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Two-step enhanced cancer immunotherapy with
engineered Salmonella typhimurium secreting
heterologous flagellin
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We report a method of cancer immunotherapy using an attenuated Salmonella typhimurium strain engineered to
secrete Vibrio vulnificus flagellin B (FlaB) in tumor tissues. Engineered FlaB-secreting bacteria effectively suppressed
tumor growth andmetastasis inmousemodels andprolonged survival. By using Toll-like receptor 5 (TLR5)–negative
colon cancer cell lines, we provided evidence that the FlaB-mediated tumor suppression upon bacterial colonization
is associated with TLR5-mediated host reactions in the tumor microenvironment. These therapeutic effects were
completely abrogated in TLR4 and MyD88 knockout mice, and partly in TLR5 knockout mice, indicating that
TLR4 signaling is a requisite for tumor suppression mediated by FlaB-secreting bacteria, whereas TLR5 signaling
augmented tumor-suppressive host reactions. Tumor microenvironment colonization by engineered Salmonella
appeared to induce the infiltration of abundant immune cells such as monocytes/macrophages and neutrophils
via TLR4 signaling. Subsequent secretion of FlaB from colonizing Salmonella resulted in phenotypic and functional
activation of intratumoral macrophages with M1 phenotypes and a reciprocal reduction in M2-like suppressive ac-
tivities. Together, these findings provide evidence that nonvirulent tumor-targeting bacteria releasing multiple TLR
ligands can be used as cancer immunotherapeutics.
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INTRODUCTION
Abnormal blood vessels and hypoxic and necrotic regions are univer-
sal features of solid tumors (1, 2). These hypoxic and anoxic microen-
vironments may be targeted by obligatory or facultative anaerobic
bacteria, such as Bifidobacterium (3), Salmonella (4, 5), Escherichia
(6, 7), Clostridium (8), and Listeria (9). Such bacteria accumulate and
actively proliferatewithin tumors, resulting in 1000 times or even higher
increase in bacterial numbers in tumor tissues relative to those in normal
organs such as liver and spleen (10). Recent studies of bacterial cancer
therapy (BCT) show that several attenuated bacterial strains suppress tu-
mor growth.VNP20009, an attenuated strainof Salmonella typhimurium
with purI and msbB gene deletions, was safely administered to patients
with metastatic melanoma and renal cell carcinoma in a phase 1 study,
where substantial tumor colonization was observed (11, 12). Another
mutant strain, A1-R, inhibited the growth of various tumors in mouse
models (13–15) and forced quiescent cells to enter the cell cycle, thereby
making them sensitive to chemotherapy (16). We previously developed
an attenuated strain of S. typhimurium, which is defective in guanosine
5′-diphosphate-3′-diphosphate synthesis (DppGpp S. typhimurium),
resulting in a 100,000- to 1,000,000-fold increased median lethal dose
(LD50) (17). Different payloads have been used to increase the anti-
cancer toxicity of the strains; for example, bacteria were engineered to
express cytotoxic proteins such as cytolysinA (7, 18) andmitochondria-
targeting apoptogenic moiety Noxa (19).

Different strategies have been used to deliver therapeutic agents,
such as cytotoxic proteins (5, 7, 18), cytokines (20), antigens, and anti-
bodies (21), or genetic materials, such as short hairpin RNA (22), to tu-
mor tissues using engineered Salmonella. Of these, Salmonella strains
expressing tumor inhibitory cytokines, such as interleukin-18 (IL-18)
(20), LIGHT (23), or CCL21 (24), are promising tools for BCT, which
would suppress tumor growth directly and/or by activating host immu-
nity. Although these strategies resulted in improved therapeutic effects,
they still have limitations; for example, multiple injections of bacteria
are required, and tumors tend to recur (20, 23, 24).

Here, we engineered bacteria to overexpress and secrete a heter-
ologous bacterial flagellin [Vibrio vulnificus flagellin B (FlaB)] and
tested their effects in tumor-bearing mice.V. vulnificus express six fla-
gellin structural genes (flaA, flaB, flaF, flaC, flaD, and flaE). Of these,
FlaB appears to be themost crucial building block of the flagellar shaft
(25) and is an excellent adjuvant for anticancer immunotherapy be-
cause it activates innate immune responses via the Toll-like receptor 5
(TLR5) signaling pathway (26).

