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Helicobacter pylori chronically colonizes the stomach and duodenum and causes peptic ulcers or gastric
adenocarcinoma in 10 to 20% of infected individuals. We hypothesize that the inability of patients to clear H.
pylori infections is a consequence of active suppression of the immune response. Here we show that H.
pylori-infected individuals have increased frequencies of CD4� CD25high T cells in both the stomach and
duodenal mucosa compared to uninfected controls. These cells have the phenotype of regulatory T cells, as they
express FOXP3, a key gene for the development and function of regulatory T cells, as well as high levels of the
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) protein. In contrast, mucosal CD4� CD25low and CD4�

CD25� cells express little FOXP3 mRNA and low levels of the CTLA-4 protein. Mucosal CD4� CD25high T cells
are present in individuals with asymptomatic H. pylori infections as well as in duodenal ulcer patients. The
frequencies of CD4� CD25high cells are also increased in the stomachs of H. pylori-infected patients with gastric
adenocarcinoma, particularly in cancer-affected tissues. These findings suggest that regulatory T cells may
suppress mucosal immune responses and thereby contribute to the persistence of H. pylori infections.

The gastrointestinal mucosa is in constant contact with both
harmless and harmful antigens. The immune system has to
discriminate between these antigens to maintain a balance
between active defense and the prevention of immunopathol-
ogy. In mouse models, naturally occurring CD4� CD25� reg-
ulatory T cells (Treg cells) have been implicated in playing an
important role in suppressing immune responses to the normal
intestinal flora (28) as well as to pathogens (22, 25). However,
little is currently known about the role of Treg cells in the
human gastrointestinal mucosa.

Most studies of human Treg cells have been performed with
cells isolated from peripheral blood (2, 17, 32), but CD4�

CD25� cells with suppressor activity have also been demon-
strated in the thymus (29), cord blood (36), synovial fluid (4),
tonsils (32), and a few types of tumors (19, 37). Human T cells
have a more variable expression of CD25 (the interleukin-2
receptor �-chain) than do mouse T cells, and only those that
express CD25 with the highest intensities (CD25high) are sup-
pressive (2, 4). T cells expressing intermediate levels of CD25
(CD25low) are instead activated effector or memory T cells and
lack a regulatory function. Treg cells suppress the activity of
other T cells via a contact-dependent mechanism, but the mol-
ecules directly mediating this suppression have still not been
clearly identified (22). However, the Foxp3 gene (FOXP3 in
humans), which encodes the transcription factor scurfin, has
recently been demonstrated to be a key regulatory gene for the

development and function of Treg cells (10, 15, 16). Humans
with defects in the FOXP3 gene experience strong activation of
the immune system, leading to multiorgan autoimmune
disease, inflammatory bowel disease, allergies, and severe in-
fections, collectively known as the IPEX syndrome (immune
dysregulation, polyendocrinopathy, enteropathy, X-linked in-
heritance syndrome) (11). FOXP3/Foxp3 is expressed by CD4�

CD25� Treg cells in humans and mice, and the transduction of
CD25� cells from mice with this gene converts the cells into
regulatory cells. Although recent data indicate that FOXP3
gene expression can be induced in CD25� cells under special
conditions (5, 9, 33, 34), these induced FOXP3-expressing cells
also have a suppressive capacity, suggesting that a tight link
exists between FOXP3 expression and a regulatory function.

We are currently investigating the role of Treg cells in
chronic Helicobacter pylori infection (20, 25). Although H. py-
lori colonization of the gastric and duodenal mucosa induces
strong immune responses involving both innate immune cells
and H. pylori-specific T and B cells, the infection is not cleared
and a state of chronic active gastritis is established that can be
life-long (8). We hypothesize that Treg cells may actively sup-
press the immune response to H. pylori, thereby limiting acute
infection-induced immunopathology but at the same time pro-
moting bacterial persistence and possibly also long-term pa-
thology as a result of chronic infection. In agreement with this
hypothesis, we recently showed that memory CD4� T cells
isolated from the peripheral blood of H. pylori-infected indi-
viduals respond poorly to H. pylori antigens in vitro but that
this unresponsiveness can be counteracted by the depletion of
CD4� CD25high Treg cells (20). Furthermore, the numbers of
cells expressing CD25, cytotoxic T lymphocyte-associated an-

* Corresponding author. Mailing address: Dept. of Medical Micro-
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tigen 4 (CTLA-4) (31), and transforming growth factor beta
(TGF-�) (18, 30) are increased in infected mucosae compared
to uninfected mucosae, indicating that local suppression of
immune responses to the bacteria may take place. Studies with
a mouse model of H. pylori infection have also shown that Treg

cells suppress H. pylori-induced gastritis at the expense of
higher bacterial loads (25).

The majority of individuals who are infected with H. pylori
remain asymptomatic, but 10 to 15% of those infected develop
peptic ulcers and 1 to 2% develop gastric adenocarcinoma (8).
However, the two types of disease are rarely seen in the same
individual. Duodenal ulcer patients have a history of antral
gastritis, an increased acid load, the development of gastric
metaplasia in the duodenum, and subsequently, duodenal ul-
ceration. In contrast, gastric adenocarcinoma develops from
pangastritis that progresses into atrophic gastritis with intesti-
nal metaplasia, which may lead to dysplasia and malignant
transformation (27). The reasons for the different outcomes of
H. pylori infection are not clear. However, alterations in Treg

cell activity that affect the balance between bacterial coloniza-
tion and inflammation may be involved in the development of
both types of disease.

