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Schwannomas are slow-growing benign neoplasms that develop throughout the body
causing pain, sensory/motor dysfunction, and death. Because bacterial immunotherapy
has been used in the treatment of some malignant neoplasms, we evaluated attenuated
Salmonella typhimurium strains as immunotherapies for benign murine schwannomas.
Several bacterial strains were tested, including VNP20009, a highly attenuated strain
that was previously shown to be safe in human subjects with advanced malignant neo-
plasms, and a VNP20009 mutant that was altered in motility and other properties that
included adherence and invasion of cultured mammalian cells. VNP20009 controlled
tumor growth in two murine schwannoma models and induced changes in cytokine
and immune effector cell profiles that were consistent with induction of enhanced
innate and adaptive host immune responses compared with controls. Intratumoral (i.t.)
injection of S. fyphimurium led to tumor cell apoptosis, decreased tumor angiogenesis,
and lower growth of the injected schwannoma tumors. Invasive VNP20009 was signifi-
cantly more efficacious than was a noninvasive derivative in controlling the growth of
injected tumors. Bacterial treatment apparently induced systemic antitumor immunity
in that the growth of rechallenge schwannomas implanted following primary bacterial
treatment was also reduced. Checkpoint programmed death-1 (PD-1) blockade induced
by systemic administration of anti-PD-1 antibodies controlled tumor growth to the
same degree as i.t. injection of S. zyphimurium, and together, these two therapies had
an additive effect on suppressing schwannoma growth. These experiments represent
validation of a bacterial therapy for a benign neoplasm and support development of S.
typhimurium VNP20009, potentially in combination with PD-1 inhibition, as a
schwannoma immunotherapy.
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Schwannomas are slow-growing benign neoplasms derived from Schwann-lineage cells
that typically first appear in childhood and adolescence (1). Depending on location and
size, these tumors can cause a variety of gain- and loss-of-function neurological deficits
including hearing loss, imbalance, tinnitus, motor loss, severe pain (2), and in some
cases, fatal brainstem compression (3). Schwannomas may arise sporadically (“sporadic
schwannoma”) or from the debilitating genetic syndromes neurofibromatosis type 2
(NF2) and schwannomatosis (4). Surgical resection and symptomatic management of
pain are the main treatments for schwannoma. Resection often causes additional neuro-
logic damage, is typically noncurative, and may be impractical due to location or large
numbers of tumors (5). Conventional anticancer therapeutics are not effective against
these benign lesions because schwannoma cells replicate slowly (6). Bevacizumab is the
only generally accepted pharmacotherapy for schwannoma; it stabilizes tumor growth
temporarily in a subset of tumors by targeting the highly vascularized nature of these
neoplasms (7). Current strategies for pain control are inadequate for many patients, and
treatment is further complicated as schwannomas appear in multiple locations in a given
individual, with new lesions developing throughout life. Thus, current treatments cannot
relieve the lifelong suffering caused by schwannomas in affected patients.

In the mid-1800s, William Coley introduced bacterial cancer therapy (BCT) using
live Streprococcus pyogenes to treat solid tumors (8). Some bacterial strains, including
Salmonella typhimurium (9-12), specifically home to and proliferate within hypoxic
areas of angiogenic tumors, inducing direct lysis of tumor cells and antitumor immune
responses (13). Furthermore, bacterial injection of tumors inhibits angiogenesis (14),
shifts tumoral macrophages from M2 (tumor promoting) to M1 (tumoricidal) types
(11, 15), and induces antitumor adaptive immunity (16).

Despite this promising preclinical evidence, results from clinical trials of BCT have
been disappointing (17, 18). This lack of efficacy may be due to the rapid division rates
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of cancer cells and the use of intravenous (i.v.) delivery. Toxic-
ity limits the size of bacterial inoculum that can be delivered
systemically, so patients in i.v. trials may have received doses
insufficient to generate bacterial colonization of tumors (17).
The only BCT approved by the US Food and Drug Adminis-
tration involves a live attenuated strain of Mycobacterium bovis.
For four decades, it has been the standard of care for high-risk
non-muscle-invasive bladder cancer (19). To our knowledge,
researchers have never tested bacterial therapy for slow-growing
benign tumors, such as schwannomas.

Bacterial therapy may be well suited for schwannomas given
that they are genetically stable, slow growing, and highly vascu-
larized with hypoxic areas. Thus, schwannomas provide an ideal
environment for bacterial homing (20) and survival and a
promising target for bacterially mediated tumor cytotoxic and
anti-angiogenic effects. Furthermore, schwannomas contain
immunosuppressive type 2 macrophages and regulatory T cells
(Tregs) (21), providing the immunological milieu that bacterial
immune modulators (e.g., lipopolysaccharide, muramyl dipep-
tide, and cyclic dinucleotides) might alter in ways that help the
development of host antitumor immunity. Because some
schwannomas are infiltrated with CD4" and CD8" T cells that
express programmed death-1 receptor (PD-1), it is also likely
that anticheckpoint blockade strategies might provide additional
enhancement of antischwannoma immune responses (22).

