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Pancreatic cancer is resistant to conventional therapeutic inter-
ventions, mainly due to abundant cancer stromal cells and poor
immune cell infiltration. Here, we used a targeted cancer ther-
apy approach based on attenuated Salmonella typhimurium en-
gineered to express cytolysin A (ClyA) to target cancer stromal
cells and cancer cells and treat pancreatic cancer in mice. Nude
mice bearing subcutaneous or orthotopic human pancreatic
cancers were treated with engineered S. typhimurium express-
ing ClyA. The tumor microenvironment was monitored to
analyze stromal cell numbers, stromal cell marker expression,
and immune cell infiltration. The attenuated bacteria accumu-
lated and proliferated specifically in tumor tissues after intrave-
nous injection. The bacteria secreted ClyA into the tumor
microenvironment. A single dose of ClyA-expressing Salmo-
nella markedly inhibited growth of pancreatic cancer both in
subcutaneous xenograft- and orthotopic tumor-bearing nude
mice. Histological analysis revealed a marked decrease in
expression of stromal cell markers and increased immune cell
(neutrophils and macrophages) infiltration into tumors after
colonization by ClyA-expressing bacteria. ClyA-expressing
S. typhimurium destroyed cancer stromal cells and cancer cells
in mouse models of human pancreatic cancer. This approach
provides a novel strategy for combining anticancer and anti-
stromal therapy to treat pancreatic cancer.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC), which covers more than
90% of pancreatic cancer cases and is known simply as pancreatic
cancer,1,2 is a highly aggressive malignancy; indeed, the median sur-
vival time following diagnosis is 3–5 months, with a median 5-year
survival of 8%.3,4 PDAC is the fourth leading cause of cancer-related
death in Western countries, even though it is only the ninth most
common malignancy.4,5 However, only 20% of patients are suitable
for surgical resection when diagnosed at an early stage.6 The most
common chemotherapeutic drugs approved for pancreatic cancer
treatment are gemcitabine and 5-fluorouracil (5-FU); however,
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only modest advances have been made to improve patient out-
comes.6,7 Cancer immunotherapy with checkpoint blockers has
shown remarkable responses in some cancers;8–11 however, they
fail to show any efficacy against PDAC,10,12 even dual or triple com-
bination therapy with a programmed cell death 1 (PD-1) inhibitor
(nivolumab), a cytotoxic T lymphocyte-associated protein 4
(CTLA-4) inhibitor (ipilimumab), and a mitogen-activated protein
kinase (MEK) inhibitor (cobimetinib).13 Thus, a new paradigm for
therapy is needed if we are to improve the prospects of patients
with pancreatic cancer.

Attenuated Salmonella typhimurium strains target various types of
cancer, including colon cancer,14,15 cervical cancer,16 breast can-
cer,17,18 and glioma.19,20 The unique properties of tumor microen-
vironments (TMEs), such as low oxygen, abundant nutrients
released from necrotic cancer cells, immunosuppressive conditions,
and chemotaxis, promote bacterial colonization and proliferation in
tumor tissues.21–23 A genetically engineered S. typhimurium strain
defective in ppGpp synthesis (DppGpp) shows an increased 50% le-
thal dose (LD50) (10,000- to 1,000,000-fold) compared with the
wild-type strain.24 The avirulent DppGpp strain (SL) specifically
colonizes and proliferates in tumor tissue, thereby recruiting
immune cells and inhibiting tumor growth.14,25,26 To increase the
efficacy of this so-called bacterial cancer therapy (BCT), SL was en-
gineered further to express anticancer agents in the TME. Bacterial
engineering allows researchers to explore different therapeutic
mechanisms. Previously, we engineered SL to express different ther-
apeutic payloads: these include Noxa, a mitochondrial target
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Figure 1. In vitro expression of ClyA by engineered

