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ABSTRACT Oral administration of myelin basic protein
(MBP) is an effective way of suppressing experimental autoim-
mune encephalomyelitis (EAE). We have previously shown that
such suppression is mediated by CD8* T cells, which adoptively
transfer protection and suppress immune responses in vitro. In
the present study we have found that modulator cells from
animals orally tolerized to MBP produce a suppressor factor
upon stimulation with MBP in vitro that is specifically inhibited
by anti-transforming growth factor 8 (TGF-B) neutralizing
antibodies. No effect was observed with antibodies to v inter-
feron, tumor necrosis factor a/B, or indomethacin. In addi-
tion, the active form of the type 1 isoform of TGF-81 (TGF-8,)
can be directly demonstrated in the supernatants of cells from
animals orally tolerized to MBP or ovalbumin after antigen
stimulation in vitro. Antiserum specific for TGF-8, adminis-
tered in vivo abrogated the protective effect of oral tolerization
to MBP in EAE. Furthermore, injection of anti-TGF-8, serum
to nontolerized EAE animals resulted in an increase in severity
and duration of disease. These results suggest that immuno-
modulation of EAE induced by oral tolerization to MBP and
natural recovery mechanisms use a common immunoreg-
ulatory pathway that is dependent on TGF-8,. Implications of
such an association are of therapeutic relevance to human
autoimmune diseases and may help to explain one of the
mechanisms involved in the mediation of active suppression by
T cells.

Immunological tolerance is the acquisition of unresponsive-
ness to self antigens and as such is essential for the preser-
vation of the integrity of the host. A variety of mechanisms
underly self-tolerance, including clonal deletion, clonal an-
ergy, and active suppression (1), and its breakdown results in
autoimmune diseases. The role and mechanism of action of
active suppression in regulating the immune response are not
well understood. One of the classic methods of inducing
tolerance is via the oral administration of antigens, first
described by Wells in 1911 (2) and subsequently by Chase in
1946 (3). We and others have been studying oral tolerance as
amechanism to suppress autoimmune processes in a number
of experimental models (4-11, 49) and have found that oral
administration of myelin basic protein (MBP) suppresses
experimental autoimmune encephalomyelitis (EAE), a cen-
tral nervous system autoimmune disease mediated by CD4*
MBP-reactive cells (4-8). We have also found that this effect
is mediated by active suppression. Specifically, CD8* T cells
from animals orally tolerized to MBP suppress in vitro
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proliferative responses and adoptively transfer disease pro-
tection (5).

In the present investigation, we have found that T cells
generated by oral tolerance mediate suppression both in vitro
and in vivo via the release of the cytokine transforming
growth factor-B (TGF-B). Our findings not only have rele-
vance to orally induced tolerance but may help to explain one
of the mechanisms by which active suppression mediated by
T cells occurs.

MATERIALS AND METHODS

Animals. Female Lewis rats 6-8 weeks of age were ob-
tained from Harlan-Sprague-Dawley. Animals were housed
in Harvard Medical School animal care facilities and main-
tained on standard laboratory chow and water ad libitum.

Antigens. Guinea pig MBP was purified from brain tissue
by the modified method of Deibler et al. (12). Protein content
and purity were checked by gel electrophoresis and amino
acid analysis.

Reagents. Commercial reagents used were as follows:
mouse anti-rat y interferon (INF-y) neutralizing monoclonal
antibody (mAb) (Amgen Biologicals); monoclonal hamster
anti-murine TNF-a/g antibody (Genzyme); polyclonal rabbit
neutralizing antibody against types 1 and 2 isoforms of TGF
(antiTGF-B,,,) (R & D Systems, Minneapolis), and indo-
methacin (Sigma). Turkey antiserum specific for TGF-8; was
prepared as described (13).

Induction of Oral Tolerance. Rats were fed 1 mg of MBP
dissolved in 1 ml of phosphate-buffered saline (PBS) or PBS
alone by gastric intubation with a 18-gauge stainless steel
animal feeding needle (Thomas Scientific). Animals were fed
five times at intervals of 2-3 days with the last feeding 2 days
before immunization.

