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A pathogenic hallmark of rheumatoid arthritis (RA) is persistent activation of self-reactive CD4* T cells.
The cause of this aberrant activity remains elusive. We report here detection of autoantibodies against
B7-H1, a recently described member of the B7 family, in 29% of patients with RA versus 4% of healthy
donors. High-level expression of cell surface B7-H1 are found on activated human CD4*, CD8*, and
CD45RO* T cells. Immobilized autoantibodies to B7-H1 are capable of costimulating the proliferation
of CD4* T cells in vitro, and the presence of these autoantibodies correlates with active disease status.
Using immobilized B7-H1 mAb’s and programmed death 1Ig, we demonstrate that engagement of
B7-H1 on CD4* T cells costimulates proliferation and secretion of IL-10, and subsequently leads to pro-
grammed cell death, accompanied with upregulated expression of TNF-related apoptosis-inducing lig-
and and activation of caspase-3. Taken together with our previous findings, these data indicate a bidi-
rectional signaling role of B7-H1 in T cell costimulation and apoptosis and implicate B7-H1
autoantibodies as contributing to the progression of RA by inducing aberrant T cell responses.

J. Clin. Invest. 111:363-370 (2003). doi:10.1172/JCI200316015.

Introduction
Leukocyte infiltration into the synovium of rheumatoid
arthritis (RA) patients results in extensive joint inflam-
mation, characteristic of disease pathogenesis (1). The
majority of infiltrating cells are CD4" T cells, which
express activation/memory markers including CD45R,
CD44, HLA-DR, and VLA-1 (2, 3), suggesting a persist-
ent state of hyperreactivity. The cause of this aberrant T
cell activation has been attributed to the presentation
of arthritogenic antigens by HLA-DR (4), existence of
superantigen, and homeostatic proliferation (5, 6).
One alternative explanation for persistent T cell acti-
vation in systemic autoimmune diseases such as RA
may come from the study of T cell costimulation. It is
well accepted that, in addition to the engagement of
the T cell receptor (TCR) with antigen, costimulation
is required for optimal activation of T cells. The best-
characterized costimulatory pathways are interactions
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of CD28 and CTLA-4 on the T cell with B7-1 (CD80)
and B7-2 (CD86) on APCs (7, 8). In addition to the nat-
ural receptor-ligand interaction, receptor-specific ago-
nistic Ab can also deliver costimulatory signals. In fact,
agonistic Ab often results in much stronger signaling
than that from natural ligand, possibly due to their
high affinity and/or immobilization on cells express-
ing Fc receptor in vivo (9-12). Agonistic Ab ligation of
costimulatory molecules may be particularly relevant
in autoimmune diseases in which autoantibodies are
commonly detected. In fact, autoantibodies against
CTLA-4 recently have been identified in the serum of
patients with RA and Behcet disease, although the
functional significance of these autoantibodies
remains unknown (13).

B7-H1 is a third member of the B7 family that cos-
timulates primary T cells through a putative receptor
(14), but may inhibit proliferation of preactivated T
cells (15). In vitro stimulation of primary human T cells
with B7-H1Ig or B7-H1 transfectants promotes both
IL-10 secretion and proliferation, but without the
accompanying increased production of IL-2. A putative
counter-receptor, PD-1 (programmed death 1), were
reported recently (15). Recently, we reported that many
human malignancies express B7-H1 and ligation of
tumor-associated B7-H1 to a non-PD-1 receptor pro-
motes apoptosis of activated T cells (16), suggesting the
expression of B7-H1 may represent a new mechanism
for tumor evasion of immunity.

In addition to signals through binding receptoron T
cells, select members of the B7 family could also have
receptor functions, mediated through a process termed
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reverse signaling. Specifically, B7-2 demonstrates
reverse signaling on B cells, resulting in differentiation
and class switching (17). B7-H1 is expressed on acti-
vated human and mouse T cells (14, 18). This pattern
of B7-H1 expression led us to postulate that engage-
ment of B7-H1 might play a direct role in the regula-
tion of the human T cell response in autoimmune dis-
eases, such as RA, resulting in a persistent state of T cell
activation in affected individuals.

Methods

Patients and healthy donors. Sera samples were obtained
from 63 patients with diagnosed RA autoimmune dis-
ease and 54 sex- and age-matched healthy donors
under the approval of the Internal Review Board of
the Mayo Clinic. Diagnosis of RA was defined accord-
ing to the classification criteria of the American Col-
lege of Rheumatology. Sera or plasma samples were
collected from 63 RA patients (53 women and 10 men,
mean age, 58 years; age range, 17-80 years) and 54
healthy donors (42 women and 12 men, mean age, 52;
age range 20-69). Human IgG was purified by
ImmunoPure (G) IgG purification kits (Piece Chemi-
cal Co., Rockford, Illinois, USA).

