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Escherichia coli Nissle 1917 Targets and Restrains Mouse B16
Melanoma and 4T1 Breast Tumors through Expression of Azurin

Protein
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College of Life Science, Hunan Provincial Key Laboratory of Microbial Molecular Biology—State Key Laboratory Breeding Base of Microbial Molecular Biology, Hunan
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Many studies have demonstrated that intravenously administered bacteria can target and proliferate in solid tumors and then
quickly be released from other organs. Here, we employed the tumor-targeting property of Escherichia coli Nissle 1917 to inhibit
mouse B16 melanoma and 4T1 breast tumors through the expression of azurin protein. For this purpose, recombinant azurin-
expressing E. coli Nissle 1917 was developed. The levels of in vitro and in vivo azurin secretion in the engineered bacterium were
determined by immunochemistry. Our results demonstrated that B16 melanoma and orthotopic 4T1 breast tumor growth were
remarkably restrained and pulmonary metastasis was prevented in immunocompetent mice. It is worth noting that this thera-
peutic effect partially resulted from the antitumor activity of neutrophils and lymphocytes due to inflammatory responses
caused by bacterial infections. No toxicity was observed in the animal during the experiments. This study indicates that E. coli
Nissle 1917 could be a potential carrier to deliver antitumor drugs effectively for cancer therapy.

he use of bacteria for disease treatment has been under inves-

tigation for many years (1, 3, 10, 12). However, the detailed
mechanisms of their clinical effects are still unknown. Previous
studies clearly showed that some bacteria can target and prolifer-
ate in solid tumors, significantly inhibiting the growth of tumors
(32, 34). So far, bacteria such as Clostridium (1, 4, 8), Salmonella
(3, 19, 21), Bifidobacterium (24, 41) and Escherichia coli (6, 27)
have been clinically employed for the delivery of drugs, RNA (35,
42), and immune factors (18, 36). Also, these bacteria are often
used in combination with traditional methods such as radiation
(4) and chemotherapy (25) for cancer therapy. Bacteria per se can
stimulate immune responses (22) and secrete potential antitumor
substances, DNA fragments, and other compounds that further
improve the therapeutic effects (17, 26). Therefore, interaction
between bacteria and tumor cells and their antitumor effects have
been extensively studied in recent years (9, 12, 43).

An appropriate bacterial strain is crucial for efficient bacterio-
lytic cancer therapy. The widely used Salmonella enterica serovar
Typhimurium had been placed in phase I clinical research in can-
cer treatment (30, 31). However, its tumor-targeting capability is
lower than those of virulence-attenuated, icsA ius-deleted Shigella
flexneri 21 SC602 and several E. coli strains, among which E. coli
Nissle 1917 showed the highest tumor-targeting ability (27). This
is probably because of the serum-sensitive lipopolysaccharide
(LPS) structure of E. coli Nissle 1917, which ensures quick elimi-
nation from other organs (11). In addition, E. coli Nissle 1917 has
been extensively used to treat acute diarrhea and some intestinal
tract diseases in infants and toddlers (15, 16), as well as in daily
health care products (7). Based on these advantages, we selected E.
coli Nissle 1917 as the carrier to deliver azurin to solid cancers.

Azurin, a copper-containing redox protein with low molecular
weight, is involved in electron transfer during denitrification by
Pseudomonas aeruginosa (37). It can be efficiently internalized in
order to initiate cancer cell apoptosis by raising the intracellular
levels of p53 and Bax, resulting in the release of mitochondrial
cytochrome ¢ into the cytosol (38). Several studies showed that
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azurin can actively inhibit the growth of UISO-Mel-2 melanoma
and MCF-7 human breast tumors (37—40). More interestingly, it
can selectively kill carcinoma cells in vivo while sparing normal
tissues (23, 29, 39). Several authors attribute this to the fact that
azurin receptors are hyperexpressed on the surfaces of cancer cells
relative to their expression on the surfaces of normal cells (39, 40).
Also, amino acids 50 to 77 of azurin are responsible for the selec-
tive penetration in tumor cells (5, 40).

