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Abstract

 

It has been shown that peripheral T cell tolerance can be

induced by systemic antigen administration. We have been

interested in using this phenomenon to develop antigen-

specific immunotherapies for T cell–mediated autoimmune

diseases. In patients with the demyelinating disease multi-

ple sclerosis (MS), multiple potentially autoantigenic epi-

topes have been identified on the two major proteins of the

myelin sheath, myelin basic protein (MBP) and proteolipid

protein (PLP). To generate a tolerogenic protein for the

therapy of patients with MS, we have produced a protein fu-

sion between the 21.5-kD isoform of MBP (MBP21.5) and a

genetically engineered form of PLP (

 

D

 

PLP4). In this report,

we describe the effects of treatment with this agent (MP4)

on clinical disease in a murine model of demyelinating dis-

ease, experimental autoimmune encephalomyelitis (EAE).

Treatment of SJL/J mice with MP4 after induction of EAE

either by active immunization or by adoptive transfer of ac-

tivated T cells completely prevented subsequent clinical pa-

ralysis. Importantly, the administration of MP4 completely

suppressed the development of EAE initiated by the

cotransfer of both MBP- and PLP-activated T cells. Preven-

tion of clinical disease after the intravenous injection of

MP4 was paralleled by the formation of long-lived func-

tional peptide–MHC complexes in vivo, as well as by a sig-

nificant reduction in both MBP- and PLP-specific T cell

proliferative responses. Mice treated with MP4 were resis-

tant to disease when rechallenged with an encephalitogenic

PLP peptide emulsified in CFA, indicating that MP4 ad-

ministration had a prolonged effect in vivo. Administration

of MP4 was also found to markedly ameliorate the course of

established clinical disease. Finally, MP4 therapy was

equally efficacious in mice defective in Fas expression.

These results support the conclusion that MP4 protein is

highly effective in suppressing disease caused by multiple

neuroantigen epitopes in experimentally induced demyeli-

nating disease. (

 

J. Clin. Invest. 

 

1996. 98:1602–1612).
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Introduction

 

Experimental autoimmune encephalomyelitis (EAE)

 

1

 

 is a
CD4

 

1

 

 T cell–mediated inflammatory demyelinating disease of
the central nervous system that can be induced in genetically
susceptible nonhuman primates and rodents (1, 2). In most
murine models of EAE, the response of encephalitogenic T cells
is directed against either of two myelin antigens, myelin basic
protein (MBP) or proteolipid protein (PLP). EAE can be in-
duced by injection of mouse spinal cord homogenate, MBP,
PLP, or peptide fragments of these major myelin protein com-
ponents emulsified in adjuvant (1, 3–13). Alternatively, EAE
can be elicited by the adoptive transfer of activated MBP or
PLP-specific CD4

 

1

 

 T cells into normal syngeneic recipient
mice (9, 14–17). In the SJL/J mouse strain, the disease is char-
acterized by progressive ascending paralysis, followed by peri-
ods of remission and subsequent relapses (9, 14, 15). The re-
sulting clinical signs and pathological course involving central
nervous system inflammation and demyelination have many
similarities to the human demyelinating disease multiple scle-
rosis (MS; 1).

Previous work has shown that it is possible to prevent EAE
by the administration of myelin-associated antigens in a man-
ner that is dependent on the form and the route of antigen
administration (6, 18–24). Recent studies have further demon-
strated several mechanisms by which systemic antigen admin-
istration can lead to specific downregulation of T cell–medi-
ated immune responses in vivo, which include peripheral T
cell deletion, the induction of anergy, or the preferential am-
plification of T cell subsets that produce antiinflammatory cy-
tokines (immune deviation; 12, 16–26).

We have been examining antigen-specific approaches to
the therapy of T cell–mediated human autoimmune diseases,
including MS. There is considerable evidence that T cell–medi-
ated autoimmunity has a major role in the pathogenesis of de-
myelination in MS. Investigations on the autoantigens that
elicit T cell responses in MS have centered on the protein com-
ponents of the myelin sheath. For example, several laborato-
ries have explored the specificity of the T cell response in the
cerebrospinal fluid and the peripheral blood from individuals
with MS, focusing on the immune response to the major pro-
teins of myelin, MBP and PLP, which constitute 

 

z

 

 30 and 

 

z

 

 50%
of the protein in myelin, respectively. Immunodominant epi-
topes of MBP in MS patients have been localized to residues
84-102 and 143-168 (27–32). Two hydrophilic regions of PLP,
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residues 30-49 and 180-199, were recently demonstrated to be
immunodominant regions recognized by human peripheral T
cell populations after primary in vitro stimulation with native
PLP (33). However, results from several laboratories have fur-
ther revealed a marked heterogeneity of human T cell prolifer-
ative responses to MBP and PLP with respect to epitope rec-
ognition, MHC restriction, and T cell receptor usage (13, 28,
30, 34–47). Furthermore, there is evidence for progressive di-
versification of the T cell repertoire during the course of au-
toimmune disease. This phenomenon, referred to as determi-
nant or epitope spreading, may result from the exposure of the
immune system to additional antigenic determinants at the ini-
tial site of inflammation (48–51). For example, several groups
have proposed that either the myelin degradation initiated by
a primary T cell response to an epitope on MBP during the ini-
tial paralytic episode or perhaps the subsequent remyelination
process may expose additional encephalitogenic epitopes to
the peripheral immune system, and these in turn may trigger
relapses (48–56).

In this light, immunosuppressive strategies that target mul-
tiple autoantigenic epitopes in patients with established MS
might be expected to achieve optimal clinical benefit. There-
fore, we have been exploring the potential efficacy of protein
rather than peptide-based therapies to induce immune toler-
ance. To this end, we have engineered a recombinant chimeric
fusion protein termed MP4 that encodes multiple autoanti-
genic epitopes from the 21.5-kD isoform of MBP, as well as
from PLP, and therefore has the potential to induce tolerance
to multiple peptide epitopes simultaneously.

In the present study, we examine the efficacy of intrave-
nous therapy with MP4 in a murine model of EAE. We dem-
onstrate that MP4 can be effectively processed in vivo to
epitopes derived from both the MBP and PLP proteins. Intra-
venous therapy with MP4 resulted in markedly diminished
T cell responses to MBP and PLP, and completely prevented
EAE induced by the cotransfer of MBP- and PLP-specific en-
cephalitogenic T cell populations. Mice treated with MP4 were
resistant to the reinduction of disease after immunization with
an encephalitogenic form of PLP, indicating that a durable
form of tolerance had been established. Importantly, MP4
treatment also markedly ameliorated the course of established
EAE. Finally, MP4 administration was highly effective in pre-
venting EAE in Fas-deficient mice, consistent with the concept
that intravenous antigen administration may induce peripheral
tolerance by more than one molecular mechanism. Overall,
these findings suggest that intravenous therapy with MP4 may
significantly benefit the treatment of human T cell–mediated
autoimmune demyelinating disease.