ELISA. Purified human B7-H1Ig (mouse IgG2a Fc)
(14) or control mIgG2a at 2 pg/ml in PBS was coated
overnight on an ELISA plate at 4°C followed by block-
ing with PBS containing 10% FBS. Sera from healthy
donors or RA patients were diluted in PBS at 1:1,000 in
triplicate before adding to the plates. After reaction, the
wells were washed six times in PBS with 0.1% Tween-20.
Bound Ab’s were detected by horseradish peroxi-
dase-conjugated goat anti-human IgG Ab (BioSource
International Camarillo, California, USA) at a 1:2,000
dilution for 1.5 hour at room temperature, then react-
ed with tetramethylbenzidine, and measured using a
multimicroplate reader at 450 nm. Nonspecific bind-
ing of sera to plates coated with control Ig (mouse
IgG2a) was subtracted from each sample.

Generation of mAbs to B7-H1. BALB/c mice were immu-
nized with purified human B7-H1Ig mixed with com-
plete Freud’s adjuvant (Sigma-Aldrich, St. Louis, Mis-
souri, USA) and boosted three times with B7-H1Ig in
incomplete Freud’s adjuvant. Sera from the mice were
collected, and their specific binding to B7-H1 was deter-
mined by ELISA and by FACS analysis on B7-H1/293
cells (14). The spleen cells from mice with highest titer of
antisera were fused with SP2/0 myeloma cells to produce
hybridoma cells. After several rounds of selection by
ELISA and by FACS, two clones, 2H1 and 5H1, which
consistently stain B7-H1/293 cells, were selected. The
isotype of 2H1 or 5H1 is IgG1. The culture supernatant
of hybridomas was concentrated and purified by a pro-
tein G-Sepharose column (Pierce Chemical Co.) and dia-
lyzed in LPS-free PBS. In some experiments, polymyxin
B was incorporated in the assays of cell proliferation and
cytokine secretion to neutralize residual endotoxin.

T cell activation and FACS analysis. Freshly isolated
human PBMCs (107 cells/ml) were stimulated with 5

Hg/ml of phytohemagglutinin (PHA) (Sigma-Aldrich).
Cells were harvested and analyzed at 0, 24, and 48
hours upon treatment. For direct immunofluores-
cence staining, T cells were incubated at 4°C with 1 pg
of FITC- or phycoerythrin-conjugated (PE-conjugat-
ed) mADb for 30 minutes and analyzed by FACScan
flow cytometry (Becton Dickinson Immunocytome-
try Systems, Mountain View, California, USA) with
Cell Quest software (Becton Dickinson Immunocy-
tometry Systems), as described previously (14). The
mAD specific for CD4 (RPA-T4), CD8 (RPA-T8), and
CD45RO (UCHL1) were purchased from BD-
PharMingen (San Diego, California, USA), and rabbit
anti-human TNF-related apoptosis-inducing ligand
(TRAIL) polyclonal Ab’s were purchased from Alexis
Biochemical Corp. (San Diego, California, USA). For
indirect immunofluorescence staining, cells were first
incubated with B7-H1 mAb (3 pg/sample) at 4°C for
30 minutes. The cells were washed and further incu-
bated with FITC-conjugated (BioSource Internation-
al) or PE-conjugated (Southern Biotechnology Asso-
ciates, Birmingham, Alabama, USA) goat anti-mouse
IgG F(ab'); for 30 minutes at 4°C. The mouse IgG-1
(Sigma-Aldrich) was used as control Ig. In some exper-
iments, cells were treated with human Ig before incu-
bation with FITC- or PE-conjugated mAbs to block
interference of Fc receptors.

Costimulation of T cell responses. Purified human CD4*
T cells at 2 x 10° cells/well in triplicate were cultured in
96-well flat-bottomed plates that were precoated
overnight with anti-CD3 mAb (HIT3a; BD-PharMin-
gen) in the presence of B7-H1 mAbs, PD-1Ig, or control
Ab (mouse IgG1). To detect cytokines, supernatants
were harvested at 24, 48, and 72 hours of the cultures,
and the concentrations of IL-10 were determined by
sandwich ELISA methods (BD-PharMingen), accord-
ing to manufacturer’s instructions. Anti-CD28 mAb
(CD28.2; BD-PharMingen) was included as positive
control. For blocking the effects of B7-H1 mAb, solu-
ble B7-H1Ig or control Ig (mIgG2a) was precultured
with coated B7-H1 mAb for 30 minutes before the
addition of CD4* T cells. T cell proliferation was deter-
mined by the addition of 1.0 uCi 3H-TdR for the final
16 hours of culture. The incorporation of *H-TdR was
counted by a MicroBeta TriLux liquid scintillation
counter (Wallac, Turku, Finland).

