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A public T cell clonotype within a
heterogeneous autoreactive repertoire
IS dominant in driving EAE
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Experimental autoimmune encephalomyelitis (EAE) is an animal model of multiple sclerosis. Immunization
of B10.PL mice with the Ac1-9 peptide, the immunodominant determinant of myelin basic protein (MBP),
produced a single episode of EAE followed by recovery and resistance to reinduction of disease. Using the
CDR3 length spectratyping technique, we characterized the clonal composition of the Ac1-9-specific T cell
repertoire from induction through onset and resolution of disease. Two clonally restricted subsets within a
heterogeneous self-reactive repertoire were found in mouse lymph nodes, spleen, and spinal cord soon after
immunization, before any sign of EAE. These clonotypes, designated BV8S2/BJ2S7 and BV16/BJ2S5, were
present in all mice examined and thus considered public. BV8S2/BJ2S7 was found in far greater excess; was
exclusively Th1 polarized; disappeared from the spinal cord, spleen, and lymph nodes concomitantly with
recovery; and transferred disease to naive recipients. In contrast, BV16/BJ2S5 and numerous private clono-
types were either Th1 or Th2 and persisted following recovery. These results are consistent with the hypothesis

that the public clonotype BV8S2/BJ2S7 is a driver of disease and necessary for its propagation.

Introduction

MS is a demyelinating disease of the CNS known to be mediated
in part by autoreactive CD4" T cells. Interestingly, myelin-specific
T cells are found both in healthy subjects and in patients with MS
(1); thus the presence of myelin-reactive cells per se is not an indi-
cation of clinical disease. In fact, a protective role for autoreactive
cells has been demonstrated in EAE in mice (2, 3). Several studies
have attempted to track pathogenic cells during the course of EAE
(4-7) and, through in vitro cloning and analysis of TCR transgenic
mouse models, have provided much information about the behav-
ior of individual clones. However, these clonally restricted studies
have not yet provided the necessary insights required for under-
standing the dynamics of autoimmunity in intact individuals. In
unperturbed systems, we have only limited ability to identify and
characterize the particular cells of the self-directed T cell repertoire
that have the capability of driving autoimmune disease. Yet this
ability seems essential for our understanding of autoimmunity
and for designing specific immunotherapies such as T cell vaccines
(8,9) or TCR-peptide vaccines (10).

In this study, we sought to describe the features of the pathogen-
ic cells residing within the bulk population that drive EAE. Previ-
ous studies have suggested that T cell responses generally include
a heterogeneous repertoire composed of both public and private
components (11-16). An autoimmune T cell response should be
no different. We reasoned that the driver T cells would emerge as
public from an initially heterogeneous clonal array with a particu-
lar set of efficient effector signals and pathogenic characteristics
that would distinguish them within the self-reactive repertoire.

Nonstandard abbreviations used: CD62L, CD62 ligand; L9, 9-aa CDR3 length;
MBP, myelin basic protein.
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Therefore, we sought evidence for T cell clones exhibiting public-
ity, high frequency, early response, enhanced levels of costimulato-
ry receptors, primary resistance to downregulation, and abundant
output of proinflammatory factors (Th1). Most importantly, we
looked for the concordant presence of these cells during the disease
course. Conceptually, the clones that would follow these criteria in
vivo are the ones most likely to drive autoimmunity within a bulk
population. To test this hypothesis, we took advantage of CDR3
length analysis and cell isolation techniques to detect and track
clonal expansions as well as to characterize such expansions within
phenotype-based populations during a self-limiting autoimmune
pathology, the EAE model in B10.PL mice, which is known to be
driven by T cells specific for the immunodominant determinant of
myelin basic protein (MBP), Ac1-9.

We characterized specific encephalitogenic clones directly ex
vivo from mice using CDR3 length spectroscopy. Our results show
that Ac1-9 selects a more heterogeneous response than was previ-
ously appreciated (17). The Ac1-9-specific repertoire is composed
of a single public clonotype with characteristics of dominance, a
second public but subdominant clonotype, and many private and
semi-private clonotypes. We present evidence that the development
of adominant T cell clonotype among a heterogeneous population
drives the course of EAE in B10.PL mice. The dominant clonotype
largely disappeared following recovery, while a sizeable majority of
other self-reactive clones were maintained. The capacity to iden-
tify such T cell drivers within a bulk population in autoimmunity
could identify critical targets that would be crucial in the design of
therapies for autoimmune diseases such as MS.

