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ABSTRACT

Background: While oligoclonality of circulating CD4~
CD8” and of CD8" T cells is not uncommon, clonal
dominance within the CD4 compartment is not fre-
quently found in healthy individuals. In contrast, the
majority of patients with rheumatoid arthritis (RA) have
clonally expanded CD4* T cell populations. Previous
studies have demonstrated that these clonogenic CD4* T
cells do not express the CD28 molecule. To examine the
correlation between CD28 expression and clonal prolif-
eration, we have analyzed the T cell receptor (TCR)
diversity of CD4* CD28~ T cells in normal individuals
and in RA patients.

Material and Methods: The size of the peripheral
blood CD4" CD28~ compartment was determined in 30
healthy individuals and 30 RA patients by two-color
FACS analysis. In 10 RA patients and five controls with
more than 2.5% CD4" CD28™ T cells, TCR BV gene
segment usage was analyzed with 19 BV-specific anti-
bodies. Oligoclonality was assessed in sorted CD4™"
CD28" and CD28~ T cells using TCR BV-BC-specific
polymerase chain reaction and size fractionation. Clonal
dominance was confirmed by direct sequencing.
Results: The CD4* CD28™ T cell compartment was

expanded to more than 2.5% in 70% of the RA patients
and 30% of the normal individuals. Compared with the
CD4" CD28™ T cells, the TCR BV gene segment usage
among CD4" CD28~ cells was grossly skewed with the
dominance of single BV elements. Molecular TCR anal-
ysis provided evidence for oligoclonality in 17 of 21
expanded BV elements. In two unrelated RA patients
who shared both HLA-DRBI alleles, the TCR B-chain
sequences of dominant clonotypes were highly con-
served.

Conclusions: Oligoclonality is a characteristic feature of
CD4* CD287 T cells which are expanded in some
healthy individuals and in the majority of RA pa-
tients. The lack of CD28 expression is a common
denominator of CD4*%, CD8*, and CD4~ CD8™ T
cells prone to develop clonal dominance. The lim-
ited TCR diversity of clonal CD4* CD28~ popula-
tions in RA patients suggests that these T cells rec-
ognize a limited spectrum of antigens. The fact that
the majority of individuals with marked expansions
and oligoclonality of CD4" CD28~ T cells are RA
patients suggests a role for these unusual lympho-
cytes in the pathogenetic events leading to RA.

INTRODUCTION

Diversity of receptor molecules is considered one
of the fundamental principles of T lymphocytes
(1-3). The expression of different T cell receptors
(TCR) equips the immune system to interact spe-
cifically with an enormously wide spectrum of
antigen ligands. Receptor diversity is generated
through a series of mechanisms including rear-
rangement of polymorphic TCR gene segments,
addition of templated and nontemplated nucle-
otides, imprecise joining, and a-B-chain pairing.
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Recent data have, however, challenged the view
that receptor diversity is a consistent hallmark of
the functional T cell repertoire. Studies on spe-
cialized lymphocyte subsets have demonstrated
that clonal expansion of selected T cell specifici-
ties may occur more frequently than previously
thought (4-7). Clonal outgrowth of CD8™ T cells
is not unusual and seems to be more the rule
than the exception (8). CD8 oligoclonality may
more commonly occur with increasing age (6,9).
Evidence for oligoclonality has also been pro-
vided for TCR a/B* CD4~ CD8™ T cells (4,5,10).
When compared with single positive T cells in
the peripheral blood, double negative T cells
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were found to possess unique phenotypic char-
acteristics and to include clonally expanded pop-
ulations (10). Sharing of sequence motifs in the
third complementarity determining region
(CDR3) by T cells utilizing different VB elements
was interpreted as evidence for a common anti-
gen ligand driving the clonal proliferation of
double negative T cells.

Mechanisms leading to clonal outgrowth are
not understood. Different models have been pro-
posed in an attempt to explain oligoclonality of
selected T cells. Possibly, the ligand specifically
recognized by clonally expanded T cells is a self-
antigen and mechanisms of peripheral tolerance
are insufficient in these cells to avoid the expan-
sion of autoreactive cells. Alternatively, ex-
panded clonotypes represent the outcome of
unique intrathymic differentiation pathways
(11). Differences in selection pressures during
thymic selection may indeed lead to the genera-
tion of T cell populations with unique functional
capabilities. Finally, extrathymic development of
T cells with distinguishing phenotypic features
and unique repertoire characteristics may repre-
sent yet another possibility (12).

While clonal expansion of CD4~ CD8~ and
of CD8" T cells is frequent, oligoclonality within
the CD4" subset is rarely seen in normal indi-
viduals (9). We have recently described that oli-
goclonality of peripheral blood CD4™ T cells oc-
curs with increased frequency in patients with
rheumatoid arthritis (RA) (13). Phenotypic stud-
ies on in vivo and isolated clonotypes have re-
vealed that they can be distinguished from the
majority of mature T cells through the lack of the
CD28 molecule (14). While the role of clonal
CD4™ T cells in RA is not completely understood,
the question arises whether the CD4" CD28~ T
cell compartment is restricted in its diversity and
whether certain TCR genes are preferentially uti-
lized by these cells. Here, we report that in RA
patients and normals, expansion of the CD4*
CD28" compartment is associated with clonal
outgrowth of selected T cells. Restrictions in the
TCR repertoire of clonally expanded T cells sug-
gests that the spectrum of antigens recognized is
limited.

