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Abstract

Experimental Autoimmune Encephalomyelitis (EAE) can be induced in mice of the C57BL/6 strain by subcutaneous
immunization with myelin/oligodendrocyte glycoprotein (MOG) peptide p35e55 in CFA, administered twice at an interval of one

week and supplemented with Bordetella pertussis toxin given IV. Here, we studied the effect on the induction of EAE of depleting
antibodies to CD4, CD8, or CD25 administered before either the first or the second dose of MOG p35e55. We found that anti-CD4
abolished EAE when given before the first immunization; anti-CD4 did not affect the disease when it was given before the second

immunization. Anti-CD8 enhanced EAE induction when given before either of the two immunizations. Anti-CD25 enhanced EAE
to the same degree as anti-CD8 when given before the first immunization, but anti-CD25 was even more effective in enhancing EAE
when given before the second immunization. The anti-CD25 treatment led to significantly enhanced IFNg production by T cells

responding to MOG p35e55 and persisting anti-MOG antibodies detectable 56 days after the first immunization. Administration of
anti-CD8 or anti-CD25 abolished the need for pertussis toxin to induce EAE. These findings are compatible with the idea that CD4
T cells are required for the initial induction of EAE and that the disease is down-regulated by T cells expressing CD8 or CD25. These

regulatory T cells exist prior to MOG immunization, but the CD25+ regulators appear to be further amplified by immunization.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Experimental Autoimmune Encephalomyelitis (EAE)
is an experimental model of autoimmune inflammatory
disease of the central nervous system that shares many
features with human multiple sclerosis [1]. Myelin/
oligodendrocyte glycoprotein (MOG) is a myelin anti-
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gen and its p35e55 peptide is capable of inducing
chronic progressive EAE in C57BL/6 (H-2b) mice [2,3].
The induction of EAE in this model requires that the
MOG p35e55 peptide be administered in CFA, and
pertussis toxin is usually needed to facilitate induction
[4]. MOG p35e55 peptide induces both T-cell and
antibody responses, and the severity of EAE correlates
with the presence of MOG-specific autoantibodies and
the secretion of Th1 cytokines such as IFNg [5e7].

Different regulatory cells have been implicated in
controlling EAE, including CD8 T-cell suppressors
and CD4+CD25+ T-cell suppressors [8e13]. Here, we
investigated the effects on EAE induction of deplet-
ing antibodies to CD4, CD8 or CD25 administered
before either the first or the second MOG p35e55
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peptide immunization. We also tested whether depleting
the CD8 or CD25 regulators could enhance EAE in the
absence of pertussis toxin.

2. Materials and methods

2.1. Mice

Female C57BL/6 H-2b mice, aged 8e12 weeks, were
raised in the Animal Breeding Center of The Weizmann
Institute of Science. The experiments were performed
under the supervision and guidelines of the Animal
Welfare Committee.

2.2. Antigen

MOG peptide p35e55 (MEVGWYRSPFSRVVH-
LYRNGK) was synthesized at The Weizmann Institute
of Science as described [14]. The purity of the peptide
was greater than 90%.

2.3. Monoclonal antibodies

Rat mAb was prepared from tissue culture super-
natants containing depleting anti-CD4a (IgG2b) from
the rat YTS 191.1.1.2 hybridoma; anti-CD8a (IgG2b)
from rat YTS 169.4.2.1 hybridoma; and anti-CD25
(IgG1) from rat PC61 hybridoma. The specific depleting
effects of these antibodies have been reported [15,16].
Antibodies were purified by precipitation with 50%
saturated ammonium sulphate followed by dialysis into
saline solution ( pH 7.2), filtered by 0.2 mm and stored at
2e8 (C. The mAb concentration was adjusted to 5 mg/
ml as estimated by absorbance at 280 nm. For CD4+,
CD8+ and CD25+ T-cell depletion, mice were given one
intravenous injection of 1 mg of monoclonal antibody
per dose in 0.2 ml by the tail vein. Controls received an
equal amount of purified normal rat IgG, or saline. We
documented by FACS analysis the degree of depletion
of splenic populations following the administration of
these antibodies: in general, we observed a reduction of
>80% by 72 h of a single intravenous administration.
Recovery was about 50% at one week, and full recovery
occurred after 3e4 weeks (data not shown).