Induction and analysis of apoptosis. Purified human
CD4" T cells (4 x 105/ml) were cultured with B7-H1
mADb’s or a control mAb at 10 plg/ml in the presence of
immobilized anti-CD3 mADb (500 ng/ml). At each time
point, aliquots (10°) of the cells were stained by FITC-
conjugated annexin V (AV) (BD PharMingen) at 5
pl/test and propidium iodide (PI) (Sigma-Aldrich) at 5
Mg/ml for 1 hour. The samples were analyzed by FACS.
For blocking the effect of apoptosis, the neutralizing
mADb to IL-10 (R&D Systems Inc., Minneapolis, Min-
nesota, USA), IL-2 (MQ-17H12; BD-PharMingen), or
to Fas ligand (NOK-1; BD-PharMingen) were added at
10 pg/ml at the beginning of culture.
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Detection of apoptosis-related genes. Total RNA was pre-
pared using TRI Reagent (Sigma-Aldrich) from 5 x 106
T cells, which were stimulated by anti-CD3/B7-H1 mAb
or anti-CD3/control Ab for 24, 48, 72 hours. RNA (10
Hg) was used as a template for 3P cDNA probe synthe-
sis. Human apoptosisl] GEArray (SuperArray Inc.
Bethesda, Maryland, USA) is composed of 23 apoptosis-
related genes and two housekeeping genes, actin and
GAPDH. Analysis of gene expression was carried out by
side-by-side hybridization with the cDNA probe accord-
ing to the user manual. A STORM Phospholmager sys-
tem (Molecular Dynamics, Sunnyvale, California, USA)
was used to directly quantify the intensity of the signals.
The relative abundance of a particular transcript was
estimated by comparing its signal intensity to the signal

derived from B-actin or GAPDH. The results represent
a fold increase of signals from T cells that were stimu-
lated with B7-H1 mADb versus control Ab.

Detection of active caspase-3. The CaspaTagTM Caspas-
3 (DEVD) Activity kit (Intergen Co., Purchase, New
York, USA) was used to detect the activated form of
caspase-3 in CD4" T cells. The kit detects active caspas-
es in living cells by using a carboxyfluorescein-labeled
caspase inhibitor (FAM-DEVD-FMK). The inhibitor
irreversibly binds to active caspases, and the caspase-
positive cells are detected by flow cytometry (see the
manufacturer’s manual). Briefly, 300 pl of 106 cells/ml
was transferred to a fresh tube and incubated with 10
pl of FAM-DEVD-FMK solution diluted 30 times for 1
hour at 37°C under 5% CO in the dark. After incuba-
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Figure 1

Detection, costimulatory function, and disease association of B7-H1 autoantibodies in RA patients. CD4* T cells were cultured with immo-
bilized (a) or soluble (b) sera IgG at the initiated dose of 20 pig/ml in the presence of suboptimal anti-CD3 mAb. The titers of RA 1 and RA
2 patients are 0.32 and 0.25 (ODaso), respectively. (c) For blockade, the control (ctl) Ig, PD-1lg, or B7-H1lg at 3 pig/ml were added before
the addition of CD4* T cells. The growth of T cells was detected after 72 hours of culture. (d) To examine specificity of RA sera binding to
B7-H1, diluted sera were preincubated with PBS, 2 pg/ml of soluble B7-H1lg or control Ig (mlgG2a). (e) Diluted sera of 63 patients with
RA and 54 healthy donors were tested for binding to B7-H1Ig by ELISA. Samples with OD4so values greater than 0.123 were considered pos-
itive. P value for differences between cohorts is shown (t test). (f) The sera at 1:1,000 dilution were examined for binding to B7-1lg-coated
vs. B7-H1lg-coated ELISA plates. (g) Mock/624mel or B7-H1/624mel cells were stained with diluted (1:5) sera from 16 ELISA-positive RA
patients. The inset bar shows the average percentage of positive staining. A typical histogram of FACS assay is shown on the left. (h) Sixty-
three RA patients were sorted according to the active status of their disease, and the presence of B7-H1 autoantibodies. Statistical analysis
of the correlation was performed as P = 0.0179 in a Fisher exact test.
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tion, the cells were washed twice with 2 ml of 1% wash
buffer and then were resuspended in 400 pl of 1% wash
buffer before analysis with FACS.

