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Roles of cytotoxic T-lymphocyte-associated antigen-4 in the inductive phase

of oral tolerance
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SUMMARY

To elucidate the roles of cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) in oral
tolerance, we studied the consequences of CTLA-4 blockade during the inductive phase of
oral tolerance using a transgenic T-cell transfer model. We found that CTLA-4 blockade
significantly accelerated cell cycle progression of antigen-specific T cells and dramatically
increased their numbers in lymphoid organs following oral administration of ovalbumin
(OVA). In mice fed with OVA, only =35% of specific T cells underwent more than four
cycles of cell division. This was increased to 65% in mice fed with OVA and treated with a
blocking anti-CTLA-4 monoclonal antibody (mAb). The OVA-specific T cells in the latter
group were localized primarily in the T-cell zones of the mesenteric lymph nodes and
Peyer’s patches with a few penetrated into B-cell follicles. Nevertheless, both faecal
anti-OVA immunoglobulin A (IgA) and seral anti-OVA immunoglobulin G (IgG) were
produced in anti-CTLA-4 mAb-treated mice. These results suggest that CTLA-4 limits
the degree of T-cell activation by blocking cell cycle progression during the inductive phase
of oral tolerance. In the absence of the CTLA-4 signal, mucosal exposure of antigen induces
heightened T-cell activation and expansion, which in turn promotes the production of

antigen-specific antibodies.

INTRODUCTION

Oral administration of antigens often induces systemic
antigen-specific immune hyporesponsiveness. This phenom-
enon is called oral tolerance.' Oral tolerance is achieved
through an active process in which activation, inactivation
and deletion of antigen-specific lymphocytes are involved.
Indeed, development of oral tolerance is often preceded
by transient T-cell activation, and lymphocytes undergoing
tolerance induction exhibit many of the early pheno-
typic characteristics of activated cells that are capable of
supporting a productive immune response. Understanding
the molecular pathways involved in the inductive phase of
oral tolerance is crucial for delineating the mechanisms
of mucosal immunity and tolerance.

Several factors are believed to play important roles in
determining the fates of T cells during their initial encounter
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with antigens. These include the strength of the signals
generated through the T-cell receptor (TCR), the balance
between proinflammatory and anti-inflammatory cytokines
in the microenvironment, and the integrated signals
delivered by costimulatory molecules on antigen-presenting
cells (APCs). Two well-characterized costimulatory mole-
cules are B7-1 (CD80) and B7-2 (CD86), which interact
with both CD28 and cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4).>~> CD28 is expressed by both naive
and activated T cells, and is required for the development
of optimal primary T-cell responses. By contrast, CTLA-4
is expressed primarily by activated T cells, and its ligation
results in the inhibition of T-cell activation. Cross-linking
CTLA-4 concomitant with TCR signalling inhibits inter-
leukin (IL)-2 gene expression and cell cycle progression.
The significance of CTLA-4 in immune homeostasis and
immune function is underlined by the observation that
CTLA-4 blockade abrogates the induction of peripheral
tolerance, enhances antitumour responses and exacerbates
autoimmune diseases.® ® Most strikingly, CTLA-4-deficient
mice develop a fatal lymphoproliferative disease with
multiorgan immune pathology.”!® CTLA-4 binds to B7
with more than 20-fold higher affinity than CD28, and
may down-regulate immune responses through: directly
competing with CD28 for a limited number of B7 molecules;
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interfering with the proximal CD3 and/or CD28 signal
transduction through interaction with the TCR/CD28
‘activation cap’; or directly transmitting signals through
interaction with phosphotyrosine phosphatase, PTP-1D.>!!
Recently, it was reported that cross-linking CTLA-4 leads
to secretion of transforming growth factor-f (TGF-B) by
purified CD4" T cells, providing an additional mechanism
through which CTLA-4 may regulate immune function.'?

