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CD4� CD45RBhi CD25� effector T cells (TE) promote Helicobacter pylori gastritis in mice, and CD4�

CD45RBlo CD25� regulatory T cells (TR) are anti-inflammatory. Using adoptive transfer into H. pylori-infected
Rag2�/� mice, we evaluated effects of wild-type (wt) C57BL/6 or congenic interleukin-10-deficient (IL-10�/�)
TR cells on gastritis, gastric cytokines, and H. pylori colonization. Infected Rag2�/� mice colonized in the
corpus and antrum with 105 to 106 H. pylori CFU/gram without associated gastritis. TE cell transfer caused
morbidity and an H. pylori-independent pangastritis and duodenitis (gastroduodenitis) associated with in-
creased expression of gamma interferon (IFN-�) and tumor necrosis factor alpha. TE cell transfer to H.
pylori-infected mice led to additive corpus gastritis associated with inflammatory cytokine expression and
reduced colonization. wt TR cells reduced morbidity, H. pylori corpus gastritis, gastroduodenitis, and inflam-
matory cytokine expression and reversed the decline in H. pylori colonization attributable to TE cells. Although
less effective than wt TR cells, IL-10�/� TR cells also reduced morbidity and gastroduodenitis but did not
reduce H. pylori corpus gastritis or impact TE cell inhibition of colonization. Gastric tissues from mice receiving
wt TR cells expressed higher levels of Foxp3 compared to recipients of IL-10�/� TR cells, consistent with lower
regulatory activity of IL-10�/� TR cells. These results demonstrate that wt TR cells suppressed TE-cell-
mediated H. pylori-independent gastroduodenitis and H. pylori-dependent corpus gastritis more effectively than
IL-10�/� TR cells. Compartmental differences in TE-cell- and H. pylori-mediated inflammation and in regula-
tory effects between wt TR and IL-10�/� TR cells suggest that IL-10 expression by wt TR cells is important to
regulatory suppression of gastric inflammation.

Helicobacter pylori infects the human stomach and causes
gastritis, with a subset of patients developing peptic ulcer dis-
ease, gastric carcinoma, and gastric mucosa-associated lym-
phoid tissue lymphoma (20, 32). Infection of C57BL/6 mice
with H. pylori or Helicobacter felis results in chronic active
gastritis (26, 27) and has been used to study the immune basis
of H. pylori-induced gastritis. Helicobacter infections in hu-
mans and mice induce a Th1-predominant immune response
with activation of CD4� T lymphocytes and expression of
proinflammatory cytokines such as gamma interferon (IFN-�)
(24, 30). This cell-mediated immunity results in gastritis char-
acterized by mononuclear cell infiltrates, mucosal hyper-
plasia, and intestinal metaplasia. In contrast, immunodeficient
B6.129S7-Rag1tm1Mom mice that lack mature B and T cells
colonized at high density with H. felis but developed only min-
imal gastritis (37), indicating the importance of the adaptive
immune response to helicobacter-associated gastric disease.

Recent data have demonstrated that different subpopula-
tions of CD4� T lymphocytes play diverse roles in mediating
and regulating H. pylori-induced gastritis. In B6.CB17-Prkdcscid

mice, adoptive transfer of wild-type (wt) CD4� CD45RBhi

effector T (TE) cells from naı̈ve donors caused severe gastritis

in H. pylori-infected recipients, while cotransfer of wt CD4�

CD45RBlo regulatory T (TR) cells protected against develop-
ment of gastritis (11). TR cells have also been defined by
expression of the interleukin-2 (IL-2) receptor � chain and
Foxp3 (4), the forkhead transcription factor critical to thymic
selection of CD4� CD25� TR cells (21). Depletion of CD25�

Foxp3� TR cells in H. pylori-infected C57BL/6 mice led to loss
of immune regulation and more severe gastritis (34), as did
adoptive transfer of lymphocytes depleted of CD4� CD25�

cells into H. pylori-infected B6.Cg-Foxn1nu (nu/nu) recipients
(35). Of the many T-cell subsets with ascribed regulatory func-
tion (22), cell sorting experiments commonly use CD4�

CD25� CD45RBlo as naturally occurring TR cells. However,
the mechanism(s) for regulation by this type of TR cell is not
fully understood.

