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synthesis (AppGpp) is an attenuated strain with good biosafety and excellent anticancer
efficacy. It has been widely applied in preclinical studies of anticancer therapy for various
types of solid cancer. VNP20009 is another genetically modified auxotrophic strain with
108-kb deletion, purl-, msbB-, and many single nucleotide polymorphisms (SNPs); it has
shown promising therapeutic efficacy in various preclinical tumor models and entered
phase | clinical trials. Here, the invasion activities and virulence of AppGpp were obviously
lower than those of the VNP20009 strain when tested with cancer cells in vitro. In addition,
the MC38 tumor-bearing mice showed comparable cancer suppression when treated
with AppGpp or VNP20009 intravenously. However, the AppGpp-treated mice showed
16.7% of complete cancer eradication and prolonged survival in mice, whereas VNP20009
showed higher toxicity to animals, even with equal tumor size individually. Moreover,
we found decreased levels of inflammatory cytokines in circulation but strengthened
immune boost in tumor microenvironments of AppGpp-treated mice. Therefore, the
engineered AppGpp has high potential for cancer therapeutics, and it is a promising
option for future clinical cancer therapy.

Keywords: Salmonella Typhimurium, AppGpp, VNP20009, bacterial cancer therapy, biosafety

INTRODUCTION

Cancer is one of the major causes of rising mortality rates globally, and thousands of people
suffer from malignant tumors every year. Among the different types of cancer, patients with
colorectal cancer, liver cancer, lung cancer, and breast cancer show high mortality rates (Siegel
et al, 2022; Xia et al, 2022). Radiotherapy, chemotherapy, targeted therapy, immunotherapy,
and surgery are commonly used for cancer treatment, but with remarkable limitations retained,
such as lack of tumor selectivity, limited tissue penetration, induction of anticancer drug
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resistance, and formidable side effects. Additionally, patients
who receive conventional therapies have a high incidence of
tumor recurrence. Bacteria-mediated cancer therapy (BMCT)
was recognized in the nineteenth century when Busch and
William B. Coley found that patients infected with Streptococcus
pyogenes (McCarthy, 2006; Forbes et al., 2018) exhibit obvious
tumor regression. With the development of molecular biology
and the deep wunderstanding of the tumor immune
microenvironments, BMCT has once again aroused the interest
of researchers as a promising approach for cancer therapy.

Hypoxia, vascular abnormalities, low pH, and necrotic areas
are common features of solid tumors (Guo et al., 2020; Chen
et al., 2021b; Kang et al., 2022), and they are the main barriers
for traditional therapies. However, they provide favorable
conditions for the targeting, colonization, and replication of
some obligate or facultative anaerobes. Previous studies have
shown that Bacillus Calmette-Guerin (Piao et al, 2022),
Clostridium (Agrawal et al.,, 2004), Listeria (Kim et al., 2009),
Salmonella Typhimurium (Paterson et al.,, 2010; Felgner et al,,
2016), Bifidobacterium (Zhu et al, 2011), Escherichia coli
(Kocijancic et al., 2016), and other bacteria manifest excellent
antitumor effects. Among them, S. Typhimurium has been
widely used in cancer treatment due to its specific tumor
targeting ability and colonization to overcome the shortcomings
of traditional cancer treatments, such as insufficient tumor
selectivity and poor tissue penetration. Engineered
S. Typhimurium has good biosafety, tumor targeting, and capacity
to carry or express anticancer payloads, thereby providing
suitable conditions for the combination of BMCT with other
therapeutics (Guo et al., 2020; Al-Saafeen et al., 2021).

VNP20009 is an attenuated engineered S. Typhimurium with
purl and msbB gene deletion, 108-kb deletion, and many single
nucleotide polymorphisms (SNPs) with increased tumor
chemotaxis and lowered tumor necrosis factor a (TNF-o)-
induced sepsis. It is sensitive to various antibiotics and does
not cause severe systemic toxicity upon infection (Zhang et al.,
2015). Thus, VNP20009 has been safely used in a phase I clinical
trial in patients with metastatic melanoma and renal cell
carcinoma (Toso et al., 2002; Chorobik et al., 2013). Bacterial
colonization was observed in tumor tissues, but the therapeutic
efficacy needs to be further improved. The insufficient anticancer
activity in clinical studies could be due to limited bacterial
colonization in tumors and obvious side effects with increasing
dosages. Another attenuated strain of S. Typhimurium defective
in 5’-diphosphate-3’-diphosphate (ppGpp) synthesis (AppGpp)
with the gene deletion of relA and spoT significantly increases
the half-lethal dose of mice by 100,000-1,000,000-fold, and
the functional loss of Salmonella pathogenicity island 1 (SPI-1)
and SPI-2; it can serve as an ideal vector for targeted delivery
and expression of oncolytic payloads (Zheng et al., 2017; Tan
et al., 2022). AppGpp has also been used in molecular imaging
for visualized tumor therapy due to its excellent tumor-specific
colonization and low adverse effects (Jiang et al., 2013; Xiong
et al, 2020; Wu et al., 2021).

In this study, we systemically studied AppGpp for its anticancer
activity and biosafety in MC38-bearing mice, and we used the
clinically tested VNP20009 as a control. Further analysis in

AppGpp- or VNP20009-colonized MC38 tumors was performed
to study the immune responses elicited by each attenuated
S. Typhimurium. Finally, we evaluated bacteria-induced systemic
toxicity in MC38-bearing mice after intravenous injection of
AppGpp or VNP20009.

