
INTRODUCTION

In myasthenia gravis (MG) and its animal model, experimental
autoimmune myasthenia gravis (EAMG), autoantibodies against
the nicotinic acetylcholine receptor (AChR) at the postsynaptic
membrane cause loss of functional AChR, resulting in disturbed
neuromuscular transmission and muscle weakness [1]. The simi-
larity of clinical symptoms and neurophysiological variables
between human MG and EAMG make rat EAMG suitable for
studying new strategies of immunomodulation and therapy.

Dendritic cells (DC) are specialized antigen-presenting cells
(APCs) that capture antigen, migrate from the periphery to lym-
phoid organs and present the processed antigens to naive T cells.
They not only activate lymphocytes, but can also tolerize T cells
to self-antigens, thereby minimizing autoaggressive immune
responses [2]. In mice, in vivo treatment with FLt3L, a growth
factor that expands DC in vivo, enhanced the induction of oral
tolerance [3]. Transfer of pancreas lymph node DC modulated
autoimmunity and limited diabetes in NOD mice by the induc-
tion of regulatory cells [4]. Spontaneous autoimmune diabetes in

NOD mice was also prevented by transferring human g-globulin-
pulsed DC [5]. In humans, DC pre-cultured with IL-10 induced a
state of alloantigen-specific anergy in CD4+ T cells [6] and CD8+

T cells [7] by converting immunogenic DC into tolerogenic 
DC. We have observed that DC, upon exposure in vitro to
encephalitogenic peptides, induced protection from experimental
allergic encephalomyelitis [8]. The tolerogenic properties of 
DC are linked to their maturation state. Subcutaneous (s.c.) 
injection of immature DC can lead to peripheral tolerance by 
differentiation of regulatory T cells [9,10]. Thus, the concept 
of ‘tolerogenic’ DC reflects an additional property of these impor-
tant APCs, which might be useful in the therapy of autoimmune
diseases [11,12]. However, it is unclear whether DC can induce
immune tolerance against antibody-mediated autoimmune
disease.

TGF-b belongs to a well defined multi-potent cytokine family
involved in many pathophysiological events [13]. Three isoforms
(TGF-b1, b2 and b3) are expressed in mammals, among which
TGF-b1 is a prototype and has most biological activities. We have
reported that TGF-b1 ameliorates the development of EAE,
accompanied by apoptosis of CD4+ T cells induced by DC-derived
NO [14]. TGF-b1 promotes DC development in vitro [15] and
suppresses DC maturation [16,17], and tolerogenicity of DC is
enhanced by genetic modification with the introduction of vectors
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encoding TGF-b1 cDNA [18]. DC modulated by TGF-b
adenoviral vectors suppressed T-cell alloreactivity [19]. In vitro
manipulation of DC by exposure to a variety of factors (e.g. viral
IL-4, CTLA4Ig) also confers tolerogenic properties [20].

Current therapy for MG is not specific and employs immuno-
suppression, which could partially block mechanisms of immune
defense and cause complications. Here, we report that splenic DC,
upon exposure in vitro to TGF-b1 (TGF-b1-DC) and followed by
a single s.c. injection, ameliorate the development of EAMG in
Lewis rats.

MATERIALS AND METHODS

Animals and reagents
Female Lewis rats, weighing 150–180 g, were obtained from 
Zentralinstitut fur Versuchstierzucht, Hannover, Germany. All
animals were housed in pathogen-free conditions at the animal
facilities. AChR was purified from electric organ of Torpedo cal-
ifornica (Pacific Biomarine, Venice, CA, USA) by affinity chro-
matography on a a-cobratoxin-agarose resin (Sigma, St. Louis,
MO, USA) [21]. Purity was checked by SDS-PAGE. Recombinant
human TGF-b1 (rh TGF-b1, 99% homology to rat TGF-b1) was
from Genentech (San Fransisco, CA, USA).

