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Abstract Tumor progression in the colon moves from
aberrant crypt foci to adenomatous polyps to invasive car-
cinomas. The composition of the tumor-infiltrating leuko-
cyte population affects the ability of the immune system
to fight the tumor. T cell infiltration into colorectal adeno-
carcinomas, particularly T helper 1 (Thl) type T cells as
well as increased regulatory T cell (Treg) frequencies, is
correlated with improved prognosis. However, whether Th1
cells and Tregs are already present at the adenoma stage
is not known. In this study, the APCM™"+ mouse model of
intestinal adenomatous polyposis was used to investigate
tumor-associated lymphocyte subsets and the mechanisms
of their accumulation into gastrointestinal adenomas.
Compared to unaffected tissue, adenomas accumulated
CD4"FoxP3™" putative Treg in parallel with lower frequen-
cies of conventional T cells and B cells. The accumulation
of Treg was also observed in human adenomatous polyps.
Despite high Treg numbers, the function of conventional T
cells present in the APCM™* adenomas was not different
from those in the unaffected tissue. Adenomas displayed an
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altered chemokine balance, with higher CCL17 and lower
CXCLI11 and CCL25 expression than in the unaffected tis-
sue. In parallel, CXCR3" Tregs were largely absent from
adenomas. The data indicate that already in early stages of
tumor development, the balance of lymphocyte-recruiting
chemokines is altered possibly contributing to the observed
shift toward higher frequencies of Treg.
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Abbreviations

APC Adenomatous polyposis coli

CRC Colorectal cancer

LPL Lamina propria lymphocytes

MAdCAM-1 Mucosal addressin cellular adhesion
molecule-1

MLN Mesenteric lymph node

PLN Peripheral lymph node

PMA Phorbol myristate acetate

SI Small intestine

Treg Regulatory T cell

VCAM-1 Vascular cell adhesion molecule-1

WT Wild-type

Introduction

Colorectal adenocarcinoma is one of the most prevalent
cancer forms, with an annual incidence of nearly 1 mil-
lion cases worldwide and an annual mortality of more
than 500,000 individuals [1]. The development of colorec-
tal cancer (CRC) begins with formation of aberrant crypt
foci, which are the earliest recognized lesions. At this
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stage, genetic alterations such as adenomatous polyposis
coli (apc) gene silencing may occur, which in turn lead to
adenomatous polyp formation, and as several other muta-
tions accumulate, this will drive the progression to invasive
adenocarcinoma [2]. Colorectal tumors often display muta-
tions that affect the wnt-signaling pathway, the tumor sup-
pressor TP53, or the RAS family of oncogenes [3] and life
style, diet and environmental factors have a strong impact
on CRC risk [4].

The immune system contributes to the control of CRC
progression, as evidenced by the observations that frequen-
cies of tumor-infiltrating memory T cells, Th1 type CD4* T
cells, cytotoxic T cells and local production of Thl-recruit-
ing chemokines correlate with disease-free and overall sur-
vival of the patient [5—7]. To be effective, these cells must
leave the circulation through the blood vessel endothelium,
guided by adhesion molecules and chemokines, into the
tumor tissue. However, the migration of effector lympho-
cytes into the tumor may be inhibited by the action of regu-
latory T cells (Tregs) [8]. Tregs are defined as CD4™ T cells
expressing the transcription factor FoxP3, which is consid-
ered to be the “master regulator” of Treg development and
function [9-11]. Treg can inhibit the function of effector T
helper cells and cytotoxic T cells, and also act on antigen-
presenting cells to reduce their capacity to activate naive
T cells [10]. In several types of solid tumors, the presence
of Treg has been associated with a poor patient prognosis
[12—-15]. However, in CRC, the function of tumor-associ-
ated Treg and the prognostic impact of their presence are
unclear. Two independent studies recently showed that Treg
infiltration into colon adenocarcinomas actually correlates
with a better prognosis [16, 17]. In contrast, recent findings
indicate that Tregs present in colon adenocarcinomas to a
large extent co-express the Thl7-associated transcription
factor ROR-yT and are pro-inflammatory and may promote
tumor progression [18]. It is clear that FoxP3" putative
Tregs accumulate in colorectal tumors, compared to unaf-
fected colon tissue from the same patients [19-22], and the
complexity of Treg phenotype and function may explain the
conflicting findings [23]. In human adenomatous polyps, it
is still not known whether Tregs accumulate, but Lan et al.
[24] have shown elevated FoxP3 mRNA levels in human
intestinal polyps, albeit not to the same extent as in CRC.