We have previously demonstrated that CTLA-4 signal
may be required for the development of oral tolerance.
Blocking both CD28 and CTLA-4 at the time of tolerance
induction only partially prevented T-cell tolerance. By
contrast, selective blockade of CTLA-4 completely abro-
gated the induction of oral tolerance.'® In this study, we
examined three questions that are germane to the CTLA-4
action in oral tolerance. First, does CTLA-4 blockade
prevent the induction of T-cell tolerance or simply reverse
the tolerance induced by oral antigens? Second, if CTLA-4
is involved in the inductive phase of oral tolerance, is it
required for inhibiting T-cell cycle progression or cell differ-
entiation? Third, in the absence of CTLA-4 signals, would
a productive cellular or humoral immune response develop
following mucosal exposure of antigens? These questions
were investigated using a transgenic adoptive transfer model
in which the fates of specific T cells can be directly tracked
by flow cytometry and immunohistochemistry. Our results
demonstrate that blocking the CTLA-4 signal disrupts
the inductive phase of oral tolerance and accelerates cell
cycle progression of T cells; this in turn promotes the
development of specific antibody responses.

MATERIALS AND METHODS

Mice

Ovalbumin (OVA)-specific TCR transgenic DO11.10 mice
were obtained from Dr Dennis Y. Loh (Washington
University, St. Louis, MO)'* and were extensively back-
crossed onto the BALB/c background. The progeny
transgene-positive mice were screened by flow cytometric
analysis of peripheral blood leucocytes for the expres-
sion of OVA-specific TCR by using the anticlonotypic
mAb KJ1-26."° Normal female BALB/c mice, 6-8 weeks
of age, were purchased from Jackson Laboratory (Bar
Harbor, ME). All mice were housed in the University of
Pennsylvania Animal Care Facilities.

Cell labelling and adoptive cell transfer

Donor cell isolation and fluorescent labelling were
performed as described previously,'®!” with minor modi-
fications. Briefly, spleens and lymph nodes were harvested
from female DO11.10 mice and a single-cell suspension was
prepared. Erythrocytes were lysed in hypotonic buffer and
the remaining live cells were washed and resuspended at
1 x 107 cells/ml in phosphate-buffered saline (PBS). A small
aliquot of cell suspension was used to determine the
percentage of CD4*, KJ1-26" cells by flow cytometry.
The remaining cells were then incubated for 3-5 min at
room temperature with 5,6-carboxy-flurescenin diacetate
succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR)

at a final concentration of 10 um. Unbound CFSE was
quenched by the addition of one-fifth of the volume of fetal
calf serum (FCS). The labelled cells were washed twice in
PBS and injected intraperitoneally (i.p.) into recipient
female BALB/c mice. Each recipient mouse received
5x 10° labelled transgenic T cells.

Oral feeding and antibody treatment

Female BALB/c mice were first transferred with transgenic
T cells, as described above. Two days after the cell transfer,
mice were fed intragastrically with 25 mg of OVA (Sigma,
St. Louis, MO) or bovine serum albumin (BSA) in 0-5 ml of
PBS. Mice were then injected i.p. with either 100 pug of
hamster anti-CTLA-4 mAb (4F10)"* or control hamster
IgG. For most experiments, feeding was repeated daily for
a total of 5 times, while antibody treatment was given once
a day for 7 times. The anti-mouse CTLA-4 B-cell hybridoma
(4F10) was kindly provided by Dr Jeffrey Bluestone
(University of Chicago, Chicago, IL). Several laboratories,
including ours, have demonstrated that the 4F10 mAb acts
as an antagonist for CTLA-6 by blocking B7:CTLA4
interaction, both in vitro and in vivo.'>'$1°

Flow cytometric analysis

Cells isolated from spleen, lymph node and Peyer’s
patch were stained with TriColor-conjugated anti-mouse
CD4 (clone YTS 191.1; Caltag, San Francisco, CA)
and biotinylated KJ1-26 mAb (Caltag) followed by
phycoerythrin (PE)-conjugated streptavidin. Data were
acquired on a fluorescence-activated cell sorter (FACScan;
Becton-Dickinson, Mountain View, CA) and fluorescence
intensity was analysed using the CELLQUEST software.

