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Regulatory T Cell Clones Induced by Oral
Tolerance: Suppression of Autoimmune
Encephalomyelitis
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Howard L. Weiner*

Experimental autoimmune encephalomyelitis (EAE) is a cell-mediated autoimmune dis-
ease that serves as an animal model for multiple sclerosis. Oral administration of myelin
basic protein (MBP) suppresses EAE by inducing peripheral tolerance. T cell clones were
isolated from the mesenteric lymph nodes of SUL mice that had been orally tolerized to
MBP. These clones were CD4* and were structurally identical to T helper cell type 1 (T,,1)
encephalitogenic CD4™* clones in T cell receptor usage, major histocompatibility complex
restriction, and epitope recognition. However, they produced transforming growth fac-
tor-B with various amounts of interleukin-4 and interleukin-10 and suppressed EAE
induced with either MBP or proteolipid protein. Thus, mucosally derived T,,2-like clones
induced by oral antigen can actively regulate immune responses in vivo and may represent
a different subset of T cells.

One of the primary features of the immune
system is the discrimination of self from
nonself (I). Immunologic tolerance pro-
vides the immune system with self-nonself
discrimination and is crucial to prevent
pathogenic reactivities against self antigens.
Several mechanisms may contribute to im-
mune tolerance, with the primary one being
clonal deletion of autoreactive cells in the
thymus (1-3). However, not all autoreac-
tive cells are deleted (3, 4), and therefore,
mechanisms must exist to regulate autore-
active T cells in the peripheral immune
compartment. Mechanisms of peripheral
immune tolerance include anergy (5) and
active suppression (6): Active cellular sup-
pression has not been unequivocally dem-
onstrated as a mechanism for peripheral
tolerance because of difficulties in cloning
and in demonstrating that cloned T cells
can actively regulate the responses of other
immune cells in vivo.

Oral administration of antigens (oral
tolerance) is a classic method of inducing
antigen-specific peripheral immune toler-
ance (7). Orally administered antigens can
induce active suppression (low antigen
dose) or clonal anergy (high antigen dose)
(8). Oral tolerance is a biologically relevant
method of inducing peripheral tolerance: it
involves the physiologic interaction of pro-
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teins with the gut immune system, a process
that has evolved to prevent systemic im-
mune responses to ingested proteins. In ad-
dition, the oral administration of autoanti-
gens has become clinically relevant and is
being investigated as a treatment for human
autoimmurre diseases (9).

One of the mechanisms of peripheral
immune tolerance after orally administered
antigens is the generation of regulatory T
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produce antigen-specific suppressor factors
and therefore differ from previously de-
scribed suppressor T cells that have been
difficult to characterize (6). Characteriza-
tion of regulatory T cells that mediate ac-
tive suppression, including epitope specific-
ity, T cell receptor (TCR) usage, and indi-
vidual cytokine secretion cannot be estab-
lished from bulk-cultured cells.

To generate regulatory clones associated
with oral tolerance, we fed SJL mice [which
are susceptible to- experimental autoim-
mune encephalomyelitis (EAE)] myelin ba-
sic protein (MBP) and examined cytokine
patterns produced by mesenteric lymph
nodes. Mesenteric lymph nodes from ani-
mals fed either MBP or hen egg lysozyme
(HEL) and cultured in vitro with the
relevant antigen secreted TGF-, interleu-
kin-4 (IL- 4), and IL-10, but minimal inter-
feron (IFN-y) (Table 1, groups 1 to 4). Cyto-
kine secretion was dependent on antigen-
specific stimulation in vitro with the fed
antigen. If cells from animals fed MBP and
then immunized intraperitoneally with
MBP in complete Freund’s adjuvant (CFA)
were cultured in vitro with MBP, antigen-
specific TGF-B secretion was enhanced
(Table 1, groups 5 to 7). Thus, in addition
to the secretion of T helper cell type 2
(T42) cytokines, immune responses in the
gut preferentially involve the generation of
cells that secrete TGF-B .