Results
Costimulatory B7-H1 autoantibodies in RA serum. In an
attempt to evaluate the potential role of autoantibodies
in prolonged activation of T cells in RA, purified IgG
from the sera of RA patients were evaluated for their abil-
ity to regulate the proliferation of T cells in vitro. In the
presence of suboptimal doses (30-50 ng/ml) of anti-CD3
mAD to mimic TCR signaling, purified IgG from the sera
of two RA patients, but not control IgG, significantly
enhanced the proliferation of purified CD4* T cells in
vitro in a dose-dependent fashion (Figure 1a). In the
absence of anti-CD3 mAb, purified IgG from RA
patients had no effect (data not shown). The soluble
form of these autoantibodies did not have any activity in
the same assay (Figure 1b). The costimulatory activity of
the autoantibodies was completely blocked by inclusion
of soluble B7-H1Ig fusion protein containing human
B7-H1 extracellular portion and mouse IgG2a Fc (14),
but not by PD-1Ig or control IgG (mouse IgG2a) (Figure
1c). Our results thus suggest that the costimulation
activity for CD4* T cell was mediated by autoantibodies
against B7-H1 in the sera of RA, rather than by the solu-
ble form of B7-H1 per se or autoantibodies to PD-1.

To directly demonstrate the existence of autoantibod-
ies against B7-H1 in the sera of RA patients, sera from 63
patients with RA were examined by a specific sandwich

Figure 2

Preferential expression of B7-H1 mAb on activated CD4* T cells. (a)
On the left, 293 cells were transfected with mock (pcDNA3 vector)
or human B7-H1 plasmid (pcDNA3-B7-H1cDNA) for 48 hours.
B7-H1/293 cells were pretreated with 20 g of control Ig (mlgG1) or
5H1 before staining with PD-1lg (5 Jg). On the right, activated M99
CTL cells were pretreated with 10 pig of mIgG1 or 5H1 before stain-
ing with B7-H1lg (10 pg). B7-H1 mAb, PD-1lg, or B7-H1Ig were used
to stain the transfected 293 cells and activated M99 CTL cells. Rep-
resentative fluorescence histograms of isotype control reagents (open
lines) and B7-H1 mAb or fusion proteins (filled lines) are shown. (b)
Induction of B7-H1 expression on human T cell subsets. Human
PBMCs were activated with PHA for indicated times and subjected
to FACS analysis with B7-H1 mAb and mAb to CD4, CD8, or
CD45RO0O. The numbers indicate the percentage of B7-H1 and CD4,
CD8, or CD45RO double-positive cells in total populations, and the
percentage in parentheses indicates the percentage of B7-H1-posi-
tive cells in each CD4*, CD8*, or CD45RO" subsets.

ELISA using plates coated with purified B7-H1Ig.
Autoantibodies binding to B7-H1 were detected by anti-
human IgG mAb. Our ELISA is highly specific for
human B7-H1 because binding of patients’ sera could be
selectively blocked by preincubation of sera with soluble
B7-H1lIg, but not control mIgG2a (Figure 1d). We used
0.123 ODys as a cut-off based on the mean (0.057) + 2
SD (0.033) of the values with sera from 54 healthy
donors at 1:1,000 dilutions. As shown in Figure 1e, sera
from 18 of 63 sera from patients with RA (29%) had ele-
vated autoantibodies to B7-H1, while only 4% of 54
healthy donors were marginally positive for the presence
of autoantibodies to B7-H1 (P = 0.0002). Similar to the
findings of Matsui et al. (13), we did not detect any
autoantibodies to B7-1, even in the sera that were posi-
tive for B7-H1 Ab’s (Figure 1f). The presence of B7-H1
autoantibodies was also tested by binding of 624
melanoma line (624mel) that was transfected to express
human B7-H1 (B7-H1/624mel) (16). A significant por-
tion of sera from 16 patients, which were positive in
ELISA assay, also stained for B7-H1/624mel but not
Mock/624mel. The specificity of the binding was also
confirmed by complete blockade with B7-H1Ig, which
was preincubated with the diluted sera (data not shown).
In addition, all the samples that were negative in ELISA
for the presence of autoantibodies to B7-H1 did not bind
B7-H1/624mel (data not shown). Our results indicate
that a significant population of patients suffering from
RA has elevated autoantibodies to B7-H1.

Correlation of B7-H1 autoantibodies with RA activity. As a
preliminary functional determinant, we examined the
possible relationship between the presence of B7-H1
autoantibodies and disease activity. Active disease was
defined as the presence of at least nine tender joints, six
swollen joints, and one or both of the following: 1 hour
of morning stiffness or elevated Westergren sedimen-
tation rate (19). We found a significant correlation
between active disease and the presence of autoanti-
bodies in 63 patients with RA. Eighty-nine percent of
RA patients in the B7-H1 autoantibody-positive group
had active disease, while only 56% of RA patients in
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B7-H1 autoantibody-negative group demonstrated dis-
ease activity (P = 0.017) (Figure 1h). These results sug-
gest that autoantibodies to B7-H1 may be involved in
disease progression by a direct effect on T cells.