Immunohistochemistry

Portions of spleen, mesenteric lymph node and small
intestine containing Peyer’s patches were surgically
removed, embedded in OCT medium and snap-frozen in
liquid nitrogen. Thin cryosections (6 um) were prepared and
fixed on glass slides with acetone. After treatment with
3% (vol/vol) H,O, and avidin/biotin blocking solution
(Vector Laboratories, Burlingame, CA), sections were
incubated with biotinylated KJ1-26 mAb or anti-B220
mAb followed by streptavidin-horseradish peroxidase
(HRP) conjugates. Colour was developed using diamino-
benzidine (DAB) (for KJ1-26" cells) or VIP (for B220" cells)
substrate kits (Vector Laboratories).

Cell culture

Mesenteric lymph node cells, 1-5x 10° per well, were
cultured in 0-2ml of serum-free medium (AIM-V;
Gibco-BRL, Grand Island, NY) containing various con-
centration of OVA peptide 323-339. Culture supernatants
were collected 40 hr later and stored at —20° for cytokine
determination.

Enzyme-linked immunosorbent assay (ELISA) for
cytokines and anti-OV A antibodies

Quantitative ELISA for IL-2, IL-4, IFN-y and IL-10 were
performed using paired mAb specific for corresponding
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cytokines, according to the manufacturer’s recommen-
dations (PharMingen, San Diego, CA). The levels of
anti-OVA immunoglobulin (Ig)G1/IgG2a in serum and
anti-OVA IgA in fecal extract were determined as
follows.?® Microtitre (96-well) plates (Dynatech, Chantilly,
VA) were coated overnight at 4° with 10 pg/ml of OVA
in 100 ul of carbonate buffer, pH 8:0. The plates were
washed three times with PBS containing 0-5% Tween-20,
blocked with 1% BSA in PBS and incubated with serial
dilutions of serum or fecal extract overnight at 4°. After
washing with PBS, biotinylated rat anti-mouse IgGl,
rat anti-mouse IgG2a, or rat anti-mouse IgA was added
to the plates which were incubated at room temperature
for 1 hr. After washing with PBS, peroxidase-conjugated
avidin was added to the plates. Colour was developed with
tetramethylbenzidine (TMB) reagent (KPL Laboratories,
Gaithersburg, MD) and the absorbance measured at450 nm.

Statistical analysis
Frequencies of transgenic T cells were compared by
x* analysis. Cytokine concentrations were analysed by

analysis of variance (ANOVA).

RESULTS

CTLA-4 blockade leads to massive expansion of
antigen-specific T cells during the inductive phase
of oral tolerance

Recent studies from several laboratories (including our
own) have demonstrated that the development of oral
tolerance is an active process in which T-cell activation and
expansion are involved.'>'®?'"2 Using the DO11.10 TCR
transgenic system, we have previously shown that the fates
of antigen-specific T cells can be directly tracked in vivo
following mucosal exposure of OVA.'%** To elucidate the
roles of CTLA-4 in the inductive phase of oral tolerance, we
examined the fates of OVA-specific T cells in mice treated
with a blocking anti-CTLA-4 mAb. CD4" T cells isolated
from DO11.10 TCR transgenic mice were first labelled with
CFSE and transferred into normal syngeneic BALB/c mice.
The recipient mice were then fed with OVA or a control
antigen (BSA) and treated with either anti-CTLA-4 mAb
or control hamster IgG. At different time-points after
feeding, the mice were killed and DO11.10 T cells in various
lymphoid tissues were examined by flow cytometry and
immunohistochemistry using the anticlonotypic mAb,
KJ1-26. The tolerant states of OVA-fed mice were con-
firmed in parallel experiments by immunizing the mice
with OVA 1 week after the last feeding and testing the
immune responses 2 weeks later, as detailed in our previous
publications.'>!>!® The feeding regimen used in this study
induces profound systemic immune tolerance.'*!>1®
Figure 1(a), 1(b) show representative flow cytometric
profiles of mesenteric lymph nodes and Peyer’s patches
after one and five feedings, respectively. Figure 1(c) sum-
marizes the numbers of transgenic cells detected in various
groups. In the BSA-fed control group, a small, but
detectable, number of transgenic T cells were present in
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the spleen, mesenteric lymph node and Peyer’s patch.
Treatment of mice with anti-CTLA-4 mAb did not
significantly change the total number of transgenic T cells
in these organs (Fig. lc); intragastric administration of
OVA slightly increased the number of transgenic T cells in
the mesenteric lymph node and Peyer’s patch. By contrast,
co-administration of OVA and anti-CTLA-4 mAb dra-
matically increased the number of transgenic T cells in
these lymphoid organs. The increase in transgenic T cells
was apparent after one feeding (Fig. 1a) and remained
significant after five feedings with OVA (Fig. 1b, lc).
Thus, as compared to control immunoglobulin-treated
OVA-fed mice, the numbers of transgenic T cells in anti-
CTLA-4 mAb-treated mice were increased by fivefold in
the spleen, threefold in the mesenteric lymph node and two-
fold in the Peyer’s patch after five feedings with OVA. It
should be noted that administration of anti-CTLA-4 mAb
also increased the size of lymphoid organs. Thus, in
control immunoglobulin-treated mice that were fed with
BSA and OVA, the spleens weighed 85:33+9:29 mg
and 88-33+6:66 mg, respectively. These were increased
to 170-334+45:65 mg in BSA-fed mice and 191-33+
4092 mg in OVA-fed mice following i.p. injection of
anti-CTLA-4 mAbD. These results indicate that CTLA-4 is
responsible for limiting clonal expansion of OVA-specific
T cells as well as cells recognizing unrelated antigens
during the inductive phase of oral tolerance.

