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ABSTRACT Interleukin 1 (IL-1) and tumor necrosis fac-
tor a are thought to contribute to the inflammatory response
associated with autojinmune diseases. Transforming growth
factor ( (TGF-i) counteracts many effects of these cytokines
and has various immunosuppressive properties. In the present
study, it is shown that microgram amounts of TGF-(31, injected
daily for 1-2 weeks, protect against collagen-induced arthritis
(CIA) and relapsing experimental allergic encephalomyelitis
(REAE), the animal models for rheumatoid arthritis and
multiple sclerosis, respectively. When administered during
induction of the disease, TGF-g31 prevents CIA but only delays
the onset of REAE by 2-3 days. However, when administered
during a remission, TGF-fl1 prevents the occurrence of re-
lapses in REAE. The results suggest that TGF-,B1 has powerful
anti-inflammatory effects, mimicking in some respects the
beneficial effects of immunosuppressive drugs in these exper-
imental models ofautoimmune disease, but without discernable
adverse effects.

The treatment of autoimmune diseases such as rheumatoid
arthritis and multiple sclerosis is still a clinical challenge.
Immunosuppressive and anti-inflammatory substances are
only of limited value and have serious side effects (1, 2). In
animal models, collagen-induced arthritis (CIA) and relaps-
ing experimental allergic encephalomyelitis (REAE), drugs
such as cyclosporin A and cyclophosphamide suppress only
when administered during induction of the disease (3-10).
Biological agents that can suppress the inflammatory effects
of interleukin 1 (IL-1) and tumor necrosis factor a (TNF-a),
cytokines that increase the severity of autoimmune diseases
in animal models (11), deserve attention as alternative ap-
proaches. Use of such agents is also suggested by observa-
tions on patients with rheumatoid arthritis. Enhanced IL-1
production has been reported to be linked to disease severity
in these patients (12) and their synovial fluid has been shown
to contain granulocyte/macrophage colony-stimulating fac-
tor (13), y interferon (IFN-y), and TNF-a (14). Among the
potentially therapeutic substances are IL-1 receptor antago-
nists (15, 16) and transforming growth factor 13i (TGF-f31).
Recent studies have demonstrated multiple immunoreg-

ulatory effects of TGF-P1. These include inhibition of T-cell
(17, 18) and B-cell (19, 20) proliferation; cytokine production
(21-23); antibody or immunoglobulin formation by murine,
human, or chicken lymphoid cells (24-26); and NK cell
function (27). In view of the anti-inflammatory and immuno-
suppressive properties ofTGF-P1, we investigated the effects
of this cytokine on both autoimmune disease models CIA and
REAE.

METHODOLOGY
Mice and Induction of Disease. CIA was induced in 8- to

14-week-old male DBA/1 mice, obtained from The Jackson
Laboratory, as described (28, 29). Complete Freund's adju-
vant (CFA) was prepared by mixing pulverized, lyophilized,
heat-killed Mycobacterium (strains C, DT, and PN; Ministry
of Agriculture, Fisheries and Food, Weybridge, Surrey,
England) in incomplete Freund's adjuvant (Difco) at 4 mg/
ml. Chicken collagen II (CII) was obtained from Genzyme,
dissolved in 0.01 M acetic acid at 1-3 mg/ml, 24 hr prior to
use, and stored at 40C. Each mouse received 100 pug of CII
emulsified with CFA in 0.2 ml, divided among four intrader-
mal sites on the back. A booster injection of 100 jug of CII in
aqueous solution was given intraperitoneally (i.p.) without
adjuvant 4 weeks later.
EAE was induced in 8- to 12-week-old female SJL/J mice

obtained from The Jackson Laboratory. Each mouse was
injected subcutaneously at three sites on the back with a total
of 0.3 ml of an emulsion containing 0.03 mg of Mycobacte-
rium tuberculosum H37Ra in 0.15 ml of incomplete Freund's
adjuvant (Difco) and 1 mg of lyophilized mouse spinal cord
homogenate in 0.15 ml of Dulbecco's phosphate-buffered
saline (PBS) (30). This immunization was repeated after 2
weeks and again after 6 weeks.
Treatment with TGF-41. Recombinant human TGF-131 was

produced in Chinese hamster ovary cells (31) and stored at
0.8 mg/ml in 20 mM sodium acetate (pH 4) (1 pg ofendotoxin
per .ug of protein). TGF-P1 was diluted in 0.2 ml ofPBS and
injected i.p. The various treatment schedules used are de-
tailed in the results.

