
Immunology 1999 97 565–572

Visualizing the T-cell response elicited by oral administration of
soluble protein antigen

E. WILLIAMSON, J. M. O’MALLEY & J. L. VINEY Department of Molecular Immunology, Immunex Corporation, Seattle,
WA, USA

SUMMARY

Oral administration of soluble protein antigen induces tolerance, while particulate antigens
encountered in the intestine provoke active immunity. Although the events that lead to these
distinct outcomes are not yet fully characterized, they may reflect differences at the antigen-
presenting cell (APC ) level. The role of dendritic cells (DC) in regulating responses at mucosal
sites has remained largely undefined because of the low frequency of DC in mucosal-associated
tissues. In this study we have used the growth factor Flt3-ligand (Flt3L) to expand DC populations
in vivo, in combination with an adoptive transfer system, in order to track antigen-specific T cells
during oral tolerance induction. We observed rapid T-cell activation, localized particularly in the
mucosal tissues, within hours after feeding the soluble protein antigen, ovalbumin (OVA). The
response was enhanced in Flt3L-treated mice, indicating an important role for DC during the
inductive phase of tolerance.

INTRODUCTION istration of protein antigen, little is known about where or
when antigen is presented to T cells after entry via the oral

It is well established that oral administration of soluble protein
route. Furthermore, the early inductive events that occur

antigen induces a state of systemic immunological hypores-
following feeding and ultimately promote tolerance remain

ponsiveness (oral tolerance), whereas live organisms and par-
uncharacterized. Here, we have utilized an adoptive transfer

ticulate antigens encountered in the gut provoke active local
system developed by Kearney et al.11 in which OVA T-cell

and systemic immune responses.1,2 The mucosal immune
receptor (TCR) transgenic (Tg) T cells are transferred into

system has therefore developed sophisticated means for dis-
unmanipulated syngeneic BALB/c recipients. Tg T cells can

criminating between pathogens and innocuous antigens, such
then be detected by flow cytometry using the anticlonotypic

as dietary proteins and commensal bacteria. However, the
monoclonal antibody (mAb) KJ1-26. Using this approach, in

events that lead to active immunity, on the one hand, and
combination with Flt3L treatment to expand DC populations

profound tolerance, on the other, are not yet fully understood.
in vivo, we tracked antigen-specific T cells in situ after feeding

As it has recently been suggested that oral tolerance may be
OVA. We report here the kinetics of T-cell reactivity during

exploited as a therapeutic approach for the treatment of several
oral tolerance induction and assess the effect of elevated

human autoimmune diseases,3,4 defining the cellular and mol-
numbers of DC during the inductive response.

ecular interactions involved in inducing this form of tolerance
is clearly of great importance.

The outcome of an immune response can vary, depending MATERIALS AND METHODS
on the type of antigen-presenting cells (APCs) involved during

Miceits initiation.5–8 We have recently demonstrated that in vivo
Female BALB/c mice (6–10 weeks of age) were obtained fromadministration of Flt3-ligand (Flt3L), a growth factor known
Taconic Laboratories (Germantown, NY ) and maintained into dramatically expand dendritic cell (DC) populations in a
a specific pathogen-free (SPF) facility at Immunexnumber of tissues including the gut,9,10 increases the level of
Corporation, in accordance with approved ethical guidelines.systemic unresponsiveness observed after feeding the protein
BALB/c DO11.10 OVA TCR Tg mice12 were bred and main-antigen ovalbumin (OVA).10 Although these findings indicate
tained in the SPF facility at Immunex.a critical role for DC5T-cell interactions following oral admin-

Received 20 October 1998; revised 18 March 1999; accepted 18 In vivo treatment of mice with Flt3L
March 1999. Flt3L-treated mice were injected intraperitoneally (i.p.) once

daily with purified Chinese hamster ovary (CHO)-derivedCorrespondence: Eilidh Williamson, Department of Molecular
human Flt3L (10 mg in 100 ml ) for 10 days. Control miceImmunology, Immunex Corporation, 51 University Street, Seattle WA

98101, USA. received 100 ml of phosphate-buffered saline (PBS) i.p. for the
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same time-period. Flt3L was produced and purified at isolated cells from two to three individual mice per group were
stained with fluorescein isothiocyanate (FITC)-labelled anti-Immunex, as previously described.13
Tg TCR clonotype mAb KJ1-26 (2 mg/ml ) and phycoerythrin