CTLA-4 blockade promotes cell cycle progression of
antigen-specific T cells during the inductive phase
of oral tolerance

The fluorescent dye CFSE labels live cells and segregates
equally between daughter cells upon cell division, resulting
in sequential halving of fluorescence intensity with each cell
division. As shown in Fig. 2, the majority of KJ1-26"
transgenic T cells (>85%) did not undergo any cell division
in BSA-fed mice with or without anti-CTLA-4 mAb
treatment. By contrast, in mice fed with OVA, = 85% of
KJ1-26" T cells underwent at least one cell division, and
~35% of KJ1-26" T cells underwent more than four cycles
of cell division. Remarkably, in mice fed with OVA and
treated with anti-CTLA-4 mAb, the percentage of trans-
genic T cells that had undergone more than four cycles of
cell division was increased to 65%. These results strongly
suggest that CTLA-4 is crucial in limiting cell cycle
progression of T cells during the inductive phase of oral
tolerance.

CTLA-4 blockade leads to expansion of antigen-specific
T cells in both T- and B-cell zones of secondary
lymphoid organs

To directly visualize OVA-specific transgenic T cells,
lymphoid organs were removed from mice and analysed
by immunohistochemistry. Figure 3 shows representative
histological profiles of mesenteric lymph nodes and Peyer’s
patches. In mice fed with the control antigen BSA, very few
KJ1-26* transgenic T cells were detected, regardless of
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Figure 1. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) blockade promotes clonal expansion of antigen-specific
T cells during the inductive phase of oral tolerance. Four groups of BALB/c mice (three mice per group) were injected
intraperitoneally (i.p.) with ovalbumin (OVA)-specific T-cell receptor (TCR) transgenic T cells (5 x 108/mouse). Two days later,
mice were fed with 25 mg of either bovine serum albumin (BSA) or OVA in 0-5 ml of phosphate-buffered saline (PBS) and
injected i.p. with 100 pg of either control hamster immunoglobulin G (IgG) or anti-CTLA-4 monoclonal antibody (mAb) in
200 ul of PBS. For experiments presented in (b) and (c), feeding and antibody injection were repeated daily for a total of 5 and
7 times, respectively. Mice were killed either 2 days after a single feeding (a) or 3 days after five feedings (b), (c). Single cell
suspensions of mesenteric lymph nodes and Peyer’s patches were stained with TriColor-conjugated anti-CD4 mAb and
biotinylated KJ1-26 mAb, followed by streptavidin—phycoerythrin (PE). A total of 50000 cells per sample were analysed by
flow cytometry. (a) Flow cytometric profiles of lymphoid tissues 2 days after a single feeding with BSA or OVA. (b) Flow
cytometric profiles of lymphoid tissues 3 days after five feedings with BSA or OVA. (c) Total numbers of OVA-specific
KJ1-26" T cells per spleen, mesenteric lymph node or Peyer’s patch after five feedings, which were calculated based on the total
number of cells isolated from each lymphoid organ and the percentage of transgenic T cells, as shown in (b). The differences
between the OVA/anti-CTLA-4 group and all other groups were statistically significant (P <0-01). The differences between the
OVA/control immunoglobulin group and BSA-treated groups were statistically significant only for mesenteric lymph
nodes (P <0-05). Similar results were obtained from three independent experiments.
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anti-CTLA-4 mAD treatment. By contrast, in mice fed with
OVA and treated with control immunoglobulin, a small but
significant number of KJ1-26" T cells were detected in the
T-cell zones of mesenteric lymph nodes and Peyer’s patches.
Importantly, anti-CTLA-4 mAb treatment of OVA-fed
mice dramatically increased the number of KJ1-26" cells
in T-cell zones and drove some of these transgenic cells into
B-cell follicles (Fig. 3). (Although the number of transgenic
T cells entering B-cell follicles is small, it may be sufficient to
initiate a productive B-cell response, as discussed below.)
These results indicate that CTLA-4 may be crucial for
preventing T cells from entering B-cell follicles during the
inductive phase of oral tolerance.