In the present study, we analyzed the presence of Treg cells
at the sites of infection and inflammation for different categories
of H. pylori-infected subjects in an attempt to elucidate the role of
Treg cells in the clinical outcome of infection. We demonstrate
increased proportions of CD4� CD25high T cells with a regulatory
phenotype in H. pylori-infected mucosae compared to uninfected
mucosae, suggesting that CD4� CD25high Treg cells may suppress
mucosal immune responses and contribute to the persistence of
H. pylori infections.

MATERIALS AND METHODS

Volunteers and collection of specimens. Eleven adult Swedes who were in-
fected with H. pylori and had no subjective symptoms (H. pylori positive; mean
age, 48 years; age range, 31 to 60 years; two females) and eight healthy, unin-
fected volunteers (H. pylori negative; mean age, 34 years; age range, 24 to 55
years; three females) were recruited for this study from blood donors at Sahl-
grenska University Hospital (SUH), Göteborg, Sweden. Ten biopsies each were
collected from the antrum and the duodenum by gastroduodenal endoscopy.
One biopsy from the antrum and one from the duodenum were embedded in
optimal cutting temperature compound (Tissue-Tek; Miles Inc., Elkhart, Ind.),
immediately snap-frozen, and used for immunohistochemistry (IHC). One-half
of a biopsy from each site was used for histological examination. The remaining
8.5 biopsies from each site, corresponding to �16 mg of tissue, were pooled and
used for the isolation of lymphocytes and subsequent flow cytometry (FCM).

Seven H. pylori-positive patients with noncardia gastric adenocarcinoma (mean
age, 69 years; age range, 50 to 87 years; three females) who were undergoing
gastrectomy at SUH were also included in the study. The patients had not
undergone radiotherapy or chemotherapy. Cancer-affected tissues (from five of
seven patients) as well as healthy tissues from the antrum and corpus (from all
patients) were cut out from the resected stomachs. The cancer tissues and
healthy tissues were identified based on their visual appearance, and their status
was confirmed by histological examination by an experienced pathologist.
Healthy tissues were collected at least 5 cm away from cancer-affected tissues.
Pieces of tissue were snap-frozen and used for IHC, and lymphocytes were
isolated from the remaining tissue and analyzed by FCM.

To determine the prevalence of cells with a Treg cell phenotype in duodenal
ulcer patients, we reevaluated previously obtained IHC data (31) for 10 H.
pylori-positive duodenal ulcer patients, using new criteria for Treg cell identifi-
cation. Ten asymptomatic carriers of H. pylori and 10 uninfected individuals from
the same study were used as controls.

Heparinized venous blood was collected at the time of endoscopy or gastrec-
tomy. Leukocyte-enriched buffy coats were obtained from the blood bank at
SUH. This study was approved by the Ethical Committee for Human Research,

Göteborg University, and informed consent was obtained from each volunteer
before participation.

Diagnosis of H. pylori infection. (i) H. pylori-positive asymptomatic carriers,
duodenal ulcer patients, and H. pylori-negative controls. Bacteria were cultured
from biopsies on horse blood-Columbia Iso agar plates at 37°C under microaero-
bic conditions (10% CO2, 5% O2, and 85% N2) and were screened for H.
pylori-like colonies after 3 days of culture. One-half of a biopsy from the antrum
and of one from the duodenum was examined by an experienced histopathologist
and evaluated for the presence of Helicobacter-like organisms, and inflammation
was graded according to the Sydney system (24). Sera were screened for H.
pylori-specific immunoglobulin G (IgG) antibodies by use of an in-house enzyme-
linked immunosorbent assay (ELISA) (21). H. pylori-positive subjects were pos-
itive by at least two of these tests, and H. pylori-negative volunteers were negative
by all three tests.

(ii) Adenocarcinoma patients. Bacteria were cultured from tissues as de-
scribed above, and sera were screened for H. pylori-specific IgG and IgA anti-
bodies by the use of in-house ELISAs (21) and a Pyloriset EIA-G III ELISA
(Orion Diagnostica, Espoo, Finland). Two of the seven patients included in the
study were both culture positive and positive by at least one of the ELISAs, and
the remaining patients were positive by at least two of the ELISAs.

Isolation of lymphocytes. Tissues collected from H. pylori-positive cancer pa-
tients were cut into small pieces after the removal of the muscle and fat layers.
The epithelium and the intraepithelial lymphocytes were removed from the
biopsies or resected tissues by incubation in prewarmed (37°C) Hank’s balanced
salt solution without calcium or magnesium containing 1 mM EDTA and 1 mM
dithiothreitol six times for 15 min each (stomach tissue) or four times for 15 min
each (duodenal biopsies). Lamina propria lymphocytes (LPLs) were isolated by
stirring the remaining tissue in a collagenase-DNase solution (100 U of collage-
nase/ml [Sigma] and 0.1 mg of DNase/ml [Sigma]) at 37°C for 2 h. The cell
suspension was then filtered through mesh, and the number of lymphocytes was
counted under a microscope. Initial experiments showed that this cell isolation
protocol gave a maximal yield of cells, with little of the epithelium remaining in
the lamina propria fraction, and that the isolation procedure had no or only
marginal effects on the expression of different cell surface markers.

