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Abstract

Abnormal T cell activation and cell death underlie the pathology of systemic lupus erythematosus.
Although mitochondrial hyperpolarization (MHP) represents an early and reversible checkpoint of
T cell activation and apoptosis, lupus T cells exhibit persistent MHP. NO has recently been
recognized as a key signal of mitochondrial biogenesis and mediator of MHP in human T
lymphocytes. In this study, we show that persistent MHP was associated with increased
mitochondrial mass (+47.7 + 2.8%; p = 0.00017) and increased mitochondrial (+21.8 + 4.1%; p =
0.016) and cytoplasmic Ca2* content in T cells from 19 systemic lupus erythematosus patients
with respect to 11 control donors (+38.0 + 6.4%; p = 0.0023). Electron microscopy revealed that
lupus lymphocytes contained 8.76 + 1.0 mitochondria, while control donors contained 3.18 + 0.28
mitochondria per cell (p = 0.0009). Increased mitochondrial mass in T cells was associated with
2.08 = 0.09-fold enhanced NO production by lupus monocytes (p = 0.0023). Activation of T cells
through the TCR initiates a biphasic elevation in cytosolic free Ca?* concentration, a rapid initial
peak observed within minutes, and a plateau phase lasting up to 48 h. In response to CD3/CD28
costimulation, rapid Ca2* fluxing was enhanced while the plateau phase was diminished in lupus T
cells. NO-induced mitochondrial biogenesis in normal T cells enhanced the rapid phase and
reduced the plateau of Ca2* influx upon CD3/CD28 costimulation, thus mimicking the Ca%*
signaling profile of lupus T cells. Mitochondria constitute major CaZ* stores and NO-dependent
mitochondrial biogenesis may account for altered Ca2* handling by lupus T cells. The Journal of
Immunology, 2004, 173: 3676-3683.

Systemic lupus erythematosus (SLE)3 is a chronic inflammatory disease characterized by T
and B cell dysfunction and production of antinuclear Abs (1). Abnormal T cell activation
and cell death underlie the pathology of SLE (2, 3). Potentially autoreactive T and B
lymphocytes during development (4) and after completion of an immune response are

© 2004 by The American Association of Immunologists, Inc.

2Address correspondence and reprint requests to Dr. Andras Perl, Department of Medicine, State University of New York, 750 East
Adams Street, Syracuse, New York 13210. perla@upstate.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nagy et al.

Page 2

removed by apoptosis (5). Paradoxically, lupus T cells exhibit both enhanced spontaneous
apoptosis and defective activation-induced cell death. Increased spontaneous apoptosis of
PBL has been linked to chronic lymphopenia (6) and compartmentalized release of nuclear
autoantigens in patients with SLE (7). By contrast, defective CD3-mediated cell death may
be responsible for persistence of autore-active cells (8). Unlike normal T cells, T
lymphocytes of SLE patients exhibit persistent mitochondrial hyperpolarization (MHP),
cytoplasmic alkalinization, increased reactive oxygen intermediate (ROI) production, and
ATP depletion that mediate enhanced spontaneous and diminished activation-induced
apoptosis and sensitize lupus T cells to necrosis (9). Apoptosis is a physiological process
that results in nuclear condensation and breakup of the cell into membrane-enclosed
apoptotic bodies suitable for phagocytosis by macrophages, thus preventing inflammation.
By contrast, necrosis is a pathological process that results in cellular swelling, followed by
lysis and release of proteases, oxidizing molecules, and other proinflammatory and
chemotactic factors resulting in inflammation and tissue damage (10). Indeed, lymphocyte
necrosis occurs in the bone marrow (11) and lymph nodes of lupus patients (12) and may
significantly contribute to the inflammatory process (13).

