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Oncolytic bacteria VNP20009 expressing
IFNB inhibits melanoma progression
by remodeling the tumor microenvironment

Lina Liu,"* Qiang Li,"* Chen Chen,” Wenjie Xin," Chao Han," and Zichun Hua'-?:3>*

SUMMARY

In the tumor microenvironment (TME), tumor-associated NEs (TANs) have the potential to be protumori-
genic or antitumorigenic within the TME in response to environmental cues. The diversity and plasticity of
NEs (NEs) underlie the dual potential of TANs in the TME. Here, we utilized the tumor-targeting bacterium
VNP20009 (VNP) to carry a plasmid expressed IFNB (VNP-IFNB), which can deliver IFNf3 and remodel
TANSs to an antitumorigenic phenotype, and performed preclinical evaluations in the B16F10 lung metas-
tasis model and the B16F10 subcutaneous xenograft model. Compared with VNP, VNP-IFNB recruited
more NEs and macrophages (Mos) with antitumor phenotypes in lung metastases and activated dendritic
cells (DCs) differentiation, which activated antitumor immune responses of CD4* T cells, and ultimately
inhibited melanoma progression. This study enriches the bacterial-mediated tumor therapy by using tu-
mor-targeting bacteria to deliver IFNB to the tumor site and inhibit melanoma growth and metastasis
by remodeling the tumor immune microenvironment.

INTRODUCTION

The tumor microenvironment (TME) is an integral part of cancer, acting as a complex ecosystem that supports tumor growth and met-
astatic dissemination while attenuating immunosurveillance.’ Considerable efforts have been made to remodel TME for cancer therapy
such as targeting tumor-infiltrating T-cells via immune checkpoint blockade,” normalizing blood vessels through anti-angiogenic ther-
apy’ and reprogramming of tumor-associated macrophages (TAMs) to restore antitumor properties.” NEs (NEs), which act as the first
line of defense in innate immunity, constitute an important component of TME and are actively involved in tumor progression and
metastasis.” Tumor-associated NEs (TANs) exert dual function in cancer. Specifically, while TANs have been reported to be tumor-pro-
moting in genetically engineered mouse models (GEMMs) of cancer,” it also engaged in the process of antitumor resistance by inter-
acting with other immune cells or killing tumor cells directly.” This dual function reveals the potential which TANs can be remodeled to
perform only antitumor functions. TANs can be polarized to antitumor (N1-like) or protumor (N2-like) phenotypes.” N1 NEs can inhibit
tumor growth by increasing immune recognition of cancer cells through neutrophil-dependent upregulation of self-antigen presenta-
tion” and inhibit metastatic seeding in the lungs through generation of H,0,."% Interferon-B (IFNB) was reported to polarize TANs
into the anti-tumor N1 phenotype in both mice and in human cancer patients.'’ Compared with control mice, mice with impaired
type | IFN signaling (Ifnar1~'~) develop more lung metastases in the 4T1 mammary and LLC lung carcinoma model.'? Altogether, these
results indicate that IFN-B may have significant therapeutic potential. As a kind of protein drugs, IFN-B is commonly administered sub-
cutaneously, which avoids first-pass effects and has high bioavailability. However, protein drugs are administered in limited dosages in a
single subcutaneous dose, resulting in insufficient persistence.'® Given that protein drugs are easily degraded, many strategies for sus-
tained-release protein drugs have been proposed such as moderating the degradation of drugs through the introduction of organic
vehicles or agarose hydrogels.'"'”

Recently, genetically engineered oncolytic bacteria have attracted wide attentions as tumor-targeting drug delivery system in cancer
therapy. Compared with conventional drug delivery systems, such as liposomes, micelles and nanoparticles (NPs), bacteria-based delivery
systems have superior advantages, including: (1) Unlike liposomes, micelles, and NPs, which can only be passively targeted to tumors via
blood transport, oncolytic bacteria can actively target TME and proliferate in the tumor,'® due to reduced immune surveillance along with
the hypoxic and necrotic tumor core environment. (2) Oncolytic bacteria can be genetically engineered to carry prokaryotic expression
vectors, acting as "drug factories" to express therapeutic proteins, such as anti-PD1 nanobody'’” or anti-TNF-a nanobody,'® in situ in
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Figure 1. Construction and characterization of VNP-IFN

(A) Schematic diagram of the pJ23100-IFNB plasmid.

(B) The expression of IFNB in VNP after electroporation was analyzed via western blot.
(C) Bacteria growth curves of VNP and VNP-IFNB (n=6).

(D) Colonial morphology of VNP and VNP-IFNB.

(E) Scanning electron microscopes (SEM) of VNP and VNP-IFNB.

the tumor, avoiding the metabolism or degradation of the drug in plasma while avoiding toxicity resulting from systemic drug adminis-
tration. (3) Since engineered bacteria can proliferate in tumors, a single administration enables sustained release of therapeutic proteins
in tumor. Attenuated Salmonella typhimurium VNP20009 (VNP), which was deleted purl and msbB gene to reduce immune stimulation and
further improve targeting ability,'” is one of the most potential strains. Furthermore, as the only strain in Salmonella evaluated in clinical
trial, VNP has been wildly used in drug delivery including carrying plasmids expressing therapeutic proteins such as anti-PD1 nanoantibod-
ies or ihterferon-y,”'20 21,22 2324 tumor vaccine,25
promoting genes.”

