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Vaccination Against Experimental Allergic
Encephalomyelitis with T Cell Receptor Peptides

MARK D. HowEgLL, STEVEN T. WINTERS, TSAIWEI OLEE,
HeNry C. POowELL, DENNIS J. CARLO, STEVEN W. BROSTOFF

Experimental allergic encephalomyelitis (EAE) is an autoimmune disease of the central
nervous system mediated by CD4" T cells reactive with myelin basic protein (MBP).
Rats were rendered resistant to the induction of EAE by vaccination with synthetic
peptides corresponding to idiotypic determinants of the B chain VD] region and Jo
regions of the T cell receptor (TCR) that are conserved among encephalitogenic T
cells. These findings demonstrate the utility of TCR peptide vaccination for modulat-
ing the activity of autoreactive T cells and represent a general therapeutic approach for

T cell-mediated pathogenesis.

NCEPHALITOGENIC T CELLS (1-3)
E from mouse and rat models of EAE

use common germline TCR genes
(4-8), despite known differences in MBD-
peptide specificity and presumed differences
in  major histocompatibility complex
(MHC) restriction [reviewed in (9)]. The
VB8.2 genes are preferentially utilized by
encephalitogenic T cells in PL/J, (PL/J %
SJL)F, (5), and B10.PL (6) mice. TCR «
chain gene usage is similarly restricted, with
Va4 exclusively used in PL/] and (PL/] %
SJL)F; mice and Va2 and Va4 used equally
in B10.PL mice. In B10.PL mice, these a
chain V region genes are rearranged only to
the JaTA39 gene, while JaTA31 is primari-
ly used in PL/J mice. This restricted TCR
gene usage is consistent with the common
MBP peptide specificity (acetylated residues
1 to 11) and MHC restriction (Ia") of
encephalitogenic T cells in these mouse
models (6, 10). Encephalitogenic T cells
from Lewis rats also show restricted TCR
gene usage, in accord with their common
specificity for MBP residues 68 to 88 in the
context of the rat RT-1° MHC haplotype
(11). TCR gene usage in Lewis rat EAE is
identical to that in the mouse models de-
scribed above. V8.2 is used in conjunction
with Va2 that has been rearranged to
JaTA39. Common TCR gene usage among
mouse and rat encephalitogenic T cells is
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enigmatic, because different, noncrossreac-
tive combinations of MHC and peptide
antigen (9) are recognized in the respective
models. The EAE induced by T cells in rats
or mice is histologically identical, which
supports a role for the reported TCRs in the
pathogenesis of EAE.

To define EAE-associated idiotypic deter-
minants, we analyzed published sequences
of TCR genes from encephalitogenic T cells
in mouse and rat models of EAE. Amino
acid sequence was conserved in the region of
TCR B chain VD] joining and in the Jo
clements of these T cells (Fig. 1). The
B10.PL sequence (Fig. 1A) is that reported

/‘\\nimal model VDJ sequence Ref.
B10.PL mice G G|G Y (6)
Lewis rats S S (7)
Lewis rats S G (8)
Lewis rats S G VL (8)
B

Animal model Jo. sequence Ref.
B10.PL mice F B G T K L 'RV RN
Lewis rats FeAGTERL T vy
PLAJ mice FeAGTKLTIEE
Consensus - F G - G T -L -V -

Fig. 1. T cell receptor B chain VD] (A) and Ja
(B) sequences in EAE. Literal homologies are
boxed and shaded; substitutions acceptable ac-
cording to a Dayhoft’ matrix are boxed but un-
shaded. The 75% consensus mouse Ja residues
were taken from (12). The bold line in (B)
denotes r-JaTA39 residues conforming to pat-
terns characteristic of T cell epitopes.

Fig. 2. Cytofluorometry of Lewis rat MBP-reac-
tive T cells stained with antibodies to TCR pep-
tides. A Lewis rat MBP-reactive T cell line in its
fifth in vitro cycle of MBP stimulation (approxi-
mately one-third VB8™) was incubated with pro-
tein A—purified immunoglobulin G (IgG) from
pre-immune sera (A), affinity purified Abs to r-
VDJ2 (B), pre-immune IgG (C), or affinity-
purified Abs to JaTA39 (D). Antibody binding
was revealed with fluorescein-conjugated goat
Abs to rabbit IgG. Specific binding is indicated by
shaded profiles and background staining of goat
Abs to rabbit Ig by unshaded profiles.

for four of five encephalitogenic T cell
clones whose V38 rearrangements were se-
quenced (6). Similar B chain VD] sequences
are reported for three independently isolated
Lewis rat VB8 T cell clones (7, 8). In PL/J
and (PL/] x SJL)F, mice, four different
TCR B chain VDJ sequences were reported
(5); only one had limited homology with
these sequences.

