
Introduction
Multiple sclerosis (MS), an inflammatory disease of
the CNS characterized by neurological impairment of
varying extent, results from demyelination, which is
believed to ensue from an autoimmune response
against myelin. A number of CNS myelin proteins have
been postulated to be potential primary target anti-
gens in MS on the basis of their ability to induce exper-
imental autoimmune encephalomyelitis (EAE) and
detection of autoreactivity to these antigens in MS
patients (reviewed in refs. 1, 2; 3–7). Among these,
myelin basic protein (MBP), proteolipid protein (PLP),
and myelin oligodendrocyte glycoprotein (MOG) have
been extensively studied (reviewed in refs. 1, 2). In addi-
tion to primary pathogenic autoreactivities implicat-
ed in disease initiation, neo-autoreactivities can
emerge as a result of intra- or intermolecular spread of

autoimmunity during the course of chronic EAE
(8–13) and, as recently suggested, may also be associ-
ated with disease progression in MS (13, 14). Such a
potential multiplicity of antimyelin autoreactivities
imposes major difficulties in devising antigen-specif-
ic therapeutic agents for MS, not only in view of the
possibility that the primary target antigen and/or
emerging neo-reactivities may differ in different
patients, but also because potentially pathogenic
autoreactivities to several myelin antigens may occur
in any one patient at any one time.

Several studies in EAE strongly suggest that neu-
tralizing T cells specific for one epitope may not be a
sufficiently effective therapeutic approach for disease
associated with multiple pathogenic autoreactivities.
Thus, in chronic EAE induced in SJL/J mice with
whole PLP, tolerization with the major encephalito-
genic peptide, PLP139-151, abrogated the primary
acute phase, but not subsequent relapses related to
autoimmune spread (11). The clinical severity of EAE
induced in (PL/J × SJL/J) F1 mice with a combination
of MBP and MOG could be significantly reduced by
tolerogenic administration of a combination of the
immunodominant encephalitogenic epitopes within
MBP Ac1-11 and MOG41-60 (15). In contrast,
MBPAc1-11, which suppresses MBP-induced EAE in
these F1 mice, had no effect on MOG-induced EAE
and a marginal therapeutic effect on EAE induced by
the MBP/MOG combination (15), an observation
most likely related to its specific suppressive effect on

The Journal of Clinical Investigation | July 2002 | Volume 110 | Number 1 81

Multiantigen/multiepitope–directed immune-specific
suppression of “complex autoimmune encephalomyelitis”
by a novel protein product of a synthetic gene

Ming-Chao Zhong, Nicole Kerlero de Rosbo, and Avraham Ben-Nun

Department of Immunology, The Weizmann Institute of Science, Rehovot, Israel

Systemic administration of antigen/peptide for peripheral T cell tolerance has long been investigat-
ed as a potential approach to therapy of autoimmune diseases. The multiple antimyelin T cell reac-
tivities likely to be associated with multiple sclerosis (MS) impose major difficulties in devising such
an immune-specific therapeutic approach to the disease, because targeting T cells specific for a sin-
gle autoantigen/epitope is unlikely to be sufficiently effective. Here, we present a pilot study on the
possibility of concomitantly inhibiting multiple potentially pathogenic antimyelin T cell reactivities
by tolerogenic administration of an artificial “multiantigen/multiepitope” protein. A synthetic gene
was constructed to encode selected disease-relevant epitopes of myelin basic protein (MBP), prote-
olipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG). The protein product, hmTAP
(synthetic human multitarget autoantigen protein), was adequately processed for antigenic presen-
tation of the relevant integral epitopes, in vitro and in vivo. Systemic administration of hmTAP not
only suppressed and treated experimental autoimmune encephalomyelitis (EAE) initiated by autore-
activity to a PLP epitope, but also abrogated complex EAE transferred by multispecific line T cells
reactive against encephalitogenic epitopes of MBP, PLP, and MOG. These data indicate that multi-
antigen/multiepitope–directed therapy of complex autoimmune diseases is effective and can be medi-
ated by the protein product of a specifically designed synthetic gene.

J. Clin. Invest. 109:81–90 (2002). doi:10.1172/JCI200215692.

Received for publication April 15, 2002, and accepted in revised form 
May 22, 2002.

Address correspondence to: A. Ben-Nun, Department of
Immunology, The Weizmann Institute of Science, PO Box 26,
Rehovot 76100, Israel. Phone: 972-8-9342991; 
Fax: 972-8-9344141; E-mail: lcbennun@wicc.weizmann.ac.il.
Conflict of interest: No conflict of interest has been declared.
Nonstandard abbreviations used: Multiple sclerosis (MS);
myelin basic protein (MBP); proteolipid protein (PLP); 
myelin oligodendrocyte glycoprotein (MOG); experimental
autoimmune encephalomyelitis (EAE); human multitarget
autoantigen protein (hmTAP); ovalbumin (OVA); 
altered peptide ligand (APL); lymph node cell (LNC).



MBP-reactive T cells. Highly relevant to treatment of
disease with multiple autoreactivities is the strong
therapeutic effect on EAE of MP4, a chimeric fusion
protein, comprising the whole long isoform of MBP
(21.5 kDa MBP) and the hydrophilic domains of PLP
(∆PLP) (16). Tolerogenic administration of MP4 fully
abrogated EAE actively induced with PLP139-151, as
well as EAE adoptively transferred with a combination
of encephalitogenic MBP- and PLP-specific T cells in
SJL/J mice. In contrast, neither 21.5 kDa MBP nor
∆PLP injected individually had any such dramatic
effect on passive EAE mediated by the combined T cell
populations (16). Taken together, these studies sug-
gest that targeting the majority of relevant T cells may
be required for optimal efficacy of immune-specific
therapy in disease associated with pathogenic T cell
reactivities against more than one antigen/epitope.
Here, we present a pilot study of a multitargeting
approach to specific immunomodulation of complex
EAE associated with multiple pathogenic autoreac-
tivities. A synthetic gene, designated synthetic human
multi-target autoantigen gene related to EAE (shMul-
tiTAG/E), was engineered to encode only encephali-
togenic and disease-relevant epitopes of MBP, PLP,
and MOG. The immunomodulatory effect of its pro-
tein product, human multitarget autoantigen protein
(hmTAP), was tested on active and passive EAE
induced by T cell responses to defined epitopes as well
as on complex EAE passively transferred with multi-
reactive T cells.