Adoptive transfer and feeding (PE)-labelled anti-CD4 (5 mg/ml ) for 30 min at 4° in 50 ml of
BALB/c mice were treated daily with Flt3L or PBS for 8 days blocking buffer containing 10 mg/ml anti-CD16 (Pharmingen
before and for 2 days after adoptive transfer of OVA TCR Tg Inc., San Diego, CA), 10% normal goat serum and 1% normal
T cells. Adoptive transfer was performed essentially as mouse serum (NMS). Between 30 000 and 60 000 lymphocytes
described previously.11 Briefly, lymphocytes were obtained were analysed per sample. To determine expression of CD69
from the axilliary, inguinal, popliteal and mesenteric lymph and CD45RB on the Tg T-cell population, three-colour fluo-
nodes and spleens of female DO11.10 mice, and single cell rescence-activated cell sorter (FACS) analysis was performed.
suspensions were prepared. Syngeneic female BALB/c recipient Briefly, cells were incubated with FITC-KJ1-26/PE-CD4, as
mice were then reconstituted intravenously (i.v.) with 2·5×106 described above, together with 5 mg/ml biotinylated anti-CD69
clonotypic TCR+ (CD4+, KJ1-26+) Tg T cells. Two days after or anti-CD45RB (Pharmingen) for 30 min at 4°. Cells were
adoptive transfer, chimeric mice were fed a single dose of 0, 5 then washed twice with PBS/2% FBS and incubated with
or 25 mg OVA (Fraction V; Sigma Chemical Co., St Louis, 10 mg/ml allophycocyanin (APC )-labelled streptavidin
MO), in 0·2 ml of PBS, by gavage. (Molecular Probes, Eugene, OR) for an additional 15 min.

Samples were then washed three times, resuspended in PBS
Assessment of tolerance in transfer mice

supplemented with 1% paraformaldehyde and stored at 4°
Seven days after adoptive transfer of OVA Tg T cells (i.e.

until analysis on a FACScalibur flow cytometer (Becton-
5 days after feeding OVA), mice were immunized subcutane-

Dickinson, San Jose, CA). Data were analysed using Cellquest
ously (s.c.) in the footpad with 100 mg OVA in adjuvant (RIBI

software (Becton Dickinson). Each experiment was performed
adjuvant system; RIBI Immunochemicals Research, Inc,

a total of three or four times.
Hamilton, MT). After an additional 4 days, draining popliteal
lymph nodes were removed and cultured in RPMI medium

RESULTSsupplemented with 10% fetal bovine serum (FBS; Gibco
BRL, Gaithersburg, MD), penicillin/streptomycin and Localization of adoptively transferred OVA TCR Tg T cells in
b-mercaptoethanol, in a humidified 6% CO2 incubator, at a vivo
density of 2×105 cells/well for 48–96 hr. All cultures were

To first determine the distribution of OVA-specific CD4+ Tgperformed in triplicate in 96-well flat bottomed plates in a
T cells following their adoptive transfer into normal BALB/ctotal volume of 200 ml, either alone or in the presence of
recipients, we performed flow cytometric analysis on cells1 mg/ml OVA. Proliferation was assessed by the addition of
isolated from both peripheral lymphoid organs (spleens and1 mCi/well [3H ]thymidine (Amersham, Little Chalfont, Bucks,
PLN ) and gut-associated lymphoid tissues (GALT), of threeUK) 18 hr before harvesting. The amount of radioactivity
mice per group, using the anticlonotypic mAb KJ1-26. Asincorporated into DNA was measured using a Matrix-96 cell
shown in Fig. 1, on day 3 post-transfer, CD4+ KJ1-26+ Tgharvester (Inotech, Lansing, MI ) and a direct b-counter
T cells could be readily detected in the MLN, PP and PLN of(Packard, Meridian, CT). The data are reported as the mean
all groups of reconstituted mice (Fig. 1, column II ). Tg cellscounts per minute (c.p.m.)±1 standard error of the mean
were rare in the spleen and were often undetectable in the IEL(SEM) of three individual mice/group. The Student’s t-test
and LPL compartments of transfer animals by FACS analysiswas used to compare data from different groups.
(Fig. 1). The relative proportion of Tg cells in each tissue was
similar in mice analysed 1 day after OVA feeding (Fig. 1,Cell isolation

