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Abstract

BACKGROUND & AIMS—Premalignant lesions and early stage tumors contain

immunosuppressive microenvironments that create barriers for cancer vaccines.

KrasG12D/+;Trp53R172H/+;Pdx-1-Cre (KPC) mice, which express an activated form of Kras in

pancreatic tissues, develop pancreatic intraepithelial neoplasms (PanIN) that progress to pancreatic

ductal adeno-carcinoma (PDA). We used these mice to study immune suppression in PDA.

METHODS—We immunized KPC and KrasG12D/+;Pdx-1-Cre mice with attenuated intracellular

Listeria monocytogenes (which induces CD4+ and CD8+ T-cell immunity) engineered to express

KrasG12D (LM-Kras). The vaccine was given alone or in sequence with an anti-CD25 antibody

© 2014 by the AGA Institute

Address requests for reprints to: Elizabeth M. Jaffee, MD, The Sidney Kimmel Cancer Center, Johns Hopkins, 1650 Orleans Street,
4M07 Bunting Blaustein Cancer Research Building, Baltimore, Maryland 21231. ejaffee@jhmi.edu; fax: (410) 614-8216..

Supplementary Material
Note: To access the supplementary material accompanying this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/j.gastro.2014.02.055.

Conflicts of interest
These authors disclose the following: Peter Lauer, Dirk Brockstedt, and Thomas Dubensky Jr are all paid employees of Aduro
BioTech and hold stock in the company; Peter Lauer, Dirk Brockstedt, and Thomas Dubensky Jr are inventors on multiple patents and
patent applications that apply to the Listeria monocytogenes–based vaccines described in this article; and through a licensing
agreement between Johns Hopkins University and Aduro Biotech, Elizabeth Jaffee has the potential to receive royalties on the future
sale of human Listeria vaccines. The remaining authors disclose no conflicts.

NIH Public Access
Author Manuscript
Gastroenterology. Author manuscript; available in PMC 2015 June 01.

Published in final edited form as:
Gastroenterology. 2014 June ; 146(7): 1784–1794.e6. doi:10.1053/j.gastro.2014.02.055.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.gastrojournal.org
http://dx.doi.org/10.1053/j.gastro.2014.02.055


(PC61) and cyclophosphamide, to deplete T-regulatory (Treg) cells. Survival times were

measured; pancreatic and spleen tissues were collected and analyzed by histologic, flow

cytometry, and immunohistochemical analyses.

RESULTS—Interferon γ-mediated, CD8+ T-cell responses were observed in KPC and

KrasG12D/+;Pdx-1-Cre mice given LM-Kras, but not in unvaccinated mice. Administration of LM-

Kras to KPC mice 4–6 weeks old (with early stage PanINs), depleted of Treg cells, significantly

prolonged survival and reduced PanIN progression (median survival, 265 days), compared with

unvaccinated mice (median survival, 150 days; P = .002), mice given only LM-Kras (median

survival, 150 days; P = .050), and unvaccinated mice depleted of Treg cells (median (medium

survival, 170 days; P = .048). In 8- to 12-week-old mice (with late-stage PanINs),¼LM-Kras,

alone or in combination with Treg cell depletion, did not increase survival time or slow PanIN

progression. The combination of LM-Kras and Treg cell depletion reduced numbers of

Foxp3+CD4+ T cells in pancreatic lymph nodes, increased numbers of CD4+ T cells that secrete

interleukin 17 and interferon g, and caused CD11b+Gr1+ cells in the pancreas to acquire an

immunostimulatory phenotype.

CONCLUSIONS—Immunization of KPC mice with Listeria monocytogenes engineered to

express KrasG12D, along with depletion of Treg cells, reduces progression of early stage, but not

late-stage, PanINs. This approach increases infiltration of the lesion with inflammatory cells. It

might be possible to design immuno-therapies against premalignant pancreatic lesions to slow or

prevent progression to PDA.
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Pancreatic ductal adenocarcinoma (PDA) is clinically difficult to treat owing to its late

detection and resistance to conventional therapies. However, recent studies have suggested

that the process of PDA development from tumor initiation to metastases requires years to

decades, providing a window of opportunity for the prevention of premalignant progression

during the stage when precancerous lesions, known as pancreatic intraepithelial neoplasms

(PanINs), predominate.1 One potential treatment approach involves the development of

immunization strategies that target the early genetic changes (driver genes) that initiate

premalignant lesion formation.