In adoptive transfer models using coadministration of wt TE

cells and wt or IL-10-deficient (IL-10�/�) TR cells, IL-10 has
been shown to be essential for the function of TR cells in
suppressing inflammatory bowel disease, dysplasia, and cancer
of the colon (3, 13). Based on this evidence, we evaluated H.
pylori gastritis in B6.129S6-Rag2tm1Fwa (Rag2�/�) mice that
had received wt CD4� CD25� CD45RBhi TE cells and CD4�

CD25� CD45RBlo TR cells from either wt C57BL/6 or con-
genic IL-10�/� mice. The results demonstrate that TE cells
mediated a gastroduodenitis in Rag2�/� mice independently
of H. pylori infection and that wt TR cells suppressed this lesion
to a greater extent than IL-10�/� TR cells. Only wt TR cells
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suppressed additive corpus gastritis attributable to H. pylori
infection. The data support compartmental differences in TE

and H. pylori-mediated inflammation of the stomach and dif-
ferences in regulatory effects between wt and IL-10�/� TR

cells, suggesting that IL-10 expression by wt TR cells is impor-
tant to regulatory suppression of gastric inflammation.

MATERIALS AND METHODS

Experimental groups. C57BL/6 wt cell donor mice and adoptive transfer
recipient Rag2 gene knockout mice (B6.129S6-Rag2tm1Fwa or Rag2�/�), back-
crossed 12 generations to B6 wt mice, were originally from Taconic Farms
(Germantown, NY). IL-10 knockout cell donor mice (B6.129P2-Il10tm1Cgn/J or
IL-10�/�), backcrossed 10 generations to B6 wt mice, were originally from the
Jackson Laboratory (Bar Harbor, ME). Mice were bred and maintained in a
facility accredited by the Association for Assessment and Accreditation of Lab-
oratory Animal Care in static microisolator cages under specific-pathogen-free
conditions as previously described (16). Male and female, 6- to 8-week old,
helicobacter-free Rag2�/� mice were randomly assigned to uninfected or H.
pylori-infected groups that were further subdivided 4 weeks later into groups that
received either no T cells, wt TE cells, or wt TE cells in combination with wt or
IL-10�/� TR cells. Helicobacter-free C57BL/6 mice were also dosed with the
same inoculum of H. pylori to confirm that the mouse-adapted strain induced
robust gastritis in wt mice. Some mice died acutely or were euthanized at earlier
time points due to declining body condition. Only data from mice surviving to the
predetermined necropsy time points of 16 and 20 weeks postinfection with H.
pylori (12 and 16 weeks postadoptive transfer, respectively) were analyzed. The
protocol was approved by the Committee on Animal Care of the Massachusetts
Institute of Technology.

H. pylori infection. H. pylori Sydney strain 1 was used for oral inoculation as
described previously (16, 19). H. pylori was grown for 24 h at 37°C under
microaerobic conditions in brucella broth with 10% fetal bovine serum. The
inoculum was suspended in phosphate-buffered saline to an optical density at 600
nm of 1.000 and then assessed by Gram stain and phase microscopy for purity,
morphology, and motility as well as for urease, catalase, and oxidase activity.
Mice were gavaged with 0.2 ml every other day for three doses. Control groups
were given 0.2 ml of phosphate-buffered saline.

Cell sorting and adoptive transfer. Single-cell suspensions from spleens and
mesenteric lymph nodes of wt or IL-10�/� mice were prepared as described
previously (12). In brief, CD4� cells were isolated by using CD4 Dynabeads and
CD4 DETACHaBEAD (Dynal, Oslo, Norway). Cells were then labeled with
anti-CD4-Cy, anti-CD45RB-fluorescein isothiocyanate, and anti-CD25-phyco-
erythrin antibodies (Pharmingen, La Jolla, CA) and then sorted by flow cytom-
etry (model Mo-flo; Cytomation Inc., Fort Collins, CO) to a purity of �95% for
wt TE cells (CD4� CD25� CD45RBhi) and wt or IL-10�/� TR cells (CD4�

CD25� CD45RBlo). Anesthetized Rag2�/� mice were injected in the retro-
orbital sinus with 3 � 105 TE cells alone or in combination with 3 � 105 wt or
IL-10�/� TR cells suspended in 200 �l of Hanks balanced salt solution.

Histological evaluation. At necropsy, the stomach and proximal duodenum
were removed and cut along the greater curvature. Linear gastric strips from the
lesser curvature were fixed overnight in 10% neutral-buffered formalin, embed-
ded, cut at 4 �m, and stained with hematoxylin and eosin (H-E). Lesions were
scored by a veterinary pathologist blinded to sample identity, as described pre-
viously (36). Total lesion indices were calculated by the addition of individual
scores for each assessment described in Table 1 except for mucous metaplasia
and hyalinosis, which have been observed to develop spontaneously in mice (23)
as well as from H. felis infection (15, 43).

