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Abstract Introduction

A chronic relapsing form of experimental autoimmune encepha-
lomyelitis (CR-EAE) was induced in SJL/J mice by adoptive
transfer of lymph node cells (LNC) sensitized to guinea pig
myelin basic protein (GMBP). Weexamined the efficacy of
high dose immunosuppressive regimens (cyclophosphamide
ICY] 300 mg/kg or total body irradiation ITBI1 900 cGy) fol-
lowed by syngeneic bone marrow transplantation (SBMT) in
prevention and treatment of already established CR-EAE.
Treatment with TBI and SBMTon day 5 after the induction of
CR-EAE, just before the onset of clinical signs, completely in-
hibited the appearance of the paralytic signs. The same treat-
ment, applied 4 d after the clinical onset of the disease, led to a
significant regression of the paralytic signs and to a total inhibi-
tion of spontaneous relapses during a follow-up period of 2 mo.
Challenge of mice with GMBP+CFA78 d after the passive
induction of CR-EAE induced a relapse of the disease 7 d later
in almost all of the untreated mice; in contrast, the same chal-
lenge given to TBI+SBMT-treated mice caused a delayed re-
lapse (30 d later) in only a minority (3/7) of the challenged
mice. In vitro lymphocytic proliferative responses to GMBP
and purified protein derivative were significantly lower in
TBI+SBMT-treated mice before and after the GMBPchal-
lenge, although these mice were fully immunocompetent, as
evidenced by their normal lymphocytic proliferation to conca-
navalin A (ConA) and the FACS®analysis of their lymphocytic
subpopulations. A similar beneficial therapeutic effect was ob-
served in mice treated with CY followed by SBMT, after the
onset of CR-EAE. Our results could support possible clinical
applications of similar therapeutic strategies, involving acute
immunosuppression followed by stem cell transplantation and
retolerization of the reconstituting immune cells in life-threaten-
ing neurological and multisystemic autoimmune diseases. (J.
Clin. Invest. 1993. 92:765-772.) Key words: chronic relapsing
experimental autoimmune encephalomyelitis * bone marrow
transplantation * cyclophosphamide * total body irradiation-
tolerance
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The chronic relapsing form of experimental autoimmune en-
cephalomyelitis (CR-EAE)' in mice is characterized clinically
by relapses and remissions of paralytic signs and pathologically
by demyelinating lesions in the white matter of the central
nervous system (1-5), resembling multiple sclerosis in humans
(6). CR-EAE is induced in SJL/J mice by adoptive transfer of
lymphocytes that have been sensitized in vitro to myelin basic
protein (MBP) (3). T cells are crucial for the development of
EAEand CR-EAE (7, 8). T cells of the Lyt- 1 phenotype were
observed in perivascular cuffs in the brain and spinal cord of
animals with EAE (9), and T cell clones that react with the
encephalitogenic determinant of basic protein were proved suf-
ficient to induce the disease (10).

Treatment of the acute form of EAE was previously
achieved using several immunosuppressive regimens (1 1-25).
Cyclophosphamide (CY) was shown to be a very effective agent
for inhibition of actively and passively induced acute EAE(16-
22). However, treatment of CR-EAE requires chronic adminis-
tration of the cytoreductive drug, and the cessation of treat-
ment is often associated with reappearance of paralytic signs
and a severe neurological outcome (19, 20, 22). Moreover, the
chronic treatment is accompanied with acumulative toxic side
effects.

Treatment of an ongoing CR-EAEwith apparent paralytic
signs and histological damage was always a difficult task, espe-
cially in the form of CR-EAE passively induced with T cells
that were presensitized with MBPand subsequently activated
in vitro. Effective inhibition of CR-EAE was accomplished
with administration of anti-CD4 (26-28) monoclonal antibod-
ies, and recently through MBPfeeding (29).

In this study, we tried a different approach to treat adop-
tively transferred CR-EAE in SJL/J mice: a single application
of a high dose of CY or TBI for effective elimination of the
autoreactive lymphocytes, followed by bone marrow trans-
plantation obtained from healthy syngeneic donors, to rescue
the immunocompromised mice and to provide them with a
source of uncommitted lymphoid progenitors for reinduction
of unresponsiveness toward "self." Weevaluated the efficacy of
this treatment in inhibition of further paralytic relapses and in
the induction of antigen-specific tolerance during the process
of immune reconstitution.

