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Abstract

We investigated the role of the costimulatory molecules,
CD40 and its ligand CD40L, in the pathogenesis of human
SLE. In comparison to normal subjects or patients in remis-
sion, PBMC from active lupus patients had a 21-fold in-
crease in the frequency of CD40L-expressing, CD4" T cells.
However, the expression of CD40L induced in either lupus
or normal T cells by mitogenic stimulation could be down-
regulated equally well by CD40 molecules on autologous B
cells. Active lupus patients also had a 22-fold increase in
percentage of CD8" T cells expressing CD40L, consistent
with their unusual helper activity in SLE. Surprisingly, pa-
tients with active lupus had a 20.5-fold increase in B cells
that spontaneously expressed high levels of CD40L, as
strongly as their T cells. Although lupus patients in remis-
sion had low levels of CD40L" cells in the range of normal
subjects, mitogen-induced upregulation of CD40L expres-
sion in their T and B cells was markedly greater than nor-
mal, suggesting an intrinsic defect. A mAb to CD40L
blocked significantly the ability of lymphocytes from lupus
patients with active and established disease to produce the
pathogenic variety of antinuclear autoantibodies in vitro,
bolstering the possibility of anti-CD40L immunotherapy for
lupus. Future studies on the hyperexpression of CD40L
could elucidate a regulatory defect in the pathogenic T and
B cells of lupus. (J. Clin. Invest. 1996. 97:2063-2073.) Key
words: system lupus erythematosus . anti-DNA autoanti-
bodies « autoimmune disease « CD40 ligand expression « im-
munotherapy

Introduction

Production of the pathogenic variety of antinuclear autoanti-
bodies in SLE (1-10), is driven by certain T helper (Th)! cells
that are prevalent in patients with active lupus nephritis but
not in normal subjects or patients in remission (11-15). We
were able to clone these Th cells in vitro by selecting for their
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special functional property (13, 14). Among 396 “autoreac-
tive” T cell clones derived from five patients with lupus nephri-
tis, only 59 (~ 15%) had the ability to selectively augment the
production of pathogenic anti-DNA autoantibodies when cul-
tured with autologous B cells (14). Therefore, the pathogenic
autoantibody-inducing Th cells of lupus are a special group of
autoimmune T cells that are distinct from conventional autore-
active T cells. Analogous results were obtained in lupus mice
(11, 12, 16-20) and similar pathogenic autoantibody-inducing
Th clones could rapidly induce lupus nephritis when trans-
ferred in vivo into preautoimmune mice (16). Although the
contribution of certain double negative (CD4/CD8”) and
CD8* Th cells are important, CD4" Th cells are the prime
movers of the pathogenic autoimmune response in SLE (13,
14, 21). The initial findings showing that the antigen binding
CDR3 loops of T cell receptors expressed by these special Th
cells of lupus contain a recurrent motif of charged residues led
to the identification of the autoantigens that activate them:
charged DNA-binding proteins in nucleosomes, namely HMG
and histones, presented by MHC class 1T molecules (15-18).
The pathogenic autoantibody-producing B cells of lupus bind
DNA complexed with these charged nuclear proteins (2, 9, 15,
16, 18). Most probably these B cells then process and present
the nucleosomal proteins to the pathogenic T cells which in
turn drive the B cells to make pathogenic autoantibodies (14—
16, 18). This cognate Th and B cell interaction is not only es-
sential for the production of pathogenic anti-DNA autoanti-
bodies in SLE (12-14) but other types of autoantibodies as
well (22-25). On the other hand, several studies (26, 27) have
indicated that an intrinsic B cell hyperactivity that is manifest
in lupus from early life (28, 29) is sufficient by itself to cause
disease without the help of T cells.

Nevertheless, it is also widely believed that during cognate
contact-dependent help for antibody production, the CD40
ligand (CD40L or gp39) is transiently expressed on activated
CD4" Th cells, and it binds to CD40 on the antigen-specific B
cells transducing a second, costimulatory signal. This signal is
essential for B cell growth and differentiation and for the gen-
eration of memory B cells by preventing apoptosis of germinal
center B cells that have encountered antigen (30-42). There-
fore, in this study we addressed the following questions: (a) Is
the interaction between CD40 and its ligand, CD40L, impor-
tant for the production of pathogenic autoantibodies in human
lupus? (b) Is the expression of CD40L and its regulation defec-
tive in human lupus T cells? (¢) Are human lupus B cells still
dependent on CD40 transduced signals or are they autono-
mous? Surprisingly, we found that hyperexpression of CD40L
occurs not only in the T cells but also in the B cells of lupus pa-
tients.

Methods

Patients and healthy donors. Eight patients with active lupus (seven
females and one male; aged 18-50 yr), seven patients in long-term re-
mission (all females; aged 21-51 yr) and six normal (healthy) subjects
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(five females and one male; aged 2240 yr) were studied. Disease ac-
tivity by Systemic Lupus Activity Measure or SLAM (43), ranged be-
tween 7 and 20 for active patients, except for one patient who mainly
had severe thrombocytopenia. None of the patients in remission had
detectable proteinuria or serum anti-DNA autoantibodies at the time
of testing and their SLAM ranged between 0 and 4. The patients in
remission had never received any cytotoxic drugs, and they were not
receiving any steroids at the time their blood samples were drawn for the
assays. Steroids had been discontinued for several years in the remis-
sion patients, except for two patients who had received a short course
of low dose steroids (Prednisone, 10 mg/d) 2 mo before the assays.

