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Suppression of Murine Chronic Relapsing  Experimental 
Autoimmune Encephalomyelitis by the Oral Administration of 
Myelin Basic Protein' 

Abbie L. Meyer, Jacqueline M. Benson, Ingrid E. Gienapp, Karen L. Cox, and 
Caroline C. Whitacre2 

Chronic relapsing experimental autoimmune encephalomyelitis (EAE), induced in mice by the injection of myelin basic protein 
(MBP), is a T cell-mediated autoimmune disease characterized by periods of paralysis  and  remission. W e  have shown  previously 
that the oral administration of  MBP or MBP peptides  renders lewis rats refractory to EAE.  This  study  was undertaken to examine 
the conditions necessary to produce oral tolerance in a chronic relapsing model of EAE in B1O.Pl mice. The optimal tolerizing 
regimen for the mouse  was found to be a  single feeding of 20 mg of  MBP suspended in PBS. To determine the ability to suppress 
chronic disease, a  range of doses (0.4-1 00 mg)  was administered orally in a  single  dose before challenge. larger oral doses (20 
or 100 mg)  of MBP provided the best protection from EAE, while 0.4 mg exacerbated the clinical course of disease. Secretion 
of the proinflammatory cytokines, 11-2 and IFN-y, were lowest in the group fed 20 mg.  A  single feeding of  MBP before challenge 
or as late as the first day of clinical signs showed significant protection over the relapsing  disease  course. Once relapsing EAE 
was  established, multiple oral doses of MBP were required to achieve suppression of clinical signs of disease.  These findings 
suggest that vehicle, dosage, and timing are important considerations in the successful application of oral tolerance strategies 
for suppression  of chronic disease  processes. The Journal of Immunology, 1996, 157: 4230-4238. 

E xperimental autoimmune encephalomyelitis (EAE)3  is an 
inflammatory autoimmune disease of the central nervous 
system (CNS) that serves as a useful animal model for 

testing multiple sclerosis (MS) treatment strategies. EAE is in- 
duced in rats and mice by injection of whole nervous tissue, CNS 
myelin, myelin basic protein (MBP), or proteolipid protein (PLP) 
combined with adjuvant. EAE is mediated by MHC class II-re- 
stricted CD4+ T cells specific for the injected neuroantigen. In the 
Lewis rat, the disease course is monophasic, and rats recovering 
from the acute phase are refractory to further reinduction of EAE. 
However, in susceptible mouse strains, e.g., SJL/J (H-2"), PL/J 
(H-2"), and B 1O.PL (H-2"), EAE follows a protracted chronic re- 
lapsing course (1-8). Within 25 days after neuroantigen injection, 
mice exhibit acute paralysis of varying severity, followed by re- 
covery and then various periods of relapse, often lasting for the 
remainder of the animal's life. This characteristic remitting-relaps- 
ing course facilitates the initiation of therapy at various times dur- 
ing the course of disease, making the mouse an ideal model for 
assessment of MS treatment strategies. 

Department of Medical  Microb~ology and  Immunology, Ohio State University 
College of Medicine,  Columbus, OH 43210 

Received for puhlicat~on  March 25, 1996.  Accepted for publication August 
7, 1996. 

The costs of puhlicat~on of this  article  were  defrayed  in  part  by  the  payment of 

accordance with  18 U.S.C. Section 1734  solely to Indicate  this fact. 
page charges. This  artlcle  must  therefore  be  hereby  marked  advertisement in 

' This work was  supported by U.S. Puhllc  Health Service grants NS23561, 
NS33696, and A135960 and by  National  Multiple Sclerosis Society Grant 
RG2302. 

' Address correspondence  and  reprint requests to  Dr.  Caroline C. Whitacre,  De- 
partment of Medical  Microbiology  and  Immunology,  Ohio State University, 
2078 Graves Hall, 333 West 10th Avenue, Columbus, OH 43210. 

' Abbreviations used in this  paper: EAE, experimental  autoimmune  encephalo- 
myelitis; CNS, central nervous system; MBP, myelin basic protein; MS, multiple 
sclerosis; PLP proteolipid  protein; PT, pertussis toxin; STI, soybean trypsin 
~nhibitor. 

Copyright 0 1996  by The American Assoc~at~on  of Immunologists 

Although the etiology of MS is presently unknown, it is gener- 
ally accepted that T cell-mediated autoimmunity plays a role in the 
pathogenesis of the disease. This notion is based on several lines 
of evidence, including the infiltration of T  cells  and macrophages 
into CNS white matter, the association of MS with specific MHC 
haplotypes and TCR genes, the identification of in vivo clonally 
expanded MBP-specific T cell populations, and the clinical effec- 
tiveness of immunosuppressive drugs (9, 10). At present the only 
approved therapies for the treatment of MS are adrenocorticotropic 
hormone (1 1 ,  12) and IFN-P (13, 14). Rather than relying on sys- 
temic immunosuppression, methods that result in unresponsive- 
ness of specifically autoreactive cells would  be a valuable addition 
to treatment strategies for MS. 