Single cell suspensions were prepared from mesenteric lymph column III ), although there was a small increase in Tg T-cell
numbers in the PP compartment.nodes (MLN), spleen, Peyer’s patches (PP) and peripheral

(inguinal and popliteal ) lymph nodes (PLN), of two to three
mice per group, by teasing tissues apart in RPMI/10% FBS Oral administration of OVA induces expansion of Tg T cells in
followed by passage through nylon mesh. Intestinal intraepi- GALT
thelial lymphocyte (IEL) cell suspensions were prepared from

We10 and others14 have previously used the OVA-specificintestines opened longitudinally and cut into segments of
adoptive transfer system to study oral tolerance of T cells in#1 cm. Tissues were then incubated at 37° in 1 m EDTA in
a physiological manner. As shown in Fig. 2, cells from theCa2+- and Mg2+-free Hank’s balanced salt solution (CMF
popliteal lymph nodes of both PBS- and Flt3L-treated miceHBSS; Gibco BRL), for three sequential 15-min incubations,
that were fed saline before immunization proliferated vigor-to remove the epithelial layer. The resulting cell suspension
ously in response to OVA stimulation in vitro, whereas cellswas then washed in RPMI/10% FBS and passed over a prewet
isolated from PBS- and Flt3L-treated mice fed 25 mg OVAglass-wool column. Lamina propria lymphocytes (LPL) were
showed significantly reduced proliferative responses. As weisolated by further digestion of the denuded small intestine
have described in detail previously,10 cells from Flt3L-treatedfragments with Type VIII collagenase (90 U/ml; Sigma) in
mice fed OVA exhibited significantly decreased proliferationRPMI/10% FBS, followed by passage over a glass-wool
compared with cells from PBS-treated mice fed OVA (Fig. 2).column.

In this study, we were particularly interested in examining
the events that occur immediately after antigen feeding andFlow cytometric analysis of isolated cells

To determine the proportion of OVA-specific CD4+ Tg T cells which lead to profound tolerance. We therefore proceeded to
assess the effect of OVA feeding on the Tg population localizedexpressing the clonotypic TCR in adoptive transfer recipients,
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Figure 2. Functional tolerance of antigen (Ag)-specific T cells in
Flt3-ligand (Flt3L)-treated adoptive transfer mice fed ovalbumin
(OVA). Draining lymph node cells from adoptively transferred phos-
phate-buffered saline (PBS)- or Flt3L-treated mice were cultured with
1 mg/ml OVA and their proliferative capacity examined at 72 hr. PBS-
treated mice fed 25 mg OVA had significantly reduced Ag-specific
proliferative responses compared with PBS-treated mice fed PBS
(*P<0·005). Flt3L-treated mice fed OVA exhibited significantly
reduced proliferative responses compared with PBS-treated mice fedKJI-26
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either PBS (**P<0·001) or OVA (†P<0·05). The data are the
Figure 1. Localization of adoptively transferred ovalbumin (OVA)

mean±1 SEM of individual lymph node isolates from three mice per
T-cell receptor (TCR) transgenic (Tg) T cells in vivo. Chimeric BALB/c

group and are representative of six experiments.
mice were generated by intravenous (i.v.) injection of 2·5×106 OVA-
specific Tg T cells. Groups of three of these reconstituted mice were
fed phosphate-buffered saline (PBS) or 25 mg OVA 2 days after

partments showed differential responsiveness after OVA feed-adoptive transfer. Cells were isolated from the peripheral lymphoid
ing. In the MLN, the percentage and absolute number of Tgorgans and gut-associated lymphoid tissue (GALT) of normal, unre-
T cells showed a marked increase 3 days after feeding OVAconstituted BALB/c mice (column I), reconstituted BALB/c mice fed
and a subsequent decline by day 7. Similarly, the populationPBS (column II ) and reconstituted BALB/c mice fed 25 mg OVA