1. Abbreviations used in this paper: ConA, concanavalinA; CR-EAE,
chronic relapsing experimental autoimmune encephalomyelitis; CY,
cyclophosphamide; GMBP, guinea pig myelin basic protein; LNC,
lymph node cells; MBP, myelin basic protein; PPD, purified protein
derivative; SBMT, syngeneic bone marrow transplantation; TBI, total
body irradiation.
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Methods

Mice: 6-12-wk-old female SJL/J mice were purchased from the Jack-
son Laboratory (Bar Harbor, ME) and housed under standard condi-
tions in top-filtered cages. Mice were fed a regular diet and given acidi-
fied water without antibiotics.

Antigens: Spinal cords from 3-10-mo-old mice of various strains
were obtained by insufilation. Mouse spinal cord homogenate was pre-

pared by homogenization in PBS (1:1 vol/vol). The homogenate was

lyophilized, reconstituted in PBS to a concentration of 100 mg/ml (dry
wt), and stored at -200C until used. Tuberculin purified protein deriva-
tive (PPD) was obtained from Statens Seruminstitut, Copenhagen,
Denmark. Guinea pig myelin basic protein (GMBP) was prepared
from guinea pig spinal cords as previously described (30).

Passive induction and clinical evaluation of CR-EAE. Donors (SJL/
J mice) of sensitized T cells were immunized with guinea pig MBP
(GMBP) in Freund's adjuvant. Mice were injected subcutaneously at
two to three sites over the flanks with 400 mg of GMBPand CFA
containing 0.03 mg of Mycobacterium tuberculosis. Animals were

killed 10 d later under ether anesthesia, and draining (inguinal, axial,
and paraaortic) lymph nodes were aseptically excised, teased in PBS,
and passed through a wire mesh to obtain a single cell suspension of
lymph node cells (LNC). The LNCwere adjusted to 4 X 106 cells/ml
and cultured for 4 d in 370C and 5% CO2 into 24-well (2 ml/well)
culture plates (Costar Corp., Cambridge, MA). RPMI- 1640 culture me-

dium was used, containing 10% FCS, 1% pyruvate, 1% nonessential
amino acids, 1% L-glutamine, 1% mercaptoethanol, and 1% penicillin
and streptomycin. GMBPwas added in a concentration of 50-100

Mg/ml. Cell suspensions were washed in fresh RPMI- 1640 medium and
adjusted to between 30 and 60 X 106 viable cells/0.5 ml. This inoculum
was injected intravenously into the tail vein of naive syngeneic SJL/J
recipients. The first clinical signs of CR-EAE usually appeared 7-16 d
after cell transfer, and a chronic disease with relapses and remissions
followed the first attack.

Clinical signs were scored as follows: 0, no clinical signs; 1, mild tail
weakness (floppy tail); 2, tail paralysis; 3, hind leg paralysis; 4, hind leg
paralysis or mild forelimb weakness; 5, quadriplegia or moribund state;
6, death. Any deterioration of clinical signs of at least one degree on the
above scale for more than three consecutive days (after a period of
remission) was considered a relapse.

Histopathological evaluation. For routine histology, mice were

killed using ether anesthesia and then perfused extensively with PBS-
buffered formalin. Brains and spinal cords were removed and pro-
cessed for paraffin embedding. Tissue sections were stained with hema-
toxylin-eosin and Luxol fast blue. Histological evaluation was done on

a blind basis by an independent pathologist.
Administration of CY. CY (Taro, Haifa, Israel) was freshly dis-

solved in sterile water and administered intravenously as a single dose

of 300 mg/kg body wt.
Total body irradiation (TBI). Mice were positioned in radiation

chambers and exposed to a single dose of 900-1 100 cGy TBI from a

gammabeam 150-A 60Co source (produced by the Atomic Energy of
Canada, Kanata, Ontario). Skin-to-source distance was 105 cmand the
dose rate was 65 cGy/min.