Immune tolerance mechanisms to self-antigens are significant barriers to antitumor

immunotherapy, especially once PDA has developed.2–4 Treatments that bypass tolerance

and induce a specific antitumor immune response in the periphery still are ineffective owing

to the immunosuppressive tumor microenvironment (TME), which includes T-regulatory

cells (Tregs), tolerogenic antigen-presenting cells, myeloid-derived suppressor cells

(MDSCs), immunoregulatory molecules, and immunosuppressive cytokines.5–8 Of these

barriers, Tregs and MDSCs were shown to be increased in mouse and patient tumors,3,5,9,10

inhibiting protective CD8+ T-cell responses, and promoting PDA growth.11–13 Treatment

strategies that target these suppressive populations enhance cancer-specific T-cell activation

in preclinical and clinical studies.12,14 Treg depletion facilitates tumor eradication by
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increasing the effector T-cell to Treg ratio within the tumor and tumor-draining lymph

nodes, key sites of Treg accumulation and activation.8,12,15

Genetically engineered mice that mimic the genetic induction and progression of tumors

within the natural organ allow study of the immune responses to cancer and its precursor

lesions in the context of natural tolerance mechanisms.10 The KrasG12D/+;Pdx-1-Cre (KC)

and KrasG12D/+; Trp53R172H/+;Pdx-1-Cre (KPC) mice are programmed genetically to

mimic the progression from normal tissue, through all stages of premalignant PanINs, to

fully developed PDA, which genetically and histologically recapitulate human disease.16,17

Here, we report the observation that Treg infiltration occurs as early as PanIN stage 1. Given

the early presence of suppressive cells at the site of tumor development, we hypothesized

that immunization with an attenuated intracellular Listeria monocytogenes (LM) vaccine

genetically modified to express the driver KrasG12D gene product (LM-Kras) would require

concomitant modulation of one or more immune inhibitory mechanisms to effectively delay

PanIN progression. We show that LM-Kras vaccination and Treg depletion slows

progression to PDA when administered at the PanIN 1 stage, but not once PanIN stages 2–3

have developed. Furthermore, LM-Kras and Treg depletion alter the phenotype of

CD11b+Gr-1+ cells in the pancreas and recruit T helper cell (Th)/Tc-17 type effector

lymphocytes capable of halting early PanIN progression. Thus, vaccine-induced primary

prevention of pancreatic cancer is feasible but requires simultaneous immune modulation.

Materials and Methods

Mice

Lox-STOP-Lox Trp53R172H/+; Lox-STOP-Lox KrasG12D/+; and Pdx-1-Cre strains on a

mixed 129/SvJae/C57BL/6 background, were a gift from Dr David Tuveson (Cold Spring

Harbor Laboratory, Cold Spring, NY).16,17 These mice were backcrossed to the C57BL/6

genetic background for 12 generations and interbred to obtain KC and KPC mice. Animals

were kept in pathogen-free conditions and treated in accordance with Institutional Animal

Care and Use Committee and American Association of Laboratory Animal Committee

approved policies.

Patients and Tumor Samples

Mesothelioma biopsy specimens were collected from a subject in study ADU-CL-02, a

phase I study evaluating the safety and induction of immune response of CRS-207, a LM

vaccine targeting mesothelin, in combination with chemo-therapy in patients with malignant

pleural mesothelioma.18 Patients provided signed informed consent after approval of the

study by the institutional review board.