MATERIAL AND METHODS
Study Population

Peripheral blood mononuclear cells (PBMC)
were obtained from 30 patients who fulfilled the

1988 American College of Rheumatology criteria
for the diagnosis of RA (15) and 30 normal in-
dividuals of the same age group who did not
have a personal or family history of RA.

Fluorescence-Activated Cell
Sorting Analysis

PBMC were separated from heparinized venous
blood by Ficoll gradient centrifugation. Cells
were stained with FITC-conjugated anti-CD4
(Becton Dickinson, San Jose, CA, U.S.A.) and
phycoerythrin (PE)-conjugated anti-CD28 (Bec-
ton Dickinson) and analyzed on a fluorescence-
activated cell sorting (FACS) scan. In 10 RA pa-
tients and in 5 normal individuals who had more
than 2.5% CD4* CD28~ cells, the BV gene seg-
ment usage was analyzed by three-color FACS
analysis with FITC-conjugated BV-specific anti-
bodies (anti-BV2, anti-BV3, anti-BV11, anti-
BV13S1, anti-BV13S6, anti-BV14, anti-BV16,
anti-BV17, anti-BV18, anti-BV20, anti-BV21S3,
and anti-BV22, obtained from Immunotech,
Marseilles, France; anti-BV5S1, anti-BV5S2-3,
antiBVé6S7, anti-BV8, and anti-BV12, obtained
from T Cell Diagnostics, Cambridge, MA, U.S.A;
anti-BV7, kindly provided by A. Boylston; anti-
BV23S1, kindly provided by O. Kanagawa;
PercP-labeled anti-CD4 and PE-conjugated anti-
CD28 (Becton Dickinson).

T Cell Receptor p-Chain
Sequence Analysis

CD4" CD28” and CD28" cells were purified by
cell sorting on a FACSVantage. Total RNA was
extracted by guanidinium thiocyanate phenol
chloroform extraction using a commercially
available kit. cDNA was amplified with BV- and
BC-specific primers (9,16). The amplified prod-
ucts were labeled using a primer extension assay
and were separated on a 5% denaturing poly-
acrylamide gel. The distribution of band intensi-
ties were analyzed to determine whether the
distribution was Gaussian, indicating polyclonal-
ity, or whether the diversity was restricted with
the emergence of dominant bands, indicating
clonal expansion (17,18). In parallel, the ampli-
fication products were directly sequenced by re-
verse transcriptase-mediated dideoxy sequenc-
ing as described (19). If the size analysis showed
more than one dominant band, bands were
eluted and directly sequenced. Previous experi-
ments had shown that this approach yielded an
unequivocal sequence if one particular clonotype
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FIG. 1. Expansion of the CD4* CD28~ com-
partment in RA patients

PBMC from 30 healthy individuals and 30 RA pa-
tients were analyzed by two-color FACS for the
presence of CD4* CD287 T cells.

constituted more than 25% of T cells sharing the
particular BV-BC combination (20). To confirm
polyclonality, amplification products of selected
samples were reamplified with the appropriate
BV primer and a BJ primer. The sequences of the
BJ primers have been described (13). Amplified
products were again size-fractionated on a poly-
acrylamide gel.

RESULTS

Expansion of the CD4* CD28™ T Cell
Compartment in RA Patients

Most mature CD4" /B T cells express the CD28
molecule which is critically involved in transmit-
ting costimulatory signals (21,22). Optimal acti-
vation of T cells requires triggering of the specific
TCR accompanied by costimulatory signals
(23,24). In the absence of costimulation, T cells
acquire a functional state of nonresponsiveness
or anergy. Unless the function of CD28 can be
substituted by an alternate molecule, CD4*
CD28™ T cells should be functionally impaired.
In general, the frequency of CD4* CD287 T cells
in human peripheral blood is low. Results for 30
normal donors are shown in Fig. 1. The majority
of the normal individuals had few, if any, CD28~
T cells within the CD4* population of the periph-
eral blood as determined by two-color FACS
analysis. However, in a few individuals, CD28™ T
cells accounted for a significant proportion of the
CD4" compartment. In contrast to healthy indi-

viduals, the CD4" CD28~ compartment is largely
expanded in patients with RA. Figure 1 shows a
cohort of RA patients which was age- and sex-
matched with the control group. While the
group of RA patients included individuals with
CD28~ frequencies below 5% in the peripheral
blood, more than half of the patients carried high
numbers of CD4* CD287 T cells. In a subset of
patients CD4" T cells lacking the CD28 surface
marker accounted for one-third to almost one-
half of the circulating CD4 compartment.