Here, we report a clear therapeutic effect for an attenuated strain
of the gram-negative bacterium S. gyphimurium, VNP20009, in
two schwannoma models in mice when live bacterial cells are
injected into peripheral tumors. Treatment of tumors also
induced measurable therapeutic effects on distal, uninjected
tumors and newly implanted tumors, suggesting that antitumor
memory immune responses were induced. We also provide
evidence that intratumoral (i.t.) bacterial treatment in combina-
tion with anti-PD-1 checkpoint inhibition enhances the thera-
peutic effects observed in the murine schwannoma model we
evaluated. Because VNP20009 has been safely administered to
patients with metastatic melanoma, renal cell carcinoma, and
other malignancies (17, 23), the use of this strain to treat
benign schwannoma represents a promising clinical opportunity
for future evaluation.

Results

i.t. Injection of Attenuated S. typhimurium Suppressed Tumor
Growth in Human Xenograft and Murine Syngeneic Schwannoma
Models. We performed six independent experiments to assess
effects of attenuated S. typhimurium on schwannomas and host
immune responses. We generated human (HEI-193 cell line)
and murine (08031-9 cell line) schwannoma tumors that devel-
oped in the sciatic nerves of athymic nude (nu/nu) immuno-
compromised and syngeneic immunocompetent (FVB/N)
mice, respectively (24, 25) and tested two different attenuated
strains of S. pyphimurium (VNP20009 and AppGpp) for their
therapeutic effects. VINP20009 expresses a modified lipid A to
minimize its ability to induce septic shock and is also a purine
auxotroph that is reported to augment its growth in the tumor
microenvironment and thus enhance tumor targeting (26).
Collectively, these mutations increase the median lethal dose
(LDsg) by 10,000-fold compared with the wild-type S. gyphimurium
(27). The AppGpp strain is defective in guanosine 5-diphosphate-3-
diphosphate synthesis, resulting in 100,000~ to 1,000,000-fold
increase in the LDsy compared with the wild-type strain (28).
Both strains showed high tumor tropism and good safety
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profiles in preclinical studies (10, 26), and VNP20009 showed
a remarkably good safety profile in early clinical studies
(17, 23).

We assessed intrasciatic schwannoma burden via in vivo bio-
luminescence imaging of firefly luciferase (Fluc) expressed by
HEI-193FC (human-NF2 schwannoma line) and 08031-9FC
(murine NF2-deficient schwannoma line) cells (24, 25). Once
the tumor signals stabilized (about 2 wk after implanting HEI-
193FC or 1 wk after implanting 08031-9FC cells) (Fig. 1 4
and B), we injected tumor-bearing sciatic nerves under direct
visualization with ~10% colony-forming units (CFUs) of atten-
vated S. gyphimurium cells (either VNP20009 or AppGpp) or
phosphate-buffered saline (PBS) control. Tumor growth was
assessed over the subsequent 5 wk in the human xenograft
nude mice and subsequent 2 wk in the syngeneic immunocom-
petent mice. The study in syngeneic mice was terminated at 18
d after implanting tumor cells because control mice developed
motor dysfunction of the tumor-bearing hind limb (as assessed
by coauthor S.G.A. and an animal care technician, who were
blinded to group assignment). We replicated this study twice in
the xenograft and once in the syngeneic model (SI Appendix,
Fig. S1).

In all three replicates in the xenograft schwannoma model,
VNP20009 decreased tumor signal compared with PBS control
(Fig. 14 and SI Appendix, Fig. S1A). Approximately 75% of
the VNP20009-injected tumors in xenograft mice had no bio-
luminescent signal at the time of study termination. In both
replicates using the syngeneic model, VNP20009 reduced
tumor growth about eightfold relative to PBS (Fig. 1B and S/
Appendix, Fig. S1B). VNP20009 regressed the tumor signal to
undetectable levels in five of eight syngeneic-tumor mice (Fig.
1B). Tumor growth curves for VNP20009- and PBS-injected
mice diverged in both tumor models as early as 1 wk after i.t.
injection. The effect of the AppGpp strain on tumor volume in
xenograft mice was indistinguishable from that of VNP20009.
In syngeneic mice, AppGpp did not reduce tumor growth
compared with PBS; in contrast, VNP20009 controlled growth
significantly better than the AppGpp strain (Fig. 1B).

In both tumor models, tumor-bearing nerves harvested at
the end of the experiment had abundant apoptotic bodies in
both VNP20009- and AppGpp-injected tumors, while tumors
injected with PBS had very few or no apoptotic bodies (Fig. 1
C and D). Apoptotic bodies were approximately three times
more prevalent in VNP20009-injected tumors than in
AppGpp-injected tumors.