LM Construct

The LM-Kras vaccine was constructed in the actA and inlB double-deleted strain.19 The 12

ras expression cassette was designed in silico to fuse the 25 amino acids of both V and D

activating mutations (at position 12) in a synthetic gene cloned downstream of the actA

promoter as described previously.19,20
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Survival Experiments

LM-Kras (5 × 105 colony-forming units) in 0.2 mL phosphate-buffered saline was

administered intravenously based on dose titrations for each batch of vaccine. KPC mice

aged 4–6 weeks or 8–14 weeks were treated with PC61 (50 μg/ mouse)12 and

cyclophosphamide (Cy) (100 mg/kg; Bristol-Myers Squibb, New York, NY) by

intraperitoneal injection, 1 day before vaccine as per the experimental design. This regimen

was repeated every 4 weeks and survival was monitored weekly.

Intracellular Cytokine Assays and Flow Cytometry

Splenic CD8+ T cells were negatively selected and incubated with T2Kb cells and peptides,

followed by intracellular cytokine staining as previously described.15 Pancreata were

prepared by incubation with 1 mg/mL collagenase and 25 mg/L hyaluronidase for 30

minutes at 37° C followed by Percoll gradient purification. Lymphocytes were stimulated

with Dynabeads Mouse T-Activator CD3/CD28 (Life Technologies, Grand Island, NY)

overnight at 37° C per the manufacturer's instructions. Lymphocytes from up to 3 mouse

pancreata were pooled and stained as one flow cytometry sample owing to small cell

numbers. Flow cytometry was performed with the specified antibodies (Supplementary

Table 1) using an LSR II and analyzed using FACSDiva software (BD Biosciences, San

Jose, CA).

Immunohistochemistry

Immunohistochemistry (IHC) was performed with the antibodies listed and according to

standard protocols unless otherwise noted (Supplementary Materials and Methods and

Supplementary Table 2).21 All slides were imaged using an Eos Rebel T2i camera (Canon

USA, Melville, NY) and an Eclipse TS100 microscope (Nikon, Inc, Melville, NY).

Histologic Analysis of Pancreatic Lesions

Pancreata were formalin-fixed and paraffin-embedded, cut at 4-μm thickness, and stained

using routine H&E staining protocols by the Johns Hopkins Tissue Microarray Laboratory.

For analysis of vaccine and Treg depletion effect(s), 2 slides from each pancreas spaced

400-μm apart were graded based on the highest PanIN stage (or PDA) present by a

pathologist blinded to treatment group.

Cytokine Array

The pancreata of KPC mice in each treatment group were pooled and Gr-1+ cells were

isolated by fluorescence-activated cell sorting of the CD45+CD11b+Gr-1+ population using

a FACSAria II (BD Biosciences). Cells were lysed according to instructions and lysate was

blotted with the Mouse Cytokine Antibody Array, Panel A (R&D Systems, Minneapolis,

MN). The resulting dot blot was scanned and analyzed using VisionWorks Q23 LS (UVP,

LLC, Upland, CA) to calculate the density per pixel and fold-change in expression of the

treated cells in comparison with untreated cells.
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Statistical Analysis

Data were expressed as the mean ± SEM and all experiments were repeated 3 times unless

otherwise stated. Statistical significance was analyzed using GraphPad Prism (GraphPad

Software, Inc, La Jolla, CA) and assessed using a 2-tailed Student t test. Welch correction

was used when the variance was assumed to be unequal. For survival analysis, the log-rank

(Mantel–Cox) test was used.

Results

LM-Kras Induces Systematic CD8+ T-Cell Responses in KrasG12D/+-
Expressing Mice—We chose mutant Kras (KrasG12D) as a target for vaccination because

it is the most prevalent and earliest oncogene involved in human PDA development.22 The

bacterial vector, LM, was selected because LM-based vaccines induce robust antigen-

specific CD4+ and CD8+ T-cell immunity.23,24 The LM vaccine was shown to be safe and in

the treatment of PDA patients.18 We first identified the specific 9 amino acid (9-mer)

peptides presented by the major histocompatibility complex (MHC) I allele, H-2Kb, by

screening overlapping peptides for recognition by activated immunized lymphocytes

isolated from mice vaccinated with LM-Kras (Figure 1A and B).25 Vaccinated, nontolerant,