TCR VB Gene Usage in CD4* CD28™ T
Cells

To analyze the T cell repertoire of CD4* CD28™ T
cells in normal individuals and RA patients, the
expression of 19 TCR BV gene elements was
examined by three-color FACS analysis in 10 RA
patients and five normal controls with an ex-
panded subset of CD4" CD28™ T cells. The 10 RA
patients had between 4.6 and 34.6% CD4"
CD28™ T cells; in the five normal individuals,
CD4" CD28 T cells ranged from 2.9 to 9.4%
(Table 1). The BV gene segment distributions of
three representative individuals are shown in
Fig. 2. In Patient RA-9, BV18 and BV22 were
majorly expanded. BV2 and BV20 did not show
the expected concomitant decrease, while all the
other BV elements were infrequent in the CD4*
CD28™ population. Similar results were obtained
for Individual C-2. While BV6S7 and BV22 were
majorly expanded, all BV elements except BV12
showed the expected concomitant decline. In the
third individual, Patient RA-7, all BV elements
within the window tested were infrequent in the
CD4" CD28" population, suggesting that at least
one of the BV elements which was not included
in the test panel was markedly increased in fre-
quency. Results from all RA patients and normal
individuals are summarized in Table 1. All 10 RA
patients and all 5 normal controls with expanded
CD4" CD28” populations had significantly dis-
torted BV repertoires compared with the CD4™"
CD28™ population. In 7 of the 10 RA patients
and in 4 of the 5 normal controls a dominance of
one to three BV elements was observed. Com-
parison of the different patients did not show a
strong bias as to which BV element was found to
be expanded. Ten different BV elements were
found in 13 expansions. Only the BV17 gene
element was represented three times. Two of the
patients with markedly increased BV17* CD28~
cells typed HLA-DRB1*0101/0404 heterozygous.
The BV18 element was found in two patients;
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TABLE 1. TCR BV expansions in CD4* CD28™ T cells

HLA- CD4* CD28~ BV Families with
DRB1 Compartment Expansion in the
Allele Size (%) CD28~ Compartment
RA Patients

RA-1 0401/08 4.6 BV17

RA-2 0404/0101 49 BV14, BV17

RA-3 0404/0101 7.1 BV6S7, BV17

RA-4 0401/11 9.9 None detected

RA-5 0401/07 13 BV7

RA-6 03/03 17 BV5S1, BV21S3, BV22

RA-7 0404/0404 19.3 None detected

RA-8 15/15 22.4 None detected

RA-9 0401/03 29 BV18, BV22

RA-10 0401/03 34.6 BV13, BV18

Controls

C-1 0101/0101 2.9 BV6S7, BV20

C-2 0401/0101 5.1 BV6S7, BV22

C-3 0101/07 6.6 BV2, BV13S1

C-4 0404/15 7.9 None detected

C-5 04/07 9.4 BV2, BV21S3

both of whom also shared both DR haplotypes
(DRB1*03/0401). BV22 was encountered in two
patients, however, these two patients only
shared one HLA-DRBI allele. A similar diversity
was seen in the five normal individuals. In-
creased usage of BV2 and BV6S7 was docu-
mented in two donors each.

Oligoclonality within the CD4* CD28™ T
Cell Population

To determine whether the preferential usage of
certain BV gene segments within the CD4%
CD28~ compartment was caused by a polyclonal
BV-specific stimulation or by the clonal prolifer-
ation of single T cell clonotypes, the diversity of
the repertoire of T cells sharing a BV element was
analyzed. CD4" CD28™ T cells were purified
from PBMC by cell sorting. TCR B-chain se-
quences were amplified by polymerase chain re-
action (PCR) using primers specific for the ex-
panded BV gene segment and a BC primer. The
amplified product was subsequently size-frac-
tionated. Representative experiments on three
BV elements from four patients are shown in
Fig. 3. In all patients, the population of CD4*
CD28™ T cells showed a polyclonal pattern; that

is, the bands representing the different TCR size
classes were spaced by three nucleotides and the
intensities of the bands followed a Gaussian dis-
tribution. In contrast, the repertoire of CD4”"
CD28" T cells sharing an expanded BV element
showed a distorted Gaussian distribution with
the dominance of single bands in 17 out of 21
BV-BC combinations analyzed (Fig. 3). All am-
plified products that were suspicious for clonal
proliferation of a single T cell specificity were
analyzed by direct sequencing of the total PCR
product to confirm clonality. Oligoclonality was
found in RA patients as well as in the normal
controls. In 14 of the 21 expanded BV elements,
a single clonotype was identified. In three BV
elements, several clonotypes were found. TCR
length analysis demonstrated a polyclonal pat-
tern in four amplified products (data not shown).
To address the question how oligoclonal the
CD4" CD28~ compartment is in general, se-
lected BV-BC amplification products were rean-
alyzed at the BV-BJ level. This approach allows
to detect clonotypes which are less frequent than
1%. Size fractionation of different BV18-BJ
products of patient RA-10 are shown in Fig. 4.
The Gaussian distribution of band intensities
were maintained, demonstrating polyclonality of
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FIG. 2. TCR BV gene segment usage in CD4*
CD28~ T cells

Five normal individuals and 10 RA patients were
identified who had more than 2.5% of CD4" CD28~
T cells (Fig. 1). PBMC were analyzed by three-color
FACS analysis with PercP-anti-CD4, PE-anti-CD28,
and FITC-anti-BV element. Compared with the
CD4* CD28"* compartment (#), the TCR B-chain
repertoire of CD4" CD287 T cells (M) was strongly
skewed toward the preferential usage of few BV ele-
ments. Three representative individuals are shown;
results for all normal individuals and RA patients are
summarized in Table 1.

the population. These data suggest that the CD4™
CD28~ compartment is primarily polyclonal. Oli-
goclonality is frequently found for expanded BV
elements, however, clonal expansion is not al-
ways responsible for the increased BV gene seg-
ment usage.