Cells from animals fed MBP and immu-
nized with MBP in CFA were studied in
bulk culture to determine which cells se-

creted the respective cytokines (Fig. 1).
Both CD4* and CD8™* cells secreted TGF-

cells that mediate active suppression (10).
In the Lewis rat these T cells are CD8* and
act by secreting transforming growth fac-
tor-B (TGF-B) after being stimulated by
the fed antigen (I11). These cells do not

Table 1. Cytokine production by mesenteric lymph node cells from orally fed SJL mice. Seven groups of
SJL/J mice (27), four mice each, were fed with MBP or HEL (24). Two days after the last feeding, mice in
groups 5 to 7 received an intraperitoneal injection of 100 ug of MBP in CFA (24). Mesenteric.lymph node
cells from all groups of mice were prepared 14 days after immunization (or 16 days after the last feeding)
and were cultured in serum-free medium containing MBP or HEL (50 pg/ml) as indicated. Culture
supernatants were collected at 40 hours for IFN-y and IL-4 and at 72 hours for TGF-B and IL-10. Cytokine
concentrations were determined by ELISA (28) and are expressed as picograms per milliliter. Results
represent pooled data from three independent experiments.

Antigen used for

Group Feading Immu- ‘In vitrq TGF-B IFN-y IL-4 IL-10
nization stimulation

1 MBP None HEL 180 * 23 <75 <75 <100
2 MBP None MBP 429 = 34 77 36 580 = 38 350 *+ 47
3 HEL None HEL 1050 = 120 88 +17 570 108 261 =22
4 HEL None MBP 230 = 38 <75 <75 <100
5 MBP MBP HEL 320 = 19 83 +41 340 =29 246 = 18
6 MBP MBP MBP 6020 =233 252 *+39 965201 869 * 31
7 HEL MBP MBP 415 = 49 813 =71 52084 410 = 50
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Fig. 1. Cytokine production by CD4*

and CD8™ T cells from orally tolerized Total
animals. Six SJL mice were fed and

immunized with mouse MBP (24). CD4 depleted
Mesenteric lymph node cells were

prepared 14 days after immunization CD8 depleted

and were depleted of CD4* or CD8*
T cells or both by negative selection
(26). Control CD4* cells, CD8*"'T
cells, or both (from mesenteric lymph
nodes of naive SJL. mice) were then
added to the cell preparations to re-
place the depleted cells from orally

CD4 and
CD8 depleted

TGF-B | T IL-4
0 3000 6000 0 500 1000 O 500 1000 1500
Cytokine concentration (pg/mi)

tolerized animals. Five million cells were then cultured in 1 mi of serum-free medium with 50 g of MBP or HEL.
Culture supernatants were collected, and cytokine production was determined by ELISA (28). Results repre-
sent mean = SD of triplicate cultures and are representative of two independent experiments.
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Fig. 2. Cytokine production by MBP- 9 D S E
specific T cell clones isolated from the = 1| see * =
mesenteric lymph node of orally tolerized g 8] ¢ % 8
mice. For methods, see (30). For cyto- e -~ ° ? —1 o
kine production, cloned T cells (5 x 104 of E z
each type) were cultured with 5 x 105 T gl ° - oo
feeder cells in 0.2 ml of serum-free me- -1 e 1%
dium containing MBP or HEL (50 p.g/ml). 100 1000 10000 100 1000 10000
Culture supernatants were collected 40 TGF-B (pg/ml) IL-4 (pg/ml)

hours (for IFN-y and IL-4) and 72 hours

(for TGF-B and IL-10) later. Cytokine concentrations were determined by ELISA (28). Data presented
represent the mean of triplicate cultures with MBP minus the mean of cultures with HEL. (A) TGF-B versus
IL-10; (B) TGF-PB versus IL-4; (C) IL-4 versus IL-10; (D) TGF-B versus IFN-y; (E) IL-4 versus IFN-y. To rule
out production of cytokines by feeder cells, cytokine production was also measured after stimulation with
a mADb to CD3 (2C11). Comparable amounts of cytokines were detected in all the T cell clones tested.

