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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer-related death in the United
States, exhibiting a !ve-year overall survival (OS) of only 7% despite aggressive standard of care. Recent
advances in immunotherapy suggest potential application of immune-based treatment approaches to
PDAC. To explore this concept further, we treated orthotopically established K-rasG12D/p53¡/¡ PDAC
tumors with gemcitabine and a cell-based vaccine previously shown to generate durable cell-mediated
(TH1) immunity. Tumor progression was monitored by IVIS. The results indicated that the combination of
chemotherapy and dendritic cell (DC) vaccination was effective in eliminating tumor, preventing
metastasis and recurrence, and signi!cantly enhancing OS. No animal that received the combination
therapy relapsed, while mice that received gemcitabine-only or vaccine-only regimens relapsed and
progressed. Analysis of circulating PBMC demonstrated that mice receiving the combination therapy
exhibited signi!cantly elevated levels of CD8CIFNgCCCR7CNK1.1C T-cells with signi!cantly reduced levels
of exhausted GITRCCD8C T-cells after the cessation of treatment. Retro-orbital tumor re-challenge of
surviving animals at six-months post-treatment demonstrated durable antitumor immunity only among
mice that had received the combination therapy. CD8C splenocytes derived from surviving mice that had
received the combination therapy were sorted into NK1.1pos and NK1.1neg populations and adoptively
transferred into naive recipients. Transfer of only 1,500 CD8CNK1.1pos T-cells was suf!cient to mediate
tumor rejection whereas transfer of 1,500 CD8CNK1.1neg T-cells imparted only minimal effects. The data
suggest that addition of a TH1 DC vaccine regimen as an adjuvant to existing therapies can mediate
eradication of tumors and offer durable protection against PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the tenth most
common cancer worldwide, yet the third most common cause of
neoplastic death in the United States. Modern chemotherapeutic
regimens including FOLFIRINOX (folininic acid, 50-!uoroura-
cil, irinotecan, oxaliplatin) and gemcitabine/nab-paclitaxel can
increase median survival to 11 mo in selected patients with good
performance status. Pancreatectomy with curative intent is pos-
sible in fewer than 20% of cases and increases median survival to
only 20–23 mo in conjunction with adjuvant or neoadjuvant
therapy; "ve-year overall survival (OS) remains a stubborn 7%.1

In the United States in 2016, there will be an estimated 53,000
pancreatic cancer diagnoses (all types) and nearly 42,000 deaths.
Every year since 2000, the incidence rate of PDAC has increased
by 1.2%, and the death rate by 0.4%.2,3 Given these grim statis-
tics, it is clear that there remains an unmet medical need for bet-
ter treatment regimens that can enhance survival in PDAC.

The use of immunotherapy for the treatment of PDAC is an
area of active investigation, and attempts at targeting PDAC by

vaccine immunotherapy have shown some success. Of note,
Lepisto et al. reported 33% four-year survival among 12 PDAC
patients treated with MUC1 peptide-loaded dendritic cells
(DC),4,5 and Morse et al. reported that 3 of 3 PDAC patients
treated with CEA mRNA-transfected DC were alive with NED
at 30 mo post-vaccination.4,6 Additionally, several animal mod-
els have also established the utility of using total tumor antigens
(mRNA or lysate) for DC immunotherapy,7,8 a critical point
given the signi"cant contribution of desmoplasia to the total
antigenic content of the pancreatic tumor. Old vaccination con-
cepts for PDAC have also been given new life with the advent of
immune checkpoint inhibitor drugs. In a recent randomized
trial in which the anti-CTLA-4 inhibitor drug ipilimumab was
compared to ipilimumab C GVAX (allogeneic irradiated can-
cer cells transduced with GM-CSF) in heavily pretreated
patients with advanced PDAC, patients assigned to the ipilimu-
mab C GVAX arm exhibited signi"cantly greater median OS
(5.7 mo vs. 3.6 mo) and 1 y OS (27% vs. 7%). Most importantly,
2 of 15 patients in the ipilimumab C GVAX arm experienced
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long-term disease stabilization and were alive at 30 mo whereas
all 15 patients receiving ipilimumab-only had died by 17 mo
post-treatment.9 In addition, investigators have demonstrated
that effective anticancer immune responses can speci"cally
target the neoplastic support stroma of a variety of different
tumor types. Hence the presence of desmoplasia commonly
associated with PDAC does not appear to be a barrier to
immunotherapy.10