MATERIALS AND METHODS

Cell Lines and Bacterial Strains

Murine colorectal cancer cell line MC38 was kindly provided
by Dr. Je-Jung Lee (Chonnam National University, South Korea).
Mouse melanoma B16F10, human colorectal adenocarcinoma
Caco-2, and murine fibroblast NIH3T3 cells were obtained
from the American Type Culture Collection (ATCC, CRL-6475,
HTB-37, and CRL-1658). All the cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal bovine
serum (FBS), 100IU/ml penicillin, and 100 mg/ml streptomycin
and incubated in a 37°C incubator containing 5% CO,. All
experiments were performed with mycoplasma-free cells.
Attenuated S. Typhimurium VNP20009 and AppGpp were
derived from S. Typhimurium 14028S. Both strains were cultured
in LB medium. Single colonies were cultured overnight in a
shaking incubator at a constant temperature of 37°C and
activated with fresh medium for 4h the next day (1:100).
Bacteria were harvested by centrifugation at 6,000rpm for
2min, diluted in PBS (pH 7.4), and measured with a UV
spectrophotometer at ODgy, (1 OD=8x%10°CFU/ml).

Bacterial Invasion Assay

Caco-2, NIH3T3, and MC38 cells were seeded in 24-well plates
with a density of approximately 1x10° cells per well and
incubated overnight. The culture media were removed, and
the cells were washed twice with Dulbeccos PBS (DPBS), and
DMEM (basic medium without additional supplement, 500 pl
per well) was added for further culture. After overnight culture,
VNP20009 and AppGpp were activated in fresh LB medium
for 4h. The bacteria were collected and washed twice with
DPBS, and the bacterial number was quantified by measuring
ODg with a UV spectrophotometer (1 OD=8x 10°CFU/ml).
VNP20009 and AppGpp were used for cell infection with
multiplicity of infections (MOIs) at MOI 10 and MOI 100,
respectively. After 1h of bacterial infection, the medium was
removed, and the cells were washed with DPBS twice. To
quantify the intracellular bacteria, DMEM containing 150 pg/
ml gentamycin was added for an additional 30 min of culture.
The medium was removed, and the cells were washed three
times with DPBS. Subsequently, cell lysates were prepared with
0.05% Triton-X100 in PBS, diluted, and spotted on LB plates
(dilution factor: 10°-10°). The bacteria were cultured in a 37°C
incubator overnight, counted, and calculated the next day based
on the dilution factors.

Crystalline Violet Staining
MC38 and B16F10 cells were seeded in six-well plates at a
density of approximately 2x 10* cells per well in six-well plates
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and incubated overnight. The next day, the culture medium
was removed, the cells were washed twice with DPBS, and
added with DMEM containing 10% FBS. VNP20009 and AppGpp
were used to infect the cells at MOI 100. After 6h of co-culture,
the supernatants were removed and washed twice with
DPBS. Complete DMEM culture medium (10% FBS, 100IU/
ml penicillin, and 100 mg/ml streptomycin) containing 150 pg/
ml gentamycin was added to continue the culture. After 48h,
the cells were washed twice with DPBS, and 4% PFA was
added to fix the cells at room temperature for 10 min. After
4% PFA was removed and the cells were washed twice with
DPBS, 1 ml of 0.1% crystal violet dye was added and incubated
at room temperature for 30 min. The crystal violet was recovered
and washed twice with DPBS, and photographs were obtained
and analyzed.

Lactate Dehydrogenase Assay

MC38 and B16F10 cells were seeded in 24-well plates at a
density of approximately 1x10* cells per well and incubated
overnight. VNP20009 and AppGpp were infected with MOI
100 for 6h, and 150 pg/ml gentamycin was added for another
12h of culture. The cell culture supernatants were examined
with LDH assay (CytoTox 96 Non-Radioactive Cytotoxicity
Assay) in accordance with the manufacturer’s instructions. The
absorbance of the sample at 490nm was detected using a
microplate reader (Molecular Devices, SpectraMax M2/M2e,
United States), and the release of LDH was calculated.

Mice

Six-week-old female C57BL/6 mice were purchased from Hunan
SJA Animal Company (Changsha, China). All mice were raised
in a specific pathogen-free environment with a standard 12-h
light/dark diurnal restriction. Sterilized water and food were given
ad libitum. All experiments and euthanasia procedures were
performed in accordance with protocols approved by the Hunan
University Animal Research Committee (Changsha, China).

Tumor Models and Management

Mice were shaved and placed under anesthesia in an induction
box containing 2.5% isoflurane. MC38 (1x10°) cells were
subcutaneously implanted into the right flank of the mouse.
When the tumor size grew to 100-120 mm’, the bacteria were
administered via tail vein injection. From the day of injection
(day 0), the tumor sizes were measured and recorded every
3days until the tumor volumes were >1,500mm’. The mice
were euthanized thereafter. In another set of experiments, the
mice were killed on days 1, 3, and 7; the serum, tumor, and
normal organs were collected for further analysis.

Bacterial Viable Counts

To quantify the number of bacteria within the tumor tissue,
tumors were excised from mice and homogenized in PBS. Samples
were serially diluted (tenfold) and plated on LB agar plates.
After overnight incubation at 37°C, the bacterial titer (CFU/g
tissue) was determined by counting colonies and calculated
with dilution factors and tissue weight.

ELISA and Clinical Parameter Analysis

Serum and tumor tissues were separated from mice. After
homogenization, protein lysates were collected from the supernatant
after multiple centrifugations. The expression levels of IL-1,
TNEF-a, IFN-y, TGF-, and IL-18 in the serum and supernatants
of the tumor tissue homogenates were detected by ELISA Kkits
in accordance with the manufacturers protocol (eBioscience).
The clinical chemistry parameters, such as aspartate
aminotransferase (AST), alanine aminotransferase (ALT), blood
urea nitrogen (BUN), creatinine (CREA), C-reactive protein (CRP),
and procalcitonin (PCT), in mouse sera were analyzed with an
automatic biochemical analysis machine (Mindray BS-860, China).

Immunofluorescence Analysis

Tumors isolated from mice were immersed in 4% PFA at 4°C
for 2h, immersed into 30% sucrose solution at 4°C overnight,
embedded in tissue fixation solution (OCT), and rapidly frozen
at —80°C. The neutrophil (Neu, Santa Cruz Biotech., SC-71674),
S. Typhimurium (SL, Bio-Rad, 8,209-4,006), monocyte/macrophage
(MOMA-2, Santa Cruz Biotech., SC-59332), and CD206 (M2
macrophage marker, Santa Cruz Biotech., SC-34577) in the tumor
tissue sections of mice were analyzed by a standard
immunofluorescence staining protocol. Images were obtained under
an LSM510 fluorescence microscope (ZEISS, Germany) and
processed using laser scanning microscopy (LSM) image software.

