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SAMP1/YitFc mice develop discontinuous, transmural inflammatory lesions in the terminal ileum, similar to
what is found in human Crohn disease. Compared with the mesenteric lymph nodes (MLNs) of AKR control
mice, SAMP1/YitFc MLNs contain a 4.3-fold expansion in total B cell number and a 2.5-fold increased percentage of CD4+ T cells expressing the αEβ7 integrin. Although αEβ7+CD4+ T cells possess a regulatory phenotype
(CD25+, L-selectinlo, and CD45RBlo), express IL-10, and suppress effector T cell proliferation in vitro, they cannot prevent ileitis development in SCID mice adoptively transferred with effector CD4+ T cells, although the
CD4+CD25+ subset, which overlaps with the αEβ7+CD4+ subset, prevents colitis. The αEβ7+CD4+ T cells express
high levels of ICOS, a costimulatory molecule that augments B cell function, suggesting their involvement in
the increase in B cells, IgA+ cells, and soluble IgA found within the MLNs and ileum of SAMP1/YitFc mice.
MLN B cell numbers correlate with ileitis severity in SAMP1/YitFc mice, and cotransfer of SAMP1/YitFc MLN
B cells along with CD4+ T cells increases ileitis severity in SCID mice compared with transfer of CD4+ T cells
alone. SAMP1/YitFc B cells prevent αEβ7+CD4+ T cells from suppressing effector T cell proliferation. We conclude that SAMP1/YitFc MLN B cells contribute to the development of SAMP1/YitFc ileitis.
Introduction
Inflammatory bowel disease (IBD) requires increased host genetic
susceptibility, immune system dysregulation, and altered interactions of host cells with pathogens and normal flora within the
intestinal mucosa (1). Although CD4+ T cell subset functions have
been studied in great detail (2), the contributions of other immune
cells to the development of IBD are just beginning to be understood (3, 4). In particular, irregularities in B cell development and
antigen-specific immunoglobulin production may be critical for
understanding the pathogenesis of IBD (5–7).
Abnormal immunoreactivity of serum or mucosal antibodies
toward enteric bacterial flora has been reported in both animal
models and IBD patients (7, 8). IgA production plays a critical
role in preventing the intestinal invasion of both pathogenic and
commensal bacteria (9). Although classic follicular B2 lineage cells
produce considerable IgA, roughly half of the intestinal IgA-producing plasma cells are derived from B1 cells that develop and differentiate within the peritoneal cavity (10). B1 cells produce IgM
or IgA in a T cell–independent manner, with specificities for common enteric bacterial antigens (11). Within lymphoid organs, B2
B cell proliferation and isotype class switching are promoted by
follicular helper T cells (TFH cells). Although TFH cells lack Th1 or
Th2 cytokine production, they greatly enhance B cell IgG and IgA
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production (12). TFH cells express high levels of inducible T cell
costimulator (ICOS), a molecule that, through binding of ICOS
ligand on B cells, is required for T cell–mediated B cell help and
antibody class switching (13).
CD4+CD45RBloCD25+ regulatory T cells (Treg cells) prevent colitis
induced by transferring effector CD4+CD45RBhiCD25– T cells into
SCID mice through mechanisms involving TGF-β and IL-10 (14).
Recently, expression of the αEβ7 integrin was used to define novel
subsets of CD4+ Treg cells also capable of preventing colitis (15). The
αEβ7 integrin binds E-cadherin on epithelial cells and an unknown
ligand on endothelial cells (16, 17) and is required for the maintenance of normal lymphocyte numbers within the epithelium and
lamina propria (18). In contrast to CD4+CD25– cells, CD4+CD25+
Treg cells preferentially express αEβ7 (19). These Treg cells also express
high levels of the glucocorticoid-induced TNF receptor (GITR), a
TNF receptor family member that regulates T cell proliferation and
activation-induced apoptosis (20). Stimulation of Treg cells with
anti-GITR or through binding of GITR ligand (GITRL), expressed
by subsets of APCs, reverses the suppression of effector T cell proliferation by Treg cells in vitro, suggesting a role for GITR in the promotion of proinflammatory responses (19, 21, 22). Whether this pathway is important in the context of IBD has not been examined.
The SAMP1/YitFc spontaneous ileitis model provides an excellent system for the study of interactions between leukocyte subsets participating in the development of intestinal inflammation.
SAMP1/YitFc mice develop Crohn-like discontinuous, transmural
ileitis without chemical, genetic, or immunological manipulation
(23). The lesions contain many histopathological features seen in
Crohn disease, including villous atrophy, crypt hyperplasia, and
infiltration of both acute and chronic inflammatory cells (23).
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The lesions are associated with a Th1-type inflammatory response
that can be downregulated by antibiotic therapy (24). Importantly,
mesenteric lymph node (MLN) CD4+ T cells from SAMP1/YitFc
mice adoptively transfer ileitis to SCID recipients (25).
In this study, we have investigated abnormalities in B cell
homeostasis and functionality in SAMP1/YitFc mice, beginning
with the observation that B cell numbers are greatly increased
in MLNs of SAMP1/YitFc versus wild-type mice. To link B cell
population expansion to abnormalities of Treg cell function in this
model, we investigated both T cell activation of B cells and the
effects of B cells on T cell function. To address a causal relationship between B cell population expansion and disease severity,
we adoptively transferred B cells along with T cells and measured
ileitis. In contrast to models of colitis in which B cells have been
shown to decrease disease severity (5, 26), our data demonstrate
that B cells play an important proinflammatory role in the development of SAMP1/YitFc ileitis through mechanisms that may
involve inhibition of Treg cell function.
Results
Expanded B cell and non-naive CD4+ T cell populations in SAMP1/YitFc
MLNs. One of the hallmarks of the SAMP1/YitFc ileitis phenotype
is a macroscopically enlarged MLN (27). SAMP1/YitFc MLNs
from mice older than 30 weeks of age had a threefold increase
in total lymphocyte number (52 ± 5 million cells, mean ± SEM)
compared with MLNs from age-matched AKR mice (17 ± 1 million cells) (Figure 1A), the strain from which SAMP1/YitFc mice
were derived (23). Using flow cytometry subset analysis, we found
the largest expansion occurred in the B cell subset, which was
increased 4.3-fold in SAMP1/YitFc compared with AKR MLNs.
The CD4+ T cell number was increased 2.5-fold and, compared
with AKR CD4+ T cells, an increased percentage of SAMP1/YitFc
CD4+ T cells expressed CD25 (30% ± 2% versus 15% ± 1%), and a
decreased percentage expressed high levels of L-selectin (55% ± 4%
versus 84% ± 2%) and CD45RB (55% ± 4% versus 75% ± 1%), as
described previously (25). Previous studies have shown that
CD25+L-selectinloCD45RBloCD4+ T cells can represent either an
activated, effector population (28–30) or Treg cells (14, 31).
Treg cells can prevent colitis but not ileitis produced by SAMP1/YitFc
CD4+ T cells. In examining the trafficking capability of SAMP1/
YitFc versus AKR MLN cell subsets, we found an increase in the
percentage of SAMP1/YitFc MLN CD4+ T cells that expressed

