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ABSTRACT The intestinal lamina propria (LP) is a ma-
jor effector site of the mucosal immune system where antigen-
specific and antigen-nonspecific factors shape the functional
responses of CD41 T helper cells. To study the functional
differentiation of LP T helper cells we utilized DO11.10 T cell
receptor (TCR) transgenic (Tg) mice that expressed a clono-
typic TCR specific for a class II major histocompatibility
complex-restricted peptide of chicken ovalbumin. The major-
ity of cells expressing Tg TCR (Tg1) in peripheral lymphoid
tissue expressed naive surface phenotypes whereas nearly all
Tg1 T cells in the intestinal LP expressed an activatedy
memory-like phenotype. Flow cytometric analysis of Tg1T cell
populations revealed that a small proportion of cells in
peripheral lymphoid tissue but nearly all cells in the LP
expressed dual (Tg plus non-Tg) TCRs. In Tg3 recombinase-
activating-gene-1-deficient (Tg 3 RAG-12/2) mice, splenic
and LP T cells expressed naive surface phenotypes and
produced cytokines equivalent to naive splenic cells from Tg3
RAG-11/1mice. In contrast, Tg LP cells from Tg3 RAG-11/1

mice produced 35-fold greater levels of interferon-g and 5-fold
greater levels of interleukin 4 compared with naive splenic
cells. These findings suggested that activation of Tg1 T cells
through endogenous non-Tg TCR had promoted the localiza-
tion and differentiation of memory-like effector T helper cells
in the intestine.

The intestinal lamina propria (LP) is a classic effector site for
mucosal immune responses. Within this compartment, CD41

T cells provide helper functions for committed B cell popu-
lations and mature plasma cells (1). Lamina propria cells
participate in cellular immune responses to enteric pathogens
such as Salmonella (2), Giardia lamblia (3), Chlamydia tracho-
matis (3), Listeria monocytogenes (1), and others (1). Studies in
humans have revealed that CD41 LP T cells were an activated
population of memory T cells that expressed CD45RO, trans-
ferrin receptors, class II major histocompatibility complex, and
interleukin (IL) 2 receptor and lacked CD45RA (4, 5). In
response to stimulation, LP T cells manifested low proliferative
responses but produced IL-2, interferon g (IFN-g), IL-4, and
IL-5 at high levels (3–7). These results suggested that CD41 LP
T cells were a unique population of T helper cells that had
differentiated to deliver effector functions needed in the
mucosal microenvironment.
In the intestinal LP, CD41 LP T helper cells are exposed to

luminal antigen (Ag) and to the cytokine milieu generated by
local immune cell activation (8). Activation of mucosal mast
cells, macrophages, and natural killer cells exposes LP T cells
to oxygen radicals, eicosanoids, chemokines, and cytokines
such as IL-1, tumor necrosis factor a, IL-6, IFN-g, and others
(9). Under normal conditions, LP T helper cells cooperate to
induce and regulate activities of local immune cells resulting in
a state of ‘‘controlled inflammation.’’ However, in states of

chronic tissue inflammation such as inflammatory bowel dis-
ease (IBD), the balance of T cell cytokines shifts in favor of T
helper type 1-like cells in Crohn disease and T helper type
2-like responses in ulcerative colitis (10). Results in animal
models of IBD have suggested that IBD results from the
dysregulation of intestinal T helper cell functional differenti-
ation (11). The importance of enteric Ag in driving this
inflammation has been highlighted by the failure of IBD to
occur in these models when transferred to germfree facilities
(11–13). Thus these studies have suggested that the regulation
of LP T cell functional differentiation was an important factor
in normal and pathologic states of inflammation in the bowel.
To further understand the potential mechanisms involved in

