VH3-21 B Cells Escape from a State
of Tolerance in Rheumatoid Arthritis
and Secrete Rheumatoid Factor

Xiaowen He, Jorg J. Goronzy, Wanyun Zhong, Congping Xie,

and Cornelia M. Weyand

Department of Medicine, Division of Rheumatology, Mayo Clinic
and Foundation, Rochester, Minnesota, U.S.A.

ABSTRACT

Background: Rheumatoid factor (RF) is a characteristic
but not pathognomic feature in patients with rheuma-
toid arthritis (RA). It is unknown whether the repertoire
of immunoglobulin genes utilized by RF* B cells of RA
patients is unique and whether RF* B cells in normal
individuals are silenced or deleted.

Materials and Methods: Clonal B cell populations
were established from the peripheral blood of normal
donors (127 B cell clones), RA patients (113 RF~ and 60
RF* B cell clones) and patients with primary Sjogren’s
syndrome (82 RF~ and 47 RF* B cell clones) by cocul-
turing with anti-CD3-stimulated T helper cell clones.
The cross-reactivity pattern of antibodies secreted by the
B cell clones was determined by ELISA on a panel of
antigens. The molecular structure of the IgM heavy
chains was characterized by VH family-specific RT-PCR
and sequencing. VH elements which correlated with RF
specificity were identified. The responsiveness of B cells
expressing these VH elements to T helper cell signals was
compared in normal individuals and RA patients.
Results: The majority of RF™ B cells were monospecific
when specificity was tested on five antigens. RF* B cells
expressed a significantly different repertoire of VH gene

segments than RF™ B cells. In particular, the VH3 gene
segment V3-21 was not detected in B cell clones from
normals but was the most frequent VH element in RF* B
cell clones from RA patients. Most of the V3-21 se-
quences were in germline configuration. The correlation
between RF specificity and V3-21 gene segment usage
was maintained in patients with Sjogren’s syndrome.
V3-21 transcripts were present in peripheral blood B cells
from normal individuals. VH3-21" B cells from RA pa-
tients but not from normal donors were responsive to
preactivated T helper cells. Stimulation with a bacterial
superantigen could overcome the nonresponsiveness of
V3-21" B cells in normal donors and induce the secre-
tion of RF.

Conclusions: RF production is correlated with the usage
of the V3-21 gene segment in two distinct RF* diseases.
In patients with these diseases, V3-21* B cells secrete
antibodies with RF activity in response to activated T
helper cells. V3-21* B cells remain in a state of nonre-
sponsiveness in normal individuals that can be broken by
superantigen stimulation. The germline configuration of
VH3-21" RF* immunoglobulins in RA patients suggests
that the loss of tolerance is not an antigen-driven process.

INTRODUCTION

Rheumatoid factor (RF) recognizing the Fc portion
of I1gG molecules makes up the majority of the
autoantibodies produced by patients with rheuma-
toid arthritis (RA) (1-3). Although most frequently
found in RA, production of RF is neither consis-
tently associated with RA nor is it specific for RA. In
particular, patients with primary Sjogren’s syn-
drome (pSS), scleroderma, and mixed connective
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tissue disease can have circulating antibodies that
react with IgG Fc epitopes (1). RF can also be
produced by normal individuals, and an increase in
titers of IgM RF is a phenomenon frequently en-
countered in patients with ongoing chronic im-
mune responses such as bacterial endocarditis or
transplantation (4,5). For several decades, RF has
been considered to be involved in the pathogenetic
events and the inflammatory response of RA. The
observation that RF undergoes affinity maturation
in RA has supported the model that it is the prod-
ucts of an antigen-driven response, possibly initi-
ated or maintained by a disease causative antigen.
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More recently, a different view of RF and
RF" B cells has emerged (6). Evidence has been
presented that RF* B cells serve important phys-
iological functions. Their ability to bind IgG-con-
taining immunocomplexes may give them a
clearing function and enable them to bind and
present antigenic peptides from antigens bound
in immune complexes (7). Generally, B cells are
able to take up their specific antigen at much
lower antigen concentrations than other profes-
sional APC (8,9). Thus, RF* B cells could repre-
sent a population of APC that express a wide
variety of antigenic peptides in their HLA mole-
cules reflecting upon the antigens trapped in IgG
complexes.