S. typhimurium Induced Proimmunogenic Cytokines, Immune
Cell Infiltration, and Inflammasome Proteins in the Syngeneic
Schwannoma Model. To assess parameters related to the host
antitumor immune response, we killed syngeneic mice just
prior to significant morbidity in treated and control animals
(approximately 2 wk after bacterial or PBS injection) and har-
vested samples for analysis by fluorescence-activated cell sorter.
In xenograft mice, samples were harvested after the resolution
of tumor signal in most animals (approximately 5 wk after bac-
terial/PBS injection). At the time of sacrifice, both strains of
S. typhimurium increased CD45" (leukocytes) and CD68*
(predominantly macrophages) cellular infiltration significantly
compared with PBS-injected tumors in syngeneic and human
xenograft mice (Fig. 2 A and B and SI Appendix, Fig. S2).
Thus, i.t. injection of VNP20009 and AppGpp induced indi-
cators of innate and adaptive immune responses in mouse
schwannomas in syngeneic immunocompetent mice, as well as
innate responses in human schwannomas in nude mice.
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i.t. injection of attenuated S. typhimurium-controlled schwannoma development in human xenograft and syngeneic schwannoma models. (A and B)

Volume of tumors over time by treatment in (A) xenograft mice and (B) syngeneic mice (n = 8 mice/group). (C and D) i.t. VNP20009 and AppGpp increased
apoptosis in both the human xenograft (C) and syngeneic (D) mice compared with PBS (n = 3 mice/group; yellow arrowheads indicate representative apopto-
tic cells). Repeated-measures ANOVA with Bonferroni post hoc test was used to compare tumor signals between groups and between pre- and postbacterial
injection, and one-way ANOVA was used for analysis of apoptosis. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.00.

We focused our further investigation on the immunogenic
cellular and cell death responses in the syngeneic immunocom-
petent mice. A key determinant of host antitumor immunity is
the balance of i.t. M1 (tumoricidal) (29) and M2 (tumorigenic)
(30) macrophages (31). i.t. injection of VNP20009, relative to
PBS, shifted the balance significantly toward M1-type macro-
phages at 3 d after injection, a change that became even more
pronounced at 7 d after injection (Fig. 2C). However, i.t. injec-
tion of AppGpp, compared with PBS, shifted the balance only
temporarily, with the effect at 3 d after injection disappearing
by 7 d after injection. Both S. #yphimurium strains had systemic
effects, resulting in more splenic macrophages (CD45"
F4/80%) 3 d after i.t. injection than for PBS (SI Appendix,

Fig. S34). Moreover, neutrophil infiltration of schwannomas
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was increased by VNP20009 and by AppGpp compared with
PBS as assessed 7 d after i.t. injection of the bacteria (S/
Appendix, Fig. S3B).

We also investigated whether i.t injection of attenuated S.
typhimurium influenced the i.t. T cell composition and the lev-
els of immunostimulatory cytokines that regulate the survival,
proliferation, and differentiation of both immune and tumor
cells (32-34). Both bacterial strains, relative to PBS, boosted
the proportions of tumor-infiltrating cytotoxic T cells (CD3*/
CD8™) and reduced the proportion of Tregs (CD4*/CD25%)
but did not affect helper T cells (CD3*/CD4") (Fig. 2D). In
intrasciatic schwannomas, transcript levels of the proinflamma-
tory cytokines tumor necrosis factor—a, interferon-y, interleu-
kin (IL)-1p, and IL-18 were significantly more up-regulated in
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Fig. 2. i.t. S. typhimurium increased immune cell infiltration and proinflammatory cytokines in intrasciatic schwannomas in syngeneic mice. (A) Yellow arrow-

heads indicate positive staining of infiltrated immune cells (CD45" common leukocytes and CD68* pan macrophages). (B) Quantified levels of infiltrated
immune cells by i.t. treatment. (C and D) Flow cytometric analyses of the CD45" F4/80" tumor-associated macrophages and lymphocytes. (C) Ratios of M1
(CD86%) to M2 (CD206%) macrophages at 3 and 7 d after i.t. treatment. (D) i.t. T cell populations at 7 d after bacterial/control injection. Percentages represent
proportions of CD45" cells. SI Appendix, Fig. S8 shows flow cytometric profiles. (E and F) i.t. transcript levels of inflammatory cytokines and inflammasomes
from qRT-PCR (£) and corresponding cytokine protein levels from enzyme-linked immunosorbent assay (F) 3 d after bacterial/control injection. n = 3 mice
per group for all results. One-way ANOVA used to compare between the different treatments. Data are shown as mean + SEM. Asterisks (*) denote differ-
ences with PBS control; hash signs (#) denote differences with AppGpp. */# P < 0.05, **/** p < 0,01, ***/### p < 0.001. Avg., average; IFN, interferon; TNF,
tumor necrosis factor.

response to the S. #yphimurium strains than to PBS 3 d after i.t.
injection, with VNP20009 generally eliciting significantly
stronger effects than AppGpp (Fig. 2E). Differences in the lev-
els of cytokine proteins across i.t. bacterial treatments (Fig. 2F)
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corresponded with the differences in their respective cytokine
transcript levels. VNP20009 also produced significantly more
messenger RNA (mRNA) for components of the NLRC4 and
NLRP3 inflammasomes than AppGpp or PBS (Fig. 2F).
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However, i.t. injection of S. #yphimurium did not alter serum
cytokine levels (S7 Appendix, Fig. S4).

