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Abstract

Although a number of studies have revealed that T cells expand clonally in the joints of patients
suffering from rheumatoid arthritis (RA}, the kinetics of T cell clonality in multiple joints of an

individual throughout progression of the disease is not known. By employing a TCR p chain gene-
specific AT-PCR and subsequent single-strand conformation polymorphism, which enables us to
monitor T cell clonality, we analyzed transgenic mice (Tg) carrying the human T cell leukemia virus
type | env-pX region. These mice spontaneously develop destructive progressive arthritis similar to
RA as they age. In the early stage, the majority of accumulating T cell clones differed in each of
four affected feet analyzed. However, in the advanced stage, many of the clones were commen to

all four feet. The total number of distinct clones gradually decreased as the disease progressed,
When splenocytes from arthritic elder Tg were adoptively transferred into either nude mice or
young Tg, the clones common to all four feet of the donor were detected again in four feet of the
recipients. These findings suggest that, as arthritis progresses, the T cell clones accumulating in
the arthritic joints are gradually restricted to certain common clonotypes, some of which are

arthrotropic.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
characterized by persistent inflammation of synovium,
destruction of cartilage and bone, and systemic illness.
Based on the association with particular HLA alleles (1-3),
massive infiltration of T cells into the synovial tissues (4) and T
cell cligocional expansion in the joints (5), T cells have been
proposed to play an important role in RA pathogenesis: T cells
would initiate or be involved in the inflammatory process by
recognizing some antigens and producing cytokines {5,6),
although this viewpoint has been controversial (7).

We and others have demonstrated that T cells expand
clonally in the synovium as well as the synovial fluid of RA

patients (5,8-14). Furthermore, some ¢clones were found to be
common in multiple joints of the same patient (14). These
findings suggest that the oligoclonally accumulated common T
cell clones are neither transiently nor randomly recruited into the
inflammatory sites, but that they recagnize scme antigens which
are associated wth the pathogenesis of RA inflammation.
Supporting this viewpoint, Mima et a/. reported that T cell clones
with an identical Vy CDR3 sequence frequently detected in the
joints of some RA patients induced synovial hyperplasia in
SCID mice when these clones were transferred (15).

In autoimmune disease muring models, it has been demon-
strated that determinant spreading may be necessary for
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development of the full autoimmune syndrome (16-20). This
epitope spreading occurs in experimental autoimmune
encephalomyelitis, which is initiated by immunization of
autoantigen peptides, as well as in NOD mice, a spontanecus
autoimmune diabetes modei. Both models are known to be
mediated by T cells. This amplification of the autoimmune
response by recruitment of T cells with additional specificities
would lead to clonality diversification. Recently, it was
reported that a shift towards a high-avidity pathogenic T cell
population may be the key event in the progression of benign
insulitis to overt diabetes in NOD mice (21). Alternatively, the
clonality of the lesicn might be restricted toward T cells which

are able o accumulate preferentially and to surpass other -

clones, because of their advantage to expand clonally
responding to the antigen released from the destroyed
inflamed joint. Whether the clonality in the lesion continues to
increase the diversity due to determinant spreading or
decrease the variety is especially important in relation to T
cell clonotype-targeted therapy. If the clonality becomes
restricted, then regulation of a smaller number of clones
should be sufficient to achieve antigen-specific immuno-
therapy. Thus, studies of the dynamics of clonality are of
great significance,

So far, studies of T cell clonality have bean performed using
samples from patients with rather advanced disease.
Although information on the dynamics of the clonality during
the disease course from the early to the late stage could
provide more profound insights into the pathogenic clones,
kinetics studies of expanded clones in multipte joints at several
time points throughout the disease course are no! realistic,
because of the difficulty of sampling during the long and
heterogeneous clinical time course of RA. It is also difficult to
appreciate and to compare the significance of expanded
clones among patients, sincg RA patients are diverse and
heterogeneous in terms of the disease severity, duration and
modification by treatment.

Transgenic mice (Tg) carrying the env-pX region of the
human T cell leukemia virus type | (HTLV-I) genome spon-
taneously develop chronic inflammatory arthritis as they age
(22). The histopathologic characteristics of the joints of
arthritic Tg closely resemble those found in patients with RA,
showing proliferation of synovial lining cells, infiliration of
inflammatory cells with lymph follicle-like structures, and
formation of pannus-like granulation tissue with destruction
of cartilage and subchondral bone (23). Genes for inflamma-
tory cytokines, including IL-1e, IL-1B, IL-6, tumor necrosis
factor-¢, transforming growth factor-B1, IFN-yand [L-2, as well
as MHC genes are activated in joints. Moreover, these mice
develop autoantiboedies against IgG, type Il collagen and
reat-shock proteins (24}). A T cell response to type |l collagen
(25) and loss of T cell tolerance in the periphery are also
demonstrated (26). These pathological features are similar to
those of RA. Therefore, the Tg are suitable for investigating T
celi clonality during the disease course and its contribution to
arthritis.

In the present study, using this spontaneous RA model

HTLV-| env-pX Tg, we investigated the dynamics of the T cell
clonotype in the affected four fest during the disease
progression. We found clonally expanded T cells, some of
which were common to all four inflamed feet. Surprisingly, as

the disease progressed, the number of common clonatypes
among the different feet increased, whereas the total number
of clonotypes decreased. Adoptive transfer studies revealed
that these common clonotypes of the donor feet migrated into
the feet of the recipients, whose arthritis was exacerbated by
the transfer. These results provide evidence that T cells in the
inflamed ioints are rather restricted to certain common
clonotypes.

Methods

Mice

HTLV-l env-pX Tg were backcrossed to BALB/c mice for more
than eight generaticns. The mice were maintained under
specific pathogen-free conditions in the animal facility of the
University of Tokyo, Graduate School of Medicine. All experi-
ments using animals were performed according to the
guidelines for animal experirnents in our institution.

Clinical evaluation

The severity of arthritis was assessed using a clinical scoring
system of 0-3: O = normal, 1 = redness and swelling, 2 =
deformity, and 3 = ankylosis (27). Each foot was scored and
the total score was determined; the maximum pessible score
per mouse was 12. Tg were divided into three groups by the
arthritis stage: early stage (age: 5-10 weeks; score: 0-3), mid
stage (ags: 4-5 months; score: 6-8) and !ate stage (age: 7-8
months; score: 10-12).

Analysis of T cell clonality by RT-PCR/single-strand
conformation polymorphism (SSCP)

Jaint tissues were obtained from the front and back feet of Tg
after removal of skin and muscle. Total RNA was prepared with
Isogen (Nippon Gene, Tokyo, Japan) and then converted to
cDNA with reverse transcriptase (Superscript II; Gibco/SRL,
Gaithersburg, MD) and random hexamer oligonucleotide
(Gibco/BRL) at 42°C for 2-3 h. PCR was performed with
100-200 ng of cDNA, 50 pmol of each of the 22 Vg primers and
50 pmol of a common Cy primer, dNTPs, and 1 U of Tag
polymerase (Takara, Otsu, Japan) for 35 cycles (34°C for
1 min, 54°C for 2 rriin and 72°C for 3 min) in a Thersmal Cycler
9600 (Perkin-Eimer, Norwalk, CT). The sequences of the Va
primers were obtained from published data (28). The
sequence of Cp primer was 5-GGCTCAAACAAGGAG-
ACCTTG-3". SSCP analysis was performed as follows. Armp-
lified DNA was diluted (1:2-1:20) with a denaturing solution
(95% formamide, 10 mM EDTA, 0.1% bromophenol blue and
0.1% xylene cyanol), heat denatured at 90°C fer 2 min and
electropheresed on nen-denaturing 4% polyacrylamide gels
containing 10% glycerol. After electrophoresis, the DNA was
transferred onto GeneScreen {NEB, Beverly, MA) and then
hybridized with a biotinylated internal common Cg oligo-
nucleotide probe (5-AGGATCTGAGAAATGTGA-3). The
bound Cp probe was detected using a Phototope-Star
detection kit (NEB).

The number of T cell clonotypes was calculated by three
researchers independently who did not know the sample
S0Urces.
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Standardization of TOR mRNA

To adjus! the amount of TCR mRNA in spleen to that of joint for
SSCP analysis, we conducted real-time quartitative PCR on
the iCycler iQ real-time delection system {Bio-Rad, Hercules,
CA). PCR was performed using QuantiTect SYBR Green PCR
kit (Qiagen, Hilden, Germany) according to the manufacturer's
instructions. For the amplification of the Cp region, &-
GGTCTCCTTGTTITGAGCCAT-3' was used as the 5 primer
and 5-ACTGATGTTCTGTGTGACAG-3 as the 3 primer. The
housekeeping gene B-actin (5-TCACCCACACTGTGCCC-
ATCTAC-3, 5-ACGATTTCCCTCTCAGCTIGTGG-3) was
chosen for internal normalization.