CTLA-4 blockade does not alter the cytokine profiles of
antigen-specific T cells during the inductive phase
of oral tolerance

Cytokine production by T cells in response to specific
antigens can be used to gauge their levels of activation and
differentiation. As shown in Fig. 4, lymphocytes from all
groups of mice produced significant amounts of both
T helper 1 (Thl) (IL-2 and interferon-y [IFN-y]) and T
helper 2 (Th2) (IL-4 and IL-10) cytokines. Feeding mice
with OVA slightly increased the levels of IL-2, IL-4 and
IL-10, but not IFN-y, and injection of anti-CTLA-4 mAb
moderately increased the production of all four cytokines.
However, it should be emphasized that this augmentation
in cytokine production may result from the increase in
transgenic cells in anti-CTLA-4-treated mice (Fig. lc).
Indeed, the amounts of cytokines produced by each trans-
genic cell, as estimated by dividing the total amounts of
cytokines by the number of transgenic cells in the culture,
were not significantly different between control and anti-
CTLA-4 treated mice. Specifically, each transgenic T cell

Figure 2. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
blockade promotes cell cycle progression of antigen-specific T cells
during the inductive phase of oral tolerance. DO11.10 trans-
genic T cells were labelled with 5,6-carboxy-flurescenin diacetate
succinimidyl ester (CFSE) and transferred into normal BALB/c
mice (5x10° transgenic T cells per mouse), as described in the
Materials and methods. Mice were fed with bovine serum albumin
(BSA) or ovalbumin (OVA) and injected with control immuno-
globulin G (IgG) or anti-CTLA-4 monoclonal antibody (mAb), as
described in Fig. 1. Three days after the last feeding, mesenteric
lymph node cells were isolated and analysed by flow cytometry for
CD4, KJ1-26 and CFSE. (a) CFSE histograms of CD4 " /KJ1-26"
transgenic T cells. Cells that had undergone different cycles of
cell division are marked in the OVA/Control Ig group. (b) The
percentage of transgenic T cells that had not undergone any cell
division, or had undergone more than four cycles of cell division:
1, mice fed with BSA and injected with control immunoglobulin;
2, mice fed with BSA and injected with anti-CTLA-4 mAb; 3, mice
fed with OVA and injected with control immunoglobulin;
4, mice fed with OVA and injected with anti-CTLA-4 mAb. The
differences between groups 1 and 2, and groups 3 and 4 were
statistically significant (P <0-05). The results are representative
of three independent experiments.
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Figure 4. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) blockade enhances cytokine production during the
inductive phase of oral tolerance. BALB/c mice were treated as described in the legend to Fig. 1b. Three days after the last
feeding, mesenteric lymph node cells were isolated and cultured with or without 10 pug/ml of ovalbumin (OVA) 323-339
peptide. Culture supernatants were collected 40 hr later and cytokine concentrations were determined by enzyme-linked
immunosorbent assay (ELISA). For cultures stimulated with OVA, the differences between the OVA/anti-CTLA-4 group
and all other groups are statistically significant (P <0-05). Results shown are representative of three separate experiments.