DC are the most important of the professional antigen pre-
senting cells (APCs) that initiate and direct adaptive immune
responses. Upon detection of a danger signal DC migrate to
local lymph nodes where they engage T cells and, depending
upon a broad host of variables, induce a variety of immuno-
genic or tolerogenic responses. For the past decade our group
has been interrogating a basic regulatory mechanism that adds
to the paradigm by which regulation of cellular immunity is
understood. We have previously demonstrated that the loading
of DC with antigenically similar (homologous) MHC class I
and II antigens leads to a cell-intrinsic upregulation of TH1
polarization. This polarization consists of a differential ability
to secrete IL-12, IL-23, CTLA-4,11 and the novel TH1 polarizing
cytokine AIMp1,12-15 to upregulate surface CD83 and CD40,
and to induce the preferential generation of IFNg-secreting
CD8C cytolytic T-cells. DC loaded in this manner also
demonstrate a substantial reorganization of the transcriptome,
exhibiting a transcriptional pro"le signi"cantly different from
alternatively loaded DC by over 1,700 transcripts in areas
such as interferon signaling, antigen-presentation, antiviral
responses, protein ubiquitination, and DC licensing.16-18 Using
nearly 40 different independent antigenic systems, previous
work demonstrated that loading of DC MHC class I and II
with antigens of similar or identical content stimulates release
of the TH1-promoting cytokine AIMp1/p43 with concomitant
reduction in the release of CTLA-4C regulatory microvesicles,
and that these events are not dependent on innate pattern rec-
ognition or TLR ligands.18 This concept has subsequently been
utilized for the generation of cell-based vaccine platforms that
speci"cally target cancer with highly cytotoxic T-cell responses
of durable memory potential. Here, we have generated such a
platform for experimental treatment of orthotopically estab-
lished K-rasG12D/p53¡/¡ PDAC tumors in mice and report that
a combination therapy of TH1 DC vaccination and standard of
care gemcitabine results in durable elimination of tumor
through the generation of long-lived memory cells that prevent
relapse. Additional data suggest that antitumor immunity may
be dependent upon a subpopulation of CD8CNK1.1C T-cells
not previously described in the context of cancer.

Materials and methods

Reagents

Antibodies: aHuman/mouse CTLA-4 (WB) (Abcam; Cam-
bridge, MA); aHuman/mouse AIMP1 (Lifespan Biosciences
Inc., Seattle, WA); aHuman/mouse b-actin was purchased
from Santa Cruz Biotechnologies (Santa Cruz, CA). Flow
cytometry antibodies for staining against CD3, CD25, CD8,
CD11c, CD80, CD83, CD86, IFNg, NK1.1, CCR7, Lag3, GITR,
and CD152 were purchased from BD Biosciences (San Jose, CA).

Six to eight-week-old female C57BL/6 mice were obtained
from Baylor College of Medicine’s Center for Comparative
Medicine. All mice were maintained in accordance with the
speci"c IACUC requirements of Baylor College of Medicine.

Orthotopic tumor implantation

Tumor cells were orthotopically implanted in mice. Brie!y,
mice were anesthetized with iso!urane and a 1 cm incision in
the left subcostal region was made. Murine PDAC cells
(KrasG12Dp53¡/¡luc2C) were injected into the caudal pancreas
at 0.5–1.0 £ 106 cells per mouse. The peritoneum and skin
were closed with the sutures. Buprenorphine (0.5 mg/kg) was
administered postoperatively to minimize pain. Each experi-
mental cohort consisted of "ve mice per group unless otherwise
indicated. The KrasG12Dp53¡/¡luc2C cell line was obtained
from Dr. Steven Ullrich at the University of Texas MD Ander-
son Cancer Center in August, 2014. This cell line was authenti-
cated by the University of Texas MD Anderson Cancer Center
Characterized Cell Line Core in April, 2013 by short tandem
repeat (STR) DNA "ngerprinting using the AmpFlSTR Identi-
"ler Kit according to the manufacturer’s instructions (Applied
Biosystems, Foster City, CA).