Sequence analysis

TCR Vj genes extracted from SSCP polyacrylamice gels were
re-amplified using the same TCR Vg and Cp primer as primary
PCR. The re-amplified TCR Vp gene was subcloned to a
plasmid vector (pGEM-T Easy Vector; Promega, Madisen, Ml).
Nucleotide sequences of the TCR Vg genes were determined
by the dideoxy method using a 310 Genetic Analyzer (Perkin-
Elmer/Applied Biosystems, Foster, CA).

Adoptive transfer experiment

Spleens were removed aseptically from arthritic Tg in the late
stage and control mice. As a control, we used non-arthritic Tg
aged 4-6 weeks which had not developed the arthritis. Single-
cell suspensions were prepared by teasing apart the spleens
in HBSS and pushing them through a metal sieve with a
syringe barrel. After washing with HBSS, 2-5x107 splenic
cells were injected into either young Tg (6-7 weeks) with the
onset of oven arthritis (the total score was <1-2) or BALB/c
nufnu mice. After 3 weeks, these recipients were sacrificed
and then subjected to RT-PCR/SSCP analysis to examine the T
cell clonotypes accumulated in the joints.

Statistical analysis

Data was analyzed using statistical software {Statcel, Saitama,
Japan) and expressed as the mean * SEM. The rate of
common T cell clonotypes in all four feet and the arthritis score
were compared by Student's t-test, and the total number of T
cell clonotypes by Mann-Whitney's U-test.

Resulls

Accumtidation of T celf clonotypes in arthritic joints of HTLV-!
env-pX Tg

Arthritis in the Tg was discerned as swelling and redness of
the footpad, including the ankle. The abnormality began to
occur at age 4-8 weeks and thereafter the grade of arthritis
increased as the animal aged. The clinical score finally
reached the maximurm at ~6 months (Fig. 1). Thus, since the
disease severity was closely relaled to the age, we divided Tg
into three groups according 1o their age, i.e. early stage (age:
5-10 weeks; score: 1-3), mid stage (age: 4-5 months; score:
6-8) and late stage {age: 7-8 months; score: 10-12).

We analyzed the T celf clonotypes infiltrating the joints of all
tour feet from HTLV-I env-pX Tg at 5 months (the mid stage)
using the TCR/RT-PCR/SSCP method (Fig. 2). While the
spleen exhibited smear patterns indicating a diverse T cell
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Fig. 1. Arhritic score increases with age of HTLV- env-pX
transgenic mice. The arthritic score stans 1o increase at age 4-8
weeks and reached the maximum score at ~6 months {n = 64), The
arthritis was divided into three groups (early, mid and late stages)
and five mice (solid circles) in each stage were used for T cell
clonality analysis. E: early stage; M: mid stage; L: late stage.
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Fig. 2. Accumulation of T cell clonctypes in arthritic joins of HTLV-|
env-pX transgenic mice analyzed by the RT-PCR/SSCP method. S:
spleen. J: joint. TCR mRNA of spleen and joint were standardized by
Cp products as described in Methods. The amgunt of TCR mRNA
from all joints corresponded to -1/16 of that from spleen. Thus,
SSCP analysis was performed with PCR products using ¢cDNA of
spleen diluted by 1:16.

population consisting of heterogengous CDR3 regions of TCR,
accumulation of several distinct bands was observed in the
feet. These results indicate that T cells expand oligoclonally in
the joints of all four fzet, as has been shown fer the joints of RA
patients.
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Fig. 3. Comparison of T cell clonotypes in the early, mid and late stages of arthritis. Lanes from 1 to 4 represent the right front foct, left front
foot, right rear foct and left rear foot respectively, E: early stage; M. mid stage: L. lale stage. Arrows indicate bands with identical migration in

all four feet.

Table 1. Number of distinct T cell clonotypes accumulated in four feet of Tg in the early, mid and late stages?

Arhritis Vg gene family Mean * SEM Percentage of

slage common T cell
12 34 513526 7 8182839 10 11 1213 14 15 158 17 18 clonotypes

E - 0/8 - 0/7 - - /6110 07 Y7 206 Q7 312 &5 - 17 1T 2/8 1/4 17 2/6 100271205 1441

M - %7 - 18 - 144 110 3/6 2/5 3/4 28 4711 1/5 - 2/7 110 Q)7 2/6 (/9 1/4 1.7 x03/69+06 246

L - 45~ 1/6 - - 33 45 314 45 4/4 5/9 B0 2/4 - 2/6 /7 37 2/4 310 /5 31 +x04/59*05° 525

aT ¢ell clonotypes were analyzed using three mice in each stage. Resulls are shown as common clonotypes/total clonotypes per foot (total
number of bands in all four feet detected ang the number of bands common o four feet were counted. and then divided by the number of fest
to represent the value per foot). E: early stage: M: mid stage; L: late stage. —: bands were faint or not detected.

P « 0.05.

The number of common T cell clonotypes increased,
whareas the total number of T cell clonotypes decreased as
the disease advanced

To investigate the changs in T cell clonality during the
progression of arthritis, we compared T cell clonotypes in
the early, mid and late stages. The T cell clonotypes which
accumulated in each joint of the four feet showed different
mobility in the early stage, but they migrated to an identical
position in the tate stage (Fig. 3). Bands with the same mobility
on SSCP gels had been demonstrated to possess the same
nuclectide sequences (13,29,30) and we curselves always
confirm this rule by DNA sequencing. Therefore, bands with
identical migration in SSCP represent identical clones.

We counted the total number of T cell clonotypes detected
in each feot and the number of common clonotypes among the
four feet. The results are summarized in Table 1. The
proportion of T cell clonotypes common to all four feet was
low in each Vp repertoire in the early stage (average 14.1%).
However, it increased during progression of the stage. This
increase during the transition from the early to late stage was
ohserved in many Vg repertoires (Vp 2 and 6, P < 0.0001; Vy7,
P < 0.001; VpB.1 and 8.2, P = 0.001; V8.3, 10, 11 and 15,
P < 0.05). Finally in the late stage, a high rate of >70% was
found for V2, 6, 7, 8.1, 8.2, 8.3 and 10 (Fig. 4). Of interest, in

contrast to the commen clones, the total number of T cell
clonotypes accumulated in joints decreased as the disease
advanced (P < 0.05) (Table 1). In particular, Vp2, 6, 7 and 8.1
are striking, showing that the total number of T cell clonotypes
in the late stage decreased by 40-50% compared with in the
early stage. Taken together, the T cell clonotypes became
identical while reducing their variety during progression of
arthritis.

To examine amino acid sequences of the COR3 region in
common T cell clonotypes among four feet, DNA encoding the
Vg genes were collected from SSCP gels and sequenced. As
shown in Table 2, conserved amino acid motifs were found,
e.g. QGW in the CDR3 region of V2 clones, RGTG in V3, and
SXTGG, LTGG, QGA and YRG in Vp10. In addition, certain
conserved amino acid motits, such as RSG in V2 and V9,
DWG in Va2 and V310, and 1QG and QGA in V10 and V11,
were observed in the COR3 region of different Vi clones. This
sequence infarmation implies the pessibility that T cell
clonotypes in multiple joints might recognize some common
epitopes an antigens.

The commen clones were able to migrate into the joints of
the recipients

In order to investigate the pathological significance of the
common clonctypes in four feet, we conducted an adoptive
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Fig. 4. The rate of commen T cell clonotypes in all four feet
increased as HTLV-l env-pX transgenic mice aged. The proportions
of common T celi clonotypes in al! four feet in the early, mid and late
stages are demonstrated. Data given as the percentage of the
number of bands common 10 2l four feet against the total number cf
bands in all four feel. Values are expressed as the mean += SEM
{n=5).

transfer experiment, First, splenocytes derived from an
arthritic Tg were transferred into nude mice. The joints of the
feet of the recipients showed just mild swelling transiently.
Nevertheless, clonotype analysis revealed that some common
clones of the donors migrated into the leet of the recipients
{Fig. 5).