We and others have shown that the oral administration of MBP 
results in protection from the clinical and histopathologic mani- 
festations of EAE in Lewis rats (15-18). This tolerance has been 
shown to be specific for the fed Ag and extends to species-specific 
determinants on the MBP molecule (15, 19-21). Based on these 
studies and others, a phase 1 clinical trial examining the effects of 
oral myelin in  MS was conducted (22). Remitting-relapsing MS 
patients were given bovine myelin orally, and a reduced number of 
exacerbations were observed in male myelin-treated patients. The 
preliminary nature of the trial coupled with the finding that small 
groups of myelin-treated males responded better than myelin- 
treated females point to the necessity for additional animal studies 
in chronic relapsing EAE models. 

The majority of work to date  on oral tolerance in EAE has been 
conducted using the Lewis rat strain, which exhibits an acute 
monophasic form of disease. In studying the feasibility of oral 
tolerization for treatment of human autoimmune diseases, it be- 
comes critical to determine whether oral administration of autoan- 
tigens can suppress an ongoing chronic disease process. Early 
work along these lines in chronic relapsing models of EAE using 
strain 13 guinea pigs and Lewis rats indicated that the severity and 
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frequency of clinical relapses could be reduced by the oral admin- 
istration of myelin Ags (23). 

Because of the frequency of relapses, widespread demyelina- 
tion, availability of well-characterized reagents for immunologic 
studies,  and availability of transgenic animals, the mouse has be- 
come the model of choice for investigating chronic relapsing dis- 
ease in EAE. In this study, we report the conditions necessary 
for demonstration of MBP-induced oral tolerance in the BIO.PL 
(H-2") mouse. Because the dose of orally administered MBP has 
been reported to play a pivotal role in the induction of oral toler- 
ance (24,25), we examined the efficacy of a wide range of oral Ag 
doses. Results reported here reveal that while a single feeding of 
20 mg of MBP in PBS generates optimal protection from  challenge 
with MBP when given before challenge or as late as the first day 
of clinical signs, multiple feedings of MBP are required to sup- 
press EAE after relapsing disease is established. 

Materials and Methods 
Animals 

Male and female B1O.PL mice (6-10 wk old) were obtained from The 
Jackson Laboratory (Bar Harbor, ME) and housed at  Ohio State University. 

Antigens 

MBP was extracted from guinea pig spinal cords (Rockland, Inc., Gilberts- 
ville, PA) using the method of Diebler et al. (26) or Swanborg et al. (27). 
MBP was further purified on a Sephadex G50 column eluted with 0.01N 
HC1. Individual fractions were analyzed by SDS-PAGE, and fractions con- 
taining a single band of the appropriate m.w. were pooled. The purified 
protein was dialyzed against water and lyophilized. Purified protein deriv- 
ative was obtained from Parke-Davis (Morris Plains, NJ), and concanavalin 
A was obtained from Sigma Chemical Company (St. Louis, MO). 

lnduction of EA€ 

Mice  were challenged with 200 p g  of MBP  and  CFA containing 200 p g  of 
Mycobacterium tuberculosis Jamaica strain. A total of 100 p1 was injected 
S.C. in four sites over the flank. Pertussis toxin (IT) (List Biologic Labo- 
ratories, Inc., Campbell,  CA) at 300-400 ng in 0.2 ml of PBS was given 
i.p. at the time of MBP challenge and 48 h  later. Animals were observed 
for the onset of clinical disease, which was scored as follows: limp tail or 
waddling gait with tail tonicity, I + ;  ataxia or a waddling gate with tail 
limpness, 2+;  partial hindlimb paralysis, 3+;  total hindlimb paralysis, 4+; 
and death, 5+. Additionally, a score of 2+ was assigned to animals whose 
paralysis was apparent in forelimbs only. Observations of clinical disease 
were made for the length of time indicated in the figure legends. 

lnduction of oral tolerance 

Mice were deprived of food but  not water for 5-10 h before oral admin- 
istration of Ag. Mice then were given a total of 0.4-100 mg of MBP 
suspended in 0.5 ml  of 0.15 M sodium bicarbonate buffer or  PBS admin- 
istered by gastric intubation in 1 feeding or divided among  four  or 10 
feedings, depending on experimental design. In some experiments, the ve- 
hicle consisted of 0.15 M sodium bicarbonate buffer containing I O  mg 
soybean trypsin inhibitor (STI). Challenge with MBP/CFAPT followed 7 
days after the last feeding. In other experiments, MBP was administered as 
a  single feeding on the first day of clinically apparent EAE or after animals 
had recovered from acute paralysis and had begun their first remission 
period. In multiple feeding experiments, animals fed on the first day of 
clinical signs were given 20 rng of MBP three times per week during acute 
EAE, followed by I O  mg of MBP two times per week for  60 days. Animals 
fed beginning at recovery were given a single oral feeding of 20 mg of 
MBP  on the day they were judged to have recovered from acute EAE, 
followed by 10 mg MBP two times per week. 