Syngeneic bone marrow transplantation (SBMT). Bone marrow

cells were obtained from SJL/J mice by flushing femora and humora
with RPMI-1640 medium. Viability of cells was determined by trypan
blue exclusion. 10-20 X 106 cells were injected intravenously into the
lateral tail vein of syngeneic recipients, 24 h after TBI or CY.

In vitro proliferative responses of lymphocytes. Single cell suspen-
sions of lymph node lymphocytes were assayed in vitro for their re-

sponse to antigens by means of a standard proliferative assay. The assay
was carried out by seeding in each microculture well 4 X I0 cells in 0.2
ml of RPMI medium supplemented with 2.5% FCS, I-glutamine, 2
mercaptoethanol antibiotics, and optimal concentrations of the follow-
ing antigens: 50 Mlg/ml of GMBP, 50 ug/ml of PPD, and I Mg/ml of
concanavalin A (ConA). All cultures were performed in triplicate in

96-well, flat-bottom, microtiter plates (Costar Corp.), incubated for

72 h in a humidified atmosphere of 5%CO2 in air at 370C, and then
pulsed for 18 h with 1.0 MCi of [3H]thymidine (New England Nuclear,
Boston, MA). Cells from each microculture were harvested on fiber-
glass filters using a multiharvester (Dynatech Laboratories, Alexandria,
VA), and the incorporated radioactivity was measured using standard
scintillation techniques. The stimulation index (SI) was calculated as
follows: mean cpm of cells cultured in the presence of antigen divided
by the mean cpm of cells cultured in the absence of antigen.

Analysis of T lymphocyte populations. Surface markers of lympho-
cytes from pooled spleen cells obtained from naive mice, untreated
mice with CR-EAE, and mice with CR-EAE treated with TBI+SBMT
were analyzed. 50 ,d of cell suspension (2 X 10' cells/ml) was mixed
with 5 ;d FITC-cohjugated monoclonal anti-CD3, anti-L3T4, or phy-
coerythrin-conjugated anti-Lyt-2 and anti-IgM antibodies (Becton-
Dickinson, Mountain View, CA) and 45 Ml PBS containing 0.1% so-
dium azide and 2%FCS. The cell mixture was incubated for 45 min on
ice, washed twice, and resuspended in 1 ml of cold medium ( 106/ml).
Positively stained cells were enumerated by a fluorescence-activated
cell sorter (FACSO, Becton-Dickinson).

Results

Effect of acute cytoreductive treatment (TBI or CY) followed by
SBMTon the clinical course of CR-EAE. SJL/J mice were
treated 5 d after the injection of GMBP-stimulated LNC (2 d
before the expected onset of paralysis) with TBI (900 cGy),
followed 1 d later by SBMT. As shown in Fig. 1, no clinical
signs of CR-EAEappeared in TBI+SBMT-treated mice during
an observation period of >70 d. In contrast, all the control
animals (8/8) developed a relapsing-remitting disease with se-
vere paralytic signs (mean clinical score: 3.2) (Fig. 1, P
< 0.0001).

Cytoreductive treatment with CY(300 mg/kg) followed by
SBMTat an early stage of clinical CR-EAE (immediately after
the first clinical signs of paralysis) inhibited the development of
the disease (P < 0.001) (Fig. 2); untreated control mice (6/7)
progressed to severe paralysis, followed by a relapsing-remit-
ting course. Table I A shows the 2-mo follow-up in both groups;
a total number of seven relapses were observed in the untreated
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Figure 1. Prevention of passively induced CR-EAE in SJL/J mice
with TBI followed by SBMT. Mice were injected on day 0 with 50
X 106 GMBP-sensitized LNCas described in Methods. Onday 5 after
the adoptive transfer of LNC, mice were either left untreated or were

treated with TBI followed by SBMT(as described in Methods). Mice
were examined daily for signs of EAEand scored according to a 0-6
scale of increasing severity of the disease.
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Figure 2. Therapeutic effect of CY+SBMTperformed immediately
after the clinical onset of CR-EAE. SJL/J mice were injected on day
0 with 50 X 106 GMBP-sensitized LNC. One day after the onset of
the first paralytic signs, mice were divided in groups (8 mice/group)
with a similar mean clinical score and were treated with either CY
followed by SBMT(as described in Methods) or left untreated. Mice
were examined daily for signs of EAEand scored according to a 0-6
scale of increasing severity of the disease.

group during this period, whereas no relapses were noted in the
CY+SBMT-treated group (P < 0.03).