The JaTA39 sequences used in B10.PL
mice (6) and Lewis rats (7) (Fig. 1B) display
homology at 9 of the 11 residues shown.
The JaTA31 sequence from PL/J mice (5)
shares ten residues with the Lewis rat
JaTA39 sequence and eight residues with
the B10.PL mouse JaTA39 sequence. Anal-
ysis of 27 additional mouse Ja sequences
(12) identified only one other very similar
sequence, JaTA37, which is consistent with
the restricted Ja gene usage in EAE. The
conservation of B chain VDJ and Ja se-
quences among encephalitogenic T cells,
even in different animal models of EAE,
implicates these TCR idiotopes in the
pathogenesis of EAE and provides targets
for immunotherapeutic intervention.

We vaccinated Lewis rats with synthetic
peptides corresponding to these TCR idio-
topes (Table 1). In initial experiments, the
m-VDJ peptide was administered in com-
plete Freund’s adjuvant (CFA). Age- and
gender-matched control rats received either
CFA alone or were not vaccinated. Thirty
days after vaccination, all animals were chal-
lenged with guinea pig MBP in CFA. Dis-
ease, characterized by severe paralysis and
wasting, was observed in unvaccinated con-
trol animals by day 10 or 11 (Table 2),
persisted for 5 to 6 days, and spontaneously
remitted. Disease courses among CFA-vac-
cinated rats were not significantly different
from unvaccinated controls. In contrast, dis-
ease in the rats vaccinated with m-VD]J (5,
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50, or 250 ng) was slightly decreased in
severity and duration and delayed in onset.
A slight dose effect was observed for the
mean day of onset and duration of disease.
Though one animal in each of these groups
exhibited no clinical signs of disease, his-
tologic evaluation (13) revealed a lympho-
cytic infiltration of the central nervous sys-
tem in all animals. Although protection
against histologic disease was not induced
by this peptide, these initial observations
prompted us to test other peptides.

Vaccinations with peptides that corre-
sponded to the Lewis rat § chain VDJ (r-
VDJ1, r-VDJ2, and r-VDJ3 in Table 1)
gave similar results (Table 2). To determine
if the low efficacy of the rat VDJ peptides
was due to their length, we synthesized
smaller peptides of the r-VDJ2 sequence
(Table 1). Vaccination with r-VDJ24 (Table
2) induced significant resistance to EAE;
none of the animals had clinical or histologi-
cal signs of disease (P = 0.003). In contrast,
r-VDJ2g was more effective than r-VD]J2,
but did not induce complete protection;
only two of four animals showed neither
clinical nor histological signs of disease
(P = 0.3). Although r-VDJ24 would not be
predicted as a T cell epitope by any of the
accepted methods (14, 15), the relationship
observed between r-VDJ2 peptide length
and immunogenicity (that is, vaccination
efficacy) is typical of peptides specifying T
cell epitopes (16).

Vaccination with the JaTA39 peptide
(Table 1) also protected Lewis rats from
EAE; only one of three animals developed
disease, which was mild and had delayed
onset (P = 0.1). The presence or absence of
histological signs of disease corresponded
with the clinical state of these animals (Table
2). The COOH-terminal five amino acids of
r-JaTA39 (Fig. 1B) are predicted to contain
significant amphipathic a-helix (14) and to
conform to a linear-sequence motif common
to T cell epitopes (15). Vaccination with a
mixture of r-JaTA39 and the rat B chain
VDJ peptides (r-VDJ1, r-VDJ2, and r-
VDJ3) also induced complete resistance to
EAE induction (P = 0.01), both clinically
and histologically (Table 2). However, a
claim of enhanced efficacy, compared to
JaTA39 alone, cannot be statistically vali-
dated with experimental groups of three
animals. Nonetheless, the protection in-
duced by vaccinating with JaTA39 is highly
significant (P = 0.004), if all animals that
received JaTA39 (n = 6) are compared to
controls (n = 12).

To insure that these TCR idiotopes were
present and recognizable on the surface of
encephalitogenic T cells, we performed cy-
tofluorometry with affinity-purified rabbit
antibodies (Abs) to the peptides (Fig. 2).
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Table 1. Synthetic T cell receptor idiotopes identified in EAE.

