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SUMMARY

How the mucosal immune system promotes active immunity against harmful organisms but

tolerance to commensal bacteria or dietary antigens is poorly understood. Thus, the antigen-

presenting cell (APC), site of antigen presentation, and effector mechanisms responsible for

oral priming and tolerance remain unclear. Characterizing differences between oral priming

and tolerance may improve the exploitation of oral tolerance for therapeutic applications and

aid the design of oral vaccines. To address these questions we compared the mucosal and

systemic activation and localization of antigen-specific T cells during the induction of oral

priming and tolerance. Activation marker expression and cell division by tg T cells was

determined in conjunction with their anatomical location. These studies show that after

feeding, T cells are activated in both peripheral and local lymphoid tissues within 6 hr,

irrespective of the presence of adjuvant. Subsequently, T-cell accumulation can be detected

simultaneously in peripheral and mesenteric lymph nodes and Peyer’s patches within 24 hr of

feeding, but only after 3 days post feeding in the lamina propria. Primed and tolerized T cells

adopted similar phenotypes as assessed by activation marker expression. However, within the

mesenteric lymph nodes (MLN) tolerized T cells underwent significantly fewer divisions than

primed T cells. Thus, T-cell activation and expansion occurs throughout the animal after

feeding a range of doses of antigen, irrespective of whether priming or tolerance is the

eventual outcome. However, the presence of an adjuvant enhances clonal expansion in

the MLN while tolerized T cells display defective cell division.

INTRODUCTION

Oral administration of antigen can result in local and

systemic priming or tolerance1–7 and has therefore been

proposed as both a desirable route of vaccination and a

potential therapy for autoimmune diseases.8 The basis of

the dichotomy in mucosal immune responsiveness remains

elusive but may reflect differences in the interactions

between antigen-presenting cells (APC) and T cells resulting

from variation in the anatomical location, phenotype and

activation state of the APC population. Several possibilities

exist regarding the anatomical location of antigen presen-

tation and T-cell activation after oral administration of

antigen, including movement of antigen-laden APC or

activated T cells from the gut to peripheral tissues,

distribution of antigen throughout the periphery with

subsequent presentation and T-cell activation or a combi-

nation of both. Furthermore, whether the sequence of

events differs between mucosal priming and tolerance is

not clear.

In an attempt to define any differences which may exist

in the localization of APC–T-cell interaction and T-cell

activation between oral priming and tolerance, we have

employed the adoptive transfer system first described by

Kearney et al.9 This and similar systems have recently been

used by a number of groups to investigate oral tolerance but

these studies have yielded conflicting results, with some

suggesting that responses to orally administered antigens

are initiated locally in the gut and then disseminate,10–13

while another proposed simultaneous activation of antigen-

specific T cells throughout the animal after feeding.14

Furthermore, these studies did not compare mucosal
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tolerance and priming and therefore cannot distinguish

whether the changes observed are unique to tolerance.

In order to clarify these important inconsistencies and

to determine the location of antigen presentation in oral

priming and tolerance we have compared the response to

the same antigen (ovalbumin; OVA) fed in the presence or

absence of the mucosal adjuvant cholera toxin (CT). We

have examined clonal expansion, cell division, activation

and memory markers and have also directly visualized the

location of antigen-specific T-cell receptor (TCR) tg T cells

using immunohistochemistry. These studies have demon-

strated that after transfer of OVA-specific DO11.10 TCR tg

T cells into a naı̈ve recipient, oral administration of a range

of doses of antigen results in activation and antigen-specific

clonal expansion of T cells simultaneously in the mucosal

and systemic lymphoid tissue and that the kinetics of the

responses and the phenotype of the T cells produced are

similar in the presence or absence of adjuvant. However, in

the mesenteric lymph nodes (MLN) the presence of a

mucosal adjuvant enhanced clonal expansion whereas

tolerized T cells underwent fewer cell divisions than primed

T cells.

MATERIALS AND METHODS

Animals

C57BL/6 (H-2b/b) and BALB/crC57BL/6 F1 (H-2d/b) mice

were purchased from Harlan-Olac (Bicester, UK). Mice

homozygous for the cOVA peptide323–339/I-A
d-specific

DO11.10 TCR transgenes on the BALB/c background15

were crossed to C57BL/6 mice to produce animals on an F1

background which were used as donors. Six-week-old, male

C57BL/6rBALB/c F1 mice were used as recipients. All

animals were specified pathogen free and were maintained

under standard animal house conditions in accordance with

Home Office regulations.