Antibodies. Anti-CD3 (OKT3) and anti-CD40 (G28-5) mAbD se-
creting hybridomas were obtained from American Type Culture Col-
lection (Rockville, MD). The hybridoma supernatants were concen-
trated by 47% saturated ammonium sulfate precipitation and dialysis
before use. Anti-CD28 antibody (mAb 9.3) containing ascites was
kindly provided by Kathy Cabrian (Bristol-Myers Squibb, Seattle,
WA). Purified mAb to human CD40L (clone 24-31), anti-human
CD40L FITC, as well as isotype matched control IgG1 antibody and
control IgG1 FITC were obtained from Ancell (Bayport, MN). Phy-
coerythrin (PE)-conjugated mAbs to human CD4, CD8, CD20, and
CD16, control PE-mAb, FITC-conjugated mAb to CD3 and CD69
were purchased from Becton Dickinson & Co. (San Jose, CA). For
flow cytometry, all mAbs were used at optimal saturating concentra-
tions as recommended by the manufacturers.

Cell preparations and short-term T cell lines. Peripheral blood mono-
nuclear cells (PBMC) were obtained from lupus patients and healthy
donor by centrifugation of heparinized blood over Ficoll-Hypaque
(Pharmacia LKB Biotechnology Inc., Piscataway, NJ) gradient (13).
CD4* cells were selected from PBMCs using anti-CD4 mAb-coupled
magnetic beads (Dynal Inc., Oslo, Norway) and rested overnight to
detach from beads. CD4* short-term T cell lines were made within
10-14 d after one round of stimulation of the CD4* T cells with plate-
bound anti-CD3 and anti-CD28 mAb and rIL-2 (20 U/ml).

Stimulation of T and B cells in PBMCs ex vivo. PBMCs  (1.5-2.0
X 10%ml) were cultured for 18 h at 37°C with anti-CD3 mAb (1/625
dilution of SAS cut supernatant, unless specified otherwise) coated
onto culture wells to stimulate T cells in vitro. Other aliquots of the
PBMCs were cultured for 18 h at 37°C with Staphylococcus aureus
Cowan I strain (SAC) at 1/30,000 (Pansorbin, Calbiochem Corp., La
Jolla, CA) and 20 U/ml of rIL-2 to stimulate B cells in vitro (44). Cells
were harvested and stained for flow cytometry.

Flow cytometry analysis. Unstimulated and stimulated cells were
harvested and stained as described (13). Briefly, the cells were
washed in FACS® buffer containing PBS/5% FCS/0.05% sodium
azide and incubated with 10 pg of human IgG (Sigma Chemical Co.,
St. Louis, MO) for 30 min at 4°C to block Fc receptors. Cells were
washed to remove excess IgG and were double-stained with either
FITC-conjugated mAb against human CD40L or FITC-control IgG
mAb and PE-conjugated mAb against CD4 or CD8 or CD20 or
CD16, or PE-control IgG mAb for 30 min at 4°C. Cells were washed
twice, resuspended in FACS® buffer, fixed with 1% paraformalde-
hyde, and analyzed by flow cytometry using Becton Dickinson FAC-
Scan. PBMCs were gated according to their forward and side scatter
characteristics. Different subsets of cells (CD4*, CD8*, CD20*) were
gated further based on FL2 staining. The samples were analyzed us-
ing Cellquest software (Becton Dickinson).

Regulation of CD40L expression in CD4" short-term T cell lines.
CD4* T cell lines were rested for 7-10 d in medium without rIL-2.
The T cells (1 X 10%ml) were then stimulated in complete RPMI me-
dium (13-15) with either anti-CD3 (1/125 dilution) coated on the cul-
ture wells or with 5 ng/ml PMA (Sigma Chemical Co.) and 0.5 wg/ml
ionomycin (Sigma) for 6 h at 37°C. After the 6 h stimulation, in some
cases, an equal number (1 X 10%ml) of autologous EBV-transformed
B cell line (EBV-BCL) were added to the activated CD4* T cells and
incubated for an additional 2 h at 37°C according to described proto-
cols (45-47). The EBV-BCL were pretreated with either 10 pg/ml of
anti-CD40 or control mAb for 10 min before addition to the activated
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T cells. The cells were harvested after incubation and double stained
to detect CD40L or CD69 expression on CD4* T cells. Separate ali-
quots of T cells from the lines were incubated by themselves after
PMA/ionomycin stimulation without coculturing with EBV-BCL and
harvested at different time points to determine the percentage of
CD4* T cells that expressed CD40L by flow cytometry.

Helper assays for IgG autoantibody production. PBMCs (0.3 X 10°
cells in 200 pl/microwell) were cultured in the presence of either anti-
CD40L mADb (10 pg/ml) or isotype matched control IgG1 (10 wg/ml)
in complete RPMI with 10% FCS for 13 d at 37°C (13, 14). Baseline
production of autoantibodies secreted by lupus B cells was measured
by culturing enriched B cells alone (0.1 X 10° cells/microwell). These
B cells were obtained after depletion of CD4* and CD8" T cells from
PBMCs, using anti-CD4 and anti-CD8 mAb coupled magnetic beads
(Dynal). To exclude autoantibodies produced by B cells that were al-
ready preactivated in vivo, 120 pl of medium from each culture was
replaced with fresh medium and corresponding mAb on day 5 with-
out disturbing the cells at the bottom of the microwells (13). At the
end of 13 d, production of IgG autoantibodies to single-stranded (ss)
DNA, double-stranded (ds) DNA, and nucleosomes (histone/DNA
complex), as well as total polyclonal IgG was quantitated in the cul-
ture supernatants.