MHC-matched mice harbor interferon (IFN)γ-secreting CD8+ T cells responsive to multiple

mutant Kras epitopes (Kras B–G) when compared with the control tyrosinase-related protein

2 (Trp2) epitope, which also binds to MHC I Kb (Figure 1C). The LM-Kras vaccine induced

Kras-specific IFNγ CD8+ T-cell responses in mice expressing the mutant KrasG12D allele

whereas Krasspecific CD8+ T-cell responses were not detected in unvaccinated KC and

KPC mice, suggesting that the mutation itself is not naturally immunogenic (Figure 1D and

Supplementary Figure 1). Surprisingly, these studies failed to identify differences in the

magnitude of systemic Krasspecific CD8+ T-cell responses in the nontolerant parental vs the

transgenic mice expressing the KrasG12D mutation (Figure 1E). Thus, LM-Kras can induce a

sizable systemic CD8+ T-cell response against mutant Kras in both parental and potentially

tolerant KC and KPC mice.

PanIN Progression Inhibition Requires Both Treg Depletion and LM-Kras

Because previous studies have reported that Tregs are present in PanINs and PDA of KPC

mice,10 we further evaluated the kinetics of Treg infiltration and found that Foxp3+ cells are

present even at the earliest stage of PanIN development, PanIN 1, and continue to increase

with progression to malignancy (Figure 2A–C). A combination of the murine anti-CD25

antibody, PC61, and low-dose Cy, results in the most complete depletion of Tregs in PDA,

when the combination is given 1 day before vaccination.12 We used KPC rather than KC

mice to test the ability of LM-Kras given alone or with Treg depletion to inhibit tumors

because the Trp53R172H/+ mutation produces tumor development at a predictable rate, which

facilitates survival analysis. Two age groups were evaluated for survival, mice 4–6 or 8–12

weeks old, corresponding to early or late-stage PanINs, respectively. LM-Kras and Treg-

depleting agents given alone did not affect survival in either age group, compared with

untreated mice. However, combined LM-Kras and Treg depletion conferred a significant

survival advantage to animals given treatment at the time of PanIN 1 development but not to

mice beginning treatment at the time of PanINs 2 and 3 (Figure 2D and E). The systemic
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CD8+ T-cell response to LM-Kras did not differ significantly between 4- to 6-week-old and

8- to 12-week-old KPC mice (Supplementary Figure 2A). Furthermore, mice with early

stage PanINs receiving 2 cycles of LM-Kras and Treg depletion showed fewer late-stage

PanINs and PDA compared with other treatment groups (Figure 2F). Thus, the overall lower

stage of PDA development in mice treated with combined LMKras and Treg depletion is

consistent with the improved survival seen in Figure 2D.

LM-Kras and Treg Depletion Recruit Effector T Cells to the Premalignant TME

The systemic immune response to one mutated Kras peptide, KrasF, and to the ovalbumin

H-2Kb–binding peptide, SIINFEKL (Ova), was assessed 1 week after 2 cycles of

immunotherapy (the LM-Kras construct contains the immunogenic Ova peptide to confirm

vaccine potency). Treg depletion 1 day before LM-Kras decreased the systemic response to

KrasF peptide when compared with LM-Kras alone (Figure 3A). In contrast, there was not a

significant difference between splenocyte CD8+ T-cell responses measured against Ova in

mice receiving LM-Kras and Treg depletion vs LM-Kras (Figure 3A). Although total

numbers of systemic CD8+ and CD4+ responders were decreased with LM-Kras and Treg

depletion compared with LM-Kras alone, this was not significant, suggesting that this could

not be attributed entirely to generalized deletion of T cells by PC61 and Cy and that Kras-

targeted CD8+ T cells in the periphery specifically were affected by Treg depletion

(Supplementary Figure 3). Flow cytometric analysis of the CD4+ T-cell populations showed

a statistically significant decrease in CD4+Foxp3- T cells relative to CD4+Foxp3- T cells in

the pancreas-draining lymph nodes and a trend in fewer CD4+Foxp3+ T cells within the

pancreata of mice with early stage PanINs receiving LM-Kras and Treg depletion vs LM-

Kras alone (Figure 3B). IHC for Foxp3 showed fewer Tregs in pancreata of KPC mice

receiving LM-Kras and Treg depletion (Figure 3B).