T cell functional differentiation in peripheral lymphoid and
extralymphoid sites, we utilized DO11.10 T cell receptor
(TCR) transgenic (Tg) mice. The transgene encoded a Va13,
Vb8.2 TCR specific for a class II major histocompatibility
complex-restricted peptide of chicken ovalbumin (14). Our
analysis of the T cells in the intestine revealed that Tg1 LP T
cells expressed an activated profile of surface markers and
produced a cytokine profile typical of memory-like effector T
helper cells. Flow cytometric analysis showed that activated
Tg1 LP T cells expressed dual TCRs: a Tg TCR identified by
the clonotypic anti-TCR mAb KJ1–26.1 (15) and a second
non-Tg TCR. Analysis of Tg mice crossed to mice deficient for
the recombinase-activating gene (RAG)-1 (Tg 3 RAG-11/1)
(16) revealed that Tg1 T cells had localized to the LP but
expressed naive surface and functional phenotypes in the
absence of endogenous TCR. It was possible that Tg1 LP T
cells in Tg 3 RAG-11/1 mice were activated in a bystander
fashion by non-Tg cells responding to exogenous antigens (gut
flora, dietary, etc.). However, the relatively high proportion of
dual TCR-expressing cells in the LP compared with peripheral
lymphoid tissue suggested that activation via endogenous TCR
expressed by Tg1 LP T cells had led to the localization and
functional differentiation of cells in this tissue.

MATERIALS AND METHODS

Animals. BALByc and B6.RAG-12/2 mice (16) were ob-
tained from The Jackson Laboratory. DO11.10 TCR Tg mice
(a gift from D. Loh, Washington University) were bred in
facilities at the Lakeside Veteran’s Administration Medical
Sciences Building and maintained under specific pathogen-
free conditions. Transgenic mice were mated to BALByc
breeders (Tg3 RAG-11/1) and the progeny were screened for
expression of the TCR transgenes by flow cytometry using the
clonotypic mAb KJ1–26.1 (15). Transgenic mice were also
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mated to B6.RAG-12/2 mice and the offspring were screened
and mated to produce (Tg 3 RAG-12/2) F2 mice. All Tg mice
were used between 6 and 10 weeks of age.
Reagents and Flow Cytometric Analysis. Isolated cell

populations were analyzed for cell surface markers by three-
color f low cytometry. Viable cells were blocked for nonspe-
cific staining with 2.4G2 (anti-Fc-receptor, American Type
Culture Collection) and stained with anti-Thy-1 conjugated
to R-phycoerythrin (PE) (PharMingen), biotin-labeled KJl-
26.1 (ref. 15; anti-Tg TCR, a gift from Phillipa Marrack,
National Jewish Center, Denver) and one of the following
f luorescein isothiocyanate (FITC)-labeled mAb: control
IgG2a (R35–95), anti-CD44 (IM7yPgp-1), anti-CD45RB
(16A), anti-CD69 (H1.2F3), or anti-L-selectinyCD62L (Mel-
14) (all from PharMingen). In some experiments, cells were
stained with reagents specific for TCR Vb8.1y8.2 (MR5–2),
Va2 (B20.1), Va11 (RR8–1), or Va8 (B21.14) (PharMin-
gen). Cell were washed with ice-cold f luorescence-activated
cell sorting buffer (13 PBSy2% BSAyNaN3). KJl-26.1 was
purified over a column of protein A-Sepharose CL-4B
(Pharmacia), dialyzed in PBS, and quantified by spectropho-
tometry at 280 nm. Purified mAb was then biotinylated
(Pierce) or PE-coupled (Molecular Probes) by using the
manufacturer’s specifications. Biotin-coupled mAbs were
visualized with Streptavidin-CyChrome (PharMingen).
Events were collected and analyzed by using a Becton
Dickinson FACScan and LYSIS II software.
Cell Isolation. Splenic cells were isolated as described (17).

