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Abstract
The dynamics of cancer immunosurveillance remain incompletely understood, hampering efforts to develop immunotherapy of cancer. We evaluated the evolving in vivo immune
response to a spontaneous tumor in a genetically defined
mouse model of pancreatic ductal adenocarcinoma from the
inception of preinvasive disease to invasive cancer. We
observed a prominent leukocytic infiltration even around
the lowest grade preinvasive lesions, but immunosuppressive
cells, including tumor-associated macrophages, myeloidderived suppressor cells (MDSC), and regulatory T cells (Treg),
dominated the early response and persisted through invasive
cancer. Effector T cells, however, were scarce in preinvasive
lesions, found in only a subset of advanced cancers, and
showed no evidence of activation. The lack of tumorinfiltrating effector T cells strongly correlated with the
presence of intratumoral MDSC with a near mutual exclusion.
In vitro, we found that MDSC suppressed T-cell proliferation.
Overall, our results show that suppressive cells of the host
immune system appear early during pancreatic tumorigenesis,
preceding and outweighing antitumor cellular immunity, and
likely contribute to disease progression. Thus, in contrast to
the hypothesis that an early ‘‘elimination phase’’ of cancer
immunosurveillance is eventually overwhelmed by a growing
invasive tumor, our findings suggest that productive tumor
immunity may be undermined from the start. Efforts to test
potent inhibitors of MDSC, tumor-associated macrophages,
and Treg, particularly early in the disease represent important
next steps for developing novel immunotherapy of cancer.
[Cancer Res 2007;67(19):9518–27]

Introduction
Tumorigenesis is initiated by genetic events and subsequently
fueled and sculpted by additional pressures within the tumor
microenvironment, including both the innate and the adaptive
arms of the host immune system (1). Tumor cells express antigens
as a result of genomic instability and aberrant gene expression,
making them immunologically distinct from normal cells and,
therefore, potential targets of host lymphocytes (2). Indeed, the
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protective role of the immune system as a cellular mechanism of
tumor suppression has been postulated for >50 years (3) and
supported more recently by studies in immunodeficient mice (4–7).
Clinical observations corroborate these findings: tumor-infiltrating
lymphocytes, for example, have been associated with improved
survival of patients with melanoma, as well as prostate, breast,
colorectal, ovarian, and other carcinomas (8–13).
Not all immune cell types have tumor-suppressive potential, and
thus, the immune system represents a double-edged sword. Tumorpromoting roles have been attributed to a number of immunocytes,
including tumor-associated macrophages (14), myeloid-derived
suppressor cells (MDSC; refs. 15–18), and even B cells (19).
Furthermore, the chronic inflammatory state of the tumor
microenvironment can promote genomic damage and can foster
recruitment of immunosuppressive cell populations, such as
regulatory T cells (Treg), that dampen antitumor immune responses
(20, 21).
Dynamic cellular interactions of immunocytes responding to a
foreign antigen have been well characterized and directly visualized
in elegant studies (22, 23), and although theories abound regarding
the naturally occurring in vivo immune responses to tumor cells
during the course of disease progression, these responses have
never been studied directly. Mouse models using implanted
syngeneic or xenogeneic tumors do not provide information about
the early stages of neoplastic progression nor do they recapitulate
the native microenvironment of an endogenously growing tumor.
Moreover, dynamic studies of the interactions of immune cells with
preinvasive and invasive human tumors are necessarily limited by
tissue availability. With increasingly sophisticated genetic engineering techniques allowing for a new generation of mouse models
of cancer, it has recently become possible to study, in a
physiologically relevant system, the dynamic and complex interplay
between tumor and immune system as it evolves with disease
progression.
We have recently described a mouse model of preinvasive and
invasive pancreatic ductal adenocarcinoma (PDA) that faithfully
recapitulates the salient clinical, histopathologic, and molecular
features of the human disease (24, 25). In this model, an endogenous
Kras allele is targeted to carry an activating mutation in codon 12,
preceded by a floxed transcriptional and translational silencing
cassette in the promoter region rendering the allele quiescent.
Conditional expression of the Lox-STOP-Lox-KrasG12D allele is
achieved by breeding these animals with mice expressing Cre
recombinase, driven by the pancreatic-specific promoters Pdx-1 or
p48, resulting in tissue-restricted excision of the ‘‘STOP’’ cassette
and transcription of the oncogenic KrasG12D allele. Endogenous
expression of this activated Kras allele is sufficient to initiate
pancreatic intraepithelial neoplasias (PanIN) that progress through
all the histologic stages described for the human disease (26). These
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Figure 1. Progression of pancreatic
neoplasia in KrasG12D mice is accompanied
by a fibroinflammatory reaction composed
of leukocytes and stromal elements. A,
normal pancreas with abundant acinar
tissue (ac) around an islet (arrow ) and
adjacent normal duct (arrowhead). B,
early stage PanIN lesions (arrows ) and
adjacent normal duct seen in tangential
section (arrowhead ). Note the developing
stroma surrounding ductal structures.
C, Higher-grade PanIN lesions (arrow ) with
an increasingly robust fibroinflammatory
response (asterisks). D, infiltrating PDA
with abundant desmoplasia. Magnification
for all images are 200.

lesions ultimately culminate in invasive and metastatic PDA
through the stochastic acquisition of additional mutations (24).
