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Abstract. Interleukin-2 (IL-2), as an important cytokine in
immune response, has been demonstrated to have therapeutic
activity in several cancer models. In our previous study, we
showed that the pBV22210 vector containing a chloram-
phenicol resistance gene and the cryptic plasmid, pMBI,
from the Bifidobacterium longum (B. longum) strain could
stably replicate and did not significantly affect the biological
characteristics of B. longum. In this study, B. longum was
transfected by electroporation with pBV22210 containing IL-2
(B. longum-pBV22210-IL-2), its growth curve was determined,
and its inhibitory effect on tumor xenografts in mice was exam-
ined. The results showed that B. longum-pBV22210-IL-2 reduced
the tumor size and prolonged the survival time of H22 tumor-
bearing mice. In addition, when cyclophosphamide (CTX), B.
longum-pBV22210-endostatin, or B. longum-pBV22210-TRAIL
was combined with B. longum-pBV22210-IL-2, the antitumor
effect was significantly enhanced. The survival times of the mice
in the combination groups of B. longum-pBV22210-endostatin
or B. longum-pBV22210-TRAIL were longer than those of the
mice in the B. longum-pBV22210-IL-2 alone group. However,
when CTX was added, the survival times of the mice showed no
statistically significant difference compared with those of the
mice in the dextrose-saline solution group. These results suggest
that B. longum-pBV22210-IL-2 has potent antitumor effects
that could be enhanced when combined with chemotherapeutic
drugs or other antitumor genes.

Correspondence to: Professor Gen-Xing Xu, Center for Public
Health Research, Medical School, Nanjing University, 22 Hankou
Road, Nanjing 210093, P.R. China

E-mail: genxingxu@nju.edu.cn

Key words: Bifidobacterium longum, interleukin-2, endostatin,
tumor necrosis factor-related apoptosis-inducing ligand, tumor, gene
therapy, synergistic interactions

Introduction

Interleukin-2 (IL-2) was first identified in 1976 as a growth-
promoting cytokine for bone marrow-derived T lymphocytes (1),
and the major function of IL-2 is to promote proliferation of
CD4*and CD8* T cells (2). IL-2 also has functions on natural
killer (NK) cells, B cells, lymphokine-activated killer (LAK)
cells, monocytes and neutrophils (3-7). Accordingly, 1L-2
plays a key role in the immune system, which has a close
relationship with cancer. Although IL-2 has been used in the
treatment of a number of different types of cancer, alone or
in combination (8-10), it still has a number of limitations that
restrict its full clinical use. Systemic injections, which are the
most common routes for IL-2 used in cancer immunotherapy,
have been reported to cause certain severe side-effects and
toxicities including fever, nausea, capillary leak syndrome,
diarrhea, chills, weight gain and hypotension (11,12). To reduce
the side-effects of IL-2, different strategies have been explored.
However, the majority of these strategies have so far, been
disappointing. Safer and more effective routes of IL-2 treat-
ment are still required.

Hypoxic regions are characteristic of numerous types of
solid tumors. As a non-pathogenic and anaerobic bacterium,
Bifidobacterium longum (B. longum) is capable of selectively
localizing and proliferating within the hypoxic regions of
tumors (13,14). However, the fact that exogenous plasmids
cannot replicate stably in B. longum limits its application as a
specific gene delivery system for cancer gene therapy. Though
some shuttle vectors have been constructed over the years, only
some of them could express foreign genes in B. longum success-
fully (15-18).

In our previous studies, we constructed the plasmids
pBV22210-endostatin and pBV22210-tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), which were
proven to express stably when electroporated into B. longum.
Furthermore, both B. longum-pBV22210-endostatin and
B. longum-pBV22210-TRAIL showed a strong inhibitory
effect on the growth of solid mouse tumors in vivo (19,20).
In this study, B. longum was transfected by electroporation
with pBV22210 containing IL-2 (B. longum-pBV22210-IL-2),
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its growth curve was determined and its inhibitory effect
on tumor xenografts in mice was examined. Furthermore,
B. longum-pBV22210-endostatin, B. longum-pBV22210-
TRAIL or the chemotherapeutic drug cyclophosphamide (CTX)
were combined with B. longum-pBV22210-IL-2 and their anti-
tumor activity was also examined.