Because CD8+ T cells are excluded from pancreata in untreated KPC mice,10 we evaluated

whether Treg depleting therapy given with LM-Kras preferentially recruited effector T cells

to the premalignant pancreas. In support of this hypothesis, we observed a significant

increase in the number of CD8+ and CD4+Foxp3- T cells within the pancreata of mice

treated with LM-Kras and Treg depletion compared with LM-Kras alone–treated mice as

measured by flow cytometry and confirmed by IHC (Figure 3C). A higher percentage of the

CD4þFoxp3- and CD8+ T cells found within PanINs of mice treated with Treg-depleting

therapy and LM-Kras were CD62LlowCD44high, indicating an antigen-experienced

phenotype when compared with the vaccine alone–treated mice (Figure 3C). Although

attempted, the small number of cells in the pancreas limited the ability to assess the T-cell

response to KrasF directly ex vivo. However, anti-CD3/CD28 beads were used to stimulate

lymphocytes isolated from the pancreata of KPC mice first vaccinated at 4–6 weeks of age,

allowing for evaluation of the cytokine profile of all PanIN-infiltrating T cells. Both

LMKras and combined LM-Kras and Treg depletion resulted in the production of effector

cytokines including IFNγ, tumor necrosis factor α, and interleukin (IL)17 in infiltrating

CD4+ and CD8+ T cells, correlating with expression of Tbet and RORγt. Importantly, mice

receiving LM-Kras and Treg depletion had greater total numbers of cytokine-producing

CD4+ and CD8+ T cells (Figure 3D and E). We verified that both CD8+ T cells and IL17-

secreting cells were important for delaying PanIN progression because the protective effect
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was abrogated when CD8+ cells were depleted and when IL17 was neutralized during LM-

Kras and Treg depletion (Supplementary Figure 4).

To further test our hypothesis regarding the induction of Th17 phenotypes with a Listeria

vaccine, we evaluated tissue from a single patient in a clinical trial of CRS-207, a vaccine

using the same attenuated LM vector to target mesothelin, without Treg depletion therapy.18

Staining for RORγt showed enhanced staining at the post-LM time point compared with a

pre-LM biopsy (Supplementary Figure 5A). Staining of serial sections from each time point

with anti-CD3 showed that the intranuclear RORγt staining correlated with CD3+ cells in

the post-LM biopsy, whereas CD3+ cells in the pre-LM biopsy were negative for RORγt

(Supplementary Figure 5B), suggesting that IL17 expression in tumor-infiltrating

lymphocytes may be driven by the use of a Listeria vector.

LM-Kras and Treg Depletion Enhances Recruitment of Pancreatic Gr-1Cells

MDSCs were shown previously to infiltrate PanINs and PDA in untreated KPC mice,

promoting tumorigenesis and inhibiting effector T cells.10,11 We found that the total number

of Gr-1+ cells (Ly6G-Ly6Chigh and Ly6G+Ly6Clow), were increased in mice given LM-Kras

and Treg depletion when compared with LM-Kras alone or untreated mice of the same age

(Figure 4A). Ly6G+Ly6Clow cells were the predominant Gr-1+ population identified by flow

cytometry. IHC analysis showed that Ly6G+ cells begin infiltrating in midstage PanINs,

increase with progression to PDA in untreated KPC mice, and are abundant regardless of

treatment group (Figure 4B). F4/80+ macrophages were less numerous, but showed similarly

increased infiltration with progression from early stage PanIN to PDA in treated and

untreated KPC mice (Figure 4A and C).