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized
venous blood or buffy coats by density gradient centrifugation on Ficoll-Paque
(Amersham Biosciences, Uppsala, Sweden). CD4� and CD8� T cells were
isolated by positive selection from the PBMCs by the use of magnetic beads
(Dynabeads; Dynal AS, Oslo, Norway).

IHC. IHC was performed as previously described (31). Briefly, 8-�m-thick
cryosections were stained with specific monoclonal antibodies against CD4 and
CD25 (both from Dako, Roskilde, Denmark), and the number of positive mono-
nuclear cells (MNC) in the lamina propria in each entire section was enumerated
under a microscope with randomly coded slides. The total area of the sections
was determined with Qwin software (Leica Microsystems, Cambridge, United
Kingdom), and the number of positive cells was expressed as the number of
MNC per square millimeter of total tissue area. For the preparation of cytospin
slides, 5 � 105 CD4� or CD8� peripheral blood T cells were spun down onto
each microscope slide. After fixation in acetone, the cells were stained for CD25
expression according to the same protocol as that for cryosections.

Flow cytometric staining, analysis, and sorting. LPLs (5 � 104 to 5 � 105

cells/sample) or PBMCs (105 cells/sample) were stained for FCM analysis of
various cell surface markers with combinations of the following antibodies:
anti-CD3–fluorescein isothiocyanate (anti-CD3–FITC), anti-CD45RA–FITC,
anti-CD62L–phycoerythrin (anti-CD62L–PE), anti-CD25–PE, anti-CD25–allo-
phycocyanin (anti-CD25–APC), anti-CD69–APC, anti-CD4-peridinin chloro-
phyll protein (all from BD Pharmingen, San Diego, Calif.), and anti-CD8–APC
(Diatec, Oslo, Norway). For intracellular staining, LPLs (1 � 105 to 2 � 105

cells/sample) or PBMCs (5 � 105 cells/sample) were permeabilized with Cytofix/
Cytoperm solution (BD Pharmingen) and stained with an anti-CTLA-4–PE
antibody (BD Pharmingen). All cells were fixed in formaldehyde before FCM
analysis, which was performed in a FACSCalibur instrument equipped with blue
and red lasers (BD Pharmingen).

The FCM data were analyzed with FlowJo software (Tree Star Inc.). Lym-
phocytes were gated via their forward and side scatter properties, and T cells
were identified based on their expression of CD4 and/or CD8. Control samples
showed that the contamination of CD3� cells in the CD4 and CD8 gates was
negligible (�0.5%). The number of CD4� T cells isolated from 8.5 pooled
biopsies from each individual was estimated by multiplying the frequency of
CD4� T cells detected by FCM with the total number of isolated lymphocytes.

To discriminate between CD25high Treg and CD25low activated effector-mem-
ory T cells, we used CD25 expression on CD8� cells as an internal control (Fig.
1). CD8� cells only express intermediate levels of CD25 (CD25low), whereas
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CD4� T cells express CD25 with high (CD25high) or intermediate (CD25low)
intensities. Only CD4� cells expressing CD25 with higher intensities than the
CD8� cells were included in the gate for CD25high cells. The gate for CD25low

cells was set to include cells expressing CD25 at levels above those of the isotype
control and unstained cells but at lower expression levels than the CD25high cells.
For the other markers, unstained cells and cells stained with isotype-matched
control antibodies served as controls.

To sort cells into CD4� CD25high, CD4� CD25low, and CD4� CD25� frac-
tions, we labeled LPLs and PBMCs with anti-CD25–APC, anti-CD4–FITC, anti-
CD8–PE, and anti-CD19–PE (all from BD Pharmingen) and sorted them in a
FACSVantage SE instrument (BD Pharmingen) operating at a sheath pressure
of 22 lb/in2. After sorting, the CD25high fraction contained 	87% CD25high cells
(median purity, 93%) and the CD25low and CD25� fractions contained �3%
CD25high cells (median contamination, 0.1%).

T-cell stimulation. Sorted cells were stimulated (5 � 104 cells/well) with plate-
bound anti-CD3 and soluble anti-CD28 antibodies as previously described (7), ex-
cept for the anti-CD28 antibody concentration, which was 0.5 �g/ml in the present
study. The cells were then cultured at 37°C in 5% CO2 in Iscove’s medium supple-
mented with 3 �g of L-glutamine/ml, 50 �g of gentamicin/ml, and 5% human AB�

serum for 5 days.
Expression analysis of FOXP3. Total RNAs were isolated from sorted cells by

use of a total RNA extraction kit for mammalian RNA (Sigma Aldrich, St. Louis,
Mo.), and cDNAs were synthesized by use of an oligo(dT) primer and a Sensi-
script RT-PCR kit (Qiagen, Hilden, Germany).

