
Abstract. Background/Aim: The aim of the current study was
to investigate the synergistic efficacy of Robo1 bichimeric
antigen receptor-natural killer cell (BiCAR-NK) immunotherapy
and 125I seed brachytherapy in an orthotopic pancreatic cancer
mouse model. Materials and Methods: The orthotopic
pancreatic tumor model was established with human pancreatic
cancer BxPC-3 cells expressing red fluorescent protein. The
mice were treated with 125I seed implantation alone or the
combination of 125I seeds with Robo1-specific CAR-NK cells.
To assess tumor inhibition, in vivo fluorescence imaging was

conducted.  7 Tesla magnetic resonance (7T-MR) scanning was
applied to measure the changes in the metabolic profiles of
tumor tissues. Results: Tumor size was significantly reduced in
the 125I and 125I +CAR-NK treated group compared to the
untreated group (p<0.05). The 125I seed +CAR-NK treated
group showed significantly higher tumor reduction than 125I
seed treatment alone (p<0.05). T1 diffusion weighted imaging
(T1DWI) sequence showed that the tumors of the 125I +BiCAR-
NK treated group had a significantly higher grey scale value
than the tumors from the untreated control and the group
treated with 125I seed alone (p<0.05). Conclusion: Robo1
specific CAR-NK immunotherapy enhances efficacy of 125I seed
brachytherapy in an orthotopic pancreatic cancer mouse model.

Pancreatic cancer is one of the most aggressive and lethal
human cancers with early local invasion and distant metastasis
(1, 2). Despite advances in diagnosis and treatment, pancreatic
cancer still has a very low 5-year survival rate (3). 

Iodine 125 brachytherapy (125I IBT) has recently been
used alone or in combination with other treatments to treat
patients with cancer at an inoperable advanced stage, or with
local recurrence or metastasis following surgery,
chemotherapy or radiotherapy (4, 5). It has been reported
that 125I IBT significantly inhibited local invasion and
prolonged overall survival by maximizing the radiation dose
delivered to the tumor and minimizing radiation injury of the
surrounding normal tissue (6).
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Recently, chimeric antigen receptor (CAR)-modified T
cell therapy has emerged as a promising immunotherapeutic
strategy for the treatment of blood cancers and some solid
tumors (7, 8). Unlike T cells that require prior sensitization,
NK cells can kill tumor cells directly (9). NK cells are
activated by the integration of both stimulatory and
inhibitory receptor signaling (10, 11). Similar to CAR-T
cells, CAR-NK cell preparation includes collection of
patient’s NK cells, engineering of these cells to express CAR
to recognize a tumor-specific protein, and then re-infusion
of the engineered NK cells into the patient (12).

Robo1 is a member of the axon guidance receptor family
(Robo1-4) (13) that has also been reported to play a role in
modulating chemotaxis of T cells and tumor angiogenesis
(14-16). Increased expression of Robo1 has been found in
pancreatic cancer (17).

In this study, we examined the synergistic efficacy of
Robo1 BiCAR-NK immunotherapy and 125I seed
brachytherapy in an orthotopic pancreatic tumor mouse
model. To assess the inhibitory effect on tumor growth, in
vivo fluorescence imaging was applied. 7T-MR scanning
with 1H NMR spectra was used to determine the changes in
the metabolic profiles of tumor tissues after 125I seed and
Robo1 CAR-NK combined therapy.

Materials and Methods
Cell culture. The human pancreatic cancer cell line BxPC-3 RFP
was obtained from AntiCancer, Inc., (San Diego, CA, USA). The
cells were cultured in RPMI 1640 (GIBCO Life Technologies, New
York, NY, USA) modified medium containing 10% fetal bovine
serum (FBS, Hyclone, Logan, UT, USA), L-Glutamine (2.05 mM),
100 U/ml penicillin and 100 μg/ml streptomycin at 37°C in 5% CO2
humidity saturated atmosphere.

Animal care. Male BALB/C nude mice, 18-20 g each, were
purchased from Nanjing Biomedical Research Institute of Nanjing
University (Nanjing, PR China) and were maintained in a HEPA-
filtered environment at a standard condition. Animal experiments
were approved by the Animal Use Committee of Nanjing Origin
Biosciences, PR China. 