Induction of EAMG
Lewis rats were immunized in both hind footpads with 200 ml
inoculum containing 50 mg AChR, 2 mg Mycobacterium tuber-
culosis (strain H37RA, Difco, Detroit, MI, USA) in 100 ml 
saline and 100 ml Freund’s incomplete adjuvant (FIA, Difco).
Animals were weighed and evaluated daily, in a blinded fashion
by at least two investigators, for clinical signs. Clinical scores 
of EAMG were graded according to the following criteria: 
0, asymptomatic; 1, mildly decreased activity, weak grip or cry, 
with fatigue; 2, markedly decreased activity and body weight,
hunched posture at rest, head down and forelimb digits flexed,
tremulous ambulations; and 3, severe generalized weakness, no
cry, no grip [22].

DC preparation, modification and injection
Spleens were removed under aseptic conditions from healthy rats.
Erythrocytes were osmotically lysed. DC were further enriched
by differential adherence by incubating cells in 75 mm2 Falcon
culture flasks (Becton Dickinson, Franklin Lakes, NJ, USA) in
serum-free Dulbecco’s modification of Eagle’s medium (Gibco,
Paisley, UK), containing 50 IU penicillin (Gibco), 50 mg/ml strep-
tomycin (Gibco), 1% MEM amino acids (Gibco) and 10 mm
Hepes (Sigma), at 37°C in a 5% CO incubator. After 2 h, non-
adherent cells were gently removed by swirling the flasks and
aspirating the medium, and flasks were washed five times with
serum-free medium to remove non-adherent cells. New medium
containing 10% fetal calf serum (FCS) (Gibco) was added to the
flasks. After 18 h, re-floating cells were collected as a DC-enriched
fraction, whereas the adherent cells mostly consisted of
macrophages [23]. The DC fraction showed a purity of >85% as
judged by flow cytometry using anti-rat CD3, CD11c, CD45RA,
CD80, CD86, CD161, OX-42, OX-62, Mac-1 and MHC class II
antibodies. In the DC-enriched fraction, contamination of T cells
is about 2·3% (±s.d. 0·5), of B cells, 1·9% (±s.d. 0·6) and of NK
cells, £1%.

DC were exposed to rh TGF-b1 (20 ng/ml, based on prelimi-
nary experiments). After 48 h, DC were harvested and washed

with serum-free medium. In preliminary experiments, we tested
different numbers of DC, ranging from 1 to 4 ¥ 106/rat, but did
not observe significant differences. In addition, we attempted to
observe whether TGF-b1-exposed DC influence the first phase of
EAMG from day 7 to 11 p.i. Thus, 2 ¥ 106 DC/rat were s.c. injected
into the backs of Lewis rats that had been immunized 5 days
earlier with AChR + Freund’s complete adjuvant (FCA). Control
EAMG rats were injected in parallel with untreated DC (naive
DC) or PBS.

Preparation of lymph node and spleen mononuclear cells
Popliteal and inguinal lymph nodes and spleen were removed
under aseptic conditions. Mononuclear cell (MNC) suspensions
were obtained by grinding the organs through a stainless steel
wire mesh in medium. The erythrocytes in spleen were lysed
osmotically. Cells were then washed three times and re-suspended
in medium at 2 ¥ 106/ml. Because rat spleen MNC produce high
levels of NO that inhibits T- and B-cell functions [24], lymph 
node MNC were used to investigate proliferation, cytokine- and
anti-AChR IgG-secreting cells. To measure NO production, we
used spleen MNC, since production of NO by lymph node MNC
is very low [24].

Proliferation assay
MNC (2 ¥ 106/ml) were cultured in the absence and presence of
AChR (10 mg/ml). After 60 h of incubation at 37°C, the cells were
labelled for an additional 12 h with 1 mCi of [3H] methylthymidine
(Amersham, Little Chalfont, UK). Cells were harvested and
thymidine incorporation was measured. Cultures were run in 
triplicate and the results expressed as cpm.

Cytokine assay by ELISA
MNC (2 ¥ 106/ml) were cultured in the absence and presence of
AChR (10 mg/ml). After 48 h of incubation at 37°C, the super-
natant fluids were collected and measured for IFN-g and IL-10 
by a sandwich ELISA kit (PharMingen, San Diego CA, USA) 
following the manufacturer’s instructions. Cytokine levels were
quantified by reference to standard curves produced with recom-
binant rat IFN-g and recombinant rat IL-10. Determinations were
performed in duplicate and results expressed as pg/ml.

