Bioactive Materials 32 (2024) 12-27

KeAi

BIOACTIVE
MATERIALS

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

Check for

In situ immunomodulation of tumors with biosynthetic bacteria promote e
anti-tumor immunity

Zhongda Lin ™', Fangiang Meng ™', Yumeng Ma ™", Chi Zhang®, Zhirang Zhang?,
Zhaoxin Yang?, Yuan Li? Linlin Hou? Yuzhong Xu°, Xin Liang ", Xudong Zhang "

& Shenzhen Key Laboratory for Systems Medicine in Inflammatory Diseases, School of Medicine, Shenzhen Campus of Sun Yat-Sen University, Sun Yat-Sen University,
Shenzhen, 518107, Guangdong, China

Y Guangdong Provincial Key Laboratory of Medical Molecular Diagnostics, Key Laboratory of Stem Cell and Regenerative Tissue Engineering, School of Basic Medical
Sciences, Guangdong Medical University, Dongguan, 523808, China

¢ Department of Clinical Laboratory, Shenzhen Baoan Hospital, The Second Affiliated Hospital of Shenzhen University, Shenzhen, 518101, China

ARTICLE INFO ABSTRACT

Keywords: Immune checkpoint blockade (ICB) therapy potently revives T cell’s response to cancer. However, patients
Salmonella suffered with tumors that had inadequate infiltrated immune cells only receive limited therapeutic benefits from
;N;CSF ICB therapy. Synthetic biology promotes the alternative strategy of harnessing tumor-targeting bacteria to

synthesize therapeutics to modulate immunity in situ. Herein, we engineered attenuated Salmonella typhimurium
VNP20009 with gene circuits to synthetize granulocyte-macrophage colony-stimulating factor (GM-CSF) and
interleukin 7 (IL-7) within tumors, which recruited dendritic cells (DCs) and enhanced T cell priming to elicit
anti-tumor response. The bacteria-produced GM-CSF stimulated the maturation of bone marrow-derived den-
dritic cells (BMDCs), while IL-7 promoted the proliferation of spleen isolated T cells and inhibited cytotoxicity T
cell apoptosis in vitro. Virtually, engineered VNP20009 prefer to colonize in tumors, and inhibited tumor growth
by enhancing DCs and T cell infiltration. Moreover, the tumor-toxic GZMB"™ CD8" T cell and IFN-y" CD8™ T cell
populations conspicuously increased with the treatment of engineered bacteria. The combination of GM-CSF-IL-

Synthetic biology
Cancer immunotherapies

7-VNP20009 with PD-1 antibody synergistically stunted the tumor progress and stasis.

1. Introduction

Immune checkpoint blockade (ICB) therapy that mainly employ the
blocking antibody to disrupt the immunosuppressive checkpoint on the
exhausted T cells to revive their response to cancers [1-3]. Although
antibodies targeting cytotoxic T lymphocyte antigen 4 (CTLA-4) and the
programmed cell death protein 1 (PD-1) have been approved for treating
multiple type of cancers, the majority of the patients who suffering from
‘cold’ tumors achieved poor response to ICB therapy [4,5]. ‘Cold’ tumors
always are described with few lymphocytes infiltration, low checkpoint
ligands expression and lack of tumor antigen expression [6]. In addition,
hypoxia of the tumor microenvironment (TME) recruits the immuno-
suppressive suppressor cell such as myeloid-derived suppressor cells
(MDSC) and M2 macrophages infiltrating into the tumor [5,7-9].
Intriguingly, oncolytic viruses (OVs) have unique abilities to specifically
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lyse tumor cells and recruit DCs, and are considered function as tumor
vaccines [10,11]. Currently, oncolytic virus has been devised to express
immunostimulatory molecules including GM-CSF, CD40L, OX40L or
PD-1 antibody which could further enhance the recruitment of DCs and
priming of T cells [12,13]. More importantly, recent studies have proved
that the synergistic anti-tumor effects of OVs combine with immune
checkpoint antibodies could significantly promote the potency of ICB
therapy [14-16]. However, the dearth of tumor-targeting ability and
consequent anti-viral response are the major hurdles of the adminis-
tration of OVs [17,18]. Thus, OVs are always directly injected into
epidermal tumors such as melanoma currently, which seriously restrains
the application of OVs in other types of cancer [19].

Recently, a variety of bacteria are isolated from multiple tumors,
demonstrating that bacteria may be closely related to tumor progression
[20,21]. Actually, as early as the 1800s, William B. Coley had discovered
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that the injection of streptococcal organisms shrank the malignant
tumor [22]. And in the 1970s, bacillus Calmette-Guérin (BCG), an
attenuated Mycobacterium bovis strain, was approved to treat bladder
cancer [23]. Hereafter, attenuated strains such as Listeria, Clostridium,
Escherichia coli and Salmonella were widely developed to synthesize
cytokines, toxic proteins and immune checkpoint antibodies for cancer
therapy [24-29]. After intravenous injection, the bacteria target and
proliferate within tumor hypoxic core, which finally induces tumor cell
death and elicits host’s innate and adaptive immune response [30-32].
VNP20009 is an attenuated Salmonella typhimurium that knocks out the
msbB and purl genes, achieving remarkable tumor targeting and inhi-
bition effects in mouse models [24,33]. Knocking out the msbB gene
results in the loss of myristoylation of the lipid A component of Salmo-
nella LPS, which dampen the LPS-induced TNF release, significantly
reducing the risk of host septic shock. Further knocking out the purl gene
leads to purine synthesis defects in VNP20009, which make the bacteria
only colonizes in purine rich tumor environments but not healthy tissues
[24,33]. Salmonella does not have strong activity to kill tumor cells
directly, and its anti-tumor activity mainly because of immune activa-
tion. Salmonella infection causes tumor cells to up-regulate the expres-
sion of gap junction protein Cx43, enhancing the gap junction between
DCs and tumor cells, and promoting DCs to phagocytose tumor cells.
Meanwhile, tumor cells down-regulate the expression of indoleamine 2,
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3-dioxygenase (IDO), which is beneficial for the activation of CD8" T
cells. The Salmonella LPS can activate the LPS receptor (CD14) and Toll
like receptor 4 (TLR4) on macrophages, which induces TNF secretion,
and subsequently damages tumor blood vessels. In addition, the flagella
protein (Flagellin) of Salmonella also has multiple immune activation
effects: stimulating natural killer (NK) cells to produce IFN-y, perforin
and granzyme, reducing the frequency of CD4" CD25" Treg cells in
tumors, enhancing activity of CD8" T cells through Toll like receptor 5
(TLRS) signaling [33,34]. More importantly, the rapid progression of
synthetic biology endows the harness of bacteria as bioreactors to syn-
thesize the therapeutics to eradicate tumor cells in situ [35,36]. Engi-
neered bacteria with gene circuits containing sensor elements can
respond to the biomarkers in TME like hypoxia, low pH, or external
ultrasonic, optothermal and chemical inducers, then output the thera-
peutics such as immune checkpoint antibodies, immune cytokines, and
L-Asparaginase [31,37-43].

