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Natural killer cell-based adoptive transfer  
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in a KrasLSL-G12D p53LSL-R172H Pdx1-Cre mouse model
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Abstract: Natural killer (NK) cells play a pivotal role in host immunity against different malignancies, including 
pancreatic ductal adenocarcinoma (PDAC). Our study aimed to evaluate the antitumor effects of NK cell-based 
adoptive transfer immunotherapy for PDAC in an orthotopic mouse model. Orthotopic KrasLSL-G12D p53LSL-R172H Pdx1-
Cre (KPC) mice were used to evaluate the therapeutic efficacy. Mouse NK cells (LNK cells) (1×106) were intrave-
nously injected to tumor-bearing mice once a week for 3 weeks. MRI measurements (tumor volume and apparent 
diffusion coefficient (ADC) values) and survival were compared between control and LNK treated tumors. Flow 
cytometry and enzyme-linked immunosorbent assay (ELISA) were used to determine LNK cells cytotoxicity and IFN-γ 
level, respectively. LNK cells can produce a higher level of IFN-γ and more effectively lyse PDAC cells compared 
with spleen NK cells in vitro. LNK-cell adoptive transfer therapy elicited potent in vivo antitumor activity, resulting 
in delayed tumor growth (P=0.033) in KPC mice. The ADC values at the last timepoint ((0.94±0.06)×10-3 mm2/s) 
were significantly higher than that at first timepoint ((0.75±0.04)×10-3 mm2/s) in treated tumors (P<0.001). ADC 
values were significantly different between control group and treated tumors at the last time point ((0.75±0.09)× 
10-3 mm2/s vs (0.94±0.06)×10-3 mm2/s, P=0.004) in KPC mice. Our data demonstrate the potential of NK cell-
based adoptive transfer immunotherapy for PDAC treatment.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is 
one of the most lethal malignant diseases in 
Western countries. It is usually discovered at a 
late stage and has a poor prognosis [1, 2]. 
Furthermore, PDAC displays rapid progression 
to late stage and has high resistance to chemo- 
and radiotherapy [1, 3]. Despite advances in 
our understanding of PDAC biology and im- 
proved surgical techniques, the long-term sur-
vival of PDAC remains grim, with an overall 
5-year survival rate of no more than 8% [3]. 
Thus, novel effective treatment strategies for 
PDAC remain an urgently needed clinical cha- 
llenge.

Cancer immunotherapies have recently exhib-
ited tremendous success in a range of malig-

nancies [4, 5]. Recently, natural killer (NK) cell-
based adoptive transfer immunotherapy has 
evoked extensive interest and attention [4, 6]. 
NK cells rapidly eliminate different types of 
malignant cells via different cytotoxicity mecha-
nisms, including the death receptor pathway 
and the granule dependent pathway [7, 8]. In 
addition to their direct anti-tumor activity, NK 
cells can induce adaptive immune responses 
and has immune regulatory functions [9]. These 
unique characteristics make NK cells promising 
agents for cancer immunotherapy. Several pre-
clinical and clinical studies have demonstrated 
that increased infiltration of NK cells into tu- 
mors is associated with delayed tumor progres-
sion and improved prognosis in cancer types 
such as glioblastoma, solid lung, colorectal, h-e 
ad and neck cancers [5, 8, 10-12]. Furthermore, 
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NK cell infusion is recognized as a safe and 
well-tolerated procedure [7]. However, few stu- 
dies have focused specifically on NK cell-based 
adoptive transfer immunotherapy for PDAC [1, 
2].

The KrasLSL-G12D p53LSL-R172H Pdx1-Cre, termed 
KPC mouse, can develop PDAC and recapitu-
late the molecular and the pathophysiological 
characteristics of human PDAC [13, 14]. Thus, 
KPC mice are one of the most relevant animal 
models for preclinical evaluation of potential 
PDAC treatments [15]. Magnetic resonance 
imaging (MRI) is regarded as one of the best 
imaging tools for preclinical and clinical studi- 
es that allows both monitoring of tumor pro-
gression and characterization of tumor fibrosis 
in subjects such as KPC mice [16, 17]. In this 
study, we aimed to evaluate the efficacy of NK 
cell-based adoptive transfer immunotherapy 
for PDAC in KPC mouse model. 

Materials and methods

All animal studies were performed in accor-
dance with the institutional animal care and 
use committee of Northwestern University.