(column III). Two-colour fluorescence-activated cell sorter (FACS) of OVA-specific Tg cells found in the PP also increased greatly
analysis was performed on day 3 post-transfer (day 1 postfeed), to during the first 3 days post-feeding and, again, had declined
identify the proportion of CD4+ Tg T cells in each tissue, using by the later time-point. In contrast, feeding OVA did not alter
fluorescein isothiocyanate (FITC)-labelled anti-Tg TCR clonotype either the percentage or absolute number of Tg cells in the
monoclonal antibody (mAb) KJ1-26 and phycoerythrin (PE)-labelled PLN. Furthermore, oral administration of this dose of OVA
CD4 mAb. Between 30 000 and 60 000 lymphocytes were analysed per

had no effect on the number of Tg cells observed in the spleen,sample. Data shown are representative of three individual mice per
IEL or LPL compartments of reconstituted mice at any time-group. Similar results were achieved in four separate experiments.
point (days 1–7; data not shown).IEL, intraepithelial lymhocytes; LPL, lamina propria lymphocytes;

MLN, mesenteric lymph nodes; PLN, popliteal lymph nodes; PP,
Peyer’s patches. Expanding DC in vivo augments the antigen-induced expansion

of T cells in GALT after feeding

In order to better understand the role of DC during oralin the different lymphoid organs identified in Fig. 1. Cells were
isolated from each of these tissues at various time-points tolerance induction, we utilized the OVA TCR Tg T-cell

transfer system to examine the effect of increasing the numberduring the 7 days after OVA feeding and were analysed by
flow cytometry. In control mice fed PBS alone, the Tg T-cell of DC on the antigen-specific T-cell response after feeding.

Mice were treated with Flt3L or PBS for 8 days before andpopulation localized within each of the tissues remained rela-
tively stable, with no significant difference in the percentage for 2 days after adoptive transfer of OVA TCR Tg T cells.

Chimeric animals were then fed a single dose of 25 mg OVA(Fig. 3, upper panel ) or absolute numbers (Fig. 3, lower panel )
of Tg cells detected during the time course examined. or PBS on the final day of Flt3L treatment, when DC numbers

are maximal.13Conversely, Tg cells localized in the different lymphoid com-
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Figure 3. Antigen-specific transgenic (Tg) T cells expand in the gut-associated lymphoid tissue (GALT) but not the popliteal
lymph nodes (PLN) of reconstituted mice fed ovalbumin (OVA). Mice were adoptively transferred with OVA-specific Tg T cells,
as described in the legend to Fig. 1, and fed either phosphate-buffered saline (PBS) or 25 mg OVA 2 days later. Cells were isolated
from the mesenteric lymph nodes (MLN), Peyer’s patches (PP) and PLN of three reconstituted mice per group, at different times
postfeed, and fluorescence-activated cell sorter (FACS) analysis was performed to determine the percentage (upper panel ) and
absolute number ( lower panel ) of CD4+ KJ1-26+ Tg T cells. Results show the mean±1 SD from three individual mice per group
and are representative of four experiments.

We again observed an increase in OVA-specific Tg T cells after adoptive transfer of OVA TCR Tg T cells. Chimeric mice
were fed a single dose of OVA (or PBS) on the final day ofin both the PP and MLN of PBS-treated transfer mice after

oral administration of OVA (Fig. 4a, 4b). Administering Flt3L Flt3L treatment. The CD4+ KJ1-26+ Tg T-cell population
was then analysed for surface markers indicative of activation,to expand DC prior to feeding OVA caused a marked enhance-

ment of these responses, resulting in a significant increase in such as CD69, an activation antigen that is up-regulated on T
lymphocytes early after stimulation.15the number of Tg T cells in both the MLN and PP after

feeding (Fig. 4a, 4b). Interestingly, Flt3L-treatment also Feeding OVA elicited rapid T-cell activation in both the
mucosal and peripheral lymphoid tissues in a dose-dependentappeared to alter the kinetics of the response, as the expansion

of Tg cells observed in the MLN of Flt3L-treated mice peaked manner (Fig. 5). Within 24 hr after a single high-dose feed of
25 mg OVA, #75–80% of the OVA-specific CD4+ Tg T cellson day 2, compared with day 3 in similar PBS-treated animals

(Fig. 4a). In contrast, the expansion of Tg T cells evident in localized in the MLN and PP of PBS-treated mice expressed
high levels of CD69, with a significant proportion of thesethe PP appeared to peak on day 3 in Flt3L-treated mice,

compared with day 2 in PBS-treated mice (Fig. 4b). At present, cells remaining CD69+ throughout the study (Fig. 5a).
Interestingly, despite the fact that we did not observe anwe have no explanation for this shift in the kinetic response.