Anaerobic bacteria has offered a new approach to tumor therapy,
due to its tumor targeting, replication and genetic stability in tumor
tissues and anti-tumor effects in vivo. Meanwhile, the development of
synthetic biology provides powerful tools for designing, modifying and
controlling the biological activities of bacteria. Herein, we engineered
an attenuated Salmonella typhimurium VNP20009, a purl and msbB gene
excision strain, to synthesize and secrete GM-CSF and IL-7 in orthotopic
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tumor [44]. GM-CSEF is certified to recruit monocytes, macrophages and
DCs in TME [45-47] and approved to assist tumor elimination by the
FDA [48]. Moreover, IL-7 is crucial for the survival of resting T cells
including naive T cells and memory T cells [49,50] and is widely used as
an adjuvant of cancer vaccines [51]. Tumor colonized bacteria secreted
GM-CSF in situ, that recruited macrophages, DCs and promoted T cell
priming. Subsequently, the bacteria-secreted IL-7 stimulated
tumor-specific effector T cell and memory T cell expansion. Moreover,
co-administration of PD-1 antibody (aPD-1) disrupted PD-1/PD-L1 axis
protecting T cells from exhaustion, intensively potentiated systematic
anti-tumor immunity. Collectively, GM-CSF, IL-7 and aPD-1 worked
together to activate the anti-tumor immune circuits (Schematic).

2. Materials and methods
2.1. Preparation of GM-CSF-IL-7-VNP20009

First, we prepared the VNP20009 competent bacteria. The mono-
clonal VNP20009 was cultured in 50 mL LB medium. When ODg of the
broth reach 0.4-0.6, the broth was placed on ice for 30 min. After the ice
bath, the bacteria were collected by 4000 rpm centrifugation for 10 min
at 4 °C. Discarded the supernatant, and resuspended the bacteria with
10 mL ice cold sterilized ddH30. Collected the bacteria by 4000 rpm
centrifugation for 10 min at 4 °C, then gently resuspend the bacteria
with 10 mL 10% ice cold sterilized glycerol and stand on ice for 10 min.
Repeated the previous step and then gently resuspend the bacteria with
1 mL 10% ice cold sterilized glycerol. Precooled 10 1.5 mL centrifuge
tubes on ice and added 100 pL competent bacteria into each centrifuge
tube. Quickly plunged the centrifuge tubes into liquid nitrogen for snap
freezing. The competent bacteria were preserved at —80 °C.

Secondly, we inserted the mouse GM-CSF and IL-7 gene sequences
into the MCS region of pBAD-HA and pBAD-Flag plasmids respectively.
In addition, we inserted the nucleotide sequence of the Salmonella
secretion system signal peptide at the N-terminal of GM-CSF and IL-7 to
control their secretion. The nucleotide sequences for inserting the
plasmids were provided in supplementary file (Table 1).

Thirdly, the pBAD-GM-CSF-HA and pBAD-IL-7-Flag plasmids were
electroporated into VNP20009 competent bacteria. Unfroze VNP20009
competent bacteria on ice, added 1 pg plasmid, gently mix well and
stand on ice for 20 min. Quickly transferred the competent bacteria
mixture to the frozen electric shock cup and electroporated at Ecl for
two times. Added 800 pL SOC medium to wash out the bacteria from
electric shock cup, cultured in 37 °C for 1 h. Finally, performed resis-
tance screening and gene sequencing on the transformed bacteria. The
stable strains were maintained in LB medium containing 100 pg/mL
ampicillin and 50 pg/mL kanamycin at 37 °C. 2% L-arabinose was used
to induce the secretion of GM-CSF and IL-7.

2.2. SDS-PAGE assay

Bacterial pellets and culture supernatants were collected by centri-
fuge at 4 °C, 4500 r.p.m. The bacterial pellets were lysed with 20 mg/mL
lysozyme at room temperature for 20 min. Both the bacterial lysate and
culture supernatant was sonicated on ice for 2 min. Additionally, the
culture supernatant was concentrated with ultrafiltration (Millipore,
10K NMWL) tubes. The tumor tissues were homogenized and lysed with
RIPA buffer. 10% polyacrylamide gels were used for electrophoresis and
then we transformed the proteins to PVDF membranes. After 60 min of
blocking in 5% non-fat dry milk, the PVDF membranes were incubated
with the first antibodies against HA-Tag (Abmart, M20003), Flag-Tag
(Cell Signaling Technology, 14793), GM-CSF (Abmart, PA2949), IL-7
(Abmart, TD6530) and pS-Tubulin (Abmart, M20005) at 4 °C over-
night. The PVDF membranes were washed three times with TBST buffer
for 5 min and then incubated with secondary antibodies for 1 h at room
temperature. Before analyzing with enhanced chemiluminescence
detection (ECL), the PVDF membranes were finally washed three times

14

Bioactive Materials 32 (2024) 12-27

with TBST buffer for 5 min.
2.3. Immunofluorescence assay

The bacteria were collected, washed with PBS, and then fixed in 4%
paraformaldehyde for 15 min at room temperature. Next, the bacteria
were resuspended in 3% bovine serum albumin (BSA) containing 4%
Triton X-100 and incubated for 10 min on ice. The bacteria were incu-
bated with 1:100 diluted primary antibodies against HA-Tag (Abmart,
M20003), Flag-Tag (Cell Signaling Technology, 14793), GM-CSF
(Abmart, PA2949) and IL-7 (Abmart, TD6530) at 37 °C for 2 h. After
washing bacteria with PBS, the bacteria were incubated with 1:200
diluted Alexa Fluor® 594-conjugated Goat Anti-Mouse IgG (abcam,
ab150116) and Alexa Fluor® 488-conjugated Goat Anti-Rabbit IgG
(abcam, ab150077) for 1h at 37 °C. Finally, the bacteria were stained
with DAPI for 10 min at room temperature and prepared for analysis.
The tumor samples were firstly fixed in 4% paraformaldehyde overnight
and frozen in optimal cutting temperature (OCT) compound. The frozen
tissues were cut into 6 pm thick slices and adhered to glass slides. The
tumor slices were washed in PBS for 15 min to remove the OCT com-
pound and boiled in antigen retrieval solution for 20 min. After natural
cooling-off, the slides were incubated with 3% BSA for 1h then incu-
bated with CD4 antibody (1:100 dilution, abcam, ab183685), CD8
antibody (1:100 dilution, abcam, ab22378) or CD11c antibody (1:100
dilution, abcam, ab33483) at 4 °C overnight. The slices were washed in
PBS for three times and incubated with Alexa Fluor® 488-conjugated
Goat Anti-Rabbit IgG (1:200 dilution, abcam, ab150077), Alexa
Fluor® 594-conjugated Goat Anti-Rat IgG (1:200 dilution, abcam,
ab150160) or Alexa Fluor® 488-conjugated Goat Anti-Armenian Ham-
ster IgG (1:200 dilution, abcam, ab173003) for 1 h at room temperature.
Finally, we washed the slices in PBS three times and stained the nucleus
with DAPI for 10 min. All the samples were analyzed through confocal
microscopy (Zeiss).

