Am J Cancer Res 2019;9(11):2456-2468
www.ajcr.us /ISSN:2156-6976/ajcr0101379

Original Article

Dendritic cell immunotherapy induces
anti-tumor effect in a transgenic mouse
model of pancreatic ductal adenocarcinoma

Jia Yang®", Su Hu*?", Junjie Shangguan?, Aydin Eresen?, Yu Li*3, Liang Pan**, Quanhong Ma?, Yuri Velichko®,
Jian Wang®, Chunhong Hu?, Vahid Yaghmai'®, Zhuoli Zhang'®

1Department of Radiology, Feinberg School of Medicine, Northwestern University, Chicago, IL, USA; 2Department
of Radiology, The First Affiliated Hospital of Soochow University, Suzhou, Jiangsu, China; Department of General
Surgery, The Affiliated Hospital of Qingdao University, Qingdao, Shandong, China; “Department of Radiology,

The Third Affiliated Hospital of Soochow University, Changzhou, Jiangsu, China; SRobert H. Lurie Comprehensive
Cancer Center, Northwestern University, Chicago, IL, USA; SDepartment of Radiology, Southwest Hospital,
Chongqing, China. "Equal contributors.

Received August 23, 2019; Accepted September 23, 2019; Epub November 1, 2019; Published November 15,
2019

Abstract: The promise of dendritic cell (DC)-based immunotherapy has been established by two decades of transla-
tional research. However, long-term benefits of DC vaccination are reported in only scattered patients with pancre-
atic ductal adenocarcinoma (PDAC). Here we optimize DC vaccination and evaluate its safety and antitumor efficacy
in the genetically engineered PDAC model (KrastS-¢120 p53tStRi72H Pox-1-Cre (KPC mice)). KPC transgenic mice and
orthotopic models using KPC cell lines were treated with DC vaccine via an intraperitoneal route. Tumor growth and
microenvironment were dynamically monitored by magnetic resonance imaging (MRI). Histological analysis and flow
cytometry were used to evaluate tumor-directed T cell immunity of these mice. DC vaccine via intraperitoneal injec-
tion suppressed tumor progression (P = 0.030) and significantly prolonged survival time (P = 0.028) in KPC mice.
Vaccinated KPC mice displayed an increased antitumor T cell response indicated by a higher IFN-y production (P =
0.016) and tumor-specific cytotoxicity (P = 0.027). Particularly, the mean apparent diffusion coefficient (ADC) values
of KPC tumor calculated from diffusion weighted MRI (DW-MRI) were significantly higher in DC vaccine group than
that in control group (P < 0.001). More interestingly, we observed that ADC positively correlated with fibrosis in KPC
tumor (R? = 0.463, P = 0.015). Our study demonstrated that the immunization with our improved DC vaccine can
elicit a strong tumor-specific immune response and tumor suppression in PDAC.
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Introduction

Currently, the 5-year survival rate of patients
with pancreatic ductal adenocarcinoma (PDAC)
is less than 5% due to late diagnosis and early
metastases [1]. Surgical resection is the only
potentially curative option, but only 10-20% of
PDAC patients are eligible for surgery [2]. Even
in patients with potentially operable tumor, 5-
year overall survival is only about 20-25% [3].

Dendritic cells (DCs), which are professional
antigen-presenting cells, play a pivotal role in
the initiation of immune responses. DCs have a
superior ability to transport and cross-present