Dendritic cell manipulations

DC were derived from the long bones of C57BL/6 mice. Bone
marrow leukocytes were !ushed from mouse tibia and femur
and cultured in AIM-V containing 10% fetal bovine serum
(Invitrogen, Carlsbad, CA), 1% antibiotic/antimycotic (Invitro-
gen) and supplemented with 50 ng/mL mGM-CSF (R&D Sys-
tems, Minneapolis, MN) and 10 ng/mL mIL-4 (R&D Systems)
for 3 d. Cells were cultured in a humidi"ed chamber at 37!C
and 5% atmospheric CO2. The culture medium was removed
and replenished with an equal volume of fresh medium and
cytokines on days three and "ve. The immature DC were har-
vested on day six and pulsed with mRNA and lysate derived
from the original luc2-negative KrasG12Dp53¡/¡ parental cell
line as described previously.17 Brie!y, lysate was prepared by
resuspension of tumor cells at 2 £ 107/mL in PBS followed by
three rapid freeze/thaw cycles in liquid nitrogen and a 37!C
water bath. Freeze/thawed lysate was stored at ¡20!C until use.
Antigen-pulsed DC were matured using a cocktail of 50 ng/mL
GM-CSF, 10 ng/mL IL-4, 10 ng/mL IL-1b (R&D Systems),
10 ng/mL TNF-a (R&D Systems), 15 ng/mL IL-6 (R&D Sys-
tems), and 1 mg/mL PGE2 (Sigma-Aldrich, St. Louis, MO).
Unused mature DC were cryopreserved for future use.

Vaccination and chemotherapy

Three days post tumor implantation, mice received primary
vaccination with 200,000 DC per mouse i.p. The TLR-7 agonist
Imiquimod was given as an adjuvant during primary vaccina-
tion. A booster injection of DC was given 10 d later. The mice
in the combination therapy and drug monotherapy groups
received 40 mg/kg gemcitabine i.p. for two weeks every alter-
nate day starting on day 13 post-implantation.
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IVIS imaging

Post tumor implantation, mice were injected with 100 mL of
10 mg/mL D-Luciferin (Regis Technologies, Morton Grove,
IL), incubated for 10 min and bioluminescence was measured
with the IVIS imaging system (Caliper Life Sciences, Waltham,
MA) after a 30 sec exposure. Imaging was done at weekly inter-
vals. On post-inoculation day 181, surviving mice that received
combination therapy (4/4) or drug monotherapy (3/5) were
retro-orbitally re-challenged with 500,000 KrasG12Dp53¡/¡

cells. Tumor growth was monitored by IVIS imaging. Five
naive mice were included as controls.

Analysis of circulating lymphocytes

Mice were bled retro-orbitally on days 49 and 101 post tumor
implantation. Red blood cells were lysed by treatment with
ammonium chloride (Sigma-Aldrich) as recommended by the
manufacturer’s instructions. The white blood cell pellet was
washed once with PBS and resuspended in AIM-V medium C
10% mouse serum. Cryopreserved, loaded DC were thawed
and washed and co-cultured overnight with the fresh PBMC in
a 96 well plate at a ratio of 1:10. The following day, cells were
stained with anti-CD3, CD8, CD25, IFNg, NK1.1, CCR7, Lag3,
and GITR for analysis by !ow cytometry. All !ow cytometric
analysis was performed using an LSR II !ow cytometer (BD
Biosciences) and analyzed with FlowJo version 10.0.00003
(Tree Star Inc., Ashland, OR) for OS-X.

Histology and immunohistochemistry

Intact tissues were "xed in 10% formalin for 24 h, rinsed with
70% ethanol, embedded in paraf"n, and sectioned in 5 mm
increments. Paraf"n sections were stained with hematoxylin
and eosin (H&E) for gross histological analysis by light micros-
copy using an Olympus CX41 microscope (Olympus Corpora-
tion, Center Valley, PA) with an Olympus DP70 digital camera
(Olympus Corporation).

Splenocyte adoptive transfer

On post-inoculation day 259, splenocytes were harvested from
the mice that received the combination therapy and survived
both the primary challenge and the secondary retro-orbital re-
challenge. Non-adherent lymphocytes were separated from the
monocytic fraction by plastic adherence, and CD8C cells were
negatively selected by magnetic separation (Miltenyi-Biotec,
San Diego, CA). Puri"ed CD8C cells were activated by
overnight culture with PDAC antigen loaded DC at the ratio of
1 DC per 10 T-cells. The following day, NK1.1pos and NK1.1neg

populations were separated on a FACSAria IIu, (BD
Biosciences, San Jose, CA), and 1,500 sorted cells were
adoptively transferred by i.p. administration into naive mice.
250,000 KrasG12Dp53¡/¡ tumor cells were injected intraperito-
neally the following day.