2.4. EAE induction

Mice were immunized subcutaneously on days 0 and
7 at two sites with 200 mg MOG p35e55 peptide
emulsified in complete Freund’s adjuvant (CFA; Difco)
supplemented with heat-killed Mycobacterium tubercu-
losis H37 RA (500 mg per mouse; Difco) in a total
volume of 100 mL [2]. Mice, as noted, did or did not
receive 200 ng of B. pertussis toxin (List Biological,
Campbell, California, USA) in 200 mL PBS in the tail
vein immediately after the first immunization and again
72 h later.

2.5. Assessment of clinical EAE

Mice were examined daily for disease, assessed
clinically on a scale of 0e5: 0= no disease; 1= tail
weakness or tail paralysis; 2= hind leg paraparesis or
hemiparesis; 3= hind-leg paralysis or hemi-paralysis;
4= complete paralysis; 5=moribund state, or death.

2.6. Flow cytometric analysis

To check the efficiency of T-cell depletion protocols
and to follow lymphocyte repopulation, mice were bled
individually from the retro-orbital plexus (approximate-
ly 0.2 ml) into tubes containing 10 ml of EDTA.
Peripheral blood lymphocytes were stained with anti-
CD4 mAb conjugated with FITC or R-PE, anti-CD8
conjugated with R-PE, or anti-CD25 conjugated with
FITC (Pharmingen, San Diego, CA). Samples were
incubated for 30 min on ice with 1 ml of labelled mAb.
The cytofluorimetric analysis was performed using
a FACScan flow cytometer (Becton Dickinson, Moun-
tain View, CA), and data were analysed by Lysys II
software.

2.7. Antibody assay

Antibodies were determined by an ELISA assay using
flat-bottom microtiter plates (Maxisorb, Nunc, Den-
mark) coated overnight with 500 ng/well of MOG
p35e55 peptide in carbonate buffer at 4 (C. The plates
were blocked with 1% skim milk for 1 h at 37 (C. To
detect serum antibodies, sera were diluted 1/100 in the
skim milk. The diluted sera were added to the plates and
incubated for 3 h at 37 (C. Bound antibodies were
detected using alkaline phosphatase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch, USA)
together with Sigma’s substrate for alkaline phospha-
tase. After 30e60 min, absorbance at 405 nm was
measured using an ELISA plate reader.

2.8. T-cell proliferation

T-cell proliferation was assayed in vitro using
unfractionated spleen cells. Spleen cells were taken 56
days after the first immunization, and 3! 105 cells per
well were cultured as previously described [2,17] in
quadriplicates in round-bottom plates (Nunclon, Nunc,
Denmark) for 72 h in the presence of different concen-
trations of either MOG p35e55 peptide or BSA.
[3H]thymidine (0.5 mCi of 5 mCi/mmol; Amersham,
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England) was added to the cultures for the last 18 h of
incubation. Concanavalin A (Con A; Sigma) 1.25 mg/ml
was used as a positive control. Thereafter, cells were
harvested and the cpm were counted. The results are
expressed as the stimulation index, the mean cpm of
cultures incubated with antigen divided by the mean
cpm of cultures incubated in the absence of antigen. The
background cpm in the absence of antigen varied from
about 1500 to 2000 cpm.

2.9. IFNg determination

The supernatants of T-cell proliferation cultures were
collected and analysed for IFNg content by ELISA
using an appropriate pair of capture and detecting
monoclonal antibodies (Pharmingen, San Diego, USA)
according to the manufacturer’s instructions. The
amounts of IFNg were determined in pg/ml, based on
a calibration curve constructed using known amounts of
recombinant IFNg (Pharmingen). The results are ex-
pressed here as an index of the amount of IFNg
produced by stimulation divided by the amount pro-
duced in the absence of MOG p35e55 peptide.

2.10. Statistical analysis

The InStat 2.01 program was used for statistical
analysis. Student’s t-test and the ManneWhitney test
were carried out to assay significant differences between
the different experimental groups.

