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Selective Induction of Rheumatoid Factors by
Superantigens and Human Helper T Cells
Xiaowen He, Jorg Goronzy, and Cornelia Weyand
Department of Medicine, Division of Rheumatology, Mayo Clinic and Foundation, Rochester, Minnesota 55905

Abstract

Production of autoantibodies specific for the Fc region of autolo-
gous IgG, called rheumatoid factors (RF), is a characteristic
finding in patients with rheumatoid arthritis (RA). To study the
requirements regulating the synthesis of these autoantibodies,
we have cloned human helper T cells and co-cultured them with
purified B cells. To mimic cognate T-B cell interaction, we have
used bacterial superantigens that function by cross-linking
HLA molecules on the B cell with selected T cell receptor
(TCR) molecules expressing a particular polymorphism of the
Vfl gene segment. Data presented here demonstrate that the
staphylococcal enterotoxin D (SE D), but not other bacterial
superantigens, exhibits an ability to induce IgM, IgG, and espe-
cially RF production, in B cells from RA patients and normal
individuals. Comparison with the polyclonal antibody produc-
tion in B cell cultures driven by anti-CD3-stimulated T cell
clones confirmed that SE D shifted the repertoire of secreted
antibodies toward immunoglobulins with Fc binding specificity,
suggesting that SED preferentially stimulates RF+ B lympho-
cytes. B cells with the potential to secrete RF were highly fre-
quent in RA patients, requiring as few as 150 peripheral B
cells/culture to detect RFin the culture supernatants. SED-in-
duced RF synthesis was strictly dependent on the presence of
selected CD4+T helper cells and required a direct membrane
contact between B cells and T helper cells. Here, we propose a
model that SE D selectively induces RF production depending
on the availability of SEDresponsive T cells in the TCRreper-
toire of the responder. (J. Clin Invest. 1992. 89:673-680.) Key
words: rheumatoid arthritis * rheumatoid factor - B cell regula-
tion * staphylococcal enterotoxin

Introduction

Rheumatoid factors (RF) are characteristic, but not pathogno-
mic, autoantibodies of patients with rheumatoid arthritis (RA)
(1). They are specific for multiple antigenic determinants in the
second and third domains of the immunoglobulin gamma
chain constant regions (2). Production of such Fc region bind-
ing antibodies is not unique for RApatients. Increased levels of
RF have also been described in sera of patients with other au-
toimmune diseases and are produced by apparently healthy
individuals in secondary, T cell-dependent antibody responses
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(3-5). Enrichment of precursor B cells able to produce RFhave
been reported for a distinct subset of B cells which are charac-
terized by the expression of the CD5 molecule (6, 7). In RA
patients, CD5' B cells not only produce polyreactive, low affin-
ity autoantibodies, but also monoreactive antibodies with a
high affinity for the Fc fragment of the IgG molecule (8).

There is accumulating evidence that RF secretion results
from antigen-driven immune responses (9), and that T helper
cells play a crucial role in the induction and regulation of the
autoantibody synthesis (10, 1 1). However, a specific antigen
has not been unequivocally identified that initiates and main-
tains the production of Fc binding immunoglobulins. Different
stimuli have been demonstrated or suggested to support RF
production, including the IgG components of antigen antibody
complexes, polyclonal B cell stimulators, exogenous antigens
expressing cross-reactive determinants to human IgG, and au-
tologous antibodies functioning as anti-idiotypes (9-14). There
is no conclusive evidence that any of these mechanisms plays a
role in regulating RF synthesis in RApatients.

RA is now understood as a T cell-mediated disease with a
tight genetic linkage that has been mapped to a specific poly-
morphism of the HLA-DRB1 locus (15-17). The implication
of CD4+Thelper cells and antigen-binding HLA molecules in
the pathogenesis of the disease has supported a model that en-
dogenous or exogenous antigens might be causative for a patho-
logical immune response leading to RA. Recently, a new mech-
anism of T cell activation has been described that follows rules
distinct from that of antigen-specific, HLA-restricted immune
responses. A new class of antigens, so-called superantigens, cir-
cumvent antigen-specific T cell stimulation by cross-linking
HLA class II molecules and the T cell receptor (TCR)' mole-
cule (18-21). In contrast to mitogens, superantigens do not
polyclonally activate all T cells. Rather, they exhibit a re-
stricted specificity for certain T cell subpopulations sharing a
binding site on the outer surface of the TCRVf3 element (22,
23). Superantigens that are functional in the human immune
system are products of bacteria and are highly effective at low
concentrations (24). Recently, a direct effect of such bacterial
toxins on B cells has been described involving the cross-linking
of HLAclass II molecules on the surface of B lymphocytes (25,
26). To address the question whether bacterial superantigens
trigger the production of Fc binding autoantibodies, we have
established human CD4+helper T cell clones and have charac-
terized their response pattern to distinct staphylococcal exotox-
ins. Wehave then proceeded to study the ability of such T cell
clones to provide help for the synthesis of RF in T-B cell cul-
tures in the presence of superantigens. Here, we report that we
have identified one particular superantigen, staphylococcal en-
terotoxin D (SE D), which has a unique ability to induce RF