In this study, we used the APCM™* mouse model to
study immune cell infiltration during intestinal tumor
progression. The APCMV* mouse is a relevant model for
human CRC, as it harbors a mutation in the apc gene,
resulting in a truncated protein lacking the C terminal
domain, which will lead to dysregulation of the wnt-sign-
aling pathway through increased B-catenin translocation to
the nucleus [25, 26]. Similar or even identical mutations
are found in individuals with familial adenomatous poly-
posis and in 70 % of all sporadic CRC cases [3]. However,
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the wnt-signaling pathway is also involved in many immu-
nological processes, both during lymphocyte development
and in responses to antigen [27, 28]. In this study, basic
cellular immune parameters in APCMY* and wild-type
(WT) mice were compared, focussing on accumulation of
lymphocytes and chemokine production in intestinal ade-
nomas to define early events in the immune response and
the mechanisms for local recruitment of Treg. Our results
show that basic systemic and mucosal immune components
are similar in young APCM™* and WT mice, but within the
adenoma there are substantial local changes in lymphocyte
composition and chemokine production. In particular, a
profound accumulation of Tregs was detected in the adeno-
mas of APCMIV* mice.

Materials and methods
Volunteers and tissue collection

Unaffected colon tissue and tissue from adenomatous pol-
yps were collected from eight patients (two males and six
females, aged 59-77 years) undergoing colonoscopy as
part of investigations of suspected colon cancer. All pol-
yps displayed a tubulovillous morphology with high-grade
(n = 3) or low-grade dysplasia (n = 4), and one case with
undetermined dysplasia rate. Tissue was embedded in OCT
medium and immediately frozen. The study was approved
by the research ethics committee of west Sweden, and vol-
unteers gave informed consent to participate.

Mouse strains and breeding

APCMIY* mice on a C57BL/6 background were obtained
from Prof Sven Pettersson, Karolinska Institute, Stock-
holm. Male APCM™* mice were bred with female
C57BL/6 mice to generate APCM™* mice at the Depart-
ment of Experimental Biomedicine, University of Gothen-
burg, and kept under specific pathogen-free conditions in
filter-top cages. Genotyping was performed at week 4 by
PCR [29]. Age- and sex-matched WT littermates were used
as controls. The study was approved by the animal ethics
committee at University of Gothenburg.

Lymphocyte preparation

Blood, spleen, peripheral lymph nodes (PLN), mesenteric
lymph nodes (MLN), small intestine (SI) and colon were
collected from APCM™* and WT mice. Single-cell suspen-
sions were prepared from spleen, PLN and MLN by forc-
ing the organs through nylon nets using a syringe plunger.
Red cell lysis was performed on splenic cells with 0.07 M
NH,CI, pH 7.3 37° for 5 min. Lamina propria lymphocytes
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(LPL) from the small and large intestine, and from adeno-
mas were isolated essentially as described before [30] but
with the use of collagenase VIII (Sigma-Aldrich) for colon
digestion.

Flow cytometry

Single-cell suspensions were stained with CD4-PerCp,
CD8-Pacific Blue, CD25-PE, NKp46-PE, CD19-APC-H7,
CXCR3-PE, a4p7-PE and CD69-PE-Cy7 (BD Biosciences)
and CCR6-PE-Cy7, CCR4-PE-Cy7 and CCR9-PE (Bioleg-
end). For intracellular detection, permeabilization was per-
formed with FOXP3 staining buffer set (eBioscience) fol-
lowed by staining with FoxP3-APC, Ki67-Alexa 700 and
granzyme B-PE (eBioscience). Samples were acquired on
an LSR-II flow cytometer (BD Bioscience) and analyzed
using FlowJo software (Tree Star Inc).

PMA/ionomycin stimulation

Lymphocytes from MLN, lamina propria and adenomas
were incubated with phorbol myristate acetate (PMA;
50 ng/ml, Sigma-Aldrich) and ionomycin (500 ng/ml;
Sigma-Aldrich) for 4 h at 37 °C, and brefeldin A (10 pg/
ml; Sigma-Aldrich) was added after 2 h. Cells were stained
with CD4-PerCp and CDS8-Pacific blue, and intracellu-
lar staining of IL-17-PE (BD Biosciences) and IFN-y-
Alexa700 (BD Biosciences) was performed with Fix&Perm
kit (ADG).