Preparation of cell suspensions for adoptive transfer

Peripheral lymph nodes (axillary, inguinal, cervical) (PLN),

MLN and spleens from DO11.10 F1 mice were pooled and

forced through Nitex mesh (Cadisch Precision Meshes,

London, UK) using a syringe plunger. Suspensions were

washed in RPMI-1640 (Gibco BRL, Paisley, UK). The

CD4+ KJ1.26+ T-cell percentage was determined by flow

cytometric analysis as described below. tg T cells (1–6r106)

were injected intravenously (i.v.) into age- and sex-matched

BALB/crC57BL/6 F1 recipients as described previously.16

Carboxyfluorescein diacetate, succinimidyl ester (CFSE)

labelling of tg lymphocytes

Cell suspensions were prepared as described as above

before being washed 2r in Hanks balanced salt solution

(HBSS; Sigma, Poole, UK) and resuspended at a concen-

tration of 5r107 lymphocytes/ml. Cells were then incubated

with 5 mM (5(6)-CFSE (Molecular Probes Inc., Eugene,

OR) for 10 min at 37u. Cells were washed in HBSS then

complete medium (RPMI-1640, 10% fetal calf serum

(FCS), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml

streptomycin, 1.25 mg/ml Fungizone (all Gibco BRL))

before resuspending at 2–5r106 tg cells/adoptive transfer.

Antigen administration

Chicken OVA (fraction V) and CT were obtained from

Sigma. After adoptive transfer, recipient mice were exposed

to antigen by feeding phosphate-buffered saline (PBS),

10 mg, 25 mg, or 100 mg OVA, or 100 mg OVA with 20 mg
CT (Sigma) (OVA/CT) or by subcutaneous (s.c.) injection

with 100 mg OVA in 100 ml saline/50% complete Freund’s

adjuvant (OVA/CFA;Sigma).Heat-aggregatedOVA(HAO)

was prepared and administered as described previously.17

Assessment of antigen-specific delayed type hypersensitivity

(DTH) responses in vivo

Mice were fed PBS, 100 mg OVA or 100 mg OVA plus

20 mg CT 24 hr post transfer. Nine to 10 days later mice

were injected s.c. with 100 mg OVA in 50 ml saline/50%

CFA in one rear footpad. 21 days later the thickness of the

rear unimmunized footpad was determined before being

injected with 100 mg HAO in 50 ml saline. Subsequent

footpad measurements were taken 24 and 48 hr post

injection as described previously.17

Flow cytometry

PLN, MLN and Peyer’s patches (PP) were harvested

between days 1 and 19 after antigen exposure. Cell

suspensions were prepared as described above. Aliquots

of cells were incubated with FcR blocking buffer (anti-

CD16/32 hybridoma supernatant, 10% mouse serum

(Diagnostic Scotland, Edinburgh, UK) and 0.1% sodium

azide (Sigma)) for 10 min at 4u to prevent binding of

antibody to cells via Fc regions.

For two-colour staining detection of CD4+ tg T cells,

cells were incubated with phycoerythrin (PE) conjugated

anti-CD4 (BD Pharmingen, Oxford, UK) and biotinylated

clonotypic anti-TCR antibody, KJ1.26, for 40 min at 4u.
Cells were washed in fluorescence-activated cell sorting

(FACS) buffer (PBS, 2% FCS and 0.05% sodium azide) then

incubated with fluorescein isothiocyanate (FITC) conju-

gated streptavidin (BD Pharmingen) for 40 min at 4u. For
three-colour staining cells were incubated with Peridinin

chlorophyll protein (PerCP) conjugated anti-CD4, bio-

tinylated KJ1.26 and FITC-conjugated isotype control,

anti-CD69 or anti-CD45RB (all BDPharmingen) for 40 min

at 4u. Cells were washed in FACS buffer, then incubated

with PE-conjugated streptavidin (BD Pharmingen) for

40 min at 4u. After a wash in FACS buffer, cells were

resuspended in FACS flow (Becton Dickinson) for

analysis with a FACScan and CELLQuest software

(BD Pharmingen). Two-colour analysis was performed

on 20 000 events. The CD45RB, CD62L, CD69 and

CFSE data was assessed using three-colour analysis on

1000–2000 KJ1.26+ CD4+ cells.

Enzyme-linked immunosorbent assays (ELISA)

To detect anti-OVA antibodies in serum, Immulon 2 plates

(Costar, New York, NY) were coated with OVA then

blocked with PBS–10% FCS for 1 hr at 37u. Serum
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samples were added for 3 hr at 37u before incubation

with biotinylated anti-immunoglobulin G2a (IgG2a; BD

Pharmingen) or biotinylated anti-IgG1 (Serotec, Oxford,

UK), for 1 hr at 37u. Plates were then incubated with

extravidin-peroxidase (1/1000; Sigma) for 1 hr at 37u. TMB

Microwell Peroxidase Substrate (Kirkegaard and Perry

Laboratories, Gaithersburg, MD) was added to detect

enzymatic activity as described previously.20

Immunohistochemistry

PLN, MLN, PP and LP were frozen in liquid nitrogen in

OCT embedding medium (Miles Inc. Diagnostic Division,

Elkart, IN) and stored at x70u. 6–10 mm sections were

cut then stored at x20u. For staining sections were

incubated in acetone for 10 min, air dried and rehydrated

with PBS before incubation in 0.1% azide/3% H2O2 for

45 min Avidin solution (Vector, Burlingame, CA) was

added for 15 min then biotin solution (Vector) was added

and finally Fc block for 30 min Sections were washed in

PBS after each treatment.