Briefly, spleens were mechanically dissociated and red blood
cells were lysed in ammonium phosphateychloride lysis buffer.
Cell suspensions were washed and stored in DMEM (GIBCOy
BRL) with 5% fetal calf serum (5%DMEM) on ice until used.
Cell preparations were purified by mAb and complement lysis
as described below. Mesenteric lymph node (MLN) cells were
mechanically dissociated and fat eliminated by passage of the
cell suspensions through nylon mesh. Cell suspensions were
washed, pelleted, resuspended in 5% DMEM, and stored on
ice. Lamina propria cells were prepared by modifications of a
protocol previously described (7). Briefly, small intestines
were removed and flushed with ice-cold PBS to remove fecal
contents. After Peyer’s patches (PPs) were excised, intestines
were opened longitudinally, minced into 5- to 10-mm pieces,
and washed extensively with ice-cold PBS. Mucosal pieces
were then digested twice for 30 min at 378C in trypsinizing
flasks with 5 mMEDTA (Sigma) and 10% newborn calf serum
(NCS) (GIBCOyBRL) in PBS. After each digestion with
EDTA, mucosal pieces were washed with ice-cold PBS and the
supernatants were discarded. The remaining tissue was then
digested for four 30-min intervals in a buffer containing
collagenase (Sigma; 100 unitsyml), 25 mM Hepes, 7 mM
CaCl2, and 20% NCS in DMEM. After each 30-min interval,
the cells released were centrifuged, washed, and stored in 10%
DMEM on ice, and the mucosal pieces were returned to the
collagenase buffer. After the fourth interval, the digestion
buffer was supplemented again with collagenase (100 unitsy
ml) and 10% NCS and digested for two additional 30-min
intervals. Viable cells were isolated by centrifugation of the
column elutant over Nycoprep 1.077 (Accurate Chemical).
After centrifugation, cells were collected from the interface,
washed, and pelleted. Cells were then purified further by mAb
and complement lysis as described below. PP lymphocytes
were isolated as LP with modifications. After EDTA diges-
tions, excised PPs were digested with collagenase without NCS
for 2 hr and vortex-mixed to liberate lymphocytes. The recov-
ered cells were layered on Nycoprep 1.077 gradients to isolate
viable cells. Cells were then washed, pelleted, and resuspended
for mAb and complement lysis. Splenic, MLN, PP, and LP Tg1

T cells were purified by mAb and complement lysis as de-
scribed (18). Briefly, isolated cells were incubated on ice in a
mixture of J11d.2 (anti-heat-stable Ag), 2.43 (anti-CD8), M5y

114 (anti-class II), and 2.4G2 (anti-FcR). After a 30-min
incubation with these mAbs, cells were washed and incubated
on ice with MAR 18.5 (mouse anti-rat Ig) (all from American
Type Culture Collection). Cells were then washed and incu-
bated with 10%Rabbit Low-Tox C (Accurate Chemical) for 45
min at 378C and viable cells were recovered on Nycoprep 1.077
gradients. Residual mAb-labeled cells were eliminated by
incubation with anti-rat-coated magnetic beads; 40 beadsy1 T
cell (Dynal, Great Neck, NY), followed by magnetic-negative
selection of the bound cells. The resulting T cell preparation
were.90% pure for CD41 T cells by flow cytometry (data not
shown). These cells were used as purified Tg1 T cells.
Cytokine Analysis. T cells were cultured in DMEM

(GIBCOyBRL) supplemented with 5% fetal calf serum
(GIBCOyBRL), 2-mercaptoethanol, penicillin–streptomy-
cin, Hepes, and L-glutamine as described (17). To assess
cytokine production, 5 3 104 T cells were cocultured in
24-well plates with 2.5 3 105 irradiated anti-Thy-1 and
complement-lysed splenic antigen-presenting cells and
ovalbumin peptide Ag (0.3 mM). For cytokine analysis,
supernatants were collected for analysis of IL-2, IL-4, and
IFN-g at 48 hr. Supernatants were stored at 2208C until
analysis by enzyme-linked immunosorbent assay (ELISA).
ELISAs for IL-2, IL-4, and IFN-g were performed according
to manufacturer’s specification (Endogen, Cambridge, MA),
including calibrated standards provided by the manufac-
turer. Wells were developed with 3,39,5,59-tetramethylben-
zidine soluble peroxidase substrate (Zymed) and read at 450
nm on a spectrophotometer. Cytokine levels are presented as
units per ml by using the following conversion values: 1 unit
of IL-2 5 14.2 pg; 1 unit of IL-4 5 1 pg; 1 unit of IFN-g 5
10 pg (18). The limits of detection for these ELISAs were as
follows: IL-2, 0.2 unit; IL-4, 4 units; IFN-g, 0.5 unit.