Western blotting and analysis

All gel electrophoreses was performed under denaturing, reduc-
ing conditions on a 12% polyacrylamide gel with subsequent
transfer to a 0.45 mm nitrocellulose membrane for antibody
probing. All blocking and antibody staining steps were carried
out in 5% milk, and primary antibodies were applied overnight
at 4!C. Western blot chemiluminescent signal was detected
using a ChemiDoc XRS digital imaging system supported by
Image Lab software Version 2.0.1 (Bio-Rad Laboratories, Her-
cules, CA). All Western blots were quantitated by densitometry
of Ponceau S (Sigma-Aldrich) stained membranes. Contamina-
tion of supernatants with residual cell lysate or debris from cell
death was controlled for by immunostaining with anti-b-actin
(Santa Cruz) and additional densitometry. Densitometry was
performed using ImageJ software (NIH, Bethesda, MD). All
western blots are representative of at least three independent
experiments.

RT-PCR

Total RNA was extracted from the DC by means of the Tri-
zol method and cDNA synthesis was performed using RT
PCR using High-Capacity cDNA Reverse Transcription Kit
(Life Technologies) according to the manufacturer’s instruc-
tions. Real time PCR was performed with the 7500 Real-time
PCR system (Applied Biosystems, Foster City, CA) using the
Taqman Realtime PCR assay (ThermoFisher Scienti"c,
Waltham MA) according to the manufacturer’s instructions.
The primers used were IL1-b (Mm00434228_m1, FAM), IL-6
(Mm00446190_m1, FAM), IL-12a (Mm00434165_m1, FAM),
Ctla4 (Mm01253995_m1, FAM), and 18s rRNA (4319413E,
VIC).

Statistical analysis

Statistical signi"cance was determined by the two-tailed
Student’s t test or ANOVA using Prism Software (GraphPad
Software, La Jolla, CA). Survival was analyzed according to the
Kaplan–Meier method. Bonferoni correction was applied when
necessary to control for type I errors during multiple compari-
sons. Data are presented as the mean § SEM unless stated
otherwise. Statistical signi"cance was de"ned as p ! 0.05.

Results

Dendritic cells loaded in a homologous fashion with PDAC
antigens exhibit hallmarks of the TH1 DC phenotype

As a "rst step in the development of a TH1 DC vaccine, DC
were loaded with mRNA and lysate derived from
KrasG12Dp53¡/¡luc2neg cells, matured, and analyzed for previ-
ously described hallmarks 16-18 of homologous antigenic
loading. Also as described previously,16-18 DC were loaded
singly with PDAC mRNA, singly with PDAC cell lysate, and
doubly in a heterologous fashion with PDAC mRNA and
irrelevant B16 tumor lysate to serve as comparative controls.
Western blot of the DC lysates probed with AIMp1 antibody
indicated that only homologous antigenic loading resulted in
signi"cantly elevated levels of AIMp1 production (Fig. 1A)
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while intracellular !ow cytometry demonstrated a concomi-
tant decrease in the levels of CTLA-4 protein among homolo-
gously loaded (TH1) DC (Fig. 1B). Total RNA was isolated
from all differentially loaded DC, and RT-PCR was performed
to characterize expression levels of IL-12 transcript subunits IL-
12a and IL-12b. As indicated in Fig. 1C, there was a signi"cant
increase in the transcript levels of both IL-12 subunits among
DC loaded in a homologous fashion. This transcriptional differ-
ence was particularly pronounced for the IL-12b subunit (IL-12
p40), the subunit previously described to regulate IL-12 p70
stability.19 Western blot analysis con"rmed a highly signi"cant
increase in stable IL-12 protein subunit levels only among DC
loaded in a homologous fashion (Fig. 1A). All analyses were
performed on puri"ed DC that had no previous or subsequent
contact with T-cell populations as described previously.16 These
results con"rmed that homologous antigenic loading of DC with
PDAC antigens could recapitulate the previously characterized
TH1 polarizing phenotype.

Gemcitabine treatment in combination with TH1 DC
vaccination mediates tumor eradication

Using an aggressive therapeutic model system, 1.0 £ 106

KrasG12Dp53¡/¡ PDAC tumor cells were orthotopically
implanted into the pancreata of wild type C57BL/6 mice after
which mice were treated therapeutically with gemcitabine
(40 mg/kg) alone, TH1 DC vaccination alone, or gemcitabine in
combination with a TH1 DC vaccine. Though median survival
was identical for untreated controls, mice treated with gemcita-
bine alone, and mice treated with vaccination alone, 100% of
mice treated with a combination of gemcitabine and vaccina-
tion remained alive through study day 53 (Fig. 1D, p D 0.003).