Multiplex PCRs were performed with the FOXP3 primers 5
-CAGCACATT
CCCAGAGTTCCTC-3
 and 5
-GCGTGTGAACCAGTGGTAGATC-3
 and
the �-actin primers 5
-AGCACTGTGTTGGCGTACAG-3
 and 5
-GGACTTC
GAGCAAGAGATG-3
 under standard PCR conditions (1.5 mM MgCl2 and 2
�l of cDNA). The PCRs were denatured at 94°C (5 min) and amplified by 30 to
35 cycles of 94°C (30 s), 55°C (30 s), and 72°C (30 s), followed by a final extension
at 72°C (5 min). The PCR products were separated in polyacrylamide gels
(Novex 4 to 20% TBE gels; Invitrogen) and then silver stained (Plus One DNA
silver staining kit; Amersham Biosciences).

FOXP3 mRNA levels were quantified by real-time PCRs performed in a
LightCycler instrument (Roche Diagnostics, Mannheim, Germany) by use of a
LightCycler FastStart DNA master SYBR green I kit (Roche Diagnostics) and
the FOXP3 primers 5
-CAGCACATTCCCAGAGTTCCT-3
 and 5
-GCGTGT
GAACCAGTGGTAGAT-3
. GAPDH was used as an endogenous reference
gene for relative quantification and was amplified with the primers 5
-GGCTG
CTTTTAACTCTGG-3
 and 5
-GGAGGGATCTCGCTCC-3
. The PCR cycling
conditions were as follows: 95°C for 10 min followed by 45 cycles of 95°C (15 s),
65°C (7 s), and 72°C (10 s). All samples were run in duplicate, and a melting
curve analysis was performed to ensure the specificity of the primers. Data were
collected with LightCycler data analysis software (Roche Diagnostics), and
LightCycler relative quantification software (Roche Diagnostics) was used to
calibrate normalized relative quantification. FOXP3-expressing CD4� CD25� T
cells from blood were used as a positive control.

Statistical analysis. The Mann-Whitney test was used to evaluate differences
between the study groups. P values of �0.05 were considered significant.

RESULTS

Increased numbers of CD4� T cells in H. pylori-infected
antral mucosae. The numbers of CD4� T cells in H. pylori-
infected mucosae were determined for biopsies from antra and
duodena of asymptomatic H. pylori-positive subjects and H.
pylori-negative control individuals. All H. pylori-positive indi-
viduals had moderate chronic gastritis, and an infiltration of
neutrophils was observed for the majority of the individuals.
No signs of gastritis were detected in the H. pylori-negative
subjects. About threefold higher numbers of lymphocytes (P �
0.02) and CD4� T cells (P � 0.008) were isolated from H.
pylori-positive than from H. pylori-negative gastric mucosae
(data not shown). In H. pylori-positive individuals, �60% of
the CD3� T cells were CD4�, whereas only �30% of these
cells were CD4� in H. pylori-negative individuals. In agree-
ment with the FCM data, an IHC analysis of the antral lamina
propria showed an approximately twofold average increase in
the numbers of infiltrating CD4� T cells in H. pylori-positive
individuals compared to H. pylori-negative controls, although
this difference was not statistically significant (P 	 0.05; data
not shown). Six of eight asymptomatic H. pylori-positive vol-
unteers also showed signs of mild duodenitis. However, similar
numbers of lymphocytes were isolated from the duodena of H.
pylori-positive and -negative individuals, and the numbers of
CD4� T cells detected by FCM and IHC for this site were
comparable for the two study groups.

Lamina propria T cells display the phenotype of activated
memory cells. The vast majority of T cells isolated from the
mucosa were found to have a memory phenotype (CD45RA�

L-selectin�/� or CD45RA� L-selectin�) (23). The frequencies
of memory cells were comparable for H. pylori-positive and
-negative individuals and were similar in the antrum (	93%)
and the duodenum (	99%). The mucosal T cells also ex-
pressed the early activation marker CD69 to a large extent
(78% of CD4� cells and 86% of CD8� cells [median values]),
with similar frequencies in the antrum and duodenum and for
H. pylori-positive and -negative subjects. In contrast, in the
blood of all individuals, �10% of the T cells were CD69�.
Substantial proportions of both CD4� (32%) and CD8� (18%)
lamina propria T cells were CD25low, i.e., they were activated
memory or effector T cells, with comparable frequencies for H.
pylori-positive and -negative individuals and in the antrum
and the duodenum, whereas slightly smaller proportions of
CD25low cells were found in peripheral blood (16% of CD4�

cells and 8% of CD8� cells [median values]).
CD4� CD25high CTLA-4-expressing cells in H. pylori-in-

fected mucosa. FCM showed that the frequencies of CD25high

cells among CD4� cells from both the antrum and the duode-
num were increased three- to fourfold in H. pylori-positive
individuals compared to H. pylori-negative controls (Fig. 2A
and B), whereas the proportions of CD4� CD25high cells were
similar in the blood for the two study groups. To support the
hypothesis that the mucosal CD4� CD25high cells were Treg

cells, we analyzed their intracellular expression of CTLA-4 by
FCM (17, 35) (Fig. 2C). In antra and duodena of H. pylori-
positive individuals, 93 and 61%, respectively, of the CD4�

CD25high cells expressed CTLA-4, in contrast to 47 and 12% of
the CD4� CD25low cells (median values). In the blood, only
25% of the CD25high and 4% of the CD25low CD4� cells were

FIG. 1. Gating approach for discrimination of CD25high, CD25low,
and CD25� cells. Cells were labeled with antibodies against CD4,
CD8, and CD25 and then analyzed by FCM. For this example, the
CD25 expression on CD4� and CD8� T cells from the antral mucosa
of an H. pylori-positive individual was analyzed in a single plot. The
gates for the CD25high and CD25low populations were set by comparing
the CD25 expression levels of CD4� and CD8� cells, as described in
Materials and Methods.
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CTLA-4�. Antral and duodenal CD4� CD25high cells also
expressed significantly lower levels of CD4 (exemplified in Fig.
2A) and CD69 (not shown) than did CD4� CD25low cells,
further distinguishing the CD4� CD25high population from
activated effector T cells.