Immunofluorescence

The colon and the distal third of the small intestine were
collected from APCM™+ mice and WT controls, and imme-
diately frozen in OCT (Tissue-Tek). Eight micrometer tis-
sue sections were cut and fixed in ice-cold acetone. Sec-
tions used for staining of FoxP3 were rehydrated, fixed
in 4 % paraformaldehyde and permeabilized with 0.5 %
Triton x-100 (Sigma-Aldrich). Sections from murine tis-
sue were stained with rat anti-mouse antibodies to FoxP3
(eBioscience), CD4 (BD Biosciences), CD8 (BD Bio-
sciences), mucosal addressin cellular adhesion mole-
cule-1 (MAdCAM-1) (eBioscience) and biotinylated B220
(BD Biosciences), and appropriate isotype controls were
used. Sections stained for B220 were blocked with biotin/
streptavidin blocking kit (Invitrogen). Binding was visual-
ized with goat anti-rat antibodies (Alexa Fluor 568, Alexa
Fluor 488) or streptavidin-Alexa Fluor 594 (all from Inv-
itrogen). Human tissues were stained for FOXP3 and CD4
as previously described [22]. Slides were mounted using
Gold-antifade mounting medium containing DAPI (Invit-
rogen) and analyzed using a Zeiss Axioscope fluorescence
microscope. The frequency of lymphocytes in unaffected,

adenoma-free lamina propria was assessed by counting in
seven random fields of vision along the intestine and relat-
ing cell numbers to tissue area. In addition, all adenoma
tissues in a section were examined. Conventional CD4"
T cells were defined as CD4"FoxP3~ cells. Expression of
MAdCAM-1 was quantified by measuring the percentage
of the total tissue area in unaffected and adenoma tissue,
respectively, stained for MAdCAM-1. Tissue area was cal-
culated using the Biopix iQ 2.0 software.

RNA isolation and quantitative PCR

Tissue was incubated overnight in RNAlater (Ambion)
at 4 °C, with subsequent storage at —80 °C. Tissues were
lysed and homogenized (Tissuelyserll, Qiagen) before
total RNA was isolated using the RNeasy mini kit (Qia-
gen), including DNAse digestion. RNA concentration was
determined spectrophotometrically (Nano drop ND-100).
The Omniscript kit (Qiagen) was used for cDNA synthe-
sis, using 2,000 ng RNA as template in a total reaction vol-
ume of 20 ul. Each real-time PCR mixture contained 40 ng
cDNA, Power SYBR Green Master Mix (Applied Biosys-
tems) and oligonucleotide primers to detect MAdCAM-1,
vascular cell adhesion molecule-1 (VCAM-1), CCRO,
CCL17, CCL20, CCL22, CCL25, CXCL9, CXCLI10,
CXCL11, IL-10, IL-17, IFN-y, FoxP3 and f-actin as
housekeeping gene (supplementary table 1). Primers were
designed in Primer Express software (Applied Biosys-
tems) and ordered from Eurofins MWG. Assays were run
at standard thermal cycling conditions described for the
7500 real-time PCR system (Applied Biosystems). Rela-
tive expression was determined by the A AC; method using
B-actin as endogenous control [31].

Statistical analysis

Calculation of statistical significance was performed using
Mann—Whitney test for unpaired observations and Wil-
coxon matched-pairs signed-rank test when comparing
paired unaffected and adenoma tissue. p values of <0.05
were considered significant. Statistical analyses were per-
formed in PRISM GraphPad 5.

Results
Systemic T cell frequencies are similar in APCMin/+
and WT mice

To determine whether the apc mutation alone, or increas-
ing adenoma burden in the APCM™+ mice, affects lym-
phocyte infiltration, the frequencies of CD8" and CD4™"
T cells, recently activated CD69% cells, CD25" cells and
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Fig.1 Lymphocytes frequencies in spleen, MLN, PLN and small
intestine in both APCM™* and WT mice. The frequencies of CD8*
and CD4" T cells (a), as well as CD4TCD69", CD4TCD25" and
CD4"FoxP3™ (b) cells from spleen, MLN, PLN and small intestinal