1. Abbreviations used in this paper: HVR, hypervariable region; LCL,
lymphoblastoid cell lines; SE D, staphylococcal enterotoxin D; TCR, T
cell receptor.
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production in the presence of adequate T cell help. In addition
to selectively interacting with particular TCRV(3 segments, SE
D appears to have a functional selectivity to stimulate a dis-
crete subset of B cells supporting a model in which individuals
with a particular T cell repertoire have a higher risk of breaking
self-tolerance and producing Fc-binding autoantibodies.

Methods

Study subjects. Patients with RAwere identified through the Division
of Rheumatology at the Mayo Clinic and consented to participate in
this study. All patients fulfilled the diagnostic criteria for seropositive
RA(27). Normal control individuals did not have a personal or family
history of inflammatory joint disease and were seronegative for RF.
Mononuclear cells were purified from heparinized peripheral blood by
Ficoll Hypaque density gradient centrifugation. In general, T lympho-
cytes and B cells from freshly separated samples were used for the
experiments. In some experiments, cryopreserved T cells or B cells
were utilized after preliminary experiments had demonstrated that
they were functionally equivalent to freshly prepared lymphocyte popu-
lations.

HLA typing. All donors were characterized for the HLA-DRBl
allele by allele-specific amplification and subsequent oligonucleotide
hybridization as described (28). A set of eight distinct primers specific
for sequences encoded by the first hypervariable region (HVR) of the
HLA-DRBI locus were used in combination with a nonpolymorphic
oligonucleotide (codons 87-93) to amplify the HLA-DRBl gene in a
polymerase chain reaction using the following conditions: 30 cycles, 1
min 940C denaturation, 1 min 560C annealing, and 2 min 720C exten-
sion. Amplified templates were subsequently immobilized on nylon
membranes and hybridized with oligonucleotides specific for the se-
quence polymorphisms of the HVR2 or HVR3 of the HLA-DRBI
gene.

Generation of human Tcell clones. All T cell clones described in this
study were generated by primary stimulation against HLA-DR
B1*0401+ (HLA-Dw4+) or *0404+ (HLA-Dw14') stimulator cells. 5
x I0 PBL/ml were stimulated with 2.5 X 105/ml irradiated stimulator
cells. After 1 wk, cultures were restimulated and T cell blasts were
cloned at a concentration of 0.3 cells/well in the presence of 3 X 104/
well irradiated filler cells and 20 U/ml recombinant IL-2. Outgrowing
T cell clones were characterized for their specificity by blocking assays
with the HLA-DRB1-chain specific mAbP4.1 and by panel assays on
lymphoblastoid cell lines (LCL) representing. the HLA-DR alleles
HLA-DRl through HLA-DRw16, including the described subtypes of
the HLA-DR4 and HLA-DRw6 families. For these studies, 1-2 X I0
cloned T cells/well were cultured with 5 X I04 irradiated LCL per well
for 48 h. Microcultures were pulsed with 1 gCi [3H]thymidine and
harvested after an additional 12 h. The majority of T cell clones used in
this study have been characterized for the usage of their TCRVf# ele-
ment by utilizing sets of 22 different V#3 primers combined with a CB
primer in a polymerase chain reaction (Weyand, C. M., U. Oppitz, K.
Hicok, and J. J. Goronzy. Manuscript submitted for publication; and
[28a]). T cell clones were maintained in culture by repeated stimulation
with selected allogeneic stimulators in the presence of exogenous IL-2.

Purification of B cells. To collect highly purified populations of B
lymphocytes, 5 X 106 PBL/ml were incubated in serum free RPMI
1640 with 50 mML-leucine methyl ester HC1(Sigma Chemical Co., St.
Louis, MO) for 45 min at room temperature (29). Subsequently, the
surviving cell population was incubated with 2-amino-ethylisothuro-
nium-treated sheep red blood cells for 90 min at 4°C. Rosetting and
nonrosetting populations were separated by centrifugation on Ficoll
gradients. Fluorescence activated cell sorter analysis demonstrated that
the nonrosetting cells were highly enriched in B cells and contained
between 75 and 90% CDl9+ lymphocytes (data not shown).

Superantigen reactivity of T cell clones. SE A, C1, C2, C3, and D
were obtained from Toxin Technology (Madison, WI) as lyophilized

toxins and were dissolved in RPMI 1640 (30). 2 X I04 rested cloned T
cells were stimulated with 5 X 104/well irradiated (10,000 rad) LCLand
optimal concentration of SE(0.5-1 ,ug/ml) in 96-well plates. Microcul-
tures were pulsed with [3H]thymidine after 48 h and harvested 12 h
later. LCL CRK077 (HLA-DRB1*070 1), which is not recognized by
any of the T cell clones in an antigen specific fashion, served as present-
ing cell for the exotoxins.