tumor associated antigens (TAA) to CD8* T cells
in draining lymph nodes (dLNs) [4], providing a
rationale for their utilization as cancer vac-
cines. In recent years, ex vivo DCs pulsed with
TAA were used as therapeutic vaccines against
human cancers including PDAC [5, 6]. Despite
years of effort, clinical responses were limited
[7, 8]. There is a consensus that DC vaccines
have not yet successfully and fully reached
their potential. Additional studies are neces-
sary to further explore the potential of DC vac-
cines. Efficient delivery of antigens into DCs,
sufficient antigen-loaded DCs migration to
dLNs, and strong induction of cytotoxic T lym-
phocytes (CTLs) mediated immune responses
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are essential requirements for DC-based can-
cer immunotherapy [9]. Another consideration
in DC-based cancer immunotherapy is the ad-
ministration method [10]. The route of admi-
nistration must allow efficient DC vaccines to
reach the dLNs to prime naive T-cell differen-
tiation. However, a standardized method for
DC vaccine delivery has not been established
for both preclinical and clinical applications.
Several administration routes, including intra-
venous [11], intranodal [12], subcutaneous
[13], or intratumoral [14], have been used in
clinical trials, but the therapeutic responses
were not durable. A promising method is the
intraperitoneal (i.p.) route, which allows incre-
ased DC-vaccine dosage on delivery and thus
increased numbers of DCs migrating to lymph
nodes (LNs) [15], particularly LNs in the abdo-
men. Our previous studies have compared the
i.p. injection with footpad injection and show
that the i.p. injection improves the efficiency of
DC-based cancer vaccine [15-17]. Therefore,
i.p. injection may be the most efficient injection
route for the abdominal tumors.

Magnetic resonance imaging (MRI) is a well-
established tool for noninvasively monitoring
pancreatic tumor burden for both disease pro-
gression and treatment response due to its
superior soft tissue contrast [18, 19], and also
does not lead to exposure to ionizing radiat-
ion. Anatomic T2-weighted (T2W) and T1-wei-
ghted (TAW) MRI has been extensively used to
identify the pancreatic tumors [20, 21]. Dif-
fusion-weighted magnetic resonance imaging
(DW-MRY) is a technique that can evaluate cel-
lular structures in biological media and may be
a powerful tool for differentiating PDAC from
other pancreatic lesions [22, 23]. Furthermore,
prior studies have reported that a low appar-
ent diffusion coefficient (ADC) value calculated
from DW-MRI is positively correlated with a
poor response to chemotherapy in pancreatic
cancer [24-26]. However, there are no standard
non-invasive imaging methods to assess immu-
notherapy response and predict the prognosis
in PDAC to date.

In this study, we used a transgenic mouse
model of PDAC, Kras®?’ p53Ri72H Pdx1-Cre
(KPC) mice, to test the safety, feasibility, and
antitumor efficacy (including overall survival)
of DC vaccination using i.p. administration. We
dynamically monitored the treatment efficacy
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by MRI tracking of tumor size and ADC values.
We sought to further explore efficacious mea-
sures related to prognosis and investigate wh-
ether this relationship can be easily translated
to clinical practice.

Materials and methods
Mice

All the animal protocols were reviewed and
approved by the Institutional Animal Care and
Use Committee of the Northwestern Univer-
sity. The generation and characterization of
the KPC mice have been previously described
in detail [27]. The mouse strains p53-SL-R270H
(strain number 01XM3), Kras-S-¢12P (strain nu-
mber 01XJ6), and Pdxl-cre (strain number
01XL5) were purchased from the Jackson La-
boratory. 6-8 weeks old female C57BL/6 mice
(Charles River, Wilmington, MA) were used to
derive bone marrow-derived dendritic cells
(BDMC).

Cell lines

KPC cells were derived from a spontaneous
tumor in a 6-month-old KPC mouse and used
for the cellular studies and growing orthotopic
tumors in mice. Cells were cultured on colla-
gen-coated plastic for < 12 passages. A murine
PDAC cell line Pan02 cell line was purchased
from ATCC. Both cell lines were cultured in com-
plete RPMI 1640 medium containing 10% FBS,
100 U/mL penicillin, 100 pg/mL streptomycin,
and 2 mM L-glutamine.

Generation of mature DCs

DCs were derived from bone marrow progenitor
cells as described [28]. Briefly, bone marrow
cells were harvested from the femurs of 6-8
weeks old C57BL/6 female mice and cultured
in complete RPMI1640 containing mouse re-
combinant GM-CSF (10 ng/ml) and IL-4 (1 ng/
ml) (both Invivogen, San Diego, CA) for 8 days
in petri dish. Medium was refreshed on day 3
and day 6. On day 8, immature DCs were har-
vested by collecting non-adherent cells and
then immediately pulsed by incubation with
KPC tumor cell lysates in the presence of 100
ng/ml IFN-y and 250 ng/ml LPS - E. coli
0111:B4 (both from Invivogen, San Diego, CA)
as described previously [15]. KPC lysates were
generated by collecting and resuspending KPC
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tumor cells at 1 x 10 cells/ml in PBS, followed
by irradiation with UV for 20 minutes (0.75 J/
cm?) and 24 h incubation.