To estimate the contribution of clonal expan-
sion to the increased size of the CD4* CD28~
compartment, the total number of clonotypes
within one patient, the size of individual clono-
types and the total size of the CD4* CD28~ com-
partment which ranged from 2.9 to 34.6% were
compared. The size of the CD4" CD28~ compart-
ment did not correlate to the total number of

CD28 + — + - + = + =
L I I J

RA-3 C-5 RA-6 RA-10

BV6S7 BV21S3 BV18

FIG. 3. Clonal T cell expansions within the
CD4" CD28~ compartment

To examine the nature of the skewed BV gene seg-
ment usage, the TCR repertoire of CD4* CD28* and
CD4~ CD28" T cells were analyzed by BV-BC-spe-
cific PCR of TCR sequences and subsequent size frac-
tionation. Results for four BV-BC combinations from
three individuals are shown. The CD4* CD28* pop-
ulation always showed a Gaussian distribution of
band intensities, suggesting polyclonality. In con-
trast, dominant bands emerged in the CD4* CD28~
T cells. Clonality was confirmed by sequencing
(Table 2). Of the 21 expanded BV elements

(Table 1), 17 harbored one or more T cell clones.

clonally expanded T cell specificities or with the
size of the individual clonotypes (data not
shown). In contrast, patients who had less of a
skewing in the BV repertoire tended to have a
larger CD4" CD28~ compartment, suggesting
that the initial expansion of the CD4* CD28~
compartment is polyclonal.

Conserved Junctional TCR
Sequence Motifs

All BV-specific TCR products that contained
dominant bands suggestive for expanded clono-
types were directly sequenced to confirm clonal-
ity (Table 2). If the PCR products contained more
than one dominant band, individual bands were
eluted and sequenced. In two instances, dis-
tinct donors shared amino acid sequence mo-
tifs in the V-D-J junction. In Patient RA-9, an
expanded BV18-BJ2S3 clonotype was found.
Patient RA-10 had a BV18-BJ2S5 clonotype.
Those clonotypes had the identical junctional
motif (PELAGP) and differed in the CDR3 only
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TABLE 2. TCR B-chain sequences of dominant CD4* CD28~ T cell clones

BV BJ
Segment CDR3 Sequence Segment
RA patients
RA-1 BV17 CASS TRVK NTEAFF BJ1S1
RA-2 BV14 CASS LREG EQFF BJ2S1
BV17 CASS TSGQV TDTQYF BJ2S3
RA-3 BV6S7 Polyclonal
BV17 CASS QDR NSPLHF BJ1S6
RA-5 BV7 CASS PEDSPR ETQYF BJ2S5
RA-6 BV5S1 Polyclonal
BV21S3 CASS DNGRRMA TF BJ1S2
BV22 CASS EEN TQYF BJ2S5
RA-9 BV18 CASS PELAGP DTQYF BJ2S3
BV18 CASS PQRS NYGYTF BJ1S2
BV18 CASS PGYSGSDD EQYF BJ2S7
BV22 CASS ELWQ SGANVLTF BJ2S6
BV22 CASS SYLHREG QFF BJ2S1
RA-10 BV13 CASS YPETG SYEQYF BJ2S7
BV18 CASS PELAGP ETQYF BJ2S5
Controls
C-1 BV6.7 CASS VRDER NEKLFF BJ1S4
BV20 Polyclonal
C-2 BVé6.7 CASS PHYREG DTQYF BJ2S3
BV22 CASS EASPQGAG GNTIYF BJ1S3
C-3 BV2 Polyclonal
BV13S1 CASS QDR NTEAFF BJ1S1
C-5 BV2 CASS RSRLARK DTQYF BJ2S3
BV2 CASS AASRGWLTMA LFF BJ1S4
BV21S3 CASS QLF QETQYF BJ2S5

in an aspartic acid versus glutamic acid substi-
tution in the J gene segment. In contrast to the
amino acid sequence, the nucleotide sequence
differed at three positions (Table 3). It is of

particular interest to note that these two pa-
tients shared both HLA-DRBI1 alleles. Both pa-
tients typed HLA-DRB1*03/0401. Within the
group of 10 patients, Patients RA-2 and RA-3

TABLE 3. Nucleotide sequences of TCR B-chains with shared amino acid motifs

HLA-DRB1 BV Gene BJ Gene
Patient Allele Segment N-D-N Region Sequence Segment
RA-9 DRB1*0401/03 BV18 P E L A G P BJ2S3
CCA GAA CTA GCG GGA CCA
RA-10 DRB1*0401/03 BV18 P E L A G P BJ2S5
CCC GAA CTA GCG GGG CcCG
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FIG. 4. Diversity of CD4* CD28~ T cells

To examine the question of whether the repertoire
of CD4" CD28™ T cells is generally restricted or
whether few T cell clones have emerged from a
polyclonal repertoire, TCR sequences sharing se-
lected BV elements were reamplified with BV- and
BJ-specific primers and size-fractionated. Results are
shown for BV18-BJ combinations from the same pa-
tient, all of which had a Gaussian distribution of
band intensities, suggesting polyclonality. No addi-
tional dominant clonotype was identified at the
more sensitive resolution level, indicating that the
CD4" CD287 T cell compartment is primarily poly-
clonal with the emergence of single clonotypes.

