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Abstract

Objective—Peripheral blood lymphocytes (PBLs) from systemic lupus erythematosus (SLE)
patients exhibit increased spontaneous and diminished activation-induced apoptosis. We tested the
hypothesis that key biochemical checkpoints, the mitochondrial transmembrane potential (AY'm)
and production of reactive oxygen intermediates (ROIs), mediate the imbalance of apoptosis in
SLE.

Methods—We assessed the A¥'m with potentiometric dyes, measured ROI production with
oxidation-sensitive fluorochromes, and monitored cell death by annexin V and propidium iodide
staining of lymphocytes, using flow cytometry. Intracellular glutathione levels were measured by
high-performance liquid chromatography, while ATP and ADP levels were assessed by the
luciferin—luciferase assay.

Results—Both A¥m and ROI production were elevated in the 25 SLE patients compared with
the 25 healthy subjects and the 10 rheumatoid arthritis patients. Intracellular glutathione contents
were diminished, suggesting increased utilization of reducing equivalents in SLE. H,05, a
precursor of ROIs, increased A¥'m and caused apoptosis in normal PBLs. In contrast, H,O5-
induced apoptosis and A¥'m elevation were diminished, particularly in T cells, and the rate of
necrotic cell death was increased in patients with SLE. The intracellular ATP content and the
ATP:ADP ratio were reduced and correlated with the A¥'m elevation in lupus. CD3:CD28
costimulation led to transient elevation of the A¥'m, followed by ATP depletion, and sensitization
of normal PBLs to H,0,-induced necrosis. Depletion of ATP by oligomycin, an inhibitor of FgF1—
ATPase, had similar effects.

Conclusion—T cell activation and apoptosis are mediated by A¥'m elevation and increased ROI
production. Mitochondrial hyperpolarization and the resultant ATP depletion sensitize T cells for
necrosis, which may significantly contribute to inflammation in patients with SLE.
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Systemic lupus erythematosus (SLE) is a chronic inflammatory disease accompanied by
signaling abnormalities in T and B lymphocytes and production of antinuclear
autoantibodies. Several lines of evidence suggest that abnormalities of programmed cell
death, or apoptosis, underlie the pathology of SLE (1,2). Apoptosis represents a physiologic
mechanism for the elimination of potentially autoreactive lymphocytes during development
(3). After completion of an immune response, excess T or B cells are also removed by
apoptosis (4).

Defects in apoptotic signaling through the Fas pathway contribute to autoimmunity in lpr
and gld mice (5,6). While mutations of Fas receptor (FasR) or Fas ligand (FasL) have been
associated with a lupus-like autoimmune syndrome in mice with the Ipr or gld background
(5) and FasR defects have been documented in a rare form of lymphoproliferative disease in
humans (7,8), Fas-mediated signaling appears to be intact in patients with SLE (9-11).
Defective CD3-mediated cell death in lupus patients, possibly related to decreased
intracellular synthesis of tumor necrosis factor a (TNFa), has been linked to the persistence
of autoreactive cells (10). In contrast, increased spontaneous apoptosis of peripheral blood
lymphocytes (PBLs) has been linked to chronic lymphopenia (12) and compartmentalized
release of nuclear autoantigens in patients with SLE (13).

Reactive oxygen intermediates (ROIs) have long been considered to be toxic byproducts of
aerobic existence; however, evidence is now accumulating that controlled levels of ROls
modulate various aspects of cellular function and are necessary for signal transduction
pathways, including those mediating T cell activation (14-16) and apoptosis (17-20).
Increased production of ROIs was demonstrated in studies of TNF-(21-23) and Fas-
mediated cell death (20,24-29). Disruption of the mitochondrial membrane potential has
been proposed as the point of no return in apoptotic signaling (24,30,31). Recent data from
this laboratory indicate that elevation of the mitochondrial transmembrane potential (A¥Y'm),
i.e., mitochondrial hyperpolarization, occurs in the early phase of Fas-induced apoptosis of
Jurkat human leukemia T cells and normal human PBLs (29). Mitochondrial
hyperpolarization precedes phosphatidylserine (PS) externalization and a disruption of A¥m
in Fas- (29) and H,O»-induced apoptosis (32). These observations were confirmed and
extended to p53 (33), TNFa (34), and staurosporine-induced apoptosis (35). Elevation of
the A¥'m occurs independently of activation of caspases and represents an early event in
apoptosis (29,33).

The precise mechanism underlying increased spontaneous and decreased activation-induced
apoptosis in lymphocytes from SLE patients is yet to be elucidated. To address this
important issue, we investigated key biochemical checkpoints, A¥m and ROI production, in
spontaneous and H,0,-induced apoptosis. Depending on A¥'m, H,0, is transformed into
ROIs in mitochondria (36,37). The A¥m is the result of an electrochemical gradient
maintained by 2 transport systems, the electron-transport chain and the FoF1—ATPase
complex (37). The electron-transport chain catalyzes the flow of electrons from NADH to
molecular oxygen and the translocation of protons across the inner mitochondrial
membrane, thus creating a voltage gradient with negative charges inside the mitochondrial
matrix (38). FgF1—ATPase complexes play crucial roles in oxidative phosphorylation, such
as the conversion of ADP to ATP at the expense of the electrochemical gradient during
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oxidative phosphorylation (38). Using the energy of ATP hydrolysis, FoF1—ATPase can
pump protons out of the mitochondrial matrix into the intermembrane space, thus causing an
elevation of A¥m.

The findings of the present study reveal a key role for coordinate mitochondrial
hyperpolarization and ATP depletion in abnormal T cell death in patients with SLE.