Hematoxylin-Eosin Staining

Organs (heart, liver, spleen, lung, and kidney) isolated from
mice were immersed in 4% PFA at 4°C for 2h. The tumor
tissues were transferred to 30% sucrose solution at 4°C overnight
and embedded in tissue fixation solution (OCT) for rapid
freezing at —80°C. After slicing with a cryotome, the slides
underwent H&E staining following the standard protocol.

Statistics

Statistical analysis was performed using GraphPad Prism 5.0
software. Mann-Whitney U test was used to determine the
statistical significance of differences in tumor growth, cytokine
expression, and changes in clinical chemical parameters between
the control and treatment groups. A value of p<0.05 was
considered statistically significant. Survival analysis was
performed using the Kaplan-Meier method and log-rank test.
All data were expressed as means+SEM.

RESULTS

AppGpp Exerted Less Cytotoxicity in vitro
Than VNP20009

The growth rate of E. coli is not affected by guanosine
5’-diphosphate-3’-diphosphate deficiency (Gaal and Gourse,
1990). Therefore, the growth of the mutants VNP20009 and
AppGpp was measured, and growth curves were plotted
(Figure 1A). The proliferation of these two mutants showed
no significant difference compared with WT, indicating that
the deficiency of certain genes did not affect bacterial growth,
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even with extended lag phase for VNP20009. The two strains
were co-cultured with MC38 and B16F10 at MOI 100 in
DMEM without supplement, respectively, to explore the
cytotoxicity of mutant bacteria in vitro. At 6-h post-bacterial
infection, the cells were continuously cultured in the medium
containing 150 pg/ml gentamycin for another 48 h. The crystal
violet staining results showed that the number of survived
cells in the VNP20009-infected group was dramatically reduced,
whereas no significant difference was found between the
AppGpp-infected group and the PBS-treated control group
(Figure 1B). LDH is an extremely stable cytoplasmic enzyme
that exists in the cytoplasm of intact cells. It is released
extracellularly once the cell membrane is damaged. The
amount of LDH released after bacterial infection was measured
to investigate the cell integrity affected by AppGpp and
VNP20009 (Figure 1C). The results showed that the VNP20009-
treated cells significantly increased LDH release in MC38
and B16F10 cells (p=0.0005 in MC38 and p<0.0001 in
B16F10 versus no treatment or AppGpp-infected cells). No
significant difference was found in the LDH levels between
the AppGpp-infected group and the control group. These
results indicated that AppGpp was much less toxic than the
VNP20009 strain in vitro, and guanosine 5’-diphosphate

3’-diphosphate synthesis defect could further reduce the
cytotoxicity of S. Typhimurium.

AppGpp Showed Impaired Cell Invasion

in vitro

Numerous Gram-negative bacteria are reported to infect host
cells that are dependent on the type III secretion system
(Ruano-Gallego et al., 2021; Sanchez-Garrido et al., 2021). This
system is associated with bacterial invasion and intracellular
growth, thereby affecting the efficiency of bacterial clearance
and initial transient localization (Kang et al, 2022). Given
that invasion ability is one of the important factors determining
bacterial cytotoxicity, the invasion ability of VNP20009 and
AppGpp to cells was compared in vitro. AppGpp and VNP20009
were co-cultured with Caco-2, NIH3T3, and MC38 cells at
different infection coefficients (MOI 10 or MOI 100) for 1h
in basic DMEM and then cultured in medium containing
150 pg/ml gentamycin for another 30min. The medium was
removed, and the cells were washed three times with DPBS
and lysed for bacterial quantification. As shown in Figures 2A,B,
under the conditions of different infection coefficients, the
intracellular bacteria of AppGpp in Caco-2, NIH3T3, and MC38
were significantly lower than that of the VNP20009 group and
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FIGURE 1 | AppGpp showed weaker cytotoxicity than VNP20009 in vitro. (A) At 0, 2, 4, 6, 8, 10, 12, and 24 h, ODgy, of AppGpp, VNP20009, and control group
(WT) was measured with a UV spectrophotometer, and the growth curves of the three strains were drawn. (B) MC38 and B16F10 were co-cultured with AppGpp
and VNP20009 for 6 h, respectively. After removing bacteria and changing basic DMEM with 150 pg/ml gentamycin for another 48h of culture, crystal violet staining
was performed to check the viable cells. (C) The LDH released from MC38 and B16F10 cells after co-culture with AppGpp and VNP20009 was determined with
LLDH assay, p=0.0005 between AppGpp and VNP20009 in MC38 and p<0.0001 between AppGpp and VNP20009 in B16F10.
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the WT control group. The results indicated that the cell
invasion of AppGpp with the gene deletion of relA and spoT
was significantly lower than that of VNP20009. Thus, the low
bacterial burden should reduce the cytotoxicity of AppGpp to
mammalian cells. This phenomenon could be a key factor to
minimize damage to normal tissues and improve biosafety
prior to bacterial colonization in tumors when administered
in vivo for bacterial cancer therapy.