Assessment of Disease. For assessment of arthritis, mice
were observed two or three times each week for distal joint
swelling and erythema. Swelling was quantified by measuring
the thickness of feet and width of wrist and ankles with a
constant-tension caliper (Dyee, Lancaster, PA). Clinical se-
verity of arthritis was assessed by an "arthritic index." Each
limb was subjectively graded on a scale of 0-3 (0, absence of
arthritis; 1, mild swelling -and erythema; 2, swelling and
erythema of both tarsus and carpus; 3, ankylosis and bony
deformity).
The first attack of EAE occurred -7 days after the last

immunization. Mice were examined daily for signs of disease
and were graded on an increasing severity scale of 0-4 (1,
floppy tail with mild hindlimb weakness; 2, floppy tail with
moderate hindlimb weakness and difficulty with righting
reflex; 3, severe hindlimb weakness and mild forelimb weak-
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FIG. 1. (A) Effect of 2 ,ug of recombinant human TGF-f, (rHuTGF-,f1) given at different time intervals on CIA incidence. Groups of 10 mice
were used. The arthritis incidence at the end of the experiment was significantly different in the groups treated with TGF-,31 on days 14-18 (P
< 0.01) and on days 28-32 (P < 0.02). (B) Effects of 2 ,ug or 5 ,ug of TGF-,81 given on days 0-4 on CIA incidence in groups of 10-24 mice. The
effect of 5 ttg/day was significant (P = 0.05).

ness; 4, total paralysis of hind legs that may be associated
with moderate forelimb weakness).
For both experimental models, crucial observations were

cross-checked by an observer who was unaware of the
treatment group distribution.

Histology. For histological evaluation of arthritis, carpal
and tarsal joints from all TGF-,81-treated and untreated
animals were evaluated histologically after fixation in 10%
neutral buffered formalin, decalcification, and dehydration.
Paraffin sections were prepared and stained with hematox-
ylin and eosin by standard procedures. For evaluation of
pathological changes in EAE mice, in one of the experiments
(see Table 2) the mice were killed for histopathological
analysis on day 72 and sections were prepared of the
meninges, brains, and spinal cords. Slides were examined by
a pathologist who was unaware of treatment group assign-
ments.
Serum anti-collagen II antibody titers were measured in an

ELISA as described (29). In short, Immulon II plates (Dy-
natech) were coated with 100 ,l of collagen II per well (0.01
mg/ml) in PBS. After blocking with 2% bovine serum albu-
min, serial dilutions of sera were added. After incubation,
alkaline phosphatase-conjugated goat anti-mouse IgG (Cap-
pel Laboratories) was used to develop the reaction. p-Nitro-
phenyl phosphate (Sigma) was added as enzyme substrate
and the absorbance was determined at 405 nm. Calculation of
the anti-collagen II antibody concentration in test samples
was achieved by the inclusion of standards containing known
amounts of affinity-purified anti-collagen II on each plate.

Statistical Analysis. Comparisons ofmeans were performed
by Student's t test. Significance of differences between
treatment and control incidences of disease were determined
by the x2 method.

RESULTS AND DISCUSSION
DBA/1 mice were treated with five daily injections of 2 ,ug of
TGF-,B1 i.p. at various intervals after immunization (day 0)
with CII in CFA. The results in Fig. 1 show that virtually
complete protection was obtained by treatment either on
days 14-18 or on days 28-32 (Fig. 1A). TGF-,81 administered
earlier during immunization (days 0-4 and 7-11) was inef-
fective at this dose (Fig. 1), but 5 ,ug of TGF-,13 per day (on
days 0-4) resulted in partial suppression of CIA (Fig. 1B).
TGF-,j1 injections started several weeks after the onset of
arthritis did not measurably influence the course of the
disease. Antibody titers to collagen II were significantly
decreased in mice treated with 5 1Lg of TGF-f31 per day on
days 0-4 (from 1-2 mg/ml in controls to -0.4 mg/ml in
TGF-,81-treated mice), but not by TGF-f31 treatment later

during immunization (in one experiment a decrease, and in
the other an increase in mean titer was observed; both
statistically not significant), although later treatment was
more effective in suppressing arthritis. Histopathological
changes in the carpal and tarsal joints were dramatically
reduced by TGF-f31 treatment on days 14-18 or 28-32,
correlating with clinical observations (Fig. 2). None of the
changes seen in control mice, including hyperplasia of syn-
ovial lining cells, accumulations of mononuclear inflamma-
tory cells and offibrous connective tissue, and new exostotic
bone formation, were seen in the TGF-/31-treated animals.
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FIG. 2. Tarsal (ankle) joints from mice immunized with CII in
CFA and either untreated (A) or treated with TGF-,B1 (B). The bone
and soft tissue elements of the joint from an untreated animal (A) are
distorted, fused, and effaced by accumulations of mononuclear
inflammatory cells, connective tissue, and new bone. In contrast, the
joint from a successfully treated animal (B) has clearly defined joint
spaces and articular and synovial elements with scant to no inflam-
mation. (Hematoxylin and eosin; x25.)
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Table 1. Effect of TGF-P13 administered during induction of EAE
Mean