S. typhimurium carrying the pBAD-ClyA plasmid

(A) Map of the engineered plasmid pBAD-ClyA. (B) The

bioluminescent DppGpp Salmonella (SLlux) strain was

transformed with pBAD-ClyA (SLlux/ClyA). Expression of

ClyA (34 kDa) in bacterial culture was analyzed by western

blotting with an anti-ClyA antibody without (�) or with (+)

induction with 0.2% L-arabinose. (C) After spreading 100 mL

of 40% L-arabinose on the sheep blood, the plates were

divided into two parts; the left side was streaked with

live SLlux, whereas the right side was streaked with live

SLlux/ClyA. Then, the plates were incubated at 37�C over-

night. Engineered SLlux/ClyA lyses blood cells (left) and pro-

duces a clear bioluminescent signal in the corresponding

area of hemolysis (right).
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domain, that induces cancer cell death by increasing mitochondrial
permeability;27 heterologous bacterial flagellin (FlaB, Vibrio vulnifi-
cus flagellin B), which modulates anticancer immunity;15 and cyto-
lysin A (ClyA), a native bacterial toxin from S. typhimurium that
kills cancer cells and cancer stromal cells via its pore-forming
activity.25,28

The TME is a complex milieu that contains tumor cells and non-ma-
lignant host stromal cells, including blood endothelial cells (BECs),
lymphatic endothelial cells (LECs), mesenchymal stem cells, cancer-
associated fibroblasts (CAFs), and pericytes.29,30 These cells secrete
inhibitory signals that suppress immune cells and play crucial roles
in cancer initiation, progression, and metastasis.29–31 In particular,
PDAC is characterized by a dense fibrous stroma that inhibits drug
penetration and immune cell infiltration.32 Therefore, targeted deple-
tion of cancer stromal cells along with cancer cells would be an effec-
tive strategy to manage PDAC.33

Here, we used an avirulent SL strain engineered to express ClyA
(SLClyA) to treat PDAC in various mouse models. We demonstrate
anticancer effects against subcutaneous xenograft and orthotopic
human PDACs, which are thought to be clinically relevant and offer
site-specific pathology.34 The engineered SLClyA showed specific tu-
mor-targeting ability, destruction of cancer stromal cells and cancer
cells, and subsequent inhibition of cancer growth.
Mole
RESULTS
Engineering ClyA-producing Salmonella

To generate an inducible vector system for bacte-
rial expression of a therapeutic gene, we cloned
the clyA gene into the pBAD plasmid vector (Fig-
ure 1A), as described previously.28 Western blot
analysis revealed that SLlux/ClyA expressed the
ClyA protein after L-arabinose induction,
whereas no ClyA protein was detected in the
absence of L-arabinose (Figure 1B). SLlux/ClyA

lysed blood cells and generated a clear biolumi-
nescence signal in areas corresponding to hemo-
lysis (Figure 1C). Furthermore, additional exper-
iments were performed with the AsPC-1 cell line, which showed
effective cell killing in vitro as confirmed by crystal violet staining
and lactate dehydrogenase release assay (Figure S1).

Bacterial distribution and ClyA expression in tumor tissue

We reported previously that systemically injected SLlux/ClyA colonized
the liver and spleen initially, but began to proliferate preferentially in
tumors at 3 days post-inoculation (dpi) (Figure S2).15,25 To check se-
lective accumulation and proliferation of bacteria in pancreatic can-
cer, we administered SLlux/ClyA (3.0 � 107 colony-forming units
[CFU]) to BALB/c athymic nu�/nu�mice bearing AsPC-1 xenografts
via intravenous (i.v.) injection. Normal organs (liver and spleen) and
tumor tissues were extracted at 3 dpi, and viable bacteria were
counted. We observed a high number of bacteria (>1010 CFU/g) in
AsPC-1 xenografts; indeed, numbers were 1,000- to 10,000-fold
higher than those in the liver and spleen (Figure 2A). The number
of bacteria agreed with the results of in vivo and ex vivo imaging at
3 dpi, which showed specific bioluminescence signals in tumors but
not in the liver and spleen (Figures S3 and S4). Therefore, expression
of therapeutic genes at this time point should cause minimal, if any,
toxicity to normal tissues. Thus, we decided to administer L-arabinose
to tumor-bearing mice at 3 dpi.