PATIENTS AND METHODS

Study subjects

Twenty-five patients with SLE were evaluated. All of them satisfied the American College
of Rheumatology (ACR) criteria for a definitive diagnosis of SLE (39). Twenty-three
women with a mean + SD age of 39.3 + 5.3 years (range 18-63 years) and 2 men with a
mean + SD age of 44.8 + 10.2 years (ages 25 and 55 years, respectively) were studied. As
controls, 25 age- and sex-matched healthy subjects and 10 patients with rheumatoid arthritis
(RA) (8 women with a mean £ SD age of 51.3 + 6.7 years; 2 men with a mean £ SD age of
54.0 + 0.0 years) diagnosed according to the ACR criteria (40) were studied.

The RA patients were receiving methotrexate, sulfasalazine, cyclosporin A, leflunomide, or
etanercept. Fifteen of the SLE patients were receiving prednisone (5-50 mg/day) and 17
were receiving immunosuppressive drugs, including hydroxychloroquine (200-400 mg/day)
and either azathioprine (50 mg/day) or methotrexate (7.5 mg/week).

Disease activity in the SLE patients was assessed by the SLE Disease Activity Index
(SLEDAI) (41). Eleven patients had SLEDAI scores of <10 and were considered to have
relatively inactive disease. The remaining 14 patients had SLEDAI scores of >10 and were
considered to have active disease. The study was approved by the Institutional Review
Board for the Protection of Human Subjects.

Cell culture and viability assays

Peripheral blood mononuclear cells were isolated from heparinized venous blood on a
Ficoll-Hypaque gradient. PBLs were separated after the removal of monocytes by adherence
to autologous serum—coated petri dishes (42). PBLs were resuspended at 10° cells/ml in
RPMI 1640 medium, supplemented with 10% fetal calf serum, 2 mM c-glutamine, 100
IU/ml of penicillin, and 100 pg/ml of gentamicin in 12-well plates at 37°C in a humidified
atmosphere with 5% CO,. The rate of apoptosis was assessed after incubation for 20
minutes and for 1, 2, 3, 16, 24, and 72 hours in the presence or absence of 50 uM H,0,.

Stimulation of CD3 antigen was performed by adding PBLs to plates that had been
precoated with 1 ug/ml/well of OKT3 monoclonal antibody (mAb) (CRL 8001; American
Type Culture Collection, Rockville, MD) for 1 hour at 37°C. CD28 costimulation was
performed by addition of 500 ng/ml of mAb CD28.2 (PharMingen, San Diego, CA).
Proliferative responses were assessed by 3H-thymidine incorporation assay (42).

Apoptosis was monitored by observing cell shrinkage and nuclear fragmentation, and was
quantified by flow cytometry after concurrent staining with fluorescein isothiocyanate
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(FITC)-conjugated annexin V (fluorescence channel 1 [FL-1]; R&D Systems, Minneapolis,
MN) and propidium iodide (PI) (FL-2) as described previously (20,29,43,44). Staining with
phycoerythrin (PE)-conjugated annexin V (R&D Systems) was used to monitor PS
externalization (FL-2) in parallel with measurement of ROI levels and A¥'m (see below).
Apoptosis rates were expressed as the percentage of annexin VV—positive/Pl-negative cells.

Necrosis was assessed by observing cellular and nuclear swelling (3). Swollen nuclei of
necrotic cells were observed by staining with P1 (50 pg/ml). Necrotic cells were enumerated
by direct PI staining using flow cytometry and fluorescence microscopy. Necrosis rates were
expressed as the percentage of the Pl-positive population within annexin-positive cells. As
described previously (20,45), neither live nor apoptotic cells stained directly with Pl and
required permeabilization with 0.1% Triton X-100. When using hydroethidine (HE) (FL-2)
for ROI measurement, cells were costained with annexin V-FITC. Thus, annexin V-PE and
annexin V-FITC were matched with the emission spectra of potentiometric and oxidation-
sensitive fluorescent probes. Specific combinations are described in the figure legends.

Staining with annexin V alone or in combination with dihydrorhodamine (DHR) or 3,3~
dihexyloxacarbocyanine iodide (DiOCg) was carried out in 10 mM HEPES, pH 7.4, 140 mM
NaCl, and 2.5 mM CaCl,. Using 3-color fluorescence, mitochondrial ROI levels, A¥m, and
PS externalization within T cell subsets were concurrently analyzed by parallel staining with
DHR or DiOCg (FL-1), annexin V-PE (FL-2), and Quantum Red/Cy5-conjugated mAb to
CD3, CD4, and CD8 (FL-3; Sigma, St. Louis, MO), as well as CD45RA and CD45R0O
(PharMingen). Quantum Red contains 2 covalently linked fluorochromes, PE and Cy5. PE
absorbs light energy at 488 nm and emits at 670 nm, in the excitation range of Cy5, which
acts as an acceptor dye. For fluorescence microscopy, cells were photographed using a
Nikon Eclipse E800 camera (Nikon, Tokyo, Japan). Green and red fluorescent images were
digitally superimposed using SPOT software (Diagnostic Instruments, Sterling Heights, MI).