Single staining for the DO11.10 TCR

To detect tg T cells, sections were stained with 1/1600KJ1.26

in TNB (0.1 M Tris–HCl pH 7.5, 0.15 M NaCl, 0.5%

blocking reagent (NEN Life Science, Boston, MA)) for

30 min, before being washed in 2r in TNT (0.1 M Tris–HCl

pH 7.5, 0.15 M NaCl, 0.05% Tween). Subsequently, sections

were incubated with streptavidin–horseradish peroxidase

(SA–HRP; 1/100 in TNB block; NEN Life Science) for

30 min before washing as before. Biotinyl-tyramide (1/50

in TNB; NEN Life Science) was then added for 10 min,

followed by two washes in TNT. SA–HRP was added again

for 30 min before washing 2r in TNT. Enzymatic activity

was detected with 3,3k-diaminobenzidine (DAB) substrate

(Vector) before washing in H2O, followed by incubation

with DAB enhancing solution (Vector) for approximately

10 s and a wash in H2O. Harris haematoxylin (Vector)

was used to counterstain before rinsing in H2O and

dipping in acid alcohol, tap water, bicarbonate then tap

water. Sections were subsequently exposed to 70% ethanol,

95% ethanol 2r, then 100% ethanol for dehydration

before clearing in Histoclear (BS & S Ltd, Edinburgh,

UK) and immediate mounting in Histomount (BS & S Ltd).

Double staining tg T cells and B-cell areas

B-cell areas were detected on sections by incubation with

biotinylated B220 (BD Pharmingen) for 30 min Sections

were then washed 3r in PBS, before being incubated

with ABC-alkaline phosphatase (Vector) for 30 min PBS

was used to wash the sections 3r before incubation in

the alkaline phosphatase substrate 5-bromo-4-chloro-3-

indolyl phosphate (BCIP)/nitroblue tetrazolium (NBT)/

Tris–HCl pH 9.5 (Vector) for 45 min. Tg T cells were

detected on B220-stained sections as described above,

however, no counterstain was used.

Statistics

Results are expressed as meantSEM or mean+range.

To test significance Student’s unpaired t-tests were

performed, a P-value of j 0.05 was regarded as significant.

RESULTS

A single feed of antigen results in oral priming or tolerance

To assess priming and tolerance induction, adoptively

transferred mice were fed PBS, OVA or OVA/CT. 14 days

later mice were immunized with OVA/CFA s.c. before being

challenged with HAO a further 21 days later. HAO induced

footpad swelling was recorded 24 and 48 hr after HAO

challenge. As can be seen in Fig. 1(a) and 24 hr after

exposure to HAO, OVA fed animals were tolerant as they

failed to mount a DTH response to challenge in comparison

with PBS-fed animals which displayed a significant increase

in footpad thickness. OVA/CT fed animals mounted a

significantly higher DTH response than the OVA fed group.

Furthermore, while the response of animals fed OVA/CT

was not enhanced compared to PBS fed controls at 24 hr

after challenge it remained significantly enhanced compared

with the OVA fed group at 48 hr, whereas the PBS response

was not (Fig. 1b), indicating that OVA/CT animals were

primed.
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Figure 1. (a) Single feed of antigen can enhance or suppress

systemic responses to subsequent challenge. KJ1.26+ CD4+ T cells

(2.0–3.0r106) were transferred into naı̈ve recipients 1 day before

feeding with PBS, 100 mg OVA or 100 mg OVA+20 mg CT

(OVA/CT). 10 days later animals were injected s.c. with 100 mg
OVA/CFA. 21 days after challenge footpads were measured before

animals received HAO in the contralateral footpad. Subsequent

footpad swelling was documented 24 hr (a) and 48 hr (b) later.

Results represent four to five animals per group and are presented

as the mean antigen-specific increase in footpad thickness tSEM.

Similar results were obtained in 1 further experiment (*Pj0.05).
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Localization and persistence of antigen-specific

CD4+ T cells after antigen exposure: clonal expansion

Antigen-specific T-cell responses were assessed using the

clonotypic anti-TCR antibody KJ1.26 in adoptively trans-

ferred mice. All groups exposed to antigen displayed

accumulation of antigen-specific T cells in PLN (Fig. 2a)

and/or MLN (Fig. 2b). The proportion of antigen-specific

T cells in each tissue showed regional differences for each

experimental group. Mice fed OVA or OVA/CT showed a

large increase in KJ1.26+ CD4+ T cells in the MLN and

a small increase in PLN. Of the time points examined, the

peak in clonal expansion occurred in both tissues 3 days

after feeding and declined thereafter, suggesting that

antigen-driven clonal expansion occurs simultaneously in

the local and peripheral tissues after feeding and that CT

does not affect the early kinetics of T cell accumulation in

either location. Animals fed OVA/CT appeared to show

greater antigen-specific T-cell accumulation in the MLN,

though not in the PLN, on day 3 than those fed OVA alone.

Thus, the use of an adjuvant appeared to enhance the

accumulation of antigen-specific T cells in the local tissues.