FoxP3™" cells within total T cells from spleen, MLN, PLN
and small intestinal lamina propria were analyzed using
flow cytometry. Macroscopically visible adenomas were
detectable at week 14, and by week 18, multiple adeno-
mas were present in all mice. By week 22, adenomas were
larger and more numerous, and some mice were eutha-
nized because of colonic obstruction. Up to 18 weeks of
age, in the organs examined, the frequencies of CD4™ and
CD8™ T cells were similar in APCM™* and WT mice, and
also, the frequencies of CD69", CD25" and FoxP3™ cells
among CD4" T cells did not differ significantly between
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lamina propria were analyzed by flow cytometry at 10, 14, 18 and
22 weeks of age. Symbols represent individual mice (black APCMV*,
white WT), and lines represent median. Mann—Whitney test was used
for statistical analysis *p < 0.05; **p < 0.01; ***p < 0.001

APCM™+ and WT (Fig. la, b). However, at 22 weeks of
age frequencies of CD4" and CD8™" T cells in the spleen of
APCM"+ mice were decreased compared with WT mice,
as previously reported [32, 33]. Furthermore, the frequen-
cies of CD4TCD25% and CD41FoxP3" putative Tregs in
the intestine of APCM™*+ mice showed a trend of increas-
ing with age, with a significant difference in frequencies
of CD47CD25" cells between 10 and 22 weeks of age
(p < 0.05, Fig. 1b). Flow cytometric analysis of poly-
clonally activated MLN cell suspensions showed no dif-
ference between APCM™* mice and WT littermates with
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Fig. 2 Lymphocyte distribution in unaffected intestinal lamina pro-
pria (LP) and adenomas. The frequencies of CD4", CD8* and B220"
lymphocytes were determined by immunofluorescence in small
intestinal and colon sections from APCM™+ and WT mice, and in
APCM™* intestinal adenomas. Frequencies of conventional CD4*
T cells (a), CD8" T cells (b) and B220" B cells (¢) are expressed

regard to IFN-y and IL-17A production from CD4% and
CD8™ T cells (supplementary fig. 1). Taken together, these
studies indicate that there are no major differences in the
compositions of conventional T cells in WT and APCMin/*
mice in our colony, up to 18 weeks of age, but by 22 weeks
of age splenic lymphopenia and intestinal putative Treg
accumulation occur. However, increased lymphocyte infil-
tration into gut lamina propria, as previously reported [33],
was not observed.

Intestinal adenomas harbor decreased frequencies
of conventional T and B cells

Immunofluorescence was used to evaluate the presence of
conventional T and B cells and FoxP3"1 putative Treg in
the adenoma tissue compared to unaffected intestinal tissue
of APCM™* mice. In small intestinal adenomas, the num-
bers of both CD4"FoxP3~ and CD8" conventional T cells
were substantially lower than in the surrounding unaffected

as the number of cells per mm? d Representative picture showing
immunofluorescence staining of CD8" T cells (green) in small intes-
tinal section, displaying both adenoma and unaffected lamina pro-
pria. Symbols represent individual mice, and lines represent median.
Mann—Whitney test was used for statistical analysis, **p < 0.01

tissue. In colon adenomas, on the other hand, there was no
marked decrease in either of the T cell subsets compared to
surrounding normal lamina propria (Fig. 2a, b). In the unaf-
fected mucosa, conventional CD4™ T cells were evenly dis-
tributed throughout the lamina propria, but within adeno-
mas usually luminally clustered and observed exclusively
in the lamina propria (Fig. 2d). CD8" T cells were present
in the lamina propria and epithelium in the unaffected
mucosa from APCM™+ and WT small intestine, but were
virtually absent from adenoma tissue. B220" B cells were
also similarly distributed in the WT and unaffected lamina
propria of APCM™* mice. In contrast, B cell numbers were
significantly decreased in adenoma tissue (Fig. 2c).

To further investigate the differences in lymphocyte
infiltration between adenomas and unaffected lamina pro-
pria, lymphocyte populations from WT and APCMi*
mice at 18 weeks of age were evaluated by flow cytom-
etry (Fig. 3). Firstly, lymphocyte subsets in the intestinal
lamina propria from WT mice and from the adenoma-free
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Fig. 3 Lymphocyte compositions in unaffected intestinal lamina pro-
pria (LP) and adenomas. Conventional, proliferating and activated T
cells as well as B cells and NK cells were examined by flow cytom-
etry in small intestine and colon. The frequencies of CD4™", CD8™,
NKp46™, CD19" (a), among all lymphocytes and CD69" (b), Ki67+,