 

Methods

 

Construction of an expression plasmid for fusion protein MP4. 

 

The ge-

netic fusion encoding the full-length 21.5-kD isoform of MBP (57)

and 

 

D

 

PLP4 (Elliott, E.A., R. Cofiell, T.M. Wilson, C.S. Raine, J.A.

Wilkins, S.P. Squinto, L.A. Matis, and J.P. Mueller, manuscript in

preparation) was constructed as follows. A DNA segment containing

an appropriately spaced prokarytoic ribosome-binding site and the

 

D

 

PLP4 gene (Fig. 1 

 

A

 

) was inserted into the bacterial expression plas-

mid pET22b-MBP21.5 (57). This created a dicistronic operon for the

independent expression of MBP21.5 and 

 

D

 

PLP4. To construct an ex-

pression plasmid (pMP4) for a chimeric protein consisting of the full-

length 21-kD isoform of MBP and 

 

D

 

PLP4, the dicistronic construct

was digested with AatII-XhoI and ligated to a synthetic AatII-XhoI

linker/adapter, creating an in-frame fusion of MBP21.5 and 

 

D

 

PLP4.

Proper genetic construction of MP4 was confirmed by DNA se-

quence analysis. The expression plasmid pMP4 encodes a protein

comprising full-length MBP21.5, seven amino acids introduced by the

construction procedure (amino acids LGGLEDP), followed by

 

D

 

PLP4, as shown in Fig. 1 

 

B.

 

 The MP4 fusion protein is predicted to

have a molecular weight of 40.8 kD.

 

Escherichia coli expression system. 

 

The expression plasmid pMP4

was introduced by electroporation into 

 

E. coli

 

 strain W3110(DE3).

Expression of genes in pET22b relies on transcription from the phage T7

promoter mediated by T7 RNA polymerase (58). The phage poly-

merase was supplied by 

 

E. coli

 

 host strains harboring a 

 

l

 

-lysogen car-

rying the T7 gene encoding the phage RNA polymerase under con-

trol of the 

 

lac

 

UV5 promoter. Inductions were performed as described

previously (57). Briefly, small-scale cultures or fermentations in a

20.0 l Applikon (Foster City, CA) glass vessel were grown in Terrific

Broth medium at 37

 

8

 

C to an OD

 

600

 

 of 0.9 or 10, respectively, and re-

combinant protein expression was induced by the addition of 0.4 mM

isopropyl-

 

b

 

-

 

D

 

-thiogalactopyranoside, and growth continued for an

additional 3 h. Cells were harvested, and cell pellets were frozen at

 

2

 

80

 

8

 

C overnight. Pellets were resuspended in 20 mM Na citrate/1.0

mM EDTA, pH 5.0, (10 ml/g wet wt), and were disrupted by passage

through a Microfluidizer (Microfluidics, Newton, MA). Unlysed cells

were removed by centrifugation at 3,000 rpm, and the insoluble mate-

rial was collected by centrifugation at 16,000 rpm.

 

Production of MP4. 

 

Insoluble pellets were resuspended with an

Ultraturrax (Tekmar Co., Cincinnati, OH) homogenizer and washed

for 1 h at 4

 

8

 

C in wash buffer (10 ml/g wet wt; 1.5 M guanidine hydro-

chloride/0.5 M NaCl/20 mM sodium phosphate, pH 5.0) with intermit-

tent mixing. The lysate was centrifuged as described above, and the su-

pernatant was discarded. The pellet was extracted in extraction buffer

(10 ml/g wet wt; 1.5 M guanidine hydrochloride/0.5 M NaCl/20 mM

sodium phosphate, pH 5.0) with intermittent mixing, centrifuged, and

passed through a 0.45-mm Polycap AS filter (Whatman Chemical

Co., Clifton, NJ). The extracted MP4 was applied to an affinity col-

umn (200–400 medium/ml packed bed volume) of chelating Sepharose

6B Fast Flow (Pharmacia Fine Chemicals, Piscataway, NJ), charged

with 0.1 M NiCl

 

2

 

, and equilibrated with buffer A (6 M guanidine hydro-

chloride/0.5 M NaCl/20 mM sodium phosphate/1 mM 2-mercaptoetha-

nol, pH 7.2). The bacterial lysate was adjusted to pH 7.2 with 1.0 N

NaOH, and 1 mM 2-meracaptoethanol was added. The sample was

applied to the column and washed with 10 bed vol of buffer A. The

column was washed successively with 12 bed vol of buffer A using a pH

step gradient (pH 7.2–5.3). MP4 protein was eluted with buffer E (6 M

urea/0.5 M NaCl/0.02 M sodium phosphate, pH 3.5) while monitoring

OD at 280 nm. MP4 protein fractions were pooled, concentrated by

ultrafiltration, and exchanged into Milli Q water using an Amicon

Inc. (Beverly, MA) stirred cell and PM10 membrane. For in vivo

studies, MP4 was further purified by reverse-phase HPLC, as de-

scribed previously (57). Briefly, MP4 was denatured and reduced in

6 M gaunidine-HCl/50 mM DTT, pH 8.0, and applied to to a 1 cm 

 

3

 

25 cm length C4 Vydac (Hesperia, CA) reverse-phase HPLC column

equilibrated in 65% solvent A (50% formic acid/50% H

 

2

 

O) and 35%

solvent B (50% acetonitrile/50% formic acid) with a flow rate of 4.0

ml/min. The bound MP4 was eluted with a linear gradient of solvent

B (35–90%). Pooled MP4 fractions were concentrated in a Rotavap

(Brinkman Instruments, Inc., Westbury, NY) after several washes

with deionized water to remove residual formic acid. Finally, the sam-

ple was concentrated using an Amicon stirred cell at 4

 

8

 

C with 6 vol of

deionized water. Proteins were visualized on 4–20% gradient SDS-

polyacrylamide gels stained with Coomassie blue. Western blot anal-

ysis was performed using polyclonal anti–human PLP or monoclonal

anti–human MBP primary antibodies (Serotec Ltd., Oxford, UK) and

detected with horseradish peroxidase–labeled secondary antibodies

using an enhanced chemiluminescence detection system (Amersham,

Arlington Heights, IL). The concentration of MP4 protein was esti-

mated by measuring the OD at 280 nm, based on the assumption that

an OD of 1.0 corresponds to 0.89 mg/ml. The endotoxin content in
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the preparations used in these studies was 

 

,

 

 1.0 EU/mg. Amino-ter-

minal protein sequence corresponded to the first 25 amino acids of

MP4 with an alanine at position 1. Recombinant MBP21.5 and

 

D

 

PLP4 were purified by Ni

 

2

 

1

 

 affinity chromatography, as previously

described (57).