The efficacy of the above treatment was evaluated in mice
that had already developed paralytic signs. Mice were treated
3-4 d after the onset of paralysis with either high dose CYor
TBI, followed by SBMT. The clinical course of CR-EAE in
untreated and in TBI+SBMT- or CY+SBMT-treated mice is
presented in Fig. 3 and 4, respectively. A significant regression
of the clinical signs (Fig. 3, 4) occurred after both cytoreductive
regimens regimens (P < 0.001 and P < 0.0001, respectively).
Both of these therapeutic interventions also inhibited the ap-
pearance of further paralytic relapses. As shown in Table I B, a
total of 11 relapses was observed in the seven untreated mice
during a period of 2 mo, whereas no relapses occurred in the
TBI+SBMT-treated group (P < 0.02). In another experiment

(where mice received CY instead of TBI), a total of 19 relapses
was observed in the untreated group during a period of 4 mo
(Table I C); only 5 relapses occurred in mice treated with CY
followed by SBMT(P < 0.03) and the severity of the relapses
was milder (mean maximal score:3. 1 in untreated and 1.9 in
the CY+SBMT-treated mice, P < 0.03) (Table I C). The long-
lasting effect of SBMTtreatment was evaluated by challenging
the treated mice with a subcutaneous injection of GMBPin
CFA 72 d after the transfer of the GMBP-sensitized lympho-
cytes. This immunologic challenge induced a severe paralytic
relapse in six of seven (86%) untreated control mice 7 d later
(Fig. 3); only three ofthe seven TBI+SBMT-treated mice devel-
oped paralytic signs with a delay of 30 d, after the GMBPinjec-
tion (Table I B, Fig. 3). Similar results were obtained in mice
treated with CY+SBMTand rechallenged with GMBP(data
not shown).

Treatment with TBI or CY followed by SBMTat a later
stage of the disease ( 14 d after the first paralytic signs and at a
point where all mice were severely paralyzed) produced a mild
therapeutic effect on the course of the disease (P < 0.01) (Fig. 5)
(data shown only for TBI+SBMT), but did not significantly
inhibit the occurrence of further paralytic relapses (data not
shown).

In vitro proliferative responses of LNCto GMBPand PPD.
LNCobtained (60 d after the SBMT) from control mice suffer-
ing from CR-EAE displayed a clear proliferative response to
GMBPand PPD78 d after the adoptive transfer of GMBP-sen-
sitized LNC(Table II A). In contrast, LNCfrom mice similarly
injected with GMBP-specific lymphocytes and treated with
TBI+SBMT showed a weaker response to the same antigens
(GMBPand PPD) (P < 0.01) (Table II A).

Immunologic challenge of the untreated mice with GMBP
enhanced the proliferative response to GMBPand PPD(exam-
ined 10 d later) (Table II B). The in vitro reactivity of lympho-
cytes from mice with CR-EAE treated with TBI+SBMT and
similarly challenged with GMBPremained lower (P < 0.01)
(Table II B). This finding may be attributed to either active
suppression of the autoimmune clones or generalized immuno-
logical anergy after SBMT, since the ConA-induced prolifera-
tion was also reduced. Similar results were obtained in mice
treated with CY+SBMT(data not shown).
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Figure 3. Therapeutic effect of TBI+SBMT per-
formed 3 d after the clinical onset of CR-EAE. SJL/J
mice were injected on day 0 with 50 X 106 GMBP-
sensitized LNC. 3 d after the onset of the first para-
lytic signs, mice were divided in groups (7 mice/
group) with a similar mean clinical score (1.5) and
were either left untreated or treated with TBI followed
by SBMT(as described in Methods). Mice were ex-
amined daily for signs of EAE and scored according
to a 0-6 scale of increasing severity of the disease. On
day 72 after the adoptive transfer of LNC, all mice
were challenged with GMBPin adjuvant, injected
subcutaneously.
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Figure 4. Therapeutic effect of CY+SBMTperformed
n=7 (p<0.0001) 4 d after the clinical onset of CR-EAE. SJL/J mice

were injected on day 0 with 50 X 106 GMBP-sensi-
tized LNC. 4 d after the onset of the first paralytic
signs, mice were divided in groups (7 mice/group)
with a similar mean clinical score (2.0) and were ei-
ther left untreated or treated with CYfollowed by

20 SBMT(as described in Methods). Mice were exam-
ined daily for signs of EAEand scored according to
a 0-6 scale of increasing severity of the disease.