Cell lines and cell culture

The mouse Pan02 cell line is derived from  
pancreatic ductal adenocarcinoma in C57BL/6 
mice and was obtained from the American Type 
Culture Collection (ATCC; Rockville, MD). The 
mouse KrasLSL-G12D p53LSL-R172H Pdx1-Cre (KPC) 
cell line was established in our laboratory using 
pancreatic cancers of genetically engineered 
KPC mice. Mouse NK cell line (LNK) was kindly 
provided by Stephen K. Anderson (National 
Cancer Institute, Frederick, MD).

Pan02 cells and KPC cells were cultured in 
RPMI 1640 (Gibco, Waltham, MA) supplement-
ed with L-glutamine (2 mmol/L, Life Techno- 
logies, Carlsbad, CA), pyruvate (1 mmol/L, Sig- 
ma-Aldrich, St. Louis, Mo), penicillin and strep-
tomycin (100 IU/mL, Sigma-Aldrich, St. Louis, 
Mo), and 10% fetal bovine serum (FBS; Gibco, 
Waltham, MA). The LNK cell line was cultured in 
RPMI 1640 containing 10% FBS, penicillin and 
streptomycin (100 IU/mL), pyruvate (1.5 g/L), 
L-glutamine (2 mmol/L), and IL-2 (8000 IU/mL). 
Cell cultures were maintained at 37°C in a 
humid atmosphere containing 5% CO2 and 95% 
air. Trypan blue (Sigma-Aldrich, St. Louis, MO) 

staining was performed before each adminis-
tration to verify >90% cell viability.

In vitro cytotoxicity assay

NK cells were purified from mice spleens by 
negative selection with NK Cell Isolation Kit II 
(Miltenyi Biotec, Germany). Remaining cells we- 
re incubated at 37°C in complete RPMI 1640 
with mouse IL-2 for 2 days. Target KPC cells 
were labeled with CellTrace CFSE (Thermo Fi- 
sher Scientific, Rockford, IL), washed, and co-
incubated with spleen NK cells and LNK cells 
respectively at effector to target (E/T) ratio 
1:10 for 4 hours at 37°C. After co-culture, cells 
were centrifuged, and supernatant was remov- 
ed. The cells were resuspended in 200 µL of  
1 µg/mL propidium iodide (PI) solution for flow 
cytometry. Dead target cells were labeled as 
CFSE and PI double positive. Spontaneous tar-
get cell lysis in the absence of effector cells 
was determined in samples only containing la- 
beled target cells and subtracted to calculate 
specific cytotoxicity.

Establishment of orthotopic PDAC model

For orthotopic tumor implantation, female C57- 
BL/6 mice (8-10 weeks) were anesthetized us- 
ing a mixture of 2% isoflurane in oxygen at a 
rate of 1 L/min. After shaving and sterilizing, 
the skin and peritoneum were opened by a 1.5-
cm incision along the left flank under strict 
aseptic conditions. 50 µL of the KPC cell stock 
solution (1×107 cells/mL) was slowly injected 
into the parenchyma of pancreatic tail using a 
10-µL glass syringe with a 26 s-gauge needle 
(Hamilton). After replacement of the pancreas 
into the abdominal cavity, the incision was 
closed in two layers using a 4-0 polydioxanone 
suture for the peritoneum (Patterson Veterinary, 
Devens, MA) and 4.0-suture for the skin (Ve- 
terinary Products Laboratories, Phoenix, USA). 
Twelve KPC tumor-bearing mice were divided 
into two groups (treated group and control 
group) randomly. Four days after tumor cell in- 
oculation, tumor-bearing mice were treated by 
intravenous injection of 1×106 LNK cells once a 
week for 3 weeks. No signs of toxicity or weight 
loss were observed during the LNK treatment. 
The other six mice were classified as control 
group and did not undergo any procedure. 
Endpoints were scored when mice displayed 
>15% loss of body weight, >1.8 cm tumor diam-
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eter, decreased mobility, extreme lethargy, or 
absolute survival event.