In this study, we report the generation of a recombinant VNP strain that expresses the IFNB protein (VNP-IFNB). VNP-IFNB is capable of
targeting melanoma and inhibiting tumor growth while maintaining a certain biosafety. In addition, it can profoundly remodel the TME in lung
metastases and activate CD4*T cell-mediated antitumor responses to suppress melanoma lung metastasis.

cytotoxic protein, cytokines or immune-modulators, or expressing shRNA against cancer-

RESULTS

Construction and characterization of VNP-IFNB

To obtain recombinant VNP strains that can stably express and secret IFNB, PelB signal peptide was fused to the N-terminus of the protein to
realize the secretion of IFNB and FLAG tag was inserted into the N-terminus of the protein to facilitate subsequent analyses (Figure 1A). West-
ern blot result verified that the strain expressed IFNB (Figure 1B). To further determine whether the expression of IFN affects bacterial repro-
duction, the growth curve of VNP and VNP-IFNB were monitored (Figure 1C) and the result indicated that expressed IFN does not affect the
proliferation of VNP. In addition, the colony morphology and the morphology of individual bacteria cell was detected by scanning electron
microscopy (SEM) (Figures 1D and 1E). These results revealed that the normal morphology of bacteria was not affected after the transforma-
tion of IFNB expression plasmid into VNP.

VNP-IFNB stimulates NEs and Mes activation in vitro
In order to analyze the effect of VNP-IFNB on the polarization of neutrophils (NEs), we co-incubated 4%10° primary NEs with VNP-IFNB for
1.5h, and analyzed the expression levels of N1 markers and N2 markers via gPCR. The results showed that the N1-like markers of NEs were
significantly upregulated (Figure 2A) and the N2-like markers were significantly downregulated (Figure 2B) after VNP-IFNB stimulation, which
suggests that VNP-IFNP can induce NEs polarization to the N1 phenotype in vitro.

Macrophages (Ms) account for a large proportion (about 50%) in the TME?” and play an important role in immunosuppression. Numerous
studies in bacterial-mediated tumor therapy effectively reverse tumor immunosuppression and significantly enhances the effect of tumor
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Figure 2. VNP-IFN stimulates NEs and Mes activation in vitro

(A and B) The expression of N1 (A) and N2 (B) phenotypic markers of NEs after VNP-IFNB stimulation was analyzed via gPCR.

(C and D) The expression of CD86 of RAW244.7 cells after VNP-IFNB stimulation was analyzed via FACS.

(E) Schematic diagram of apoptosis induced in B16F10 cells by supernatants of RAW264.7 cell medium after VNP-IFNB stimulation.

(F and G) The apoptosis levels of B16F10 cells after incubated for 16 h with the culture supernatant of RAW264.7 cells, which was stimulated with VNP, VNP-IFNB,
or not (n=3).

(H and I) The apoptosis levels of B16F10 cells after incubated with VNP, VNP-IFNB, or not (n=3). Data are shown as the mean + SD. ****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05, ns: no significance.

immunotherapy by polarizing TAMs to the M1 type.'”*%?” Therefore, we examined the polarization phenotype of RAW264.7 cells after VNP-
IFNB stimulation via flow cytometry in vitro, and the results showed that the expression level of CD86 in RAW264.7 cells was much higher than
thatin the PBS group (11.8% vs. 2.9%) and the VNP group (11.8% vs. 8.9%) (Figures 2C and 2D), which suggests that VNP-IFNB can promote the
macrophage polarization to M1 antitumor phenotype. Next, we examined the expression levels of different polarization markers of RAW264.7
cells after VNP-IFNB stimulation via RT-PCR in vitro. The results showed that the expression of M1-like polarization markers including TNF-a,
IFN-v, and iNOS were upregulated (Figure S1A) while that of M2-like polarization markers, FIZZ1, was downregulated (Figure S1B). Those
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results suggested that VNP-IFNB can effectively stimulate RAW264.7 cells to M1-like phenotype polarization and inhibit its polarization to
M2-like phenotype.

Moreover, we co-cultured the supernatant of stimulated RAW264.7 cells medium with B16F10 cells to analyze the anti-tumor effect of
RAW264.7 cells after VNP-IFNB stimulation (Figure 2E), results revealed that the apoptosis percentage of the VNP-IFNB group was up to
46% which was much higher than that in the control group and the VNP group (Figures 2F and 2G). This indicated that RAW264.7 cells ex-
hibited stronger tumor killing ability after VNP-IFNB stimulation. While directly co-incubating B16F10 cells with VNP and VNP-IFNB, the
apoptosis rate of B16F10 cells in the VNP group and the VNP-IFNB group were still higher than that of the control. In addition, compared
with the VNP group, the VNP-IFNB treatment induced a significant increase of apoptosis rate of B16F10 cells approximately 1.5 times
(Figures 2H and 2l), indicating that VNP-IFNB has direct killing effect on tumor cells.

Taken together, VNP-IFNB can effectively stimulate the activation of NEs and RAW264.7 cells to antitumor phenotype and exert antitumor
effects by expressing IFNB, meanwhile, have a direct tumor-killing ability.

VNP-IFN inhibits melanoma growth and metastasis

To visualize the distribution of VNP-IFNB in tumors, we constructed a VNP-IFNB-mCherry recombinant strain. Fluorescence microscopy
imaging results (Figure S2A) and Western blot assay (Figure S2B) verified the expression of IFNB-mCherry. To further determine the expres-
sion of IFNB-mCherry in recombinant strain, we measured the relative fluorescence intensity of different concentrations of IFNB-mCherry
(Figure S2C) and found that the fluorescence intensity of 107 VNP-IFNB-mCherry was comparable to that of éug IFNB-mCherry protein. To
demonstrate the superiority of VNP delivery system, 107 VNP-IFNB-mCherry and éug IFNB-mCherry protein were i.v. administered to
B16F10 subcutaneous xenograft model, respectively, and the fluorescence signals in the tumors site were detected at different time
(Figures S2D, and S2E). The results showed that fluorescence signals of IFNB-mCherry protein and VNP-IFNB-mCherry could be detected
in tumors 2 h after administration. The fluorescence intensity of IFNB-mCherry peaked at 6 h after administration, and then began to grad-
ually diminish, whereas the fluorescence signal of VNP-IFNB-mCherry continued to rise, and the signal intensity of VNP-IFNB-mCherry was
5 times higher than that of the IFNB-mCherry 24 h after administration, suggesting that VNP-IFNB-mCherry has a superior tumor retention
capability.