Cytokine determinations 

Supernatants were harvested at 24,48, and 72 h from 24-well plate cultures 
of spleen cells (4 X 106/ml) stimulated with medium, 40 Fg/ml of MBP. 
or 5 pg/ml of concanavalin  A cultured in serum-free medium (X-vivo 20, 
Blowhittaker, Walkersville, MD). Capture ELISAs for the detection of 
IL-2 and IFN-y were conducted according to manufacturer's recommen- 
dations (PharMingen, San Diego,  CA).  Capture Abs (2 (*g/ml in bicarbon- 
ate buffer) were incubated in Immulon I1 96-well ELISA plates (Dynatech 
Laboratories, Chantilly,  VA)  at 4°C overnight. After washing the plates 

Table I. Vehicle is important in the  induction of oral  tolerance" 

Mean Highest 
Animals Clinical Score Mean Score 

Croup Feeding with 2 S E M ~  Per Day 
Regimen Disease (Range) 5 SEMI 

~~~ ~~ 

ST1 

STII4 mg M B P  

ST1120 mg M B P  

Bicarbonate 

Bicarbonate14 mg M B P  

Bicarbonate120 mg MBP 

PBS 

PBSIZ mg M B P  

PBS120 m g  MBP 

515 

717 

617 

51s 

SI7 

416 

911 0 

5/9 

119" 

3.2 IC_ 0.67 

3.3 2 0.36 

3.1 _C 0.45 

(2-5) 

(2-4) 

(0-4) 

3.4 2 0.40 

2.5 i- 0.68 

1.7 t- 0.57' 

11-41 

(0-4) 

(0-3.5) 

3.1 ? 1.5 
(0-5) 

1.3 I 1 .7c 

0.1 1 ? 0.33" 
(0-4) 

(0-1 1 

2.0 t 0.46 

0.73 50.13 ' '  

0.57 2 0.19" 

2.1 _t 0.64 

1 .O 5 0.28 

0.32 t 0.1 2e 

1.6 2 0.38 

0.61 2 0.24' 

0.12 t 0.10' 

bicarbonate buffer containing STI, bicarbonate buffer, or PES 7 days prior to 
,' Mice were fed vehicle  alone (2, 4, or 20 mg MBP) in a single  feeding in 

challenge with  MBPKFNPT.  Mice were observed for  clinical signs of EAE for up 
trt SO days. 

Mean of the  h~ghest  clinical score exhibited  by  indwidual  animals  within a 
group during the  entire course of EAE. The range of highest individual  clinical 
scorer 15 indicated. 

' Mean of individual  animal  cumulative  clinical scores divided  by  the  num- 
ber of days observed. 

" p  < 0.01 compared  to  vehicle  alone. 
p < 0.05 compared to vehicle  alone. 

p < 0.001 compared to vehicle  alone. 
' p = 0.002  compared to vehicle  alone. 

were blocked with 3% BSA (Sigma) for 1 h, then washed again. One 
hundred microliters of each sample or standard dilution (recombinant 
mouse IL-2 and IFN-y, PharMingen, San Diego,  CA) were added to wells 
in duplicate and incubated shaking at room temperature for 2 h. Biotinyl- 
ated detection Abs (anti-IL-2 and IFN-y) were diluted in  3% BSA-PBS to 
1-2 pg/rnl and added to wells for 1 h. For the detection of TGFP, 2.5 
pg/ml chicken anti-TGFP (R & D Systems, Minneapolis, MN) was used as 
the capture Ab, followed by blocking and the addition of 72-h supernatants 
as above. Mouse anti-TGFP  1,2,3 ( 1  pg/ml) (Genzyme Corp., Cambridge, 
MA) was added as the detection Ab, followed by 1 pg/ml of biotinylated 
horse anti-mouse IgC (Vector Laboratories, Inc., Burlingame, CAI. Fol- 
lowing extensive washing of all plates, avidin-peroxidase (Sigma) was 
added, followed by 2,2'azino-di-[3 ethyl-benzthiazoline sulfonate (6)] di- 
ammonium salt (ABTS) substrate (Boehringer Mannheim. Indianapolis, 
IN). Plates were incubated in the dark for 15-30  min and then read at 405 
nm on a Bio-Rad ELISA reader. Cytokine concentrations were determined 
by comparing the OD of samples to the appropriate standard curve. 

Statistical analysis 

Differences between control and experimental groups  for incidence of dis- 
ease and incidence of relapse were determined using a 2 analysis. 
ANOVA with Tukey's post hoc analysis was utilized to determine differ- 
ences in mean highest clinical score and mean score per day (Tables I and 
I1 and Fig. 2). A two-tailed Student's t test was used to determine statistical 
significance between two groups for the mean highest clinical score, cu- 
mulative clinical score, average number of relapses, and average score per 
day (Tables 111 and IV). Values were judged to be significantly different at 
p < 0.05. 

Results 
A single feeding of MBP induces tolerance 

Experiments were performed to determine the optimum vehicle for 
oral administration of MBP in the mouse. Either 2 mg, 4 mg, or 20 
mg was fed in one of three vehicles: in bicarbonate buffer with 
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Table 11, A single feeding of 20 mg profects mice from acute EA€ r' 

Croup 
Mean Highest Clinical 

Number  of Each Animals Score 2 SEM" 
(Range) Feedings Feeding with Disease 

10 Vehicle 417 1.78 2 0.68 

4 Vehicle 3/6 1.91 i 0.41 

10 2 mg M B P  518 2.25 2 0.71 

4 5 rng M B P  418 1.87 -C 2.1 7 

1 20  mg M B P  118 0.19 ? 0.53' 

(0-4) 

(0-4.5) 

(0-5) 

(0-5) 

(0-1.5) 

single doses with the last feeding 7 days prior to challenge with MBP/CFA/PT. 
I' Mice were fed vehicle  alone  or  a  total o i  20  mg MBP divided  into 10, 4, or 

Clinical signs of EAE were scored ior the  acute  period of EAE, 35 days. 
"Mean  of the highest clinical score exhibited by  individual animals within a 

group  during  the  entire  course o i  EAE. The range of highest individual  clinical 
scores is indicated. 

' p < 0.05  compared to 4 or  10 feedings o i  vehicle. 

STI, in  bicarbonate buffer alone, or in PBS. Table I shows that 
regardless of the vehicle used, feeding 20 mg  of MBP gave better 
protection than feeding 2 or 4 mg when compared with vehicle-fed 
controls. When MBP was fed in combination with STI, the mean 