The emergence of an intense fibroinflammatory reaction,
composed of stromal and immune cells, accompanies the progression from normal histology to PDA in human pancreatic
cancer and is also recapitulated in KrasG12D mice. Indeed, this
robust desmoplastic response is an invariant and virtually pathognomonic feature of the malignant state, suggesting a potentially
important role in disease evolution. Here, we characterize the
components and dynamics of the immune response in KrasG12D
mice as a function of pancreatic tumor progression.

Materials and Methods
Mouse strains. Mice endogenously expressing a single mutant Kras
allele in progenitor cells of the pancreas were generated as previously
described (24). Briefly, Lox-STOP-Lox (LSL)-KrasG12D mice were bred with
Pdx-1-Cre or p48Cre mice that express Cre recombinase from pancreaticspecific promoters. All procedures were done in accordance with IACUC
guidelines of the University of Pennsylvania.
Histology and immunohistochemistry. Histology was examined by
H&E staining of 6-Am sections of formalin-fixed, paraffin-embedded tissue.
Immunohistochemical stains were done on 9-Am sections of frozen tissue.
When necessary, endogenous peroxidase activity was quenched with
H2O2. Primary antibodies and the empirically determined dilutions used
were CD45 (clone 30-F11, 1:50), CD4 (clone RM4-5, 1:40), CD8 (clone 53-6.7,
1:20), CD11b (clone M1/70, 1:40), and Gr-1 (clone RB6-8C5, 1:20; all from BD
Biosciences PharMingen). Biotin-conjugated goat anti-rat secondary
antibody (BD Biosciences PharMingen) was used at a dilution of 1:200.
The Elite Vectastain ABC kit and peroxidase substrate 3,3¶-diaminobenzidine kit (Vector Laboratories) were used for signal detection according to
the manufacturer’s recommendations. Sections were counterstained with
hematoxylin. Photographs were taken with a Nikon ECLIPSE 50i
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microscope and DXM1200F digital camera using ACT-1 software (all from
Nikon).
Flow cytometry and cell sorting. Single-cell suspensions of fresh
spleen, pancreas, and other tissues were prepared as follows: spleens were
crushed and passed through a 70-Am cell strainer, washed once with RPMI/
10% FCS, and treated with ACK cell lysis buffer (Cambrex Bio Science) to
eliminate RBC. Pancreata were minced using sterile scalpels, then incubated
in 1 mg/mL collagenase (Sigma-Aldrich) in RPMI for 30 min at 37jC before
passing through a 70-Am cell strainer. Single-cell suspensions were stained
in PBS/2% FCS with the following antibodies: CD45 (clone 30-F11), CD3q
(clone 145-2C11), CD4 (clone RM4-5), CD8a (clone 53-6.7), CD25 (clone
PC61), CD44 (clone IM7), CD45RB (clone 16A), CD62L (clone MEL-14), CD69
(clone H1.2F3), CD19 (clone 1D3), CD45R/B220 (clone RA3-6B2), CD49b
(clone DX5), CD11b (clone M1/70), and Gr-1 (clone RB6-8C5; all from BD
Biosciences PharMingen). For intracellular staining of Foxp3, cells were
permeabilized and stained with the APC anti-mouse/rat Foxp3 staining set
(eBioscience) according to the manufacturer’s recommendations. Flow
cytometry was done using a BD FACSCanto (BD Biosciences Immunocytometry Systems), and data were analyzed with BD FACSDiva software.
Cells were sorted with a MoFlo high-performance cell sorter (DakoCytomation) using Summit v4 software.
Cellular proliferation assays. Treg suppression assays were done
in triplicate in 96-well, flat-bottom plates. Unfractionated splenocytes
(1  105/well) or sorted CD4+ CD25 T cells (5  104/well) were stimulated
with CD3 or CD3 and CD28 antibodies (each at 1 Ag/mL). Sorted autologous
CD4+ CD25+ T cells were added at various ratios. [3H]thymidine (1 ACi/well;
Perkin-Elmer) was added on day 3, and plates were harvested 18 h later onto
glass fiber filters (Wallac Oy) using a Tomtec harvester (Tomtec). Filters
were sealed in sample bags (Wallac Oy) with 4 mL scintillation fluid, and
counts were measured on a 1450 Microbeta Trilux (Wallac Oy).
MDSC suppression assays were done in triplicate in 96-well, flat-bottom
plates. Sorted splenic T cells (5  104/well) were stimulated with either
5 Ag/mL concanavalin A (ConA; Sigma-Aldrich) or plate-bound CD3
antibody (BD Discovery Labware). Sorted autologous Gr1+ CD11b+ cells
were irradiated at 60 Gy before plating (5  103/well) with the responder
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T cells. [3H]thymidine (1 ACi/well) was added on day 3, and plates were
harvested 18 h later as described above.
Quantitative PCR. CD4+ CD25+ and CD4+ CD25 T cells or B220+ B cells
were sorted from either spleen or tumor, and RNA was extracted using the
RNeasy Micro kit (QIAGEN). cDNA was prepared using the Superscript firststrand synthesis kit (Invitrogen). Quantitative PCR was done for Foxp3
using the following primers: F: 5¶-CCCAGGAAAGACAGCAACCTT-3¶; R:
5¶-TTCTCACAACCAGGCCACTTG-3¶. A custom FAM dye/MGB probe for
Foxp3 was obtained from Applied Biosystems with the following sequence:
6FAM ATCCTACCCACTGCTGGCAAATGGAGT CMGBNFQ. Primers and
FAM dye/MGB probes for mouse h-actin and eukaryotic 18S rRNA were
purchased as predeveloped TaqMan assay reagents (Applied Biosystems) for
use as internal controls. PCR reactions were run in MicroAmp optical
96-well reaction plates on a 7900HT fast real-time PCR system (Applied
Biosystems).