Reverse costimulation of CD4* T cells by B7-HI1 mAb.
Autoantibodies from sera are polyvalent with multiple
different specificities, limiting the potential for func-
tional analysis. To facilitate further study of the effect of
autoantibodies to B7-H1 on T cell response, we generat-
ed hybridomas that secrete mAb against human B7-H1.
We identified two mAbs, 2H1 and SH1, which specifi-
cally bound to B7-H1 on 293 cells transfected with
human B7-H1 plasmid (B7-H1/293), but not mock-
transfected 293 cells (Mock/293) by FACS analysis (Fig-
ure 2a). In these and later studies, SH1 and 2H1 showed
identical features and were used interchangeably.

To determine whether or not our mAb can block
interaction between B7-H1 and PD-1, we examine the
ability of SH1 mADb to block the binding of PD-1Ig to
B7-H1/293 cells. As shown in Figure 2a, PD-1Ig bound
B7-H1/293 cells but not mock/293 cells. Inclusion of
SH1 mAb up to 20 pg/ml during staining did not inter-
fere with the binding of PD-1Ig. Inclusion of SH1 mAb,
however, could inhibit the binding of B7-H1Ig to M99
T cell clone from 31% to 8% (Figure 2a), suggesting that
5H1 could partially block the binding of B7-H1 to a
non-PD-1 receptor (16). Similar blocking function was
also found using 2H1 mAb (data not shown).

FACS analysis using B7-H1 mAb showed that B7-H1
is not detectable on freshly isolated PBMC subsets with
CD4, CD8, or CD45RO markers. However, stimulation
by phytohemagglutinin (PHA), a T cell mitogen, rapidly
upregulated expression of B7-H1 on 64.2% of CD4* cells
at 24 hours and 78.2% at 48 hours. Meanwhile, only
44.7% and 32.1% of CD8* T cells expressed B7-H1 at 24
hours and 48 hours after PHA stimulation, respectively.
High levels of B7-H1 (84.2% at 24 hours and 62.3% at 48

Figure 3

B7-H1 mAb costimulates human CD4* T cell proliferation. (a) Puri-
fied human CD4* T cells were cultured with immobilized 10 pg/ml
of control (ctl) Ab, B7-H1 mAb (2H1), PD-1lg, and 2 pg/ml of CD28
mADb in the presence of precoated different dose of CD3 mAb. Cul-
tures were pulsed with 3H-TdR for a final 16 hours, and the cells were
harvested at 72 hours. (b) Dose-dependent costimulation of immo-
bilized anti-B7-H1 mAb in the presence of suboptimal dose (30
ng/ml) of CD3 mAb. Titration of mAb or fusion protein was started
at 20 pg/ml of control Ab, B7-H1 mAb, PD-1lg, and 4 pug/ml of
CD28 mAb. (c) Human CD4" T cells were costimulated with 20
Hg/ml of soluble control (ctl) Ab, B7-H1 mAb (2H1), PD-1lg, and 2
pg/ml of CD28 mADb as the same condition in a. (d) Blocking of
B7-H1 mAb-mediated costimulation by soluble B7-H1lg. Soluble
control Ig, B7-1lg, or B7-H1lg (10 pg/ml) was preincubated with
immobilized control (ctl) Ab or B7-H1 mAb (2H1) for 30 minutes
before the addition of T cells. B7-H1 costimulation was assayed in
the presence of suboptimal dose of CD3 mAb for 72 hours of cul-
ture. (e) FACS analysis of IL-2 receptor (CD25) expression in CD4* T
cells after B7-H1 mADb costimulation. (f) IL-10 secretion from CD4*
T cells in the presence of immobilized CD3 mAb (500 ng/ml), and
B7-H1 mAb (10 pg/ml), or CD28 mAb (2 pg/ml).

hours) were also detected on CD45RO* memory T cells
(Figure 2b). We have also found that stimulation of
CD4* T cells with immobilized CD3 mAb in optimal
doses rapidly upregulate the expression of B7-H1 with-
in 24 hours, while suboptimal doses of CD3 mAb
requires more than 48 hours to induce B7-H1 expression
(data not shown). We conclude that B7-H1 is inducible
on human T cells and is preferentially expressed on acti-
vated CD4'T cells and CD45RO" memory T cells.

