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Abstract

Background: MRL/MpJ- Tnfrsf6P" (MRL//pr) mice, a murine model of systemic lupus
erythematosus (SLE), have defective expression of Fas, substantially reducing signaling for
apoptosis via this mechanism. However, it is known that MRL//pr mice have increased
spontaneous apoptosis of leukocytes. These conflicting observations have stimulated interest in

apoptosis in this SLE model. MRL//pr mice overproduce nitric oxide (NO) as autoimmune disease

progresses. In vitro administration of NO may induce or decrease apoptosis depending on the
cell type. Therefore, we hypothesized that NO induces MRL//or spleen lymphocyte apoptosis
independent of Fas receptor engagement.

Methods: Percentages of apoptotic spleen lymphocytes from MRL//jorand BALB/cJ mice were
determined ex vivo after in vivo treatment with NG-monomethyl-L-arginine (NMMA), a nitric
oxide synthase (NOS) inhibitor. After culture in varying concentrations of a slow-acting NO
donor, the following were determined in spleen lymphocytes: (1) levels of apoptosis, (2) the effect
of phorbol myristate acid (PMA) on levels of NO-induced apoptosis, and (3) protein kinase C
(PKC) activity.

Results: Spleen lymphocytes from MRL//or mice with active disease had increased levels
of ex vivo apoptosis when compared with BALB/cJ controls. This increase was reduced by

pharmacologic inhibition of NOS in MRL//prbut not in BALB/cJ mice. Exogenous administration

of NO in vitro reduced PKC activity and induced apoptosis in MRL//or spleen lymphocytes, an
effect that could be reduced via coadministration of PMA in vitro.

Conclusion: These results suggest that NO plays a role in spleen lymphocyte apoptosis in
MRL/Jpr mice, possibly via inhibition of PKC, despite a Fas defect.
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MRL/Mpl-Tnfrsf6P" (MRL/Jpr) mice spontaneously develop a lupus-like disease with
immune complex glomerulonephritis, arthritis, and anti-double-stranded deoxyribonucleic
acid (DNA) antibody production. These mice have a mutation in the Fasor 7nfrsfé gene,
which leads to reduced signaling for apoptosis.! Much emphasis has therefore been placed
on the role of dysregulated apoptosis in the progression of autoimmune disease in these
mice.23 Despite a deficit in Fas, MRL//or mice have displayed increased apoptosis of
peripheral lymphocytes.# Our laboratory has shown that MRL//or mice overproduce nitric
oxide (NO) and that blocking NO production inhibits disease progression.>® Therefore, we
hypothesized that increased levels of NO induce apoptosis in these mice via an alternative
mechanism to Fas receptor engagement.

NO is a soluble inter- and intracellular messenger formed by the deamination of arginine
by nitric oxide synthase (NOS) to form NO and c-citrulline.” The inducible form of NOS
(iNOS) produces large amounts of NO and can be found in macrophages, neutrophils,
lymphocytes, Kupffer’s cells, and mast cells. NO is known to have vasodilatory, antitumor,
antimicrobial, and inflammatory properties. A growing body of evidence indicates that
NO plays a role in autoimmunity.>:6:8-11 The mechanism by which NO is pathogenic in
autoimmune syndromes is not clear, however.

Several studies implicate NO as a regulator of apoptosis in humans and mice. NO

induces apoptosis in murine macrophages, CD4*CD8* thymocytes, mastocytoma cells, and
pancreatic islet cells.12-17 On the other hand, low concentrations of NO (1-100 pM) can
reduce the percentage of apoptotic murine B cells via increased expression of BCL2.18

In humans, NO increases apoptosis among HL-60 promyelocytic leukemia and U937
monocytic cell lines,19 whereas it reduces apoptosis in B lymphocytes a eosinophils.20:21
The role of NO in regulating apoptosis of circulating immune cells in lupus is unknown.