Statistical analyses. All statistical analyses were done with SPSS 12.0
software (SPSS, Inc.). Distributions of continuous variables were described
by means and SEs. The null hypothesis that mean values were equal among
three groups (e.g., normal, PanIN, and PDA) versus the alternative
hypothesis that mean values were not all equal was tested by ANOVA,
with post-hoc paired comparisons tested by the Scheffe test. The
correlations between myeloid cell populations and T-cell populations
among total CD45+ cells were modeled by both linear and nonlinear

(exponential) regression. In all cases, these correlations were best fit by an
exponential model, y = b 0eb 1*x , wherein b 0 is the intercept and b 1 is the
slope. The null hypothesis of no correlation (b 1 = 0) was determined by a
Wald test. The coefficient of determination, R 2, indicated the percentage of
total variation in y (myeloid cells) that was explained by x (T-cell
populations). For all tests, a P value of V0.05 was considered statistically
significant.

Results
Influx of leukocytes during progression of pancreatic
neoplasia. LSL-KrasG12D/+;Pdx-1-Cre mice and LSL-KrasG12D/+;p48Cre
mice (referred to here collectively as KrasG12D mice) develop
preinvasive PanINs as early as 2 weeks of age with complete
penetrance (24, 27). Both the number and grade of PanIN lesions
increase with age, and the mice ultimately develop invasive PDA,
frequently accompanied by metastases to the lung, liver, and
elsewhere. Disease progression in the pancreas of KrasG12D mice
was accompanied by a gradual replacement of acinar parenchyma
with a stromal reaction consisting of leukocytes, fibroblasts, and
collagen deposition, as clearly discerned on H&E stains (Fig. 1). In
mice with PDA, this reaction strongly resembled the desmoplasia

Figure 2. Characterization of leukocytic infiltrates in pancreata of normal, PanIN, and PDA mice. A, from each mouse, the pancreatic tumor (or the head of the pancreas in
the absence of a tumor) was harvested along with the spleen and other organs. A portion of tissue was preserved for histopathology and immunohistochemistry, and
the remainder was prepared as a single-cell suspension for analysis by flow cytometry. B, flow cytometric approach to identify leukocyte subsets defined by characteristic
cell-surface molecular phenotypes. C, immunohistochemical detection of CD45 expression in normal pancreas (i), normal region of PanIN pancreas (ii ), neoplastic
regions of PanIN pancreas (iii and iv ), pancreatic tumor and duct in PDA pancreas (v ), desmoplastic region in PDA pancreas (vi ). Original magnification, 200 (i–iii )
and 400 (iv–vi ). D, mean percentage of CD45+ cells in the pancreas (white symbols ) and spleen (gray symbols ) were statistically different among normal (triangles ;
n = 13), PanIN (diamonds ; n = 12), and PDA (circles ; n = 8) mice as determined by flow cytometry (P < 0.001 by three-way ANOVA). Symbols, data from each animal;
black bars, mean percentage for the group. Details of the statistical analysis including mean and SE are noted in Supplementary Tables S1 and S2.
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Figure 3. Characterization of T cells in
pancreas of normal, PanIN, and PDA mice.
A, percentage of T-cell subsets in the
pancreas from normal (triangles ; n = 13),
PanIN (diamonds ; n = 12), and PDA
(circles ; n = 7) mice as determined by flow
cytometry. Left, total CD3+ T cells; middle,
CD3+ CD4+ T cells; right, CD3+ CD8+
T cells. Comparison of means by
three-way ANOVA: P = 0.02 for CD3+
T cells, P = 0.29 for CD4+ T cells, and
P = 0.04 for CD8+ T cells. Symbols, data
from each animal; bars, mean percentage
for the group. B, immunohistochemical
detection of CD4 in normal pancreas (i ),
PanIN pancreas (ii ), two different PDA
pancreata (iii and iv), and of CD8 in normal
pancreas (v ), PanIN pancreas (vi ), and
two different PDA pancreata (vii and viii).
iii–iv and vii–viii , variability in T-cell
infiltration between animals. Original
magnification, 400 (i–ii and v–vi ) and
200 (iii–iv and vii–viii ). C, after gating on
CD45+ CD3+ CD8+ lymphocytes (left ) or
CD45+ CD3+ CD4+ lymphocytes (right ),
subsequent daughter gates were
drawn to separate CD45RBhigh CD44low
naive-like T cells from CD45RBlow CD44high
antigen-experienced T cells and then
to examine CD62L and CD69 expression
on each of these populations. Numbers,
percentages of the parent gate.
Representative flow cytometric results
are shown for one of four PDA mice.
Details of the statistical analysis including
mean and SE are noted in Supplementary
Table S1.

classically seen in human pancreatic cancer (28). To define the
involvement of leukocytes as pancreatic tumorigenesis progresses,
cohorts of KrasG12D mice were sacrificed at defined time points
between 3 and 10 months of age; an additional cohort was followed
longitudinally until moribund of PDA. The pancreatic tumor or, in
the absence of a tumor, the head of the pancreas, was harvested at
necropsy. Spleen and bone marrow were also harvested, as well as
the salivary gland, as a comparative exocrine gland (control).
