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The global cancer burden is growing and accounted for 10
million deaths in 2020. The resurgence of chemo- and radiation
resistance have contributed to the treatment failures in many
cancer types. Therefore, alternative strategies are desired for
the effective cancer therapy. Bacteria-mediated cancer therapy
presents an attarctive alternative option for the treatment and
diagnosis of cancers. Herein, we describe an engineered Salmo-
nella Typhimurium (ST) auxotrophic for tryptophan as a can-
cer therapeutic. The tryptophan auxotrophy was sufficient to
render ST avirulent and highly safe to mice. The auxotroph
recovered from the infected tumors had improved ability to
target and colonize the tumors. We show that tryptophan
auxotrophy reduced the fitness of ST in healthy tissues, but
not in the tumors. We evaluated the auxotroph in highly
aggressive metastatic 4T1 breast cancer model to inhibit pri-
mary tumor growth and lung metastases. The therapy greatly
suppressed the primary growth with tumor-free survival of
40% mice. Importantly, therapy abolished the metastatic
dissemination of tumor to lungs. Further, therapy markedly
diminished the macrophage population in the tumors that
may have contributed to the therapeutic benefit recorded.
Collectively, results highlight the therapeutic efficacy of the
tryptophan auxotrophic ST in an aggressive metastatic cancer
model.

INTRODUCTION
Over the years, although the discovery of novel cancer therapies has
helped to improve the overall quality of life,1 many of the therapies
are toxic or proven ineffective.2–4 Further, resurgence of chemo-
and radiation-resistant cancers have contributed to the treatment fail-
ures in many cancer types.5–7 Moreover, presence of hypoxic and
necrotic regions in the tumor limits the response to cancer therapy,
leading to treatment failures. A combination of different therapies
is mostly employed to treat the cancer to increase the chances of pos-
itive outcome. Therefore, alternative strategies are desired for the
effective cancer therapy.

The Coley’s toxins, although shown to effectively cure cancer several
decades ago, did not receive widespread recognition, and with the
advent of radiotherapy and chemotherapy, studies were stalled.8

However, the research on bacteria-mediated cancer therapy
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(BMCT) has gained momentum in the recent past, and several bacte-
rial species have been demonstrated to elicit antitumor effects against
a variety of cancers both in vitro and in vivo.9 Salmonella Typhimu-
rium (ST), one of the well-studied bacterial strains in cancer therapy,
being a facultative anaerobe, can invade and replicate in both well-
oxygenated and hypoxic regions of tumors. Further, availability of
tools to modify the genome of ST,10 and for high-throughput
screening of mutants,11 provides with opportunities to create strains
with excellent safety profile without compromising the tumor-target-
ing ability.

Although many ST mutants have been evaluated in cancer therapy,
VNP20009, A1-R, and DppGpp are the most widely studied strains.12

The VNP20009 strain was created by chemical and UV mutagenesis
and attenuated by purine auxotrophic mutations.13 Lipid A was
modified to further reduce the virulence of VNP20009. With prom-
ising results in preclinical cancer models, strain was evaluated in a
phase I clinical trial in 2001.14 The administration of VNP20009 to
patients with metastatic melanoma resulted in poor colonization by
the bacteria, and no antitumor effect was noted. In other study,
administration of VNP20009 to 4T1 tumor-bearing mice did not
result in significant therapeutic benefit on primary tumor size or
lung metastases.15 As strain was created by mutagenesis, several other
deletions have also been discovered, including 50 nonsynonymous
single-nucleotide polymorphisms (SNPs) and a 108-kb Suwwan dele-
tion.16 However, it is not clear whether these mutations are contrib-
uting or hindering the tumor-targeting ability of the VNP20009. Like
VNP20009, A1-R was engineered by chemical mutagenesis but was
selected for leucine and arginine auxotrophy.17 A1-R has been suc-
cessfully used to treat many tumor types in nude-mouse models,
including prostate cancer, pancreatic cancer, glioma, breast cancer
brain metastasis, and cervical cancer.18 Of note, A1-R strain has not
ors.
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2022.05.004
mailto:johnhlee@jbnu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2022.05.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
been evaluated in a 4T1 breast cancer model to inhibit primary tumor
or lung metastases. Although proven highly effective, to date, Salmo-
nella-based cancer therapeutic has only resulted in fewer clinical
trials.14,19–21 This highlights the need of further studies to create the
strains with efficacy, particularly against highly aggressive tumor
models.

In the present study, we created a tryptophan auxotrophic ST by a
controlled genetic engineering tool to specifically delete the target
genes.10 We recovered the strain after in vivo passages to improve
the selective and effective targeting of the tumor. The strain
demonstrated excellent safety with no adverse events noted in
the infected mice. We evaluated the auxotroph in highly aggressive
metastatic 4T1 breast cancer model to inhibit primary tumor
growth and lung metastases. The therapy significantly reduced
the lung metastases and resulted in tumor-free survival of 40%
mice. We observed a drastic reduction in macrophages in the tu-
mor because of Salmonella therapy. Collectively, results highlight
therapeutic efficacy of the tryptophan auxotrophic ST in aggressive
metastatic cancer model. In addition, findings have implications
for the development of safe and efficacious bacteria-mediated can-
cer therapeutics.