2.4. ELISA assay

The secretion efficiency of GM-CSF and IL-7 was detected by ELISA
assay. The resistant LB medium was inoculated with 500 pL. GM-CSF-IL-
7-VNP20009 to 50 mL, and continued to be cultured until OD600
reached 0.4 to 0.6.2% r-arabinose was added to induced protein
expression at 24 °C. 50 mL bacteria solution was collected at 4 h, 8 h, 12
h, 16 h, 24 h, 48 h and removed the bacteria with 0.22 pm filters. The
induced supernatant was stored at —80 °C. After all supernatant samples
were collected, detected with GM-CSF ELISA kit (70-EK263/2-96) and
IL-7 ELISA kit (70-EK207/2-96).

After intravenous administration of 10° CFU GM-CSF-IL-7-
VNP20009 per mouse, the concentration of pro-inflammatory cytokines
in major organs and serum were detected by ELISA assay to evaluate the
early systemic inflammation risk. The heart, liver, spleen, lung, kidney
and brain tissue were harvested at 6 h, 12 h, 18 h, 24 h after bacteria
administration. The tissue samples were first homogenized, and centri-
fuged at 14000 rpm to acquire the supernatant. All the supernatant was
stored at —80 °C and finally detected with GM-CSF ELISA kit (70-
EK263/2-96), IL-7 ELISA kit (70-EK207/2-96), IL-6 ELISA Kit (70-
EK206/3-96) and TNF-a ELISA Kit (70-EK282/3-96). What’s more, the
serum was harvested at 0d, 1 d, 7 d, 14 d and stored at —80 °C, finally
detected with IL-6 ELISA Kit (70-EK206/3-96) and TNF-a ELISA Kit (70-
EK282/3-96).

2.5. Invitro activity studies

Firstly, we isolated the primary cells from mice. The bone marrow
cells were cultured in RPMI 1640 containing 10 ng/mL IL-4 while the
spleen cells were cultured in RPMI 1640 containing 100 U/mL IL-2. The
GM-CSF-IL-7-VNP20009 was induced by 2% r-Arabinose at 24 °C for 8
h, and then the induced bacterial supernatant was harvested. We used
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ultrafiltration tubes (Millipore, 10K NMWL) to concentrate GM-CSF and
IL-7 in the bacterial supernatant to 2 mg/mL and 1 mg/mL. Next, the
bone marrow cells were co-cultured with 20 ng/mL bacteria-produced
GM-CSF for 7 days while the spleen cells were co-cultured with 10 ng/
mL bacteria-produced IL-7 for 48 h. Finally, the bone marrow cells were
stained with APC anti-CD11c antibody (BioLegend, 117310), FITC anti-
CD80 antibody (BioLegend, 104705) and PE anti-CD86 antibody (Bio-
Legend, 159204) while the spleen cells were stained with FITC anti-
CD3¢ antibody (BioLegend, 100306) and PE anti-Ki67 antibody (Bio-
Legend, 652403). All the samples were analyzed with flow cytometry.

CTLL-2 cell was a cytotoxic T lymphocyte that derived from C57BL/6
mice. We co-cultured CTLL-2 cells with 50 pM LY294002 and 10 ng/mL
bacteria-produced IL-7 for 48 h. A part of the CTLL-2 cells was stained
with APC anti-Annexin V antibody (BioLegend, 640920) and 7-AAD for
flow cytometry analysis. And the rest of the CTLL-2 cells were lysed for
western blot analysis to detect by cleaved caspase-3 antibody (abcam,
ab214430) and Bcl-2 antibody (abcam, ab182858).

To ensure that the cell viability did not change significantly after co-
incubation with non-GM-CSF or IL-7 components of the engineered
VNP20009 culture supernatant, we detected the cell viability through
CCK-8 assay after 48 h co-incubation.

2.6. In vivo biological distribution studies and blood routine examination

Firstly, 5 x 10° B16-F10 cells were inoculated in the abdomen of
mice to obtain the tumor-bearing mice. And then, we injected 1 x 10°
GM-CSF-IL-7-VNP20009 into C57BL/6 mice via tail vein injection. The
heart, liver, spleen, lung, kidney and brain tissues of mice were collected
at6h,12h,1d,3d,5d, 7 d,14 d and homogenized in 2 mL PBS. The
supernatants were harvested through 500g centrifugation and 200 pL of
the supernatants were spread to LB plates containing 100 pg/mL
ampicillin and 50 pg/mL kanamycin. After incubating at 37 °C for 14 h,
we counted the number of bacterial colonies on the LB plates.

In addition, we also used qPCR assay to detect the relative expression
of VNP20009 16s rRNA in tissues at 12h, 1 d, 3d, 7 d and 14 d, which
could reflect the number of VNP20009 that remain in the tissues.
VNP20009 16s rRNA mRNA sequence was download form Genbank
(NCBI Reference Sequence: NZ_CP007804.1). 16s rRNA-Forward
(CAGATAGTTGGCCATCTGGC) and 16s rRNA-Reverse (ATCCGTAA-
CAGTCTCGGC) were the two primers that used for qPCR detection. The
expression of GAPDH was used as the internal reference.

After 10° GM-CSF-IL-7-VNP20009 were administered intravenously
per mouse, we harvested the whole blood samples in sodium citrate anti-
coagulant tubesat0d, 1d, 3d,7d, 14 d and detected the blood samples
with automatic blood cell analyzer (BC-2800vet) to analyze inflamma-
tory cell concentration.

