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Recent results have shown a correlation between survival and
frequency of tumour infiltrating T lymphocytes in colorectal cancer
patients. However, it remains unclear whether the frequency of
regulatory T cells is higher in colorectal cancer as compared to
normal colon. To address this question we analysed the frequency
and function of regulatory T cells in the peripheral blood and tumour
infiltrating lymphocytes of colorectal cancer patients. The
proportion of regulatory T cells in the peripheral blood of colorectal
cancer patients (mean 8%) was significantly higher than that in
normal controls (mean 2.2%). There were significantly more
regulatory T cells in tumour infiltrating lymphocytes (mean 19.2%)
compared to lymphocytes from an autologous non-malignant
portion of the colon (mean 9%). Regulatory T cells from colorectal
cancer patients were FOXP3 positive and suppressed the
proliferation of autologous CD4+ CD25- cells. A higher density of
tumour infiltrating regulatory T cells was found in patients with
advanced as compared to early disease. These results support the
hypothesis that increased numbers of regulatory T cells in the blood
and tumours of colorectal cancer patients may influence the immune
response against cancer and suggest that strategies to overcome
regulatory T cell activity may be beneficial in the treatment of human
colorectal cancer.
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Introduction

There has been renewed interest in regulatory T (Treg) cells
over the last 10 years and in the role they play in modulating
immune responses to self and foreign antigens. Regulatory T
cells are a heterogeneous group of cells, including CD4+ CD25+
(Treg) T cells, Tr1 and Th3 regulatory T cells (1, 2) and CD8+
regulatory T cells (3). The CD4+ CD25+ Treg cells are currently
the best defined and characterised among the various subgroups
of regulatory T cells (4). They account for approximately 1-3%
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of CD4+ T cells in human peripheral blood lymphocytes (PBLs)
and about 5-10% of CD4+ T cells in the mouse spleen. These
cells are characteristically CD4+ CD25+ CTLA4+ GITR+ in
both mice and humans (5-8). Unless these markers are used in
combination, it is difficult to differentiate Treg cells from non-
Treg cells, as none of the markers are Treg cell specific on their
own. FOXP3, a transcription factor whose expression confers
the regulatory phenotype on both murine and human T cells, is
now thought to represent the most specific Treg cell marker (9-
12).

Pages et al. (13) reported a link between metastatic colorectal
cancer and a weaker immune response to the tumour, as defined
by the frequency of tumour infiltrating CD3+ T cells. This work
has recently been extended by assessing the density of T cells in
and around colorectal tumours in 415 patient samples (14).
They concluded that the density of CD3+ T cells around the
tumour proved to be a more efficient prognostic marker than
the UICC TNM cdlassification. Quantitative real-time PCR was
used to identify a cluster of genes for Thl adaptive immunity
with an inverse correlation to tumour recurrence. The presence
of Treg cells in the human gastrointestinal tract (GIT) has
recently been demonstrated and their function characterised. It
had been previously assumed that Treg cells might be present as
the gut is considered a tolerogenic organ and because Treg cells
can prevent and treat inflammatory bowel disease (IBD) in
mice. Treg cells have been identified in the human gastric and
the colonic mucosa (15-17) and have been shown to be
important in suppressing tumour-specific immunity in mouse
models. Depletion of CD4+ CD25+ T cells in vivo using an anti-
CD25 antibody before tumour challenge protected multiple
strains of mice from developing tumours (18-21). Patients with
ovarian, breast, lung and pancreatic cancer have increased
proportions of Treg cells in the peripheral blood and in tumour
infiltrating lymphocytes (TILs) (22, 23). However, the
frequency, distribution and function of naturally occurring Treg
cells in the peripheral blood and the TILs of colorectal cancer
patients prior to this study were not well documented.
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Results

Increased frequency of CD4+ CD25+ cells in the peripheral blood of
colorectal patients