Exposure to OVA/CFA subcutaneously also resulted in

accumulation of tg T cells in the PLN, peaking at day 3

(Fig. 2a), but not in gut tissues (Fig. 2b, c). Animals exposed

to orally delivered antigen also exhibited a small, but

reproducible, accumulation of tg T cells in the PP (Fig. 2c),

again the peak of this response occurred 3 days after

feeding. The kinetics of T-cell expansion in PP may also

have been affected by the presence of CT. Although both

groups of fed animals showed clonal expansion of tg T cells

in the PP, the proportion of tg T cells in those fed OVA/CT

remained higher at day 7. Thus, exposure to antigen via the

oral route resulted in marked clonal expansion of tg T cells

in the MLN and slight expansion in the PLN and PP. T-cell

expansion in the gut tissues appeared to be increased if an

orally delivered adjuvant was used and, at least in the PP,

this regime may have resulted in increased persistence of tg

T cells, though confirmation of this will require further

examination of later time points.

Analysis of cell division following exposure to

immunogenic or tolerogenic antigen

We observed tg T-cell accumulation in local and peripheral

tissues after exposure to both tolerogenic and immunogenic

antigen. However, these data did not discriminate between

the relative contributions of recruitment and division of

T cells. Furthermore, we were unable to assess whether the

proliferative capacities of primed and tolerized T cells

differed, as was suggested by a recent report that tolerizing

by i.v. injection of peptide results in limited T-cell division

compared to priming.18 In order to address these issues tg

T cells were labelled with CFSE. This dye allows cell

division to be tracked as after each division daughter cells

halve their fluorescence.19 tg T cells in the PLN and MLN

were analysed for their CFSE profiles independently.

Twenty-four hours after antigen exposure there was no

division apparent, as all CFSE profiles resembled those of

PBS fed controls (data not shown). By 48 hr, division was

observed in the local and systemic tissues of animals fed

OVA or OVA/CT (data not shown). The number of cell

divisions made by cells in the peripheral tissues does not

differ in priming or tolerance (Fig. 3i), with cells undergoing

as many as seven divisions in each case. However,

Figure 2. Clonal expansion of tg T cells following a single exposure

to OVA. KJ1.26+ CD4+ T cells (2.0–3.0r106) were transferred

into naı̈ve recipients 1 day before feeding with 100 mg OVA (s) or

100 mg OVA+20 mg CT (m) or injection with 100 mg OVA/CFA

(2). Three, 5 and 7 days post antigen exposure mice were sacrificed

and the percentages of KJ1.26+ CD4+ T cells in their PLN (a),

MLN (b) and PP (c) were determined by FACS. Unimmunized

controls from each time point were averaged and represented as day

0. Results represent two animals per group and are presented as

the mean+range. Similar results were obtained in three further

experiments.
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significantly less tg T cells in the MLN of orally tolerized

animals underwent seven or more divisions in comparison

with those of primed animals by day 3 (Fig. 3j). This

difference was still apparent 6 days after feeding (data not

shown).

Expression of memory markers

As T cells in the MLN divided less than primed cells, we

examined whether the activation state induced differed in

the two situations by analysing the expression of activation/

memory markers. tg T cells in the PLN and MLN were

examined for the activation/memory markers CD45RB and

CD62L, the expression of which decreases after activation

of T cells.20 Figure 4 shows the percentage ofKJ1.26+ CD4+

T cells expressing CD45RB at high levels. Progression to

a memory-like phenotype occurred during both priming

and tolerance induction and occurred simultaneously in

peripheral (Fig. 4a) and local (Fig. 4b) tissues. The majority

of tg T cells had acquired a CD45RBlo phenotype by day 3

after feeding in animals exposed to antigen via the oral

route. This decrease was more pronounced in OVA/CT fed

animals compared with those fed OVA only. A similar result

was obtained for CD62L expression where antigen-specific

T cells in both the PLN and MLN had down-regulated

CD62L expression 3 days after feeding either immunogenic

or tolerogenic antigen (data not shown). tg T cells from

animals which received OVA/CFA s.c. also progressed to a

CD62Llo phenotype by day 3 (data not shown). Surpris-

ingly, in these animals a similar CD45RB phenotype was

not observed (Fig. 4a). As changes in CD45RB and CD62L

expression were observed only at relatively late time points

after antigen exposure (3 days) it was impossible to

determine whether the responding cells were originally

activated in these tissues or had migrated there after

stimulation at a different site. Therefore, we decided to look

at an early activation marker to localize where T cells first

encountered antigen after feeding.

Expression of early activation markers

As CD69 is expressed rapidly after T-cell activation, we

examined which T cells up-regulated this molecule in order

Figure 3. Cell division following a single exposure to OVA. CFSE labelled KJ1.26+ CD4+ T cells (2.0–3.0r106) were

transferred into naı̈ve recipients 1 day before feeding with PBS, 100 mg OVA or 100 mg OVA+20 mg CT or s.c. injection with

100 mg OVA CFA. Three days post antigen exposure mice were killed and the CFSE profiles of KJ1.26+ CD4+ cells in their

PLN (a–d, i) and MLN (e–h, j) were determined by FACS. Results represent three animals per group and are presented as the

meantSEM. Similar results were obtained from a further three experiments (*Pj0.05).