To evaluate the function of CD4* T cell-associated
B7-H1, we stimulated purified human CD4" T cells with
suboptimal concentrations (30 ng/ml) of anti-CD3 mAb
in combination with B7-H1 mAb. While anti-CD3 mAb
alone induced an absent or weak T cell response, signifi-
cant increases in T cell proliferation were observed by
inclusion of B7-H1 mAb. This effect, however, was less
potent than that of anti-CD28 mAb (Figure 3a). Costim-
ulatory activity was also observed using immobilized
human PD-1Ig fusion protein, suggesting an agonistic
effect of B7-H1 mAb. The effect of the B7-H1 mAbs was
dose dependent in a range of 2.5 to 10 pg/ml (Figure 3b).
Immobilization of B7-H1 mAb was critical for the effect
since B7-H1 mAD in soluble form in doses up to 20 pg/ml
were ineffective (Figure 3c). TCR signaling was also
required for proliferation, because B7-H1 mAD did not
stimulate T cell proliferation in the absence of anti-CD3
mADb (Figure 3a). Inclusion of soluble B7-H1Ig, which
competitively inhibits the interaction between T cell-asso-
ciated B7-H1 and B7-H1 mAb, significantly reduced the
costimulatory effect of B7-H1 mAb on T cells. In contrast,
soluble B7-1Ig or control Ig had no inhibitory effect (Fig-
ure 3d), confirming the specificity of the response.
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Figure 4

B7-H1 mAb promotes programmed cell death of activated CD4* T cells. (a) Human CD4* T cells were cultured with 10 pig/ml of immobi-
lized control (ctl) Ab, B7-H1 mAb, PD-1lg in the presence of precoated optimal dose (500 ng/ml) of CD3 mAb. The cells were analyzed by
FACS to determine apoptotic cells (positive in AV and negative in Pl staining). (b) Blocking of B7-H1 mAb-induced apoptosis by soluble
B7-H1lg. Control Ig or B7-H1lg at 10 plg/ml was preincubated with immobilized control Ab or B7-H1 mAb for 30 minutes before the addi-
tion of T cells. Percentages of apoptotic CD4* T cells were shown at 72 hours of culture. (¢) Expression of apoptotic genes by B7-H1 mAb
costimulation. Purified human CD4* T cells (5 % 10%) were cultured with immobilized B7-H1 mAb or control mAb at 10 g/ml in the pres-
ence of optimal dose of CD3 mAb. The mRNA levels of each gene from B7-H1 mAb-stimulated T cells were presented as the fold induction,
relevant to that from control mAb-treated T cells. (d) FACS analysis of expression of TRAIL protein on CD4* T cells 3 days after anti-CD3/B7-H1
mADb costimulation. (e) Purified human CD4* T cells were stimulated in the presence of indicated mAb or fusion protein in immobilized form
as indicated in the legend of a and the activated form of caspase-3 at the indicated time point was stained by FAM-DEVD-FMK and sub-
jected to FACS analysis. (f) Blocking of B7-H1 mAb-induced apoptosis of activated CD4* T cells by anti-IL-10 neutralizing mAb. Purified
human CD4* T cells were stimulated with immobilized CD3 mAb and B7-H1 mAb for 72 hours, and the apoptotic cells were analyzed by
AV and Pl staining. Control Ab and mAbs to Fas ligand, IL-2, or IL-10 at 10 pg/ml was included at the beginning of the culture.

The costimulatory functions of B7-H1 mADb are
very similar to the autoantibodies isolated from RA

Promoting apoptosis of activated CD4* T cells by B7-H1 mAb.
We have shown that one role of B7-H1 mAb is to pro-
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patients, which induced both phenotypic T cell
changes and distinct patterns of cytokine secretion.
Specifically, B7-H1 mAb induced high-levels of CD25
expression on CD4* T cells, an effect similar to that
using anti-CD3/CD28 mAb (Figure 3e). Additional-
ly, anti-CD3/B7-H1 mAb costimulation led to
increased secretion of IL-10 (Figure 3f). A small
increase of IFN-y secretion was also observed in cul-
ture supernatant, while IL-2 and IL-4 were not detect-
ed (data not shown). Taken together, our results sug-
gest a reverse-signaling function of B7-H1 for CD4*
T cell costimulation.