Analysis of lymphocyte subpopulations. Spleen cells ob-
tained from untreated and TBI+SBMT-treated mice with CR-
EAE were examined by FACS® analysis for the expression of
CD3, L3T4, Lyt-2, and IgM surface markers, 78 d after the
induction of CR-EAE. Table III shows the proportions of the
lymphocyte subpopulations in the spleens of both experimen-
tal groups. It can be seen that at day 60 after TBI+SBMT all
mice were fully reconstituted with mature immune cells with
no significant differences in the proportions of lymphocyte
subsets including T helpers (L3T4), T-cytotoxic/suppressors
(Lyt-2), and B cells (IgM) between the two groups (Table III).

Histopathological evaluation. Mice were killed at various
time intervals after the injection of the GMBP-sensitized LNC,
and brain and spinal cord sections from untreated CR-EAE
control mice and from mice treated with CYor TBI and SBMT
were observed for histopathological signs of CR-EAE. In sec-

tions from untreated mice, perivascular infiltrations of mono-

nuclear cells into the periventricular and cerebellar white mat-
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Figure 5. Effect of treatment with TBI+SBMT performed at a late
stage after the clinical onset of CR-EAE. SJL/J mice were injected
on day 0 with 50 x 106 GMBP-sensitized LNC. 14 d after the onset
of the first paralytic signs, mice were divided in groups (7 mice/group)
with a similar mean clinical score (2.0) and were either left untreated
or treated with TBI followed by SBMT(as described in Methods).
Mice were examined daily for signs of EAE and scored according to
a 0-6 scale of increasing severity of the disease.

ter were seen (Fig. 6A). Luxol fast blue staining revealed large
areas of demyelination around the infiltrations (Fig. 6 A). In
brain sections from mice treated with TBI and SBMT, the num-
ber and the severity of lesions were significantly reduced (Fig.
6, B and C). Similar amelioration of the central nervous system

Table L Incidence and Severity of Relapses in Mice with CR-EAE
Treated with CY+ SBMTor TBI + SBMTin Comparison to
Untreated CR-EAE Controls

A Untreated CY+ SBMT

Cumulative number of
spontaneous relapses
in a period of 2 mo 7 0 (P < 0.03)*

Mean maximal clinical score
during relapses 3.3±0.3 0 (P < 0.02)*

B Untreated TBI + SBMT

Cumulative number of
spontaneous relapses
in a period of 2 mo 1 0 (P < 0.03)*

Incidence of an induced
relapse after rechallenge
with GMBP 6/7 (86%) 3/7 (42%)

C Untreated CY+ SBMT

Cumulative number of
spontaneous relapses
in a period of 2 mo 19 6 (P < 0.03)*

Mean maximal clinical score
during relapses 3.1±0.2 1.9±0.35 (P < 0.03)*

All mice were injected on day 0 with 50 X 1O6 GMBP-sensitized LNC.
1-4 d after the onset of the first paralytic signs, mice were divided in
groups (8 mice/group) with a similar mean clinical score and were
treated with either CY or TBI followed by SBMT(as described in
Methods) or left untreated. Mice were examined daily for signs of
EAEand scored according to a 0-6 scale of increasing severity of the
disease. Relapse was considered any clinical deterioration of at least

1 degree for more than 3 d. * nonparametric Mann Whitney test.
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Table II. Proliferative Responses of Lymph Node Cells from
Untreated and TBI + SBMT-treated Mice