The colonization and subsequent proliferation of DppGpp
S. typhimurium within tumor tissues induce infiltration of immune
cells, such as neutrophils and macrophages, which then secrete proin-
flammatory cytokines such as tumor necrosis factor–a (TNF-a) and
IL-1b, both of which contribute to anticancer effects (5, 27, 28). This
inflammatory reaction is induced when TLR4 and the inflamma-
some are activated by both lipopolysaccharide (LPS) and damaged
cancer cells (28). Secretion of FlaB by Salmonella within the tumor
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microenvironment may further activate recruited immune cells through
TLR5 signaling, thereby enhancing the secretion of tumor-suppressive
effectors and amplifying the tumor-suppressive efficacy. An attenu-
ated DppGpp S. typhimurium strain and its payload, FlaB, showed
cooperative antitumor activity in mice, with no evidence of systemic
toxicity. We also showed that this enhanced antitumor activity was
mediated through a cooperative activation of TLR5 and TLR4 signaling
pathways.
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RESULTS
Engineering DppGpp S. typhimurium to express FlaB
We used attenuated DppGpp S. typhimurium for the targeted delivery
of the FlaB payload to tumor tissues. To generate an inducible vector
system for bacterial expression of the therapeutic gene, we cloned the
flaB gene into the pBAD plasmid vector in which the pelB leader
sequence was fused to the upstream of flaB to guide extracellular secre-
tion; gene expression from the plasmid [pBAD-pelB-FlaB (pFlaB)]was
induced only in the presence of L-arabinose (Fig. 1A) (18, 29). Western
blot analysis revealed the presence of FlaB protein (43 kDa) in both cell
pellet and filtered culture supernatant from pFlaB-carrying bacteria af-
ter L-arabinose induction, whereas no FlaB protein was detected in the
absence of L-arabinose (Fig. 1B). This result indicated that FlaB protein
Zheng et al., Sci. Transl. Med. 9, eaak9537 (2017) 8 February 2017
expression was tightly regulated by L-arabinose and that the protein
was successfully secreted from the bacteria that were guided by the pelB
leader sequence, as observed previously (30).

Evaluation of TLR5 expression in cancer cells
and macrophages
FlaB acts via TLR5, which is expressed on the surface of various cells
(31). To verify whether FlaB acts directly on cancer cells (31) or by
activating host immune cells, we examined TLR5 expression in a
mouse colon cancer cell line (MC38), a human colon cancer cell line
stably expressing firefly luciferase (HCT116-luc2), and peritoneal
macrophages, either on the surface or inside cells. TLR5 was not de-
tected on the surface of MC38, and only a small percentage (about
2.5%) of HCT116-luc2 expressed TLR5 on the surface. However,
macrophages were positive for TLR5 both on the surface and in the
cytoplasm (Fig. 1C). These results indicate that tumor cells would
not be directly affected by the TLR5 signaling, which was further
confirmed again by the Western blot analysis and luciferase assay
of nuclear factor kB (NF-kB) activation (25). The in vitro stimulation
of cancer cells with FlaB did not increase phosphorylation of NF-kB
p65 (fig. S1) and luciferase reporter activities (fig. S2), suggesting that
FlaB-mediated antitumor effects were not caused by direct action on
cancer cells.
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Bacterial accumulation and FlaB
expression in tumor tissues
The selective accumulation and active
proliferation of bacteria in tumor tissues
should enable high expression of thera-
peutic genes within tumors with minimal
toxicity tonormal organs/tissues.Weshow
that DppGpp S. typhimurium initially co-
lonized the liver and spleen and induced
splenomegaly, associated with increased
numbers of neutrophils (figs. S3 and S4).
The number of bacteria in the liver, spleen,
and lung drastically decreased at 3 to 4 days
post-inoculation (dpi), and bacteria began
to proliferate preferentially in tumors, re-
sulting in more than 10,000-fold higher
numbers in tumor tissue than those in
organs (figs. S5 to S7) (5, 18). Therefore,
expression of therapeutic genes at this
time point should cause minimal toxicity,
if any, to normal tissues (fig. S8). Thus,
we decided to administer L-arabinose to
tumor-bearing mice at 3 dpi.

We observed a high number of bac-
teria [>1010 colony-forming units (CFU)/g]
in MC38 tumors subcutaneously im-
planted in the flank of C57BL/6 mice after
L-arabinose administration; there was no
significant difference in bacterial num-
bers in tumors borne by mice in both
L-arabinose induction and noninduction
groups (Fig. 2A). We then examined ex-
pression of FlaB in implanted MC38 tu-
mors treated with DppGpp S. typhimurium
carrying pFlaB in the presence or absence
Fig. 1. Engineering of FlaB-expressing bacteria and detection of TLR5 expression by cancer cells. (A) Schematic
map of the engineered plasmid pFlaB. bp, base pair. (B) Immunoblot analysis to check bacterial expression of FlaB in
vitro. Samples were prepared with (+) or without (−) 0.2% L-arabinose and separated into pellet and supernatant
(Sup) fraction. (C) Flow cytometry analysis of TLR5 expression in MC38, HCT116-luc2, and peritoneal macrophages
(P-Mac) under nonpermeabilized and permeabilized conditions. Outlined peaks: isotype control; gray-filled peaks:
stained with TLR5 antibody. Data are representative of more than three independent experiments (n = 5). W/O
perm, without permeabilization; W/ perm, with permeabilization.
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of L-arabinose. Control experiments used tumors treated with DppGpp
S. typhimurium carrying an empty vector. Real-time polymerase chain
reaction (PCR) of excised tumor tissue demonstrated that the expres-
sion of flaBmRNA in tumors colonized by bacteria was 400-fold higher
than that of a housekeeping gene (aroC) in the presence of L-arabinose
but was only 80-fold higher in the absence of L-arabinose. No flaBmRNA
was detected in the tumor tissues of mice treated with S. typhimurium
carrying the empty vector (Fig. 2B). Note that the positive control
(L-arabinose–mediated induction of in vitro–cultured Salmonella
carrying pFlaB) induced >600-fold increase in the flaBmRNA expres-
sion. We then performed immunofluorescence staining of tumor tissues
to directly identify the FlaB protein. Histological analysis revealed abun-
dant bacteria in tumor tissues in Salmonella-injected mice; no bacteria
were observed in phosphate-buffered saline (PBS)–injected mice. The
FlaB protein was detected only in tumor tissues harboring DppGpp
S. typhimurium carrying pFlaB in the presence of L-arabinose (Fig. 2C
and fig. S7).TheFlaBexpressioncoincidedwith the infiltrationofDppGpp
S. typhimurium. Together, the results confirmed that FlaB was being se-
creted in tumor tissues by the tumor-targeting engineered S. typhimurium.