3. Results

3.1. Effect on EAE of depleting antibodies to CD4,
CD8 or CD25

Mice were immunized twice with MOG p35e55 at an
interval of one week, and pertussis toxin was adminis-
tered immediately after the first immunization and 72 h
later to induce EAE. One dose of 1 mg of depleting mAb
or control IgG were administered IV using either of two
different schedules: 24 h before the first immunization or
24 h before the second immunization. The effects on the
development of EAE are shown in Fig. 1; each panel of
the figure compares the effects of the two times of
administration of depleting mAb (Fig. 1BeD) or
control mAb shown in Fig. 1A.

3.1.1. CD4 T cells
Anti-CD4 given before the first immunization com-

pletely prevented EAE (open symbols, Fig. 1B). How-
ever, anti-CD4 given once before the second
immunization had no effect on the clinical course of
EAE to day 30 compared to the control group ( filled
symbols in Fig. 1B compared to Fig. 1A). Thus, the
difference between administering anti-CD4 before the
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Fig. 1. Anti-CD4, anti-CD8 or anti-CD25 affect the induction of EAE. C57BL/6 mice were immunized on days 0 and 7 with 200 mg MOG peptide

emulsified in CFA and received 200 ng of B. pertussis toxin immediately after the first immunization and 72 h later. One dose of 1 mg of depleting

mAb or control IgG was administered IV using two different schedules: 24 h before the first immunization (open symbols) or 24 h before the second

immunization ( filled symbols). (A) Control EAE (no antibody); (B) anti-CD4; (C) anti-CD8; and (D) anti-CD25 treatment. Results for ANOVA

statistical test are shown.
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first or the second immunization was highly significant
(p! 0:01) (Fig. 1B).

3.1.2. CD8 T cells
Anti-CD8 given before either the first or the second

immunization (Fig. 1C) equally enhanced EAE in-
duction compared to the control group (Fig. 1A)
(p! 0:001). And there was no significant difference
between the anti-CD8 schedules (p ¼ 0:06) (Fig. 1C).

3.1.3. CD25 T cells
Anti-CD25 given before either the first or the second

immunization enhanced EAE (Fig. 1D) compared to the
control induction (Fig. 1A) (p! 0:001). Unlike anti-
CD8 treatment, however, anti-CD25 given before the
second immunization induced more severe EAE than
did anti-CD25 given before the first immunization
(Fig. 1D) (p! 0:05).

In summary, anti-CD4 before the first immunization
prevented EAE, while anti-CD8 or anti-CD25 before the
first immunization equally enhanced EAE. Moreover,
anti-CD25 given before the second immunization caused
significantly more severe EAE than did any other treat-
ment (p! 0:05 vs. anti-CD8 before the second immuni-
zation and p! 0:001 vs. any of the other treatments).

3.2. Effects of pertussis toxin and of one or two doses
of anti-CD25 or anti-CD8

In view of the finding that depletion of CD8 or CD25
T cells before the second immunization enhanced EAE,
we tested the effects on the induction of EAE of this
schedule of antibody administration in the absence of
pertussis toxin. Fig. 2A shows that immunization with
MOG p35e55 peptide in CFA without pertussis toxin
induced only marginal EAE. Anti-CD4 made no
difference. However, anti-CD8 or anti-CD25 given
before the second immunization facilitated the develop-
ment of EAE, despite the absence of pertussis toxin.
Note, however, that the antibody-mediated enhance-
ment of EAE tended to remit by day 30.

Fig. 2B shows the effects of giving two doses of
antibody before the second immunizationdthe first
dose 24 h and the second 1 h before the second
immunization. In this experiment, the control group
was immunized using pertussis toxin; the groups re-
ceiving the antibodies did not receive pertussis toxin
after the first immunization with MOG p35e55 peptide.
It can be seen that two doses of anti-CD4 prevented
EAE, even when given before the second immunization.
In contrast, two doses of anti-CD8 or anti-CD25
markedly enhanced the EAE (p! 0:05) with no
tendency for remission at day 30 (without pertussis
toxin). Thus, two doses of antibody were more effective
than a single dose.
3.3. Effect of the depleting antibodies on the late T-cell
response to MOG peptide

To document an effect on the immune response to
MOG p35e55 peptide, we measured T-cell proliferation
on day 56 to MOG p35e55 peptide and to PPD (present
in the CFA) detectable in the spleen cells of immunized
mice. Two control groups were included: ‘‘naı̈ve’’ mice
immunized with CFA and pertussis toxin but without
MOG p35e55 peptide and mice immunized with MOG
p35e55 peptide in CFA who received pertussis toxin
immediately after the first immunization and 72 h later
(‘‘control’’ mice). The mice receiving the depleting
antibody treatments were given two doses of antibodies
(24 and 1 h) before the second immunization, without
either pertussis toxin injection.