Provided that RF" B cells are present in the
normal immune repertoire and serve an impor-
tant physiological function as APC for antigens
present in the form of immune complexes with
IgG, these cells are obviously not clonally deleted
(10). It is unclear how RF" B cells in normal
individuals are maintained in a functional state
which allows them to bind IgG antigen com-
plexes through their membrane-anchored im-
munoglobulin but prevents secretion of this im-
munoglobulin. By using a transgenic mouse
model for human IgM RF, Tighe et al. have pro-
vided in vivo evidence for the model that RE* B
cells are important in antigen presentation (11).
Interestingly, despite functional competence of
RF* B cells in these mice, antibodies with anti-Fc
reactivity were not secreted. Secretion of RF
could be induced by introducing a gene of the
MRL/Ipr background, and the authors have hy-
pothesized that similar mechanisms may under-
lie the secretion of RF in the absence of a known
antigenic stimulus in diseases such as RA and
pSS. As an alternative model, it has been sug-
gested that the production of an RF autoantibody
is closely linked to affinity maturation. Somatic
mutation and class switching are infrequent
events in RF produced by normal individuals
(12). In contrast, RA patients may lack the ability
to control affinity maturation of RF-producing B
cells resulting in the selection of somatically mu-
tated, high affinity RF.

The analysis of the regulation of RE-produc-
ing B cells in patients with RA has been ham-
pered due to the fact that RF* B cells in RA
patients cannot be easily identified. Here, we
report that IgM RF" B cells in patients are char-
acterized by a unique immunoglobulin gene seg-
ment usage providing a molecular marker for
this B cell subset. By studying the IgM heavy
chain of B cell clones established from peripheral

blood of RA patients and normal individuals, we
have found a correlation between the expression
of the VH gene segment V3-21 and RF specificity.
V3-21" B cells were present in the repertoire of
normal individuals, but they did not proliferate
to signals provided by anti-CD3 activated T
helper cells. In contrast, V3-21* B cell clones
could be established from the peripheral blood of
patients with RA. These B cells preferentially
secreted monospecific RF, however, the IgM
heavy chain did not show any evidence for so-
matic mutation. Similar results were obtained
from patients with pSS, another disease which is
characterized by the production of RF. Our data
suggest that patients with RA and pSS share a
regulatory defect in controlling the activation of
these RF-producing B cells, which remain non-
secreting B cells in normal individuals.

MATERIALS AND METHODS
Study Population

Thirteen patients with seropositive RA, 13 nor-
mal individuals, and two patients with pSS were
studied. All patients with RA fulfilled the Amer-
ican College of Rheumatology diagnostic criteria
(13). The normal donors did not have a personal
or family history of an inflammatory rheumatic
disease, and all of them tested negative for RF.
The two patients with pSS fulfilled five classifi-
cation criteria proposed for the diagnosis of pSS
(14). They were positive for RF, anti-SS-A, and
anti-SS-B antibodies but lacked clinical features
suggestive of RA, SLE, polymyositis, or sclero-
derma. In particular, they did not have erosive
joint disease.

Generation of B Cell Clones

B cell clones were established by coculturing a
limited number of B cells (3-5 cells/well) with
anti-CD3 activated clonal T cells as recently de-
scribed (15). In brief, B cells were purified from
PBMC by treatment with 50 mM L-leucine
methyl ester HCI (Sigma Chemical Co., St. Louis,
MO, U.S.A.) for 45 min at room temperature and
subsequent rosetting of the surviving cell popu-
lation with AET-treated sheep red blood cells
(16). Nonrosetting cells were highly enriched in
B cells and contained between 75 and 90% of
CD19" lymphocytes as demonstrated by FACS
analysis. The T cell clone LAB1-10, used in this
study, is alloreactive and recognizes HLA-
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DRB1*0404"* stimulator cells, as previously de-
scribed. None of the B cell donors expressed an
allogeneic specificity recognized by LAB1-10
(data not shown). B cell clones were established
by coculturing 1 X 10° cloned T cells (LAB1-10)
with three to five B cells per well in 96-well
flat-bottom tissue culture plates coated with anti-
CD3 mAb. After 11 days, microcultures were fed
with 20 U/ml rIL-2 (Cetus). In selected experi-
ments, B cell lines were established by cocultur-
ing 5 X 10> B cells with 1 X 10> LAB1-10 in the
presence of immobilized anti-CD3 and 1 ug/ml
staphylococcal enterotoxin D (SE D) (Toxin
Technology, Sarasota, FL, U.S.A.), respectively.

Antibody Specificity Testing

Culture supernatants were collected after 18-21
days of culture and total IgM and antibody spec-
ificity were determined in an ELISA assay. To
determine IgM, a sheep anti-human immuno-
globulin (Sigma) was coated to maxisorb plates
(Nunc Inc., Naperville, IL, U.S.A.). After block-
ing, plates were incubated with undiluted
supernatants and then incubated with alkaline
phosphatase coupled goatanti-humanIgM (Boeh-
ringer-Mannheim, Indianapolis, IN, U.S.A.). To
identify RF-producing cultures and to determine
cross-reactivity patterns, plates were coated with
human Ig-Fc fragments (Calbiochem-Behring
Corp., San Diego, CA, U.S.A.), actin, keratin,
single stranded DNA, thyroglobulin (Sigma), and
tetanus toxoid (Behring Werke, Marburg, Ger-
many), respectively. Subsequently, the plates
were incubated with the supernatants. Alkaline
phosphatase coupled goat anti-human k- and
A-chain-specific anti-sera were used as develop-
ing antibodies. Serial dilutions of purified anti-
bodies or sera with known antibody titers were
included as positive controls. All assays were de-
veloped using p-nitrophenol phosphate in 10 mM
diethanolamine buffer. Supernatants from cul-
tures without any B cells were used as negative
controls. Microcultures with signal intensities of
at least three standard deviations larger than the
signals from the control cultures were identified
as positive.