In some antibody production experiments, the proliferative re-
sponse of the same T cell clones to SE were studied in parallel. In this
case, 2 x 104 cloned T cells were stimulated with 104 B cells and SE.

Antibody production in T-B cell co-cultures. lIO cloned T cells were
cultured with purified B cells in 96-well flat bottom tissue culture
plates; supernatants were collected after 11 d. If not indicated other-
wise, each culture contained 10,000 purified B cells. Controls included
cultures that received T cells only, B cells only, T cells and B cells, and
B cells together with bacterial superantigens at the concentration of 0.5
Ag/ml. T cells were activated by immobilized anti-CD3 monoclonal
antibody (mAb), or by bacterial superantigens. In some experiments, B
cells were preincubated with 5 .g/ml purified mAbL243 which is spe-
cific for the HLA-DR a-( 1 complex. All microcultures were set up in
triplicate or quadruplicate. To study the requirement for T-B cell con-
tact, T and B cells were cultured in 24-well plates (Falcon Labware,
Lincoln Park, NJ) and separated by a 0.45-,um pore size membrane
(Cyclopore; Falcon). In these experiments, T cells were activated by
anti-CD3 and B cells incubated with SE D.

Determination of IgM, IgG, and RF. Concentrations of total IgM,
IgG, and RFwere determined by immunoassay. To measure IgG and
IgM, a sheep anti-human polyvalent immunoglobulin (Sigma) was
coated to maxisorb plates (Nunc Inc., Naperville, IL) in a carbonate
buffer, pH 9.6, at 4VCovernight. Remaining binding sites were blocked
with 5%nonfat milk in PBS. Plates were subsequently incubated with
diluted supernatants at 4VCovernight and then incubated with alkaline
phosphate coupled goat anti-human IgG or IgM (Boehringer Mann-
heim, Indianapolis, IN) for 60-120 min at room temperature. Finally,
P-nitrophenol phosphate was added in a 10-mM diethanolamine
buffer (pH 9.5, 0.5% mMMgCl2). The reaction was read on an ELISA
reader at a wavelength of 410 nM. Individual immunoassays were stan-
dardized by using IgM (Beckman Instruments Inc., Brea, CA) and IgG
(Cappel Laboratories, Cochranville, PA) standard solutions. Results
are given as the mean.

To determine RFactivity, maxisorb plates were coated with human
IgG-Fc fragments (Calbiochem-Behring Corp., San Diego, CA) 20 ,g/
ml in carbonate buffer, pH 9.6, at 4°C overnight. The subsequent steps
of the immunoassay were identical to the IgG and IgM immunoassays.
As a developing antibody, the plates were incubated with alkaline phos-
phatase-coupled goat anti-human K and A chain specific antisera
(Sigma). Each immunoassay was standardized by using pooled serum
from RApatients which was kindly standardized by Dr. J. Katzmann,
Department of Laboratory Medicine, Mayo Clinic, by nephelometry.
To determine the isotype components of RF, plates were coated with
purified rabbit IgG. The immunoassays were developed with alkaline
phosphatase-coupled anti-human IgM or IgG antiserum as described
for total IgM and IgG.

Results

RFproduction induced by bacterial superantigens. To study
helper cell signals in the activation of RF-producing B cells, we
have co-cultured cloned human helper T cells with purified B
cells. As shown in Fig. 1, significant concentrations of IgM and
IgG antibodies are produced when the T cell clone LAB 1-50 is
activated by immobilized anti-CD3. Only an insignificant por-
tion of the antibodies produced exhibits Fc binding properties.
To test the hypothesis that cognate interaction between the T
cells and B cells might alter the repertoire of secreted antibod-
ies, we have made use of bacterial superantigens. T cell clones
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Figure 1. Selective induction of rheumatoid factors by SE D. B lym-
phocytes were isolated from a normal donor and 10,000 cells/culture
were cocultured with 105 rested cells of T cell clone LAB 1-50. To
initiate stimulation anti-CD3 mAbwas coupled to the plates. Parallel
cultures received 0.5 jig/ml SE C, (not shown), SE C3, or SE D at the
beginning of the culture period. Supernatants were harvested after 11
days and analyzed for IgM (o), IgG (m), and RF (i). Control cultures
received either cloned T cells or B lymphocytes only. Other control
cultures received B lymphocytes with the bacterial superantigens in
the absence of T lymphocytes. Immunoglobulin concentrations in
control supernatants were below 1 ytg/ml, RFwas essentially unde-
tectable (data not shown).

