly upregulated pro-
inflammatory factors such as IL-6 (Fig. 5C, p < 0.001), IL-1f (Fig. 5D,
p < 0.01), TNF-a (Fig. 5E, p < 0.01), PD-L1 (Fig. 5F, p < 0.001) and GM-
CSF (Fig. 5G, p < 0.001). These results indicate that SLY*** can promote
an inflammatory response in the tumor microenvironment.

3.6. SpdecA promotes T cells and M1-macrophage infiltration in the tumor
microenvironment

To investigate the impact of SL%A on immune cells within tumors,
we utilized flow cytometry to analyze the proportion of CD4" T cells,
CD8* T cells, M1 macrophages, M2 macrophages, neutrophils, and NK
cells in tumors of CT26 tumor-bearing mice 48 h after bacterial
administration. As shown in Fig. 6 and Figure S6, SL9A administration
significantly increased the tumor-infiltrating CD4" T cells (p < 0.01,
Fig. 6A, B), CD8" T cells (p < 0.001, Fig. 6C, D), and NK cells (p < 0.01,
Figure S6A, B) compared with the SL group, while reducing the
recruitment of neutrophils (p < 0.0001, Figure S6C, D). Additionally,
compared to the SL group, SLIA 4150 induced an increase in the pro-
portion of M1 macrophages in the tumor, but not M2 macrophages
(Fig. 6E-H). Based on these results, we speculate that SL92A enhances
the anti-tumor effect of SL by further promoting the recruitment of CD8 ™"
T cells, CD4™ T cells, M1 macrophages, and NK cells.

3.7. SLYA operates by activating T cell and macrophages responses

To precisely identify immune cell phenotypes, we conducted Mass
Cytometry analysis on tumor tissues from CT26 tumor-bearing mice 48 h
after bacterial administration. The results revealed that SLY** signifi-
cantly increased the proportions of T lymphocytes, M1-type macro-
phages, and NK cells, while neutrophils decreased inversely (Fig. 7A and
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B, Figure S7A) compared to SL administration. spdacA upregulated the
expression of Ki67 (a cell proliferation marker) in M1 macrophages, T
cells, and NK cells (Figure S7B). This is consistent with the results of flow
cytometric analysis. Previous studies have shown that STING signaling
pathway activation reduces neutrophil aggregation after Salmo-
nella induction as assessed by immunofluorescence, whilst contributing
to neutrophil polarization to the N1 phenotype and anti-tumor effects
(Lu et al., 2024). Our results show that the reduction in neutrophils in
the SLYA group maybe have anti-tumor effects in the same way.

To explore the activation of T cells by SLY* treatment in vivo, we
focused on several T cell activation factors. Markers such as CD25,
CD69, ICOS, and CD27 are indicative of T cell activation (Montes-
Casado et al., 2020), with CD27 being upregulated in activated CD8" T
cells (Hu et al., 2022). As depicted in Fig. 7C-F, SL4aA upregulated the
expression of CD25, CD69, ICOS, and CD27 in T cells compared to the SL
group, indicating that SLI2A cap promote T cell activation. Additionally,
CD80, CD86, and iNOS serve as markers for M1-type macrophages. As
shown in Fig. 7G-I, SLYA upregulated the expression of CD80, CD86,
and iNOS in macrophages, suggesting that SLYA promotes the polari-
zation of M1-type macrophages. Interferons induced by the STING
signaling pathway bind to the interferon receptor (IFNAR), activating
the Janus kinase (JAK) signaling pathway and subsequently triggering
the phosphorylation of STAT1 and STAT2 (Mesev et al., 2019). SL42¢A
demonstrated an upregulation of pSTAT1 in M1-macrophages, NK cells
and T cells. These results indicate that SL%A exhibits an increase in the
polarization of M1-type macrophages and activation of T cells in the
tumor environment, possibly associated with the phosphorylation of
STAT1.