Since non-T cell compenents are considered to be indis-
pensable for inducing the persistent arthritis (31), we selected
young Tg as recipients. In each experiment, splenic cells
either from an arhritic Tg (experimental group) or a non-
arthritic Tg {control group) were transferred into two young Tg
with the cnset of anthritis. Three weeks after the transter, the
arthritis score of the recipients from an arthritic Tg was
significantly higher than that of recipients from non-arthritic Tg
and that of non-treated Tg (Fig. 8). This result suggests that the
progression of arthrifis was accelerated by the transfer of
splenocytes from arthritic mice and that the T cells from the
donors were involved in the exacerbation of the arthritis. Three
weeks after ihe transter, these reciplents were sacrificed and
subjected 1o T cell clonality analysis. Some identical T cell
clenotypes were detected in the donor and the two recipients,
indicating that these identical T cell clonctypes accumulated
inthe joints of the recipients criginated from the donors (Fig. 7).
Since the smear pattern of the clonotype in the spleen of the
recipients suggests that the degree of clonotype expansicn is
different between the joints and spleen, and since the
common T cell clonotype between all four feet of the donor
and recipient was not dominant in the spleen, we were able to
rule out the possibility that the clonotype in joints sirmply
reflects that of the spleen.

To verify that the clonotypes common to the donors and the
recipients possess the identical TCR Vg chain sequences in
transfer experiments, DNA was recovered from the bands with
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Table 2. The TCR VDJ region of common T cell clonotypes
in four feet

Vg N-Dg-N 5

Vg2 CSA oGw EQ Jp2.6
Vp2 CSA RSGRE oTQ Jp2.5
Vg2 CSA RGI SNERL Jg1.4
Vp2 cs IGOGW GNTL Jp1.3
Vp2 cs EDWGG AETL Js2.3
Vg9 CAS RSGTI SNERL Ji14
Vg9 CAS RGTGAN Q Jp2.5
Vg9 CASS RTGRG EQ Jp26
Vg9 CASS RCR sy Jp1.2
V3 CASS RGTGO SYEQ Jp2.6
Vp10 CASS YGGAL NQDTQ Jg2.5
V10 CASS VDWGD QDTO Jp2.5
V10 CASS SLTGG YEQ U528
Vp10 CASS SGTGG YEQ 426
Vp10 CASS I0GA NSDY Js1.2
V310 CASS YRG! EQ Jp26
V10 CASS LIGGAD L Jp2.4
V310 CASS YRGP NERL 14
Vi1 CASS LGar NSDY Jg12
Vi1 CASS SQGA EV Jpl.t
AR CASS 12G TEV Jg1.1

Underlined letters indicate conserved amino acid motifs.
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Fig. 5. The clonotype commen to all four feet of a Tg donor migrated
to the joints of nude mice, In each experiment, splenocytes from an
anhritic Tg were transterred into a nude mouse recipient, Nude mice
were sacrificed at 3 weeks after the cell transfer and subjected to T
cell clonotype analysis. Representative Vp panels from two
independent experiments are demonstrated. S: spleen. Lanes from
1 to 4 represent the right frent foot, left front foot, right rear foot and
left rear foot respectively. The common clones are indicated by the
arrows. TCR mRNAs of spleen and joint were standardized by Cp
products as described in Methods. The amount of TCR mRNA irom
all joints corresponded to ~1/10 of that from spleen.

same mobility on SSCP ge's and sequences were determined.
Table 3 shows the DNA sequences of SSCP bands from a
donor and recipient, shown by arrows in Figs 5 and 7. As
expected, the sequences were identical between the donar
and recipient. These findings indicate that some of the
common clenotypes in four feet of the donor infiltrated again
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Fig. 6. Young Tg developed more severe arthritis after receiving
splenocytes trom an arthritic Tg. Splenocytes from an arthritic Tg or
a non-arthritic Tg were transferred to young Tg on clinical onset, as
descriped in Methods. The anhritis score at 3 weeks after cell
ransfer was judged. Note that the score of the recipients from an
arthritic Tg (open circles) was significantly higher than that of
racipients from a non-arthritic Tg (sold circles) and that of the
non-treated Tg (open squares) (*P < 0.001, **# < 0.0CC5).

into the joints of the recipient. There were no clear conserved
amino acids among migrated clonotypes in the amino acid
sequences of the CDR3 region.

Discussion

We studied the T cell clonotypic change in arthritic joints of
HTLV-I env-pX Tg during the development of the disease. In
the early stage of the disease, T cell clonctypes diversified
amoeng the feet. On the contrary, in the late stage, most of the
clenotypes were common to all four feet. The total number of
accumulating clones decreased compared with in the early
stage. Thus, the T cell clonotypes became identical and
decreased in variety as the disease progressed. Some of
these cormmon clones remaining in the late stage joints might
be arthrotropic, since the transfer studies revealed their ability
to migrate inte the joints. Due to the restricted availability of
clinical samples, it might have been difficult to know the
dynamic changes of clonality, which are diverse at the initial
stage and finally are restricted to common clonotypes.

Analysis of T cell clonality in the joints of RA patients as well
as in the affected organs of autoimmune disease animal
models demonstrated the presence of common clonotypes
among multiple joints or ameng different parts of an organ
(13,28). Morgover, the amino acid sequences of TCR V3
junctional regicns of clones which are identical in multiple
joints of a patient were found to be the same as the sequences
of the commen clones of different patients (14). Considering
that COR3 interacts with the peptides presented by MHC
molecules (32-34), these identical clones might recognize
certain common antigens which are involved in the patho-
genesis of RA. Our identification of common clonotypes in the
four arthritic feet and some conserved CDR3 motifs among
them is consistent with these previcus findings.

V32 VB

DRIRE D R RY DRIR2 D RI B2

SNNRID R R SSSRLRLRL

Vam
PRIRI D RE R2
SSSRLRLREL

Vil
DRIRZ DRI R2
SESRLRELRIL

Fig. 7. The clonotype cemmon to all four feet of an arthritic Tg donor
migrated 10 the joints of young Tg recipients. Two young Tg were
used as recipients in a transfer experiment. Recipients werg
sacrificed at 3 weeks after cell transter and subjected to T cell
clonality analysis. D: donor; R1: recipient 1; R2: reciptent 2; &:
spleen; R: right rear foot; L: left rear foot. Arrows indicate common T
cell clonstypes among feet of the donor and two recipients. The
amount of TCR mRNA frem all joints corresponded to ~1/8 of that
from spleen.

tn our present study of HTLV-I env-pX Tg, the accumulation
of common clonotypes was distinct after the mid stage,
whereas in the early stage it was not so pronounced. How can
this change in clonality during disease progression be
explained?

Several studies have implicated epitope spreading in the
pathogenesis of autoimmune diseases (16-20). Disease
progression is asscciated with a shifting of T cell autoreactivity
from primary initiating self-antigenic determinants to defined
cascades of secondary determinants that sustain the selé-
recognition involved in disease perpetuation. Intramolacular
as well as intermolecular epitope spreading could presumably
occur by antigen presentation of autoantigens derived from
destroyed tissues (35-37). As recruitment of T cells specific
for additional determinants continues, T cell clonality should
become diversified. In our experiment, the early stage might fit
the epitope-spreading model. The recruitment of T cells with
other specificity proceeded independently in each joint. Since
the time of onset of the arthritis is different among the four feet,
it is also possible that the degres of autoimmune response
propagaticn differs in each foot, resulting in the accumulation
of different clones in each joint. The autoantigens driving the
autoimmune response in each joint may differ in this stage.
However, epitope spreading may not explain the T cell
behavior in our arthritis mode! throughout the entire course
of the disease, since the total number of T cell clones
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Table 3. The TCR VDJ region of T celt clonotypes common to denor and recipient in the transfer experiments?
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Vp N—DB—N JB
(A)
Exp. 1
Vp8.2 TGTGCCAGC GGTGATTCCGGGACAG CAAACTCCGACTAC Jp1.2
cC A S G DS G TA N s DY
V10 TGTGCCAGCAGC TTACTGGGGGGGCGT AGTGCAGAAACGCTG Jp23
C A 5§ 8 L L G G R § a2 E T L
TGTGCCAGCAGT TTGGGGACT AGTGCAGARACGCTG Jp2.3
C & s s L ¢ T S A ETL
Exp. 2
VpB.1 TOTGCCAGCAG CCGACAGTTT TCCAACGAAAGATTA Jp1.4
C A s s R Q¢ F S N E R L
Vo TGTGCTAGCAGT AGACAGGGG TATGAACAG Jp2.6
C A s s R Q G Y E Q
(B)
Vg2 TGCAGTG CTCAGGGGTGG GARCAG Jp2.6
c s & G W E Q@
Vi@ TGTGCTAGCAGT AGAACAGGGAGAGGT GAACAG Jp2.8
cC A s s R T G R G E Q
TGTGCTAGCAG GGGCACAGGGGCAA ACACCCAG Jp2.5
C A S RG T G A X T Q
Vp10 TGTGCCAGCAGC TACCAGGGGGCACTT AACCAAGACACCCAG Jp2.5
¢ A s s ¥ @ 6 A L N ¢ DT Q
Vil TGTGCAAGCAGE ATACAGGGA ACAGAAGTC Jp1.1
C A S s I Q¢ T E V

2The similar electrophoretic mobility bands in donor and recipient indicated by arrows in Figs 5 and 7 were cut out and subcloned after PCR

amplification. Their sequences were determined. {A) Transfer experiment in nude mice. (B) Transfer experiment in young Tg.

decreased and the identity of clonality increased with disease
progression.