Portions of these tissues were processed in parallel for histopathologic examination and immunohistochemical studies, whereas the
remainder was prepared into single-cell suspensions for analysis by
multivariable flow cytometry (Fig. 2A). Tissues from normal
littermates (i.e., those lacking the KrasG12D allele, Cre recombinase,
or both) served as controls. We note that although the overall
number and grade of PanIN lesions progress over time, at any given
point, multiple lesions spanning all grades are present. Thus, it is
not possible to categorize animals as containing exclusively PanIN1, PanIN-2, or PanIN-3 lesions. Instead, and most significantly, a
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distinction is made between animals containing preinvasive versus
invasive disease. Animals with preinvasive ductal lesions only are
called PanIN mice here, whereas those demonstrating evidence of
infiltrating ductal carcinomas are called PDA mice.
To determine the contribution of leukocytes in the stromal
reaction, we characterized cells expressing the leukocyte common
antigen (CD45) in pancreas and spleen both in situ by immunohistochemistry and ex vivo by flow cytometry (Fig. 2B). We found
that the succession from normal histology to preinvasive PanIN to
invasive PDA was accompanied by a progressive infiltration of
CD45+ cells (P < 0.001 by ANOVA). The pancreata of control mice
and the histologically normal areas of pancreata from PanIN mice
contained few CD45+ cells (Fig. 2C). By flow cytometry, 7.5 F 2.6%
(mean F SE) of total cells from normal pancreas expressed CD45
(Fig. 2D). In contrast, we observed a prominent CD45+ cellular
infiltrate in regions harboring preinvasive disease, with CD45+
leukocytes clustered preferentially around individual neoplastic
ducts (Fig. 2C). By flow cytometry, 19.5 F 4.7% of total cells from
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pancreata of PanIN mice expressed CD45 (Fig. 2D). In PDA, the
CD45+ infiltrate was even more intense, with CD45+ leukocytes
intermixed with carcinoma cells and streams of CD45+ cells
observed within the areas of dense fibrosis (Fig. 2C). Remarkably,
CD45+ leukocytes comprise 49.3 F 10.3% of total cells within the
cell suspensions prepared from invasive pancreatic ductal carcinomas (Fig. 2D). This inflammatory reaction in the pancreatic
carcinomas was accompanied by a decrease in the percentage of
CD45+ cells in the spleen (P = 0.001). The spleens of animals with
PDA were typically enlarged and exhibited evidence of extramedullary hematopoiesis, including nucleated RBC and megakaryocytes, likely contributing to the observed decrease in the
percentage of CD45+ cells.
Absence of detectable effector T-cell response. To characterize further the composition of the CD45+ infiltrate in neoplastic
pancreata, we next used multivariable flow cytometry, as well as
immunohistochemistry, to examine leukocyte subsets defined by
cell surface phenotypes. We focused first on the presence of tumorinfiltrating T cells (CD3+) in light of increasing evidence that their
presence in human cancers is associated with improved clinical

outcomes (12, 13). Although CD3+ T cells were rare in normal
pancreata, progression to PanIN and PDA was on average
accompanied by a progressive infiltration of CD3+ T cells (P = 0.02;
Fig. 3A, left). This effect was heterogeneous, however, with some
mice exhibiting brisk T-cell infiltration and not others. In pancreata
with PanIN lesions, the infiltrating T cells were primarily CD4+ T
cells (Fig. 3A, middle), whereas CD8+ T cells were scarce (Fig. 3A,
right). In PDA, infiltration with both CD4+ T cells and CD8+ T cells
was observed, but only in a subset of mice. Immunohistochemistry
corroborated these observations (Fig. 3B). In the spleen, the mean
percentages of CD3+ T cells, CD4+ T cells, and CD8+ T cells among
total splenocytes were comparable in both normal and PanIN mice,
but in each case dropped significantly in mice with invasive
carcinoma (P < 0.001 for each variable), likely related to the
disruption of splenic architecture by extramedullary hematopoiesis
(data not shown).
To determine if the intratumoral T cells exhibited evidence of
activation and thus potentially contributed to productive antitumor
immunity, we further analyzed these T cells for surface expression of
CD45RB, CD44, CD62L, and CD69. Naive T cells express high levels of

Figure 4. Characterization of CD4+ Treg
in pancreas and spleen of normal, PanIN,
and PDA mice. A, flow cytometric
results for pancreas or spleen from one
representative mouse per group. After
gating on CD45+ CD3+ T cells, cells were
subsequently gated on CD4+ CD8 T cells
(first and third columns ) to examine
intracellular Foxp3 versus surface CD25
staining (second and fourth columns ).
Numbers, percentages of CD4+ Foxp3+
T cells among total CD4+ T cells; IN,
insufficient number of events for
accurate determination of percentage.
B, percentage of CD4+ Foxp3+ T cells
among total CD4+ T cells in the pancreas
(white symbols ) and spleen (gray symbols )
from normal (triangles ; n = 5), PanIN
(diamonds ; n = 7), and PDA (circles ; n = 4)
mice as determined by flow cytometry.
Symbols, data from each animal; black
bars, mean percentage for the group.
Details of the statistical analysis including
mean and SE are noted in Supplementary
Tables S1 and S2. C, proliferation,
measured by [3H]thymidine incorporation,
of splenocytes or purified CD4+ CD25
splenic T cells in media alone or in
response to antibody stimulation, in the
absence of autologous CD4+ CD25+ T cells
(hatched columns) or in the presence of
autologous CD4+ CD25+ T cells at
suppressor/responder ratios of 1:4 (white
columns ), 1:8 (gray columns ), and 1:20
(black columns ). Bars, SD. P < 0.002 for
differences between responder cells with
versus without the addition of CD4+ CD25+
T cells (Student’s t test). Data from two
different mice, representative of five
independent experiments.