After validating the immunostimulatory effect of VNP-IFNB on RAW264.7 cells in vitro, we further explored its antitumor effect in vivo. Uni-
lateral B16F10 tumor-bearing mice model were treated following the therapeutic schedule (Figure 3A), then separated the mice randomly
into three groups and treated with PBS, VNP and VNP-IFNB. As the results showed, VNP and VNP-IFNB had excellent tumor-targeting ability,
and the titer of bacteria colonized in the tumor was approximately 1000 times higher than that in the other organs (Figure 3B). In addition, the
VNP-IFNB group exhibited the strongest inhibition of tumor growth (Figures 3C and 3D), the average tumor volume of the mice treated with
VNP-IFNB was less than 250 mm?®, whereas that of the PBS groups are more than 1500 mm?. Besides, VNP-IFN treatment significantly pro-
longed the survival time of mice (Figure 3E). Certain antitumor effect of VNP was also observed in our study, which is attribute to the nutrient
competition caused by bacterial growth as well as immune activation induced by bacteria. The above results verified that VNP-IFNB could
inhibit effectively inhibit melanoma growth.

Type | IFNs were reported to interfere with the formation of the pre-metastatic niche in the lung and with NEs polarization, leading to an
anti-metastatic phenotype'” and consequently inhibit the formation of lung metastatic foci. Therefore, a B16F10 lung metastasis mouse
model was established to explore the potential of VNP-IFNB inhibiting tumor metastasis. Tumor-bearing mice were treated as the scheme
described (Figure 3F). As the results showed (Figures 3G and 3H), the number of B16F10 lung metastases in the VNP-IFNB group was signif-
icantly reduced compared with that in the PBS group and VNP group. This result suggested that VNP-IFNB administration inhibited the lung
metastasis of melanoma.

In conclusion, VNP-IFNB exhibited excellent inhibition of melanoma lung metastasis and melanoma growth in vivo.

VNP-IFNB exhibits favorable biosafety in vivo
Bacteria mediated cancer therapy leads to tumor-bearing mouse's losing weight and hepatosplenomegaly after administration, which were
identified as side effects of bacteria therapy.*® Based on that, the safety of VNP-IFNB in vivo needs further assessment. In the B16F10 lung
metastasis model, C57BL/6J mice were divided into 3 groups and injected i.v. with PBS, VNP, and VNP-IFNB, then monitored body weight
daily and executed the mice on day 5. Compared with the VNP group, the VNP-IFNB group showed a lower degree of body weight loss in the
first few days after administration (Figures 4A, and S3A), suggesting that VNP-IFNB has less systemic toxicity, as body weight is the main in-
dicator of systemic toxicity.”'~** However, hepatosplenomegaly did not resolve in the VNP-IFNB group compared with the VNP group
(Figures 4B and 4C), implying that VNP-IFNB administration leads to hepatosplenomegaly injury. Serological analysis further showed that
the serum levels of ALT, AST were increased in the VNP-IFNB group compared with the VNP group (Figures 4D and 4E), which was associated
with the nonspecific expression of IFNB in the liver by VNP-IFNB. Specifically, IFN secreted by VNP-IFNB could induce a pro-inflammatory
response,g4 regulates chemokine secretion, leads to infiltration of immune cells in the liver, and induces an increase in the secretion of inflam-
matory factors such as TNFae, IL-11, 1L-6, and nitric oxide (NO),*® which can lead to certain toxic side effects. Meanwhile, the levels of BUN and
Scr did not change significantly (Figures 4F and 4G), suggesting that VNP-IFNB caused slight liver damage, but not kidney damage. In addi-
tion, the H&E staining results showed that VNP-IFNB did not cause significant organic changes (Figure 4H).

In summary, we concluded that VNP-IFNB not only effectively inhibited melanoma metastasis, but also had a favorable biosafety
profile.
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Figure 3. VNP-IFN inhibits tumor growth and metastasis

(A) The treatments schedule for VNP-IFNB inhibition of tumor growth in subcutaneous xenograft model: 7 days after B16F10 cells injection, PBS, VNP, VNP-IFNB
were administrated by intravenous (i.v.) and the tissues were collected at 10 days.

(B) Bacterial titers in different organs after drug administration in B16F10 subcutaneous xenograft model (n=3).

(C-E) The tumor growth curve, tumor doubling time and survival curve of B16F10 subcutaneous xenograft model (n=6).

(F) The treatments schedule for VNP-IFNB inhibition of tumor metastasis in B16F10 lung metastasis model: 3 days after B16F10 cells injection, PBS, VNP,
VNP-IFNB were administrated by i.v. and the tissues were collected at 10 days.

(G and H) The pictures and numbers of the lung metastasis foci in B16F10 lung metastasis model (n=¢). Data are shown as the mean + SD. ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05, ns: no significance.

VNP-IFNB promotes antitumor polarization of NEs and Mos

Tumor infiltrating leukocytes, i.e., Mes and NEs, a significant population of immune cells that infiltrate tumor tissue, were shown to be involved
in tumor growth and play a significant role in the prognosis of cancer patients.” Therefore, we investigated the tumor infiltrating leukocytes in
metastases to reveal the mechanism of VNP-IFNB inhibition of tumor growth and metastasis.