in OVA-fed control mice produced = 0-08 +0-01 pg/ml of
IL-2, 0-034+0-01 pg/ml of IL-4, 0-07 +£0-01 pg/ml of IL-10
and 0-114+0-01 pg/ml of IFN-y upon stimulation in vitro
with OVA, whereas the amount of cytokine produced
by each transgenic T cell of OVA-fed mice treated with
anti-CTLA-4 mAb was estimated to be 0-15+0-01 pg/ml
of IL-2, 0:03+0-01 pg/ml of IL-4, 0-09+0-01 pg/ml of
IL-10 and 0-16 +0-01 pg/ml of IFN-y. These results suggest
that CTLA-4 may dictate the degree of T-cell proliferation
and expansion, but not the degree of cell differentiation
and cytokine production, during the inductive phase of
oral tolerance.

CTLA-4 blockade promotes the development of specific
antibody responses during the inductive phase of
oral tolerance

Although it is generally accepted that T-cell activation
precedes the development of oral tolerance, it is not clear
whether this type of T-cell activation is sufficient to drive a
productive B-cell response and, if so, whether B7: CTLA-4

interaction is also involved. To address this issue, we
examined both seral and faecal anti-OVA antibody
responses during the inductive phase of oral tolerance
using the TCR transgenic model. As shown in Fig. 5, mice
fed with OVA produced a significant amount of anti-OVA
IgG1, with low but detectable amount of mucosal IgA.
However, no anti-OVA IgG2a antibodies were detected in
these mice. Remarkably, treating these mice with anti-
CTLA-4 mAb not only significantly increased anti-OVA
IgA and IgG1 responses, but also led to the production of
a significant amount of anti-OVA IgG2a antibodies. Treat-
ing BSA-fed mice with anti-CTLA-4 mAb did not affect
anti-OVA antibody responses. These results strongly sug-
gest that CTLA-4 plays a crucial role in limiting specific
antibody responses during the inductive phase of oral
tolerance.

DISCUSSION

Activation of naive T cells requires at least two signals:
the first provided by the peptide-major histocompatibility

Figure 3. Immunohistochemical analysis of mesenteric lymph nodes and Peyer’s patches. BALB/c mice were treated and
killed as described in the legend to Fig. 1b. Serial tissue sections were stained with either biotinylated anti-B220 monoclonal
antibody (mADb) (to identify the B-cell-rich follicles) or biotinylated KJ1-26 mAb (to identify T-cell receptor [TCR] transgenic
T cells), as described in the Materials and methods. B220" cells are shown in purple and KJ1-26" cells are shown in brown.
Original magnifications: x 100. B, B-cell follicle; IFR (T), interfollicular region (T-cell zone); MLN, mesenteric lymph node;
PP, Peyer’s patch; T, T-cell zone. Arrows indicate transgenic T cells in the B-cell follicles. Inserts represent high-power
magnifications (x 200) of the same tissue sections. The sections shown are representative of two independent experiments.
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Figure 5. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
blockade promotes specific antibody responses following mucosal
exposure of ovalbumin (OVA). After transfer of transgenic cells,
BALB/c mice were fed with bovine serum albumin (BSA) or
ovalbumin (OVA) and injected with control immunoglobulin G
(IgG) or anti-CTLA-4 monoclonal antibody (mAb), as described
in the legend to Fig. 1b. Three days after the last feeding, faeces
and sera were collected from all mice, and faecal anti-OVA
immunoglobulin (Ig)A, seral anti-OVA IgGl and seral anti-OVA
IgG2a were determined by enzyme-linked immunosorbent assay
(ELISA).?® The differences between the OVA/anti-CTLA-4 group
and all other groups were statistically significant (P <0-05). The
differences between the OVA/control IgG group and the BSA-
treated groups were statistically significant only for serum IgGl
(P<0-05). Data shown are representative of three separate
experiments. A4s0, absorbance at 450 nm.