Materials and methods

Bacterial strains and plasmid. The Escherichia coli (E. coli)
strain DH5a, wild-type (WT) B. longum, B. longum-
pBV22210-endostatin, B. longum-pBV22210-TRAIL and
plasmid pcDNA3.0-IL-2 were maintained in our laboratory.

Reagents and enzymes. Primers were synthesized by Shanghai
Shenergy Biocolor BioScience and Technology Company
(Shanghai, China). CTX was purchased from Jiangsu Hengrui
Medicine Co, Ltd. (Lianyungang, China). 2X Tagmix was
purchased from Tiangen Biotech (Beijing, China), T4 DNA
ligase and restriction endonucleases were purchased from
Takara Bio (Dalian, China).

Animals and tumors. Male Kunming mice (20+2 g) were
obtained from the Qinglongshan Animal Center (Nanjing,
China). The animal experiments performed in this study were
approved by the Nanjing University Animal Care and Use
Committee. The animals were stored in an animal room that
was maintained at a constant temperature with a 12 h light/
dark cycle and supplied with laboratory chow and water.
Murine hepatoma cells (H22) were supplied by the Shanghai
Academy of Medical Industry (Shanghai, China). The tumor
model was established by subcutaneous injection of H22 tumor
cells (1x10° cells/0.2 ml) into the right flank of each mouse.

Construction of pBV22210-1L-2

PCR amplification of IL-2 gene. The plasmid pcDNA3.0-1L-2
was extracted following the instructions of the manufacturer
and used as a template for PCR to amplify the IL-2 gene. The
PCR primers and conditions were as follows: 5'-CCGGAATGT
ACAGGATGCAACTCCTGTCTTG-3' (sense) and 5-CGCG
GATCCTTATCAAGTTAGTGTTGAGATGATG-3' (antisense),
94°C for 30 sec, 53°C for 30 sec and 72°C for 30 sec, for 30 cycles.
PCR products were analyzed by electrophoresis on 1% agarose
gels.

Ligation of pBV22210 and IL-2. The PCR products and
pBV22210-endostatin were digested by EcoRl/BamHI and
then the gel-purified IL-2 and pBV22210 fragments were
ligated at the EcoRI/BamHI site using T4 DNA ligase,
yielding pBV22210-IL-2 (Fig. 1). The ligation solution was
subsequently transferred into competent cells of DH5a, and
pBV22210-IL-2 was detected on LB agar plates with 10 mg/ml
chloramphenicol.

Identification of pBV22210-IL-2. Following 12-14 h of
incubation at 37°C under anaerobic conditions, positive clones
of pBV22210-IL-2 with chloramphenicol resistance on LB agar
were picked out and cultured overnight to extract the plasmids.
The plasmid pBV22210-IL-2 was digested with EcoRI/BamHI
and the digestion solution was analyzed by electrophoresis on
1% agarose gels. The constructed pBV22210-IL-2 plasmid was
confirmed by sequencing.

YIN et al: B.longum-pBV22210-IL-2 SHOWS ANTITUMOR EFFECTS

Electroporation. Electrocompetent cells of B. longum were
prepared according to the protocol of Rossi et al (21). Briefly,
bacteria were resuspended in approximately 1/100 of the original
culture volume of ice-cold 0.5 M sucrose plus | mM ammonium
citrate (pH 6.0). The pBV22210-IL-2 plasmids were added to the
bacteria suspension and incubated at 4°C for 2-3 h. The mixture
was stored in a pre-cooled sterile Gene Pulser disposable cuvette
(interelectrode distance 0.2 cm; Bio-Rad, Hercules, CA, USA).
The pBV22210-IL-2 plasmids were transferred directly into
B. longum by electroporation in a Bio-Rad Gene-Pulser appa-
ratus at 25 pF and 2.5 kV with the pulse controller set at 200 Q.
Subsequently, the mixture was inoculated in trypticase-peptone-
yeast (TPY) culture and anaerobically cultivated overnight at
37°C. Diluted overnight culture was plated on TPY agar plates
and monoclones were cultivated alternately in TPY culture with
and without 5 ug/ml chloramphenicol for at least 10 generations.
Then stable B. longum-pBV22210-1L-2 with chloramphenicol
resistance could be obtained.