Innate and adaptive immune responses resulting in activation, proliferation, or programmed
cell death are dependent on controlled ROI production and ATP synthesis in mitochondria.
In turn, synthesis of ATP during oxidative phosphorylation is driven by the mitochondrial
transmembrane potential (Ayn,, negative inside and positive outside) (14). Ay, is
dependent upon the electron transport chain transferring electrons from NADH to molecular
oxygen and proton transport mediated by the FoF1-ATPase complex. Disruption of Ay, has
been proposed as the point of no return in apoptotic signaling that leads to caspase activation
and disassembly of the cell (15). Interestingly, elevation of Ay, or MHP and ROI
production precede disruption of Ay, activation of caspases, and phosphatidylserine (PS)
externalization in Fas (16)-, TNF-a (17)-, and H,O,-induced apoptosis of Jurkat human
leukemia T cells and normal human PBL (18). These observations were confirmed and
extended to p53 (19), TNF-a (17), staurosporin (20), camptothecin (21), and NO-induced
apoptosis (22). Elevation of Ay, or MHP is independent from activation of caspases and
represents an early event in apoptosis (16, 19). MHP is also triggered by activation of the
CD3-CD28 complex (9) or stimulation with Con A (16), IL-10, IL-3, IFN-y, or TGF-p (23).
Therefore, elevation of Ay, or MHP represents an early but reversible switch not
exclusively associated with apoptosis. With Ay, hyperpolarization and extrusion of H* ions
from the mitochondrial matrix, the cytochromes within the electron transport chain become
more reduced, which favors generation of ROl (24). Ayr, and ROI levels as well as
cytoplasmic pH are elevated in patients with SLE in comparison to healthy or rheumatoid
arthritis controls (9, 23). Intracellular ATP concentration is a key switch in the cell’s
decision to die via apoptosis or necrosis (25). T cell activation-induced MHP is associated

Abbreviations used in this paper: SLE, systemic lupus erythematosus; Aym, mitochondrial transmembrane potential; MHP,
mitochondrial hyperpolarization; ROI, reactive oxygen intermediates; TMRM, tetramethylrhodamine methyl ester; DiOCg, 3,3"-
dihexyloxacarbocyanine iodide; JC-1, 5,5",6,6 -tetrachloro-1,1",3,3’ -tetraethylbenzimidazolocarbocyanine iodide; DAF-FM, 4-
amino-5-methylamino-2’,7 -difluorofluorescein diacetate; NOC-18, (2)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino] diazen-1-
ium-1,2-diolate diethylenetriamine; MTG, mitotracker green; NAO, nonyl acridine orange; [Ca2+]c, cytoplasmic calcium level;
[Ca2+]m, mitochondrial calcium level; PS, phosphatidylserine; SLEDAI, SLE Disease Activity Index; RF, relative fluorescence; DC,
dendritic cell; FL, fluorescence channel.
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with transient inhibition of FgF1-ATPase, ATP depletion, and sensitization to necrosis (9),
suggesting that Ay, elevation is a critical checkpoint of T cell fate decisions. Persistent
MHP and ATP depletion play key roles in abnormal T cell death, enhanced spontaneous and
diminished activation- induced cell death, and predisposition for necrosis in patients with
SLE (9).

NO is an intercellular and intracellular messenger (26) that has recently been recognized as a
key signal of mitochondrial respiration (27) and biogenesis (28). NO, acting as a competitive
antagonist, can cause a reversible inhibition of cytochrome ¢ oxidase complex IV which
may result in MHP (22) and ATP depletion (27). Recently, NO production was found to
mediate CD3/CD28 costimulation-induced MHP and ROI production and sustained Ca2*
fluxing in human T lymphocytes (29). NO is highly diffusible and not restricted to its site of
production (30). In the present study, we show that persistent MHP is associated with
increased mitochondrial mass and Ca?* content in T cells of patients with SLE. Activation
of T cells through CD3/CD28 costimulation initiates a biphasic elevation in cytosolic free
Ca?* concentration: while rapid fluxing is enhanced, the plateau phase is diminished in
lupus T cells. Monocytes of patients with SLE exhibit increased NO production.
Pretreatment of normal human PBL with exogenous NO augmented Ay, increased
mitochondrial mass, and enhanced rapid Ca2* fluxing while reducing sustained elevation of
intracellular Ca%* in response to CD3/CD28 costimulation, thus mimicking the Ca2* profile
of lupus T cells. The results suggest that increased NO production by monocytes may be
responsible for MHP and altered Ca2* signaling in T cells of patients with SLE.

Materials and Methods

Human subjects

Nineteen patients with SLE were investigated. All patients satisfied the criteria for a
definitive diagnosis (31). Seventeen females (age, 41.3 + 5.3 years; range, 19-65 years) and
two males (age, 46.0 + 10.2 years; range, 25-55 years) were studied. As controls, 11 age-
and sex-matched healthy subjects were examined. Disease activity was assessed by the SLE
Disease Activity Index (SLEDALI) score (32). Fourteen patients had a SLEDAI < 5 and were
considered relatively inactive. The remaining five patients with SLEDAI > 5 were
considered active.