In this study, we investigated the role of NO in regulating MRL//prspleen lymphocyte
apoptosis by blocking the production of NO with oral N-monomethyl-L-arginine (NMMA)
in MRL//pr mice with active disease. With no treatment, spleen lymphocytes from diseased
MRL//pr mice had enhanced levels of apoptosis when compared with BALB/cJ controls.
NMMA treatment reduced the percentage of apoptotic MRL//prspleen 1lymphocytes,
particularly B cells, in vivo, whereas the spleen lymphocytes of BALB/cJ controls were

not affected by NMMA treatment. These results were confirmed in vitro by exogenous
administration of NO via a stable NO donor (Deta NONOate, Alexis Biochemicals, San
Diego, CA), which enhanced apoptosis of spleen lymphocytes. Furthermore, exogenous

NO inhibited protein kinase C (PKC) activity, and a PKC agonist reduced the level of NO-
induced apoptosis. These data offer NO-mediated signaling as a potential mechanism for
the seemingly contradictory observation that apoptosis is increased in MRL//pr lymphocytes
despite a homozygous Fas defect.

METHODS

Mice and Sample Collection

Female MRL//prand BALB/cJ mice were purchased from Jackson Laboratory (Bar Harbor,
ME) at 6 weeks of age and housed under specific pathogen-free conditions in the animal
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research facility at the Ralph H. Johnson Veterans Affairs Medical Center. Mice were
serologically tested and confirmed negative for common murine pathogens on a random
basis. Mice from both in vivo treatment groups were fed a low-nitrate and nitrite (NOy),
arginine-free diet (Zeigler Brothers, Gardners, PA) throughout the 2-week treatment period
to eliminate dietary NOy as a contaminating source of serum NOy. Arginine was eliminated
from the diet to prevent competitive inhibition of NMMA absorption because NMMA is

an analogue of arginine. Retrobulbar blood collection for serum NO, determinations was
performed after anesthesia but prior to sacrifice. Mice used for the in vitro studies were fed
a regular diet and sacrificed via cervical dislocation after anesthesia. Untreated MRL//prand
BALB/cJ mice were used for analysis of spontaneous apoptosis of spleen lymphocytes in
vivo. All MRL//prmice used for in vivo experiments were 17 weeks old or older because
MRL//pr mice begin overproducing NO at approximately 12 weeks of age.>

In Vivo Treatment

Treated mice were given 50 mM NMMA (Cyclopss Biochemical Corporation, Salt Lake
City, UT) ad libitum in their drinking water, whereas controls received distilled water.6:22
Eight mice in each group were given these treatments daily for 2 weeks prior to sacrifice and
analysis of spleen lymphocytes. Two separate experiments containing both treatments were
performed for the in vivo studies.

Culture of Spleen Lymphocytes

In vitro studies were performed with BALB/cJ and MRL//prmice as described above. Mice
were sacrificed, and spleens were disrupted by gently compressing and shearing spleens
between frosted slide ends using a rotary motion. Red cells were lysed by suspension in

a lysis buffer (17 mM Tris HCI pH 7.5 and 140 mM NH4CI, Sigma, St. Louis, MO) for

2 minutes. Spleen lymphocytes were then washed twice in Dulbecco’s Modified Eagle
medium (DMEM) without phenol red, containing 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pug/mL streptomycin (Gibco BRL, Grand Island, NY). Cells were
resuspended in medium at 2.5 x 108 cells/mL, and 0.2 mL of the suspension was added

to each 6 mm well. Deta NONOate was prepared to 0.12 M in 0.01 M NaOH within 30
minutes of culture and diluted to 10x solutions in DMEM just prior to culture to prevent
release of NO prior to dilution in medium.23 Sterile Deta NONOate (final concentration: 0,
100, 250, 500, or 1,000 uM) was added to each well. Cells remained in culture for 13 to

20 hours. The results of five separate experiments were combined for MRL//pr mice, and
the results of two experiments were combined for BALB/cJ mice. To determine the effects
of phorbol myristate acetate (PMA) on NO-induced apoptosis, MRL//or spleen lymphocytes
were also cultured in three separate experiments with or without additional PMA (10 ng/
mL). PMA or control solvent was added simultaneously with the Deta NONOate as above.