Given these unexpected results, a second therapeutic
model system was constructed to comprehensively charac-
terize this phenomenon. In this model system, 0.5 £ 106

KrasG12Dp53¡/¡luc2 PDAC tumor cells were orthotopically
implanted into the pancreata of wild type C57BL/6 mice
after which mice were treated therapeutically with gemcita-
bine (40 mg/kg) alone or gemcitabine in combination with
TH1 DC vaccination (treatment schema outlined in
Fig. 2A). Tumor growth was monitored weekly by IVIS imag-
ing, and by day 32 post-implantation, all treated mice were in
remission. However, by day 85, 80% of mice treated with gemci-
tabine alone had relapsed whereas all animals treated with gem-
citabine C vaccine remained in complete remission. All the mice
that received the combination therapy survived in complete
remission through study day 180 whereas 40% of mice treated
with gemcitabine alone had died and 40% were alive with pro-
gressive disease (Fig. 2B and C).

Combination therapy results in higher levels of activated,
antigen-speci!c CD8C T-cells

To determine if the durable remissions imparted by combina-
tion therapy could be correlated with identi"able immunologic
parameters, peripheral blood was collected retro-orbitally from
mice on post-inoculation days 49 and 109, and T-cells were
analyzed by !ow cytometry after overnight culture with either

Figure 1. Homologous antigenic loading of Dendritic cells with PDAC antigens recapitu-
lates the TH1 DC phenotype. (A) Western blot analysis of cell lysates derived from differ-
entially loaded DC and probed with anti-AIMp1 and anti-IL-12 antibodies demonstrated
that only homologously loaded DC exhibited signi"cant upregulation of AIMp1 and IL-
12 p35 protein levels. Heterologous: DC doubly loaded with PDAC KrasG12Dp53¡/¡

mRNA and heterologous B16 melanoma lysate. Homologous: DC doubly loaded with
PDAC KrasG12Dp53¡/¡ mRNA and homologous PDAC KrasG12Dp53¡/¡ lysate. Lysate: DC
loaded with only PDAC KrasG12Dp53¡/¡ lysate. mRNA: DC loaded with only PDAC
KrasG12Dp53¡/¡ mRNA. Unloaded: unloaded DC. (B) Intracellular !ow cytometry analysis
of the differentially loaded dendritic cells revealed that only homologous antigenic load-
ing resulted in concomitant downregulation of intracellular CTLA-4. DC loaded with
homologous PDAC antigens, DC loaded with heterologous PDAC and B16 antigens, or
unloaded DC are shown. X-axis: IC CTLA-4 PE MFI. (C) Total RNA was isolated from all dif-
ferentially loaded DC, and RT-PCR was performed to characterize expression levels of IL-
12 transcript subunits IL-12a and IL-12b. Error barsD§ SEM. """"p< 0.001. (D) Combi-
nation gemcitabine and TH1 DC vaccination enhances OS following orthotopic PDAC
implantation. One million KrasG12Dp53¡/¡ PDAC tumor cells were orthotopically
implanted into the pancreata of wild type C57BL/6 mice after which mice were treated
therapeutically with gemcitabine alone, TH1 DC vaccination alone, or gemcitabine in
combination with a TH1 DC vaccine. Untreated controls were also included. Differences
in survival were assessed by Kaplan–Meier survival analysis. X-axis: day post injection. Y-
axis: percent survival. ""p< 0.01.
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PDAC antigen-loaded or PDAC antigen-naive DC stimulators.
When day 49 T-cells were cultured with PDAC antigen-loaded
DC, those derived from mice treated with combination therapy
exhibited exceptionally elevated levels of activated IFNg pro-
ducing CD8C T-cells as well elevated levels of atypical
CD3CCD8CNK1.1C T-cells20 (Fig. 3A). These same phenom-
ena were observed among day 109 T-cells as well as a marked
upregulation of (presumably central memory, ref 21)
CD8CCCR7C T-cells and marked downregulation of regulatory
CD8CGITRC T-cells22 (Fig. 3B). No statistically signi"cant dif-
ferences were observed among populations of T-cells co-cul-
tured with antigen-naive DC (not shown) with the exception of
CCR7, a marker not induced by activation.