ELISA. 1gG class autoantibodies to ssDNA, dsDNA, and nu-
cleosomes (histone/DNA complexes) as well as total polyclonal IgG
were measured as described (13, 18, 48). Standard curves for anti-
DNA ELISA were obtained by serial dilutions of one lupus patient’s
serum that had high anti-DNA and antinucleosome autoantibody ti-
ter. All sera were heat inactivated at 56°C for 30 min before use. The
absorbance value (at 405 nm) of 1/1000 dilution of the reference pa-
tient’s serum was considered to be equivalent to 1 U/ml of anti-
ssDNA, anti-dsDNA or antinucleosome autoantibodies, and the
standard curve with the same reference serum was generated with
each assay. Purified human IgG (Organon Teknika-Cappel, West
Chester, PA) was used to obtain standard curves for total polyclonal
IgG ELISA.

B cell purification and semiquantitative reverse transcriptase (RT)-
PCR for CD40L expression. B cells were positively selected and iso-
lated from PBMC using magnetic beads coated with mAb to CD19
(Dynal) according to the manufacturer. After detachment of the beads,
cell purity was analyzed by flow cytometry by staining B cells with
anti-CD20 mAb conjugated to PE: 99.7% of the purified cells were B
cells with < 0.2% being CD3* cells.

Total RNA was extracted from enriched B cells or from T cells
from the short-term lines (described above) using TRIzol (Life Tech-
nologies Inc., Gaithersburg, MD) according to the manufacturer’s in-
structions. Reverse transcription was performed with 0.8 ug of RNA,
2.5 pM Random Hexamers, 1 mM dNTP, 3.5 uM MgCl,, 20 U
RNase inhibitor, and 50 U murine leukemia virus reverse tran-
scriptase in 20 pl 1X PCR buffer. The mixture was incubated at room
temperature for 30 min, followed by 42°C for 30 min, 99°C for 5 min,
and 5°C for 5 min. All reagents used in the cDNA synthesis and PCR
were from GeneAmp RNA PCR kit (Perkin Elmer, Branchburg, NJ).

The protocol for amplifying CD40L message was as described
previously (15, 17, 44) with slight modifications: after reverse tran-
scription, 2.5 U Taq DNA polymerase, 3.75 pM MgCl,, and 150 nM
of each primer in 80 pl 1X PCR buffer were added to the cDNA mix-
ture. After denaturation at 94°C for 5 min, 45 cycles of amplification
were performed at 95°C for 1 min, 54°C for 1.5 min, and 72°C for 2.5
min per cycle. The primers for CD40L message amplification were 5'-
ACATACAACCAAACTTCTCCC-3' (sense) and 5'-AGATGT-
TGTTTTACTGCTGGC-3' (antisense). In some cases a second step
PCR was performed to further amplify 1 pl of the first PCR product
with 2.5 U Taq DNA polymerase, 150 nM of each primer, and
0.2 mM dNTP in 100 pl 1X PCR buffer with 3.75 wM MgCl,. The first
PCR-product DNA was denatured at 94°C for 5 min and amplified
for 30 cycles, each at 95°C for 1 min, 54°C for 1 min, and 72°C for 2
min. As an internal control for each PCR, HLA-DQ « chain message,
which is constitutively expressed by human B and T cells, was also



amplified by RT-PCR under identical conditions except the primers
were as follows: (GH26) 5'-GTGCTGCAGGTGTAAACTTGTAC-
CAG-3', and (GH27) 5'-CACGGATCCGGTAGCAGCGGTAGA-
GTTG-3' (49).

Results

Hyperexpression of CD40L by T and B cells of human lupus.
PBMC s from patients with active lupus or patients in remis-
sion or normal subjects were analyzed by two-color staining
and flow cytometry for CD40L expression (Table I and Figs.
1-3). In comparison to normal subjects, PBMC from patients
with active lupus had on the average a 21-fold increase in the
percentage of CD40L-expressing, CD4" T cells (P < 0.0005,
two-tailed ¢ test). On further stimulation of the PBMC with
anti-CD3, the percentage of CD40L-expressing CD4" T cells
increased fivefold in normal but only 1.4-fold in active lupus.
However, the frequency of CD40L*/CD4" T cells still re-
mained markedly higher in active lupus (P < 0.001) than in
normal PBMC after stimulation (Table I, Fig. 1). The anti-
CD3 antibody was titrated and used at a submaximal stimulat-
ing dose (1:625 dilution) to bring out the differences in thresh-
old of stimulation between lupus and normal T cells. In lupus
patients in remission of their disease, the percentage of
CD40L" CD4" T cells in freshly isolated PBMC was not signif-
icantly different from normal PBMC. However, on anti-CD3
stimulation the CD40L" CD4" T cells increased 13-fold in the
inactive lupus patients and were significantly higher than in
anti-CD3 stimulated PBMC of normal subjects (P < 0.01). In-
deed, in contrast to the marked difference between unstimu-
lated PBMC from active vs. remission patients (P < 0.001), the
anti-CD3-stimulated PBMC of remission patients had a fre-
quency of CD40L* CD4* T cells comparable to that from ac-
tive lupus (P > 0.05).