This study was aimed at testing the efficacy of E. coli Nissle 1917
asanew tumor-targeting carrier to deliver antitumor drug. There-
fore, we employed E. coli Nissle 1917 to carry azurin to cure B16
mouse melanoma and 4T1 breast tumors. This engineered bacte-
rium efficiently suppressed the growth of tumors and prevented
pulmonary metastasis in vivo by releasing azurin and stimulating
inflammatory responses. This work proposes a new tumor-target-
ing delivery system for cancer therapy.

MATERIALS AND METHODS

Bacteria and plasmids. C-terminal DNA of azurin (128 amino acids)
was amplified from P. aeruginosa strain PAO1 using PCR. pelB (ATG
AAATACCTATTGCCTACGGCAGCCGCTGGATTGTTATTACTCGC
TGCCCAACCAGCGATGGCT), from an Erwinia carotovora strain, was
added in front of the mature azurin by using a 5" primer. Then, the PCR
products were inserted into the pSUM vector (modified from pSU2719)
under the truncated promoter of lac, from the end of lacI to the beginning
of lacZo (GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGC
CGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAA
AGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTC
ATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATG
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TTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG
CT), which resulted in constitutive gene expression. The engineered
pSUMAzurin (2,714 bp) and pUC18-GFP plasmids were electroporated
into E. coli Nissle 1917 separately. The bacteria were grown at 37°C in LB
liquid medium to mid-logarithmic phase and prepared as previously de-
scribed (27),and 2 X 107 live E. coli Nissle 1917 organisms with or without
plasmid were injected into mice intravenously (i.v.) in a total volume of
100 pl phosphate-buffered saline (PBS) in all experiments. Immunoblot-
ting was used to confirm the expression of azurin in both pellets and
culture supernatants of E. coli Nissle 1917, E. coli Nissle 1917 bearing
empty vector, or E. coli Nissle 1917 bearing azurin-expressing plasmids
using rabbit anti-azurin polyclonal antibody.

Cell lines. 4T1 mouse breast tumor cells were purchased from the
American Type Culture Collection (ATCC; CRL-2539), and B16 cancer
cells were obtained from the Cell Bank of Type Culture Collection, Chi-
nese Academy of Sciences. Both cell lines were cultured in RPMI 1640
medium supplemented with L-glutamine (Gibco) and 10% heat-inacti-
vated fetal bovine (Hangzhou Sijiging, Inc.), 100 U/ml penicillin, and 100
pg/ml streptomycin at 37°C in a humidified incubator with a 5% CO,
atmosphere.

Animal models. All animal experiments followed the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Animal Ethics Committee of Hunan Normal
University. Specific-pathogen-free (SPF) female BALB/c and C57BL/6
mice, 6 to 8 weeks old, were purchased from the SLRC Laboratory
Animal Company in Hunan Province, China. Animals were bred and
maintained under SPF conditions for at least 3 days before use. Tu-
mors in the fourth mammary pads of female BALB/c mice were estab-
lished with 1 X 10° 4T1 breast tumor cells, and C57BL/6 mice were
implanted with subcutaneous (s.c.) tumors through the injection of
1 X 10° B16 cells on the mid-right side. After the tumor volume
reached ~0.2 cm?, all experimental animals were randomly assigned to
four groups and were observed every day. At a defined time, the mice
were sacrificed by cervical dislocation. However, moribund animals
exhibiting irregular respiration, tremors, absence of voluntary re-
sponse to external stimuli, and coma before that time were killed for
humane reasons and were considered to have died during the survival
experiments. All animal experiments were repeated three times.

