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Attenuated Salmonella enterica Typhimurium Reduces Tumor
Burden in an Autochthonous Breast Cancer Model
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Abstract. Background/Aim: Cancer treatment with attenuated
Salmonella enterica Typhimurium (S. Typhimurium) has gained
momentum in recent years. However, the effectiveness of this
treatment has not been explored in autochthonous models. We
report the efficacy of S. Typhimurium
autochthonous mammary tumors. Materials and Methods: S.
Typhimurium attenuated by deletion of cyclic adenosine
monophosphate signaling, SalpNG.1, was injected into female
BALB-neuT tumor-bearing mice. Mice were monitored for
efficacy and sacrificed for mechanistic studies. Results: In
treated mice, seven-week post-treatment tumor burden was
reduced by 85% and median survival was increased by 88%.
Efficacy was correlated with increased tumor-infiltrating CD8
and natural killer cells. In addition, SalpNG.I treatment caused

in mice with

a systemic increase of monocytic myeloid-derived suppressor
cells that accumulated to high numbers within tumor tissue.
Bacteria were not detected in tumor tissue, suggesting that the
observed efficacy was due to a systemic rather than a tumor-
specific effect of the bacteria. Conclusion: S. Typhimurium
treatment reduces tumor burden and increases survival in an
autochthonous breast cancer model.

The National Cancer Institute Surveillance, Epidemiology
and End Results Program estimates that 1 in 2 men and 1 in
3 women will develop cancer in their lifetime. In the United
States alone, nearly every minute of every day a person dies
due to cancer resulting in approximately 500,000 cancer
deaths each year. These statistics underpin the urgent need
for more effective cancer therapies.
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Through the process of cancer immunoediting, nascent
tumors develop immune hallmarks that are required for growth
and progression. These include the ability to thrive in a
chronically inflamed microenvironment, the ability to evade
immune recognition and the ability to suppress immune
reactivity (1). Several therapies have been or are currently under
development to reverse the immunosuppressive hallmarks and
promote immune-mediated tumor clearance. These include, but
are not limited to, administration of immune-activating
cytokines, antibody blockade of immunosuppressive proteins
and immunoinhibitory checkpoints, adoptive transfer of
cytotoxic cells and several cancer vaccination strategies (2-4).
While met with varying levels of success, these strategies are
often accompanied by limiting toxicities that are the result of
an accelerated immune system (5, 6).

Long before the advent of anticancer immunotherapy,
William Coley injected cancer patients with a combination of
heat-killed Streptococcus pyogenes and Serratia marcescens
(Coley’s toxins) (7). The use of Coley’s toxins was eventually
discontinued due to the growing popularity of surgery,
radiation and chemotherapy. Recently, in light of increased
understanding of the interaction between microorganisms and
the mammalian immune system, there is renewed interest in
bacterial cancer therapy (8, 9). Bacteria, particularly Gram-
negative facultative anaerobes, such as Salmonella, have
several characteristics that make them prime candidates for
cancer therapy (8). S. Typhimurium has demonstrated the
propensity to specifically accumulate within the tumor
microenvironment with ratios greater than 1,000:1 compared
to tissues normally infected by the bacteria (10). In addition,
the genetic manipulability of S. Typhimurium allows for the
expression of foreign recombinant proteins, making these
bacteria an effective delivery system for proteins that may be
toxic when administered systemically. Moreover, S.
Typhimurium has displayed natural anti-tumor efficacy by
directly killing tumor cells through pyroptosis and indirectly
stimulating an immune response in the tumor
microenvironment leading to the activation of cytotoxic CD8
and natural killer (NK) cells (8).
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There have been several reports of pre-clinical efficacy
using virulence-attenuated strains of S. Typhimurium,
including but not limited to: A1-R, which is auxotrophic for
leucine and arginine (11), SL7207 and related strains, which
are auxotrophic for aromatic amino acids (12-14) and
perhaps the most widely used strain VNP20009, which lacks
lipopolysaccharide (LPS) and is auxotrophic for purines (15).
The anticancer efficacy of VNP20009 has been demonstrated
in several pre-clinical studies (16-22); however, when tested
clinically, very few tumor biopsies of treated patients
contained colony forming units (cfu) of the bacteria,
indicating a problem with tumor targeting in clinical disease
(23-25). Lack of clinical efficacy has since been attributed
by some to an over-attenuation of the strain due to its LPS
deficiency, which may be important in eliciting a tumor
necrosis factor response that opens vasculature and allows a
blood influx to carry the bacteria into the tumor (9).