Next, we examined expression of ClyA in implanted AsPC-1 tumors
treated with SLlux/ClyA in the presence of L-arabinose. Control
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Figure 2. Bacterial colonization and expression of

ClyA in AsPC-1 xenografts

BALB/c athymic nu�/nu� mice bearing AsPC-1 tumors

were injected intravenously with engineered SLlux/ClyA

(3.0 � 107 CFU), followed by intraperitoneal injection of L-

arabinose (daily, starting at 3 dpi). (A) Viable bacteria in

tumors were counted at 3 dpi. Quantification of bacterial

numbers in the liver, spleen, and tumor (n = 11 mice) is

shown. (B) Western blot analysis of ClyA expression in

AsPC-1 tumor tissue from mice injected with engineered

SLlux or SLlux/ClyA at 6 h after L-arabinose induction

(representative images of three repetitions). (C) Immuno-

fluorescence staining shows bacterial colonization and

ClyA expression in AsPC-1 tumor tissues at 6 h after

L-arabinose induction. Sections were stained with an anti-

Salmonella antibody (green), an anti-ClyA antibody (red),

and DAPI/antifade (blue). A merged image is shown

(Merged). Data are representative of three independent

experiments. Scale bar, 20 mm.
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experiments used tumors treated with SLlux carrying an empty vector.
Western blot analysis of excised AsPC-1 tumor tissues demonstrated
expression of ClyA in tumors colonized by SLlux/ClyA exposed to
L-arabinose, but not in tumors exposed to PBS or SLlux (Figure 2B).
Expression of ClyA in AsPC-1 tumor tissue was further assessed by
immunofluorescence staining. Histological analysis revealed abun-
dant bacteria in tumor tissues from Salmonella-injected mice.
The ClyA protein was detected only in tumor tissues harboring
SLlux/ClyA in the presence of L-arabinose (Figure 2C). Taken together,
these results confirm that engineered SLlux/ClyA specifically expresses
and secretes ClyA in pancreatic cancer tissue.

Anticancer effects of engineered ClyA-secreting Salmonella in

subcutaneous pancreatic cancer models in nude mice

To evaluate the antitumor effects of engineered Salmonella, BALB/c
athymic nu�/nu� mice were implanted subcutaneously with AsPC-
1 or Capan-2 tumors and injected i.v. with PBS, SLlux, or SLlux/ClyA

(+L-arabinose induction from 3 dpi). Tumor-bearing mice tolerated
treatment with all types of salmonellae. In mice treated with SLlux/ClyA

in the presence of L-arabinose, tumor growth was significantly lower
than that in the other groups (Figure 3; Figures S5 and S6). At the
end of the treatment (45 days after tumor implantation), growth of
AsPC-1 treated with SLlux/ClyA was suppressed significantly, whereas
664 Molecular Therapy Vol. 30 No 2 February 2022
the volume of tumors treated with PBS or SLlux

increased by 6-fold and 3-fold, respectively (Fig-
ures 3A–3D; p (PBS versus SLlux) = 0.0025; p
(PBS versus SLlux/ClyA) = 0.0002; p (SLlux versus
SLlux/ClyA) = 0.0006).A similar resultwas observed
inCapan-2-bearingmice. For example, 47 days af-
ter tumor implantation, the volumeofCapan-2 tu-
mors was 51 ± 14 mm3 in the group treated with
SLlux/ClyA, whereas it was 294 ± 20 mm3 or 147 ±
7 mm3 in the groups treated with PBS or SLlux,
respectively (Figures 3E–3H). These results
demonstrate that ClyA-secreting Salmonella suppresses cancer growth
in subcutaneous human pancreatic cancer models.