Fig. 3A shows that, as expected, there was no T-cell
proliferative response to MOG p35e55 peptide
manifested by the mice of control group 1. The mice
in control group 2, which had been immunized to
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Fig. 2. Effects of anti-CD4, anti-CD8 and anti-CD25 without pertussis

toxin. (A) One dose of 1 mg of depleting mAb or control IgG was

injected IV 24 h before the second immunization. None of the groups

received B. pertussis toxin. (B) Two doses of 1 mg of depleting mAb

were injected 24 h and again 1 h before the second immunization; only

the control group received 200 ng of B. pertussis toxin immediately

after the first immunization and 72 h later.
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MOG p35e55 peptide, showed a mild response to the
peptide, as did the immunized groups that had received
anti-CD4 or anti-CD8. However, the group that received
anti-CD25 showed a significantly enhanced response to
MOG p35e55 peptide (p! 0:05). In contrast to the
differences manifested to MOG p35e55 peptide, none of
the groups showed any difference in their T-cell pro-
liferative response to the foreign antigens in PPD
(Fig. 3B). Thus, the response to a self-antigen, MOG,
may bemore sensitive to depletion of regulatory cells than
the response to a foreign antigen (PPD).

3.4. Anti-CD25 enhances IFNg production

To assay the effects of the depleting antibodies on
cytokine secretion, the media from the T-cell pro-
liferation assay described in Fig. 3A were collected at
72 h and tested for the presence of IFNg, a major Th1
cytokine associated with EAE [6,7]. Fig. 4 shows that
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Fig. 3. Anti-CD25 enhances anti-MOG T-cell proliferation but not

anti-PPD at day 56. (A) T-cell proliferation to MOG p35e55 peptide

was evaluated using unfractionated spleen cells from C57BL/6 mice

immunized to MOG p35e55 peptide in CFA (compared to naı̈ve mice

which received CFA alone) and given two doses of 1 mg of depleting

mAb 24 h and 1 h before the second immunization. Only the control

group received pertussis toxin immediately after the first immunization

and 72 h later. The experiment was performed on day 56 after the first

immunization (SI, stimulation index). (B) Anti-PPD proliferation

response was evaluated as a control antigen.
the group of mice that had been given anti-CD25
manifested a significantly enhanced index of IFNg
production (p! 0:001) in response to MOG p35e55
peptide; the other groups did not significantly vary from
the background response shown by the mice of control
group 1 (not immunized with MOG p35e55 peptide).
Thus the anti-CD25 treated group, above the others,
was characterized by T-cell reactivity to MOG p35e55
peptide persisting for at least 56 days.

3.5. Anti-MOG antibody response persists following
anti-CD25 treatment

We evaluated the contribution of CD4+, CD8+ and
CD25+ T cells in the anti-MOG antibody response.
C57BL/6 mice were immunized on days 0 and 7 with
200 mg MOG p35e55 peptide emulsified in CFA and
given two doses of 1 mg of depleting mAb injected IV
24 h and 1 h before the second immunization; only the
control group received pertussis toxin.

We found a significant increase of anti-MOG p35e55
IgG antibody in the mice treated with anti-CD25,
compared with other treatment groups (p! 0:05),
persisting for more than 8 weeks after the first
immunization (Fig. 5).

4. Discussion

EAE is a prototypic autoimmune disease model in
which Th1 cells are major effectors [6,7]. MOG p35e55
peptide is the inducing antigen and the target for
autoimmune attack in EAE in C57BL/6 mice [2,3]. The
chronic progressive form of demyelinating EAE man-
ifested in this model is reminiscent of some aspects
of human multiple sclerosis [17,18], and makes the
model attractive for investigating mechanisms in the
pathogenesis and regulation of autoimmune disease.
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Fig. 4. IFNg production is enhanced significantly in the group treated

with anti-CD25 at day 56. IFNg was measured by ELISA in

supernatants collected at 72 h from cultures of unfractionated spleen

cells from C57BL/6 mice incubated with MOG p35e55 peptide, as

described in the legend to Fig. 3.