It is shown that the TCR repertoire of memory cells which
expand selectively during the recall response are rather
restricted {38). Thus, such clones might be increasing while
an auvtoantigen repetitively stimulates and drives the
{pathogenic) immune response. Adding to this, some auto-
reactive T cell clones might be inactivated or deleted by
regulatory mechanisms. Therefore, we may reason that the
number of accumulating clenes in the lesion of an autoimmune
disease might gradually decrease, leaving clones which are
able to expand more efficiently or are less susceptible to
cell death.

Alternatively, the clonal restriction in the joints might reflect
avidity maturation of a T cell population. Amrani et al. deman-
strated that a shift towards a high-avidity pathogenic T cell
population may be the key event in the pregression cf benign
insulitis to overt diabetes using NOD mice (21}. Applying this
hypothesis, we tend to prefer that some of the remaining
common clonotypes have an advantage in clonal expansion
due to their higher avidity for centain autcantigens and are
related to the inflammaticn of the joints. However, it is too early
to conclude that the remaining common clonotypes are
pathogenic, since other clones rmight also be involved in the
exacerbation of young Tg arthritis after the transfer.

Nevertheless, scme cf them are at least arthrotropic since
they migrated to the joints of the recipients, implying that they
recognize a certain autoantigen in the joint. Since it has indeed
beern demonstrated that dominant T cell clones in Tg
recognize collagen type |l (25), Tax and Env of the pX
products (39}, it would be of great interest to investigate
whether these common clones respond 1o those antigens.

Taken together, during the perpetuation of arthritis, T cell
clonality decreased in variety and was restricted to the clones,
some of which are arthrotropic and might be related to the
pathogenesis of arirritis. This ‘clonal restriction’ phenornena
should be verified in other autoimmune diseases and ils
models to develop antigen-specific immunctherapy targeting
certain common T cell clonotypes.
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Abstract

The third complementarity-determining region (CDR3) of TCR Interacts directly with antigenic
peptides bound to grooves of MHC molecules. Thus, it is the most critical TCR structure in
launching acquired immunity and in determining fates of developing thymocytes. Since length is
one of the components defining the CDR3 heterogeneity, the CDR3 length repertoires have been
studied in various T cell subsets from humans In physiological and pathological conditions.
However, how the CDR3 length repertoire develops has been addressed only by a few reports,
Including one showing that COR3 of CD4 thymocytes becomes shorter during thymic development.
Here, we explored multiple regulations on the development of the TCRB CDRS3 length repertoires In
the thymus and the peripheral blood. CDR3 length spectratyping was employed to examine
thymocyte and peripheral T cell populations for their CDR3 length repertoires. We have found that
repertoire distribution patterns depend on use of the BV gene. The BV-dependent pattermns were
shaped during thymic selections and malntained in the peripheral blood. Differences in the mean
CDR3 length among different BV subsets were seen throughout lymphocyte development. We also
observed that CDR3 was shortened in both CD4 and CD8 thymocytes. Of note, the degrees cof the
shortening depended on the CD4/CD8 lineage and on use of the BV gene. When expansions of
peripheral T cell clones are negligible, no obvious ditference was seen between mature thymocytes
and peripheral lymphocytes. Thus, the TCRB CDR3 length repertoires are finely tuned in the
thymus before the lymphocytes emigrate into the peripheral blood.

Intreduction

Using surface receptors for antigens, aff T cells recognize
antigenic peptides bound to MHC class | or Il molecules.
Studies using X-ray crystallography have demonstrated that
three-dimensional structures composed by the first, second
and third complementarity-determining regions (COR1, 2 and
3) of TCR o and B chains irteract directly with peptides
presented by the MHC molecules (1,2). Avidity of the
interaction is defined by topological structure and location of
charged amino acid residues of the interface peptides (3). In
the TCR chain, CDR3 nucleic acid sequence is most diverse
because it is generated by recombination of multiple V, D (in
the case of TCRB) and J gene segments, and by random
addition of interlocating N region nucleotides (4,5). Since this
region interacts most closely with the antigenic peptide, the
diversity of the CDR3 amino acid sequences accounts for a
wide array of antigen specificities within the functional T cell

repertoire.

The molecular interaction of interface peptides is similarly
important in association between antigenic peptides and MHC
molecules. This interaction limits heterogeneity of peptides
that can bind 1o the products of a given MHC allele (8). The
length of the antigenic peptides is also restricted by inter-
action with MHC and with TCR (6). In contrast, the TCR CDR3
segments are more diverse in length. This might be explained
by weaker association of antigenic peptides with TCR than
with MHC (3,7). However, it remains to be seen how the CDR3
length repertoire is regulated during thymic developrrient and
in peripheral blood.

The afi T cell repertoire develops through a number of
selection steps in the thymus. TCRB gene rearrangement
becomes complete first at the stage of CD3-CD4+CD8§-
immature single-positive (CD4 ISP) thymocytes (8,9). If their
TCRB genes rearrange in-frame and their products pair
successfully with pre-Ta chains, these cells survive and
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Fig. 1. BV-dependent differences in TCRB CLS histogram. (A) The
histograms of the BV1, 3 and 7 subsets of peripheral CD4 T cells
from three donors (D1, D4 and D5). (B) The CP frequencies and the
variances in the individual BV subsets. They were calculated using
TCRB CLS histograms of peripheral CD4 T cells from six child
donars. The classification of the BV families was based on the
definition by the WHOAnlernational Union of Immunological
Societies, Nomenclature Subcommitlee on TCR Designation (30).
The open columns and shaded columns represent the mean values
of the CP frequencies and those of the variances respectively. The
bars show their SD.

proliferate to become CD4+*CD8* double-positive thymocytes
(8,10). They express TCRB chains together with products of
the in-frame rearranged TCRA gene. The double-positive
thymocytes then undergo positive and negative selection,
which make mature CD4 and CD8 T cell repertoires desirable
lo eliminate foreign pathogens. Although these processes are
directed by the avidity of TCR with its ligand (11), their effecls
on the CDR3 length repertaire have hardly been explored.
The heterogeneity of the TCR CDR3 length in T cells al any
developmental stages can be tested with TCR CDR3 length
spectratyping (CLS). This method visualizes the distribution of
TCR CDR3 length as histograms (12). It has been shown that
typical histograms that are derived from mature peripheral T

lymphocyle pools display a Gaussian-ike distribution with
3-base spacing. If a histegram is biased by an unexpectedly

high frequency at a specitic length, it indicates that the studied
population contains an expanded T cell clene whose CDR3
has the corresponding length. Based on this, the TCR CLS
technique has been employed to study clonal perturbationof T
cell repertoires from healthy deonors and patients with various
inflammatory diseases (13-19). The results have given us
some insighls into the physiology and pathology of T cell
horneostasis.

The above facts all indicate the importance of discerning
how heterogeneity of the CDR3 length repertoire is physiclo-
gically regulated, especially in the thymus. No gross differ-
ence in CDR3 length distribution between fetal and adult T cell
pools has been reported (20). Yassai et al. (21) reported that
thymocytes with shorter TCRB CDR3 are selected during
transition from CD4+*CD8* thymocytes to CD4 SP thymocytes.
Their subsequent report used murine systems to show that the
shortening is mediated by TCR-peptide-MHC interaction in
the thymus (22). Of note, they suggested that human reper-
toires might be under distinct regulation. Other investigators
have described that different TCRB CDR3 lengths were
preferred by different BV and BJ combinations in mice {23},
and BJ genes in humans (24). However, no studies have
addressed which stages in lymphocyte development are
responsible for these differences.

How are the CDR3 length repertoires of various T cell
subsets formed, modulated and maintained in the thymus and
in the peripheral blood? How does the shortening occur in the
human thymus? The present study was conducted to address
these issues. By examining thymocytes and peripheral T cells
for TCR CLS patterns, we have found that formation of human
TCR CDR3 length reperloires is under multiplex regulations in
the thymus.