Bacterial colonization and anticancer effects in orthotopic

pancreatic cancer-bearing nude mice

To further explore the anticancer effects of engineered ClyA-secreting
Salmonella, we established an orthotopic pancreatic cancer model via
surgical implantation of AsPC-1 stably expressing firefly luciferase
(AsPC-1/Fluc) (Figure S7A). H&E staining of pancreatic tissues ob-
tained 11 days after surgical orthotopic implantation (SOI) clearly
showed cancer development and invasion of cancer cells into normal
pancreatic tissue (Figure S7B). Generation and growth of orthotopic
pancreatic cancer was observed by bioluminescence imaging (Fig-
ure S7C). Changes in bioluminescence activity in an individual mouse
are shown in Figure S7D. Histological analysis revealed a poorly
differentiated structure of pancreatic adenocarcinoma. Abundant
cancer stromal cells were also found by immunofluorescence staining
with fibroblast activation protein (FAP) and platelet-derived growth
factor receptor b (PDGFRb), which suggested similar complexity to
clinical PDAC patient-derived cancer samples (Figure S8).

BALB/c athymic nu�/nu� mice bearing orthotopic pancreatic cancer
were injected i.v.with engineeredSLlux/ClyA 15days after SOI.Counting



Figure 3. Anticancer effects of engineered ClyA-

expressing bacteria in subcutaneous cancermodels

Nude mice were implanted subcutaneously with AsPC-1

(A–D, n = 12mice per group) or Capan-2 (E–H, n = 10mice

per group) cancer cells. When the tumor reached

100–120 mm3, mice were treated with 3.0 � 107 CFU

engineered bacteria (SLlux or SLlux/ClyA, indicated by an

arrow). (A) Average tumor growth in the AsPC-1 cancer

model. (B–D) AsPC-1 tumors were treated with PBS (B),

engineered SLlux (C), or SLlux/ClyA (D). (E) Average tumor

growth in the Capan-2 cancer model. (F–H) Capan-2 tu-

mors were treated with PBS (F), engineered SLlux (G), or

SLlux/ClyA (H).
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of viable bacteria at 3, 11, and 20 dpi revealed specific colonization and
proliferation in the orthotopic cancer, resulting in >1,000- and 10,000-
fold higher numbers of bacteria than in the spleen and liver, respec-
tively (Figure S9A). The number of bacteria in the orthotopic cancers
remained high at 3 and 11 dpi (p = 0.1949), followed by a gradual
decrease (100-fold) until 20 dpi. This suggests that the engineered Sal-
monella can be used as an active vehicle for delivery and expression of
anticancer agents in orthotopic pancreatic cancer.

Next, we examined anticancer activity in orthotopic pancreatic cancer
models after i.v. injection of PBS, SL, or SLClyA on day 15 after SOI. As
shown in Figure 4A, SLClyA suppressed pancreatic cancer growth, as
Mole
demonstrated by bioluminescence imaging of
mice bearing orthotopic AsPC-1/Fluc tumors
(p < 0.0001). Compared with that in the control
PBS-treated group (negative control), orthotopic
cancer growth was suppressed in mice treated
with SL (p = 0.0004). The change in biolumines-
cence activity in orthotopic AsPC-1/Fluc cancers
further indicated that SLClyA mediated robust
anticancer effects (Figure 4B). At the end of the
experiment (day 35 after SOI), orthotopic
pancreatic tumors were excised and weighed.
The average weight of primary tumors in
the group treated with SLClyA was significantly
lower than that in the group treated with SL
(121 ± 21 mg versus 269 ± 16 mg; p = 0.0079)
or PBS (121 ± 21 mg versus 422 ± 10 mg; p =
0.0043) (Figure 4C). These results indicate that
SLClyA inhibits pancreatic cancer growth in an
orthotopic human pancreatic cancer model
(Figure S9B).

Changes in cancer stromal cells after

treatment with ClyA-secreting Salmonella

To examine changes in cancer stromal cells after
treatment with ClyA-secreting Salmonella, we
evaluated expression of several stromal cell
markers in AsPC-1 before and after treatment
with SLlux or SLlux/ClyA. Western blot analysis re-
vealed significant reductions in expression of neural/glial antigen 2
(NG2), PDGFRb, and cluster of differentiation 31 (CD31) after treat-
ment with SLlux/ClyA, indicating damaged CAFs, pericytes, and BECs
or LECs (Figure S10; Figure 5A; p < 0.01). These results were verified
by immunofluorescence staining, which revealed a marked reduction
in expression of these markers in tumors treated with SLlux/ClyA (Fig-
ure 5B). Furthermore, there was marked infiltration of tumor tissue
by immune cells such as macrophages and neutrophils (p < 0.01) after
treatment with SLlux/ClyA or SLlux (Figure 5C). Taken together, the
data show that engineered ClyA-secreting Salmonella destroys cancer
stromal cells and increases immune cell infiltration, thereby medi-
ating robust anticancer activity.
cular Therapy Vol. 30 No 2 February 2022 665
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Figure 4. Suppression of orthotopic pancreatic cancer by engineered ClyA-secreting S. typhimurium