high levels of the β7 integrin subunit (Figure 2A, histograms),
which can form α4β7, an integrin required for trafficking of lymphocytes to intestinal tissues (32), or αEβ7. Although virtually
all CD4+ T cells from SAMP1/YitFc or AKR MLNs expressed
low levels of α4β7 when detected at sufficient intensity by flow
cytometry (data not shown), only a subset of SAMP1/YitFc cells
expressed αE, and this expression correlated directly with high
levels of β7 expression (Figure 1B, dot plots), showing that β7hi
cells specifically express the αEβ7 dimer. The percentage of MLN
CD4+ T cells expressing αEβ7 was increased 2.5-fold in SAMP1/
YitFc mice (15% ± 1%, mean ± SEM) compared with AKR mice
(6.0% ± 0.5%) (Figure 2B). Although the majority of αEβ7–CD4+
cells were CD69 – (82% ± 2%), CD25 – (79 ± 3%), L-selectin hi
(58% ± 5%), and CD45RBhi (53% ± 6%), most αEβ7+CD4+ cells were
CD69+ (59% ± 3%), CD25+ (75% ± 3%), L-selectinlo (66% ± 4%),
and CD45RBlo (74% ± 6%) (Figure 2A), consistent with a regulatory phenotype (15). To test whether this expanded αEβ7+CD4+ T
cell subset possessed regulatory or ileitis-producing capability,
we analyzed the cytokine expression of isolated MLN αEβ7+CD4+
versus αEβ7–CD4+ T cells in 2-day cultures by cytometric bead

Figure 1
Expanded B cell and αEβ7+CD4+ T cell populations in SAMP1/YitFc
versus AKR MLN. (A) Total lymphocyte numbers (mean ± SEM)
presented as the percentage of total cells in AKR and SAMP1/YitFc
MLNs — as determined by lymphocyte-gated flow cytometry — that
are CD4+ T cells (n = 16 and 32, respectively), CD8+ T cells (n = 10
and 19, respectively), and B cells (n = 13 and 24, respectively). Fold
increases in the overall size of each of these populations in SAMP1/
YitFc versus AKR are indicated. (B) Top, CD4+ T cell–gated histograms of β7 integrin chain expression on MLN cells from SAMP1/YitFc
and AKR mice, showing that SAMP1/YitFc mice have an increased
percentage of CD4+ T cells expressing high levels of β7. Bottom, the
β7hi cells express β7 as a dimer with the αE integrin chain, as αE+ cells
display a 1:1 correlation of αE to β7 expression in β7 versus αE dot plots
that is not seen in isotype controls. (C) Comparison of the percentage
(mean ± SEM) of MLN CD4+ T cells that are αE+ in SAMP1/YitFc mice
(n = 31) versus AKR mice (n = 21). *Significantly greater (P < 0.05)
than AKR cell percentage.
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Figure 2
SAMP1/YitFc MLN αEβ7+CD4+ T cells possess a regulatory phenotype.
(A) Comparison of the percentage of MLN cells, determined by flow
cytometry, that express high levels of CD69 (n = 9 mice), CD25 (n = 9),
L-selectin (n = 14), and CD45RB (n = 8) within the αEβ7+CD4+ and αEβ7–
CD4+ T cell subsets. (B) Levels of secreted TNF-α, IL-2, and IL-10,
measured by cytometric bead array in triplicate, from 48-hour cultures of SAMP1/YitFc MLN unfractionated CD4+ T cells (Total CD4+),
αE+CD4+ T cells, or αE–CD4+ T cells (105 cells/well), stimulated with
immobilized anti-CD3 and soluble anti-CD28. Values represent the
averages of three independent experiments for each group. *Significantly different (P < 0.05) compared to αEβ7–CD4+ T cell population.

array. The αEβ7+CD4+ T cells produced eight- to tenfold lower
levels of TNF-α and IL-2 and almost threefold greater amounts
of IL-10 than did αEβ7–CD4+ T cells (Figure 2B).
To test the function of SAMP1/YitFc MLN αEβ7+CD4+ T cells, we
adoptively transferred 5 × 105 unfractionated, αEβ7+CD4+, or αEβ7–
CD4+ T cells intraperitoneally into C3H/HeJ SCID mice. After 6
weeks, ilea were removed from the recipients and analyzed for
ileitis severity with a standardized histopathological scoring system (33) (Figure 3A). Compared with mice receiving SAMP1/YitFc
αEβ7–CD4+ T cells, SCID mice receiving SAMP1/YitFc αEβ7+CD4+
T cells had significantly lower chronic inflammatory indices
(1.3 ± 0.3 versus 5.6 ± 0.4, mean ± SEM) and total inflammatory
scores (8 ± 1 versus 21 ±1), suggesting that αEβ7–CD4+ T cells contain the major ileitis-producing subset.
Since the percentage of CD4+ T cells expressing αEβ7 increases
with age in SAMP1/YitFc MLNs (data not shown) and the severity of SAMP1/YitFc ileitis stabilizes with age (27), αEβ7+CD4+ T cell
The Journal of Clinical Investigation