Combination therapy provides ongoing and durable
protection against tumor

To determine the durability of the antitumor immune response
imparted by various treatment regimens, mice that remained
alive on day 181 post-inoculation were re-challenged retro-
orbitally with 500,000 KrasG12Dp53¡/¡luc2C cells. A group of
"ve naive mice were also retro-orbitally challenged as a control.
All mice in the drug monotherapy group that had survived

their original PDAC inoculation (including a mouse that was
NED) as well as all naive mice rapidly developed signi"cant
cranial tumor burden and died whereas only 25% of mice that
had received combination therapy exhibited any evidence of
cranial tumor burden (Figs. 4A and 5A–C) and none died
(Fig. 4B). Postmortem histopathology showed extensive lung
metastases in all naive mice and mice treated with gemcitabine
monotherapy as well as sporadic metastases to other organs
including spleen and heart. In contrast, no metastases were
observed among any mice that had received combination ther-
apy (Fig. 5D–F). Overall, the results indicated that TH1 DC vac-
cine in combination with gemcitabine could not only eradicate
tumor but also provide durable protection against relapse and
metastasis.

CD8CNK1.1C splenocytes mediate robust and durable
immunological memory

Analysis of peripheral blood lymphocytes revealed a signi"cant
correlation between levels of CD3CCD8CNK1.1C cells and sur-
vival (i.e., Fig. 3). To determine if durable immunologic mem-
ory could be transferred along with this cell type, non-adherent
CD8C splenocytes were negatively selected from the spleens of
mice treated with combination therapy 260 days prior. These
cells were activated overnight with PDAC-loaded DC

Figure 2. Combination gemcitabine and TH1 DC vaccination results in eradication
of orthotopic PDAC. (A) Experimental treatment schema. (B) Longitudinal IVIS
imaging analysis of treatment groups and (C) tumor burden as assessed by IVIS
imaging indicate eradication of orthotopic PDAC following combined gemcitabine
chemotherapy and TH1 DC immunotherapy. X-axis: Post-inoculation day. Y-axis:
Peak scale luminescence/mm2. Error bars § SEM. """"p < 0.0001.

Figure 3. Combination therapy results in higher levels of activated, antigen-spe-
ci"c CD8C T-cells. Peripheral blood was collected retro-oribitally on post-treatment
days 49 and 109, and lymphocytes were cultured overnight with PDAC antigen
loaded DC. (A) Mice that received combination therapy exhibited elevated levels
of IFNg producing CD8C T-cells as well as elevated levels of atypical
CD3CCD8CNK1.1C T-cells on post-treatment day 49. (B) Among post-treatment
day 109 T-cells, in addition to the upregulation of CD3CCD8CNK1.1C T-cells seen
on post-treatment day 49, there was a marked upregulation of CD8CCCR7C T-cells
and marked downregulation of regulatory CD8CGITRC T-cells in the mice that
received combination therapy. "p< 0.05. ""p < 0.01. Error bars § SD.
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stimulators after which responding NK1.1pos and NK1.1neg cells
were separated by !ow sorting. Scant populations of 1,500
NK1.1pos and NK1.1neg cells were adoptively transferred into
each of three naive recipient mice in conjunction with i.p.
PDAC challenge using 250,000 KrasG12Dp53¡/¡luc2C tumor
cells. Tumor growth was subsequently measured and quanti"ed
by IVIS imaging. The data (Fig. 6A and B) indicated that anti-
tumor immunity could be transferred from vaccinated host to
naive recipient by very small numbers of CD8CNK1.1C cells,
indicating that this cell type can mediate durable antitumor
protection and memory responses in this model of pancreatic
cancer. Mice that received CD8CNK1.1C cells remained in per-
manent remission (Fig. 6C) with NED (no evidence of disease).

Discussion

Despite decades of research, PDAC remains the malignancy
with the most abysmal of prognoses. Vaccine immunotherapy
has long been anticipated to eradicate cancer in a targeted,
non-toxic fashion but meaningful success up to now has been
elusive in clinical studies. DC-based vaccination has previously
been shown to be effective in some murine models of