We analysed the frequency of CD4+ CD25+ T cells in the PBLs
of 35 patients with colorectal cancer and 10 healthy donors by
flow cytometry. Only CD4+ T cells which were CD25" were
considered to represent the Treg cell population, as it has been
shown that CD25° cells contain a heterogeneous pool of
activated cells and Treg cells (24). We found that CD4+ CD25hi
cells accounted for 1.8% (range 0.5-4%) of all CD4+ T cells in
healthy donors (24, 25). In contrast, CD4+ CD25 i cells
accounted for 6.2% (range 3.5%-12%) of CD4+ T cells in the
PBLs of colorectal cancer patients, P < 0.05 (Figure 1, panels A
and B). Although there were fewer Treg cells in the PBLs of
patients with Dukes' A and B (4.5%) cancer compared to those
with Dukes' C and D (7.1%), this was not a statistically
s1gn1ﬁcant difference (Figure 1C). Phenotyplc analysis of CD4+
CD25™M T cells demonstrated the expression of CD45RO,
CTLA4 and the FOXP3 protein (Figure 2).
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Colorectal cancer patients have more Treg cells in the PBLs than normal
donors. (A) Ex vivo FACS staining of peripheral blood lymphocytes (PBLs) from a
normal donor and a colorectal cancer patient. The percentage shown is that of
CD25+M lymphocytes in the CD4+ population. (B) Percentage of Treg cells in the
PBLs of colorectal cancer (n = 35) and normal patients (n = 10). (C) Percentage of
CD4+ CD25+ T cells in the PBLs of patients with Dukes' A and B disease (n = 21)
versus Dukes' C and D disease (n = 14).

Ability of CD4+ CD25+ Treg cells from colorectal cancer patients'
PBLs to suppress T cell proliferation

The functionality of peripheral blood Tre: eg cells from
colorectal cancer patients was assessed using “H thymidine
proliferation assays. CD4+ CD25+ T cells from the peripheral
blood were isolated by magnetic beads ex vivo. Peripheral blood
Treg cells were placed in culture with autologous peripheral
blood CD4+ CD25- T cells. Treg cells were capable of
suppressing the proliferation of CD4+ CD25- T cells in a dose-
dependent manner during a 5-day suppression assay (Figure 3).
These results demonstrate that Treg cells isolated from the
peripheral blood of colorectal cancer patients are functional and
capable of suppressing lymphocyte proliferation.
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CD4+ CD25+ Treg cells express FOXP3, CTLA4 and CD45RO. Shown are the
results of a FACS analysis of peripheral blood Treg cells. PBLs from colorectal can-
cer patients were separated into CD4+ CD25- and CD4+ CD25+ populations and
stained for FOXP3, CTLA 4 and CD45RO.
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Peripheral blood Treg cells in colorectal cancer patients are functional and
suppress proliferation of autologous CD4+ CD25- lymphocytes. Stimulated
Treg cells from colorectal cancer patients suppress the proliferation of autologous
PBL CD4+ CD25- T cells (n = 3) in a dose-dependent manner. Responder CD4+
CD25- T cells were cultured either alone (left bar) or with different ratios of autol-
ogous CD4+ CD25+ Treg cells in the presence of anti-CD3 and anti-CD28 anti-

bodies. Proliferation was assessed by H incorporation after 5 days of culture.
Increased frequency of Treg cells in TILs

We then examined the frequency Treg cells infiltrating the
colon of colorectal cancer patients. Lymphocytes infiltrating
colorectal tumour and normal mucosa were isolated and the
frequency of CD4+ CD25+ Treg cells was determined by flow
cytometry ex vivo (Figure 4). We observed a significantly higher
frequency of Treg cells in the tumour (mean 15.2%, range 8-
28%), as compared to the autologous normal colonic mucosa
(mean 4.8%, range 3-15%), P < 0.05 (Figure 4, panels A and B)
reflecting the findings in peripheral blood. Although there were
fewer Treg cells in the tumours of patients with Dukes' A and B
(17%) cancer compared to those with Dukes' C and D (21%),
this difference was not statistically significant possibly reflecting
the low numbers studied (Figure 4C).

Immunohistochemical staining of the tumour and normal
colon for FOXP3 showed the location of Treg cells in the tissues
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(Figure 5). In normal colonic mucosa, FOXP3+ cells were found
mainly in isolated lymphoid follicles and very few were found in
the colonic lamina propria. In contrast, in colorectal cancers,
significant numbers of FOXP3+ cells were found in the tumour
stroma ,as well as in the lymphoid follicles. No FOXP3+ cells
were seen in the normal or malignant colonic epithelium.
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More Treg cells are found in colon cancer stroma compared with normal
colonic mucosa. (A) Ex vivo FACS staining of lymphocytes from normal colonic
mucosa and from colon tumours. The percentage shown is that of CD25+ht lym-
phocytes in the CD4+ population. (B) Percentage of CD4+ CD25+ T cells in the
tumour and the normal colonic mucosa of colorectal cancer patients (n = 33). (C)
Percentage of CD4+ CD25+ T cells in the tumour of patients with Dukes' A and B
disease (n = 19) versus Dukes' C and D disease (n = 14).