Special stains and immunohistochemistry. Selective tissues were character-
ized using special stains and immunohistochemistry. Acidic (intestinal type)
mucins were demonstrated using pH 2.5 Alcian blue followed by periodic acid-
Schiff to stain remaining neutral (gastric type) mucins (36). Macrophages were
stained with monoclonal antibody F4/80 (1:150; Caltag Laboratories, Burlin-
game, CA) and with an avidin-biotin-peroxidase complex kit (Vector Laborato-
ries, Burlingame, CA) according to the manufacturer’s instructions.

RNA extraction and quantitative PCR for cytokine expression and Foxp3.
Stomach tissue was harvested and snap-frozen in liquid nitrogen. Total RNA was
extracted with Trizol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized
from 5 �g of total RNA using a High Capacity cDNA Archive kit (Applied
Biosystems, Forster City, CA). Levels of IFN-�, tumor necrosis factor alpha
(TNF-�), IL-4, IL-10, and Foxp3 were quantified with SYBR Green PCR re-
agent (QIAGEN, Valencia, CA) in an ABI Prism Sequence Detection System
7700 (Applied Biosystems) per the manufacturer’s instructions. Primers were
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designed by Lasergene software (DNASTAR, Madison, WI). Sequences of prim-
ers were as follows: for IFN-�, CATGGCTGTTTCTGGCTGTTACTG (forward
[F]) and GTTGCTGATGGCCTGATTGTCTTT (reverse [R]) annealing at
56°C; for TNF-�, CATCTTCTCAAAATTCGAGTGACAA (F) and TGGGAG
TAGACAAGGTACAACCC (R) annealing at 60°C; for IL-4, ACAGGAGAA
GGGACGCCAT (F) and GAAGCCCTACAGACGAGCTCA (R) annealing at
60°C; for IL-10, GGTTGCCAAGCCTTATCGGA (F) and ACCTGCTCCACT
GCCTTGCT (R) annealing at 60°C; for Foxp3, CCCAGGAAAGACAGCAA
CCTT (F) and CTCACAACCAGGCCACTTGCA (R) annealing at 60°C; for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),TCCATGACAACTTT
GGCATTG (F) and TCACGCCACAGCTTTCCA (R) annealing at 60°C. The
final concentration of each primer was 0.3 �M. Tenfold dilutions (107 to 101

copies) of each cytokine cDNA plasmid were used to generate standard curves.
Expression levels, presented as cytokine copy numbers or as ratios to GAPDH
(Foxp3), were normalized to the internal control (GAPDH).

Quantitative culture of H. pylori. Colonization of H. pylori in the stomach was
assessed by quantitative culture as described previously (16). Briefly, tissues from
corpus and antrum were weighed and homogenized in 250 �l of brucella broth
using a sterile glass tissue grinder. The homogenate was serially diluted 10- and
100-fold in brucella broth and plated onto selection plates containing 5% horse
blood, 250 �g/ml amphotericin B, 7 �g/ml bacitracin, 10.7 �g/ml nalidixic acid,
3.3 �g/ml polymyxin, and 100 �g/ml vancomycin. Plates were incubated mi-
croaerobically at 37°C for 7 days. Bacterial colonies were counted, and the
number of CFU per gram of tissue was calculated.

Statistical analysis. Morbidity between groups was compared by the log rank
test. Lesion scores were compared by a Mann-Whitney U test or by a Kruskal-
Wallis one-way analysis of variance with Dunnett’s test. Cytokine and Foxp3
expression levels and H. pylori colonization data (after log transformation) were
compared using the Newman-Keuls test. Statistical analysis was performed using
commercial software (Graphpad Prism 4.0; San Diego, CA) with significance at
a P value of �0.05.

RESULTS

Rag2�/� TE-cell-recipient mice developed morbidity and
gastroduodenitis independent of H. pylori infection. H. pylori-
infected and helicobacter-free control Rag2�/� mice that did
not receive cell transfers were clinically normal throughout the
20-week study period. In contrast, 7 of 10 uninfected TE-cell-
recipient and 3 of 12 H. pylori-infected TE-cell-recipient
Rag2�/� mice died acutely or developed diarrhea and declin-
ing body condition, necessitating early euthanasia between 4
and 12 weeks posttransfer of T cells (Table 1). All remaining
uninfected and H. pylori-infected Rag2�/� mice that had re-
ceived TE cells alone were necropsied at 12 weeks posttransfer
of T cells, which was also 16 weeks postinfection (wpi) with
H. pylori.