The infiltration rates of NEs in lung metastases were 9.5% and 27.1% in the VNP and VNP-IFNB groups, which were 2.3-fold and 6.6-fold
higher than that in the PBS group, respectively (Figures 5A and 5B). The increased NEs infiltration in the VNP group was associated with
bacterial-mediated activation of innate immunity,”” whereas the more increased infiltration of NEs in the VNP-IFNp group indicated that
the additional increase in NEs was recruited via expressed IFNB, which was corroborated by increased NEs in the spleen (Figure S3B).
Meta-analyses have shown that high neutrophil/lymphocyte ratio in solid tumors is correlated with poor patient outcome.*® However,
this result does not confirm that NEs are responsible for tumor progression. This was confirmed by the results of the present study
that both treatment groups recruited more NEs to the metastases compared to the PBS group, but still showed some inhibition of metas-
tasis. Indeed, the high plasticity of NEs endows them with the ability to play different roles in the TME. It has been demonstrated in mouse
models that TANSs are able to acquire different phenotypes based on specific features of the TME. NEs are polarized to a pro-tumorigenic
phenotype (N2) in a TGFB-rich environment, whereas in the presence of IFNB or inhibition of TGFB signaling, NEs are transformed to an N1
phenotype associated with anti-tumorigenic properties.®” Therefore, further analysis of the phenotype of NEs infiltrated in tumors is
needed.

Based on that, we further analyzed the proportion of TNF-a."NEs (N 1-like antitumor phenotype NEs) in each group. As shown in Figures 5E
and 5F, the proportion of TNF-o.*NEs was the highest (36%) in the VNP-IFNB group, which was about twice as high as that in the PBS group
(19%) and the VNP group (17.6%). This suggests that the VNP-IFNB administration not only recruits more NEs in metastases, but also remodels
them to an anti-tumor phenotype.
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Figure 4. VNP-IFNB exhibits favorable biosafety in vivo

(A) The changing trend of body weight of mouse was monitored daily after treatments (n=6).

(B) The ratio of organ weight to body weight of mouse in the different groups (n=3).

(C) The picture of spleen 5 days after administrations.

(D-G) Serological analysis of ALT (D), AST (E), BUN (F), and Scr (G) in peripheral blood serum 5 days after administration (n=5).

(H) H&E staining of organs in the different groups. Scale bars: 200 pm. Data are shown as the mean + SD. ****p <0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns: no
significance.

Analysis of the proportion of infiltrated Mgs in metastases and its polarization status yielded similar results. The proportion of infiltrated
Mes in the VNP-IFNB group was 45.0%, which was significantly higher than that in the PBS group (23.2%) and in the VNP group (31.0%)
(Figures 5C and 5D). Moreover, 25.1% of Mes recruited by VNP-IFNB were TNF-o." Ms (M1 antitumor phenotype Mes), which was 3 times
higher than 8.5% in the PBS group, and 2.6-fold higher than that in the VNP group (9.8%) (Figures 5G and 5H). The above results suggest that,
compared with the PBS and VNP group, VNP-IFNB treatment can recruit more Mgs in metastases and also enhance the infiltration rate of
M1-like antitumor phenotype Mgs. In addition, we analyzed the Mgs subtypes in peripheral blood and tumor-draining lymph nodes
(TALNs), and found that CD86" Mes in peripheral blood was slightly higher in the VNP-IFNB group compared with the PBS group
(6.7% vs. 4.9%), and twice as much as that in the VNP group (6.7% vs. 3.3%) (Figures S3C, and S3D). The infiltration rate of CD86" Mes in
TdLNs in the VNP-IFNB group reached 20.2%, which was significantly higher than that in the PBS group (12%) and the VNP group (15.3%)
(Figures S3E and S3F). CD86 is considered as a marker of M1-like Mgs,”® and these results above suggested that VNP-IFNB administration
also promotes the polarization of Mes toward an M1-like antitumor phenotype in the periphery and TdLNs, contributing to the inhibition of
melanoma growth and metastasis.

Taken all these into consideration, we conclude that after VNP-IFNR treatment, Ms and NEs are mobilized and the levels of M1-like Mes
and N1-like NEs in the metastases and peripheral tumor-associated immune organs are significantly increased, which helps to explain the
anti-metastatic effect of VNP-IFNB.

VNP-IFNB activates antigen presentation by tumor-infiltrating DCs, thereby activating the antitumor immune response

DCs, a major component of the tumor immune landscape, are the professional antigen-presenting cells (APCs) responsible for activating and
maintaining the tumor-specific cytotoxicity of T cells,*" which can effectively promote antitumor immunity. Analysis of the proportion and sub-
type of DCs infiltrated in the periphery or tumor helps to illustrate the anti-metastatic mechanism of VNP-IFNB. As shown in Figures 6A and 6B,
the tumor infiltration rate of DCs in the VNP-IFNB group was 10.6%, which was significantly higher than 6.5% in the PBS group and 6.9% in the
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Figure 5. VNP-IFN stimulates antitumor polarization of NEs and Mgs in tumors

(A and B) The percentage of tumor-infiltrating NEs in each group, 5 days after treatments and the statistic diagrams were shown in (B).

(C and D) The percentage of tumor-infiltrating Mes in each group, and the statistic diagrams were shown in (D).

(E and F) The FACS histogram plot and statistic diagrams of TNF-a." cells in tumor-infiltrating NEs.

(G and H) The FACS histogram plot and statistic diagrams of TNF-a.* cells in tumor-infiltrating Mes. Data are shown as the mean + SD. ****p < 0.0001,
***p5 < 0.001, **p < 0.01, *p < 0.05, ns: no significance.

VNP group. Similarly, the proportion of DCs in the peripheral blood in the VNP-IFNB group was also 2.2-fold higher than that in the PBS group
and 1.7-fold higher than that in the VNP group (Figures S4A and S4B). In addition, the proportion of tumor-associated migratory DCs (CD103"
DCs) in peripheral blood in the VNP-IFNB group was also significantly elevated compared with the other two groups (Figures S4C and S4D),
and these results indicated that VNP-IFNB administration can recruit more DCs in metastases.

