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the XpA1 human pancreatic cancer cell line is dimorphic, with spindle stem-like cells and round non-stem cells. We 
report here the in vitro IC50 values of stem-like and non-stem XpA1 human pancreatic cells cells for: (1) 5-fluorouracil 
(5-FU), (2) cisplatinum (CDDp), (3) gemcitabine (GeM), and (4) tumor-targeting Salmonella typhimurium A1-R (A1-R). IC50 
values of stem-like XpA1 cells were significantly higher than those of non-stem XpA1 cells for 5-FU (P = 0.007) and CDDp 
(P = 0.012). In contrast, there was no difference between the efficacy of A1-R on stem-like and non-stem XpA1 cells. In 
vivo, 5-FU and A1-R significantly reduced the tumor weight of non-stem XpA1 cells (5-FU; P = 0.028; A1-R; P = 0.011). In 
contrast, only A1-R significantly reduced tumor weight of stem-like XpA1 cells (P = 0.012). the combination of A1-R with 
5-FU improved the antitumor efficacy compared with 5-FU monotherapy on the stem-like cells (P = 0.004). the results of 
the present report indicate A1-R is a promising therapy for chemo-resistant pancreatic cancer stem-like cells.
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Introduction

Previously, we reported that XPA1 human pancreatic cancer 
cells are dimorphic, round, or spindle-shaped. The spindle-shaped 
cancer cells had the greater capability for distant metastasis and 
ascites formation, suggesting they are stem-like cells, which can 
be readily targeted for therapy.1

A tumor-targeting strain of S. typhimurium, A1-R, has 
been developed by our laboratory. S. typhimurium A1-R is 
auxotrophic for Leu-Arg, which prevents it from mounting 
a continuous infection in normal tissues. A1-R has no other 
attenuating mutations and, therefore, has very high tumor-
targeting capability. A1-R was able to eradicate primary and 
metastatic tumors in monotherapy in nude mouse models of 
prostate, breast, and pancreatic cancer, as well as sarcoma and 
glioma.2-9

In the present study, we compared the efficacy of chemotherapy 
and S. typhimurium A1-R on the stem-like spindle and round 
non-stem XPA1 pancreatic cancer cells.

Results and Discussion

Stem-like and non-stem XPA1 cells have a different drug-
sensitivity profile 

Stem-like spindle XPA1 cells spread throughout the surface 
of the culture flask, while non-stem round XPA1 cells tended to 
grow in a more clumped pattern (Fig. 1A and B).

To determine the differences in the chemo-sensitivity 
behavior of the stem-like and non-stem XPA1 subtypes, we 
determined the IC

50
 for: (1) 5-FU, (2) cisplatinum (CDDP), 

(3) gemcitabine (GEM), and (4) A1-R. IC
50

 values of stem-
like and non-stem XPA1 cells were 2.44 ± 0.25 μg/ml and 
1.48 ± 0.19 μg/ml, respectively, for 5-FU (P = 0.007); 2.65 ± 
0.22 μg/ ml and 1.43 ± 0.36 μg/ml, respectively, for CDDP 
(P = 0.012); 3.17 ± 0.15 ng/ml and 2.70 ± 0.29 ng/ ml, 
respectively, for GEM (P = 0.133); and (19.7 ± 1.46) × 106 colony 
forming units (CFU)/ml and (17.8 ± 9.78) × 106 CFU/ ml for 
A1-R, respectively, (P = 0.771) (Fig. 1C–F). Stem-like XPA1 
cells had significantly greater resistance to 5-FU and CDDP 
compared with non-stem XPA1 cells. In contrast, there was no 
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difference between the efficacy of A1-R for stem-like and non-
stem XPA1 cells (Table 1).

Next, we investigated the efficacy of the chemotherapeutic 
drugs and A1-R for stem-like and non-stem XPA1 cells 
in vivo. The tumor weight of non-stem XPA1 cells was  
0.060 ± 0.043 g after 5-FU treatment; 0.376 ± 0.386 g after 
CDDP treatment; 0.696 ± 0.309 g after GEM treatment; 0.070 
± 0.075 g after A1-R treatment; and 0.948 ± 0.591 g for untreated 
control. 5-FU and A1-R significantly reduced tumor weight of 
XPA1 non-stem cells compared with untreated control (5-FU; 
P = 0.028; A1-R; P = 0.011) (Fig. 2B and D and Table 2). In 
contrast, the tumor weight of stem-like XPA1 cells was 0.436 
± 0.283 g after 5-FU treatment; 0.454 ± 0.310 g after CDDP 
treatment; 0.692 ± 0.354 g after GEM treatment; 0.178 ± 0.140 g 
after A1-R treatment; and 0.986 ± 0.539 g for untreated control. 
Only A1-R significantly reduced the tumor weight of stem-like 
XPA1 cells (P = 0.012) (Fig. 2A and C and Table 2).