Methods
Mice. Female C3H.SW and SJL/J mice were purchased
from The Jackson Laboratory (Bar Harbor, Maine,
USA) or obtained from the Weizmann Institute of Sci-
ence colony; (C3H.SW × SJL/J)F1 mice were bred at the
Weizmann Institute of Science Animal Facility. All mice
were 2–3 months old when used in the experiments.

Synthetic oligonucleotides related to generation, amplifica-
tion, and cloning of shTAG DNA coding for MOG, MBP, or
PLP epitopes. For each shTAG, 60- to 70-nucleotide-long
oligonucleotides, which represent codons of the amino
acid residues of the selected epitopes aligned sequen-
tially and which are complementary at their 5′ and/or
3′ ends to their neighboring oligonucleotides by an
overlap of 15–18 nucleotides, were synthesized by the
Weizmann Institute of Science Synthesis Unit. Relevant
oligonucleotides include specific restriction endonu-
clease sites to enable cloning or in-frame ligation to
neighboring shTAGs.

Synthetic oligonucleotides used for generation and
amplification of shTAG/MOG DNA are as follows:
shMOG Ia: 5′-CATGGTATGGCTAGCGGGCAGTTCAGAGT-
GATAGGACCAAGACACCCT ATCCGGGCTCTGGTC-3′;
shMOG Ib: 5′-CATGGTATGGCTAGCGGGCAGTTCAGAGT-
GATAGGA-3′; shMOG II: (reverse) 5′-CTCCATGCCTG-
TAGCGCGACATGGCAATTCCACTTCATCCCCG ACCA-
GAGCCCGGATAGG-3′; shMOG III: 5′-CGCGCTACAGGCAT
GGAGGTGGGGTGGTACCGCCCCCCCTTCTCTAGG GTG-

GTTCATCTCTACAGAAAT-3′; shMOG IV: (reverse) 5′-
TTTCAGCAGCTCTGTCCGGCCCCGATATTCAGGATCTTG
GTCCTTGCCATTTCTGTAGAGATGAAC-3′; shMOG V: 5′-
CGGACAGAGCTGCTGAAAGATGCTATTGGTGAGGGAAAG-
GTGACTCTCA GGATCCGGAATGTAAGG-3′; shMOG VIa:
(reverse) 5′-CAGAGAGATCTAGGTGAAACCTCCTTCATCT-
GAGAACCTTACAT TCCGGATCCT-3′; shMOG VIb:
(reverse) 5′-CAGAGAGATCTGGGTGAAACC-3′. The NheI
site in shMOG Ia and Ib and the BglII site in shMOG
VIa and VIb are underlined.

Synthetic oligonucleotides for generation and ampli-
fication of shTAG/MBP DNA are as follows: shMBP Ia:
5′-GAAGATCTCTGGAGGCGGTTCCCAGAGGCACGGATC-
CAAG-3′; shMBP Ib: 5′-GAAGATCTCTGGAGGCGGT-3′;
shMBP Ic: 5′-TTGGACGCTAGCTCCCAGAGGCACGGATC-
CAAGTACCTG-3′; shMBP II: (reverse) 5′-GAGGAACC-
C AT G C C T G G C AT G G T C C AT G G TAC T T G C T G T G -
GCCAGGTACTTGGATCCGTGCCTCTG-3′; shMBP III:
5 ′-GCCAGGCATGGCTTCCTCCCAAGGCACAGAGA-
CACGGGCATCCTTGACTCCATCGGGCGCTTCTTTGGC-3′;
shMBP IV: (reverse) 5′-AATGTTCTTGAAGAAGTGGAC-
TACGGGGTTTTCACCCCTGTCAC CGCCAAAGAAGCGCC-
CGAT-3′; shMBP V: 5′-CACTTCTTCAAGAACATTGT-
G A C G C C T C G C A C A C C A C C C C C G T C G C A G G
GAAAGGGG-3′; shMBP VI: 5′-AATTTTGGAAAGCGTGCC-
CTGGGCATCGACTCCCTTCCCCTTTCCCTGC GACGG-3′;
shMBP VII: (reverse) 5′-GGCACGCTTTCCAAAATTTT-
TAAGCTGGGAGGAAGAGATAGTC GCTCT-3′;  shMBP
VIIIa: (reverse) 5′-ACCACTCGAGCCAGCCATGGGT-
GATCCAGAGCGACTATCTCTTC CTCC-3′; shMBP VIIIb
(reverse) 5′-ACCACTCGAGCCAGCCATGGGTGATCCAGA-
3′; shMBP VIIIc: (reverse) 5′-ACCACTCGAGCTAAGC-
CATGGGTGATCCAGA-3′. The BglII site in shMBP Ia and
Ib, the NheI site in shMBP Ic, and the XhoI site in
shMBP VIIIa, VIIIb, and VIIIc are underlined.