Several potential cancer immunotherapies have
demonstrated promising preclinical results, yet have yielded
disappointing clinical results. This may be attributed in part
to the artificiality of many preclinical animal models.
Transplantation models of cancer do not adequately mimic
the complex interplay between developing tumors and the
host immune system, and therefore, treatments based on
efficacy observed in these models often yield disappointing
clinical results. As a more realistic alternative, genetically-
engineered mouse models (GEMM) have been generated that
more slowly develop autochthonous tumors from a single
cell and, therefore, more closely mimic human disease (26).
The BALB-neuT model is a GEMM of invasive breast
cancer on the BALB/c background that expresses a
constitutively active rat Her2 receptor (neu) driven by the
mouse mammary tumor virus promoter. In this model, cancer
develops over several months and appears in the mammary
pads of female mice as palpable tumors around 16 weeks of
age. The tumors closely resemble the aggressive Her2-driven
cancer found in human patients (27).

We are developing a bacterial anticancer therapy based on
S. Typhimurium strain %4550, which is attenuated by
knockout of cyclic adenosine monophosphate signaling (28).
This strain has demonstrated tumor-targeting propensity and
antitumor efficacy in several transplantation mouse models
of cancer (29-32). Herein, we report the efficacy of strain
%4550 in the BALB-neuT breast cancer GEMM illustrating
its potential for the treatment of autochthonous tumors.

Materials and Methods

Bacterial strain and maintenance. The attenuated S. Typhimurium
strain (4550 (Acya, Acrp, Aasd) (28) was a gift from Dr. Roy
Curtiss III (Arizona State University). SalpNG.1 was constructed by
transforming %4550 with pNG.1, a plasmid containing cDNA coding
for aspartate semialdehyde dehydrogenase to complement the %4550
requirement for diaminopimelic acid. To construct plasmid pNG.1,
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plasmid pYA292 (33) was cut with EcoRI and HindIlIl, the ends
filled in, and the plasmid recircularized to eliminate the LacZ(alpha)
coding sequence. Overnight cultures of SalpNG.l were grown in
lysogeny broth (LB) and flash frozen with liquid nitrogen in 15%
glycerol in LB and stored at —80°C. Before treatment, bacteria were
thawed at 37°C and appropriately diluted in phosphate-buffered
saline (PBS).

BALB-neut tumor studies. BALB-neuT mice were maintained in
specific pathogen-free conditions and fed standard mouse chow.
Animals were cared for by the University of Minnesota’s Research
Animal Resources, and all animal use was approved by the
University’s Institutional Animal Care and Use Facility. Genotyping
for the neu transgene was performed by Transnetyx on male and
female pups (Memphis, TN, USA). Breeding pairs consisted of
heterozygous males and homozygous negative females. Female mice
that were positive for the neu transgene were monitored for tumor
development. Upon initial tumor palpation (~16 weeks), mice were
injected intravenously with 6x10% cfu of SalpNG.1. Tumors were
measured twice weekly with a digital caliper, and individual tumor
volumes were calculated as spheroid (LxW?2x0.52). Individual tumor
volumes were added to give total tumor burden for each mouse. For
survival studies, mice were monitored for survival and euthanized if
they became moribund or if a single tumor reached 2 cm? in volume.