FOXP3 expression is specific for CD4� CD25high cells in
both blood and mucosa. Previous studies showed that CD4�

CD25high cells, but not CD4� CD25low or CD4� CD25� cells,
have a suppressive activity (2, 4). However, after activation,
some effector T cells may acquire the CD25high phenotype
without gaining a suppressive function (17). To verify that the
mucosal CD4� CD25high cells were Treg cells, we used reverse
transcriptase PCR (RT-PCR) to analyze the expression of the
FOXP3 gene, which has been shown to be expressed by cells
with regulatory functions in both humans and mice (9, 10, 15,
16, 34).

In initial experiments with sorted CD4� cells from human
blood, we demonstrated that CD25high cells expressed at least
10-fold higher levels of FOXP3 mRNA than did CD25low or
CD25� cells (Fig. 3A and B). After 5 days of stimulation with
anti-CD3 and anti-CD28 antibodies, CD25high cells continued
to express FOXP3, although at somewhat lower levels (Fig. 3C
and D). Little FOXP3 mRNA could be detected in stimulated
CD25low or CD25� cells (Fig. 3C and D), although both cell
fractions had up-regulated their CD25 expression (Fig. 3E).
Thus, our results support the notion that FOXP3 is a specific
marker for human CD4� CD25high Treg cells.

We then analyzed the expression of FOXP3 mRNA in CD4�

CD25high, CD4� CD25low, and CD4� CD25� cells that were
isolated and sorted from the antral and duodenal mucosae and
from the blood of H. pylori-positive individuals. FOXP3 mRNA
was detected in CD4� CD25high cells from the antrum, the
duodenum, and blood (Fig. 4), but little FOXP3 expression
could be detected in CD25low or CD25� cells in any of the
tissues analyzed. Thus, the same pattern of FOXP3 expression
was found among CD4� CD25high cells in the gastrointestinal
mucosa as that found in the blood, indicating that the CD4�

CD25high cell population is enriched in Treg cells in both the
mucosa and the blood.

CD4� CD25high T cells are localized throughout the lamina
propria. In an attempt to visualize the distribution of Treg cells
within the H. pylori-positive mucosa, we stained mucosal
cryosections for CD25 by IHC. CD25� cells were detected
throughout the mucosa (Fig. 5), but it was unclear whether
these cells were only CD25high or both CD25high and CD25low.
To address this question, we first compared the CD25 expres-
sion levels detected for isolated blood T cells by IHC and
FCM. An IHC analysis of purified CD4� T cells on cytospin
slides showed CD25 staining on �4% of the cells, whereas
CD8� blood T cells were completely negative for CD25 by this
method (Table 1). However, FCM analysis of isolated CD8�

cells demonstrated �5% CD25low cells within this population,
but these cells were not detected by the IHC method used.
Thus, these results suggest that most of the CD25� cells de-
tected in the mucosa by the IHC method were CD4� CD25high

cells.

FIG. 2. Expression of CD25 and CTLA-4 on T cells isolated from the antral and duodenal lamina propriae and peripheral blood of H.
pylori-positive asymptomatic individuals and H. pylori-negative controls. (A) CD25 expression detected by FCM on CD4� and CD8� T cells.
CD25high cells were gated as indicated in the figure, and the frequencies of CD4� cells expressing CD25high are shown by the numbers outside the
gates. The results shown are for one representative experiment of seven experiments with H. pylori-positive individuals and six experiments with
H. pylori-negative individuals. (B) Presence of CD4� CD25high cells in the antral and duodenal lamina propriae and peripheral blood of H.
pylori-positive and -negative individuals. Each symbol represents the percentage of CD25high cells among the CD4� lymphocytes for one individual,
and median values are indicated by horizontal bars. (C) Intracellular expression of CTLA-4 on CD4� CD25high, CD25low, and CD25� cells from
an H. pylori-positive individual. The results shown are from one representative experiment of three total experiments. Five thousand or more CD4�

cells and �250 CD4� CD25high cells were analyzed for each sample.
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We then compared CD25 analyses performed by FCM and
IHC with tissue material from the same patients. Calculations
of the ratios of CD25� cells per total number of CD4� cells
detected by IHC in serial tissue sections showed that the fre-
quencies of CD25� cells obtained by IHC were comparable to
the frequencies of CD25high cells detected by FCM for both the
antrum and the duodenum (Table 1). In contrast, the total
frequencies of CD25� cells detected by FCM (CD25high and
CD25low combined) were severalfold higher than the frequen-
cies of CD25� cells detected by IHC. Thus, these results con-
firmed that the majority of the CD25� cells detected by the
IHC method used were CD4� CD25high cells.