Fig. 3. Peptide specificity and MHC restriction of
mucosally derived T cell clones. (A to C) For pep-
tide specificity, cloned T cells (5 x 10* of each
type) were cultured with 1 x 10° feeder cells in 0.2
ml of medium with 5 pg of HEL, MBP, or MBP
peptides. 3H-labeied thymidine (1 pCi) together
with 2 U of recombinant IL-2 were added to each
culture 72 hours later. Cells were harvested and
radioactivity was counted 16 hours later. Data
presented represent mean * SD of triplicate cul-
tures. The experiment was repeated four times for
clones 1B1 and 2F9 and two times for clone 1H4.
(D to F) For MHC restriction, cloned T cells (5.x 10*
of each type) were cultured with normal or pre-
treated feeder cells (1 x 108) in 0.2 ml of medium
containing 5 wg of HEL or MBP. Pretreatment of
feeder cells was done by incubating cells (107 per
milliliter) with either mAb 10.2.16 (specific for I-AS)
or mAb 14.4.4.S (specific for I-EX) ascites (1/80,
v/v) (obtained from ATCC) at 37°C for 1 hour.
[BH]Thymidine together with 2 U of recombinant
IL-2 were added to each culture 72 hours later.
Cells were harvested and radioactivity was count-
ed 16 hours later. Data represent mean + SD of
triplicate cultures and are representative of three
experiments. (G) TCR sequences of regulatory T~
cell clones and encephalitogenic clone MM4.
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1H4

B, whereas only CD4* cells secreted I1L-4
and IL-10. This is consistent with our pre-
vious studies in the Lewis rat in which
predominantly CD8™ cells secreted TGF-
(11). We thus cloned the CD4* T cells
from these bulk cultures after depletion of
CD8™ cells and succeeded in obtaining 48
MBP-specific CD4" T cell clones. The
cytokine profile for each of the 48 clones
after activation with MBP or monoclonal
antibody (mAb) to CD3 (anti-CD3) was
determined by enzyme-linked immunosor-
bent assay (ELISA) (Fig. 2). Of the 48
clones, 42 produced active TGF-B in addi-
tion to various amounts of one or the other
Ty2 type cytokines (IL-4 and IL-10). The
relative amounts of the three cytokines pro-
duced by each clone varied, and the clones
could be grouped ‘in three categories de-
pending on the amount of individual cyto-
kines produced. Clones that secreted
TGF-B were TGF-gH, IL-4°, IL-10%
TGF-BIL-4M, IL-10%; or TGF-B'°, IL-4°,
IL-10" (Fig. 2, A and B). The TGF-gh.
secreting clones produced no IFN-y or
IL-2. It also appeared that the TGF-B se-
cretion was regulated separately from that
of IL-4 and IL-10, suggesting that these
clones were different than classic Ty,2 cells
that secrete IL-4 and IL-10. Thus, there was
a general correlation between the secretion
of IL-4 and IL-10 in an individual clone
(Fig. 2C) but this dissociated in clones se-
creting TGF-B. The cytokine patterns for
most T cell clones have been stable for
more than 4 months in vitro.

To further characterize these mucosally
derived CD4* clones that secreted TGE-j,
IL-4, and IL-10, three clones were studied
in detail for epitope specificity, major his-

2F9 1B1

HEL

MgP
MBP1-20 A
MBP51-70
MBP71-90
MBP84-102
MBP91~110
MBP101~120
MBP131-150

T T
0 5,000 10,000 15,000 20,000 0

T T
5,000 10,000 15,000 0

T T T
5,000 10,000 15,000 20,000

“HEL
MBP D

ANTI—-AS + MBP

ANTI-I-EX + MBP

0 5,000 10,000 15,000 20,000 0

5,000

E F

10,000 15,000 0 15,000 30,000 45,000

[PHIThymidine incorporation (cpm)