Figure 3. (Continued ).
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to localize where tg T cells first encountered antigen. No

up-regulation of CD69 was observed 2 hr after feeding

(data not shown). However, CD69 levels had increased on

tg T cells in all tissues within 6 hr in fed animals (Fig. 5a, b).

Levels of expression peaked 2 days after antigen exposure

and declined thereafter (Fig. 5c, d). CD69 was only

up-regulated in the MLN if antigen was delivered orally.

Up-regulation of CD69 in the PLN was observed after all

antigen treatments. Animals that received OVA orally with

or without adjuvant showed the same kinetics of CD69

up-regulation and similar levels of expression. However,

the presence of CT appeared to somewhat increase the

proportion of tg T cells expressing CD69 (Fig. 5c, d).

Localization of tg T cells by immunohistochemistry

As the flow cytometric studies above demonstrated that

antigen-specific T-cell activation occurred in the PLN,

MLN and PP we decided to confirm these studies using

immunohistochemistry (IHC) to directly examine these

tissues, together with the lamina propria (LP), for the

expansion of TCR tg T cells. Sections were prepared from

DO11.10 recipients which had previously received either

OVA/CFA s.c. or were fed PBS, OVA or OVA/CT.

Immunohistochemical analysis of PLN (Fig. 7a), MLN

(Fig. 6b) and PP (Fig. 6c) confirmed that the population of

KJ1.26+ T cells had expanded above control levels in all of

these tissues. This expansion was apparent by 24 hr after

oral antigen exposure and the levels of tg T cells remained

higher than control until at least day 3 in PLN, MLN and

PP of OVA fed and OVA/CT fed mice. Antigen-specific

T cell expansion was also observed in the MLN and PLN of

mice immunized with OVA/CFA in the periphery. Tg T cells

in these OVA/CFA immunized animals had expanded in the

PLN by 24 hr (data not shown), 48 hr in theMLN (data not

shown) and slightly in the PP by 72 hr. Again tg T-cell levels

in the PLN and MLN remained high 3 days post antigen

exposure. These results confirm that clonal expansion

occurs throughout the animal after feeding. However the

kinetics of this expansion appear faster if looking by IHC

compared with flow cytometry, supporting the necessity of

using more than one technique for analysis. TCR tg T cells

were first found in the LP of the small intestine in animals

fed OVA (in the presence or absence of CT) (Fig. 6d) by

3 days after antigen exposure and persisted thereafter

Figure 4. CD45RB expression by tg T cells following exposure to

OVA. KJ1.26+ CD4+ T cells from the mice described in Fig. 2

were assessed for CD45RBhi expression in PLN (a) and MLN (b).

Results represent two animals per group and are represented by the

mean+range. No change was observed in PBS controls which were

averaged from each day and displayed as day 0. Similar results were

obtained in two further experiments.
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Figure 5. CD69 expression by tg T cells following oral exposure to

OVA. KJ1.26+ CD4+ T cells from the mice described in Fig. 2

were assessed for CD69 expression in PLN (a, c) and MLN (b, d) at

6 hr (a, b) and 1, 2 and 3 days (c, d) after exposure to antigen.

Results represent two to three animals per group and are

represented by the mean+SEM (a, b) or mean+range (c, d).

Similar results were obtained from a further two experiments

(*Pj0.05).
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(data not shown). However, they were not apparent within

the first 2 days after antigen feeding (data not shown).

These cells were generally absent in control mice (Fig. 6d)

being observed on only two occasions and in close proxim-

ity to PP (out of the 20 animals examined).

OVA is presented simultaneously in the gut-asscoiated

lymphoid tissues (GALT) and periphery after feeding

a range of doses

The effects of orally administered antigen on T cells in

peripheral lymphoid tissues are controversial. One of the

main differences between recent studies reporting contrast-

ing findings has been the dose of antigen fed. Therefore, in

order to assess whether presentation of fed OVA in the

periphery was dose dependent we examined tg T cell

responses in the GALT and systemic tissues after feeding a

range of doses of OVA to adoptively transferred mice.

Figure 7 shows that there is an accumulation of tg T cells in

the PLN (Fig. 7a), MLN (Fig. 7b), PP (Fig. 7c) and LP

(Fig. 7d) of adoptively transferred mice fed 10 mg or 25 mg

OVA. However, this accumulation was not always apparent

by flow cytometry. To confirm that this accumulation

resulted from clonal expansion of tg T cells transferred cells

were labelled with CFSE. Two days after feeding 10 mg or

25 mg OVA T-cell division was observed in both the PLN

and MLN (data not shown). Furthermore, T cells from

animals fed 10 mg or 25 mg OVA did not undergo fewer

divisions than animals fed 100 mg OVA in either local

(Fig. 8b) or peripheral tissues (Fig. 8a), thus even after

feeding lower doses of OVA antigen is presented in both

the local and peripheral tissues. However, in conforma-

tion of earlier results, tg T cells in the MLN of animals

fed in the absence of adjuvant underwent fewer divisions

than in those fed OVA/CT. Again, as it was still formally

possible that the divided cells present in the periphery had

migrated there following stimulation at a distant site and as

CD69 seemed to be the most sensitive marker of T-cell

activation, we used CD69 up-regulation as an indication

of early antigen presentation to T cells. As can be seen

in Fig. 9, T cells in both the gut and systemic tissues

up-regulate CD69 24 hr after feeding, irrespective of the

dose of antigen fed, confirming that feeding between 10 mg

and 100 mg OVA results in antigen presentation both

locally and systemically.