Taken together, our IHC analyses of mucosal biopsies

showed that CD25high T cells were present throughout the
lamina propria in both antra (Fig. 5) and duodena of H. pylori-
positive individuals, whereas very few mucosal CD25high cells
were found in H. pylori-negative controls. In infected gastric
mucosae, most of the CD25high cells were localized outside the
gastric lymphoid follicles, although a few positive cells could
also be detected inside follicles for a small number of volun-
teers.

Increased frequencies of CD4� CD25high cells in cancer
tissue from gastric adenocarcinoma patients. The three meth-
ods used, i.e., FCM, IHC, and FOXP3 mRNA analysis, dem-
onstrated the presence of T cells with a Treg phenotype in the
gastrointestinal mucosae of asymptomatic H. pylori-positive in-
dividuals. These findings prompted us to also study the pres-
ence of such cells in H. pylori-positive patients with gastric
adenocarcinoma or duodenal ulcers, two diseases that have
been shown to be highly associated with H. pylori infection (8).

In the gastric mucosae of adenocarcinoma patients, histo-
logically non-cancer-affected tissues contained comparable fre-
quencies of CD4� CD25high cells as the antral mucosae of
asymptomatic H. pylori-positive individuals, as determined by
FCM (Fig. 6A and B) and IHC (not shown). Furthermore,

FIG. 3. Expression of FOXP3 and CD25 by CD4� T cells from
peripheral blood. Peripheral blood T cells were sorted into CD4�

CD25high, CD4� CD25low, and CD4� CD25� cell fractions, and the
expression of FOXP3 and CD25 before and after stimulation with
anti-CD3 and anti-CD28 antibodies was determined. (A and C)
FOXP3 mRNA as well as mRNA for the housekeeping gene �-actin
was detected by RT-PCR, and the PCR products were visualized in
silver-stained polyacrylamide gels. Results for one representative ex-
periment of three total experiments are shown. (B and D) Expression
levels of FOXP3 were determined by real-time PCR and were related
to the level of the housekeeping gene GAPDH. The values shown are
arithmetic means plus standard errors of the means (SEM) (n � 3).
(E) CD25 expression on sorted cells, as determined by FCM. The
results shown are from one representative experiment of three total
experiments.

FIG. 4. FOXP3 expression by CD4� T cells isolated from antral
and duodenal lamina propriae and peripheral blood from asymptom-
atic H. pylori-positive individuals. T cells were sorted into CD4�

CD25high, CD4� CD25low, and CD4� CD25� cell fractions, and the
expression of FOXP3 mRNA was determined. (A) FOXP3 mRNA as
well as mRNA for the housekeeping gene �-actin was detected by
RT-PCR, and the PCR products were visualized in silver-stained poly-
acrylamide gels. Results for one experiment of two total experiments
are shown. (B) Expression levels of FOXP3 were determined by real-
time PCR and were related to the level of the housekeeping gene
GAPDH. The values shown are arithmetic means plus SEM (n � 2).
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both methods showed that the cancer tissue was infiltrated by
approximately threefold more CD4� CD25high cells than the
surrounding normal tissue. As seen for asymptomatic H. pylori-
positive individuals, gastric CD4� CD25high cells isolated from
cancer patients expressed high levels of FOXP3 mRNA (Fig.
6C) and CTLA-4 (data not shown).

Increased frequencies of mucosal CD4� CD25high T cells in
duodenal ulcer patients. Using IHC, we have previously shown
increased numbers of mucosal CD25� cells in both asymptom-
atic individuals and duodenal ulcer patients compared to H.
pylori-negative controls (31). Due to problems with recruiting
duodenal ulcer patients for our new study, we could not per-
form FCM or FOXP3 mRNA analysis on freshly isolated cells
from this patient group. However, our demonstration that
mainly CD4� CD25high cells are detected by our IHC method
and that mucosal CD4� CD25high cells have a Treg phenotype
enables interpretation of the IHC data from duodenal ulcer
patients in a new way (Table 2). Calculations of the ratios of
CD25� cells per total number of CD4� cells detected in the
lamina propria revealed increased proportions of CD4�

CD25high cells in both antra and duodena from duodenal ulcer
patients compared to H. pylori-negative controls. No major
differences in the frequencies of CD25high cells were detected

between duodenal ulcer patients and individuals with asymp-
tomatic H. pylori infections.

DISCUSSION

CD4� CD25� Treg cells were first described to be important
for the maintenance of self-tolerance (26), but recent studies
suggest that Treg cells also play a role in immune responses to
infections (22). We recently demonstrated a role for Treg cells

FIG. 5. CD25 expression in the antrum of an H. pylori-positive
asymptomatic individual, as detected by IHC. Cryosections were
stained for CD25 and analyzed under a microscope. Arrows indicate
CD25� MNCs. Original magnification, �400.

FIG. 6. Expression of CD25 and FOXP3 by lamina propria T cells
isolated from histologically normal and cancer-affected stomach mu-
cosae of H. pylori-positive gastric adenocarcinoma patients. (A) CD25
expression on gated CD4� and CD8� T cells. The results shown are
from one representative experiment each of seven experiments with
healthy tissue and five experiments with cancer tissue. (B) Presence of
CD4� CD25high cells in healthy and cancer-affected stomach mucosae.
Each symbol represents the percentage of CD25high cells among the
CD4� lymphocytes from one individual, and median values are indi-
cated by horizontal bars. For FCM, �3,500 CD4� cells and �150
CD4� CD25high cells were analyzed for each sample. (C) Expression
levels of FOXP3 in sorted CD4� CD25high, CD4� CD25low, and CD4�

CD25� cells isolated from histologically normal stomach mucosa were
determined by real-time PCR and then related to the level of the
housekeeping gene GAPDH. The values shown are arithmetic means
plus SEM (n � 2).