Tumor Suppression and Bacterial
Colonization in MC38 Xenograft Mice
Previous studies have shown that engineered S. Typhimurium
has robust anticancer activities due to its good tumor-specific
targeting ability and proliferation (Liang et al., 2019). To investigate
the anticancer activity of AppGpp in vivo, a MC38 murine
colorectal cancer xenograft model was established. As shown
in Figure 3A, tumor growth was obviously inhibited in the
AppGpp- and VNP20009-injected groups compared with the
control group (p<0.0001). Salmonella Typhimurium treatments
significantly delayed tumor growth, but no significant difference

could be observed in the average tumor volumes between AppGpp
and VNP20009 (Figure 3B). Even though overall tumor
suppression was similar, the individual mouse between the two
strain-treated groups was quite different. All the mice in the
control and VNP20009-injected groups died or met the criteria
for euthanasia (tumor volume >1,500mm®) by approximately
days 20 and 40, respectively, whereas 16.7% (2/12) of the AppGpp-
injected mice exhibited eradicated tumor and survival after over
80days of observation (Figure 3C; p<0.0001). This finding
indicated that AppGpp improved the survival of tumor-bearing
mice. In addition, compared with the control group, the VNP20009-
injected mice showed significant weight loss without recovery
during the observation, whereas the AppGpp-injected mice
rapidly regained their weight to normal (Figure 3D; p=0.0018).
Interestingly, VNP20009 showed an equal response in individual
mice, whereas AppGpp showed a good response and variant
anticancer activities among each mouse (Figure 3E). These results
suggested that AppGpp has promising antitumor efficacy with
excellent biosafety in the MC38 mouse model, which presented
high animal survival and low body weight loss. However, further
strategies should be applied to stabilize and enhance the anticancer
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activity of AppGpp. The bacterial distribution also revealed
comparable bacterial colonization of both strains in tumor tissues,
but enduring bacterial colonization in liver and spleen was
observed in the VNP20009-treated group (Figure 3F).

Cytokine Production Upon Bacterial
Infection

Studies have shown that cytokine production plays an important
role in maintaining immune balance and regulating pathological
processes, such as immunological diseases and cancers (Bonati
and Tang, 2021; Lim and Yoon, 2021). Bacterium-conserved
components are strong stimulators for immune activation
(Pangilinan and Lee, 2021). Salmonella Typhimurium infection
can recruit abundant immune cells, such as neutrophils,
macrophages, dendritic cells (DCs), and CD8" T cells into the
tumor microenvironment (TME); it can also induce the expression
of pro-inflammatory cytokines to enhance the antitumor immune
response (Cheng et al,, 2014; Kim et al,, 2015). In the present
study, the cytokine levels in serum and tumor at 48-h post-
bacterial injection were analyzed to determine the immune
activation triggered by AppGpp and VNP20009. The expression
of IL-1p in serum was not detected at 48 h after bacterial injection,
but the level of IL-1f in tumor tissue was significantly higher
in the AppGpp-injected group than in the VNP20009-injected
and control groups (Figure 4A; p<0.0001). In addition, the
TNEF-a levels in the tumor tissues of mice injected with AppGpp
significantly increased, which may be one of the vital reasons
for the antitumor activity of AppGpp (Figure 4B; p=0.0002
versus the control and VNP20009-treated groups). The IFN-y
levels in the tumor tissues showed no significant difference
between the AppGpp-injected and control groups, but both were
significantly higher than that in the VNP20009-injected group
(Figure 4C; p<0.01). The TGF-p levels only significantly decreased
in the VNP20009-injected group compared with those in the
control group (Figure 4D; p=0.0149). The IL-18 levels in tumor
tissues from the AppGpp-injected group were also significantly
higher than those in the VNP20009-injected group. No significant
difference was found in the serum between the AppGpp- and
VNP20009-treated groups, but they were both significantly higher
than that in the control group (Figure 4E; p<0.0001 versus
AppGpp-treated group and p=0.0042 versus VNP20009-treated
group). These results showed that AppGpp and VNP20009
increased the inflammatory response in TMEs, thereby inducing
a strong antitumor immune response. However, AppGpp showed
more robust activation of immune response in MC38 tumor-
bearing mice than VNP20009, with increased inflammatory
cytokines in TMEs to relieve immunosuppression and reduce
cytokine storm in circulating blood. Thus, AppGpp had better
systemic biosafety than VNP20009.

Immune Cell Infiltration in Tumor Tissues

Previous studies have shown that S. Typhimurium can activate
host anticancer immunity and recruit immune cells, including
macrophages, natural killer (NK) cells, CD8" T cells, and B
cells (Lee et al., 2008; Kaimala et al., 2018). Mouse tumor tissues
were analyzed in the present study by immunofluorescence
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FIGURE 4 | Cytokine production in vivo post-bacterial infection.

(A) Determination of IL-1p expression in serum and tumor tissues of MC38-
bearing mice at 48h after bacterial injection (n=4, p<0.0001) between
AppGpp and VNP20009 or PBS in tumor. (B) Expression of TNF-a in serum
and tumor tissues of tumor-bearing mice after 48h of bacterial injection (n=4,
p=0.0002) between AppGpp and VNP20009 or PBS in tumor. (C) IFN-y
expression levels in serum and tumor tissues, p=0.0029 between AppGpp
and VNP20009 in serum, p=0.0015 between PBS and VNP20009 in tumors,
and p=0.0093 between AppGpp and VNP20009 in tumors. (D) TGF-B in
serum and tumor tissues at 48h after bacterial injection, n=4, p=0.0149
between PBS and VNP20009. (E) IL-18 levels in serum and tumor tissues
48h after bacterial injection, n=4, p<0.0001 between PBS and AppGpp,
p=0.0042 between PBS and VNP20009 in serum, and p=0.0019 between
AppGpp and VNP20009 in tumors.

staining. Extensive S. Typhimurium colonization was found in
the tumor tissues in both AppGpp- and VNP20009-infected
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FIGURE 5 | Bacterial colonization and immune cell analysis in TMEs. (A) Three days after bacterial injection, immunofluorescence staining was performed on the
tumor tissues of neutrophil (Neu, green), S. Typhimurium (SL, red), monocyte/macrophage (MVOMA-2, green), and M2 macrophage (CD208, red). Scale bar=50 pm.
(B) Quantification of the fluorescence intensity of neutrophils (Neu), Salmonella (SL), monocytes and macrophages (MOMA-2), M2-like macrophages (CD206), n=4.

groups. This result was consistent with the bacterial quantification
with Figure 3F. In addition, a huge amount of neutrophils and
monocytes were recruited in the tumor tissues in the bacterium-
injected group, accompanied with decreased M2-like macrophages
(Figure 5A). Therefore, AppGpp and VNP20009 could effectively

target and colonize tumor tissues and recruit immune cells to
improve the tumor immune microenvironment. In addition to
its intrinsic antitumor effects, attenuated S. Typhimurium could
strongly promote tumor degeneration by activating the complex
immune cells in TMEs (Pangilinan and Lee, 2021). Activation
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(C) Seven days after bacterial injection, the neutrophils (green) and S. Typhimurium
immunofluorescence staining.
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VNP20009_Liver_7 DPI