Results
MBP-specific T cells remain present throughout the course of EAE in B10.
PL mice. The course of EAE in B10.PL mice is monophasic fol-
lowing the administration of Ac1-9 in CFA. The initial symp-
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B Figure 1

EAE in B10. PL mice follows a monophasic course. Splenocytes were
harvested for measuring the dose-dependent proliferative response, as
shown by the stimulation index (Sl), to Ac1-9 at the onset of disease
(A) and during recovery (B), as measured by 3H-thymidine uptake. The
mean + SEM for 8 mice is shown.
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6 (d25-30) ing that remission is not the result of a loss of Ac1-9-reactive T
7] i cells from the circulating T cell repertoire.
: Public and private repertoires. To analyze the T cell repertoire dur-
1 ing the course of EAE, we used CDR3 length spectratyping analy-
NoAg 4 0 1 2 sis, referred to herein as immunoscope analysis (18). Immuno-
log [Ac1-9] (ug/ml) scope analysis of draining lymph nodes after immunization with

Ac1-9 revealed expansion of a mean of 24 BV/BJ individual sub-
families per mouse, primarily in the BV4, BV8.2, BV8.3, BV10, and

toms appear at about day 10, the peak of disease is reached at  BV16 families (Figure 2A). Among them, 2 clonotypic expansions,
approximately day 14, and the signs of paralysis disappear by = BV8S2/BJ2S7 and BV16/BJ2SS, each with a 9-aa CDR3 length (L9),
day 30. However, in vitro stimulation of draining lymph node  were found in 100% of the animals analyzed and therefore could
cells revealed comparable Ac1-9 proliferative activity both at  be considered public (Figure 2A). The public expansions were
EAE onset (Figure 1A) and during recovery (Figure 1B), indicat-  found in lymph nodes, spleen, and spinal cord. BV8S2/BJ2S7 and
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Figure 2
The BV/BJ usage of cells responding to Ac1-9 — —
is diverse. Immunoscopic analysis of (A) drain- ’ '
ing lymph node cells 8 days after immunization
followed by in vitro stimulation with Ac1-9 and >E >E
(B) spinal cord—infiltrating cells without in vitro
stimulation. cDNA was amplified in RT-PCR
as described in Methods. Results represent 57 57
clonotypic CDR3 expansions found among |
the BV/BJ families of 4 mice. Shown are
expansions in which the same CDR3 length L1
was found in 1 of 4 mice (Private), in 2-3 of 4 I Private
mice (Semi-private), and in all mice analyzed L_—"Private found in LN and SC
(Public). Results are representative of 3 inde- o Tivate found in LN and SG
pendent experiments. SC, spinal cord. B=(Public found in LN and SC
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Table 1
CDR3 aa sequences of the TCR  chain

Junctional region Identical sequences

BV (V-N-D-N-J) BJ per clones analyzed
BV8S2-CAS GDAGGGYEQYFGP  BJ2S7 36/44
BV8S2-CAS GDAGGSYEQYFGP  BJ2S7 8/44
BV16-CAS SSGTDQDTQYFGP  BJ2S5 24/32
BV16-CAS SLDWDNQDTQYFGP  BJ2S5 8/32

The CDRS3 region of the TCR f chain is encoded within the VNDNJ
junction, as shown in bold.

BV16/BJ2S5 were absent in mice immunized with PBS in CFA plus
pertussis toxin but without peptide, although other expansions
were observed, e.g., a public BV10/BJ1S3 expansion (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JCI28277DS1). These data support the interpretation
that BV8S2/BJ2S7 and BV16/BJ2SS5 are specific for Ac1-9.

The infiltrating repertoire in the spinal cord at disease onset
was clearly more heterogeneous (Figure 2B) than that in the
lymph node (Figure 2A). The expansions BV8S2/BJ2S7(L9) and
BV16/BJ2SS5(L9), together with several private and semi-private
expansions, were found in every affected mouse. Expansions were
observed in most BV families (Figure 2B). It has previously been
shown that CNS-derived dendritic cells are able to migrate to the
cervical lymph nodes and activate naive T cells (19), which can
then gain access to the inflamed CNS, increasing the heterogene-
ity of the T cell response (20). Therefore, as shown previously (21),
the heterogeneity observed within the CNS in Figure 2B is likely
to represent a more diverse polyclonal set of specificities, distinct
from T cells reactive with Ac1-9. Consistent with this, approxi-

mately 50% of the clonal expansions (mean of 12 per mouse) seen
in the lymph nodes (Figure 2A) were also found in the spinal cord
(Figure 2B). However, as only 2 clonotypes, BV8S2/BJ2S7(L9) and
BV16/BJ2S5(L9), were public in lymph nodes, spleen, and spinal
cord, it was important to determine whether these public clono-
types were causally related to pathogenicity.