Flow cytometric analysis of ROl production and A¥m

Production of ROIs was assessed fluorometrically using oxidation-sensitive fluorescent
probes 5,6-carboxy-2",7”-dichlorofluorescein diacetate (DCFH-DA), DHR, and HE
(Molecular Probes, Eugene, OR) as described elsewhere (20). Following the apoptosis
assay, cells were washed 3 times in 5 mM HEPES buffered saline, pH 7.4, incubated in
HEPES buffered saline with either 0.1 uM DHR for 2 minutes, 1 uyM DCFH-DA for 15
minutes, or 1 pM HE for 15 minutes, and the samples were analyzed using a FACStar Plus
flow cytometer (Becton Dickinson, Mountain View, CA) equipped with an argon ion laser
delivering 200 mW of power at 488 nm. Fluorescence emission from 5,6-carboxy-2",7"-
dichlorofluorescein (DCF; green) or DHR (green) was detected at a wavelength of 530 + 30
nm (mean + SEM). Fluorescence emission from oxidized HE, ethidium (red), was detected
at a wavelength of 605 nm. Dead cells and debris were excluded from the analysis by
electronic gating of forward and side scatter measurements. While R123, the fluorescent
product of DHR oxidation, binds selectively to the inner mitochondrial membrane, ethidium
and DCF remain in the cytosol of living cells. DHR and HE were more sensitive than DCF
for measuring ROI production.
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The A¥m was estimated by staining with 20 nm DiOCg (Molecular Probes), a cationic
lipophilic dye (24,46,47), for 15 minutes at 37°C in the dark before flow cytometry
(excitation 488 nm, emission 525 nm, recorded in FL-1). The fluorescence of DiOCg is
oxidation-independent and correlates with A¥'m (47). We also quantitated A¥Y'm with a
potential-dependent J-aggregate-forming lipophilic cation, 5,5”,6,6 -tetrachloro-1,1",3,3’-
tetraethylbenzimidazolocarbocyanine iodide (JC-1) (48). JC-1 selectively incorporates into
mitochondria, where it forms monomers (green fluorescence at 527 nm) or aggregates, at
high transmembrane potentials (red fluorescence at 590 nm) (48,49). Cells were incubated
with 0.5 UM JC-1 for 15 minutes at 37°C before flow cytometry. Cotreatment with a
protonophore, 5 uM carbonyl cyanide m-chlorophenylhydrazone (Sigma) for 15 minutes at
37°C resulted in decreased DHR, DiOCg, and JC-1 fluorescence and served as a positive
control for disruption of A¥m (29). Each measurement was performed on 10,000 cells.

Measurement of ATP

Intracellular ATP levels were determined using the luciferin-luciferase method (50). PBLs
(5 x 106) that had been cultured in vitro for 16 hours were collected by centrifugation and
washed in phosphate buffered saline. The pellet was resuspended in 50 pl of phosphate
buffered saline and mixed with equal volumes of 2.5% trichloroacetic acid. These extracts
were stored at —20°C.

The total protein content of each sample was determined using the Lowry assay (51). The
ATP levels in PBLs from SLE patients and control donors were assayed in parallel. The
bioluminescence assay was performed in an AutoLumat LB953 automated luminometer
(Berthold, Wildbad, Germany) using an ATP determination kit (Molecular Probes)
according to the manufacturer's instructions. ATP standard curves were established in each
experiment and were linear in the 5-5,000 nM range. To eliminate the impact of nonspecific
inhibitors in the cellular extracts, standard amounts of ATP were added to the reaction
mixtures as controls and ATP levels were remeasured (52). The sample volume added to the
reaction mixtures was <2% of the total assay volume. The ATP:ADP ratio and ADP levels
were assessed with the ApoGlow kit (Lumitech, Nottingham, UK).

Measurement of glutathione levels

The total glutathione content was determined by the enzymatic recycling procedure
essentially as described by Tietze (53). Cells (106) were resuspended in 50 pl of 4.5% 5-
sulfosalicylic acid. The acid-precipitated protein was pelleted by centrifugation at 4°C for 10
minutes at 15,000g. The total protein content of each sample was determined using the
Lowry assay (51). The reduced glutathione (GSH) content of the aliquot assayed was
determined in comparison with reference curves generated with known amounts of GSH
(20).

GSH and oxidized glutathione (GSSG) were measured by reverse-phase ion-exchange high-
performance liquid chromatography (HPLC) using ultraviolet light detection at 365 nm (54).
Briefly, 10° cells were deproteinized in the presence of 10% perchloric acid and 1 mM
bathophenanthrolinedisulfonic acid. After repeated freezing and thawing, samples were
centrifuged at 15,000g for 3 minutes. Then, 50 pl of 100 mM monoiodoacetic acid in 0.2
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mM m-cresol purple was added to 500 pl of supernatant. Samples were neutralized by the
addition of 480 pl of 2M KOH and 2.4M KHCOs3 and incubated in the dark at room
temperature for 10 minutes. Then, 1 ml of 1% fluorodinitrobenzene was added, and the
samples were incubated in the dark at 4°C overnight. After centrifugation and filtering, 100
ul of the supernatants was injected into the HPLC equipped with a photodiode array detector
(Waters Alliance System, Milford, MA) and a Waters Spherisorb NH, column (4.6 x 250
mm; 10 pm).

Statistical analysis

RESULTS

Alterations in cell survival, ROI production, AYm, GSH, and ATP levels were analyzed by
Student's t-test or Mann-Whitney rank sum test for nonparametric data. Correlation was
analyzed using Pearson's correlation coefficient. Changes were considered significant at P <
0.05.

Mitochondrial hyperpolarization and increased ROI levels in peripheral blood T
lymphocytes from SLE patients

Spontaneous apoptosis was assessed after 16 hours' incubation of PBLs from patients with
SLE in parallel with PBLs from control donors, based on binding of fluorochrome-
conjugated annexin V to externalized PS on the surface of apoptotic cells (43,44). The rate
of cell death was increased in PBLs from SLE patients compared with those from the 25
healthy donors as well as those from the 10 patients with RA (Table 1). Apoptosis was
higher among SLE patients with SLEDAI scores >10, as compared with patients with
SLEDAI scores <10 (Table 1), which is consistent with previously reported findings (12,55).
Apoptosis rates were similar in patients taking and those not taking corticosteroids (Table
1). Similarly, apoptosis rates in SLE patients treated with immunosuppressive agents did not
differ from those in patients who were not treated with these medications (Table 1).