Finally, we used standard gentamicin invasion assays to mea-
sure the ability of both S. gyphimurium strains to invade relevant
mammalian cell lines. We found that in cocultures with either
macrophage or schwannoma cell lines, VNP20009 was more
invasive than AppGpp but less invasive than its parent type
S. pphimurium 14028s (SI Appendix, Fig. S5). Furthermore,
macrophages released inflammatory cytokines after coculture with
the attenuated S. gyphimurium strains, but schwannoma cell lines
cocultured with the same bacterial strains did not (SI Appendix;
Figs. S6 and S7).

Combination of i.t. Injection of S. typhimurium VNP20009 and
Systemic PD-1 Monoclonal Antibody (mAb) Induced a Potent
Systemic Immune Response Against Subcutaneous (s.c.) Schwan-
nomas in Syngeneic Mice. High PD-1 expression in human
schwannomas indicates resistance to cell-mediated immunity in
the tumor immune microenvironment (22). We evaluated
whether adding systemic anti-PD-1 mAb therapy enhanced the
apparent antitumor adaptive immune responses stimulated by
i.t. injection of VNP20009. We implanted 08031-9 mouse
schwannoma cells s.c. into both flanks in syngeneic mice, divid-
ing them into four groups: i) i.t. VNP20009 only (left flank
tumor); ii) intraperitoneal (i.p.) ant—PD-1 mAb only; iii) i.t.
VNP20009 (left flank tumor) and i.p. anti-PD-1 mAb; and iv)
i.t. PBS only (left flank tumor) (Fig. 34). s.c. implantation
allowed longer survival than intrasciatic implantation, giving
more opportunity for adaptive immune responses to occur.
Once mean tumor size reached ~150 mm> (35) (11 d after
implantation), we injected 10* CFUs in PBS or PBS only
directly into left flank tumors. Anti-PD-1 mAb was adminis-
tered i.p. (250 pg/injection) on days 10 (one day before
VNP20009 injection), 13, 16, and 19 after implanting schwan-
noma cells (36). VNP20009 alone, anti-PD-1 mAb, and com-
bination therapy each suppressed growth of tumors in both
flanks relative to PBS (Fig. 3 B and D). Combination therapy
was more effective than either therapy alone for injected tumors
and was more effective than anti-PD-1 mAb alone for unin-
jected contralateral tumors. Also, VNP20009 controlled growth
significantly better than anti-PD-1 mAb alone in the unin-
jected, but not the injected, tumors. In the injected tumors,
VNP20009 and anti-PD-1 mAb monotherapies performed
similarly, increasing CD8" cytotoxic T (CD3*/CD8") cells
and CD4" helper T (CD3*/CD4") cells and decreasing
CD25" regulatory T (CD4%/CD25™") cells compared with PBS
(Fig. 3C). Combination therapy had additive improvements
over the monotherapies. Systemic host antitumor immune
responses to the different treatments relative to uninjected
tumors were broadly similar when measured by immune effec-

tor cell type abundance (Fig. 3E).

Combination of i.t. Injection of S. typhimurium VNP20009 and
Systemic Anti-PD-1 mAb Induced a Potent, Protective, and
Systemic Immune Response Against Subsequent Orthotopic
Schwannoma Rechallenge. Next, we investigated whether i.t.
injection of VNP20009 alone or in combination with anti—
PD-1 mAb generated a lasting systemic antitumor adaptive
immune response in an orthotopic tumor rechallenge model.
For the first part of this experiment, we used mostly the same
procedures and design as in the immediately prior experiment.
The differences were that we injected mice i.t. with bacteria/
PBS control treatments 8 d after implanting schwannoma cells
and injected anti-PD-1 mAb i.p. (250 pg/injection) (36) on

PNAS 2022 Vol. 119 No.24 2202719119

days 7, 10, 13, and 16 after implanting schwannoma cells. The
results for the injected tumor from this experiment mirror those
from the previous one (Fig. 4 B and (). Twenty days after
implanting schwannoma cells s.c. into left flanks, we rechal-
lenged mice orthotopically by implanting mouse schwannoma
cells into their contralateral sciatic nerves. Preimplantation
VNP20009 monotherapy and combination therapy both strongly
controlled growth in rechallenge intrasciatic tumors compared
with PBS (Fig. 4D). Anti-PD-1 mAb monotherapy did not con-
trol rechallenge intrasciatic tumor growth significantly better than
PBS. VNP20009’s suppressive effect on the rechallenge intrasci-
atic tumors appears even greater than that on the injected s.c.
tumors (Fig. 4 B and D). Moreover, VNP20009 monotherapy’s
and combination therapy’s effects on T cell composition were
very similar for rechallenge intrasciatic tumors and primary
injected s.c. tumors (Fig. 4 C and E); that is, these treatments
increased CD4" helper and CD8" cytotoxic cells and decreased
CD25" Treg cells relative to PBS.