G

Clone Vg V D J C Clone VvV, V J C
1H4 Vg17 CASS TGG ~ QDTQYFGPGTRLLVL EDLR | 1H4 V,1 CAVS KGTNTGKLTFGDGTVLTVKPN 10
181 Vg17 CASS LGG SMNFGPGTRLLVL EDLR | 1B1 V. 3 CAVR DTGYQNFYFGKGTSLTVIPN  IQ
2F9 Vg4 CASS QGLG GAETLYFGSGTRLTVL EDLR 2F9 V1 CAAS GGTGGYKVVFGSGTRLLVSPD IQ
MM4 Vg4 CASS QGLG GAETLYFGSGTRLTVL EDLR | MM4 V.1 CAAS GGTGGYKVVFGSGTRLLVSPD IQ
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tocompatibility complex (MHC) restric-
tion, and TCR usage. Two clones, 2F9 and
1H4, were chosen that secreted large
amounts of TGF-B and one clone, 1B1, that
secreted predominantly IL-4 and IL-10.
Overlapping 20—amino acid MBP peptides
were first tested in bulk culture, and then
candidate peptides were used to determine
the epitope specificity of individual clones.
All three clones reacted with MBP(84—
102) (Fig. 3, A to C). Additional clones re-
acted with other epitopes such as MBP(71-
90) (12). MHC restriction was studied with
clones that were stimulated by antigen-pre-
senting cells treated with mAbs specific for
MHC class II alleles (Fig. 3, D to F). Pro-
liferation was inhibited by incubation with.
mAbs specific for I-A® but not for I-E¥",
(I-As® is the only type of class II molecule
expressed by the SJL strain mice). To study
TCR usage, we directly sequenced the TCR
o and B chain complementary DNAs
(cDNAs) (Fig. 3G), and we further con-
firmed the V, usage by staining with Vg
chain-specific mAb. For a direct compari-
son of the TCR used by a MBP-specific Ty;1
clone MM4 with that used by the mucosally

derived T cell clones, cDNA was isolated

from clone MM4 and sequenced across the
TCR « and B chains (13). We found that
MM4 expressed the identical TCR « and B
chain nucleotide sequence as that of the
TGF-B-producing regulatory clone 2F9
(Fig. 3G). Thus, the mucosally derived reg-
ulatory CD4* clones resemble MBP-specif-
ic encephalitogenic CD4" T cell clones in
their epitope specificity, TCR. usage, and
MHC restriction, but they differ in cytokine
profiles.

The major question was whether these
mucosally derived CD4™" clones were func-
tional in vivo and could suppress autoim-
mune encephalomyelitis. Preliminary in
vitro experiments showed that clone 2F9
and 1Bl suppressed proteolipid protein
(PLP)-specific Tyl cells and that suppres-
sion was abrogated by antibodies to TGF-8
and IL-10 (12). SJL mice were immunized
with MBP to induce EAE and were injected
intraperitoneally with 2 X 10° T cells of
each clone at the time of immunization
(Table 2). Each of the mucosally derived
CD4™* clones suppressed EAE, as measured
by disease. incidence, day of onset, maxi-
mum disease score, and fatality. The central
nervous system (CNS) inflammatory re-
sponse was measured in one group of ani-
mals protected by the mucosally derived
clones. A delayed-type hypersensitivity re-
sponse was observed in the CNS of control
animals with a prominent cellular infiltrate
and expression of IL-2 and IFN-y. In pro-
tected animals injected with clone 1Bl,
there was a reduction in numbers of mono-
nuclear cells, down-regulation of the ex-
pression of IL-2 and IFN-y and up-regula-

tion of IL-4 and I1L-10 (14). Thus, the mu-
cosally derived CD4"* clones were able to
down-regulate a cell-mediated autoimmune
disease in vivo.

Bulk T cells from orally tolerized animals
can suppress active immune responses to
other antigens in the microenvironment, a
phenomenon called antigen-driven by-
stander suppression (11, 15). Such cells
suppress by secreting down-regulatory cyto-
kines such as TGF- after being triggered
by specific antigen. We thus investigated
whether the CD4" mucosally derived
MBP-specific regulatory T cell clones we
generated could affect autoimmune enceph-
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alomyelitis induced by another antigen of
the CNS, PLP. The PLP-induced disease
was also suppressed by MBP-specific regula-
tory T cell clones (Table 2). However, PLP-
specific T cell proliferation was unaffected
in the draining lymph nodes of animals
injected with MBP-specific regulatory T
cells (Acpm = 69,469) as compared with
controls (Acpm = 75,221), but prolifera-.
tion was reduced if MBP was added to the
culture (Acpm = 29,275). Thus, bystander
suppression only occurs if the antigen rec-
ognized by the regulatory clone is present.
To demonstrate that clone 2F9 suppressed
in vivo by secreting TGF-B, we immunized