Methods

Samples

Thymic fragments and peripheral blood were collected from
child donors during heart surgery for correction of congenital
cardiac anomalies. They were from 110 13 years old (mean 5.6
years old). They suffered from no immunological or hemato-
logical disorders. Consent forms were obtained before the
operation. CD4 ISP thymocyles, mature CD4 and CD8 SP
thymocytes, and peripheral CD4 and CD8 T lymphocytes were
sorted from the thymic tissues or peripheral lymphocytes as
described previously (25). Purities of the separated cells were
>94%.

PCR

RNA were exiracted from the serted lhymocytes and
lymphocytes, and converted to cDNA (25). To amplify TCR
transcripts with individual TCRBV family genes, the cDNA
were subjected to PCR using a fluorescent TCRBC-specitic
anti-sense primer (Cgh) and a pane! of sense oligonucleotide
primers specific to TCRBV gene families (26). The amplifica-
tion reaction consisted of 35 cycles of 1 min at 94°C, 1 min at
60°C and 1 min at 72°C, with final extension at 72°C for 7 min.

To amplify TCR transcripts with ingivigual members of the
6V tamiy (V7S1, 61752 a0l BY7S3 geres) 4 sansa prney

specific to the three BV7 tamily genes (Va70s: GGA GCT CAT
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GTT TGT CTA CA) and a BC-specific antisense primer [Cga
{26)] were used for primary PCR. The reaction consisted of 25
cycles of 1 min at 94°C, 1 min at 53°C and 1 min at 72°C
followed by final extension at 72°C for 7 min. Parn of the
products were further amplified with a nested sense primer
specific to BV7S1, BV752 or BV733 genes (Vp751s: TAC AGC
TAT GAG AAA CTC TC; Vp782s: TAC AGT CTT GAA GAA
CGG GT; or Va753s: TCT ACA ACT TTA AAG AAC AGA C)
and the fluorescent Cgb primer. The reaction consisted of 25
cycles of 1 min at 94°C, 1 min at 53°C and 1 min at 72°C
followed by final extension at 72°C for 7 min.

TCRCLS

The PCR products were fractionated on denaluring 7%
polyacrylamide gel in a Hitachi SQ-5500 sequencer {Hitachi
Electronics Engineering, Tokyo, Japan). The data were ana-
lyzed with the asscciated software to display histograms.
Relative percentage of the TCRB transcripts of a given length
to total TCRB transcripts in the BV subsets, which is called the
frequency in this report, was calculated by dividing the
fluorescence intensity of the corresponding peaks by the
sum of the intensity of all peaks.

Statistical analyses

CDR3 length, defined as previously described (20}, ranged
from 6 to 60 bases. Nineteen frequency values within this
range were treated as variables for cluster analyses, which
were performed with Statistica gdw (Tulsa, OK). The variances

were calculated as follows: Y Fs, % (La, — mean CDR3
n=2

length}2, where F3, stands for the frequency value that
corresponds to a given CDR3 length of Lz, The Kruskal-
Wallis test was used to compare the central peak (CP)
frequencies, variances and mean CDR3 lengths of the
histograms of different BV subsets. The Mann-Whitney test
was used o compare these parameters of the histograms of
the CD4 ISP thymocytes with those of the other populations.,

Results

BV-dependent TCRB CDR3 lengih repertoires of peripheral
CD4 T cells

In order to characterize unbiased TCRB CDR3 length reper-
toires of the mature T lymphocytes, peripheral CD4 T
lymphocytes from six child donors were examined. This
population was studied because biases of the T cell reper-
loires by clonally expanded T cells are more frequent in elder
individuals and in the CD8 T cell pool (13,15,27,28). Although
the histogram of each BV subset displayed a Gaussian-like
distribution without outstanding biases, different BV subsets
had slightly different patierns. Histograms of BV1, 3 and 7
gene families of three donors are shown to represent such
differences (Fig. 1A). The shapes of different BV subsets were
distinguished by the height of the CP that always had the
highest frequency and by the width of the span. The
histograms of BV1 had a high CP and narrow span, those of
BV3 had a low CP and wide span, and BV7 had modestly high
CP and a narrow span,
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The characteristics were quantitatively assessed with the
CP frequencies and the variances; the variances indicate
span of the histograms. These two values were calculated for
all BV subsets studied (Fig. 1B). Various combinalions of CP
frequencies and variances were observed. Rellecling the
histogram pattern of the BV3 subset, its CP frequencies were
low and the variances were remarkably large. This was also
the case with the BV11 subset. The BV1 subsel, as well as the
BVES1 subset, had high CP frequencies and small variances.
The two parameters alse describe the characteristics of the
BV7 subset: moderate CP frequency and small variance.

Although some BV subsets had higher CP frequencies than
BV1, or smaller variances than BV1 and 7, the BV1, 3 and 7
subsets were further studied to investigate how these differ-
ences develop during T lymphocyte development. The other
BV subsets occasionally had minor and random biases, which
should be due to small expansions of T cell clones. The
characteristics of the three BV subsets and similarity within the
same subsets could be illuminated by line graphs of the CDR3
length repertoires from six donors (Fig. 2A). Statistical com-
parison of the CP frequencies and the variances among the
three subsets from six donors demonstrated that the CP
frequencies of the BV 1 subsel were highest, while those of the
BV3 subset were lowest, and that the variances in the BV3
subset were largest (Fig. 3A and B).

Pannetier et al. (23) reported that the mean TCRB CDR3
length of murine lymphocyles depends on use of BV genes.
This was the case with human peripheral lymphocyles; the
mean length of the TCRBV7 transcripts was longest, while that
of the TCRBV3 transcripts was shortest (Fig. 3C).

Overall differences in the CLS paiterns were elucidated by
cluster analysis, which treated 18 frequency values at 6-60
bases as variables. A tctal of 18 histograms from six donors
were segregated into three groups, each of which contained
histograms of BV1, 3 or 7 subsets (Fig. 4A).

According to the published database, the BV7 family
consists of BV7S1, 752 and 753 genes, while BVt and 3
tamilies have a single gene member {29). The histograms of
the BV7 subset were derived from the PCR products that were
generated with a primer specific to all BV7 family genes. In
order to examine the TCR transcripts with individual BV7
genes, these transcripts were independently amplified with
specific primers. The CLS distributions of the transcripts with
the three BV7 genes were homolegous and no statistical
differences in CP frequency, variance or mean TCR length
were observed {data not shown). Thus, the BV7 family subset
was analyzed as a whole in the present studies.

Development of the BV-dependent repertoires in the thymus

TCRBV1, 3 and 7 transcripts that were derived from CD4 ISP
thymocyles, and CD4 and CD8 SP thymocytes from the same
set of donors were analyzed to study how the BV-dependent
characteristics develop. As was discussed in our previous
reporl (25), the CD4 ISP thymocyles have undergene TCRB
gene rearrangement, but have not started positive or negative
selection. Thus, unlike CD4 CD8 double-positive cells, a part
of which are already under pressure of thymic selection, they
are the best for investigation of primordial TCR repertoires.
The histograms of the CD4 and CD8 SP thymocyles shared
the same characteristics as those of the peripheral CD4 cells
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Fig. 2. TCRB CLS histograms of the BV1, 3 and 7 subsets of the peripheral lymphocyles and thymocytes. Distributions of the frequencies are
presented in a line graph format. The data of the six donars (D1-D6) are shown as overlaid line graphs in each panel io iltuminale BV-specific
characteristics. {A) The histograms of the three BV subsets in their peripheral CD4 T cells. (B) The histograms of the CD4 ISP, CD4 5P and
CD8 SP thymocytes, and peripheral CD8 T cells, Except for the CD4 ISP thymocyles, the histograms of each BV subset were simitar, The BV1
and 3 subsets of the peripheral CD8 T cells from D4 were considerably biased, probably because of clonal expansions.