NOy Determinations

All serum samples were collected, frozen at —20°C, and thawed at the same time followed
by filtration with a 10,000 nominal molecular weight limit filter (Millipore Corporation,
Bedford, MA) to remove protein prior to analysis. Some of the supernatant samples

were diluted 1:10 to keep NOy concentrations within the linear detection range of the
assay (0-125 pM). Known concentrations of nitrate and nitrite were serially diluted to
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create a standard curve. Serum and supernatant NOy were determined in duplicate using

lie Greiss reagent after reduction of nitrate to nitrite with a modified nitrate reductase
reaction using the following final concentrations of reagents: 2 uM reduced nicotinamide
adenine dinucleotide phosphate, 1 mM glucose-6-phosphate, 0.3 U/mL glucose-6-phosphate
dehydrogenase, 0.1 U/mL nitrate reductase (all Boehringer Mannheim, now Roche
Diagnostics Corp., Indianapolis, IN), and 0.22 M Tris HCI, pH 7.5.24

Analysis of Spleen Lymphocyte Apoptosis

Fresh and cultured cells were transferred to a “V bottom” 96-well plate at 2.5 x 10° cells
per well. Cells were washed in phosphate-buffered saline (PBS) with 1% bovine serum
albumin (BSA) (Sigma, St. Louis, MO) and pelleted. To resuspend pelleted cells, 0.2 ug

of phycoerythrin (PE)-conjugated anti-CD4, -CD8, or -immunoglobulin M (IgM) antibodies
(Promega, Madison, WI) in 50 uL of 1% BSA in PBS was added to wells. The plates were
incubated on ice in the dark for 30 minutes.2> The cells were pelleted, washed in PBS, and
suspended in 100 pL of binding buffer. Ten microliters each of fluorescein isothiocyanate
(FITC)-conjugated annexin V and propidium iodide (PI) from an apoptosis detection kit (R
& D Systems, Minneapolis, MN) were added to each well, and the plates were incubated

at room temperature for 15 minutes in the dark. Cells were transferred to 12 x 75 mm

tubes through a 40 p filter (Falcon, #2235), placed on ice in a dark container, and analyzed
by flow cytometry (Becton Dickinson FACS Vantage, 488 nm excitation wavelength). FITC-
conjugated annexin V was detected by fluorescence detector 1 (FL1) using a band filter
(530 £ 30 nm). PE-conjugated cell surface markers were detected by fluorescence detector 2
(FL2) using a band filter (585 £ 42 nm). PI staining was detected on fluorescence detector

3 (FL3) using a long pass filter (> 670 nm). Ruptured cells stained for either annexin V,

PE cell surface stain, or Pl alone were used for positive controls to adjust the compensation
and photomultiplier tube voltage prior to analysis and gating after analysis. PE-conjugated
isotype controls were used to set gates for analysis. Flow cytometry data were analyzed
using the CEL L Questprogram (Becton Dickinson, San Jose, CA). Viable cells (membranes
intact) were first gated on as fluorescence channel 3 (FL3) (PI) negative, middle- and
upper-range forward scatter cells. To determine overall spleen lymphocyte apoptosis, viable
FL3-negative gated cells were analyzed by quadrant on a dot plot of FL1 versus FL2,
whereby FL1-positive gated cells were apoptotic. FL2-positive cells were CD4*, CD8", or
IgM* depending on which stain was used. In a specific sample, live, nonapoptotic cells were
quantitated by determining the percentage of viable annexin V= cells in each subset.26