Fluorescence GFP imaging processing and bacterial distribution.
BALB/c mice bearing 4T1 breast tumors were injected i.v. with E. coli
Nissle 1917 bearing pUC18-GFP. After 1 day, tissues were excised and
fixed in TissueTek OCT medium (Sakura Finetechnical Co. Ltd., Tokyo,
Japan) followed by snap-freezing in —180°C liquid nitrogen. Cryosec-
tions (18-pm thickness) were obtained using a Leica CM3050S cryostat
(Leica, Nussloch, Germany) and stuck on glass slides. The availability of
bacteria in tissues was appraised using a Nikon Eclipse E400 epifluores-
cence microscope (Nikon Corp., Tokyo, Japan) or a Leica MZ16 FA flu-
orescence stereomicroscope (Leica Microsystems GmbH, Wetzlar, Ger-
many); BALB/c mice (n = 3) bearing 4T1 breast tumors were infected by
i.v. administration of E. coli Nissle 1917. At 1, 3, 7, and 14 days after
infection, tumors, livers, spleens, hearts, kidneys, and lungs were isolated
and spread on LB plates, and the number of E. coli Nissle 1917 organisms
in tissues were calculated.

Antitumor activity of azurin-expressing E. coli Nissle 1917 in vivo.
To test the inhibitory effects of azurin-expressing E. coli Nissle 1917 on
primary tumors, BALB/c mice with orthotopic implantation of 4T1
breast tumors were given either PBS or E. coli Nissle 1917 carrying
different plasmids after the tumor volume reached ~0.2 cm?, and then
they were treated weekly. Tumor volumes were measured every 2 days
using Vernier calipers, and mice were monitored throughout the ex-
periment. The experimental procedure for the determination of pul-
monary metastases of 4T1 breast tumor was the same as that for testing
the anticancer effects of azurin-expressing E. coli Nissle 1917 on pri-
mary tumors. At the end of treatment, mice were sacrificed and tumors
and lungs were weighed. The lungs were fixed in Bouin’s solution for
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24 h, and the nodules on the surface were counted under a dissection
microscope. Simultaneously, the syngeneic murine B16 melanoma
model was also used to check the antitumor effect of this engineered
bacterium, following the same treatment procedure as for 4T1 breast
tumor mouse model.

Histological analysis. In histological studies, mice were killed at a
defined time. Tissues were fixed in 4% paraformaldehyde at 4°C overnight
and then prepared for examination using standard hematoxylin and eosin
(H&E) staining or immunohistochemistry procedures. The sections were
observed and photographed under the microscope.

Host safety. Healthy female BALB/c mice, 6 to 8 weeks old, were given
E. coli Nissle 1917 i.v. weekly. The activity and weight of mice were mon-
itored daily. At the end of the experiment, mice were sacrificed by cervical
dislocation, and livers and spleens were weighed.

Statistical analysis. Statistical significance for all experiment groups
was determined by Student’s ¢ test. If P was <0.05, the results were con-
sidered significant.

RESULTS

Distribution of E. coli Nissle 1917 in vivo. To depict the distri-
bution of E. coli Nissle 1917 in vivo, green fluorescent protein
(GFP)-bearing plasmids were electroporated into E. coli Nissle
1917, which was subsequently injected into the tail vein of BALB/c
mice with 4T1 breast tumors. GFP plasmid-free E. coli Nissle 1917
and PBS were also administered to control groups (n = 3). The
tumors, spleens, and livers were removed at 1, 3, 5, and 7 days after
intravenous (i.v.) administration. Fluorescence microscopy was
used to determine the bacterial distribution in these tissues. On
day 1 after i.v. administration of GFP-bearing E. coli Nissle 1917,
strong green fluorescence was detected in the tumors, spleens, and
livers of three parallel mice using three-dimensional fluorescence
microscopy (Fig. 1A, panels a, b, and ¢; all were obtained from one
mouse). Furthermore, these tissues obtained from another group
were snap-frozen, cut into 18-pm sections, and then observed by
inverted fluorescence microscopy. The in vivo distribution char-
acteristics of E. coli Nissle 1917 were the same as that observed by
three-dimensional fluorescence microscopy. All three treated
mice presented strong green fluorescence in the tissue sections
(Fig. 1A, panels d, e, and f; all were obtained from one mouse). E.
coli Nissle 1917 exhibited preferential accumulation in the ne-
crotic tumor tissue and was evenly distributed in the liver and
spleen. These data support the idea that most tumor-targeting
bacteria proliferate only in necrotic areas because immune factors
prevent the bacteria from reaching the viable part of a tumor. On
days 3 and 5 postinfection, livers and spleens were clear of E. coli
Nissle 1917, while the tumors still contained the bacteria (Fig. 1A,
panel d). On day 7 after injection of GFP-expressing E. coli Nissle
1917, the fluorescence almost vanished in intact tumor and frozen
tumor section, which could have resulted from plasmid loss (Fig.
1A, panel g).