Elevations of AW'm and ROI levels are key early checkpoints in several apoptosis pathways
(29,32,33,35). To monitor the timing of PS externalization with respect to A¥m and
mitochondrial ROI production, cells undergoing apoptosis were analyzed by staining with
annexin V-PE (FL-2) or annexin V-FITC (FL-1), which were matched with the emission
spectra of concurrently utilized potentiometric (DiOCg, FL-1; JC-1, FL-2) and oxidation-
sensitive (DHR, FL-1; HE, FL-2) fluorescent probes, respectively, as described previously
(29). The A¥m and ROI levels were elevated in annexin VV-negative cells from SLE
patients compared with those from healthy or RA donors (Table 1). The A¥m and ROI
levels did not correlate with SLEDAI scores or with corticosteroid or immunosuppressive
drug treatment in lupus patients (Table 1).

As shown in Figure 1, the rate of spontaneous apoptosis (annexin V-PE staining, red
fluorescence) was increased and AY'm was elevated (as indicated by more intense green/
DiOCg fluorescence) in annexin V—PE-negative nonapoptotic cells in lupus PBLs. This was
consistent with previous findings that elevation of A¥'m precedes PE externalization in
apoptosis signaling (29,32,33,35).
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The ratio of A¥m(cpz+) to A¥'mcps-) was 0.97 + 0.06 (mean + SEM) in control donors
and 1.34 + 0.12 in lupus patients (P = 0.01) (Figure 2). Thus, mitochondrial
hyperpolarization was confined to CD3+ T lymphocytes (Figure 2), affecting CD4, CD8,
CDA45R0, and CD45RA cell subsets in lupus patients (data not shown).

Diminished levels of GSH in SLE patients

A normal reducing environment, which is required for cellular integrity, is provided by
GSH, which protects cells from damage by ROIs (56). GSH and its oxidized form, GSSG,
were measured in freshly isolated PBLs by HPLC. GSH levels were diminished in patients
with SLE (mean £ SEM 3.60 + 0.30 ng/ug of protein) compared with those of normal
donors (5.11 + 0.50 ng/ug of protein) (P = 0.016). No difference in GSSG content was found
between lupus patients (1.17 + 0.09 ng/ug of protein) and control donors (1.13 + 0.10 ng/ug
of protein).

Induction of necrosis rather than apoptosis by H,O, in SLE patients

ROIs modulate cellular function and are necessary for signal transduction pathways,
including those mediating apoptosis (17,19,20,57,58) and T cell activation through the
CD3-T cell receptor (TCR) complex (15,16). Treatment with 50 pM H,05, a precursor of
ROls, induced apoptosis of PBLS, a finding consistent with previous reports (20,32).
Interestingly, a greater proportion of lupus PBLs showed morphologic changes, cellular and
nuclear swelling, and trypan blue staining, which is consistent with necrosis (3). The
proportion of cellular debris was also increased in SLE patients upon H,0O, treatment.

The swollen nuclei of necrotic cells were visualized by staining with P1 (Figure 3A).
Necrotic cells were enumerated by PI staining using flow cytometry. PI staining was
dramatically increased among annexin VV—positive cells from lupus patients upon H,O,
treatment (Figure 3B). While rates of spontaneous apoptosis were higher in lupus PBLs
(Table 1), rates of increased apoptosis (annexin VV—positive/Pl-negative) 16 hours after
exposure to HoO5 were diminished (P < 0.0001) in SLE patients (10.3 + 1.1%) compared
with control donors (20.5 + 0.8%) (Figure 3C). In response to treatment with H,O5, 4.5 +
0.8% of normal PBLs underwent necrosis, while the rate of necrosis was 19.0 + 1.2% in
lupus PBLs (P < 0.0001) (Figure 3D). The rate of necrosis in response to H,O5 treatment in
patients with RA (5.2 + 1.3%) was similar to that in healthy controls. The rate of necrosis
was increased in lupus patients (19.0 £ 1.2%; P < 0.0001) with respect to both control and
RA donors.

Blunting of the H,0»-induced elevation of A¥m and ROI levels in T cells from SLE patients

H,0, induces mitochondrial ROI production, which, in turn, leads to apoptosis (32,36). As
expected, treatment with H,O, increased the ROI content of annexin VV—negative cells
(Figure 4A). The extent of H,O5-induced changes in ROI levels, as monitored by DHR and
HE fluorescence, correlated with increases in annexin V positivity both in healthy and SLE
donors (Figure 4B). H,O»-induced elevations in ROI levels were diminished in patients with
SLE (Figure 4C).
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To further assess mitochondrial function, A¥'m was measured by DiOCg and JC-1
fluorescence. As shown in Figure 5A, A¥'m was increased as early as 20 minutes after
exposure of normal PBLs to H»O». In contrast, H,O, treatment failed to shift A¥m in lupus
PBLs (Figures 5A and B). Both in control and in lupus PBLs, A¥'m dropped below baseline
levels 16 hours after addition of H,O, (Figure 5A), in accordance with disruption of A¥'m at
later stages of the apoptotic process (29). Similar results were obtained with DiOCg and
JC-1 probes (Figures 5A and B).

In control PBLs, the ratio of CD3-positive cells increased within the annexin V—positive
compartment following H,O, exposure (Figure 6A). In contrast, lupus T cells were
relatively resistant to H,O,-induced apoptosis (Figures 6A and B). No differences in the
rates of apoptosis were noted between CD4 and CD8 cells in controls or SLE patients (data
not shown).

Diminished levels of intracellular ATP in SLE patients

Hyperpolarization of A¥m in lupus T cells and their inability to raise A¥'m after H,0,
treatment indicate a fundamental mitochondrial dysfunction in SLE. The A¥'m is the result
of an electrochemical gradient maintained by 2 transport systems, the electron transport
chain and the FoF1—ATPase complex (37). The FgF1—ATPase complex can synthesize or
hydrolyze ATP, depending on the presence or absence of an electro-chemical proton
gradient and substrate availability (37). The intracellular ATP concentration is also a key
factor in the decision between apoptosis and necrosis in Jurkat human T cells (59). In yeast,
hyperpolarization of A¥'m and ROI production were found to be mediated by the proton-
pumping function of the FoF1—ATPase complex coupled with ATP depletion (60).
Therefore, we examined whether elevated baseline AY'm (mitochondrial hyperpolarization)
and predisposition for H,O,-induced necrosis were due to ATP hydrolysis in SLE.