regions of APCM™* mouse intestine were compared. These
analyses revealed similar frequencies of CD4 FoxP3~ and
CD8™" conventional T cells, NKp46™ NK cells, CD19" B
cells, activated CD69™" T cells, proliferating Ki67* T cells
and cytotoxic Granzyme Bt CD8" T cells within LPL
(Fig. 3a—c). When comparing adenoma tissue with unaf-
fected lamina propria, there was no significant difference
in conventional T cell or NK cell frequencies, except for an
increase in CD4"FoxP3~ cells in colon adenomas. Further-
more, CD19" B cell frequencies were significantly lower in
adenoma tissue (Fig. 3a).
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Granzyme B* (c), among CD4" and CD8™ T cells were analyzed in
LP of 18 weeks old APCM™+ and WT mice, and in APCM™* intes-
tinal adenomas. Symbols represent individual mice, and lines repre-
sent median. Mann—Whitney test was used as statistical analysis,
*p < 0.05; **p < 0.01; ***p < 0.001

CD4"FoxP3" Tregs accumulate in intestinal adenomas

Tregs, identified using immunofluorescence as
CD4%FoxP3™ lymphocytes, were present in similar den-
sities in the lamina propria of WT mice and the unaf-
fected tissue in APCM* mice in both the small intes-
tine and the colon. In the adenoma tissue, there was a
substantial accumulation of Treg compared with unaf-
fected tissue, particularly in the colon (Fig. 4a). The
frequency of Treg within CD4™ T cells was significantly
increased in both small intestinal and colonic adenomas
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Fig. 4 Regulatory T cells in murine and human unaffected intes-
tinal tissue and adenomas. The frequencies of CD41FoxP3™ Treg
were determined by immunofluorescence (/F) and FACS in small
intestinal and colon lamina propria (LP) from APCM™* and WT
mice and in APCM"+ adenomas, and by IF in human colon adeno-
matous polyps and unaffected tissue. Frequencies of CD4FoxP3"
T cells are expressed as the number of cells per mm? (a) or as per-
centage of FoxP3* Treg among all CD4™ cells (b). ¢ FACS analy-
sis of CD4"FoxP3*1 Treg in unaffected LP from WT mice and LP

compared to the respective unaffected tissue (Fig. 4b).
This was also confirmed by flow cytometric analyses
of small intestinal LPL from WT and APCM™*+ mice
(Fig. 4c) and by real-time PCR analysis of FoxP3 mRNA
(data not shown). Tregs in the adenomas were usually
localized toward the gut lumen and close to the transi-
tion zone between adenoma and adenoma-free mucosa.
A close association between Treg and conventional
CD4" T cells was occasionally observed (Fig. 4d). In
human adenomatous polyps, a similar significant accu-
mulation of FOXP3™ putative Treg was also documented
(Fig. 4e).
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To further characterize FoxP3™ putative Tregs in APC-
Min/+ adenomas, their expression of the early activation
marker CD69 and the proliferation marker Ki67 was ana-
lyzed. The majority of Treg in the adenomas expressed
CD69, but there was no difference in expression of CD69
between Tregs in adenomas and unaffected tissue (Fig. 4f).
Notably, CD69 expression levels were higher (p < 0.05)
on Tregs than on conventional CD4% T cells present in
the adenomas (Fig. 3b). The frequency of Ki67* Treg was
similar in adenomas and unaffected tissue (Fig. 4f). Taken
together, these observations suggest that activated Treg
accumulate in the adenomas of APCM"* mice.
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MAdCAM-1 and VCAM-1 expression is similar
in adenomas and unaffected tissue

Because the lymphocyte composition was changed in the
adenomas, endothelial adhesion molecules involved in
lymphocyte recruitment were investigated to determine
whether differential expression in adenomas may explain
the differences in lymphocyte recruitment. Firstly, endothe-
lial expression of the mucosal adhesion molecule MAd-
CAM-1 was analyzed by immunofluorescence histochem-
istry. MAdCAM-1 expression was similar in adenomas and
unaffected mucosa in the APCM™*+ mice. This result was
also confirmed by real-time PCR analyses (supplementary
fig. 2a, b). Furthermore, there was no significant differ-
ence in frequencies of cells expressing the mucosal homing
receptor a4p7 when comparing unaffected and adenoma
tissue in APCMIY* mice (supplementary fig. 2¢c). VCAM-1
expression was also investigated by real-time PCR analy-
sis, but these experiments showed no difference between
adenomas and unaffected tissue (data not shown).