The preferential persistence of E. coli Nissle 1917 in the tumor,
but not in normal tissues, is critical for its use as carrier to deliver
anticancer agents for tumor therapy. After we noticed that E. coli
Nissle 1917 successfully targeted the tumor site, the retention of E.
coli Nissle 1917 in tumor was compared with that in other tissues
in immunocompetent BALB/c mice by bacterial count (n = 3)
after i.v. administration of 2 X 10" CFU of E. coli Nissle 1917. As
observed by fluorescence imaging, the bacteria were quickly re-
leased from spleen and liver and were not found in hearts, kidneys,
or lungs on day 3 postinjection. The number of bacteria in tumors
reached 10° CFU/g on day 3 and remained at this level for 7 days.
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FIG 1 Bacterial distribution in vivo. (A) Bacterial growth in tumor, spleen, and liver tissues was observed using fluorescence microscopy after i.v. administration
of PBS or 2 X 107 CFU of E. coli Nissle 1917 with or without a GFP-bearing plasmid. The distribution of E. coli Nissle 1917 in intact tissues (a, b, ¢, and h) and
tissue cryosections (d, e, f, g, and i) was recorded on days 1, 3, 5, and 7 postinfection. N, necrotic regions in tumors. Intact tissue background fluorescence is shown
in panel h; the background fluorescence of the cryosections is shown in panel i. Bars, 160 pum (a and i), 200 pm (b), 180 wm (c), and 100 pm (d, e, f, h, and j).
(B) The retention of E. coli Nissle 1917 in the different tissues of BALB/c mice with 4T1 breast tumor was measured on days 1, 3, 7, and 14 after i.v. administration

of 2 X 107 CFU E. coli Nissle 1917.

Interestingly, this number was maintained at 10* CFU/g in tumors
even 14 days after i.v. injection (Fig. 1B). The results suggest that E.
coli Nissle 1917 could be an ideal tumor-targeting candidate for
the delivery of anticancer drugs.

Constitutive expression in vitro and in vivo of azurin. The
continuous secretion of azurin by the engineered bacterium is
important in eliciting its anticancer activity. Therefore, we con-
structed plasmid pSUMAzurin, in which the mature azurin gene
was coexpressed with the pelB leader sequence, which then directs
protein secretion under the control of a truncated lac promoter
(Fig. 2A). This truncated lac worked as a constitutive promoter,
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leading to the continuous expression of azurin. The azurin-bear-
ing and empty plasmids were then independently transferred into
E. coli Nissle 1917 by electroporation. The bacteria were cultivated
in LB medium overnight and collected by centrifugation. Equal
numbers of bacteria and their culture supernatants from E. coli
Nissle 1917 or E. coli Nissle 1917 with plasmids were tested
for azurin expression by immunoblotting. The results showed that
azurin protein was present in both cell pellets and supernatants of
azurin-expressing E. coli Nissle 1917. However, it was not found in
control E. coli Nissle 1917 with or without empty vector (Fig. 2B).
Additionally, a plasmid with the full-length azurin gene was also
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FIG 2 Azurin expression in vitro and in vivo. (A) Map of bacterial expression plasmid containing azurin gene (pSUMAzurin). (B) Azurin expression in cell lysates
(Pellet) or culture supernatants (SUP) was detected by immunoblotting analysis of E. coli Nissle 1917 and E. coli Nissle 1917 bearing empty plasmid (EcN+V) or
azurin-expressing plasmid (EcN+A). (C) BALB/c mice (1 = 3) bearing 4T1 breast tumors were injected i.v. with either PBS or 2 X 10” CFU of E. coli Nissle 1917
(ECN), E. coli Nissle 1917 with empty plasmid (ECN+V), or azurin-expressing E. coli Nissle 1917 (ECN+A) on days 1 and 7. On day 3 after the last treatment,
the presence of azurin in tumor sections was confirmed by immunohistochemistry.