Tumor-suppressive effects of engineered bacteria
secreting FlaB
C57BL/6mice transplantedwithMC38orB16F10 tumorswere injected
intravenously with PBS, DppGpp S. typhimurium carrying an empty
Zheng et al., Sci. Transl. Med. 9, eaak9537 (2017) 8 February 2017
vector, or DppGpp S. typhimurium carrying pFlaB (+/− L-arabinose
induction) to evaluate the antitumor activity of engineered DppGpp
S. typhimurium. A separate group received an intratumoral injection
of purified FlaB, either with or without an intravenous injection of
DppGpp S. typhimurium carrying an empty vector. The best therapeu-
tic effect was observed in mice treated with S. typhimurium carrying
pFlaB in the presence of L-arabinose: the tumor was no longer detect-
able in 11 of 20 (55%)mice at the experimental end point (Fig. 3A and
figs. S9 andS10).We also observedmarkedly enhanced tumor suppres-
sion inmice that received a combination of S. typhimurium carrying an
empty vector followed by an intratumoral injection of purified FlaB:
three of eight treated mice (38%) showed complete tumor regression.
Tumor shrinkage was significant in the bacteria-treated group in the
absence of induction (P = 0.0002), but the tumors tended to regrow.
Similar to PBS treatment, intratumoral injection of purified FlaB did
not suppress tumor growth inmice (Fig. 3,A andB). In addition, groups
of animals that received engineered bacteria plus FlaB/arabinose, or
bacteria plus intratumoral purified FlaB, survived longer than those
in the other groups (Fig. 3C). Only mice showing complete tumor re-
gression survived beyond day 52 after tumor challenge. These mice
regrew the hair on the shaved right flank and remained healthy until
observations ceased on day 120 (Fig. 3, A and C). These data suggest
that FlaB within the tumor elicits antitumor activity only in the pres-
ence of Salmonella. This, along with the finding that FlaB alone had
Fig. 2. Bacterial colonization and FlaB expression in vivo. (A) C57BL/6 mice (n = 11) bearing MC38 tumors were intravenously injected with engineered FlaB-expressing
S. typhimurium (1 × 107 CFU), followed by intraperitoneal injection of L-arabinose (daily, starting at 3 dpi). Viable bacteria were counted in tumors at 0, 24, and 48 hours after
L-arabinose induction (or no induction). (B) Total bacterial mRNA (n = 9) was isolated from tumor tissues infected with S. typhimurium carrying an empty vector (SLpEmpty)
or S. typhimurium carrying FlaB (SLpFlaB) with (+) or without (−) L-arabinose induction (for 6 hours at 3 dpi). mRNA from in vitro–cultured SLpFlaB (+) was used as positive
control. flaB mRNA was quantified by real-time reverse transcription PCR (RT-PCR) and normalized to the aroC housekeeping gene (data are expressed as the fold
difference in expression). (C) Immunofluorescence staining of tumor sections prepared after 6 hours of induction at 3 dpi. Sections were stained with an anti-FlaB antibody
(red) or an anti–S. typhimurium (SL) antibody (gray). Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole) (blue). A merged image is also shown (Merged). Scale
bar, 100 mm. Data are representative of three independent experiments.
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no therapeutic effect, indicates that additional activation of TLR5
signaling in tumor tissue in which the microenvironment was modi-
fied in advance by S. typhimurium colonization is responsible for the
enhanced tumor suppression. Notably, the tumor suppression activity
of FlaB-secreting bacteria was superior to that of combination therapy
comprising intravenous bacteria and intratumoral FlaB injections.
The bacteria overgrown in tumor should have been secreting FlaB
continuously in situ, which resulted in significantly enhanced destruc-
tion of tumor cells (P = 0.0465) (Fig. 3).