also shared both HLA-DRB1 alleles (HLA-
DRB1*01/0404). These patients had expanded
BV17* T cell clones, however, with different
junctional sequences. A second shared junc-
tional sequence motif was identified in Patient
RA-3 and in C-3. Both individuals shared a
QDRN motif. However, the amino acid stretch
was present in different frameworks (BV17-
BJ1S6 in Patient RA-3 and BV13S1-BJ1S1 in
C-3). Patient RA-3 and the control individual
both expressed an HLA-DRB1+*01 allele but were
discordant for the second HLA-DR haplotype.

DISCUSSION

Based on the observation that RA patients carry
multiple clonal CD4" T cell populations with a
CD28~ phenotype (14), the current study was
designed to examine the repertoire of CD4*
CD28™ T cells in normal individuals and RA pa-

tients. Lack of the CD28 molecule on the T cell
surface should have consequences for T cell
function (23,24). Triggering of the TCR by spe-
cific antigen is considered insufficient to induce
expansion and lymphokine secretion unless sup-
plemented by costimulatory signals. Interaction
of the CD28 molecule with its ligands on the
surface of antigen presenting cells provides the
necessary costimulatory signals to drive T cell
activation. However, accumulating evidence in-
dicates that CD28" cells are not always function-
ally impaired but may contribute significantly to
immune responses. Data presented here indicate
that repertoire formation follows different rules
in CD28 than CD28" cells with the frequent
emergence of oligoclonality. This observation
may not be restricted to the CD4 compartment; it
may also apply to the CD28~ subsets of CD8”
and CD4~ CD8 T cells. Clonally expanded
CD4" T cells appear to be nonrandomly selected
with very similar TCR B-chain sequences isolated
from different individuals. These findings are
most compatible with the model that a very lim-
ited spectrum of antigens drives the response of
CD4" CD287 T cells.

In contrast to the murine system, CD28™ T
cells in humans constitute a significant part of
the immune system. Approximately half of the

' circulating CD8" as well as the CD4~ CD8™ T

cells do not express the CD28 molecule. Among
CD4™" T cells, CD28 negativity is generally infre-
quent (22). However, we and others have found
that a subset of normal donors can carry more
than 5% of CD4" CD287 T cells (21). Expansion
of the CD4" CD28 T cell subset is a character-
istic finding for patients with RA. About two-
thirds of all RA patients express a high frequency
of CD4" CD28™ T cells with up to 50% of all
CD4™" T cells missing the CD28 molecule. Expan-
sion of the CD4" CD28~ compartment is a fea-
ture of patients with more severe disease. Partic-
ularly, the presence of highly frequent CD4%
CD28 T cells is tightly associated with the de-
velopment of extraarticular manifestations, such
as rheumatoid organ involvement (own unpub-
lished observations). Longitudinal studies sug-
gest that the emergence of CD28™ T cells is not a
consequence of the disease but rather can pre-
cede disease onset (Ref. 20 and our unpublished
observations). The molecular and functional
characteristics of CD4* CD28 T cells are of par-
ticular interest since they can be suspected to
play a role in the disease process. The two char-
acteristics of the CD4" CD28~ compartment
studied here, expansion and oligoclonality, were
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not specific for RA patients but were more fre-
quent and more pronounced in patients than in
normal controls.

Oligoclonality of T cells is not as uncommon
as previously believed. Among CD8" T cells, it
appears to be a regular phenomenon. In a study
of 56 normal individuals, 72% exhibited evi-
dence for oligoclonal T cell growth of CD8* T
cells (9). The repertoire of CD8" clonotypes was
found to be highly diverse, and no examples of
TCR sequence homologies were detected in un-
related controls and siblings. Interestingly, in
three of six sets of monozygotic twins clones
with extensive sequence homology were de-
scribed, suggesting that genetic factors are critical
in selecting clonal specificities prone to expand.
Other predisposing factors include age and pos-
sibly the presence of a chronic inflammatory dis-
ease (6,8,25,26).

Readily detectable oligoclonality has also
been described for the CD4~ CD8™ TCR a/B T
cell compartment. The diversity of expanded
clonotypes among double negative T cells ap-
pears to be more restricted than among CD8
cells. Porcelli et al. (4) have demonstrated that
CD4~ CD8 T cells preferentially utilize a re-
stricted spectrum of BV genes and an invariant
TCR a-chain. In the study by Brooks et al. (10),
oligoclonality of CD4~ CD8™ T cells involved all
different BV families. However, these authors
were able to identify several junctional region
amino acid sequence motifs combined with dif-
ferent BV elements which were conserved in
TCRs isolated from distinct donors. Finally, Dela-
bonna et al. (5) were able to show the utilization
of an invariant AV20-BJQ/BV11 TCR by clono-
genic CD4~ CD8™ T cells. This particular TCR
could be identified in every individual tested.
The AV24* CD4~ CD8 T cells derived from a
single or a few expanded T cell clones, as dem-
onstrated by y-chain rearrangement and N-D-N
region diversity (5,27).