Orthotopic KPC tumor implantation

Female C57BL/6 mice aged 8-10 weeks were
used for establishing orthotopic PDAC models.
5 x 10* viable KPC cells (< 12 passages) sus-
pended in a 3:1 PBS to Matrigel (Sigma-Aldrich,
St Louis, MO) solution were directly injected
into the pancreas for orthotopic tumor induc-
tion. Cohorts of mice were randomized into dif-
ferent treatment groups at 4-5 days following
tumor inoculation.

Monitoring of tumor growth and therapy

At 3-month-old age, genotyped KPC genetic
model of PDAC were monitored for the deve-
lopment of tumor by MRI every two weeks. KPC
transgenic mice were enrolled when the lon-
gest tumor diameter reached 0.2-0.5 cm in
MRI. Orthotopic KPC mice were enrolled after
5 days of tumor inoculation. Mice then rece-
ived 3 x 10° DCs pulsed with irradiated KPC
cell lysates by i.p. injection on days 1, 8, and
15 after enrollment while the control mice did
not receive any treatment. Survival events were
scored when mice displayed > 15% loss of bo-
dy weight, > 1.8 cm tumor diameter, decreased
mobility, extreme lethargy, or absolute survival
event. All enrolled mice were weighed and mon-
itored for signs of distress regularly. MRI was
used to monitor tumor size of KPC mice. MRI
studies were conducted as described previous-
ly [29]. KPC mice were anesthetized by inhala-
tion of 1-2% isoflurane in air/O, (75/25% vol/
vol, 2 L/min). Experiments were performed in a
7.0T small-animal MRI scanner with a commer-
cial mouse coil (ClinScan, Bruker Biospin). The
pancreas was localized using respiratory-gated
coronal and axial T2-weighted fast spin-echo
images (Turbo Spin Echo (TSE); Repetition time
(TR): 1600 ms; Echo time (TE): 37 ms; slice
thickness (ST): 1.0 mm; flip angle (FA): 180°;
field of view (FOV): 36 x 28 mm?). The MRI se-
quences and parameters were as follows: (a)
axial T2-weighted imaging (T2WI): TSE; TR: due
to respiratory gating approx. 2100 ms; TE: 40
ms; ST: 0.5 mm; FA: 180°; FOV: 21 x 30 mm?;
(b) coronal T2W images: TSE; TR: due to respi-
ratory gating approx. 2100 ms; TE: 40 ms; ST:
0.5 mm; FA: 180; FOV: 40 x 30 mm?; (c) axial
diffusion-weighted imaging (DW-MRI): Echo Pla-
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nar Imaging (EPI); TR: due to respiratory ga-
ting approx. 2700 ms; TE: 40 ms; ST: 1 mm;
FA: 90° FOV: 24 x 30 mm?; b value = 0, and
800 s/mm?2. DW-MRI was performed in 3
orthogonal directions of the diffusion gradi-
ents. ITK-SNAP was used for volume calcula-
tions and three-dimensional (3D) reconstruc-
tions. MATLAB R2018a (Mathworks, Natick,
MA) and Image) 1.52a (http://imagej.nih.gov/
ij) were used for additional image processing
and ADC calculations.

In vivo migration assays

Mice were i.p. injected with 3 x 108 DCs dy-
ed by CellTrace CFSE (Thermo Fisher Scienti-
fic, Waltham, MA). Draining (pancreas) lymph
nodes were harvested at 6 h post injections
and digested into single-cell suspensions.
CFSE* DCs migrating from the site of injection
to the pancreatic LN and spleen were quanti-
fied in flow cytometric analysis. NdLN from the
same treated animals and spleen from the
untreated mice were used as control.