score per day was significantly decreased in the MBP-fed groups, 
although nearly all animals exhibited severe clinical signs of EAE. 
Mice receiving 20 mg of MBP in bicarbonate exhibited decreased 
severity throughout the course of EAE compared with bicarbonate- 
fed mice. The greatest overall protection was achieved when MBP 
was administered i n  PBS. With PBS, significant decreases were 
observed for the incidence of EAE, the mean highest clinical score, 
and mean score per day for both the 2 and 20 mg fed groups. The 
near complete inhibition of clinical disease when 20 mg  of MBP in 
PBS was fed prompted the use of this vehicle and dose  for the 
remainder of our studies. 

To determine the optimum feeding schedule, three regimens 
were used: 20 mg of MBP in PBS was delivered in 10 doses of 2 
mg each over 14 days, in four doses of 5 mg each over 7 days, or 
in one dose of 20 mg. In all cases the final feeding occurred 7 days 
before MBP/CFA/PT challenge. Table I1 shows that a single feed- 
ing of 20 mg  of MBP provides the best protection from acute EAE. 
Oral administration of  Ag in  multiple smaller doses did not confer 
protection and even appeared to exacerbate disease in  the group 
fed MBP 10 times. Therefore, subsequent experiments utilized a 
single oral administration of MBP. 

Higher oral doses of MBP result in better protection over the 
course o f  chronic EAE 

Because the dose of orally administered MBP has been reported to 
play such a pivotal role in  the induction of oral tolerance (24), we 
examined the effect  of a wide range of MBP doses on the long- 
term clinical course of EAE. Figure 1 illustrates the mean clinical 
score for animals fed 0.4-100 mg  of MBP in a single feeding 7 
days before challenge. The 0.4-mg dose of MBP was observed to 
exacerbate the course  of clinical disease compared with the vehi- 
cle-fed group, while some protection was conferred by feeding 2 
mg of MBP. However, oral administration of the higher doses of 
MBP, 20 and 100 mg, protected animals over the entire 67-day 
observation period. The clinically protective effect  of orally ad- 
ministered MBP is also reflected in reduced proliferative responses 
to MBP i n  lymph node cells, spleen cells, and mesenteric lymph 
node cells from the group fed 20 mg of MBP (data not shown). 

Cytokine levels were measured in the supernatants of spleen cell 
cultures derived from mice (Fig. I ) .  In animals fed 20 mg of MBP, 
there were decreased amounts of IL-2 and IFN-y produced in re- 
sponse to MBP stimulation relative to all other groups (Fig. 2), 
corresponding with suppression of clinical disease. Interestingly, 
no reduction in IFN-y or IL-2 was observed in the group fed 100 
mg, despite the profound reduction in disease exhibited by these 
animals (Fig. I ) .  Unlike IL-2 and IFN-y, high levels of TGFP were 
observed in Ag-stimulated and unstimulated wells regardless of 
the feeding regimen. 

A single oral administration of MBP before establishment of 
relapsing disease  suppresses long-term clinical signs of EA€ 
in 6 7 0. PL mice 

To determine the ability of orally administered MBP to modulate 
an ongoing chronic disease process, we compared the disease 
course when MBP was administered orally before challenge, on 
the first day of clinical disease, and during recovery. The clinical 
course of EAE in BI0.PL mice was characterized by chronic re- 
lapsing-remitting disease unique to individual animals. Over the 
course of 100 days following injection of MBP, CFA, and PT, 
B I0.PL mice exhibited as many as seven relapses or maintained a 
chronic state of paralysis (Fig. 3). When 20 mg  of MBP was given 
orally in a single feeding. 7 days before neuroantigen challenge, 
only 13  of  24 or 54% of the MBP-fed animals developed acute 
disease  (Table 111 and Fig. 3A) .  The mean highest clinical scores 
and the cumulative clinical scores for the MBP-fed group were 
suppressed relative to controls. During the relapse phase of EAE. 
the number of relapses per mouse was reduced in the MBP-fed 
group as was the overall mean score per day. Therefore, feeding 
MBP before challenge reduces the severity of EAE during both the 
acute and relapse phases. 

To determine whether the ongoing course of EAE could be al- 
tered by oral administration of MBP later in  the disease course, a 
single 20-mg dose of MBP was fed on the day each animal first 
developed signs of EAE. In these studies mice developed signs of 
EAE 10-15 days after challenge, and the animals were followed 
for 100 days (Fig. 3B) .  The control groups, nonfed and vehicle- 
fed, developed a relapsing and variable course of EAE.  The acute 
phase of disease in mice fed MBP on the first  day  of clinical signs 
was not significantly different from that of the control groups with 
respect to duration or severity. However, long-term assessment of 
the clinical course of EAE revealed that MBP-fed mice did differ 
from controls (Table 111 and Fig. 3B).  The cumulative clinical 
score and the mean daily score were significantly reduced in the 
MBP-fed group. 

To probe the limits of protection provided by a single dose of 
MBP, mice were fed after they had progressed through the acute 
phase of disease, At this point in the course of relapsing EAE, 