Orthotopic mice model of human pancreatic cancer. Nude mice
were subcutaneously injected with 5×106 BxPC-3-RFP cells. The
tumor was harvested during the exponential growth phase for
subsequent orthotopic tumor implantation. Viable tumor tissues with
strong RFP expression were cut into 2-mm3 fragments. Animals
were anesthetized with a cocktail of ketamine, xylazine, and
acepromazine maleate. An incision was made through the left upper
abdominal pararectal line and peritoneum. The pancreas was
exposed. Then, one tumor fragment was transplanted to the
pancreatic tail with 8-0 surgical sutures. The abdomen was closed
with sterile 5-0 surgical sutures. 

Treatment. When the mean tumor volume reached 300 mm3, the
experimental animals were divided into three groups with 8 mice in
each group. Group 1 was untreated and served as a normal control.

The G2 group was treated with implantation of 125I seeds in the
tumor. The G3 group was treated with 125I seeds in the tumor and
injection of Robo1-specific BiCAR-NK cells. 125I seeds (diameter,
0.8 mm; length, 4.5 mm; half life, 59.6 days; half value thickness,
1.7 cm in tissue; main emission, 27.4 31.4 Kev X ray and 35.5 Kev
γ ray) were provided by Shanghai Xinke Pharmaceutical Co., Ltd.
(Shanghai, PR China). The 125I seeds were preloaded into 18 gauge
needles and subsequently implanted into the xenograft center. A
total of 10×108, 30×108 and 50×108 Robo1 CAR-NK cells were
intravenously administered at day 1, 8 and 15, respectively, after
125I seed treatment. 

Fluorescence imaging. Tumor growth was monitored and measured
by in vivo fluorescence imaging with a fluorescence stereo
microscope model MZ650 (Nanjing Optic Instrument Inc., PR
China) equipped with D510 long-pass and HQ600/50 band-pass
emission filters (Chroma Technology, Brattleboro, VT, USA).
Images were processed and analyzed with the use of IMAGE PRO
PLUS 6.0 software (Media Cybernetics, Silver Spring, MD, USA).
Tumor volume was determined with the formula (L×W2) /2, where
W indicates the perpendicular minor dimension whereas L
represents the major one. All mice were sacrificed at the end of the
study. The tumor was removed from mice and weighed at autopsy. 

In vivo magnetic resonance (MR) imaging. MR images were
acquired using a 7Tscanner (Bruker, Billerica, MA, USA). The mice
were anesthetized with 2% isoflurane in 100% oxygen. Anatomical
proton MR images were acquired using the rapid acquisition with
relaxation enhancement (RARE) sequence. T1-weighted images
(T1WI) were acquired with the following parameters: repetition
time (TR), 1300 msec; echo time (TE), 7.5 msec; slice thickness
(ST), 1 mm; RARE factor, 4; number of acquisitions (NA), 2;
matrix size, 256 Å~ 192; and field of view (FOV), 3.5Å~ 2.5 cm.
The mice were imaged on days 7, 9, 11 and 13 after initial
treatment. 7T-MR scanning was analyzed to measure the grey scale
values in a region of interest (0.12 mm2-0.20 mm2) in the center of
the tumor using Image J software.

Statistical analysis. Data are expressed as means±SD. SPSS 17.0
software (Chicago, IL, USA) was used to analyze the data.
Differences between the groups were assessed using a one-way
ANOVA. p<0.05 was considered to be statistically significant.

Results

Effect of 125I seed and Robo1 BiCAR-NK combined therapy
on the growth of the orthotopic pancreatic cancer BxPC-3-
RFP. During the course of the treatment, tumor growth was
monitored and measured with whole-body fluorescence
imaging (Figure 1A). As shown in Figure 1B, the 125I and
125I+CAR-NK treated groups showed markedly tumor-
growth reduction compared to the untreated control group
beginning on day 15 post treatment initiation. The tumor size
was significantly reduced in the 125I and 125I+BiCAR-NK
treated groups compared to the untreated control group
(p<0.05) at the end. Furthermore, the 125I+CAR-NK treated
group showed significantly higher tumor reduction than the
125I alone treated group (p<0.05).
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Figure 1. Effect of 125I seed and Robo1 CAR-NK combined therapy on the growth of the orthotopic pancreatic cancer BxPC-3-RFP. Tumor growth
was monitored and quantified by real-time whole-body fluorescence imaging. (A) Sequential in vivo whole-body fluorescence imaging of tumors on
days 1, 12 and 21 after initial treatment. (B) Tumor growth curves for each group. 