studied for the helper capabilities to induce RF production
were characterized for their ability to respond to SE A, C1, C2,
C3, and D in a T cell proliferative assay. Response patterns of
the T cell clones to the different SE are presented in Table I.
The individual T cell clones were characterized by a unique SE
response pattern which is influenced by the V# element used to
assemble their TCR. Subsequently, stimulatory superantigens
were included in the T-B cell cultures to mimic a cognate inter-
action. Surprisingly, the distinct SEwere quite different in their
effectiveness (Fig. 1). Activation of LAB 1-50 by SE C, and C3
induced only low amounts of IgG and IgM antibodies and es-
sentially no RF was synthesized under these conditions al-
though clone LAB 1-50 proliferated to both superantigens pre-
sented by B cells (Table I and data not shown). Stimulation of

the T cell clone by SE D, however, significantly influenced B
cell function. Concentrations of total IgM and IgG were similar
to the amounts produced in the anti-CD3 driven cultures, how-
ever, the repertoire of antibodies secreted was clearly different.
In contrast to the anti-CD3 stimulation, SE D induced high
levels of RF.

The distinct effect of SE C3 and SEDas shown in Fig. 1 did
not correlate to the induction of T cell proliferation by these
two superantigens. In parallel to the T-B cell microcultures
assayed for antibody production, T cell stimulation by B cells
and superantigens was analyzed in a proliferative assay and
demonstrated that both enterotoxins induced a similar T cell
proliferation (data not shown). These results suggest that the
activation signals provided by stimulation with anti-CD3, and
by cross-linking with SE A, C1, C2, C3, or D, are not identical
and induce a spectrum of biological effects.

SED induces RFproduction in normals and patients with
RA. RFare the characteristic autoantibodies found in patients
with RA. Whether the presence of the autoantibodies repre-
sents an abnormal function of the B cells, T cells, or of cells of
both compartments is essentially unresolved. The hypothesis
has been put forward that RApatients have higher frequencies
of RF-producing B cells. To study whether SE D-induced RF
secretion is different in normal and rheumatoid individuals, we
have tested B cells of nine distinct donors for their ability to
respond to T cell clone LAB 1-50 when activated by anti-CD3
or SE D. The results are summarized in Table II. All donors
were HLA typed; the group of normal donors included four
individuals with the genetic susceptibility for RA. None of the
normal donors carried RF in the blood or had any evidence of
RA. In all donors tested, anti-CD3 stimulation induced the
production of IgM and IgG, whereas RF synthesis was mini-
mal. Stimulation of T cell clone LAB 1-50 by SE D resulted in
the secretion of IgM and IgG antibodies at concentrations,
which generally were similar or lower. B cells of normals, as
well as RA patients, produced significant titers of RF ranging
from 1.2 to 12.7 U/ml.

Helper cell requirements in SE D-induced RFproduction.
The selective induction of RFproduction in the presence of SE
D could reflect the interaction of the bacterial superantigen
with a T cell population, a selective effect on a B cell popula-

Table I. Reactivity Patterns of Different HumanHelper T Cell Clones to Bacterial Superantigens and Anti-CD3

Proliferative response
T cell TCRV#S Anti-
clone segment SE A SE C, SE C2 SE C3 SE D CD3 X

cpm

LAB 1-50 V#6 2,998 39,832 2,384 35,873 17,129 23,652 706
BAJ 1-107 N.I. 118,535 2,046 137,509 2,038 1,870 121,566 622
STAP4-404 V,#6 33,398 2,433 1,228 6,158 3,195 89,112 255
STAP4-405 V#6 2,196 68,885 8,724 17,139 86,591 60,318 418
STAP4-407 NT 48,316 43,785 783 37,052 39,453 71,542 483
STAP4-326 NI 1,690 45,738 4,195 2,193 57,649 66,416 403
STAP4-357 Vfl7 41,196 1,521 1,773 1,103 1,148 50,528 499
STAP4-373 VfB6 968 1,681 1,403 94,989 1,816 93,958 466
STAP4-378 Vfl2 58,288 20,560 901 55,073 40,703 32,120 512

T cell clones were established from HLA typed donors by allogeneic stimulation of PBL with HLA-B 1 *0401+ and *0404+ stimulator cells and
cloned by limiting dilution. Nonstimulatory irradiated APCwere used to establish superantigen reactive proliferative responses. The SE were
used at a concentration of 0.5 ,g/ml (NI, not identified; NT, not tested).
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Table 11. Induction of RFin B Cells of Normal Donors and Rheumatoid Patients

Anti-CD3 SE D

Donor RA HLA-DR IgM IgG RF IgM IgG RF

gg/ml U/mi sg/ml U/mi

SL - DR2/5 33.6 36.1 0.2 32.7 19.3 5.6
JJG - DR1/7 22.0 29.6 3.3 1.6 0.2 7.0
PP - DR4/w8 29.6 148.0 0.6 1.8 3.2 2.9
JO - DR1/7 5.9 5.9 0.0 22.8 2.7 9.3
KH - DRI/4 NT NT NT 0.9 1.1 1.6
NR - DR3/3 0.2 4.1 0.02 21.0 36.1 1.2
FE + DR3/4 123.1 119.0 0.1 143.4 127.9 12.7
GC + DR4 NT NT NT 0.5 0.3 2.7
MO + DR4/5 NT NT NT 1.8 1.5 4.1