Flt3L treatment did not stimulate expansion of the Tg T-cell expansion of Tg T cells in the PLN after feeding OVA, the Tg
cells localized in the PLN did express surface CD69 after OVApopulation localized in the PLN, spleen, IEL or LPL of OVA-

fed mice (data not shown). feeding (Fig. 5a). Similar results were achieved when we
examined CD69 expression on CD4+ Tg T cells in the MLN,
PP and PLN of mice that had been pretreated with Flt3L

Oral administration of antigen elicits rapid T-cell activation
before feeding a high dose of OVA. Tg T cells in each of these
tissues in the Flt3L-treated mice also rapidly up-regulatedLittle is known about the early events that occur after antigen

administration via the oral route. As our results indicated that CD69 within 24 hr after feeding, with an equivalent or slightly
higher percentage of CD69+ Tg T cells observed than foundfeeding OVA induced a rapid T-cell expansion in the organized

lymphoid tissue of the gut, it was of interest to examine the in PBS-treated animals fed this dose of OVA. It should be
noted that there was no up-regulation of CD69 expression onactivation status of Tg T cells in the organized GALT after

feeding and determine how this may be affected by the presence cells isolated from PBS-fed control mice.
Our previous studies have shown that the ability of Flt3Lof increased numbers of DC. As described above, mice were

treated with Flt3L or PBS for 8 days before and for 2 days to enhance oral tolerance is most clearly demonstrable when

© 1999 Blackwell Science Ltd, Immunology, 97, 565–572
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Flt3L, a marked increase in CD69 expression could be
observed on Tg T cells found in each of these tissues at all
time-points after feeding (Fig. 5b), indicating that the rapid
T-cell activation induced in both the GALT and peripheral
lymphoid tissue after feeding high doses of antigen can be
induced in Flt3L-treated mice using low doses of antigen that
are normally ineffective in control animals. This shows that
the tolerogenic response to fed antigen is enhanced in the
presence of increased numbers of DC.

Development of an antigen-specific memory T-cell population
following oral administration of soluble antigen

As we had observed evidence of antigen-specific T-cell acti-
vation, we were interested in examining whether feeding anti-
gen also promoted the generation of a memory T-cell
population. We therefore carried out similar dose–response
studies to those described above, but analysed the OVA-
specific Tg T cells for levels of CD45RB expression, a cell-
surface marker that is down-regulated on memory T cells.
Memory T-cell development can indeed be observed after
feeding OVA because Tg T cells with a CD45RBlo phenotype
could be detected in both the MLN and PP of PBS-treated
mice within 3 days after feeding a single, high dose of 25 mg
OVA (Fig. 6a). In contrast, despite evidence of up-regulated
CD69 expression on Tg T cells in the PLN (Fig. 5), CD45RBlo
memory T cells could not be detected in the PLN of any
transfer mice at any time-point examined (Fig. 6a, 6b).

Flt3L treatment enhanced the T-cell response to fed antigen
by promoting the development of CD45RBlo memory T cells.
Mice that had been pretreated with Flt3L before being fed
25 mg OVA showed a striking twofold increase in the percent-
age of CD45RBlo Tg T cells in MLN and PP compared with
PBS-treated mice fed 25 mg OVA (Fig. 6a). However, once
again, the most dramatic difference between PBS- and Flt3L-
treated mice was evident in animals fed a lower dose (5 mg)Days after feeding
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(a)   MLN PBS/PBS fed