RESULTS
Deletion of trpA and trpEgenes render tryptophan auxotrophy to

Salmonella Typhimurium

To develop an effective and safe bacterial strain for cancer therapy,
we created a tryptophan auxotroph ST by deleting genes encoding
tryptophan synthase (trpA) and anthranilate synthase (trpE). The
resultant strain was designated as JOL2514. The gene deletions
were confirmed by PCR using primers to amplify flanking (outer
primer) and DNA-coding regions (inner primer) (Figure S1). The
absence of trpA and trpE mRNA expression was confirmed by an
RT-PCR assay (Figure 1C). To validate the auxotrophy, the strain
was grown in minimal media with and without the supplemented
tryptophan. The strain did not show any visible growth in minimal
media; however, upon tryptophan addition, the growth of the auxo-
troph was restored, thus confirming the tryptophan auxotrophy
(Figures 1A and 1B). Further, the deletions did not cause any growth
defects, as determined by growth curve analysis of auxotroph in Lu-
ria-Bertani (LB) broth (Figure 1D). The results collectively suggested
deletion of trpA and trpE rendered ST auxotrophic for tryptophan
and the auxotrophy did not affect the growth in LB broth.

In vivo passage

We initially tested the auxotroph to elicit antitumor effects in vitro
and in vivo; surprisingly, Salmonella therapy did not eventuate in
anti-cancer effects (data not shown).We thought poor invasionmight
be the cause for such observation. Therefore, we hypothesized that the
repeated passage of the auxotroph in vivo may aid in circumventing
the problem. Accordingly, we carried out three in vivo passages in tu-
mor-bearing mice. The strain was recovered from the tumor after
3 days for the first passage and at 24 h post-inoculation from the sub-
sequent passages to obtain the strain with highest affinity to the tu-
mor. The trpA and trpE gene deletion in auxotroph was established
after each passage by PCR. The passaged strain was designated as
ST2514P3 and preserved as glycerol stocks at�80�C. Freshly revived
strain was used in each subsequent experiment.

In vivo passage contributed to the enhanced adhesion and

invasion

We firstly investigated whether in vivo passage altered the bacterial
ability to adhere and invade the 4T1 cells. As expected, the in vivo pas-
sage greatly enhanced the adhesion and invasion of the auxotroph with
recovery of higher colonies even after 24 h post-infection (Figures 2A
and 2B). The results of colony counting were further corroborated by
fluorescence microscopy using mCherry-expressing auxotroph. We
observed higher intracellular mCherry-expressing bacteria in cells in-
fected with ST2514P3 when compared with the parental auxotroph
(Figure 2B). The findings indicate that the in vivo passage had contrib-
uted to the increased ability of the auxotroph to target 4T1 cells.

ST2514P3 elicited anti-cancer effects in vitro

Next, we evaluated the induction of in vitro anti-cancerous effects by the
passaged auxotroph. Firstly, the ability of the passaged strain to inhibit
the migration of 4T1 cells in a wound-healing assay was assessed. The
closure of the gap was evaluated microscopically after staining cells
with the DAPI. The control untreated cells migrated faster to close
the gap in contrast to the cells infected with ST2514P3 (Figure 3A).
We evaluated the effect of therapy on expression of some of the selected
genes by qPCR.We recorded an upregulated p21 gene expression, while
genes encoding p27, p53, and RCAS1 were downregulated (Figure 3B).
Among the cytokine genes studied, tumor necrosis factor alpha
(TNF-a) expression was highly upregulated when compared with other
cytokines (Figure 3C). Lastly, we studied the induction of apoptosis in
4T1 cells infected with ST2514P3. We detected significantly higher
number cells in early apoptosis (annexin V+) and late apoptosis
(annexin V+ PI+) in 4T1 cells infected with ST2514P3 (Figure 3D).
Collectively, in vitro results demonstrated the induction of potent
anti-cancerous effects by the therapy.

Tryptophan auxotrophy attenuated the Salmonella Typhimurium

Safety is one of the major concerns with live-attenuated bacterial ther-
apy. Therefore, we assessed the safety of ST2514P3 in mice following
systemic infection via the intraperitoneal route. A group of mice were
administered with 1 � 106 colony-forming units (CFUs) weekly for
4 weeks, and the animals were sacrificed 2 weeks after the final
dose to determine the bacterial counts in spleen, liver, and lungs.
The treatment did not affect the weight gain in mice. No bacterial col-
onies were recovered from all the organs collected at the end of exper-
iment. On gross examination, no abnormal changes were evident in
the spleen of treated mice (Figure 4A). In addition, lung samples
were subjected to H and E staining to study the impact of therapy
on the histological architecture. Repeated bacterial inoculation did
not cause any histopathological changes in the lungs when compared
with the untreated controls (Figure 4B). Further, to verify the atten-
uation, we infected two groups of mice with either the passaged auxo-
troph or the wild-type Salmonella with 5 � 107 CFUs once and
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Figure 1. Confirmation of tryptophan auxotrophy following trpA and trpE gene deletions

Salmonella Typhimuriumwas rendered tryptophan auxotroph by deleting genes encoding trpA and trpE by lambda red recombineering. (A) Minimal medium agar plates show

growth of wild-type and tryptophan auxotroph strains. The auxotrophy was confirmed by growing the mutant strain in minimal medium and minimal medium supplemented

with 100 mM tryptophan. Note the lack of growth of the auxotroph grown only in minimal medium. The tryptophan addition restored the growth of auxotroph. (B) Growth of

auxotroph at different tryptophan concentrations is shown. Auxotroph was grown in minimal medium supplemented with different concentrations of tryptophan, and growth

was recorded by measuring optical density 600 (OD600). Supplementation of tryptophan at 10 mMwas sufficient to revive the growth, and no further increase in growth was