Similarly, the frequency of CD8" T cells that expressed
CDA40L in freshly isolated PBMC from active lupus patients
(Fig. 2) was on the average ~ 22-fold higher than in normal
subjects (P < 0.005) and 16-fold higher than in PBMC from
patients in remission (P < 0.01). On anti-CD3 stimulation, the
levels of CD40L" CD8* T cells in PBMC of active lupus still
remained markedly higher than in anti-CD3 stimulated, nor-
mal (P < 0.001), or remission patient’s (P < 0.01) PBMC (Ta-
ble I, Fig 2). Although the unstimulated CD8" T cells from
normal subjects and patients in remission expressed compara-
ble levels of CD40L (P > 0.1), on anti-CD3 stimulation the re-

Table I. Hyperexpression of CD40L by Lupus T and B Cells

mission patient’s CD8" T cells increased CD40L expression by
11-fold as compared to a 3.6-fold increase in normal PBMC
(P <0.05).

None of the patients in remission were receiving any cyto-
toxic drugs or steroids at the time of these assays. The percent-
age of CD4" T cells that were CD69* in the unstimulated
PBMC from the remission patients was 0.52+0.22 (mean=*
SEM), and on anti-CD3 stimulation the percentage increased
to 27.90£5.40. The corresponding values from the remission
patients for CD8" T cells that were CD6" were 1.97+0.43 (un-
stimulated) and 27.50%6.35 (anti-CD3 stimulated). These val-
ues were similar to those in normal subjects (see later in Table
IIL, reference 46, and data not shown).

Remarkably, even without any stimulation in vitro, the B
cells from patients with active lupus (Table I, Fig. 3) also had a
marked increase in CD40L expression: 20.5-fold over that in
normal subjects (P < 0.0005) and 12.3-fold over that in pa-
tients in remission (P < 0.0005). The levels of CD40L" B cells
in unstimulated PBMC were comparable in normal subjects
and patients in remission (P > 0.1). Upon stimulation with
SAC and IL-2, the frequency of CD40L* B cells was still sig-
nificantly higher in active lupus PBMC as compared to normal
(P < 0.01), although the increase from unstimulated levels in
the case of active lupus was 2.5-fold vs. a 7.6-fold increase in
normal PBMC (Table I, Fig. 3). However, on stimulation the
levels of CD40L* B cells increased 17-fold in PBMC from pa-
tients in remission bringing them to levels comparable to ac-
tive lupus PBMC (P > 0.1) but markedly higher than in stimu-
lated normal PBMC (P < 0.01). The mean fluorescence
intensities of CD40L expression by the CD4" T cells and
CDS8* T cells and the B cells of active lupus patients were com-
parable with mean*+SEM values of 64.11*+5.16, 72.30£8.76,
and 67.39+4.73 respectively (Figs. 1-4). Acid wash of the B
cells by incubating with PBS at pH 4.1 for 3 min, as described
previously (44), did not decrease CD40L staining (data not
shown).

Although the lupus patients had lymphocytopenia as com-
pared to normal subjects, they still had significant increases in
the absolute numbers of CD40L" T and B cells (Table IT), sim-
ilar to the increases seen when the CD40L* cells were ex-
pressed as percent values (Table I).

To establish further that CD40L expressed by B cells is not
passively acquired from activated T cells, PCR amplifications
of CD40L mRNA from highly purified B cells were done. B
cells from a normal subject expressed CD40L only on stimula-

Percentage of cells expressing CD40L among:*

CD4" T cells CD8" T cells B cells (CD20")
Subjects unstim. anti-CD3 unstim. anti-CD3 unstim. SAC + IL-2
Mean*SEM
Normal 0.83+0.14 422*1.32 0.98=0.31 3.58+2.18 0.56=0.08 4.26*1.04
Active lupus 17.27+2.03 23.40+2.95 21.17+4.01 35.35+3.32 11.47+0.96 28.12+5.91
Remission 1.16+0.29 14.97+2.86 1.32+0.53 14.81£3.62 0.93+0.14 15.88+2.60

*Results obtained by flow cytometry of PBMC that were stained (two color) with mAb to CD4 and CD40L, or CD8 and CD40L, or CD20 and
CD40L. The PBMC were stained either as unstimulated cells ex vivo (unstim.) or after stimulation with anti-CD3 mAb (anti-CD3) or with SAC +
IL-2. Background values of staining by appropriate control mAbs were subtracted.
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sion seen by flow cytometry (Figs. 3-5, Tables I and II).
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Table II. Increase in Absolute Numbers of CD40L* T and B Cells in Lupus

Numbers of CD40L expressing cells among:*

CD4" T cells CD8" T cells B cells (CD20%)
Subjects unstim. anti-CD3 unstim. anti-CD3 unstim. SAC + IL-2
Mean=SEM
Normal 6.04+0.80 28.05+7.40 4.98+1.25 15.35+9.13 1.23+0.21 10.48+1.84
Active lupus 29.19+7.53 43.39+12.11 52.45+9.53 69.51+11.39 21.38+5.23 58.81+12.89
Remission 3.93+1.20 50.57%+10.36 1.63£0.74 30.53x£13.05 3.76%+1.93 56.97+23.71