constructed in this experiment, but azurin was not secreted in E.
coli Nissle 1917 carrying this plasmid encoding full-length azurin,
as it was in Pseudomonas aeruginosa strain PAO1 (data not
shown).

In order to determine whether azurin could be expressed in
vivo, BALB/c mice (n = 3) with s.c. 4T1 breast tumors were in-
jected i.v. with either PBS or 2 X 10” CFU of various types of E. coli
Nissle 1917 per mouse every week. On day 3 after the second
round of treatment, tumor tissues were removed from BALB/c
mice, fixed in 4% paraformaldehyde, and then embedded in par-
affin. Azurin was confirmed in tumor tissue by immunohisto-
chemistry using its specific antibody (Fig. 2C). Azurin clearly dif-
fused into viable tumor regions. However, azurin was not found in
livers, spleens, hearts, kidneys, or lungs (data not shown). This
could be due to a limited amount of azurin produced in tumors
and a short retention time of azurin-expressing E. coli Nissle 1917
in normal tissues.

Azurin-expressing E. coli Nissle 1917 inhibited primary and
metastatic tumor growth in vivo. Syngeneic B16 melanoma and
4T1 breast tumor models were used to investigate the antitumor
effects of azurin-expressing E. coli Nissle 1917. Soon after the tu-
mor grew to ~0.2 cm”®, C57BL6 and BALB/c mice were given PBS,
E. coli Nissle 1917, E. coli Nissle 1917 with empty vector, or E. coli
Nissle 1917 with azurin-expressing plasmids by i.v. injection. E.
coli Nissle 1917 and its variants were administered at a dose of 2 X
107 CFU per mouse. Bacteria levels of 2 X 10”7 CFU azurin-ex-
pressing E. coli Nissle 1917 notably delayed tumor growth and
prolonged survival (Fig. 3). At sacrifice, the B16 melanomas and
4T1 breast tumors in the treatment group reached an average size
of 3275 mm?® (Fig. 3A) and 709 mm? (Fig. 3C), respectively. These
corresponded to 51% (P < 0.05 for B16 melanoma) and 52% (P <
0.01 for 4T1 breast tumor) reductions compared to PBS control.
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However, groups that received empty-plasmid-bearing E. coli
Nissle 1917 or E. coli Nissle 1917 alone had no notable differences
from the PBS group in terms of tumor suppression, but these
treatments slightly prolonged the survival of 4T1 breast tumor-
bearing BALB/c mice (Fig. 3D). Nevertheless, this minor effect
was not observed in mice with malignant B16 tumors (Fig. 3B)
(n = 10; P < 0.05 versus PBS control). A possible explanation for
this phenomenon could be that B16 tumors proliferated rapidly,
and consequently, the anticancer effects of E. coli Nissle 1917 at the
same dose may not have been sufficient to restrain tumor growth.
Histological examination of tumors on day 3 after i.v. injection
with E. coli Nissle 1917 revealed conspicuous necrosis extension
and a massive infiltration of inflammatory cells (n = 3). These
inflammatory cells mostly consist of neutrophils and lympho-
cytes, whereas fewer of these cells were found in the PBS-treated
mice (Fig. 4). The inflammatory cells and cytokines of the im-
mune system generated after stimulation by LPS and other secre-
tion substrates of the infiltrating E. coli Nissle 1917 may directly
contribute to the prevention of tumor growth. These effects may
partially prolong the survival of tumor-bearing mice in the groups
treated with E. coli Nissle 1917 and E. coli Nissle 1917 with empty
vector (Fig. 3D).