LM-Kras and Treg Depletion Repolarize PanIN-Infiltrating Gr-1+ Cells

Because the number of Gr-1+ myeloid cells and F4/80+ macrophages in PanINs was not

decreased with immunotherapy, we hypothesized that cells with these surface markers

represent less-suppressive populations in mice Q28 given LM-Kras and Treg depletion.26

We investigated IL12 and IL10 production by CD11b+Gr-1+ and F4/80+ cells from the

pancreata of mice treated with 2 cycles of therapy, and found that LM-Kras given with or

without Treg depletion induced IL12 secretion by Gr-1+ cells, resulting in an increased total

number of IL12-secreting Gr-1+ cells in pancreata of mice given LM-Kras and Treg

depletion (Figure 5A and B). PanIN-infiltrating macrophages treated with LM-Kras or LM-

Kras and Treg depletion also produced increased amounts of IL12 (Figure 5A and B). There

was no significant difference in IL10 production by F4/80+ macrophages or Gr-1+ cells

(Figure 5B). CD11b+Gr-1+ cells from the pancreata of treated mice secreted higher levels of

many immunostimulatory cytokines than untreated mice, including chemokines responsible

for recruiting myeloid and lymphoid cells and M1/N1-associated cytokines responsible for

promoting IFNγ and IL17 responses in T cells, with the highest levels being produced by

Gr-1+ cells from mice given LM-Kras and Treg depletion (Figure 5C).
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Discussion

We report here a new model for developing immuno-therapy to prevent premalignant

progression to cancer that targets the earliest driver gene in PDA, mutant Kras. Inactivating

mutant Kras reverses dysplasia in early stage Pan-INs and causes apoptosis of more

advanced PanINs and PDA in KPC mice, providing further rationale for targeting this

mutation in PDA.27 In addition, we show that a Listeria vaccine can enhance early

infiltrating inflammatory cells, altering the premalignant microenvironment in favor of

inhibiting lesion progression, when given in combination with agents to modify the TME.

Furthermore, we have identified CD8+ and Th17 T-cell populations as critical effectors of

PDA prevention.

Cancer progressed when KPC mice were treated with LM-Kras alone, even though the

vaccine induced a significant peripheral CD8+ T-cell response directed against epitopes

from the mutant Kras allele, showing that the induction of systemic antigen-specific T cells

does not constitute effective antimalignancy immunity. These data are consistent with

previous findings that increased levels of systemic T-cell responses to a viral human

papilloma virus antigen encoded by LM vaccines do not correlate with efficacy in an

orthotopic model of cervical cancer28 despite a well-documented requirement for CD8+ T

cells for efficacy of the vaccine.23 Even when CD8+ T cells are able to infiltrate tumors, the

influx of antitumor effector cells can turn on mechanisms of immune tolerance, including

recruitment of Tregs.29

The KPC mouse model mimics naturally developing human PDA, characterized by

hypovascularity and a dense fibrotic stromal response.30,31 Unlike transplantable PDA,

spontaneously developing PDA in mice is resistant to gemcitabine unless the stroma is

inhibited.32,33 PanINs and PDA in KPC mice also may differ in susceptibility to penetration

by other chemotherapeutic agents, including Cy, explaining the statistically significant

depletion of Tregs in the draining lymph nodes but not the tumor. It is possible that

enhanced tumor depletion of Tregs would have augmented the effects of LM-Kras and Treg

depletion further. Alternatively, tumor-draining lymph nodes are a crucial site for

orchestrating tumor antigen tolerance against developing tumors8 and depletion of Tregs in

the draining lymph node may be sufficient for CD8+ and CD4+ effector T-cell activation and

infiltration into the pancreas. The role of IL17-secreting cells in the premalignant

microenvironment remains controversial. In a transplantable melanoma model, adoptively

transferred Th17 CD4+ T cells were superior to Th1 CD4+ T cells in tumor eradication,

possibly owing to the ability of Th17 cells to persist and develop into other Th subsets in

vivo.34,35 Increasing evidence supports the concept of plasticity among the different CD4+

T-cell subsets and the existence of pathogenic and nonpathogenic populations even within

the same Th subset.36,37 Tc1 and Tc17 cells both have been shown to be effective in mouse

tumor models; Tc1 directly through the expression of tumor-cytotoxic IFNγ, and Tc17

through the capability to secrete IFNg and IL17 as well as maintain a central memory

phenotype.38–40 Although IL17 has been implicated in the recruitment of neutrophils and