In Vitro Suppression of Proliferative Responses by Super-
natants. Spleen cells were removed 7-14 days after the last
feeding, and a single-cell suspension was prepared by press-
ing the spleens through a stainless steel mesh. Oral tolerance
to MBP in the Lewis rat persists for =2 months after the last
feeding (4). Thus, the 7- to 14-day period after feeding
represents a relatively narrow window of time after oral
tolerance is induced for performing the experiments. For
preparation of supernatants, spleen cells at a concentration of
5 x 106 cells per ml were stimulated in vitro with MBP (50
pg/ml) in 10 ml of proliferation medium as described (20).
Supernatants were harvested at 24 hr, and 100 ul was added

Abbreviations: TGF, transforming growth factor; TGF-B; and -88,,
types 1 and 2 isoforms of TGF; MBP, myelin basic protein; EAE,
experimental autoimmune encephalomyelitis; DTH, delayed-type
hypersensitivity; INF-y, y interferon; mAb, monoclonal antibody;
CFA, complete Freund’s adjuvant. :
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to 2.5 x 10* MBP-specific T cells that had been raised and
maintained as described (14) and cultured with 5 x 10°
irradiated (2500 rad; 1 rad = 0.01 Gy) thymocytes in 100 ul
of proliferation media. MBP (50 pg/ml) was added to the
culture in a volume of 20 ul. Experiments were performed in
triplicate in round-bottom 96-well plates (Costar). Cells were
cultured for 72 hr at 37°C and harvested as described (20).

Purification of T-Cell Subsets. Depletion of lymphocyte
subsets was performed by negative selection using magnetic
beads according to a modified method of Cruikshank et al.
(15). Spleen cells were incubated with a 1:10 dilution of
mouse anti-rat CD8, CD4, or B-cell mAbs (clones 0X/8,
W3/25, or OX/33 respectively, Serotec Bioproducts) for 30
min on ice, washed twice, and then added to prewashed
magnetic particles, with an average diameter of 4.5 um
(M-450) with goat anti-mouse IgG covalently attached
(Dynal, Fort Lee, NJ). The cell-mAb-bead complexes were
separated from unlabeled cells in a strong magnetic field with
a magnetic-particle concentrator (Dynal MPC-1) for 2 min.
The supernatant was removed, and the procedure was re-
peated twice to obtain the nonadherent fraction. The cells in
the T cell- and B cell-depleted populations were >95% CD4*
CD8~, CD4~ CD8*, or CD4* CD8* 0X/33~ (B cell-
depleted) as demonstrated by indirect flow cytometry. Whole
spleen populations (5 x 10° cells) from MBP-fed or control
animals were cultured in the presence of MBP (50 ng/ml) in
1 ml of serum-free proliferation media. Depleted populations
were cultured at a concentration of 2.5 x 10° cells per ml.
Supernatants were collected at 24 hr, and 100 ul was added
to responder cells as described above.

Treatment of Supernatants with Anti-Cytokine Antibodies.
Spleen cells (5 x 10° cells per ml in proliferation media) from
MBP-fed and control animals were incubated in the presence
of MBP (50 ng/ml) and neutralizing antibodies against INF-y,
TGF-B, TNF-a/B, or with indomethacin for 72 hr. Antibodies
were tested in a range of concentrations (1:250, 1:500,
1:1000), and indomethacin was tested at concentrations of
0.5-1 ug/ml. At 24 hr, supernatants were collected, and free
antibody or antibody—cytokine complexes were removed by
using magnetizable polymer beads (Dynabeads; Dynal).
Beads coupled with anti-immunoglobulin antibodies were
incubated at a concentration of 4 X 107 beads per ml for 30
min (done twice for each sample) and were removed by a
modified method of Liabakk et al. (16) using a Dynal Mag-
netic Particle Concentrator (MPC-1).

Measurement of TGF-B Activity in Serum-Free Culture
Supernatants. Serum-free culture supernatants were col-
lected as described (17, 18). Briefly, modulator cells were
first cultured for 8 hr with MBP (50 ug/ml) in proliferation
medium. Thereafter, cells were washed three times, resus-
pended in serum-free medium for the remainder of the 72-hr
culture, collected, and then frozen until assayed. Determi-
nation of TGF-B content and isoform type in supernatants
was performed by using a mink lung epithelial cell line
(CCL-64; American Type Culture Collection) as described by
Danielpour er al. (13) and was confirmed by a sandwich
ELISA assay as described (19). The percent active TGF-8
was assayed without prior acid activation of the samples.