Table 2. MBP-specific CD4™ T cell clones generated by oral tolerance suppress EAE. Cloned mucosal
T2 cells (clones 1B1, 2F9, or 1H4) or concanavalin A-activated CD4* splenic T cells from SJL mice (T
cell blast) were stimulated for 2 days with mouse MBP and feeder cells. T cell blasts were then expanded
in médium containing 10% mouse TCGF, washed, and separated from feeder cells by centrifugation
through 4 ficoll isopaque gradient. On day 0, each SJL mouse received (j) an intraperitoneal injection of
0.2 ml of phosphate-buffered saline (PBS) or PBS containing 2 x 108 T cells; (ii) subcutaneous immu-
nization with 400 p.g of mouse MBP or 100 g of mouse PLP139-151 peptide (HSLGKWLGHPDKEF) in
0.15 ml of PBS emulsified in an equal volume of CFA containing mycobacterium tuberculosis H37 RA (4
mg/mi); and (jii) an intravenous injection of 200 ng of pertusiss toxin in 0.2 mi of PBS. Mice received
another injection of pertusiss toxin (200 ng/mouse) (List Biological Laboratories, Campbell, California) on
day 2 and were monitored for symptoms of EAE as described (29). Statistical analysis was performed by
X analysis for disease incidence and fatality and by Student’s t test for maximum score and onset day.
For 1B1, 2F9, and 1H4 groups, P < 0.001 compared with T cell blast or PBS control for all EAE
parameters listed. Cytokine concentrations (picograms per milliliter) were determined as described (28).
Dashes indicate not applicable or not tested. Single letter abbreviations for the amino acid residues are
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K; Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Parameter 2F9 1H4 1B1 T cell blast PBS
Cytokine profile
TGF-B 1102 1261 154 - -
IFN-y <50 <50 <50 - -
IL-2 <20 <20 <20 - -
L4 223 <75 3566 - -
IL-10 729 513 2471 - -
MBP-induced EAE
Disease incidence 2/6 2/6 2/9 9/12 8/10
Onset day = SD 19.5 0.5 18,5 + 0.5 18.0+1.0 144 + 0.7 139 +1.2
Maximum score = SD 0.5+0.8 05+1.2 1.3 +09 3.0+ 0.9 2.9 + 0.5
Fatality 0/6 0/6 0/9 3/12 2/10
PLP-induced EAE
Disease incidence 4/10 - 6/12 10/10 23/24
Onset day = SD 16.8 = 2.0 - 163+ 1.7 128 =11 1834 1.2
Maximum score = SD 19+13 - 1.56+x14 41 +0.8 3.8 0.9
Fatality 0/10 - 0/12 4/10 8/24
Fig. 4. TGF-B mADb neutralizes the in vivo sup- 4
pressive activity of regulatory T cell clone 2F9. A B

SJL/J mice, six animals per group, were immu-
nized for EAE with PLP peptide (139—151) as de-
scribed in Table 2. Nine days after immunization,
animals were injected intraperitoneally as follows:
100 g of control mouse Ig every other day for a
total of four injections [(A and B), filled squares]; 2
x 108 MBP-specific T,1 cells (clone MM4) [(A),
open circles]; 2 x 10® HEL-specific T,,2 cells [(A),
filled circles]; 100 pg of mouse TGF-B mAb every
other day for a total of four injections [(B), open
squares]; 2 x 108 regulatory cells (clone 2F9) together with 100 g of mouse TGF-B mAb and then 100
wg of mouse TGF-B mAb every other day for a total of three injections [(B), open circles]; and 2 x 106
regulatory cells (clone 2F9) together with 100 pg of control mouse Ig and then 100 ug of control mouse
Ig every other day for three injections [(B), closed circles]. Maximal disease severity of animals injected
with 2F9 = 1.0 = 0.8 and animals injected with 2F9 + TGF-g mAb = 2.8 = 0.9 (P < 0.01).