PBS/OVA fed

Flt3L/PBS fed

Flt3L/OVA fed

of OVA (Fig. 6b). Whereas PBS-treated mice fed this low
Figure 4. Flt3-ligand (Flt3L) treatment enhances the antigen-induced dose of antigen did not develop significant numbers of
expansion of transgenic (Tg) T cells observed in the gut-associated CD45RBlo OVA-specific Tg T cells in their MLN at any time-
lymphoid tissue (GALT) of mice fed ovalbumin (OVA). The absolute

point examined, Flt3L-treated mice fed 5 mg OVA showednumber of Tg T cells in the mesenteric lymph nodes (MLN) (a) and
progressive memory T-cell development from day 3 onwardsPeyer’s patches (PP) (b) of phosphate-buffered saline (PBS)- versus
(Fig. 6b). A similar pattern was observed in the PP of miceFlt3L-treated reconstituted mice was determined by fluorescence-
fed 5 mg OVA, where a significant memory T-cell populationactivated cell sorter (FACS) analysis at different times after feeding
was evident in Flt3L- but not in PBS-treated mice from day 325 mg OVA. Data shown are the average number of Tg T cells from

two mice per group, and the bars show the variance between individual post-feed (Fig. 6b).
animals. The data are representative of four separate experiments.

DISCUSSION
low, suboptimal doses of antigen are fed, which are often
insufficient to provoke tolerance in normal mice.10 As we Although oral administration of soluble protein antigen is

known to down-regulate systemic immune responses, the initialfound that feeding 25 mg OVA elicited such rapid, intense
T-cell activation, we predicted that the enhancing effect of events that occur after antigen feeding are unclear. By utilizing

mice adoptively transferred with DO11.10 OVA TCR TgFlt3L on an already maximal response may be hard to detect.
We therefore thought it important to also examine the effect T cells, we were able to track an antigen-specific T-cell popu-

lation in vivo and characterize its response early after cognateof Flt3L treatment on the T-cell response induced by feeding
a lower (5 mg) dose of OVA, assuming that this might reveal interaction with fed antigen. In addition, by expanding DC

in vivo prior to antigen feeding, we defined a role for DC ingreater differences between Flt3L-treated and PBS-treated
mice. Feeding this lower dose of OVA was insufficient to presenting orally administered antigens to T cells. Our results

show that although the end result of feeding soluble proteininduce CD69 up-regulation on OVA-specific Tg T cells in the
MLN or PLN of PBS-treated mice at any time, although we antigen is profound systemic unresponsiveness, the induction

of oral tolerance is an active process. The earliest events thatdid observe a minimal, transient increase in CD69 levels in
the PP at 24 hr (Fig. 5b). However, in mice pretreated with occur after antigen feeding appear to be an activation of and

© 1999 Blackwell Science Ltd, Immunology, 97, 565–572
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Figure 5. Rapid T-cell activation is induced by feeding ovalbumin (OVA). Chimeric mice were generated as before and fed
phosphate-buffered saline (PBS), high- (25 mg) (a), or low- (5 mg) (b) dose OVA. Cells were isolated from mesenteric lymph
nodes (MLN ), Peyer’s patches (PP) and popliteal lymph nodes (PLN) of PBS- or Flt3-ligand (Flt3L)-treated mice at various
times after feeding. Three-colour fluorescence-activated cell sorter (FACS) analysis was performed to assess levels of the activation
marker, CD69, on the transgenic (Tg) T-cell population in each tissue. Data shown are the average of two individual mice per
group and are representative of three separate experiments.

increase in the number of antigen-specific T cells in the an expansion of antigen-reactive T cells in the PP after feeding
antigen, whereas Gutgemann et al.20 reported both gut-organized lymphoid tissues of the gut. Furthermore, our data

reveal that the early T-cell response to fed antigen is enhanced associated and systemic expansion of antigen-reactive T cells
after feeding. Both of these latter studies utilized a multiple-in the presence of increased DC numbers, thereby implicating

DC as critical tolerogenic APC during oral tolerance induction. dose feeding regimen, which is believed to induce tolerance
via regulatory T cells secreting interleukin (IL)-10 and/orThe site where antigen-specific T cells become tolerized

following oral administration of antigen has largely remained transforming growth factor-b (TGF-b).4 The differences
between these and our studies emphasize that the mechanisticundefined until now. One might assume that tolerance would

occur in the GALT because this is obviously where orally processes of tolerance induction are highly dependent on
feeding protocols, and serious consideration should be givenintroduced antigen will first come into contact with a variety

of different types of professional APC, including DC, B cells to these matters before attempting tolerance therapy.
One of the most interesting findings to come from ourand macrophages, as well as less conventional APC, such as

intestinal epithelial cells (reviewed in 2). However, this has study was the observation that oral tolerance induction is
associated with the same events that normally proceed afternever been formally demonstrated. Indeed, some antigens,