In vivo MRI scan and imaging analysis

MRI scans were performed using a Bruker 7.0 T 
preclinical scanner (Clinscan, Bruker BioSpin, 
Ettlinggen, Germany) with a commercial mouse 
coil (Clinscan, Bruker). The tumor-implanted 
mice were in the supine position and anesthe-
tized using a mixture of 2-3% isoflurane in oxy-
gen at a rate of 1 L/min via an automatic de- 
livery system (Isoflurane Vaporizer, Vaporizer 
Sales and Services, Rockmart, GA). Body tem-
perature was continuously monitored using a 
thermometer and controlled using a water-bed 
heating system (SA Instruments, Stony Brook, 
NY). Each mouse underwent imaging with a 
protocol including the described sequences (all 
acquired with free breathing of the animal), 
which are summarized in Table 1.

Tumor volumes were measured on T2W images 
using ITK-SNAP software (v 3.6.0, www.itksnap.
org) [18]. DW images were post-processed to 
generate apparent diffusion coefficient (ADC) 
maps in Matlab R2016b (Mathworks, Natick, 
MA), and ADC values were measured using 
ImageJ software (Rasband, W.S., ImageJ, U. S. 
National Institutes of Health, Bethesda, Ma- 
ryland, USA, https://imagej.nih.gov/ij/, 1997-
2016) [19]. The region of interest (ROI) was 
manually delineated encompassing the entire 
tumor using the same section of the T2W image 
as a reference. 

IFN-γ release assay

The expression of IFN-γ was detected by en- 
zyme-linked immunosorbent assay (ELISA). The 
concentrations of IFN-γ in mice serum were col-
lected after 4 days of the last treatment. The 
cell culture supernatants (NK cells or LNK cells 
co-cultured with KPC cells) were determined by 

nal distension, reduced mobility, and/or other 
signs of distress. The tumor was harvested and 
fixed in 4% paraformaldehyde for further stain-
ing with hematoxylin-eosin (HE).

Statistical analysis

Data is presented as means ± standard devia-
tions. Comparisons between groups were per-
formed with the Student t test or by ANOVA with 
the Student-Newman-Keuls tests (for multiple 
comparisons). Log-rank test was used for  
survival curves. Statistical analysis was per-
formed with software package (SPSS, version 
19; Chicago, IL, USA). A P value of less than 
0.05 was considered to be statistically 
significant.

Results 

In vitro cytotoxicity and IFN-γ production

To investigate the cytotoxicity of LNK cells 
against the PDAC cells, LNK cells were co-incu-
bated with CFSE labeled KPC cells and CFSE-
labeled Pan02 cells respectively. Meanwhile, 
we further separated spleen NK cells from 
murine splenocytes (Figure 1A) and compared 
their cytotoxicity against PDAC cells with LNK 
cells. The flow cytometry gating strategy was 
shown in Figure 1B. Our results showed that 
LNK cells killed the KPC cell and Pan02 cell  
as efficiently as the spleen NK cells in vitro 
(Figure 1C). Furthermore, the co-culture super-
natants were collected for determining IFN-γ 
secretion by ELISA. As shown in Figure 1D, LNK 
cells showed significantly increased secretion 
of IFN-γ in response to KPC cells compared wi- 
th spleen NK cells (P<0.001). The mean super-
natants levels of IFN-γ were 0.18±0.25 pg/ml 
for spleen NK cells and 14.68±5.27 pg/ml for 
LNK cells. Moreover, we collected the serum  
of KPC tumor-bearing mice in different groups 

Table 1. Imaging protocol
Orientation TR/TE (ms) ST (mm) FA (˚) FOV (mm × mm)

T1WI Axial 630/20 0.7 90 27×30
T2WI Axial 1581/40 0.8 180 21×30
T2WI Coronal 1600/40 0.5 180 40×30
DWI* Axial 2700/40 1 90 24×30
T1WI: T1-weighted images; T2WI: T2-weighted images; DWI: diffusion 
weighted images; TR: repetition time; TE: echo time; ST: slice thickness, FA: 
flip angle; FOV: field of view. *b value=0, and 800 s/mm2.

mouse IFN-γ kit (R&D bioscience, 
Minneapolis, MN) according to the 
manufacturer’s protocols. The ab- 
sorbance was measured at 450 
nm.