Specifically, conventional dendritic cells (cDC) are divided into two distinct subsets, cDC1s (CD8a." and/or CD103" subset) and cDC2s
(CD11b* subset).”” They stimulate cytotoxic T lymphocyte (CTL) responses and antitumor CD4" T cell responses, respectively.”*~* We
analyzed the subtypes of DCs infiltrated in the metastases via FACS and found that the infiltration rate of CD11b™ DCs in VNP-IFNB metas-
tases was 13.8%, which was significantly higher compared with 5.2% in the PBS group and 8.1% in the VNP group (Figure 6C and 6D), which
suggests increased cDC2s infiltration in metastases, and similar results were observed in spleen (Figures S4E and S4F). As we mentioned
before, cDC2s are essential for inducing CD4" T cell-mediated immunity in cancer, and the above results imply that VNP-IFNB may achieve
inhibition of metastasis by activating CD4" T cell immunity in metastases.

Furthermore, the status of CD8" T cells and CD4" T cells in metastatic foci and TdLNs were evaluated. In the metastatic foci of the VNP-
IFNB group, the proportion of infiltrated CD8" T cells was 6.9%, which was significantly decreased compared to 11.3% in the PBS group and
10.4% in the VNP group (Figures S5A and S5B). Meanwhile, the proportion of infiltrating CD4™ T cells in the VNP-IFNB metastases was 28.7%
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Figure 6. VNP-IFNB activates antigen presentation and antitumor immune response

(A and B) The percentage of tumor-infiltrating DCs in each group and the statistic diagrams were shown in (B).
(C and D) The percentage of CD11b™ cells in tumor-infiltrating DCs.

(E and F) The percentage of CD69" CD4 * T cells in tumor was analyzed via FACS.

(G and H) The percentage of CD69* CD8 * T cells in tumor was analyzed via FACS.

(

| and J) The percentage of Granzyme B * CD4 * T cells in each group and the statistic diagrams were shown in (J). Data are shown as the mean + SD.
**k+n < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns: no significance.

(Figure S5C), which showed no significant difference with the PBS group (28.0%) and the VNP group (34.8%), indicating the predominance of
CDA4* T cells in VNP-IFNB metastatic foci. To further evaluate the activation status of tumor-infiltrating T cells, the expression level of CD69,
considered a marker of T cell activation, was analyzed.”> As shown in Figures 4E, and 6F, the expression of CDé9 in CD4" T cells in the VNP-
IFNB group was significantly higher than that in the PBS group (12.5% vs. 5.2%) and the VNP group (12.5% vs. 5.2%), and similar trend was also
observed in the expression of CD69 in CD8" T cells (Figure 6G, and 6H), suggesting that VNP-IFNB stimulated the activation of T cells. In
addition, the proportion of cytotoxic T cells was evaluated after administration, which was represented by high expression of Granzyme B.
As shown in Figures 6l and 6J, the infiltration rate of granzyme B* CD4" T cells in the VNP-IFNB group was 33.2%, which was significantly
increased compared to 21.3% in the PBS group and 26.5% in the VNP group.

Furthermore, T cells in the spleen and TdLNs are critical for antitumor responses, therefore we also analyzed the status of T cells in the
spleen and TdLNs. As expected, CD69 expression of CD4™ T cells and CD8" T cells was significantly increased in the spleen and TdLNs after
VNP-IFNB administration compared with the other groups, which was consistent with the results of tumor-infiltrating T cells (Figures S6A-S6F).
Notably, the proportions of PD1* CD4™ T cells and PD1" CD8" T cells were reduced in the spleen compared to the PBS group, suggesting
that immunosuppression was alleviated to some extent. (Figures S6G-S6l). Taken together, the above results suggest that VNP-IFNB can
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Scheme 1. Schematic diagram of TME remodeling in B16F10 mice by VNP-IFN

In short, VNP-IFNB was injected i.v. and penetrated in tumor site, inhibiting tumor progression subsequently. Specifically, VNP-IFNB penetrates through blood
vessels to colonize the tumor. Due to bacterial proliferation, immune cells such as NEs, Mgs, and DCs are recruited into the tumor. Afterward, recombinant IFNB
starts to be expressed and induces polarization of NEs and Mgs to an antitumor phenotype, which in turn promotes polarization of cDC2s. Finally,
immunosuppression in the tumor gets relieved and cytotoxic CD4™ T cells are activated to exert antitumor effects.

activate DCs, which in turn activates antitumor immunity and relieves the tumor immunosuppression state, ultimately exerting metastasis sup-
pression. Overall, we can conclude that VNP-IFN can colonize and proliferate in hypoxic and/or necrotic regions caused by irregular blood
vessels in tumor tissues after administration. Afterward, the accumulation of Salmonella in tumor tissues increases the penetration of host
immune cells (i.e., NEs, Mgs, DCs). Subsequently, the IFNB expression plasmid carried within Salmonella began to express recombinant
IFNB in the tumor, polarizing the infiltrating NEs and Mgs in the tumor to an antitumor phenotype and promoting the polarization of cDC2s.

Next, T cells infiltrated in tumor and peripheral tumor-associated immune organs were activated, immunosuppression in the tumor was
relieved, and infiltrated cytotoxic CD4" T cells were significantly increased. Eventually, this remodeling of the immune microenvironment
caused by VNP-IFN inhibited melanoma progression (Scheme 1).