mote proliferation of CD4" T cells. This suggests that
B7-H1 autoantibodies in RA patients may contribute to
the persistent activation of newly recruited T cells when
they encounter self antigens. In RA patients, however,
many CD4* T cells are already mature/activated. The
effect of B7-H1 triggering by Ab’s on activated T cells
may be different from those observed on primary T cells.
To examine the effect of B7-H1 mAb on activated CD4*
T cells, we employed an in vitro culture system in which
optimal doses of anti-CD3 mAb can drive T cell prolif-
eration without additional costimulation. In this set-
ting, B7-H1 mAb significantly increased apoptosis of
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CD4"* T cells, as determined by double staining of P and
AV (Figure 4a). The cell death induced by B7-H1 mAb
was completely abrogated by preincubation of the mAb
with B7-H1Ig, but not with control Ig (Figure 4b). Sim-
ilarly, immobilized PD-1Ig also increased apoptosis of
activated T cells. Neither soluble nor immobilized mAb
to B7-H1 or PD-1Ig alone had an effect (data not
shown). In a different setting, CD4" T cells were preacti-
vated by optimal doses of anti-CD3 mAb for 48 hours,
in which all CD4" T cells express high levels of B7-H1,
and further stimulated with B7-H1 mAb. Similarly, pre-
activated T cells also had increased apoptosis after expo-
sure to a coligation of immobilized anti-CD3/B7-H1
mADb, but not to ligation of B7-H1 mAb alone (data not
shown). Our results suggest that B7-H1 mAD in the
presence of strong TCR signaling promotes apoptosis of
activated CD4* T cells.

To define the mechanism of the apoptotic effect, we
used DNA arrays for expression analysis of apoptosis-
related genes stimulated by B7-H1 mAb. Up to 72
hours after ligation with anti-CD3/B7-H1 mAb, mRNA
from CD4" T cells was extracted and hybridized to a
DNA array membrane. In three separate experiments,
transcription of caspase-10 and caspase-3 genes was
reproducibly increased. TRAIL was also upregulated
(Figure 4c). Enhanced gene expression was also con-
firmed by protein analysis. Specifically, elevated TRAIL
was found in anti-CD3/B7-H1 mAb-stimulated T cells
by staining with anti-TRAIL Ab in FACS analysis (Fig-
ure 4d). Significant increases of active caspase-3 were
also detected at 48 and 72 hours after stimulation (Fig-
ure 4e). Neither B7-H1 mAb nor anti-CD3 (at subopti-
mal doses) alone stimulated these changes. Anti-CD3
at high dose (1 pg/ml) could induce the activation of
caspase 3 but not the expression of TRAIL in activated
CD4" T cells (data not shown). These observations
emphasize dependence of a TCR signal in the effect of
B7-H1 mADb. Our results suggest that B7-H1 mAb
upregulates caspases and TRAIL on T cells, which may
facilitate activation-induced death of CD4* T cells.

IL-10 is a potent immunosuppressive cytokine that
stimulates Th2 CD4" T cell responses and enhances the
apoptosis of activated human T cells (20-23). B7-H1
mADb stimulated secretion of IL-10 from activated
CD4" T cells (Figure 3f), providing presumptive evi-
dence that IL-10 might play a role in the increased
apoptosis induced by B7-H1 mAb. To test this hypoth-
esis, we examined whether neutralization of IL-10 in
anti-CD3/B7-H1 mAb inhibited apoptosis. As shown
in Figure 4f, inclusion of anti-IL-10 mADb significantly
reduced the amount of apoptosis induced by anti-
CD3/B7-H1 mAb at 72 hours. In contrast, neutralizing
Ab’s against Fas ligand and IL-2 had no effect. Our
results suggest that IL-10 facilitates, at least in part, the
induction of apoptosis by B7-H1 mAb ligation.

Discussion
Autoantibodies to B7-H1 are found in the sera of a sig-
nificant portion of the RA patients, and the existence of

the autoantibodies is correlated with active status of the
disease. This finding suggests a role of B7-H1 autoanti-
bodies in the progression of RA. Further studies indicate
that human CD4* T cells preferentially express B7-H1
and engagement of T cell-associated B7-H1 by Ab cos-
timulate activation, proliferation, cytokine secretion,
and programmed cell death. Our results thus supporta
role of T cell-associated B7-H1 in reverse signaling of
CD4" T cells, and increased B7-H1 autoantibodies may
play arole in aberrant activation of T cells in RA and pos-
sibly other systemic autoimmune diseases.

Correlation between the existence of elevated autoan-
tibodies in RA patients and active disease provides an
important clue to consider regarding the potential role
of B7-H1 autoantibodies in the progression of diseases.
It is unknown, however, whether or not B7-H1 autoan-
tibodies are also quantitatively correlated with active
diseases due to the semiquantitative nature of ELISA
and subjective diagnostic standard for active diseases.
Our in vitro studies, however, suggest an important
contribution of B7-H1 autoantibodies in aberrant T
cell responses, which is often observed in RA patients,
by costimulating the resting T cells and inducing apop-
tosis of preactivated T cells. It is attempting to specu-
late that CD4* T cells in RA patients will have a higher
turnover rate and shorter life of T cells in the presence
of B7-H1 autoantibodies. One should keep in mind
that our results could represent a gross underestimate
of the importance of B7-H1 autoantibodies in the
pathogenesis of RA. Specifically, nearly all of the ther-
apeutic agents (e.g., methotrexate) employed have reg-
ulatory effects on the immune system and T cell biolo-
gy, making correlation of clinical markers of disease
and B7-H1 expression very difficult (24). Importantly,
definition of the effects of individual agents on B7-H1
expression may facilitate correlation of autoantibody
detection with both diagnosis and disease activity.