Bacterial colonization experiments. For the bacterial colonization
assays, a set of tumor-bearing mice was sacrificed 21 days post-
treatment. Spleens and tumors were harvested from mice and
minced to ~1 mm3 pieces. Resulting samples were homogenized in
5 ml of sterile PBS in gentleMACS M Tubes with Strainers using a
gentleMACS Tissue Dissociator and running program RNA_01
(Miltenyi Biotec, Bergich Gladbach, Germany). The homogenate
was serially diluted in sterile PBS and plated on LB agar containing
100 pg/ml nalidixic acid for selection. Plates were incubated
overnight at 37°C, and cfu were enumerated the next day.

Flow cytometry. BALB-neuT mice were sacrificed 21 days after
treatment. Tumors and spleens were homogenized using a mouse
Tumor Dissociation Kit (Miltenyi Biotec) according to
manufacturer’s instructions. Cell suspensions were stained and
analyzed on an LSRII flow cytometer (BD Biosciences, San Jose,
CA, USA). Cells were gated and identified as follows: CD8 T-cells
(CD8%), NK cells (CD8-, CD4-, CD49b*), monocytic myeloid-
derived suppressor cells (MDSCs) (CD45+, CD11b+, Ly6CHi),
granulocytic MDSCs (CD45+, CD11b+, Ly6GHi). Cells/sample were
enumerated using CountBright absolute counting beads (Life
Technologies, Grand Island, NY, USA). Cells/gram measurements
were calculated based on the percent of sample analyzed, tumor
weight and homogenate volume. Antibody conjugates were
purchased from BioLegend (San Diego, CA, USA): aCD8/FITC
(100705), aCD4/PerCP-Cy5.5 (100539), aCD49b/PE/Cy7
(108921), 0.CD45.2/BV510 (109837), aCD11b/BV650 (101239)
and BD Pharmingen (San Jose, CA, USA): aLy6C/PerCP/Cy5.5
(560525) and aLy6G/AF700 (561236).

Results

Treatment with S. Typhimurium reduces tumor burden in
BALB-neuT mice. Mammary fat pad tumors in female
BALB-neuT mice became palpable (~50-60 mm?) around 16
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Figure 1. SalpNG.I reduces tumor burden and increases survival of BALB-neuT mice with autochthonous tumors. A: Mice were monitored for tumor
development. Upon tumor palpation (day 0), mice were either treated with a single dose of 6x10% cfu of SalpNG .1 or left untreated, and total tumor
size was measured over time. Data displayed is an average (+standard deviation) of 4 mice per group. *=p-value <0.05 B: Kaplan-Meier survival
plot of treated and untreated mice shown in panel A (p-value was generated using the log-rank test).

weeks of age. At this time (day 0), the mice typically had 1-
3 palpable tumors. These tumors enlarged over time, and
new tumors appeared on the remaining fat pads, usually until
each mammary pad developed a tumor. Individual tumors
were measured weekly by caliper, and their volume was
calculated and combined to give a total tumor burden
measurement for each mouse. When left untreated, the
average total tumor burden per mouse reached 5.66 cm? by
day 35 (Figure 1A). In contrast, if the mice were given a
single intravenous injection of SalpNG.1 at day O, tumor
progression was significantly delayed, and average total
tumor burden at day 35 was only 0.85 cm?, corresponding to
an 85% tumor reduction (Figure 1A). This correlated to a
significant increase in survival time of SalpNG.l1-treated
mice (median, 66 days) when compared to untreated mice
(median, 35 days) (Figure 1B). In order to test if multiple
injections of SalpNG.1 improved efficacy, the experiments
were repeated with mice treated on day O and every 21 days
following. No difference in tumor burden or survival was
observed between single and multiple treatments.