In all uninfected TE-cell-recipient Rag2�/� mice, the entire
alimentary tract including the stomach through the colon was
grossly edematous. The stomach and proximal duodenum from
all mice were evaluated histologically, and there was severe
pangastritis that involved the squamous and glandular com-
partments of the stomach with inflammation extending into the
proximal duodenum (Table 1 and Fig. 1). This TE-cell-medi-
ated gastroduodenitis was characterized by extensive infiltra-
tion of the mucosa and submucosa with lymphocytes, macro-
phages, eosinophils, and neutrophils. Other histological
changes included hypertrophy and orthokeratotic hyperkera-
tosis of the squamous portion of the stomach, as well as epi-
thelial defects, hyalinosis, and mucous metaplasia of the cor-
pus, along with mild blunting, atrophy, and fusion of duodenal
villi (Table 1 and Fig. 1). A consistent feature of the gastrodu-
odenitis was loss of Brunner’s glands through a combination of
atrophy and dysplasia, accompanied by metaplasia to a tubu-
loductular phenotype (Fig. 1). The bowel distal to the proximal

duodenum was examined histologically in three of these mice
and had inflammatory infiltrates in the cecum and colon (data
not shown), which is consistent with a previous report of TE-
cell transfer-associated colitis in Rag2�/� mice (8).

Adaptive immunity is required to develop H. pylori-associ-
ated gastritis. When evaluated at 20 wpi, the stomach and
intestinal tract of H. pylori-infected Rag2�/� mice appeared
grossly normal and were similar to those from uninfected
Rag2�/� mice. Histologically, H. pylori-infected Rag2�/� mice
developed only minimal corpus gastritis with scattered neutro-
phils (Table 1 and Fig. 2) and F4/80� macrophages in the
submucosa (not shown). H. pylori-infected wt mice were eval-
uated to confirm robust gastritis from infection with H. pylori
Sydney strain 1. These mice had moderate gross thickening of
the stomach, accompanied by histological lesions consisting of
significant infiltration with mononuclear cells and neutrophils,
epithelial defects, oxyntic atrophy, intestinal metaplasia, and
hyperplasia (Table 1) (P � 0.001), as previously reported (27).
These findings indicated that H. pylori-associated gastritis in
mice was promoted by adaptive immunity and that inflamma-
tion observed in H. pylori-infected, TE-cell-recipient Rag2�/�

mice was attributable to the inflammatory activity of donor TE

cells.
H. pylori infection exacerbated corpus gastritis in Rag2�/�

TE-cell-recipient mice. H. pylori-infected Rag2�/� mice that
received TE cells at 4 wpi and were necropsied at 16 wpi were
clinically affected to a similar degree as uninfected Rag2�/�

mice that received TE cells alone. Unexpectedly, H. pylori-
infected, TE-cell-recipient Rag2�/� mice had less mortality
than uninfected TE-cell recipients, with 9 of 12 mice surviving
to the time point of 16 wpi (P � 0.05) (Table 1). The infected
TE-recipient mice developed similar gross changes in the stom-
ach and intestinal tract with similar histological evidence of
gastroduodenitis (Table 1 and Fig. 2). However, corpus gastri-
tis was notably more severe in the H. pylori-infected TE-recip-
ient mice compared to the uninfected TE recipients (P � 0.05)
(Table 1). Otherwise, total lesion indices were similar (P 	
0.20) (Table 1) between H. pylori-infected and uninfected TE-
cell-recipient Rag2�/� mice, suggesting that TE cells mediated
the antral gastritis, duodenitis, and destruction of Brunner’s
glands. These results also indicate that H. pylori infection fur-
ther promoted the corpus gastritis that was superimposed on
H. pylori-independent gastroduodenitis.