evident over 100 mM tryptophan. Data were analyzed by ANOVA using Tukey’s post hoc test. nsp > 0.05; **p < 0.01; ***p < 0.001. ns, not significant. The data points represent

the individual value and error bars denote the SEM (C) Absence of trpA and trpE gene expression in the auxotroph was determined by RT-PCR using gene-specific inner

primers. M, 100 bp plus DNAmolecular weight marker. (D) Growth curve of auxotroph grown in LB broth in a shaking incubator at 37�C is shown. The results were compared

with the wild-type strain.
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observed for mortality. Mice infected with the wild-type Salmonella
experienced severe disease and died within 10 days (Figure 4C). On
the contrary, mice infected with passaged auxotroph did not exhibit
any disease symptoms, and no mortality was recorded, indicating
the highly attenuated nature of the auxotroph. These results suggested
that the tryptophan auxotroph was safe and well tolerated by the mice
even after weekly inoculations.

ST2514P3 has reduced fitness in healthy tissues, but not in

tumor

The tumor-bearing mice were infected with the ST2514P3 (1 � 106

CFUs, intraperitoneally), and the bacterial colonization in liver,
spleen, lung, and tumor samples was evaluated on days 1, 3, 5, 7,
and 14 post-infection. The auxotroph was detected in all organs as
early as 24 h, and although moderate, the bacterial counts increased
352 Molecular Therapy: Oncolytics Vol. 25 June 2022
from day 3–5 in liver, spleen, and lung; however, a marked reduction
in bacterial number was evident in these organs on day 7, and by day
14, no bacteriawere recovered (Figure 5). Contrastingly, bacteria accu-
mulated with increasing number in tumors, and higher bacterial load
was recovered for up to day 14. Further, increased tumor-targeting
ability of the passaged strainwas confirmed by comparing the bacterial
recovery from the tumors infected with the parental strain (Figure 5B).
These results imply the preference of the auxotroph to selectively colo-
nize the tumor, as tumor microenvironment provides a rich source of
tryptophan that is otherwise not seen in healthy tissues.

ST2514P3 targeted both primary tumor growth and lung

metastases

The 4T1 serves as a model for type IV breast cancer and has been
extensively used in preclinical studies.22–24 The 4T1 cells produce



Figure 2. Evaluation of influence of in vivo passage on 4T1 cell adhesion and invasion by the ST2514P3

The tryptophan auxotroph was passaged in vivo in tumor-bearing mice thrice. The in vivo passaged strain, ST2514P3, was evaluated in adhesion and invasion assays using

4T1 cells, and the results were compared with the parental auxotroph, JOL2514. 4T1 cells were seeded in the 24-well plates at 1� 105 cells per well and allowed to grow for

24 h. Salmonella strains growing at mid-log phase were harvested by centrifugation (3,500 rpm, 15 min) and washed once with PBS. The bacterial number was enumerated

by OD600, and 4T1 cells were infected at 10 MOI. (A) Adherent bacteria quantified after 30 min of infection are shown. Invading bacteria were quantified at 3 and 24 h post-

infection. For invasion assay, external bacteria were killed by addition of gentamicin after allowing the bacteria to invade the cells. Bacterial counts were enumerated by plating

decimal dilutions on LB agar plates. Data were analyzed by t test. **p < 0.01; ****p < 0.0001. The data points represent the individual value and error bars denote the SEM. (B)

Intracellular mCherry-expressing bacteria as visualized by a fluorescence microscope are shown. Note the rod-shaped bacteria within the cytoplasm of infected 4T1 cells.

Representative agar plates are shown at the bottom.
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Figure 3. Analysis of anti-cancerous effects of

ST2514P3 in vitro

(A) Inhibition of 4T1 cell migration in a wound healing

assay. 4T1 cells were grown in ibidi cell culture inserts for

wound healing assay and infected with the passaged

tryptophan auxotroph, ST2514P3. After allowing the bac-

teria to invade 4T1 cells, external bacteria were killed by

gentamicin treatment. Closure of the wound was

observed microscopically after 48 h by DAPI staining of

the nucleus. Uninfected cells served as controls. The

bright-field image denotes the pre-infection time point.

(B) The expression of p21, p27, p53, and RCAS1 in in-

fected cells by qPCR is shown. (C) Expression of cytokine

genes by qPCR is shown. For qPCR assay, cells were

collected 24 h post-infection and RNA was extracted. Er-

ror bars denote the SEM. (D) Fluorescence-activated cell

sorting (FACS) plots show apoptotic 4T1 cells. 4T1 cells

infected as earlier were collected after 24 h. The adherent

and non-adherent cells were stained using propidium io-

dide (PI) and annexin V-FITC and analyzed on a FACS

reader. Uninfected cells served as controls.
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tumors consistently in immunocompetent BALB/c mice and sponta-
neously metastasize to lung and other organs.25 Therefore, we evalu-
ated the therapeutic benefits of the therapy in this model. Female
354 Molecular Therapy: Oncolytics Vol. 25 June 2022
BALB/c mice aged 6–8 weeks were inoculated
with 1 � 105 4T1 cells into the 2nd mammary
fat pad using a wide bored needle. Palpable tu-
mors developed within a week, and at day 10,
tumor volume was recorded and animals were
divided into two groups of 10 mice each. One
group of mice was treated with 1 � 106 CFUs
ST2514P3 via the intraperitoneal route. Mice
were administered a total of four doses at
weekly intervals (Figure 6A). The other group
of mice served as untreated placebo control.
The treatment suppressed the growth of pri-
mary tumor, with complete disappearance
observed in four mice (Figures 6B–6D),
although, in the placebo group, tumors grew
continuously during the study. Consistent
with the primary tumor growth, spleen from
placebo controls weighed more than the spleens
from treated mice (Figure 6E).