In vivo specific cytotoxicity assays

Splenocytes from 8 to 10 weeks old C57BL/6
mice were seeded in the 24-well plates (5 x
1068 per well) and co-cultured with UV-KPC cells
(2 x 10° per well) for 4 h. The remaining spleno-
cytes were left unpulsed. Pulsed splenocytes
were labeled with CFSE to generate CFSEMe"
splenocytes, and unpulsed splenocytes were
labeled with 20 x diluted CFSE to generate
CFSE"" splenocytes. The unpulsed CFSE"" and
pulsed CFSE"e" labeled splenocytes were mix-
ed at a 1:1 ratio in PBS to a final concentra-
tion of 5 x 107 cells per ml. 100 ul of the cell
mixture was injected intravenously into immu-
nized mice (3-5 d after treatment), untreated
tumor-bearing mice, and 2 naive (non-tumor
bearing) mice. 16 h after injection, spleens
were collected for flow cytometry analysis. Per-
centage of specific lysis was calculated ac-
cording to % specific lysis = (1 - (ratio CF-
SEMeMCFSE" in experimental mouse/average
ratio CFSE"e":.CFSE"" in naive mice)) x 100.

Splenocytes proliferation assays
Four days after the last immunization, spleno-
cytes harvested from two groups were seeded

in the 96-well plate (5 x 10° per well) and re-
stimulated with UV-KPC cells (2 x 10* per well)
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for 24 h. Splenocytes proliferation was mea-
sured using the CCK-8 kit (DOJINDO, Japan)
analysis. OD values at 450 nm were recorded
by a microplate reader.

Flow cytometry analysis

Single cell suspension was obtained from KPC
mice spleen. Activated BMDCs and in vitro cul-
ture cells were labeled with fluorochrome-con-
jugated mAbs (From BioLegend) after neutral-
ization of unspecific binding with FCR blocker
(BD Biosciences, San Jose, CA). Data was ac-
quired on a BD LSRFortessa™ cell analyzer
(San Jose, CA) and analyzed using the FlowJo
software (TreeStar Inc, Ashland, OR, USA).

Enzyme-linked immunosorbent assay (ELISA)

IFN-y expression was detected by ELISA. The
concentrations of IFN-y in mice serum collect-
ed after 4 days of the last treatment and cell
culture supernatants were determined using
mouse IFN-y kit (R&D bioscience, Minneapolis,
MN) according to the manufacturer’s protocols.
The absorbance was measured at 450 nm with
a microplate reader.

Histology analysis

Tissues were fixed in 10% formalin and embed-
ded in paraffin. 5-um sections of pancreatic tis-
sues were selected for H&E and Masson’s Tri-
chrome stains according to manufacturer’s in-
structions. Whole-tissue slide scans were per-
formed on TissueFAXS system. Image analysis
was performed using Image J software.

Immunohistochemistry (IHC)

Tissues were fixed in 10% formalin and embed-
ded in paraffin. Then 5-um-thick sections were
deparaffinized in xylene, rehydrated in graded
ethanol, and subjected to antigen retrieval by
steam heating in Citra antigen retrieval solution
(Vector, Burlingame, CA). After blocking for 1 h
at room temperature in blocking buffer (5%
goat serum, 2.5% BSA in 1 x PBS), slides were
incubated overnight in a humidified chamber
at 4°C with anti-mouse CK19 (kindly provid-
ed by the Developmental Studies Hybridoma
Bank), rabbit monoclonal anti-Ki67 (Clone SP6,
Invitrogen), and rat monoclonal anti-mouse
CDS8 (Clone 4SM15, Invitrogen). Immunostain-
ing was detected using 3,3’-diaminobenzidine
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(DAB) (Vector, Burlingame, CA). Quantification
was performed using ImageJ software at a high
field magnification.

Statistical analysis

The values are reported as mean and the stan-
dard error of the mean (SEM). Statistical signifi-
cance was either assessed via an unpaired
two-tailed Student’s t-test or 2-way ANOVA with
Bonferroni post-test. The overall survival was
assessed using the Kaplan-Meier method, and
the survival difference between groups was
compared using the log-rank test. P < 0.05 was
considered significant. Statistical analysis was
performed using GraphPad Prism software ver-
sion 7.0 (La Jolla, CA, USA).