Effect of 125I seed and Robo1 BiCAR-NK combined therapy on
the metabolic profiles of the orthotopic pancreatic cancer
BxPC-3-RFP. T1-weighted images (T1WI) were acquired to
evaluate the effect of 125I seed and Robo1 BiCAR-NK
combined therapy on orthotopic pancreatic cancer BxPC-3-

RFP. T1DWI sequence showed that the tumors of the
125I+CAR-NK treated group had significantly higher grey scale
value than the tumors of the untreated control and 125I seed-
alone treated group (p<0.05) (Figure 2A and B), indicating that
125I+CAR-NK treatment induced more necrosis in the tumor. 
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Figure 2. Effect of 125I seed and Robo1 CAR-NK combined
therapy on the metabolic profiles of the orthotopic
pancreatic tumor cancer BxPC-3-RFP. T1DWI sequence was
performed to examine the changes in the metabolic profiles
of tumor tissues. (A) Sequential T1DWI sequence of tumor
on days 7, 9, 11 and 13 after initial treatment. (B)
Quantification of the grey scale value of the tumors in each
group.  *p<0.01, when compared to 125I group.



Effect of 125I seed and Robo1 BiCAR-NK combined therapy
on survival of tumor bearing mice. Control, 125I seed alone
and 125I seed + CAR-NK treated groups had an overall
survival of 42 (+1.223), 39 (+2.449) and 40 (+0.797) days,
respectively. However, there was no statistically significant
difference among the three groups (p>0.05) (Figure 3).

Body weight and toxicity. To evaluate the toxic side effects
of the treatments, the body weight of mice was measured. A
decrease in body weight was observed in all three groups
beginning on day 15 after treatment (Figure 4). However,
there was no statistically significant difference among the
three groups (p>0.05). No physical or behavioral signs
indicating adverse effects were observed in any treatment
group.  

Discussion
125I brachytherapy is attracting more and more attention due
to specific advantages. First, irradiation dose targeted to the
tumor is applied in a single procedure. Second, irradiation
outside the target tumor is reduced. Third, tumor killing
continues over several weeks or months. Finally,
percutaneous implantation is guided under ultrasound or CT
(18, 19). 125I brachytherapy has been used as a promising
therapy for unresectable pancreatic cancers to maximize

local dose and minimize irradiation of the surrounding
normal tissue (20).

The clinical study of CAR-NK cell-based immunotherapy
has been carried out for some types of cancer (21) including
acute lymphoblastic leukemia (22), glioblastoma and
neuroblastoma (23), breast cancer (24), multiple myeloma
(25) and prostate cancer metastases (26). An advantage of
NK cell-based immunotherapy is that functional, immortal
NK cell lines are available for pre-clinical development
compared to CAR-T cell-mediated immunotherapy. Among
all NK cell lines, NK92 is the most promising cell line for
clinical application. NK92-mediated immunotherapy is now
tested in phase I/II clinical trials (27, 28). Similar to CAR-T
cell-based immunotherapy, to specifically target different
antigens, genetically modified NK cells use various CAR
molecules (12, 29). 

In the present study, we used Robo1 CAR-NK cells to
investigate the synergistic efficacy of the combination of
CAR-NK-Robo1 immunotherapy and 125I seed
brachytherapy for pancreatic cancer in an orthotopic nude
mouse model. Robo1 BiCAR-NK is a CAR-modified NK92
cell line expressing an anti-human Robo1 antibody
specifically targeting Robo1 on tumor cells. Our study
showed that treatment with 125I seed +CAR-NK resulted in
significantly higher tumor reduction than treatment with 125I
seed alone, indicating that the combination of Robo1
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Figure 4. Effect of 125I seed and Robo1 CAR-NK combined therapy on
the body weight of treated mice compared to untreated. No statistically
significant difference for body weight loss was found among three
groups (p>0.05).

Figure 3. Effect of 125I seed and Robo1 CAR-NK combined therapy on
the survival of nude mice with BxPC-3 pancreatic cancer. Overall
survival of the animals in each group. No statistically significant
difference in survival was found between the three groups (p>0.05).



BiCAR-NK therapy with 125I seed brachytherapy is a
promising strategy for the treatment of pancreatic cancer.
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