CNS-reactive effector  T cells have infiltrated the brain and spinal 
cord. Thus,  the tolerizing effect of oral feeding would have to 
prevent further amplification of MBP-specific cells and also inac- 
tivate those effector cells already within the CNS. In these exper- 
iments mice were fed a single 20-mg dose of MBP when  they  had 
recovered from the acute phase of EAE (Fig. 3C). The average day 
of onset, day 10-12, was similar in all groups. Because the course 
of acute EAE varies in individual animals, the feeding date varied 
by about 10 days. Also, the level of clinical recovery that each 
animal achieved at the time of feeding varied. An animal was fed 
if it had recovered to a score of 2+ or better by 10-15 days after 
the onset of clinical signs. The control group exhibited severe re- 
lapsing disease with varying numbers of relapses (Table 111). There 
were no diferences in mean highest clinical score, cumulative 
clinical score, or mean number of relapses between MBP-fed mice 
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FIGURE 1. Clinical course of chronic EAE fol- 
lowing  oral  administration of various concentra- 
tions of MBP. Mice (eight to  nine  per group) 
were fed increasing doses of MBP in PBS 7 days 
before challenge with  MBP/CFA/PT.  Clinical 
scores were  followed for 67 days. Data are rep- 
resentative of two  experiments 

1 , FEEDINGREGIMEN 

+ 100mgMBP 

1 '  
1 

0 15 20 25 3 0  35 4 0  4 5  5 0  5 5  6 0  65 7 0  
- . . . . , . 

DAY  AFTER CHALLENGE 

p 1000 ' 2 0 0 ~  a T 14000 i60001 T 
45001 - MBP 

123 Medium T 

€ I D O W !  1 2 0 0 ~ ~  

loo00 

5 600 8000 
0)  
P 6000 

'fi 4000 

2000 

- 

9 400 

200 

n 

- 
E . 
(I 
0)  

rn 

FIGURE 2. Cytokine  production in supernatants of MBP-stimulated  splenocytes  following  various  oral  doses of  MBP. Mice  were  treated  as 
described i n  the legend  for  Figure 1 .  Spleens were taken 10 days following challenge and  cultured with MBP. Supernatants  were  harvested  at 48 h 
for IL-2 and IFN-yand at 72 h for TGFP ( n  = 3-4 per group). For IL-2 and IFN-y, data are expressed as the amount of cytokine  produced in wells 
containing MBP  minus wells with  medium alone; for  TCFP,  data  represent  wells containing MBP (W) or  medium alone (a). *Twenty  milligrams 
of MBP is at  the  level of significance ( p  = 0.05) compared with  nonfed  controls  and is significantly  different  from 2 mg  of MBP ( p  < 0.05). 

and controls. However, the decrease in mean score per day ap- 
proached statistical significance in the MBP-fed group ( p  = 0.09). 

Multiple oral administrations of MBP suppress relapsing 
disease in 670.PL mice 

Although a single feeding of MBP given before challenge or as 
late as the first day of clinical signs protected mice from severe 
EAE, this treatment did not result in significant protection once the 
relapse phase of EAE was under way. Experiments were designed 
to determine whether multiple feedings of MBP have a protective 
effect when started either at the initiation of clinical signs or after 
establishment of relapsing disease. Animals treated at initiation of 
clinical signs were given 20 mg  of MBP (three times per week) 
during acute EAE followed by 10 mg  of MBP two times per week) 
during the relapse phase of disease (Fig. 4A). The control vehicle- 
fed group demonstrated severe EAE, whereas the MBP fed group 
exhibited markedly less disease (Table IV). The  course of EAE 
was also significantly altered, as the cumulative clinical score and 
mean score per day were significantly reduced in MBP-fed mice 
compared with controls. 

In contrast to the results observed following a single oral ad- 
ministration of MBP, when multiple feedings were initiated at the 
time mice were judged to have recovered from acute EAE, the 

disease  course was significantly suppressed (Fig. 4B).  Mice were 
fed an initial 20-mg dose of MBP when the animal was judged to 
have recovered from the acute phase of EAE, followed by 10 rng 
of MBP twice per week. A significant reduction in the cumulative 
clinical score and mean score per day was observed in the MBP- 
fed group compared with vehicle-fed controls (Table IV). 

Discussion 
Much of the previous work on oral tolerance in EAE has been 
conducted in the Lewis rat. In this model of acute disease, oral 
administration of MBP or MBP peptides before encephalitogenic 
challenge results in near complete inhibition of EAE (15-18, 21). 
In this study we extended the application of oral tolerance into an 
ongoing chronic relapsing model of EAE in the BIO.PL  mouse. 
Initially we focused on optimizing the feeding regimen for this 
species and strain of mouse. We observed that feeding 20 mg  of 
MBP suspended in PBS profoundly suppressed the subsequent de- 
velopment of EAE clinical signs and was superior to lower doses 
or the same dose administered in multiple feedings (Tables I and 
11). Interestingly, feeding a higher dose of MBP (100 mg), al- 
though active in suppressing clinical disease, did not attenuate the 
production of IL-2 or IFF-y (Fig. 2). Orally administered MBP 
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A. FED PRIOR TO CHALLENGE: 

. CONTROL MBP 
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FIGURE 3. Clinical course of EAE in  individual  mice:  feeding before challenge, at the first day of  clinical signs, and  during  the recovery period. 