TABLE 1. Comparison of IHC and FCM for detection of CD25high cellsa

Analysis method Sample type % CD25� by
IHC

% CD25high

by FCM
Ratio of IHC/FCM

data
% CD25total

by FCM

Blood cytospin CD4� PBMCs 4.0 (2.8–11.0) 2.2 (1.4–5.0) 2.0 (1.8–2.2) 9.7 (8.2–29.7)

CD8� PBMCs 0.0 (0.0–0.0) 0.1 (0.1–0.2) 4.5 (4.2–5.9)

Tissue sections Antrum (H. pylori positive) 8.0 (3.9–10.4) 5.9 (5.8–8.2) 0.9 (0.7–1.3) 39.1 (28.7–44.4)

Duodenum (H. pylori positive) 3.8 (3.8–7.2) 4.3 (3.7–5.5) 1.0 (0.4–1.9) 44.3 (24.9–53.1)

a IHC data are given as ratios (%) between the numbers of CD25� and CD4� cells per square millimeter of tissue. FCM data are given as frequencies (%) of
CD25high cells among CD4� T cells. For PBMCs, n � 3, and data are medians (and ranges). For antral and duodenal samples, n � 7, and data are medians (and
quartiles).
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in H. pylori infection in that impaired CD4� memory T-cell
responses to H. pylori antigens observed in the peripheral
blood of H. pylori-positive individuals could be restored by the
depletion of CD4� CD25high Treg cells (20). The present study
was designed to evaluate whether Treg cells are present at the
site of infection and inflammation in H. pylori-positive individ-
uals. Using FCM, IHC, and gene expression analysis, we were
able to identify CD4� CD25high T cells expressing the Treg-
associated markers FOXP3 and CTLA-4 in both gastric and
duodenal mucosae of H. pylori-positive individuals. The
CD25high cells corresponded to about 5% of all CD4� T cells
at these sites, whereas only 1 to 2% of the CD4� cells in
uninfected gastric and duodenal mucosae were CD25high cells.
For humans, experiments with sorted CD4� CD25high and
CD4� CD25low cells have clearly demonstrated that the sup-
pressor function resides within the CD25high cell fraction,
whereas CD25low cells lack a regulatory capacity and are likely
activated effector or memory T cells (2, 4, 35). However, when
CD4� CD25� cells are activated in vitro, their CD25 expres-
sion may increase, although the cells remain nonsuppressive
(17). Little is known about the in vivo situation, but a recent
study of Treg cells that were isolated from the synovial fluid of
patients with rheumatoid arthritis suggested that even under
inflammatory conditions, the CD25high fraction is still enriched
in functionally suppressive Treg cells compared to the CD25low

cell fraction (4). Since tissue-resident Treg cells are not readily
accessible in large enough numbers to enable functional test-
ing, more specific Treg markers are needed for the identifica-
tion of such cells. The most Treg-specific marker identified so
far is expression of the FOXP3 gene, which is a key regulator
for the development and function of Treg cells (10, 15, 16). In
the present study, we confirmed previous results (9, 34) show-
ing that CD4� CD25high cells from human blood express
high levels of FOXP3 mRNA, whereas FOXP3 expression in
CD25low or CD25� cells is considerably lower. We further
demonstrated that T cells with induced CD25 expression as a
result of in vitro activation do not express FOXP3 mRNA. Our
results are in agreement with recent results by Fantini et al. (9),
who showed that activation alone is not sufficient to induce
FOXP3 expression. In contrast to these results, Walker et al.
have shown that activated CD25� T cells that become CD25�

start to express FOXP3 (34). However, since the CD25�

FOXP3-expressing cells induced in the study by Walker et al.
also gained suppressive activity, which has not been observed
by others (17), it is likely that special cell-sorting criteria, stim-
ulatory signals, and/or culture conditions may explain the dis-
parate results obtained in that study. Importantly, both Fantini

et al. and Walker et al. demonstrated a link between FOXP3
expression and suppressive activity, although the means by
which the expression could be induced differed for the two
reports. Thus, both studies support the use of FOXP3 expres-
sion as a marker for T cells with a regulatory function.

When analyzing mucosal T cells, we found that they had the
same pattern of FOXP3 expression as peripheral blood CD4�

cells. Thus, high levels of FOXP3 mRNA were detected in
CD4� CD25high cells, whereas only low levels of FOXP3 ex-
pression were found in CD4� CD25� and CD4� CD25low

cells. The mucosal CD4� CD25high cells also expressed high
levels of CTLA-4 and low levels of CD4 protein, which is
characteristic of circulating Treg cells. It is interesting that the
mucosal CD25low cells, which likely represent cells that have
been activated in vivo, only expressed low levels of FOXP3
mRNA. This supports our in vitro data showing that FOXP3
expression is not induced in CD25low or CD25� cells upon
activation and strengthens the association between Treg cells
and this marker. We therefore believe that the majority of the
cells within the mucosal CD4� CD25high cell population are
indeed Treg cells and that the infected antral and duodenal
mucosa, which contains increased frequencies of CD4�

CD25high cells compared to uninfected mucosa, is thus en-
riched in Treg cells.