Confocal imaging of cancer cells infected with 
S. typhimurium A1-R in vitro and in vivo

The interaction between A1-R expressing green fluorescent 
protein (GFP) and XPA1 pancreatic cancer cells labeled with 
red fluorescent protein (RFP) in the cytoplasm was observed 
with the Fluoview FV1000 confocal microscope (Olympus 
Corp) (Fig. 3). GFP-expressing A1-R invaded the stem-like and 
non-stem XPA1 pancreatic cancer cells expressing RFP as early 
as 60 min after infection (Fig. 3B and E). The stem-like and 
non-stem XPA1 cells appeared apoptotic within 120 min after 
bacterial infection (Fig. 3C and F). This result demonstrated 

virulence of A1-R for both stem-like and non-stem XPA1 
pancreatic cancer cells.

Bacterial colonies were detected in both stem-like (Fig. 4A) 
and non-stem (Fig. 4D) tumors in vivo after i.p. injection of 
A1-R. Frozen section microscopy showed A1-R infiltrated 
into both stem-like (Fig. 4B and C) and non-stem XPA1 cells 
(Fig. 4E and F). These results suggested that A1-R injected i.p. 
could survive in the nude mice and infiltrate into the stem-like 
and non-stem pancreatic cancer cells, resulting in cancer-cell 
death.

Efficacy of 5-FU and 5-FU+A1-R combination on chemo-
resistant stem-like XPA1 tumors

To examine the efficacy and the toxicity of A1-R in 
combination with other chemotherapeutic drugs, nude mice 
were orthotopically implanted with stem-like XPA1 cells and 
treated with the following drugs: (1) 5-FU (10 mg/kg, ip); (2) 
A1-R (1.5 × 108 CFU/body, ip); (3) 5-FU (6.5 mg/kg, ip) + A1-R 
(1.0 × 108 CFU/body, ip); and (4) saline (vehicle/control, ip). 
5-FU and bacteria were injected weekly from day 21 after tumor 
implantation for 7 wk. Each treatment arm involved 8 tumor-
bearing mice. No significant effects on body weight, morbidity, 
or severe toxicities were observed in any treatment arm. Animals 
were sacrificed at 10 wk, and tumors were weighed. Tumor weight 
was 5.982 ± 1.829 g for 5-FU; 3.518 ± 1.096 g for A1-R; 2.482 
± 0.722 g for 5-FU+A1-R; and 8.628 ± 1.560 g for saline. Every 
treatment significantly reduced the tumor weight compared 
with control (5-FU; P = 0.039; A1-R; P < 0.001; 5-FU+A1-R;  
P < 0.001); (Fig. 5A and B). The combination therapy 

Table 1. Different drug-sensitivity profiles between stem-like and non-stem XpA1 cells in vitro

Treatment IC50 of stem-like cells IC50 of non-stem cells P value

5-FU 2.44 ± 0.25 μg/ml 1.48 ± 0.19 μg/ml P = 0.007

CDDp 2.65 ± 0.22 μg/ml 1.43 ± 0.36 μg/ml P = 0.012

GeM 3.17 ± 0.15 ng/ml 2.70 ± 0.29 ng/ml N.S

A1-R (19.7 ± 1.46) × 106 CFU/ml (17.8 ± 9.78) × 106 CFU/ml N.S

Table 2. efficacy of chemotherapeutic drugs and A1-R on stem-like and non-stem XpA1 tumors

Treatment Tumor weight of stem-like cells (g) P value* Tumor weight of non-stem cells (g) P value*

5-FU 0.436 ± 0.283 N.S 0.060 ± 0.043 P = 0.028

CDDp 0.454 ± 0.310 N.S 0.376 ± 0.386 N.S

GeM 0.692 ± 0.354 N.S 0.696 ± 0.309 N.S

A1-R 0.178 ± 0.140 P = 0.012 0.070 ± 0.075 P = 0.011

Control 0.986 ± 0.539 — 0.948 ± 0.591 —

*Compared with control.