Synthetic oligonucleotides for generation and ampli-
fication of shTAG/PLP DNA are as follows: shPLP Ia: 5′-
AGGCTCGAGTGGTGGAGGTCTGTTCTGTGGCTGTGGA-
CATGAAGCCCTC ACTGGCACAGAAAAGCTA-3′; shPLP Ib:
5′-AGGCTCGAGTGGTGGAGGTCTAGGTCT G-3′; shPLP II:
(reverse)5′-GAGGAGATACTCATAGTCTTGGTAGTTTTTG-
GAGAAATAGGTCT CAATTAGCTTTTCTGTGCCAGT-3′
shPLP III: 5′-GACTATGAGTATCTCCTCCTGCTGGCT-
GAGGGCTTCTACACCACCGGCGC AGTCAGGCAGATA-3′;
shPLP IV: (reverse) 5′-TACCGTTGCGCTCAGGCCCTTGC-
CGCAGATGGTGGTCTTGTAGT CGCCAAATATCTGCCT-
GACTGCGCC-3′; shPLP V: 5′-GGCCTGAGCGCAACGGTA-
C A T T G T T T G G G A A A A T G G C T A G G A C A T C C C G
ACAAGTTTGTGGGCATCACC-3′; shPLP VIa: (reverse) 5′-
CGGAATTCCTATCCTGCGGTGATGCCCACAAACTTGTC-3′.
The XhoI site in shPLPIa and Ib and the EcoRI site in
shPLP VIa are underlined.

Construction, amplification, and cloning of shTAG/MOG,
shTAG/MBP, and shTAG/PLP and expression and purifica-
tion of the protein products. For the preparation of each
shTAG DNA template, the relevant oligonucleotides
were mixed (each 75 pmol) in Taq DNA polymerase
buffer (40 µl final volume) containing dNTPs (RO181;
MBI Fermentas AB, Vilnius, Lithuania) at a final 
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concentration of 0.2 mM each and a mixture of 0.2 U
Vent DNA polymerase (2545; New England Biolabs
Inc., Beverly, Massachusetts, USA) and 0.5 U Taq DNA
polymerase (AB-0192; Advanced Biotechnologies, Sur-
rey, United Kingdom). After denaturation (94°C, 1
minute) and annealing (55°C, 2 minute), PCR overlap
extension was carried out (72°C, 5 minute), and the
resulting template (4 µl) was PCR amplified (standard
conditions, 30 cycles) using the relevant oligonu-
cleotides as primers. The shTAG/MOG DNA template
was generated using oligonucleotides shMOG Ia, II,
III, IV, V, and VIa and PCR amplified with oligonu-
cleotides shMOG Ib and VIa as forward and reverse
primers, respectively. The shTAG/MBP DNA template
was generated using oligonucleotides shMBM Ia, II,
III, IV, V, VI, VII, and VIIIa and PCR amplified with
oligonucleotides shMBP Ib and VIIIb as forward and
reverse primers, respectively. The shTAG/PLP DNA
template was generated using oligonucleotides shPLP
Ia, II, III, IV, V, and VIa and PCR amplified with
oligonucleotides shPLP Ib and VIa as forward and
reverse primers, respectively. The amplified PCR prod-
uct of the expected size eluted from agarose gel was
directly cloned into a T vector (pGEM-T, A3600;
Promega Corp., Madison, Wisconsin, USA) and
sequenced using SP6 and T7 specific primers.

The shTAG/MOG DNA excised from pGEMT/
shTAG/MOG was cloned into the bacterial expression
vector pRSET (V351-20; Invitrogen Corp., San Diego,
California, USA) via NheI and BglII, 3′ to its 6xHis tag.
The shTAG/MBP DNA was PCR amplified from
pGEMT/shTAG/MBP using oligonucleotides shMBP
Ic and VIIIc, which introduce an NheI site and a stop
codon, respectively, and cloned into pRSET via NheI
and XhoI, 3′ to its 6xHis tag. The shTAG/PLP DNA
excised from pGEMT/shTAG/PLP was cloned into
pRSET via XhoI and EcoRI, 3′ to its 6xHis tag. DNA
sequence analysis, using pRSET-specific primers, con-
firmed an open reading frame with the ATG of pRSET.

The pRSET/shTAG/MOG, pRSET/shTAG/MBP,
and pRSET/shTAG/PLP were each transformed into
Escherichia coli host (BL21-DE3), and protein expres-
sion was induced by isopropyl β-D-thiogalactopyra-
noside (IPTG) (RO392; MBI Fermentas AB). Strong
expression from pRSET/shTAG/MOG was observed,
and the expressed protein, shMOG/E, was isolated
under denaturing conditions (8 M urea) by metal
chelate affinity chromatography on Ni2+ nitriloacetic
acid (NTA) agarose (30230; Qiagen Inc., Valencia, Cal-
ifornia, USA) according to the manufacturer’s proto-
col. Fractions containing the isolated protein, as evi-
denced by SDS-PAGE, were pooled and subjected to
reducing conditions with β-mercaptoethanol. The
protein was diluted to 50–100 µg/ml in 8 M urea and
allowed to refold by dialysis against gradually decreas-
ing concentrations of urea (8–0 M). Aggregated pro-
tein was removed by centrifugation. Expression of
shMBP/E and shPLP/E from pRSET/shTAG/MBP and
pRSET/shTAG/PLP, respectively, was not observed.