B lymphocytes were purified from six normal donors and from three patients with active RA. T-B cell cultures were set up as described above
and were either stimulated with immobilized anti-CD3 or 0.5 Mg/ml SE D. For all experiments, T cell clone LAB 1-50 was used as a source of
helper signals. IgM, IgG, and RF concentrations were determined in supernatants harvested afer 11 d.

tion, or a mechanism involving both helper T cells as well as
RF+ B cells. To study whether cell-cell contact is required for
the induction of RF, T cells were activated by anti-CD3, B cells
were cultured with SE D, and both populations were separated
by permeable membranes. The results are shown in Fig. 2 and
indicate that a direct T-B cell contact is an absolute require-
ment for SE D-induced RF synthesis. In the absence of T
helper cells, SE D alone was not able to activate B cells to
secrete RF. Soluble factors released by the T helper cell clone
upon stimulation were apparently not sufficient to enable B
cells to produce RF. This interpretation was supported by an-
other set of experiments in which mAbto the HLA-DR mole-
cules were added to the T-B cell cultures. T cell clones STAP
4-405 and STAP4-378 were stimulated with immobilized anti-

CD3 and SE D. The addition of anti-HLA-DR mAbsignifi-
cantly inhibited RFsynthesis, suggesting that HLA-DRmole-
cules play a crucial role in the SE D-induced synthesis of RF
(Fig. 3). Interestingly, for some T cell clones, the induction of
total IgM and IgG was less sensitive to the inhibitory action of
anti-HLA-DR mAbthan RFsynthesis. There are two distinct
explanations for the inhibitory effect ofanti-HLA-DR antibod-
ies; either the mAbprevented the binding of the enterotoxin to
the HLA molecules on the antigen presenting B cells, or the
mAbdirectly interfered with the T-B cell interaction.

T cell help for selective RFproduction does not require SE
D-derived proliferation of the T cell clone. To address the ques-
tion whether effective help for RF-producing B cells required a
SE driven proliferation of the T cell clone, we selected a CD4+

A Without membrane

DEiL
Control Anti-CD3 SE D

+ anti-CD3

B With membrane

Control Anti-CD3 SE D
+ anti-CD3

U/ml

-10

_ IL
c:

6 Figure 2. Requirement for direct T-
B cell contact in SE D-induced RF
production. T-B cell cultures were
set up as described in Fig. I (A) or
were separated by permeable mem-
branes (B). Results are shown for
T cell clone LAB 1-50. Cloned T

- 2 cells were activated by immobilized
anti-CD3 and B lymphocytes were

- incubated with SEDas indicated.
Supernatants were harvested at day
11 and analyzed for IgM, IgG, and
RF.
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Figure 3. Inhibition of SE D-induced RF synthesis by anti-HLA-DR
antibodies. Results are shown from T-B cell cultures utilizing puri-
fied B lymphocytes from a normal donor and T cell clones STAP
4-405 or STAP 4-378 which were stimulated with immobilized anti-
CD3and SE D0.5 ug/ml (v). Parallel cultures (m) received 5 sg/ml
of mAbL243 which specifically binds to HLA-DR molecules. RF
production was consistently inhibited in the presence of the anti-
HLA-DR antibody. IgM and IgG production supported by clone
STAP 4-405 was significantly reduced as well, whereas immunoglob-
ulin induction by clone STAP4-378 was unaffected by the anti-
HLA-DR antibody.

T cell clone, BAJ 1-107, which did not proliferate in response
to SE D (Table I). As shown in Fig. 4, activation of clone BAJ
1-107 by immobilized anti-CD3 resulted in the production of
high concentrations of IgM and IgG antibodies. The propor-
tion of Fc binding antibodies in the polyclonal IgM/IgG pool
was very low. The addition of SE D, however, shifted the reper-
toire of antibodies produced significantly toward the produc-
tion of high titers of RF. Again, the T cell clone was absolutely

pg/ml

500

CD
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0
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necessary for the induction of RF synthesis (data not shown).
Although the presence of activated T cells as well as SEDwere
absolute requirements, the effect did not involve proliferation
of the T cell triggered through a SED-TCR V,3 interaction. The
addition of two other superantigens, SE A or SE C2, instead of
SE D, did not induce high amounts of RF (data not shown),
although these two superantigens significantly stimulated
clone BAJ 1-107 to proliferate. Of the nine T cell clones shown
in Table I, six were able to help B cells to induce RFsecretion
(Fig. 1, Fig. 3, Fig. 4, and data not shown). In addition to BAJ
1-107, the Vf36' T cell clone STAP4-404 provided help for RF
production, but only proliferated marginally to SE D. These
data suggest that the selectivity of SE Dmay relate to an effect
on B cells, and not only on T cells.