7 days of bacterial injection, organs (heart, liver, spleen, lung, and kidney) from

(red) in the liver of VNP20009-injected mice were analyzed by

of immune cells in TMEs could relieve local immunosuppression
and improve antitumor immunity. The quantification of the
immunofluorescence staining signal also revealed significantly
increased infiltration of neutrophils, monocytes, and macrophages,
and significantly reduced M2-like macrophages post-bacterial
injection. However, no significant difference was observed between
AppGpp- and VNP20009-treated groups (Figure 5B). These
results suggested that engineered bacteria have high potential
of immune cell recruitment and further modification of TMEs
to enhance the efficacy of immunotherapy.

Biosafety Analysis of Mutant Strains

AppGpp and VNP20009 were injected into a MC38
xenotransplantation mouse model through tail vein injection.
To further evaluate the tissue damage caused by the engineered
strains, the organs were removed for frozen section at 7-day
post-bacterial injection. H&E staining was carried out in
accordance with the standard protocols. The results showed
no significant change between the heart and lung in the
VNP20009- and AppGpp-injected groups and the PBS control
group. However, as shown in Figure 6A, the injury of liver
and spleen in the VNP20009-injected group was obviously

greater than that in the AppGpp-injected group and the control
group, whereas AppGpp showed no significant difference from
the control group. In addition, the renal pelvis of mice treated
with VNP20009 was much smaller than that of the two other
groups, suggesting the functional loss of the kidney. These
results indicated that the AppGpp strain exerted less damage
to the organs of tumor-bearing mice than VNP20009. Clinical
chemical parameters in serum were checked to further study
the biosafety, including ALT (17-771U/L), AST (54-2981U/L),
BUN (8-33mg/dl), CREA (0.2-0.9mg/dl), CRP (<0.5mg/dl),
and PCT (<0.5ng/ml). The results showed no significant change
in BUN, CREA, CRP, and PCT among the three groups.
However, ALT and AST in the serum of the VNP20009-injected
group were obviously higher than those of the AppGpp-injected
and control groups, whereas the clinical chemical parameters
in the serum of the AppGpp-injected group were not significantly
different from those of the control (Figure 6B). At 7days after
VNP20009 injection, immunofluorescence staining was
performed in the liver of VNP20009-treated mice because
obvious damage was observed. The results showed extensive
bacterial colonization and neutrophil infiltration (Figure 6C),
which may be the main reasons for increased ALT and AST
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in serum. Therefore, AppGpp did not cause serious toxicity
in the body and exerted high biosafety when applied for
cancer immunotherapy.

DISCUSSION

Overall antitumor effects of VNP20009 and AppGpp in the
MC38 colorectal cancer model were comparable, providing
experimental basis for the extensive use of AppGpp in the
treatment of various tumor models. However, AppGpp could
induce more immune cell infiltration; release high levels of
TNF-a, IL-1B, and other antitumor inflammatory factors; and
retain high safety profiles in vivo compared with VNP20009.

BMCT has been increasingly characterized for its higher
tumor specificity, tissue penetration, and lower systemic toxicity
over conventional cancer treatments, including radiotherapy,
chemotherapy, and surgical resection (Wen et al, 2018).
Salmonella Typhimurium has been widely used as an excellent
strain for BMCT. Previous studies have shown that VNP20009
exhibits excellent antitumor activity in certain types of tumor,
and it has entered clinical trials, but the antitumor activity
needs to be further improved. The unexpected anticancer efficacy
in clinical trials may be due to insufficient bacterial colonization,
excessively attenuated bacteria with multiple deletions and SNPs,
and obvious adverse effects with increased dose. Therefore,
constructing S. Typhimurium mutants with high tumor-targeting
specificity, deep tissue penetration, and low systemic toxicity
is urgently needed for BMCT. AppGpp is a mutant strain that
drastically increases the half-lethal dose by 1 million-fold in
mice (Na et al., 2006; Zheng et al., 2017), allowing the expression
of more sufficient anticancer genes or targeted delivery of a
higher amount of anticancer drugs and providing better
conditions for combinational therapies (Chen et al., 2021a, 2022).

Previous research has shown that S. Typhimurium conserves
components (such as lipopolysaccharide) on the surface, activates
the TLR4 signaling pathway, and causes a series of downstream
inflammatory reactions, thereby promoting immune cell infiltration
into the TMEs, such as neutrophils, DCs, and macrophages;
the immune cells further increase the secretion of some cytokines,
such as TNF-a and IL-1f, and reduce immunosuppression in
TMEs (Phan et al.,, 2015; Chen et al.,, 2017; Zheng et al.,, 2017).
Studies have shown that VNP20009 plays an important role in
tumor immunotherapy in combination with other strategies, such
as photothermal therapy, chemotherapy, and immune checkpoint
blockade (Zhang et al., 2016; Chen et al., 2018). In the present
study, AppGpp, another S. Typhimurium mutant, also exhibited
excellent antitumor effects in a mouse colorectal cancer model;
it showed less weight loss, higher animal survival, less tissue
injury, and higher cytokine production compared with VNP20009.

REFERENCES

Agrawal, N., Bettegowda, C., Cheong, I., Geschwind, J. E, Drake, C. G,
Hipkiss, E. L., et al. (2004). Bacteriolytic therapy can generate a potent
immune response against experimental tumors. Proc. Natl. Acad. Sci. U. S. A.
101, 15172-15177. doi: 10.1073/pnas.0406242101

Recently, the combination of S. Typhimurium with nanomaterial
has yielded exciting results in tumor treatment (Mi et al., 2021),
and the integration of molecular imaging techniques has shown
high potential of application for tumor diagnosis (Jiang et al.,
2013; Xiong et al., 2020). The engineered AppGpp shows minimal
damage to normal organs in vivo, as well as obviously increased
animal survival. The drug loading property and in situ expression
of anticancer payloads make attenuated bacteria as ideal vectors
for drug delivery (Chen et al.,, 2022).