3.8. SLYA exerts anti-tumor effects through STING-mediated T cell
activation

To confirm the involvement of T cells in the anti-tumor effects of
SL9A we established HT29 tumor-bearing athymic nude mice. When
compared to the SL group and PBS group, SLYA did not exhibit statis-
tically significant differences in suppressing tumor growth or prolonging
the survival time in mice (Fig. 8A, B). This suggests that T cells indeed
play a crucial role in the therapeutic efficacy of SL4A,

To investigate whether SLY*-mediated upregulation of type I IFN
and its anti-tumor activity are linked to the STING signaling pathway in
tumor microenvironment, we investigated protein expression of STING,
p-STING, TBK, and p-TBK in tumors. Results of Western blotting showed
that SLYA upregulated p-STING/STING and p-TBK/TBK compared with
control groups (Figure S8). Subsequently, we treated BMDCs and CT26
tumor-bearing mice with the STING antagonist H-151. The results
revealed that H-151 treatment significantly inhibited SL4A-induced
IFN-p secretion in DC cells (Fig. 8C, D) and the anti-tumor effects in
CT26 tumor-bearing mice (Fig. 8E, F). These findings highlight a sig-
nificant association between STING signaling-mediated T cell activation
and the anti-tumor effects of SLYA,

4. Discussion

In this study, we introduced the c-di-AMP-producing enzyme into
bacteria, developed three strains—SLY"Y, SL%, and SLIA__ytilizing
Salmonella typhimurium AppGpp as a vector. However, by HPLC, only
SL9aA was found to produce c-di-AMP. Notably, our findings indicate
that the delivery of c-di-AMP by SLYA significantly enhances the anti-
tumor efficacy of S.typhimurium AppGpp in CT26, 4 T1, and B16F10
tumor-bearing mice, with no observed virulence effects. The antitumor
effect mediated by S.typhimurium AppGpp involves two key mecha-
nisms: 1) direct tumor cell-killing through apoptosis or autophagy,
correlated with the number and duration of tumor-colonizing bacteria;
and 2) activation of effector T cells by dendritic cells (DCs) and mac-
rophages (Liang et al., 2019). Interestingly, we observed that the num-
ber and duration of tumor colonization remain unaffected, regardless of
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whether Salmonella typhimurium AppGpp produced c-di-AMP or not.
Consequently, we hypothesize that the enhanced antitumor activity
observed in attenuated Salmonella is attributed to the activation of
effector T cells by DCs and macrophages through the delivery of c-di-
AMP.

To validate our hypothesis, we provided evidence for the role of
dendritic cells (DCs) in T cell activation, revealing that S1.92A increased
the proportion of CD11c"MHCII" and CD11c*CD80" cells in bone
marrow-derived dendritic cells (BMDCs). These matured DCs subse-
quently contributed to the proportion of CD4" and CD8" T cells in
splenocytes. We also observed that SLYA exhibited an elevated pro-
portion of CD4" and CD8™ T cells, along with increased expression of
activated markers in tumors such as CD25, CD69, ICOS, and CD27, in
comparison to the SL groups. Moreover, SLY exhibited elevated
expression of activated markers including CD80, CD86, and iNOS,
coupled with upregulated cytokines such as IL-1p, TNF-a, IL-6 and GM-
CSF, when compared to the SL group. This finding is consistent with a
previous study, which indicated that the cytokine GM-CSF stimulates
M2-to-M1-type macrophage polarization. M1-type macrophages express
costimulatory molecules such as CD80 and CD86, which facilitate effi-
cient T cell priming, thereby supporting the antitumor activity of
effector T cells (van Dalen et al., 2018). Finally, we demonstrated that in
HT29 tumor-bearing athymic nude mice, the enhanced anti-tumor effect
of SL43A due to T cells was abolished.

STING plays a pivotal role as a crucial link, facilitating the presen-
tation of macrophages and dendritic cells (DCs) to effector T cells by

inducing the production of type I interferons (IFNs). Our investigations
demonstrated that SL4°A markedly induces the production of type I IFNs
in bone marrow-derived dendritic cells (BMDCs), THP-1 macrophages,
and tumor tissues obtained from CT26 tumor-bearing mice. Notably, the
administration of the STING antagonist, H-151, resulted in the nullifi-
cation of the enhanced production of type I IFNs in BMDCs, as well as the
antitumor effect in CT26-tumor bearing mice, resulting from c-di-AMP
delivery by attenuated Salmonella SLA, Furthermore, it was observed
that c-di-AMP delivery by attenuated Salmonella SLY4 upregulates
STAT1 expression in M1-type macrophages and T cells. This observation
is consistent with previous research indicating that the Type I IFNs/
STAT1 signaling pathway regulates the polarization of M1-type mac-
rophages (Miao et al., 2020) and the antitumor activity of effector T cells
(Xiong et al., 2022). Consequently, we postulate that c-di-AMP delivery
by attenuated Salmonella mediates the polarization of M1-type macro-
phages and the activation of effector T cells, likely regulated by the
STING-mediated Type I IFNs/STAT1 signaling pathway.