RESULTS

Intestinal T Cells Express ‘‘Activated’’ Surface Phenotypes
in Tg Mice. To assess the surface phenotype of Tg1 T cells in
peripheral lymphoid and extralymphoid sites, cells were iso-
lated from splenic and intestinal PP and LP tissues. In Fig. 1,
results of staining for Tg TCR (KJ1–26.1) (15) versus
CD45RB, CD69, and L-selectin are shown for CD4-gated cells.

FIG. 1. Surface phenotype of CD41 T cells in lymphoid and
extralymphoid sites. T cells from spleen, PP, and LP of 8-week-old
DO11.10 TCR Tg mice were stained with FITC-labeled mAbs specific
for CD45RB, CD69, or L-selectin; anti-CD4-PE; and KJl-26.1-BIO
followed by Streptavidin-CyChrome. For all populations, lymphoid
cells were gated on the basis of forward and 908 angle side scatter and
staining for CD4. For each population, the percentage of positively
stained cells is shown in quadrants. Quadrants were drawn based on
staining with negative control (IgG2a) mAbs. Data shown are repre-
sentative of more than five experiments.
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The majority of CD41 T cells in each of these tissues expressed
the Tg TCRwith,1% of Tg1 T cells expressing CD8 (data not
shown and ref. 14). The results demonstrated that Tg1 and
non-Tg T cells from splenic and intestinal sites expressed
distinct patterns of surface activation markers. The profile of
surface markers expressed by splenic cells were typical of
relatively naive cell types as were MLN T cells (data not
shown). In the spleen, 93% of Tg1 T cells expressed high levels
of CD45RB and were CD692. In addition, the majority of
splenic Tg1 cells were L-selectin-positive. By comparison,
greater proportions of previously activated Tg1 T cells were
detected in intestinal PP and LP tissues. In the PP, nearly half
of the Tg1 cells expressed low levels of CD45RB and 80%were
CD691. Interestingly, the greatest proportion of activated cells
was detected in the intestinal LP. The majority of LP Tg1 T

cells expressed low levels of CD45RB and nearly all cells were
CD691. The pattern of expression for L-selectin also suggested
that Tg1 T cells in PP and LP tissues had shed L-selectin. In
addition, the surface phenotypes expressed by non-Tg CD41

T cells in Tg (Fig. 1) and non-Tg BALByc (data not shown)
mice were typical of activated T cells and resembled the
profiles expressed by Tg1 T cells in these tissues. Overall, the
numbers of LP CD41 T cells in unprimed Tg and non-Tg mice
were equivalent as assessed by LP yields and immunohisto-
chemical staining (data not shown). Thus these data suggested
that in TCR Tg mice, Tg1 cells in intestinal lymphoid and
extralymphoid effector sites had been activated in vivo.
In Fig. 1, the level of surface activation marker expression

was compared with the level of Tg TCR expression as assessed
by staining with KJ1–26.1. In all tissues examined Tg1 T cells