EAE TGF-f31 Mean day of severity Incidence
episode treatment onset ± SD ± SD of EAE
First - 7.5 ± 0.52* 2.5 ± 1.38 11/15

+ 9.5 ± 1.96* 2.2 ± 1.70 10/14
Second - 7.1 ± 0.64t 3.3 ± 0.85t 13/13

+ 9.8 ± 1.42t 1.9 ± 1.05t 17/19
To induce the first episode ofEAE, mice were repeatedly injected

with 1 mg of lyophilized mouse spinal cord homogenate in CFA on
days -44, -30, and 0 (the last day of immunization). The second
EAE episode in these experiments was booster induced (in mice that
did not exhibit spontaneous relapses) 3 months after the first episode.
Daily i.p. injections of 2 Ag of TGF-,p1 started 1 day before the last
immunization and continued for 2 weeks. Control mice received
injections of PBS. Mice were examined daily for signs of disease and
were graded on an increasing severity scale of 0-4 (see Methodol-
ogy). Statistical evaluation of differences between similarly labeled
values was by Student's t test.
*P < 0.01.
tp < 0.0001.
*P= 0.0004.

As CIA is a progressive disease in mice, additional studies
were performed with TGF-,1 in another autoimmune dis-
ease, REAE, in SJL mice, characterized by remissions and
exacerbations. Induction of EAE proved more resistant to
the effect of TGF-,B1 than did induction of CIA. Daily
injections of 2 zg of TGF-(31 i.p. during the first 2 weeks after
immunization delayed, but did not suppress, development of
an acute episode of EAE (Table 1). Treatment after the first
attack of EAE during a repeat immunization reduced the
severity of the booster-induced second episode (Table 1).
Injections of TGF-f31 initiated after the onset of an acute
episode of EAE did not noticeably influence the course of
that episode (data not shown).
However, TGF-.31 had a marked effect on the incidence of

spontaneous relapses (Table 2). Nine of 20 untreated mice
developed clinical exacerbations when left for 2 months after
their first episode ofEAE without further immunizations, and
2 of these mice died. In contrast, of 18 mice injected i.p. with
2 ,ug of TGF-(31 per day, starting 35 days after the beginning
of their first episode (i.e., on day 42) and continuing for at
least 4 weeks, 17 failed to develop spontaneous relapses.
Only 1 mouse showed a mild relapse that occurred much later
than those seen in control mice (Table 2). When TGF-,B1
treatment was stopped on day 70, as was done in the first
experiment, no relapses were seen by day 80, when the mice
were killed. In the second experiment, the mice were killed
for histopathological analysis on day 72. Most of the mice
showed chronic inflammatory lesions in meninges, brains,
and spinal cords that appeared unrelated to clinical severity
of REAE, in agreement with previous observations (30).
Hemorrhages within the inflammatory lesions in the spinal

cord were observed in 1 of the 3 control mice that had
exhibited and survived a spontaneous relapse (data not
shown).
Thus, TGF-j31 prevents relapses, but not initial induction of

EAE, possibly because the severity of the initial episodes of
EAE is greater than the disease severity attained during
relapses. This could, therefore, constitute a quantitative
rather than a qualitative difference in the effect of TGF-f31
during different stages of the disease.