Immunization of Animals. Lewis rats were immunized by
injection in the left foot pad with 25 ug of MBP in 50 ul of PBS
emulsified in an equal volume of complete Freund’s adjuvant
(CFA) containing 4 mg of mycobacterium tuberculosis (Dif-
co) per ml.

In Vivo Administration of Anti-TGF-B Antiserum and Con-
trol Sera. Turkey antiserum specific for TGF-B, was used for
in vivo experiments and had previously been prepared and
characterized (13). Serum was heat-inactivated at 56°C for 30
min before injection. Animals (five per group) were injected
i.p. with anti-TGF-B antiserum or control turkey serum at
various concentrations (12.5, 25, or 50 ul diluted in PBS to a
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final volume of 100 ul), five times at days —2, 0, +2, +4, and
+6 in relationship to MBP/CFA immunization. One micro-
liter of the antiserum blocked the binding activity of %I-
labeled TGF-B; at 4 ng/ml to AS549 cells (13). In vivo
treatment was given both to orally tolerized animals and to
animals immunized for EAE without oral tolerization.

Clinical Evaluation. Animals were evaluated in a blinded
fashion every day for evidence of EAE. Clinical severity of
EAE was scored as follows: 0, no disease; 1, limp tail; 2, hind
limb paralysis; 3, hind limb paraplegia and incontinence; 4,
tetraplegia; and 5, death.

Delayed-Type Hypersensitivity (DTH) Testing. DTH was
tested by injecting 25 ug of MBP in PBS subcutaneously in
the ear. Thickness was measured by a blinded observer
before and 48 hr after challenge with micrometer calipers
(Mitutoyo, Utsunomia, Japan).

Statistical Analysis. Clinical scales were analyzed with a
two-tailed Wilcoxon rank sum test for score samples, x?
analysis was used in comparing the incidence of disease
between groups, and comparison of means was performed by
using the Student ¢ test.

RESULTS

In Vitro Suppression Is Mediated by Culture Supernatants
from CD8* T Cells from MBP-Fed Animals. In previous
studies we have shown that modulator CD8* splenic T cells
from MBP-fed animals suppress in vitro proliferation of an
MBP-specific T-cell line (5). Furthermore, additional studies
have demonstrated that such suppression occurs when mod-
ulator and responder cells are separated by a semipermeable
membrane, suggesting the presence of a soluble factor as a
mediator of the suppression (20). The generation of the
soluble suppressor factor requires triggering of cells from
orally tolerized animals with the oral tolerogen. Experiments
were thus performed to determine whether supernatants
collected from splenocytes depleted of T-cell subsets or B
cells from rats orally tolerized to MBP and stimulated in vitro

Supernatants
Fed Ire

PBS
MBP — 3

MBP CD4-depleted : 1

MBP  CD8-depleted : p—

MBP B cell-depleted

A cpm

F1G. 1. Invitro suppression of proliferative response mediated by
supernatants of lymphocyte subsets from orally tolerized animals.
Whole spleen cells or depleted cell populations were stimulated in
vitro with MBP (50 ug/ml). Spleen cells were depleted of B lym-
phocytes or CD4* or CD8* T lymphocytes by magnetized beads.
One-hundred microliters of 24-hr culture supernatants of these cells
was added to 2.5 x 10* MBP-specific T cells, cultured with § x 10°
irradiated (2500 rad) thymocytes in proliferation medium containing
MBP (50 pg/ml). Experiments were performed in triplicate in
round-bottom 96-well plates. The proliferative response of the MBP-
treated line in the presence of supernatants from MBP-stimulated
spleen cells of nontolerized animals was 3654 *+ 1651. Background
counts of the MBP treated line in the absence of MBP were between
200 and 300 cpm.
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with MBP could suppress an MBP line. A reduction in the
proliferation of the MBP line occurred with the addition of
supernatants from B cell-depleted or CD4-depleted spleno-
cytes from animals fed MBP and stimulated in vitro with MBP
(Fig. 1). No suppression occurred with supernatants from
cells of PBS-fed animals or CD8-depleted splenocytes from
MBP-fed animals.