Antigens Untreated TBI + SBMT

A. 60 d following SBMT
PPD 2869±166 1393±316 (P < 0.01)*
GMBP 5498±634 3229±398 (P < 0.01)*
CON-A 94014±7803 71026±7539

B. 10 d following
rechallenge with
GMBP

PPD 14956±1776 9071±1088 (P < 0.01)*
GMBP 41467±4356 17089±428 (P < 0.01)*
CON-A 51027±9188 31548±3329 (P < 0.05)*

All mice were injected with 50 X 106 GMBP-sensitized lymphocytes
for induction of CR-EAE, on day 0, as described in Methods. 4 d
after the clinical onset of CR-EAE, one group of mice was treated with
TBI (900 cGy) followed by SBMT. Pooled LNC(3 mice) from both
(treated and untreated) groups were obtained on day 60 after the
SBMTand again on day 10 following a rechallenge with GMBPand
were examined for their in vitro proliferative responses to PPD,
GMBP,and ConA. One representative of two experiments is shown.
Results presented as Dcpm; background <5000 cpm. * one factor
ANOVAanalysis (Fischer PLSDand Scheffe F test).

(CNS) pathology was observed in mice treated with CY fol-
lowed by SBMT(data not shown).

Discussion

In this study, which represents an extension of our initial obser-
vation on the beneficial role of acute cytoreductive treatment
combined with SBMTon acute EAE (31), we have docu-
mented that high dose CY or TBI followed by SBMTcan in-
hibit and even reverse already clinically established CR-EAE,
induced by adoptive transfer of MBP-sensitized lymphocytes
in SJL/J mice. This treatment also prevented the appearance of
paralytic relapses and induced immunological unresponsive-
ness to the relevant immunizing antigens GMBPand PPD.

Table III. Analysis of the Cell Surface Phenotype of Spleen Cells
Obtained from Mice with CR-EAE Treated with TBI + SBMT
andfrom Untreated Controls

Surface Naive SJL Untreated TBI + SBMT
markers mice CR-EAE treated

CD3 66.4% 67.3% 65.4%
L3T4 46% 35.2% 32.9%
Lyt-2 12.6% 7.5% 8.3%
IgM 33.5% 33.1% 37.4%

SJL/J mice were injected with 50 X 106 GMBP-sensitized lympho-
cytes for induction of CR-EAE, on day 0, as described in Methods.
4 d after the clinical onset of CR-EAE, one group of mice was treated
with TBI (900 cGy) followed by SBMT. Pooled spleen cells (3 mice)
from untreated mice, mice treated with TBI + SBMT, and from naive
SJL/J mice of the same age were obtained on day 60 after the SBMT
and the various lymphocytic subpopulations were examined by
FACSOanalysis of their CD3, L3T4, Lyt-2, and IgM surface markers.

The suppressive effect of both CYand TBI on the immune
functions (32-34) mediated by lymphocyte cytoreduction led
to the idea that elimination of immunocompetent lympho-
cytes with anti-self-reactivity by irradiation or high dose CY
may serve as a therapeutic approach to autoimmune diseases.
CYhas already been proven a very effective agent in inhibition
of EAE(I16-22); in contrast, results of experiments designed to
investigate the effect of TBI on EAE have been controversial.
Paterson et al. (35-37) claimed that TBI before immunization
suppresses the development of EAEin rats, whereas irradiation
after sensitization does not suppress EAEand may even poten-
tiate its development. On the other hand, other investigators
(38-41) have reported that after TBI the clinical course of EAE
is characterized by a delayed onset, reduced incidence, less se-
vere paralysis, and a more rapid recovery. Sublethal doses of
irradiation increase the incidence and severity of adoptively
transferred EAE(10, 36, 37); therefore this procedure has been
used as a pretreatment of recipient mice before injection of
LNC, to accelerate the development of the disease (EAE) (10,
36, 37). The consistent, beneficial effect of TBI shown in our
study may be attributed to the use of high, lymphocytotoxic
doses (at the lethal range) of radiation and perhaps to the tim-
ing (day + 5 or later) of administration.

The beneficial effect of both high dose TBI and CYon the
course of CR-EAE that was clearly demonstrated in our study
is in agreement with the general concept of immunosuppres-
sive approaches for treatment of EAE; the doses of CYand TBI
used induced a radical immunosuppression, with lymphocyte
number close to zero during the first days after therapy.

Reconstituting lymphocytes developing from the early
bone marrow progenitor cells after cytoreduction and rescue
with SBMTacquire immunocompetence de novo to the "modi-
fied self' antigens, similar to the mechanism of unresponsive-
ness to "self' that occurs during the ontogeny of the immune
system; this process may prevent generation of anti-self-react-
ing cells that may induce autoimmune disease.