DISCUSSION

NEs, the most abundant myeloid cells in human blood, are important regulators of cancer and have recently received increased atten-
tion in cancer. However, the role of NEs in cancer has long been a controversial issue. Some findings suggest that NEs exert protumor
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Table 1. The tumor inhibition efficacy of VNP-IFNf in B16F10 subcutaneous xenograft model

Group Tumor growth inhibition rates Survival TDT

PBS 0% 0% 1.85979
VNP 65.65% 75% 2.37550
VNP-IFNB 93.11% 95% 4.63452

functions, the first evidence for the pro-carcinogenic effect of NEs was that neutrophil-derived reactive oxygen species (ROS)
amplify DNA damage during carcinogen exposure,”’ thereby promoting tumorigenesis. In addition, NEs support tumor cell prolifera-
tion through various paracrine signaling pathways, such as the release of prostaglandin E2 to promote cancer cell growth and the
release of IL-1 receptor antagonist (IL-1RA) to counteract tumor cell senescence programs. Although NEs have been described as
pro-tumorigenic in most studies, there is experimental evidence for an early antitumor effect of NEs. NEs can kill tumor cells through
direct contact™ and the generation of ROS or expression of NO,”” TNF-related apoptosis inducing ligand (TRAIL)*® and TNFea.* In
conclusion, NEs have both pro-tumorigenic and anti-tumorigenic potential that reflects their plasticity in response to environ-
mental cues.

Like TAMs, TANs also have different activation/differentiation states. Referring to the M1-M2 nomenclature for polarized Mgs, N1 and N2
are used to refer to antitumor and protumor NEs, respectively.” NEs polarized into different phenotypes in response to cytokines in the TME,
which provides an opportunity to remodel protumor NEs into antitumor NEs. It has been demonstrated that in the presence of IFNB NEs
switch to an N1 phenotype, which is able to inhibit tumor growth and inhibit tumor seeding in the premetastatic lung,'" suggesting that
administration of IFNB may be a novel therapeutic strategy to remodel TANSs for cancer therapy. In order to avoid first-pass effect and further
improve bioavailability, intravenous administration is an important method for IFNB delivery."'*° However, this conventional strategy only
carries a limited dose of drug at a time, requires repeated administration and has the potential to cause systemic toxicity,” thus we have
turned our attention to tumor-targeting bacteria which can provide a steady supply of drugs.

The history of bacteria as anticancer therapeutic agents dates back to the mid-19th century, when William Coley used heat-inacti-
vated Streptococcus pyogenes and Serratia marcescens to treat solid tumors.”’ The specific targeting of attenuated Salmonella to
various solid cancers makes it an ideal vector for the delivery and expression of therapeutic agents. To address the tumor-targeted de-
livery of IFNB, we utilized VNP20009 as a delivery vehicle, which have demonstrated its safety in patients with metastatic melanoma in a
phase | clinical study.

Malignant melanoma, which is considered as “cold tumor”, does not respond to immunological checkpoint therapy due to poor infil-
tration of tumor-infiltrating lymphocytes and low tumor antigen mutations.””>" In our scenario, proliferation of VNP-IFNB induces more
neutrophil infiltration in tumor site, followed by recombinant IFNB stimulating neutrophil polarization to an N1 antitumor phenotype.
This synergistic effect would remodel the immune microenvironment in the tumor, thereby inhibiting tumor progression. In this study,
VNP-IFNB successfully colonized the tumor site and expressed IFNB, which significantly inhibited tumor growth and prolonged the survival
of mice compared with VNP, furthermore, the tumor growth inhibition rate reached 93.11% and 81.934% in the B16F10 subcutaneous
xenograft model (Table 1) and the B16F10 lung metastasis model (Table 2). In the B16F10 lung metastasis model, VNP-IFNB recruited
more NEs and Mes at the lung metastases and polarized them to an antitumor phenotype. Afterward, more DCs were recruited from
the periphery and polarized to cDC2s phenotype to promote antigen presentation and activate CD4" T cells-mediated antitumor immu-
nity. Unfortunately, although VNP-IFNB exhibited satisfactory antitumor effects, the bacterial-induced hepatosplenomegaly did not
resolve, and the elevated serum ALT and AST indicated the occurrence of liver injury. The tumor colonization rate of VNP needs to be
further improved to minimize the side effects, and the balance between efficacy and safety of lysogenic bacteria needs to be further
explored in the future.

Limitations of the study

In this manuscript, we constructed an expressed plasmid with constitutive promoter, which was an acceptable design in bacteria antitumor
therapy field. However, owing to non-tumor-specific protein secretion, VNP-IFNB induced hepatosplenomegaly and weight loss. We next
sought to design an expressed plasmid with inducible promoter or hypoxia promoter to enhance the tumor-specific expression and secretion
of drug in tumor. In addition, we design a lysis circuit system based on VNP to ensure controllable the secretion of drug in tumor. We hope the
above modifications could maintain the balance between therapeutic efficacy and safety.

Table 2. The tumor inhibition efficacy of VNP-IFNf in B16F10 lung metastasis model

Group Tumor metastatic inhibition rates
PBS 0%

VNP 28.726%

VNP-IFNB 81.934%
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Ms CD45-PE Cy7 BD Pharmingen™ Cat# 552848; RRID: AB_394489

Ms CD8a-PerCP Cy5.5 BD Pharmingen™ Cat# 5551162; RRID: AB_394081

Ms CD8-FITC BD Pharmingen™ Cat# 5553030; RRID: AB_394568

Ms CD11¢c-PE BD Pharmingen™ Cat# 5553802; RRID: AB_396684

Ms |-A/I-E BB700 BD Pharmingen™ Cat# 5746197, RRID: AB_2743461
Ms CD11b- PerCP Cy5.5 BD Pharmingen™ Cat# 5550993; RRID: AB_394002