Cell culture and T cell activation

PBMC were isolated from heparinized venous blood on Ficoll-Hypaque gradient. PBL were
separated from monocytes by adherence to autologous serum-coated petri dishes (33). PBL
were resuspended at 10 cells/ml in RPMI 1640 medium supplemented with 10% FCS, 2
mM L-glutamine, 100 1U/ml penicillin, and 100 pg/ml gentamicin in 12-well plates at 37°C
in a humidified atmosphere with 5% CO,. Cross-linking of the CD3 Ag was performed by
addition of PBL to plates precoated with 1 pg/ml/well OKT3 mAb (CRL 8001 from
American Type Culture Collection, Manassas, VA) for 1 h at 37°C. CD28 costimulation was
performed by addition of 500 ng/ml mAb CD28.2 (BD Pharmingen, San Diego, CA). Rapid
Ca?* signaling was investigated after direct addition of OKT3 and CD28.2 Abs to PBL
preloaded with Fluo-3 (see below).

J Immunol. Author manuscript; available in PMC 2014 May 27.
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Cell viability assays

Apoptosis was monitored by observing cell shrinkage, nuclear fragmentation, and quantified
by flow cytometry after concurrent staining with fluorescein-conjugated annexin V
(Annexin VFITC: R&D Systems, Minneapolis, MN; fluorescence channel 1 (FL-1)) and
propidium iodide (FL-2) as earlier described (9). Staining with Cy5-conjugated annexin V
(annexin V-Cy5; Biovision, Mountain View, CA) was used to monitor PS externalization
(FL-3) in parallel with monitoring Ay, ROI, NO, and Ca2* levels as well as expression of
surface Ags (see below). Specific combinations are described in each figure legend. Staining
with annexin V alone or in combination with mitochondrial probes was conducted in
10mMHEPES (pH 7.4), 140mMNacCl, and 2.5mM CacCl,.

Flow cytometric analysis of Ay, and mitochondrial mass

Ay, was estimated by staining with 1 uM tetramethylrhodamine methyl ester (TMRM,;
excitation, 543 nm; emission, 567 nm recorded in FL-2) for 15 min at 37°C in the dark
before flow cytometry (29). Ay, was also assessed by staining with 20 nm 3,3’-
dihexyloxacarbocyanine iodide (DiOCg), a cationic lipophilic dye (16), for 15 min at 37°C
in the dark before flow cytometry (excitation, 488 nm; emission, 525 nm recorded in FL-1).
Fluorescence of DiOCg is oxidation independent and correlates with Ay, (34). Ay, was
also quantitated using a potential-dependent J-aggregate- forming lipophilic cation, 5,5,

6,6 -tetrachloro-1,1",3,3’-tetraethylbenzimidazolocarbocyanine iodide (JC-1) (35). JC-1
selectively incorporates into mitochondria, where it forms monomers (fluorescence in green,
527 nm) or aggregates, at high transmembrane potentials (fluorescence in red, 590 nm) (35,
36). Cells were incubated with 0.5 uM JC-1 for 15 min at 37°C before flow cytometry. Ay,
changes were also confirmed by staining with 1 uM CMXRos (excitation, 579 nm; emission,
599 nm recorded in FL-2). Cotreatment with a protonophore, 5 uM carbonyl cyanide m-
chlorophenylhydrazone (Sigma-Aldrich, St. Louis, MO) for 15 min at 37°C resulted in
decreased TMRM, DiOCg, JC-1, and CMXRos fluorescence and served as a positive control
for disruption of Ay, (16). Since altered incorporation of potentiometric dyes may represent
a change in mitochondrial mass, the latter was monitored by staining with potential
insensitive mitochondrial dyes: 100 nM Mito Tracker Green-FM (excitation, 490 nm;
emission, 516 nm recorded in FL-1) or 50 nM nonyl acridine orange (NAO, excitation, 490
nm; emission, 540 nm recorded in FL-1). All fluorescent probes were obtained from
Molecular Probes (Eugene, OR).

Measurement of intracellular NO levels

Production of NO was assessed by using 4-amino-5-methylamino-2”,7’- difluorofluorescein
diacetate (DAF-FM; Molecular Probes) or a NO sensor kit (BD Clontech, Palo Alto, CA).
DAF-FM passively diffuses across cellular membranes, once inside cells it is deacetylated
by intracellular esterases and caged in the cell. DAF-FM is essentially nonfluorescent until it
reacts with NO to form a fluorescent benzotriazole. Measurement of NO was calibrated by
incubating PBL with NO donors (Z)-1-[2-(2-aminoethyl)- N-(2-
ammonioethyl)amino]diazen-1-ium-1,2-diolate diethylenetriamine (NOC-18; 200 uM to 1.8
mM) or sodium nitroprusside (400 uM to 10 mM). Following testing, 1-10 uM dye
concentration during incubation times ranging from 10 min to 3 h, maximum NO sensitivity
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was achieved by loading cells with 1 uM DAF-FM for 2 h in 37°C. Excitation and emission
maximum of DAF-FM are 495 and 515 nm, respectively.