 

Mice. 

 

Female SJL/J and MRL 

 

lpr

 

/

 

lpr

 

 mice, 6–12 wk old, were

purchased from The Jackson Laboratory (Bar Harbor, ME). All mice

were housed in the Alexion animal care facility and were maintained

on standard laboratory food and water ad libitum. Paralyzed animals

were afforded easier access to food and water. All procedures were

performed under an approved protocol in accordance with the animal

use guidelines set by the Animal Care and Use Committee of Alexion

Pharmaceuticals, Inc. Wild-type and Fas-deficient mice (

 

lpr

 

/

 

lpr

 

) were

obtained by crossing SJL/J with MRL 

 

lpr

 

/

 

lpr

 

 mice, back-crossing to

SJL/J for two generations, and then intercrossing. The 

 

lpr

 

 genotype

of offspring was determined by PCR as previously described (59).

 

Immunization with recombinant PLP proteins and peptides.

 

PLP- and MBP-specific peptides were synthesized and purified at the

Louisiana State University Medical Center Biotechnology Core Lab-

oratories (New Orleans, LA). The amino acid composition was veri-

fied by mass spectrometry, and purity (

 

.

 

 98%) was assessed by

HPLC. Mice were immunized subcutaneously in the left flank at

three sites with a total of 0.15 ml emulsion containing either 400 

 

m

 

g

ovalbumin, 300 

 

m

 

g MP4, 400 

 

m

 

g bovine MBP (Sigma Chemical Co.,

St. Louis, MO), or 150 

 

m

 

g PLP peptide 139-151 and an equal volume

of CFA containing 150 

 

m

 

g of 

 

Mycobacterium tuberculosis

 

 H37Ra

(Difco Laboratories, Detriot, MI). Immediately after and 48 h later,

pertussis toxin (List Biologicals, Campbell, CA) was injected intrave-

nously (300 ng/injection). The standard inoculation to reinduce dis-

ease in SJL/J mice was PLP peptide 139-151 in CFA at the same con-

centrations given subcutaneously over the right flank with pertussis

on days 0 and 2. Mice were monitored routinely, and a mean clinical

score was assigned to each group using the following scale: grade 0,

no abnormality; grade 1, limp tail; grade 2, limp tail and slow to right

upon being turned over; grade 3, hindlimb weakness; grade 4, paraly-

sis of both hindlimbs; and grade 5, moribund. Mean day of onset was

calculated as the mean day that the animals showed initial signs.

 

Adoptive transfer of EAE. 

 

Donor SJL/J mice were immunized

subcutaneously with 150 

 

m

 

g PLP peptide 139-151 or 400 

 

m

 

g bovine

MBP, as described above. 10 d later, draining lymph node cells

(LNC) were harvested and stimulated (8 

 

3

 

 10

 

6

 

/ml) with 10 

 

m

 

g/ml of

PLP peptide 139-151 or 25 

 

m

 

g/ml MBP peptide 84-104 for 4 d. T cell

blasts were harvested by Ficoll-Hypaque gradient centrifugation,

washed twice with PBS, and injected via the orbital vein of naive

anesthetized recipients. Mice received 10

 

7

 

 activated PLP-specific or

2.5 

 

3

 

 10

 

7

 

 activated MBP-specific T cells in 0.1 ml PBS. For the

cotransfer experiments, each animal was injected intravenously with

0.1 ml of PBS containing 2.5 

 

3

 

 10

 

7

 

 MBP-specific and 10

 

7

 

 PLP-specific

T cells.

 

Induction of antigen-specific tolerance. 

 

In experiments assessing

the prevention of EAE, antigen-specific tolerance was induced by or-

bital vein injection of 150 

 

m

 

g 

 

D

 

PLP4, 300 

 

m

 

g MBP21.5, 300 

 

m

 

g MP4,

or 300 

 

m

 

g pigeon cytochrome c (PCC) dissolved in DWFI (5% dex-

trose water for injection) twice daily on days 5, 7, and 9 after active

induction with MP4, 

 

D

 

PLP4, or PLP peptide 139-151, or on days 3, 5,

and 7 after cell transfer for adoptively transferred EAE. In the adop-

tive transfer experiments assesssing the treatment of established

EAE, MP4, or PCC were given at the same dosage twice a day on

days 24, 26, and 28 after the first episode of clinical disease.

 

I-A

 

s

 

–restricted T cell lines. 

 

PLP-specific T cell lines L100 and

L101 were generated by a previously described method (60) from

LNCs of wild-type and Fas-deficient mice, respectively, that had been

immunized with PLP peptide 139-151. Briefly, the cells were restimu-

lated in complete medium without exogenous IL-2 (RPMI 1640 sup-

plemented with 2 mM glutamine/50 mm 2-mercaptoethanol/100 

 

m

 

g/ml

streptomycin/100 U/ml penicillin/10% FCS) in the presence of PLP

peptide 139-151 (10 

 

m

 

g/ml) and mitomycin C–treated SJL/J splenic

antigen-presenting cells (APCs). After 48 h, T cell blasts were puri-

fied over a Ficoll-Hypaque gradient and expanded into medium con-

taining 50 U/ml recombinant IL-2 (Biogen, Cambridge, MA). The

I-A

 

s

 

–restricted, MBP 87-99–specific T cell line L1 was kindly pro-

vided by Stefan Brocke (National Institutes of Health, Bethesda,

MD). This T cell line was grown in complete medium at a concentra-

tion of 10

 

6

 

 cells/ml and restimulated every 14 d using 5–10 

 

m

 

g/ml

MBP peptide 84-104 presented on mitomycin C–treated syngeneic

splenocytes as APCs. The cultures were supplemented intermittently

with 10 U/ml IL-2.

 

Antigen-specific T cell proliferation. 