Variations of the RF repertoire with distinct stimuli. To
approach the question that SE D triggered B cell activation is
restricted to IgM-producing B cells, we have compared the
IgM/IgG composition of the RFpopulation produced in SED
and anti-CD3-stimulated T-B cell cultures. The results for B
cells of five distinct donors are shown in Fig. 5. T cell help for
all those cultures was provided by T cell clone LAB 1-50. A
mixture of IgM and IgG antibodies with RF activity was de-
tected in both the anti-CD3 and the SE D driven cultures.
Stimulation of T cells by anti-CD3-mediated cross-linking re-
sulted in low concentrations of RF. These anti-Fc antibodies
included twice as much IgG antibodies as IgM antibodies. SED

G
U-
a:

U/ml
5

FE SL

3
LL
cc

U E

U-cc

20
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1

anti-CD3 + SE D
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Figure 4. SE D-Induced RF production is independent from SE D
induced proliferation of T helper cells. T cell clone BAJ 1-107 does
not proliferate in response to SE D (Table I), but provides helper sig-
nals for RF secretion. B lymphocytes were cultured with anti-CD3
stimulated cloned T cells as described. One set of cultures additionally
received SED (0.5 ug/ml). Control cultures without T cells did not
produce immunoglobulins (data not shown). The presence of SE D
was sufficient to shift the synthesis of immunoglobulins toward RE.

FE SL PP MO

Figure 5. Isotype distribution of RF-induced by anti-CD3 or SE D. 1
x 105 cloned T cells of clone LAB 1-50 were either activated with
anti-CD3 (A) or SE D (B) and cultured with B cells from four different
donors (SL and PP normal controls; MOand FE, RApatients). IgM
(hatched bars) and IgG (solid bars) isotypes of RF were determined
in an ELISA system applying rabbit IgG as antigen and developing
with isotype specific antisera.
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greatly increased the production of IgM and IgG RF; however,
the majority of RFantibodies secreted in the presence of SED
was of the IgM isotype. Nevertheless, SE D-induced RF also
included high amounts of IgG antibodies, since considerably
higher titers were induced, compared to the anti-CD3 driven
cultures. The results indicate that a distinct subpopulation of B
lymphocytes is responsive to the effect of SE D.

Stimulation by SE D induces RF secretions by a highly
frequent B cell. To confirm that SE D skews the repertoire of
antibody specificities, we analyzed the secretion of immuno-
globulins at different concentrations of B cells. B cells from the
peripheral blood of an RA patient with active disease were
co-cultured with T cell clone LAB 1-50 in the presence of SED
or immobilized anti-CD3. Culture supernatants were har-
vested after 10 d and analyzed for IgM, IgG, and RF. Results of
cultures containing 10,000 to 156 B cells/well are shown in Fig.
6. In the anti-CD3 driven cultures, maximal amounts of 130
,gg/ml of total IgM and 200 ,gg/ml of total IgG were detected.
IgM and IgG productions started to decline with less than 625
and 1250 B cells/culture, respectively. None of the anti-CD3
activated T-B co-cultures produced more than 0.5 U/ml RF
activity. Induction of immunoglobulin synthesis in the SE D-
stimulated cultures was less efficient. Maximal production of
IgM and IgG in the presence of SE D required 10,000 purified
B lymphocytes/culture. In the SE D-triggered microcultures,
RFactivity was - 14 U/ml at the higher B cell concentrations
with as few as 156 B cells still producing 2 U. Thus, the stimula-
tion by SE D induces a clear shift in the repertoire of secreted
antibodies. These data also demonstrate that the frequency of
B cells with the potential to produce RF circulating in the pe-
ripheral blood of RApatients is surprisingly high.

