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Abstract

The selection ofT cell clones with mutations in the hypoxan-
thine guanine phosphoribosyltransferase (hprt) gene has
been used to isolate T cells reactive to myelin basic protein
(MBP) in patients with multiple sclerosis (MS). These T
cell clones are activated in vivo, and are not found in healthy
individuals. The third complementarity determining regions
(CDR3) of the T cell receptor (TCR) et and .8 chains are
the putative contact sites for peptide fragments of MBP
bound in the groove of the HLA molecule. The TCR V gene
usage and CDR3s of these MBP-reactive hprt- T cell clones
are homologous to TCRs from other T cells relevant to MS,
including T cells causing experimental allergic encephalo-
myelitis (EAE) and T cells found in brain lesions and in the
cerebrospinal fluid (CSF) of MS patients. In vivo activated
MBP-reactive T cells in MS patients may be critical in the
pathogenesis of MS. (J. Clin. Invest. 1994. 94:105-109.) Key
words: hypoxanthine phosphoribosyltransferase * in vivo.
mutation * T lymphocytes - myelin basic protein.

Introduction

In experimental allergic encephalomyelitis (EAE),' discrete
epitopes of myelin basic protein (MBP) have been identified,
and disease can be induced by immunization with these peptides
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of MBP ( 1 ) or by transfer of T cell clones reactive to these
peptides (2). Despite the recognition of different encephalito-
genic epitopes of MBP in the context of different major histo-
compatability complex (MHC) backgrounds in different species
or strains of animals, encephalitogenic clones show a preference
for use of certain TCR Va and ,Ps (3-5). In BIO.PL mice, VP3
8.2 and Va 2.3 are used by encephalitogenic clones which
recognize the NH2-terminal peptide residue 1-9 of MBP pre-
sented by I-AU. In Lewis rats, the recognition of MBP 68-88
in the context of I-A by encephalitogenic clones is carried out
by T cell receptors (TCRs) homologous to VJ3 8.2 and Va 2.
Restriction in TCR usage in pathogenic clones provided a ratio-
nale for therapies that prevent and reverse EAE with MHC class
II-specific, or V,3 specific monoclonal antibodies (6-8). The
third complementarity determining region (CDR3) of TCR 1#
chains expressed by these clones also show similarities, with
conserved deduced amino acid motifs of DSGNTE, DSSNTE,
or related sequences repeatedly observed in the rat clones re-
sponsive to MBP 68-88. To this end, TCR-directed peptide
vaccines have been used successfully to prevent EAE (9, 10).
Because various selective regimens of immunotherapy aimed
at MBP responsive T cells have shown great promise in EAE,
efforts have been made to identify equivalent T cell clones in
humans with MS.

The study of MBP-reactive T cells in humans has been
enigmatic because MBP-reactive T cells can be detected in
multiple sclerosis (MS) patients as well as in normal individu-
als. Studies exist which either support (11, 12) or refute ( 13-
15) the concept of restricted TCR expression by MBP-reactive
human T cell clones. In one study, V/3 17 and 12 were used by
T cell clones reactive with the 84-102 epitope of human MBP
by individuals with the MHC haplotype DR2, an HLA class II
phenotype conferring susceptibility to MS. Interestingly, Vf3 12
in man is most homologous to mouse and rat V/l 8.2. Kotzin
and colleagues find a remarkable bias for V/3 5.2 and 6.1 in
MBP-specific T cell clones from HLA-DR2 MS patients. Stud-
ies on the TCR expression within tissue compartments involved
in MS show that in plaques from 16 MS brains taken at autopsy,
expression ofTCR VP 5.2 and 6 genes was evident in demyelin-
ated plaques from patients that were HLA-DR2Dw2 and DNA
typed as DRB1 * 1501, DQA1 *0102, DQB 1 *0602, DPB 1 *0401
(16, 17). Similarly, T cells expressing V/8 12 have been ob-
served in oligoclonally expanded T lymphocytes from CSF of
patients with MS (18) and in some MS brain plaques (19),
suggesting selective recruitment to the MS brain of T cells
expressing this gene. These studies suggest that a limited array
of TCRs are expressed by potentially pathogenic T cells from
the CSF and plaques of MS patients.