The propensity of S. Typhimurium to preferentially
accumulate in tumor tissue over healthy tissues has been
extensively reported (8). However, these observations have
been from experiments performed in subcutaneous and
orthotopic transplant models in mice. We sought to determine
the tumor-targeting propensity of SalpNG.1 in autochthonous
tumors in the BALB-neuT model. Twenty-one days following
treatment with SalpNG.1, tumors and spleens were removed,
homogenized and plated onto selective nutrient agar for

colony formation. No cfu were found in any of the processed
tumors. In contrast, cfu were found in each spleen tested, with
an average of 1.5x10%£9.5x103 cfu/gram tissue.

Efficacy of S. Typhimurium is correlated with increased
tumor-infiltrating lymphocytes. An important role of NK
cells and CD8 T-cells in the anticancer efficacy of y4550-
based strains has been demonstrated using transplant models
(32). In order to examine the role of these immune cells in
BALB-neuT breast cancer, tumors from mice were
homogenized on day 21 post-treatment, and tumor-
infiltrating lymphocytes were isolated for characterization
using flow cytometry. Tumors from treated mice contained
greater than 10-fold more infiltrating CD8 T-cells than
tumors from untreated mice. Similarly, infiltrating NK cell
numbers were approximately 6-fold greater in treated mice
indicating an immune response in reaction to SalpNG.1
treatment (Figure 2). CD4 T-cells were also examined, but
the difference in numbers between groups was insignificant.

Treatment with S. Typhimurium increases monocytic MDSCs
both systemically and within tumors. In spite of a reduction
in tumor burden and an increase in survival time, eventually
all treated mice succumbed to disease. We examined
changes in MDSC numbers as a potential contributor to
tumor progression. MDSCs are a suppressive subset of
immature myeloid cells that express CD11b and the Gr-1
epitope and are present in several cancer models including
BALB-neuT breast cancer (27). MDSCs are conventionally
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subdivided into monocytic (Ly6CHi) and granulocytic
(Ly6GHi) subsets and, while both subsets have been
implicated in tumor immunosuppression and cancer
progression, monocytic MDSCs have been shown to be
more consistently immunosuppressive on a per-cell basis
than granulocytic MDSCs (34). We investigated whether
SalpNG.1 treatment affected MDSC presence in tumor
tissue. When examined 21 days post-treatment, tumors from
treated mice displayed a greater than 10-fold increase in
monocytic MDSCs, while granulocytic MDSCs were not
significantly affected (Figure 3A-B). In addition, the ratio
of monocytic to granulocytic MDSCs in the spleen was
increased in response to treatment, suggesting that the
increase in tumor-infiltrating monocytic MDSCs was due to
a systemic immunological effect of the bacteria rather than
a tumor-specific effect (Figure 3C).

Discussion

Treatment of tumor-burdened BALB-neuT mice with S.
Typhimurium resulted in delayed tumor growth and a
survival advantage. While the anticancer efficacy of S.
Typhimurium has been demonstrated in several transplant
models (8), the results reported here demonstrate S.
Typhimurium’s efficacy in an autochthonous tumor model.
The reduction in tumor burden was accompanied by
increased infiltration of cytotoxic T-cells and NK cells,
which are important subsets of immune cells in cancer
immunotherapy.

The presence of tumor-infiltrating CD8 T-cells is
associated with a positive prognosis in the majority of human
cancers (35). In addition, T-helper-1 (Thl) polarization is
important for an effective anti-tumor immune response (35,
36). S. Typhimurium is a strong elicitor of the Thl response,
and treatment with SalpNG.1 may have caused a systemic
Thl shift resulting in the infiltration of cytotoxic
lymphocytes leading to the anti-tumor efficacy observed.