Adoptive transfer of wt or IL-10�/� TR cells reduced mor-
bidity and gastroduodenitis, but only wt TR cells reduced se-
verity of H. pylori corpus gastritis. Clinical morbidity post-
transfer of TE cells into H. pylori-infected Rag2�/� mice was
less severe when either wt (P � 0.001) or IL-10�/� TR cells
(P � 0.01) were cotransferred (Table 1). Total lesion indices
for TE-cell-associated gastroduodenitis that developed inde-
pendently of H. pylori infection were lower in Rag2�/� mice
cotransferred with either wt TR (P � 0.001) or IL-10�/� TR

cells (P � 0.01) (Table 1). wt TR cells were more efficacious
than IL-10�/� TR cells in ameliorating antral gastritis (P �
0.01 and P � 0.10, respectively), Brunner’s gland destruction
(P � 0.01 and P � 0.05, respectively), and antral dysplasia (P �
0.01 and P � 0.05, respectively). Comparable to H. pylori-
infected wt mice, gastritis in the H. pylori-infected Rag2�/�

mice that received TE cells and either type of TR cells was
concentrated in the corpus (Table 1 and Fig. 2), with mild
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inflammation in adjacent compartments. Notably, the TE-cell-
mediated corpus pathology in H. pylori-infected Rag2�/� mice
was diminished to the greatest extent in mice that were co-
transferred with wt TR cells (P � 0.001), in contrast to the lack
of a significant effect of IL-10�/� TR cells on total lesion
indices. None of the individual pathology parameters charac-
terizing corpus gastritis were significantly different in H. pylori-
infected TE-cell-recipient mice given IL-10�/� TR cells from
infected mice that received TE cells alone (P 	 0.26 and
higher) (Table 1 and Fig. 2). Interestingly, cotransfer of wt TR

cells resulted in significantly greater mucous metaplasia of

parietal cells than the H. pylori-infected Rag2�/� mice that
received TE cells alone (P � 0.01) (Fig. 2).

Th1 cytokine responses were down-regulated to a greater
extent by wt than IL-10�/� TR cells. Consistent with the ab-
sence of gastritis, low levels of expression for IFN-�, TNF-�,
IL-4, and IL-10 were observed in gastric samples from unin-
fected and H. pylori-infected Rag2�/� mice that had not re-
ceived T cells (Fig. 3). TE-cell-associated gastroduodenitis was
accompanied by a significant up-regulation of IFN-�, TNF-�,
IL-4, and IL-10 (P � 0.001), regardless of H. pylori infection
status (P 	 0.2 and higher), indicating that TE cells were the

FIG. 1. Transfer of wt TE cells into Rag2�/� mice resulted in immune-mediated pangastritis and gastroduodenitis. (a) Normal squamous gastric
compartment of Rag2�/� mouse that did not receive TE cells. (b) TE-cell transfer resulted in inflammation of the squamous stomach with reactive
epithelial cell hypertrophy and plication of the surface mucosa. (c) TE-cell transfer also caused inflammation in the cardia and corpus. (d)
TE-cell-mediated gastritis of the glandular and oxyntic mucosa resulted in oxyntic atrophy characterized by loss of parietal and chief cells. (e)
Normal Brunner’s glands (arrow) in the proximal duodenum. (f) TE-cell transfer produced duodenitis with near-complete loss of Brunner’s glands
due to atrophy and tubuloductular metaplasia (arrow). H-E staining was used for these samples. Bar, 200 �m.
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main stimulus for cytokine expression. Notably, Th1-associated
IFN-� and TNF-� expression levels in gastric samples from
TE-cell-recipient, H. pylori-infected Rag2�/� mice were 2 logs
higher than Th2-associated IL-4 and IL-10 mRNA levels, con-
sistent with the proinflammatory response to gastric helico-
bacters (11, 14). H. pylori-infected Rag2�/� mice that received
TE plus wt TR cells had significantly lower expression levels of
IFN-�, TNF-�, IL-4, and IL-10 (P � 0.01 and lower) than
infected Rag2�/� mice that received TE cells only. Consistent
with amelioration of TE-cell-mediated gastroduodenitis, co-
transfer of IL-10�/� TR cells also lowered mRNA expression
for IFN-�, TNF-�, and IL-4 (P � 0.005 and lower), but a
decrease in IL-10 was not observed (P 	 0.51). The ability of
wt TR cells, and not IL-10�/� TR cells, to suppress corpus
gastritis was consistent with higher expression levels for IFN-�
(P � 0.05) (Fig. 3a) in recipients of IL-10�/� TR cells. Addi-
tionally, suppression of TNF-� mRNA levels was more signif-
icant in mice receiving wt than IL-10�/� TR cells (P � 0.01 and
P � 0.05, respectively) (Fig. 3b). Thus, Th1-predominant cy-
tokine responses in H. pylori-infected TE-cell-recipients were
suppressed by both wt and IL-10�/� TR cells, but suppression
was greatest in recipients of wt TR cells.