We further examined whether there was viable S. gyphimurium
in i.t. VNP20009-injected s.c. tumors, uninjected contralateral
s.c. tumors, and rechallenge intrasciatic tumors. We cultured S.
typhimurium from injected s.c. tumors at all testing time points
(1, 3, 7, and 14 d after bacterial injection) but were unsuccessful
in culturing S. gphimurium from uninjected contralateral s.c.
tumors at any time point (S/ Appendix, Fig. S104). In addition,
we performed a more sensitive assay on tumor homogenates from
mice at the time of sacrifice from this and the prior experiment.
We detected expression of VNP20009 aroC mRNA only in the
injected s.c. tumors but not in the uninjected contralateral s.c. or
rechallenge intrasciatc tumors (SI Appendix, Fig. S10 B and C).
Thus, it is exceptionally unlikely that VNP20009’s suppressive
effect on uninjected contralateral s.c. tumors (Fig. 3) and rechal-
lenge intrasciatic tumors was due to S. gphimurium colonizing
these untreated distal or newly established tumors.

i.t. Attenuated S. typhimurium-Suppressed Schwannoma
Angiogenesis in Syngeneic Mice. Immune cells, including
tumor macrophages and CD25" Tregs, interact with tumor
cells, inducing angiogenesis and suppressing antitumor immunity.
Vascular endothelial growth factor (VEGF) and PD-1 are critical
for these host—tumor cell—cell interactions (37). Tumor hypoxia and
angiogenesis promote infiltration of tumorigenic M2-type macro-
phages (38), which themselves stimulate angiogenesis and suppress
antitumor immunity (39). Hypoxia, angiogenesis, and abundant
tumor-promoting macrophages are hallmarks of schwannomas.
Bevacizumab, an anti-angiogenic mAb directed against VEGF-A,
can control schwannoma growth in a subset of individuals with
schwannoma (40). S. gyphimurium also reduces expression of VEGF
and has had anti-angjogenic properties in preclinical cancer models
(14). Therefore, we assessed the effect of i.t. injection of attenuated
S. wyphimurium on tumor vascularity in syngeneic mice. Compared
with PBS, both VNP20009 and AppGpp strains inhibited angio-
genesis in intrasciatic tumor tissues harvested 2 wk after i.t. injec-
tion, as indicated by direct visualization and immunohistochemistry

for the vascular endothelial marker CD31 (41) (Fig. 5).

Motility and Adhesion to Mammalian Cells Affect the
Antitumor Properties of S. typhimurium VNP20009. To better
understand the mechanisms underlying the antischwannoma
therapeutic effect of VNP20009, we carried out a phenotypic
and genotypic characterization of the strain. Examination of
the growth of VNP20009 and its 14028s parental strain culture
in soft agar and by light microscopy in wet mounts revealed
that VNP20009 was neither motile nor chemotactic (Fig. 6A).
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Fig. 3. i.t. VNP20009 inhibited growth of injected and uninjected distal schwannomas, and i.p. anti-PD-1 mAb enhanced the effects in syngeneic mice. (A)
Schematic of the experimental design. (B) Volume of injected tumors over time by treatment (n = 6 mice/group). (C) T cell composition in injected tumors
harvested 26 d after implantation (n = 3 mice/group). (D) Volume of contralateral uninjected tumors over time by treatment (n = 6 mice/group). () T cell
composition in uninjected tumors harvested 26 d after implantation (n = 3 mice/group). S/ Appendix, Fig. S9 shows the flow cytometric profiles. Repeated-
measures ANOVA was utilized to compare the tumor volumes between the different groups, and one-way ANOVA was used to compare the flow cytometric
quantification. Data are shown as mean + SEM. *P < 0.05, **P < 0.01. ns, not significant.

Interestingly, the impaired motility of VNP20009 appears not  protein FliC (S/ Appendix, Fig. S12A4). FliC was secreted and
due to defects in flagellin synthesis, export, or assembly, as sug-  appeared polymerized when observed by electron microscopy
gested by the levels of the major expressed flagellin filament  (Fig. 6B). Through whole genomic sequencing and Single
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Fig. 4. i.t. VYNP20009 inhibited tumor growth of injected s.c. and subsequently implanted rechallenge intrasciatic schwannomas in syngeneic mice. (A) Sche-

matic of the experimental design. (B) Volume of injected s.c. tumors over time by treatment (n = 6 mice/group). (C) T cell composition in injected s.c. tumors
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position in rechallenge intrasciatic tumors harvested 16 d after implantation (n = 3 mice/group). S/ Appendix, Fig. S11 shows the flow cytometric profiles.
Repeated-measures ANOVA was utilized to compare the tumor volumes and bioluminescence between the different groups, and one-way ANOVA was used
to compare the flow cytometric quantification. Data are shown as mean + SEM. *P < 0.05, **P < 0.01. ns, not significant.