Construction of shMultiTAG/E and expression of its protein
product, hmTAP. To construct the shMultiTAG/E,
shTAG/MBP DNA and shTAG/PLP DNA excised from
pGEMT/shTAG/MBP and pGEMT/shTAG/PLP, respec-
tively, were ligated together via XhoI (shTAG/MBP-
shTAG/PLP DNA fragment). The shTAG/MOG DNA
was PCR amplified from pGEMT/shTAG/MOG using
oligonucleotides shMOG Ib and VIb to remove the stop
codon. The DNA fragment of the expected size was lig-
ated to the shTAG/MBP-shTAG/PLP DNA fragment via
BglII. The resulting shTAG/MOG-shTAG/MBP-
shTAG/PLP DNA fragment (shMultiTAG/E) was then
cloned into pRSET, via NheI and EcoRI, 3′ to its 6xHis
tag. DNA sequence analysis using the pRSET-specific
primers confirmed the shMultiTAG/E DNA sequence
encoding shTAG/MOG, shTAG/MBP, and shTAG/PLP
sequentially as an open reading frame with the ATG of
pRSET. Expression of pRSET/shMultiTAG/E in E. coli
(BL21-DE3) and purification of its product, hmTAP, was
as described above.

Generation of rhMBP and shPLP215. DNA coding for
the 18.5-kDa isoform of human MBP (17) was PCR
amplified from the human brain cDNA library (a gift
from Orly Reiner, Dept. of Molecular Genetics, The
Weizmann Institute of Science) using 5′-CATG-
GTATGGCTAGCGCGTCACAGAAGAGA-3′ (NheI site
underlined) and 5′-AACCAGAAGATCTTAGCGTCTAGC-
CATGGGTGATCC-3′ (BglII site underlined) as forward
and reverse primers, respectively. The resulting DNA
fragment was digested and cloned into pRSET via
NheI and BamHI, 3′ to its 6xHis tag. DNA sequence
analysis using the pRSET primers confirmed the
DNA sequence of rhMBP (18.5 kDa MBP) as an open
reading frame with the ATG of pRSET. Expression of
pRSET/rhMBP into E. coli (BL21-DE3) and purifica-
tion of rhMBP was as described above.

ShPLP215 corresponds to shPLP/E to which amino
acids 215–235 of human PLP were added. It was gener-
ated as follows: pGEMT/shTAG/PLP DNA was dena-
tured and annealed with oligonucleotide shPLP215 I
(reverse) 5′-GATGGACAGAAGGTTGGAGCCACAAAC-
CTTGCCAGGTGCGGTG ATGCCCACAAACTTGTC-3′ for
ten cycles of PCR overlap extension. PCR amplification
was continued for 35 cycles using as forward primer
oligonucleotide shPLP215 II, 5′-TTGGACGCTAGCCT-
GTTCTGTGGCTGTGGACAT-3′, rather than shPLP Ib, to
introduce an NheI site (underlined). The PCR product
of the expected size was annealed to oligonucleotide
shPLP215 III (reverse) 5′-GCAAGCTTCTACGCTCC-
GAACTCAGCTGTTTTGCAGATGGACA GAAGGTTGGAG-
CC-3′ (HindIII site underlined). After ten cycles of PCR
overlap extension, shPLP215 II was added and PCR
amplification was continued for 35 cycles. The PCR
product was cloned into pRSET via NheI and HindIII, 3′
to its 6xHis tag. DNA sequence analysis with the pRSET
primers confirmed the DNA sequence of shPLP215 as an
open reading frame with the ATG of pRSET. Expression
of pRSET/shPLP215 into E. coli (BL21-DE3) and purifi-
cation of shPLP215 was as described above.
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T cell lines and T cell proliferative responses. The pMOG35-
55–specific T cell line raised from pMOG35-55–immu-
nized C3H.SW mice was as described (18). The PLP139-
151–specific T cell line was obtained in the same way, by
in vitro selection from lymph node cells (LNC) of SJL/J
mice primed 9 days previously with 100 µg PLP139-151
in CFA containing 250 µg Mycobacterium tuberculosis
(Mt) H37Ra (3114-25; Difco Laboratories, Detroit,
Michigan, USA). T cells specific for hmTAP were select-
ed in vitro from LNCs of (C3H.SW × SJL/J)F1 mice
primed 9 days previously with 200 µg hmTAP in CFA
containing 150 µg Mt. All T cell lines were maintained
in vitro in medium containing IL-2 with stimulation
with the relevant antigen (10 µg/ml) in the presence of
irradiated (25 Gy) syngeneic spleen cells (APCs) every
10–14 days as described (19).

Antigen-specific proliferative responses of line T cells
(1.5 × 104/well) cultured in microtiter wells in the pres-
ence of irradiated syngeneic spleen cells as APCs 
(5 × 105/well) were assayed as described previously (19).

EAE induction. Mice were injected subcutaneously in
the flank with antigen emulsified in Mt-supplemented
CFA (see figure legends for details) for active EAE.
Adoptive transfer EAE experiments were conducted as
described previously (18, 19). Briefly, line T cells stim-
ulated in vitro with the relevant antigen were injected
in 0.5 ml PBS 4 days later in the tail vein of naive syn-
geneic recipients. Mice were followed and scored daily
on a scale of 0–6 as described previously (20).

Cytokine assays. Cytokines were detected by ELISA
according to PharMingen standard protocols (San
Diego, California, USA). The capture Ab’s were rat anti-
mouse IL-4 (18191D; PharMingen), rat anti-mouse 
IL-2 (18161D; PharMingen), rat anti-mouse IL-10
(AMC0102; BioSource International, Camarillo, Cali-
fornia, USA) and rat anti-mouse IFN-γ (AMC4834;
BioSource International). The biotinylated Ab’s were
rat anti-mouse IL-2 (18172D; PharMingen), rat anti-
mouse IL-4 (18042D; PharMingen), rat anti-mouse 
IL-10 (18152D; PharMingen), and rat anti-mouse 
IFN-γ (18112D; PharMingen).