Peptide Sequence Reference
m-VD]J S GD A GG GYE (6)
r-VDJ1 C ASSD - S S NTEVFTFGK (7
r-VDJ2 C AS S D - S G NTEVEFTFGK (8
r-VDJ3 C AS $D - S GN-VLYFGEGS SR (€3]
r-VDJ2g S $ D - § G NTE )]
r-VDJ2, A S S D - S G NTE %)
r-JaTA39 R FGAGTRTULTYVK (7)

The r-VDJ2 and r-JaTA39 Abs each stained
a significant proportion of an encephalito-
genic Lewis rat MBP-reactive T cell line
(Fig. 2, B and D), but did not bind (r-
VDJ2) or bound only weakly (JaTA39) to
nonencephalitogenic Lewis rat T cells (17).

Our data suggest that TCR peptides,
which themselves represent T cell epitopes,
effectively induce resistance to EAE. This is
of interest given reports of cytotoxic T cells
that are specific for idiotypic determinants
on encephalitogenic T cells and which adop-
tively transfer resistance to EAE (18, 19).
We have preliminary evidence that one such
T cell line [the anti-S1 line (18)] proliferates
in vitro in response to autologous antigen-
presenting cells (APCs) and r-VDJ24 (20).
Anti-S1 was derived by regular in vitro
stimulation with MBP-reactive T cell blasts;
its stimulation by r-VDJ2¢ and APCs sug-
gests that the ligand for anti-S1 TCRs in-
volves endogenous TCR peptides, possibly

cycling through MHC molecules on the
surface of MBP-reactive T cells (21).

Successful vaccination with TCR idio-
topes should be specific for only the disease-
inducing T cells, yet broad enough to target
all of the reactive clones. The most specific
peptides, those derived from junctional se-
quences, have the greatest propensity for
variation and may not target the entire
pathogenic T cell population. Vaccination
with peptide mixtures or with peptides de-
rived from germline V and ] elements could
be used instead. Germline sequences are less
heterogeneous than junctional sequences
and, being larger, allow more flexibility in
the selection of peptides with optimal im-
munogenic characteristics. Germline pep-
tides, however, may be less selective than
junctional peptides, because the immune
response induced would influence the activi-
ty of all T cells with those germline ele-
ments.

Table 2. Vaccination against EAE with T cell receptor peptides. Peptides shown in Table 1 were
synthesized by solid-phase methods, desalted by Sephadex G-25 column chromatography in 0.1M
acetic acid, and lyophilized. Peptides were resuspended in phosphate-buffered saline and emulsified
with equal volumes of CFA, made by suspending heat-killed desiccated Mycobacterium tuberculosis H37ra
(10 mg/ml; Difco Laboratories, Detroit, MI) in incomplete Freund’s adjuvant. The emulsions (50 l)
were administered intradermally in each of the hind footpads of 8- to 12-week-old female Lewis rats at
the indicated doses. At 30 days, each rat was challenged with guinea pig MBP (50 pg in CFA) in the
front footpads. Animals were monitored daily beginning at day 9 for clinical signs of discase and were
scored on a three-point scale: 1 = limp tail; 2 = hind leg weakness; and 3 = hind leg paralysis. After
recovery, animals were sacrificed and histological evaluation of disease performed as previously
described (13). P values were calculated with Fisher’s exact test (27), corrected for multiple comparisons,
by analyzing disease incidence in controls (unvaccinated plus CFA-vaccinated animals) and each
individual experimental group. N.S. = not significant.

Dose Number with Mean Mean Mean Number with
Vaccination disease/ max. onset* duration histology/
(mg) number tested severity (days) (days) number tested
None 6/6 3.0 10.5 5.2
CFA 6/6 2.8 11.5 52
m-VDJ 5 2/3 N.S. 1.3 13.5 2.7 3/3
m-VDJ 50 2/3 N.S. 1.7 13.0 2.3 3/3
m-VD]J 250 2/3 N.S. 1.3 15.0 1.7 3/3
r-VDJ1 50 3/3 2.0 13.3 2.7 3/3
r-VDJ2 50 3/3 2.3 13.3 3.0 3/3
r-VDJ3 50 2/3 N.S. 2.0 11.0 2.7 3/3
r-VDJ2, 50 0/4 (P = 0.003) 0.0 None 0.0 0/4 (P = 0.003)
r-VDJ 24 50 2/4 (P = 0.3) 1.5 12.5 1.5 2/4 (P =0.3)
r-JaTA39 50 173 (P =0.1) 7 15.0 1.7 1/3 (P =0.1)
r-JaTA39 +
r-VDJ1-3 50 cach  0/3 (P = 0.01) 0.0 None 0.0 0/3 (P = 0.01)
All r-JaTA39 1/6 (P = 0.004) 0.3 15.0 0.8 1/6 (P = 0.004)

*Of those animals that developed discasc.
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Immunotherapeutic strategies for EAE
have included infusion of monoclonal anti-
bodies (MAbs) to VB8, which prevents
disease in mice (5, 6) and reverses it if
administered after onset (5). Similarly, infu-
sion of a MAD to a clonotypic determinant
on the surface of encephalitogenic T cells
protects Lewis rats from EAE (22). Resist-
ance to EAE induction has also been con-
ferred by vaccination with attenuated, en-
cephalitogenic T cell clones (23, 24) and by
transfer of ex vivo—derived immunoreg-
ulatory T cells (18, 19, 25).