Enhanced effect of FlaB secretion from DppGpp
S. typhimurium on the metastasis of orthotopic
human colon cancer in nude mice
To test whether the FlaB-secreting DppGpp S. typhimurium has in-
hibitory effects on human metastatic cancers, we next implanted
HCT116-luc2 tumors into the intestinal wall of BALB/c athymic
nu−/nu− mice using a surgical orthotopic implantation procedure.
At day 4 after surgery, the tumor-bearingmice were divided into three
treatment groups that received PBS (group 1; negative control),
DppGpp S. typhimurium carrying an empty vector (group 2), and
DppGpp S. typhimurium secreting FlaB (group 3). The FlaB-secreting
Zheng et al., Sci. Transl. Med. 9, eaak9537 (2017) 8 February 2017
S. typhimurium significantly suppressed tumormetastasis (P < 0.0001)
(group 3; Fig. 4, A and B); only four metastatic lesions were generated
in the peritoneal wall or intestine of three mice (Table 1). Compared
with the control group, metastasis was also significantly inhibited in
mice treatedwith S. typhimurium carrying an empty vector (P=0.0017)
(Fig. 4, A and B); we found 26 lesions in group 2 and 91 lesions in
group 1 (Table 1). The weight of the primary tumors in the group treated
with the FlaB-secreting S. typhimuriumwas significantly lower than that
in the group treated with empty vector–carrying S. typhimurium (P =
0.0158) or the PBS group (P = 0.0085) (Fig. 4C). These results indicate
that FlaB-secreting bacteria inhibit primary tumor growth aswell asme-
tastasis in an orthotopic human cancer model.

Role of host TLR signaling in the antitumor activity of
FlaB-secreting S. typhimurium
Next, to determine whether the antitumor effects of FlaB-secreting
DppGpp S. typhimurium were mediated through host TLR signaling,
we compared its therapeutic efficacy in C57BL/6 wild type (WT) with
that in TLR4−/−, TLR5−/−, orMyD88−/−mice.GrowthofMC38 tumors
in those knockout mice was similar to that in WT mice (fig. S11).
When the engrafted MC38 tumors reached about 120 mm3, mice
Fig. 3. Effect of engineered FlaB-expressing Salmonella on growth and survival of MC38 tumors. C57BL/6 mice (n = 8 per group, except the SLpFlaB (+) group in
which n = 20) were subcutaneously injected with MC38 cells (1 × 106). When the tumors reached a volume of about 120 mm3, mice were divided into six treatment groups:
PBS alone, purified FlaB alone, bacteria harboring pBAD-empty (pEmpty) (SLpEmpty), bacteria harboring pFlaB (SLpFlaB) either with (+) or without (−) L-arabinose induction,
and bacteria harboring pEmpty plus intratumoral injection with purified FlaB (SLpEmpty + FlaB). Mice received (1 × 107 CFU) bacteria by intravenous injection (arrow).
Where relevant, mice received 0.12 g of L-arabinose daily or an intratumoral injection of 2 mg of purified FlaB every 2 days at 3 dpi. (A) Images of tumors from representative
mice from each group. (B) Changes in tumor size. (C) Kaplan-Meier survival curves for MC38 tumor–bearing mice. Statistical significance was calculated by comparison with
PBS or SL groups. *P < 0.0001 (versus PBS group) and **P < 0.0001 (versus SLpEmpty group).
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received an intravenous injection ofDppGpp S. typhimurium carrying
an empty vector (1 × 107 CFU) or DppGpp S. typhimurium carrying
pFlaB (1 × 107 CFU) via the tail vein, in the latter case followed by
L-arabinose administration at 3 dpi. FlaB-secreting Salmonella therapy
showed strong therapeutic efficacy inWTmice bearingMC38 tumors,
but antitumor activity was completely abrogated in TLR4−/− and
MyD88−/− and partly in TLR5−/−mice (Fig. 5, A and B). For example,
at day 9 after treatment, the mean tumor volume in WTmice shrank
Zheng et al., Sci. Transl. Med. 9, eaak9537 (2017) 8 February 2017
to 12% of that at the beginning of treatment, whereas in TLR4−/− and
MyD88−/− mice, the tumor volume was 837 and 951% of that at the
beginning of treatment, respectively, and was not significantly differ-
ent from the PBS group (1003%). Tumor growth in TLR5−/− mice
was moderately suppressed (to 413%; Fig. 5A). Next, we examined
the antitumor activity of S. typhimuriumwithout a payload (DppGpp
S. typhimurium carrying an empty vector) in WT, TLR4−/−, TLR5−/−,
and MyD88−/− mice. The same pattern of antitumor activity was ob-
served, such that antitumor activity was completely abrogated in
TLR4−/− and MyD88−/− mice, but some activity remained in TLR5−/−

mice (Fig. 5C and fig. S12). This finding implies that the TLR4 pathway
is a prerequisite for FlaB-mediated anticancer immunity, and the FlaB/
TLR5 pathway should synergistically reinforce the tumor-suppressive
effects. Immunofluorescence staining revealed that, when comparedwith
WT mice, TLR4−/− tumor-bearing mice failed to recruit monocytes/
macrophages and neutrophils after bacterial colonization (fig. S13).
These results suggest that attenuated Salmonella by itself stimulates the
host TLR4/MyD88 signaling pathway and sets up a microenvironment
in which TLR5 signaling enhances host antitumor responses.