Growth assay of B. longum-pBV22210-IL-2. Overnight culture
of B. longum-pBV22210-IL-2 in TPY medium was inoculated
into fresh medium with or without 5 yg/ml chloramphenicol
to an initial optical density (OD) value of 0.010 at 600 nm
(OD 600). The cultures were grown under anaerobic condi-
tions at 37°C for 20 h and OD values were measured every
hour. WT B. longum cells were used as the control.

Antitumor activity of B. longum-pBV22210-IL-2. Mice were
weighed and randomly divided into seven experimental groups
(six per group) following hypodermic inoculation of H22
cells for 24 h. One negative control group was injected with
dextrose-saline solution (0.4 ml/day, iv., on days 1-10), and six
treated groups were injected with WT B. longum (0.4 ml/day,
iv., on days 1-10), B. longum-pBV22210-IL-2 (0.4 ml/day,
iv, on days 1-10), CTX (30 mg/kg, i.p., on days 1, 3, 5, 7 and
9), B. longum-pBV22210-IL-2 (0.4 ml/day, i.v., on days 1, 3,
5,7 and 9) plus B. longum-pBV22210-TRAIL (0.4 ml/day,
iv., on days 2, 4, 6, 8 and 10), B. longum-pBV22210-IL-2
(0.4 ml/day, iv, on days 1, 3, 5, 7 and 9) plus B. longum-
pBV22210-endostatin (0.4 ml/day, iv., on days 2,4, 6, 8 and 10),
and B. longum-pBV22210-IL-2 (0.4 ml/day, iv., on days 1,3, 5,7
and 9) plus CTX (30 mg/kg, i.p., on days 1, 3,5, 7 and 9), respec-
tively. All B. longum cells were washed and resuspended with
dextrose-saline solution at a concentration of 2.5x10® cells/ml
prior to injection. CTX was suspended with dextrose-saline solu-
tion and 0.2 ml of the solution was injected each time per mouse.
The mice were sacrificed 72 h following the last administration.
The tumors were excised and weighed. The level of inhibition of
tumor growth was determined by the following formula:

tumor weight of control group - tumor weight of treatment group

x100%
tumor weight of control group

Effect of B. longum-pBV22210-IL-2 on the survival time of
H22 tumor-bearing mice. Mice were randomly divided into
seven experimental groups (10 per group) and mice in each
group were injected respectively, as mentioned above. The
mice were kept after the last administration and their survival
time was recorded until day 70. All mice were sacrificed on
day 71 and the survival data were analyzed.
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Figure 1. Construction of the expression vector, pBV22210-1L-2.
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Figure 2. The growth curves of B. longum-pBV22210-IL-2 and wild-type
(WT) B. longum cells. B. longum-pBV22210-IL-2 cells were incubated anaer-
obically at 37°C in trypticase-peptone-yeast (TPY) medium with or without
chloramphenicol. WT B. longum cells were incubated anaerobically at 37°C in
TPY medium without selective pressure. OD 600, optical density at 600 nm.

Statistical analysis. The results were expressed as the means + SD
value. The data were statistically analyzed using the Student's
t-test in both groups and the ANOVA test in multiple groups.
The comparisons among multiple groups were performed using
Student-Newman-Keuls g-test. Survival analysis was performed
using SPSS 15.0. P<0.05 was considered to indicate a statistically
significant difference.

Results

Identification of the pBV22210-IL-2 plasmid. The constructed
pBV22210-IL-2 plasmid (Fig. 1) was confirmed by sequencing,
and the sequencing result was as follows: GAATTCCAAA
TGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAG
TCTTGCACTTGTCACAAACAGTGCACCTACTTCAAGT
TCTACAAAGAAAACACAGCTACAACTGGAGCATTTA
CTGCTGGATTTACAGATGATTTTGAATGGAATTAATA
ATTACAAGAATCCCAAACTCACCAGGATGCTCACATT
TAAGTTTTACATGCCCAAGAAGGCCACAGAACTGAA
ACATCTTCAGTGTCTAGAAGAAGAACTCAAACCTCT
GGAGGAAGTGCTAAATTTAGCTCAAAGCAAAAACT
TTCACTTAAGACCCAGGGACTTAATCAGCAATATCAA
CGTAATAGTTCTGGAACTAAAGGGATCTGAAACAAC
ATTCATGTGTGAATATGCTGATGAGACAGCAACCATT
GTAGAATTTCTGAACAGATGGATTACCTTTTGTCAAA
GCATCATCTCAACACTAACTTGATAAGGATCC. Restri-
ction site: EcoRI GAATTC; BamHI GGATCC.