Ms CD11b- APC BD Pharmingen™ Cat# 5557396; RRID: AB_398535

Ms CD80-BV421 BD Pharmingen™ Cat# 5562611; RRID: AB_2737675
Ms CD206-AF647 BD Pharmingen™ Cat# 5565250; RRID: AB_2739133
Ms CD69-BV421 BD Pharmingen™ Cat# 5562920; RRID: AB_2687422
Ms F4/80-BV510 BD Pharmingen™ Cat# 5743280; RRID: AB_2741398
Ms Ly6C-PE BD Pharmingen™ Cat# 5560592; RRID: AB_1727556
Ms Ly6G-PE.Cy7 BD Pharmingen™ Cat# 5560601; RRID: AB_1727562
CD4-PE.Cy7 eBioscience™ Cat# 512-0043-82; RRID: AB_469576
Granzyme B-PE eBioscience™ Cat# 512-8898-82; RRID: AB_10870787
PD1-APC eBioscience™ Cat# 517-9985-82; RRID: AB_11149358
TNFa-BV421 Biolegend™ Cat# 5506328; RRID: AB_2562902
CDB86-FITC Biolegend™ Cat# 5105109; RRID: AB_313162
CD103-PE.Cy7 Biolegend™ Cat# 5121426; RRID: AB_2563691

Bacterial and virus strains
VNP20009 The Nanjing University N/A
VNP- IFNB The Nanjing University N/A

Biological samples

Spleen, blood, lymph nodes Mouse N/A

Chemicals, peptides, and recombinant proteins

DMEM BBI Cat# E600003-0500
1640 BBI Cat# E6000028
Fetal bovine serum (FBS) HyClone Cat# SH30070
Trypsin-EDTA (0.25%) Servicebio Cat# G4011-100ML
OCT embedding agent Servicebio Cat# G6059-110ML
Triton X-100 Sigma Cat# 9036-19-5
blood cell lysis buffer Servicebio Cat# G2015-500ML

Critical commercial assays

ClonExpress [I/MultiS One Step Cloning Kit Vazyme Cat# C112/C113
Trizol reagent Invitrogen Cat# 15596026
ReverTra Ace® gPCR RT Kit Toyobo Cat# FSQ-101
AceQ® gPCR SYBR® Green Master Mix Vazyme Cat# Q111-02

Software and algorithms

GraphPad Prism GraphPad Software RRID:SCR_002798
FlowJo BD flowjo.com
ImageJ ImageJ ImageJ.net
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Zichun Hua (zchua@
nju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and plasmid

VNP20009 (VNP) and VNP20009 expressed IFNB with J23100 promoter initiation (VNP- IFNB) were cultured in Luria Bertani (LB) broth or on
LB agar plates at 37°C. bacteria growth curve was measured by the microplate reader constantly. All plasmids were constructed by using
the ClonExpress II/MultiS One Step Cloning Kit (C112/C113, Vazyme). The morphogens of bacteria were detected by scanning electron
microscopy (SEM). When ODyqo reached 0.6-0.8 (logarithmic phase), measured the expression of the protein in bacteria by sonication lysis
bacteria.

Cell lines

The B16F10 cells (mouse melanoma cell) and RAW 264.7(mouse macrophage cell) were stored in our lab. B16F10 cells were both cultured in
RPMI-1640 medium (BBI, China) containing 10% fetal bovine serum (FBS) (HyClone, USA). RAW 264.7 cells were cultured in Dulbecco’s modi-
fied Eagle’'s medium (DMEM) (BBI, China) containing 15% FBS (Gibco, USA). All the cell lines were cultured at 37°C in an incubator with
5% COs.

Animals
Female C57BL/6 and BALB/c, 6 to 8 weeks old, were purchased from Huachuang Sino Company (Nanjing, China) and kept under specific

pathogen-free conditions. All animal experiments were approved by Nanjing University Institutional Animal Care and Use Committee
(IACUC-2003167).

METHODS DETAILS
Animal treatments

We established B16F10 lung metastases model and subcutaneous xenograft model. In brief, 2 x 10° B16F10 cells re-suspended in 100 L
of PBS were intravenous (i.v.) injected to establish lung metastases model. 3 days after lung metastases model establishment, PBS, 1 x 10°
CFU VNP and 1 x 10° CFU VNP-IFNB was injected by tail vein (i.v.) into tumor-bearing mice respectably. Then 7 days after administration,
executed the mice and collected tumor, spleen, tumor-drainng lymph nodes (TdLNs), and peripheral blood. Whole peripheral blood sam-
ples were collected to detect aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatinine (Scr), and blood urea nitrogen
(BUN). Mouse organs were collected for H&E staining. These experiments were completed by Wuhan servicebio technology company
(Wuhan, China).

To establish subcutaneous xenograft model, 1 x 10° B16F10 cells re-suspended in 0.1 mL PBS, were injected subcutaneously on the
mid-right flank. 7 days after B16F10 cells inoculation, PBS, 1 x 10° CFU VNP and 1 x 10® CFU VNP-IFNB was injected respectably by i.v.
injection into the tumor-bearing mice. The mice were weighed daily after administration and the date of death was recorded to plot the
survival curve.

The tumor growth inhibition rates (15 Days) were calculated as follows: tumor inhibition rate = (1-average tumor volume of the treatment
group/average tumor volume of control group) X 100. To comply with ethical requirements, the animal experiments, some of the control
groups (PBS group, VNP group) were combined with our previous work, which has been published online under the name of “Neutrophil-

n 55

Mediated Tumor-Targeting Delivery System of Oncolytic Bacteria Combined with ICB for Melanoma Lung Metastasis Therapy”.

Western Blot

Bacteria were harvested as they grew to the logarithmic phase and disrupted by ultrasound and the supernatants were collected. All protein
samples were subjected to 12% SDS-polyacrylamide gel electrophoresis and then transferred to PVDF membranes. The western blot anti-
body used was as follows: ANTI-FLAGM2 antibody (B3111-1MG) from Sigma (USA).
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Tumoral distribution of VNP-IFNB-mCherry and IFN-mCherry

PBS, 1 x 10" CFUVNP-IFNB-mCherry and éug IFNB-mCherry was injected respectably by i.v. injection into the subcutaneous xenograft model
mice. Then executed the mice and collected tumor at different time. Afterward, the tumors were fixed in 4% paraformaldehyde solution for
24 h at4°C, followed by dehydration by adding 30% sucrose solution for 24h, and then the tumors were wrapped with OCT embedding agent
(Servicebio G6059-110ML). then the tumor was sectioned with Leica CM1950 cryosections.