6 E. Montero et al. / Journal of Autoimmunity 23 (2004) 1e7
Autoimmunity to MOG is part of the natural autoim-
mune repertoire of C57BL/6 since these mice produce
IgG anti-MOG antibodies naturally without disease
[19]. It is reasonable to conclude that mechanisms must
exist to control the expression of intrinsic MOG
autoimmunity [20e22]. The induction of EAE by
immunization to MOG p35e55 peptide would seem to
require the transition of benign autoimmunity into an
unregulated, pathogenic type of immune inflammation.

Here, we studied the effects of depleting antibodies to
CD4, CD8 and CD25 on the induction of EAE. The
most likely explanation for the effects of the antibodies
would be the transient depletion of CD4+, CD8+ or
CD25+ T cells, and our present interpretation of the
results will be based on this assumption.

CD4+ depletion before the first immunization com-
pletely prevented the development of clinical EAE
(Fig. 1B). This was to be expected considering that CD4
T cells mediate EAE [7,11,23]. Indeed, two adminis-
trations of the anti-CD4 antibody aborted the disease
even when given before the second immunization
(Fig. 2B).

CD8+ T cells have been reported recently to mediate
effector functions in EAE [24]. The results here,
however, would suggest that the regulatory effect of
CD8+ T cells may be more critical than their pathogenic
effects since depleting anti-CD8 enhanced disease
(Figs. 1C, 2A and B). CD8+ T cells have been found
to function as target antigen-specific suppressor cells
[25], but also as idiotype-specific regulators in EAE
T-cell networks [26]. Transient depletion of either or
both of these types of CD8+ T cells could account for
enhancement of EAE. It is noteworthy that the anti-
CD8 antibody allowed the expression of EAE without
the need for pertussis toxin adjuvant (Fig. 2A); this
alludes to the possibility that pertussis toxin may inhibit
suppressor mechanisms, as well as open the bloode
brain barrier [27].
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Fig. 5. Anti-CD25 antibody treatment enhances anti-MOG antibody

response at day 56. Groups of mice were immunized and treated as

described in the legend to Fig. 3, and anti-MOG IgG antibody was

measured in sera taken at day 56 after the first immunization.
The most marked enhancement of EAE followed
administration of anti-CD25; administration before the
second immunization led to amplified enhancement
(Fig. 1D) and long-term persistence of T-cell pro-
liferation (Fig. 3A), IFNg production (Fig. 4), and
IgG antibodies to MOG (Fig. 5). These findings are
compatible with the key role played by CD4+CD25+

T cells in the regulation of autoimmune disease [28e31].
These regulatory T cells would seem to exist before
immunization with MOG p35e55 peptide, because anti-
CD25 given before the first immunization enhanced
EAE (Fig. 1D). Immunization apparently amplifies
these regulatory T cells because the anti-CD25 was even
more effective when given before the second immuniza-
tion (Fig. 1D). Thus, CD4+CD25+ T cells probably can
function both as natural regulators and as induced
regulators [32,33]. Additional work must be done to
learn why anti-CD4 antibody apparently did not affect
the CD4+CD25+ T-cell regulators as much as did the
anti-CD25 antibody. Perhaps, the CD25 molecule is
more accessible than the CD4 molecule in this class of
regulators. Another question in need of further research
is the relative lack of enhancement by anti-CD25 on the
T-cell response to PPD compared to the effect on the
anti-MOG autoimmune response (Fig. 3). Others too
have reported a similar phenomenon in human subjects;
anti-CD25 antibody in vitro could preferentially en-
hance the T-cell response to MOG but not to PPD,
tetanus toxin or Candida in some individuals [13]. Such
findings suggest that immune responses to self and
foreign antigens are under different forms of regulation
[34,35]. The structured natural autoimmunity to certain
self-antigens, the immunological homunculus, appar-
ently has its own regulatory mechanisms [22,36,37].

The enhancement of autoimmune inflammation
obviously is not desirable in the case of clinical auto-
immunity. This is not the case with regard to tumor
immunotherapy; here it might be helpful to abolish the
down-regulation of immunity enjoyed by a tumor and
activate a tumor-specific autoimmune rejection [38,39].
We are currently investigating this possible approach to
tumor immunotherapy [40].
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