Molecular Characterization
of IgM Heavy Chains

Microcultures positive for IgM were identified
and the cloning efficiency was determined. Cells
from microcultures which were likely to be

clonal were harvested, washed with phosphate-
buffered saline (PBS), and lysed with 4 ul of
NP40 lysis buffer (1% NP40, 10 mM Tris HCI,
10 mM NacCl, 3 mM MgCl,, pH 8.0, and 0.5 U
RNAse inhibitor). cDNA was synthesized in a
total volume of 20 ul by incubation with 0.5 U
AMV reverse transcriptase for 2 hr at 37°C. cDNA
was amplified by polymerase chain reaction (PCR)
using two mixtures of two VH-specific primers
(GGTGCAGCTGGTGCAGTCTGG and GGTCAA
CTTAAGGGAGTCTGG, GGACTGGTGAAGCCT
TCGG and GGTACAGCTGCAGCAGTCAGG) and
a Cp primer (GGAATTCTCACAGGAGACGAG).
These primer combinations amplified all VH gene
families as previously shown (17). The amplified
products were reamplified using internal VH fam-
ily—specific primers (VH1, GTGAAGGTTICCTG
CAAGGCT; VH2, CTGACACTGAACTGCACCTTC;
VH3, CTGAGACTCTCCTGTGCAGCC; VH4, CTG
TCCCTCACCTGCGCTGTC; VH5, GGGGAGTCTCT
GAGGATCTCC; VH6, CTCTCACTCACCTGTGCCA
TC) and an internal Cu primer (TGGGGCGGATG
CACTCCC). Amplified products were separated on
agarose gels and identified by ethidium bromide
staining.

VH3" sequences were amplified using the
Cw primer and a VH3 family-specific primer,
either one of which was attached to a T7 pro-
moter. The amplified products were transcribed
using a T7 RNA polymerase, and the transcripts
were sequenced by transcriptase-mediated dideoxy-
sequencing using a >?P-endlabeled internal Cu
and a VH3 primer, respectively, as a reverse tran-
scriptase primer as recently described (17,18).
Sequences were read in both directions. All se-
quence reactions yielded unequivocal sequences,
again supporting the concept that the microcul-
tures were truly clonal. B cell clones were as-
signed to published sequences of the VH3, DH,
and JH germline genes (19-27). DH segments
were assigned using the criteria recently de-
scribed (28).

Oligonucleotide Hybridization Assays with
V3-21- and V3-23-Specific Primers

The frequency of V3-21 and V3-23 transcripts
was semiquantified in freshly separated PBMC
from 10 patients with RA and 10 normal controls
and in B cell lines cocultured with T cell clones
stimulated with either immobilized anti-CD3 or
the SE D by using an oligonucleotide hybridiza-
tion assay as recently described (29). cDNA was
amplified with VH3- and IgM-specific primers.
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TABLE 1. Frequencies of RF-secreting B cells in peripheral blood B cells from normal controls and
patients with rheumatoid arthritis (RA) and primary Sjogren’s syndrome (pSS)

Number of IgM* RF*/IgM™*
B Cell Donors Microcultures Cultures Cultures
Normal controls (n = 4) 544 149 0.7%
RA patients (n = 5) 2128 439 14.9%
pSS patients (n = 2) 1536 386 12.7%

Serial dilutions of the amplified product were dot
blotted onto supported nitrocellulose mem-
branes (BioRad, Hercules, CA, U.S.A.). Mem-
branes were prehybridized in 55°C in 2 X SSPE,
5 X Denhardt’s, 0.1% SDS, and denatured
salmon DNA and hybridized with a biotinylated
IgM-specific probe (AGGGTTGGGGCGGATG
CACTC; Biotin-On, Phosphoramidite, Clono-
tech, Palo Alto, CA, U.S.A.) overnight. The mem-
branes were then washed in 2 X SSC + 1% SDS
at 45°C for 10 min, 55°C for 5 min, and 0.2 X
SSC + 0.1% SDS at 65°C for 5 min. Membranes
were blocked, incubated with streptavidin-alkaline
phosphatase (DAKO, Carpenteria, CA, U.S.A.) and
then developed using 5-bromo-4-chloro-3 in-
dolyl phosphate and 4 nitro-blue tetrazolium
chloride in a buffer containing 100 mM Tris HCI,
100 mM NacCl, 50 mM MgCl,, and pH 9.5. The
blots were scanned using an AMBIS optical im-
aging system (San Diego, CA, U.S.A.). Amplified
products were adjusted to contain equal amounts
of IgM sequences, dot blotted, and hybridized
with V3-21 (CCATTAGTAGTAGTAGTAGTTA)
and V3-23-specific (CTATTAGTGGTAGTGGTGG
TAG) biotinylated probes. The blots were hybrid-
ized, washed at 45 and 55°C, and developed as
described above. The probes were specific for the
appropriate VH sequences as determined on VH3
gene sequences derived from clonal B cell pop-
ulations (data not shown).