Next, we studied the histological changes in
the primary tumors after hematoxylin and
eosin (H&E) staining. On histological exam-
ination, the tumors from treated mice had
diffused areas of necrosis characterized by
lost cellular integrity (Figure 6F). To further
verify the impact of Salmonella therapy on
the tumor histology, we analyzed the samples
collected on different days after infection
during biodistribution experiment by H&E staining. We observed
a consistent large whitish area of necrosis in the treated tumors as
early as day 1, and the necrosis appeared to be maximum on day



Figure 4. Evaluation of safety of ST2514P3 in mice

(A) Gross appearance of spleen. Mice (n = 6) were infected with the passaged

auxotroph, ST2514P3 intraperitoneally at 1 � 106 CFUs. Mice were administered

four doses every week. Mice (n = 3) served as uninfected controls. Mice were sacri-

ficed 2 weeks after the final dose, and spleen samples were examined for gross

changes, such as enlargement. (B) H&E-stained lung sections are shown. Lungs

collected at the end of experiment were analyzed by H&E staining to study histolog-

ical changes. Therapy did not affect the histological architecture of lungs. (C) Sur-

vival graph is shown. Two groups of mice were infected with either ST2514P3 or

the wild-type strain with 5� 107 CFUs and were observed for survival and mortality.
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14 (Figure S2). On the contrary, the untreated tumors had higher
areas of viable tumor cells.

An estimated 90% deaths in breast cancer are due to metastatic
dissemination of tumor, with lung being the most commonly
involved organ.26 Therefore, we determined the effect of therapy on
lung metastases by gross, histological, and negative staining methods.
On gross and histological examination, lungs of treated animals did
not show any evidence of metastases, whereas several metastatic
foci were detected in the placebo controls (Figure 6G). The metastatic
infiltrating tumor nodule and cells were detected in the H&E-stained
lungs of placebo controls. Further, numerous metastatic nodules were
observed in the lungs of placebo controls stained with 10% nigrosine
dye, while no nodules were evident in the lungs of treated mice (Fig-
ure 6H). Altogether, findings highlighted the potent anti-cancerous
effect of tryptophan auxotroph ST therapy culminating in the inhibi-
tion of primary and metastatic tumor growth.

Therapy caused a drastic reduction in macrophage cell markers

The tumor microenvironment plays a crucial role in aggressive
behavior of tumors;27 therefore, to understand the effect of therapy
on macrophage population in the tumor, immunohistochemistry
(IHC) was carried out. We studied the expression of selected macro-
phage markers, such as CD68, CD206, iNOS, and CCL2. We detected
increased expression of all the markers in tumors from untreated pla-
cebo mice (Figure 7). Contrarily, the Salmonella therapy significantly
blunted the expression of all the markers in the tumor. The findings
suggest the limitation of macrophage infiltration into the tumor in
response to Salmonella therapy.

DISCUSSION
Bacteria-mediated cancer therapy (BMCT) presents an effective alter-
native option for the treatment and diagnosis of cancers.28,29 Herein,
we describe an engineered Salmonella Typhimurium (ST) to selec-
tively target and kill mammary cancer cells. Moreover, no reports
exist on the evaluation of tryptophan auxotroph as a therapy against
any kind of cancer. The approach is based on the inactivation of trpA
and trpE genes in the tryptophan biosynthesis pathway to create
auxotrophic Salmonella that has reduced fitness in the healthy tissues.
We carried out three sequential in vivo passages in tumor-bearing
mice to further improve the preferential colonization of tumors by
the Salmonella. As expected, the in vivo passage enhanced the ability
of the auxotroph to invade and proliferate in 4T1 cells. Further, the
auxotroph accumulated in increased numbers in the tumors, owing
to the in vivo passage. This may be attributed to the establishment
of induced memory response to the tumor by the repeated passage.30

Previously, studies have documented the influence of nutrient avail-
ability and environmental stress factors in bacterial memory mecha-
nisms.30–32 Importantly, the memory establishment was not linked to
genotypic alterations and was stable for over several generations in
absence of the memory stimulus.30

We created a tryptophan auxotrophic ST with an aim to attenuate the
Salmonella and to reduce its fitness in healthy tissues. Likewise, the
tryptophan auxotrophy dramatically reduced the ability of the ST
to survive and propagate in the healthy tissues, and the bacteria
were cleared by day 7–14, even in the absence of an antibiotic therapy.
Further, the auxotroph caused minimal or no impact on liver, spleen,
and lungs. Moreover, the magnitude of attenuation caused by trypto-
phan auxotrophy was at least 5,000-fold. However, the auxotroph
continued to grow in tumors for up to 14 days with recovery of higher
bacterial counts on day 7. This discrepancy in colonization could be
explained by limited or unavailability of free tryptophan in healthy
tissues, due to which auxotroph cannot survive for longer duration
in these tissues. However, tumors serve as nutrient rich sinks,33,34

enabling the proliferation of auxotroph. In agreement, a leucine-argi-
nine auxotroph was shown to selectively colonize prostate cancer cells
with recovery of a larger number of bacteria from tumors than the
Molecular Therapy: Oncolytics Vol. 25 June 2022 355
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healthy organs.17,35 The reduced fitness of the strain in healthy tissues
may further be attributed to excellent safety observed for mice. Our
findings suggest that the tryptophan auxotrophy was sufficient to
render ST avirulent to mice and contributed to increased colonization
of the tumor.