populations might expand in an attempt to curb inflammation in
older SAMP1/YitFc mice. To test whether αEβ7+CD4+ T cells can
downregulate ileitis, we injected 5 × 105 αEβ7+CD4+ T cells into SCID
mice 3 weeks before, at the same time as, or 3 weeks after injection
of 5 × 105 αEβ7–CD4+ T cells (Figure 3A). No changes were seen in
the inflammatory scores in any of the three groups compared with
scores obtained from mice receiving αEβ7–CD4+ T cells alone, indicating that SAMP1/YitFc αEβ7+CD4+ T cells cannot downregulate
ileitis produced by αEβ7–CD4+ T cells. To test whether SAMP1/YitFc
αEβ7+CD4+ T cells might have defective regulatory function compared with wild-type regulatory cells, we transferred 5 × 105 SAMP1/
YitFc CD4+ T cells alone or a combination of SAMP1/YitFc plus
AKR (5 × 105 cells each) CD4+ T cells into a separate cohort of SCID
mice (Figure 3B). AKR MLN CD4+ T cells were unable to prevent the
ileitis produced by SAMP1/YitFc CD4+ T cells.
To test regulatory cell function in the well characterized
CD45RBhiCD4+ and CD25+CD4+ T cell adoptive transfer models
(14) using Treg populations that overlap with the αE+CD4+ population (15), we transferred 5 × 105 unfractionated, CD45RBhi,
CD45RBlo, CD25+, or CD25– SAMP1/YitFc MLN CD4+ T cells into
a third cohort of SCID mice and determined both ileitis and colitis
severity (Figure 3C). CD45RBhiCD4+ or CD25–CD4+ T cells produced levels of ileitis similar to that produced by unfractionated
CD4+ cells. CD25+CD4+ T cells produced significantly less ileitis
than unfractionated CD4+ T cells. CD45RBloCD4+ T cells produced levels of ileitis similar to that produced by CD45RBhiCD4+
T cells, suggesting that CD45RBloCD4+ T cells contain subsets of
cells that are proinflammatory in the context of ileitis.
In contrast, SCID mice receiving SAMP1/YitFc MLN
CD45RBhiCD4+ or CD25–CD4+ T cells exhibited substantially more
colitis than mice receiving unfractionated CD4+ T cells containing
Treg cells (Figure 3C). This finding strongly suggests that SAMP1/
YitFc CD4+ Treg cell populations (CD45RBlow, CD25+, or αE+) are not
defective, as they can suppress the development of colitis in a fashion similar to Treg cells in other adoptive transfer models.
αEβ7+CD4+ T cells may be involved in B cell help. We next tested
whether αEβ7+CD4+ T cells might be involved in the B cell population expansion seen in SAMP1/YitFc MLNs. In contrast to the
majority of αEβ7–CD4+ T cells, most SAMP1/YitFc αEβ7+CD4+ T
cells (73% ± 2%, mean ± SEM) expressed ICOS, a costimulatory
molecule that plays a critical role in germinal center formation
and immunoglobulin class switching (34) (Figure 4B). We found a
positive correlation between the percentage of MLN CD4+ T cells
that expressed αE and MLN B cell number, as a percentage of total
cells, in individual mice (Figure 4A). In mice in which more than
15% of CD4+ T cells expressed αEβ7, B cells comprised 55% ± 4%
(mean ± SEM) of total MLN lymphocytes, whereas in mice in
which αE+ cells constituted less than 15% of the CD4+ population,
only 34% ± 3% of total MLN lymphocytes were B cells. This correlation, along with the high level of ICOS expression by αEβ7+CD4+ T
cells, suggests that this subset may directly interact with B cells in
SAMP1/YitFc MLNs.
SAMP1/YitFc B cells produce increased IgA. Compared with AKR
supernatants, SAMP1/YitFc MLN supernatants contained more
IgG1 κ (3.4-fold), IgA κ (4.5-fold), IgM κ (2.3-fold), IgA γ (7.9-fold),
and IgM γ (3.7-fold), as determined by cytometric bead array (Figure 5A). Cocultures of SAMP1/YitFc CD4+ T cells and B cells contained more IgA and IgM, but not IgG2a, than did cocultures of
AKR CD4+ T cells and B cells (Figure 5C), recapitulating the in
vivo expression pattern. Mixed cocultures of SAMP1/YitFc CD4+
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Figure 3
SAMP1/YitFc Treg populations block colitis, but not ileitis, in the CD4+ T
cell adoptive transfer model. (A) Comparison of adoptively transferred
ileitis severity (6 weeks after transfer, mean ± SEM) in SCID recipients
(n = 4 in each group) induced by 5 × 105 SAMP1/YitFc total MLN CD4+
T cells, αE–CD4+ T cells, αE+CD4+ T cells, or combination treatment
using αE+CD4+ T cells injected 3 weeks (3wk) before, at the same time
as, or 3 weeks after αE–CD4+ T cells. (B) In a separate cohort of SCID
mice, severity of ileitis induced by 5 × 105 SAMP1/YitFc CD4+ T cells
(n = 4) was not decreased by coinjection of 5 × 105 AKR MLN CD4+
T cells (n = 5). Total inflammatory scores represent the sum of three
individual histological indices, including active inflammation, chronic
inflammation, and villus architectural distortion. (C) In a third cohort,
adoptively transferred ileitis and colitis severities were compared
among SCID mice 6 weeks after mice received 5 × 105 SAMP1/YitFc
MLN unfractionated CD4+, CD45RBhiCD4+, CD45RBloCD4+, CD25–
CD4+, or CD25+CD4+ T cells. Because villus distortion is not measured
in colitis, the sum of active and chronic inflammatory scores was used
for this comparison. Data are expressed as mean ± SEM. *Significantly
decreased (P < 0.05) compared with ileitis severity in mice receiving
αEβ7–CD4+ cells. #Significantly increased compared with colitis severity
in mice receiving unfractionated CD4+ T cells.