Statistical Analysis

The distribution of VH, JH, and DH gene segment
usage in the different B cell population was com-
pared using a Pearson chi-square test. The fre-
quencies of individual germline gene segment
usage were compared by chi-square test or Fish-
er’s exact test if appropriate.

RESULTS
Generation of RF-Producing B Cell Clones

To correlate antibody specificity, molecular char-
acteristics of the IgM heavy chain and functional
response to T cell signals, we have used a culture
system in which clonal B cell populations were
expanded in the presence of anti-CD3-activated
T helper cells. To control for diversity of T helper
cells, all experiments were done with a single T
helper cell clone. B cells derived from patients
and normal donors were examined in parallel
cultures. Supernatants of established cultures
were tested for antigen reactivity. As given in
Table 1, secretion of IgM was detected in about
25% of the microcultures, which corresponded
to a B cell cloning efficiency of 1:4 to 1:5. In
healthy individuals, 0.7% of these IgM antibod-
ies had Fc-binding specificity characterizing them
as RF. The frequency of RF" secreting B cells was
20-fold increased in rheumatoid patients. Pa-
tients with pSS shared with RA patients the in-
creased frequencies in RF* B cells.

Specificity of RF* B Cells Isolated from
the Peripheral Blood of RF* Patients

To address the issue whether the RF produced by
B cell clones from patients with pSS and RA
represented monoreactive anti-Fc antibodies or
polyreactive natural autoantibodies, superna-
tants from 42 B cell clones with RF activities
from RA patients and 26 clones from patients
with pSS were tested on a panel of soluble anti-
gens. Only 8 of the 68 antibodies were truly
polyreactive and had a broad cross-reactivity pat-
tern (Table 2). Forty-five antibodies were mono-
specific for Fc fragments, and, within the panel of
antigens tested, no cross-reactivity was observed.
These data suggest that the majority of RF pro-
duced under these culture conditions did not
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TABLE 2. Cross-reactivity pattern of rheumatoid factors

Antibody Reactivity

No. of
Clones IgG Fc Actin Keratin ssDNA Thyroglobulin Tetanus Toxoid
2 + + + + + +
1 + + + + + -
1 + + + - - +
1 + + - - + +
1 + - + + + -
1 + - + + - +
1 + - + + - -
1 + + - - - -
4 + - + - - -
3 + - - + - -
3 + - - - + -
4 + - - - - +
45 + - - - - -

represent natural autoantibodies. Patients with
RA and pSS exhibited the same pattern of spec-
ificities. Twenty-four of the monospecific RF
were derived from RA patients and 21 from pa-
tients with pSS.

Molecular Characteristics of
Immunoglobulins with RF Reactivity

To identify the molecular characteristics of im-
munoglobulins with RF reactivity, VH gene fam-
ily usage was analyzed in RF" and RF~ B cell
clones derived from normal donors, RA patients,
and pSS patients. The results are shown in Table 3.
One hundred twenty-seven B cell clones from
normal individuals were studied, all of them

were negative for RF reactivity. Among these
127 B cell clones, the VH3 gene family was pre-
dominantly used. The distribution of VH gene
families was not different from thatin 113 RF™ B
cell clones from RA patients, while it significantly
differed from the VH distribution in RF™ B cells
(» = 0.001). Of the RF secreting B cells derived
from RA patients, 77% belonged to the VH3
family, compared with 50% in the RF~ B cells
from RA patients and 42% in healthy individu-
als. Similarly, VH3 elements were overrepre-
sented in RF" B cells from pS$ patients.