Inhibition of in Vitro Suppression by Anti-TGF-B Antibod-
ies. To determine whether a known cytokine was responsible
for mediating the suppression, neutralizing antibodies to
cytokines postulated to have suppressor activity were added
to the supernatants in an attempt to abrogate the suppression.
Rabbit anti-TGF-B antibody abrogated the suppression me-
diated by the supernatants in a dose-dependent fashion (Fig.
2). No effect on suppression was seen with neutralizing
antibodies to INF-y or TNF-a/B or when indomethacin, a
prostaglandin blocker, was added. No suppression occurred
when anti-TGF-B antibodies were added directly to the
MBP-specific responder T-cell line (data not shown).

Demonstration of TGF-g in Culture Supernatants. To di-
rectly demonstrate the presence of TGF-B in supernatants of
spleen cells from animals fed MBP and stimulated in vitro
with MBP, we collected supernatants under serum-free con-
ditions and assayed directly for TGF-B. TGF-B was secreted
by spleen cells from MBP-fed animals stimulated in vitro in
the presence but not in the absence of MBP (Fig. 3). Fur-
thermore, TGF-B was also secreted when splenocytes from
ovalbumin-fed animals are stimulated in vitro with ovalbu-
min. By using a specific sandwich ELISA assay with block-
ing antibodies specific for either TGF-B, or TGF-8, (13), it
was further demonstrated that the TGF-8 was of the TGF-8,
isotype. In addition, the TGF-B secreted was in the active
rather than latent form. The amount of TGF-B in the group
fed and stimulated in vitro with MBP was 6.8 + 1.7 ng/ml,
with 68 + 9% in the active form. In the ovalbumin-fed group,
the amount of TGF-8 was 6.1 = 1.0 ng/ml, with 65 + 9% in
the active form. No active TGF-B was observed in superna-
tants from spleen cells of animals fed MBP and stimulated
with concanavalin A, although small quantities (2.1 = 0.45
ng/ml) of latent TGF-B were observed.

Supernatants

Fed Treatment
mn vitro n vitro
PBS -
MBP -
MBP Anti-TGF-B

1:1000
MBP Anti-TGF-B
1:500

MBP Anti-TGF-B
1:250

MBP Anti-INF-y
1:250

MBP Anti-TNF §

1:250
MBP Indomethacin
(1.0)

T T 1
10000 15000 20000

A cpm

F1G.2. Inhibition of in vitro suppression by anti-TGF-Bantibody.
Spleen cells from MBP-fed and control animals were incubated in the
presence of MBP (50 ug/ml) and neutralizing antibodies against
INF-vy, TGF-B, TNF-a/B, or with indomethacin for 72 hr. Free
antibody or antibody—cytokine complexes from 24-hr supernatants of
these cells were removed by using magnetizable polymer beads as
described, and the suppressive effects of the treated supernatants
were tested on an MBP-specific T-cell line. The proliferative re-
sponse of the MBP line in the presence of supernatants from
MBP-stimulated spleen cells of nontolerized animals was 18,995 *
2395. Background counts of the MBP line in the absence of MBP
were between 1000 and 2000 cpm.
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In vivo In vitro
- Medium
Fed MBP -
Fed MBP  + MBP
Fed OVA + OVA

0 2 4 6 8 10
TGF-B, ng/ml

FiG. 3. TGF-B activity in serum-free culture supernatants.
Spleen cells from MBP- or ovalbumin (OVA)-fed animals were
incubated in the presence or absence of the homologous antigen (50
pg/ml). TGF-B content in the serum-free supernatants was assayed
by using a CCL-64 assay as described.