Mice  were  fed  a single dose of 20 mg  of MBP in PBS 7 days before challenge (A) ,  on the first day  of  clinical disease (B ) ,  or  when  the  animals  were 
judged  to  be  in the first remission period (C). Arrows (Band C) indicate  the  day of feeding. Interim analysis of the data in  Cand a  lack of observable 
treatment effect led  to the early  termination  of these animals. 

proved most efficacious when given before encephalitogenic chal- 
lenge, and incidence of clinical signs, mean highest clinical score, 
cumulative clinical score, and mean score per day were all signif- 
icantly suppressed (Table 111). Feeding MBP at the onset of clinical 
signs also resulted in a significant decrease in disease seventy, 
whereas the effectiveness of a single dose of MBP given at the time 
of recovery from acute EAE was less readily apparent. Prolonged 
administration of MBP in multiple doses was necessary to achieve 
significant reduction in disease once EAE was established 
(Table IV). 

Oral tolerance is dependent on the efficient delivery of Ag to the 
gut mucosal epithelium. Our results suggest that prevention of the 

lumenal processing of MBP by coadministration of ST1 does not 
lead to optimal induction of oral tolerance in the mouse (Table I). 
Saffron et  al. (28) showed that oral administration of apronin, a 
trypsin inhibitor, enhanced the amount of protein that crosses from 
the gut lumen into the circulation of the mouse. Similarly, Hanson 
et al. (29) reported that oral administration of apronin along with 
OVA to mice increases the amount of immunologically active 
OVA found in the serum. However, apronin appeared to interfere 
with tolerance induction to OVA,  as evidenced by increased de- 
layed-type hypersensitivity and in vitro proliferative responses to 
OVA challenge in mice fed OVA with apronin compared with 
mice fed OVA without apronin (30). Thus,  our results showing 
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Table 111. A single oral dose of MBP before challenge and at the onset of clinical signs protects from €A€ 

Mean  Highest  Clinlcal  Cumulative  Clinical  Mean  Number  Mean Score 
Incidence  of Score 2 SEM" Score t SEM" of Relapses Per Day 
Clinical Signs (Range) (Range) t SEM t SEM' 

Fed before challenged 
Control 4315 1 3.3 i- 0.2 90.6 i- 17.1 2.4 t 0.29  1.35 t 0.1 5 

8 4 '/o (0-5) (0-286) 
M B P  13/24' 1.5 t 0.4' 30.7 t 14.1'' 1.3 2 0.47 0.51 t 0.18' 

5  4 % (0-5) (0-209) 

Control 2 912 9 3.41 i- 0.2 86.1 t 17.0 2.5 f 0.37  1.82 ? 0.1 5 

M B P  

Fed at first day of clinical signs" 

100% 
1211 2  3.0 t 0.3  34.8 t 11.2'  1.4 i- 0.53  1.01 2 0.29" 
100% (1-5) (2-80) 

(2-5) (20-333) 

Fed at recovery' 
Control 39/39 2.6 t 0.2 55.2 t 7.96 2.0 t 0.22 1.39 i- 0.1  5 

M B P  1911 9 2.4 ? 1.4 50.1 t 10.4 2.0 5 0.30 0.97 t 0.20 
100% (0-5) (0-1 85) 

100% (0-5) (0-1 33) 

" Mean  of  the hlghest clinical score exhibited  by  individual  animals  within  a  group  durlng  the  entire course of EAE for  animals fed before  challenge or  during the 
period  following  feedlng  in  the  group fed on the first day of  clinical slgns and at recovery.  The range oi highest individual scores  is indicated. 

Mean  of  the sum of dally scores for  each  animal  over  the  observation  period.  The  range  of  individual  cumulative scores is indicated. 

beginning at the onset of EAE for animals fed before  challenge  or  beginning on the  day of feeding in  the other groups. 

experiments. 

' Mean  of  individual  animal  cumulative  clinical scores divided by the  number of days observed (some animals  were observed for less than  the  full 100 days) 

" A  single feeding  of 20 mg MBP in PBS was given 7 days before  challenge.  Anlnials  were observed for 100 days (Fig. 3A) .  Data are combined  from three 

' p  < 0.01 compared to control. 

f i  A  single  feeding  of 20 mg  MBP  in PBS or PBS alone was given on the  day  each  animal  developed  clinical signs of EAE (Fig. 3 6 ) .  Animals  were observed for 100 
' p  < 0.001  compared to control. 

days after challenge  Data are combined  from  two experiments. 
p = 0.05  compared to control. 

' A  single  feeding of 20 mg  MBP  in PBS or PBS alone was given on the  day  each  animal was judged to have  recovered  from  acute EAE (Fig. 3 C ) .  Animals  were 
observed for 55 days after challenge,  when  an  interim analysis was conducted,  and  it was determined  that  there was no treatment  effect.  Data are combined  irom  three 
experiments. 

only a modest effect on clinical signs in mice following oral ad- 
ministration of MBP and ST1 are consistent with the results re- 
ported by others.  This is in contrast to results obtained in the Lewis 
rat, in which a vehicle containing sodium bicarbonate buffer  and 
ST1 resulted in maximal tolerance induction to  MBP (15, 17, 21). 
Moreover, inclusion of ST1 was shown to be an absolute require- 
ment for oral tolerance to MBP peptides in the rat (21). The dif- 
ferences in vehicle requirements between the mouse and rat may 
be explained by differences in gastrointestinal physiology. Unlike 
mice, rats do not have gall bladders. The gall bladder stores and 
delivers bile salts that emulsify fats  and proteins in the lower small 