pancreatic cancer. Several studies have reported that DC vacci-
nation of tumor bearing mice has led to increased tumor spe-
ci"c lysis by CD8C T cells, expansion of IFNg secreting T cells,
and tumor regression.23-25 Targeting primary or metastatic
lesions with intra-tumoral DC was effective in murine pancre-
atic cancer models and could be bene"cial in human trials since
a majority of patients are unresectable at the time of diagnosis.
In one open label clinical trial, intra-tumoral injection of DC
led to enhanced immunity and regression of tumor in several
patients with pancreatic cancer.26 Although clinical trials have
demonstrated that tumor-speci"c immunity can be regularly
established by DC-based vaccines, it has also become evident
that clinical responses to immunotherapy occur only rarely in
patients with gastrointestinal malignancies,27 and the "eld in
recent years has tried to identify strategies that, not only over-
come tumor-induced immunosuppression, but also do not
interfere with the activation of a tumor-directed immune
response. Increasing evidence suggests that well established
treatment strategies such as radiation, surgical debulking, or
chemotherapy can be successfully combined with immunother-
apeutic approaches.28-30 Here, we show that gemcitabine che-
motherapy augments the therapeutic ef"cacy of TH1 DC
vaccination in a murine model of PDAC. Gemcitabine has par-
adoxically been reported to enhance immunocompetence in
certain PDAC patient populations via various mechanisms

Figure 4. Combination therapy provides durable protection against tumor relapse.
Mice still alive on day 181 after initial tumor inoculation were retro-orbitally rechal-
lenged with 500,000 KrasG12Dp53¡/¡luc2 cells and imaged by IVIS to monitor
tumor progression. Five naive mice were included as untreated controls. (A) Signif-
icant tumor burden was immediately observed in treatment naive mice and mice
that received gemcitabine monotherapy whereas only 25% of mice that had
received combination therapy developed cranial tumor. X-axis: Day post-re-chal-
lenge. Y-axis: Average radiance p/s/cm2/sr. Error bars§ SEM. (B) Kaplan–Meier sur-
vival curve of mice challenged retro-orbitally with tumor bolus indicates rapid
death of control-treated and gemcitabine-treated mice by post-re-challenge day
43. Animals treated with both chemotherapy and immunotherapy remained alive
with NED or MRD.

Figure 5. Combination therapy provides durable protection against tumor relapse
and prevents metastasis to lung. IVIS imaging demonstrates signi"cant cranial
tumor burden in treatment-naive and gemcitabine-treated mice whereas only one
of four mice that had received combination therapy exhibited any tumor burden.
Histopathological analysis (H&E) revealed lung metastasis as well as sporadic
metastases to other organs including liver in all treatment-naive and gemcitabine-
treated mice. In contrast, no metastases were observed among any mice that had
received combination therapy. (A/D) Treatment naive. (B/E) Treatment with gemci-
tabine only. (C/F) Treatment with combination therapy. Lung histopathology
shown at 200£.
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including selective deletion of myeloid-derived suppressor cells
(MDSC) that can inhibit antitumor immunity.31-33 A previous
study also found that gemcitabine can induce the proliferation
of CD14C monocytes and CD11cC DC, "ndings that could pro-
vide a rationale for the combination of gemcitabine and speci"c
immunotherapy.34 When used in combination with the stan-
dard of care chemotherapy drug gemcitabine, DC vaccination
was previously shown to increase tumor free survival in a
murine model of pancreatic cancer.35 In the present study, the
combination of TH1 DC vaccination and gemcitabine chemo-
therapy resulted in signi"cant improvement in tumor-free sur-
vival in the p53¡/¡KrasG12D murine tumor model of PDAC.
This is in accordance with previous "ndings in which gemcita-
bine was shown to augment the effectiveness of immune stimu-
lation by in vivo CD40 ligation.36 In a human in vitro model,
gemcitabine was shown to sensitize pancreatic carcinoma cells
to CTL responses.37 Apoptosis induced by gemcitabine was
also shown to increase cross-presentation of tumor antigens to
CTLs by intra-tumoral DCs.38 Although inhibition of B cell-
mediated immune responses has been described in animal
models, gemcitabine can be administered to patients with pan-
creatic cancer without relevant loss of T cell and DC function.39

Moreover, in cancer patients, gemcitabine may even inhibit
TH2- and speci"cally augment TH1-type immune responses.39

Studies by Beatty et al. 36 have also shown therapeutic effects of
gemcitabine treatment with CD40 agonist, CP-870,893 in
patients with metastatic PDAC.