(Fig. 2B). In both SP populations, the CP frequencies of the
BV1 subset were highest and those of the BV3 subset were
jowesl. The variances in the BV3 subset were largest. These
diferences were statistically significant (Fig. 3A and B).
Peripheral CD8 T cells from the same donors were analyzed
in the same way. Their histograms were often biased since
CD8 T cells are prone to large clonal expansions.
Nevertheless, the BV-dependent characteristics were held
well by the peripheral CD8 T cells (Figs 2B, and 3A and B).

in contrast, differences among the three subsets were nol

significant in the histograms of the CD4 ISP
. _ thymocyte
{Fig. 28). These histograms shared the same featu:Je/Z wr{icif

were characterized by low CP and wide span regardless of BV
gene use. In all of the three BV subsets, the CP frequencies
and variances of the CD4 ISP thymocyles were different from
those of the SP thymocytes and peripheral T cells in a
statistically significant manner (Fig. 3A and B). The CP
frequencies of CD4 ISP were significantly lower than those of
CD4 SPinthe BV1, 3, and 7 subsets (P < 0.01, P<0.05and P
< 0.05 respectively), than those of CD8 SP (P < 0.01 for each
subset), than those of peripheral CD4 (P < 0.01, P<0.05 and P

< 0.01 respectively) and than those of paripneral GDB P <
0.01, P < 0.05and P< 001 respectvely). The variances of

CD4 ISP were significantly larger than those of CD4 SP in the
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Fig. 3. Parameters to compare the TCR CLS histograms of CD4 ISP,
CD4 SP and CD8 SP thymocytes, and peripheral CD4 and CO8 T
cells. CP frequencies (A), variances (B) and mean CDR3 lengths (C)
in the BV1, 3 and 7 subsets from the six donors are shown. Those of
the peripheral CD8 T cells from D4 are excluded because of
obvious biases. The Kruskal-Wallis test was used to compare the
three parameters among the BV subsets. In the peripheral CD4, the
three subsets were statistically different with respect to the CP
frequency (P < 0.005), the variance (P < 0.05) and the mean CDR3
length (P < 0.001). In the CD4 ISP thymocyles, the three BV subsels
were not significantly different with respect to the CP frequency and
the variance, but significantly different with respect to the CDR3
lengtn (P < 0.002}. In the CD4 SP and CD8 SP thymocyles, the three
BV subsels were different wilh respect 1o the CP frequency
(P < 0.05 for both), the variances (P < 0.02 for both) and the mean
CDRa3 length (P < 0.001 and F < 0.005 respectively). The three BV
subsets from peripheral CD8 were different with respect to the CP
frequency (P < 0.05), the variance (P < 0.05) and the mean CDR3
length (P < 0.005). The Mann-Whitney test was used lo compare the
three parameters of the CD4 ISP thymocytes and the other
populations. The CP frequencies of CD4 ISP were always lower than
those of CD4 SP in the BV1, 3 and 7 subsels, than those of CD8 SP,
than those of peripheral CD4, and than those of peripheral CD8. The
variances of CD4 ISP were larger than those of CD4 SP in the BV1 3
and 7 subsets, than those of CD8 SP, than those of peripheral CD4,
and than those of peripheral CD8. The mean CDR3 lengths of CD4
ISP were longer than those of CD4 SP, CD8 SP, peripheral CD4,
and peripheral CD8 in all three subsels. "F < 005 and
**P < 0.01 respectively in the Mann-Whitney test to compare each T
cell pepulation with the corresponding CD4 ISP population.

BV1, 3 and 7 subsets (P < 0.01 for each subset), than those of
CD8 SP (P < 0.01, P < 0.05, and P < 0.01 respectively), than
those of peripheral CD4 (F < 0.01 for each subset) and than
those of peripheral CD8 (P < 0.01 for each subset).

As for the mean CDR3 length, the same differences among
the three BV subsets were observed in the CD4 and CD8 SP
thymocytes, and in the peripheral CD8 T cells (Fig. 3C). Unlike
the distribution patterns, the differences in length were already
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seen in the CD4 ISP thymocytes (Fig. 3C). These results imply
that positive and negative selections exert distinct effects on
CLS distribution pattern and on CDR3 length.

Cluster analyses segregated the histograms of the CD4 and
CD8 SP thymocytes into three groups, each of which
contained primarily those of the same BV subset (Fig. 4C
and D). The histograms of the peripheral CD8 T cells also fell
into the three groups except for the histograms with biases
(Fig. 4B). Notably, the same analysis of the histograms of the
ISP thymocyles failed to discriminate BV gene use (Fig. 4E).
This should be due to similarity of the distribution patterns and
suggests that the difference in length alone is not enough for
segregation.

BV- and co-receptor-dependent shortening of TCRB CDR3
length in the human thymus

it has been reported that TCR CDR3 shortens during transition
from the ISP thymacytes to the SP thymocytes {(21). This was
observed in our studies of the mean CDR3 length; the CD4 ISP
thymocytes had longer CDR3 than the other populations
(Fig. 3C). To investigate this further, we analyzed plots of
differences in frequency {AF) and skew values (ZAF), both of
which have been defined by Yassai et af. (21,22). AF can be
calculated by subtracting the CLS frequency of a given
population frorn that of the other at the same length. A cluster
of positive AF values on the right of an inflection point with a
corresponding cluster of negative AF values on the other side
indicates that the given population has shorter COR3. ZAF is
the sum of AFvalues to the right of the inflection points. The AF
piots and ZAF were calculated by subtraction of the frequen-
cies of the CD4 and CDB8 SP thymocytes from those of the CD4

_ ISP thymocytes in the three BV subsels (Fig. 5A). Their

patterns and positive ZAF values showed that both SP
thymocyte populations had shorter CDR3 than the CD4 ISP
thymocytes irrespective of BV subset,

Interaction of TCR with endogenous antigens dictates CD4/
CD8 lineage commitment during positive and negative selec-
tions in the thymus. This led us to assume that the shortening
could be a function of the lineage if it is a consequence of TCR
triggering. We then calculaled AF belween cells with different
lineages; between the CD4 and CD8 SP thymocytes and
between the peripheral CD4 and CDB T cells (Fig. 5B). The AF
plots and ZAF showed that the TCR CDR3 length of CD4
lineage cells was shorter in the BV3 subset, whereas it was
longer in the BV7 subset. No significant differences in CDR3
length were seen in the BV1 subset. Thus, differential
shortening between CD4 and CD8 lineage cells was observed
and it depended on BV gene use.

Additionally, the CD4 SP thymocytes and the peripheral
CD4 T lymphocytes, as well as the CD8 SP thymocytes and the
peripheral CD8 T lymphacytes, were compared. The resulls
showed that CDR3 of CD4 or CD8 lineage cells do not shorten
in the peripheral blood (data not shown).

Discussion

The present study has elucidated how TCR CDR3 length
repertoires of CD4 and CD8 T cells in different BV subsels
develop in the human thymus and peripheral blood. The CDR3
length repertoires had BV-dependent distribution patterns.
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Fig. 4. Cluster analyses of the histograms of individual T cell populations from the six donors. Based on 18 histograms of peripheral CD4 {(A)
and CD8 (B) T cells, CD4 SP (C) and CD8 SP (D) thymocyles, and CD4 ISP thymocytes (E), the dislance of every combination of two
histograms was calculated with Ward's method and the Euclidean distance. All catculated distances divided by the maximat distance are
shown in a dendrogram. Listed on the left are the BV subsets and the identification of donors that the individual histograms originated from.
The BV1 and 3 subsets of the peripheral CD8 T cells from D4 had biased CLS histograms.

They were shaped during thymic selections and maintained in
the peripheral blood. In contrast, the BV-dependent differ-
ences in the TCR CDR3 length were observed throughout
lymphocyte development. The CDR3 became shorter during
thymic selections, but did not change the BV-dependent
differences seen before the selections. Finally, the degrees
of the shortening differed between CD4 and CD8 lineage cells,
and also were dependent on BY gene use. The reperioires
of peripheral lymphocyles reflected directly those of mature
SP thymocytes except for biases induced by clonal
expansions.

Although it was known that different CDR3 lengths were
preferred by different BV subsels, the BV-dependent distri-
bution patterns are disclosed here for the first time. Unlike the
difference in length, the different patterns become evident
during positive and negative seleclions, accompanied by an
increase of the CP frequency and narrowing of the distribution
span. This argues that they are shaped under the pressure of
positive and negative selections in the thymus. Most studies

that employed the TCR CLS technigue disregarded the

differences, probably because h '
differences, e lechni
identification of gross changes. 08 Vs used for

We have found thal the distribution patterns of three gene
members of the BV7 family shared the same characteristics.
This ensures that the CLS histograms generated with the
primer specific to BV7 family genes were not artifacts. In this
regard, we have found that different gene members of the BV6
family could have similar distribution patterns (Fig. 1B). Also,
both BV3 and 11 subsets shared histograms with low CP
frequencies and large variances. Arden et al. (29) pointed out
that these two genes are closely related both structurally and
in their CDA3 sequences. According to their TCRBV gene
classification, BV1, 3 and 7 fall into different groups. These
facts argue that the BV-dependent differences could be
attributable to the structure of TCRp chains.