Nucleotide Variant (SNV) analysis, we identified ~90 SNVs
between VNP200009 and its parental strain, 14028s (Table S1).
One of these SNVs is located in fliF, a gene essential for flagellar
function, and this mutation could explain why VNP20009 is not
motile. To further characterize this VNP20009 phenotype, we

PNAS 2022 Vol. 119 No.24 2202719119

isolated a spontaneous motile VNP20009 variant (named Mot+)
and defined its genetic changes by whole genome sequencing.
This analysis demonstrated SNVs in both the fliM gene, which
encodes the flagellar motor switch protein FliM, and in the resB
gene, which encodes a transcriptional regulator of flagellar and
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virulence genes. These two SNVs might explain the restoration of
motility in the Mot+ strain through, presumably, suppression of
the mutation in fF or another SNV present in VNP20009 that
affects its motility and chemotaxis properties.

To investigate whether regaining motility and chemotaxis
alters the efficacy of VNP20009 as an anti-NF2 tumor therapy,
we compared the growth of s.c. 08031-9 mouse schwannomas
following i.t. injection with VNP20009, Mot+, and PBS.
Once mean tumor size reached ~150 mm> (35) (12 d after
implantation), we injected 10* CFUs of bacteria in 100 pL or
PBS directly into left flank tumors. As expected, VNP20009
controlled tumor growth compared with PBS but, surprisingly,
there was no effect on schwannoma growth after i.t. injection
of Mot+ (Fig. 6C). We then determined the transcriptome of
Mot+ and VNP20009 growing exponentially in rich media by
RNA  sequencing (RNA-seq) (Fig. 6D). Compared with
VNP20009, Mot+ expressed higher levels of transcripts
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in micrographs of representative staining;
n = 3 mice/group). One-way ANOVA was uti-
lized for quantification analysis. Data are
shown as mean + SEM. ***P < 0.001.

corresponding to the FliC gene encoding flagellin, a well-
known innate immune agonist (42). However, Mot+ showed
that down-regulation of genes involved the expression of Type
I fimbriae, which are bacterial organelles that mediate cellular
adhesion; this RNA-seq finding was confirmed by qPCR analy-
sis (ST Appendix, Fig. S12B). Furthermore, SNV analysis of
VNP20009 revealed a point mutation located in the fimH gene
(encoding a transcriptional regulator of Type I fimbrial expres-
sion). These results suggest that cellular adhesion might affect
the antitumor properties of VNP20009.

To assess whether our bacterial transcriptomic data had phe-
notypic correlations, we performed in vitro adhesion and inva-
sion assays utilizing the 08031-9 mouse schwannoma cell line.
Mot+ showed a drastic decrease of adhesion to schwannoma
cells compared with both VNP20009 and parental 14028s
(Fig. 6E). However, we observed no difference between the two
strains in their ability to invade and survive intracellularly

pnas.org
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within schwannoma 08031-9 cells (8] Appendix, Fig. S12 C
and D). In contrast, compared with VNP20009, Mot+ bacteria
were less capable of invading and/or surviving inside RAW
264.7 macrophages. While this result suggests that Mot+ may
be less able to withstand macrophage killing within the tumor
microenvironment, we acknowledge that further work will be
needed to understand which in vitro bacterial properties correlate
best with antitumor efficacy in these preclinical mouse models.

S. typhimurium Suppresses Growth of s.c. Human Malignant
Peripheral Nerve Sheath Tumors (MPNSTs) and Human
Meningiomas in Xenograft Mouse Models. We also evaluated
the effect of i.t. injection of VNP20009 and AppGpp on
human MPNSTs and meningiomas in xenograft mice. These

PNAS 2022 Vol. 119 No.24 2202719119

NF1- and NF2-associated tumors grow relatively slowly and
therefore have this property in common with NF2-associated
benign schwannomas. In separate sets of animals, we implanted
NF1-associated MPNST (S462TY; Fig. 74) (43), sporadic
MPNST (STS26T; Fig. 7B) (44), benign meningioma (Ben-
Men-1; Fig. 7C), and malignant meningioma (CH-157 MN;
Fig. 7D) cells (45), s.c. in left flanks. In each xenograft model,
we injected VNP20009 (10* CFUs in 100 pL), AppGpp (10
CFUs in 100 pL), or PBS i.t. after tumor volume had reached
~150 mm’. The lengths of the experiment varied from 23 to
41 d across models because of variation in speed of initial pre-
treatment tumor growth and development of complications in
control mice. VNP20009 and AppGpp suppressed growth of

tumors dramatically better than PBS in all xenograft models
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i.t. injection of two S. typhimurium strains suppressed growth of human MPNSTs and meningiomas in xenograft mice. (A-D) Tumor volume by treat-

ment group in xenograft mice with (A) NF1-associated MPNSTSs, (B) sporadic MPNSTSs, (C) benign meningiomas, and (D) malignant meningiomas. Arrows indi-
cate time of i.t. injection. n = 5 mice/group. Repeated-measures ANOVA with Bonferroni post hoc test was used to compare tumor volume between groups
and between pre- and postbacterial injection. Data are shown as mean + SEM. ***P < 0.001.