Mean clinical score
e

20 25 3010 15 20 25 30
Days after immunization

0-teller
10 15

SCIENCE < VOL. 265 ¢ 26 AUGUST 1994 1239



animals with PLP peptide (139-151) and
injected clone 2F9 on day 9 after immuni-
zation. As shown in Fig. 4, treatment with
antibodies to TGF-B reversed the protec-
tion of clone 2F9 (Fig. 4B). An MBP-spe-
cific Tyl clone (MM4) or an HEL-specific
Ty2 clone used as controls did not suppress
PLP-induced EAE (Fig. 4A). No disease
was observed when CD4™ regulatory clones
alone were given at a dose of 5 X 10° cells
per injection.

An unusual aspect of the Tj,2-like regula-
tory clones derived from orally tolerized ani-
mals is their secretion of TGF-. We derived
a number of T2 clones after subcutaneous
immunization with PLP and found that only
an occasional T2 clone produced TGF-8;.
unlike the T cell clones derived after oral
administration of PLP (16). TGF-B appears to
participate in the local function of the gut and
serves as a helper or switch factor for immu-
noglobulin A (IgA) production in the mucosa
(17). TGF-B may also be involved in the
homing mechanisms of cells to high endothe-
lial venules (18). Thus, mucosally derived:
CD4* cells producing mainly TGF-B may be
considered another T helper subset (Ty,37)

with both mucosal T helper function and "

down-regulatory properties for Ty 1 cells.
Our studies suggest that cells capable of
regulating immune responses are not a spe-
cial type of suppressor cell but are conven-
tional T cells whose major down-regulatory
activity is mediated by their cytokines. The
cytokine profile appears stable and is depen-
dent on the microenvironment in which
they are induced. During oral tolerance in
the Lewis rat, CD8™ cells are generated that
suppress immune responses both in vitro
and in vivo through the secretion of TGF-
(11). The epitopes responsible for triggering
these CD8" cells to produce TGF-B in the
Lewis rat are different from the epitopes in
the Lewis rat that trigger CD4* encephali-
togenic cells (19), and this most probably
relates to the fact that they are class I
restricted. The cloning of CD8* cells from
orally tolerized SJL mice will allow the
characterization of CD8* mucosally de-
rived regulatory cells. The CD8" regulatory
T cell clones in lepromatous leprosy medi-
ate immune suppression through 1L-4 pro-
duction (20). Other investigators have de-
scribed anti-idiotypic T cells specific for
encephalitogenic clones that down-regulate
EAE (21). The mechanism by which these
cells suppress. have not been described, al-
though in some instances it may relate to
cytotoxicity against encephalitogenic T
cells. Anti-idiotypic CD4* regulatory T
cells in rats recovering from EAE mediate
suppression through 1L-4 and TGF-B (22).
During the natural recovery from EAE in
the Lewis rat, TGF-B and IL-4 are expressed
in the brain, and in mice recovering from
relapsing EAE, IL-10 is expressed (23).

1240

It thus appears that regulatory T cells are
normally generated during the course of
immune responses, and they function by the
production of suppressive cytokines. Fur-
thermore, induction of these cells relates to
the immune microenvironment in which
they are induced, and they are preferentially
induced by the mucosal immune system.
Therefore these cells may have an impor-
tant biologic function in maintaining pe-
ripheral tolerance in the host.

REFERENCES AND NOTES

. B. Rocha and H. von Boehmer, Science 251, 1225
(1991); G. J. Nossal, Int.”Rev. Immunol. 2, 321

—_

(1987).
2. P. Marrack and J. W. Kappler, Science 248, 705
(1990).
3. H.von Boehmer, Annu. Rev. Immunol. 8, 531 (1990).
4. J. Goverman et al., Cell 72, 551 (1993).
5. M. K. Jenkins, C. A. Chen, G. Jung, D. L. Mueller,

R:H. Schwartz, J. Immunol. 144, 16 (1990); R. H.
Schwartz, Science 248, 1349 (1990).

6. R. N. Germain and B. Benacerraf, Scand. J. Immu-
nol. 13, 1 (1981); R. K. Gershon and K. Kondo,
Immunology 18, 723 (1970).