intestine and speed their delivery to lymphatic vessels. It is plau- 
sible that this is one of the key pathways utilized for the transport 
and processing of tolerizing signals in mice and is simply less 
efficient in the rat, requiring the MBP to be better protected from 
enzymatic degradation. In rats, bile salts are produced in and se- 
creted from the liver in response to ingested fats in the diet. Given 
the particular feeding schedule used, in which rats are denied their 
normal diet for 18 h, after which they are given a small oral dose 
of soluble protein, this amount of protein may not induce the se- 
cretion of bile salts. Additional evidence  for the importance of the 
gall bladder in processing of orally administered proteins was re- 
cently reported by Matsuda  et  al. (31), who showed that extracts 
from mouse liver and gall bladder activate peritoneal macrophages 
and enhance their interactions with T  cells. 

A central question relative to application of oral tolerance to 
human autoimmune disease is whether such an approach can be  of 
benefit once disease is under way. Our results indicate that a single 
feeding of MBP before disease induction or even at the onset of 
clinical EAE  is significantly protective. However,  once EAE has 
progressed into the relapse phase, multiple doses of oral Ag are 
necessary to suppress  EAE. Perhaps a  single oral administration of 
MBP is insufficient to overcome an expanded MBP-reactive T cell 

population, and multiple oral administrations of MBP are required 
to suppress more advanced disease. In one report from a study that 
examined the efficacy  of oral tolerization in relapsing EAE, Brod 
et al. (23) reported that oral administration of MBP or myelin to 
rats and guinea pigs, respectively, beginning at recovery from the 
acute phase of disease, resulted in lower clinical and histopatho- 
logic scores relative to controls. The fact that rats were fed three 
times per week for 5 wks and guinea pigs were fed for 13 wks 
agrees with our data showing that multiple oral administrations of 
Ag are required to suppress chronic disease. 

An alternative explanation for the decreased  effectiveness  of a sin- 
gle oral dose of Ag in later stages of disease is provided by epitope 
spreading, which  predicts  that once active  or  passive EAE is under 
way,  additional encephalitogenic epitopes are released from the dam- 
aged CNS and  then  stimulate  the expansion of  new encephalitogenic 
clones  (32-37). It has  been  shown  that animals immunized with MBP 
or encephalitogenic peptides of MBP also develop immunologic  re- 
sponses to PLP, another major  protein  component of myelin. These 
newly  generated  PLP-specific cells can  then transfer EAE (33,36). In 
experiments designed  to  prevent spreading to  new determinants, 
McRae et al. (37) showed that i.v. administration of PLP 139-151- 
coupled splenocytes just before the  onset of acute adoptive disease 
changed the course of relapsing  EAE. Relapse was  prevented,  as  was 
the spread  of delayed-type hypersensitivity responses to  another PLP 
region demonstrable in controls. Intermolecular spreading may  be op- 
erative in our results, whereby  late  oral  administration  of MBP is 
ineffective in suppressing immune  responses  to PLP released  as a 
result of MBP-induced CNS damage. Epitope Spreading  may  explain 
why we  did  not observe complete suppression  of disease in animals 
fed during recovery. 

It is of interest to compare the efficacy of oral tolerization with 
other routes of neuroantigen administration in suppression of re- 
lapsing EAE. Tan et al.  (38, 39) showed that i.v. administration of 
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FIGURE 4. Clinical  course of EAE in individual  mice:  multiple  feedings  beginning  at  the  onset  of  clinical disease and  during  the  relapse  period. 
Mice  were  challenged  and  given  multiple  feedings of MBP.  Arrows  indicate  the  day on which  the  feeding  regimen  was  initiated.  Animals  fed 
beginning  on  the first day  of  cl inical signs  received 20 m g  of MBP  three  times  per  week  during  the  acute  phase  of EAE. They  subsequently  received 
10 mg  o f   MBP two times  per  week  during  the  relapse phase.  Controls  received PBS on the same  schedule.  Feeding  continued  for 48 days ( A ) .  
Animals  fed  beginning  at  recovery  received 20 mg of MBP  when  they  were  judged  to  have  recovered  from  the  acute  phase of EAE. They 
subsequently  received 10 mg of MBP  twice  per  week  during  the  relapse  phase.  Controls  received PBS on the  same  schedule.  Feeding  continued 
for 30-50 days (B ) .  

Table IV. Multiple feedings beginning at the first day of clinical signs and at  relapse  protects from EA€ 

Mean Highest Clinical 
Incidence of Score 5 SEMa Cumulative Clinical Per Day 

Clinical Signs  (Range)  Score f SEMb 2 SEMC 

Mean Score 

Fed beginning  at first day of cl inical signs" 
Control 5/5 

MBP 4/4 
100% 

100% 
Fed beginning  at  recoveryg 

Control 8/8 

MBP 5f 5 
100% 

100% 

3.8 2 0.2 
( 3 4 )  

1.4 2 0.4' 29.0 -t 13' 0.5 t- 0.25' 
(1-2.5) 

2.6 2 0.46 

1.6 2 0.24 22.8 -t 5' 0.9 5 0.28' 

99.4 2 23  1.5 2 0.3 

(1 - 4 )  

(1 -2) 

50.9 -t 8.8 1.3 2 0.13 