VH3 is the most complex family of gene seg-
ments with 37 different variants mapped so far.
To address the question whether a correlation
exists between germline diversity and RF speci-

TABLE 3. VH gene segment usage in IgM heavy chains from RF* and RF~ B cells

Frequency (%) r

No. of Patients Versus
Donors Specificity Clones VH1 VH2 VH3 VH4 VH5 VH6 Normal Controls
Normal controls REF™ 127 30.7 3.9 42.5 8.7 12.6 1.6 N/A
RA patients RF™ 113 23.0 3.5 50.4 16.8 4.4 1.8 NS
RF* 60 13.3 1.7 76.7 3.3 3.3 1.7 0.001
pSS patients RF™ 82 24.4 2.4 43.9 12.2 11.0 6.1 NS
RF* 47 21.3 2.1 61.7 6.4 4.3 4.3 NS
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TABLE 4. Usage of VH3 gene segment subtypes in IgM heavy chains from RF* and RF~ B cells

No. of

Frequency (%) p
Patients Versus

Donors Specificity Clones V3-23 V3-30 V3-21 V3-15 Others Normal Controls
Normal controls RF™ 33 39.4 27.3 0.0 3.0 30.3 N/A
RA patients RF™ 34 17.6 20.6 5.9 8.8 47.1 NS
RF* 31 16.1 13.0 19.4 16.1 35.5 0.007
pSS patients RF™ 27 18.5 259 7.7 3.7 44.4 NS
RF* 27 11.1 37.0 14.8 0.0 37.0 0.03

ficity, we determined VH3 subtypes in VH3" B
cell clones in the RF™ B cells from normal indi-
viduals, the RF~ and RF* B cells from RA pa-
tients, and in the RF~ and RF* B cells in pSS
patients. The results are summarized in Table 4.
Two germline gene segments, V3-23 and V3-30,
were dominant in B cell clones established from
normal individuals. These two germline seg-
ments accounted for 67% of the VH3* B cell
clones analyzed. V3-23 and V3-30 were less
prominent in the population of RF producing B
cells from RA patients. Only 29% expressed a
V3-23 or V3-30 gene segment. Two VH3 seg-
ments, V3-21 and V3-15, were more frequent in
the repertoire of RF" B cells. In particular, V3-21,
which was the most frequent VH3 element in
RF* B cells from RA patients, was not detected in
B cell clones from normal individuals. The distri-
butions of VH3 gene segment usage in normal
individuals and RF* B cells of RA patients were
significantly different at the p = 0.007 level. The
biased usage of VH3 subtypes correlated with the
RF specificity of the antibodies, however, a sim-
ilar but less pronounced trend was also evident
for the RF™ B cells from RA patients. The V3-23
segment was generally underrepresented in RA
B cell clones irrespective of their RF reactivity. In
contrast to normal individuals, V3-21" B cell
clones were found in the population of RF~ B
cells from RA patients, albeit at a more less fre-
quency than in RF* B cells.

In summary, B cells from RA patients ex-
press a unique repertoire of VH3 gene segments
characterized by a reduction in V3-23 usage and
the presence of V3-21. This fingerprint is present
in RF* and in RF™ B cells of RA patients. How-
ever, there is a marked increase of V3-21 expres-
sion in RF* B cells, suggesting that an association
exists between V3-21 and RF specificity.

This interpretation is further supported by

the finding that RF* B cell clones derived from
patients with pSS also used the V3-21 gene seg-
ment more frequently. The VH3 repertoire of
RF* B cell clones from pSS patients differed sig-
nificantly from the distribution in the RF~ pop-
ulation of normal controls (p = 0.03). Again, a
similar trend was seen for the RF™ B cell clones
derived from pSS patients, however, the shifts
were much less pronounced (Table 4). Com-
pared to RF" B cell clones from RA patients, pSS
patients used the V3-30 gene element more fre-
quently. Our data suggest that the VH repertoire
of B cells from patients with RA and pSS which
are responsive to the T cell derived stimuli are
different compared with normal controls. These
differences are shared between the two diseases
and closely relate to the high number of RF
secreting cells.

The five B cell populations (RF™ B cell clones
of normal individuals, and RF~ and RF* B cell
clones from patients with RA and pSS) were also
compared for D and J gene segment usage
(Tables 5 and 6). All sets of B cells preferentially
utilized the JH4 gene segment for assembly of
the Ig molecule. Between 50 and 70% of all B
cell clones transcribed the JH4 gene segment.
There was no significant differences in the distri-
bution of JH gene segment usage.

D elements could be assigned to approxi-
mately 90% of the sequences. The D gene seg-
ment usage was heterogeneous and involved all
different families with the exception of DHQ52.
Again, there was no obvious difference in the
distribution of D gene segment usage when the B
cells from normal individuals and patients with
and without RF specificity were compared.