Orthotopic human pancreatic cancer mouse models (BALB/c nude mice) were generated by surgical orthotopic implantation (SOI) of one 1-mm3 tumor fragment onto the

pancreatic tail. At 15 days after orthotopic implantation, mice were treated with 1.0� 107 CFU engineered non-light-emitting bacteria (SL or SLClyA), and tumor development

was observed by IVIS imaging (n = 11mice per group). (A) Changes in the signal generated in tumors from representative mice, as monitored by IVIS. (B) Changes in total flux

in tumors, as measured from the day after treatment. (C) Tumor weight at day 35 after surgical implantation.
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Anticancer activity against an immunocompetent mouse cancer

model

In contrast to T cell immature immunodeficient nude mice, a mu-
rine pancreatic cancer model (Pan02) was established in C57BL/6
mice to study anticancer efficacy in an immune-competent host.
When the size of tumors reached approximately 120 mm3, tu-
mor-bearing mice were i.v. injected with PBS, SLlux, or SLlux/ClyA

(+L-arabinose induction from 3 dpi). Consistent findings were
observed in the Pan02 cancer model compared with AsPC-1 and
Capan-2 cancer models. The engineered attenuated bacteria (SLlux)
significantly halted cancer growth compared with the PBS-treated
control group (p = 0.0002), and induction of ClyA expression
(SLlux/ClyA) further enhanced anticancer efficacy (Figures 6A–
6D). By immunofluorescence staining, we monitored the immune
cell infiltration and observed increased neutrophil, macrophage,
CD4+, and CD8+ T lymphocyte infiltration in tumor tissues (Fig-
ures 6E and 6F). Flow cytometry analysis also showed drastically
increased immune cell infiltration and activation, with conversion
of M2-like macrophages into M1-like macrophages (Figure S11);
there was no significant change in immune checkpoints such as
PD-1 and CTLA-4 (data not shown). Moreover, ClyA-expressing
bacteria significantly promoted the secretion of inflammatory cyto-
kines, such as interleukin (IL)-1b and tumor necrosis factor
(TNF)-a (Figure S12). These findings indicated that bacterial ther-
apy exhibited a high potential for TME modification via recruiting
a large amount of immune cells and relieving the immunosuppres-
sive conditions.
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DISCUSSION
Engineered Salmonella-secreting ClyA showed tumor-selective accu-
mulation and drug secretion in mouse models of subcutaneous and
orthotopic pancreatic cancer, resulting in marked inhibition of tumor
growth. Subsequent induction of ClyA expression altered the TME by
destroying cancer stromal cells and cancer cells, which allowed infil-
tration by immune cells, which may convert non-immunogenic
“cold” tumors into immunogenic “hot” tumors. This integrated strat-
egy of microbial delivery of an oncolytic payload represents a new di-
rection for pancreatic cancer management.

BCT has shown some remarkable achievements and has been studied
extensively in colon cancer, breast cancer, prostate cancer, lung can-
cer, and glioma.15,20,23,35,36 However, BCT of PDAC required further
investigation.37,38 In previous studies, the invasive strain A1-R was
applied as an anticancer agent in patient-derived orthotopic xenograft
(PDOX) models, showing strong anticancer activity in combination
with an anti-angiogenesis agent (bevacizumab) in epidermal growth
factor receptor (EGFR)-positive pancreatic cancer,39 which was com-
parable to chemotherapies (single drug with 5-FU or gemcitabine).40

In addition, the PDOX and cell line-based xenografts showed consis-
tent results. Here, we established an orthotopic PDAC model (i.e.,
AsPC-1/Fluc cell line), which showed similar TME configuration
with clinical specimens. We examined the cancer-targeting efficacy
of a non-invasive bacterial strain using AsPC-1 xenografts; engi-
neered S. typhimurium showed very specific accumulation in tumor
tissues when compared with normal organs such as the liver and



Figure 5. Changes in cancer stromal cells after treatment with ClyA-expressing bacteria

All samples (n = 6mice per group) were collected from AsPC-1 subcutaneous cancer model mice at 5 days after bacterial infection (3.0� 107 CFU; 48 h after ClyA induction).