The hprt gene is on the X chromosome at Xq26-27.2, spans
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44 kb and contains nine exons (20). The location of hprt results
in true or functional hemizygosity in all nucleated human cells,
facilitating the development of a cloning assay for T cells defi-
cient in this enzyme (21, 22). The range of mean values of
spontaneous mutant frequencies (Mfs) in normal adults is 3.1 -
9.5 x 10-6 and a mean value (±standard deviation) for 252
individuals is 5.3 (±2.7) X 10-6 (23). If spontaneous hprt
mutations arise preferentially in dividing rather than quiescent
T cells in vivo, then selection for T cells with mutations in the
hprt gene will enrich for cells that have undergone in vivo
division. We have used this assay to isolate a class of MBP-
reactive T cell clones from MS patients that may represent T
cells activated in vivo to MBP (24), and have shown that MBP-
reactive T cells are present within this population of activated
cells in MS patients, yet such reactive clones are absent from
the mutant fraction ofT cells from normal individuals. Although
similar frequencies of MBP-reactive T cells can be detected in
vitro in both MS patients and normal individuals, they are un-
likely to be dividing in vivo in normals, and hence are unlikely
to acquire mutations in the hprt gene and will be absent in this
population of T cells from normal controls. In an initial survey
of 258 hprt- T cell clones from six MS patients, 11 proliferated
in response to human MBP without prior in vitro exposure to
this antigen. None of 93 wild-type clones from MS patients and
none of 113 hprt- or 32 wild type clones isolated from three
normal individuals responded to MBP when tested in the same
manner. MBP-reactive T cell clones were isolated from one
female and four male patients; the three controls were males.
Although hprt is on the X chromosome, there is no apparent
bias in Mf between males and females, presumably due to irre-
versible random X inactivation. Likewise, there is no bias in
selection for MBP reactivity in these clones, since all clones
are initially propagated nonspecifically in the absence of MBP.
All patients tested for reactivity had chronic progressive MS,
and hprt Mfs ranged from 8.0 to 81.3 x 10-6. Of 11 clones
initially reported, six clones from two MS patients were avail-
able for molecular analysis of the TCR. The TCR /3 of one
clone (M13) was unobtainable with the PCR methods used in
this study.

Methods

T cell cloning. Patient information and methods used for the
generation of these clones has been described (24).
PCR amplification of TCRs. cDNA was subjected to enzy-

matic amplification by the PCR method. 10 Ml cDNA was com-
bined in a 50-til reaction mix with 4 ,l 1OX PCR buffer, 1.25
U Taq polymerase (Perkin-Elmer Corp., Norwalk, CT), 0.5
MM of Ca or CQ primer, and 0.5 /M of Va or V,/ specific
oligonucleotide primer. Primers were synthesized by Operon
Technologies (Alameda, CA). The PCR profile used was: dena-
turation 950C for 60 s, annealing 550C for 60 s and extension
720C for 60 s for 35 cycles in a DNA Thermal Cycler (Perkin-
Elmer Corp.). The size of amplified products using 5 '-Va sense
and 3 '-Ca antisense primers ranged from - 300 to 420 bp.
The size of amplified products using S '-V,/ and 3 '-C/3 primers
ranged from 180 to 400 bp. Primers used in this study have
been previously described (16).

Direct sequencing of PCR-amplified DNA. After PCR and
identification of appropriate V a orl/, the TCR is re-amplified
as follows: lOx buffer, 8 ILI; 2.5 mM dNTPs, 8 1I; PCR product,
1 ,ul; C region primer (50 ,tM), 1 IL; V region primer (50