Results
Construction of shMultiTAG/E and expression of hmTAP.
The shMultiTAG/E was designed to encode a pilot pro-
tein (hmTAP) to be used in investigating the feasibility
of multi-autoantigen/multiepitope–directed immuno-
modulation of T cell–mediated autoimmune inflam-
matory diseases of the CNS. Because the immunomod-
ulatory effect of hmTAP is to be tested in EAE
associated with multiple pathogenic autoreactivities in
(C3H.SW × SJL/J)F1 mice, the epitopes included for
each of the potential encephalitogenic target antigens,
MBP, PLP, or MOG, were selected according to their
encephalitogenic potential in the parental mouse
strains. Regions reported to contain major immun-
odominant epitopes recognized by T cells from
patients with MS were also included in anticipation of
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Figure 1
Generation of shMultiTAG/E coding for hmTAP. (a) Scheme for the construction of shMultiTAG/E. (b) ShMultiTAG/E DNA sequence and
derived amino acid sequence of hmTAP.



future studies with epitope-specific T cells from MS
patients. Accordingly, the epitope clusters selected for
MOG included amino acids 32–58, which encompass
the encephalitogenic region for H-2b mice (18), and
amino acids 1–25 and 63–97, which represent, in addi-
tion to amino acids 32–58, regions containing immun-
odominant epitopes recognized by MS T cells (reviewed
in ref. 1). The epitope clusters selected for MBP, at
amino acids 7–50, 83–106, and 142–168, encompass
the three major immunodominant regions most com-
monly recognized by T cells from patients with MS
(reviewed in ref. 1), as well as the major encephalito-
genic MBP epitope for SJL/J mice, MBP89-101
(reviewed in ref. 2), which is also encephalitogenic for
H-2b mice (21). The epitope clusters selected for PLP
contain the major immunodominant encephalitogenic
epitope for SJL/J mice, PLP139-151 (reviewed in ref. 2),
as well as epitopes reported to be frequently recognized
by MS T cells, within amino acids 40–60, 94–117, and
138–155 (reviewed in refs. 22, 23).

ShTAG/MOG, shTAG/MBP, and shTAG/PLP mini-
genes each designed to encode for a polypeptide com-
prising the amino acids encompassed by the selected
tandemly arranged regions of MOG, MBP, and PLP,
respectively (Figure 1a), were generated as described in
Methods. Each shTAG DNA subcloned into pRSET
was transformed into E. coli for bacterial expression of
the protein product. shMOG/E, strongly expressed
from pRSET/shTAG/MOG, was purified by metal
chelate chromatography as described in Methods.
Because shMBP/E and shPLP/E could not be expressed
from their respective pRSET/shTAGs, shPLP215 and
rhMBP, which also contain the epitopes encoded by
shTAG/PLP and shTAG/MBP, respectively, were gener-
ated as described in Methods.

The shMultiTAG/E was generated as described in
Methods by ligating shTAG/MOG DNA, shTAG/MBP
DNA, and shTAG/PLP DNA. The shMultiTAG/E DNA

cloned into pRSET was sequenced (Figure 1b) and
transformed into E. coli. SDS-PAGE analyses of bacter-
ial expression and purification of shMOG/E,
shPLP215, and hmTAP are shown in Figure 2a.

HmTAP is adequately processed and presented to encephal-
itogenic epitope-specific line T cells. Highly specific line T
cells raised from PLP139-151–primed and MOG35-
55–primed SJL/J and C3H.SW mice, respectively, were
tested for their proliferative response to hmTAP. The
PLP139-151–specific and the MOG35-55–specific line
T cells reacted as strongly to hmTAP and to the rele-
vant antigen, shPLP215 or shMOG/E, respectively, as
they did to their stimulating synthetic peptide (Figure
2b). HmTAP could also be adequately processed in vivo
because hmTAP-reactive T cells elicited upon immu-
nization with hmTAP responded to shMOG/E,
shPLP215, and rhMBP and peptides representing rele-
vant epitopes thereof (see below). These results indicate
that the epitopes within hmTAP are adequately
processed and that their presentation to reactive T cells
is not affected by their being joined together tandemly.

HmTAP abrogates the development of PLP139-
151–induced EAE. Because hmTAP can be adequately
recognized by epitope-specific T cells in vitro, its poten-
tial effect in inhibiting such epitope-specific T cells in
vivo was first assessed upon tolerogenic administration
to SJL/J mice immunized for EAE induction with a sin-
gle encephalitogenic peptide, PLP139-151, which is rep-
resented within hmTAP. From day 5 or 6 after the
encephalitogenic challenge, the mice received on alter-
nate days a total of four intraperitoneal injections of
hmTAP, PLP139-151, or shMOG/E in PBS (Figure 3a).
As can be seen in Figure 3a, shMOG/E had no sup-
pressing effect on EAE induced with PLP139-151.
Highly significant reduction in disease severity at the
onset phase was observed in mice treated with the dis-
ease-relevant peptide, PLP139-151; however, such treat-
ment did not prevent later recrudescence of disease,
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Figure 2
Bacterial expression and purification of
shMOG/E, shPLP215, and hmTAP, and
their recognition by epitope-specific T
cells. (a) Coomassie blue–stained SDS-
PAGE analyses: lane 1, before IPTG
induction; lane 2, after IPTG induction
(15 µl, equivalent to 150 µl of bacterial
culture); and lane 3, purified recombi-
nant protein (5–10 µg). (b) Proliferative
response by SJL/J PLP139-151–specific
line T cells (left panel) and C3H.SW
MOG 35-55–specific line T cells (right
panel) to PLP139-151 (2.5 µg/ml),
shPLP215 (10 µg/ml), or hmTAP (25
µg/ml), and to MOG35-55 (2.5 µg/ml),
shMOG/E (10 µg/ml), or hmTAP (25
µg/ml), respectively.



probably related to autoimmune spreading (Figure 3a).
In contrast, intraperitoneal injections with hmTAP had
a strong suppressive effect on PLP139-151–induced
EAE, not only at the initial phase but also at the chron-
ic stage of the disease (Figure 3a).