2.7. In vivo anti-tumor studies of engineered VNP20009

The female C57BL/6 mice were purchased from the Guangdong
Medical Laboratory Animal Center (Guangdong, China). All the mice
were cared and performed according to the instructions and approval of
the Institutional Animal Care and Use Committee of Sun Yat-sen Uni-
versity. 5 x 10° B16F10-luc cells were inoculated to the abdomens of
female C57BL/6 mice to construct subcutaneous melanoma model. Once
the tumor volumes of mice mostly reached 50-80 mm?, the mice were
randomly divided into 7 groups and received different treatments
including [1] PBS [2], VNP200009 (1 X 10° CFU) [3],
GM-CSF-VNP20009 (1 x 10° CFU) [4], IL-7-VNP20009 (1 x 10° GFU)
[51, GM-CSF-IL-7-VNP20009 (1 x 10° CFU) [6], aPD-1 (BioLegend, 2.5
mg/kg body weight) [7], GM—GSF-IL-7-VNP20009 (1 x 10° CFU) plus
aPD-1. To monitor the tumor growth, 3 mg per mouse of D-Luciferin
potassium salt was injected intraperitoneally to capture the biolumi-
nescence images every 3 days. And the tumor volumes and body weights
of mice were measured every 2 days. Once the tumor volume of a mouse
reached 1500 mm?, part of the mice was sacrificed. The tumor tissues
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were collected for tumor weight measured and flow cytometry analysis.
The single cell suspensions of tumor tissues were stained with the
following three antibodies protocols [1]: APC/Fire750 anti-CD11b
antibody (BioLegend, 101262), APC anti-F4/80 antibody (BioLegend,
123116), PE/Cy7 anti-CD206 antibody (BioLegend, 141720), FITC
anti-CD80 antibody (BioLegend, 104705), BV421 anti-CD86 antibody
(BioLegend, 105032) [2], BV605 anti-CD11c antibody (BioLegend,
117334), APC/Fire750 anti-CD80 antibody (BioLegend, 104740),
BV421 anti-CD86 antibody (BioLegend, 105032) [3], FITC anti-CD3e
antibody (BioLegend, 100306), PE anti-CD4 antibody (BioLegend,
100408), APC/Fire750 anti-CD8a antibody (BioLegend, 100766) [4],
FITC anti-CD3¢ antibody (BioLegend, 100306), PE anti-CD4 antibody
(BioLegend, 100408), APC/Fire750 anti-CD8a antibody (BioLegend,
100766), BV421 anti-Ki67 antibody (BioLegend, 652411) [5], FITC
anti-CD3¢ antibody (BioLegend, 100306), APC/Fire750 anti-CD8«a
antibody (BioLegend, 100766), PE anti-Granzyme B antibody (Bio-
Legend, 372208), PE/Cy7 anti-TNF-a antibody (BioLegend, 506324),
BV421 anti-IFN—y antibody (BioLegend, 505829), APC anti-Perforin
antibody (BioLegend, 154304). We sacrificed some mice on day 20
and harvested their tumor tissues and major organs for immunofluo-
rescence staining and H&E staining analysis, respectively.

In addition, 1 x 10° B16F10-luc cells were injected intravenously to
the female C57BL/6 mice to construct lung metastatic melanoma model.
The mice were randomly divided into 7 groups as same as those in
subcutaneous melanoma model study. The tumor progression was
evaluated by in vivo imaging. The body weight and survival of mice were
recorded during treatment. The lungs of each group were dissected at 15
days after administration, and the number of lung metastasis was
counted. Lung tissue H&E staining was performed to evaluate the
severity of melanoma cell invasion. At the same time, we also harvested
the whole blood of mice, detected the number of circulating Trp-2
specific CD8™ T cells through Trp-2 specific MHC tetramer (Biolegend,
280061).

2.8. Data analysis

All data results are based on the mean =+ standard deviation (mean
=+ SD). The statistical software SPSS 16.0 was used to compare the dif-
ferences in each group. Student’s t-test was used for analyzing the dif-
ferences between two groups. One-way analysis of variance (ANOVA)
was used for analyzing the differences between three or more groups,
and Tukey was used for test correction. The survival curves were
compared with Log-Rank (Mantel-Cox) analysis. *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001. The used statistical method was indi-
cated in the figure legend. The all n in the figure legends represented the
number of biological replicates.

3. Results
3.1. GM-CSF-IL-7-VNP20009 was capable of secreting target proteins

In order to engineer VNP20009 to express GM-CSF and IL-7 proteins,
we inserted the gene sequences of mouse GM-CSF and IL-7 into pBAD
vector. The expression of GM-CSF and IL-7 was responded to the 1-
arabinose induction. Additionally, we also inserted a Salmonella secre-
tory signal sequence at the N-terminus to mediate extracellular secretion
of the target protein [52]. What’s more, HA and Flag tags were added at
the C-terminus of GM-CSF and IL-7 to facilitate bacteria-produced fusion
protein detection, respectively. Afterward, we transformed the con-
structed plasmids into VNP20009 through electroporation and the
transformed bacteria were screened by kanamycin or ampicillin,
respectively. After being induced with 2% 1-arabinose for 4 h at 25 °C,
we harvested the bacterial pellets and culture supernatants. Next, the
expression of GM-CSF and IL-7 proteins in engineered bacteria were
detected by western blot and immunofluorescence staining assay. Of
note, the GM-CSF and IL-7 were expressed in the engineered VNP20009
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as indicated (Fig. 1A, Figs. S1A and B, Fig. S2). The western blot analysis
also confirmed that the GM-CSF and IL-7 fusion proteins were success-
fully expressed and secreted into the culture supernatants of the engi-
neered VNP20009 (Fig. 1B and C).

Moreover, we also explored the protein-secreting efficiency of
GM-CSF-IL-7-VNP20009. As shown in Fig. 1C, the concentrations of
GM-CSF and IL-7 in the culture supernatant gradually increased within
8 h, decreased from 8 h to 24 h, and stabilized from 24 h to 48 h in vitro.
This might be due to the rapid growth of bacteria in the early stage of
induced expression and the vigorous secretion of target proteins. But at
the later stage, the secretion of the target protein was reduced maybe
because of bacteria aging. The concentration of GM-CSF in the culture
supernatant was 300-600 pg/mL, while the concentration of IL-7 was
1000-2000 pg/mL (Fig. 1D and E). The accumulated concentration of
both proteins was sufficient to produce cellular effects.

Finally, we explored the GM-CSF and IL-7 secretion by GM-CSF-IL-

Overlay GM-CSF-HA
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7-VNP20009 within tumors. The tumor-bearing mice were intrave-
nously injected with 10°> GM—CSF-IL-7-VNP20009. And after 24 h, the
mice were treated with 200 pL 20% r-arabinose. After 48 h, the tumors
were harvested for western blot and immunofluorescence staining
analysis. Notably, GM-CSF and IL-7 proteins were detected in the tumor
of mice treated with GM-CSF-IL-7-VNP20009 (Fig. 1F). What’s more,
the immunofluorescence images of tumor tissues demonstrated the
successful secretions of GM-CSF and IL-7 within tumors (Fig. S3).