Although major developments in cancer diagnosis and therapy have
contributed to the improved outcomes in cancers, the global cancer
burden was predicted to increase.36 Due to the fact that acquired resis-
tance to radiation and chemotherapeutics is rampant andmost cancer
therapies pose toxicity threat, alternative strategies would bolster the
existing cancer therapies. Therefore, we studied the ability of the en-
gineered tryptophan auxotroph to induce anti-cancerous effects in a
highly aggressive breast cancer model. Further, 4T1 model spontane-
ously metastasizes to lungs and provides a more natural way of study-
ing metastases. The primary tumor growth was greatly suppressed in
the treated mice with tumor-free survival of 40% mice, suggesting the
ability of the auxotroph to target and kill cancer cells. Most impor-
tantly, therapy prevented the metastatic dissemination of tumor to
lungs, even in the mice with visible primary tumor growth. In a pre-
vious study using VNP20009 ST, authors did not observe the thera-
peutic benefit in preventing the lung metastases.15 On the contrary,
tumor-bearing mice infected with VNP20009 evidenced exacerbated
disease and died earlier than the controls. Therefore, the findings have
important implications for the development of BMCT in treating and
preventing the metastatic spread of cancer cells.

The development of VNP20009 and A1-R, two of the well-studied
strains, relied on mutagenesis to create the tumor-targeting avirulent
ST strains, whereas we created the tryptophan auxotroph by a
controlled gene-deletion tool.10 Beacuse of the non-targeted nature
of mutagenesis, the strains likely to harbor other mutations, such as
presence of 50 nonsynonymous SNPs and a 108-kb Suwwan deletion
in VNP20009.17 Whether these mutations contribute or hinder the
tumor targeting is not clear. Further, it is not known whether these
mutations influenced the outcome that no anti-cancerous effect was
observed in malignant melanoma patients treated with VNP20009
in a phase I clinical trial. Therefore, development of strains with
known genotype and having specific gene deletions are highly
desired.15,37 Moreover, creation of auxotrophic mutants by gene dele-
tion would be stable and have lesser or no chance of reverting back to
wild type.

The components of tumor microenvironment play a crucial role in
aggressive behavior of tumors; in particular, the role of macrophages,
cancer-associated fibroblasts, and endothelial cells in promoting tu-
Figure 5. Analysis of localization of ST2514P3 in different organs of mice

(A) Tumor-bearing mice were infected with the passaged auxotroph, ST2514P3, intrape

sacrificed to study the colonization of ST2514P3 in lung, liver, spleen, and tumor. The

enates were plated on LB agar. A representative agar plate at specified dilution has

log10CFU/g have been presented in the right panel. The data represent five mice per

passaged auxotroph over the parental auxotroph is shown. Data were analyzed by ANO

and error bars denote the SEM. CFU, colony-forming units.
mor progression has been well established.27 We focused on how
the Salmonella therapy affected the macrophage population within
the tumor to gain some insight. We recorded a marked reduction
or no expression of CD68, iNOS, CD206, and CCL2, selected markers
of macrophages, in the tumors from treated mice. The tumor-associ-
ated macrophages (TAMs) generally have pro-tumoral role both in
the primary tumor and at metastatic sites.38 TAMs influence the tu-
mor progression by promoting tumor cell motility, invasion, and
angiogenesis and by suppressing T cell responses.38 Thus, suppres-
sion of TAMs by Salmonella therapy might have contributed to the
abolition of lung metastases in these mice. The fact that we detected
high macrophage population in the tumors of placebo controls was
not surprising, as macrophages can make up as much as 50% cell
mass in breast cancer.39,40 Further, macrophage density has been
associated with the poor prognosis in many cancer types.41–44 It
would be interesting to dissect the mechanism by which Salmonella
therapy has contributed to the limitation of TAMs and whether ne-
crosis had any role. Although finding seems to provide an alternative
strategy to target TAMs, more studies and in different cancer types
are required to understand the mechanism before Salmonella could
be developed as a therapy targeting TAMs.

In summary, we have created a tryptophan auxotrophic ST as a cancer
therapeutic. The in vivo passage contributed to the improved ability of
the auxotroph to target cancer cells. The auxotroph colonized the tu-
mors in increasing numbers than the healthy tissues. The tryptophan
auxotroph demonstrated potent anti-cancerous effects as a mono-
therapy with cancer-free survival of 40% mice in a highly aggressive
breast cancer model. Further, therapy markedly reduced the macro-
phage population in the tumors. Collectively, results document the
attenuation of ST by tryptophan auxotrophy and that the therapy
culminated in significant cancer therapeutic benefits. In addition,
findings provide novel insights into engineering bacteria in cancer
therapy.
MATERIALS AND METHODS
Ethics statement

Female BALB/c mice, aged 6 weeks and specific pathogen free (SPF),
were obtained from Koatech in Pyeongtaek, Korea. Mice were main-
tained on a standard feeding regimen with a 12-h light-dark cycle at
the Animal Housing Facility of the College of Veterinary Medicine,
Jeonbuk National University. Animal experiments were approved
by the Jeonbuk National University Animal Ethics Committee
(JBNU 2021-027) under Korean Council on animal care and the
Korean Animal Protection Law, 2001, article 13.
ritoneally at 1 � 106 CFUs. At days 1, 3, 5, 7, and 14 post-infection, five mice were

samples were weighed and homogenized in PBS. Decimal dilutions of the homog-

been shown. The quantitative bacterial counts were determined, and the data in

time point. (B) Bar diagram depicting the improved tumor-targeting ability of the