In summary, the engineered AppGpp strain manifested less
cell invasion and cytotoxicity in vitro, higher biosafety, and
better therapeutic efficacy on MC38 tumor-bearing mice than
VNP20009. AppGpp might have greater clinical application
potential than VNP20009 in terms of anticancer efficacy and
biosafety. Further work should be conducted to optimize the
AppGpp strain to promote the clinical translation. Subsequently,
AppGpp-based cargos that carry therapeutic payloads should
be developed to stabilize the anticancer immunity.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material; further inquiries can
be directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Hunan
University Animal Research Committee (Changsha, China).

AUTHOR CONTRIBUTIONS

XL and YG conducted the experiments in vitro. XL, YS, YC,
and WT conducted the experiments in animal models. XL, YG,
and YS were involved in study design and data analysis. XL
wrote the Manuscript. JZ and J-JM were responsible for the study
design, experiment guidance, and manuscript revision. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the Hunan Natural Science
Foundation (2020]J5094), the Changsha Municipal Natural
Science Foundation (kq2014061), and the National Research
Foundation of Korean Government (MSIT) (2020M3A9G3080282
and 2020R1A5A2031185).

Al-Saafeen, B. H., Fernandez-Cabezudo, M. J., and Al-Ramadi, B. K. (2021).
Integration of Salmonella into combination cancer therapy. Cancer 13:3228.
doi: 10.3390/cancers13133228

Bonati, L., and Tang, L. (2021). Cytokine engineering for targeted cancer
immunotherapy. Curr. Opin. Chem. Biol. 62, 43-52. doi: 10.1016/j.
cbpa.2021.01.007

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 914575


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1073/pnas.0406242101
https://doi.org/10.3390/cancers13133228
https://doi.org/10.1016/j.cbpa.2021.01.007
https://doi.org/10.1016/j.cbpa.2021.01.007

Liuetal.

Attenuated Salmonella-Based Cancer Therapy

Chen, Y., Liu, X,, Guo, Y., Wang, J., Zhang, D., Mei, Y., et al. (2021a).
Genetically engineered oncolytic bacteria as drug delivery systems for
targeted cancer theranostics. Acta Biomater. 124, 72-87. doi: 10.1016/j.
actbio.2021.02.006

Chen, J., Qiao, Y, Tang, B., Chen, G,, Liu, X, Yang, B,, et al. (2017). Modulation
of Salmonella tumor-colonization and intratumoral anti-angiogenesis by
triptolide and its mechanism. Theranostics 7, 2250-2260. doi: 10.7150/
thno.18816

Chen, X., Tao, Y., He, M., Deng, M., Guo, R., Sheng, Q. et al. (2021b). Co-
delivery of autophagy inhibitor and gemcitabine using a pH-activatable
core-shell nanobomb inhibits pancreatic cancer progression and metastasis.
Theranostics 11, 8692-8705. doi: 10.7150/thno.60437

Chen, W., Wang, Y., Qin, M., Zhang, X., Zhang, Z., Sun, X., et al. (2018).
Bacteria-driven hypoxia targeting for combined biotherapy and
photothermal therapy. ACS Nano 12, 5995-6005. doi: 10.1021/acsnano.
8b02235

Chen, W,, Zhu, Y., Zhang, Z., and Sun, X. (2022). Advances in Salmonella
Typhimurium-based drug delivery system for cancer therapy. Adv. Drug
Deliv. Rev. 185:114295. doi: 10.1016/j.addr.2022.114295

Cheng, X., Zhang, X., Zhou, Y., Zhang, C., and Hua, Z. C. (2014). A Salmonella
Typhimurium mutant strain capable of RNAi delivery: higher tumor-targeting
and lower toxicity. Cancer Biol. Ther. 15, 1068-1076. doi: 10.4161/cbt.29185

Chorobik, P, Czaplicki, D., Ossysek, K., and Bereta, J. (2013). Salmonella and
cancer: from pathogens to therapeutics. Acta Biochim. Pol. 60, 285-297.
doi: 10.18388/abp.2013_1984

Felgner, S., Kocijancic, D., Frahm, M., Curtiss, R. 3rd, Erhardt, M., and
Weiss, S. (2016). Optimizing Salmonella enterica serovar Typhimurium for
bacteria-mediated tumor therapy. Gut Microbes 7, 171-177. doi:
10.1080/19490976.2016.1155021

Forbes, N. S., Coffin, R. S., Deng, L., Evgin, L., Fiering, S., Giacalone, M.,
et al. (2018). White paper on microbial anti-cancer therapy and prevention.
J. Immunother. Cancer 6:78. doi: 10.1186/s40425-018-0381-3

Gaal, T., and Gourse, R. L. (1990). Guanosine 3’-diphosphate 5’-diphosphate
is not required for growth rate-dependent control of rRNA synthesis in
Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 87, 5533-5537. doi: 10.1073/
pnas.87.14.5533

Guo, Y., Chen, Y, Liu, X., Min, J. ], Tan, W,, and Zheng, J. H. (2020).
Targeted cancer immunotherapy with genetically engineered oncolytic
Salmonella typhimurium. Cancer Lett. 469, 102-110. doi: 10.1016/j.
canlet.2019.10.033

Jiang, S. N., Park, S. H., Lee, H. J., Zheng, J. H., Kim, H. S., Bom, H. S,
et al. (2013). Engineering of bacteria for the visualization of targeted delivery
of a cytolytic anticancer agent. Mol. Ther. 21, 1985-1995. doi: 10.1038/
mt.2013.183

Kaimala, S., Al-Sbiei, A., Cabral-Marques, O., Fernandez-Cabezudo, M. J., and
Al-Ramadi, B. K. (2018). Attenuated bacteria as immunotherapeutic tools
for cancer treatment. Front. Oncol. 8:136. doi: 10.3389/fonc.2018.00136