3.2. GM-CSF-IL-7-VNP20009-secreted proteins had their biological
activity in vitro

GM-CSF plays a pivotal role in the differentiation of bone marrow-
derived dendritic cells (BMDCs) from murine hemopoietic progenitors,
and these BMDCs highly express CD11c [53,54]. To explore whether the
GM-CSF generated from GM-CSF-VNP20009 and
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Fig. 1. GM-CSF-IL-7-VNP20009 was capable of secreting target proteins. (A) Inmunofluorescence images showed the GM-CSF and IL-7 protein on GM-CSF-IL-7-
VNP20009. (Scale bar: 10 pm). (B) Western blot analysis with HA and Flag antibodies demonstrated the successful expression and secretion of GM-CSF and IL-7
protein in engineered VNP20009. VNP is abbreviation of VNP20009 in the figures. (C) Western blot analysis with GM-CSF and IL-7 antibodies showed the GM-
CSF and IL-7 on GM-CSF-IL-7-VNP20009. (D) and (E) Detection of GM-CSF and IL-7 protein that was secreted to the culture supernatants. (F) Western blot
analysis confirmed that the intravenously administered GM—CSF-IL-7-VNP20009 could secret GM-CSF and IL-7 within tumors.
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GM-CSF-IL-7-VNP20009 have the biological activity, the bacteria cul-
ture supernatant was incubated with the mouse bone marrow cells. We
used CD1llc, CD80, CD86 antibodies to gate the mature bone
marrow-derived dendritic cells (BMDCs). Remarkably, the percentage of
BMDCs significantly increased after treating with the bacteria-secreted
GM-CSF in vitro (Fig. 2A and B). IL-7 enhances the long-time survival
and proliferation of resting T cells by activating PI3K/AKT signal
pathway. The consequently upregulated Bcl-2 expression exerts
anti-apoptosis function in T cells [49]. We isolated primary T cells from
mouse spleen and incubated the T cells with bacteria-secreted IL-7. CD3
and Ki67 antibody were used to gate proliferative spleen T cells. After
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being treated with the bacteria-secreted IL-7, the percentage of Ki67 "
cells out of CD3" cells were significant increase (Fig. 2C and D).
Furthermore, to investigate whether the bacteria-secreted IL-7 could
protect T cells from apoptosis, we co-incubated the mouse cytotoxic T
cell line (CTLL-2) with an apoptosis-induced PI3K inhibitor LY294002.
Next, we stained CTLL-2 cells with APC-Annexin V antibody and 7-AAD
to distinguish the apoptotic cells. Notably, the bacteria-secreted IL-7
could protect CTLL-2 cells from LY294002-induced apoptosis (Fig. 2E
and F). In addition, purified IL-7 could induce the expression of
anti-apoptosis protein Bcl-2 in CTLL-2 cells and decrease the protein
level of cleaved caspase-3 that executes the cell apoptosis (Fig. 2G).
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mean + s.d. ns: no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, P < 0.0001. The statistics in (A) to (F) were analyzed by one-way ANOVA with
Tukey test and the statistics in (H) were analyzed by Student’s t-test.

17



Z. Lin et al.

These data suggested that the bacteria-secreted GM-CSF was able to
induce mature BMDCs from mouse bone marrow cells. Meanwhile, the
bacteria-secreted IL-7 could promote spleen T cell proliferation and
protect T cells from apoptosis by inducing the expression of Bcl-2. CCK-8
assay showed that after 48 h co-incubation with VNP20009 culture
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supernatant, there was no significant difference in cell viability of the
bone marrow cells, spleen cells and CTLL-2 cells, eliminating the
interference of non-GM-CSF and non-IL-7 components in the experi-
mental results (Fig. 2H).
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Fig. 3. Intravenously administered GM-CSF-IL-7-VNP20009 enriched within tumor. (A) The tissue homogenate resistant plate images showed the different
enrichment of GM-CSF-IL-7-VNP20009 in major organs and tumors at different time points after administration. (B) The number of GM-CSF-IL-7-VNP20009 clones
in tumors and major organs over time (n = 3). Error bar, mean + s.d. (C) VNP20009 16s rRNA gPCR detection reflected the amount of GM-CSF-IL-7-VNP20009 in
major organs and tumors at different time points after administration (n = 3). Error bar, mean =+ s.d. ****P < 0.0001. The statistics were analyzed by one-way

ANOVA with Tukey test.
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3.3. Intravenously administered GM—CSF-IL-7-VNP20009 enriched
within tumor

Tumor hypoxic microenvironment suppresses the activities of im-
mune cells, which prevents bacteria from immune surveillance [24,55].
Obligate anaerobic bacteria like Clostridium cannot survive in oxygen-
ated areas but only in hypoxic tumor cores [24]. Thus, the hypoxic and
necrotic tumor cores strongly support the growth of anaerobic bacteria.
In order to explore whether engineered VNP20009 could target and
colonize within tumors, we injected GM-CSF-IL-7-VNP20009 into
B16-F10 tumor-bearing mice. Hereafter, integral organs or tissue
(tumor, heart, liver, spleen, lung, kidney, brain) were homogenized in
PBS to quantify the bacteria clones. The representative images of plates
illustrated that the amount of bacteria in organs reached the highest
point one day after GM-CSF-IL-7-VNP20009 administration and then
gradually decreased from day 1 to day 21 (Fig. 3A and B). At day 21, all
the bacteria in healthy organs had been cleared. But when it comes to
tumors, the bacteria clones increased exponentially within 24 h, and still
increased slowly in the later time (Fig. 3A and B). It was worth
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mentioning that the quantification of bacterial clones showed that
GM-CSF-IL-7-VNP20009 was almost 10° to 10° times enriched in tu-
mors compared to normal organs on day 7.

In addition, we performed qPCR assay to detect VNP20009 16s rRNA
expression in healthy organs and tumors at different time points. The
VNP20009 16s rRNA expression level represented the relative number
of bacteria. Result showed that bacteria in healthy organs increased
within 3 days, and then decreased between 3 and 14 days. In contrast,
bacteria in tumors remained increasing for 14 days. At 14 days, the
enrichment level of GM—CSF-IL-7-VNP20009 in tumors exceeded 10°
times that in healthy tissues (Fig. 3C). These data indicated that
GM-CSF-IL-7-VNP20009 had a promising tumor-targeting capacity.

3.4. Intravenous administration of GM—CSF-IL-7-VNP20009 caused
eliminable inflammation

Bacteria in blood may pose a risk of serious systemic inflammation
for host. Although VNP20009 is a Salmonella strain attenuated to reduce
inflammatory stimulation to the host, the safety of its intravenous
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Fig. 4. Intravenous administration of GM-CSF-IL-7-VNP20009 caused eliminatable inflammation. (A) (B) (C) and (D) Blood routine test showed the con-
centration of white blood cell, monocyte, lymphocyte and neutrophil at different time points after GM-CSF-IL-7-VNP20009 injection (n = 3). Error bar, mean =+ s.d.
(E) and (F) ELISA assay showed the blood TNF-a and IL-6 concentration at different time points after GM—CSF-IL-7-VNP20009 injection (n = 3). Error bar, mean =+ s.
d. (G) (H) and (I) The effect of GM-CSF-IL-7-VNP20009 intravenous injection on the TNF-a, GM-CSF and IL-7 concentration in mouse tissues (n = 3). Error bar,
mean =+ s.d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The statistics were analyzed by Student’s t-test.
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administration remains to be investigated. In the previous studies, we
monitored the weight of treated mice and performed H&E staining of the
major organs. But in order to accurately assess the systemic toxicity of
GM-CSF-IL-7-VNP20009 therapy, the blood routine examination and
inflammatory factors detection are necessary.