To further develop our understanding of the tumor-targeting
property of azurin-expressing E. coli Nissle 1917, we used the 4T1
breast tumor, a very effective orthotopic metastatic mouse tumor
model, to assess the ability of this bacterium to prevent pulmonary
metastasis. After the tumor size reached ~0.2 cm?, the mice were
given either PBS or 2 X 107 CFU of E. coli Nissle 1917 carrying
different plasmids. After 30 days, the mice were sacrificed by cer-
vical dislocation, and then the white tumor nodes on the surfaces
of the lungs were counted. The administration of azurin-express-
ing E. coli Nissle 1917 resulted in a significant reduction of meta-
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FIG 3 Therapeutic effect of azurin-expressing E. coli Nissle 1917 (EcN+A) on tumor growth and toxicity. Mice (n = 10) bearing B16 or 4T1 breast tumors were
treated by i.v. administration of either PBS or 2 X 107 CFU of E. coli Nissle 1917 (EcN), E. coli Nissle 1917 bearing empty plasmid (EcN+V), or azurin-expressing
E. coli Nissle 1917 (EcN+A) at weekly intervals. Tumor volumes (mm?) were estimated using external calipers (values are means * standard deviations [SD]).
B16 (A) and 4T1 (C) breast tumors were significantly inhibited by azurin-expressing E. coli Nissle 1917 (EcN+A) compared with the PBS control group. The
survival of mice bearing B16 (B) and 4T1 (D) breast tumors was significantly prolonged in the azurin-expressing E. coli Nissle 1917 treatment group, while E. coli
Nissle 1917 and E. coli Nissle 1917 bearing empty vector marginally extended the life of 4T1 breast tumor-bearing mice compared to the PBS control (D). *, P <

0.05; **, P < 0.01.

static tumor nodule and total tumor wet weight in the fourth
mammary pads of BALB/c mice, i.e., 41% (n = 10; P < 0.05) and
56% (n = 10; P < 0.01), respectively, compared with PBS controls
(Table 1). The groups receiving E. coli Nissle 1917 and E. coli Nissle
1917 with empty plasmid showed no significant differences
from the PBS group. This finding reveals that this engineered
bacterium strikingly restrained tumor growth and metastasis
of 4T1 breast tumors from mammary glands to lungs. How-
ever, E. coli Nissle 1917 was insufficient to prevent tumor me-
tastasis individually. In addition, the number of metastatic tu-
mor nodules on the surfaces of lungs was statistically different
between the experimental group and the control group, but
lung mass showed no significant difference between them. This
may be due to the limited number of nodules on the surface of
lung in all experimental groups.

Toxicity. E. coli Nissle 1917 toxicity in healthy BALB/c mice
(n = 10) was evaluated by weekly i.v. administration of 2 X 10”
CFU E. coli Nissle 1917. Body weight was measured every 2 days
for 50 days. At the end of the experiments, livers and spleens were
excised and weighed. The weekly E. coli Nissle 1917 treatment had
no effects on body, liver, and spleen weights, except for a symptom
of nose scratching on the first day after injection (Fig. 5). No death
occurred during the experiments, and E. coli Nissle 1917-treated
animals behaved normally, as judged by comparison with the
PBS-treated group. Also, no serious anaphylactic activity was re-
corded. Therefore, the results demonstrate that weekly systemic
administration of E. coli Nissle 1917 did not have any noticeable
pathogenic effect on the animals.
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DISCUSSION