Histologic analysis

Mice were euthanized after experi-
mental end points were reached 
including large tumor size, abdomi-
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Figure 1. NK cells were enriched from splenocytes by magic bead-based sorting and the purity of NK cells (CD3ε- CD49b+) was analyzed by flow cytometry (A). Gat-
ing strategy of flow cytometry of in vitro cytotoxic assay (B). Flow cytometric analysis of apoptosis in KPC cells and Pan02 cells treated with LNK cells or spleen NK 
cells in vitro (C), and KPC cell death at time 0 was shown in left panel. KPC cells were respectively cultured with spleen NK cells and LNK cells. Culture supernatants 
were harvested at 24 hours and analyzed for IFN-γ by Enzyme-linked immunosorbent assay (ELISA) (P<0.001) (D). After the last treatment, the serum of KPC tumor-
bearing mice were collected to analyzed for INF-γ by ELISA (E).
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after last treatment and evaluated the levels  
of IFN-γ. The mean serum IFN-γ levels were 
1.54±0.72 pg/ml for the LNK cells treatment 
group and 0.65±0.80 pg/ml for the control 
group. There was no significant difference in 
serum IFN-γ level between the treatment and 
the control groups (P=0.12). (Figure 1E). Taken 
together, these findings suggested that the 
LNK cells could effectively lyse the PDAC cell 
and upregulate IFN-γ production.

In vivo tumor size measurement on MR im-
ages

For in vivo study, representative MR images of 
pancreatic KPC tumors from LNK cells treat-
ment mice and control mice were shown in 
Figure 2A-F. At 1 w, 2 w, 3 w, and 4 w after 
enrollment, the mean tumor volumes were 
respectively 49.79±23.87 mm3, 84.82±33.39 
mm3, 158.14±73.09 mm3, and 277.33±139.28 
mm3 for the treatment group and 63.25±47.92 
mm3, 157.99±91.95 mm3, 355.25±254.23 
mm3, and 374.25±308.86 mm3 for the control 
group. Although the mean tumor volumes in 
both groups continued to increase after enroll-
ment, LNK cells therapy inhibited tumor growth 
effectively (P=0.033) (Figure 2G). These results 
together suggested that LNK cell treatment 
could delay tumor growth.

ADC measurement

The ADC maps of LNK treated mice and control 
mice at two time points (one week after enroll-
ment and end timepoint) were shown in Figure 
3A-D. The mean ADC values of the tumors at 

two time points were summarized in Figure 3E. 
The mean ADC values were increased from 
(0.75±0.04)×10-3 mm2/s at one week after 
enrollment to (0.94±0.06)×10-3 mm2/s at end 
timepoint in LNK cells treated group (P<0.001). 
There also showed significant differences in 
ADC values between control group ((0.75± 
0.09)×10-3 mm2/s) and treated group ((0.94± 
0.06)×10-3 mm2/s) at end timepoint (P=0.004).

LNK cells suppress PDAC progression in ortho-
topic KPC mouse model

The KPC tumors in different groups were de- 
tected at end timepoint for histological analy-
sis. H&E staining of the KPC tumors showed 
increased necrosis area in LNK treated mice 
(Figure 4A), while the tumors in control group 
showed dense atypical cells and absence of 
normal-looking tissue (Figure 4B). For overall 
survival, mice treated with LNK cells (54.0 
days) presented a relatively prolonged median 
survival than untreated mice (26.5 days), but 
without significant difference between the con-
trol and treated group (P=0.2324) (Figure 5).

Discussion

In this study, we demonstrated the in vivo and 
in vitro efficacy of NK cell-based adoptive tr- 
ansfer immunotherapy against PDAC. Reduc- 
ed tumor burden and improved survival were 
observed in an allogeneic tumor setting using 
orthotopic KPC mouse model.

NK cells are a subset of innate lymphocytes 
that comprise about 5-15% of the circulating 

Figure 2. Representative axial T2W images in control group (A-C) and treated tumor (D-F) from week 1 to week 
3. The tumor size was increased along with time. The tumor growth was inhibited effectively by LNK cells therapy 
(P=0.033) (G).
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cell population [1] and can kill cancer cells via 
induction of programmed cell death [3]. Pati- 
ents with high circulating NK cells had a re- 
duced risk of malignancy, while low peripheral 
NK cell is usually correlated with poorer prog-
nosis in malignant patients [3, 8, 20, 21]. 
Moreover, the cytotoxic capacity of circulating 
NK cells is decreased in PDAC patients [1], whi- 

of chemokines and cytokines that can influ-
ence the adaptive immune response. Moreover, 
NK cells can be directly activated without an- 
tigen presentation via antigen-presenting cell 
[25]. NK cell lines are one of the primary sourc-
es of NK cells for adoptive transfer, which had 
the advantages of stability and better thera-
peutic cell quality [21]. LNK cells were selected 

Figure 3. The colored ADC maps of LNK treated mice (A, B) and control mice 
(C, D) at the first timepoint and last timepoint. The bar chart (E) showed 
a significant difference in ADC values between control group and treated 
tumors at last timepoint (P=0.004), and between first timepoint and last 
timepoint in treated group (P<0.001).