7. H. Wells, J. Infect. Dis. 9, 147 (1911); M. W. Chase,
Proc. Soc. Exp. Biol. Med. 61, 257 (1946).

8. R. Friedman and H. L. Weiner, Proc. Natl. Acad. Sci.
U.S.A., 91, 6688 (1994); C. C. Whitacre, |. E. Gien-
app, C. G. Orosz, D. M. Bitar, J. Immunol. 147, 2155
(1991); D. S. Gregerson, W. F. Obritsch, L. A. Do-
noso, ibid. 151, 5751 (1993).

9. H. L. Weiner et al., Science 259, 1321 (1993); D. E.
Trentham et al., ibid. 261, 1727 (1993).

10. A. M. Mowat, Immunol. Today 8, 93 (1987); H. L.
Weiner et al., Annu. Rev. Immunol. 12, 809 (1994).

11. O. Lider, L. M. B. Santos, C. S.-Y. Lee, P. J. Higgins,
H. L. Weirier, J. Immunol. 142, 748 (1989); A. Miller,
O. Lider, H. L. Weiner, J. Exp. Med. 174, 791 (1991);
A. Miller, O. Lider, A. B. Roberts, M. Sporn, H. L.
Weiner, Proc. Natl. Acad. Sci. U.S.A. 89, 421 (1992).

12. Y. Chen and H. L. Weiner, unpublished data.

18. K. W. Wucherpfennig et al., J. Immunol. 152, 5581
(1994).

14 Y. Chen, W. W. Hancock, H. L. Weiner, in prepara-
tion.

15. A. Al-Sabbagh, A. Miler, L. M. B. Santos, H. L.
Weiner, Eur. J. Immunol., in press.

16. M. Prabhu-Das, H. L. Weiner, V. K. Kuchroo, in prep-
aration.

17. R. L. Coffman, D. A. Lebman, B. Shrade, J. Exp.
Med. 170, 1039 (1989); P. H. Kim and M. F. Kagnoff,
J. Immunol. 144, 3411 (1990).

18. Y. H. Chin, J. P. Cai, X.-M. Xu, J. Immunol. 148,
1106 (1992).

19. A. Miller, A. Al-Sabbagh, L. M. B. Santos, M. Prabhu-
Das, H. L. Weiner, ibid. 161, 7307 (1993).

20. P. Salgame et al., Science 254, 279 (1991); P. Sal-
game, J. Convit, B. R. Bloom, Proc. Natl. Acad. Sci.
U.S.A. 88, 2598 (1991); M. Yamamura et al., Sci-
ence 254, 5029 (1991).

21. O. Lider, T. Reshef, E. Beraud, A. Ben-Nun, |. R.
Cohen, Science 239, 181 (1988). D. Sun, Y. Qin, J.
Chluba, J. T. Epplen, H. Wekerle, Nature 332, 843
(1988).

22. W. J. Karpus, K. E. Gould, R. H. Swanborg, Eur. J.
Immunol. 22, 1757 (1992); W. J. Karpus and R. H.
Swanborg, J. Immunol. 146, 1163 (1991).

23. S. J. Khoury, W. W. Hancock, H. L. Weiner, J. Exp.
Med. 176, 1355 (1992); M. K. Kennedy, D. S. Tor-
rance, K. S. Picha, K. M. Mohler, J. Immunol. 149,
2496 (1992).

24. Oral tolerance was induced by a multiple low-dose
feeding regimen. Each SJL mouse was fed with 0.5
mg of either HEL (Sigma, St. Louis, MO) or mouse
MBP dissolved in 0.5 ml of phosphate-buffered sa-
line (PBS) by gastric intubation with an 18-gauge
stainless steel feeding needle (Thomas Scientific,
Swedesboro, NJ). Mouse MBP was prepared from
the brain tissue by a modified method of Deibler et al.
(11); the purity of the MBP preparation was con-
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26.

27.

28.

29.

30.

31.

firmed by gel electrophoresis and amino acid analy-
sis. Mice were fed every other day for a total of five
times. Two days after the last feeding, each mouse
received an intraperitoneal injection of 100 ng of
mouse MBP in 0.25 mi of PBS emulsified in an equal
volume of CFA containing mycobacterium tubercu-
losis H37 RA (400 pg/ml, Difco, Detroit, Ml).