As shown in Figure 7A, intracellular ATP concentrations were diminished (P = 0.002),
while ADP levels were normal in lupus patients. ATP levels were independent of
medication or disease activity (data not shown). The ATP levels in RA patients were similar
to those in control donors and were higher than those in SLE patients (P = 0.0147). Of note,
ATP concentrations correlated inversely with the AY'm in SLE patients (Figure 7B). This
suggested that hyperpolarization of A¥'m was related to an increased ATPase/proton-
pumping activity of the FgF,—ATPase rather than diminished ATP synthesis due to limiting
ADP pools.

To assess whether ATP depletion and hyperpolarization of A¥m are mediated by the FgFq
complex, its activity was blocked with oligomycin (59). Because oligomycin selectively
inhibits FgF1-mediated generation of ATP in mitochondria, we cultured normal PBLS in
medium with a high concentration of glucose to maintain ATP levels within 80% of baseline
through anaerobic glycolysis (59). Pretreatment of PBLs with oligomycin for 30 minutes
lowered the intracellular concentration of ATP by a mean + SEM 22.8 + 4.3% (P < 0.01)
and led to an elevation of the A¥m (Figure 8A).
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Induction of A¥m elevation and ATP depletion and sensitization for H,O»-induced
necrosis by CD3/CD28 costimulation of control PBLs

Defective signaling through the CD3-TCR complex is thought to play a central role in the
pathogenesis of SLE (61,62). Pre-stimulation with mitogenic lectins (29) or anti-CD3
antibody for 5 days is required to sensitize peripheral blood T lymphocytes to apoptotic
signaling through the FasR (9,63,64). Incubation of PBLs for as little as 20 minutes on ice
with 1 pg/ml of Fas antibody or concanavalin A increased the A¥m (29). These
observations suggested that elevation of the A¥'m is required for both T cell activation and
apoptosis.

To assess this possibility, we examined the effect of CD3/CD28 costimulation on A¥m and
ROI levels. PBLs were added to plates that had been precoated with 1 pg/ml/well of OKT3
mADb and costimulated with 500 ng/ml of CD28 mAb for up to 3 days. CD3/CD28
costimulation resulted in a transient elevation of A¥'m, which began as early as 5 minutes
and peaked ~1 hour after treatment, as noted by both DiOCg and JC-1 measurements (Figure
8A). CD3/CD28-induced mitochondrial hyperpolarization was followed by depletion of
intracellular ATP 30-60 minutes later. ATP depletion lasted up to 4 hours, then returned to
baseline levels (Figure 8A).

CD3/CD28 prestimulation or oligomycin pre-treatment of normal PBLs prevented H,Oo-
induced elevation of AY'm beyond that caused by CD3/CD28 or oligomycin alone (Figure
8B). CD3/CD28 prestimulation for 1 hour facilitated necrosis of normal lymphocytes upon
exposure to HyOo. Likewise, ATP depletion by oligomycin pretreatment enhanced H,0,-
induced necrosis (Figure 8C).

DISCUSSION

The present study identifies deviations in key biochemical checkpoints that mediate
abnormal apoptosis of lupus T cells. We found that A¥'m and ROI levels were elevated in
SLE patients compared with healthy controls and with RA controls. GSH levels were
diminished in freshly isolated PBLs from SLE patients, which was consistent with ongoing
oxidative stress in vivo.

Increased ROI production may lead to skewed expression of redox-sensitive lymphokines
and surface receptors. For example, ROIs regulate gene transcription and the release of
TNFa and interleukin-10 (IL-10) (65), both of which are elevated in sera (66,67) and freshly
isolated PBLs (68,69) from SLE patients. Cell surface expression of FasR (70-72) and FasL
is also redox sensitive (73). Along the same line, increased spontaneous apoptosis of
lymphocytes has been linked to increased IL-10 production, release of FasL, and
overexpression of FasR (55,74,75). Elevated nitric oxide production may also contribute to
increased spontaneous apoptosis (76,77). Mitochondrial ROl production and A¥Y'm are early
checkpoints in Fas- (29) and H,O,-induced apoptosis (32). Increased ROI levels confer
sensitivity to H,O,, nitric oxide, TNFa, and Fas-induced cell death (20). Therefore, elevated
baseline levels of ROl and A¥'m may play key roles in the enhanced spontaneous death of
PBLs in patients with SLE.
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Glucocorticoid hormones, cytotoxic drugs, and hydroxychloroquine can induce apoptosis of
thymocytes and accelerate cell death of mature lymphocytes (3,78). Most of our SLE and
RA patients received a combination of corticosteroids, hydroxychloroquine, and other
immunosuppressive medications. Spontaneous apoptosis, A¥m, and ROI levels in PBLs
from SLE patients were elevated in comparison with those in PBLs from healthy controls
and RA patients. Consistent with previous findings (12), spontaneous apoptosis was not
accelerated in patients with RA in comparison with healthy controls. Furthermore, enhanced
spontaneous death, mitochondrial hyperpolarization, or increased ROI production by PBLs
from patients with SLE was not associated with the administration of steroids,
hydroxychloroquine, or cytotoxic drugs. Therefore, mitochondrial hyperpolarization,
increased ROI production, and enhanced spontaneous apoptosis of lupus PBLs can be
attributed primarily to disease pathogenesis.