MDSCs, which can promote cancer progression, IL17-recruited neutrophils also may

promote anticancer responses, depending on the context and tumor type.41,42 Cells of both

neutrophil and macro phage lineages accumulate with increasing frequency with PanIN
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progression, underscoring the concept that inflammation caused by acute and chronic

pancreatitis is associated with pancreatic cancer development.43,44 Surprisingly, we found

that LM-Kras and Treg depletion administered in early stage PanINs actually enhanced the

prevalence of CD11b+Gr-1+ cells, including both granulocytic Ly6G+Ly6Clow and

monocytic Ly6G-Ly6Chigh cells. However, we also found that the addition of LM-Kras,

with or without Treg depletion, resulted in a higher percentage of Gr-1+ cells producing

IL12 and other anticancer cytokines in the premalignant microenvironment. One potential

explanation for this change in function is less immunosuppressive signals from Tregs and

more proinflammatory cytokines secreted after infection of antigen-presenting cells by LM,

including IL12.24 IL12 and Cy co-administration has been shown to switch the phenotype of

cells infiltrating tumors from MDSCs to less-suppressive immature myeloid cells.45 In our

study, although there was a mix of proin-flammatory and anti-inflammatory cytokines and

chemokines secreted by the Gr-1+ population in LM-Kras and PC61/Cy-treated mice, the

overall trend was toward a more immunostimulatory phenotype. Polarization of these cells

toward an antitumor phenotype should serve as a therapeutic goal in the treatment of PDA,

both in the early and late stages.

Listeria vaccines represent an effective strategy for inducing immune responses to tumor

antigens. CRS-207, a LM vaccine targeting mesothelin, has been shown to be both safe and

capable of inducing mesothelin-specific CD8+ T cells in patients with PDA.18 Although the

interpretation of our data regarding the induction of Th17/Tc17-type cells in human cancer

was limited by the availability of samples and the use of the LM vaccine alone without

additional immunotherapy agents in this particular clinical trial, it suggests that LM vaccines

may be particularly efficacious in inducing potent anticancer phenotypes in tumor-

infiltrating lymphocytes. Despite effective induction of immune responses in KPC mice with

LM-Kras, the vaccine alone was not sufficient to protect against PDA and delay progression

of PanINs, even at an age representative of the earliest PanIN stages. One of the limitations

of the KPC model is that the induction of mutated Kras and p53 is spontaneous and

therefore somewhat heterogeneous, so we had to generalize the PanIN stage by age (in

weeks) based on previous characterizations of untreated KPC mice. We cannot ascertain if

other factors related to age (outside of the systemic CD8+ T-cell responses to Kras, which

were not significantly different) may have contributed to the differences in PanIN

progression in the early and late stage PanIN groups. However, it was evident that early

intervention with combined LM-Kras and Treg depletion was necessary to redirect a

potentially pro-oncogenic inflammatory response to an effective antitumor immune

response. Future vaccine strategies therefore will require incorporating agents designed to

alter the inflammatory milieu within the developing tumor's microenvironment, even when

designed for prophylactic treatment of patients with premalignant lesions or with a genetic

predisposition for cancer development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Immunogenicity of LM-Kras. (A) 25mers of the mutant Kras alleles were cloned

downstream and in-frame with the ActA amino terminus and were tagged with immunologic

positive control T-cell epitopes for Balb/c mice (A, SYIPSAEKI) and C57BL/6 mice (B,

SIINFEKL), as well as a C-terminal antibody epitope (C, Myc). (B) Sequence of epitopes

used to test the immunogenicity of LM-Kras, with mutant residue 12 in bold. (C) Splenic

CD8+ T-cell responses of wild-type littermates of KPC mice (n = 5) were assessed 7 days

after LM-Kras by incubation with the indicated peptide and T2Kb cells and intracellular

staining for IFNγ. (D) At 7 or 14 days post-vaccine, IFNγ secretion by splenic CD8+ T cells

from KC mice vaccinated with LMKras or untreated was assessed as in panel C. (E)

Cumulative results of 5 experiments comparing the magnitude of CD8+ T-cell responses to

KrasF in mice expressing the KrasG12D mutation compared with wild-type littermates. *P

< .05, **P < .01, ***P < .001.
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Figure 2.
Effect of vaccination and Treg depletion on KPC mice. IHC for Foxp3 in the pancreas of

KPC mice containing (A) early stage PanIN 1, (B) midstage PanIN 2, and (C) PDA at 40×

magnification. (D) KPC mice younger than age 2 months were treated with LM-Kras, Treg

depletion, the combination of LM-Kras and Treg depletion, or left untreated (no treatment).