(A) Expression of stromal cell markers was analyzed by western blotting; the signal was normalized to that of b-actin (n = 6). (B) Expression of representative markers was

confirmed with immunofluorescence staining. NG2, neural/glial antigen 2; PDGFRb, platelet-derived growth factor receptor b; CD31, cluster of differentiation 31. (C) Immune

cell infiltration after treatment with SLlux/ClyA (n = 6). Neu, neutrophil marker; F4/80, macrophage marker. Scale bars, 50 mm.
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spleen (1,000- to 10,000-fold higher in tumor tissues), which agrees
with our previous reports.14,15,26 Tumor-selective targeting was
observed consistently in an orthotopic PDAC model, which is a
more clinically relevant than subcutaneous model in mice; this target-
ing wasmaintained at high levels for a long time. The tumor-targeting
efficiency of engineered Salmonella was supported by the marked
regression of PDAC growth in mouse models. The ClyA-secreting
Salmonella suppressed growth of AsPC-1 and Capan-2 xenografts
when compared with controls (Salmonella carrying an empty vector).
This antitumor activity was reproduced in an orthotopic PDAC
model based on AsPC-1. Considering that these results were observed
in immunocompromised mice, we speculate that the Salmonella en-
gineered to secrete an oncolytic protein (i.e., ClyA) destroys cancer
cells directly.28

Pancreatic cancer is one of themost stroma-rich cancers; indeed, up to
80% of the tumormass ismade up of stromal tissue.41 PDAC stroma is
highly heterogeneous and comprises pancreatic stellate cells, CAFs,
vascular cells, infiltrating immune cells, and an abundant extracellular
matrix.41–43 The stromal cells suppress anticancer immunity by inhib-
iting immune cell infiltration and by secreting immunosuppressive
molecules such as transforming growth factor b (TGF-b), IL-10, and
PDGFb, making the tumor resistant to most chemotherapeutic drugs.
Thus, targeted destruction of cancer stroma would be a promising
treatment for pancreatic cancer. Preclinical studies targeting PDAC
stroma with hyaluronidase to deplete hyaluronic acid showed
enhanced drug delivery efficacy, vascular decompression, and stromal
remodeling.44–46 Several representative markers are widely used to
dissect cancer stromal cells. For example, NG2 identifies pericytes,
which encapsulate the endothelial cells to form blood vessels. CD31
is primarily expressed by BECs, LECs, and some myeloid cells, which
can be used for blood vessel staining. PDGFRb is a marker for CAFs
and pericytes.33 These markers are frequently used for stromal cell
studies and are highly expressed in pancreatic cancer tissues. In the
present study, bacteria-mediatedClyA secretion in theTMEdestroyed
both cancer stromal cells and cancer cells, thereby facilitating immune
cell infiltration of PDAC such as neutrophils, macrophages, and CD4+

and CD8+ T cells as exemplified in the Pan02 cancer model. ClyA
secretion further promoted inflammation and immune cell infiltra-
tion. The damaged cancer cells were recognized by the host immune
system, which then activated adaptive immunity. Given the low
immunogenicity and low efficacy of immune checkpoint blockers in
Molecular Therapy Vol. 30 No 2 February 2022 667
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Figure 6. Anticancer activity in the immunocompetent Pan02 murine cancer model

Immune intact C57BL/6 mice were implanted subcutaneously with Pan02 (A–D, n = 8 mice per group) cancer cells. When the tumor reached 100–120 mm3, mice were

treated with 3.0 � 107 CFU engineered bacteria (SLlux or SLlux/ClyA, indicated by an arrow). (A) Average tumor growth in the Pan02 cancer model. (B–D) Pan02 tumors were

treated with PBS (B), engineered SLlux (C), or SLlux/ClyA (D). (E) Immune cells checked with immunofluorescence staining (n = 3). The average signal intensity was calculated,

and results are shown in (F). CD4/CD8, CD4+/CD8+ T cells. Scale bar, 100 mm.
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PDAC, the present approach tomodifying the tumor stroma using en-
gineered bacteria producing ClyA would be an effective strategy for
treating PDAC.