The effect of intravenous administration of hmTAP
on PLP139-151–induced EAE in SJL/J mice was even
more dramatic (Figure 3b). Injection of hmTAP in PBS
in the tail vein on alternate days, from 5 or 6 days after
encephalitogenic challenge until disease onset, fully
abrogated PLP139-151–induced EAE (Figure 3b). In
contrast, while the same regimen of intravenous injec-
tions with PLP139-151 also completely abrogated the
initial phase, it did not prevent the development of
symptoms at the expected relapse phase (Figure 3b).
These results suggest that systemic administration of
soluble hmTAP can suppress not only disease initia-
tion, but also the development of neoreactivities that
might be associated with disease chronicity. It also
demonstrates how potent hmTAP can be as a thera-
peutic agent; indeed, while similar amounts of PLP139-
151 and hmTAP were administered, the molar ratio of

PLP139-151 integral to hmTAP, as compared to the
synthetic peptide itself, is approximately 1:20.

Inhibition of encephalitogenic T cells in hmTAP-treated mice.
Lymph node cells of mice immunized for EAE with
PLP139-151 and that had received intravenous injec-
tions of hmTAP or ovalbumin (OVA) in PBS were ana-
lyzed for their proliferative response to PLP139-151 or
shPLP215. As can be seen in Figure 3c (left panel), while
the reactivity to PPD did not differ in the hmTAP- and
OVA-injected mice, indicating that the general
immunocompetence was not affected, the responses of
elicited PLP139-151–reactive T cells to their specific
antigen were inhibited by approximately 50% in
hmTAP-treated mice as compared with the control
OVA-injected mice. Data from cytokine analyses (Fig-
ure 3c, right panel) suggest that the markedly reduced
proliferation to the encephalitogenic epitope in
hmTAP-treated mice, as compared with OVA-treated
mice, was accompanied by a decrease in secretion of
INF-γ, in parallel with an increase in secretion of IL-4
and IL-10 by spleen cells from the same animals. No
significant difference in IL-2 secretion was observed.
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Figure 3
Abrogation of PLP139-151–induced EAE by hmTAP is associated with inhibition of encephalitogenic T cells. Systemic administration of
hmTAP intraperitoneally (a) and intravenously (b) suppresses PLP139-151–induced EAE. At the times indicated (arrows), SJL/J mice inject-
ed for EAE with PLP139-151 (150 µg) in CFA supplemented with 200 µg Mt, received 200 µg of PLP139-151, shPLP215, shMOG/E, or
hmTAP in 500 µl PBS or PBS alone. I and M indicate incidence of disease and mortality in the group, respectively. (c) Inhibition of encephal-
itogenic T cells in hmTAP-treated mice is accompanied by a shift to noninflammatory cytokine secretion. Left panel: SJL/J mice primed with
PLP139-151/CFA were injected intravenously on days 2, 4, 6, and 8 with hmTAP or OVA (∼100 µg) in 500 µl PBS. On day 9, isolated LNCs
were analyzed for their proliferative response to PLP139-151 and shPLP215, as well as to purified protein derivative (PPD) of Mt (0.5 µg/200
µl culture) as a control for immunocompetence. Each histogram represents the mean stimulation index (SI) of triplicate cultures; the per-
centage of inhibition of proliferation by LNCs from hmTAP-treated mice as compared with LNCs from OVA-treated mice is indicated. Back-
ground cpm ± SD was 537 ± 100 and 432 ± 68 for LNCs isolated from mice injected with OVA and hmTAP, respectively. Right panel: Spleen
cells from the hmTAP- or OVA-treated mice were incubated (5 × 106 spleen cells/ml) with PLP139-151 (20 µg/ml); IL-2 and IFN-γ were
assayed by ELISA on supernatants collected after 12 hours in culture and IL-4 and IL-10 on supernatants collected after 72 hours in culture.



HmTAP inhibits EAE transferred by epitope-specific com-
mitted T cells. In the context of the MS model, it would
be more relevant to inhibit already committed patho-
genic T cells, such as would be expected in MS, using
the passive EAE model. Accordingly, the potential pro-
tective and/or curative effect of tolerogenically admin-
istered hmTAP was tested on EAE passively transferred
by activated PLP139-151–specific line T cells. Naive
SJL/J mice were injected intravenously with PLP139-
151–specific line T cells. From day 0 to day 4 the mice
received a single daily injection intravenously with
hmTAP or PBS alone (Figure 4a). While the four con-
trol PBS-injected mice developed very severe disease, of
which all had died within 9 days after T cell transfer,
tolerogenic administration of hmTAP was remarkably
effective in preventing disease development consecutive
to adoptive transfer with PLP139-151–specific line T
cells (Figure 4a). Similarly, when treatment with
hmTAP was initiated at expected disease onset, the
hmTAP-treated mice suffered only mild disease from
which they fully recovered within 10–12 days after dis-
ease onset (Figure 4b). All four control PBS-injected
mice had died of severe EAE within a week after disease
onset. These data suggest that hmTAP is as effective in
inhibiting the disease-causing activity of already com-
mitted encephalitogenic T cells (Figure 4a) as in sup-
pressing their development in actively induced EAE
(Figure 3, a and b) and can actually arrest ongoing dis-
ease mediated by such cells (Figure 4b).