Kang, S. R., Nguyen, D. H., Yoo, S. W, and Min, J. J. (2022). Bacteria and
bacterial derivatives as delivery carriers for immunotherapy. Adv. Drug Deliv.
Rev. 181:114085. doi: 10.1016/j.addr.2021.114085

Kim, S. H., Castro, E, Paterson, Y., and Gravekamp, C. (2009). High efficacy
of a listeria-based vaccine against metastatic breast cancer reveals a dual
mode of action. Cancer Res. 69, 5860-5866. doi: 10.1158/0008-5472.can-08-4855

Kim, J. E.,, Phan, T. X, Nguyen, V. H,, Dinh-Vu, H. V., Zheng, J. H.,, Yun, M.,
et al. (2015). Salmonella typhimurium suppresses tumor growth via the
pro-inflammatory cytokine interleukin-1beta. Theranostics 5, 1328-1342. doi:
10.7150/thno.11432

Kocijancic, D., Felgner, S., Frahm, M., Komoll, R. M., Iljazovic, A., Pawar, V.,
et al. (2016). Therapy of solid tumors using probiotic Symbioflor-2:
restraints and potential. Oncotarget 7, 22605-22622. doi: 10.18632/
oncotarget.8027

Lee, C. H,, Wu, C. L., and Shiau, A. L. (2008). Toll-like receptor 4 mediates
an antitumor host response induced by Salmonella choleraesuis. Clin. Cancer
Res. 14, 1905-1912. doi: 10.1158/1078-0432.ccr-07-2050

Liang, K., Liu, Q., Li, P, Luo, H., Wang, H., and Kong, Q. (2019). Genetically
engineered Salmonella Typhimurium: recent advances in cancer therapy.
Cancer Lett. 448, 168-181. doi: 10.1016/j.canlet.2019.01.037

Lim, J. U, and Yoon, H. K. (2021). Potential predictive value of change in
inflammatory cytokines levels subsequent to initiation of immune checkpoint

inhibitor in patients with advanced non-small cell lung cancer. Cytokine
138:155363. doi: 10.1016/j.cyt0.2020.155363

McCarthy, E. E (2006). The toxins of William B. Coley and the treatment of
bone and soft-tissue sarcomas. Towa Orthop. J. 26, 154-158.

Mi, Z., Guo, L., Liu, P, Qi, Y,, Feng, Z., Liu, J, et al. (2021). "Trojan horse"
Salmonella enabling tumor homing of silver nanoparticles via neutrophil
infiltration for synergistic tumor therapy and enhanced biosafety. Nano Lett.
21, 414-423. doi: 10.1021/acs.nanolett.0c03811

Na, H. S.,, Kim, H. J,, Lee, H. C.,, Hong, Y., Rhee, J. H., and Choy, H. E.
(2006). Immune response induced by Salmonella typhimurium defective in
ppGpp synthesis. Vaccine 24, 2027-2034. doi: 10.1016/j.vaccine.2005.11.031

Pangilinan, C. R,, and Lee, C. H. (2021). Highlights of immunomodulation in
Salmonella-based Cancer therapy. Biomedicine 9:1566. doi: 10.3390/
biomedicines9111566

Paterson, Y., Guirnalda, P. D., and Wood, L. M. (2010). Listeria and Salmonella
bacterial vectors of tumor-associated antigens for cancer immunotherapy.
Semin. Immunol. 22, 183-189. doi: 10.1016/j.smim.2010.02.002

Phan, T. X, Nguyen, V. H., Duong, M. T., Hong, Y., Choy, H. E., and Min, J. J.
(2015). Activation of inflammasome by attenuated Salmonella typhimurium
in bacteria-mediated cancer therapy. Microbiol. Immunol. 59, 664-675. doi:
10.1111/1348-0421.12333

Piao, X. M., Kim, Y. U, Byun, Y. ], Zheng, C. M., Moon, S. M., Kim, K,
et al. (2022). Expression of RPL9 predicts the recurrence of non-muscle
invasive bladder cancer with BCG therapy. Urol. Oncol. 40, 197.e1-197.e9.
doi: 10.1016/j.urolonc.2021.12.009

Ruano-Gallego, D., Sanchez-Garrido, ], Kozik, Z. Nunez-Berrueco, E.,
Cepeda-Molero, M., Mullineaux-Sanders, C., et al. (2021). Type III secretion
system effectors form robust and flexible intracellular virulence networks.
Science 371. doi: 10.1126/science.abc9531

Sanchez-Garrido, J., Ruano-Gallego, D., Choudhary, J. S., and Frankel, G. (2021).
The type III secretion system effector network hypothesis. Trends Microbiol.
30, 524-533. doi: 10.1016/j.tim.2021.10.007

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2022). Cancer statistics,
2022. CA Cancer J. Clin. 72, 7-33. doi: 10.3322/caac.21708

Tan, W, Duong, M. T,, Zuo, C, Qin, Y., Zhang, Y., Guo, Y, et al. (2022).
Targeting of pancreatic cancer cells and stromal cells using engineered oncolytic
Salmonella typhimurium. Mol. Ther. 30, 662-671. doi: 10.1016/j.ymthe.2021.08.023

Toso, J. E, Gill, V. J., Hwu, P, Marincola, F. M., Restifo, N. P, Schwartzentruber, D. J.,
et al. (2002). Phase I study of the intravenous administration of attenuated
Salmonella typhimurium to patients with metastatic melanoma. J. Clin. Oncol.
20, 142-152. doi: 10.1200/jc0.20.1.142

Wen, M., Zheng, J. H.,, Choi, J. M., Pei, ], Li, C. H,, Li, S. Y,, et al. (2018).
Genetically-engineered Salmonella typhimurium expressing TIMP-2 as a
therapeutic intervention in an orthotopic glioma mouse model. Cancer Lett.
433, 140-146. doi: 10.1016/j.canlet.2018.06.031