The sequencing result showed that the recombinant
plasmid pBV22210-IL-2 was successfully constructed. The
sequence of the IL-2 gene between the EcoRI and BamHI sites
was consistent with the GenBank report.

Growth characteristics. The growth curves of B. longum-
pBV22210-IL-2 and WT B. longum were similar in the TPY
medium without selective pressure, whereas the lag phase of
B. longum-pBV22210-IL-2 in the selective medium was statis-
tically longer than that in the non-selective medium as shown
in Fig. 2. Both B. longum-pBV22210-IL-2 and WT B. longum
in the TPY medium without chloramphenicol grew to an expo-
nential phase after 3 h and a stationary phase (OD 600=1.1)
after 8 h of incubation. However, B. longum-pBV22210-IL-2
cells in the TPY medium with chloramphenicol (5 pg/ml)
grew to an exponential phase after 7 h and a stationary phase
after 11 h of incubation.

Effect of B. longum-pBV22210-IL-2 on growth of H22 tumors.
We established an H22 tumor xenograft model to assess the
antitumor efficacy of B. longum-pBV22210-IL-2 alone and
in combination with CTX, B. longum-pBV22210-endostatin
or B. longum-pBV22210-TRAIL in vivo. The tumors excised
from each group are shown in Fig. 3A. The average tumor
weight of each group is shown in Fig. 3B. Compared with the
dextrose-saline solution group, the tumor inhibition rate of the
B. longum-pBV22210-IL-2 group was 56.2% (p<0.05), which
was higher than that of the WT B. longum group (32%) (p>0.05),
but lower than that of the CTX group (62.2%) (p<0.05).
Compared with the dextrose-saline solution group, the inhibi-
tory rate of the co-injection of B. longum-pBV22210-IL-2
with B. longum-pBV22210-TRAIL reached 74% (p<0.05),
while that of B. longum-pBV22210-IL-2 with B. longum-
pBV22210-endostatin was 77.5% (p<0.05) and that of
B. longum-pBV22210-IL-2 with CTX was 82.7% (p<0.05).
Compared with the B. longum-pBV22210-IL-2 alone group,
the tumor inhibition rate of the B. longum-pBV22210-IL-2
plus B. longum-pBV22210-TRAIL group was 17.8% (p<0.05)
higher, whereas that of the B. longum-pBV22210-IL-2 plus
B. longum-pBV?22210-endostatin group was 21.3% (p<0.05)
higher and the B. longum-pBV22210-IL-2 plus CTX group
was 26.5% (p<0.05) higher. These results suggest that
B. longum-pBV?22210-IL-2 alone can inhibit tumor growth
significantly, and when combined with other drugs, the
inhibitory efficacy is even greater.
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Figure 3. The suppression effects of B. longum-pBV22210-IL-2 on H22 cell tumor growth. There were six mice in each group. The tumor weight was
measured for each mouse. (A) Tumors excised from different groups. (B) The average tumor weight of different groups. Numbers 1-7 in the X axis correspond
to the dextrose-saline solution group, wild-type B. longum group, B. longum-pBV22210-IL-2 group, CTX (30 mg/kg) group, B. longum-pBV22210-1L-2
plus B. longum-pBV22210-TRAIL group, B. longum-pBV22210-IL-2 plus B. longum-pBV22210-endostatin group and B. longum-pBV22210-IL-2 plus CTX
(30 mg/kg) group, respectively. "P<0.05 versus dextrose-saline solution group. IL-2, interleukin-2; CTX, cyclophosphamide.