Figure 4. Representative photomicrographs (H&E stained) of treated (A) and 
untreated (B) tumor (scale bar=0.2 mm). Treated tumor showed larger per-
centages of necrotic area than untreated tumor.

ch may be a key factor in can-
cer immune evasion and pr- 
ogression [22]. The function 
and positive effect of NK cells 
are suboptimal because of the 
negative influence of the tu- 
mor and its immunosuppr- 
essive microenvironment [1]. 
NK-cell adoptive transfer im- 
munotherapy provides large 
amounts of activated NK cells 
to directly supplement or re- 
place malfunctioning NK cells 
in cancer patients [21]. Here, 
we tried to explore the thera-
peutic efficacy of NK cells in 
an established murine PDAC 
model.

The loss of NK cells occurs at 
the pre-malignant stage of PD- 
AC is associated with KRAS 
mutation [23]. NK-cell defect 
induced by environmental and 
genetic factors at the pre-ma- 
lignant stage of PDAC may 
contribute to the establish-
ment and progression of pan-
creatic cancer [23, 24]. Hen- 
ce, the KPC mouse model that 
completely recapitulates the 
human PDAC at the patho-
physiologic and biologic level 
was used to study NK cell 
adoptive therapy in this stu- 
dy. PDAC was implemented by 
orthotopic inoculation of KPC 
tumor cells derived from a tr- 
ansgenic mouse that was gen-
erated in our lab.

NK cell-based adoptive trans-
fer immunotherapy has sever-
al advantages. NK cells can 
efficiently kill tumor cells and 
rapidly secrete a vast number 
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as the practical cell line in the current study. 
LNK cells could produce similar levels of IFN-γ 
and show effective in vitro cytotoxicity against 
PDAC cells that is similar to autologous spleen 
NK cells. These results indicated that LNK cells 
can elicit antitumor response in PDAC tumor. 
IFN-γ secreted by NK cells is one of the most 
potent effector cytokines and has been report-
ed to augment NK cell cytolytic activity against 
tumor cells [25, 26]. NK cells may substantially 
contribute to the immunotherapy of solid tumor 
through IFN-γ and consequently augment the 
anti-tumor immunity [26]. IFN-γ can activate 
dendritic cells and macrophages and has pleio-
tropic effects on the adaptive immune response 
[27]. Moreover, the results of our study also 
showed that LNK cells treatment suppressed 
tumor growth and increased tumor necrosis 
area, which further support the potential thera-
peutic role of NK cell in PDAC.

MRI is recognized as a valuable tool for both 
preclinical and clinical research due to several 
combined advantages [16]. For instance, MRI is 
capable of multi-faceted and multi-sequence 
imaging and provides better resolution and dis-
crimination of soft tissues [28, 29]. Furthermo- 
re, tumor ADC has been described as a sensi-
tive imaging biomarker for evaluating treatment 
response in various tumors [30]. Accordingly, 
our results revealed that therapeutic response 
of NK cells adoptive treatment in PDAC murine 
model could be detected both by tumor volume 
and ADC values. Tumor growth inhibition can be 
exhibited via tumor size based on MR images. 
The increased ADC values may be explained by 
more freedom of the water molecules due to 

overall tumor cell loss, a low cell density and an 
associated increase in the extracellular space 
[31, 32]. These results further indicated that 
ADC measurements can provide a valuable 
imaging biomarker of therapeutic response in 
PDAC.

However, there are several limitations in this 
study. Firstly, adoptively transferred NK cells 
had a shorter lifespan in vivo which may hinder 
their efficacy [33]. In addition, NK cells migra-
tion and their ability to penetrate into tumor tis-
sues have been described to be inferior to that 
of T cells, which may affect their application in 
solid tumors [27]. Therefore, it is essential to 
develop more efficacious therapeutic strate-
gies to fully exploit the potential of NK cells to 
enhance antitumor effect.

In summary, this study demonstrated NK cell-
based adoptive transfer immunotherapy can 
effectively elicit antitumor response and pro-
long the median survival in KPC mice. 
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