Interestingly, in spite of the efficacy, we found no bacteria
within the tumor tissue; therefore, we conclude that the
observed efficacy and immune cell recruitment were due to a
systemic stimulation rather tumor
microenvironment-specific stimulation. The lack of tumor
colonization in the BALB-neuT model was unexpected given
the empirical evidence of attenuated S. Typhimurium strains
accumulating to high levels in tumors in other models. This

immune than a

observation may be attributed to differences in tumor
development and microenvironment physiology between
autochthonous tumors and tumors developed in transplantation
models (26). At the time bacteria were administered to the mice
in our experiments, the tumors may not have been large enough
to sufficiently develop the hypoxic and necrotic areas shown to
be important for tumor colonization (13, 37). Future
experiments will investigate methods to improve tumor
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Figure 2. SalpNG I treatment increases the quantity of tumor-infiltrating
cytotoxic lymphocytes. Infiltrating lymphocytes were isolated from the
tumors of treated or untreated mice (3 mice each). Cells were labeled
with antibodies and analyzed using flow cytometry. CD8 and NK cells
per gram were calculated based on tumor mass and cells counted. Error
bars indicate standard deviation, and p-values are based on the
Student’s unpaired t-test.

targeting in this model, including the treatment of larger, more
established tumors. Also, altering the injection strategy to
include a “primer” injection, which was shown to increase
tumor targeting and efficacy in a murine Lewis lung cancer
model, may potentiate tumor targeting in the BALB-neuT
model (38).

It is becoming increasingly clear that necrosis in tumors
is important for bacterial colonization (37). Early necrosis in
transplanted tumor models is often caused by the death of a
majority of the inoculated tumor cells leading to an early
inflammatory response and a necrotic center (39, 40). Since
this necrosis is absent in early-stage autochthonous tumors,
future studies might benefit from the inclusion of radiation
therapy or other strategies to cause necrosis of tumor tissue
and allow colonization to the degree that is observed in
transplant models. Also, differences in vasculature
development between autochthonous and transplant tumor
models have lead to varying responses to treatments, such as
interleukin-12 (41). These differences may have similar
implications in bacterial tumor colonization. The more
chaotic and less mature vasculature that characterizes
transplantation tumors may more readily hemorrhage in
response to S. Typhimurium than the more mature
vasculature of autochthonous tumors. This may allow the
bacteria to more easily colonize transplantation tumors than
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Figure 3. SalpNG.I treatment causes enrichment of monocytic MDSCs. MDSCs in tumor and spleen homogenates from treated or untreated mice were
labeled with antibodies and identified using flow cytometry as monocytic (Ly6CHi) or granulocytic (Ly6GH!). A: Representative plots from tumor
samples. B: Resulting cells per gram of tumor tissue were quantified for multiple mice. C: The average ratio of monocytic/granulocytic MDSCs in
spleens from treated or untreated mice (3 mice each). The student’s unpaired t-test was used to calculate p-values.

autochthonous tumors as hemorrhaging of tumor blood
vessels is likely required for infiltration of the bacteria into
the tumor tissue (13). The differences in tumor targeting
between preclinical transplant and autochthonous models
could potentially explain the lack of bacterial colonization in
tumor biopsies of reported clinical trials (23-25) using
attenuated S. Typhimurium. Achieving tumor targeting in an
autochthonous model will likely be more predictive of
successful human tumor targeting.

Along with cytotoxic lymphocytes, we observed an
increased number of monocytic MDSCs in the tumor tissue
of SalpNG.1-treated mice. This change was likely due to
systemic immune-modulatory effects of the bacteria rather

than a tumor-specific response, as we also observed an
enrichment of monocytic MDSCs in the spleen. The LPS
surface molecules on S. Typhimurium have been shown to
increase the presence and suppressive activity of MDSCs
(42, 43), and a recent report demonstrated the recruitment
of monocytic MDSCs from the bone marrow to tissues
during S. Typhimurium infection (44). The potential efficacy
of S. Typhimurim-based cancer therapy may not be fully
realized until MDSC recruitment and/or inhibitory activity
is addressed. Current experiments are underway to
investigate inhibitors of MDSC function that could be used
in combination with SalpNG.l treatment to improve
efficacy.
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