VA. ****p < 0.0001. The data points represent the individual value from each mouse
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Figure 7. Immunohistochemical analysis of macrophage markers

Shown here are the representative images of tumor samples stainedwith selectedmacrophagemarkers, such as CD68, iNOS, CD206, and CCL2. Higher number of positive

cells were detected in tumors of placebo controls. Note the marked reduction in positive cells in tumors from mice treated with passaged tryptophan auxotroph, ST2514P3.

www.moleculartherapy.org
Cell line

4T1 mouse mammary carcinoma cell line was a kind gift from
Dr. Hunjoo Ha, Graduate School of Pharmaceutical Sciences, Ewha
Womans University, Seoul. The cell line was maintained in RPMI
(Lonza, Switzerland) supplemented with 10% fetal bovine serum
(Gibco, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin at
37�C in 5% CO2.

Bacterial strains, plasmids, and primers

Table 1 summarizes the strains of bacteria, plasmids, and primers
used in this study. The bacteria were grown in LB broth (Becton Dick-
inson, USA) with agitation at 37�C using appropriate antibiotics
whenever applicable. For bacterial enumerations, Brilliant Green
Agar plates (Becton Dickinson, USA) were used.

Construction and characterization of tryptophan auxotrophic

Salmonella Typhimurium

Genes encoding tryptophan synthase (trpA) and anthranilate syn-
thase (trpE) were deleted from ST genome by lambda red recombin-
eering.10 Briefly, wild-type ST (JOL 401) was transformed with a
helper plasmid, pKD46, which provides lambda red components
required for homologous recombination. The target gene trpAwas re-
placed with the catR gene contained on a linear PCR product ampli-
Figure 6. Assessment of therapeutic potential of the therapy in an aggressive

(A) Schematic presentation of therapy schedule. 4T1 cells growing in T75 flasks were h

formation by inoculating 1 � 105 4T1 cells into the second mammary fat pad. The tumo

were administered with four ST2514P3 therapies at weekly intervals. Second group (n

Tumor size was measured regularly using Vernier caliper. Mice were sacrificed 2 weeks

over the course of the study is shown. Data were analyzed by two-way ANOVA using �Sı́d

****p < 0.0001. Error bars denote the SEM. (C) Representative photographs show tumors

tumor size following therapy. (D and E) Tumor (D) and spleen (E) weight in grams (g) are p

using Tukey’s post hoc test. nsp > 0.05; *p < 0.05; and ***p < 0.001. (F) Representative

treated mice (black rhombus). V, viable tumor region. (G) Gross and histological appeara

infiltrating tumor cells (yellow arrow) in lung of placebo control mice. (H) Nigrosine dye-st

nodules (red arrows) in the lungs of placebo mice. Nodule numbers counted are plotted

points represent the individual value from each mouse and error bars denote the SEM.
fied from the pKD3 plasmid. Recombinant clones were selected by
plating on LB broth containing 35 mg/mL chloramphenicol. The
knockout was confirmed by PCR using flanking (outer) and gene-spe-
cific (inner) primer sets listed in Table 1. The antibiotic resistance
cassette was eliminated using the helper plasmid, pCP20. Following
removal of the antibiotic cassette, trpE gene was knocked out in
similar fashion. The mutant was subjected to in vitro growth curve
analysis and tryptophan auxotrophy. The mutant was grown in
20 mL LB broth, and the growth was followed for up to 12 h. To vali-
date the tryptophan auxotrophy, mutant was grown in M9 minimal
medium47 with and without supplemented tryptophan (Sigma,
USA) and incubated overnight at 37�C.

Adhesion and invasion assays

Adhesion and invasion assays were carried out as described previ-
ously.45 Briefly, 4T1 cells were grown to 85% confluence and in-
fected with mutant at MOI of 1:10. After 30 min, adherent bacteria
were enumerated by spreading infected cells on LB plate. For inva-
sion assays, 2 h post-infection, the cell monolayers were treated with
culture medium containing gentamicin (150 mg/mL) to eliminate
any extracellular bacteria. Then, the cells were lysed with 0.25%
trypsin-EDTA and 0.1% Triton X-100 and spread on LB agar plates
using decimal dilutions. Also, invasion was determined by
4T1 breast cancer model

arvested and quantified by trypan blue dye exclusion. Mice were induced for tumor

r size was recorded at day 10 post-tumor induction, and one group of mice (n = 10)

= 10) of mice served as placebo controls and received same volume of sterile PBS.

after the final treatment to study the therapeutic benefit. (B) Tumor volume recorded

ák’s post hoc test for multiple comparisons. nsp > 0.05; **p < 0.01; ***p < 0.001; and

inmice and gross appearance of isolated tumors and spleens. Note the reduction of

lotted. Tumor weight data were analyzed by t test and spleen weight data by ANOVA

H&E-stained pictures of tumor sections are shown. Note the extensive necrosis in

nce of lung metastases is shown. Note the metastatic tumor nodule (blue circle) and

ained ventral and dorsal view of lungs show metastatic nodules. Note the numerous

in the right panel. Data were analyzed by t test. **p < 0.01. In (D), (E) and (H), the data
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Table 1. List of bacterial strains, plasmids, and primers used in the present investigation