*Results show the yield of CD40L" cells in PBMC obtained from 1 mm?® of peripheral blood, either as unstimulated PBMC ex vivo (unstim.) or after
stimulation overnight with anti-CD3 mAb or with SAC + IL-2. The number of CD40L" cells in each subject was calculated by using the total PBMC
count obtained immediatedly after purification from blood and the percent values of cells in each subset obtained by flow cytometry of the subject’s
PMBC (Table I and data not shown). In unstimulated PBMC, the total number (mean+SEM per mm?® of peripheral blood) of CD4" T cells in normal
subjects was 647.30£49.41, in patients with active lupus it was 197.76+65.48, and in remission patients it was 355.12+60.78. The corresponding values
for CD8" T cells were respectively, 418.33+76.38, 210.38+12.84, and 192.16*37.22; and those for B (CD20%) cells were respectively, 218.25+7.17,
188.68+41.49, and 353.68+132.50. The percentage of CD40L" T and B cells can be recalculated from the data in this Table and they are concordant
with, but are not identical to, the values obtained directly from flow cytometry in Table 1. The minor differences are probably due to loss of cells dur-

ing processing of the PBMC for flow cytometry after the initial Ficoll-Hypaque purification and cell count.

T cell lines (Table IIT). Upon PMA + ionomycin stimulation
for 6 h, both types of lines were maximally stimulated for ex-
pression of CD40L, and parallel staining for another T-cell ac-
tivation marker with anti-CD69 supported this result. The up-
regulation of CD40L in the CD4" T cells in both types of T cell
lines could be markedly downmodulated by incubation with
autologous EBV-BCL for 2 h (Table III, Fig. 6). Preincubation
of the EBV-BCL with anti-CD40 mAb could block the down-
modulatory effect indicating that CD40 molecules on the
EBV-BCL were responsible (Table III, Fig. 6). Similar results
were obtained when anti-CD3 antibody was used at a submax-
imal dose to stimulate the T cell lines. CD40 molecules on au-
tologous EBV-BCL downmodulated CD40L expression by
the anti-CD3 activated T cells in both types of lines, even be-
low their “resting” (unstimulated) levels. Interestingly, anti-
CD3 stimulation induced a much higher level of CD40L-
expressing T cells in the lupus T cell lines than the normal T
cell lines, but their levels of CD69 expression were comparable
(Table III). These results are similar to those obtained with
freshly isolated PBMC (Tables I and II).

The kinetics of expression of CD40L by activated CD4* T
cells from lupus and normal subjects were also similar when T
cells from respective lines were cultured by themselves after
PMA + ionomycin stimulation, without the addition of any
EBV-BCL (Fig. 7).

379bp

2X

Anti-CD40L inhibits the production of the pathogenic variety
of autoantibodies by lupus patient’s lymphocytes. Previous work
showed that the production of pathogenic autoantibodies, such
as the clonally restricted and predominantly cationic IgG au-
toantibodies to ssDNA, dsDNA, and nucleosomes by B cells
in vitro, requires T cell help (13-15, 18) and is detectable only
in PBMC from patients with active lupus (13). The results
from six of the patients with active lupus B and T cells were
cultured together as unfractionated PBMC vs. when the B cells
were cultured alone. Moreover, the mAb to CD40L, in con-
trast to the control mAb, could block significantly the T cell
augmented production of the IgG autoantibodies by PBMC of
lupus patients with active and established disease (Table IV).
In the six lupus patients tested, the anti-CD40L mAb blocked
(mean*SEM of percent inhibition) IgG anti-ssDNA produc-
tion by 39.9+9.7%, IgG anti-dsNDA by 67.9+9.3%, and IgG
antinucleosome autoantibodies by 71.8+10.6%. All of the pa-
tients began to receive steroids and/or cytoxan therapy for
their active disease soon after the blood samples were ob-
tained for these assays. The anti-CD40L-mediated inhibition
of pathogenic autoantibody production, especially autoanti-
bodies to dsDNA and nucleosomes, could still be detected in a
patient who agreed to donate blood again for a repeat assay
(EB and EB-2 in Table IV).

In the case of three of the patients (EB, SC, and VC), the

Figure 5. Expression of endogenous CD40L message
by B cells. Lanes / and 2 show PCR-amplified products
from anti-CD3-stimulated normal T cells from a CD4*
T cell line; lanes 3 and 4 are from an active lupus pa-
tient’s B cells that were purified but unstimulated ex
vivo; lanes 5 and 6 are from purified, normal B cells
that were stimulated with anti-CD?3; and lanes 7 and 8
are from purified, normal B cells that were stimulated
2X by SAC and IL-2. The amplified CD40L band is 379 bp
(lanes 2, 4, 6 and 8), and the constitutively expressed

HLA-DQ band is 242 bp (lanes 1, 3, 5 and 7). Lanes 1, 2, 3, 4, 5 and 7 show the products of a single-step PCR amplification whereas lanes 6 and
8 show the results after a second PCR amplification, designated by 2X (30 additional cycles). Unstimulated T cells from the T cell lines after rest-
ing for 10 d and unstimulated B cells from the normal subject did not express CD40L message that could be detected by PCR (not shown).
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Table III. Regulation of CD40L Expression in CD4" Short-term T Cell Lines

Percentage of CD4* T cells that expressed:

Lupus T cell line

Normal T cell line

Culture conditions* CD40L CD69 CD40L CD69
Unstimulated 9.50 11.84 0.35 7.13
[P+1] 80.80 96.56 72.20 97.95
[P+1] - [EBV-BCL/c-mAb] 11.72 ND 2248 98.33
[P+1] - [EBV-BCL/a-CD40] 78.10 ND 86.34 98.07
[a-CD3] 25.00 48.69 222 60.46
[2-CD3] ~ [EBV-BCL/c-mAb] 0.48 ND 0.12 ND
[¢-CD3] - [EBV-BCL/a-CDA40] 17.10 ND 2.63 ND

*Short-term T cell lines derived from CD4* T cells of lupus patients or normal subjects were rested first (unstimulated) and then used for the different
culture conditions, followed by two-color staining with either anti-CD4 and anti-CD40L or anti-CD4 and anti-CD69 mAbs. Representative examples
from studies on short-term lines derived from six patients with active lupus and three normal subjects are shown. [P+I] means PMA + ionomycin
stimulation. As indicated, in separate cultures [P+I] stimulation was followed by (- ) coculture with either EBV-BCL preincubated with anti-CD40
(«-CD40) or EBV-BCL preincubated with isotype matched control (c-mAb). Anti-CD3 (a-CD3) mAb was used at 1:125 dilution. ND means not
done, as it is known that CD69 expressed by activated T cells cannot be downmodulated by CD40 on EBV-BCL (references 45-47, and data on ex-

treme right column).

production of IgG autoantibodies was preferentially blocked
by anti-CD40L as compared to total polyclonal IgG which is
produced at much higher levels than the autoantibodies in cul-
ture (Table IV). Whereas in the other patients, the production
of total IgG was also markedly inhibited along with the au-
toantibodies. The anti-CD40L mAb (or the control mAb) was
present in the PBMC cultures throughout the 13-d culture pe-
riod (see Methods).

Discussion

These findings on CD40-CD40L interaction in human SLE,
some of which are quite unexpected, have implications for un-
derstanding the etiologic mechanisms of this disease as well as
for developing specific immunotherapy. The increase in ex-
pression of CD40L by CD4" T cells that occurs spontaneously
in the patients with active lupus, resembles our results in mu-
rine lupus (48). In contrast to normal mice, lupus mice had
much higher levels of CD40L-expressing T cells even at the
preautoimmune age of 1 mo (48). Moreover, as shown here,
the superinduction of CD40L on mitogenic stimulation of the
lupus patient’s T cells, even during remission of the disease, in-

dicates a defect in the regulation of CD40L expression. This
interpretation is consistent with abnormalities in other signal
transduction pathways that have been detected in the T cells of
lupus (51, 52). The hyperexpression of CD40L by the lupus T
and B cells persisted during the prolonged culture of the lupus
PBMC in vitro (data not shown), most probably because of
continued T-B interaction and rounds of stimulation in the
culture mixture. However, in short-term CD4" T cell lines, the
superinduction of CD40L by mitogenic stimulation of the lu-
pus T cells could be downmodulated by CD40 on autologous B
cell lines, indicating that this negative feedback mechanism is
still intact in lupus as in normal T cells (45-47).

The augmented expression of CD40L by CD8" T cells in
active lupus is another interesting finding, because it may ex-
plain the unusual helper activity of T cells with this phenotype
in lupus (13, 21). Interestingly, CD8" T helper cells were found
subsequently in patients with AIDS that produce high levels of
polyclonal Ig, including autoantibodies (53).

The most unexpected finding was the hyperexpression of
CDA40L by lupus B cells. It is widely accepted that CD40L ex-
pressed only by activated CD4* Th cells has any functional
consequence. Indeed in normal mice, CD40L expression by T

D Figure 6. CD40 on B cells down-mod-
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ulates CD40L expression by lupus T
cells. Representative example of a his-
togram showing CD40L fluorescence
(solid black) of gated CD4* T cells.
CD4* T cells from short-term T cell
line from a patient with active lupus
were analyzed for CD40L expression
under the following conditions: (A) at
rest; (B) after stimulation for 8 h with
PMA and ionomycin; (C) same as in
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v

B except autologous EBV-BCL B
cells (pretreated with a control mAb)

were added to the T cells in the last 2 h before staining; and (D) same as in C except for pretreatment of the EBV-BCL with anti-CD40 mAb be-

fore adding to the stimulated T cells.

CD40L Hyperexpression in Human Lupus 2069



100
--0----  Normal
Q.
. —&— Lupus

759
=
—
)
Q
=

+ 50
-
=
<
[=]
Q
R

251

0 T T T T T
6 24 48 72 96
Time (hr)

Figure 7. Kinetics of CD40L expression after PMA + ionomycin
stimulation are similar in normal and lupus T cells. A representative
experiment is shown. T cells from short-term lines of an active lupus
and a normal subject at different time points after the stimulation
were stained for CD4 and CD40L and the percent CD40L-expressing
CD4* T cells are shown. Herein, no EBV-BCL B cells were added to
the T cells.

cells only appears to be of any functional consequence in vivo
(54). Recently however, while we were making these observa-
tions in lupus, Grammer et al. reported the expression of
CD40L by normal human B cells (44). Our results with normal
B cells confirm those observations. In addition, herein we
found important differences in lupus B cells. Normal human B
cells have to be coaxed by pharmacologic manipulations, such
as a combination of calcium ionophore, phorbol ester, and
IL-2 to express CD40L, and even then the level of expression
is markedly less than activated T cells (44). In contrast, lupus
patients’ B cells spontaneously express CD40L in levels as
high as activated T cells. Furthermore, mitogen-stimulated up-
regulation of CD40L is markedly greater in lupus T and B
cells, even during remission of the disease, suggesting that a
defect in SLE has lowered the threshold for CD40L expres-
sion, in addition to autoantigen-driven activation. None of the
patients in remission were receiving any cytotoxic drugs or ste-
roids, and the levels of CD69" (activated) T cells in their pe-
ripheral blood were in the range of normal subjects. Thus the
lymphocytes of remission patients were not in a state of
chronic activation by this criteria, and yet CD40L was hyperin-
ducible in these patients’ T and B cells, suggesting an intrinsic
abnormality.