Although our results support that engagement of T
cell-associated B7-H1 transmits functional signaling,
the nature of this signaling is unknown. The cytoplas-
mic domain of B7-H1 does not contain obvious struc-
tural elements that are directly relevant to signaling for
cell activation or death (25, 26). Therefore, adapter pro-
teins might play a role in transmitting B7-H1 signal to T
cells. It is possible that multiple signaling pathways
might be involved, since B7-H1 signaling leads to diverse
outcomes including costimulation of T cell growth,
secretion of IL-10, upregulation of caspases, and TRAIL
leading to increased apoptosis of activated T cells. In
addition to autoantibodies, binding of B7-H1 by PD-1
receptor may also play a role in the B7-H1 signaling.
PD-1 is a CTLA-4-like molecule expressed on activated
T cells and has been implicated as a receptor for B7-H1
(15). PD-1-deficient mice spontaneously develop sys-
temic lupus-like autoimmune diseases characterized by
immune complex deposits in the renal parenchyma of
aged B6 mice (27). The in vitro effects of B7-H1 autoan-
tibody ligation were analogous to those observed with
immobilized PD-1I g (Figure 3), suggesting a possible
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role of PD-1 as a ligand to trigger T cell-associated
B7-H1 in aberrant CD4* T cell activation in RA patients.
Further studies are needed to clarify these issues.

Our results reveal that activated T cells could simul-
taneously express B7-H1, PD-1, and the putative second
B7-H1 receptor. Therefore, B7-H1 Ab’s can potentially
affect the interactions among these molecules. While
our results strongly support that B7-H1 autoantibodies
directly deliver an activation signal to T cells by cross-
linking B7-H1, it is also possible that B7-H1 Ab’s may
block or “sequestrate” B7-H1 from interacting with
PD-1, leading to a decreased negative signaling for T cell
response. Several lines of evidence, however, do not sup-
port this hypothesis in our system. We demonstrate that
only immobilized B7-H1 Ab’s could induce reverse cos-
timulation while soluble Ab’s did not (Figure 3c). This
result emphasizes the importance of cross-linking
rather than neutralizing Ab’s in the activation of T cells.
Furthermore, our SH1 mAb could not block the inter-
action between B7-H1 and PD-1, whereas it can partial-
ly inhibit binding of B7-H1 to a non-PD-1 receptor on
M99 T cells (Figure 2a). This result suggests that block-
ing or “sequestration” of B7-H1 by Ab’s in our experi-
mental condition would still allow B7-H1 to interact
with PD-1. Consistent with these findings, reverse cos-
timulation by B7-H1 autoantibodies could not be
blocked by PD-1Ig (Figure 1b), a result similar to our
previous finding that PD-1Ig also did not block the
effect of anti-CD3 mAb in the stimulation of T cell pro-
liferation and cytokine production (16). Taken togeth-
er, our results suggest that PD-1 is not involved in the
suppression of T cell responses in our systems.

The prevalence of autoantibodies to B7-H1 in the sera
of RA patients raised the question as to why tolerance
to B7-H1 is broken. Actually, we did not detect any
B7-H1 expression on the freshly isolated T cells from
ten RA patients (unpublished observation). This may be
caused by transient nature of B7-H1 expression and by
the anti-inflammation treatment of these patients. Pre-
viously, we have reported that the mRNA of B7-H1 can
be detected in various organs, including heart, lung,
liver, placenta, and spleen in healthy individuals. How-
ever,immunohistochemistry analysis using B7-H1 mAb
demonstrates no evidence of protein expression, except
macrophage-derived cells, including Kupffer cells in
liver and monocytes in blood (16). Expression of B7-H1,
however, can be induced in cells such as activated T cells
(14, 18). It is thus possible that in autoimmune diseases,
inflammatory tissues and cells may lead to ectopic
expression of B7-H1, which might serve as an antigen
source for elicitation of autoantibodies. Recently we
have found similar increases of B7-H1 autoantibodies
in patients with systemic lupus erythematosus and
autoimmune inner ear disease (unpublished data).
Defining the roles of B7-H1 and gaining a better under-
standing of the molecular pathways elicited after B7-H1
ligation will facilitate the development of novel thera-
pies for the treatment of autoimmune disease.
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