Results

Vaccination with KPC pulsed DCs resulted in
an antitumor T-cell response in KPC mice

Murine DCs were generated from the bone mar-
row of C57BL/6 mice and matured by incuba-
tion with LPS, IFN-y, and UV-KPC cells. Their
maturation status was verified by surface mark-
er staining (Figure 1A), indicating that pulsing
of DCs with irradiated necrotic cells does not
impact DC maturation and activity.

The entry of antigen-bearing DCs into dLNs is
known to be important for their ability to effec-
tively activate tumor-specific CTLs [30]. To veri-
fy whether pulsed DCs can effectively traffic
to the dLNs, C57BL/6 mice were i.p. injected
with CFSE-dyed DCs. CFSE-labeled CD11c DCs
were observed in the dLNs and spleen 12 hours
after injection (Figure 1B). As a control for the
specificity of the migration, ndLN were also ob-
tained from the inguinal LN of the same mice
and the spleen of untreated mice, where no
CFSE positive cells were detected (Figure 1B).

Then, to evaluate the in vivo specific cytotoxici-
ty induced by i.p. administration of DC vaccine,
the unpulsed CFSE“- and pulsed CFSEMe"-
labeled splenocytes were mixed at a 1:1 ratio,
and intravenously injected into the tumor-bear-
ing mice. Splenocytes were harvested for flow
cytometry analysis 12 h after injection. Striking-
ly, splenocytes from DC-vaccinated mice lysed
~45% target KPC cells, while the control group
only lysed ~16% (Figure 1C). Furthermore, the
tumor infiltrating CD8* T cells were significantly

Am J Cancer Res 2019;9(11):2456-2468
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Figure 1. Vaccination with KPC pulsed DCs resulted an antitumor T-cell response in KPC mice. (A) Flow cytometry
for analyzing levels of surface proteins in immature dendritic cells (DC), mature DC or KPC loaded DC. A representa-
tive example of three independent experiments is shown. (B) Representative scatter plots of migrated DCs in the
spleen and lymph node are shown. For DCs group, the spleen and pancreatic LN from the DCs treated mice were
used. For control group, ndLN (inguinal) from the DCs treated mice and the spleen from untreated mice were used.
(Representative experiment, n = 3). (C) In vivo CTLs assay. Naive splenocytes were labeled with 20 x diluted CFSE
(left peaks) or with CFSE (right peaks) and pulsed with UV-KPC cells, as target cells. Target cells at 5 x 106 were in-
jected intravenously into the recipient mice 3-5 days after treatment. Splenocytes were collected from the recipient
mice for detection of CFSE-labeled cells by flow cytometry at 16 hours. Quantitation of specific lysis are shown (n =
4). (D) Representative images of tumor infiltrating CD8* T cells. Scale bars represent 200 um (inset, 25 um) and (E)
quantification are shown (n = 4). (F) Results of the proliferation of splenocytes. Spleen cells obtained from treated
mice were co-cultured with UV-KPC, and the cell proliferation was evaluated by a CCK-8 kit assay. (G) Measurement
of IFN-y in serum from treated mice on day 4 after the last treatment (n = 5-6). (H) The production of IFN-y in the
culture supernatants. Splenocytes of surviving mice (DC treatment group and control group), were isolated when the
mice were sacrificed and cultured in the presence of KPC tumor cells. Data were combined from three experiments.
*P < 0.05, **P < 0.001. Data are expressed as the mean + SEM.