We have recently characterized novel and critical biological
parameters that govern cell-mediated immune responses and
have applied these concepts to PDAC immunotherapy. Our
substantial preliminary dataset indicates that orthotopically
injected KrasG12Dp53¡/¡ PDAC tumors can be completely
eradicated through a combination of TH1 DC vaccine and
conventional gemcitabine whereas gemcitabine alone could
not prevent tumor recurrence. These results were due in
part to enhanced induction of non-classical PDAC-speci"c
CD8CNK1.1C T-cells among vaccinated animals. NKR-P1 is a
family of disul"de-linked homodimers of which NK1.1 (CD161
in humans) is a member.40 NKRP1A and C are activating mole-
cules that can trigger cytokine production and cytolytic activity
by NK cells,41,42 while NKRP1B appears to be inhibitory.43,44

The PK136 antibody recognizes the NKR-P1C receptor
(NK1.1) in the mouse. This antibody depletes NK cells in vivo
45 and induces activation and proliferation of both NK and
NKT cells in vitro.46,47 Assarsson et al. 48

"rst described the
presence of NK1.1CTCRabC cells within lymphokine-activated
killer cell cultures derived from CD1d1¡/¡ and Ja281¡/¡

C57BL/6 mice that lack classical NKT cells. Unlike classical
NKT cells, 50–60% of these NK1.1CTCRabC cells expressed
CD8C with a diverse TCR repertoire. Upon in vitro stimulation
with IL-2, IL-4, or IL-15, puri"ed NK1.1neg CD8C T-cells rap-
idly acquired surface expression of NK1.1. The induction of
NK1.1 on CD8C T cells was not just an in vitro phenomenon as
Assarsson also observed a "ve-fold increase of NK1.1CCD8C T
cells in the lungs of in!uenza virus-infected mice. These data
suggest that CD8C T cells can acquire NK1.1 and other NK
cell-associated molecules upon appropriate stimulation in vitro
and in vivo. T-cell responses to in!uenza were reported to be

Figure 6. Atypical CD8CNK1.1C splenocytes mediate robust and durable immuno-
logical memory. Elevated levels of atypical CD8CNK1.1C in treated mice were cor-
related with survival in this model system. To determine if tumor immunity could
be transferred along with this cell type, non-adherent CD8C splenocytes were neg-
atively selected from the spleens of mice treated with combination therapy
260 days prior. prior. These cells were activated overnight with PDAC-loaded DC
stimulators after which responding NK1.1pos and NK1.1neg cells were separated by
!ow sorting. Scant populations of 1,500 NK1.1pos and NK1.1neg cells were adop-
tively transferred into each of three naive recipient mice in conjunction with i.p.
PDAC challenge using 250,000 KrasG12Dp53¡/¡luc2C tumor cells. Tumor growth
was subsequently measured and quanti"ed by IVIS imaging. (A) Quantitation of
tumor burden by IVIS imaging indicates rapid tumor rejection among mice adop-
tively transferred with CD8CNK1.1C splenocytes. X-axis: Post-transfer day. Y-axis:
Average radiance p/s/cm2/sr. """"p < 0.001. Error bars § SEM. (B) Longitudinal
IVIS imaging demonstrates disappearance of i.p. tumor burden in recipients that
received 1,500 CD8CCNK1.1pos splenocytes from mice vaccinated 260 days prior.
Recipients that received 1,500 CD8CCNK1.1neg splenocytes from mice vaccinated
260 days prior progressed and died. (C) Kaplan–Meir survival analysis shows long-
term survival with NED of animals adoptively transferred with CD8CNK1.1pos sple-
nocytes. X-axis: Post-transfer day. Y-axis: Percent survival.

ONCOIMMUNOLOGY e1213933-7



de"cient in mice treated with the anti-NK1.1 monoclonal anti-
body.49 In the interceding years, the analogous population of
CD3CCD8CCD161C T-cells has been described in human pop-
ulations, though never in the context of cancer or tumor immu-
nity. These cells are described in the infectious disease literature
as highly cytotoxic memory T-cells, often with antiviral speci-
"city.50-54 Given that TH1 DC vaccination mimics an antigenic
micro-environment present only in the context of viral infec-
tion,16-18 the appearance of such T-cell responses might be
anticipated.

In summary, we demonstrate that adjuvant TH1 DC vacci-
nation can lead to durable cure of KrasG12Dp53¡/¡ PDAC
when applied in conjunction with standard of care gemcitabine
chemotherapy. Durable tumor immunity was correlated with
the appearance of atypical CD8CNK1.1C cells, a memory cell
previously described in the context of viral infection but not in
cancer. Additional work will be necessary to delineate the role
of TH1 vaccination in the development of these novel antican-
cer responses.
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