PI1 DNA Staining for Analysis of Apoptosis

Spleen lymphocytes (5 x 10°) from each sample were fixed in 70% ethanol for 1 to 7

days at —20°C. After fixation, fixed nuclei were transferred to a V bottom 96-well plate,
washed twice in PBS, pelleted, resuspended in 100 L of ribonuclease A (20 ug/mL [R6513,
Sigma]), and incubated for 30 minutes in the dark at 37°C. Ten microliters of 110 pg/mL PI
in PBS was added to the suspension, and cells were incubated at room temperature for 10
minutes in the dark. Cells were analyzed by flow cytometry using the same equipment and
software as with the annexin V apoptosis assay. Pulse processing was used for this assay,
and cells were gated using FL2 width versus FL2 amplitude plots to exclude doublets and
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cell fragments. Gated cells were analyzed using an FL2 histogram. Apoptotic cells appeared
as a sub-G1 peak.2’

Confirmation of Annexin V Assay for Apoptosis

Spleen lymphocytes from several experiments were analyzed using both the annexin V
technique and PI nuclear staining techniques. Annexin V and Pl assay results of samples
treated at the same time correlated well (r= .88, p=.022; data not shown), so combined
annexin V-FITC and cell surface marker-PE staining was used in subsequent experiments to
analyze simultaneously for apoptosis and cellular subsets.

Proliferation Assay

Spleen lymphocytes were cultured for 2 hours prior to addition of varying concentrations of
Deta NONOate as described above. After adding 2 uCi of [BHlthymidine to the wells, cells
were cultured for 24 hours at 37°C in 5% carbon dioxide. Cells were lysed with distilled
water and ethanol, and lysates were extracted with a cell harvester (Skatron Instruments,
Lier, Norway). After addition of scintillation fluid, counts were read on a Beckman LS 6500
scintillation counter (Beckman Coulter, Inc., Fullerton, CA).The results of two separate
experiments with triplicate readings for each well were averaged after normalizing the data
to the percentage of counts per treatment relative to control wells.

PKC Activity of Cell Lysates

MRL/fprspleen lymphocytes were cultured in 0, 250, and 1,000 pM Deta NONOate
overnight. Cells were harvested and analyzed for PKC assay using a Calbiochem assay
(#539484, Alexis Biochemicals) according to the manufacturer’s instructions. The results
of three different experiments performed in triplicate were averaged after the data were
normalized to the percentage of activity relative to control wells.

Statistical Analysis

All statistical calculations were performed using SigmaStat 2.03 software (SPSS Inc.,
Chicago, IL). All values for the percentage of apoptotic cells were reported as a percentage
of controls, thus allowing for a comparison of treatment effect between experiments. All
comparisons of data between individual in vivo and in vitro treatment groups were made

by Wilcoxon rank sum analysis or Student’s #test depending on the distribution of the data.
Simple linear regression analyses were used to correlate serum or supernatant NO, with the
percentage of apoptotic cells ex vivo. The same analysis was used to compare annexin V and
Pl assay results for apoptosis. Two-way repeated-measures analysis of variance was used

to determine the effect of a treatment at several concentrations of Deta NONOate on cells
cultured simultaneously in vitro. The results were reported as mean * standard error and
were considered significant if pvalues were <.05. Percentages of CD4~/CD8~/IgM™ annexin
V* intact cells were determined by subtracting the sum of the percentages of CD4*, CD8*,
and IgM* cells from averages of all annexin V* cells.
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In Vivo Apoptosis of MRL/Ipr Spleen Lymphocytes Was Greater than That of BALB/cJ
Spleen Lymphocytes

Splenocytes from MRL//pr mice (that were old enough to overproduce NO) and BALB/cJ
mice were isolated and analyzed for apoptosis using annexin V and PI staining and flow
cytometry. MRL//prspleen lymphocytes had greater levels of spontaneous in vivo apoptosis
than BALB/cJ controls (Figure 1).