Nitrite assay
NO was assayed by measuring the end product nitrite, which was
determined by a colorimeter assay based on the Griess reaction.
MNC (2 ¥ 106/ml) were cultured in the absence and presence of
AChR (10 mg/ml). After 2 days of incubation at 37°C, supernatant
fluids (100 ml) were mixed with 100 ml Griess reagent at Room
Temperature for 10 min. Absorbance was measured at 540 nm in
an automated plate reader. Concentration of nitrite was deter-
mined by reference to a standard curve of sodium nitrite (Sigma).
Determinations were performed in triplicate and the results
expressed as mM NO2

-/ml.

Determination of anti-AChR antibody-producing 
cells by ELISPOT assay
Microtitre plates with nitrocellulose bottoms (Multiscreen-
HA plates; Millipore, Mulsheim, France) were coated with AChR
(10 mg/ml in PBS) overnight at 4°C. After washing with PBS twice,
aliquots of 100 ml containing 2 ¥ 105 MNC were added to individ-
ual wells in triplicate. After incubation for 24 h, the wells were
emptied, followed by the addition of biotinylated rabbit anti-rat
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IgG (Dakopatts, Copenhagen, Denmark) and ABC (Vector,
Burlingame, CA, USA). After peroxidase staining, the red-brown
immunospots, which correspond to the cells that had secreted
anti-AChR IgG antibodies, were counted in a blinded fashion
by using a dissection microscope and standardized to number of
spots per 105 MNC [25].

Statistics
Statistical analysis was performed using one-way anova and
Tukey-Kramer multiple comparisons test when anova showed 
significant differences (P < 0·05).

RESULTS

TGF-b1-DC induce immune protection from EAMG
We evaluated the therapeutic potential of TGF-b1-DC in the
Lewis rat EAMG model. Injection of TGF-b1-DC on day 5 post
immunization (p.i.) reduced the severity of clinical symptoms
demonstrable on day 39 p.i. (mean clinical score = 0·32) compared
with rats receiving PBS (mean clinical score = 2·20, P £ 0·05) and
naive DC (mean clinical score = 1·27) (Fig. 1a).

A marked and progressive reduction in body weight was
observed in rats injected with PBS or naïve DC from day 26 to 39
p.i. (Fig. 1b) as the clinical muscle weakness became more severe

(Fig. 1a). By contrast, there was no parallel loss of body weight
in the rats injected with TGF-b1-DC (Fig. 1b).

Immune regulation induced by TGF-b1-DC in EAMG
We evaluated the ability of TGF-b1-DC to influence T- and B-cell
responses in EAMG as reflected by AChR-induced T-cell pro-
liferation, Th1/Th2 cytokines and levels of anti-AChR IgG 
antibody-secreting cells. Injection of TGF-b1-DC and naïve DC
enhanced proliferation (P < 0·001 and 0·01, respectively) com-
pared with DC from PBS-injected rats (Fig. 2). Proliferation was
slightly lower in rats that had received naïve DC compared 
with rats injected with TGF-b1-DC. The augmented proliferation
induced by DC injection seems to be antigen-independent 
(Fig. 2).

Both TGF-b1-DCs and naïve DC promoted increased spon-
taneous (P < 0·01) and AChR-induced IFN-g levels (P < 0·001),
detectable in supernatant fluids of lymph node MNC obtained 
day 39 p.i., compared with PBS-injected rats (Fig. 3a). For 
IL-10, no difference was observed between the three groups of
rats (Fig. 3b).

Since IFN-g promotes NOS up-regulation and NO pro-
duction, we examined NO production by measuring nitrite con-
centration. Spontaneous and AChR-induced NO production by
spleen MNC were significantly increased (P < 0·001 for both) in
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Fig. 1. Effects of TGF-b1-DC on EAMG. (a) Clinical score; (b) body weight. Four female Lewis rats per group were first immunized with
AChR and FCA. On day 5 p.i., rats were s.c. injected with either TGF-b1-DC, naïve DC (2 ¥ 106 DC/rat) or PBS (control EAMG). Arrows
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rats injected with TGF-b1-DC compared with PBS-injected
animals (Fig. 3c). Levels of NO production by lymph node MNC
were very low in the three groups of rats, with no detectable dif-
ference between the groups (data not shown).