FIG. 2. TCR expression in Tg mice. Spleen, MLN, PP, and LP T cells were harvested from Tg 3 RAG-11/1 and Tg 3 RAG-12/2 mice (PP
not detected in Tg 3 RAG2y2 mice) and Tg TCR vs. CD3 expression was analyzed by staining with PE-coupled clonotypic anti-TCR mAb,
KJ1–26.1-PE, and FITC-coupled anti-CD3 (A). Results of T helper cells gated on the basis of staining for CD4 are shown. Regions show the
distribution of cells with higher (upper region) or lower (lower region) Tg TCRyCD3 ratios within each population. (B) Results are shown for
CD4-gated populations of splenic and LP cells from Tg 3 RAG-11/1 mice stained with KJ1–26.1-PE and FITC-coupled mAbs specific for
endogenous TCR Va2 and Va11 chains. Staining for these mAbs in Tg3 RAG-12/2mice was,0.1% on CD4-gated populations (data not shown).
Data shown were representative of more than five experiments.
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with surface phenotypes typical for activated cells (CD45RBlo,
CD691, or L-selectin-negative) also expressed lower levels of
the Tg TCR compared with naive populations. In the LP, Tg
TCR expression was slightly less for CD45RBlo compared with
CD45RBhi cells [mean fluorescence index (MFI) for KJ1–26.1
staining: 323 compared with 360, respectively]. However, both
populations were CD691, an early marker of activation, sug-
gesting that subsets of LP Tg1 cells may have been at distinct
stages of activation. The correlation between low Tg TCR
expression and expression of an activated surface phenotype
was more apparent for populations in PP and especially spleen.
The MFI of KJ1–26.1 staining was 15% lower for
CD45RBlocells in the PP and nearly 50% reduced for
CD45RBlo Tg1 T cells in the spleen compared with parallel
populations of CD45RBhi cells in these tissues. In the spleen,
further analysis revealed that L-selectin-negative cells ex-
pressed 20% lower levels of the Tg TCR compared with
L-selectin1 cells (MFI of KJ1–26.1 staining: 411 compared
with 514, respectively). An analysis of whole populations of
splenic and intestinal cells suggested that Tg TCR expression
was lowest for LP and PP cells and highest in the spleen (MFI
of KJ1–26.1 staining: LP, 328; PP, 396; spleen, 490). Thus,
these data suggested that activated Tg1 T cells in both splenic
and intestinal tissues expressed low levels of Tg TCR. The
increased proportion of these cells in the intestine suggested
that activated cells may have preferentially migrated to this
tissue andyor been retained due to local factors.
Frequency of Dual TCR-Expressing Tg1 T Cells. Because

data in Fig. 1 suggested that previously activated cells ex-
pressed low levels of Tg TCR, the potential for endogenous
TCR expression by Tg1 T cells was examined. Incomplete
allelic exclusion of TCR gene rearrangement results in expres-
sion of dual TCRs by peripheral T cells in human subjects and
in normal and TCR Tg mice (19–25). As the stoichiometry of
total TCR to CD3 expression is fixed (25, 26), we utilized flow
cytometric analysis of selective TCR expression to distinguish
single and dual TCR-expressing cells. Thus, in TCR Tg mice,
the ratio of Tg TCRyCD3 was higher for cells expressing only
Tg TCR (Fig. 2A, upper gate) compared with cells expressing
dual TCRs (Fig. 2A, lower gate). More than 84% of Tg1T cells
in the spleen and MLN expressed high Tg TCRyCD3 ratios,
whereas a small proportion of Tg1 T cells in these tissues
expressed lower Tg TCRyCD3 ratios. By comparison, greater
proportions of dual TCR-expressing Tg1 T cells were detected
in PP and LP tissues. Nearly half of Tg1 PP T cells expressed
low Tg TCRyCD3 ratios whereas more than 85% of Tg T cells
in the small intestinal LP expressed dual TCRs. Expression of
CD3 was equivalent for Tg1 T cells in all tissues examined
indicating that Tg TCR had not been down-regulated due to
activation. To examine Tg TCRyCD3 ratios in mice without
endogenous TCR rearrangement, Tg mice were crossed to
RAG-12/2 mice (16). Splenic, MLN, and LP Tg1 T cells from
Tg 3 RAG-12/2 mice expressed high Tg TCRyCD3 ratios
without evidence for decreased Tg TCR expression or TCR
down-regulation. (PPs were not detected in Tg 3 RAG2y2

mice).
To further address whether Tg1 T cells expressed endoge-

nous TCR chains, cells were stained with mAbs specific for
TCR Va chains not encoded by the transgene. Results in Fig.
2B demonstrated that cells staining positive with the clono-
typic mAbKJ1–26.1 also stained with reagents specific for Va2
TCR chains and to a lesser extent for Va11 TCR chains
(anti-TCR Va8 staining not detected, data not shown). The
decreased ratio of Va2yCD3 staining for Tg1 T cells com-
pared with nontransgenic T cells was consistent with dual TCR
expression by Tg1 T cells. Background levels of staining for
Va2 and 11 TCR chains in Tg 3 RAG-12/2 mice were ,0.1%
(data not shown). The equivalent proportions of Va11- or
Va2-expressing Tg1 T cells in LP and splenic tissues suggested
that gut-specific expansion of endogenous TCR-expressing LP