Using murine thymus, Pannetier et all (23) observed that
different BV subsets prefer different TCR CDR3 lengths. We
found that the BV-dependent ditierence in mean TCR length
already occurred in the CD4 ISP thymocytes. This implies that
the difference is regulated by TCR rearrangement. Also, since
the CD4 ISP thymocytes with complete TCRB gene rearrange-

men! are under pressure of subsequent f selection Tor

atssoc:affon' with pre-Ta chaing, the B selection could contrib-
ute to the difference formation, Morecver, the CLS histograms
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Fig. 5. Comparison of TCR CDR3 length in different CD4/CD8 lineage cells. Plotted are AF that were calculated by sublracting the frequencies
in the CD4 and CDB SP thymocytes from those in the ISP thymocytes (A: CD4 ISP — CD4 SP and CD4 ISP - CD8 SP respeclively), and by
subtracting the frequencies in the CD8 SP thymocy!es from those in the CD4 SP thymocyles and those in the peripheral CD8 T cells from
those in the peripheral CD4 T cells (B: CD4 SP — CD8 SP and peripheral CD4 - peripheral CD8 respectively). In order to quantify the
shortening, the means * SD of ZAF derived from the six donors were calculated (shown in the panels). In (B), where the data from D4 have
been excluded, ZAF values of the BV3 subsels were all negalive in both subtractions, while EAF values of the BV7 subsets were all positive.
EAF values were not calculated for the BV1 subset because no inflection points were found in the AF plots. NC, not calculated.

of the BV1, 3 and 7 subsets of the CD4 ISP thymocytes were
similar, but nol necessarily identical (Fig. 2B), suggesting that
the rearrangement and/or B selection may have a subsidiary
effect in shaping the CLS distribution patterns,

To address further if the rearrangement per se regulates the
BV-dependent difference in CDR3 length, we tried to amplify
non-productively recombined TCRBV1, 3 and 7 genes from
peripheral T lymphocytes that do not express TCRVB1, 3 or 7.
However, even from >107, a sufficient amount of the rear-
ranged genes coufd not be amplified for the TCR CLS
analyses. This was consistent with the fact that the TCRB
CLS patterns of the CD4 ISP thymocytes always had 3-base
pair spacing, indicating that all transcripts were in-frame. The
3-base spacing was also cbserved by Yassai ef af. (21) who
examined TCRB genomic DNA derived from the same
population. It is known that 85% of CD4 ISP thymocytes retain

the TCRB germline ceonfiguration, while only 5% express
rearranged TCRB gene products (9). Thus, thymocytes with
out-of-frame TCRB rearrangements must be diluted out
quickly by those expressing complete TCRB/pre-To and
become undetectable with conventional technologies.

In separate experiments, we have assessed the mean TCR
CDR3 lengths of the other BV subsets and found that the BY
subsets with similar CLS patterns do not necessarily have
similar CDR3 length (data not shown), The differences in
shortening between CD4 and CDB8 lineage cells were not a
function of the distribution patterns (data not shown). Thus,
distribution pattern and length appeared to be regulated
independently.

Yassai et al. (21,22) reported TCR shortening in the human
and murine thymi. By examining murine thymocytes for the
BV1-BJ2 recombinants, they have shown that the shortening
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occurs to a larger extent in the CD4 lineage cells than in the
CD8 lineage cells, They failed to see differential shortening in
humans and suggested a distinct regulation for human
thymocytes. However, we observed a clear difference
between the CD4 and CD8 T cells. We found that the
differential shortening was a functicn of BV gene use. These
data imply that the shortening in humans is regulated by
antigen recognition by TCR.

The TCR shortening could be affected by allelic variations of
MHC gene products, and differential shortening between CD4
and CD8 lineage cells could be due 1o differential crthogonal
geometry of TCR and antigenic peptide in the grooves of MHC
class 1 and Il molecules (22). However, the differences in mean
CDR3 length were preserved throughcut the thymic selec-
tions. The CD4 and CD8 lineage cells share the same CLS
distribution patterns. Thus, although limitations in sample
collection did not allow us to investigate the effects of HLA
variations, the geomelry should not be the only factor
regulating CDR3 length repertoire.

Development of the TCRB CDR3 length repertoire is
regulated deficately in the thymus. Peripheral selections
have little effect unless T cell clones expand massively in
response to immunological insults, Elucidation of these thymic
regulations may shed more light on molecular interaction of
TCR with self-peptide-MHC in the thymus.
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Abbreviations

AF diferences in frequency

IAF skew value

CDR complementarity-determining region
CLS CDR3 length spectratyping

CP central peak

ISP immalure single posilive

SP single positive
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Stimulation of Host NKT Cells by Synthetic Glycolipid
Regulates Acute Graft-versus-Host Disease by Inducing Th2
Polarization of Donor T Cells’

Daigo Hashimoto,* Shoji Asakura,* Sachiko Miyake,’ Takashi Yamamura,” Luc Van Kaer,*
Chen Liu,* Mitsune Tanimoto,* and Takanori Teshima®*7

NKT <ells are a unique immunoregulatory T cell population that produces large amounts of cytokines. We have investigated
whether stimulation of hest NKT cells could modulate acute graft-vs-host disease (GVHD) in mice. Injection of the synthetic NKT
cell ligand a-galactosylceramide (a-GalCer) to recipient mice on day 0 following allogeneic bone marrow transplantation pro-
moted Th2 polarization of denor T cells and a dramatic reduction of serum TNF-«, a critical mediator of GVHD. A single injection
of a-GalCer to recipient mice significantly reduced morbidity and mortality of GVHD. However, the same freatment was unable
ta confer protection against GVHD in NKT cell-deficient CD1d knockout (CD1d ™7} or [L-4™* pecipient mice or when STAT6 ™/~
mice were used as donors, indicating the critical role of host NKT cells, host production of IL-4, and Th2 cytokine responses
mediated by donor T cells on the protective effects of a-GalCer against GVHD. Thus, stimulation of host NKT cells through
administration of NKT ligand can regulate acute GVHD by inducing Th2 polarization of donor T cells via STAT6-dependent
mechanisms and might represent a novel strategy for prevention of acute GVHD. The Journal of Immunology, 2005, 174:

551-556.

llogeneic  hemopoictic  stemn  cell  transplantation
A (HSCT)* cures various hematologic malignant tumors,
bone marrow (BM) fatlures, and congenital metabolic
disorders. Emerging evidence suggests that allogeneic HSCT is
also useful for treatinent of other diseases, including solid tunors
and autoimmune discases (1, 2). However, graft-vs-host disease
(GVHD) is a major obstacle that precludes wider application of
allogeneic HSCT, The pathophysioclogy of acute GVHD is com-
plex, involving 1) donor T cell responses to the host alloantigens
expressed by host APCs activated by conditioning regimens (i.e.,
irradiation and/or chemotherapy), and 2) dysregulation of inflam-
matory cytokine cascades, leading to further T cell expansion and
induction of cytotoxic T cell responses (3).
CD4™ helper T cells can be divided into two distinct subpopu-
lations: 'Thl and Th2 cells (4). Thl cells produce [FN-vy and IL-2,
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whereas Th2 cells produce IL-4, IL-5, and IL-13. Although the
role of Thl and Th2 cytokines in the pathophysiology of acute
GVHD is complex and controversial (5-8), Thl polarizaton of
donor T cells predominantly plays a role in inducing the “eytokine
storm” that is seen in several models of acute GVHD (3, 9),
whereas Th2 polarization mostly suppresses inflatinatory cas-
cades and reduces acute GVHD (10-12). Many properties of den-
dritic ¢cells (DCs), including the type of signal, the duration of
activation, the ratio of DCs to T cells, and the DC subset that
presents the Ag. influence the differentiation of naive CD4™ T cells
into Thl or Th2 cells (13). The cytokines that are present during
the initiation of the immune responses at the ime when the TCR
engages with MHC/peptide Ags are critically important for Th ¢ccll
differcntiation (14).

NKT cells are a distinct subset of lymphocytes characterized by
expression of surface markers of NK cells together with a TCR.
Although the NKT cell population exhibits considerable heteroge-
neity with regard to phenotypic characteristics and functions (15).
the major subset of murine NKT cells expresses a semi-invariant
TCR, Vorl4-Jal8, in combination with a highly skewed set of
Vs, mainly VB8 (16). NKT cells can be activated via their TCR
by glycolipid Ags prescnted by the nonpolymorphic MHC class
Hike molecule CD1d expressed by APCs (17). Stimulation of
NKT cells rapidly induces secretion of large amounts of IFN-y and
IL-4, thereby influencing the Th1/Th2 balance of conventional
CD4* T cell responses {18). In patticular, NKT cells are consid-
cred an important early source of IL~4 for the initiation of Th2
responses (19, 20), although these cells are not absolutely required
for the induction of Th2 responses (21-23), NKT cells are absent
in CD1d knockout (CD1d™7) mice because of defects in their
thymic positive selection, which requires CD1d expression on he-
mopoietic cells, probably double-positive thymocytes (24, 25).