T cells plus AKR B cells, as well as those of AKR CD4+ T cells plus
SAMP1/YitFc B cells, produced levels of IgA similar to that of
cocultures of AKR T cells and AKR B cells, suggesting that both
SAMP1/YitFc B cells and T cells are required for the SAMP1/YitFc
expression pattern (data not shown). SAMP1/YitFc B cells cultured with αE+CD4+ T cells produced mostly IgA, whereas B cells
cultured with αE–CD4+ T cells produced increased IgM and IgG2a
(data not shown). Serum IgA was elevated 2.7-fold in SAMP1/
YitFc mice (23 ± 5 μg/ml, mean ± SEM) compared with AKR mice
(8.7 ± 0.8 μg/ml) (Figure 5B), suggesting that the increase in MLN
IgA production may lead to elevated systemic levels.
Immunostaining and flow cytometry showed that SAMP1/YitFc
MLNs contained many more IgA+ cells than did AKR MLNs (Figure 6, A and B). Most of the IgA expression was found on mature B
cells (B220hi), while some was also found on B220int cells thought
to be differentiating plasmablasts (35). IgA+ cells were IgM+ and
Syndecan-1– (data not shown), suggesting that these cells had yet
to differentiate into plasma cells. Less than 20% of SAMP1/YitFc
MLN B cells possessed a B1 cell phenotype (CD23–IgD–), indicating
that most MLN B cells belonged to the B2 class. The CD23–IgD–

population may also include memory or early antigen-secreting
cells derived from B2 cells, suggesting that the B1 population may
be even smaller than the CD23+IgD– populations seen in Figure
6B. Most IgA+ cells were found in the CD23+ B2 cell population
(data not shown). In contrast to the B cell and IgA+ cell population
expansion in SAMP1/YitFc versus AKR MLNs, spleens and Peyer’s
patches of SAMP1/YitFc versus AKR mice contained similar percentages of B cells as well as IgA+ cells (data not shown).
In AKR ileal sections, IgA+ cells were found as single cells or in
small clusters, evenly distributed throughout the intestine (Figure
6, C and D). Most of the free IgA staining was located within crypts
or near the base of villi. In SAMP1/YitFc ilea, IgA+ cells were found
in large clusters and were distributed in a focally concentrated pat-

Figure 4
Correlation between B cell expansion and αEβ7+CD4+ T cells. (A) Left,
correlation (r = 0.6) between B cell number as a percentage of all MLN
cells and the percentage of MLN CD4+ cells expressing αE in individual
SAMP1/YitFc mice (n = 21). Right, comparison of the percentage of
B cells in MLNs of mice with αE+CD4+ cells comprising greater than
versus less than 15% of the MLN CD4+ population (line represents
mean). (B) Representative CD4+-gated dot plot and average quadrant
percentages (n = 10) showing expression of β7 integrin versus ICOS
on SAMP1/YitFc MLN CD4+ T cells.
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tory indices and total inflammatory scores
than those of mice receiving T cells alone.
SCID mice receiving AKR B cells along
with SAMP1/YitFc CD4+ T cells displayed
an “intermediate” phenotype, with similar
levels of chronic inflammation but significantly decreased active inflammation compared with mice receiving SAMP1/YitFc B
cells and CD4+ T cells. Only scattered IgA+
cells were found in ileal sections of mice
receiving both SAMP1/YitFc T cells and B
cells, although around 10% of MLN cells in
these mice expressed IgA (data not shown).
Immunostaining of ileal sections revealed
a large increase in CD3+ cellular infiltrate
size in mice receiving SAMP1/YitFc CD4+
T cells along with either SAMP1/YitFc or
AKR B cells compared with that of mice
receiving T cells alone (Figure 8B). In contrast, a heavy submucosal neutrophil infiltrate was observed only in mice receiving
SAMP1/YitFc, but not AKR, B cells.
SAMP1/YitFc MLN B cells suppress Treg cell
function. The increase in CD3+ infiltrates in
SCID mice receiving both CD4+ T cells and
B cells suggests that B cells may promote
Figure 5
Soluble IgA production increased in SAMP1/YitFc versus AKR mice. (A) Representative dot effector T cell proliferation. Because inter+
plots of κ (1:100 dilution, FL2) and λ (1:1, FL1) light chain antibody isotype levels within MLN actions with GITRL can inhibit GITR Treg
cell
suppression
of
effector
cell
proliferation
supernatants from AKR mice (n = 2) and SAMP1/YitFc mice (n = 2), measured with a cytometric
bead array containing isotype-specific beads with preset FL3 intensities. MLNs were crushed, (21), we examined the expression of GITR
resuspended in 5 ml, and centrifuged to remove the cell pellet from the tested supernatants. An on SAMP1/YitFc αE+CD4+ T cells by flow
increase of at least twofold in IgG1 κ, IgA κ, IgM κ, IgA λ, and IgM λ was seen in SAMP1/YitFc cytometry and GITRL on MLN B cells by
versus AKR MLNs, as measured by mean fluorescence intensity of the isotype-specific beads. real-time RT-PCR. The majority of freshly
(B) ELISA detecting IgA antibody concentrations (mean ± SEM) in serum samples collected
isolated αE+CD4+ T cells expressed GITR,
via cardiac puncture from SAMP1/YitFc mice (n = 12) and wild-type AKR mice (n = 13). (C)
–
+
Concentrations of IgA (n = 4), IgM (n = 2), and IgG2a (n = 2), measured in triplicate by ELISA, while most αE CD4 T cells did not (Figure
+
+
from 3-, 7-, and 11-day anti-CD3–stimulated cocultures of SAMP1/YitFc CD4+ T cells and B 9A). The αE CD4 T cells from anti-CD3–
cells versus AKR CD4+ T cells and B cells (105 T cells/well and 105 B cells/well). *Significantly stimulated cultures also expressed higher
greater than AKR concentrations (P < 0.05).
levels of GITR than did the remaining CD4+
population. SAMP1/YitFc MLN B cells
expressed mRNA encoding GITRL at higher
tern. Most of these clusters of IgA+ cells were found in areas where levels than AKR MLN B cells (Figure 9B).
We next tested whether B cells could interfere with αE+CD4+ T
the tissue architecture was only moderately distorted.
Contribution of B cells to SAMP1/YitFc and adoptively transferred cell regulatory function by measuring cell proliferation in 3-day
ileitis. To test whether MLN B cells contribute to SAMP1/YitFc cultures of irradiated APCs and SAMP1/YitFc cell subsets (Figure
ileitis, we first compared B cell population expansion in the 9C). Because B cells alone did not proliferate and the addition of
MLNs to ileitis severity in the same mouse (Figure 7A). In B cells to either αE+CD4+ or αE–CD4+ T cells alone did not signifiSAMP1/YitFc mice that exhibited mild ileal inflammation (total cantly increase the proliferation in these wells, it is unlikely that
ileal inflammatory scores < 10), there was a ratio of almost 2:1 B cells underwent proliferation in this assay. The αE–CD4+ T cells
of CD4+ T cells (54% ± 1%, mean ± SEM) to B cells (30% ± 1%) as showed strong proliferation when cultured with APCs alone, and
a percentage of total MLN lymphocytes. In SAMP1/YitFc mice the addition of αE+CD4+ T cells markedly suppressed this proliferthat exhibited severe ileal inflammation (total scores > 10), the B ation, confirming that SAMP1/YitFc αE+CD4+ T cells are functioncell population (42% ± 4%) exceeded the number of CD4+ T cells al regulatory cells. The addition of B cells to cultures containing
(38% ± 3%) within the MLNs. Multiple regression analysis revealed both αE+CD4+ and αE–CD4+ T cells reversed the suppressive effect
that B cell population expansion within the MLNs correlated of αE+CD4+ T cells, leading to levels of 3H incorporation similar to
most closely with the villus distortion index (Figure 7B). To test that of cultures of effector αE–CD4+ T cells alone.
whether SAMP1/YitFc MLN B cells were pro- or anti-inflammatory, we cotransferred 5 × 105 SAMP1/YitFc MLN CD4+ T cells Discussion
with or without 2 × 106 SAMP1/YitFc or AKR MLN B cells into In SAMP1/YitFc mice, an expanded αEβ7+CD25+CD45RBloCD4+
SCID recipients (Figure 8A). Mice receiving CD4 + T cells and MLN T cell subset is associated with increased B cells that conSAMP1/YitFc B cells had significantly greater chronic inflamma- tribute to ileitis. These T cells have a phenotype similar to that
The Journal of Clinical Investigation