Phenotypic shifting of tumor macrophages after treatment
with FlaB-expressing bacteria
Finally, we examined the functional polarization of macrophages in
the tumor microenvironment. The engrafted MC38 tumor tissues
were removed from C57BL/6 WT mice 24 hours after induction of
FlaB and triple-stained with CD45, F4/80, and CD206 (to detect
M2-type macrophages) or with CD45, F4/80, and CD86 (to detect
M1-type macrophages) (32, 33). Fluorescence-activated cell sorting
Fig. 4. Effect of engineered FlaB-secreting Salmonellaon orthotopic HCT116 human tumors in a nudemouse xenograftmodel. BALB/c athymic nu−/nu− mice (PBS,
n = 7; SLpEmpty, n = 6; SLpFlaB, n = 8) were surgically implanted with two pieces of HCT116-luc2 tumor (each measuring 1 mm3) stably expressing firefly luciferase.
Fragments were transplanted onto the ceca and ascending colon. Four days after surgery, mice were treated with PBS, bacteria harboring pEmpty (SLpEmpty), or bacteria
harboring pFlaB with L-arabinose at 3 dpi (SLpFlaB). All animals were sacrificed at day 27 after transplantation. (A) Left: Bioluminescence images after intraperitoneal
injection of 750 mg of D-luciferin. Images show representative mice before and after sacrifice. Right: Plain photographs of the same animals. Metastatic lesions are indicated
with arrows. L, liver; S, spleen; T, primary tumor; H/L, heart and lung. (B) The number of metastatic nodules in each group. (C) Weight of the primary tumors from animals
sacrificed at day 27.
Table 1. Number of metastatic lesions in organs. Nude mice with
orthotopic colon cancer (HCT116-luc2) were sacrificed at day 27
after transplantation.
PBS
(n = 7)
SLpEmpty
(n = 6)
SLpFlaB
(n = 8)
Liver
 13
 4
 0
Spleen
 3
 0
 0
Lung
 2
 1
 0
Mesentery/
intestine
44
 15
 3
Peritoneal wall
 29
 6
 1
Total
 91
 26
 4
Average
 13.0
 4.3
 0.5
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(FACS) analysis revealed that CD206+ M2-like macrophages were
more abundant in tumor tissues before bacterial colonization. How-
ever, after tumor infiltration by bacteria, the percentage of M2-type
macrophages decreased, whereas that of CD86+ M1-type macrophages
increased.This changewasmorepronouncedwhen the tumor-infiltrating
Salmonella secreted FlaB (Fig. 6A). This finding was further supported
by quadruple staining, which clearly showed an increase in the popula-
tion of M1-like macrophages in the tumor tissue from mice treated by
FlaB-secreting bacteria (fig. S14), and also by double-staining immuno-
fluorescence confocal microscopy (Fig. 6B). The tumor infiltration by
bacteria evidently affected M1/M2 polarization. The M2-to-M1 shift
was markedly increased upon secretion of FlaB within the tumor mi-
croenvironment. The shift was also accompanied by increased secretion
of antitumor cytokines (IL-1b and TNF-a) (fig. S15). To further explore
the mechanism underlying tumor necrosis induced by M1-shifted
macrophages, we assessed the amount of nitric oxide (NO) in tumor
lysates. We found that the amount of NO in tumor tissues containing
FlaB-secreting bacteria was significantly higher than in tissue that con-
tained bacteria only or FlaB only (P < 0.0001; Fig. 6C). Together, these
results suggest that FlaB-expressing bacteria induce M1-like macro-
phage polarization; these macrophages should then suppress tumor
growth by secreting tumor-suppressive cytokines and NO.
DISCUSSION
Here, FlaB-secreting Salmonella targeted to the tumormicroenvironment
exerted enhanced tumor-suppressive effects through two-step activation
Zheng et al., Sci. Transl. Med. 9, eaak9537 (2017) 8 February 2017
of TLR4 and TLR5 signaling pathways.
First, bacterial colonization of tumors
increased infiltration and activation of im-
mune cells (5, 27, 34, 35), which appeared
to be mediated through TLR4 signaling.
Monocyte/macrophage and neutrophil
infiltration of bacteria-colonized tumors
in TLR4−/− mice was lower than in WT
mice. Second, the recruited immune cells
were likely further activated by the TLR5
signaling triggeredby in situ–secretedFlaB
in the samemicroenvironment. These ac-
tivated effector cells should be able to kill
tumor cells by producing cytotoxic med-
iators, including reactive oxygen species,
NO, proteases, membrane-perforating
agents, and cytokines (27, 28, 36). We ob-
served higher amounts of IL-1b, TNF-a,
and NO in tumor tissues after the FlaB-
secreting S. typhimurium colonized the
tumor microenvironment. The tumor-
suppressiveeffectofFlaB-secretingSalmonella
was far more potent than that mediated
by Salmonella harboring an empty vector.
A mimicry approach using intravenous
injection of Salmonella and multiple in-
tratumoral injections of FlaB had a thera-
peutic effect similar to that of FlaB-secreting
Salmonella.