Comparison of the amino acid sequences of
the third complementarity determining region
(CDR3) did not reveal any sequence homology
in the B cell clones with RF activity (data not
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TABLE 5. JH gene segment usage in VH3* IgM antibodies

Frequency (%)

No. of
Donors Specificity Clones JH1 JH2 JH3 JH4 JH5 JH6
Normal controls RF™ 33 3.0 6.1 6.1 54.5 15.2 15.2
RA patients RF™ 34 0.0 2.9 5.9 55.9 8.8 26.5
RF™* 31 0.0 3.2 3.2 71.0 3.2 19.4
pSS patients RF™ 24 4.2 0.0 16.7 50.0 12.5 16.7
RF* 23 0.0 13.0 17.4 52.2 4.3 13.0

shown). VH gene segment sequences were com-
pared with the assigned germline gene segment
sequences, and the mutations were analyzed to
address the question of whether RF from either
patients with RA or with pSS displayed evidence
for somatic mutation. In all populations studied,
the number of mutations were small. In about
90% of all sequences, either none or only one
mutation was identified. The mutations found
were randomly distributed, were not clustered in
the CDR regions, and were not enriched for re-
placement mutations. No differences were seen
between RF~ and RF* B cell clones. Seventy-two
percent of all RF" B cell clones from RA patients
did not have any mutation in the V region and
14% had only a single mutation. These results
were not different from the B cell clones without
RF activity (60 and 27 %, respectively). Results in
the pSS cohort were very similar with no muta-
tion in 59% of the RF* and 60% of the RF~
clones and one mutation in 27% of the RF* and
25% of the RF™ B cells.

V3-21 B Cells Are Not Deleted from the
Repertoire of Normal Donors

The presence of V3-21*-expressing B cells dis-
tinguished normal individuals from patients with
RA and pSS. It is possible that patients and nor-
mal individuals differ in the germline repertoire.
A second possibility is that V3-21" B cells are
preferentially deleted because they correlate
with RF specificity and therefore have a higher
potential to be autoreactive. To address these
possibilities, B cells were purified from PBMC of
10 normal individuals and 10 RA patients and
were semiquantified for the expression of V3-23
and V3-21 sequences. RNA was amplified by RT-
PCR with a VH3-IgM-specific primer set. The
amplification product was adjusted for equal
amounts of immunoglobulin sequences by hybrid-
ization with an IgM-specific probe. The adjusted
material was then hybridized with oligonucleo-
tides specific for V3-21 and V3-23. Specificity of
both oligonucleotides was established in hybrid-
ization assays with VH3 sequences derived from

TABLE 6. DH gene segment usage in VH3* IgM antibodies

Frequency (%)

. of
Donors Specificity (l\lll?)n‘::s DXP DA DLR DK DN DM DHFlé DIR DHQ52 Unknown
Normal controls RE~ 33 394 0.0 21.2 6.1 18.2 12.1 0.0 9.1 0.0 6.1
RA patients RF™ 34 38.2 29 11.8 17.6 20.6 0.0 5.9 2.9 0.0 8.8
RF* 31 355 6.5 6.5 22.6 16.1 3.2 9.7 0.0 0.0 6.5
pSS patients RF™ 24 54.2 0.0 83 83 42 4.2 4.2 4.2 0.0 20.8
RF* 23 304 4.3 34.8 13.0 87 0.0 8.7 0.0 0.0 4.3
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FIG. 1. Expression of V3-23 and V3-21 transcripts in unstimulated peripheral B cells of normals and

RA patients

Peripheral blood lymphocytes were isolated from 10 normal donors and 10 RA patients. cDNA was amplified with
VH3 and IgM specific primers. Amplified products were adjusted for equal amounts of IgM transcripts, dot blotted
onto nitrocellulose membranes, and hybridized with biotinylated oligonucleotide probes specific for V3-21 or V3-
23. The binding of the oligonucleotides was semiquantified using an Ambis system. Average densities of the V3-23
and V3-21 probes bound to VH3-specific transcripts from normal donors and RA patients are given.

sequenced B cell clones. The oligonucleotide hy-
bridization assays were scanned using an AMBIS
imaging system. Results are summarized in Fig. 1.
All 20 donors (10 normal individuals and 10 RA
patients) expressed the V3-21 as well as the
V3-23 transcripts. While variations in the level of
expression of V3-21 and V3-23 were detected in
different individuals, there was no correlation
with the presence of RA. The mean density for
both VH3 elements was not different when nor-
mal donors and RA patients were compared
(Fig. 1). These results demonstrate that V3-21" B
cells exist in the repertoire of normal individuals
but apparently are not activated when cocul-
tured with anti-CD3-stimulated helper T cells.

Nonresponsiveness of V3-21 B Cells
Derived from Normal Donors Can Be
Overcome

Our data indicated that V3-21* B cells are
present in the repertoire of normal individuals
but they remained nonresponsive to anti-CD3—
stimulated T cell clones. To further address this
hypothesis, we explored different stimulation
conditions with the goal to identify stimuli that
could activate V3-21 B cells from normal indi-
viduals. We have recently described that the bac-
terial superantigen SE D can induce the preferen-
tial production of antibodies with RF specificity.
Molecular analysis has indicated that the B cell
population responsive to SE D includes V3-21* B
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FIG. 2. Stimulation with the bacterial superantigen SE D activates V3-21* B cells which are nonre-

sponsive to anti-CD3-driven T cells

B cells were isolated from the peripheral blood of three donors and cocultured with either anti-CD3-activated
LAB1-10 T cells or LAB1-10 and SE D. Cells were harvested after 20 days. cDNA was amplified with VH3- and
IgM-specific primers and the concentration of V3-23 and V3-21 transcripts were semiquantified as described in
Fig. 1. V3-23™ B cells were activated by both, anti-CD3-stimulated as well as superantigen-stimulated T cells.
V3-21"* B cells were nonresponsive to anti-CD3-driven T helper cells but responded in the presence of SE D.