Further studies are needed to determine the mechanism by
which TGF-,31 protects against these autoimmune diseases. It
is of interest to note that IL-1 (11) and TNF-a (R.S., M.A.P.,
A.P.K., H.D.L., A. M. Hardison, and G.J.T., unpublished
data) have been shown to increase the severity of CIA.
Moreover, increased expression of Ia antigen on synovial
cells (32) and on astrocytes (33) is thought to be important in
the pathogenesis of CIA and REAE, respectively. TGF-P1
has been reported to inhibit production of IL-1 (23) and
TNF-a, to be antagonistic to many of the effects of TNF-a
(34, 35), and to be a potent inhibitor of IL-1 receptor
expression (36). In other studies, we have shown that TGF-,1
prevents the increased expression of Ia antigen on epidermal
Langerhans cells induced by IL-1, TNF-a, IFN-'y, and gran-
ulocyte/macrophage colony-stimulating factor in vivo and in
vitro; however, it does not down-regulate the normal Ia
antigen expression on these cells (37).
A similar antagonistic effect ofTGF-P1 on other cytokines

has been noted for Ia expression on human melanoma cells
(38). Thus, regulation of Ia expression on target cells may be
an important aspect of the effect of TGF-/31 on CIA and
REAE. In addition, the deactivating effect of TGF-P1 on
macrophages, recently described by Tsunawaki et al. (39),
could make an important contribution to its anti-inflamma-
tory effect in autoimmune diseases.
Although TGF-p1 has inhibitory effects on B cells (19, 20),

inhibition of antibody production by TGF-f31 is not likely to
have played an important role in affecting either of these
diseases. In fact, TGF-f31 injected late during the immuniza-
tion period, when it does not affect antibody titers (CIA), or
after immunization (EAE), is more effective in suppressing
disease than treatment early during induction ofthe diseases.
These observations are in complete agreement with our
earlier findings that daily injections of 2 ,g ofTGF-P1 inhibit
the expression, but not the induction, of contact sensitization
in mice (37).

TGF-,81 can also maintain or enhance suppressor cell
activity, as shown recently with chicken spleen cells in vitro
(26). In this respect it may differ from immunosuppressive
drugs. Cyclophosphamide can suppress the development of
EAE or CIA, when given early during the immunization (4,
5), but can provoke relapses in rats that have recovered from
EAE (40). Moreover, cyclosporin A suppresses CIA when
given early but augments the disease when given late during

Table 2. Effect of TGF-,81 on incidence of spontaneous relapses of EAE
Mean day Mean change

Day of Day of TGF-P1 Incidence of of relapse in severity
immunization injections relapses (%) + SD ± SD
-77, -70, 0 None 4/8 (50) 59.0 ± 5.1 1.0 ± 1.1

+42 to +70 0/7 (0) -0.3 ± 0.5
-120, -90, 0 None 5/12 (42) 56.8 ± 5.1 1.3 ± 1.7

+42 to +70 1/11 (9) 70 0.1 ± 0.3
Day 0 is the last day of immunization with spinal cord in CFA (see Table 1). The first attack ofEAE

occurred approximately on day 7. Daily i.p. injections of 2 ,&g of TGF-P1 were given on the days
indicated. Control mice received injections of PBS. The difference in incidence between control and
TGF-(31-treated groups is statistically significant (y2 two-tailed test: P < 0.01) for both experiments
taken together. Change in severity is expressed as the difference between maximum disease severity
during exacerbation and disease severity before the relapse. Disease severity was assessed as described
in Methodology.
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the induction phase (10). It has been suggested that, in both
multiple sclerosis (41) and rheumatoid arthritis (42) patients,
the "suppressor inducer" T-cell subset is defective. If,
indeed, the balance between T-cell subsets is important in the
determination of the nature of the autoimmune response, it
could be that cyclophosphamide and cyclosporin A prefer-
entially inactivate suppressor effector or inducer cells,
whereas TGF-,B1 might promote their activation.
There is an interesting analogy between the effects of

TGF-(1 and IFN-p on two different aspects of the immune
system that should be pointed out here. IFN-,f has been
reported to augment Con A-induced suppressor cell function
in peripheral blood cells from multiple sclerosis patients (43),
while in our laboratories TGF-(31 was found to augment CD8
expression in Con A-activated murine spleen cells (I. R. Katz
and G.J.T., unpublished observations). In addition, both
IFN-f3 and TGF-(31 counteract the up-regulation of Ia antigen
on macrophages and other cells by IFN-y (37, 38, 44, 45).
Since IFN-13 has been reported to have a beneficial effect in
the treatment of multiple sclerosis patients (46, 47), it seems
appropriate to pay special attention to these similarities in the
effects of TGF-f31 and IFN-f.

TGF-f31 is a molecule extremely well-conserved in evolu-
tion, suggesting that its role in humans and animals may be
quite similar. Its immunosuppressive properties have thus far
been studied primarily in vitro and have been found to be
quite similar with human and animal cells. Our findings may
therefore point to the possible clinical usefulness of TGF-p1
for the control of autoimmune diseases.

This work was supported by the National Multiple Sclerosis
Society.
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