increased in treated group than in control gro-
up (Figure 1D, 1E). These findings together sug-
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gest that i.p. administration of pulsed DCs were
efficient in inducing CTL response specifically
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against KPC cells. More importantly, DC vac-
cine treatment remarkably promoted the prolif-
eration of KPC-specific splenocytes (Figure 1F)
and triggered higher levels of IFN-y in the cul-
ture supernatants (Figure 1G) compared with
the control group when the splenocytes were
re-stimulated with UV-KPC cells. Additionally,
measurement of cytokines associated with the
inflammatory response in mouse blood showed
a significantly increased serum level of IFN-y
(Figure 1H). An independent experiment that
was conducted to evaluate the effects of DCs
without incubation with irradiated cancer cells
on PDAC tumor growth. The equal amount of
DCs were used to treat the PADC mice. The
results showed no significant difference of
PDAC tumor growth rate between the DCs with-
out incubation with irradiated cancer cells and
control group (P = 0.916) (Figure S1), suggest-
ing that the injection of a large number of DCs
did not induce antitumor immune response
itself. Taken together, these results demon-
strate that treatment with KPC-pulsed DCs via
i.p. administration induced an effective antitu-
mor immune response in PDAC mice.

DC vaccination inhibits tumor growth in PDAC
mice models

To further assess the therapeutic efficacy of
i.p. administration of KPC pulsed DCs on PDAC
progression in vivo, we treated the KPC gene-
tic model of PDAC when tumors are detectable
on MRI (0.2-0.5 cm in the longest diameter)
(Figure 2A). DC vaccine treatment significantly
delayed tumor growth compared with control
group (Figure 2B, 2D). To further confirm these
results and eliminate effects of different tumor
stages, orthotopic KPC tumors were estab-
lished. In according with our results from KPC
genetic model of PDAC, DC vaccine treatment
of mice bearing orthotopically implanted PDAC
tumors via i.p. injection suppressed tumor
growth (Figure 2C, 2E). These results taken
together suggest that i.p. administration of
pulsed DC vaccine can potently elicit specific
anti-tumor effects in PDAC mice.

Injection of KPC pulsed DCs delays the devel-
opment of PDAC in KPC mice

Histological analysis of the sample tissues
showed the presence of tumors with a desmo-
plastic reaction and the absence of normal-
looking tissue in the control group. In compari-
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son, DC vaccine treated KPC mice had tumors
with desmoplastic reaction with the presence
of some acinar cells (Figure 3A). CK19 (ductal
marker) staining showed the presence of a dif-
fuse cytoplasmic staining in tumor cells in the
pancreas (Figure 3A, 3B). Of note, the area of
CK19 positive cells was larger in the DC vac-
cine treatment group than in control group,
again corroborating that DC vaccination lead
to a less extensive neoplastic transformation.
Pancreatic cell proliferation assessed by Ki67
immunostaining was 2-fold lower in DC vacci-
ne treatment group than in the control group
(Figure 3A, 3C). Taken together, these data
provide additional evidence that DC vaccine
can effectively suppress PDAC tumor develop-
ment in KPC mice.

DC vaccine decreases tumor fibrosis in KPC
mice

To determine the impact of DC vaccine treat-
ment on the formation of the otherwise-abun-
dant fibrosis in PDAC tumor, pancreatic tumor
tissue from KPC genetic model of PDAC was
evaluated by Masson-trichrome staining. We
observed that DC vaccine treated KPC genetic
model of PDAC had significantly decreased lev-
els of collagen deposition throughout the pan-
creas compared with control mice (Figure 4A,
4B).

ADC values quantified from DW-MRI correlated
with the degree of tumor fibrosis in PDAC. Aver-
age ADC values for the DC vaccine treatment
group were significantly increased compared
with those control mice (Figure 4C, 4D). ADC
values also significantly correlated with the
fibrosis area evaluated by histological analysis
(Figure 4E). Taken together, these data sugg-
est that DC vaccine treatment reshaped PDAC
tumor-induced fibrosis.

DC vaccine treatment improves the outcome
of standard care in a transgenic mouse model
of PDAC

The impact of i.p. administration of DC vaccine
treatment on overall survival was evaluated
in KPC mice. We found that DC vaccine treat-
ment caused a significant extension of sur-
vival in the transgenic model of PDAC (Figure
5A). No detectable side effects or weight loss
were observed throughout the treatment (Fig-
ure 5B). Accordingly, a similar improvement in
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Figure 2. Vaccination with KPC pulsed DCs inhibited tumor growth in KPC mice. A. Experimental schemes for the
MRI scan and treatment of the KPC genetic model. B. Measurement of tumor volumes in KPC transgenic mice (n
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survival was observed in orthotopic KPC model
(Figure 5C), with no significant difference in
mice body weight among the two groups (Fig-
ure 5D).