Measurement of cytoplasmic and mitochondrial calcium level

Cytoplasmic calcium levels ([Ca?*].) were assessed by loading the cells with 1 uM Fluo-3-
acetoxymethyl ester (excitation, 506 nm; emission, 526 nm recorded in FL-1; Molecular
Probes). After entering the cell, acetoxymethyl ester hydrolysis occurs and, thereafter, the
dye is trapped in the cytosol. Fluo-3 elicits a large fluorescence intensity increase on binding
calcium. To investigate early Ca%* fluxing, cells were prelabeled by Fluo-3 and stimulated
with OKT3 and anti-CD28 mAbs while Fluo-3 fluorescence of CD3*/annexinV~ T cells was
continuously recorded by flow cytometry. Ca2* levels 4 and 24 h subsequent to CD3/CD28
costimulation were obtained by staining with Fluo-3 at termination of incubation, in parallel
with staining with dyes monitoring Ay p,, mitochondrial mass, NO production, PS
externalization, and T cell Ag expression. Mitochondrial calcium levels ([Ca2*],,) were
estimated by loading the cells with 4 uM Rhod2/acetoxymethyl ester which is
compartmentalized into the mitochondria (37). Samples were analyzed using a BD
Biosciences LSRII flow cytometer equipped with 20-mW argon (emission at 488 nm) and
16-mW heliumneon lasers (emission at 634 nm). Using four-color immunofluorescence,
cytosolic and mitochondrial Ca2* levels, Ay, mitochondrial mass, NO production, and PS
externalization within T cell subsets were concurrently analyzed by parallel staining with 1)
Fluo-3, mitotracker green (MTG), NAO, DAF-FM, or DiOCg (all FL-1); 2) Rhod-2 or
TMRM (FL-2); 3) annexin V-Cy5 (FL-3); and 4) allophycocyanin-Cy7-conjugated mAb
UCHT1 recognizing the CD3€ chain or allophycocyanin-Cy7-conjugated anti-CD14
recognizing monocytes (FL-4; BD Pharmingen). Dead cells and debris were excluded from
the analysis by electronic gating of forward and side scatter measurements. Each
measurement was conducted on 10,000 cells. In each experiment, control and lupus cells
were analyzed in parallel.

Electron microscopy

Statistics

PBL (108) were pelleted at 1000 x g, fixed overnight with 2.5% glutaraldehyde in PBS,
postfixed in 1% OsOy4, dehydrated in a graded ethanol series, infiltrated with propylene
oxide, and embedded in Araldite 502 epoxy resin. Ultrathin sections were stained with
uranyl acetate and Reynold’s lead citrate before examination using a Tecnai BioTWIN 12
transmission electron microscope (FEI, Hillsboro, OR).

Results were analyzed by Student’s t test or Mann-Whitney U rank sum test for
nonparametric data. Correlation was measured using Pearson’s correlation coefficient.
Changes were considered significant at p < 0.05.

J Immunol. Author manuscript; available in PMC 2014 May 27.
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Coordinate changes in CD3/CD28 costimulation-induced MHP, NO production, and Ca?*
levels in lupus T cells

Activation of T cells through the TCR initiates a biphasic elevation in the cytosolic free
Ca?* concentration, a rapid initial peak observed within 5-10 min, and a plateau phase
lasting 4 to 48 h (38). Mitochondria can take up, store, and release Ca?*, and the Ay, in
combination with NO production plays a substantial role in shaping Ca2* signals in many
cell types (37, 39), including human T lymphocytes (29). CD3/CD28 costimulation-induced
MHP of normal T cells depends on NO production (29). Therefore, we investigated the
contribution of this signaling cascade to mitochondrial dysfunction in SLE. Results are
expressed as relative fluorescence (RF) values with respect to those of unstimulated cells
normalized at 1.0 (100%). Baseline NO levels, assessed by DAF-FM fluorescence, were
similar in CD3*/annexinV~ T cells of 19 lupus patients, as compared with T cells from 11
control donors (Fig. 1A). Unlike baseline NO production, [Ca%*] were elevated by 38.0 +
6.4% in lupus T cells (p = 0.0026; Fig. 1B). Baseline [Ca%*], were also higher in lupus T
cells by 21.8 £ 4.1% (p = 0.016; Fig. 1C). In response to CD3/CD28 costimulation for 4 h,
NO production was enhanced 5.19 + 1.15-fold in control T cells and 3.21 + 0.08-fold, a
significantly lesser extent (p < 0.0062), in lupus T cells. Although NO production declined
in control cells, it continued to rise in lupus T cells by 24 h (Fig. 1A). Likewise, CD3/CD28
costimulation-induced elevations of sustained cytosolic (Fig. 1B) and [Ca2*], were delayed
in lupus T cells (Fig. 1C). Maximal [Ca%*]. elevation in control T cells, 2.81 + 0.09-fold,
occurred 4 h after CD3/CD28 stimulation, while T cell activation induced a more moderate
rise, 1.59 + 0.03-fold, in [Ca2*]. of lupus T cells (p < 0.0001; Fig. 1B). [Ca%*],,, were
markedly, 2.73 + 0.09-fold (p = 0.005), enhanced in lupus T cells 24 h after CD3/CD28
costimulation (Fig. 1C). T cell activation resulted in the appearance of a CD3*/annexin V-
cell population with MHP, elevated [Ca2*]. and [Ca?*], as well as detectable NO
production 4 h after CD3/CD28 costimulation (Fig. 1D). Formation of such cell populations
was abrogated in lupus T cells (Fig. 1D).