The culture medium used in this study was Dulbec-
co’s modified essential medium (DMEM) supple-
mented with 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, 2 mM L-glutamine, penicillin
(100 U/ml), streptomycin (100 U/ml), 10% heat-inac-
tivated fetal bovine serum (Biowhittacker, Walkers-
ville, MD), and 5 x 10=% M of 2-mercaptoethanol
(Sigma, St. Louis, MO). The mouse T cell growth
factor (TCGF) was prepared as described [Y. Chen et
al., J. Immunol. 152, 3 (1994)).

The CD4* and CD8* T cells were purified by positive
selection and depleted by negative selection with mag-
netic beads per manufacturer’s instruction (Advanced
Magnetics, Cambridge, MA). The mAbs specific for
CD4 [clone GK1.5, American Type Culture Collection
(ATCC)] and CD8 (clone 53-6.72, ATCC) were purified
from the culture supematants through a protein G col-
umn and added to the cell suspension at a ratio of 1 to
5 pg per 108 celis per mililiter. The treatment was
repeated two times, and separated cell populations
were more than 99% CD4+CD8~, CD4-CD8™, or
CD4~CD8~ as determined by direct flow cytometry.
Female SJL/J mice, 6 to 8 weeks of age, were pur-
chased from Jackson Laboratory (Bar Harbor, ME)
and housed in Harvard Medical School Animal Care
Facilities under virus-free conditions.

For the ELISA for cytokines the following reagents
were purchased from Pharmingen (San Diego, CA):
purified rat mAbs to mouse IL-2 (clone JES-1A12),
IL-4 (clone BVD4-1D11), IL-10 (clone JES5-2A5),
and IFN-v (clone R4—6A2); biotinylated rat mAbs to
mouse IL-2 (clone JES6-5H4), IL4 (clone
BVYD6-24G2), IL-10 (clone SXC-1), and IFN-vy (clone
XMG1.2); and recombinant mouse IL-2, IL-4, IL-10,
and IFN-y. Polyclonal chicken antibody to TGF-$1
was purchased from R&D Systems (Minneapolis,
MN); purified bovine TGF-B1 and mAb to mouse
TGF-B (clone 1D11.16) were from Celtrix Pharma-
ceuticals (Santa Clara, CA). Quantitative ELISA for
IL-2, IL-4, IL-10, and IFN-y were performed with

" paired mAbs specific for corresponding cytokines

per manufacturer’'s recommendations. TGF-B1 was
determined without acid activation as described (79).
Scoring of EAE: O, no disease; 1, tail paralysis; 2,
hindlimb weakness; 3, hindlimb paralysis; 4, hind-
limb plus forelimb paralysis; and 5, moribund.

To generate MBP-specific T cell clones, we fed and
immunized six SJL mice with mouse MBP as de-
scribed (24). Fourteen days after immunization,
MLNs were harvested and a single-cell suspension
was prepared. Cells were then cultured in medium
containing mouse MBP (25 ng/ml) for 4 days (25).
Mouse T cell growth factor (TCGF) (10%, v/v) was.
then added to the culture, and cells were further
stimulated for a week before cloning (25). For T cell
cloning, CD4* T cells were first purified by positive
selection as described (26) and diluted to 1 cell per
mililiter in medium containing mouse MBP (25 p.g/
ml) and 10% mouse TCGF, together with syngeneic
irradiated spleen cells as feeder cells (5 x 108/ml).
Aliguots (0.2 ml per well) were dispensed into 96-well
flat bottom plates (Corning, Corning, NY). Wells ex-
hibiting cell growth 10 to 14 days later were scored
and expanded in medium containing 10% mouse
TCGF. Subcloning of MBP-specific T cells were con-
ducted in a similar fashion. For maintaining T cell
clones, cells (2 x 10% per milliliter) were first rested for
7 days with feeder cells (5 x 108/ml) and then stimu-
lated with mouse MBP (25 wg/ml), mouse TCGF
(10%), and feeder cells for 4 days. This cycle of
resting and stimulation was necessary for expanding
MBP-specific T cells producing TGF-§.
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