Acquisition of a memory phenotype may be dose dependent

We examined the T-cell phenotype induced after feeding

different doses of OVA. Figure 10 shows CD45RBhi

expression by KJ1.26+ CD4+ T cells. Changes in CD45RB

expression were observed 3 days after feeding all doses of

OVA. It would appear that the concentration of antigen in

the GALT is not limited as cells in the MLN acquire an

effector/memory phenotype irrespective of the dose fed

(Fig. 10b). However, in the PLN it appears that fewer tg

T cells acquire a CD45RBlo phenotype as the dose of

antigen is decreased (Fig. 10a).

DISCUSSION

We have shown that T-cell activation, division and

accumulation occurs simultaneously both locally and

systemically after feeding a range of doses of immunogenic

UNTRANS

PBS

FED OVA / CT D1

FED OVA D1

OVA / CFA s.c. D2

(a) PLN

Figure 6. In situ T-cell clonal expansion in response to immuno-

genic or toleogenic OVA. Mice described in Fig. 2 and one

untransferred control (Untrans) were used as a source of lymphoid

tissues. PLN (a), MLN (b), PP (c) and LP (d) were frozen on days 1,

2 and 3 (D1–3) after antigen exposure, sectioned then stained using

KJ126-DAB (brown). PLN and MLN are also stained with anti-

B220-BCIP (blue). Where data are not shown the pattern of

expansion is similar to that illustrated by the representative

micrograph shown.
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or tolerogenic antigen, suggesting that fed antigen is

presented throughout the animal during priming and

tolerance induction. Furthermore, CT enhances the propor-

tion of T cells activated and the degree of clonal expansion.

Importantly, tolerized T cells underwent fewer divisions

than primed T cells in the MLN.

The sites of oral priming and tolerance induction and the

APC involved remain unclear but their identification will

UNTRANSUNTRANS

PBS FED OVA D2

FED OVA / CT D2 OVA / CFA s.c. D3

(b) MLN

Figure 6. (Continued ).
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Figure 6. (Continued ).
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have important implications for the design of oral vaccines

and if oral tolerance is to be used therapeutically. It has been

proposed that fed antigen stimulates T cells in the GALT

which subsequently disseminate to the periphery.10,11,13

However, as T cells activated in the GALT preferentially

home back to mucosal sites21–23 how this leads to systemic

priming or tolerance is difficult to envisage. Alternatively,

fed antigen may reach the periphery directly, indeed OVA

can be detected in the blood 5 min after feeding.24 It is also

possible that antigen-laden APC migrate from the GALT to

the periphery as dendritic cells (DC) carrying OVA have

been detected in lymph after feeding.25 To address some of

these issues we employed the adoptive transfer of TCR

tg T cells.

Feeding OVA alone induces systemic tolerance in

adoptively transferred mice, as demonstrated by a reduction

in DTH, whereas, feeding OVAwith CT resulted in systemic

priming. We examined the phenotypic and functional

consequences of these contrasting immunological states at

the individual T cell level. FACS analysis revealed that

feeding immunogenic or tolerogenic antigen resulted in

antigen-specific T-cell expansion in the PLN and MLN

which peaked 3 days after antigen exposure. Previous

studies have shown that oral tolerance is preceded by

PBS

FED OVA D3 FED OVA / CT D3

(d) LP

Figure 6. (Continued ).
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tg T-cell proliferation in the MLN of fed animals.10,11,13

However, in contrast to the data presented here, others

failed to detect an increase in tg T cells in the PLN of fed

mice.10,12 In this case, investigators fed 25 mg OVA, a dose

at which we observed expansion of tg T cells only by IHC,

possibly explaining the disparate findings. In accordance

with our results, T-cell division in the PLN of fed mice has

been reported;11,13 however, in contrast to our findings

these studies suggested that tg T cells are stimulated in the

GALT and subsequently migrate to the periphery. In

support of our data, one report observed T-cell activation

simultaneously throughout the animal after feeding.14 Our

results also demonstrated T-cell expansion in the PP of fed

animals, confirming previous studies.10 Furthermore, feed-

ing immunogenic antigen appeared to result in increased

persistence of T cells when compared with feeding OVA

alone. However, this will require further confirmation at

later time points.

Thus, we observed increased numbers of primed and

tolerized T cells both locally and systemically after feeding

antigen. However, we could not assess the contribution of

recruitment versus division at these sites or whether primed

and tolerized T cells have different proliferative capacities.