Public expansions display a conserved CDR3 region. To ascertain
whether the BV8S2/BJ2S7(L9) and BV16/BJ2S5(L9) public expan-
sions were a result of clonal proliferation, we sequenced the PCR
samples used for immunoscope analysis from 4 separate Ac1-9-
primed mice. A conserved 9-aa sequence, GDAGGGYEQ and SSGT-
DQDTQ (or rarely GDAGGSYEQ and SLDWDNQDTQ) emerged
at the V(D)J junctions of BV8S2/BJ2S7 and BV16/BJ2S7, respec-
tively (Table 1). Notably, although the DNA sequences repeatedly
translated into the same aa sequence, they differed at the nucleo-
tide level, even within the same animal. This demonstrates that
there is an antigen-based selection of nonidentical clones based on
the same aa sequence of the CDR3 region. Therefore, these pub-
lic expansions actually represent a clonal family with unique DNA
sequences, encoding the same TCR  chain aa sequence.

Dominance of the public clonotypes. Qualities of the public clono-
types that might contribute to their pathogenicity and domi-
nance were then characterized. Expression of the major public
expansion, BV8S2/BJ2S7(L9), was approximately 10-fold higher
than that of the minor public expansion, BV16/BJ2S5(L9), at both
day 4 and day 8 (Figure 3A) following immunization. Both clono-
types expanded 2- to 3-fold from day 4 to day 8 in the lymph node
(Figure 3A). In the spinal cord, both public clonotypes were detect-
ed, again with a 10-fold difference in expression, on day 8 after
immunization (Figure 3B), before signs of disease are seen. From
day 8 to day 14, during which time disease symptoms appear,
BV8S2/BJ2S7(L9) increased at a higher rate than did BV16/
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BJ2S5(L9) in the spinal cord (Figure 3B). Together, these results
indicate that BV8S2/BJ2S7(L9) is the dominant clonotype found
in the lymph node and spinal cord in the B10.PL EAE model.

Th1 polarization of public clonotypes. It has been difficult to attri-
bute a particular cytokine profile to a single T cell clone within a
bulk population of T cells. It remains unclear whether Th1 and
Th2 cytokine profiles can be ascribed to different members of the
T cell repertoire or whether a given TCR clonotype is represented in
both populations. We took advantage of cytokine capture reagents,
which allow sorting of cells according to their cytokine profiles.
By performing immunoscope analysis following magnetic separa-
tion of IFN-y- and IL-4-secreting cells, we could determine which
cells of the Ac1-9-reactive repertoire were polarized to Th1- or Th2-
like cytokine profiles. The BV8S2/BJ2S7(L9) public expansion was
found in the IFN-y-sorted population, but not in the IL-4 popula-
tion, by 6 hours after in vitro stimulation with Ac1-9 (Figure 3C).
However, BV16/BJ2S5(L9) cells were still in a ThO state at this early
time, producing both IL-4 and IFN-y (Figure 3C). After 48 hours of
stimulation, the BV16/BJ2S5(L9) cells had also polarized toward a
Th1 cytokine profile, suggesting that the early secretion of IFN-y
by BV8S2/BJ2S7(L9) cells could play a role in the polarization of
other cells (Figure 3D). It is also possible that BV16/BJ2S5(L9) cells
have a slower developmental program. Similar analyses of private
clonotypes revealed that expansions were randomly found in either
IL-4- or IFN-y- producing populations (data not shown).

Effector characteristics of the public populations. To characterize the
effector response of the public clonotypes infiltrating and driving
EAE, we further analyzed the phenotype of clonotypes upon Ac1-9
activation. By isolating T cells with antibodies to different surface
markers using magnetic beads, followed by spectratyping to test
for a signature peak, it is possible to conveniently identify the
expression phenotype of a particular cell within a bulk population.
Cells within the BV8S2/BJ2S7(L9) clonotype were found among
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Figure 4

CD4+ BV8S2/BJ2S7-DAGGGY clonotypic T cells induce EAE. (A)
Cells from mice immunized with Ac1-9 8 days earlier were stimulated
in vitro with the peptide and IL-12; sorted into CD4+, CD4+BV8.2+, and
CD4+BV8.2- populations; and adoptively transferred into naive mice.
(B) The BV8.2+ T cell clone bearing the DAGGGY motif in the CDR3
region and the Ac1-9—specific T cell line depleted of BV8.2* T cells
were stimulated in vitro with the peptide and IL-12, washed, and adop-
tively transferred into naive mice. The numerical range of cells trans-
ferred was adjusted for different populations as described in Methods.
Mice were monitored daily for clinical signs of EAE.

all positively selected populations analyzed except for the CD62
ligand-positive (CD62L") or CTLA-4" populations (Figure 3E).
Thus, the predominant phenotype of the BV8S2/BJ2S7(L9) clo-
notype following Ac1-9 stimulation is as follows: CD62L-, FasL.1%,
ICAM-1+, OX40", CD40L", CD28*, CD25*, and CTLA-4-, which is
a phenotype known to be essential for inducing EAE (22). On the
other hand, the BV16/BJ2S5(L9) clonotype revealed minor expan-
sions within the CD62L* and CTLA-4* populations (Figure 3E),
suggesting that this clonotype is less responsive to Ac1-9 activa-
tion or is more susceptible to regulation than is BV8S2/BJ2S7(L9).
Similar analysis of some private clonotypes, such as BV4/BJ2S1
and BV10/BJ1S6, revealed expansions in random positive popula-
tions (data not shown).