In contrast to CD8* and CD4~ CD8™ T cells,
oligoclonality within the CD4 compartment in
normal individuals is much less pronounced.
Montaro et al. (9) did not find any instance of
CD4 T cell clonal dominance in 12 normal indi-
viduals. In contrast, we have frequently observed
clonal expansion of CD4" T cells in the periph-
eral blood compartment of RA patients (13). In
general, the size of the CD4" T cell clones is
smaller than that of the CD8 T cell clones. Sub-
sequent studies showed that the clonally ex-
panded CD4 T cells in RA patients had a unique
cell surface phenotype and that they lack the

expression of the CD28 and the CD7 molecules
(14). It is possible that genetic factors determine
the propensity to develop clonogenic T cell pop-
ulations. Sibpair studies in RA multicase families
demonstrated that oligoclonality in the CD4
compartment is equally frequent in affected and
unaffected siblings (13). This observation raises
the possibility that genetic factors regulate the
size and the diversity of the CD28~ CD4"
compartment.

By focussing on CD4* CD28™ T cells in this
study, we could clearly demonstrate that oli-
goclonality is a general phenomenon in this
compartment. In 7 of the 10 RA patients and 4
of the 5 normal individuals with expanded CD4™*
CD28~ populations, clonal T cell expansions
were identified. The three patients and the one
normal control in whom expanded clonotypes
were not found had a grossly distorted BV gene
segment repertoire, suggesting that these do-
nors had clonal expansion involving BV gene
elements for which no specific antibody was
available.

The finding of sequence homologies in the
TCR B-chains in unrelated individuals suggests
that the repertoire of clonally expanded T cells is
highly restricted. From two RA patients, clono-
types were isolated that shared the identical BV
gene segment, identical amino acid motifs in the
N-D-N region, and identical CDR3 length but
differed in the BJ gene segment usage (BJ2S3
versus BJ2S5). Interestingly, these two RA pa-
tients expressed identical HLA-DRB1 genes on
both haplotypes. Sequence homology was also
found for a clone derived from an RA patient and
a normal donor. In this case, the same N-D-N
region amino acid motif was combined with dif-
ferent BV and BJ gene elements. Conserved
structural features of receptors used by clonally
expanded populations are highly suggestive for
shared antigen driving the expansion (28-30).
Our data suggest that the spectrum of antigens
recognized by CD4* CD287 T cells is limited and
closely related TCRs are selected in the setting of
shared HLA-DR molecules.

The nature of the antigens driving the clonal
proliferation remains elusive. Among CD8 T
cells, sequence homologies expressed by dom-
inant clonotypes were only found for monozy-
gotic twins and not for siblings or adoptees,
emphasizing the impact of shared genetic de-
terminants rather than similar environmental
factors (9). In contrast, within CD4" CD28~
(Table 2) and CD4~ CD8~ CD28™ T cells (4,5,10)
TCR B-chains with similar sequence motifs have
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been derived from unrelated individuals. Pro-
vided this difference reflects distinct rules in the
formation of the TCR repertoire of these T cell
subsets, it could be proposed that the antigen
spectrum recognized is subset specific. CD4~
CD8™ T cells have been demonstrated to be re-
active to microbial antigens which they recog-
nize in restriction to CD1 molecules (31). We
have evidence that CD4" T cell clones in RA
patients exhibit autoreactivity and proliferate in
response to autologous antigen presenting cells
(14). It is intriguing that the individuals from
whom TCR B-chains with almost identical se-
quences were isolated shared both HLA-DR hap-
lotypes. This suggests that these T cells were
HLA-DR restricted and that HLA-DR-imposed
repertoire selection is important in shaping the
selection of clonotypes undergoing clonal prolif-
eration. Also, both donors had active RA, raising
the possibility that a disease-related antigen is
recognized.

Data presented here add to the evidence that
CD28 negativity is associated with oligoclonality.
Lack of CD28 expression is the common denom-
inator among CD4%, CD8%, and CD4~ CD8™ T
cell subpopulations harboring dominant clono-
types. It cannot be excluded that the absence of
CD28" -transmitted signals is directly involved in
the clonal expansion. However, the CD28 path-
way has been shown to be important in the
prevention of apoptosis by inducing Bcl-x; ex-
pression and not in clonal downsizing (32). Ex-
periments in the CD28-deficient mouse have
shown that the absence of CD28 does not favor
peripheral clonal proliferation (33). In contrast,
CD28™ T cells generally outcompete their CD28~
counterpart in bone marrow chimeras of CD28™
and CD28™ cells. In contrast to CD28, CTLA-4,
which also binds to the CD80/CD86 molecules,
has been implicated in clonal downsizing (34-
36). However, CTLA-4 can be induced in CD4"
CD28™ T cell clones (our unpublished observa-
tions), suggesting that the lack of CD28 expres-
sion is not associated with an inability to up-
regulate CTLA-4.