Altered chemokine balance in the adenomas
of APCM"*+mice

To further investigate lymphocyte recruitment mecha-
nisms in the intestinal adenomas, real-time PCR was used
to determine the expression of chemokines with potential
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importance for recruitment of Treg. CCL17, which attracts
CCR4" Treg and effector T cells [34], was significantly
upregulated in adenoma tissue compared with unaffected
tissue (p < 0.05, Fig. 5a). There was also a trend for higher
levels of CCL22, another CCR4 ligand, in the adenomas
although this was not significant (supplementary fig. 3).
The expression of CCR4 by Tregs recruited to the adeno-
mas was, however, not different from expression by Tregs
in unaffected tissue (Fig. 5a). Another chemokine that has
been reported to contribute to Treg recruitment to adeno-
mas is CCL20 [35]. Its only receptor, CCR6, is associated
with Th17-type T cells but is also expressed on many lym-
phocytes homing to the gut [36, 37]. No changes in CCL20
levels were detected in the small intestinal adenomas com-
pared to unaffected tissue, but there was actually a small,
but significant, increase in the frequency of CCR6™ Treg
in the adenomas compared with the unaffected mucosa
(Fig. 5b). Furthermore, substantially decreased levels of
the CCR9 ligand CCL25, which is crucial for organ spe-
cific homing of effector T cells to the small intestine [38],
were revealed in adenomas. However, the low levels of
CCL25 in the adenomas did not result in changes in fre-
quencies of Treg expression of CCR9 (Fig. 5c¢). Finally, the
chemokines CXCL9, CXCL10 and CXCLI11 are induced
by IFN-y and important for recruitment of Thl type cells,
cytotoxic T cells and NK cells [39], but there is also a
subpopulation of Treg that express CXCR3, the receptor
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for these chemokines [40, 41]. There was a significantly
lower expression of CXCLI11 in the adenomas (Fig. 5d),
while the other two CXCR3 ligands, CXCL9 and CXCLI10,
were expressed at low levels and no difference between
unaffected and adenoma tissue could be observed (supple-
mentary fig. 3). The decreased expression of CXCL11 was
accompanied by a decreased frequency of CXCR3™" Tregs
in the adenomas (Fig. 5d). Taken together, these results
show that the Tregs accumulating in adenomas have a dif-
ferent phenotype compared to Treg in unaffected mucosa,
expressing more CCR6, but largely lacking expression
of CXCR3. This phenotype may be partly explained by
decreased production of CXCL11 in the adenomas.

The lymphocyte effector profile is similar in adenomas
and unaffected intestinal tissue

Thl cells are typically recruited by CXCR3 ligands, for
example CXCL11 [39], and to further understand the

a IL17A
Small intestine Colon
30 1 30 1
©
6 L
(8] A
A
20 1 20 4
% . . o
o n .
° . ‘a 0o |:P
i 10 4 o . 10 o o 28
— 2 —8o— —50—
A R B A
L) v = + 0 2 a5 +
@ 301 30 -
©
o []
%o
X 201 N 20 4
(@] [
“6 [=]
i 10 1 . . wd ° o a
O ] oo o” —
> oo _o00 _taf 00 [=]5]
LP LP  Adenoma LP LP  Adenoma
wT APCMin/s wT APCMin/+
(o IL17A
s 81 -
g ash
g e
A
g e
()
2
KS’ " A
° 2 — 1
oo m_ = A,
0 o = t
Sl Sl Adenoma
wT APCMin'+

Fig. 6 Cytokine producing intestinal T cells in unaffected intesti-
nal tissue and adenomas. Lymphocytes were isolated from intesti-
nal lamina propria (LP) from both WT and APCM™* mice and from
adenoma tissue. The frequencies of IL-17A" (a) and IFN-y™* cells (b)
among CD4" or CD8" T cells were determined by flow cytometry

relative expression

consequence of altered expression of chemokines and
increased presence of Tregs in adenoma tissue, we inves-
tigated potential effector functions in conventional T cells
from adenomas and unaffected tissue. IL-17A and IFN-y
production was detected among CD4" and CDS8% cells
from both adenomas and unaffected lamina propria follow-
ing polyclonal stimulation. Generally, the levels of IFN-y
producing CD8* T cells in both APCM™*+ and WT were
higher in colon than small intestine. However, no difference
between wild-type, unaffected APCM™* tissue and adeno-
mas was observed within T cells producing either IL-17A
or IFN-y (Fig. 6a, b). These results were also confirmed
by real-time PCR analysis of mRNA expression (Fig. 6¢).
FoxP3" Tregs have previously been reported to produce
IL-17 in adenomas from mice with apc mutations [42], but
we detected only very few FoxP3™ IL-17A™ T cells in cell
suspensions from adenomas. Likewise, few, if any, Treg
produced IFN-y following stimulation (data not shown).
Furthermore, real-time PCR analyses demonstrated that
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there was no difference in IL-10 expression between the
small intestinal adenomas and unaffected lamina propria
(supplementary fig. 3).