Bacteria/plasmid Genotypic characteristics Reference

S. Typhimurium

JOL401
Salmonella Typhimurium wild type, SPI-1 invAE+hilA+avr+; SPI-2, amino acid
permease; SPI-3, mgtC+; SPI4, ABC transporter; SPI5, pipB+

lab stock

JOL2514 JOL401DtrpADtrpE this study

ST2514P3 thrice in vivo passaged JOL2514 this study

Plasmids

pKD46
oriR101-repA101ts; encodes lambda red genes (exo, bet, gam); native
terminator (tL3); arabinose-inducible promoter for expression (ParaB); bla

Datsenko and Wanner10

pKD3 oriR6Kgamma, bla (ampR), rgnB (Ter), catR, FRT Datsenko and Wanner10

pCP20 encodes FLP, ampicillinR and CmR Datsenko and Wanner10

Gene deletion primers

trpA-pKD3

forward- 5ʹ-TGGCCGCGGAGATAAAGACATCTTTACCGTACACGA
TATCCTGAAAGCGCGTGTAGGCTGGAGCTGCTTC-3ʹ
reverse- 5ʹ-ACTCATTAAGCCGCCAGCGTTATGCTGACGGCTTAA
CCCGATGGGAATTAGCCATGGTCC-3ʹ

this study (GenBank: NC_003,197.2 and STM1727)

trpE-pKD3

forward- 5ʹ-AACGATACCCGGCCCGCCTGTTAAGCGGGCTTTTTTTTG
AACAAAATAATGTGTAGGCTGGAGCTGCTTC-3ʹ
reverse- 5ʹ-CAGGTTCCAGGTAAACGAGTCGATGTTATCGAGCAGCA
GAATATCAGCCAATGGGAATTAGCCATGGTCC-3ʹ

this study (GenBank: NC_003197.2 and STM1723)

trpA outer primer
forward- 5ʹ-AGCAACTGCTGGTGGTCAAT-3ʹ
reverse- 5ʹ-TTTTGAAAGCTGGACGGGGA-3ʹ

this study

trpA inner primer
forward- 5ʹ-TCGTGAAAAACACCCGACCA-3ʹ
reverse- 5ʹ-CTGTTCCGGCGAGGAGATAC-3ʹ

this study

trpE outer primer
forward- 5ʹ-ATAGCGGGCGGTGTATGAAC-3ʹ
reverse- 5ʹ-AGGCGATCGATAAGCGTCTG-3ʹ

this study

trpE inner primer
forward- 5ʹ-ATTGCCGCTACTGGATACCG-3ʹ
reverse- 5ʹ-ACTGTTGGCTAAGGTACGCC-3ʹ

this study

qRT-PCR primers

IFN-g
forward- 5ʹ-AGACAATGAACGCTACACAC-3ʹ
reverse- 5ʹ-TCTTTTCTTCCACATCTATGCC-3ʹ

Kirthika et al.45

TNF-a
forward- 5ʹ-CATCTTCTCAAAATTCGAGTGACAA-3ʹ
reverse- 5ʹ-TGGGAGTAGACAAGGTACAACCC-3ʹ

Giulietti et al.46

IL-4
forward- 5ʹ-ACGGATGCGACAAAAATCAC-3ʹ
reverse- 5ʹ-ACCTTGGAAGCCCTACAGAC-3ʹ

Kirthika et al.45

IL-10
forward- 5ʹ-GACAACATACTGCTAACCGAC-3ʹ
reverse- 5ʹ-ATCACTCTTCACCTGCTCC-3ʹ

Kirthika et al.45

IL-1b
forward- 5ʹ-CAACCAACAAGTGATATTCTCCATG-3ʹ
reverse- 5ʹ-GATCCACACTCTCCAGCTGCA-3ʹ

Giulietti et al.46

IL-6
forward- 5ʹ-GAGGATACCACTCCCAACAGACC-3ʹ
reverse- 5ʹ-AAGTGCATCATCGTTGTTCATACA-3ʹ

Giulietti et al.46

p21
forward- 5ʹ-CGAGAACGGTGGAACTTTGAC-3ʹ
reverse- 5ʹ-CAGGGCTCAGGTAGACCTTG-3ʹ

This study (GenBank: NC_000077.7)

p27
forward- 5ʹ-TCAAACGTGAGAGTGTCTAACGG-3ʹ
reverse- 5ʹ-AGGGGCTTATGATTCTGAAAGTCG-3ʹ

This study (GenBank: NC_000077.7)

p53
forward- 5ʹ-GTCACAGCACATGACGGAGG-3ʹ
reverse- 5ʹ-TCTTCCAGATGCTCGGGATAC-3ʹ

This study (GenBank: NC_000077.7)

RCAS1
forward- 5ʹ-GGAACAACTGGAACCTGACTAC-3ʹ
reverse- 5ʹ-AAAAACCCGTGCTACCATCTG-3ʹ

this study (GenBank: NM_001357691.1)

GAPDH
forward- 5ʹ-TCACCACCATGGAGAAGGC-3ʹ
reverse- 5ʹ-GCTAAGCAGTTGGTGGTGCA-3ʹ

Giulietti et al.46
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fluorescence microscopy using mCherry (red)-expressing bacterial
strains. For this purpose, strains were transformed with mCherry-
expressing plasmid by electroporation at 1.8 kV current, 25 mF
capacitance, and 200 U resistance (Harvard apparatus, USA). The
positive transformants were selected on ampicillin plates and
confirmed by fluorescence microscopy.

In vivo passaging

4T1 tumor cells (1 � 105) were injected subcutaneously into second
mammary fat pad of mice and grown for 15 days. Tumor-bearing
mice (n = 2) were infected with the tryptophan auxotroph at
1 � 106 CFUs via the intraperitoneal route. The mice were sacrificed
at day 3 to harvest the bacteria from the tumor by plating on Brilliant
Green Agar (BGA). The strain was confirmed by PCR and used in
subsequent passage. The mutant was passaged thrice.