NMMA Significantly Reduced MRL/Ipr and Not BALB/cJ Spleen Lymphocyte Apoptosis In

Vivo

MRL//pr mice with active disease and BALB/cJ mice were given NMMA or distilled water
for 2 weeks. Spleen lymphocytes were then isolated and analyzed for apoptosis. NMMA
significantly reduced spleen lymphocyte apoptosis in MRL//prbut not BALB/cJ spleen
lymphocytes (Table 1). Spleen lymphocyte subset analysis of apoptotic MRL//pr spleen
lymphocytes was performed using flow cytometry. NMMA significantly reduced apoptosis
of only IgM* cells in MRL//prcells and did not significantly affect apoptosis of BALB/cJ
subsets (see table 1). The percentage of live, intact cells in each subset was not significantly
affected by NMMA treatment (data not shown). Sera NOy levels were determined at the
time of spleen lymphocyte isolation tor MRL//pr mice in both treatment groups. Serum NOy
levels correlated significantly with IgM* spleen lymphocyte apoptosis (7= .60, p=.015).

Exogenous NO Induces Apoptosis in MRL/Ipr and BALB/cJ Spleen Lymphocytes In Vitro

MLR//prand BALB/cJ spleen lymphocytes were isolated and cultured with varying
concentrations of Deta NONOate (a slow-releasing NO donor) Tor 12 to 18 hours overnight.
Spleen lymphocytes were then analyzed for apoptosis using annexin V and cell surface
markers. Deta NONOate significantly increased apoptosis of both MRL//prand BALB/cJ
spleen lymphocytes in a similar dose-dependent fashion (Figure 2). When subset analysis of
apoptosis was performed, Deta NONOate induced apoptosis in all subsets, with statistical
significance achieved for CD4* and CD8* cells in isolated MRL//prspleen cells (Figure 3).
Subset analysis was not performed for BALB/cJ isolated spleen cells.

PKC Agonist PMA Inhibits NO-Induced Apoptosis of MRL/Ipr Spleen Lymphocytes

MRL//prspleen lymphocytes were isolated and cultured overnight in varying concentrations
of Deta NONOate with or without the PKC agonist PMA (10 ng/mL) added simultaneously.
PMA reduced NO-induced apoptosis of MRL//prspleen lymphocytes except in those
cultured with 500 UM Deta NONOate (Table 2).

Deta NONOate Inhibits PKC in MRL/Ipr Spleen Lymphocytes

MRL//prspleen lymphocytes were isolated and cultured overnight in 0, 250, and 1,000 uM
Deta NONOate. Cells were harvested after culture and analyzed for PKC activity. Deta
NONOate reduced PKC activity in a dose-dependent fashion with a statistically significant
effect at 1,000 uM Deta NONOate (see Table 2; p=.04).
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DISCUSSION

We report herein that NO induces apoptosis in spleen lymphocytes, likely by reducing
PKC activity. These data provide insight into the conflicting literature regarding the

role of apoptosis in this murine model of systemic lupus erythematosus (SLE) and
highlight the importance of multiple competing pathways in apoptosis signaling. Initial
interest in apoptosis of immune cells in this model arose from the discovery that the
lymphoproliferative or Jor phenotype arose from defective Fas signaling.28 This discovery
led to the hypothesis that reduced signaling for apoptosis in these mice not only led to
lymphoproliferation but contributed to autoimmunity by reducing programmed deletion

of autoreactive B and T cells.28:2% However, several laboratories have reported increased
numbers of circulating apoptotic cells in humans with SLE30-35 and in MRL//or mice,36-38
thus complicating interpretation of data related to the role of apoptosis in SLE. Several
groups have reported data that support the hypothesis that increases in apoptotic cells

lead to autoantibody production. In these studies, autoantigens were expressed in apoptotic
surface blebs,3%-41 and cryptic epitopes were unmasked by the proteases activated during
apoptosis.*2 Nucleosomes, released during apoptosis, and apoptotic cells themselves induce
autoantibody production when injected into nonautoimmune strains.36-39 Thus, whereas
reductions in apoptosis of autoreactive clones may result in autoimmunity, increases in
circulating apoptotic cells may also contribute to autoimmunity.