Vaccination with TCR peptides is prefer-
able to MADb infusion because persistent,
active immunity is induced. Whereas active
immunity is also induced by vaccinating
with attenuated encephalitogenic T cells, the
efficacy of this procedure is reported to be
variable (26). Further, whole T cell vaccina-
tion induces immunity to T cell determi-
nants other than those that confer protec-
tion (26) and, in an outbred population,
must be administered autologously to avoid
alloreactive complications. Administration
of ex vivo—derived regulatory T cells must
be similarly individualized. Such labor-in-
tensive strategies are unlikely to be em-
ployed on a significant scale. TCR peptide
vaccination is a sclective approach to the
modulation of T cell-mediated autoimmu-
nity. It also may be applicable to the helper
T cells in antibody-mediated autoimmunity,
T cell lymphomas, and other pathogenic
conditions mediated by specific, oligoclonal
T cell populations.
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The Neuron-Specific Protein PGP 9.5 Is a Ubiquitin
Carboxyl-Terminal Hydrolase

KEerrH D. WILKINSON,* KEUNMYOUNG LEE, SEEMA DESHPANDE,
PENELOPE DUERKSEN-HUGHES, JEREMY M. Boss, JaN PoHL

A complementary DNA (cDNA) for ubiquitin carboxyl-terminal hydrolase isozyme L3
was cloned from human B cells. The cDNA encodes a protein of 230 amino acids with
a molecular mass of 26,182 daltons. The human protein is very similar to the bovine
homolog, with only three amino acids differing in over 100 residues compared. The
amino acid sequence deduced from the cDNA was 54% identical to that of the neuron-
specific protein PGP 9.5. Purification of bovine PGP 9.5 confirmed that it is also a
ubiquitin carboxyl-terminal hydrolase. These results suggest that a family of such
related proteins exists and that their expression is tissue-specific.

OVALENT ATTACHMENT OF UBIQUI-

tin to a number of cellular proteins

has been postulated to play a role in
a variety of cellular processes (1-3). This
widespread posttranslational modification
of proteins is thought to target the attached
protein for various metabolic fates. In the
case of proteolysis, polyubiquitination of
substrate proteins is observed, and these
conjugates are recognized and degraded by
specific proteases in the cell (2). In contrast,
the reversible ubiquitination of histones is
limited to one or two ubiquitin molecules
per histone molecule, does not lead to deg-
radation, and may be important for chroma-
tin condensation or cell cycle progression
(4-6). Covalent attachment of ubiquitin to
the T cell homing receptor (7) and the
platelet-derived growth factor receptor (8)
has been demonstrated, but the conse-
quences of this modification are unknown.
Three eukaryotic genes code for proproteins
that consist of an NH,-terminal ubiquitin
and a COOH-terminal ribosomal protein
(9, 10); the ubiquitin is proteolytically pro-
cessed from these proteins at a poorly de-
fined point in the maturation of the ribo-
some. Finally, whereas a fourth ubiquitin
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gene codes for a polyubiquitin precursor
that is a heat shock protein (11, 12), its role
in the stress response is undefined. These
diverse functions have one common feature;
that is, they all require that ubiquitin deriva-
tives be recognized by specific proteases that
are able to hydrolyze a peptide bond at the
COOH-terminal glycine of ubiquitin. Thus,
the ubiquitinyl-Ne amide bond is enzymati-
cally hydrolyzed during the removal of ubi-
quitin from histones that occurs before mi-
tosis (13, 14), cytoplasmic conjugates are
disassembled by activities present in most
tissues (15), and proteolytic intermediates
must be released from the COOH-terminus
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Fig. 1. Specificity of affinity-purified antibodies
to homogeneous UCH-L3. Antibodies were af-
finity-purified with antigen immobilized on nitro-
cellulose paper. (A) Silver-stained SDS-polyacryl-
amide gel showing the purified UCH-L3 used to
elicit antibodies in rabbits. Lane 1, molecular
mass standards; lane 2, purified UCH-L3. (B)
Protein immunoblots of an SDS-polyacrylamide
gel obtained using the affinity-purified antibody.
Lane 1, molecular mass standards; lane 2, bovine
thymus homogenate; lane 3, purified bovine
UCH-L3.
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