Figure 5

FOXP3-positive cells are found in normal colon, primary and metastatic colon
cancer tissue. Immunohistochemical FOXP3 staining in paraffin sections of (A)
normal colonic mucosa, (B) normal colon with a lymphoid follicle, (C) primary

colorectal cancer and (D) metastatic colorectal cancer.
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Suppressive function of tumour infiltrating Treg cells

The suppressive function of Treg cells within the tumour
microenvironment was assessed using a °H thymidine
proliferation assay. TILs were sorted ex vivo into CD25+ and
CD25- fractions using magnetic beads, and cultured either
individually or in the ratios shown in Figure 6. The tumour
infiltrating Treg cells suppressed the proliferation of CD25- T
cells in a 5-day suppression assay.

Figure 6
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Treg cells from colorectal cancer tissues are functional and suppress autolo-

gous CD25- lymphocytes. Tumour infiltrating Treg cells suppress the prolifera-
tion of autologous tumour infiltrating CD4+ CD25- T cells (n = 3). Responder
CD4+ CD25- T cells were cultured either alone (left bar) or with different ratios of
autologous CD4+ CD25+ Treg cells isolated from the tumour, in the presence of
anti-CD3 and anti-CD28 antibodies. Proliferation was assessed by *H incorpora-
tion after 5 days of culture.

Tumour infiltrating Treg cell numbers and tumour stage

The trend observed towards increased Treg cell numbers in
Dukes' stage C and D was further investigated in a larger series
of patients. To facilitate the screening of a large number of
specimens, tissue arrays of routinely fixed tissues from
colorectal tumours and the corresponding normal colon from
patients with colorectal cancer were constructed. The
characteristics of the colorectal cancer patients whose tumours
were arrayed are shown in the Table 1. There was a mean of 33
(range 4-80) FOXP3+ cells per hpf (high power field) in
tumours and a mean of 12 (range 0-35) FOXP3+ cells per hpf
(P < 0.01) in adjacent normal colon, consistent with the flow
cytometry Treg cell data.

Table 1
Clinical characteristics of patients whose tumours were used in the
tissue array.

Par t n=190 No. of patients (% of total)
Gender male 94 (51%)
female 96 (49%)
Age at diagnosis | <60 12 (6%)
>60 178 (94%)
Dukes’ stage AB 99 (69%)
C,D 91 (31%)
T stage 1&2 20 (10%)
3&4 170 (90%)
Differentiation | Well & moderate 150 (85%)
grade Poor & mucinous 40 (15%)
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To determine if the frequency of tumour infiltrating Treg cells
correlated with the tumour stage, the number of Treg cells found
in the tumours of the patients described in Table 1 was analysed
in groups defined by Dukes' stage. There was a lower number of
Tregs in the tumours of patients with Dukes' A and B disease, i.e.
those with early disease, n = 39 (range 1-122), compared with
those with Dukes' C and D disease, n = 45 (range 6-134), but this
did not reach statistical significance.

Discussion

Patients with high frequencies of infiltrating CD3+ T cells
within their colorectal tumours have been shown to have a
better 5-year survival rate (73%) than those with low levels of
CD3+ T cells (30%) (14). The adaptive immune response to
colorectal cancers therefore appears to have an important role in
the progression of this disease. However the role of Treg cells in
this process has not yet been defined.

The GIT is considered a 'tolerogenic' organ that responds in a
regulated manner to antigens derived from food and microbes.
Consistent with this chronic exposure to foreign antigens, the
GIT is one of the few normal non-lymphoid tissues where
FOXP3+ T cells have been identified in expression screening
using a normal tissue array (9).

The frequency of Treg cells within colorectal cancers is
probably controlled by more than one factor. Treg cell numbers
may be influenced by tumour-associated factors that have been
reported in other tumours (26). For example, Ghiringhelli et al.
(26) showed in animal models that soluble factors secreted by
tumour cells injected into mice and rats converted dendritic
cells (DCs) into TGF-p secreting cells which were capable of
inducing Treg cell proliferation. These tumour-secreted factors
have not yet been identified. While this has not yet been shown
with human DCs and tumour lines, a similar mechanism could
explain the increased numbers of Treg cells found in the
peripheral blood, lymph nodes and tumours of cancer patients.

This model would provide an explanation for Treg cell
proliferation in the absence of inflammation and bacteria, as
most cancers are sterile.