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Figure 5. Characterization of myeloid cells in pancreas and spleen of normal, PanIN, and PDA mice. A, representative flow cytometric results for one mouse from
each group. Cells were gated for CD45 expression and then analyzed for CD11b versus Gr-1 expression. Numbers, percentages of Gr-1+ CD11b+ MDSC or Gr-1 CD11b+
macrophages among total cells. B, immunohistochemical detection of CD11b and Gr-1 expression in serial sections of normal pancreas (top ), PanIN pancreas
(middle ), and PDA pancreas (bottom ). Original magnification, 200. C, mean percentages of Gr-1 CD11b+ macrophages among total cells in the pancreas (left )
were statistically significantly different among normal (triangles ; n = 13), PanIN (diamonds; n = 12), and PDA (circles ; n = 8) mice as determined by flow cytometry
(P < 0.001). Post-hoc testing by the Scheffe test revealed that the increase in macrophages was significant between normal and PanIN pancreata (P = 0.03) rather
than between PanIN and PDA pancreata (P = 0.12). Mean percentages of Gr-1 CD11b+ macrophages among total cells in the spleen (middle ) were not statistically
different among normal (triangles ; n = 13), PanIN (diamonds ; n = 12), and PDA (circles ; n = 8) mice (P = 0.43). There was also no statistically significant increase
in the mean percentage of Gr-1 CD11b+ macrophages among total cells in the salivary gland (right ). Symbols, data from each animal; bars, mean percentage for the
group. D, mean percentages of Gr-1+ CD11b+ MDSC among total cells in the pancreas (left ) and spleen (middle ) were statistically significantly different among
normal (triangles ; n = 13), PanIN (diamonds; n = 12), and PDA (circles ; n = 8) mice as determined by flow cytometry (P < 0.001 for pancreas and P < 0.001 for spleen).
Post-hoc testing by the Scheffe test revealed that the increase in MDSC was significant between PanIN and PDA pancreata (P = 0.004) rather than between normal
and PanIN pancreata (P = 0.65). Post-hoc testing by the Scheffe test revealed that the increase in MDSC in the spleen was significant between PanIN and PDA
(P = 0.001) rather than between normal and PanIN (P = 0.30). Mean percentages of Gr-1+ CD11b+ MDSC among total cells in the salivary gland (right ) were not statistically
different among normal (triangles ; n = 9), PanIN (diamonds ; n = 4), and PDA (circles ; n = 5) mice as determined by flow cytometry (P = 0.23). Symbols, data from
each animal; bars, mean percentage for the group. Details of the statistical analysis, including mean and SE, are noted in Supplementary Tables S1 and S2.

CD45RB and low levels of CD44, whereas antigen-experienced
T cells, including activated T cells, Treg, and memory T cells, are
CD45RBlow and CD44high (29). CD62L, expressed on naive T cells, is
rapidly lost upon activation and reexpressed when the cells
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differentiate into memory T cells. Activation of either naive or
memory subsets is also marked by induction of CD69. More than
85% of intratumoral CD8+ T cells from PDA mice were CD45RBhigh
CD44low, and among these, most cells were CD62L+ and CD69
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(Fig. 3C). Most of the intratumoral CD4+ T cells displayed a similar
phenotype, but about one-third of CD4+ T cells in PDA showed
evidence of antigen experience (CD45RBlow CD44high). However,
these cells were nearly all CD62L and CD69 (Fig. 3C ),
inconsistent with an activated or memory phenotype. Although
phenotypic markers cannot conclusively determine if infiltrating
T cells are truly naive or functionally inactivated, there was
nevertheless no significant immunophenotypic evidence of an
ongoing effective immune response in these tumors.
Influx of Treg early in disease progression. Given the absence
of effector T cells in pancreatic neoplastic lesions in KrasG12D mice,
we investigated the contribution of immunosuppressive leukocytes
during pancreatic cancer progression. One such cell type, Treg,
represents a population of CD4+ T cells that inhibits cellular
immune responses and has been implicated in hindering antitumor
immunity (30, 31). Based on intracellular staining for Foxp3, a
transcription factor that defines Treg (32–34), we found that 27.7 F

2.4% (mean F SE) of the total CD4+ T cells in PanIN and 26.1 F
4.7% of the total CD4+ T cells in PDA pancreata were Foxp3+
(Fig. 4A and B). As expected, CD4+ Foxp3+ T cells were CD45RBlow
CD44high (data not shown). CD8+ T cells, on the other hand, were
Foxp3 , also as expected (data not shown). Thus, compared with
normal pancreata, in which CD4+ Foxp3+ T cells were too few to
characterize, these findings reveal a marked infiltration of Treg into
the pancreas even before the development of invasive disease. In
the spleen, CD4+ Foxp3+ Treg were evident not only in preparations
from mice with PanIN or PDA, but also from normal mice (Fig. 4A
and B).
Expression of the interleukin 2 (IL-2) receptor a chain CD25 has
also been used to identify Treg, albeit with lower sensitivity and
specificity than Foxp3 (35, 36). We found that most but not all CD4+
Foxp3+ Treg express CD25, both in the pancreas and spleen
regardless of histopathology (Fig. 4A). Purified CD4+ CD25+ T cells
from PDA pancreas or spleen expressed Foxp3 mRNA by

Figure 6. Function of MDSC and in vivo relationships between myeloid and T-cell populations among CD45+ leukocytes in the diseased pancreas. A, proliferation,
measured by [3H]-Thymidine incorporation, of sorted splenic T cells with media alone or with mitogenic stimulation (ConA; left) or antibody stimulation (CD3; right ).