CDA40L is endogenously produced by the B cells; it does
not appear to be passively acquired from the activated Th
cells. The intensities of CD40L expression were similar in the
B and T cells of lupus (Figs. 1-4). Stimulation with B cell mito-
gen (SAC and IL-2) caused a further increase in CD40L ex-
pression by B cells from patients with active lupus and mark-
edly more so by B cells from remission patients (Figs. 3 and 4),
and the CD40L staining could not be removed by acid-wash of
the B cells (data not shown, but similar to reference 44). Fur-
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thermore, NK cells in the PBMC of lupus patients did not stain
positively for CD40L (data not shown), again indicating that
passively acquired CD40L shed from T cells is not a significant
phenomenon. When CD40-expressing EBV-BCL B cells were
cocultured with activated T cells expressing CD40L, the for-
mer cells did not pick up CD40L from the T cells; all the cells
that stained for CD40L in such cocultures were CD4" (Fig. 6
and dot plots not shown). Finally, PCR for CD40L mRNA
showed that highly purified B cells from normal subjects ex-
press CD40L only upon stimulation with B cell mitogens but
not a T cell mitogen (Fig. 5). This result again indicates that
CDA40L expression is endogenously upregulated by activated B
cells and is not passively acquired from T cells. Further studies
will determine whether the increase in CD40L mRNA in lupus
B cells (Fig. 5) is due to increased transcription or due to in-
creased stability of CD40L mRNA (55).

In contrast to other anti-human mAb, 5c8 and 4D9-9 (44),
the mAb (clone 24-31) used here can detect CD40L on human
B cells ex vivo without any acid treatment, suggesting that un-
like the 5c8 epitope which may be masked by soluble CD40,
the 24-31 (anti-CD40L) mAb detects another epitope that re-
mains exposed. This feature may be therapeutically important
in the future.

Thus in addition to being activated and costimulated by
CDA40L on Th cells, the lupus B cells could amplify and sustain
the pathogenic autoimmune response further by expressing
CDA40L and thus interacting with CD40 on other autoimmune
B cells in the vicinity as well as follicular dendritic cells in the
germinal center (44, 56). Moreover, a bidirectional interaction
between the CD40L" B cells and the Th cells might occur in
lupus, since CD40 itself might be expressed by activated T cells
(57). Nucleosomal autoantigen presentation by the autoim-
mune B cells to the pathogenic Th cells (15, 18) could be mark-
edly augmented by such T-B and B-B interactions, since sig-
naling by CD40L upregulates the B7 family of molecules on B
cells which would in turn costimulate the cognate Th cells via
CD28/CTLA4 (32, 58, 59). However, the hyperexpression of
CDA40L by lupus B cells is not sufficient by itself to mediate an
increase in pathogenic autoantibody production, at least in
vitro (Table IV). Probably, the focused delivery of Th cyto-
kines at a close range to the autoantibody producing B cells
during their cognate contact-dependent interaction with the
lupus Th cells is still required for pathogenic autoantibody pro-
duction (Table IV). Nevertheless, the hyperexpression of
CDA40L by lupus B cells could increase B-B cell interaction via
CD40 and thus prevent apoptosis or anergy of autoimmune B
cells and make them more susceptible to pathogenic T cell
help. The amazingly long-term benefit of a very brief anti-
CDA40L therapy in a mouse model of lupus (48) is consistent
with the importance of CD40L-CD40 interactions in a variety
of cells in the immune system that lead to pathogenic autoanti-
body production in SLE. However, the increased or aberrant
CDA40L expression is not global in SLE, NK cells did not ex-
press CD40L in patients with active lupus (data not shown).

The long-term beneficial effect of a brief anti-CD40L ther-
apy in lupus mice (48) is relevant to our findings in human
SLE. The effect of anti-CD40L in the mice was most probably
mediated by checking the expansion the autoimmune memory
B cells that are committed to produce pathogenic autoantibod-
ies, since the brief therapy did not affect the Th cells in the
long term (48). In the natural history of lupus, once the au-
toimmune memory B cells are generated they may further am-



Table 1V. Anti-CD40L mAb Inhibits the Production of Pathogenic Autoantibodies by Cells from Active Lupus Patients