pM), 1 ul; sterile H20, 80.5 ,l; Taq polymerase, 0.5 IA; amplify
by 30 cycles. The PCR product is run on a 2% NuSieve gel in
TAE buffer, the appropriate band is excised and isolated with
GeneClean. 50 ng of DNA is adjusted to a volume of 8 ,ul and
2 y1 of 2N NaOH is added. The sample is then incubated at
room temperature for 5 min. 1 p1 of sequencing primer (after
dilution to S IuM) is added as is 6 ILI H20. The sample is then
neutralized with 3 utl of 3 M Na Acetate, pH 4.5, 75 M1 cold
alcohol is added and the sample is then incubated in a -70'C
isopropanol bath for 20 min. After centrifugation for 20 min at
40C, the pellet is washed once with 70% alcohol, centrifuged
for 20 min and dried. The sample is then reconstituted with 8
I1 water and sequenced with Sequenase' according to manu-
facturer's instructions. PCR contamination of these clones by
rodent DNA can be ruled out by the fact that both the C region
and V regions sequenced with these CDR3s are identical to
published human TCR sequences. PCR products from some of
these clones were also sequenced with a second C region primer
5' to both the primer used for initial amplification and the
primer used for initial sequencing. Throughout the paper we
use the TCR residue numbering as found in Chothia et al. (25),
using positions 90 and 92 as the conserved cysteine V region
residue, and positions 107 and 109 as the conserved glycine J
region residue for TCR a and /3, respectively, to delineate the
CDR3.

Results

Of the five hprt- clones tested, two clones (M12 and M26)
expressed Va 8.2, two expressed Va 2 (M13 and M18) and
one Va 4 (M27). Ja expression was heterogeneous, with ex-
pression of Ja A, H, I, and U genes detected. Although no
similarities in the usage of J genes was observed, the deduced
amino acid sequence of the TCR a chain CDR3 of clone M12
was identical to the CDR3 of the encephalitogenic SJLxPL/J
F1 T cell clone, named F1-12 which is specific for MBP 1-11
(5). The four amino acids "ERNT" are encoded by the N and
J regions of this clone, and the identical sequence is seen in
clone M12, also encoded by N and J region nucleotides (Fig.
1). The Va and Ja usage and V-J nucleotide and deduced
amino acid sequences for each of these clones is shown in Fig.
1. Thus, an hprt mutant clone found only in MS patients has
an identical CDR3 sequence with a pathogenic T cell clone
identified in mice that causes paralysis and EAE.

Of the five hprt- clones sequenced, four expressed VP3 12
and one expressed VP3 5.1. Clones M12, M18 and M27, all
from patient 3, and M17 from patient 1, expressed V/3 12, and
clone M26, also from patient 3, used VP3 5.1. The observation
that these clones express TCRs of either VP3 12 or VP3 5 families,
two V/3s reported to be expressed extensively by MBP-reactive
clones, is intriguing. DR typing by PCR of patient 3 showed
a DR#1*0301, 1501; DQa1*0102, 0501; DQ61 *0201, 0602;
DPfi1 *0201, 0202 molecular phenotype. V/3 5.2 was reported
to be expressed by MBP-reactive clones from DR2 individuals
( 12). The DRB 1 * 1501, DQB 1 *0602 molecular phenotype has
been shown to correlate with expression of V/3 5.1, 5.2, or 6
in MS plaques (17).

Clone M27 transcribes TCR VP 12 and rearranges a CDR3
region encoding the deduced amino acid sequence "ETSGNT."
This six-amino acid region bears similarity to the consensus
motif in the CDR3 region of encephalitogenic Lewis rat clones
(3, 4). The first two aamino acids represent conservative charge
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Figure 1. TCR a chain usage and J region nucleotide (
amino acid sequences (B) of hprt- MBP-reactive T ce
MS patients. Va and Ja genes used are shown for each cl
Ja sequences were derived by direct sequencing of PCI
35 cycles of amplification with specific V region prime
sequences of Va and Ja are from Klein et al. (32). (*
(5).