Concomitant multiepitope-directed targeting inhibits devel-
opment of EAE associated with multiple pathogenic autore-
activities. Previous studies (15, 16) have suggested that
targeting autoreactivity against a single encephalito-
genic protein/epitope is not a sufficiently effective
approach to immunomodulation of EAE induced by
two encephalitogenic proteins/epitopes. To investi-
gate the feasibility and efficacy of multiepitope tar-
geting as an approach to immunomodulation of EAE
associated with multiple primary pathogenic autore-
activities using the pilot “multiple epitope-encom-
passing” hmTAP, a new model of complex EAE was
established in (C3H.SW × SJL/J)F1 mice. These mice
develop severe EAE upon active immunization with
any shMOG/E, shPLP215, or rhMBP, with PLP139-
151 or MOG35-55 encephalitogenic for the parental

SJL/J and C3H.SW mice, respectively, and with
hmTAP (data not shown). To better simulate the situ-
ation in MS where committed, potentially pathogen-
ic T cells are already present, adoptive transfer, rather
than active immunization, was selected for disease
induction. To obtain a disease associated with multi-
ple defined autoreactivities, the (C3H.SW × SJL/J)F1

mice were transferred with hmTAP-reactive line T cells
selected from lymph node cells isolated from
(C3H.SW × SJL/J)F1 mice primed with hmTAP. As
shown in Figure 5a, after four cycles of in vitro selec-
tion with hmTAP, hmTAP-reactive line T cells were
multispecific, showing sustained response to rhMBP,
shPLP215, and shMOG/E and encephalitogenic epi-
topes thereof (stimulation indices ranging from about
10 to almost 80; Figure 5a). Adoptive transfer of these
multispecific line T cells into syngeneic recipients
induced a severe EAE (Figure 5b), apparently associat-
ed with multiple pathogenic autoreactivities. As
shown in Figure 5b, this complex EAE could not be
suppressed by tolerogenic administration (intraperi-
toneal injection daily from day 1 to day 9) of single
peptides representing encephalitogenic epitopes,
PLP139-151 or MOG37-52; a mixture of these two
peptides had no effect on disease incidence, albeit
reduced disease severity (Figure 5b). A dramatic, long-
lasting full abrogation of disease development was,
however, observed upon treatment with hmTAP
according to the same regimen (Figure 5b).

Discussion
The studies presented here demonstrate that a multi-
antigen/multiepitope artificial protein could be specifi-
cally designed for immune-specific modulation of mul-
tiple pathogenic autoreactivities associated with
autoimmune disease. A prerequisite to a potential
immunomodulatory activity of the pilot multiple epi-
tope-encompassing hmTAP was the integrity of relevant
epitopes upon in vitro and in vivo antigenic processing.
As demonstrated, the junctions between hmTAP-inte-
gral epitopes did not interfere with their antigenic pro-
cessing and presentation: line T cells raised to peptides
representing the different relevant encephalitogenic epi-
topes reacted with hmTAP, and hmTAP-reactive T 
cells elicited in vivo could be stimulated by peptides 
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Figure 4
HmTAP suppresses and treats EAE transferred with
PLP139-151–specific line T cells. Naive SJL/J mice
injected intravenously on day 0 with 5 × 105 activated
PLP139-151–specific line T cells received a daily intra-
venous injection (arrows) of approximately 100 µg
hmTAP in 500 µl PBS or PBS alone (a) from day 0 (12
hours after the T cell transfer) to day 4 for suppression
of EAE, or (b) from day 4 (anticipated day of disease
onset) to day 8 for treatment of EAE.



representing distinct encephalitogenic epitopes. The
appropriate in vitro and in vivo “recognition” of MOG,
MBP, and PLP epitopes integral to hmTAP suggests that
hmTAP could be effective in targeting the relevant
encephalitogenic epitope-specific T cells in vivo. As
expected, systemic administration of hmTAP was high-
ly effective in abrogating EAE actively induced by a pep-
tide representing a single defined encephalitogenic epi-
tope present in hmTAP, PLP139-151; it also evidently
targeted emerging neoreactivities leading to disease
chronicity, because clinical symptoms were not observed
at the expected time of disease relapse. HmTAP was also
highly effective in neutralizing already committed
encephalitogenic T cells because it not only prevented
the development of EAE passively transferred with
PLP139-151–specific T cells, but also arrested the ongo-
ing disease. Most importantly, and of high relevance to
therapy of MS and other human T cell–mediated
autoimmune diseases, which are apparently already
associated with multiple pathogenic T cell autoreactivi-
ties at the time of diagnosis, systemically administered
hmTAP fully prevented the development of a complex
EAE associated with concomitant pathogenic autoreac-
tivities against MBP, PLP, and MOG induced by line T
cells raised to hmTAP. In contrast, targeting a single
autoreactivity by tolerization with individual peptides
had no significant effect on this complex EAE.

The mechanism(s) by which hmTAP suppresses
actively induced or passively transferred EAE have not
been fully investigated. As demonstrated in other stud-
ies, various mechanisms may be involved in peripheral
tolerance upon systemic administration of soluble anti-
gen. Clonal deletion or functional inactivation (anergy)
of antigen-specific T cells (24–26) and immune devia-
tion to an anti-inflammatory Th2 phenotype by unre-
sponsiveness in Th1 but not Th2 cells (24, 27) or inacti-

vation of pathogenic T cells and production of anti-
inflammatory cytokines as a result of antigen presenta-
tion via peripheral APCs, which do not express optimal
costimulatory molecules (28), have been postulated as
possible mechanisms underlying peripheral antigenic
tolerization. Upregulation of regulatory T cells upon
intravenous administration of autoantigen has also
been suggested (29), and these may in turn secrete
immunosuppressive cytokines (30, 31). Another type of
regulation of the immune response may be mediated by
antigen-specific T cells anergized by intravenous admin-
istration of the relevant antigen, which can act as sup-
pressor cells (32). The demonstration that abrogation
of PLP139-151–induced EAE in mice tolerized with
hmTAP correlated with inhibition of PLP-specific pro-
liferative T cell response and expression of an anti-
inflammatory cytokine pattern is consistent with any
one or a combination of these mechanisms. However, it
is likely that the suppressive mechanisms and their
modes of action are different in actively induced and
passively transferred EAE, and further investigations are
necessary to determine the precise mechanism(s) oper-
ating. Regardless, systemic administration of hmTAP
offers long-lasting protection, apparently by neutraliz-
ing the multiple concomitant pathogenic autoreactivi-
ties resulting in EAE.