Considering the critical role of cytokines in the development of
acute GVHD, we investigated the role of host NKT cells in an
experimental model of GVHD, using synthetic NKT cell ligands,
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a-galactosylceramide (a-GalCer) (26), a glycolipid originally pu-
rified from a marine sponge, and its analog, OCH (27). Qur find-
ings indicate that stimulation of host NKT cells with NKT ligands
can modulate acute GVHD.

Materials and Methods
Mice

Female C57BL/6 (B6, 11-2 and BALB/c (1-2%) mice were purchased
from Charles River Japan. 11.-4™~ B6 and STAT6™'~ BALB/c mice were
purchased from The fackson ]_aboratory. CDX1d™~ B& mice were estab-
lished by specific deletion of the CD1dl gene segment (22). Mice. between
8 and 16 wk of age, were maintained in a specific pathogen-tree environ-
ment and received nommal chow and hyperchlorinated drinking water for
the first 3 wk post-bone marmrow transplantation (BMT). All experiments
involving animals were performed under the auspices of the Institutional
Animal Care and Research Advisory Committee at the Department of An-
imal Resources, Okayama University Advanced Science Research Center.

Bone marrow transplantation

Mice were transplanied according 1o a standard protocol described previ-
ously (28). Briefly, B6 mice received lethal total body irradiation (TBIL;
x-ray), split into two doses separated by 6.5 h to minimize gastrointestinal
toxicity. Recipient mice were injected with 5 X 10® BM cells plus 5 X 10°
spleen cells from either syngeneic (B6) or allogeneic (BALB/¢) donors. T
cell depletion (TCD) of donor BM cells was performed vsing anti-CD90
MicroBeads and the AutoMACS system (Miltenyi Biotec) according to the
manufacturer’s instructions. Donor cells were resuspended in 0.25 ml of
HBSS (Invitrogen Life Technologies) and injected i.v. into recipients on
day 0. Survival was monitored daily. The degree of systemic acute GVHD
was assessed weekly by a scoring system incorporating five ¢linical pa-
rameters: weight loss, posture (hunching), activity, fur texmre, and skin
integrity. as described (29).

Glycolipids

a-GalCer, (28,35 4R)- 1-O-(a-D-galactopyranosyl}-2-{N-hexacosanoylamine)-
13d-octadecanetriol (KRN7000), was synthesized and provided by Kirin
Brewery Company (30). A homologue of a-GalCer, OCH, was selected from
a panel of synthesized e-GalCer analogues by replacing the sugat ety
and/or truncating the aliphatic chains, because of its ability to stimulate en-
hanced IL-4 and reduced IFN-v production by NKT cells, as previously de-
scribed (27, 31). BMT recipient mice were injected 1.p. with a-GalCer or OCII
(100 pg/kg) imunediately after BMT on day 0, Mice from the contro! groups
received the diluent only.

Flow cytomerric analysis

mAbs used were FTT'C- or PE-conjugated anti-mouse CI4, H-2K®, and
H-2K* (BD Pharmingen). Cells were preincubated with 2.4G2 mAb (rat
anti-mouse FeyR) for 10 min at 4°C to block nonspecific binding of labeled
Abs, and then were incubated with the relevant mAbs for 15 min on ice.
Finally, cells were washed twice with 0.2% BSA in PBS and fixed. After
lysis of RBCs with FACS lysing solution (BD Pharmingen), cells were
unalyzed using a FACSCalibur flow c¢ytometer (BD Biosciences). 7-Ami-
no-actinomycin D (BD Phammingen)-posilive cells (ie., dead cells) were
excluded from the analysis. Fluorochrome-conjugated irelevant 1pG were
used as negalive controls. At least 5000 live events were acquired for
analysis.

Cell cultures

Mesenteric lymph nodes (LINs} and spleens were removed from animals 6
days after BMT and four to six mesenteric LNs or spleens from each
experimental group were combined. Numbers of cells were nornalized for
T cells and were cultured in complete DMEM (Invitrogen Life Technol-
ogies) supplemented with 10% FCS, 50 U/ml penicillin, 50 pg/mil strep-
tomyein, 2 mM L-glatamine, 1 mM sodium pyruvate, .1 mM nonessential
amino acids, 0.02 mM 2-ME, and 10 mM HEPES in wells of a 96-well
flat-bottomn plate, at a concentration of 5 X 10° T cells/well with 1 X 10°
irradiated (20 Gy) peritoneal cells harvested from naive B6 (allogeneic)
animals, or with 5 pg/ml plate-bound anti-CD3e mAbs (BD Pharmingen)
and 2 pg/ml anti-CD28 mAbs (BD) Pharmingen). Forty-cight hours after
the initiation of cullure, supernatants were collected for the measurement of
cytokine levels.

HOST NKT CELLS REGULATE ACUTE GVHD

ELISA

ELISA was performed according to the manufacturer’s protocols (R&D
Systemns) for measurement of IFN-y, 1.4, and TNF-« levels, as described
previously (32}, Sumples were obtained from culture supernatant and blood
[rom retro-orbital plexus, diluted appropriately, and run in duplicate. Plates
were read at 450 nm using a microplate reader (Bio-Rad). The sensitivity
of the assays was 31.25 pg/ml for [I'N-v, 7.6 pg/ml for IL4, and 23.4
pg/mi for TNF-a.

Histology

Formalin-preserved livers and small and large bowels were embedded in
paraffin, cut into 5-um-thick sections, and stained with H&E for histolog-
ical examination. Slides were coded without reference to prior treatiment
and exaimined in a blinded fashion by a pathologist (C. Liu). A semiquan-
titative scoring system was used to assess the following abnormalities
knowrt to be associated with GVID, as previously described (33): O, nor-
mal; 0.5, focal and rage; 1.0, focal and mild; 2.0, diffuse and mild; 3.0,
diffuse and moderate; and 4.0, diffuse and severs. Scores were added to
provide a total score for each specimen. After scoring, the codes were
broken and data were compiled. Pathological GVHI) scores of intesting are
the sum of scores for small bowel and colon.

Statistical analysis

Mann-Whitney {f test was applied for the analysis of cytokine data and
clinical scores. We uscd the Kaplan-Meier product limit method to obtain
sarvival probability, and the log-rank test was applied for comparing sur-
vival curves. Differences in pathological scores between the o-GalCer-
treated group and the diloent-treated group were examined by two-way
ANOVA, We defined p < 0.05 as statistically significant.

Results

Administration of a-GalCer stimulates lethally irvadiated mice
to produce IFN-vy and {L-4

We first determined whether administration of synthetic NKT k-
gands such as «-GalCer and OCH can stimulate heavily irradiated
mice to produce cytckines. B6 mice were given 13 Gy TBI and
were injected i.p. with @-GalCer, OCH, or diluent 2 h after TBL
Six hours later, blood samples were obtained, and serum samples
were prepared for measurement of IFN-y and 1L-4. TBI alone or
BMT itself did not stimulate diluent-treated mice to produce [FN-y
or [L-4 (Fig. 1}. Administration of a-GalCer increased serum lev-
els of IFN-y and IL-4, even in mice receiving TBI. However,
serum levels of IFN-y were much less in irradiated mice than in
unirradiated mice. By contrast, the ability of irradiated mice to
produce [L~4 (0 -GalCer was maintained for 48 b after irradja-
tion. Serum levels of IFN-y and IL-4 in response to a-GalCer were
not altered when irradiated wild-type (WT) mice were injected
with 5 X 10° BM cells and 5 X 10° spleen cells isolated from
allogeneic (BALB/c) donors. Furthermore. these cytokine re-
sponses were not observed when a-GalCer was injected into irma-
diated NKT cell-deficient CD1d ™~ mice with or without BMT.
These results suggest that host NKT cells that survive for at Jeast
48 h alier irradiation, rather than from infused donor cells, are
eritically involved in the production of these cytokines in response
to glycolipids. [rradiation appears to impair the ability of mice to
produce IFN-y while preserving IL-4 production in response to
o-GalCer. Similar cytokine profiles were observed when OCH was
administered (dala not shown).

Administration of a-GalCer to recipients polarizes donor T cells
toward Th2 cytokine production after allogeneic BMT

Induction of GVHD fundamentally depends upon donor T cell
responses to host alioantipens. We next evaluated the effect of
glycolipid administration on donor T cell responses after alloge-
neic BMT in a well-characterized murine model of acute GVHD
(BALB/c— BG) directed against both MHC and multiple minor
histocompatibility Ags. Lethally irradiated B6 mice were trans-
planted with 5 X 10° BM cells and 5 X 10° spleen cells from
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