SLYA has a good anti-tumor effect, not only by recruiting T cells, but
also by activating T cells to boost anti-tumor immunity. Administration
of SLYA caused a profound remodeling of the suppressive tumor
microenvironment from a ‘cold’ to a ‘hot’ state. CT26 is a relatively
highly immunogenic tumor model for which SLI2A i more effective
(Zuo et al., 2021). SL42A jnduced strong tumor remission and enabled
the complete eradication of established tumors. Notably; SLYA also
inhibited tumor growth to some extent in 4 T1 and B16F10 tumors,
which are considered as immunologically silent and not amenable to ICB
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monotherapy (Chen et al., 2023). The first phase of a clinical trial investigated for cancer immunotherapy due to their inherent tumor-
combining cGAS-STING agonists and anti-PD-1 antibody treatment targeting and tumor-killing activities (Duong et al., 2019). While
showed encouraging results, with type I IFN induction and reactivated safety remains a major concern, their moderate toxicity enhances direct
immunotherapy responses in 90.9 % of patients with advanced meta- tumor-killing efficiency and antitumor immune responses in oncolytic
static solid tumors (Du et al., 2022). As the expression of PD-L1 was up- bacterial therapies (Kang et al., 2022). Consequently, pathogen-
regulated in tumor of the SLY“A group due to activation of STING mediated therapeutics necessitate the use of highly attenuated strains.
signaling (He et al., 2023) and inflammatory response in the tumor For instance, gene deletions like relA and spot in S. typhimurium result in
microenvironment (Taube et al., 2012), combination therapy in com- defects in 5'-diphosphate-3’-diphosphate (ppGpp) and lead to a signifi-
bination with PD-L1 antibodies could be considered in future studies to cant increase in the half-lethal dose by 100,1000-1,000,000-fold
achieve better study outcomes. compared to S. typhimurium wild type (Na et al., 2006). Previous studies
Several pathogenic bacteria, such as Salmonella typhimurium, Clos- have demonstrated that this attenuated strain, S. typhimurium AppGpp,
tridium novyi, and Listeria monocytogenes, have previously been exhibits a similar antitumor effect in vivo but with lower virulence and
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higher immune cell infiltration compared to another attenuated strain,
VNP20009, which is generated by deleting the msbB and purl genes (Liu
et al., 2022). In comparison to E. coli MG1655, S. typhimurium AppGpp
stimulates a more robust immune response and the infiltration of mac-
rophages and dendritic cells to suppress tumor progression (Kim et al.,
2015). Additionally, various routes such as intratumoral, oral, intrave-
nous, intranasal, and intraperitoneal administration could be utilized in
S. typhimurium AppGpp-based drug delivery (Na et al., 2006). In
particular, intravenous administration achieves a more rapid thera-
peutic effect than other routes due to direct delivery into the systemic
circulation without delay (Ruiz et al., 2018). Comparing the findings
with BCG-based c-di-AMP delivery by six intravenous administrations
(Singh et al., 2022) or E. coli Nissle-based c-di-AMP delivery by three
intratumoral administrations (Leventhal et al., 2020); S. typhimurium
AppGpp-based c-di-AMP delivery by a single intravenous administration
resulted in significant therapeutic effects in tumor-bearing mice. This
suggests that S. typhimurium AppGpp exhibits strong antitumor activity
without virulence effects and is adaptable to any route of administra-
tion, making it a promising drug delivery carrier for anticancer therapy.

In summary, S. typhimurium AppGpp-based c-di-AMP delivery en-
hances the maturation of dendritic cells and the polarization of M1
macrophages through STING-targeted type I IFN production, thereby
resulting in effector T cell priming against tumor progression.
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