Table 3. efficacy of 5-FU and 5-FU+A1-R combination on chemo-resistant stem-like XpA1 tumors

Treatment Tumor weight (g) P value

5-FU 5.982 ± 1.829 P = 0.039*

A1-R 3.518 ± 1.096 P < 0.001*

5-FU+A1-R 2.482 ± 0.722 P < 0.001*, P = 0.004**

Control 8.628 ± 1.560 —

*Compared with control, **compared with 5-FU.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

2776 Cell Cycle Volume 12 Issue 17

(5-FU+A1-R) significantly reduced tumor 
weight compared with 5-FU (P = 0.004) 
(Table 3), even though the dosage of each drug 
was reduced compared with monotherapy 
(Fig. 5B).

Jia et al.10 demonstrated that the 
combination of Salmonella typhimurium 
and cyclophosphamide (CTX) significantly 
improved the efficacy of CTX and increased 
the number of bacteria within tumors.

In the present study, the combination 
A1-R with 5-FU had no adverse effects and 
improved the antitumor efficacy compared 
with monotherapy, even though the dosage 
of each agent was reduced (Fig. 5B). These 
findings suggest that the combination A1-R 
with chemotherapeutic agents may increase 
the efficacy and decrease the toxicity of 
conventional chemotherapy.

In conclusion, the stem-like XPA1 cells 
were resistant to chemotherapy but sensitive 
to A1-R. Thus, A1-R has promise for therapy 
of pancreatic cancer stem-like cells which are 
resistant to conventional chemotherapy. The 
combination of A1-R with chemotherapeutic 
agents has clinical potential for the treatment 
of pancreatic cancer stem cells.

Materials and Methods

Cell line and culture conditions
The XPA1 human pancreatic cancer 

cell line was a kind gift from Dr Anirban 
Maitra at Johns Hopkins University. Cells 
were maintained in RPMI 1640 medium 
supplemented with 10% fetal bovine serum 
(FBS) and 2 mM glutamine from Gibco-
BRL (Life Technologies Inc, Grand). All 
media were supplemented with penicillin 
and streptomycin (Gibco-BRL). Cells were 
cultured at 37 °C with 5% CO

2
.11

Production of RFP retroviral vector
The RFP (DsRed-2) gene (Clontech 

Laboratories) was inserted in the 

Figure 1. XpA1 human pancreatic cancer cells are 
dimorphic. Stem-like XpA1 cells are spindle-shap-
red and spread throughout the surface of the cul-
ture flask (A), while non-stem XpA1 cells are round 
and tended to grow in a more clumped pattern (B). 
Dose response curves and the IC50 for different che-
motherapeutic drugs for each morphological type 
of XpA1 pancreatic carcinoma cells (C–F). Stem-like 
XpA1 cells were resistant to 5-FU and CDDp com-
pared with non-stem XpA1 cells (C and D). In con-
trast, there was no difference between the efficacy 
of A1-R on stem-like and non-stem XpA1 cells (F). 
Scale bars, 20 μm. *P < 0.05.
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retroviral-based mammalian expression vector pLNCX 
(Clontech) to form the pLNCX DsRed-2 vector. Production 
of retrovirus resulted from transfection of pLNCX DsRed-2 in 
PT67 packaging cells, which produced retroviral supernatants 
containing the DSRed-2 gene. Briefly, PT67 cells were grown as 
monolayers in DMEM supplemented with 10% FCS (Gemini 
Bio-Products). Exponentially growing cells (in 10 cm dishes) were 
transfected with 10 μg expression vector using Lipofectamine 
Plus (Life Technologies). Transfected cells were replated 48 h 
after transfection and 100 μg/ml G418 were added 7 h after 
transfection. Two days later, the amount of G418 was increased 
to 200 μg/ml. During the drug-selection period, surviving 
colonies were visualized under fluorescence microscopy (IX71 
Inverted Microscope, Olympus), and RFP-positive colonies were 
isolated.12,13