Proliferation of stimulated T cells alone (white columns ) is significantly diminished (P < 0.02, Student’s t test) when irradiated Gr1+ CD11b+ MDSC are added at an MDSC/T
cell ratio of 1:10 (black columns ). Bars, SD. B, near mutual exclusion between Gr-1+ CD11b+ MDSC and CD3+ CD8+ T cells among CD45+ cells in the pancreata of
PanIN and PDA mice. Gray diamonds, PanIN mice (n = 20); black circles, PDA mice (n = 8). These data were best fit by an exponential model, with slope of 0.155
(P = 0.0002) and coefficient of determination (R 2) of 0.413, indicating that 41% of the variation in Gr-1+ CD11b+ values were explained by CD3+ CD8+. Flow cytometry
plots of Gr-1+ CD11b+ MDSC and CD3+ CD8+ T cells from two PDA mice show the opposite extremes of the spectrum. Left flow cytometry plots are first gated on CD45+
CD3+ T cells; right flow cytometry plots are first gated on CD45. Numbers, percentages of total CD45+ cells. C, top, relationship between Gr1+ CD11b+ MDSC and
CD3+ CD4+ T cells among CD45+ cells in the pancreata of PanIN and PDA mice. Gray diamonds, PanIN mice (n = 20); black circles, PDA mice (n = 8). Exponential
slope = 0.047 (P = 0.011); R 2 = 0.223. Bottom, relationships between Gr1 CD11b+ macrophages and CD3+ CD8+ T cells (left) or Gr1 CD11b+ macrophages and
CD3+ CD4+ T cells (right ) among CD45+ cells in the pancreata of PanIN and PDA mice. Gray diamonds, PanIN mice (n = 20); black circles, PDA mice (n = 8). CD8+
T cells: exponential slope = 0.109 (P = 0.0001), R 2 = 0.460; CD4+ T cells: exponential slope = 0.037 (P = 0.0015), R 2 = 0.325.
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quantitative PCR, whereas purified splenic B cells from the same
animals did not (data not shown).
We tested the suppressive function of CD4+ CD25+ T cells in this
model in standard mixed lymphocyte reactions measuring
[3H]thymidine incorporation to quantify cell proliferation. Bulk
splenocytes or sorted CD4+ CD25 splenic T cells from PanIN or
PDA mice were used as responders after in vitro CD3 stimulation.
We then added sorted autologous CD4+ CD25+ T cells and found
that they were able to suppress CD3-induced proliferation of
responder cells (Fig. 4C). The suppression was dose dependent,
underscoring its specificity. In these suppression assays, we
identified Treg as CD4+ CD25+ cells rather than CD4+ Foxp3+ cells,
because staining cells for Foxp3, a transcription factor, requires
permeabilizing the cells and consequently killing them.
Because CD25 can also be used as a marker of T-cell activation,
we evaluated CD25 expression on non-Treg populations (i.e., CD4+
Foxp3 T cells and CD8+ T cells) in the pancreas. In contrast to the
majority of CD4+ Foxp3+ T cells from PanIN or PDA pancreata that
expressed CD25, <5.5% on average of CD4+ Foxp3 T cells were
CD25+ in these mice (Supplementary Fig. S1A). Among CD8+
T cells, <1% of cells expressed CD25 (Supplementary Fig. S1B).
These findings confirm the minimal activation status of effector
T cells in these pancreatic neoplasms.
To complete the analysis of lymphocyte subtypes, we examined
infiltration of CD19+ B cells and CD3 CD49b+ natural killer cells
into the diseased pancreas. Although pancreatic B cells were
observed in some animals, there was no statistically significant
difference in the percentage of these cells in normal versus PanIN
versus PDA mice (data not shown). Natural killer cells were scarce
in any pancreatic histology without a statistically significant
increase through disease progression (data not shown).
Infiltration of macrophages and MDSC during progression
of pancreatic neoplasia. The infiltration of macrophages and
MDSC, two cell types implicated in tumor promotion and
immunosuppression, was similarly assessed by both flow cytometry and immunohistochemistry (Fig. 5A and B). We found that
disease progression from normal histology to PanIN to PDA was
accompanied by a progressive infiltration of both macrophages
(P < 0.001) and MDSC (P < 0.001), but the kinetics of the cellular
responses differed.
Macrophages were identified as Gr-1 CD11b+ cells by flow
cytometry, although these cells expressed additional macrophage
markers, such as F4/80 and CD68 (Supplementary Fig. S2).
Macrophage infiltration began very early in preinvasive disease,
and these cells persisted in PDA (Fig. 5C, left). Gr-1 CD11b+
macrophages preferentially accumulated around neoplastic ducts
in PanIN mice, even including lesions of the lowest grade (Fig. 5B).
Macrophages persisted in localizing to neoplastic epithelium in
invasive carcinomas but were also evident in surrounding tumor
stroma (Fig. 5B). Notably, Gr-1 CD11b+ macrophages did not
accumulate in the spleen or salivary gland during pancreatic
disease progression (Fig. 5C, middle and right).