complex (MHC) and the second (costimulatory signal)
provided by costimulatory molecules. It has long been
speculated that peripheral T-cell tolerance may be induced
as a result of TCR signalling (first signal) in the absence of
a second signal.>>?® Although the nature of the second
signal is still under intense investigation, B7-mediated
costimulation has been considered to be the most probable
candidate. However, a low level of B7-2 is constitutively
expressed on macrophages and dendritic cells under

non-manipulated conditions.?? ! The roles of this ‘default
level’ of B7 in T-cell tolerance must be examined before
a comprehensive understanding of costimulation and
immune tolerance can be achieved. Recent studies in
several laboratories (including our own) suggest that the
default level of B7 may be required for the induction of
T-cell tolerance and that B7: CTLA-4 interaction may be
essential for maintaining T-cell tolerance.”®!33%% Data
reported here provided additional evidence in support of
this view. When the B7: CTLA-4 interaction is disrupted,
as in mice treated with anti-CTLA-4 mAb, cell cycle pro-
gression is dramatically enhanced, leading to a significant
expansion of specific T cells. Although the hyperactivated
T cells reside primarily in the T-cell zones of lymphoid
organs, some do enter the B-cell-rich follicles and elicit a
detectable humoral immune response. Thus, in the absence
of a sufficient CTLA-4 signal, the inductive events that
lead to oral tolerance are disrupted, and oral tolerance
may not be established.

The TCR transgenic model used in this study has been
extremely valuable for dissecting the mechanisms of oral
tolerance. In our previous reports, using a similar tolerizing
protocol, we demonstrated that the induction of oral
tolerance is an active process, in which activation, inactiva-
tion and deletion of antigen-specific T cells occur.!>!6-2!
Similarly, Benson et al. and Sun ef al. observed antigen-
driven activation of specific transgenic cells following
mucosal administration of antigens.>** In a recent report,
Sun et al. demonstrated that the activated transgenic
T cells also upregulate CD69 and CTLA-4 expression.”
Data reported here suggest that CTLA-4 may be a pivotal
regulator that dictates the degree of T-cell activation during
the inductive phase of oral tolerance. Additionally, our
data suggest that CTLA-4 may not regulate differentiation
of T cells during the inductive phase of oral tolerance as
the cytokine profile of cells were not altered by pretreating
mice with anti-CTLA-4 mAb.

A minimum of four migration steps must be completed
before a productive mucosal immune response is generated.
First, the naive T cells must extravasate at the T-cell zones
of Peyer’s patches or mesenteric lymph nodes through
interaction of their homing receptors with vascular
addressin on the endothelium of high endothelial venules
(HEV). Second, the extravasated T cells must become
activated in the T-cell zones and enter the B-cell-rich
follicles to activate B cells. Third, the activated memory
cells must leave the Peyer’s patch or mesenteric lymph
node via lymph and re-enter the systemic circulation. Lastly,
the memory cells must enter the non-lymphoid region
(e.g. laminar propria) of the gut to deliver effector function.
Blockade of any of these steps may hinder the development
of immunity and might favour the induction of tolerance.
Indeed, blocking o4 integrin (the homing receptor for
mucosal tissues) significantly hindered the development of
mucosal immunity to the nematode Trichinella spiralis,>*
and blocking the C-C chemokine monocyte chemotactic
protein-1 (MCP-1; a chemotactic factor for monocytes and
CD4" T cells) abrogates high-dose oral tolerance.*” Like-
wise, ‘follicular exclusion’ of antigen-specific B or T cells
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can be an effective mechanism for peripheral tolerance.
When self-reactive B cells become tolerized in vivo, they will
not be able to enter the follicle; instead, they accumulate
in the T-cell zone of lymphoid organs and die within a short
period of time.*® Similarly, when T cells become tolerized
as a result of intravenous administration of antigens, they
fail to enter the follicle, and are unable to provide help to
B cells.*” As the follicle is the critical site for T:B cell
collaboration and for the development of both humoral and
cellular immunity, follicular exclusion may abort lympho-
cyte activation and lead to the development of immune
tolerance. Results reported here suggest that oral admin-
istration of antigens does not drive activated T cells into
B-cell-rich follicles and induces only weak IgGl and IgA
responses. However, in the absence of a sufficient CTLA-4
signal, a small number of activated T cells may enter
B-cell-rich follicles following mucosal exposure of antigens
(Fig. 3), and might help B cells to produce both IgA
and IgG antibodies (Fig. 5). Thus, CTLA-4 may also be
crucial in limiting the degree of B-cell responses during
the inductive phase of oral tolerance.
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