The therapeutic effect of bacteria is due mainly to their immunomod-
ulatory activity. Salmonella infection of tumors may trigger antitumor
responses by inducing migration of innate immune cells, including
dendritic cells (DCs), neutrophils, macrophages, and neutrophils
into colonized tumors, and by enhancing expression of TNF-a, IL-
1b, and other pro-inflammatory cytokines.14,15,26 In addition to the
innate immune response, Salmonella infection also induces adaptive
immune responses against tumor cells by upregulating expression of
connexin 43, which promotes the formation of gap junctions between
668 Molecular Therapy Vol. 30 No 2 February 2022
tumor cells and adjacent DCs, enabling transfer of tumor antigens to
DCs and cytotoxic T cells.47 The oncolytic Salmonella used in the pre-
sent studymight reproduce this active anticancer immunity in PDAC,
an immunologically cold tumor, via destruction of the cancer stroma
and by promoting immune cell infiltration. Thus, this study provides
a new opportunity for combinational therapies involving immune
checkpoint blockades.

In conclusion, genetically engineered bacteria displayed specific tu-
mor colonization in both subcutaneous and orthotopic PDAC with
robust anticancer activities by destruction of cancer stromal cells
and recruitment of immune cells. Deliberate production of ClyA
from the armed bacteria breaks down cancer stromal cells to liberate
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the immunosuppressed immune cells and make PDACmore exposed
to immunosurveillance. Therefore, targeted cancer therapy with engi-
neered Salmonella secreting ClyA is a promising and effective
approach to PDAC treatment owing to direct cytotoxicity and immu-
nomodulation through TME remodeling. This programmable strat-
egy based on oncolytic bacteria is a prospective approach to PDAC
management in the future.

MATERIALS AND METHODS
Bacterial strains

The S. typhimurium strain defective in ppGpp synthesis (relA::cat,
spoT::kan, SL) has been described previously.48 The bacterial lucif-
erase gene luxwas transduced by P22HT int transduction.49 The ther-
apeutic payload, ClyA-encoding plasmid (pBAD-ClyA), has been
reported previously.28 The engineered bacteria was administered to
mice via i.v. injection at a dose of 3.0 � 107 CFU for lux-transduced
bacteria (SLlux/ClyA) or 1.0 � 107 CFU for non-transduced bacteria
(SLClyA). Expression of ClyA was induced by daily intraperitoneal
(i.p.) injection of 120mg of L-arabinose, starting from 3 dpi of bacteria
(Table S1).

Cell lines

Human PDAC cell lines AsPC-1 (CRL-1682) and Capan-2 (HTB-80)
were obtained from the American Type Culture Collection and
authenticated by the Waterborne Virus Bank (Seoul, Korea). The
authenticated murine PDAC cell line (Pan02) was purchased from
the National Infrastructure of Cell Line Resource (Beijing, China).
The cells were maintained at 37�C/5% CO2 in RPMI 1640, McCoy’s
5a modified medium, and DMEM and supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin.

Western blot analysis

Protein concentration was measured using a bicinchoninic acid
(BCA) assay (Thermo Scientific, Rockford, IL, USA). Protein samples
were separated in 8%–12% sodium dodecyl sulfate-polyacrylamide
gels, transferred to nitrocellulose membranes (Bio-Rad, Hercules,
CA, USA), and blocked with 5% skim milk for 2 h at room tempera-
ture. The membrane was then probed with a primary antibody (Table
S2), followed by a horseradish peroxidase-conjugated secondary anti-
body (Table S2). Immunoreactive proteins were detected using lumi-
nol reagents (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
visualized with a Fuji Film image reader (LAS-3000; Fuji Film, Tokyo,
Japan).