Abrogation of Oral Tolerance by in Vivo Administration of
Anti-TGF-B Antiserum. To determine whether TGF-B, also
played a role in suppression of EAE by oral tolerization to
MBP, we administered turkey anti-TGF-B; antiserum in vivo.
Paralytic EAE developed in control animals with a maximal
disease severity between 3.2 and 3.5 on day 13 regardless of
whether animals were injected with PBS or control turkey
serum (Fig. 4A). Oral tolerization with MBP markedly re-
duced the severity and duration of EAE (Fig. 4C) in animals
injected with PBS or control turkey serum. Maximal disease
severity in animals treated five times with 50 ul of control
serum was 3.2 *+ 0.2 and in orally tolerized animals treated
five times with 50 ul of control serum was 1.0 + 0.2 (P <
0.05). In vivo treatment with anti-TGF-B; antiserum abro-
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FiG. 4. The effect of anti-TGF-B and control sera on EAE.
Animals received i.p. injections of turkey anti-TGF-g; antiserum or
control preimmune turkey serum at various concentrations on days
-2, 0, +2, +4, and +6 relative to the day of MBP/CFA challenge.
Treatment was given both to orally tolerized animals (C and D) and
to animals undergoing EAE without oral tolerance (A and B) (five
animals per group). Maximal disease severity in orally tolerized
animals treated five times with 50 ul of anti-TGF-B; antiserum was
3.7 £ 0.2 vs. 1.0 = 0.2 in animals receiving control serum (P < 0.05)
(D vs. C)and 4.5 = 0.2 vs. 3.2 = 0.2 in nontolerized animals (P <
0.05) (B vs. A). Treatments: 0, PBS; ©, control serum (12.5); o,
control serum (50); #, anti-TGF-B antiserum (12.5); A, anti-TGF-B
antiserum (25); @, anti-TGF-B antiserum (50).
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gated protection induced by oral administration of MBP in a
dose-dependent fashion; maximal disease severity in orally
tolerized animals treated five times with 50 ul of anti-TGF-B;
antiserum was 3.7 = 0.2 vs. 1.0 = 0.2 (P < 0.05; Fig. 4 D vs.
C). Of note is that there was a dose-dependent enhancement
of disease in animals treated with anti-TGF-B; antiserum that
were not orally tolerized to MBP (Fig. 4B). Disease onset was
earlier, recovery was delayed, and disease severity was
greater (4.5 = 0.2 vs. 3.2 = 0.2, Fig. 4 B vs. A; P < 0.05).

DTH Responses Associated with in Vivo Anti-TGF-8 Treat-
ment. We have shown previously that DTH responses cor-
relate with the clinical course of EAE and serve as a measure
of in vivo cellular immunity to MBP (6, 7). In this study
prominent DTH responses developed in animals undergoing
EAE and DTH was suppressed by oral administration of
MBP (Fig. 5). The suppressed DTH responses were abro-
gated by in vivo anti-TGF-B, treatment in a dose-dependent
fashion (1.5 = 0.5 vs. 0.5 = 0.3; P < 0.001, in animals injected
five times with 50 ul of anti-TGF-B vs. control serum).
Furthermore, after the same in vivo treatment, there was
enhancement of DTH responses to MBP in animals recov-
ering from EAE that were not orally tolerized (2.1 = 0.3 vs.
1.45 + 0.3; P < 0.01, in animals injected five times with 50
wul of anti-TGF-B vs. control serum).

DISCUSSION

In the present study we found that T cells that mediate
suppression of EAE after oral tolerization to MBP do so both
in vitro and in vivo via the release of active TGF-B,. In vitro,
the release of TGF-B is dependent on antigen-specific trig-
gering by the oral tolerogen whether it is MBP or ovalbumin.
Among the mechanisms described for the maintenance of
self-tolerance, active suppression mediated by T cells is
probably the least well understood (21-23). Because oral
tolerization represents a physiologic pathway by which the
immune system is stimulated to generate suppression and
because investigators have described active suppression me-
diated by T cells after oral tolerization (24, 25), an under-
standing of the mechanism by which suppressor cells act after
stimulation of the gut-associated lymphoid tissue may pro-
vide insight into the mechanism of active suppression.

A number of cytokines exert suppressive activity on dif-
ferent aspects of the immune response such as cell growth,
differentiation, and effector functions as well as the release of

A

Negative
control

PBS

Control
serum (12.5)