Bacterial translocation across the mucosal surface is increased
in colorectal cancer, possibly due to increased permeability of
tight junctions and by necrosis and ulceration of the tumour
surface (27, 28). Bacterial translocation also occurs in both
inflammatory bowel disease (29) and infective causes of
intestinal inflammation and is thought to be associated with the
proliferation of Treg cells. Makita et al. (15) and Maul et al. (16)
isolated Treg cells from normal and inflamed colon and showed
that they were capable of suppressing the proliferation and
cytokine production of autologous CD4+ CD25- T cells. Treg
cell numbers were increased in the intestinal mucosa of patients
with active inflammatory bowel disease (IBD). However, this
increase was relatively lower than the increase seen in patients
with infective causes of intestinal inflammation, e.g.
diverticulitis (16). This suggests that the number of Treg cells in
the intestine could be controlled by inflammation. Maul et al.
(16) suggested that bacterial products such as LPS or flagellin,
working through TLR4 and TLR5 respectively, may be
responsible for the increased numbers of Treg cells seen in these
inflammatory gastrointestinal conditions. TLR4 and TLR5
signalling have been described in murine Treg cells and LPS
shown to stimulate proliferation of Treg cells in vitro (30).

Although a higher number of Treg cells was observed in
patients with advanced versus early disease, this was not
statistically significant. One reason for this may be that the

40f7

number of patient samples was too low to reach statistical
significance. Alternatively, we cannot rule out the possibility
that the frequency of Treg cells in colorectal cancer does not
vary with the stage of disease, perhaps due to stimuli from
translocated bacteria.

Treg cells were observed in the mucosal lymphoid follicles of
both the normal and malignant colon (Figure 5). However,
compared with the normal colon where there were fewer Treg
cells in the lamina propria, there was an increase in the number
of Treg cells in the tumour stroma. It is not known whether Treg
cells in vivo exert their function mainly in lymph nodes or in the
intestinal lamina propria. However, it would appear that they are
present in both the mucosal lymphoid follicles and in the stroma
of colon cancers (Figure 5). Treg cells could therefore suppress
both the induction of an immune response in the lymphoid
tissue, as well as the proliferation and cytotoxic function of
effector cells in the tumour stroma.

In humans it has been shown that denileukin diftitox, a
diphtheria toxin linked IL2 molecule which binds to CD25 and
daclizumab, an anti-CD25 antibody, may be beneficial in some
patients with cancer (31). They are believed to act through the
elimination of Treg cells, which would then permit the
emergence of an effective anti-tumour immune response. It
would be interesting to see if daclizumab or denileukin diftitox
are beneficial to all cancer patients who have increased numbers
of Treg cells or if they are only beneficial in certain types of
cancer.

The results presented here extend the published data on Treg
cells in other malignancies by demonstrating a significant
infiltration of Treg cells into colon carcinomas. This data may
prove useful in the future in targeting patients at high risk of
relapse for more aggressive adjuvant therapy.
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Materials and methods

Patients and samples

The study was approved by the Oxfordshire Clinical Research
Ethics Committee. Informed consent was obtained from each
patient. Fresh blood, tumour and normal colonic tissues were
obtained from patients undergoing surgery for primary
colorectal carcinoma (n = 35, mean age 70.3 years, range 50-76).
Blood was collected from patients before surgery. Normal
colonic tissue was obtained from a macroscopically normal part
of the excised colon, at least 10 cm from the tumour margin.
None of the patients had previously received radiotherapy or
chemotherapy. Blood from 10 normal donors were used as
controls. Tissue arrays of colorectal cancer and normal colonic
mucosa were generated from the paraffin donor blocks of a
separate cohort of 100 patients who had undergone surgery for
colorectal cancer.

Lymphocyte extraction

Peripheral blood lymphocytes were isolated from blood by
Ficoll density gradient centrifugation.

Tumour infiltrating lymphocytes were isolated from colonic
tissues. Freshly isolated tissue was collected in wash medium
(RPMI 1640 supplemented with penicillin and streptomycin).
The tissue was washed 4 times with wash medium, before being
cut into small pieces using blades. The tissue was digested in
RPMI-1640 containing 2% FCS and 1mg/ml type IV collagenase
(Worthington, Freehold, NJ) for 2 hours at room temperature. A
single cell suspension was obtained by passing the digested
tissue through a cell strainer. A fraction of the single cell
suspension was used for ex vivo FACS staining and the
remainder was sorted into a CD4+ CD25+ and a CD4+ CD25-
population. The lymphocyte yield was 0.4-0.8 x 10° cells and
0.75-3.5 x 10° cells per gram tissue from normal colon and from
colon cancer respectively.