http://www.jci.org

Volume 114

Number 3

August 2004

393

research article
Figure 6
SAMP1/YitFc MLN and ileum contain large populations of IgA+ cells. (A) SAMP1/YitFc MLN (top)
contain considerably more IgA-secreting cells
(dark brown spots) and soluble IgA (diffuse light
brown) than do AKR MLN (bottom), as shown by
immunostaining of paraffin-embedded MLN sections. (B) Left, representative dot plots of B220
versus IgA expression, with quadrant percentages (mean ± SEM), demonstrating an increase
in mature B cells (B220hi) and plasmablasts
(B220int) expressing IgA in SAMP1/YitFc MLNs
(n = 13) versus AKR MLNs (n = 6). *Significantly
greater (P < 0.05) than AKR cell percentage.
Right, IgM+-gated dot plots, with quadrant percentages (mean ± SEM), showing that less than
20% of SAMP1/YitFc (n = 13) or AKR (n = 6) MLN
B cells have a CD23–IgD– B1 cell phenotype. (C)
Low-power view (magnification, ×10) of paraffin-embedded ileal sections immunostained for
IgA, showing increased concentrations of IgAsecreting cells (dark brown spots) throughout
and increased soluble IgA within the villi (diffuse
light brown) in SAMP1/YitFc versus AKR ilea. (D)
High-power views (magnification, ×40) show IgAsecreting cells and soluble IgA focally concentrated in the base (left) and the tip (right) of two
villi within SAMP1/YitFc ilea.

of Treg cells that prevent inflammation in adoptively transferred
colitis models (15, 36, 37), but they cannot prevent ileitis in our
adoptive transfer model. The lack of anti-inflammatory capacity
of SAMP1/YitFc Treg cells in the adoptive transfer model suggests a failure of regulatory pathways in the donor SAMP1/YitFc
ileitis model as well.
Wild-type AKR MLN CD4+ T cells, presumably containing functional Treg populations, did not prevent ileitis when cotransferred
into SCID mice with SAMP1/YitFc CD4+ T cells. SAMP1/YitFc Treg
cells (CD45RBloCD25+) prevented colitis development. Furthermore, SAMP1/YitFc αE+CD4+ T cells suppressed αE–CD4+ T cell
proliferation in vitro. The αE+CD4+ and CD25+CD4+ T cells represent overlapping subsets of Treg cells, and the ability of SAMP1/
YitFc αE+CD4+ T cells to block colitis was not directly tested. Given
that SAMP1/YitFc αE+CD4+ T cells block effector T cell proliferation, and that previous studies have shown that αE+CD25+ Treg cells
are more effective at preventing colitis than is the αE–CD25+ subset
(15), it is likely that SAMP1/YitFc αE+ cells block colitis at least
as well as SAMP1/YitFc CD25+ cells. Taken together, these findings strongly suggest that aberrant proinflammatory signals that

override anti-inflammatory pathways, and not inherently defective
regulatory cells, are likely the cause of SAMP1/YitFc ileitis.
The increased B cells present within the MLNs of SAMP1/YitFc
mice expressed GITRL, increased the severity of adoptively transferred ileitis, and abrogated Treg cell function in vitro. Therefore, B
cells may be the primary cell population responsible for overriding
anti-inflammatory or regulatory signals in vivo and promoting the
development of SAMP1/YitFc ileitis. Alternatively, or in addition,
as homing of T cells to the ileum versus the colon requires differential chemokine receptor expression (38), colitis-preventing Treg