MDSC infiltrated with delayed kinetics compared with macrophages. They were noted at slightly elevated levels in PanIN lesions
but became a prominent component of the leukocytic infiltrate in
PDA (Fig. 5D, left). Like macrophages, MDSC were found in both
periductal areas and stroma in PDA (Fig. 5B). In contrast to
macrophages, however, MDSC also accumulated strikingly in the
spleens from PanIN and PDA mice (Fig. 5D, middle). Although
splenocytes from control mice included 1.6 F 0.4% (mean F SE)
Gr-1+ CD11b+ cells, splenocytes from PDA mice included 20.4 F
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5.0% of such cells. This was the only leukocyte subset we found that
increased as a percentage in the spleens of PDA mice compared
with those of normal mice. Notably, Gr-1+ CD11b+ myeloid cells did
not accumulate in other tissues in PanIN or PDA mice, such as the
salivary gland, which was examined as a control exocrine gland and
which never develops neoplasia in this model (Fig. 5D, right).
Functional analysis of MDSC. To test the suppressive function of
MDSCs observed in this model, we did T-cell proliferation assays
measuring [3H]thymidine incorporation for quantification. Sorted
splenic T cells were stimulated either with the mitogen ConA or with
plate-bound CD3 antibody in the presence or absence of irradiated
autologous Gr-1+ CD11b+ cells. The addition of Gr1+ cells inhibited
T-cell proliferation in response to either stimulus (Fig. 6A).
Relationship between MDSC and lymphocytic infiltration in
pancreas. Although all KrasG12D animals consistently developed
robust leukocytic infiltrates in the pancreas, we observed variability
from animal to animal in the specific cellular composition of the
leukocytic infiltrate, particularly with regard to T-cell infiltration.
We therefore explored the hypothesis that the variability in T-cell
infiltration might not be random, but rather might be influenced by
the infiltration of other types of leukocytes. We examined leukocyte
subtypes as percentages of the total CD45+ infiltrate present within
a given PanIN or PDA pancreas.
We found that the presence of MDSC was strongly associated with
a lack of T cells in both PanIN and PDA pancreata. This finding was
especially striking for CD8+ T cells: there was a near mutual
exclusion between Gr1+ CD11b+ MDSC and CD8+ T cells (Fig. 6B).
None of the mice had high levels of both Gr1+ CD11b+ MDSC and
CD8+ T cells. This negative association held regardless of the age of
the animal or the extent of disease burden. The association between
the lack of CD4+ T cells and Gr1+ CD11b+ MDSC was weaker and
without a mutual exclusion as were the associations of CD8+ T cells
and CD4+ T cells with Gr1 CD11b+ macrophages (Fig. 6C).

Discussion
Increasing evidence gleaned from studies in immune-compromised hosts suggests that cellular mechanisms of immunosurveillance influence tumor development (1, 37). These compelling data
are nevertheless indirect and do not address questions about the
dynamics of the host immune response to a spontaneously
developing tumor, particularly events occurring during the
preinvasive stages of the disease. Is the immune system able to
recognize neoplastic lesions at the earliest signs of dysplasia, or do
such lesions remain immunologically ignored until disruption of
tissue architecture? To the extent that a clinically evident tumor in
an immune-competent host represents a failure of immunosurveillance, when, during the course of disease progression, does this
failure manifest? To address these questions, we tracked the
evolution of immunosurveillance in a genetically defined mouse
model of pancreatic cancer that recapitulates the clinical,
histopathologic, and molecular features of human PDA, beginning
with its earliest precursor lesions. This model is generated by the
pancreatic-specific expression of an endogenous oncogenic
KrasG12D allele, and mice exhibit preinvasive PanINs as early as
2 weeks, that spontaneously progress to invasive and metastatic
PDA. We found that disease progression in KrasG12D mice from
normal histology to PanIN to invasive PDA was accompanied by a
progressive infiltration of CD45+ cells, with leukocytes comprising
nearly half of all cells in PDA tumors. Leukocytes largely consisted
of CD11b+ macrophages, which clustered around neoplastic ducts
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in preinvasive lesions, including those of lowest grade, and
persisted throughout PDA. Although CD4+ T cells were evident in
PanIN, these cells included a sizable fraction of Foxp3+ Treg. Gr-1+
CD11b+ MDSC were first noted in PanIN lesions and eventually
became as prominent as macrophages in PDA. MDSC also
disrupted splenic architecture, but not other glandular organs,
such as the salivary gland. Moreover, there was no indication of
antitumor T-cell activity in early disease: CD8+ T cells, thought to
be critical mediators of antitumor immunity, were scarce in
preinvasive lesions, found in only a subset of advanced cancers, and
showed little evidence of activation. To confirm these results, we
have recently done similar analyses in an additional mouse model
of spontaneous PDA that involves mutation of both Kras and p53
targeted to the pancreas. Although disease progresses more rapidly
in this second model (median survival is f5 months; ref. 38), we
still found that both the composition and the kinetics of leukocytic
infiltration were highly similar to that described here. In particular,
we noted a prevalence of macrophages and MDSC in both PanIN
and PDA, and a T-cell infiltrate characterized mostly by Treg with a
negligible effector response (data not shown). Thus, in contrast to
the supposition that early, productive antitumor immune
responses are ultimately overwhelmed and bypassed as tumors
grow and invade, our data suggest that CD8+ T-cell responses
encounter multiple, preexisting components of host immunosuppression and are therefore either blunted before immunologic
elaboration or never initiated at all.
Of the three major leukocyte subtypes we found in preinvasive
lesions, i.e., macrophages, MDSC, and Treg, each has been implicated
in mechanisms of tumor promotion or tumor immune suppression.