To investigate early Ca2* fluxing, cells were prelabeled by Fluo-3 and stimulated with
OKT3 and anti-CD28 mAbs while Fluo-3 fluorescence of CD3*/annexinV~ T cells was
continuously recorded by flow cytometry (Fig. 2). As early as 2 min after T cell activation,
with respect to control T cells, a markedly enhanced Ca2* signal was detected in lupus
patients (p = 0.016). Increased [Ca2*]. in lupus T cells lasted up to 15 min following CD3/
CD28 costimulation (p = 0.018). This initial surge in [Ca?*]; is due to the release of Ca2*
from intracellular stores, such as mitochondria (38, 39). Thus, increased baseline [Ca?*],
may be responsible for enhanced early CaZ* fluxing in lupus T cells.

Persistent MHP is associated with increased mitochondrial mass in lupus T cells

Mitochondria constitute major Ca2* stores (40), thus increased mitochondrial mass may
account for altered Ca2* handling in lupus T cells. In addition to inducing MHP (22), NO
was found to be a key signal of mitochondrial biogenesis (28). Therefore, persistent MHP
may be related to increased mitochondrial mass in lupus T cells. In accordance with
previous findings, baseline Ay, as assessed by fluorescence of potentiometric dyes TMRM

J Immunol. Author manuscript; available in PMC 2014 May 27.
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(Fig. 3A), DiOCg, or JC-1 (9, 23), was elevated in CD3*/annexinV~ T cells from 19 patients
with SLE, as compared to T cells from 11 control donors (+17.7 + 6.7%; p = 0.006). To
determine whether enhanced incorporation of potentiometric dyes may represent a change in
mitochondrial mass, the latter was estimated by staining with potential insensitive
mitochondrial dyes, MTG and NAO. In comparison to 11 healthy controls, MTG
fluorescence was increased in CD3*/annexinV~ T cells from 19 lupus patients by 47.7 +
2.8% (p = 0.00017; Fig. 3B). NAO staining gave similar results (data not shown). The
increase of mitochondrial mass exceeded the extent of Ay, elevation (p < 0.0001),
suggesting that persistent MHP may represent enhanced mitochondrial biogenesis in lupus T
cells.

In response to CD3/CD28 costimulation, Ay, was increased by 81.9 + 4.2% at 4 h and 66.5
+ 1.8% at 24 h in control T cells (Fig. 3A). Mitochondrial mass was increased by 40.3 +
3.5% at 4 h and by 109.0 + 4.5% at 24 h, respectively, in control T cells (Fig. 3B). Thus,
CD3/CD28 costimulation predominantly induced MHP at 4 h and increased mitochondrial
mass at 24 h in normal T cells. In accordance with earlier findings (9, 23), Ay, was
increased in lupus patients by a lesser extent, 50.0 = 6.1% (p = 0.015) at 4 h and 55.2 £ 2.5%
at 24 h (p <0.0001). In lupus T cells, CD3/ CD28 costimulation-induced enlargement of
mitochondrial mass was delayed and detected only at 24 h (Fig. 3B).