 

The in vitro proliferative re-

sponses of purified whole T cell populations were determined in 96-

well flat-bottom microtiter plates. LNCs were harvested and T cells

were purified by negative selection over T cell columns (R & D Sys-

tems, Minneapolis, MI). Viable T cells were cultured at 4 

 

3

 

 10

 

5

 

 cells/

well with an equal number of mitomycin C–treated syngeneic spleno-

cytes as APCs. Cells were incubated in 0.2 ml RPMI containing 10%

FCS and the indicated concentrations of peptides or proteins for 72 h

at 37

 

8

 

C in 5% CO

 

2

 

. Cultures were pulsed with 1.0 

 

m

 

Ci [

 

3

 

H]thymidine

for the final 16 h of culture. The plates were harvested onto glass fi-

ber filters with an automated sample harvester. Cultures were run in

triplicate, and the results were expressed as 

 

D

 

cpm [(mean cpm of

stimulated cultures)

 

2

 

(mean cpm of control cultures)]. For prolifera-

tion assays with long-term in vitro–cultured T cell lines specific for

PLP peptide 139-151 or MBP peptide 87-99, T cells were incubated at

5 

 

3

 

 10

 

4

 

 cells per well in flat-bottom microtiter plates with various

numbers of mitomycin C–treated SJL/J spleen cells as APCs. Cul-

tures were pulsed for 16 h with 1 

 

m

 

Ci [

 

3

 

H]thymidine after a 72-h incu-

bation.

 

Flow cytometric analyses. 

 

The extent of apoptosis after anti-CD3

(2C11; kindly provided by Jeff Bluestone, University of Chicago, Chi-

cago, IL) or anti–TCR-

 

ab

 

 (H57-597; Pharmingen, San Diego, CA)

stimulation of activated T cell lines was assessed by propidium iodide

(PI) staining, as previously described (61). Cells were analyzed with a

FACScan

 

®

 

 flow cytometer (Becton Dickinson & Co., Mountain

View, CA).

 

Results

 

Expression and purification of recombinant MP4. 

 

To determine
whether a single polypeptide could simultaneously induce tol-
erance to T cells specific for distinct epitopes, we prepared a
model recombinant chimeric protein, designated MP4, by link-
ing in tandem the synthetic gene encoding the complete hu-
man 21.5-kD isoform of MBP (57) and a gene deletion of PLP
designated 

 

D

 

PLP4 (Elliott, E.A., R. Cofiell, T.M. Wilson, C.S.
Raine, J.A. Wilkins, S.P. Squinto, L.A. Matis, and J. Mueller,
manuscript in preparation; see Fig. 1, 

 

A

 

 and 

 

B

 

 in this paper).
The 

 

D

 

PLP4 construct encompasses hydrophilic domains of
PLP encoding multiple T cell epitopes, as determined by anal-
yses of PLP-specific T cell populations from MS patients (13,
31, 33, 37, 40–47). Plasmid pMP4 was transformed into 

 

E. coli

 

strain W3110(DE3), and MP4 was identified by Coosmassie
blue staining and Western blotting with anti–human MPB- and
PLP-specific antibodies. Bacteria containing MP4 in pET22b
produced a significant fraction of their total protein (

 

z

 

 10%)
as MP4 in the insoluble fraction of the lysed 

 

E. coli

 

 pellet (data
not shown). Insoluble pellets from cells that contained the
MP4 gene were solubilized in guanidine, and they were puri-
fied using a metal affinity column. The column was eluted with
a decreasing pH step gradient. MP4 was further purified by re-
verse-phase HPLC, as described in Methods. After dialysis
into water, the MP4 protein was examined by SDS-PAGE. As
shown in Fig. 1 

 

C

 

, the MP4 protein migrated predominantly as
a single species at a molecular mass of 

 

z

 

 40 kD. These proce-
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dures produced MP4 protein that was at least 90% pure, as
judged by SDS-PAGE and analytical HPLC analysis.

 

Induction of EAE by immunization with recombinant

MP4. 

 

The immunodominant, encephalitogenic epitope for
SJL/J mice lies within residues 139-151 of the PLP protein and
accounts for the majority of CD4

 

1

 

 T cell reactivity in SJL/J
mice immunized with spinal cord homogenate (6, 7). There-
fore, to determine the encephalitogenicity of MP4, SJL/J mice
were immunized with PLP peptide 139-151 or MP4 emulsified
in CFA, and were evaluated for clinical signs of EAE. Immu-
nization of SJL/J mice with MP4 produced disease with a clini-
cal course and severity quite similar to the acute disease ob-
served after immunization with PLP peptide 139-151 (Fig. 2, 

 

A

 

and 

 

B

 

, 

 

open circles

 

). All mice uniformly exhibited signs of dis-
ease within 16 d after immunization with either MP4 or PLP
peptide 139-151. The disease was characterized by initial weight
loss, followed sequentially by tail paralysis, hindlimb weak-
ness, decreased righting ability, and hindlimb paralysis. Con-
trol mice immunized with ovalbumin showed no signs of clini-
cal disease and had no weight loss during the course of the
experiment.

 

Intravenous administration of MP4 inhibits EAE mediated

by MBP- and PLP-specific T cells. 

 

Systemic antigen adminis-
tration has been shown to induce immunological tolerance.
Several mechanisms have been described to account for this
effect, including clonal deletion (18–26). For example, intrave-
nous administration of MBP after transfer of CD4

 

1

 

 MBP-spe-
cific transgenic T cells into naive B10.PL (H-2

 

u

 

) mice was re-
cently shown to prevent the onset of clinical EAE in mice by
mediating T cell deletion (21). We therefore asked whether
the systemic administration of MP4 could prevent the develop-
ment of actively induced clinical EAE in SJL/J (H-2

 

s

 

) mice. As
shown in Fig. 2, twice per day intravenous administration of

MP4 on days 5, 7, and 9 after immunization with PLP139-151
or MP4 resulted in complete protection of mice from both the
initial and relapsing episodes of clinical disease (Fig. 2, 

 

A

 

 and 

 

B

 

,

 

closed circles

 

). The effect of recombinant protein treatment on
disease inhibition appeared to be long lasting. Thus, after ces-
sation of the therapy, the treated animals manifested no evi-
dence of disease for 

 

.

 

 100 d after the original immunization
(data not shown). These data demonstrate that administration
of MP4 can effectively prevent the onset of clinical EAE after
immunization with an encephalitogenic peptide of PLP.