(Fig. 7). For NF1-associated nerve sheath tumors and benign
meningiomas, attenuated S. yphimurium strains caused tumor
regression completely in two of five meningioma xenograft
mice for each strain (Fig. 7 A and ). For sporadic MPNST
and malignant meningioma, there was an approximate three-
fold reduction in the tumor size in mice injected with the S.
typhimurium strains compared with the PBS control. These
results suggest that attenuated strains such as VNP20009 and
AppGpp may represent promising therapeutics for treatment of
benign and malignant neoplasms if they are relatively slow
growing as well as immunologically and metabolically similar
to schwannoma.

Discussion

In a series of experiments, we evaluated bacterial treatment of
schwannoma and related benign and malignant neoplasms. i.t.
injection of live S. fyphimurium bacterial cells of two different
attenuated strains controlled the growth of intrasciatic benign
schwannoma in human xenograft and mouse syngeneic models.
The VNP20009 strain controlled growth significantly in both
models, usually eliminating tumors entirely in the xenograft
model. The AppGpp strain inhibited growth in the human
xenograft model but not the syngeneic mouse schwannoma
model. While the mechanisms underlying this difference in effi-
cacy are not well understood, both strains increased infiltration
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of immune cells into tumors, shifted the balance of resident
macrophages from the tumorigenic M2 type to the tumoricidal
M1 type, and inhibited angiogenesis in tumors. VNP20009
was more effective than AppGpp in invading tumor cells
in vitro, eliciting proimmunogenic cytokines and inflamma-
some proteins and inducing tumor cell apoptosis.

VNP20009 controlled the growth of uninjected contralateral
s.c. schwannomas and rechallenge intrasciatic schwannomas
(i.e., implanted after injection of VNP20009 in the primary
tumor). These results suggest that systemic antitumor immuno-
logical mechanisms underlie the efficacy seen with attenuated
S. typhimurium strains when used in these therapeutic disease
models. Our findings and interpretation are consistent with the
vaccination-like effects of other BCT's seen in previous studies,
which include induction of tumor-targeted T helper type 1
(Thl)-mediated cytotoxic responses (13, 46, 47). Furthermore,
both VNP20009 and AppGpp controlled growth of two neo-
plasms, one a schwannoma associated with NF2 disease and the
other a meningjoma associated with NF1 disease. In all six of the
murine tumor models we explored, we found that the S. gyphimu-
rium strains tested controlled tumor growth best when tumors
were slow growing. This bodes well for translation to human ther-
apeutic applications because human NF2 schwannomas tend to
be very slow growing.

We observed that VNP20009 lacks a functional flagellar
apparatus and therefore hypothesized that regaining motility

pnas.org



might enhance its antitumor efficacy by promoting deeper
immune activation as a result of enhanced expression of flagel-
lin, a known innate immune agonist of Toll-like receptor
5 (42). For example, compared with its parent, a strain of
S. typhimurium that was engineered to secrete a heterologous
flagellin from Vibrio vulnificus has been reported to enhance
bacterial tumor killing in a mouse cancer model (11). We were
able to isolate a motile derivative of VNP20009, which we
named simply Mot+. Contrary to our prediction, strain Mot+
did not demonstrate any antitumor efficacy compared with
VNP20009 in our syngeneic mouse 08031-9 s.c. schwannoma
model. To gain insight into what caused the loss of motility in
VNP20009 and the reduced therapeutic efficacy in control of
schwannoma by Mot+, we conducted genome sequencing and
RNA-seq analysis of VNP20009, its parental strain 14028s,
and strain Mot+. This analysis revealed an SNV in fliF in
VNP20009 compared with 14028s; however, Mot+ carried
different mutations in other flagellar genes that probably
resulted in suppression of the motility defect in VNP20009
regardless of whether the fliF mutation identified was involved.
Furthermore, transcriptome analysis of VNP20009 and Mot+
suggested that an alteration in expression of Type I fimbriae
correlated with diminished adhesion of Mot+ (compared with
the VNP20009) to the mouse schwannoma cell line 08031-9.
Interestingly, we found no difference between Mot+ and
VNP20009 in in vitro invasion of 08031-9 tumor cells. How-
ever, the Mot+ strain was less capable of invading and surviv-
ing in RAW 264.7 macrophages in vitro. Thus, VNP20009 is
likely different from the less efficacious motile strain in a variety
of properties, and this may include the degree and type of
inflammasome induction within macrophages, potentially lead-
ing to greater macrophage-mediated killing of the motile strain.
It is also possible that the tumor killing efficacy of VNP20009,
in contradistinction to the motile strain, may be due in part
to bacterial-mediated macrophage activation—with or without
bacterial cell entry—in a manner that does not lead to macro-
phage cell death. This macrophage activation may include
inflammasome induction that promotes antitumor immune
responses. In support of this hypothesis, S. gyphimurium is well-
known to induce inflammasomes in both murine (48, 49) and
human (50-52) macrophages, and more recently, S. pphimurium
infection was shown to cause rapid stimulation of Th1 responses
via pathways involving microbe-associated molecular patterns (53).
In a 2022 publication, Ménaco and coinvestigators (54) demon-
strated that both macrophages and inflammasome activation play
an essential role in murine modeling of Sa/monella therapy of mel-
anoma. Our findings in conjunction with published data support
the conclusion that VNP20009 entry and survival in macrophages
in vivo may be a critical step in its control of schwannoma growth.
If so, does successful bacterial tumor therapy in this case reflect
bacterial persistence within the tumor through resisting macro-
phage killing or altering macrophage activation? This complex
question remains to be answered in future studies that will
include bacterial mutant analysis designed to alter properties
associated with invasion and survival of S. gyphimurium within
macrophages.