To investigate these issues we used CFSE. Cells labelled

with CFSE apportion fluorescence between daughter cells

during mitosis, making it possible to track the number of

divisions undergone by labelled cells in response to antigenic

stimulation.19 It has been hypothesized that tolerized T cells

have a reduced ability to proliferate and arrest in the G1

phase of the cell cycle.12,26,27 Although it is now clear that in

vivo oral tolerance is preceded by clonal expansion,10,11,13

whether these cells exhibit a reduced capacity to divide when

FED 10mg OVA

(a) PLN

(b) MLN

FED 25mg OVA

FED 10mg OVA FED 25mg OVA

Figure 7. T-cell clonal expansion after feeding a range of doses of antigen. Mice described in Fig. 8 were used as a source of

lymphoid tissues. PLN (a), MLN (b), PP (c) and LP (d) were frozen 3 days after antigen exposure, sectioned then stained using

KJ126-DAB (brown). PLN and MLN are also stained with anti-B220-BCIP (blue). Where data are not shown the pattern of

expansion is similar to that illustrated by the representative micrograph shown.
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FED 10mg OVA FED 25mg OVA

(c) PP

FED 10mg OVA FED 25mg OVA

(d) LP

Figure 7. (Continued ).

Figure 8. Cell division after feeding a range of doses of antigen. CFSE labelled KJ1.26+ CD4+ T cells (2.0–3.0r106) were

transferred into naı̈ve recipients 1 day before feeding with PBS, 10 mg OVA, 25 mg OVA, 100 mg OVA or 100 mg

OVA+20 mg CT. Three days post antigen exposure mice were killed and the CFSE profiles of KJ1.26+ CD4+ cells in their

PLN (a) andMLN (b) were determined by FACS. No division was observed in PBS fed controls. Results represent two to three

animals per group and are presented as the mean+SEM (a) or mean+range (b) (*Pj0.05).
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compared with primed cells is unknown. A recent report

investigating priming or tolerance induction after i.v.

injection of peptide has shown that low tolerizing doses

of peptide (5 mg) induced regulatory T cells which under-

went fewer divisions than anergic cells induced by high

tolerizing doses of peptide (100 mg) and T cells primed by

5 mg peptide administered with lipopolysaccharide.18 Thus,

some types of tolerized T cells may undergo fewer divisions

than primed cells but, it is not merely division history that

determines the functional phenotype of a T cell as those

tolerized by high doses of peptide are capable of as much

division as primed cells.18,28

In our studies, tg T cells divided locally and systemically

as early as 2 days after feeding, with or without adjuvant. As

no lag in division was seen between local and systemic

tissues we suggest that T cells recognize antigen and are

induced to divide in both sites simultaneously. However, it

is formally possible that the divided cells present in the

periphery are stimulated in the GALT and subsequently

migrate to the PLN. This was suggested by others who

observed more division in the GALT than the periphery at

2 days, though some division was seen in the periphery.13

Throughout our studies, cells in the PLN underwent the

same number of divisions during both priming and

tolerance. However, in the MLN tolerized T cells divided

significantly less than primed cells possibly explaining the

enhanced clonal expansion of antigen-specific T cells we had

noted in the MLN of OVA/CT fed animals. Whether this

difference was due to a decrease in the absolute number of

divisions or in the rate of division of tolerized T cells

remains to be determined. These results confirm other

studies which suggest that tolerized T cells undergo limited

divisions.18 However, this study suggested that this effect

was only apparent in the periphery, where we observed no

differences in division between priming and tolerance.

These discrepancies may have arisen as we have examined

different time points. Regulatory cells may be induced in the

MLN at early time points but disseminate to be detected at

other sites at later time points as described by Thorstenson

et al.18 Alternatively, the cells which undergo limited

divisions in the MLN in our studies may be anergic rather

than regulatory T cells, as anergic cells have a reduced
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Figure 9. Up-regulation of early activation markers after feeding a

range of doses of antigen. KJ1.26+ CD4+ T cells (2.0–3.0r106)

were transferred into naı̈ve recipients 1 day before feeding with

PBS, 10 mg OVA, 25 mg OVA, 100 mg OVA or 100 mg

OVA+20 mg CT. One and 2 days post antigen exposure mice

were killed, KJ1.26+ CD4+ T cells were assessed for CD69 in their

PLN (a) MLN (b). Unimmunized controls from each time point

were averaged and represented as day 0. Results represent three

animals per group and are presented as the mean+SEM

(*Pj0.05).

Figure 10. Acquisition of a memory/activated phenotype after

feeding a range of doses of antigen. KJ1.26+ CD4+ T cells from the

mice described in Fig. 9 were assessed for CD45RBhi expression in

PLN (a) and MLN (b). Results represent two to three animals per

group and are represented by the mean+range (*Pj0.05).
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ability to proliferate and they arrest in G1.12,26,27 Why there

was a difference in division in the MLN but not the PLN

during priming and tolerance induction is unclear. A

difference in the concentration of antigen present in the

MLN versus PLN or different local environments in the two

sites may be responsible. Detailed kinetic studies using

a range of tolerizing and priming doses will be required

to clarify these issues. Other studies have suggested that

orally tolerized T cells display defective division in response

to challenge in the periphery.12 However, these studies of

secondary responses are not directly comparable with our

examination of the primary response to fed antigen.