To investigate whether administration of MP4 could block
disease induced by another protocol, we tested the ability of
recombinant MBP21.5, 

 

D

 

PLP4, as well as MP4, to abrogate
adoptively transferred EAE in recipient mice. Although only
weakly induced by direct immunization with MBP, severe
EAE can be precipitated in SJL/J mice by the adoptive trans-
fer of activated MBP-specific T cells. EAE was thus induced in
SJL/J mice by the adoptive transfer of activated T cells after
stimulation with either MBP peptide 84-104 or PLP peptide
139-151 (Fig. 3). Transfer of 2.5 

 

3

 

 10

 

7

 

 MBP84-104–activated T
cells elicited a characteristic relapsing–remitting course of
EAE (14, 15). Mice that received MBP-specific T cells were
fully protected by intravenous treatment with recombinant
MBP21.5 or MP4 (Fig. 3 

 

A

 

). Conversely, intravenous adminis-
tration of 

 

D

 

PLP4 or MP4 on days 3, 5, and 7 after adoptive
transfer of 107 PLP139-151–activated T cells completely pre-
vented the development of clinical EAE (Fig. 3 B). In the con-
trol PCC-treated group, all the recipients developed severe
EAE. More importantly, all the mice in the PCC-treated
group and none of the mice in the MBP21.5, DPLP4, or MP4-
treated groups developed relapses. These results demonstrate
that treatment with recombinant antigens after transfer of en-
cephalitogenic T cells, but before the development of clinical

Figure 1. Construction and expres-

sion of MP4. (A) Schematic dia-

gram of the gene deletion DPLP4 

(Elliott, E.A., R. Cofiell, T.M. Wil-

son, C.S. Raine, J.A. Wilkins, S.P. 

Squinto, L.A. Matis, and J.P. Muel-

ler, manuscript in preparation). The 

DPLP4 chimeric gene encodes the 

three hydrophilic domains of PLP, 

as defined by Weimbs and Stoffel 

(68). The regions of the native PLP 

protein present in DPLP4 (hatched 

and cross-hatched regions) are dis-

played by the amino acid sequence 

number of the native protein at the 

junctions between the fused hydro-

philic domains. The amino acids at 

the NH2- (MLEDP) and COOH 

termini (H5) were introduced dur-

ing construction. (B) Map of the 

MP4 construct. A genetic fusion 

construct encoding the full-length 

21.5-kD isoform of MBP (dark 

shaded region) and DPLP4 (cross-hatched region) was constructed as described in the Methods. The sequences displayed show the junction be-

tween MBP21.5 and DPLP4 (capital letters). The lowercase amino acids were introduced during construction. (C) SDS-PAGE analysis of par-

tially purified preparations of MBP21.5, DPLP4, and MP4. Concentrations of MBP21.5, DPLP4, and MP4 were determined assuming an OD of 

1.0 at 280 nm corresponding to 1.78, 0.69, and 0.89 mg/ml, respectively. Molecular weight standards (lane 1) and samples (2.0 mg) of MBP21.5 

(lane 2), DPLP4 (lane 3), and MP4 (lane 4) used throughout this study were subjected to SDS-PAGE (4–20% gradient polyacrylamide gel) un-

der reducing conditions. Proteins were visualized by staining with Coomassie brilliant blue.
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disease, prevents the induction of both acute and relapsing
EAE. Therefore, the MP4 protein prevents disease caused by
direct immunization or the adoptive transfer of encephalito-
genic T cells.

Effect of recombinant myelin antigens on treatment of a

cotransfer model of EAE. To evaluate whether MP4 would
ameliorate disease mediated concurrently by T cell popula-
tions with distinct antigen specificities, we performed cotrans-
fer experiments with both activated MBP- and PLP-specific
activated T cells. As shown in Fig. 4, mice that received a mix-
ture of 2.5 3 107 MBP84-104–specific T cells and 107 PLP139-
151–specific T cells developed disease z 10 d after adoptive
transfer. All mice that received either recombinant MBP21.5
treatment alone or DPLP4 treatment alone on days 3, 5, and 7
after T cell transfer developed chronic EAE, although with a
slightly delayed onset relative to the control PCC-treated
mice. In contrast, treatment with MP4 resulted in complete in-

hibition of acute and relapsing EAE for the entire 100-d pe-
riod of observation (Fig. 4). Adoptive transfer experiments
with MBP- and PLP-specific T cell populations administered
individually demonstrated that MBP21.5 and MP4, but not
DPLP4, completely inhibited the development of EAE by
transfer of MBP-specific T cells into naive recipients, whereas
DPLP4 and MP4, but not MBP21.5, protected mice against EAE
mediated by activated PLP-specific T cells (data not shown).
These results confirmed the independent encephalitogenic po-
tential of the MBP- and PLP-specific T cell populations used in
this study. Overall, these results clearly demonstrate that intra-
venous administration of a therapeutic polypeptide can be ef-
fective in suppressing disease mediated by T cells specific for
more than one autoantigenic epitope.

Diminished antigen-specific proliferation after intravenous

therapy with MP4. Inhibition of PLP139-151– and MBP84-
104–specific T cell responses could, in part, explain the dimin-

Figure 2. Prevention of active EAE by the administration of MP4. 

Mice were immunized with 150 mg of PLP peptide 139-151/CFA (A) 

or 300 mg of MP4/CFA (B) on day 0. Mice also received 300 ng of 

pertussis toxin intravenously on days 0 and 2. Mice received two in-

travenous injections of MP4 (300 mg) or PCC (300 mg) on days 5, 7, 

and 9 after immunization. Mice were monitored, and a mean clinical 

score was assigned for each group of six mice. Each experiment is 

representative of at least three separate experiments.

Figure 3. Prevention of adoptive transfer EAE by MP4. Activated T 

cells from MBP/CFA– (A) or PLP139-151 peptide/CFA–immunized 

mice (B) were transferred into naive recipients on day 0. Recipient 

mice received two intravenous injections of PCC (300 mg), MBP21.5 

(300 mg), DPLP4 (150 mg), or MP4 (300 mg) on days 3, 5, and 7 after T 

cell transfer. The incidence of clinical disease during the observation 

period is indicated next to the corresponding clinical course. Each ex-

periment is representative of at least three separate experiments.
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ished clinical paralysis in MP4-treated mice. We therefore de-
termined the level of MBP84-104– and PLP139-151–specific T
cell proliferative response in mice that had received MP4 ther-
apy. Approximately 11 d after MP4 treatment of MP4-immu-
nized mice, T cells were isolated from draining lymph nodes,
and proliferative responses against MBP and PLP peptides
were determined. As shown in Fig. 5, T cell proliferative re-
sponses against both MBP and PLP peptides were significantly
inhibited in mice treated with MP4, consistent with the induc-
tion of antigen-specific tolerance. The functional capacity of
the T cell populations from MP4-treated animals to respond to
non-MP4–induced mitogenic signals was confirmed by demon-
strating strong proliferation in response to the lectin con-
canavalin A (Fig. 5).

Susceptibility of MP4-treated mice to reinduction of disease.