IgG antibody production in culture*

Lupus patient Culture condition* a-ssDNA a-dsDNA a-Nucleosome Total IgG
U/ml U/ml U/ml ng/ml
EB B cells alone 0.105 0.038 0 0.220
PBMC + c-1gG1 0.235 0.099 0.034 1.148
PBMC + o-CD40L 0.185 0.012 0 1.094
Percent inhibition 21.3 87.9 100 4.7
SC B cells alone 0.070 0 0 1.729
PBMC + c-1gGl1 0.100 0.074 0.022 2.315
PBMC + o-CD40L 0.046 0.030 0 2.152
Percent inhibition 54 59.5 100 7
RC B cells alone 0.359 0.046 0.125 0.361
PBMC + c-IgG1 0.700 0.285 0.883 2.097
PBMC + a-CD40L 0.306 0.024 0.233 0.043
Percent inhibition 56.3 91.6 73.6 97.9
VvC B cells alone 0.025 0.015 0 1.050
PBMC + c-IgG1 0.353 0.112 0.098 1.440
PBMC + «-CD40L 0.147 0.039 0.028 1.186
Percent inhibition 58.4 65.2 71.4 17.6
IH B cells alone ND ND ND ND
PBMC + c-IgG1 0.101 0.134 0.094 10.158
PBMC + «-CD40L 0.109 0.035 0.047 2.439
Percent inhibition 0 73.9 50 76
BM B cells alone 0.032 0.020 0 0.375
PBMC + c-1gG1 0.284 0.559 0.465 1.793
PBMC + o-CD40L 0.143 0.397 0.299 1.176
Percent inhibition 49.6 29 35.7 34.4
EB-2 B cells alone 0.029 0 0.003 0.311
PBMC + C-IgG1 0.144 0.096 0.102 2.315
PBMC + o-CD40L 0.135 0.036 0.060 2.025
Percent inhibition 6.3 62.5 41.2 12.5

#3 X 10° PBMC (contains both T and B cells) or 1 X 10° B cells alone were cultured per microwell. c-IgG1 means control IgG1 that is isotype-matched
to the anti-CD40L mAb (a-CD40L). Values of percent inhibition of IgG antibody production by PBMC with a-CD40L are shown.*IgG autoantibod-
ies are expressed in units per milliliter based on reference serum standard. a- means anti-. ND, not done. Total IgG is expressed in micrograms per
milliliter as it is produced in much higher amounts than the autoantibodies in the culture.

plify the autoimmune response by efficiently presenting nu-
cleosomal peptides (15, 18) and subsequently by “epitope
spreading” present autoantibody idiotype-derived peptides to
pathogenic Th cells (60). The brief anti-CD40L therapy proba-
bly also checked this amplification process. Moreover, the
anti-CD40L therapy in lupus mice (48), although brief, could
render autoimmune B cells tolerogenic by diminishing their
costimulatory ability and antigen-presenting cell function (32,
54,58, 59).

These studies also suggest that the pathogenic B cells of lu-
pus can be downregulated and that they are not totally autono-
mous due to some intrinsic defect. The autoimmune B cells of
most murine models of lupus (except MRL-Ipr), as well as hu-
man SLE, may be as susceptible to apoptosis as normal anti-
gen-driven B cells unless they are rescued by the CD40-medi-
ated second signal (38, 4042, 61). However, B cells capable of
producing pathogenic anti-DNA autoantibodies are not de-
leted in the bone marrow; they are present in the periphery of

normal subjects, and they can be expanded by various means
to produce nephritogenic autoantibodies (5, 7, 62-66). Thus
the factors determining the peripheral drive and cognate Th
cell-induced pathogenic autoantibody production are relevant
to understanding the basic mechanism of SLE.

Herein, the antibody to CD40L could block in vitro the
production of IgG autoantibodies by cells from lupus patients
with established and active disease. The anti-CD40L mAb was
present in the culture for the entire period of 13 d; thus it also
inhibited total polyclonal IgG production significantly in some
of the patients. Th cells specific for other exogenous antigens,
in addition to the autoimmune Th cells, were probably acti-
vated in those patients at the time blood sample was obtained
and again during the prolonged culture period. Nevertheless, it
is encouraging that significant blocking of pathogenic anti-
DNA autoantibodies occurred in all patients tested even after
the autoantibody-producing B cells and their Th cells had al-
ready been triggered in vivo in these patients with active and
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established disease. This result suggests that the pathogenic Th
and B cells of lupus undergo repeated cycles of activation and
rest or different waves of activated cells participated in the
production of pathogenic autoantibodies during the 13-d cul-
ture period. Interestingly, a brief anti-CD40L therapy given at
early stages of lupus in mice preferentially blocks the patho-
genic autoimmune response in vivo, but it does not cause gen-
eralized immunosuppression (48). This beneficial result could
be due to the fact that CD40L is transiently expressed on acti-
vated T cells, and in the lupus mice, most of the T cells that are
activated are the Th cells that drive B cells to make pathogenic
autoantibodies. Indeed, anti-CD40L therapy was beneficial
even at the time early autoimmune abnormalities were mani-
fest in the lupus mice. This suggests that anti-CD40L therapy
might be beneficial in newly diagnosed lupus patients or in pa-
tients in the early stages of disease flare-up. Interestingly,
blocking B7-CTLA4/CD28 interaction by CTLA4Ig also has a
beneficial effect on murine lupus (67), probably through its in-
direct effect on the CD40L—-CD40 signaling pathway (32, 68).
These studies in human and murine SLE should stimulate
the development of anti-CD40L therapy in human lupus (69).
We are even more interested in understanding why CD40L ex-
pression is deregulated in the B and T cells of lupus? It appears
to be an intrinsic defect and not merely or wholly due to auto-
antigenic activation. Remarkably, the defect in the regulation
of CD40L is present in lupus patients even during remission of
the disease. Future studies on CD40L regulation could eluci-
date the mechanisms of intrinsic T and B cell defects in lupus.
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