(H, Donor 1; B, Donor 2; O, Donor 3).

cells. We therefore compared the proliferation of
V3-21" and V3-23" B cells under the two cul-
ture conditions, coculture with anti-CD3-acti-
vated T cells and coculture with T cells and SE D.
Microcultures were harvested after 20 days and
expression of V3-23 and V3-21 sequences were
semiquantified by VH3-specific PCR and subse-
quent oligonucleotide-specific hybridization.
Figure 2 shows the results from three normal
individuals. Both, stimulation in the presence of
anti-CD3-activated T cells and stimulation with
SE D resulted in the induction of high concen-
trations of V3-23 transcripts. A different picture
emerged for V3-21" B cells. While V3-21 B cells
essentially disappeared from the cultures which
were anti-CD3 driven, they proliferated exten-
sively in the presence of SE D. Thus, the activa-

tion with SE D can overcome nonresponsiveness
of V3-217" B cells in normal individuals. These B
cells are present in the B cell repertoire of normal
healthy individuals but remain unresponsive to-
ward helper signals provided by anti-CD3-acti-
vated T cells.

DISCUSSION

Production of RF represents a major immunolog-
ical abnormality in patients with RA (1-3). Al-
though it has been speculated that RFs are anti-
bodies directed against a disease-relevant
antigen, the characteristics of the RF response
lends only limited support to this model. RFs are
highly heterogeneous in their antigen specificity,
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are mostly of the IgM subtype, and usually do
not increase in titer with chronic progression of
the disease. Data presented here indicate that RA
patients carry a subset of B cells which is altered
in its responsiveness toward stimulatory signals.
B cells with the potential to secrete RFs are
present in normal individuals in frequencies
which are indistinguishable from those in RA
patients. However, in nonrheumatoid donors,
these B cells remain unresponsive to signals pro-
vided by anti-CD3-stimulated T cells. In RA pa-
tients, these signals are sufficient to induce clonal
expansion of these B cells and antibody secre-
tion.

PBMC from RA patients have a high fre-
quency of B cells secreting RF which can be
expanded in cultures stimulated with activated T
cell clones (30). Here, we report that the IgM
secreted by these B cell clones has molecular
characteristics that allowed the study of the func-
tion of this B cell subset in normals and in RA
patients. RF™ B cells display a nonrandom usage
of VH gene segments with a marked overrepre-
sentation of VH3. More importantly, the selec-
tive expression of the V3-21 gene segment in RA
patients provides an opportunity to study RF* B
cells. V3-21" B cell clones were exclusively iso-
lated from patients. We have not been able to
establish V3-21* B cell clones from a normal
donor after B cell stimulation with anti-CD3-
activated T cell clones. The exclusive expression
of V3-21 in patients’” B cell clones raised the
question whether such B cells were present in
the repertoire of normals. Experiments demon-
strating IgM transcripts using the V3-21 gene
segment in unstimulated B cells from normal
individuals demonstrated that patients do not
have a unique germline VH repertoire and that
normals do not delete V3-21* B cells. Our data
also suggest that the population of V3-21* B cells
is not expanded in patients. Concentrations of
V3-21-specific transcripts were similar in normal
controls’ and patients” B cells. Furthermore, V3-
21% B cells derived from peripheral blood of
normal controls can be stimulated to proliferate
and to secrete antibodies with RF specificity by
coculturing them with T cells and the bacterial
superantigen SE D. The frequencies of RF-pro-
ducing B cells after SE D stimulation are very
similar in the peripheral blood of RA patients and
healthy donors. Thus, the responsiveness, rather
than the presence, of V3-21* B cells distin-
guishes healthy individuals and RA patients.

The association of V3-21 with RF specificity
extends beyond RA. Patients with pSS, another

disease characterized by RF production, share
with RA patients a high frequency of RF-produc-
ing B cells which respond to anti-CD3-activated
T cells. Again, RF-producing B cells frequently
utilized a V3-21 gene segment. The finding that
RF activity was a feature of V3-21 B cells, irre-
spective of CDR3 polymorphism and JH gene
segment usage in both diseases, indicated that
the protein structure encoded by the V3-21 gene
segment is directly involved in conferring anti-
gen specificity. Usage of the V3-21 gene segment
has so far not been associated with RF specificity
of immunoglobulins in RA patients. However,
available sequence studies on RF" B cells have
almost exclusively utilized EBV-transformed B
cells, and EBV transformation may skew the rep-
ertoire by selectively targeting certain B cells.
Apparently, the increased responsiveness of V3-
21" B cells is shared by RA and pSS, suggesting
that there may be a common pathogenetic
mechanism underlying the RF production in
these two distinct diseases.