Discussion

Here we present multiple lines of evidence that one particular
bacterial superantigen, SE D, triggers the selective production
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of RF in the presence of adequate T cell help. Thus, SE D not
only circumvents the requirement for the T helper cell to specif-
ically recognize an antigen on the surface of the B cell, but in
addition, shifts the repertoire of antibodies produced toward a
preponderance of RF. The secretion of antibodies reactive to
autologous IgG is a characteristic pathological finding in RA.
The role of these autoantibodies in the chronic inflammatory
process is not understood, and wedo not believe that the articu-
lar inflammation is solely an antibody-mediated phenomenon.
However, high titers of the autoantibodies are considered a
prognostically poor sign (31). The mechanisms responsible for
the continuous production of RFhave not been identified, al-
though there is convincing evidence that RFsecretion is under
the control of T lymphocytes (9-12, 32). The T cell require-
ments for RFsynthesis have been especially studied in normal
individuals in whomthe transient production of the anti-IgG
antibodies is detected during secondary T cell-dependent hu-
moral responses (4). In their recent review, Chen et al. have
discussed that essentially four different triggers of RFproduc-
tion may be functional (9). Aggregated IgG bound in antigen-
antibody complexes can induce RF production and a struc-
tural variant of autologous IgG could thus represent the contin-
uous antigenic stimulus. Alternatively, exogenous antigens
mimicking the RF binding sites on the Fc fragment might
maintain the stimulation of Fc-specific T and B cells. Sequence
analysis and the expression patterns of cross-reactive idiotypes
on RF molecules support the notion that RF synthesis is an
antigen-driven response. A more complex model interprets RF
production as the result of an antiidiotypic regulation either
through autologous antibody molecules or idiotype-specific reg-
ulatory T cells. Finally, polyclonal B cell activators have been
suggested as chronic RF inducers. Here, we suggest yet another
model attempting to explain why patients with RA fail to
downregulate the autoantibody production. Our data demon-
strate that a bacterial superantigen in the presence of appro-
priate T helper cells selectively induces RF' B cells to secrete

Figure 6. High frequencies of RFproducing
peripheral B cells in RApatients. B lym-
phocytes were isolated from the peripheral
blood of a patient with active RA(HLA-
DR4/5) and titrated from 10,000 cell/well
to 156 cells/well. Help was provided by T
cell clone LAB 1-50. The cultures were ei-

IgG ther stimulated with immobilized anti-CD3
(a ---- *) or 0.5#g/ml SE D (- ---- *).
Culture supernatants were harvested after
11 d and analyzed in parallel for IgM (A),
IgG (B) or RF (C). Anti-CD3 stimulation
did not induce relevant titers of RF. Signif-
icant IgM and IgG production required
approximately 312 B lymphocytes. Higher

C RF numbers of B cells (1250-2500/culture)

were necessary for significant levels of SE
D induced IgM and IgG. Cultures with 156
B cells produced RF indicating that the
vast majority of SE D supported Ig pro-
duction at that cell concentration repre-
sented Fc binding autoantibodies and that

156 0 the frequency of RF' peripheral B cells was

surprisingly high.
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antibodies. Our in vitro T-B cell system mimics the conditions
in the RApatient in so far that RF synthesis is not the result of
polyclonal hyperproduction of immunoglobulins, but rather a
significant shift in the antibody repertoire toward the synthesis
of Fc-reactive specificities.

Recently, bacterial superantigens have attracted attention
because of their unique role in T cell activation (18-24). They
are potent activators of high frequencies of T lymphocytes and
their action is restricted through the Vfl element of the TCR.
Efficient cross-linking of the TCR, however, requires complex-
ing to an MHCclass II molecule on the surface of an antigen-
presenting cell. Geha et al. have studied the biological conse-
quences of the HLA-superantigen-interaction for the B lym-
phocyte and have demonstrated that the binding of the toxic
shock syndrome toxin 1 to HLA-DRmolecules induces trans-
membrane signals that act as comitogens to B cells triggered
with anti-human IgM antibodies (25, 26). Toxic shock syn-
drome toxin failed to induce the differentiation of B lympho-
cytes into Ig secreting cells in the absence of exogenous T cells.
In the T-B cell co-culture system described here, bacterial en-
terotoxins significantly varied in their biological functions.
Whereas SE C1 and SE C3 were rather inefficient for antibody
production, SE D strongly induced B cell activation. The SE
D-induced B cell stimulation was distinguished from a polyclo-
nal B cell stimulation mediated through a T cell population
stimulated by anti-CD3. In anti-CD3 driven cultures, RFactiv-
ity was minimal and probably represented the result of random
and polyclonal B cell stimulation. In contrast, SE D-driven
cultures did contain IgM and IgG antibodies and their reper-
toire was clearly shifted toward the production of RF.

RF synthesis has been attributed to a particular B cell sub-
set, the CD5' B cells (6, 7). CD5' B cells release natural antibod-
ies, including the majority of Fc binding antibody specificities
and other autoantibodies, mainly of the IgM isotype. Provided
that the selectivity of SE D relates to a preferential triggering of
CD5' B cells, then this B cell subset would be characterized by
a particular responsiveness to the bacterial superantigen. We
do not have evidence that in the SE D driven cultures, other
autoantibodies, like antinuclear factors as demonstrated in an
assay system applying Hep 2 cells, are induced (data not
shown). In addition, analysis of the RF isotypes in the SE D-in-
duced culture supernatants revealed a significant portion of
IgG antibodies (Fig. 5) which resembles the secretion pattern of
CD5' B cells in RApatients. In contrast to normal individuals,
the RF secreted by CD5' B cells in RA patients represents a
heterogenous population with different isotypes, including IgG
antibodies. Weare currently focusing our experiments on iden-
tifying the B cell subset specifically activated by SE D, and will
address the question how SE D induces the differentiation into
IgG-RF producing cells.