It has been reported that SJL/J mice remain susceptible to re-
induction of EAE after recovery from an initial disease epi-
sode if reimmunized with PLP peptide 139-151 (62). This re-
sponse is antigen-specific and occurs with an accelerated time
course, typical of a memory response. To test the durability of
tolerance induction, we attempted to reinduce EAE in mice
previously treated with MP4. After MP4 treatment of PLP-
immunized mice, any remaining PLP139-151–specific memory
T cells, as well as any PLP-specific recent thymic emigrants,
could respond to a second immunization and thus mediate dis-
ease. In these studies, SJL/J mice were initially challenged by
immunization with PLP peptide 139-151, and the animals were
treated with either PCC or MP4 with the standard protocol de-
scribed above. As observed in early experiments, all of the
PCC-treated animals and none of the MP4-treated animals de-
veloped signs of disease (Fig. 6). Approximately 6 wk later, af-
ter recovery of the PCC-treated group from the acute phase of

PLP-induced EAE, both groups of mice were rechallenged
with PLP139-151 peptide in the adjuvant to reinduce disease.
All the mice originally treated with PCC developed a second
severe episode of EAE with an accelerated onset (Fig. 6). In
contrast, all of the mice in the original MP4-treated group
were resistant to reinduction of disease, manifesting virtually
no clinical signs of EAE (Fig. 6). The encephalitogenicity of
the PLP peptide preparation was further confirmed by its ca-
pacity to elicit primary disease in age-matched naive SJL/J
mice (Fig. 6, Untreated). These results suggest that MP4 treat-
ment induces a state of durable peripheral T cell tolerance that
renders the animal incapable of mounting a subsequent en-
cephalitogenic T cell response to myelin autoantigens.

MP4 treatment of established EAE. The previous experi-
ments demonstrated that MP4 therapy could prevent the onset
of clinical EAE after active immunization, adoptive transfer of
activated T cells, or reimmunization. We next asked whether
administration of MP4 to mice after the onset of the acute
phase of EAE would alter the clinical course of the disease. To
this end, relapsing EAE was induced by the intraperitoneal
transfer of 5 3 106 PLP139-151–specific activated T cells. The
onset of disease was observed z 10 d after adoptive transfer,
with the inital remission occurring z 2 wk thereafter. After the
first episode of disease, either MP4 or PCC was administered
intravenously to recipient animals twice on days 24, 26, and 28
after cell transfer, and the animals were then followed for the
development of clinical relapses. At the time of treatment,
both groups of mice were in remission from the initial episode
of acute clinical disease. As shown in Fig. 7, MP4 therapy at
this time almost completely eliminated subsequent relapses,
with only one of six animals showing minimal signs of EAE be-
tween 80 and 90 d after adoptive transfer. In contrast, all six of
the control PCC-treated animals developed multiple relapses

Figure 4. Treatment of EAE induced by cotransfer of MBP- and PLP-

specific T cells to naive recipient SJL/J mice. A mixture of 2.5 3 107 

MBP84-104–specific and 107 PLP139-151–specific T cells were cotrans-

ferred to naive recipients, and mice were treated with MBP21.5 (300 mg), 

DPLP4 (150 mg), MP4 (300 mg), or PCC (300 mg) twice daily on days 3, 5, 

and 7 after T cell transfer. The incidence of clinical disease during the ob-

servation period is indicated next to the corresponding clinical course. 

Each experiment is representative of at least three separate experiments.

Figure 5. In vivo tolerance induction inhibits MBP and PLP pep-

tide-specific T cell proliferation. SJL/J mice were treated with MP4 

(300 mg) or PCC (300 mg) twice daily on days 5, 7, and 9 after immu-

nization with MP4/CFA (300 mg). 20 d after immunization, draining 

LNCs were removed and T cells were purified. T cells were stimu-

lated with concanavalin A (10 mg/ml) or an equal number of mito-

mycin C–treated splenocytes and the indicated peptides (10 mg/ml). 

Results are expressed as Dcpm. Error bars represent the 

mean6SEM of triplicate cultures. The results presented are repre-

sentative of three separate experiments.
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(Fig. 7). Thus, MP4 therapy can ameliorate established disease
and prevent further disease progression.

Detection of functional peptide–MHC complexes after MP4

administration. We hypothesized that the potency of MP4
could be related to the stability of the protein in vivo. As this
might be reflected in the ability to detect complexes of peptides
derived from MP4 in association with MHC molecules, we
tested whether splenocytes from mice injected intravenously
with MP4 could specifically activate MBP- and PLP-specific
T cells. In these studies, spleens were removed from mice at
various times after a single intravenous injection of 7.6 nmol
MP4, and the splenocytes used as APCs in proliferation assays
with T cell lines specific for PLP139-151 and MBP87-99. The
results shown in Fig. 8 demonstrate that strong antigen-specific
proliferative responses of both MBP and PLP T cell lines were
elicited by in vivo–pulsed splenic APCs. Splenic antigen pre-
senting activity for PLP139-151 was rapid and peaked between
4 and 12 h after MP4 injection, as determined by the magni-
tude of the peptide-specific proliferative responses (Fig. 8 A).
Presentation of the MBP87-99 epitope was delayed, but also
peaked between 4 and 12 h after injection of MP4 (Fig. 8 B).
The in vivo–pulsed spleens demonstrated significant antigen-
presenting function, even as late as 24 h after the intravenous
injection with MP4 (Fig. 8, A and B). Spleen cells pulsed in
vivo with PLP139-151 peptide showed little or no activation of
the PLP-specific T cell line, even at 1 h after injection (data not
shown). Prolonged APC function for MBP87-99– and PLP139-
151–specific T cell responses was also observed after separate
injections of recombinant MBP21.5 and DPLP4 proteins, re-
spectively (data not shown). Interestingly, our preliminary re-

sults suggest that more prolonged APC function is observed
after intravenous administration of DPLP4 relative to MBP21.5,
which may reflect differences in the biophysical properties of
the two proteins. If true, the kinetics of MBP-specific APC ac-
tivity after injection of MP4 suggest that the bioavailability and
tolergenic function of MBP21.5 may be prolonged by virtue of its
covalent linkage to DPLP4 in the MP4 hybrid protein. Experi-
ments to confirm this are underway. Overall, these results sug-
gest that the in vivo stability or half-life of the intact proteins
results in a more prolonged bioavailability of antigen–MHC
complex presentation, as compared to individual peptides.

Prevention of EAE in mice with defective Fas expression.