Bacterial titer of tumor

3 days after administration, subcutaneous tumor and organs were collected and shredded with scissors, lysed using 1% Triton X-100 in PBS at
1 h at 4°C. The supernatants were planted on LB agar after being diluted in PBS, and the bacterial numbers were calculated.

VNP-IFNB polarizes RAW264.7 cells to M1-like phenotype in vitro

4%10° RAW264.7 cells were seeded in 6-well plates. Then VNP-IFNB (MOI = 100:1) or not was added to each well and incubation for 1.5 h.
Cells were collected for FACS and gPCR assay.

Isolation of peritoneal NEs and bacterial stimulation

The mice used to extract NEs belonged to the same batch as the line selected in the pharmacodynamics experiment. 4-6 h before isolation of
peritoneal NEs, mice were subcutaneously (s.c.) injected with 1 mL nutrient broth to stimulate peritoneal NEs maturity. NEs were isolated
using a Percoll gradient and identified by FACS, then plated at a density of 1 x 10° cells mL™". Then VNP and 1x10° VNP-IFNB (MOI =
100:1) were added and incubated together for 1.5h and then RNA was extracted for gPCR.

qPCR assay

Total RNA was isolated with Trizol reagent (Invitrogen). cDNA was generalized using ReverTra Ace gPCR RT Kit (Toyobo). gPCR was done with
primers (detailed sequence information is provided in below table to determine the mRNA expression level of the target gene. gPCR was
performed on StepOne Real-Time PCR System (Applied Biosystems, USA) with AceQ gPCR SYBR Green Master Mix (Vazyme China). Data
were analyzed by StepOne Software 2.1 (Applied Biosystems, USA) according to the manufacturer’s specifications. 185 rRNA was used as
a control.

The primer sequence of RT-PCR

Primer Forward (5'-3’) Reverse ( 5'-3")

18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
IFN-y GCCACGGCACAGTCATTGA TGCTGATGGCCTGATTGTCTT
TNF-a ACCACGCTCTTCTGTCTACT AGGAGGTTGACTTTCTCCTG
iNos GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
Arg-1 GATTGGCAAGGTGATGGAAG TCAGTCCCTGGCTTATGGTT
IL-1B GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
Fizz1 CCAATCCAGCTAACTATCCCTCC CCAGTCAACGAGTAAGCACAG
TGF-B CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
CCL3 ACCATGACACTCTGCAACCA TCAGGCATTCAGTTCCAGGT
iCAM1 GAAGCTTCTTTTGCTCTGCC AGCAGTACTGGCACCAGAAT
CCL2 CAGGTCCCTGTCATGCTTCT GTCAGCACAGACCTCTCTCT

Apoptosis detection by Annexin V/PI staining

B16F10 cells were seeded in 24-well plates at a density of 2x10° per well and incubated with different bacteria or bacteria-stimulated
RAW264.7 cell supernatant for 16h. Apoptosis levels of B16F10 cells were determined using a kit developed in our lab. 1 pL Annexin
V-APC (1 mg/mL) and 1 uL propidium-PE (PI, 1 mg/mL) were incubated with cells in binding buffer for 30 min at 4°C. Stained cells were
analyzed using FACS (NovoCyte Flow Cytometer (ACEA@)). The results were analyzed using FlowJo VX software.

Flow cytometry

5 days after administration, tumor-bearing mouse tissues were collected. Spleen and TdLNs were homogenized with 1 mL PBS to obtain sin-
gle-cell suspensions. Peripheral blood lymphocytes were obtained from peripheral blood. Tumors on the lung were shredded and then di-
gested with mixed medium (1 mg/mL Collagenase |, 1 mg/mL Collagenase IV, 200 ug/mL DNase |) at 37°C for 40min. All tissues were lysed
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with red blood cell lysis buffer (Beyotime, Nanjing), and then the cell suspensions were passed through a 200-mesh filter. The single-cell sus-
pensions were incubated in 1% BSA for 15 min at 4°C and stained with the following antibodies for 30 min at 4°C (detailed antibody infor-
mation is provided in below table). The stained cells were analyzed using flow cytometer (BD@ FACS Canto Il systems). The results were
analyzed using FlowJo VX software.

The information of FACs antibody

Antibodies Article No. Company

Ms CD45-PE Cy7 552848 BD Pharmingen™
Ms CD8a-PerCP Cy5.5 551162 BD Pharmingen™
Ms CD8-FITC 553030 BD Pharmingen™
Ms CD11c-PE 553802 BD Pharmingen™
Ms I-A/I-E BB700 746197 BD Pharmingen™
Ms CD11b- PerCP Cy5.5 550993 BD Pharmingen™
Ms CD11b- APC 557396 BD Pharmingen™
Ms CD80-BV421 562611 BD Pharmingen™
Ms CD206-AF647 565250 BD Pharmingen™
Ms CD69-BV421 562920 BD Pharmingen™
Ms F4/80-BV510 743280 BD Pharmingen™
Ms Ly6C-PE 560592 BD Pharmingen™
Ms Ly6G-PE.Cy7 560601 BD Pharmingen™
CD4-PE.Cy7 12-0043-82 eBioscience™
Granzyme B-PE 12-8898-82 eBioscience™
PD1-APC 17-9985-82 eBioscience™
TNFa-BV421 506328 Biolegend™
CDB86-FITC 105005 Biolegend™
CD103-PE.Cy7 121426 Biolegend™

Statistical analysis

Results are expressed as the mean + SD as specified. Mean differences were compared using t-test or one-way ANOVA. A value of p < 0.05
was regarded as statistically significant. Data were analyzed with GraphPad Prism 8.3 software. (Data are shown as the mean + SD.
**xk < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns: no significance.)
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