Within 14 days of 10° GM-CSF-IL-7-VNP20009 per mouse was
injected intravenously, we detected the blood immune cell count. Re-
sults showed that the white blood cells, monocytes and lymphocytes
decreased between 0 and 3 days while increased between 3 and 7 days
but finally fell back on 14 days (Fig. 4A-D). Studies have shown that in
the early stages of bacterial infection, immune cells decrease due to the
excessive consumption. Subsequently, the immune cells increase and
even continue to increase after patients’ recovery from the bacterial
infection [56]. Results of blood inflammatory factors detection showed
that serum TNF-a and IL-6 concentrations rapidly rose between 0 and 1
days. But in 1-14 days, serum TNF-a and IL-6 concentration gradually
reduced to a normal level (Fig. 4E and F). VNP20009 flagellin might
stimulate TLR-5 activation and induce inflammatory cytokines

B3,
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secretion, especially for TNF-a. Therefore, we also detected the changes
in GM-CSF, IL-7, TNF-a and IL-6 concentrations in tissues within 24 h.
Results showed that the concentrations of all these inflammatory cyto-
kines in tissues rose within 12 h expect brain, and they reduced gradu-
ally to the level of the control within 24 h (Fig. 4G-I, Fig. S4). These data
indicated that intravenous administration of GM-CSF-IL-7-VNP20009
could cause inflammation, but the inflammatory response was largely
resolved within 14 days.

3.5. GM-CSF-IL-7-VNP20009 inhibited subcutaneous melanoma growth

The subcutaneous B16-F10 tumor model was employed to evaluate
the anti-tumor efficacy of engineered VNP20009. Five days after
B16-F10-luc cells inoculation, the tumor-bearing mice were randomly
divided into 7 groups: PBS (G1), VNP20009 (G2), GM-CSF-VNP20009
(G3), IL-7-VNP20009 (G4), GM-CSF-IL-7-VNP20009 (G5), aPD-1 (G6),
GM-CSF-IL-7-VNP20009 + aPD-1 (G7). For each mouse, 1 x 10° CFU
engineered VNP20009 was administrated on day O and 2.5 mg/kg PD-1
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Fig. 5. Engineered VNP20009 delayed subcutaneous B16-F10-luc tumor growth in vivo. (A) Schematic illustrating the treatments given to B16-F10-luc tumor-
bearing mice. (B) In vivo bioluminescence images reflecting the tumor progression of mice in different groups. (C) Tumor volume of a single mouse in each group. (D)
The differences in tumor volume of all treatment groups (n = 7). Error bar, mean =+ s.d. (E) Tumor weights of mice received different treatments (n = 7). Error bar,
mean =+ s.d. (F) Survival curves of mice received different treatments (n = 7). Day O is the day of tumor cells inoculation. (G1) PBS, (G2) VNP20009, (G3)
GM-CSF-VNP20009, (G4) IL-7-VNP20009, (G5) GM-CSF-IL-7-VNP20009, (G6) aPD-1, (G7) GM-CSF-IL-7-VNP20009 plus aPD-1. ns: no significant, *P < 0.05, **P

< 0.01, ***P < 0.001, ****P < 0.0001. The statistics in (D) and (E) were analyzed by one-way ANOVA with Tukey test while in (F) were analyzed by long-rank

(Mantel-Cox) test.
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antibody was administrated every 7 days starting on day O as indicated
(Fig. 5A). The bioluminescence signals and tumor volumes were
measured to assess the tumor progress. GM-CSF-VNP20009, IL-7-
VNP20009 and GM-CSF-IL-7-VNP20009 treatment intensively
restrained the tumor progress. Of note, the mice treated with
GM-CSF-IL-7-VNP20009 showed stronger efficacy in delaying the
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tumor progress compared to those treated with GM-CSF-VNP20009 or
IL-7-VNP20009 (Fig. 5B-D). These data suggested that GM-CSF and IL-7
might have a synergistic effect in stimulating the anti-tumor response.
Remarkably, the mice received GM-CSF-IL-7-VNP20009 combining
with aPD-1 significantly stunted tumor growth and the tumors even
remission in some mice (Fig. 5B-E). As for survival, the mice treated
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with PBS, VNP20009, GM-CSF-VNP20009 and IL-7-VNP20009 all died
within 38 days after B16-F10-luc cells inoculation. Virtually, the mice
treated with GM-CSF-IL-7-VNP20009 and GM-CSF-IL-7-VNP20009
combining with aPD-1 still had 57% and 71% of mice survived on day
45, achieving the benefit of extended survival (Fig. 5F). To evaluate the
systemic toxicities of bacteria administration, we measured the body
weights of mice in different groups. Cytokines therapy is not tumor
targeted, cytokines are usually not possible to build up effective con-
centration at the tumor site after administration. GM-CSF-IL-7-
VNP20009 had the ability of targeting tumor, and secreting GM-CSF and
IL-7, which might facilitate the higher cytokines concentration accu-
mulation, resulting in better anti-tumor efficacy. Here, we compared the
antitumor effect of the cytokines therapy and GM-CSF-IL-7-VNP20009
therapy on subcutaneous melanoma model. GM-CSF and IL-7 were both
injected intravenously at 5 pg/kg concentration every day. We recorded
the tumor volumes during treatment , and the results showed that the
GM-CSF-IL-7-VNP20009 therapy had a better tumor inhibition ability
than the cytokines therapy (Fig. S5). The average body weights of mice
in each group had no significant loss, indicating no apparent systemic
toxicities during the treatment period (Fig. S6). The hematoxylin-eosin
(H&E) staining images showed no obvious damage in the major or-
gans of the treated mice (Fig. S7).