Figure 7
B cell population expansion correlates with disease severity in SAMP1/
YitFc mice. (A) Percentages of CD4+ T cells (black) and CD19+ B cells
(white) within MLNs (mean ± SEM) of individual SAMP1/YitFc mice
(n = 20) in which the total inflammatory score of the distal ileum was
greater than 10 (mean ± SEM = 15 ± 1; n = 14) or less than 10 (mean
± SEM = 5 ± 1; n = 6). *CD4+ T cell and B cell percentages are significantly different (P < 0.02) between the two groups. (B) The percentage
of B cells in MLNs of mice (n = 20) correlates (r = 0.7) with the villus
distortion component of the histopathological scoring index.
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Figure 8
Cotransfer of MLN B cells increases ileitis severity in the CD4+ T cell
adoptive transfer model. (A and B) A total of 5 × 105 CD4+ T cells
from pooled SAMP1/YitFc MLNs (n = 6) were injected intraperitoneally
into SCID mice either alone (n = 4) or in combination with 2 × 106
SAMP1/YitFc (n = 8) or AKR (n = 4) MLN B cells intravenously. (A)
After 6 weeks, SCID mice receiving both SAMP1/YitFc T cells and
SAMP1/YitFc B cells had higher chronic and total inflammatory scores
than those of mice receiving T cells alone, while mice receiving AKR
B cells and SAMP1/YitFc T cells had an intermediate phenotype.
(B) Immunostaining of paraffin-embedded ileal sections, revealing
an increase in T cell (CD3+ cells) infiltrates in SCID mice receiving
cotransfer of B cells from either strain compared with that of mice
receiving T cells alone, and an increased neutrophil (GR-1+ cells)
infiltrate in mice receiving specifically SAMP1/YitFc B cells. PMN,
polymorphonuclear granulocytes.

cells may not be effective in curing SAMP1/YitFc ileitis due to an
inability to control leukocyte trafficking to or activation within
the ileum. The finding that SAMP1/YitFc αE+CD4+ T cells are incapable of decreasing the severity of ileitis adoptively transferred by
effector T cell populations even in the absence of B cells suggests
that Treg cells may not be capable of regulating ileal inflammation.
However, other populations of APCs native to SCID ileum may
also express GITRL (22) and convey a partial ileal-specific inhibition of Treg cell function that is further enhanced by transfer of
SAMP1/YitFc MLN B cells.
The positive correlation between αE+CD4+ T cell and B cell numbers in SAMP1/YitFc MLNs suggests that αE+CD4+ T cells may act
as TFH cells in vivo to produce B cell population expansion and IgA
production. The high level of ICOS expression on αE+CD4+ T cells
supports this hypothesis. Alternatively, this correlation and the
seemingly paradoxical increase in αE+CD4+ regulatory cells in diseased versus normal mice could be explained by a model in which
B cell population expansion precedes and induces the expansion of
αE+CD4+ T cell populations through GITR/GITRL–mediated interactions, which have been shown previously to induce IL-2 responThe Journal of Clinical Investigation

siveness and proliferation in Treg cells. These two possibilities may
not be mutually exclusive, as interactions between T cells and B cells
are known to elicit downstream effects in both cell types (39).
SAMP1/YitFc MLN B cells may also contribute to ileal inflammation through the production of immunoglobulin that recognizes
specific antigenic epitopes. Neutrophil infiltration within the ileal
submucosa was increased in SCID mice receiving SAMP1/YitFc T
cells and SAMP1/YitFc B cells compared to the level of infiltration in
mice receiving SAMP1/YitFc T cells and AKR B cells. This increased
infiltration could result from the formation of specific immune
complexes, which contribute to adhesion and tissue recruitment of
neutrophils through a Mac-1 integrin–dependent pathway (40).
The spontaneous colitis seen in C3H/HeJBir mice is associated
with a mainly IgG2a response to enteric bacteria (8). However, the
inflammation in these mice is limited to the cecum and the colon
(41), and thus immunoglobulin specificity may be different from
that of Crohn-like ileitis. While some studies indicate that mucosal
IgG, not IgA, is elevated in Crohn patients (7), other studies suggest
that serum IgA, but not IgG, immunoreactivity is stronger in Crohn
patients than in controls (42). Relative to normal individuals, many
Crohn patients have elevated serum IgA specifically recognizing
HupB, a mycobacterial homolog of the antigen recognized by anti–
neutrophil cytoplasmic antibody (pANCA) (43); I2, a bacterial transcription factor (44); and Saccharomyces cerevisiae subspecies (45).
Under homeostatic conditions, IgA is translocated across intestinal epithelial cells to the luminal surface, where it prevents bacteria from exiting the lumen, thereby functioning to prevent initiation of immune responses (9). From this perspective, it makes
sense that Treg cells, which produce IgA-promoting TGF-β in other
models, would drive IgA production as part of their anti-inflammatory repertoire (46). However, most IgA that binds to enteric
bacteria flora is derived from B1 cells, whereas B2-derived IgA like
that present in SAMP1/YitFc MLNs recognizes potentially pathogenic, invasive bacteria and aids in their elimination (47, 48). In
SAMP1/YitFc ileitis, where epithelial barrier integrity is likely
diminished as part of the ongoing inflammatory process, the
coating of invasive bacteria by IgA may initiate proinflammatory
responses through opsonization or immune complex formation,
as discussed above. This role, if relevant, may also be played by
antibodies of other isotypes, such as IgM or IgG1, which are also
increased in SAMP1/YitFc MLNs.
B cells themselves have recently been shown to directly modulate intestinal inflammation. Backcrossing TCR–/– mice with
Igμ–/– mice results in mice with more severe chronic colitis than
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that seen in mice that are TCR–/– alone, and reconstitution of
TCR–/–Igμ–/– mice with mature B cells ameliorates this increased
inflammation severity (26). The anti-inflammatory B cell subset
in this model expresses IL-10 and high levels of CD1D, a marker
of B1 cell–like spleen marginal zone cells (6, 49). B cells involved
in colitis are likely quite different than B cells that participate in
ileitis, as trafficking of B cell lineage subsets to colon versus ileum
also relies on distinct pathways (50, 51). CD45RBhi T cells from
Ifn-γ–/– mice can induce ileitis when transferred into SCID mice
only when cotransferred with B cells (52), consistent with our
data suggesting that the proinflammatory activity of intestinal
B cells may be particularly relevant in the ileum. Furthermore,
in the Gαi2–/– model of IBD, a selective deficit in B1 cells and an
increase in B2 cells are linked to the development of intestinal
inflammation (5). The present findings are consistent with a
model in which mucosal B2 cells are proinflammatory and B1
cells are anti-inflammatory in the context of IBD.
In conclusion, we have established a link between an increased regulatory CD4+ T cell subset expressing the αEβ7 integrin, an expanded
MLN B cell population, and elevated serum IgA in SAMP1/YitFc
mice. The increased number of IgA-expressing MLN B cells correlates with severity of inflammation in SAMP1/YitFc host ileitis.
SAMP1/YitFc Treg cells are incapable of modulating the severity of
adoptively transferred ileitis, but can prevent colitis. SAMP1/YitFc
MLN B cells cotransferred with CD4+ T cells increase the severity
of overall ileitis, and specifically T cell infiltration, in SCID mice.
These B cells express GITRL and abrogate αE+CD4+ T cell regulatory function in vitro. Taken together, our results demonstrate the
importance of T cell/B cell interactions and B cell function in the
pathogenesis of a Crohn-like murine ileitis model.
Methods
Mice. SAMP1/YitFc mice, a substrain of the SAMP1/Yit line (27), were
obtained from established colonies at the University of Virginia Health
Science Center vivarium (Charlottesville, Virginia, USA). Age-matched
wild-type AKR/J mice and 6- to 8-week-old SCID mice on the C3H/HeJ
background were obtained from Jackson Laboratories (Bar Harbor, Maine,