Booster vaccinations were administered monthly with or without PC61/Cy pretreatment

according to group assignment. Log-rank (Mantel–Cox) analysis showed a significant

improvement in survival in the combination group relative to no treatment (P = .002) and to

Treg depletion or LM-Kras alone (P = .048 and P = .050, respectively). There was no

statistically significant difference in survival between the untreated group and animals

receiving Treg depletion or between untreated and LM-Kras. (E) Mice older than 2 months
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were treated and monitored as in panel D. No statistically significant difference was noted in

survival between groups using Mantel–Cox analysis. (F) Four- to 6-week-old KPC mice (n

= 4–6 per group) were treated as in panel C until week 5, when animals were killed and

pancreatic histology was assessed.
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Figure 3.
Systemic and local T-cell responses with Treg depletion and LM-Kras. KPC mice were

treated with beginning at age 4–6 weeks and harvested after 2 cycles of treatment with LM-

Kras with or without Treg depletion. (A) The percentage of splenic CD8+ cells producing

IFNγ in response to KrasF and Ova peptides were normalized for response to negative

control peptide (Trp2) (n = 6-9 per treatment group). (B) The ratio of CD4+Foxp3+ to

CD4+Foxp3- cells in the pancreatic lymph node and pancreas was measured by flow

cytometry (n = 5–10 per treatment group) and corresponds with Foxp3 staining in KPC
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pancreata (magnification, 40× ). (C) The total number of CD8+ and CD4+Foxp3- cells per

milligram of pancreas and percentage of CD44highCD62Llow was measured by flow

cytometry (n = 7–8 per group). IHC for CD4 and CD8 is shown at 20× magnification. (D

and E) Pancreatic lymphocytes were restimulated with CD3/CD28 activation beads

overnight and gated on CD3+ and CD4+ or CD8+ (n = 4 samples per group). Representative

flow cytometry plots as well as total numbers of each population are shown. Number of total

Tbet+ and RORγt+ CD4+ and CD8+ cells were measured by flow cytometry. All data are

representative of 2 or more independent experiments. Populations of cells positive for cell

surface markers and cytokines were gated using isotype controls and nonstimulated controls

for each sample. *P < .05, **P < .01, ***P < .001.
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Figure 4.
Myeloid cell infiltration into untreated and treated PanINs and PDA. (A) Pancreata from

KPC mice treated with 2 cycles of LM-Kras with or without PC61/Cy starting at age 4-6

weeks or left untreated for the same timeframe were analyzed by flow cytometry (n = 4–6

mice per group). Representative of 2 experiments. *P < .05, **P < .01. Pancreata were

harvested from untreated KPC mice of various ages or from 4- to 6-week-old KPC mice

treated with 2 cycles of LM-Kras with or without Treg depletion, and slides were stained

with (B) Ly6G or (C) F4/80 antibodies. (B and C) Magnification, 20×.
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Figure 5.
Phenotype of innate populations in pancreata of KPC mice. (A) Representative flow

cytometry plots are shown for mice treated at age 4–6 weeks with LM-Kras with or without

Treg depletion or left untreated. (B) Mean percentages and total numbers of IL12- and IL10-

expressing Gr-1+ or F4/80+ cells per mg of pancreas are shown from same experiments as in

panel A (n = 4–6 mice per group). Representative of 2 experiments. *P < .05. (C) Cytokine

array data using cell lysate from pooled CD11b+Gr-1+ cells is shown by fold change in

expression for treated mice compared with untreated mice (n = 2 technical replicates per

group).
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