Foxp3 expression in gastric tissues was promoted to a
greater extent by wt than IL-10�/� TR cells. Uninfected and H.
pylori-infected Rag2�/� mice that did not receive TE cells had

no detectable expression of Foxp3 in gastric tissues (Fig. 3e).
Foxp3 expression levels were elevated in mice that received TE

cells (P � 0.05), and H. pylori infection did not further stimu-
late expression. Levels of Foxp3 were significantly higher in H.
pylori-infected mice that received wt TR cells (P � 0.001).
Foxp3 expression in tissues from recipients of IL-10�/� TR

cells was not further elevated over levels observed for H. pylori-
infected mice that received TE cells alone.

H. pylori colonization levels were reduced by TE cells and
maintained when wt TR cells were cotransferred. H. pylori
colonization levels have been reported to be inversely related
to the severity of associated chronic gastritis in mice (38).
Consistent with the absence of an inflammatory response, H.
pylori-infected Rag2�/� mice that did not receive T cells were
colonized at levels 3 to 5 logs higher in the corpus and antrum,
respectively, than in infected, TE-cell-recipient Rag2�/� mice
(Fig. 4) (P � 0.001). H. pylori-infected mice that received TE

and wt TR cells maintained colonization in the corpus at levels
similar to H. pylori-infected mice that did not receive TE cells
(P 	 0.18) (Fig. 4a). In contrast, H. pylori-infected mice that
received TE plus IL-10�/� TR cells had reduced corpus colo-
nization similar to infected mice that received TE cells alone
(P 	 0.43), suggesting that IL-10�/� TR cells failed to influ-
ence a TE-cell-mediated inhibition of H. pylori. In the antrum,
wt TR cells maintained higher colonization levels than in in-

FIG. 2. H. pylori infection in Rag2�/� mice with or without subsequent transfer of wt TE cells alone or in combination with wt or IL-10�/� TR
cells. (a) In the absence of T cells, H. pylori infection produced minimal to no gastritis. (b) H. pylori infection followed by transfer of TE cells
produced moderate to severe gastritis. (c) Cotransfer of wt TR cells ameliorated severity of gastric inflammation in H. pylori-infected, TE-cell-
recipient mice, but for unknown reasons, marked mucous metaplasia of parietal cells developed (arrow). (d) Cotransfer of IL-10�/� TR cells into
H. pylori-infected TE-cell-recipient mice decreased TE-cell-mediated antral gastritis, Brunner cell loss, and epithelial dysplasia but did not reduce
H. pylori-induced corpus gastritis. H-E staining was used for these samples. Bar, 200 �m.
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fected mice that received TE cells alone (P � 0.05), whereas
colonization in mice receiving TE and IL-10�/� TR cells was
similar to infected mice receiving TE cells alone (P 	 0.19)
(Fig. 4b).

DISCUSSION

Using T-cell transfer into H. pylori-infected Rag2�/� mice,
this study demonstrated that wt TR cells reduced TE cell-
mediated morbidity, H. pylori-dependent corpus gastritis, and
H. pylori-independent gastroduodenitis. The H. pylori-indepen-

dent gastroduodenitis was characterized by antral gastritis,
duodenitis, Brunner cell loss, and epithelial dysplasia. These
lesions have not been previously described in mice with heli-
cobacter infections and are consistent with autoimmune-like
disease (22). IL-10�/� TR cells also reduced TE-cell-mediated
morbidity and, to a lesser extent, H. pylori-independent gas-
troduodenitis. Notably, IL-10�/� TR cells did not reduce cor-
pus gastritis exacerbated by H. pylori infection, nor did IL-
10�/� TR cells reverse the TE-cell-mediated reduction in
H. pylori colonization levels. TE cells mediated a sufficiently
robust proinflammatory cytokine response that IFN-� and