Pathogenicity of the BV8S2/BJ2S7 clone bearing the DAGGGY motif.
We next examined whether a BV8S2/BJ2S7* clone bearing the
CDR3 motif DAGGGY, the core sequence of L9 (the BV8S2/
BJ2S7-DAGGGY clonotype), would induce disease when adop-
tively transferred into naive mice. Figure 4 shows that total CD4*
T cells as well as the CD4*BV8S2* population induced disease in
naive recipients. Most importantly, depletion of BV8S2* T cells
from the CD4* population removed the ability of the transferred
cells to induce disease (Figure 4A). In addition, the BV8S2/BJ2S7-
DAGGGY clonotype induced EAE in recipient mice (Figure 4B).
However, neither the Ac1-9-specific T cell line generated in the
absence of BV8S2 (Figure 4B) nor another BV population, such as
BV10 isolated from immunized mice (data not shown), adoptively
transferred disease in recipient mice. These results show that, as
predicted, the dominant public clonotype is also pathogenic in
B10.PL mice. Compellingly, although other public and many pri-
vate clonotypes are expanded by Ac1-9 immunization and com-
prise a majority of the Ac1-9-specific repertoire, they lack the abil-
ity to adoptively transfer EAE.

Life history of the dominant public clonotype parallels the course of dis-
ease. Previous studies have shown that the earliest responders to an
encounter with antigen are likely to become dominant members of
the subsequent T cell response (23). The BV8S2/BJ2S7(L9) clono-
typic expansion was detected in the lymph node as early as 2.5 days
after immunization (Figure 5), in agreement with Sakuma et al.
(7). By day 4, all animals presented BV8S2/BJ2S7(L9) expansions,
and by day 8 after immunization, each of these expansions was
absolutely public in the lymph nodes (Figure SA). During recovery
from EAE, BV8S2/BJ2S7(L9) cells decreased substantially in the
lymph nodes (Figure 4A), suggesting that this is a crucial clono-
type for EAE induction and maintenance. T cell analysis at recov-
ery was also performed by sequencing the predominant BV8S2/
BJ2S7 clone. As disease resolution progressed, the CDR3 motif
DAGGGY began to disappear (Figure 6, A and B). Few DAGGGY-
bearing clonotypes remained in early remission, and they were
Number 8 2179
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Figure 5

BV8S2/BJ2S7 expansion parallels disease.
At the indicated time points after immuniza-
tion, draining lymph node cells were harvested
and stimulated in vitro with Ac1-9. cDNA was
amplified by RT-PCR as described in Methods.
Shown are expansion indexes (Els) of the single
CDRS3 expansions, (A) BV8S2/BJ2S7(L9) and
(B) BV16/BJ2S5(L9). An El of 1 represents the
particular expansion peak compared with its
expansion within the Gaussian distribution; val-
ues above or below this limit show positive or
negative expansions of the peak, respectively.
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absent from the spinal cord by late remission 30 days after immu-
nization (Figure 6C). The other public clonotype, BV16/BJ2S7(L9),
also disappeared from lymph nodes just after recovery, but strik-
ingly, these cells expanded vigorously in the absence of disease a
short while after remission (Figure 5B). These results suggest that
efficient regulatory control is exerted on the dominant clonotype
during disease resolution. After recovery, BV8S2/BJ2S7(L9) is no
longer detectable in lymph nodes. The minor public clonotype,
BV16/BJ2S7(L9), persists but is unable to induce EAE.

Peripheral hideouts for the aggressive driver clonotype in EAE. Next we
investigated whether the BV8S2/BJ2S7(L9) clonotypic T cells would
be maintained in nonlymphoid sites following recovery from EAE.
As shown in Figure 7, this clonotype was recovered from lung, liver,
bone marrow, and blood until 75 days after recovery (Figure 7). A
much lower frequency of BV8S2/BJ2S7(L9) clonotypic T cells was
observed in draining lymph nodes, spleen, thymus, and mesenteric
lymph nodes. At 120 days after recovery, no BV8S2/BJ2S7(L9) clo-
notypic T cells were recovered from any site analyzed. These results
show that specific autoreactive T cells generated in B10.PL mice after
immunization with Ac1-9 persist in peripheral organs such as lung,
liver, and bone marrow, as do other memory T cells. Interestingly,
these persistent cells produced low to undetectable levels of IFN-y
(Figure 8), suggesting that they had lost pathogenic potential.