In this study, we assessed the systemic distribution of E. coli Nissle
1917 in immunocompetent mice and employed E. coli Nissle 1917
as a new drug carrier to deliver azurin for cancer therapy. We
noted that E. coli Nissle 1917 proliferated to a high density of 10°
CFU/g and efficiently secreted proteins in tumors. Moreover, it
disappeared in the normal tissues 3 days after i.v. injection and
preferentially remained within tumors, persisting at a density of
10® CFU/g even after 14 days. The typical immune regulation ef-
fects of E. coli Nissle 1917 may account for this result. E. coli Nissle
1917 can directly interact with adoptive immune system to regu-
late central T cell functions such as inducing y8 T cell apoptosis
(13), lowering the expansion of newly recruited T cells (28) and
downregulating IgG release from B cells (2). All these effects favor
the growth of E. coli Nissle 1917 in tumors. Although E. coli Nissle
1917 can reduce inflammatory response in vivo, the modest levels
of cytokines generated in the immune reaction participated in the
killing of tumor cells (3, 18). In addition, the strong inhibitory
effect of E. coli on pulmonary metastasis has already been con-
firmed (33). Also, the enhanced release of specific protein or CpG-
rich extrachromosomal DNA by bacteria in response to cancer
cells has been indicated for potential cancer therapy (20). How-
ever, these conclusions are not adequately supported by this study.
Since E. coli Nissle 1917 proliferates at a high density in tumors,
azurin with secretory signal peptide under the control of the mod-
ified lac promoter was continually released. Its low molecular
weight makes azurin easily absorbed by tumor cells with inherent

aem.asm.org 7607


http://aem.asm.org

Zhang et al.

PBS

H&E &1 .-
(400 %)

EcN Treatment

SR

o
32 sy

WL ST S

FIG 4 E. coli Nissle 1917-induced tumor inflammation. After tumor volumes reached ~0.2 cm?, mice (n = 3) were treated with PBS or 2 X 107 CFU E. coli Nissle
1917 by i.v. infection. The tumors were evaluated by H&E staining after 3 days of systemic injection. Enlargement of areas of necrosis (N) was found in both B16
melanoma (A) and 4T1 breast tumors (B), as indicated in panels b and f, compared with PBS treatment (a and e). The boxed areas in panels a, b, e, and f are
magnified in panels ¢, d, g, and h, respectively. The H&E staining in panels d and h shows the number of neutrophils (red arrows) and lymphocytes (black arrows)

that accumulated in necrosis, but few were found in the PBS group (c and g).

stability, which enables it to kill them through apoptosis induction
(5, 37, 39). Our data show that azurin-expressing E. coli Nissle
1917 dramatically inhibited the growth of B16 melanoma and
orthotopic 4T1 breast tumors as well as preventing pulmonary
metastases, while the body and tissue weights of mice were not
affected. This therapeutic effect probably resulted from the com-
bined effects of E. coli Nissle 1917 and azurin.

This was the first attempt to use E. coli Nissle 1917 as a vector to
carry an anticancer protein to tumors and depress proliferation of
cancer in vivo. Additionally, we used GFP labeling and snap-fro-
zen section technology to study the tumor-targeting functions of
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E. coli Nissle 1917, and hence a more vivid profile of bacterial
distribution in tumors than is obtainable by other methods was
achieved. Our results demonstrate that E. coli Nissle 1917 via i.v.
injection not only targeted the tumors more efficiently than other
well-known bacteria (27) but also served as a carrier to deliver
antitumor substrates, which ultimately resulted in the inhibition
of growth of solid tumors and pulmonary metastasis. Further-
more, an excellent peptide of exocytosis (14)—PelB—was intro-
duced into E. coli Nissle 1917, which greatly increased the extra-
cellular secretion of azurin. Our model provides an example of the
potential application of numerous antitumor proteins with low
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TABLE 1 Inhibitory effect of azurin-expressing E. coli Nissle 1917 on the pulmonary metastasis of 4T1 breast tumors”