Isolation of CD4+ CD25+ Treg cells

Lymphocytes were isolated from peripheral blood, colorectal
cancer and normal colonic mucosa as described above. The
CD4+ cells were obtained by negatively sorting the
mononuclear cells with CD8 and CDI14 magnetic beads
(Miltenyi Biotec, GmbH, Germany). These were then positively
sorted for CD4+ CD25+ cells using CD25 magnetic beads
(Miltenyi Biotec).

Paraffin tissue arrays

To facilitate the screening of a large number of specimens,
tissue arrays of routinely fixed tissues from colorectal tumours
and the corresponding normal colon from patients with
colorectal cancer were constructed. A total of 4 cores of 1 mm
diameter were taken from each paraffin block in order to make 4

60f7

separate arrays of colorectal cancers and 4 matched arrays of
normal colon. Sections cut from these arrays were stained for
FOXP3.

Immunohistochemistry

Frozen sections were fixed in acetone, washed in PBS and
blocked with goat serum before 50 ul of primary antibody was
added for 30 minutes at room temperature. Sections were then
washed in PBS and incubated with peroxidase-conjugated goat-
anti mouse IgG (Sigma-Aldrich, St. Louis, MO) for 30 minutes.
Bound peroxidase activity was developed using AEC kit (Vector,
Peterborough, United Kingdom). The sections were counter-
stained with hematoxylin.

For staining paraffin sections, slides were first placed in a 60°C
oven for 20 min prior to dewaxing in Citroclear twice for 5 min
and rehydration through graded alcohols. Sections were
subjected to antigen retrieval by microwaving for 10 minutes in
50 mM Tris pH 9.0 and 2 mM EDTA pH 8.0. Endogenous
peroxidase was quenched with the Dako peroxidase block
(Dako, Cambridgeshire, UK). The primary FOXP3 antibody
was applied for 30 min and subsequent immunostaining was
carried out using the DAKO Envision system. The substrate
used was DAB (DAKO). The stained sections were
counterstained with hematoxylin (Gill's No. 3; Sigma Chemical
Co.) and mounted in Aquamount (Merck/BDH). The number
of FOXP3 positive lymphocytes present in a high power field
(hpf) was counted for each 1 mm core by 2 independent
observers and the number of FOXP3+ cells for each core was
determined by taking the average of both counts. The number of
FOXP3+ cells per hpf for each tumour or normal colon was
determined by taking the average of the 4 arrays. In total 98
tumours and 100 normal colon specimens were counted.

Antibodies

The following antibodies were used to stain ex vivo single cell
suspensions and in immunohistochemistry staining: CD4-FITC
(RPA-T4), CD25-PE (M-A251), CD45RO-APC (UCHLI),
CTLA4-APC (BNI3) and HLA-DR APC (L243), all produced by
Pharmingen (Oxford, United-Kingdom). FOXP3 murine
monoclonal antibodies were as previously described (9). Clone
236A/E7 was used for IHC and clone 150D/E4 was used for
FACS staining.

FACS

Cells analysed for FOXP3 by flow cytometric analysis were
processed as described previously (9). Flow cytometric analyses
were carried out on a FACS Calibur (Becton Dickinson, Oxford,
United Kingdom) and data were analysed using the CellQuest
software.

*H thymidine suppression assay

This assay was carried out as previously described (9). The
assay was performed in 96 well plates (Nalge Nunc, Rochester,
NY, USA) coated with anti-CD3 (clone UCHT1, at 5 pug/ml, BD
Biosciences Pharmingen). Cells were cultured in RPMI-1640
medium supplemented with 5% human AB serum, 2 mM L-
glutamine, 100 U/pg/ml penicillin/streptomycin, 0.5 mM
sodium pyruvate, 0.05 mM nonessential amino acids (Gibco/
Invitrogen) and soluble anti-CD28 (clone 28.2, at 5 ug/ml, BD
Biosciences Pharmingen). The CD4+ CD25- responder cells
were cultured at 5 x 10%/well and a variable number of CD4+
CD25+ regulatory cells were added. *H thymidine at 0.5 uCi per
well was added for the final 16 h of a 5-day assay.
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Statistical analysis

Statistical analysis was carried out using the Student's t-test for
continuous variables. Significance was set at 0.05.
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