These seemingly conflicting hypotheses led to the notion that competing signaling for
apoptosis must occur in SLE patients and in the MRL//or murine lupus model. Our

data concur with reports of increased apoptosis among thymocytes from MRL//or mice
when compared with those from BALB/cJ mice.*3 Others, however, have reported reduced
apoptosis of (1) CD4* cells from MRL//or mice during receptor engagement3 and (2) in
spleen lymphocytes and thymocytes when studied by labeling of end-nicked DNA.#4 There
are three possible explanations for conflicting data regarding apoptosis in immune cells

in these mice. First, pro- and antiapoptotic signaling varies according to cell type and

state of activation. For example, CTLAA4 cross-linking in /or [or mice led to apoptosis in
stimulated CD4* cells but resulted in reduced proliferation without apoptosis in resting
CD4* cells.*546 Thus, conflicting data regarding apoptosis among leukocytes in MRL//jpr
mice may relate to different cell types and states of cell activation in the experiments.4”
Second, the rate of clearance of apoptotic cells and bodies can also affect the number

of apoptotic cells present under any given circumstance®® and thus may contribute to the
induction of autoreactive clones on some genetic backgrounds.*® Third, local concentrations
of NO may differ in different tissues under different states of activation. Thus, our data
indicating enhanced apoptosis of IgM™* spleen lymphocytes associated with iNOS activity
ex vivo but more significant CD4* and CD8* spleen lymphocyte apoptosis in the presence
of exogenous NO in vitro may be a reflection of either (1) reduced clearance of these

cells in vitro, (2) differing states of cell activation in vivo versus in vitro, or (3) differing
local concentrations of NO in vivo compared with uniform exposure in vitro.30 The fact
that BALB/cJ and MRL//prspleen lymphocytes undergo apoptosis in a similar fashion in
response to exogenous NO in vitro (see Figure 1) suggests that the stimulus for excessive
apoptosis of MRL//pr spleen lymphocytes is not intrinsic to these cells but is instead due
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to the overproduction of NO or increased oxidative stress at the site of NO production
(discussed below) observed in these mice.>

NO, either as produced endogenously or when added to culture medium via NO donors, has
both pro- and antiapoptotic effects and acts via mitochondria-dependent and -independent
pathways. The effects of NO on apoptosis are usually executed via other species that are
related to NO but are more reactive. The redox state of the cellular microenvironment in
which NO is generated is essential to the effect that NO has on apoptosis. For instance,
when NO is produced in proximity to the mitochondria in a high redox state, NO can

be converted into peroxynitrite (ONOQO™), which, in turn, can, via cytochrome-c-mediated
caspase activation, induce apoptosis. On the other hand, in more physiologic states in which
NO and reactive oxygen species are present in lower levels, NO can inhibit several apoptotic
pathways via S-nitrosation of thiols (Figure 4).51

This dichotomous cellular response to NO can be seen in seemingly conflicting reports of
NO as an inducer or an inhibitor of apoptosis in different cell types or under different
culture conditions. For instance, in thymocytes, tyrosine nitration by reactive nitrogen
species appears to be an important step in NO-induced apoptosis.>2 When exposed to
methylprednisolone and etoposide, rat thymocytes signal for apoptosis by expression of
iNOS in mitochondrial membranes and subsequent NO production.>3 Induction of iNOS
in these settings appeared to serve as an intracellular or autocrine signal or apoptosis.>
Exogenous NO has also been demonstrated to induce apoptosis in thymocytes,>2:5% dendritic
cells,®8 and monocyte and macrophage cell lines in vitro.57 In a more physiologic setting,
dendritic cells in the thymus express iNOS in response to self-antigens and may play a role
in inducing tolerance by inducing thymocyte apoptosis in an autocrine fashion.>®