Control
serum (50)
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other cytokines. These include interferons, prostaglandins,
tumor necrosis factor, and interleukin 10 (26). Our results
show that CD8* suppressor T cells generated by oral toler-
ization, which are triggered in an antigen-specific fashion, act
both in vitro and in vivo by the release of active TGF-B,. In
this regard they are analogous to the human CD8* suppressor
cells associated with lepromatous leprosy, which act via an
as-yet-unidentified antigen nonspecific factor after being
triggered by a specific antigen (27). We recently have found
that peripheral blood lymphocytes from humans orally tol-
erized to keyhole limpet hemocyaninin secrete a TGF-g-
related suppressor factor after antigen-specific triggering
(51). Because suppression generated by oral tolerance to
autoantigens is antigen- and disease-specific, the secretion
and action of TGF-B must occur in the local microenviron-
ment of lymphoid tissue where the immune response is
generated, along migratory pathways of the effector cells,
and/or at the inflamed site in the target organ where the
autoantigen is present. We recently have found specific
elevation of TGF-B in the brains of EAE animals orally
tolerized to MBP as compared to nontolerized animals (S. J.
Khoury, W. W. Hancock, and H.L.W., unpublished obser-
vations). The ability of T cells to secrete TGF-B, in an active
form may be important in this regard since active TGF-B has
a short half-life and a small volume distribution, but latent
TGF-B has an extended half-life and a larger volume of
distribution (28).

We have also observed that injection of anti-TGF-B; serum
to nontolerized animals immunized with MBP/CFA to in-
duce EAE resulted in an increase in severity and duration of
EAE. Other investigators have reported the presence of
postrecovery CD4* suppressor cells in the Lewis rat EAE
model that can adoptively transfer protection and suppress in
vitro proliferative responses of an MBP line (29). In vitro,
these cells have been shown to release TGF-B and to sup-
press interleukin-2 and IFN-y production by encephalitoge-
nic cells (29), although an in vivo effect of TGF-B by such cells
has not been shown. Our in vivo results show arole for TGF-B
in recovery from EAE. Thus, natural recovery in EAE and
the induction of oral tolerance to MBP, though two distinct
physiological processes, appear to involve a common immu-
noregulatory pathway in which TGF-B serves as an effector
cytokine. The role of TGF-B-secreting CD8* T cells as
opposed to CD4* T cells in natural recovery remains to be
defined. TGF-gB itself, when administered systematically in
doses of 1-5 ug per treatment, has been shown to suppress

FiG. 5. DTH responses asso-
ciated with in vivo anti-TGF-8
treatment. DTH was tested in the
groups described in Fig. 4 by in-
jecting 25 ug of MBP in PBS sub-
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~ cutaneously in the ear. Thickness
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animal models of autoimmunity both in the rat and mouse,
including EAE (30, 31) and autoimmune arthritis (32, 33).

The mechanism by which TGF-B suppresses immune re-
sponses in vitro and down-regulates EAE and other autoim-
mune diseases in vivo is unknown. Recent studies have
demonstrated multiple, sometimes contradictory, immuno-
modulatory effects of the TGF-B isoforms on various target
cells and tissues (34, 35). Although initially identified as a
growth factor, the immunoregulatory properties of TGF-8
include inhibition of proliferation of B and T cells, (16, 36)
affecting CD4* cells more than CD8* cells (37) in both rodent
and human cells. TGF-8 antagonizes inflammatory effector
cytokines such as TNF-a and INF-y (38, 39), blocks CTL
activity (40, 50), and inhibits induction of receptors of inter-
leukins 1 and 2 (41), rendering cells unresponsive to these
cytokines. TGF-B inhibits in vivo T-cell and neutrophil ad-
hesion to endothelial cells, which limits the migration and
recruitment of inflammatory cells into the target organ (42,
43), downregulates class II expression on macrophages and
astrocytes, and inhibits macrophage activation (40, 44).

TGF-B has been demonstrated to be secreted by a variety
of cells including macrophages, natural killer cells, LAK
cells, B cells, and both CD4* and CD8"* T cells (45-47). The
characteristics of the CD8* suppressor cells generated after
oral tolerization are yet to be defined. Concanavalin A
stimulation of spleen cells from animals tolerized with MBP,
as opposed to MBP stimulation, did not lead to significant
suppressor effects nor production of active TGF-B. This may
be due to induction of proliferation rather than production of
TGF-B after concanavalin A stimulation (48).

The results presented herein provide evidence for an
immunoregulatory role played by endogenous TGF-B; in the
spontaneously occurring recovery from EAE and in the
suppression of EAE induced by oral tolerization to MBP. In
view of its evolutionary high conserved features, it is likely
that the immunosuppressive effects of TGF-B in experimen-
tal animals are similar to its effects in humans. Thus, our
findings may point to the therapeutic potential of oral toler-
ization to MBP or other autoantigens as a source of endog-
enous TGF-g for the control of autoimmune diseases.
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