Tumor-associated macrophages have been associated with poor
prognosis in many types of cancer, likely due in part to their
production of an array of factors that promote angiogenesis and
tissue invasion (39). Their presence within tumors has been
attributed as a response to hypoxia, where they are presumably
recruited to facilitate angiogenesis (40). However, we identified
macrophages intimately associated with low-grade neoplastic
lesions, unlikely to be a hypoxic microenvironment, and even before
evidence of other components of inflammation or stromal remodeling. In our model, which is driven by a constitutively activated Kras
allele, downstream products of Kras signaling may locally recruit
macrophages even at the inception of preinvasive disease. Indeed,
there is precedent to suppose that Kras signaling may be directly
responsible for fostering an inflammatory environment within
tumors, as activation of the Kras pathway can induce production
of chemokines, such as CXCL-8, MIP-2, KC, and MCP-1 (41, 42).
MDSC represent a second immunosuppressive myeloid cell type
that infiltrates diseased pancreata in this model. These cells also
accumulate dramatically in the spleen, but not in other tissues that
are unaffected by disease. Previous studies of implanted tumor
models have shown that MDSC, identified by the dual expression of
Gr-1 and CD11b, are found within the graft microenvironment and
can suppress specific T-cell responses in vitro (16, 43, 44). The
mechanisms by which MDSC exert their suppressive activities are
not yet fully understood but involve production of reactive oxygen
species in arginase-dependent and inducible nitric oxide synthasedependent pathways (45). The suppressive properties of these cells
are dependent on tumor-derived factors, such as IL-6, IL-10,
vascular endothelial growth factor, and granulocyte macrophage
colony-stimulating factor (45), and removal of the primary tumor
results in a decrease of MDSC and restores T-cell function (46). In
implanted tumor models, depleting MDSC seems to augment the
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effects of immunotherapy (47, 48). Moreover, MDSC have also been
implicated in angiogenesis due to their ability to produce matrix
metalloproteinase-9 and to incorporate directly into new tumor
vasculature (17). Our findings suggest yet another detrimental
function of these cells: we observed a strong inverse correlation
between the prevalence of MDSC and CD8+ T cells in the leukocytic
infiltrate, regardless of the age of the animal or the stage of disease,
raising the possibility that MDSC may negatively affect T-cell
trafficking or T-cell survival within the neoplasm. The potential
antagonism between these two cell types was further underscored
by our in vitro functional assays, demonstrating that MDSC are
capable of suppressing T-cell proliferation.
The third immunosuppressive population that was noted in the
early infiltration of PanIN Treg has been intensely scrutinized in
recent years for its role in advanced cancer (30, 31). Treg can
suppress effector T-cell activation, proliferation, and cytokine
production (49). Cell-to-cell contact is required for Treg-mediated
suppression, at least in vitro, and certain cytokines, such as IL-10
and transforming growth factor-h, have been implicated mechanistically in their function, although these requirements may vary
from system to system (49). Treg play a critical physiologic role in
guarding against the development of autoimmune disease by
preventing activation of autoreactive T cells and curtailing both
innate and adaptive immune responses (50). In late-stage cancer
patients, however, increased numbers of Treg likely contribute to
immune dysfunction, and increased numbers of intratumoral Treg
have been associated with reduced survival (51). Here, we show that
Treg infiltrate very early in disease progression, at the preinvasive
state and before experimental evidence of an adaptive CD8+ T-cell
response, suggesting that Treg infiltration does not necessarily
represent only the contraction phase of an earlier immune response.
Overall, our results show that suppressive cellular elements of the
host immune system appear early during pancreatic tumorigenesis,
preceding and outweighing antitumor cellular immunity, and likely
contribute to disease progression. The resurgent theory of cancer
immunosurveillance, however, holds that the immune system can
recognize and destroy precursor lesions before they become clinically
apparent (1). It has been predicted that if immunosurveillance plays an
important role in the suppression of tumors, then early neoplastic
lesions should trigger vigorous immune responses (1, 52), such as that
observed in patients with premalignant monoclonal gammopathy (53).
The ‘‘elimination phase’’ of cancer immunosurveillance is, of course,
not always successful, and tumors with reduced immunogenicity or
those that have acquired mechanisms to suppress immune effector
functions are thought to emerge from this selection pressure and
ultimately kill the host (1, 37). Our findings, on the other hand, suggest
that at least in a spontaneous model of in situ pancreatic cancer in
immune-competent animals, the ‘‘elimination phase’’ may be nearly
nonexistent. In other words, effector cells of the adaptive immune
system may be so sparse or so sufficiently restrained by immunosuppressive leukocytes at even the earliest stages of neoplasia that tumor
immune escape is hardly necessary. Thus, the failure of immunosurveillance may be quite an early event during tumorigenesis.
Finally, our results have important clinical implications. In
humans, pancreatic cancer is an essentially uniformly fatal disease.
Even when fortuitously (and rarely) discovered at resectable stages
and despite the combined use of surgery, radiation, chemotherapy,
and biologics, 5-year survival is very poor (54). Although immunotherapy holds promise as a novel strategy in human pancreatic
cancer (55), our data highlight the potential obstacles posed by
mechanisms of immunosuppression derived not only from the
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tumor but also from the tumor-associated leukocytic response.
Efforts to test potent inhibitors of MDSC, tumor-associated macrophages, and Treg represent important next steps for developing novel
immunotherapy of cancer, particularly in combination with state-ofthe art vaccines or adoptive T-cell therapy. However, in light of our
data that immunosuppressive factors are operative even at the
inception of neoplasia, there is a strong implication that ultimately,
active immunotherapy may have to be delivered in a truly
preventative setting for it to consistently affect the natural history
of cancer.
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