No. of metastatic lung Lung wet
Treatment group Tumor wet wt (g) nodules/mouse wt (g)
PBS 3.00 * 0.82 21.4 £ 6.50 0.32 £ 0.04
E. coliN 2.96 = 0.74 18.6 = 6.61 0.30 = 0.05
E. coliN +V 2.75 *+0.74 19.4 £7.40 0.31 £0.03
E.coliN + A 1.32 = 0.58 (56%)** 12.5 = 5.35 (41%)* 0.29 £ 0.04

“ Mice bearing 4T1 breast tumors (1 = 10) were injected i.v. weekly with either PBS or 2 X 107 CFU of E. coli Nissle 1917 (E. coli N), E. coli Nissle 1917 with empty plasmid (E. coli
N + V), or azurin-expressing E. coli Nissle 1917 (E. coli N + A) after tumor establishment. Mice were sacrificed after 30 days, and tumor and lung wet weights were measured. The
metastatic lung nodules were counted under a dissection microscope. The differences in tumor wet weight and number of metastatic lung nodules between azurin-expressing E. coli
Nissle 1917 and control group were significant (¥, P < 0.05; **, P < 0.01). Values are means = SD. The numbers in parentheses are rates of inhibition by azurin-expressing E. coli

Nissle 1917.

molecular weights, such as azurin, for tumor-targeting therapy
using the E. coli Nissle 1917 vector. The fact that azurin selectively
targets tumor cells and does not induce apoptosis of nontumor
cells (23, 37) makes it a prospective protein for cancer therapy in
clinical studies. Since neither E. coli Nissle 1917 nor azurin is
pathogenic, azurin-carrying E. coli Nissle 1917 could be adminis-
tered orally in preclinical experiments (2, 15, 16).

In contrast to Salmonella and Clostridium novyi NT, which
have been extensively investigated as vehicles for antitumor drugs
(1,21), E. coli Nissle 1917 has high tumor-targeting capability and
can be rapidly released from normal organs when systemically
administered. In addition, E. coli Nissle 1917—as an E. coli
strain—has a comparatively simple genetic basis and therefore
can be modified into an effective drug-producing machine more
easily than other bacteria. In bacteriolytic cancer therapy, most
studies focus on the use of cytokines (18, 36), prodrugs (6, 24), or
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FIG 5 Toxicity test of E. coli Nissle 1917. Normal mice (n = 10) were injected
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bacteria per se (4, 43) for inhibiting tumor growth or metastasis.
Here, we used the bacteria to express a secretory antitumor pro-
tein for cancer therapy. This novel strategy could outperform
other approaches in bacteriolytic cancer therapy.

In this study, we tested the cancer therapeutics of azurin-car-
rying E. coli Nissle 1917 in murine models. The therapeutic effi-
cacy of this engineered bacterium in human tumor models is not
yet known. It is also necessary to investigate whether it can effi-
ciently deliver other proteins and small molecular substrates to
solid tumors. Moreover, it should be pointed out that E. coli Nissle
1917 requires some genetic modification to serve as a safe carrier
for i.v. administration. Concerns regarding its safety could be al-
leviated if it were to be taken oral to treat some intestinal cancers.
E. coli Nissle 1917 has been shown to have the ability to regulate
immunoreactions and limit inflammation in the intestinal tract
(2, 28), but whether this facilitates less-toxic colonization in tu-
mors also needs to be studied. The mechanism by which E. coli
Nissle 1917 targets tumor cells is another important and very in-
teresting question.

In summary, we succeeded in our attempt to combine the tu-
mor-targeting E. coli Nissle 1917 with the antitumor protein azu-
rin to restrain the growth of primary cancers. This study opens up
a new model for bacteriolytic cancer therapy. More importantly,
E. coliNissle 1917 is a probiotic and has been widely used in drugs
and health care products (7, 15, 16). Therefore, E. coli Nissle 1917
can be genetically engineered to function as a carrier of various
drugs for cancer therapy.
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