In MS, the multiplicity of potentially pathogenic
autoreactivities against the myelin components, MBP,
PLP, MOG (reviewed in ref. 1), myelin-associated oligo-
dendrocytic basic protein (3, 4), and oligodendrocyte-
specific protein (7), which have been detected in differ-
ent patients, suggest that the primary antigen(s) and/or
the major epitope(s) against which the dominant path-
ogenic autoreactivities are directed may differ in differ-
ent patients. Because neoreactivities are also likely to
emerge (13, 14), disease progression may be associated
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Figure 5
Concomitant multiepitope-directed targeting inhibits development of EAE associated with multiple pathogenic autoreactivities. (a) Multi-
antigen/epitope reactivity of hmTAP-reactive line T cells. Line T cells selected in vitro with hmTAP from LNCs of (C3H.SW × SJL/J)F1 mice
immunized with hmTAP/CFA were analyzed after four rounds of selection for their proliferative response to hmTAP, shMOG/E, rhMBP,
shPLP215, and relevant encephalitogenic peptides (10 µg/ml). The proliferative response to PPD (5 µg/ml) was analyzed as a measure of
specificity. (b) Tolerogenic administration of hmTAP completely abrogates the development in (C3H.SW × SJL/J)F1 mice of EAE adoptively
transferred by multispecific hmTAP-reactive line T cells. On day 0 (C3H.SW × SJL/J)F1 mice were injected intravenously with the multispe-
cific hmTAP-reactive line T cells (2 × 106 cells). From day 1 to day 9 after T cell transfer the mice were injected daily intraperatoneally with
PLP139-151 (150 µg), MOG37-52 (150 µg), or a mixture of both MOG35-55 and PLP139-151 (MOG + PLP; each 150 µg), or with hmTAP
(100 µg), or with PBS alone (500 µl).



with multiple potentially pathogenic T cell autoreactiv-
ities. Studies aimed at inhibiting the development or
progression of EAE associated with more than one
pathogenic autoreactivity by antigen-specific im-
munomodulation targeting a single specificity have not
yielded significant results, but rather have suggested
that all relevant autoreactivities should be targeted for
maximal therapeutic effect (15, 16). The results
obtained in the present study fully corroborate these
observations. Thus, when disease was initiated by
autoreactivities to several encephalitogenic epitopes
concomitantly, neutralization of only a single autore-
activity had little effect on overall disease expression.
Regardless of whether the disease was actively induced
by immunization with three encephalitogenic epitopes
(data not shown) or passively transferred by multispe-
cific T cells, effective disease suppression was achieved
only by multiepitope targeting. In MS, two clinical tri-
als based on targeting a single epitope of a single candi-
date autoantigen were recently conducted (33, 34).
Although terminated prematurely, these phase II clini-
cal trials that involved subcutaneous injection of the
same altered peptide ligand (APL) of MBP83-99, i.e.,
MBP83-99 substituted at residues 83, 84, 89, and 91, did
not show convincing therapeutic benefit. The report of
Bielekova et al. (33) also indicated a potential risk of
exacerbation associated with stimulation of MBP-reac-
tive T cells in patients treated with a high dosage of
MBP-APL, while such an observation was not made in
the large clinical trial including patients receiving low-
dose APL treatment (34). Among possible reasons for
the lack of significant clinical improvement in “low
dose–treated” patients (34), the complexity of
antimyelin autoreactivities may be a major factor. An
anticipated bystander effect of the MBP-APL treatment
was only marginal (33, 34). These observations may
therefore be in line with data obtained in the animal
model. In complex EAE, effective peripheral tolerization
is epitope specific, and each of the multiple immun-
odominant pathogenic autoreactivities requires toler-
ization for optimal efficacy of antigen-specific thera-
peutic approaches. In this context, the present study
and that reported by Elliott et al. (16) used artificial pro-
teins to counteract multiple pathogenic autoreactivities
in EAE by a single immunomodulatory agent. Systemic
administration of MP4 (21.5-kDa MBP isoform fused
to ∆PLP) prepared by Elliott et al. suppressed EAE trans-
ferred by T cells reactive to MBP and PLP and effective-
ly treated EAE transferred by PLP-specific T cells (16).
The hmTAP, encompassing genetically ligated disease-
relevant epitopes of MBP, PLP, and MOG, abrogated the
development of complex EAE transferred by multispe-
cific line T cells reactive to MBP, PLP, and MOG. In both
studies, targeting only a single antigen/epitope had no
significant therapeutic benefit on EAE associated with
multiple pathogenic autoreactivities.

The results obtained with the artificially designed
hmTAP in the experimental model suggest that mul-
tiantigen/multiepitope–targeted immunomodulation

should be further explored as a conceptual approach
to therapy for MS and other organ-specific T
cell–mediated human autoimmune diseases. Studies
are in progress toward constructing a synthetic gene
coding for MS-related (HLA-DR2–restricted) T cell
epitopes of the known encephalitogens MBP, PLP,
MOG, myelin-associated oligodendrocyte basic pro-
tein, and oligodendrocyte-specific protein and investi-
gating its protein product for induction of peripheral
tolerance against the multiple relevant T cell autore-
activities in appropriate animal models. In this con-
text, the protein products of synthetic genes specifi-
cally designed to encode nonstimulatory antagonistic
analogues of disease-related T cell epitopes may be
more applicable for eventual therapy.
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