substitutions of D and S, two amino acids consi
at the beginning of CDR3s of many encephalitoge
clones. The likelihood that these VDJ sequence.
this Via 12-expressing clone by chance is low, a
quences were detected in sequencing of five coi
cell clones from the same patient. Also, in sequenc
of interleukin 2-receptor+ T cells from the synoviu
with rheumatoid arthritis, this motif was not deti
30 clones sequenced (26). To determine if the CD]
of these clones were similar to other TCRs of rele
sequencing of Via12 TCRs derived from lympho(
culture from the CSF of an MS patient was perfoi
from a sample of CSF were amplified with CP and
ers, and the PCR products were then cloned an(
Five of 15 clones analyzed showed a Via 12
arrangement, with a CDR3 sequence of "GSNTD.
conservative charge substitution of D for E is seen
TCR and the conserved rat CDR3, and glutamic ac
precede NTE, NTGE, or NTD as they do in the r
well as the CDR3 of clone M27. Thus, in two type
hprt-, of MBP-reactive clones, and in Vi12 TCRs
in the CSF of MS patients, similar CDR3,Bs were
human CDR3,Q sequences are homologous to tho
genic T cells capable of causing EAE and paralysi

Sequence analysis of hprt- clone M26 showed
another CDR3 relevant to MS. This clone expret
and Ji 2.2, with a CDR3 sequence of LGGP. TI
match to a predominant CDR3 found in Via 5.2 Ti
from MS brain, where a sequence of LGGVP wag

< . ~J Also, Lewis rat clones isolated from the lymph nodes of animals
immunized with MBP 85-99 often express a CDR3 of LGGE

cc ac cmn in conjunction with VP 6 (27).
Gac Am* The presence of CDR3 motifs in MBP-reactive T cells has

also been observed in certain MS patients in MHC class II-
A__ restricted cytolytic T cell clones specific for MBP-coated EBV-

transformed B lymphoblasts ( 14). One such clone that has been
TCC AG ATA AW isolated recognizes COOH-terminal residues of human MBP,
A_ CO GG& Gr which are encephalitogenic in non-human primates (cytolytic

VB 4.2 clone, Fig. 2, A and B). This clone expresses V/3 4.2
and J,3 2.1, and has a CDR3/3, SGDQG, with homology to the
rat and mouse motif. This CDR3 is also strikingly similar to the

__ CDR3 of the MBP-reactive hprt- clone M12, which expresses a
sequence of GSDQG. Both clones also use J,6 2.1. Thus, the
only difference between these clones in the CDR3 and J region

7Y U is the inversion of the GS residues at the start of the CDR3.
Ja Fl-12 The VP and JP usage, and the CDR3I3 nucleotide and deduced

.- - - amino acid sequences of these TCRs are shown in Fig. 2, A
and B.

,LIFGT I To further establish the uniqueness of these TCR sequences
I A to the population of hprt- T cells from MS patients, we se-
GK H

quenced the TCR6s of six wild-type clones. Fig. 3, A and B
shows the TCR,6 nucleotide and deduced amino acid sequences

of wild-type T cell clones W5, W9, Wi 1, W21, W26, and W30.
A) and deduced These PHA-activated clones were generated from the patient
11 clones from for which the hprt mutant T cell clones are described, and were
lone designated. taken at the same time of sampling as the hprt- clones. The V
R products after regions expressed by these clones are diverse (V/3 3, 14, 9, 18,
rs. Germline 21, and 8, respectively), as are the J regions (J/3 2.7, 2.5, 2.1,
Acha et al. 1.1, 1.1, and 2.1, respectively). Moreover, the deduced amino

acid sequences of the CDR3s show no homology to any of the
hprt- clones, encephalitogenic T cell clones from rodents, TCR
VP 12 sequences from the CSF, or TCRs found within the MS

istently found lesion as reported here. These results support our observations
-nic Lewis rat of CDR3 sequence homologies being unique to this population
s occurred in of T cells from MS patients.
Usno such se-
ntrol hprt+ T Discussion
ing the VDJs
im of patients It is interesting that MBP-reactive hprt- T cell clones from MS
ected in over patients use V,6s with a high degree of homology to encephalito-
R3 sequences genic MBP-reactive T cell clones from the mouse and rat. One
vance to MS, interpretation may be that unique combinations of particular V
cytes without regions, in addition to precise amino acid sequences in the
rmed. T cells CDR3s, may contribute to the autoreactive nature of such T
I VP312 prim- cells (28). The observation of T cells rearranging Via 12 in the
d sequenced. CSF (18) and brain (19) of MS patients is consistent with the
!.2-J,32.3 re- hypothesis of sequestration of reactive T cells at the site of