of highest individual scores is indicated. 
Mean of the highest clinical score exhibited by individual animals within  a group during the period following the initiation  of feeding in both groups.  The  range 

Mean of the sum of daily scores  for  each animal over the observation period, following the initiation of feeding. 
Mean of  individual animal cumulative clinical scores divided  by the number of days  observed  (animals  were  observed  for 86 days) beginning on the  day feeding 

dMultiple feedings of 20 mg  MBP in PBS were given three  times  per  week during acute EAE followed by 10 mg given two times  per  week during relapse  phase 
was initiated. 

of EAE. Animals were observed for 86 days  (Fig. 4A). Data is from a single experiment. 
p = 0.005 compared to control. 

'p < 0.05 compared to control. 
8 An initial feeding of 20 rng MBP in PBS followed by 10 rng given two times  per  week  was given during relapse  phase of EAE. Animals were  observed for 86 days 

(Fig. 48). Data  are from a single experiment. 

mouse spinal cord homogenate-coupled spleen cells after adoptive transfer but no later ones. Furthermore, Samson and Smilek (40) 
transfer of MBP-specific effector T cells in SJLlJ mice, but before showed that multiple i.v. administrations of the NAc1-11 peptide 
the onset of the relapse phase, resulted in protection from relapses beginning at the onset of acute disease in (PL/J X SJL)FI mice, 
of EAE. Interestingly, i.v. administration of MBP-coupled spleen reduced the clinical severity of relapsing EAE. Administration of 
cells under similar conditions inhibited the first relapse following the NAcl-l1[4Y]  peptide, which exhibits enhanced binding to 
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MHC,  gave almost complete long-term protection when adminis- 
tered at the onset of paralysis. Gaur  et al. (41) administered 
NAcl-I 1 and 35-47 combined i.p. in IFA  at the onset of clinical 
signs  and showed long-term suppression of disease. In contrast, 
when mouse spinal cord homogenate in IFA was administered S.C. 
to Biozzi AB/H mice later in the course of EAE,  a synchronization 
of relapses  rather  than  protection was observed (42). Thus, tolerance 
approaches have been applied to a variety  of  relapsing  EAE  models, 
and  our results indicate  that oral administration of MBP compares 
favorably  with other routes of neuroantigen administration. 

In the Lewis rat as well as the B10.PL mouse, oral administra- 
tion of MBP results in decreased secretion of the proinflammatory 
cytokines IL-2 and IFN-y (Fig. 2) (17). Curiously, we did not 
observe an increase in TGFP in spleen cell cultures from animals 
fed a wide range of MBP doses.  This cytokine has been reported 
to mediate the suppressive erects of orally administered MBP 
through Ag nonspecific bystander suppression (19, 20, 43, 44). 
Additionally, TGFP-producing CD4+ cell lines that can transfer 
unresponsiveness have been selected from MBP-fed SJL/J mice 
(43). In the OVA TCR transgenic mouse, i t  was observed that 
lower doses of OVA (0.5 and 5 mg) given orally three or more 
times generated an increase in TGFP secretion, whereas higher 
doses  (500 mg) resulted in deletion (44). Interestingly, single feeds 
of these same  doses caused a reduction in IL-2 and IFN-y without 
a concomitant increase in Th2  cytokines or  TGFP (44). In our 
study, using a single feeding regimen over a range of doses, we did 
not observe an increase in TGFP secretion in mice fed lower doses 
of MBP. These data suggest that there is no effect of high or low 
dose associated with MBP administered in a single dose. Although 
there is evidence  for  a role for TGFP in mediating protection fol- 
lowing multiple oral feedings of MBP, other data suggest that the 
protective effects of TGFP occur only during the induction phase 
of EAE (45,46). When exogenous TGFP was administered earlier 
or later than 5-7 days after challenge, the severity of EAE was 
greater. 

It is clear from  the work of many laboratories that different 
immune responses are operative at different stages of relapsing 
EAE. Therefore,  a variety of tolerizing approaches may be re- 
quired to completely suppress chronic disease. Clearly, our data 
suggest that the most complete tolerance was achieved when MBP 
was given orally in a single feeding before challenge or in multiple 
doses following the onset of disease. Additionally, substantial pro- 
tection was achieved when MBP was fed at the onset of disease. 
Given the likely spread of the dominant  immune response to new 
encephalitogenic  epitopes of MBP or other CNS proteins or pep- 
tides over the course of EAE, multiple feeds were necessary to 
achieve tolerance at points later in the course of relapsing EAE. 
Additionally, the dose of Ag may be of critical importance. Our 
results indicate the existence of a linear relationship between in- 
creasing oral doses of MBP and increasing protection but also 
indicate that deleterious effects may be observed when an insuffi- 
cient amount of  Ag is fed.  Therefore,  our results indicate that tim- 
ing, dose, and vehicle are all critical parameters in achieving op- 
timal oral tolerance and  should be carefully evaluated in each 
species tested. 
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