To investigate whether increased mitochondrial mass was associated with proliferation or
larger size of mitochondria, PBL from five lupus and five healthy blood donors were
examined by electron microscopy (Fig. 4). Monocyte-depleted PBL of control (91.8 £
1.16%) and lupus donors had similar CD3* T cell content (91.5 + 1.03%). Based on analysis
of 100 cells per donor, lupus patients contained 8.76 + 1.0 mitochondria per cell, while
healthy subjects contained 3.18 £ 0.28 mitochondria per cell (p = 0.0009). Additionally,
lupus PBL harbored mitochondria that were severalfold enlarged, thus corresponding to
stabilized megamitochondria (41) capable of storing increased amounts of Ca2*. Persistence
of MHP ex vivo in tissue culture medium over 1 wk was consistent with structural changes,
such as increased numbers and size of mitochondria in lupus PBL.

Increased NO production by monocytes from patients with SLE

NO has recently been recognized as a key signal triggering MHP (22) that can, in turn, lead
to biogenesis and proliferation of mitochondria (28). Therefore, increased NO production
may account for mitochondrial dysfunction in lupus T cells. However, baseline NO
production was similar in annexin V-/CD3* T cells from lupus and control donors (Fig. 1A).
Since NO generated by one cell can regulate the respiration of adjacent cells, production of
NO by mononuclear cell subsets was further investigated. Monocytes were enriched by
adherence to plastic and identified by gating on CD14* cells. In comparison to healthy
controls, NO production by annexin V-/CD14* monocytes was increased by 2.08 + 0.09-
fold (p = 0.015) in lupus patients (Fig. 5). No differences were seen in NO production
between lupus and control donors in B cells and other CD14* and CD3* cells (data not
shown).

To assess the influence of lupus monocytes on normal T cells, 108 monocyte-depleted PBL
from four normal donors were incubated with 2 x 105> monocytes from four lupus or four
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control donors for 24 h at 37°C. Ay, was assessed by TMRM fluorescence, while [Ca2*],
was measured by Fluo-3 fluorescence gating on CD3-allophycocyanin-Cy7-positive/annexin
V-Cy5-negative T cells in 16 cocultures, 8 with lupus and 8 with healthy monocytes. In
comparison to control monocytes, lupus monocytes increased Ay, and [Ca2*]. in control T
cells by 25.2% (p = 0.0012) and 37.4% (p = 0.0037), respectively. These results suggested
that monocyte-derived factors, possibly NO, may contribute to mitochondrial dysfunction in
lupus T cells.

NO-induced mitochondrial biogenesis enhances the rapid phase and reduces the plateau
of T cell activation-induced Ca?* fluxing

NO was found to induce MHP and increase [Ca2*] and [Ca2*], levels in normal human T
lymphocytes (29). Incubation of PBL with NOC-18, capable of slowly releasing NO, dose-
dependently increased Ay, and Ca%* levels as well as mitochondrial mass, as monitored by
TMRM, Fluo-3, and MTG fluorescence, respectively (Fig. 6A). Pretreatment of PBL for 24
h with 600 uM NOC-18 increased MTG fluorescence by 2.24 + 0.17-fold (p = 0.0009). To
investigate whether NO-induced mitochondrial biogenesis may account for altered Ca2*
signaling in lupus T cells, monocytedepleted PBL from healthy donors were pretreated with
NOC-18 for 24 h. After removal of NOC-18 by washing with medium three times, T cells
were activated by CD3/CD28 costimulation and Ay, as well as intracellular Ca?* levels
were assessed by concurrent staining with TMRM and Fluo-3. Intracellular NO levels were
monitored by DAF-FM staining (Fig. 6B). As shown in Fig. 6C, T cell activation-induced
rapid Ca2* fluxing was markedly enhanced by pretreatment with 200 pM NOC-18. As
quickly as 2 min and lasting up to 9 min after T cell activation, a more robust rise of
intracellular Ca?* levels was noted in NOC-18-pretreated cells (p = 0.03-0.001). Such
differences were observed up to 15 min following CD3/CD28 costimulation (data not
shown). Alternatively, T cell activation-induced sustained elevations of Ay, (Fig. 6D) and
Ca?* levels were diminished in NOC-18-pretreated cells (Fig. 6E). NO pretreatment altered
CD3/CD28 costimulation-induced Ca2* signaling, thus mimicking the pattern observed in
lupus T cells.