Intravenous antigen administration has been shown to cause
peripheral T cell deletion (21, 23). One mechanism of this de-
letion may be attributed to Fas receptor–mediated activation-
induced cell death (59). To examine the role of this mechanism
in the intravenous therapy of EAE, the mutant fas gene lpr

was bred onto the SJL/J background by crossing SJL/J mice to
MRL lpr/lpr mice. The resulting F1 hybrids were then back-
crossed to SJL/J mice, and their offspring were intercrossed to
produce H-2s animals of either a wild-type (1/1) or lpr/lpr

genotype. Since PLP is the most potent encephalitogen in ac-
tive disease models in SJL/J mice (6), both wild-type and Fas-
deficient mice were immunized with PLP peptide 139-151 in
CFA. 5 d later, treatment was initiated with either control poly-
peptide or recombinant PLP (DPLP4). EAE of comparable se-
verity was observed in both the wild-type and Fas-deficient
mice (Table I). Surprisingly, however, intravenous therapy
with DPLP4 completely prevented all clinical manifestations of

Figure 6. Mice treated with MP4 are resistant to the reinduction of 

EAE. Disease was induced in SJL/J mice with PLP139-151 peptide 

and pertussis. Mice were treated with PCC or MP4, as described in 

the legend of Fig. 2, and were rechallenged 6 wk later with the same 

antigen (arrow). Mice were monitored routinely, and a mean clinical 

score was assigned for each group of mice (six mice per group). A 

third group of mice consisting of age-matched naive recipient mice 

were immunized to control for disease induction with the second 

PLP139-151 peptide/CFA emulsion. This experiment is representa-

tive of two separate experiments.

Figure 7. Reversal of clinical EAE by administration of MP4 after re-

covery from acute disease. Mice were monitored for the progression 

of clinical disease after the transfer of 5 3 106 PLP139-151–activated 

T cell blasts intraperitoneally on day 0. After recovery from the initial 

episode of disease (day 23 after cell transfer), mice were treated with 

MP4 (600 mg/day) or PCC on days 24, 26, and 28, and were observed 

for the development of clinical relapses. The data are representative 

of two similar experiments, and are expressed as the mean clinical 

score for all mice in each treatment group as a function of days after 

T cell transfer. Incidence of clinical relapse during the observation 

period is indicated next to the corresponding clinical course.
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EAE in both groups (Table I). In analogous experiments,
treatment with intact MP4 protein also prevented PLP139-
151–induced disease despite the absence of Fas (data not
shown).

To examine the susceptibility of potentially encephalitoge-
nic T cells from wild-type and Fas-deficient mice to activation-
driven cell death, independent PLP-specific T cell lines were
derived from wild-type and Fas-deficient mice that had been
immunized with PLP peptide. To measure the induction of
programmed cell death, PLP139-151 peptide plus IL-2–acti-
vated cells from each line were stimulated with anti-CD3 or
anti–T cell receptor mAb, and were examined for evidence of
apoptosis by PI staining and flow cytometry. Whereas a signifi-
cant percentage of Fas-positive, PLP-specific T cells were induced

to undergo apoptosis, no evidence of apoptosis was observed
after mAb-mediated stimulation of the activated Fas-deficient,
PLP-specific T cells, even using doses of anti-CD3 or anti–T
cell receptor mAb as high as 100 mg/ml (Fig. 9). Several con-
clusions can be drawn from these findings. First, as expected,
activated wild-type, PLP-specific T cells undergo programmed
cell death in response to receptor-mediated stimulation, impli-
cating this mechanism in the amelioration of EAE after sys-
temic administration of recombinant antigens to normal mice.
Second, the therapeutic efficacy of antigen treatment in Fas-
deficient mice indicates further that systemic antigen adminis-
tration can be tolerogenic despite deficient Fas expression,
either through nondeletional mechanisms or possibly via non–
Fas-dependent pathways of T cell elimination in vivo (63, 64).

Discussion

In this study, we have demonstrated the efficacy of a recombi-
nant MBP–PLP fusion protein, MP4, in the therapy of murine
EAE. Our results clearly show that a single protein therapeu-
tic can simultaneously induce tolerance to T cells specific for
distinct epitopes in vivo and thereby prevent disease. Animals
treated with MP4 developed no signs of clinical disease after
induction either by active immunization with encephalitogen
or by the adoptive transfer of activated encephalitogenic
MBP- and PLP-specific T cell populations. Intravenous admin-
istration of MP4 abrogated both MBP- and PLP-specific im-
mune responses in vivo and completely prevented the develop-
ment of acute and relapsing EAE mediated by combined T cell
populations specific for both encephalitogens.

Most importantly for potential application to patients with
demyelinating disease, initiation of therapy with MP4 after dis-
ease onset resulted in a marked amelioration of the subse-
quent course of disease, with complete prevention of further
relapses and normalization of the clinical disease score in the
absence of any evidence of exacerbation of symptoms. Intrave-
nous administration of MP4 was effective, even when delayed
as late as 24 d after adoptive transfer of PLP-specific T cells.
The ability of MP4 to abrogate established disease after induc-
tion by PLP peptide 139-151 is of particular interest in view of
the observation by Miller and colleagues that relapses of EAE
initially induced by immunization with PLP139-151 in SJL/J
mice are mediated by newly activated T cells that are specific

Figure 8. Peptide–MHC complexes formed in vivo are detectable in 

mice injected with MP4. Mice were injected intravenously with 300 mg 

MP4 (7.6 nmol) at various time points before removal of spleens 

(0–24 h). Splenocytes from the injected mice were examined for their 

capacity to stimulate PLP139-151–specific (A) and MBP87-99–spe-

cific T cells (B). T cells were plated at 5 3 104 cells/well. Mitomycin 

C–treated splenocytes were plated into micotiter plates to achieve the 

indicated APC/T cell ratios. T cell proliferation is expressed as the 

mean cpm (6SEM) in triplicate wells. Background proliferation was 

between 974 and 2,942 cpm for the two lines. Maximal mean prolifer-

ation at 24 h for the MBP- and PLP-specific T cells was 5,494 and 

20,831 cpm relative to backgrounds with T cells alone of 2,042 cpm 

and 2,942, respectively. The results presented are representative of 

two separate experiments.

Table I. Treatment with DPLP4 Protects Fas-deficient Mice 
from EAE*

Clinical disease

Fas genotype Treatment Incidence MDO‡ MMS§

1/1 PCC 7/7 16.860.3 4.060.8

1/1 DPLP4 0/10

2/2 PCC 5/5 17.960.8 3.760.3

2/2 DPLP4 0/8

*EAE was induced in mice by immunization with 150 mg PLP peptide

139-151 emulsified in CFA before treatment on days 15, 17, and 19

with PCC or MP4. ‡MDO, mean day of onset 6SEM. §MMS, mean

maximal disease severity 6SEM.
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for PLP peptide 178-191 and possibly MBP epitopes as well
(54, 56). Although remaining to be tested directly, our results
thus provide evidence for the efficacy of MP4 therapy in a set-
ting where determinant spreading might have occurred.