Wu, Y, Li, Q, Liu, Y, Li, Y,, Chen, Y., Wu, X,, et al. (2021). Targeting hypoxia
for sensitization of tumors to apoptosis enhancement through supramolecular
biohybrid bacteria. Int. J. Pharm. 605:120817. doi: 10.1016/j.jjpharm.2021.120817

Xia, C., Dong, X, Li, H, Cao, M., Sun, D., He, S., et al. (2022). Cancer
statistics in China and United States, 2022: profiles, trends, and determinants.
Chin. Med. J. 135, 584-590. doi: 10.1097/CM?9.0000000000002108

Xiong, S., Qi, Z., Ni, J., Zhong, J., Cao, L., and Yang, K. (2020). Attenuated
Salmonella typhimurium-mediated tumour targeting imaging based on peptides.
Biomater. Sci. 8, 3712-3719. doi: 10.1039/d0bm00013b

Zhang, X., Xu, Q. Zhang, Z., Cheng, W.,, Cao, W,, Jiang, C., et al. (2016).
Chloroquine enhanced the anticancer capacity of VNP20009 by inhibiting
autophagy. Sci. Rep. 6:29774. doi: 10.1038/srep29774

Zhang, Y., Zhang, N., Zhao, M., and Hoffman, R. M. (2015). Comparison of
the selective targeting efficacy of Salmonella typhimurium A1-R and VNP20009
on the Lewis lung carcinoma in nude mice. Oncotarget 6, 14625-14631.
doi: 10.18632/oncotarget.3342

Zheng, J. H., Nguyen, V. H,, Jiang, S. N., Park, S. H., Tan, W,, Hong, S. H,,
et al. (2017). Two-step enhanced cancer immunotherapy with engineered
Salmonella typhimurium secreting heterologous flagellin. Sci. Transl. Med.
9. doi: 10.1126/scitranslmed.aak9537

Zhu, H., Li, Z., Mao, S., Ma, B,, Zhou, S., Deng, L., et al. (2011). Antitumor
effect of sFlt-1 gene therapy system mediated by Bifidobacterium Infantis
on Lewis lung cancer in mice. Cancer Gene Ther. 18, 884-896. doi: 10.1038/
cgt.2011.57

Frontiers in Microbiology | www.frontiersin.org

11

June 2022 | Volume 13 | Article 914575


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.actbio.2021.02.006
https://doi.org/10.1016/j.actbio.2021.02.006
https://doi.org/10.7150/thno.18816
https://doi.org/10.7150/thno.18816
https://doi.org/10.7150/thno.60437
https://doi.org/10.1021/acsnano.8b02235
https://doi.org/10.1021/acsnano.8b02235
https://doi.org/10.1016/j.addr.2022.114295
https://doi.org/10.4161/cbt.29185
https://doi.org/10.18388/abp.2013_1984
https://doi.org/10.1080/19490976.2016.1155021
https://doi.org/10.1186/s40425-018-0381-3
https://doi.org/10.1073/pnas.87.14.5533
https://doi.org/10.1073/pnas.87.14.5533
https://doi.org/10.1016/j.canlet.2019.10.033
https://doi.org/10.1016/j.canlet.2019.10.033
https://doi.org/10.1038/mt.2013.183
https://doi.org/10.1038/mt.2013.183
https://doi.org/10.3389/fonc.2018.00136
https://doi.org/10.1016/j.addr.2021.114085
https://doi.org/10.1158/0008-5472.can-08-4855
https://doi.org/10.7150/thno.11432
https://doi.org/10.18632/oncotarget.8027
https://doi.org/10.18632/oncotarget.8027
https://doi.org/10.1158/1078-0432.ccr-07-2050
https://doi.org/10.1016/j.canlet.2019.01.037
https://doi.org/10.1016/j.cyto.2020.155363
https://doi.org/10.1021/acs.nanolett.0c03811
https://doi.org/10.1016/j.vaccine.2005.11.031
https://doi.org/10.3390/biomedicines9111566
https://doi.org/10.3390/biomedicines9111566
https://doi.org/10.1016/j.smim.2010.02.002
https://doi.org/10.1111/1348-0421.12333
https://doi.org/10.1016/j.urolonc.2021.12.009
https://doi.org/10.1126/science.abc9531
https://doi.org/10.1016/j.tim.2021.10.007
https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/j.ymthe.2021.08.023
https://doi.org/10.1200/jco.20.1.142
https://doi.org/10.1016/j.canlet.2018.06.031
https://doi.org/10.1016/j.ijpharm.2021.120817
https://doi.org/10.1097/CM9.0000000000002108
https://doi.org/10.1039/d0bm00013b
https://doi.org/10.1038/srep29774
https://doi.org/10.18632/oncotarget.3342
https://doi.org/10.1126/scitranslmed.aak9537
https://doi.org/10.1038/cgt.2011.57
https://doi.org/10.1038/cgt.2011.57

Liuetal.

Attenuated Salmonella-Based Cancer Therapy

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

The reviewer [XL] declared a shared affiliation with the authors at the time of
the review.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may

be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Guo, Sun, Chen, Tan, Min and Zheng. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

12

June 2022 | Volume 13 | Article 914575


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Comparison of Anticancer Activities and Biosafety Between Salmonella enterica Serovar Typhimurium ΔppGpp and VNP20009 in a Murine Cancer Model
	Introduction
	Materials and Methods
	Cell Lines and Bacterial Strains
	Bacterial Invasion Assay
	Crystalline Violet Staining
	Lactate Dehydrogenase Assay
	Mice
	Tumor Models and Management
	Bacterial Viable Counts
	ELISA and Clinical Parameter Analysis
	Immunofluorescence Analysis
	Hematoxylin–Eosin Staining
	Statistics

	Results
	ΔppGpp Exerted Less Cytotoxicity in vitro Than VNP20009
	ΔppGpp Showed Impaired Cell Invasion in vitro
	Tumor Suppression and Bacterial Colonization in MC38 Xenograft Mice
	Cytokine Production Upon Bacterial Infection
	Immune Cell Infiltration in Tumor Tissues
	Biosafety Analysis of Mutant Strains

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding

	References