RFP gene transduction of XPA1 cells
For RFP gene transduction, 20% confluent XPA1 cells 

were incubated with a 1:1 precipitated mixture of retroviral-
containing supernatants of PT67 cells and RPMI 1640 or 
other culture media (Life Technologies) containing 10% FBS 
(Gemini Bio-Products) for 72 h. Fresh medium was replenished 
at this time. Cancer cells were harvested with trypsin/EDTA 
and subcultured at a ratio of 1:15 into selective medium, which 
contained 50 μg/ml G418. To select brightly fluorescent cells, 
the level of G418 was increased to 800 μg/ml in a stepwise 

manner. Clones of cancer cells expressing RFP were isolated 
with cloning cylinders (Bel-Art Products) by trypsin/EDTA and 
amplified and transferred by conventional culture methods in 
the absence of a selective agent.12,13

Preparation of bacteria
The S. typhimurium A1-R bacteria expressing GFP were 

grown overnight on LB medium and then diluted 1:10 in LB 
medium. Bacteria were harvested at late-log phase, washed with 
PBS, and then diluted in PBS. Bacteria were then used for in vitro 
and in vivo experiments.2

IC
50

 of chemotherapeutic agents
XPA1 human pancreatic cancer cells are dimorphic. Serial 

dilution was performed to obtain clones of each cellular 
morphology for further analysis. Each morphological type of 
XPA1 cells, in the exponential growth phase, was trypsinized to 
yield a cell suspension of 5 × 104 cells/ml and seeded onto 96-well 
plates (0.5–1 × 104 cells/well), in triplicate. Chemotherapeutic 
drugs were added after the cells were allowed to adhere for 24 h. 
The final concentrations of the chemotherapeutic drugs and S. 
typhimurium A1-R were as follows: 5-FU (Kyowa Hakko Kogyo), 
0.32, 1.6, 8, 40, and 200 μg/ml; CDDP (Nippon Kayaku Co), 
0.064, 0.32, 1.6, 8, and 40 μg/ml; GEM (Eli Lilly), 0.00016, 
0.0008, 0.004, 0.02, and 0.1 μg/ml and S. typhimurium A1-R, 
1, 4, 20, 100, and 500 × 106 colony forming units (CFU)/ml. 
After the plates were incubated at 37 °C in 5% CO

2
 for 48 h, 

Figure 2. Chemotherapy of both morphological types of XpA1 cells in vivo. (A and B) Images of tumors at termination. (C and D) Bar graphs of tumor weight. 
5-FU and A1-R significantly reduced the tumor weight of round non-stem XpA1 cells (5-FU; P = 0.028, A1-R; P = 0.011) (B and D), whereas only A1-R significantly 
reduced the tumor weight of spindle-shaped stem-like XpA1 cells compared with control (P = 0.012) (A and C). *P < 0.05 (vs. control group). BF, brightfield.
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Figure 3. Confocal imaging of stem-like (A–C) and non-stem (D–F) XpA1 pancreatic cancer cells infected with A1-R, expressing GFp, in vitro. XpA1 pan-
creatic cancer cell death was induced by A1-R targeting in vitro. A1-R infection was detected in both stem-like and non-stem XpA1 cells after 60 min 
(B and E, respectively). A1-R induced apoptosis in both stem-like and non-stem XpA1 cells (C and F, respectively). Scale bars, 20 μm. pre, pre-infection.

Figure 4. Confocal imaging of cancer cells infected with A1-R, expressing GFp, in vivo. Bacterial colonies were detected in both stem-like (A) and non-
stem (D) tumors. Frozen section microscopy showed infiltrating A1-R in both spindle-shaped stem-like (B and C) and round non-stem cells (E and F). (C 
and F) are high magnification images of (B and E), respectively. Scale bars, 20 μm.
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MTS assays were performed at various time points using the 
Cell Titer 96 Assay (Promega) according to the manufacturer’s 
instructions.

The growth inhibition rates of the different drugs and 
concentrations were calculated by the following formula:

Inhibition rate = (A1 value of negative control – A value 
of experimental)/(A1 value of negative control – A0 value of 
blank) × 100%.