Discussion

Adaptive immune responses by T lymphocytes are mediated by interaction of the TCR with
a specific peptide-MHC Ag complex on the APC. The outcome of TCR engagement
depends on concomitant signaling through costimulatory molecules (CD28, CD40L, LFA-1,
CD2) and cytokines (42). Intracellular signal transduction is mediated via protein tyrosine
kinases (LYN, SYK), phosphatases (CD45, SHP-1), and phospholipase Cy1 (43), leading to
cleavage of phosphatidylinositol diphosphate and biphasic calcium mobilization (28, 38). As
early as 2 min after T cell activation, with respect to control T cells, a markedly enhanced
Ca?* signal was detected in lupus patients. This initial surge in intracellular Ca*
concentration is due to the release of Ca2* from intracellular stores, such as mitochondria
(38, 39). [Ca%*],, was markedly enhanced in lupus T cells 24 h after CD3/CD28
costimulation (2.73 + 0.09-fold, p = 0.005; Fig. 1C). Thus, increased mitochondrial mass
and formation of megamitochondria may be responsible for increased sequestration and
storage of Ca2* in mitochondria which, in turn, may lead to enhanced early Ca2* fluxing in
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lupus T cells (44). By contrast, sustained elevations of cytosolic Ca2* levels were reduced
and delayed in lupus T cells. Maximal elevation of cytosolic Ca2* levels in control T cells,
2.81 + 0.09-fold, occurred 4 h after CD3/CD28 stimulation, while T cell activation induced
a more moderate rise, 1.59 + 0.03-fold, in cytosolic Ca2* of lupus T cells (p < 0.0001).
Capacitative entry through the plasma membrane is thought to account for the plateau phase
of Ca?* signaling (39). Hyporesponsiveness in the late phase of Ca2* signaling has been
attributed to oxidative stress in human T lymphocytes (45). Lower sustained Ca2* levels
may play a role in reduced IL-2 production in patients with SLE (1). Thus, persistent MHP
and oxidative stress (9, 23) may account for the altered pattern of Ca2* handling in lupus T
cells. As previously documented, MHP was observed in patients with SLE but not in healthy
donors or patients with rheumatoid arthritis (9, 23). MHP (9) or Ca2* levels in lupus T cells
were unrelated to SLEDAI, similar to earlier findings (44).

Ca?* fluxing is regulated by NO via modulation of Ay, (27, 39). NO has recently been
recognized as a key signal for MHP (22) that initiates mitochondrial biogenesis (28) through
enlargement and proliferation of mitochondria (46). Although NO-induced transient MHP is
mediated via reversible inhibition of cytochrome c oxidase (27), downstream events leading
to mitochondrial biogenesis have not been clearly defined (46). Monocytes of patients with
SLE exhibit increased NO production. These observations are consistent with previous
findings on elevated serum 3-nitrotyrosine levels, suggestive of increased NO production in
patients with SLE (47). Since NO generated by one cell can regulate the respiration of
adjacent cells (30), increased NO production by monocytes may lead to mitochondrial
hypertrophy and proliferation in lupus T cells. Mitochondria constitute major Ca2* stores
(40), thus increased mitochondrial mass may account for altered Ca?* handling upon
activation of T cells in patients with SLE.

Persistent MHP and ATP depletion play key roles in abnormal T cell death, enhanced
spontaneous and diminished activation-induced cell death, and predisposition for necrosis in
patients with SLE (9). Apoptosis is a physiological process that results in nuclear
condensation and breakup of the cell into membrane-enclosed apoptotic bodies suitable for
phagocytosis by macrophages, thus preventing inflammation. By contrast, necrosis is a
pathological process that results in cellular swelling, followed by lysis and release of
proteases, oxidizing molecules, and other proinflammatory and chemotactic factors resulting
in inflammation and tissue damage (10). Indeed, lymphocyte necrosis occurs in the bone
marrow (11) and lymph nodes of lupus patients (12) and may significantly contribute to the
inflammatory process (13). Swollen lymph nodes of patients with SLE harbor increased
numbers of necrotic T lymphocytes and dendritic cells (DC) (12, 48). Tissue lesions (49, 50)
and blood of patients with SLE harbor activated plasmacytoid DC (51, 52). Necrotic, but not
apoptotic, cell death generates inflammatory signals necessary for the activation and
maturation of DC, the most potent APCs (53-55). CD14" monocytes isolated from the blood
of lupus patients, but not those from healthy individuals, act as DC (56). Necrotic but not
apoptotic cells also release heat shock proteins gp96, heat shock protein 90. heat shock
protein 70, and calreticulin (54), which enhance NO production (57, 58) and expression of
costimulatory molecules CD40 and CD86 by monocytes and DC (55). Thus, a positive
feedback loop between T cells as well as monocytes and DC may play a major role in
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relentless proinflammatory signaling in SLE. The present data are consistent with a key role
for intercellular NO signaling in persistent MHP in altered Ca2* fluxing and cell death
pathway selection in lupus T cells.
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Figure 1.
Effect of CD3/CD28 costimulation on NO production and Ca2* signaling in T cells from 11