Complement deficiency affects clearance of immune complexes and could also influence the
elimination of apoptotic bodies, thus evoking an autoimmune response (79). However,
mitochondrial hyperpolarization affects nonapoptotic annexin V—negative cells, and it is
unlikely to be a result of complement deficiency and diminished clearance of apoptotic
bodies. Indeed, we found no correlation between complement deficiency and
hyperpolarization in our SLE patients. This is consistent with an association between
complement deficiency and disease activity and a lack of association between
hyperpolarization and disease activity. Previously, Georgescu et al (55) found increased
apoptosis in 3 patients with vasculitis, 2 with Wegener's granulomatosis, and 1 with
Takayasu arteritis. Systemic vasculitis can also be a manifestation of lupus. Within the
group of 25 patients with SLE, the extent of mitochondrial hyperpolarization or ATP
depletion in the 6 patients who had vasculitis was similar to that in the 19 patients who did
not have vasculitis. Eleven of the 25 SLE patients had a SLEDAI score <10, of whom 10
had a SLEDAI score <5. The 10 patients with a SLEDAI score <5 also showed
mitochondrial hyperpolarization and ATP depletion; thus, these biochemical changes are not
due to a systemic inflammatory response.

ROIs mediate signaling through the CD3/CD28 receptors. In response to treatment with
exogenous H,0,, a precursor or RO, lupus T cells failed to undergo apoptosis, and cell
death preferentially occurred via necrosis. Endogenous H,O, is generated by superoxide
dismutase from ROIls, O,~, or OH™, in mitochondria (36). In turn, H,O, is scavenged by
catalase and glutathione peroxidase (56). While H,0, is freely diffusible, it has no unpaired
electrons and, by itself, is not an ROI (36). Induction of apoptosis by H,O, requires
mitochondrial transformation into an RO, e.g., OH™, through the Fenton reaction (36,37).
As previously noted (32), H,O5 triggered a rapid increase in A¥m and ROI production that
was followed by apoptosis of PBLs in healthy subjects. In contrast, H,O5 failed to elevate
A'¥Ym, ROI production, and apoptosis, but rather, elicited necrosis in lupus patients. Both
CD3/CD28-induced H,0, production and H,0,-induced apoptosis require mitochondrial
ROI production. Therefore, diminished CD3/CD28-induced H,0, production and H,O»-
induced apoptosis together with deficient elevation of AY'm and ROI levels reveal
deviations of key biochemical checkpoints in the mitochondria of patients with SLE.
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Baseline mitochondrial hyperpolarization and ROI levels correlated with diminished GSH
levels in patients with SLE, suggesting increased utilization of reducing equivalents. It is
presently unclear whether synthesis of GSH or regeneration of GSH from its oxidized form
is altered in lupus patients. GSH is also required for IL-2-dependent T cell proliferation (14)
as well as CD2- and CD3-mediated T cell activation (80). Thus, a low GSH content may
also inhibit CD3-induced H,0, production. Nevertheless, GSH deficiency predisposes cells
for ROI-induced cell death (20,32,81). Diminished H,O»-induced apoptosis of cells with
low baseline GSH levels indicates a severe dysfunction of redox signaling in patients with
SLE.

The A¥m (negative inside and positive outside) is dependent upon the electron-transport
chain transferring electrons from NADH to molecular oxygen and on proton transport
mediated by the FgF1—ATPase complex (37). During oxidative phosphorylation, the FoF1—
ATPase converts ADP to ATP, utilizing the energy stored in the electrochemical gradient.
Alternatively, using the energy of ATP hydrolysis, FoF1—ATPase can pump protons out of
the mitochondrial matrix into the intermembrane space, causing A¥'m hyperpolarization.

Thus, mitochondrial hyperpolarization may occur by 1 of 2 ways. First, deficiency of
cellular ADP could cause diminished utilization of the electrochemical gradient, ATP
depletion, and hyperpolarization. However, ADP levels were not diminished, but were
slightly elevated, in lupus PBLs. This suggested that ATP depletion and AYm
hyperpolarization were not due to a lack of ADP in patients with SLE. Second, inhibition of
the enzymatic activity of FgF1—ATPase would decrease utilization of the electrochemical
gradient and cause A¥'m hyperpolarization, ATP depletion, and ADP accumulation. Since
blocking of FgF1—ATPase by oligomycin led to AY'm hyperpolarization and elevated ROI
production, prevented H,O»- or CD3/CD28-induced elevation of A¥Y'm in normal PBLs, and
sensitized for H,O5_ induced necrosis, a similar mechanism may also be operational in
patients with SLE. Indeed, we found an inverse correlation, i.e., an association of diminished
apoptosis with increased necrosis, upon H,O, treatment of PBLs from patients with SLE (P
=0.0038). Moreover, the rate of H,O,-induced necrosis correlated inversely with ATP
levels in lupus patients (P = 0.0026). These findings are consistent with a requirement of
ATP for apoptosis and predisposition by ATP depletion for necrosis (59).

With A¥'m hyperpolarization and extrusion of H* ions from the mitochondrial matrix, the
cytochromes within the electron transport chain become more reduced, which favors the
generation of ROIs (38). Thus, mitochondrial hyperpolarization is a likely cause of
increased ROI production and may be ultimately responsible for increased spontaneous
apoptosis in patients with SLE. Mitochondrial hyperpolarization also occurs during T cell
activation, which indicates that this event represents an early and reversible step in
apoptosis. CD3/CD28 stimulation caused a transient elevation of AY'm and ATP depletion
and sensitized cells to HoO»-induced necrosis. Thus, repetitive T cell activation in vivo
could be responsible for prolonged mitochondrial hyperpolarization and ATP depletion in
SLE. A 28-32% increase in the —200 mV A¥'m may have a tremendous impact on
mitochondrial energy coupling and ATP synthesis (37). Both T cell activation and apoptosis
require the energy provided by ATP (82). The intracellular ATP concentration is a key
switch in the cell's decision to die via apoptosis or necrosis (59), and therefore, depletion of
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ATP may be responsible for defective H,O,-induced apoptosis and a shift to necrosis in
patients with SLE.