T cells had involved Va chains not detected with the limited
reagents available. We observed high ratios of Vb8.1y8.2 to
CD3 staining in Tg mice indicating that allelic exclusion of
endogenous TCR Vb expression was complete (data not
shown). Thus with results in Fig. 1, these data suggested that
in TCR Tgmice, rearrangement of endogenous TCRVa genes
led to generation of some dual TCR-expressing Tg1 T cells
that were selectively activated in the intestine.
Surface Phenotype of Tg1 T Cells in Tg 3 RAG-12/2 Mice.

To examine the surface phenotype of Tg1 T cells in mice
without endogenous TCR rearrangement, Tg mice were
crossed to RAG-12/2 mice. As shown in Fig. 3, Tg1 T cells in
the spleen, MLN, and LP of Tg 3 RAG-12/2 mice expressed
a profile of surface markers typical for naive T cells (27). In the
spleen and MLN, Tg1 T cells were CD692 and expressed dull
levels of CD44 and high levels of CD45RB. Although Tg1 T
cells were largely L-selectin-positive in Tg 3 RAG-12/2 mice,
a small subset of L-selectin-negative cells were detected.
Overall the surface phenotype expressed by Tg1 T cells in
these mice were similar to those observed for cells in Tg 3
RAG-11/1mice (Fig. 1), suggesting that splenic and MLN Tg1

T cells in both mice were naive. In the LP of Tg 3 RAG-12/2

mice, however, LP Tg1 T cells expressed a distinct profile of
surface activation markers compared with LP cells from Tg 3
RAG-11/1 mice. In Tg 3 RAG-12/2 mice, Tg1 LP T cells
expressed a relatively naive profile of surface activation mark-
ers with low CD44, high CD45RB, and negative levels of CD69
that included expression of L-selectin by the majority of cells.
Interestingly, the percentage of L-selectin-negative LP cells
varied between 20 and 40% in mice,8 weeks of age (data not
shown). These results were distinct from Tg3 RAG-11/1mice,
where the vast majority of Tg1 LP T cells were L-selectin-
negative and expressed activated ‘‘memory-like’’ surface phe-
notypes (Fig. 1). Immunohistologic analysis of intestinal frozen
sections of Tg 3 RAG-12/2 mice with KJ1–26.1 verified that
high numbers of Tg1 T cells were localized to the LP com-
partment (data not shown). Thus, these data suggested that
without endogenous TCR expression, Tg1T cells had localized
to the intestinal LP but had not been activated.
Functional Differentiation of Dual TCR-Expressing Cells.

To examine how dual TCR expression and localization to the
intestinal LP affected T cell functional differentiation, cyto-
kines produced by splenic and LP cells from Tg 3 RAG-11/1

and Tg 3 RAG-12/2 mice were assessed after activation with
antigen-presenting cells and Ag. Results in Fig. 4 show that in
Tg 3 RAG-11/1 mice, LP Tg1 T cells produced .5-fold
greater levels of IL-4 and 35-fold greater levels of IFN-g