Because of accumulating reports that
activating various TLRs resulted in anti-
tumor effects (31, 37–41), many TLR-
specific agonists are currently being investigated for tumor immunotherapy
(37). In particular, the antitumor activity of microbe-derived ther-
apeutics has been linked to their ability to activate TLRs. Coley’s toxin
(an antitumor treatment consisting of a mixture of bacterial toxins
from Streptococcus pyogenes and Serratia marcescens) and OK-432 (a
lyophilized preparation of group A Streptococcus that has been used
to treat cervical, gastric, and oral squamous cell carcinoma) both stim-
ulate TLR4 (41).Mycobacterium bovis bacillus Calmette-Guérin, which
has been used for 30 years in bladder cancer, is a potent activator of
TLR2 and TLR4 (39). MyD88 is a common adaptor molecule for TLRs
(except for TLR3), and blocking it should obliteratemost TLR signaling
relays. Here, we observed that the antitumor effects of FlaB-secreting
Salmonella were abrogated to a greater extent in TLR4−/− and
MyD88−/− mice than in TLR5−/−mice. TLR4 signaling triggered by in-
filtrating bacterial cells not yet fully expressing FlaB should have in-
duced chemotaxis of neutrophils, monocytes/macrophages, and
dendritic cells (DCs). TLR4-mediated immune cell recruitment is
expected to be a requisite for the tumor-suppressive activities of FlaB-
secreting Salmonella because TLR4−/− mice were nonresponsive, but
TLR5−/− mice were partially responsive to the therapy. A number of
previous studies support our hypothesis, which demonstrates a relation-
ship betweenTLR4 signaling and immune cell recruitment (38–40). For
example, TLR4 signaling by tissue macrophages or tumor cells induces
production of chemokines that promote recruitment of neutrophils (40)
or immature DCs (38, 39) to tumors.

The TLR5-expressing population of infiltrating or tissue-resident
inflammatory cellsmaymediate theM2-to-M1 shift observed in tumor
Fig. 5. Effect of engineered FlaB-secreting Salmonella on tumor growth in knockout mice. C57BL/6 mice (WT,
TLR4−/−, TLR5−/−, and MyD88−/−; n = 8 per group) subcutaneously bore MC38 tumors. When the tumors reached a
volume of about 120 mm3, mice received SLpFlaB (1 × 107 CFU) or PBS via intravenous injection, followed by daily
administration of 0.12 g of L-arabinose at 3 dpi. (A) Percentage tumor growth after treatment with FlaB-expressing
bacteria. P (WT_PBS versus MyD88−/−_SLpFlaB) = 1.000; P (WT_PBS versus TLR4−/−_SLpFlaB) = 0.3450. (B) Photographs
of subcutaneous tumors in representative mice. (C) Percentage tumor growth after treatment with Salmonella carrying
an empty vector (SLpEmpty). P (WT_PBS versus MyD88−/−_SLpEmpty) = 0.7758; P (WT_PBS versus TLR4−/−_SLpEmpty) =
0.6943; P (WT_SLpEmpty versus TLR5−/−_SLpEmpty) = 0.5054.
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macrophages after activating NF-kB (42). For example, NF-kB activa-
tion inM1macrophages is critical for tumor-promoting inflammation
during the early phase of tumorigenesis. However, during later phases,
macrophages are reprogrammed to tumor-associated macrophage or
M2-like phenotypes, resulting in low levels of NF-kB activation and
increased immunosuppressive capacity (43). The engineered bacterial
strain used herein may activate NF-kB via dual pathways, TLR4 (via
LPS) and TLR5 (via FlaB), to enhance host antitumor immune re-
sponses. Future studies will need to identify TLR5+ cells that specifi-
cally respond to FlaB and examine the mechanism(s) underlying the
TLR5-mediated M2-to-M1 shifting. The M1/M2 conversion of tissue
macrophages remains controversial (42). Knowing the origin of M1
cells present in tumor tissues colonized by FlaB-secreting bacteria
may enable deeper understanding of the cellularmechanismunderlying
the tumor-suppressive effects described herein; for example, there is a
need to examine whether preexisting M2-type cells are converted to
M1-type cells or precursor inflammatory monocytes are activated to
M1-type cells.