FIG. 3. Mean expression levels of mRNA for IFN-� (a), TNF-� (b), IL-4 (c), IL-10 (d), and Foxp3 (e) were determined by quantitative PCR
in gastric tissues from uninfected and H. pylori-infected Rag2�/� mice subsequently transferred with wt TE cells alone or in combination with wt
or IL-10�/� TR cells. TE cells up-regulated the expression of Th1 cytokines (IFN-� and TNF-�) and Th2 cytokine (IL-4) with mRNA for Th1
cytokines expressed 1 to 2 logs higher than for Th2 cytokines. Cotransfer of TE plus wt or IL-10�/� TR cells suppressed expression of IFN-�, TNF-�,
and IL-4. IL-10 expression was up-regulated in TE-cell-recipient mice while concurrent transfer of wt TR but not IL-10�/� TR cells down-regulated
IL-10 expression. Foxp3 expression was significantly higher in mice that received TE cells. Cotransfer of wt TR cells resulted in a fourfold
up-regulation of Foxp3 expression which was significantly higher than that induced by IL-10�/� TR cells (P � 0.05), which was unchanged from
mice receiving TE cells alone. Bars represent standard error. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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TNF-� expression levels were similar irrespective of H. pylori
infection status. This Th1-predominant response was sup-
pressed by both wt and IL-10�/� TR cells, but reductions in
proinflammatory cytokine levels were greatest in recipients of
wt TR cells. Gastric tissues from mice receiving wt TR cells
expressed higher levels of Foxp3 than recipients of IL-10�/�

TR cells, consistent with lower regulatory activity of IL-10�/�

TR cells. These results suggest compartmental differences in
TE-cell- and H. pylori-mediated gastritis and indicate that IL-10
expression by wt TR cells is important to regulatory suppres-
sion of gastric inflammation.

Similar to H. felis infection in Rag1�/� mice (37) and despite
high H. pylori colonization levels, Rag2�/� mice that did not
receive TE cells did not develop morbidity or gastrointestinal
lesions. TE-cell-recipient mice developed morbidity and gas-
troduodenitis independent of H. pylori infection, consistent
with previous studies of TE cell transfer into Rag2�/� mice (2,
8) and mouse models of TR deficiency (31, 33). Observations of
TE-cell-mediated inflammation in the upper gastrointestinal
tract have been reported (10, 11) but not as frequently as
TE-cell-mediated colitis (31, 33) and may be impacted by the
number of cells transferred (V. P. Rao, personal communica-
tion). Extraintestinal inflammation attributable to TE-cell in-
filtrates in sites such as the liver and Harderian gland have also
been observed (42) and may contribute to morbidity. At these
sites, TE cells likely proliferate in response to host or, more
likely, bacterial antigens either absorbed through the local
epithelium or distributed systemically by vascular and lym-
phatic circulation. TE-cell-mediated morbidity may also be at-
tributable to systemic effects of up-regulation of IFN-�,
TNF-�, IL-4, IL-10, and other mediators released from gas-
trointestinal and extraintestinal tissues. Interestingly, preexist-
ing H. pylori infection resulted in a higher survival rate in mice
that subsequently received TE cells, potentially by promoting
homing of TE cells to mucosal sites, resulting in less extraint-
estinal inflammation.

In uninfected TE-cell-recipient Rag2�/� mice, reactive TE

cells in the gastrointestinal mucosa most likely expanded in
response to dietary antigens and antigens of normal microbiota
known to colonize all regions of the bowel, including the upper
gastrointestinal tract of mice (39). TE-cell-mediated pangastri-
tis involved the squamous and glandular compartments of the

stomach and extended into the duodenum. Lymphocytic infil-
tration of the antrum and duodenum promoted antral dyspla-
sia, villus atrophy, and destruction of Brunner glands and was
an overlapping but distinct disease pattern compared to the H.
pylori corpus gastritis as described in this study and by others
(2, 8, 41). As expected, severity of corpus gastritis was inversely
correlated with H. pylori colonization levels, and this is indirect
evidence that TE cells were responding to H. pylori antigens.
Both wt and IL-10�/� TR cells reduced the H. pylori-indepen-
dent gastroduodenitis, but only wt TR cells reduced the H.
pylori corpus gastritis and maintained higher levels of H. pylori
colonization, suggesting compartmental or other differences in
the stomach that may favor a protective role for IL-10. The
anti-inflammatory effect of IL-10 is implied by the observations
that IL-10�/� mice developed more severe H. felis (5) and H.
pylori gastritis (28, 44) than congenic wt mice, as did H. pylori-
infected B6.CB17-Prkdcscid mice injected with IL-10�/�

splenocytes (11). Additionally, a requirement for IL-10 com-
petency of TR cells has been shown in a mouse model of
inflammatory bowel disease using Helicobacter hepaticus infec-
tion. In this model, only wt TR cells, and notably not IL-10�/�

TR cells, reduced inflammation, dysplasia, and cancer lesions
(13).