FIG. 3. Surface phenotype of CD41 T cells in Tg 3 RAG-12/2

mice. Tg T cells from spleen, MLN, and LP were gated on the basis
of staining with anti-CD4-PE and KJ1–26.1-BIO followed by Strepta-
vidin-CyChrome and results are shown for staining with FITC-
conjugated mAbs specific for L-selectin, CD44, CD45RB, or CD69.
Data shown are representative of four experiments.
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compared with splenic cells. These results were also observed
for Tg3RAG-11y2 littermate controls (data not shown). Thus
with results of LP Tg1 T cell cloning (S.D.H. and T.A.B.,
unpublished observations), these data suggested that Tg1 LP
T cells in these mice had become a T helper type 0-like effector
population (28). To examine the functional differentiation of
Tg1 T cells in mice without endogenous TCR expression,
cytokines produced by cells from Tg 3 RAG-12/2 mice were
measured. Overall, Tg1 T cells isolated from distinct tissues in
Tg 3 RAG-12/2 mice produced cytokine profiles similar to
naive splenic cells from Tg3 RAG-11/1mice. Thus, LP T cells
expressing only clonotypic Tg TCR did not produce increased
levels of IL-4 and IFN-g compared with splenic T cells. These
data suggested that without expression of endogenous TCR,
Tg T cells localized to the intestinal LP had not differentiated
to become effector T helper type 0 cells.

DISCUSSION

These data suggested that dual TCR-expressing Tg1 T cells in
the intestinal LP of DO11.10 TCR Tg mice had been activated
by environmental Ag via endogenous TCR. Furthermore, we
suspected that TCR-mediated activation played a direct role in
the functional differentiation of cells in this extralymphoid
effector site. The surface phenotype and cytokine profile
produced by Tg1 T cells in the LP of TCR Tg mice suggested
that these cells were a population of activatedymemory-like T
helper cells. Previous studies have observed similar findings
with LP cells from human (3–6) and murine systems (7, 8),
suggesting that the development of effector T cells in DO11.10
mice resembled normal pathways for intestinal T cell func-
tional differentiation. The profile of surface markers
(CD45RBlo, CD691, and L-selectin) along with the expression
of high levels of CD44 (data not shown) by LP cells resembled
the phenotype associated with activated memory-like T helper
cells (27, 28). These cells mediate efficient help for both T
helper type 1-like and T helper type 2-like responses (28). In
particular, CD69 expression suggested that LP cells were an
activated rather than a resting population of memory T helper
cells. These findings suggested that previous activation may
have played a role in promoting the unique cytokine profiles
we detected. In studies by Bradley et al. (29–31), activation was
shown to promote the development of effector T helper cells
from resting CD41 memory cells. In these studies, activatedy
memory effector T helper cells produced greatly increased
levels of IL-2, IL- 4, and IFN-g upon re-exposure to Ag
compared with resting memory T helper cells. In these and
other studies, cytokines such as IFN-g or IL-12 compared with
IL-4 or IL-10 were shown to promote development of T helper

type 1-like compared with T helper type 2-like effectors,
respectively (28, 31–33). These results suggested to us that the
high levels of cytokine produced by LP cells resulted from
TCR-mediated activation along with exposure to IFN-g or
IL-12 produced by tissue macrophages or dendritic cells and
IL-4 produced by mucosal mast cells or other T cells. The
importance of activation in promoting this phenotype was
further highlighted by results in LP of Tg 3 RAG-12/2 mice
where LP cells did not express an activated surface phenotype
and failed to produce the distinctive profile of cytokines
observed in Tg3 RAG-11/1mice. Thus, recognition of enteric
Ag by dual TCR-expressing cells in the LP may have induced
activation and promoted the functional differentiation of this
unique subset of IL-4 and high IFN-g-producing effector T
helper cells.
In the current system, an Ag-specific TCR Tg model was