Discussion

In this study, we demonstrated that i.p. ad-
ministration of DC vaccine effectively reduced
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tumor volume and extended survival in highly
aggressive KPC and orthotopic KPC mouse
models of PDAC. The results showed that i.p.
delivery of DC vaccine allowed effective migra-
tion to the dLNs, which is important for CTLs
induction. Furthermore, we observed that DC
vaccine treatment improved the tumor im-
mune microenvironment of KPC, as shown by
increased tumor infiltrating CD8" CTLs and

Am J Cancer Res 2019;9(11):2456-2468
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alterations of stromal fibrosis. In addition, we brosis after DC vaccine treatment in KPC mice.
also observed an inhibition of tumor growth Importantly, a significant improvement of over-
and a significant reduction of tumor ADC va- all survival was observed in this study. Pancre-
lues which was correlated with decreased fi- atic drawing LN metastases, liver metastases
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0 20 40 60 80 0
Days post tumor cell inoculation(d)

Figure 5. DC vaccine treatment has a significant therapeutic impact. A. Sur-
vival rate of treated KPC transgenic mice. Treatment start at 0.2-0.5 cm in
longitudinal diameter tumor detected. DC vaccine confers survival advantage
to the treated animals (P = 0.028, log-rank test). B. No significant change in
the body weight of KPC transgenic mice treated with DC vaccine. Body weight
was assessed twice a week and represented as percentage body weight
change, mean + SEM. C. Survival rate of treated orthotopic KPC tumor-bear-

14 2 cytotoxic responses across a

broad spectrum of heteroge-
neous PDAC tumor cells. As
with previous studies [34,
35], whole-cell-based DC vac-
cine can effectively induce
the tumor specific cytotoxic
response in PDAC.

Days post tumor cell inoculation(d)

ing mice. Treatment start at 5 days after KPC cell inoculated. DC vaccine

confers survival advantage to the treated animals (P = 0.025, log-rank test).
D. No significant change in the body weight of orthotopic KPC tumor-bearing
mice treated with DC vaccine. Body weight was assessed twice a week and
represented as percentage body weight change, mean + SEM.

and lung metastases were observed by histo-
logical methods in our studies, but they are too
small to visualize by MRI (less than 1 mm in a
diameter). These metastases are defined as
non-measurable lesions in MRI by RECIST (Re-
sponse Evaluation Criteria in Solid Tumors) Cri-
teria [31], therefore they are not included for
analysis. In this study, we focused on primary
tumor.

The selection of antigens is crucial for PDAC
immunotherapy as no defined single antigen is
specifically expressed in PADC cells. An alter-
native approach is the use of tumor lysates or
tumor necrotic bodies as a source of DC load-
ing antigens. We searched the literature and
compare the UV with IR in the preparation of
cancer cell for vaccine. The study conducted by
Deacon et al showed that UV-irradiation can
induce more significant levels of cancer cell
apoptosis than IR in the preparation of cancer
cell for vaccine [32]. In our previous studies
(past 5 years), we have considerable experi-
ences with UV-irradiation the cancer cells be-
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Although previous studies
have shown that DC-based
immunotherapy can induce a
PDAC specific immune res-
ponse in clinical trials, dis-
ease progression was inevitable in almost all
cases [5, 36-38]. To improve treatment efficacy
of DC immunotherapy, it is probably more ben-
eficial to enhance DC vaccine migration to the
LNs. The vaccine injection site has great influ-
ence over both DC migration and antitumor
response initiation [30], especially with respect
to tumor localization [39]. In theory, i.p. admin-
istration may be more effective for PDAC treat-
ment because it could accelerate DC migration
to abdominal LNs. Moreover, delivering DC vac-
cines via an i.p. route was feasible and well tol-
erated. Transgenic mouse models offering an
alternative to allograft and xenograft models
are currently being widely used to study tumor
biology, disease progression, and responses to
therapy. In the KPC model of PDAC, targeted
pancreatic expression of mutant Kras and p53
at the endogenous loci, causing the spontane-
ous development of invasive and metastatic
carcinoma in immune-competent hosts [40].
KPC mice with appropriately sized tumors dem-
onstrate consistent tumor growth, which per-
mits robust analyses for developing novel ther-
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apeutic approaches [29]. Thus, we utilized the
KPC mice to evaluate the efficacy and thera-
peutic responses of the DC vaccination. Our
study showed that i.p. administration of DC vac-
cines offers distinct advantages over current
injection route for PDAC, including intratumor
route and subcutaneous route [41-43]. Indeed,
we observed an extend overall survival accom-
panied by an enhanced accumulation of tumor-
infiltrating CD8* T cells and a stronger induction
of IFN-y in KPC mice. These findings provide
evidence that the improved vaccination strate-
gy, i.p. administration of DC vaccine pulsed with
irradiated tumor cells, can be a feasible and
effective approach for PDAC immunotherapy
and provides an avenue for future clinical stud-
ies in patients.