In addition to cytokine responses, the activation status
and proliferation of CD41 and CD8" conventional T cells
were determined. Significant accumulations of CD69"
recently activated T cells in the adenomas from small intes-
tine (Fig. 3b) were observed. CD8" T cells in the small
intestinal adenomas more actively participated in cell divi-
sion (Ki67%) than corresponding cells in unaffected lamina
propria. Finally, there was a somewhat lower cytotoxic
capacity (Granzyme B*1) in CD8' T cells from the small
intestinal adenomas (Fig. 3c). Taken together, these results
indicate a generally preserved functional capacity of con-
ventional T cells in the adenomas, despite increased Treg
accumulation.

Discussion

This study used the APCM* gspontaneous intestinal
adenoma mouse model to investigate the mechanisms of
lymphocytes infiltration into intestinal adenomas. The
continuous wnt-signaling characteristic of APCM™* mice
may affect lymphocyte development [28, 32, 43, 44], and
with this in mind, T cell frequency and function in APC-
Min/+ and WT mice were first evaluated. No major differ-
ences were found at 18 weeks of age, but with increasing
age and adenoma burden lymphopenia and splenomegaly
which have previously been described became evident [32,
33].

Subsequently, local lymphocyte accumulation in ade-
nomas was examined and compared to surrounding unaf-
fected mucosa. There were some differences in lymphocyte
composition between small and large intestinal adenomas,
which may depend on the different morphology of adeno-
mas in the two locations. However, a decrease in conven-
tional T cells in adenomas compared with adjacent unaf-
fected mucosa was the norm. In addition, B cells were
significantly decreased in both small and large intestinal
adenomas, indicating a shift in lymphocyte composition
in the adenomas. We have recently demonstrated a similar
change in human CRC, in which IgA-producing B cells
were almost excluded from colon tumor, due to low CCL28
production from tumors [45, 46]. B cells have been recently
demonstrated to be part of a protective network of adaptive
immune cells improving disease-free survival in CRC [47].
It is possible, then, that a reduction in IgA™ B cells may
result in low levels of secretory IgA in the tumor, result-
ing in defective barrier function, increased bacterial colo-
nization and concomitant Th17 responses, in turn driving
tumor progression [7, 48]. It is interesting to note that IgA-
mediated immune exclusion may be impaired already at the
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adenoma stage, and this may contribute to conversion from
adenoma to invasive adenocarcinoma.

An additional major change in lymphocyte composition
was a local accumulation of CD41FoxP3" Tregs in APC-
Min/+ small intestinal and colon adenomas, as previously
shown by others [42]. A corresponding accumulation has
also been reported in human colon tumors by ourselves
and others [20-22]. The present study showed, for the first
time, an increased frequency of FOXP3™ putative Treg
within the CD4" cell population infiltrating human ade-
nomatous polyps. This validates our findings in the APC-
Min/+ model and suggests that the Treg accumulation seen
in invasive human colon tumors is evident already at the
stage of adenomatous polyps and may be the result of early
changes in chemokine production. In contrast to most other
solid tumors, high intra-tumor Treg frequencies correlate
with improved patient outcome in CRC [16, 17]. The high
bacterial load of the colon together with reduced barrier
function in colorectal tumors [48] may explain the protec-
tive role of Tregs in CRC; it is possible that Tregs suppress
microbial-induced inflammation and thus remove signals
such as IL-17-inducing factors that would otherwise have
promoted tumor growth [33, 48, 49]. However, a functional
change in tumor-associated Treg in both human CRC and
APCM™* mice, from immunosuppressive IL-10-secreting
cells to a more pro-inflammatory, IL-17-secreting pheno-
type, has also been reported [18, 42]. Adoptive transfer of
WT Treg to APCMIY* mice leads to regression of adeno-
mas [49], thus supporting a protective role for IL-10-com-
petent WT Treg. However, the present study did not detect
an accumulation of IL-17-producing T cells in adenomas,
and there was also no difference with regard to IL-17 pro-
duction between Treg in adenomas and Treg in unaffected
tissue. One possible explanation for these discrepancies
could be differences in the intestinal microbiota between
mouse colonies, or the use of mouse strains with different
apc mutations. In particular, we did not observe any intesti-
nal inflammation in our mouse colony, which is in contrast
to previous studies [33]. Microbially driven inflammation
reactions in the gut may be important for tumor progres-
sion [50], and differences between animal colonies may be
viewed as correlated with differences between individu-
als. Thus, it is possible that differences in the intestinal
flora contribute to the risk of developing colon cancer. If
so, there would be possibilities to treat patients with adeno-
matous polyps with anti-inflammatory drugs targeting the
signaling pathways activated by microbial components.