Effective elimination or neutralization of the autoreactive
lymphocytes, after the clinical onset of chronic paralytic dis-
ease in mice with CR-EAE, was always a difficult task, since it
required continuous immunosuppressive treatment (22) or re-
petitive administration of specific antibodies against T lym-
phocytes and their L3T4 (T helpers) subset (26). Interestingly,
a more aggressive immunosuppression followed by SBMT, ap-
plied at an early stage of the disease after the onset of the first
signs of CR-EAE, can either totally inhibit or reverse the devel-
opment of the disease.

Wehave also shown that only a few spontaneous relapses
occurred in treated mice. When untreated mice with CR-EAE
were challenged with GMBPin CFA72 d after the injection of
the MBP-sensitized lymphocytes, they developed a severe re-
lapse (Table I B), while only three of the seven mice treated
with TBI+SBMT and similarly rechallenged with GMBPdis-
played paralytic signs; in addition, this paralytic relapse in the
TBI+SBMT-treated mice occurred after a delay of > 30 d after
the GMBPinoculation (Fig. 3, Table I B). Our data are compat-
ible with either one ofthe following interpretations: (a) develop-
ment of partial anergy/tolerance to GMBP, as may be sup-
ported by the specific reduction of the in vitro proliferative
responses of lymphocytes to GMBPand PPD (Table II); and/
or (b) the existence of an antiidiotypic network similar to that
reported in other studies, after injection of irradiated GMBP-
specific lymphocytes (42). The delayed relapse in the
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Figure 6. Hisiopathological manifestations of CR-EAE in TBI+SBMT-treated mice and in untreated controls. (A) Typical perivascular lym-
phocytic infiltrations into the periventricular white matter, in untreated mice and large areas of demyelination around the infiltrations (Luxol
fast blue staining). (B) Absence of infiltrating lesions in a similar section of mice treated with TBI and SBMT(staining with hematoxylin/eosin).
(C) Small lymphocytic infiltration into the cerebellar subcortical white matter of mice treated with TBI and SBMT(hematoxylin/eosin).

770 Karussis et al.



TBI+SBMT-treated group resembles the model of actively
GMBP-induced, delayed CR-EAEin SJL/J mice (2, 5) and can
be attributed in our case to sensitization against another epi-
tope of GMBP, different from the epitope that induced the
primary activation of the lymphocytes and the first paralytic
attack of CR-EAE.

Wehave previously shown that in actively induced acute
EAE (30), treatment with CYor TBI and SBMTinduces anti-
gen-specific tolerance; however, in this model of CR-EAE, the
tolerizing effect of this therapeutic regimen was somewhat less
effective, probably due to lack of continuous antigenic/tolero-
genic stimulation (there is no antigen/adjuvant emulsion in the
body of treated mice as is the case in the actively induced form
of EAE) during the process of immunological reconstitution.
Antigens existing in the thymic environment during the pro-
cess of immune reconstitution following BMTmay induce de-
letion or anergy of specific T cell clones bearing T cell receptors
specific for the relevant antigens (recognized as self-antigens)
(43-46) by a mechanism resembling the ontogeny of the im-
mune system during normal development. Moreover, persis-
tence of the tolerizing auto- or allo-antigens is mandatory for
maintenance of the unresponsive state (47). A similar benefi-
cial therapeutic effect after TBI and BMThas been recently
reported in the model of adjuvant induced autoimmune arthri-
tis (48).

The limited success of treatment with TBI+SBMT in ad-
vanced CR-EAE (Fig. 5) could be attributed to the develop-
ment of irreversible CNSlesions (gliosis) in addition to demye-
lination at such late stages of the disease (4).

Overall, results presented here show that this combined
treatment of high dose acute immunosuppression followed by
syngeneic BMT, which represents the experimental equivalent
of autologous BMT, not only reverses already established CR-
EAE but also results in long-term beneficial effects by inhibit-
ing or ameliorating the paralytic relapses. Based on our experi-
mental model, possible application of similar therapeutic ap-
proaches should be considered for life-threatening human
neurological and other systemic autoimmune diseases.
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