As shown in Fig. 2b, TGF-b1-DC-treated rats had lower levels
of anti-AChR IgG antibody-secreting cells among lymph node
MNC compared with PBS- or naive DC-injected EAMG rats (P
< 0·01, for both comparisons).

DISCUSSION

TGF-b is critical for differentiation and maturation of DC.
Increasing evidence demonstrates that TGF-b can promote dif-
ferentiation of DC and prevent final maturation [26,27]. Strobl
and Knapp [28] reported that DC generated in cultures of CD34+

human haemopoietic progenitor cells stimulated with TGF-b1 are
arrested in their maturation at an immature differentiation stage
and lack specific phenotypic features of mature DC (CD83–).
Yamaguchi et al. [16] observed that TGF-b1 addition to GM-CSF-
supplemented cultures of murine bone marrow cells increases DC
yields and suppresses DC maturation. These effects of TGF-b1
are reversed by addition of anti-TGF-b1 to the cultures. TGF-b
also prevents final Langerhans cell maturation in response to
TNF-a [26] and up-regulates expression of E-cadherin, which
contributes to large homotypic cell clusters and maintenance of

the immature state [29]. Immature DC can lead to peripheral 
tolerance by differentiation of regulatory T cells [9,10]. In the
present study, we demonstrate that TGF-b1-DC, if administered
s.c. on day 5 p.i. with AChR + FCA, protects Lewis rats from
EAMG, accompanied by reduced levels of anti-AChR-secreting
cells. The exact mechanism behind TGF-b1-DC-mediated
immune protection from EAMG remains to be defined.

Induction of IFN-g after therapeutic injection of TGF-b-DC
is unexpected. However, IFN-g is still a controversial factor in the
pathogenesis of EAMG. B6 Mice with IFN-g or IFN-gR deficiency
are less susceptible to EAMG [25,30]. On the contrary, IFN-g-
deficient B6 mice developed EAMG with a frequency similar to
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Fig. 2. Spontaneous and AChR-induced proliferation (a) and anti-AChR-
secreting cells (b). Lymph node MNC were obtained from rats receiving
TGF-b1-DC, naive DC and PBS on day 39 p.i. Proliferation was measured
by thymidine incorporation. Numbers of anti-AChR IgG antibody-secret-
ing cells were detected by ELISPOT assays. Results are expressed as mean
± s.d. from four rats. (�) Control EAMG; ( ) naive DC; (�) TGF-b1-
DC. Data are representative of two independent experiments with similar
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Fig. 3. Spontaneous and AChR-driven IFN-g (a), IL-10 (b) and nitrite (c).
Spleen and lymph node MNC were obtained from rats receiving TGF-b1-
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wild-type mice [31]. IFN-g neutralization strongly influenced the
Th1/Th2 balance but did not affect the disease outcome, indicat-
ing that a Th1-dominated immune response is not necessarily
associated with disease severity in EAMG [32]. Unexpected
disease-ameliorating effects by IFN-g have also been observed in
EAE [33–36], lethal autoimmune myocarditis [37] and collagen-
induced arthritis [38].

How does IFN-g protect from EAMG? NO is considered to
impair B-cell functions [39,40]. B-cell viability and antibody pro-
duction were markedly reduced by NO, and were completely
restored by the addition of NO inhibitor, suggesting that NO act
as regulatory molecules in B-cell immune responses in three ways:
cytostasis, reduction of cell growth and suppression of antibody
synthesis [39]. In graft-versus-host disease, induction of the NO
pathway is an important mechanism that mediates B-cell hypore-
sponsiveness to LPS [40]. Our results demonstrate that TGF-b1-
DC treatment of EAMG results in lower levels of anti-AChR IgG
antibody-secreting cells on day 39 p.i., accompanied by aug-
mented NO production. We propose that DC-driven NO may
induce apoptosis of activated T and/or B cells, resulting in low
levels of anti-AChR antibodies, possibly through B-cell anergy
and/or lack of T-cell help.

In conclusion, the present study shows that DC, upon expo-
sure to TGF-b1 in vitro, when injected via the s.c. route to Lewis
rats with incipient EAMG, inhibit the development of EAMG
and the production of anti-AChR IgG antibodies. The exact
mechanism(s) behind these phenomena remain to be investi-
gated. The present data provide a new opportunity for DC-based
immunotherapy of antibody-mediated autoimmune diseases.
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