Animal models

Male BALB/c athymic nu�/nu�mice (6–8 weeks old [18–25 g)]) were
purchased from the Orient Company (Seongnan, Korea), and female
C57BL/6 mice were purchased from the Hunan SJA Laboratory An-
imal Company (Changsha, China). All experiments and euthanasia
procedures were performed in accordance with protocols approved
by the Chonnam National University Animal Research Committee
(Gwangju, Korea) and Hunan University Animal Research Commit-
tee (Changsha, China). Mice were anesthetized with 2% isoflurane
(for tumor assessment) or a mixture of ketamine (200 mg/kg) and xy-
lazine (10 mg/kg) (for surgery). AsPC-1 (5� 106), Capan-2 (5� 106),
and Pan02 (3 � 106) cells were individually implanted subcutane-
ously into the right flank to generate the mouse cancer models. Tu-
mors were measured with a caliper every 3 days. Tumor volume
(mm3) was calculated using the following formula: (L � H � W)/2,
where L is the length, W is the width, and H is the height of the tumor
in millimeters. Treatments were initiated when the tumor size
reached around 120 mm3.

To establish an orthotopic human pancreatic cancer model, tumor
fragments were implanted onto the pancreatic tail of BALB/c athymic
nu�/nu� mice using a SOI method. First, 5� 106 AsPC-1 cells stably
expressing firefly luciferase (AsPC-1/Fluc) were injected subcutane-
ously into BALB/c athymic nu�/nu� mice. When tumors reached
1 cm in diameter, they were excised and the necrotic area was
removed. Next, viable tumors were minced into 1-mm3 pieces prior
to surgical transplantation. Recipient animals were anesthetized and
a laparotomy was performed. One tumor fragment was implanted
orthotopically onto the pancreatic tail of eachmouse using an 8-0 sur-
gical suture. The abdominal wall was then closed with a 7-0 surgical
suture and the animals were kept in a sterile environment.

Viable bacterial counts

To quantify bacteria-specific colonization and proliferation, tumor
tissues and organs (liver and spleen) of engineered SLlux/ClyA-infected
mice were excised and homogenized in PBS. Samples were serially
diluted (10-fold) and plated onto ampicillin/kanamycin-containing
Luria-Bertani (LB) plates. After overnight incubation at 37�C, the
bacterial titer (CFU/g tissue) was determined by counting the colonies
and calculating with the corresponding dilution factor and tissue
weight.

Immunofluorescence analysis

For immunofluorescence analysis, tumor tissues were collected
from mice and fixed in 4% paraformaldehyde for 2 h at 4�C. The
tissues were then washed in PBS, transferred to a 30% sucrose so-
lution, and incubated overnight at 4�C. Fixed tissues were
embedded in OCT compound and kept at �80�C. Samples were
then sectioned (6 mm thick) using a cryomicrotome (Thermo Scien-
tific, Kalamazoo, MI, USA) and mounted on glass slides. The slides
were blocked with 5% BSA and then incubated with primary anti-
bodies overnight at 4�C. The sections were then washed and incu-
bated with fluorochrome-conjugated secondary antibodies for 1 h
at room temperature. After counterstaining with DAPI (1:10,000,
Invitrogen), the sections were mounted in the ProLong antifade
mounting solution (Invitrogen), examined under an LSM510 fluo-
rescence microscope (Zeiss, Germany), and processed using LSM
image software.

Optical bioluminescence imaging

Bioluminescence imaging of tumors was performed using an in vivo
imaging system (IVIS 100; Caliper Life Sciences). Establishment of or-
thotopic pancreatic cancer was assessed after i.p. injection of 750 mg
D-luciferin, as described previously.28
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Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0. The
Mann-Whitney U test was used to determine the statistical signifi-
cance of differences in tumor growth, tumor weight, and tumor total
flux between the control and treatment groups. A p value <0.05 was
considered statistically significant. All data are expressed as the
mean ± SEM.
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