As T cells in the MLN of tolerized animals divided less

than primed T cells, we hypothesized that priming and

tolerance may differ in the memory/effector cells they

induce. By examining expression of CD45RB and CD62L

by T cells, which acquire a low phenotype as they become

activated,20 we found that tg T cells in the PLN and MLN

made this conversion 3 days after feeding OVA or OVA/CT.

This confirms and extends earlier studies,10,11 although it is

at odds with one, which failed to detect CD45RBlo tg T cells

in the PLN of tolerized mice.10 As we also observed

CD45RBlo tg T cells in the PLN after feeding the lower dose

(25 mg) of antigen employed in this study we cannot explain

the conflicting results. Thus, in our hands, activated T cells

are generated during both oral priming and tolerance

induction, and they accumulate in mucosal and peripheral

sites under both circumstances.

To characterize where a T cell first encounters fed

antigen, we analysed the expression of the early activation

marker CD69 on tg T cells. T cells were activated, both

systemically and locally, within 6 hr of feeding OVA or

OVA/CT. The presence of CT made no difference to the

timing of this activation, but enhanced the proportion of

activated cells. CD69 has previously been shown to be

up-regulated on T cells 3–6 hr after feeding OVA.11 Given

that the time required for T cells to express CD69 is 2–3 hr29

the possibility that T cells and/or APC migrate from the

gut to peripheral sites is unlikely. Therefore, it would seem

most probable that fed antigen is distributed throughout

the animal and results in T-cell activation locally and

systemically.

We also used IHC to visualize tg T cells directly. IHC

suggested that tg T cells expand earlier than detected by

FACS, as accumulation in the PLN, MLN and PP was

apparent within 24 hr of feeding OVA or OVA/CT. This

difference between IHC and FACS may result from TCR

down-regulation after antigen stimulation, as FACS would

only detect external TCR, whereas IHC would detect

internal TCR also. Alternatively, activated T cells may be

more susceptible to death and may be lost during isolation

for FACS analysis, or they may be more difficult to release

from tissue. This is currently under investigation, but

these findings stress the importance of using more than one

technique to analyze experimental systems as done here.

Previous studies10,30 were unable to detect tg T cells in

the LP before or after feeding, raising concerns that the

adoptive transfer system is unphysiological as T cells

derived from the donor may not localize in the LP if they

lack the appropriate mucosal addressins. However, as few

T cells with a naı̈ve phenotype are present in the LP31 and tg

T cells and were not usually detected in the LP of naı̈ve

DO11.10 recipients, it is unlikely that T cells first encounter

fed antigen in the LP. It has been suggested that T cells

primed in the PP and MLN relocate to the LP.21,22

However, antigen could be presented in the LP soon after

feeding, T cells may then migrate to the MLN and PP,

clonally expand further then migrate back to the LP.

Careful kinetic and transfer studies are required to

distinguish these possibilities. We have shown that after

feeding, tg T cells expand both locally and systemically, and

are then recruited to the LP. Furthermore, T cells maintain

the ability to localize to the LP in tolerized, as well as

primed, animals. However, the function of these T cells

remains to be determined.

In order to determine whether the controversies in the

literature regarding the location of T-cell activation after

feeding were related to the different doses employed we

studied T-cell responses after feeding a range of doses of

antigen. We observed tg T-cell accumulation and cell

division both locally and systemically at all doses examined.

Furthermore, 24 hr after feeding, CD69 up-regulation was

apparent on tg T cells in the MLN and PLN. Taken

together, these data suggest that, at all doses examined, fed

antigen is presented to T cells in local and peripheral tissues

simultaneously. Interestingly, acquisition of a CD45RBlo

phenotype appeared to be dose dependent, with less tg cells

in the PLN down-regulating CD45RB as the dose of antigen

fed was decreased. This suggests that after feeding higher

doses more antigen is presented in the PLN which causes

T cells to acquire different phenotypic characteristics.

Whether the tolerizing antigen dose affects the functional

characteristics of T cells in the periphery is unclear and we

are currently investigating the induction of regulatory T cells

versus anergic T cells in these circumstances.

Here, we have shown that after oral exposure to

immunogenic or tolerogenic antigen T-cell activation,

division and expansion occurs simultaneously locally and

systemically, though later in the LP, suggesting that fed

antigen is presented throughout the animal during priming

and tolerance induction. Furthermore, CT enhances the

proportion of T cells activated and the degree of clonal

expansion. Importantly, and in contrast to all previous

studies, we have shown that there is little difference in the

kinetics of clonal expansion or phenotype of cells generated

during the induction of oral priming versus tolerance but

that the former enhances accumulation of tg T cells in the

MLN of tolerized animals while the latter produces T cells

with a defect in cell division in this tissue during a primary

response.
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