The IC
50

 value of each drug was calculated by the Karber 
method.14

Confocal imaging of cancer cells infected with 
S. typhimurium A1-R in vitro and in vivo

XPA1 pancreatic cancer cell death was induced by 
S. typhimurium A1-R targeting in vitro. Each morphological 
type of XPA1 pancreatic cancer cells was grown in 24-well 
tissue culture plates to a density of approximately 104 cells/
well. A1-R was grown to late log in LB broth, diluted in cell 
culture medium, and added to the cancer cells (1 × 105 CFU/
ml) and incubated at 37 °C. After 40 min, the cells were rinsed 
and cultured in medium containing gentamycin sulfate (20 μg/
ml) to kill external, but not internal bacteria. The interaction 

of A1-R, expressing GFP, with cancer cells, expressing RFP, in 
vitro was observed with confocal microscopy (Fluoview FV1000, 
Olympus). Excitation sources were semiconductor lasers at 473 
nm for GFP and 559 nm for RFP excitation. Fluorescence images 
were obtained using the 20×/1.0 XLUMPLFLN objective.15 In 
vivo, the resected specimens were embedded by optimal cutting 
temperature (OCT) compound (Tissue-Tek; Sakura Finetek 
Europe BV) and preserved in liquid nitrogen. Frozen sections 
of 7–10 μm thickness were prepared with a CM1850 cryostat 
(Leica). The frozen sections were directly observed with the 
FV1000.

Animal care
Nude (nu/nu) mice (AntiCancer Inc) were bred and 

maintained in a HEPA-filtered environment with cages, chow, 
and bedding sterilized by autoclaving. The animal diets were 
obtained from Harlan Teklad. Ampicillin (5.0%, w/v; Sigma) 
was added to the autoclaved drinking water. All surgical 
procedures and imaging were performed with the animal 
anesthetized by intramuscular injection of 0.02 ml of a solution 
of 50% ketamine, 38% xylazine, and 12% acepromazine 
maleate. All animal studies were conducted in accordance with 

Figure 5. Combination chemotherapy efficacy for stem-like XpA1 cells in vivo. (A) Images of tumors at termination. (B) Bar graphs of tumor weight. 
every group significantly reduced tumor weight compared with control (5-FU, P = 0.039; A1-R, P < 0.001; 5-FU + A1-R, P < 0.001). Combination therapy 
(5-FU + A1-R) significantly reduced tumor weight compared with 5-FU (P = 0.004), even though the dosage of each drug was reduced compared with 
monotherapy (B) BF, brightfield.
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the principles of and procedures outlined in the NIH guide for 
the care and use of laboratory animals under assurance number 
A3873-1.

Subcutaneous cancer cell implantation
Human XPA1-RFP pancreatic cancer cells were harvested 

by trypsinization and washed twice with serum-free medium. 
Cells (2 × 106 in 100 ml serum-free media) were injected 
subcutaneously, within 30 min of harvesting, over the right 
and left flanks in male nu/nu mice between 4 and 6 wk of age. 
Subcutaneous tumors were allowed to grow for 2–4 wk until 
large enough to supply adequate tumor to harvest for subsequent 
orthotopic implantation.

Orthotopic tumor implantation
Orthotopic human pancreatic cancer xenografts were 

established in nude mice, anesthetized as described above, by 
surgical orthotopic implantation (SOI) of fluorescent XPA1-RFP 
tumor fragments into the pancreas. A small 6 to 10 mm transverse 
incision was made on the left flank of the mouse through the skin 
and peritoneum. The tail of the pancreas was exposed through 
this incision, and a single 1 mm3 tumor fragment from a XPA1-
RFP subcutaneous tumor was sutured to the tail of the pancreas 
using 8–0 nylon surgical sutures (Ethilon; Ethicon Inc). On 
completion, the tail of the pancreas was returned to the abdomen, 
and the incision was closed in one layer using 6–0 nylon surgical 
sutures (Ethilon).16-21

Chemotherapy
Nude mice were orthotopically implanted with each 

morphological type of XPA1 as described above. The mice 
were treated in the following groups: (1) 5-FU (10 mg/kg, ip); 
(2) CDDP (5 mg/kg, ip); (3) GEM (150 mg/kg, ip); (4) A1-R 
(1.5 × 108 CFU/body, ip); and (5) saline (vehicle/control, ip). 
Chemotherapeutic drugs were injected weekly from day 21 after 
tumor implantation for 4 or 7 wk. Each treatment arm involved 
8 tumor-bearing mice. No significant effects on body weight, 
morbidity, or severe toxicities were observed in any treatment arm. 
Animals were sacrificed at 7 wk, and tumors were weighed and 
harvested for analysis. GFP and RFP fluorescence was imaged 
using the OV100 variable magnification Small Animal Imaging 
System (Olympus)22 and the FV1000 confocal microscope 
(Olympus).15
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