Effect of B. longum-pBV22210-IL-2 on survival time of H22
tumor-bearing mice. To examine the effect of B. longum-
pBV22210-IL-2 on the survival time of tumor-bearing mice,
we developed a xenograft model in which H22 cells were
injected subcutaneously into Kunming mice. The survival
curves of four single administration groups are shown in
Fig.4A. The mean survival time of the dextrose-saline solution
group was 20.4+1.2 days, and that of the CTX group extended
to 23.1+1.6 days, but the difference was not statistically signi-
ficant (p>0.05). The mean survival time of the WT B. longum
and B. longum-pBV22210-IL-2 groups extended to 26.8+2.1
(p<0.01) and 31.8+3.1 days (p<0.01), respectively. The survival
curves of the co-administration groups are shown in Fig. 4B.
The mean survival time of the B. longum-pBV22210-IL-2 plus
CTX group, the B. longum-pBV22210-IL-2 plus B. longum-
pBV22210-endostatin group and the B. longum-pBV22210-
IL-2 plus B. longum-pBV22210-TRAIL group was 28.4+2 .4,
34.7+£3.6 and 35.6+3.4 days, respectively. The H22 tumor-
bearing mice co-administered B. longum-pBV22210-IL-2
with B. longum-pBV?22210-endostatin or B. longum- pBV22210-
TRAIL had significantly improved survival compared with
the mice administered dextrose-saline solution (p<0.05).
However, the survival time of the mice in the B. longum-
pBV22210-IL-2 plus CTX group was not statistically significant
compared with the mice in the dextrose-saline solution group
(p>0.05). Compared with the WT B. longum group, the
B. longum-pBV22210-IL-2 plus B. longum-pBV22210-
endostatin group and the B. longum-pBV22210-1L-2 plus
B. longum-pBV22210-TRAIL group showed statistical
significance (p<0.05), while the B. longum-IL-2 plus CTX
group showed no statistical significance (p>0.05).

Discussion
The immune system plays a major role in tumorigenesis and

metastasis. As a cytokine closely related to the immune system,
IL-2 has been used in the treatment of a number of different
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Figure 4. Kaplan-Meier survival curves of H22 tumor-bearing mice. (A) A
Kaplan-Meier survival curve of mice treated with dextrose-saline solution,
wild-type B. longum, B. longum-pBV22210-IL-2 and CTX (30 mg/kg),
respectively. (B) A Kaplan-Meier survival curve of mice treated with dex-
trose-saline solution, B. longum-pBV22210-IL-2, B. longum-pBV22210-IL-2
plus B. longum-pBV22210-TRAIL, B. longum-pBV22210-IL2 plus
B. longum-pBV22210-endostasin and B. longum-pBV22210-1L2 plus CTX
(30 mg/kg), respectively. IL-2, interleukin-2; CTX, cyclophosphamide.

types of cancer, including metastatic melanoma (8), mesothe-
lioma (9), lymphoma (10), kidney carcinoma (22), hepatocellular
carcinoma (23), lung cancer (24) and bladder carcinoma (25).
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However, toxicity and side-effects remain the major drawbacks
of IL-2 therapy. To maximize the therapeutic efficacy and mini-
mize the systemic side-effects of IL-2, several delivery systems
have been used. These delivery systems have included gene
therapy, and liposome and polymeric microspheres (26-28),
among which safety and efficacy remain a problem.

As an important non-pathogenic anaerobic bacterium
in the human colon, Bifidobacterium has been used as a
delivery system for a number of functional genes in cancer
gene therapy (29). In a previous study, Li et al (30) used
Bifidobacterium adolescentis (B. adolescentis) as the delivery
system to transport the endostatin gene to solid tumors. When
B. adolescentis with the endostatin gene was injected into
tumor-bearing mice through the tail vein, they were only
found in the tumors and no bacilli were found in other normal
tissues. These results further prove that Bifidobacterium only
germinates and proliferates in solid tumors and might be a
highly specific and efficient vector for anticancer genes in
cancer gene therapy. Furthermore, Bifidobacterium itself has
been proven to have anticancer functions (31). Bifidobacterium
has anticancer effects as not only has it been shown to inhibit
cancer growth directly but it also to increase the activity of a
number of immune cells and factors including IL-2 (32). In
view of the properties above, B. longum may be used as a non-
toxic, efficient and targeted delivery system of IL-2.