Finally, we asked whether the loss of the autoreactive BV8S2/
BJ2S7(L9) clonotype was followed by the loss of autoreactivity
among the other clonotypes. Interestingly, although the public
2180
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clonotype BV8S2/BJ2S7(L9) was not detected between 75 and 120
days after recovery, many other Ac1-9-specific T cell clonotypes
persisted (Figure 9). However, mice immunized at this point or
even at 1 year after recovery were resistant to reinduction of EAE
(data not shown). Therefore, recovery from EAE in B10.PL mice
involves an apparent repertoire loss in which the pathogenic pub-
lic BV8S2/BJ2S7(L9) clonotype is selectively purged or regulated
although many other self-reactive clonotypes are maintained.

Discussion
By genotyping the CDR3 region of the TCR 3 chain, we followed
the T cell response to the immunodominant determinant of MBP,
Ac1-9, during the onset and through spontaneous recovery from
EAE in mice. A diverse set of clonotypes arose, mostly within the
BV4, BV8S2, BV8S3, BV10, and BV16 families, but only 2 clono-
types among these families were recruited in every animal studied.
One of these presented features of dominance and was able to drive
the pathology in B10.PL mice. The results presented in this study
revealed that BV8S2/BJ2S7-DAGGGY was highly overrepresented
in every animal during the onset of disease. This component of the
Ac1-9 response displayed a highly polarized Th1 cytokine profile
and was an early and highly activated member of the Ac1-9 rep-
ertoire, which was detected in lymph nodes and spinal cord well
before any sign of disease. The ability of the BV8S2/BJ2S7(L9)
clonotype to transfer disease to recipient mice, unlike many other
Ac1-9-specific cells, confirmed the encephalitogenicity of these
Volume 117
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V82 C A S G IDNAIL [GhGhY EQYF G P Jp7
Vi82C A s ¢ IDNANT s v ¥ EQYF G P J27
Vi82CASG L GTHGNGIDSYEQYFGP Jp7

cells. The pattern of immune response of these T cells, unlike other
components of the Ac1-9-specific repertoire, was congruent with
the pattern of disease. The results demonstrate that this clonotype
is dominant in driving EAE in the B10.PL mouse model, apparent-
ly having the propensity to infiltrate, expand locally, and establish
an inflammatory milieu in the CNS.

In different experimental systems, dominant responses have
been documented from hybridoma and/or clonal evidence show-
ing shared specificities and containing unique rearrangements
or sequences. However, often these isolated clones have not been
found in vivo and, because in vitro cloning imposes selective
pressures different from those seen in vivo, could correspond
to private specificities arising in vitro during the isolation pro-
cess (24-28). According to previous views, the Ac1-9-specific
response was essentially restricted to BV8S2 (17). However, our
analysis of the entire Ac1-9-specific repertoire, expanded after
immunization, revealed extensive heterogeneity and included the
pathogenic clonotype as well as several other clonotypes able to
expand in the in vivo environment.

Previously published data have suggested that T cell responses
generally include both public and private components (11-15),
and EAE in B10.PL mice has proved to be similar. Both public and
private clonotypes expand after peptide immunization, with one
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Figure 6

The CDRS3 region of the public expansion is conserved at onset of EAE,
but not during recovery. BV8S2/BJ2S7 PCR samples from individual
mice were directly cloned and sequenced (A) at the onset of EAE on
day 14, (B) in remission on day 25, and (C) later in the remission phase
on day 30. Concordances with the DAGGGY motif are shaded gray.
The figure is representative of the results obtained from restimulated
splenocytes and directly from the spinal cord because both samples
showed similar profiles.

clonotype becoming dominant, correlating with the course of EAE.
The basis for selection of dominant public clonotypes is unknown.
A public repertoire might be influenced by genetic (i.e., intrinsic)
factors within the natural repertoire, while the appearance of
distinct private expansions in particular animals may depend on
unique factors that impinge on individual T cell repertoires.

Our results show that the dominant public clonotype was also
pathogenic in this model of EAE, displaying a mixture of high
frequency and enhanced effector qualities, including high levels
of costimulatory molecules, an apparently unregulated period
of expansion, a proinflammatory profile, and a rather fast acti-
vation time, which might lead to competitive advantage and
encephalitogenicity. It has previously been shown that certain
effector molecules expressed on MBP-specific lymphocytes such
as FasL, OX40, CD40L, and ICAM correlate with the pathogen-
esis of EAE (6, 29-36). Furthermore, CD62L-deficient enceph-
alitogenic CD4" T cells were able to transfer EAE to wild-type
recipients (37, 38). CTLA-4 blockade during in vivo priming or
in vitro stimulation has been shown to exacerbate EAE or accel-
erate disease relapse in susceptible and resistant strains of mice
(39-41). Accordingly, such markers have been associated with
encephalitogenesis. Their presence on a public and high-frequen-
cy self-reactive clonotype such as BV8S2/BJ2S7(L9), in addition
to Th1 polarization, might explain the nature of these cells as
encephalitogenic agents of EAE in B10.PL mice.