Apoptosis is a physiologic process that results in nuclear condensation and break-up of the
cell into membrane-enclosed apoptotic bodies suitable for phagocytosis by macrophages,
thus preventing inflammation. In contrast, necrosis is a pathologic process that results in
cellular swelling, followed by lysis and release of proteases, oxidizing molecules, and other
proinflammatory and chemotactic factors, resulting in tissue damage and increased
availability of free autoantigens (3). Indeed, lymphocyte necrosis occurs in the bone marrow
(83) and lymph nodes of lupus patients (84) and may significantly contribute to the
inflammatory process (85). Therefore, ATP depletion and mitochondrial hyperpolarization
not only play key roles in abnormal T cell activation and cell death in patients with SLE, but
also represent novel targets of pharmacologic intervention.
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Figure 1.

Fluorescence microscopy (top panels) and flow cytometry (bottom panels) of the
mitochondrial transmembrane potential (AW'm) in peripheral blood lymphocytes (PBLS)
from a healthy control subject and a patient with systemic lupus erythematosus (SLE). Cells
were cultured for 16 hours in vitro and stained with annexin V—phycoerythrin (PE) (red) and
with 3,3’ -dihexyloxacarbocyanine iodide (DiOCg) (green) and visualized by fluorescence
microscopy (original magnification x 200). The A¥m (green fluorescence; fluorescence
channel 1 [FL-1]) was increased in nonapoptotic cells of SLE PBLs, and the frequency of
apoptotic cells (red fluorescence; FL-2) was increased in SLE PBLs. Numbers in the upper
right corner of the dot-plots show the percentage of annexin V—positive cells; x mean =
mean channel fluorescence of DiOCg (FL-1) in annexin VV-negative cells; numbers at the top
of the histograms show the mean channel fluorescence of 5,5",6,6 -tetrachloro-1,1",3,3’-
tetraethylbenzimidazolocarbocyanine iodide (JC-1; FL-2) gated on live cells, based on
forward/side scatter analysis.
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Figure 2.
Prominence of mitochondrial hyperpolarization in T cells from SLE patients. A, PBLs were

cultured in vitro for 16 hours, and the AY'm was measured by DiOCg fluorescence (FL-1). T
cells were detected by staining with Cy5-conjugated anti-CD3 monoclonal antibody (FL-3
in the dot-plots). Annexin V—positive cells were electronically gated out. Histograms
showing the A¥'m (DiOCg fluorescence; FL-1) of CD3-positive cells (open) are overlaid on
those showing the A¥'m of CD3-negative cells (shaded). Numbers at the top of the
histograms show the A¥'m ratio of CD3-positive to CD3-negative cells. B, The A¥'m ratio
of CD3-positive to CD3-negative cells in 25 patients with SLE and 25 healthy donors. See
Figure 1 for definitions.
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Figure 3.
Analysis of cell death in SLE patients and healthy controls in response to stimulation with

H,0,. PBLs from 15 SLE patients and 15 controls were cultured in the presence and
absence of 50 uM H,0,, for 16 hours and analyzed by fluorescence microscopy and flow
cytometry. A, Fluorescence micrographs of H,O,-stimulated PBLs from representative
control and SLE patient donors. Cells were stained with annexin VV—fluorescein
isothiocyanate (FITC) and propidium iodide (PI). After 16 hours' incubation in the absence
of H,0, (no treatment), the frequency of annexin V-FITC-staining apoptotic cells was
increased in SLE PBLs. After 16 hours of treatment with H,O,, the frequency of apoptotic
cells was lower in SLE PBLs, while that of necrotic cells with swollen nuclei directly
staining with Pl was elevated (original magnification x 400). B, Flow cytometric analysis of
apoptotic (annexin V—positive and Pl-negative; lower right quadrant) and necrotic (annexin
V-positive and Pl-positive; upper right quadrant) cells after stimulation with 50 uM H,0,
for 16 hours. PBLs were from different donors than those used in A. C, Apoptosis rates were
determined in 15 healthy donors and 15 SLE patients, based on the percentage of annexin
V-phycoerythrin (PE)—positive/Pl-negative cells. D, After H,O, treatment, necrosis was
prominent in SLE patients compared with healthy controls. Data points correspond to the
percentage of Pl-positive cells within the annexin VV—positive population induced by H,0,
treatment. See Figure 1 for other definitions.
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Figure 4.
Effect of Hy,O5 treatment on the production of reactive oxygen intermediates (ROIs) in SLE

patients. A, ROI levels were monitored in live cells by flow cytometry after staining with
annexin V—phycoerythrin (PE; FL-2) and dihydrorhodamine (DHR; FL-1) (dot-plots).
Numbers in the upper right corner of the dot-plots show the percentage of annexin V-
positive cells; numbers at the top of the first row of histograms show the mean channel
fluorescence of DHR (FL-1) in annexin V—negative cells. Histograms of H,O,-treated cells
(shaded) are overlaid on those of untreated control cells (open). ROI production was also
monitored by hydroethidine (HE) staining. Numbers at the top of the second row of
histograms show the mean channel fluorescence of HE-positive cells (FL-2) gated on
annexin V-FITC-negative cells (FL-1). B, Correlation between H,0,-induced ROI
production and apoptosis, as determined by Pearson's correlation coefficient. Increases in
apoptosis and ROI production were estimated by annexin V positivity (Aannexin V) and
DHR fluorescence (ADHR), respectively. C, H,O,-induced ROI production in SLE patients
and controls. Bars show the mean + SEM of H,0,-induced changes in DHR and HE
fluorescence in PBLs from SLE patients and controls. See Figure 1 for other definitions.
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Figure 5.
H»0,-induced changes in AY'm in SLE patients and healthy controls. PBLs from 15 control

donors and 15 SLE patients were cultured in media for 16 hours in the presence and absence
of 50 uM H,05. A, The A¥'m was monitored 20 minutes and 16 hours after exposure to
H»0, by concurrent staining with annexin VV—phycoerythrin (PE) (FL-2) and DiOCg (FL-1)
(dot-plots and first row of histograms) or staining with JC-1 alone (second row of
histograms). Numbers in the upper right corner of the dot-plots show the percentage of
annexin V—positive cells; numbers at the top of the first row of histograms show the mean
channel fluorescence of DiOCg (FL-1) of annexin VV-negative cells. Histograms of H,0,-
treated cells (shaded) are overlaid on those of untreated control cells (open). The FL-2
fluorescence of JC-1 aggregates is shown in the second row of histograms. Numbers at the
top of the second row of histograms show the mean channel fluorescence of JC-1-positive
cells (FL-2). B, H,O»-induced changes in A¥m in SLE and control donors. Bars show the
mean + SEM of changes in AY'm measured by DiOCg and JC-1 fluorescence after 20
minutes of H,0, treatment. See Figure 1 for other definitions.
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Page 22