We also found that DppGpp Salmonella–derived endogenous fla-
gellin was not sufficiently potent to activate tumor-suppressive TLR5
signaling. Bacterial flagellin is the natural ligand for TLR5, and reports
indicate that activation of the TLR5 signaling pathway by flagellin
induces antitumor activity in several experimental animal models
(26, 31, 44). Because flagellinmonomers bind toTLR5 (45), endogenous
Zheng et al., Sci. Transl. Med. 9, eaak9537 (2017) 8 February 2017
flagellin molecules assembled into the flagellum structure of Salmonella
would have less chance to stimulate the TLR5 signaling pathway. Over-
produced FlaB being secreted to themicroenvironment should have ex-
erted dominant effects. FlaB was more potent in stimulating TLR5
signaling than Salmonella flagellin FliC (25).

Engineered FlaB-expressing bacteria also exerted an antitumor
effect in nude mice bearing orthotopic human colon (HCT116-luc2)
tumors. The bacteria suppressed both metastasis and growth of the
primary orthotopic tumor, presumably because of increased expres-
sion of tumor-inhibiting cytokines. In particular, treatment with FlaB-
secreting S. typhimurium significantly reduced metastasis (P = 0.0022).
Because nude mice lack T lymphocytes, which are essential for tumor-
specific adaptive immunity, this inhibitory effect onmetastasis is likely a
result of the reduced local tumor burden and altered innate immune
status within the tumor microenvironment. Altered inflammatory cell
infiltration and cytokine production patterns in tumors colonized by
FlaB-secreting Salmonella strongly suggest that the orthotopic tumor
microenvironment was modulated by the treatment. In the future,
systems biological analysis of the tumormicroenvironment should pro-
vide more information about the underlying cellular and biochemical
mechanisms.

Bacterial toxicity is the major barrier to safety and regulatory ap-
proval. Therefore, safety concerns regardingBCTneed to be addressed.
Bacteria administered via the tail vein initially and transiently localized
Fig. 6. M1 and M2 macrophage polarization after treatment with FlaB-secreting bacteria. Samples were prepared from MC38 tumors 24 hours after induction.
(A) Samples were triple-stained with CD45 (hematopoietic cell marker), F4/80 (macrophage marker), and CD206 (M2-type macrophages) or CD86 (M1-type macrophages)
and analyzed by FACS. All the samples were pregated on CD45-positive cells (n = 5; data are representative of three independent experiments). (B) Contiguous sections
were double-stained with F4/80 (green) and CD206 (red) (M2 macrophage) or F4/80 (green) and CD86 (red) (M1 macrophage). Nuclei were stained with DAPI (blue). A
merged image is shown at low (scale bars, 50 mm) and high (scale bars, 20 mm) magnification. Data are representative of three individual experiments. (C) NO concentra-
tions were measured in tumor lysates (n = 13) at 1 dpi (D1) and 4 dpi (D4) of SLpEmpty and 4 days after treatment with PBS, FlaB, or SLpFlaB (24 hours after induction).
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in reticuloendothelial organs; therefore, cytotoxic agents should be
introduced only when the bacteria have been cleared from reticulo-
endothelial organs and have accumulated in the targeted tumor tissue.
Here, this occurred 3 days after bacteria administration. Avoidance of
systemic toxicity is themain reason for our use of an inducible promoter
in the present study. Early induction of FlaB expression (0 dpi) induced
hepatic toxicity owing to high numbers of transient bacteria in the re-
ticuloendothelial system (liver and spleen) (5). However, when FlaB ex-
pression was induced starting at 3 dpi, we found that clinical laboratory
parameters remained within the normal range, suggesting the absence
of any serious inflammation, sepsis, or renal/liver dysfunction. Our
in vivo experiments indicate that the engineered bacteria have a good
safety profile and are, therefore, a promising anticancer agent.

In summary, FlaB-secreting Salmonella show excellent anticancer
effects in diverse mouse tumor models, suggesting that this strategy
could be applied to awide spectrumofmalignancies. In contrast to pre-
vious studies that showed that flagellin-mediated cancer therapy was
dependent on the presence of TLR5 on the cancer cell surface, we found
that the strategy described herein is not restricted to TLR5-expressing
cancer cells (31). Here, we primarily described biological mechanisms
underlying the anticancer activities of FlaB-secreting Salmonella using
colorectal tumor cell lines (the strategy worked comparably well with a
melanoma model). These effects were mediated through the activation
of TLR4 and TLR5 signaling pathways in host immune cells. This ap-
proach is based on the cooperative activity of DppGpp S. typhimurium
and its payload, FlaB, combined with the finding that bacterial coloni-
zation and proliferation in tumors strongly induced tumor infiltration
and subsequent activation of immune cells. This, coupledwith localized
production of FlaB, activates a powerful anticancer immune reaction.
 on February 20, 2017
cem