Again, the inflammation proposed to occur for rheumatoid arthritis (26,
between this 29). Absence of VP 12-bearing T cells in the periphery with a
id and serine high degree of clonal expansion of Via 12+ T cells in the CSF
rat CDR3, as of MS patients would support this notion. Studies on the fre-
s, hprt+ and quency of V,612 expression in T cells from the CD4 and CD8
from T cells compartments of peripheral blood lymphocytes taken from MS
seen. These patients, show no differences compared to healthy controls (data

ose of patho- not shown), though the frequency of such cells is <3% in all
is in rodents. 12 MS patients analyzed.
similarity to The most striking example of CDR3 sharing is seen between
sses V/B 5.1 the encephalitogenic clone F1-12 and the hprt- M12, with iden-
his is a near tical CDR3a sequences of "ERNT." Clone F1-12 responds to
CRs derived the acetylated NH2-terminal residues 1-11. The clones de-
s seen (17). scribed in this study all react to the 113-142 peptide of MBP.
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Figure 2. TCR P chain usage and D-J regi
deduced amino acid sequences (B) of hprt-:
from MS patients. cDNA was subjected to
PCR, and direct sequencing of PCR-amplifie
as described in Methods. Nucleotide sequen
of encephalitogenic MBP-reactive T cell clor
as brain-derived V/3 5.2 TCRs, are shown fi
VB and J,6 sequences are from Kimura et a

al. (34). *Ref. 34; *ref. 4; ref. 17; '1ref. 27

From studies using alanine-substitutec
shown that the minimal residues nece;

and T cell activation for Ac 1-1 1-react
vation of residues 3-6 which is a sequ(
and peptides containing alanine substit
are incapable of inducing disease. Th
present in MBP 113-142, and similarl
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Figure J. ILR chain usage and D-J region nucleotide (A) and
deduced amino acid sequences (B) of five hprt+ wild-type T cell clones
from MS patient 3. Control clones were generated by PHA-activation
concurrent with the hprt assay.

for binding to A0,A61; the lysine is essential for disease induc-
TGELFFGEG 2.2

tion and, in addition to the glutamine residue, is believed to
YGYTFGSGTRLT 1.2 § interact with the TCR. The absence of the arginine in the epitope

ETGYFGPGTRLL 2.511 for these clones may simply reflect differential requirements for
binding to the relevant human class H.

Since these clones were derived from patients with long-
ARNEQFFGPGTRL 2.1 standing disease, they may indicate determinant spreading (3 1),

with reactivity to secondary epitopes predominating the re-
GNEQFFGPGTRL 2.1 sponse to MBP in later stages of disease. This has been observed

in EAE, and suggests that this class of activated T cells, as well
- - - - - - - - as some of the clones described in the EAE system, and some

NYGYTFGSGTRLT 1.2 TCRs from the brain and CSF either recognize relatively non-
ETQYFGPGTRLLVLED 2.5 dominant epitopes of MBP, or that the response to secondary

epitopes plays an important role in disease maintenance. At the
ion nucleotide (A) and time of sampling, the patient from which the hprt- T cell clones
MBP-reactive T cell clones were derived had MS for 6 yr.

enzymatic amplification by Additional data of VP3 12 TCRs from MS brain

d TCR cDNA is performed lesions (16, 17) will determine if these similarities in TCR

ce and amino acid residues
e

nes from Lewis rats, as well expression can be extended to T cells found within the inflam-

*or comparison. Germline matory lesion. The expression of TCR V genes and CDR3

1. (33) and Concannon et sequences, both in the CSF and in T cell clones derived from
the peripheral blood of MS patients, which are similar to those
expressed by T cells which are MBP-reactive and encephalito-
genic in rodents, indicates that a T cell mediated immune re-

d peptides, it has been sponse to MBP might be occurring in the central nervous system
ssary for inducing EAE of MS patients. Given that the specificity of these T cells in
ive clones is the conser- rodents elicits EAE, such a response may also be pathogenic
ence of "QKRP" (30), in humans with MS.

-. / I

utions in these positions
ie sequence "QKP" is
,y, "PQK" is present in
d P residues are critical
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