It is also possible that human CD28™ T cells
are independent from costimulatory signals or
use different signals and therefore can escape
peripheral tolerance mechanisms. Since expan-
sion of the CD4%" CD28~ compartment and
clonal dominance are not necessarily linked
(Fig. 4), an increase in the number of CD28™
cells may be the primary event rendering the
individual susceptible to oligoclonal prolifera-
tion. Shifts in the size of the CD28™ compart-

ment may only occur in predisposed individuals
resulting in the heterogeneity of CD4* CD28~
frequencies encountered in the normal popula-
tion. Accumulation of individuals with high con-
centrations of CD28™ T cells among RA patients
suggests a role of these cells in chronic inflam-
matory processes. Understanding the nature and
function of costimulatory molecules in CD28~
cells may therefore be crucial in exploring pe-
ripheral tolerization mechanisms of these partic-
ular cells as well as their contribution to RA. We
have preliminary evidence that CD4* CD28™ T
cells require costimulatory signals for the expres-
sion of the IL-2 receptor a-chain and the preven-
tion of anergy induction. These costimulatory
signals do not involve the CD28/CTLA-4-CD80/
CD86 interaction. Alternate costimulatory mole-
cules have also been suggested by Behar et al.
(37), studying CD4~ CD8 CD28™ T cells. These
cells utilize costimulatory molecules expressed
on activated monocytes but not on lymphoblas-
toid B cell lines. Differential expression of co-
stimulatory molecules for CD28™ cells on acces-
sory cells may be relevant to determine the
functional profile of CD4" CD28~ T cells and
may contribute to their role in RA.

ACKNOWLEDGMENTS

Supported in part by National Institutes of Health
grants (RO1 AR41974 and AR42527) and by the
Mayo Clinic and Foundation. The authors thank
Toni L. Higgins for secretarial support and James
W. Fulbright for technical assistance.

REFERENCES

1. Davis MM. (1990) T cell receptor gene diver-
sity and selection. Annu. Rev. Biochem. 59:
475-496.

2. Blackman M, Kappler J, Marrack P. (1990)
The role of the T cell receptor in positive and
negative selection of developing T cells. Sci-
ence 248: 1335-1341.

3. Matis LA. (1990) The molecular basis of T-
cell specificity. Annu. Rev. Immunol. 8: 65-82.

4. Porcelli S, Yockey CE, Brenner MB, Balk SP.
(1993) Analysis of T cell antigen receptor
(TCR) expression by human peripheral
blood CD4~ 8" «/B T cells demonstrates pref-
erential use of several VB genes and an in-
variant TCR « chain. J. Exp. Med. 178: 1-16.

5. Dellabona P, Casorati G, Friedli B, et al.



10.

11.

12.

13.

14.

15.

16.

D. Schmidt et al.: CD4* CD28~ T Cells and Rheumatoid Arthritis 617

(1993) In vivo persistence of expanded
clones specific for bacterial antigens within
the human T cell receptor o/ CD4~ 8" sub-
set. J. Exp. Med. 177: 1763-1771.

Callahan JE, Kappler JW, Marrack P. (1993)
Unexpected expansions of CD8-bearing cells
in old mice. J. Immunol. 151: 6657-6669.

. Hingorani R, Choi IH, Akolkar P, et al.

(1993) Clonal predominance of T cell recep-
tors within the CD8% CD45RO™ subset in
normal human subjects. J. Immunol. 151:
5762-5769.

. Monteiro J, Hingorani R, Choi I-H, Silver J,

Pergolizzi R, Gregersen PK. (1995) Oligo-
clonality in the human CD8" T cell reper-
toire in normal subjects and monozygotic
twins: Implications for studies of infectious
and autoimmune diseases. Mol. Med. 1: 614—
624.

Posnett DN, Sinha R, Kabak S, Russo C.
(1994) Clonal populations of T cells in nor-
mal elderly humans: The T cell equivalent to
“benign monoclonal gammapathy.” J. Exp.
Med. 179: 609-618.

Brooks EG, Balk SP, Aupeix K, Colonna M,
Strominger JL, Groh-Spies V. (1993) Human
T-cell receptor (TCR) a/B* CD4~ CD8™ T
cells express oligoclonal TCRs, share junc-
tional motifs across TCR VB-gene families,
and phenotypically resemble memory T
cells. Proc. Natl. Acad. Sci. U.S.A. 90: 11787-
11791.

Bendelac A. (1995) Mouse NK1* T cells.
Curr. Opin. Immunol. 7: 367-374.

Makino Y, Yamagata N, Sasho T, et al.
(1993) Extrathymic development of Val4™
T cells. J. Exp. Med. 177: 1399-1408.

Waase I, Kayser C, Carlson PJ, Goronzy JJ,
Weyand CM. (1996) Oligoclonal T cell pro-
liferation in patients with rheumatoid arthri-
tis and their unaffected siblings. Arthritis
Rheum. 39: 904-913.

Schmidt D, Goronzy JJ, Weyand CM. (1996)
CD4% CD7~ CD28" T cells are expanded in
rheumatoid arthritis and are characterized
by autoreactivity. J. Clin. Invest. 97: 2027-
2037.

Arnett FC, Edworthy SM, Bloch DA, et al.
(1988) The American Rheumatism Associa-
tion 1987 revised criteria for the classifica-
tion of rheumatoid arthritis. Arthritis Rheum.
31: 315-324.

Choi YW, Kotzin B, Herron L, Callahan J,
Marrack P, Kappler J. (1989) Interaction of
Staphylococcus aureus toxin “super anti-

17.

18.

19.

20.

21.

22,

23,

24.

25.

26.