used to examine cells that expressed only clonotypic ovalbu-
min-specific TCRs and other populations that expressed clo-
notypic Tg TCRs and a second non-Tg TCR composed of the
Tg TCR Vb chain and a non-Tg TCR Va chain. We suspected
that the increased TCR repertoire of Tg1 cells expressing
endogenous TCR Va allowed this population to recognize a
wide spectrum of environmental Ags. By comparing the
phenotype of Tg1 cells in the periphery and intestine, we
concluded that the endogenous TCR expressed by LP Tg1 T
cells likely mediated T cell activation by enteric Ags and played
a role in the retention of these effector cells in the mucosa.
Other reports have verified the expression of two functionally
intact TCRs by peripheral T cells in human T cell clones (34,
35) and in up to 15% of T cells isolated from peripheral blood
(25). Von Boehmer and colleagues (19) suggested that dual
TCR expression usually resulted from incomplete exclusion of
TCR Va gene rearrangement and allowed developing T cells
to test various TCR combinations during positive selection.
The potential for dual TCR-expressing cells to recognize an
increased diversity of environmental Ags was highlighted by
Balomenos et al. (21), who found that dual TCR-expressing
cells expressed activated phenotypes and expanded in the
periphery of older TCR Tg and normal mice. In studies in 4-
to 6-week-old DO11.10 mice, Macatonia et al. (36) detected
dual TCR-expressing Tg1 splenic T cells but found no corre-
lation between TCR usage and expression of L-selectin. We
found that in slightly older (8 week old) DO11.10 mice, the
expression of dual TCRs by Tg1 cells in peripheral lymphoid
tissue (spleen andMLN) did seem to correlate with expression
of surface activation markers (Fig. 1). It was possible that
activation of some Tg1 cells in the periphery may have been
due to non-TCR-mediated activation or cross-reactivity of Tg
TCR with environmental Ag. In fact, some cells in the LP of
Tg 3 RAG-12/2 mice expressed lower levels of CD45RB and
L-selectin and increased levels of CD44 and CD69, suggesting
that Tg1 cells had been activated in a bystander fashion or
stimulated with exogenous antigens (gut flora, dietary, etc.).
Thus, the data suggested that TCR-mediated, Ag-dependent,
and bystandermechanisms helped to generate the activated LP
T cell populations that we detected. However, the differential
roles of bystander and direct TCR-mediated activation in this
process remains to be determined.
Our results and results of others (37, 38) suggested that

activation of T cells enhanced the migration of cells into the
intestinal LP. However, this circulation pathway did not ex-
clude the potential for the migration of naive cells to the
mucosa. Previous studies by Poussier et al. (39) in Ly 5.1y5.2
parabionts had suggested that peripheral CD41 T cells circu-
lated through the intestinal LP. Other investigators have
suggested that subsets of naive and activated CD41 T cells
exhibit distinct migration patterns. In general, naive cells
circulate through peripheral lymphoid tissues, whereas acti-
vated memory populations circulate through lymphoid and
extralymphoid immune effector sites such as the intestine (37,

FIG. 4. Induction of cytokine production for LP Tg1 T cells.
Purified splenic and LP Tg1 T cells were harvested from Tg 3
RAG-11/1 and Tg 3 RAG-12/2 mice and activated with antigen-
presenting cells and Ag. Cytokine levels were determined by ELISA
at 48 hr. Data shown are representative of four experiments.
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38). These models are consistent with our contention that
activation of Tg1 cells promoted the migration of cells to the
LP. The failure to observe high numbers of activated dual
TCR-expressing cells outside the intestine suggested that
enteric Ag may have helped retain effector cells in this site.
Given these results, the observation that LP cells in Tg 3
RAG-12/2 mice expressed a relatively naive phenotype was
puzzling. Although naive T cells express dull levels of the
mucosal integrin a4b7 their circulation pattern in adult mice
is restricted to lymphoid sites (38). Mebius et al. (40) have
suggested that prior to 24 hr after birth, the pattern of vascular
addressin expression does not restrict circulation of naive and
activated T cell subsets to distinct lymphoid and extralymphoid
sites respectively. These results have suggested that after birth
a switch occurred that facilitated tissue-selective lymphocyte
migration. Thus, it was possible that naive T cells migrated into
the intestinal LP during fetal and early neonatal development.
The transition to a more tissue-selective distribution of vas-
cular addressin expression may have occurred, in part due to
Ag exposure. Thus, these findings suggested that TCR and
non-TCR-mediated factors such as age and the activation of T
and non-T cell populations operated to shape the migration of
naive and activated T cells into the LP. Ultimately, the goal of
these mechanism(s) may have been to expose a wide repertoire
of naive T cells to enteric Ag early in development. However,
once Ag-driven T cell activation had occurred, the priority of
the immune system was to position appropriate populations of
activated effector T cells in mucosal extralymphoid sites where
they could effectively participate in protective immune re-
sponses.
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