In PDAC, the fibrotic stromal reaction is charac-
terized by extensive recruitment and activation
of cancer associated fibroblasts and inversely
correlates with patient prognosis [44-46]. Un-
like targeted depletion of stromal fibroblasts in
autochthonous PDAC which appeared to accel-
erate pancreatic cancer progression [47], the
DC vaccine therapy presented here remodeled
the stroma and still conferred a survival bene-
fit. We speculate that DC vaccine treatment can
reshape the fibrotic stroma, thereby allowing
T-cell infiltration of tumors and improving the
therapeutic effect. In this regard, further inves-
tigations on stromal contributions to DC vac-
cine treatment will undoubtedly inform future
studies and refinements of this strategy.

Although RECIST criteria are widely used for
the evaluation of therapeutic efficacy for PD-
AC, they may only reflect tumor response to
therapy after some delay in time. An imaging
biomarker that allows early assessment of
response to PDAC is urgently needed. DW-MRI
has the potential to detect macromolecular
and microstructural changes at the cellular
level prior to anatomical changes during thera-
py. In PDAC, a low ADC, corresponding to early
progression, may be attributed to high cellular-
ity and thus a more aggressive tumor. Several
recent studies have shown that the ADC values
measured from DW-MRI can serve as a poten-
tial imaging biomarker for predicting tumor
response to chemotherapy for pancreatic can-
cer [24-26, 48]. Here, we also observed an in-
creased ADC in KPC mice following DC vacci-
nation. Theoretically, extracellular fibrosis char-
acterized by extracellular accumulation of col-
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lagen might influence the restriction of water
diffusion, resulting in a low ADC value [49]. In
our study, the ADC calculated from DW-MRI
was correlated with PDAC tumor collagen con-
tent, which is in line with previous reports
[50-52].

There are also limitations in this study. First, no
complete tumor eradication was observed in
this study. So far, there are no published stud-
ies of cures of KPC mice bearing established
progressive tumors, underlining the importance
of targeting PDAC immunotherapy simultane-
ously with multiple therapeutic options, includ-
ing surgical resection, biological agents, and
chemotherapeutic agents. Second, PDAC tumor
microenvironment/fibrotic stroma that facili-
tate a paucity of infiltrating T cells need to be
studied in the future. Finally, due to the mouse
pancreas is considerably smaller, the ADC val-
ues were not excluded necrotic areas that
might influence the results, but on T2W, no sig-
nificant tumor necrotic areas were observed.

This study demonstrates that immunization
with DC vaccine generated using our appro-
ach can elicit a strong antigen-specific immu-
ne response, delay tumor growth, and prolong
overall survival in KPC mouse model of PDAC,
and thus is the driving force to test if improved
DC vaccination strategy can effectively control
PDAC progression in patients.
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Figure S1. Measurement of tumor volumes in orthotopic PDAC mice (n = 4). P = 0.916. Data are expressed as the
mean + SEM. Statistical analysis was performed by using one-way ANOVA.