In our syngeneic murine schwannoma model, combining sys-
temic PD-1 immune checkpoint inhibition with VNP20009
treatment improved antitumor efficacy over VNP20009 alone
for injected primary s.c. tumors but not uninjected contralateral
or rechallenge intrasciatic tumors, despite enhancing immune
responses in all tumors. A possible explanation for this may be
the vastly fewer tumor cells injected into the sciatic nerve to
generate rechallenge tumors than were present in the primary
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s.c. tumors, where we initiated bacterial treatment. In future
experiments, the durability and strength of combination ther-
apy relative to monotherapy might be determined by increasing
the observation time after i.t. injection and rechallenge. Also
ripe for further study is the impact of PD-1 immune check-
point inhibition on functional (e.g., effector versus exhausted T
cells) and differential (e.g., early memory versus effector mem-
ory T cells) status of these tumor-infiltrating lymphocytes. Such
investigations may provide insight into the immune mecha-
nisms underlying the therapeutic efficacy we observed and
guide an optimized bacteria-based immunotherapeutic strategy
for schwannoma.

Our experiments provide preclinical validation of i.t. injec-
tion of an attenuated S. fyphimurium as an immunotherapy for
a benign neoplasm. VNP20009 has been studied in human
volunteers as an anticancer therapy for disseminated malignant
neoplasms. In these human studies, VNP20009 was generally
very well-tolerated following both iv. and i.t. delivery (17,
18). Thus, we anticipate that a phase I study of VNP20009
evaluating its safety after i.t. injection into human schwanno-
mas could proceed without additional toxicity or efficacy stud-
ies beyond the murine models described here. Furthermore,
although VNP20009 was not efficacious in the control of
aggressive disseminated cancers in humans, there are funda-
mental differences in the biology of benign neoplasms com-
pared with malignant neoplasms that include the former’s
substantially slower growth rate and their tendency to reside
within a cold immunological milieu, which collectively may
allow bacterial antitumor therapy to work more effectively in
the treatment of benign neoplasms such as those associated
with NF2 disease.

Further development of our approach may be quite fruitful.
For instance, it may be possible to engineer S. mphimurium
to deliver checkpoint inhibitors via nanobodies (55) or small
interfering RNA (56), thereby avoiding the substantial side
effects with systemic delivery of these immunomodulatory
agents (57). More extensive research would also be worthwhile
on S. typhimurium as a treatment for schwannoma-related neo-
plasms, including meningiomas and NF1-associated tumors.
Translating this therapeutic strategy for clinical use will require
understanding differences in host—bacterium interactions between
preclinical models and humans, including ex vivo experiments
with human tumor tissue. Such knowledge will drive the further
engineering of attenuated S. gyphimurium strains to maximize

their clinical efficacy and safety.

Materials and Methods

Bacterial Culture. Wild type (catf 14028) and attenuated VNP20009 (also
denoted YS1646, cath 202165) Salmonella enterica serovar typhimurium strains
were purchased from American Type Culture Collection (ATCC). Karsten Tedin (Insti-
tute for Microbiology and Epizootics, Centre for Infection Medicine, Berlin, Ger-
many) provided attenuated strain AppGpp. See S/ Appendix for more strains and
further details.

Data Analysis. All group values are presented as mean + SEM. To compare
outcomes across groups, we computed ANOVA [repeated-measures ANOVA for
tumor volumes and signals (58) with Bonferroni post hoc corrections for pairwise
comparisons; one-way ANOVA for cytokine expression and flow cytometric datal.
We considered P < 0.05 as significant. We performed these analyses in Graph-
Pad Prism and Microsoft Excel.

Data Availability. Next-generation sequencing data have been deposited in
National Center for Biotechnology Information Sequence Read Archive as acces-
sion number PRINA826093 . All other data are included in the article and/or
supporting information.
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