USA). All animals were housed in a specific pathogen–free facility, and all
experiments were approved by the institutional committee for animal use.
Flow cytometry. MLNs were crushed through 70-μm filters into staining
buffer consisting of PBS with 2% FCS. Cells were counted using Trypan
Blue (Sigma-Aldrich, St. Louis, Missouri, USA). Cells were stained with
combinations of biotinylated anti–mouse GITR (BAF524) (R&D Systems,
Minneapolis, Minnesota, USA); streptavidin-allophycocyanin; FITC-,
phycoerythrin- (PE-), peridinine chlorophyll protein–, allophycocyanin-,
or biotin-labeled rat anti–mouse CD4 (RM4-5), CD8 (53-6.7), CD19
(1D3), αE (M290), β7 (M293), ICOS (7E.17G9), CD25 (PC61), L-selectin
(MEL-14), CD45RB (16a), B220 (RA3-6B2), IgM (R6-60.2), IgA (C10-3), IgD
(11-26c.2a), and CD23 (B3B4); and hamster anti–mouse CD69 (H1.2F3)
(BD Biosciences — Pharmingen, San Diego, California, USA). Cells were
stained for 20–30 minutes at 4°C, washed twice in staining buffer and
fixed in 1% paraformaldehyde. Flow cytometry data were acquired on a
FACSCalibur flow cytometer with CellQuest software (BD Biosciences, San
Diego, California, USA) and were analyzed with WinMIDI 2.8 (J. Trotter,
Scripps Research Institute, La Jolla, California, USA).
Cell isolations and adoptive transfer. SAMP1/YitFc or AKR MLN CD4+ T
cells were isolated magnetically by positive selection with anti–mouse
CD4 microbeads or by negative selection with the mouse CD4+ negative
isolation kit (Miltenyi Biotec, Auburn, California, USA). All selections were
performed according to the manufacturer’s instructions. B cells were isolated by positive selection with anti–mouse CD19 microbeads or by negative selection with anti–mouse CD43 microbeads (Miltenyi Biotec). By flow
cytometry, B cell and CD4+ T cell fractions were more than 97% and 95%
pure, respectively. The αE+ and αE– subsets were isolated either before or
after CD4+ cell selection with FITC- or PE-labeled rat anti–mouse αE and
either the anti-FITC multisort kit or anti-PE microbeads (Miltenyi Biotec).
By flow cytometry, the αE– and αE+ populations were typically more than
97% and 80% pure, respectively. CD25+CD4+ and CD25–CD4+ T cells were
separated with PE–anti–mouse CD25 and anti-PE microbeads, whereas
CD45RBhiCD4+ and CD45RBloCD4+ T cells were separated using labeling
with FITC–anti–mouse CD45RB and FACS sorting with the FACSVantage
system (BD Biosciences — Pharmingen).
For adoptive transfer, cells were counted, washed, and resuspended in PBS for injection into SCID recipients. T cells and B cells were