Publicity in this repertoire study appeared to be a crucial criteri-
on for pathogenesis. However, our results also suggested that pub-
licity is not the only entity defining a driver, because the other pub-
lic clonotype, BV16/BJ2S5(L9), persisted, while BV8S2/BJ2S7(L9)
disappeared at remission. Although BV16 T cells expressed many
of the encephalitogenic markers described above, its 10-fold lower
frequency when compared with BV8S2/BJ2S7(L9) as well as its
partial expression of CTLA-4 might explain the lack of association
of this expansion in vivo with the occurrence of disease.

Upon adoptive transfer, BV8S2/BJ2S7 cells carrying the
DAGGGY CDR3 motif were clearly pathogenic. However, other
members of the Ac1-9 specific repertoire (including BV16 T cells
and all other BV clonotypes), even though capable of expansion
in vivo, were unable to transfer disease. These results suggest that
other private or public clonotypes are not, in and of themselves,
pathogenic in this system. It is conceivable that such cells could
contribute to disease, and indeed, many of them were also found
in the spinal cord, but they might not expand aggressively enough
in vivo to drive EAE.

The loss of a clonal family following expansion may be a com-
mon feature of T cell responses. Although individual clones may
undergo activation-induced cell death following expansion, a por-
tion of the family bearing a particular TCR usually persists. Rep-
ertoire studies to model foreign antigens have found that there is
maintenance of and/or focus on certain dominant clonotypes in
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the evolution of the immune response (12, 28, 42, 43). The Th1
cells with the greatest dominance, such as BV8S2/BJ2S7(L9) cells,
may be the first to die, as a result of a sequence of very effective
TCR ligation, costimulation, and expression of death effector
molecules such as FasL (29, 30). Indeed, apoptotic elimination of
BV8S2 (44-46) and more specifically BV8S2/BJ2S7(L9) (47) MBP-
specific T cells has previously been shown to correlate with resolu-
tion of EAE (44-47). However, in relapsing-remitting EAE in SJL
mice injected with peptide PLP 139-151, either clones of this speci-
ficity are maintained in subsequent relapses, while determinant
spreading leads to diversification involving other clonotypes (48),
or, as shown in some studies, the dominant clonal response disap-
pears and is replaced (49). In MS it has been reported that some
clonotypes are maintained over a long period of time in a given
patient (50, 51). The results reported here differ in that the domi-
nant, public clonotype was not detected after recovery. Thus, the
loss of a pathogenic public clonotype and the apparent absence of
its replacement in the remission repertoire suggest an explanation
for a “single peak” disease in this mouse model.

It is noteworthy that there was neither reexpansion of BV8S2/
BJ2S7(L9) cells nor EAE relapse upon Acl-9 reimmunization in
recovered mice (data not shown). However, the recurrence of EAE
in CD8* T cell-depleted mice (52, 53) indicates that the post-recov-
ery self-reactive repertoire is under regulatory influences in vivo.
Indeed, injection of the dominant clone, BV8S2/BJ2S7-DAGGGY,
into recovered mice failed to induce EAE (data not shown). Previous
work has shown that regulatory TCR-directed CD4" T cells, in col-
laboration with TCR-specific CD8* T cells, are involved in the regu-
lation of EAE in H-2% mice (3, 10, 53-56). Ongoing immunoscope
studies in our laboratory have revealed the expansion of a restricted
set of regulatory clonotypes within BV14 that are responsive to a
BV8S2 framework 3 antigenic region within the B5 peptide (aa
76-101) (47). These BV14 CD4" T cells collaborate with CD8* sup-
pressors that cause apoptosis of the Th1 CD4* BV8S2 effectors. In
2182
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120 days after recovery

this system, the target cells must be activated and specifically bear
a BV8S2 TCR; also, Th1 cells have a greater susceptibility than do
Th2 cells to the CD8* suppressor cells. (57). Other regulatory con-
trols via bystander suppression, through signaling by CTLA-4, or
by potent mediators such as TGFf or IL-10 (58-60) may also play a
role. The sum total of such regulatory processes can thereby target
the activated pathogenic BV8S2/BJ2S7 Th1 clonotype, resulting in
its loss from the lymphoid compartment, while other components
of the residual Ac1-9-specific repertoire remain.