The precise mechanism of tolerance induced by the intra-
venous administration of MP4 remains to be established. The
abrogation of MBP and PLP-specific proliferative responses
may be consistent with either clonal deletion, anergy, immune
deviation to an antiinflammatory Th2 phenotype, a combina-
tion of mechanisms, or other as yet undefined mechanisms. It
is very likely, however, that the efficacy of intravenous MP4
treatment in normal mice is at least in part accounted for by
the deletion of MBP- and PLP-specific T cells in vivo. Several
studies in T cell receptor transgenic model systems have di-
rectly demonstrated antigen-specific T cell deletion in lym-
phoid organs after systemic (intravenous or intraperitoneal)
antigen administration (21, 23, 59). For example, Lenardo and
colleagues demonstrated that repeated intravenous injections
with MBP resulted in the deletion of MBP-specific transgenic
T cells and the prevention of EAE (21, 22). Recently, Singer
and Abbas were able to directly correlate the deletion of trans-
genic T cells in peripheral lymphoid organs after systemic anti-
gen administration with the expression of the Fas antigen, a
TNF family receptor that transduces signals mediating pro-
grammed cell death (59). However, we have also shown that
EAE can also be completely prevented by antigen administra-
tion to H-2s Fas-deficient mice. The absence of disease in the
Fas-deficient animals could be accounted for by a Fas-inde-
pendent pathway of antigen-driven clonal deletion, such as the
recently described TNF-mediated induction of apoptosis in
Fas-deficient T cell populations (63). Alternatively, it is possible
that either antigen-driven clonal anergy or immune deviation

could be induced in T cells that are defective in Fas expression,
resulting in in vivo tolerance without T cell elimination. Re-
cent data reported by Van Parijs et al. with respect to the sys-
temic administration of antigen in weak adjuvant have pro-
vided evidence in support of this notion (65).

The resistance of MP4-treated mice to the reinduction of
EAE even several months after the initial immunization is of
particular interest. It is possible that, in addition to inducing pe-
ripheral T cell tolerance, intravenous administration of MP4
could also mediate the clonal deletion of developing MBP- and
PLP-specific T cell precursors during their maturation in the thy-
mus. Studies in murine systems have clearly shown the deletion
of thymocytes of both immature and mature phenotypes in re-
sponse to systemic antigen injection (66, 67). If this is the case, in-
travenous antigen therapy has the capacity to induce long-lasting
T cell tolerance that affects both mature peripheral T cells as well
as immature, newly developing autoreactive thymocyte popula-
tions, an outcome with positive implications for the treatment of
individuals with chronic T cell–mediated autoimmune diseases.

We have previously shown that the components of MP4
can be processed to multiple epitopes on both MBP and PLP
by APCs in vitro for presentation to various MHC-restricted,
antigen-specific T cells (57; Elliott, E.A., R. Corfiell, T.M. Wil-
son, C.S. Raine, J.A. Wilkins, S.P. Squinto, L.A. Matis, and
J.P. Mueller, manuscript in preparation). In the current study,
we further demonstrate that after intravenous injection into
SJL/J mice, MP4 is effectively processed in vivo to the domi-
nant encephalitogenic epitopes on both MBP and PLP. Con-
sistent with the therapeutic efficacy of MP4 in the treatment of
combined MBP- and PLP-mediated disease, functionally sta-
ble peptide–MHC complexes were detected in vivo, as demon-
strated by the potent activation of PLP139-151 and MBP87-

Figure 9. Apoptosis of wild-type (L100) and Fas-deficient (L101) T cells stimulated with anti-CD3 and anti–T cell receptor-ab. PLP139-151–spe-

cific T cell lines from wild-type and Fas-deficient intercross mice were stimulated with PLP peptide 139-151 and mitomycin C–treated syngeneic 

splenocytes as APCs. 2 d later, viable cells were recovered and cultured with either 10 U/ml recombinant IL-2 or plate-bound anti-CD3 (2C11; 

10 mg/ml) or anti–T cell receptor-ab (H57-597; 10 mg/ml; Pharmingen, San Diego, CA) in the presence of 10 U/ml rIL-2. Apoptosis of cells was 

assessed after 24 h in culture by incorporation of PI. The staining patterns represent data from one of three experiments.
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99–specific T cell lines elicited by splenic APCs from MP4-
injected mice. It has previously been suggested that the thera-
peutic potency of tolerogenic peptides might correlate with the
duration with which functional peptide–MHC complexes can
be detected in vivo after peptide injection (24). Thus, a variant
peptide analogue of MBP, shown to be far more potent than
the native peptide in the treatment of EAE, was distinguished
from the native peptide by its ability to form stable peptide–
MHC complexes in vivo (24). Here, we have functionally dem-
onstrated, for two distinct epitopes, the presence of such com-
plexes for as long as 24 h after a single injection of MP4 protein,
which is considerably longer than previously reported after the
intravenous injection of short peptides (24). This finding may
have significant implications with regard to the bioavailability
and potency of protein, as compared to peptide therapeutics in
the induction of in vivo T cell tolerance.

Inhibition of pathogenic T cell responses without concomi-
tant generalized immunosuppression represents a paramount
goal of immunotherapeutic approaches to autoimmune dis-
ease. Immunoreactivity to multiple autoantigens, including the
recruitment of additional epitopes during the course of dis-
ease, presents a significant challenge for the development of
antigen-specific therapies for T cell–mediated autoimmunity.
From this perspective, the use of a soluble form of a therapeu-
tic protein that can induce tolerance to multiple epitopes on
MBP and PLP seems likely to be more effective than the use
of individual peptides in antigen-specific therapy of MS. More-
over, our pharmacokinetic studies demonstrating the forma-
tion of multiple, long-lived functional peptide–MHC complexes
in vivo after intravenous protein administration, which may
correlate with therapeutic efficacy, provide additional ratio-
nale for the use of protein-based therapeutics as tolerogens.

Although additional antigens apart from MBP and PLP, in-
cluding myelin oligodendrocyte glycoprotein, myelin-associ-
ated glycoprotein, and aB-crystallin, have been implicated as
autoantigens in MS, there is considerable evidence that MBP
and PLP, the predominant proteins of the myelin sheath, may
represent important targets of autoimmune attack in this disease
(27–47). The results presented here thus provide a persuasive
rationale for the systemic administration of tolerance-inducing
recombinant forms of these myelin proteins as an immuno-
therapy for MS.
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