Figure 9
SAMP1/YitFc MLN B cells block Treg function in vitro. (A)
Increased expression of GITR on freshly isolated or 24
hour–activated (anti-CD3) αE+CD4+ versus αE–CD4+ T
cells. (B) Increased mRNA expression of GITRL, measured by real-time RT-PCR and normalized to total 18S
rRNA, on isolated MLN B cells from SAMP1/YitFc mice
(n = 8) versus AKR mice (n = 6). (C) B cells expressing
GITRL block αE+ Treg cell function. SAMP1/YitFc irradiated splenic APCs (1 × 105 cells/well) were cultured
with combinations of MLN αE+CD4+ T cells, αE–CD4+ T
cells, and B cells (5 × 104 each) stimulated for 3 days
with immobilized anti-CD3. [3H]thymidine was added
to the cultures 24 hours before analysis. The αE+ Treg
cells blocked the proliferation of effector T cells, while
the addition of B cells to the coculture blocked the Treg
cell–mediated inhibition. Data reflect mean ± SEM of
two independent experiments.
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injected in 500 μl of PBS at doses of 5 × 105 cells intraperitoneally and
2 × 106 cells i.v. (tail vein), respectively. The ilea and/or colons of SCID recipients were harvested 6 weeks after transfer.
Cell culture, cytokine analysis, and T cell proliferation assays. Cells were cultured
in 96-well plates at 37°C with 5% CO2 in RPMI media containing 10% FCS,
100 U/ml penicillin, 100 μg/ml streptomycin, and 10 μg/ml plate-bound
anti–mouse CD3 (145-2C11) (BD Biosciences — Pharmingen) with or without 2 μg/ml anti–mouse CD28 (37.51) (BD Biosciences — Pharmingen).
For cytokine analysis, T cell subsets were stimulated with plate-bound antiCD3 and soluble anti-CD28 and were cultured for 48 hours at a density of
105 cells/well in 100 μl of media. Supernatants were assayed for TNF-α,
IL-2, and IL-10 levels by cytometric bead array using the mouse inflammation and mouse Th1/Th2 cytokine kits (BD Biosciences — Pharmingen)
according to the manufacturer’s instructions. In T cell/B cell coculture
experiments, 105 MLN CD4+ T cells and 105 MLN B cells were cultured in
200 μl/well for 3, 7, or 11 days in wells containing plate-bound anti-CD3
with or without soluble anti-CD28.
For proliferation assays, 105 irradiated (3,000 rad) splenic APCs were
cultured for 3 days with plate-bound anti-CD3 (10 μg/ml) and combinations of αE+CD4+ T cells, αE–CD4+ T cells, and B cells, each at a density of
5 × 104 cells/well. Each condition was assayed in triplicate. Incorporation
of [3H]thymidine (1 μCi/well) (MP Biomedicals, Irvine, California, USA)
during the last 24 hours of culture was measured with a Harvester 96
(Tomtec, Humden, Connecticut, USA) for cell harvest and a 1450 Microbeta Scintillation Counter (PerkinElmer, Gaithersburg, Maryland, USA).
Measurement of immunoglobulin levels. The SBA Clonotyping System ELISA
(Southern Biotech, Birmingham, Alabama, USA) was used according to
the manufacturer’s instructions for measurement of immunoglobulin
isotypes in 0.5 μl of serum samples and 20–40 μl of coculture supernatants
diluted to a final volume of 100 μl in PBS containing 1% bovine serum
albumin. The concentration of goat anti-mouse Ig capture antibody used
was 10 μg/ml, while horseradish peroxidase–labeled goat anti-mouse IgA
detection antibody was used at a dilution of 1:1,000. Plates were developed
for 10–20 minutes with 2,2′-azino-bis 3-ethylbenzthiazoline-6-sulfonic
acid substrate, and optical density readings were obtained at 405 nm on
a microplate reader (Labsystems, Needham Heights, Massachusetts,
USA). Samples were measured in triplicate. MLN immunoglobulin concentrations were determined with the mouse immunoglobulin isotyping
cytometric bead array (BD Biosciences — Pharmingen). MLN contents were
strained into 5 ml of master buffer and were centrifuged for 5 min (350 g).
Supernatants were removed and assayed according to the manufacturer’s
instructions, using 1:100 and 1:1 dilutions of supernatant for detection of
κ and λ light chain immunoglobulins, respectively.
Histology and immunohistochemistry. For histology, the ileum was flushed,
opened, rolled longitudinally, and fixed in Bouin’s fixative (Fisher, Newark,
Delaware, USA). MLNs were fixed directly in Bouin’s fixative. All tissues
were embedded in paraffin and were cut into sections 3–5 μm in thickness.
Hemotoxylin- and eosin-stained ileal sections were evaluated by a trained
histopathologist “blinded” to sample identity, using a standardized histological scoring system as described (33). For immunohistochemistry
(53), sections were deparaffinized, blocked for 1 hour (PBS with avidin,
10% normal goat serum and 0.5% gelatin), washed, and incubated over1. Elson, C.O. 2002. Genes, microbes, and T cells-new therapeutic targets in Crohn’s disease. N. Engl.
J. Med. 346:614–616.
2. Bouma, G., and Strober, W. 2003. The immunological and genetic basis of inflammatory bowel
disease. Nat. Rev. Immunol. 3:521–533.
3. Dieckgraefe, B.K., and Korzenik, J.R. 2002. Treatment of active Crohn’s disease with recombinant
human granulocyte-macrophage colony-stimulat-

night at 4°C with 1 μg/ml of biotinylated goat anti-mouse IgA (Southern
Biotech), 0.2 μg/ml of purified rat anti–mouse GR-1 (RB6-8C5) (American Type Culture Collection, Manassas, Virginia, USA), or 0.7 μg/ml of
purified goat polyclonal anti–mouse CD3 (M20) (Santa Cruz Biotechnology, Santa Cruz, California, USA). For GR1 and CD3 stains, sections
were subsequently washed and incubated with 5 μg/ml biotinylated rabbit
anti-rat and biotinylated rabbit anti-goat secondary antibodies, respectively (Vector Laboratories, Burlingame, California, USA). Sections were
then incubated with avidin-biotin peroxidase complexes, developed with
3,3′-diaminobenzidine substrate (Vector Laboratories) and counterstained
with hematoxylin. Images were acquired with an Olympus BH-2 microscope (Melville, New York, USA) and Image-Pro Plus (Media Cybernetics,
Carlsbad, California, USA) software.
Real-time RT-PCR. B cell RNA was extracted using RNAeasy (Qiagen,
Valencia, California, USA), reverse-transcribed with the Superscript kit
(Invitrogen, California, USA), and assayed for GITRL expression by probebased real-time PCR with a Smart Cycler (Cepheid, Sunnyvale, California,
USA). The primer sequences were 5′-CCCAAGGTGTCCAGAATGAAG-3′
and 5′-AGTCAGCATGGTTGAGTGAGATG-3′. The probe sequence was 5′TET-CTGGAGCAAGAAGATCCAGGATACTG-3′ (GITRL probe) (Integrated DNA Technologies, Coralville, Iowa, USA). The PCR cycling conditions
were 95°C (300 seconds) followed by 40 cycles of 95°C (15 seconds), 60°C
(30 seconds), and 72°C (30 seconds). Critical threshold (CT) values and
standard curves were used to estimate starting mRNA levels. Values were
normalized against 18S rRNA CT values generated with the preoptimized
18S rRNA primers and probe set (Applied Biosystems).
Statistics. Statistical analysis was performed with the two-tailed unpaired
Student’s t test, the Mann-Whitney rank sum test, or one-way ANOVA for
multiple comparisons with the Student-Newman-Keuls method. Statistical analysis for real-time RT-PCR data was performed with the one-tailed
unpaired Student’s t test. Statistical significance was set at P less than 0.05.
Coefficients of determination, R2, were determined using linear regression.
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