A main obstacle in the application of B. longum as a gene
delivery system is the instability of exogenous plasmids and the
low level expression of the exogenous gene. A number of attempts
have been made to solve this problem. Nakamura et al (33)
constructed the plasmid, pPBLES100-S-eCD, which included the
histone-like protein (HU) gene promoter and the gene encoding
the cytosine deaminase (CD) of E. coli in the pBLES100 vector.
Using this vector, the expression of cytosine deaminase in
B. longum successfully converted 5-fluorocytosine (5-FC) to
5-fluorouracil (5-FU). Yi et al (34) successfully constructed a
Bifidobacterium infantis/CD targeting gene therapy system with
a recombinant CD/pGEX-1AT plasmid, which was used in the
inhibition of melanoma in vitro and in vivo. In our laboratory, Xu
et al (35) constructed a pPBV22210-endostatin vector combining
a chloramphenicol resistance gene (Cm") from a pBCSK (t)
plasmid and a cryptic plasmid pMBI from the WT B. longum
strain. When electroporated into B. longum, the plasmid could be
stably expressed and B. longum-pBV22210-endostatin exhibited
a strong inhibitory effect on H22 tumor growth. Hu et al (20)
constructed a B. longum strain with pBV22210 encoding the
extracellular domain of TRAIL (B. longum-pBV22210-TRAIL),
and it selectively proliferated in the tumor tissue and exhibited a
definite antitumor effect on S180 osteosarcoma. In this study, we
constructed the plasmid, pBV22210-IL-2, based on the plasmid,
pBV22210-endostatin. The results showed that the growth
curves of B. longum-pBV22210-IL-2 and WT B. longum were
similar, which suggested that the biological characteristics of
B. longum were not affected after the plasmid was electropor-
ated. The result that B. longum-pBV22210-IL-2 could grow in
TPY medium with chloramphenicol for at least 10 generations
further proved that pBV22210-IL-2 was constructed success-
fully and could be stably expressed in B. longum.

The antitumor effect of B. longum-pBV22210-1L-2 was
evaluated in H22 tumor-bearing mice in vivo. B. longum-
pBV22210-IL-2 inhibited tumor growth by 56.2% (p<0.05),
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and extended the mean survival time of tumor-bearing
mice to 31.8+3.1 days (p<0.01). These results suggest that
B. longum-pBV22210-IL-2 has a significant effect on
H22 tumor cells. As B. longum-pBV22210-TRAIL and
B. longum-pBV22210-endostatin were also proven to have
an antitumor effect in our previous studies, we assessed
the synergistic effect of a combination of B. longum-
pBV22210-IL-2 and B. longum-pBV22210-TRAIL or
B. longum-pBV22210-endostatin on H22 tumors. 1L-2,
TRAIL and endostatin are tumor suppressor genes with
different mechanisms. IL-2 activates immune cells and regu-
lated the body's immune function, TRAIL activates related
apoptotic pathways of tumor cells and induces apoptosis, and
endostatin inhibits angiogenesis and reduces nutrient supply
to the tumor. Our results showed that the tumor growth
inhibition was enhanced and survival time was prolonged
in the combination treatment groups, which further proved
that co-administration of drugs with different mechanisms
could be a feasible method in cancer therapy. In addition, as
chemotherapy remains the major approach to treat tumors in
clinical practice, we used the chemotherapeutic drug, CTX,
combined with B. longum-pBV22210-IL-2 and assessed their
synergistic effect on H22 tumors. The results showed that the
combination of CTX and B. longum-pBV22210-1L-2 signifi-
cantly inhibited tumor growth; however, the survival time of
the tumor-bearing mice administered this combination was
not extended. In our previous studies, we combined CTX with
B. longum-pBV22210-granulocyte colony-stimulating factor
(GCSF) to observe the effects on H22 and S180 tumor-bearing
mice, and similar results were obtained (36). These results were
attributed to the toxicity of CTX. Lower dose and a combina-
tion of targeted gene therapy may solve the severe side-effects
of chemotherapeutic drugs.

In conclusion, we established a new delivery system of
IL-2 by B. longum and developed a strategy of combining IL-2
with other antitumor genes or chemotherapeutic drugs for
tumor treatment. Treatment with B. longum-pBV22210-1L-2
resulted in significant inhibition of tumor growth and longer
survival time in tumor-bearing mice. The combination treat-
ments had much greater antitumor effects. Our results support
the potential of B. longum as a gene delivery system and the
combination of chemotherapy and target gene therapy for
advancing the treatment of cancer.
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