3.6. GM—CSF-IL-7-VNP20009 enhanced macrophages and DCs
infiltration

The tumors of mice that received different treatments were harvested
on day 14, and then were prepared as single-cell suspensions for flow
cytometry analysis to explore the tumor-infiltrating immune cells.
Tumor-infiltrating macrophages have the ability of phagocytosis and
antigen presentation, which is closely related to tumor progression. M1
macrophages secrete pro-inflammatory cytokines such as IL-12 and IL-
23, produce tumor cell killing molecules such as ROS and NO. But in
contrast, M2 macrophages secrete immunosuppressive factors such as
IL-10, TGF-p, which is associated with tumor cell proliferation and
metastasis. First, the CD11b and F4/80 double positive cells were
distinguished to macrophages. Further, the CD80 and CD86 double
positive cells were classified as M1 macrophages, while CD206 positive
cells were classified as M2 macrophages. As shown in Fig. 6A and B,
GM-CSF-VNP20009, aPD-1, GM-CSF-IL-7-VNP20009, and
GM-CSF-IL-7-VNP20009 plus aPD-1 treatment increased the percent-
age of macrophages out of whole tumor cell. Then, we further subtyped
these macrophages. As shown in Figs. S8A and B, the proportion of M1
macrophages was increased in the GM-CSF-IL-7-VNP20009 plus aPD-1
group, but no significant difference was observed. At the same time,
there was no significant difference in the proportion of M2 macrophages
between groups (Fig. 6C and D). These results suggest that GM-CSF
secreted by engineered VNP20009 mainly enhanced the infiltration of
macrophages into tumors, but had no significant effect on the M1 or M2
polarization of macrophages.

DCs are the most important antigen-presenting cells for activating
anti-tumor immunity. Mature DCs highly express CD80 and CD86, the T
cell costimulatory molecules that activate the initial T cell response. We
analyzed the number of tumor-infiltrating DCs by flow cytometry and
immunofluorescence staining assays. Compared with PBS treatment,
VNP20009, GM-CSF-VNP20009, GM-CSF-IL-7-VNP20009 and
GM-CSF-IL-7-VNP20009 plus aPD-1 treatments increased the percent-
age of tumor-infiltrating mature DCs (Fig. 6E and F). In addition,
immunofluorescence images of tumor tissue also showed more CD11c™"
cell infiltration in the GM-CSF-VNP20009, GM-CSF-IL-7-VNP20009
and GM-CSF-IL-7-VNP20009 plus aPD-1 groups (Fig. 6G). These results
suggested that single VNP20009 treatment could enhance mature DCs
infiltration to a certain extent, and the effect was further enhanced
because of the GM-CSF secretion.
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3.7. GM-CSF-IL-7-VNP20009 enhanced T cell anti-tumor response

Increasing T cell infiltration and activation is pivotal to solid tumor
immunotherapy. Various helper T cells derived from the initial CD4" T
cells produce pro-immune cytokines and enhance the activity of CD8" T
cells. Hereafter CD8™ T cells recognize and eliminate tumor cells. Firstly,
we analyzed the percentage of CD3* CD4* T cells and CD3" CD8" T cells
out of the whole tumor. Compared with the PBS treatment, GM-CSF-IL-
7-VNP20009 treatment significantly increased the percentage of tumor-
infiltrating CD4" T cells and CD8" T cells (Fig. 7A-D). The aPD-1
treatment increased CD8" T cell infiltration but had no significant ef-
fect on CD4"1 T cells. Notably, compared with the single aPD-1 treat-
ment, when we combined the GM-CSF-IL-7-VNP20009 with aPD-1
administration, the CD8" T cell infiltration was further enhanced.
Interestingly, we observed that wild-type VNP20009 administration also
sightly increased the percentage of tumor-infiltrating CD4™ T cells. It has
been demonstrated that CD4 ™" T cells are the main cells that protect mice
from Salmonella infection [57]. This CD4" T cell population is specific to
Salmonella flagella protein (FliC) and produces high levels of IFN-y,
which might also exert anti-tumor activity [57,58].

Tumor-specific CD8™ T cells generate perforin, granzyme B (GZMB),
IFN-y and TNF-a to directly eliminate tumor cells [59]. Therefore, we
also detected these molecules in tumor-infiltrating CD8" T cells. After
being treated with GM-CSF-IL-7-VNP20009, the GZMB™, IFN-y" and
TNF-a" CD8" T cells in CD8" T cell population elevated significantly
compared to those mice only received VNP20009 treatment. What’s
more, for the mice that received GM-CSF-IL-7-VNP20009 combined
with aPD-1, the IFN-y" CD8" T and TNF-a" CD8" T cell populations
were further increased (Fig. 7E and F, Figs. SOA-F).

In addition, tumor-infiltrating CD4" T and CD8" T cells were visu-
alized by immunofluorescence staining assay. We stained both CD4 and
CD8 proteins within tumor tissues. The confocal images showed that the
CD8" T cell infiltration were facilitated in the mice treated with
GM-CSF-IL-7-VNP20009, aPD-1 and GM-CSF-IL-7-VNP20009 plus
aPD-1. While for CD4™ T cells, the tumor tissues of mice treated with IL-
7-VNP20009, GM-CSF-IL-7-VNP20009 and GM-CSF-IL-7-VNP20009
plus aPD-1 were observed an enhanced infiltration compared to the mice
treated with PBS (Fig. 7G and H, Fig. S10).

These data demonstrated that the GM-CSF-IL-7-VNP20009 treat-
ment could mediate T cell expansion and activation in solid tumor. The
additional aPD-1 further enhanced T cell anti-tumor response, prefer-
ably restrain the tumor growth.

3.8. GM-CSF-IL-7-VNP20009 protected mice from lung metastatic
melanoma

After intravenous injection, the engineered VNP20009 specifically
targeted tumors and proliferated within tumors throughout the body,
which made it possible to employ GM-CSF-IL-7-VNP20009 to treat
malignant metastatic tumors. In order to evaluate the capacity of
GM-CSF-IL-7-VNP20009 in treating lung metastatic melanoma, we
injected 1 x 10° B16-F10-luc cells intravenously into each mouse. Five
days later, we treated each mouse with 1 x 10° CFU engineered
VNP20009, and the aPD-1 was administrated every 7 days (Fig. 8A). The
bioluminescence images reflected the lung metastatic tumor growth. As
the images showed, the mice treated with GM-CSF-IL-7-VNP20009
combining aPD-1 had the strongest capacity in delaying tumor progress.
Mice treated with GM-CSF-VNP20009 or IL-7-VNP20009 did not
exhibit significantly reduced tumor burden compared to those mice
treated with VNP20009 (Fig. 8B). When it reached 15 day, the whole
lungs of mice were obtained for melanoma metastases quantification
and H&E staining analysis. We found that the numbers of lung metas-
tasis nodes of mice with different treatments were basically consistent
with the trends shown in bioluminescence images (Fig. 8C). What’s
more, the melanoma metastases were shown as dark purple dense tissues
in H&E images. The numbers and sizes of melanoma metastases in the
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Fig. 7. GM-CSF-IL-7-VNP20009 promoted the infiltration and anti-tumor activity of T cells. (A) and (B) Flow cytometry analysis showed the percentage of
CD4" T cells in whole tumor cell (gated out of total cells, n = 4). Error bar: mean =+ s.d. (C) and (D) Flow cytometry analysis showed the percentage of CD8" T cells in
whole tumor cell (gated out of total cells, n = 4). Error bar: mean + s.d. (E) and (F) Flow cytometry analysis showed the percentage of IFN-y™ CD8™ T cells (gated out
of CD3" cells, n = 4). Error bar: mean + s.d. (G) Representative immunofluorescence images showed the CD4" T cells and CD8" T cells within tumor tissue. (Scale
bar: 100 pm). (H) Count of CD8™ T cells in a single visual field (n = 3). Error bar, mean + s.d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The statistics

were analyzed by one-way ANOVA with Tukey test.