Tregs present in adenomas appear to be activated as they
express CD69, and a proportion of the adenoma-associated
Tregs also proliferate. However, as the conventional T
cells in the adenomas are activated, proliferate and secrete
cytokines to the same extent as T cells in the unaffected
lamina propria, our data would appear to suggest that local
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Treg do not have an additional suppressive effect on con-
ventional T cells in the adenoma compartment. However,
the cytotoxic capacity of CD8" T cells was lower in ade-
noma tissue, and this may result from local immune regula-
tion by Treg. This notion is supported by a recent study in
a mouse model of lung adenocarcinoma in which granzyme
B-expressing T cells were inhibited by Treg, thus dimin-
ishing antitumor immunity [51]. Furthermore, it is not
possible to determine the extent of effector cell activation
required to reduce tumor progression, and the increased
presence of Treg may well render antitumor effector func-
tions less effective or ineffective. Furthermore, the possi-
bility that tumor-induced Tregs act in another location, for
example MLN, or on other cell types, for example dendritic
cells [52], or endothelial cells cannot be excluded. Related
to this, we have previously reported that Tregs may contrib-
ute to suppression of tumor-specific immunity by limiting
recruitment of effector T cells. Thus, Tregs from colon can-
cer patients potently inhibited transendothelial migration of
effector T cells, while Tregs from healthy individuals had
no such effect [8].

To determine whether Tregs, or other factors in the
adenoma microenvironment, modulate the signals mediat-
ing T cell entry into tissues, local expression of endothelial
adhesion molecules and chemokines was assayed. While
endothelial adhesion molecules were not changed in the
adenomas, an increase in CCL17 and decreases in CCL25
and CXCL11 were observed. However, increased CCL17
expression was not accompanied by an increased influx
of CCR4" Treg in adenomas, as previously observed in
human CRC [22].

The intestinal chemokine CCL25 is produced by epi-
thelial cells [53] and is crucial for effector T cell recruit-
ment to the intestinal lamina propria. The present study
reports for the first time that intestinal adenomas produce
less CCL25 than the unaffected tissue. This is analogous
to another epithelial mucosal chemokine, CCL28, which
is also produced in lower amounts in colon adenocarci-
nomas than unaffected tissue [46]. Furthermore, adeno-
mas produced less of the Thl-associated chemokine
CXCL11 than the surrounding tissue. A lack of CCL25
and CXCL11 may benefit tumors by reducing recruitment
of effector lymphocytes, but also by allowing extraintes-
tinal metastasis of CCR9™ tumor cells, as CCR9-CCL25
interactions prevent the spread of colon cancer cells from
the intestine [54]. In addition, high levels of CCR6™ Tregs
in both unaffected and adenoma tissue in the APCMIV*
mouse were detected. Interestingly, Liu et al. [35] have
shown that CCR6 is necessary for accumulation of Treg
in an induced CRC mouse model. Thus, the Tregs accu-
mulating in adenomas have a distinct chemokine receptor
profile, largely failing to express CXCR3 together with
CCRG6, unlike Treg from unaffected tissue. This difference

in Treg populations may be beneficial for antitumor
immunity already at the adenoma stage as Treg express-
ing CXCR3 are most efficient in down-regulating Th1-
type immune responses [40, 41]. If these Treg cannot gain
access to the adenoma, they will not regulate effector T
cell responses within the adenoma.

In conclusion, we show that the altered lymphocyte
composition previously observed in invasive colorectal
tumors is manifest already in intestinal adenomatous pol-
yps, with increased frequencies of Treg and decreased B
cell frequencies. The observed altered chemokine produc-
tion, with higher CCL17 and lower CCL25 and CXCLI11
expression in the adenoma may account for these changes.
These findings indicate that once immunomodulatory inter-
ventions that reduce CRC progression have been identified,
they will probably be beneficial already in patients with
intestinal polyps and may prevent conversion from adeno-
mas to invasive tumors.
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