Wound healing assay

Wound healing assay was carried out to determine the ability of the
mutants to inhibit migration of tumor cells in vitro. The assay was
performed using ibidi Culture-Inserts (ibidi, Germany). Cells were
seeded and allowed to grow for 24 h to form an optically confluent
monolayer. The cells were then infected with the bacterial strains at
MOI of 10 for 3 h, and extracellular bacteria were killed by genta-
micin. The inserts were removed to create the gap, the cells were incu-
bated for 48 h, and results were documented. Cell nucleus was stained
by DAPI, and gap filling was observed by a fluorescence microscope.

qPCR

The mRNA levels of selected genes encoding cytokines and cell cycle
regulators in 4T1 cells were analyzed post-infection with the bacterial
strains. Briefly, the infected cells were harvested 24 h post-infection
(hpi). The total RNA was isolated (RiboEx kit, GeneAll Biotech-
nology, South Korea) and reverse transcribed using strand cDNA
Synthesis Kit (Elpis Biotech, South Korea). Transcriptional levels
were normalized against GAPDH by 2�DDCT method.48 The experi-
ment was performed using the primers listed in Table 1.

Analysis of apoptosis by flow cytometry

The 4T1 cells were cultured in 10% RPMI in a 24-well plate at 1� 105

cells/well. The cells were infected with tryptophan auxotroph at 10
MOI for 24 h to study apoptosis using fluorescein isothiocyanate
(FITC) Annexin V Apoptosis Detection Kit I (BD Pharmingen,
USA), following manufacturer’s instructions.

Safety assessment of the mutant

A group of mice (n = 6) were administered weekly doses with 1� 106

CFUs intraperitoneally for 4 weeks. A group of mice (n = 3) served as
uninfected controls. The animals were sacrificed 2 weeks after the last
dose, and tissue samples were collected for gross and histological
analysis. Further, bacterial counts were enumerated by plating on
BGA. To further verify the safety, two groups of mice were adminis-
tered with either the passaged auxotroph or wild-type bacteria with
5 � 107 CFUs intraperitoneally once and monitored for the appear-
ance of any disease symptom, weight loss, and mortality for up to
30 days.

Determination of biodistribution of the mutant

4T1 tumor cells (1� 105) were injected subcutaneously on mammary
fat pad of mice and grown for 15 days. The tryptophan auxotroph was
grown to logarithmic phase in LB broth, washed and diluted with
PBS, and injected intraperitoneally at 1 � 106 CFUs per mouse.
The tissue samples (n = 5mice) were obtained from lung, liver, spleen,
and tumor at indicated time points post-infection. The tissues were
homogenized and supernatants plated on BGA for bacterial recovery.
In addition, tissues were fixed in 10% neutral buffered formalin for
histological processing.

4T1 mouse tumor model and Salmonella therapy

4T1 tumor cells (1 � 105) were injected subcutaneously on mam-
mary fat pad of mice and grown for 10 days. The tumor size was
recorded, and mice were randomly divided into two groups of 10
each. One group of mice was administered with four weekly treat-
ments consisting of 1 � 106 CFUs ST2514P3 via the intraperitoneal
route in a volume of 100 mL. The other group of mice served as un-
treated placebo controls that received 100 mL sterile PBS. Following
treatment, the mice were observed daily and size of tumor measured
regularly using Vernier caliper. Tumor volume was calculated using
the following formula: tumor volume = (length � width2)/2. Mice
were sacrificed at day 45 (day 35 post-treatement) of the experiment
to harvest the tumor, lung, and splenic tissues. The size and weight
of the isolated organs were recorded. Lung samples were subjected
to gross and histopathological examination to study metastases.
Alternatively, lung metastases were determined by nigrosine dye
(Sigma, USA) inflation method.

Histopathological analysis

Isolated tumor samples were fixed in formalin for 2 days and sub-
jected to standard tissue processing with paraffin embedding. The
sections were stained by H&E.

IHC

Formalin-fixed paraffin-embedded (FFPE) tumor sections were de-
paraffinized by immersing in two changes of xylene, followed by
one immersion in xylene-alcohol (1:1 ratio) for 3 min each.49

The sections were rehydrated by immersing in a series of alcohol
gradients of 100%, 95%, 75%, and 50% for 3 min each. The sec-
tions were washed in tap water and incubated in 3% H2O2 in
methanol for 10 min to block endogenous peroxidase activity.
Following two PBS washes, antigen retrieval was performed by
incubating at 100�C for 30 min in 0.5 mM citrate buffer (pH
6.0). Blocking was performed using 3% BSA at room temperature
(RT) for 2 h. The sections were incubated with CD68 (cat no. PA5-
78996), iNOS (cat no. PA3-030A), CD206 (cat no. PA5-101657),
or CCL2 (cat no. MA5-17040) antibodies from Thermo Scientific
at 1:200 dilutions overnight at 4�C. Following two PBS washes,
goat anti-rabbit immunoglobulin G (IgG) horseradish peroxidase
(HRP) or goat anti-mouse IgG was added at 1:3,000 dilutions
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and incubated at RT for 1 h. The sections were developed using
DAB substrate.

Statistical analysis

The data were analyzed statistically using IBM SPSS and GraphPad
Prism v.9. Number of animals used and the statistical tool applied
have been described in the respective figure legends. A p < 0.05 be-
tween the groups was considered significant.
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