lungs of mice treated with GM-CSF-IL-7-VNP20009, aPD-1 and
GM-CSF-IL-7-VNP20009 plus aPD-1 were much lower than those mice
treated with PBS and VNP20009 (Fig. 8D). For survival, the mice that
received PBS, VNP20009, GM-CSF-VNP20009 and IL-7-VNP20009
treatments were all died within 31 day, respectively. In contrast, the
mice treated with GM-CSF-IL-7-VNP20009, aPD-1 and GM-CSF-IL-7-
VNP20009 plus aPD-1 still had 43%, 29% and 86% of the mice keeping
alive, respectively (Fig. 8E). Combining administration of aPD-1 with
GM-CSF-IL-7-VNP20009 intensively prolonged the survival in mice.
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The body weights of mice that received different treatments were basi-
cally stable during the treatment period, indicating the safety of living
bacteria administration (Fig. 8F). These data demonstrated that
GM-CSF-IL-7-VNP20009 in combination with aPD-1 showed a consid-
erable therapeutic effect in suppressing the melanoma metastasis.

The suppression of lung metastatic tumor may be dependent on the
circulating tumor-specific CD8" T cells. Therefore, we used Trp-2 (a
melanoma cell antigen) specific MHC tetramer to interact with circu-
lating Trp-2-specific CD8™ T cells. Whole blood of the treated mice was
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harvested for flow cytometry analysis. Results had shown that
GM-CSF-IL-7-VNP20009 treatment significantly increased the Trp-2-
specific CD8" T cells in blood, which might contribute to the distal
tumor elimination (Fig. 8G and H).

4. Discussion

In summary, we constructed an attenuated Salmonella VNP20009
strain that was capable of targeting tumors and secreting GM-CSF and
IL-7. Bacteria-secreted GM-CSF and IL-7 enhanced macrophages, DCs
infiltration and T cell activation, showing a notable anti-tumor efficacy.
Furthermore, when given additional PD-1 antibody, the tumor-bearing
mice achieved more therapeutic benefits, illustrating the combined po-
tential of GM-CSF-IL-7-VNP20009 and immune checkpoint blocking
antibodies in the treatment of tumors. Although IL-7 has been used to
treat tumors in previous studies, there were also studies indicated that
IL-7 might promote tumor progression and metastasis [60,61]. In pros-
tate cancer, low IL-7 and IL-7 receptor expression is predictive of poor
prognosis and the IL-7 vaccine is proved to enhance CD4" T cell, CD8" T
cell and CD19" B cell infiltration [62]. However, in T cell acute
lymphoblastic leukemia (T-ALL), high IL-7 receptor expression was
detected on the malignant T cells [63]. In various leukemia, IL-7 endows
malignant cells with resistance to anti-cancer drugs such as adriamycin,
rapamycin and imatinib by inhibiting cell apoptosis [64-66]. Therefore,
when using engineered bacteria to deliver IL-7, it is necessary to take
into account the appropriate cancer types and reduce the IL-7 leakage.
With the invention of more complex genetic circuits such as
self-cracking system, it is expected to achieve local concentration con-
trol of engineered bacterial delivery drugs in the future, further reducing
drug side effects.

Current cancer research has long sought a novel method that could
selectively target and kill malignant cells in contrast to the traditional
therapies. Due to the inherent tumor targeting ability and highly edit-
able genomes, anaerobic bacteria have been widely explored for cancer
immunotherapy. The bacterial colonization within tumor induces
persistent and complicated immune response, which is essential for
tumor regression. Macrophages, neutrophils and NK cells, which are
part of innate immunity, are the first to respond to bacterial infections.
Cytokines released during this process contribute to the arousal of
adaptive immunity. Bacillus Calmette-Guérin (BCG) is the first bacterial
cancer therapy approved for clinical use [23]. Recently, Anthony C.
Antonelli et al. have found that BCG-induced tumor remission is
dependent on IFN-y-generating CD4" T cells [67]. In addition, Alejan-
drina Vendrell et al. have found that Salmonella can enhance the
Thl-type cellular immune response, leading increased frequencies of
IFN-y-secreting CD4" and CD8™ T cells [68]. However, such inflamma-
tion may also bring unacceptable inflammatory adverse effects to the
host. In this study, we found that although the toxicity of VNP20009 was
attenuated, it could still cause short-term blood and tissue inflammation.
How to minimize the toxicity while taking into account the anti-cancer
ability of bacteria is an urgent issue of bacterial immunotherapy. Tet-
suhiro Harimoto et al. have engineered E. coli Nissle 1917 (EcN) to
synthesis bacterial surface capsular polysaccharide (CAP) [38]. These
bacteria can temporarily evade immune attack, whereas subsequent loss
of CAP can lead to rapidly clearance in vivo. This strategy increases the
maximum tolerance dose of the host to bacteria by ten times. With the
continuous elucidation of tumor biomarkers, it is also of great signifi-
cance to search for bacterial mutants that only survive in tumors [69].

The powerful tumor colonization and immune arousal ability of
bacteria attract researches’ interest to combine bacteria with other
cancer immunotherapies. Gang Xin et al. have decorated tumor-specific
CD8™ T cells with a second T-cell receptor (TCR) to recognize a bacterial
antigen. Intratumoral injection of bacteria enhances the migration of
adoptive T cells to tumors [70]. What’s more, the potential of the
combination of bacterial immunotherapy and immune checkpoint an-
tibodies is being evaluated [28]. Tumor-targeting bacteria are expected
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to bring new breakthroughs for tumor targeted therapy in the future.
5. Conclusions

In summary, we constructed an attenuated Salmonella VNP20009
strain capable of targeting tumor and secreting therapeutic cytokines in
situ. After the r-arabinose induction, engineered VNP20009 secreted
mouse GM-CSF and IL-7 within tumors. The GM-CSF recruits DCs for T
cell priming, while the IL-7 promoted the survival and proliferation of
tumor-infiltrating T cells and memory T cells. The synergy of GM-CSF
and IL-7 enhanced the infiltration and vitality of immune cells in
TME. More importantly, the combined administration of GM-CSF-IL-7-
VNP20009 and aPD-1 received better therapeutic benefits than either
alone. Thus, live bacteria such as VNP20009 capable of targeting tumor
to synthetize therapeutic molecules in situ could be a promising strategy
for solid tumor immunotherapy.
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