ag.org/
MATERIALS AND METHODS
Study design
The objective of the study was to develop a strategy for targeted cancer
immunotherapy using an engineered S. typhimurium strain secreting
FlaB, which would enhance host immune system activation at the
desired time and location. TLR5-negative cancer cells were used to test
whether the FlaB-mediated effects were the consequences of host
TLR5 signaling. The bacterial delivery vectorDppGpp S. typhimurium
was transformed with the engineered plasmid pFlaB. Bacterial coloni-
zation of tumor tissues was then measured by examining viable bac-
terial counts and by bioluminescence imaging. FlaB expression in vivo
was confirmed by quantitative RT-PCR and immunofluorescence
staining. The therapeutic efficacy of the engineered bacteria was eval-
uated inmurine xenograft models. Therapeutic efficacy was also com-
pared in C57BL/6 WT, TLR4−/−, TLR5−/−, and MyD88−/− mice to
determine whether the antitumor effect of FlaB-secreting bacteria was
mediated through host TLR signaling. Polarization of M1-like macro-
phages was examined by FACS analysis and immunofluorescence
staining and by measuring the concentrations of NO and tumor inhib-
itory cytokines by enzyme-linked immunosorbent assay. Systemic tox-
icity induced by BCT was examined by measuring clinical chemistry
parameters.

Plasmid and bacterial strain
To engineer FlaB-expressing bacteria, the flaB gene (1134 base pairs)
was amplified from the pTYB12-FlaB plasmid (25) using the following
primers: forward, CCATGGCCATGGCAGTGAATGTAAATACA-
AACGCAGCAATGAC; reverse, GTTTAAACTTAGCCTAGTA-
Zheng et al., Sci. Transl. Med. 9, eaak9537 (2017) 8 February 2017
GACTTAGCGCTGAGTTTGG. Amplified DNA was cut with Nco I
and Pme I and used to directly replace Rluc8 at the same site in
pBAD-pelB-Rluc8 (29). The resulting plasmid was named pFlaB.
The empty vector (control) was generated by removing Rluc8 from
pBAD-Rluc8 and named pEmpty. The bacterial delivery vector
DppGpp S. typhimurium strain SHJ2037 (relA::cat, spoT::kan) was re-
ported previously (table S1) (46). Plasmids pFlaB and pEmpty (both
harboring an ampicillin resistance gene) were transferred into DppGpp
Salmonella by electroporation (1.8 kV; Bio-Rad). The new strains were
maintained in ampicillin-containingmedium and kept in a deep freezer
at −80°C as 25% glycerol stocks.

Animal models
Male C57BL/6 and BALB/c athymic nu−/nu−mice (5 to 6 weeks old,
18 to 25 g) were purchased from the Orient Company. TLR4−/−,
TLR5−/−, and MyD88−/− knockout mice with a C57BL/6 genetic
background were described previously (47, 48). All experiments and
euthanasia procedures were performed in accordance with protocols
approved by the ChonnamNational University Animal ResearchCom-
mittee (Gwangju, Republic of Korea). Mice were anesthetized with 2%
isoflurane (for tumor assessment) or amixture of ketamine (200mg/kg)
and xylazine (10 mg/kg) (for surgery). To generate the mouse cancer
models, MC38 (1 × 106) or B1610F (5 × 105) cells were subcutaneously
implanted into the right flank. Tumors were measured with a caliper
every 3 days fromday 5 to day 50. Tumor volume (in cubicmillimeters)
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 milli-
meters. Mice with tumor volumes ≥1500 mm3 were euthanized
according to the guidelines of the Animal Research Committee. The or-
thotopic human colon cancer model was established by surgical im-
plantation of HCT116-luc2 tumor fragments onto the intestinal wall
of BALB/c athymic nu−/nu− mice, as described previously (49).

Cell preparation and FACS analysis
Peritoneal macrophages were isolated from specific pathogen–free
C57BL/6 male mice, as described previously (50). To check TLR5 ex-
pression and location, peritoneal macrophages and tumor cells (MC38
and HCT116-luc2) were treated with or without permeabilization re-
agent (BD) before incubating with an anti-TLR5 antibody. Single-cell
suspensions from tumors were prepared by incubating removed tumor
pieces in collagenase D (1.0 mg/ml) (Roche) and deoxyribonuclease I
(50 mg/ml) (Roche) for 45 min at 37°C, followed by passing through a
40-mmcell strainer. Sampleswere incubatedwith specific fluorochrome-
labeled antibodies (table S2) at 4°C for 30 min, and at least 20,000
events were analyzed using a FACSCalibur flow cytometer (BD Bios-
ciences). Data were analyzed using FlowJo (Tree Star) software. The
analysis gatewas set on the basis of isotype plots. TheM1/M2phenotype
analysis in each group was performed using the same gate. Because the
background signals in experimental groupswere different, whichmay be
due to different degrees of cell injury resulting from the different modes
of treatment (PBS, empty Salmonella, and FlaB-secreting Salmonella),
we adjusted gating parameters for the FACS analysis of different groups
(51, 52).

Statistical analysis
Statistical analysis was performed using the GraphPad Prism 5.0
software. Mann-Whitney U test was used to determine the statistical
significance of differences in tumor growth andmRNA expression be-
tween control and treatment groups. A P value <0.05 was considered
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