including OVA, can enter the circulation very rapidly after the induction of active T-cell responses, namely, rapid CD69
up-regulation and clonal expansion, followed by the generationfeeding,16–18 thereby suggesting that the inductive events that

lead to oral tolerance could potentially occur elsewhere at of a CD45RBlo antigen-specific memory T-cell population.
The up-regulated CD69 expression on the Tg T-cell populationperipheral sites. Our data indicate that the gut does indeed

appear to be the primary site where antigen:T-cell interactions in the MLN and PP after feeding OVA is particularly striking
as, within 24 hr post high-dose feed, 75–80% of the OVA-occur. We observed a striking increase in Tg T cells in the

MLN and PP, but not in the peripheral lymphoid organs, specific T cells are CD69+. Although the generation of a
memory T-cell population is more gradual, within 3 days afterduring the first 3 days after feeding a single dose of antigen.

Recent studies by two other groups have also focused on feeding a high dose of OVA, high numbers of CD45RBlo
T cells can be detected in both the MLN and PP of OVA-fedanalysing the T-cell response to fed antigen. Chen et al.19 saw

© 1999 Blackwell Science Ltd, Immunology, 97, 565–572
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Figure 6. Oral administration of antigen is associated with memory T-cell development. Chimeric mice were generated as before
and fed phosphate-buffered saline (PBS), high- (25 mg) (a), or low- (5 mg) (b) dose ovalbumin (OVA). Cells were isolated from
mesenteric lymph nodes (MLN), Peyer’s patches (PP) and popliteal lymph nodes (PLN) of PBS- or Flt3-ligand (Flt3L)-treated
mice at various times after feeding. Three-colour fluorescence-activated cell sorter (FACS) analysis was performed to assess levels
of CD45RB on the transgenic (Tg) T-cell population in each tissue. Data shown are the average of two individual mice per group
and are representative of three separate experiments.

mice, and these persisted for the duration of our study. The occur after feeding are enhanced. This was evidenced by the
higher proportion of antigen-specific T cells that become acti-data shown here thus formally demonstrate that although

tolerogenic responses that occur in the gut are qualitatively vated, increase in number and develop into cells with a memory
phenotype in mice that have been treated with Flt3L. Ofdifferent from stimulatory responses in the periphery, they are

both actively induced. We did see a marked up-regulation of particular note is our finding that the activation events which
occur after feeding a high dose of antigen can now be seen inthe T-cell activation marker CD69 on Tg T cells in the PLN

within 24 hr after feeding OVA, although no subsequent Flt3L-treated mice fed a low, suboptimal dose of antigen,
which is ineffective in control mice. The reason for the apparentexpansion of Tg cells was observed. We have no explanation

for this finding, but it is possible that antigen is distributed difference in kinetics of the response between PBS-treated and
Flt3L-treated mice is not clear at present and further in-depthsystemically from the gut lumen to the peripheral lymph nodes

where it provokes some T-cell reactivity, but no expansion. studies will be required to address this point.
If both immunogenic and tolerogenic responses can beAlternatively, it is feasible that the CD69+ Tg T cells localizing

in the PLN have trafficked from the gut to promote systemic elicited by DC, at what level are these different outcomes
regulated? Several recent studies have emphasized that it istolerance. Distinguishing between these possibilities is import-

ant and is the current focus of our studies. the qualitative nature of the APC:T-cell interaction which
determines the outcome of the subsequent response.7,21,22 ThusUsing a classical model of oral tolerance, as well as the

adoptive transfer system described here, we have previously it has been hypothesized that APC which express low levels
of the co-stimulatory molecules B7.1/2 preferentially interactdemonstrated that mice treated with Flt3L to expand DC in

vivo exhibit more profound systemic tolerance after feeding with T cells via the high-affinity T-cell surface receptor,
CTLA4, providing an interaction that promotes tolerance.21OVA than do PBS-treated control mice fed OVA.10 The results

of this current study provide further insight into the role of In contrast, APC expressing high levels of B7.1/2 might
preferentially interact with T cells via the CD28 receptor,DC during the induction of oral tolerance by showing that in

the presence of increased DC numbers, the normal events that resulting in a stimulatory signal to the T cell.21 As we have
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