control and 19 lupus donors. NO production was monitored by DAF-FM fluorescence (A)
while [Ca2*]. and [Ca2*]y, levels were assessed by Fluo-3 (B) and Rhod-2 fluorescence (C),
respectively, in CD3*/annexin V™ cells. D, Detection of CD3*/annexin V™ cell population
with elevated Ay, [Ca2*]., and [Ca2*], as well as and NO production. Following CD3/
CD28 costimulation, Ay, was measured by TMRM fluorescence (FL-2); [Ca%*]. and
[Ca2*], levels were assessed by Fluo-3 (FL-1) and Rhod-2 fluorescence (FL-2), while NO
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production was monitored by DAF-FM fluorescence (FL-1) gated on CD3*/annexin V™~
cells. Values in dot plots indicate mean channel FL-1 and FL-2 fluorescence, respectively.
Results are expressed as RF values with respect to those of unstimulated cells normalized at
1.0 (100%). Data present mean + SE. Error bars are occasionally covered by data symbols.
Values of p reflect differences between 19 lupus and 11 control donors.
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Figure 2.
Rapid Ca2* fluxing in CD3/CD28 costimulated PBL from 19 lupus and 11 control donors.

PBL were preloaded with Fluo-3 and stimulated with OKT3 and anti-CD28 mAbs while
Fluo-3 fluorescence of CD3*/annexinV~ T cells was continuously recorded by flow
cytometry. Results are expressed as RF values with respect to those of unstimulated cells
normalized at 1.0. Data present mean + SE. Numbers over each time point indicate p values
reflecting differences between lupus and control donors.
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A

Figure 3.
Assessment of Ay, (A) and mitochondrial mass (B) in lupus and control T cells. PBL from

11 healthy controls and 19 patients with SLE were stimulated with CD3/CD28 Abs for 4 and
24 h. Ay, was monitored by TMRM and mitochondrial mass was assessed by MTG
fluorescence in CD3*/annexin V™ cells. Results are expressed as RF values with respect to
those of unstimulated cells normalized at 1.0. Data present mean + SE. Values of p reflect
differences between lupus and control donors.
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Controls

TR

Figure4.
Transmission electron microscopy of control and lupus PBL. Images represent analysis of

100 cells per donor from five healthy and five lupus subjects. Size scale is shown for each
image. Green arrows show mitochondria of normal size, while red arrows indicate
megamitochondria. Apoptotic cells (AC) with shrunken size and fragmented nuclei and
necrotic cells (NC) with round-shaped swollen nuclei and cytoplasm lacking mitochondria
are marked.
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Figureb5.
Assessment of NO production in control and lupus monocytes. NO production was

monitored by DAF-FM fluorescence in CD14*/annexin V™~ cells. Data reflect mean + SE of
measurements in 10 healthy and 11 lupus donors.
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Figure®6.

Effect of NO pretreatment on CD3/CD28-induced Ca2* fluxing. A, Dose-dependent
induction by NO donor NOC-18 of MHP monitored by TMRM, elevation of [Ca2*].
monitored by Fluo-3, and mitochondrial mass assessed by MTG fluorescence. Values in dot
plots (row 1) indicate mean channel FL-1 (Fluo-3) and FL-2 fluorescence (TMRM),
respectively. Values over histograms (row 2) indicate mean channel of MTG fluorescence
(FL-1). Histograms of NOC-18-treated cells (open curves) are overlayed on control cells
(shaded curves). B, Monitoring of NO levels by DAF-FM fluorescence in cells exposed to
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200 UM NOC-18 for 24 h and subsequent CD3/CD28 stimulation for 4 h. C, Effect of NO
on rapid Ca2* fluxing induced by CD3/CD28 costimulation. PBL were pretreated with 200
UM NOC-18 for 24 h, washed, preloaded with Fluo-3, exposed to CD3/CD28, and analyzed
by flow cytometry. D, Effect of NO on CD3/CD28-induced MHP. After pretreatment with
200 uM NOC-18 for 24 h, PBL were stimulated with CD3/CD28 for 24 h and Ay, was
assessed by TMRM fluorescence in CD3*/annexin V™~ cells. E, Effect of NO on sustained
elevation of [Ca?*].. After pretreatment with 200 uM NOC-18 for 24 h, PBL were
stimulated with CD3/CD28 for 24 h and [Ca?*], levels were assessed by Fluo-3
fluorescence in CD3*/annexin V~ cells. Data in C—E represent mean + SE of independent
experiments using four healthy donors. Values of p reflect the effect of NOC-18
pretreatment.
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