Antibodies with RF specificity in normal in-
dividuals and also in RA patients frequently rep-
resent polyspecific antibodies or natural autoan-
tibodies (31). Such natural autoantibodies are
often considered to be secreted by CD5" B cells
(32,33). The RFs studied here had characteristics
which distinguished them from natural autoanti-
bodies. Two thirds of the RFs were monospecific
and did not cross-react on a panel of randomly
selected antigens. Furthermore, expression of
V3-21 mRNA was a feature of B cell clones de-
rived from CD5" and CD5~ B cells (data not
shown). In summary, the experimental results
support the model that a subpopulation of B cells
circulates in the peripheral blood that is gener-
ally unresponsive to signals provided by poly-
clonally activated T helper cells. This B cell sub-
population is characterized by a nonrandom
usage of VH gene segments and a bias for RF
specificities. In disease states associated with RF
production, these B cells change their reaction
pattern and acquire responsiveness to antigen-
nonspecific helper cell signals.

The mechanism underlying the distinct re-
sponsiveness of these B cells in RA is unclear and
may include genetic regulation as well as exog-
enous stimuli. The coculture system that was
employed in our studies utilized a cell-cell inter-
action between B cells and activated T cells to
polyclonally stimulate B cells. It has been shown
that plasma membranes of activated T helper cell
clones can substitute for intact T helper cell
clones in this system stressing the importance of
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cell surface molecules (34). Although other co-
stimulatory molecules may be involved in the B
stimulation, the cross-linking of the CD40 mol-
ecule by CD40 ligand is the most important in-
teraction for T cell induced B cell clonal expan-
sion (35). Apparently, the concerted action of
CD40 signaling, lymphokines, and costimulatory
molecules is insufficient to trigger the entry of
RF-producing B cells into the cell cycle in normal
individuals, while these B cells are responsive in
RA patients independent of exogenous antigen.
Functional consequences of CD40 signaling in B
cells are beginning to be understood and are
probably dependent on the B cell differentiation
stage and B cell type. In normal individuals, the
V3-21" B cells are apparently anergized by the
presence of ubiquitous IgG and the absence of a
cognate T-B cell interaction as introduced by the
recognition of a peptidic antigen on the surface
of B cells serving as APC (36). However, these
V3-21" B cells in normal individuals are respon-
sive to exogenous stimulation as documented by
the experiments utilizing the superantigen SE D.
It is possible that SE D is directly recognized by
V3-21 utilizing immunoglobulins and therefore
not only acts as a T cell superantigen but also as
a conventional B cell antigen in our culture sys-
tem (17). We have previously described that SE
D is unique among the staphylococcal enterotox-
ins in that it selectively induces RF production
and that the VH repertoire of B cells responsive
to SE D is skewed, reminiscent of the stimulation
by other bacterial antigens (15,37-39). It is
therefore possible that previous antigenic stimu-
lation in RA patients has rendered these B cells
responsive to polyclonal stimulation by a CD40-
CD40 ligand interaction and subsequent secre-
tion of RF.

There are at least two lines of evidence that
would support the notion that the induction of
RF in patients with RA is an antigen-specific
event. First, several reports have shown that so-
matic mutation and affinity maturation occurs in
immunoglobulins with RF specificity derived
from patients with RA (40-45). Second, the pro-
duction of RF appears to be an HLA-DR-associ-
ated phenomenon. HLA-DR alleles with a lysine
substitution in position 71 of the B1 chain are
specifically enriched in RF" patients (46). Con-
versely, RA patients lacking RF production
mostly express HLA-DRB1 variants with an ar-
ginine substitution in position 71. In summary,
RF synthesis appears to be an HLA-DR-linked
phenomenon, probably introduced through the
HLA restriction of selected helper T cells which

can promote the growth and differentiation of
RF* B cells. However, the V3-21" immunoglob-
ulin genes we have sequenced from RA and pSS
patients were all of the IgM isotype and did not
show somatic mutation as would have been ex-
pected after antigen-specific selection. This find-
ing is consistent with most reports on RF se-
quences indicating that somatically mutated RFs
represent only a small fraction of the RF in RA
patients (47). It remains to be clarified whether
the loss of tolerance characteristic for V3-21" B
cells in RA patients, but not in normals, is an
acquired defect or a feature of the naive B cell
repertoire. Studies in unaffected family members
of patients with RF* disease could provide in-
sight into whether genetic mechanisms contrib-
ute to the described changes in the functional B
cell repertoire.
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