Previous reports using plaque forming assays have shown
that the number of RF producing B cells circulating in the
peripheral blood is very low (33, 34). In general, significant
amounts of RFwere only produced in patients with more ac-
tive disease. Data shown in Table II, however, indicate that
under conditions of optimal stimulation by SE D, similar con-
centrations of RFare synthesized by B cells of normal individ-
uals and RApatients. Under these conditions, the frequency of
B cells capable of RFproduction is extremely high; only 150 B
cells were necessary to induce detectable amounts of RF in an
RA patient (Fig. 6). These data raise the possibility that the B
cell compartment able to release antibodies with Fc binding

activity in normals is maintained in a state of anergy or is
lacking appropriate T cell help (35). SE D, together with appro-
priate helper signals, is obviously able to break the state of
tolerance and induce the production of RF.

Help provided by CD4' T cells was an absolute require-
ment for SE D-induced RFproduction. Wehave attempted to
substitute for T cell help by adding T cell-derived lymphokines
to SE D-complexed B cells. Neither IL-2, IL-4, IL-6, nor a
combination of these lymphokines, was sufficient to provide
the required helper cell signals (data not shown). Optimal con-
ditions to activate RF+ B cells required direct contact between
a T cell and a B cell in the presence of SE D. Cognate interac-
tion between the HLA-DRmolecule and the TCRleading to T
cell proliferation did not appear to be required in the in vitro
system. T cell clone BAJ 1-107 was able to provide help for RF
production, although it did not proliferate in response to SE D,
suggesting that SE Dprimarily acts on B cells. Alternatively, SE
Dwas able to cross-link the TCRof T cell clone BAJ 1-107 and
the MHCclass II molecules on the surface of the B cell without
initiating proliferation. Indeed, we have preliminary evidence
that SE D can affect the function of T cell clone BAJ 1-107
(manuscript in preparation). Our finding that SE C3 and SE C1
effectively induce T cell proliferation but do not stimulate im-
munoglobulin secretion, lends further evidence to the hypothe-
sis that different T cell functions are not necessarily linked in
individual T cells, and that there exists a dichotomy of T cell
proliferation and secretion of various lymphokines and help
for B cells. These data suggest that signals provided to B lym-
phocytes by different bacterial toxins are not uniform, and that
SE D may be unique in its action. The variety of biological
consequences might relate to the interaction of certain super-
antigens with distinct B cell subsets, although all B cells express
HLA-DR molecules and thus are able to bind superantigens.
Alternatively, the transmembrane signaling induced by micro-
bial toxins in B lymphocytes may have distinct functional con-
sequences depending on the B cell subset and the bacterial
superantigen involved.

The selectivity of SE D to induce RFproduction also indi-
cates the involvement of some, but not all, T helper cell popula-
tions in RF synthesis. This model is supported by the V3-re-
stricted T cell activation by all known superantigens (21, 24).
The functional role of endogenous and exogenous superanti-
gens has been correlated to their binding for selected TCRVf3
elements. A binding site expressed on the outside surface of the
V: structure and encoded by the HVR4of the V: sequence has
been identified for self-superantigens and SE C2 and SE C3 (23,
24). Thus, the biological effects of a particular superantigen on
an adult immune system are essentially influenced by the com-
position of the TCR repertoire. Wehave recently postulated
that the HLA-DR association of RAcan be explained by the
regulatory role of HLA molecules in the formation of the pa-
tient's T cell repertoire (36). HLAdeterminants associated with
RA are expressed on the a-helical portion of the HLA-DR
molecule surrounding the antigen binding groove (37). Recog-
nition of the HLA epitopes by alloreactive T cells clearly dem-
onstrates that there exist structural constraints for the TCR-
HLA interaction leading to the preferential use of certain TCR
V: families in T cell clones interacting with RA-associated
HLAdeterminants (Weyand, C. M., U. Oppitz, K. Hicok, and
J. J. Goronzy, Manuscript submitted for publication.). We
have demonstrated that TCRmolecules utilizing the Vf36 seg-
ments fulfill these structural requirements and are dispropor-
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tionally used in such T cells. The majority of Vf#6' T cell clones
proliferate vigorously when they recognize SE D presented by
HLA-DRmolecules (28a). Thus, a model emerges in which SE
D exhibits a preference for V,36' T cells, which are predomi-
nantly recruited for the interaction with RA-associated HLA
determinants. The present study raises several important issues
regarding the potential roles of SE D in the regulation of RF
production. The selective effect of SE D in the induction of RF
synthesis in the T-B cell microcultures, combined with the
stimulatory effect of SE D for V(6' T cells specific for RA-as-
sociated HLAdeterminants, opens the possibility that the regu-
lation of RF synthesis is linked to the T cell repertoire of the
responder.
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