It is of interest that an extended period seems to be required
in order to delete, anergize, or suppress BV8S2/BJ2S7(L9) at
peripheral sites; moreover, the mechanisms of tolerance employed
might be distinct at different sites. Thus, the positive expression
of CTLA-4 on BV8S2/BJ2S7(L9) cells (data not shown) and the
cells’ lack of IFN-y production upon cognate stimulation suggest
that regulatory activities are playing a role in these sites during
recovery. In parallel with our study, public clonotypes have previ-
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Figure 8
Cells responding to Ac1-9 produce a low level of IFN-y after recov-
ery. IFN-y production by cells obtained from different sites at 30 days
(gray bars) or 60 days (white bars) after recovery. IFN-y production
by lymph node cells 8 days after immunization is shown as a refer-
ence (black bars).
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ously been found within the repertoire of different MS patients
(61-63). Not surprisingly, however, the consensus among research-
ers is that there is widespread diversity among MS patients. Appar-
ently, clonotypes that are shared among individuals are a minority
of the initially available set of myelin-reactive clones in MS. It is
nevertheless evident that a predominant driver response would be
the most relevant target for therapy. The identification of char-
acteristics of typical driver clonotypes in patients, as proposed in
this study, would focus attention on the truly dangerous effectors
among a heterogeneous population of autoreactive but nonpatho-
genic clones. From a therapeutic perspective, focus on a few criti-
cal targets promises to more effectively prevent the perpetuation
of autoimmunity and should provide greater predictability than
some previous approaches (64, 65).

Methods

Mice and induction of EAE. B10.PL/] mice (The Jackson Laboratory) were
immunized s.c. at 6-8 weeks of age with 100 ug Ac1-9 (ASQKRPSQR;
Macromolecular Resources) and 200 ug Mycobacterium tuberculosis H37Ra
(Difco) divided among 3 sites on their backs. At the same time and again
2 days later, mice were injected i.p. with 100 ng pertussis toxin (List Bio-

logicals). Disease score was measured as follows: 1, tail paralysis; 2, hind
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Figure 9

BV/BJ usage of cells responding to Ac1-9 is diverse after recovery.
Immunoscopic analyses were performed on stimulated lymph node
cells 75 days after recovery as described in the Figure 2 legend.
Results are shown for 4 mice and are representative of 2 individual
experiments. The 7-aa and 9-aa CDR8 lengths found for BV8S2BJ2S7
and BV16BJ2S5 expansions are denoted. Note that the CDR3 length
found for the BV8S2BJ2S7 expansion in this figure is different from the
conserved 9-aa sequence found in the previous figures.

limb weakness; 3, hind limb paralysis; 4, hind and forelimb paralysis; S,
moribund or dead. Transgenic 172.10 mice (kindly provided by J. Gover-
man, University of Washington Medical Center, Seattle, Washington, USA;
ref. 66) were used for generation of T cell clones. This work was approved
by the Institutional Animal Care and Use Committee of the Torrey Pines
Institute for Molecular Studies.

Adoptive transfer. Cells from spleens and lymph nodes of Ac1-9-immu-
nized mice were cultivated at 6 x 10° cells/ml with 5 ug/ml Ac1-9 and 20
ng/ml IL-12 for 48 hours. The cells were then separated into CD8 NK1.1-
BV8.2* and BV8.2-CD4" populations by magnetic cell sorting (MACS)
using anti-CD8a (Ly-2), anti-CD4 (L3T4), and anti-biotin monoclonal
antibodies coupled to MicroBeads (Miltenyi Biotec Inc.) and biotinylated
antibodies against NK1.1 (NKR-P1B and NKR-P1C) and BV8.2 (MRS5-2)
(BD Biosciences). The cells were washed and tested for purity by fluores-
cence-activated cell sorting before transfer by i.p. injection into naive irra-
diated (400 rads) mice. A range of cell numbers was tested for each cell
population: 0.5-1.5 x 107 for BV8S2* cells, 1-5 x 107 for total CD4" cells,
1-7 x 107 for BV8S2- cells, and 0.5-5 x 107 for control BV10 cells. Another
set of experiments was performed using a T cell clone with the DAGGGY
motif in the CDR3 region (range, 0.1-0.5 x 107 cells injected per mouse)
or with BV8.2- Ac1-9-specific T cell lines (range, 0.5-5 x 107 cells injected
per mouse). The last in vitro stimulation before injection and the adoptive
transfer of the clones and cell lines followed the same conditions described
above. At the time of transfer and again 2 days later, recipient mice were
injected s.c. with 100 ng pertussis toxin (List Biologicals). The mice were
monitored daily for clinical signs of EAE.

Isolation of mononuclear cells from nonlymphoid sites. The left ventricle was
flushed with 60 ml PBS to obtain blood leukocytes. The spinal cord, lung,
liver, bone marrow, and thymus were dissected, homogenized, and centri-
fuged on a Percoll gradient with 35% and 70% Percoll layers at 24°C for
30 minutes at 500 g Mononuclear cells were collected from the 35%-70%
interface, washed, counted, and pelleted for culture or RNA isolation.