Cell surface phenotyping of T cells from SLE patients and controls during H,O,-induced
apoptosis. A, Representative dot-plots of PBLs costained with annexin VV—phycoerythrin
(PE; FL-2) and Cy5-conjugated anti-CD3 monoclonal antibody (FL-3), after treatment with
H,0, for 16 hours. Numbers in the upper right corner show the percentage of CD3-positive

cells within the annexin V—positive compartment. B, After treatment with H,0,, the
percentage of CD3-positive cells within the annexin VV—positive compartment was

diminished in patients with SLE. See Figure 1 for other definitions.
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Figure 7.
A, Intracellular ATP and ADP content in PBLs from 24 SLE patients, 10 rheumatoid

arthritis (RA) patients, and 17 healthy donors. Cells were cultured for 16 hours in vitro and
assayed for ATP and ADP content. Values are the mean + SEM. B, In parallel, cell aliquots
were stained with DiOCg and JC-1, and the AY'm was measured by flow cytometry. The
correlation between intracellular ATP levels and the A¥m in patients with SLE was
calculated using Pearson's correlation coefficient. See Figure 1 for other definitions.
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Figure 8.
A, Effect of CD3/CD28 stimulation and oligomycin treatment on intracellular ATP content

and the A¥'m (DiOCg fluorescence) in normal PBLs. PBLs from 4 healthy donors were
pretreated with CD3/CD28 antibodies or 2.5 uM oligomycin. Values are the mean + SEM
percentage of control cells incubated in parallel (n = 4 independent experiments). B, Effect
of pretreatment with CD3/CD28 (1 hour) or oligomycin (2.5 uM for 30 minutes) on H,O0-
induced elevation of the AWm in PBLs from 4 healthy donors. Values are the percentage
elevation of the A¥'m elicited by exposure to HyO, (50 uM for 20 minutes) in CD3/CD28-
or oligomycin-pretreated cells compared with control cells. C, Effect of pretreatment with
CD3/CD28 (1 hour) or oligomycin (2.5 uM for 30 minutes) on H,O»-induced necrosis of
PBLs from healthy donors. Untreated (control), oligomycin-pretreated, and CD3/CD28-
pretreated PBLs were exposed to 50 UM H,0, for 16 hours, and necrosis was assessed by
the ratio of propidium iodide—positive/annexin V—positive cells. VValues are the mean £ SEM
of 6 independent experiments. See Figure 1 for definitions.
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A¥mi ROI production¢
Study group No. of subjects % annexin V+T ]
DiOCq JC-1 DHR HE
All SLE patients 25 8.82 £ 0.69 132.8+6.9 128.1+5.9 140.1+7.2 1431+7.3
Control subjects 25 6.08 +0.34 (0.009) 1(()8_'80%55)'5 10(%%53‘)"1 10(%%6513_"1 1(()8_'80%%8
RA patients 10 6.29+0.40 (0.032) 10(%%f4?'5 10(()6‘.‘0%6'3 10?67.;1)7'3 10?50’—1)7'9
SLE patient subgroups
SLEDAI
<10 11 7.01+1.08 128.8 +11.9 130.3+9.5 132.7+11.2 129.6 +12.4
>10 14 10.25+0.72 (0.016) 136.0+84 126.4+7.8 1459+9.4 153.6+7.9
Prednisone
Not taking 10 9.84+13 134.4 +13.3 127.8+9.5 134.7+125 133.5+125
Taking 15 8.14 +0.75 131.8+7.7 128.3+7.8 143.7 + 8.8 149.4 +8.8
Immunosuppressants
Not taking 8 9.9+0.94 128.0+11.8 121.6 +13.7 140.9 £ 145 1457 +14.4
Taking 17 8.31+0.91 135.1+8.7 131.1+6.1 139.7 + 8.4 1418 +8.6

*

Experiments were performed as described in Patients and Methods. Controls were analyzed in parallel with systemic lupus erythematosus (SLE)
and rheumatoid arthritis (RA) patients in each experiment. Values are the mean + SM. P values less than 0.05 are shown in parentheses.
Immunosuppressive drugs consisted of either hydroxychloroquine, azathioprine, cyclosporine, methotrexate, or cyclophosphamide. SLEDAI =

SLE Disease Activity Index.

TBefore analysis, peripheral blood lymphocytes were preincubated in medium for 16 hours. The percentage of cells undergoing apoptosis was

assessed by determining annexin V positivity.

¢The mitochondrial transmembrane potential (A¥'m) was measured by 3,3’-dihexyloxacarbocyanine iodide (DiOCg) and 5,5”,6,6 -
tetrachloro-1,1",3,3"-tetraethylbenzimidazolocarbocyanine iodide (JC-1) fluorescence. The production of reactive oxygen intermediates (ROIs)
was assessed by dihydrorhodamine 123 (DHR) and hydroethidine (HE) fluorescence. Values are the mean + SEM channel fluorescence of annexin
V-negative cells from SLE and RA patients relative to that of cells from control donors processed in parallel. The mean of the controls was

normalized to 100.0.
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