IL-10�/� TR cells reduced morbidity and down-regulated
TE-cell-mediated gastroduodenitis along with lower IFN-� and
TNF-� expression. This observation is consistent with the ab-
sence of this distinct gastroduodenitis in uninfected or H.
pylori-infected IL-10�/� mice (44) that lack IL-10-competent
TR cells. Interestingly, IL-10 expression in the Rag2�/� gastric
tissues was not reduced in IL-10�/� TR-cell-recipient mice as
observed in mice that received wt TR cells. This result suggests
that IL-10 message was expressed by donor TE or host epithe-
lial or other inflammatory cells (6), possibly as a compensatory
response of inflamed gastric tissue. Similarly, IL-10 protein
levels in the H. pylori-infected gastric mucosa of humans have
been positively associated with the severity of gastritis (6).
Although the gastric IL-10 level was not sufficient to dampen
H. pylori-mediated corpus gastritis, our findings suggest that
IL-10 competency of TR cells, but not local IL-10 per se,
directly or indirectly reduces severity of H. pylori gastritis. Im-
portantly, although IL-10 competence appears necessary for
TR-cell suppression of H. pylori gastritis, our results do not rule

FIG. 4. Mean H. pylori colonization in the corpus (a) and antrum (b) of Rag2�/� mice receiving either no T cells, wt TE cells, or TE cells in
combination with TR cells from wt or IL-10�/� mice. H. pylori colonization in the corpus was lower in mice receiving TE or TE plus IL-10�/� TR
cells. Cotransfer of wt TR cells maintained colonization levels in the corpus (only), whereas TE plus IL-10�/� TR cells significantly diminished H.
pylori colonization in the corpus and antrum. Bars represent standard error. * P � 0.05; **, P � 0.01; ***, P � 0.001.
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out other mechanisms. For example, CTLA-4 engagement in-
duced and maintained anergy of H. pylori-specific T cells in a
TR-cell-independent manner (1). Our data also show that
Foxp3 expression in gastric tissues was promoted by TE cells,
suggesting differentiation of TE cells into TR cells in peripheral
tissues as reported by others (7). Lastly, Foxp3 expression was
promoted only by wt and not IL-10�/� TR cells, consistent with
the finding that the wt has more potent regulatory activity than
IL-10�/� TR cells. Further studies are necessary to clarify these
issues.

In humans, H. pylori gastritis and progression to carcinoma
have been associated with atrophy and intestinal and mucous
metaplasia of fundic glands (29), consistent with the hypothesis
that gastritis, gastric atrophy, and gastric cancer represent a
continuum of progressive disease (18). Irrespective of H. pylori
infection, Rag2�/� mice that received TE cells developed
marked mucous metaplasia in the corpus, which was more
prominent in mice that received cotransfer of wt TR cells.
Fundic atrophy from chronic H. felis infection in mice has been
associated with mucous metaplasia characterized by increased
expression of trefoil factor 2 (TFF2), also known as spasmo-
lytic polypeptide, by gastric mucous neck cells (15, 43). This
lesion appears to be a replacement of parietal and chief cells
with TFF2-secreting mucous cells that are similar in morphol-
ogy to antral or Brunner’s glands and has been suggested to be
a precursor lesion of gastric cancer in mice (19) and in humans
(9, 40). Alternatively, because TFF2�/� mice infected with H.
pylori (17) or H. felis (25) developed more severe gastritis and
hyperresponsiveness to IL-1
 than wt mice, TFF2 may be a
negative regulator of gastritis, and the promotion of mucous
metaplasia by wt TR cells may reflect a protective TFF2-asso-
ciated response through an unknown mechanism.

In summary, our data demonstrate the role of TE cells as one
component of adaptive immunity that can trigger and sustain
gastroduodenal inflammation in the absence of TR cells. H.
pylori infection coupled with TE-cell transfer resulted in a more
severe corpus gastritis that was compartmentally distinct from
TE-cell-mediated gastroduodenitis. Further, our results dem-
onstrate that IL-10 competence of TR cells appeared to be a
requirement for suppression of H. pylori-induced gastritis but
was not as critical for amelioration of TE-cell-mediated
gastroduodenitis or protection against associated morbidity.
These results are compatible with previous reports that H.
pylori-induced gastritis in mice is regulated by an IL-10-depen-
dent, Th1-type immune response (5, 44), likely via the function
of CD25� Foxp3� TR cells (34), and is consistent with in-
creased Foxp3 expression in wt TR-cell recipients. Compart-
mental differences in TE-cell- and H. pylori-mediated inflam-
mation and differential regulation by wt or IL-10�/� TR cells
should prove valuable for study of bacterial and immune-me-
diated gastritis.
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