27.

28.

gens” with human T cells. Proc. Natl. Acad.
Sci. U.S.A. 86: 8941-8945.

Pannetier C, Cochet M, Darche S, Casrouge
A, Zoller M, Kourilsky P. (1993) The sizes of
the CDR3 hypervariable regions of the mu-
rine T-cell receptor B chains vary as a func-
tion of the recombined germ-line segments.
Proc. Natl. Acad. Sci. U.S.A. 90: 4319-4323.
Gorski J, Yassai M, Zhu X, Kissella B, Keever
C, Flomenberg N. (1994) Circulating T cell
repertoire complexity in normal individuals
and bone marrow receptors analyzed by
CDR3 size spectratyping. Correlation with
immune status. J. Immunol. 152: 5109-5119.
Stoflet ES, Koeberl DD, Sarkar G, Sommer
SS. (1988) Genomic amplification with tran-
script sequencing. Science 239: 491-494.
Goronzy JJ, Bartz-Bazzanella P, Hu W, Jen-
dro MC, Walser-Kuntz DR, Weyand CM.
(1994) Dominant clonotypes in the reper-
toire of peripheral CD4™ T cells in rheuma-
toid arthritis. J. Clin. Invest. 94: 2068-2076.
Morishita Y, Sao H, Hansen JA, Martin PJ.
(1989) A distinct subset of human CD4"
cells with a limited alloreactive T cell recep-
tor repertoire. J. Immunol. 143: 2783-2789.
Azuma M, Phillips JH, Lanier LL. (1993)
CD28" T lymphocytes. Antigenic and func-
tional properties. J. Immunol. 150: 1147-1159.
Jenkins MK, Johnson JG. (1993) Molecules
involved in T-cell costimulation. Curr. Opin.
Immunol. 5: 361-367.

Linsley P, Ledbetter J. (1993) The role of the
CD28 receptor during T cell responses to
antigen. Annu. Rev. Immunol. 11: 191-212.
DerSimonian H, Sugita M, Glass DN, et al.
(1993) Clonal Val2.1 T cell expansion in the
peripheral blood of rheumatoid arthritis pa-
tients. J. Exp. Med. 177: 1623-1631.
Fitzgerald JE, Ricalton NS, Meyer A-C, et al.
(1995) Analysis of clonal CD8" T cell expan-
sions in normal individuals and patients
with rheumatoid arthritis. J. Immunol. 154:
3538-3547.

Dellabona P, Padovan E, Casorati G, Brock-
haus M, Lanzavecchia A. (1994) An invari-
ant Va 24-Ja Q/VB 11 T cell receptor is
expressed in all individuals by clonally ex-
panded CD47 8~ T cells. J. Exp. Med. 180:
1171-1176.

Casanova J-L, Cerottini J-C, Matthes M, et
al. (1992) H-2 restricted cytolytic T lympho-
cytes specific for HLA display T cell receptors
of limited diversity. J. Exp. Med. 176: 439—
447.



618

29.

30.

31.

32.

33.

Molecular Medicine, Volume 2, Number 5, September 1996

Moss PA, Moots RJ, Rosenberg WM, et al.
(1991) Extensive conservation of a and f8
chains of the human T-cell antigen receptor
recognizing HLA-A2 and influenza A matrix
peptide. Proc. Natl. Acad. Sci. U.S.A. 88: 8987-
8990.

Jorgenson JL, Reay PA, Ehrich EW, Davis
MM. (1992) Molecular components of T-cell
recognition. Annu. Rev. Immunol. 10: 835-
873.

Porcelli S, Morita CT, Brenner MB. (1992)
CD1B restricts the response of human
CD4(—) 8(—) T lymphocytes to a microbial
antigen. Nature 360: 593-597.

Boise LH, Minn AJ, Noel PJ, et al. (1995)
CD28 costimulation can promote T cell sur-
vival by enhancing the expression of Bcl-XL.
Immunity 3: 87-98.

Walunas TL, Sperling Al, Khattri R, Thomp-
son CB, Bluestone JA. (1996) CD28 expres-
sion is not essential for positive and negative

Contributed by A. N. Mitchison on July 11, 1996.

34.

35.

36.

37.

selection of thymocytes or peripheral T cell
tolerance. J. Immunol. 156: 1006-1013.
Gribben JG, Freeman GJ, Boussiotis VA, et
al. (1995) CTLA4 mediates antigen-specific
apoptosis of human T cells. Proc. Natl. Acad.
Sci. U.S.A. 92: 811-815.

Tivol EA, Borriello F, Schweitzer AN, Lynch
WP, Bluestone JA, Sharpe AH. Loss of
CTLA-4 leads to massive lymphoprolifera-
tion and fatal multiorgan tissue destruction,
revealing a critical negative regulatory role
of CTLA-4. Immunity 3: 541-547.
Waterhouse P, Penninger JM, Timms E, et
al. (1995) Lymphoproliferative disorders
with early lethality in mice deficient in
CTLA-4. Science 270: 985-988.

Behar SM, Porcelli SA, Beckman EM, Bren-
ner MB. (1995) A pathway of costimulation
that prevents anergy in CD28™ T cells: B7-
independent costimulation of CD1-restricted
T cells. J. Exp. Med. 182: 2007-2018.