Cell culture. Splenocytes and lymph node cells were resuspended in
complete RPMI medium and adjusted to 6 x 10° cells/ml; they were then
incubated with Ac1-9 peptide for 72 hours. Proliferation was measured by
incorporation of 1 uCi [3H]-thymidine (ICN Inc.) during the last 18 hours.
Ac1-9-specific T cell clones and lines were generated in complete RPMI
medium plus IL-2 without additional cell growth factor for T cell differ-
entiation. T cell lines were established from Ac1-9-immunized mice and
were expanded by cycles of resting followed by stimulation with Ac1-9 and
irradiated APCs. CD4"BV8S2* cells from 172.10 transgenic mice were stim-
ulated with Ac1-9 or concanavalin A and irradiated APCs and seeded in
96-well plates. Positive clones were tested for specificity and then screened
by sequencing of the TCR CDR3 motif DAGGGY.

Cytokine capture sorting. IFN-y- and IL-4-secreting populations were puri-
fied using the Mouse IFN-y Secretion Assay Cell Enrichment and Detec-
tion Kit and the IL-4 Secretion Assay Cell Enrichment and Detection Kit
(Miltenyi Biotec Inc.) per the manufacturer’s instructions.

Isolation of lymphocyte populations with specific cellular markers. Cells were incu-
bated with biotinylated antibodies against CD62L (Miltenyi Biotec Inc.),
Number 8 2183
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mouse FasL.1 (Kay-10), ICAM-1 (3E2), OX40 (OX-86), CD40L (gp39), CD25
(7D4), CD69 (H1.2F3), CD44 (Pgp-1, Ly-24), or CTLA-4 (BD Biosciences),
followed by a monoclonal anti-biotin antibody coupled to MicroBeads (Milt-
enyi Biotec Inc.). Positive populations were sorted using AutoMACS (Miltenyi
Biotec Inc.), and samples were studied directly via immunoscope analysis.

TCR repertoire analysis. Repertoire analyses were performed using a
protocol modified from Pannetier et al. (18). Analysis was performed on
cells from draining lymph nodes (day 8) and spleens (day 14) of naive and
immunized mice after restimulation with Ac1-9 or medium alone. Cells
infiltrating the spinal cord in each animal were analyzed ex vivo. Total RNA
was isolated from cell suspensions of individual samples using RNA isola-
tion kit (QIAGEN) followed by cDNA syntheses using an oligo-dT primer
(dT)1s (Invitrogen). From each cDNA, PCR reactions were performed using
Vg primers (see ref. 18) and a common Cg primer (CACTGATGTTCTGT-
GTGACA). Using these products as a template, runoff reactions were per-
formed with internal fluorescent primers for the different Jgs (see ref. 18)
and analyzed on an ABI 3100 Prism Genetic Analyzer (Applied Biosystems)
using GeneScan 2.0 software (Applied Biosystems). The expansion index
(EI) was calculated as the percentage of the experimental peak (area of
experimental peak divided by the sum of areas of the experimental peaks)
divided by the percentage of the control peak (area of control peak divided
by the sum of areas of control peaks). Cells from different organs cultured
in vitro with Ac1-9 from CFA-injected mice were used as controls. BV8S2/
BJ2S7(L9) and BV16S2/BJ2S5(L9) peaks represented approximately 25%
and 40%, respectively, of the total area of their respective control peaks.
Thus, the maximum EI expected when there were 100% expansions of such
peaks would be about 4 and 2.5, respectively.

Sequencing Vg genes. The cDNA was amplified with a BV8S2/BJ2S7 or
BV16/BJ2SS5 set of primers and cloned into the pCR2.1 cloning vector
from the TOPO TA cloning kit (Invitrogen). Individual colonies were
grown in LB medium and plasmid DNA was isolated (QIAGEN), followed
by sequencing reactions directly on the plasmid DNA using an M13 (-20)
primer and Dye Terminator Cycle Sequencing Ready Reaction (Applied
Biosystems). Reaction products were sequenced for the CDR3 region (ABI
3100 Prism; Applied Biosystems).

Real time PCR. Each V and J standard was established by amplifying sam-
ples known to contain T cells using specific V and J primers. A constant

amount of cDNA for each dilution of each V, J, or m-cyclophilin (forward,
GGCCGATGACGAGCCC; reverse, TGTCTTTGGAACTTTGTCTGCAA)
standard (250 nM per primer) was amplified in 25 ul iTagSYBR Green
Supermix with ROX (Bio-Rad). The number of copies of the cDNA target
sequence was deduced from a comparison of the measured fluorescence
with a standard curve. Each sample was analyzed in triplicate.
Measurement of IFN-y by ELISA. Cells from different sites were stimulated
with Ac1-9. Supernatants were harvested after 72 hours and analyzed by
quantitative ELISA. Capture and detection anti-mouse IFN-y antibodies
and recombinant murine cytokine were purchased from BD Biosciences.
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