Previous studies of the mucosal T-cell response to H. pylori
have shown a local production of gamma interferon, but not
interleukin-4, suggesting that the response is of the Th1 type
(18). Vaccination studies with mice indicate that a shift to-
wards a Th2 response can result in reduced bacterial coloni-
zation (6), but it is clear that the T-cell response induced by the
infection is unable to eliminate the bacteria. We believe that
the inefficient immune response and the persistence of infec-
tion may be explained, at least in part, by immune suppression
mediated by Treg cells. In support of this, studies with a mouse
model of H. pylori infection recently showed that CD4�

CD25� Treg cells suppress H. pylori-induced Th1-type T-cell
responses and the development of gastritis, but at the expense
of higher bacterial loads in the gastric mucosa (25). The role of
Treg cells in promoting the persistence of chronic infections is
further supported by studies of individuals with chronic viral,
bacterial, or parasitic infections, for whom T cells with regu-
latory activities have been found in peripheral blood (1, 22).
Furthermore, Treg cells can mediate the long-term persistence
of Leishmania major (3) and Pneumocystis carinii (14) infec-
tions in mice and can contribute to immune suppression during
malarial infections (13).

In asymptomatic individuals, Treg cells may help to maintain
a balance between bacterial colonization and inflammation,
preventing disease development, and any alteration in Treg cell
activity may disturb this balance and contribute to disease.
Previous observations that duodenal ulcer patients have lower
epithelial cytokine expression levels (30), increased numbers of
CTLA-4� cells (31), and higher bacterial loads (12) in the
duodenum than asymptomatic individuals suggest that duode-
nal immune suppression may occur in duodenal ulcer patients.
We have previously shown by IHC that duodenal ulcer patients
have an increased expression of CD25 in both the gastric and
duodenal mucosae compared to uninfected controls (31).
When comparing the CD25 expression levels detected by FCM
and IHC in the present study, we observed that the majority of

TABLE 2. Frequencies of CD25� cells among CD4� cells from
H. pylori-negative (Hp�) individuals, asymptomatic H. pylori-positive

individuals (Hp� AS), and H. pylori-positive duodenal ulcer
patients (Hp� DU), as detected by IHC

Sample site
Frequency of CD25� cells

Hp� Hp� AS Hp� DU

Antrum 0.0 (0.0, 2.1) 3.1* (1.0, 14.6) 5.5* (3.2, 13.1)
Duodenum 0.6 (0.0, 1.1) 3.6* (1.2, 10.8) 6.7* (4.2, 13.9)

Data are given as ratios (%) between the numbers of CD25� and CD4� cells
per square millimeter of tissue. Data are medians (with quartiles). n � 10 for all
study groups. *, P � 0.05 versus H. pylori-negative group.
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the cells detected with our IHC method were indeed CD4�

CD25high cells. Thus, our data suggest that duodenal ulcer
patients have increased frequencies of mucosal Treg cells both
in the antrum and in the duodenum compared to H. pylori-
negative controls. However, we found no major differences in
the frequencies of CD25high cells in duodenal ulcer patients
and asymptomatic individuals, but further studies are needed
to determine the functional activity of CD4� CD25high cells
and their influence on surrounding cells in these two study
groups.

We also found increased frequencies of CD4� CD25high

cells in the stomachs of H. pylori-positive patients with gastric
adenocarcinoma compared to uninfected controls and three-
fold-more CD4� CD25high cells in the cancer tissue than in the
surrounding healthy tissue or in gastric tissues from asymptom-
atic individuals. The CD4� CD25high cells isolated from the
gastric mucosae of cancer patients had the same phenotype as
CD4� CD25high cells from the mucosae of asymptomatic indi-
viduals, expressing high levels of FOXP3 and CTLA-4, suggest-
ing that they have a regulatory function. This is interesting, as
studies with mice support a role for Treg cell-mediated immu-
nosuppression in cancer development. Thus, the elimination of
CD4� CD25� Treg cells has been shown to evoke effective
tumor immunity in otherwise nonresponding mice and to lead
to an enhanced immunogenicity of tumor vaccines (26). Fur-
thermore, large populations of CD4� CD25� cells with a func-
tional regulatory capacity have been found in tumors from
patients with pancreatic or breast adenocarcinoma (19) as well
as from patients with lung cancer (37). Future studies will
clarify whether the manipulation of Treg cells may be used for
tumor immunotherapy in humans.

In conclusion, this study demonstrates the presence of in-
creased populations of CD4� CD25high T cells with a regula-
tory phenotype in the mucosae of individuals with asymptom-
atic H. pylori infections as well as in the mucosae of H. pylori-
positive patients with duodenal ulcers or gastric
adenocarcinoma. These cells have the potential to actively
suppress immune responses against the bacteria and thereby
contribute to the persistence of the infection. The identifica-
tion of regulatory T cells at the site of a chronic infection in
humans may also have important implications for the under-
standing of immune responses to other chronic infections.
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