In contrast to our observations in MRL//or IgM* cells, Mannick and colleagues reported

a distinct inhibitory action of exogenous and endogenous NO production in human B
lymphocyte apoptosis.?! The same group later reported that NO inhibits Fas-mediated
apoptosis in human leukocytic cell lines by S-nitrosation of proapoptotic caspases.?:60
The proapoptotic effect of NO in our hands versus the antiapoptotic effect in the hands

of Mannick and colleagues could be explained by differing culture conditions leading to
differences in an exogenous or endogenous redox state. However, Mozart and colleagues
cultured two different B-cell lines with the same concentration of an exogenous NO donor.
Whereas one clone underwent cell cycle arrest and apoptosis, the other did not.8 These
results suggest that there is a clone-dependent susceptibility to NO-mediated apoptosis that
is consistent with the notion that the effects of NO on apoptosis are highly dependent on
reactive oxygen and nitrogen states in the local cellular microenvironment. Such differences
may explain the divergent response to NO between human B-cell clones and isolated IgM™*
murine spleen cells.

Several laboratories have investigated the role of PKC in NO-mediated signaling for
apoptosis. NO induced apoptosis in RAW 264.7 macrophages via a PKC-mediated
mechanism.52 Overexpression of PKC in transfected cells protected them from NO-induced
apoptosis by reducing the NO-mediated activation of INK/SAPK, p38 kinase, and CPP32-
like protease.53 In MRL//pr mice specifically, transgenic PKCK2a activity led to an
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acceleration in lymphoproliferation by increasing B220*CD4-CD8~CD3* cells in lymphoid
organs.® Similarly, a PKC agonist protected MRL//pr splenic T lymphocytes from
apoptosis, and a PKC inhibitor accelerated apoptosis.®°

This study has several limitations. First, percentages of live and apoptotic

CD4~CD8"IgM~ cells were calculated rather than directly measured as CD4~-CD8~B220*
or CD4-CD8~CD3* cells as MRL//or “double-negative” T cells are generally characterized.
Second, changes in PKC activity were not measured in individual cellular subsets. This
opens the possibility that changes in overall PKC activity may have occurred owing to
changes in the composition of remaining live cells. However, in vitro treatment of MRL//or
spleen cells failed to significantly affect the percentage of live cell subsets (data not shown).
There are multiple mechanisms of inducing apoptosis by NO-related species that were not
addressed in this report. Among these are effects on cytochrome-crelease, caspase activity,
and tyrosine kinase activity.> Therefore, any data regarding PKC-mediated mechanisms of
apoptosis induction should be interpreted with caution.

This is the first description of NO-mediated apoptosis in the MRL//Jor model of SLE. This
contradicts the notion that this model exhibits a phenotype of universal defective apoptotic
signaling. However, it does offer a possible mechanism by which targeted signaling for
apoptosis of autoreactive clones may be defective during induction of tolerance yet increased
in a nonspecific manner in the periphery during inflammatory states such as infection or
autoimmune syndromes. Further work regarding the effects of NO on leukocytes of humans
with SLE is ongoing.
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FIGURE 1.

Apoptosis of MRL//prand BALB/cJ isolated spleen cells in vivo. Spleen lymphocytes from
MRL//pr mice (that were old enough to overproduce nitric oxide) and BALB/cJ mice were
isolated and analyzed for apoptosis using annexin V and propidium iodide staining and flow
cytometry. A, Apoptosis of MRL//prspleen lymphocytes was reported as a percentage of
that for BALB/cJ spleen lymphocytes. The results were an average of several experiments.
Apoptosis of MRL//prspleen lymphocytes was greater than that seen in BALB/cJ mice (p <
.05). B, The results of a single, representative experiment, reported as the percentage of all
intact cells that are apoptotic.
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FIGURE 2.

Apoptosis of MRL//prand BALB/cJ spleen lymphocytes with exogenous nitric oxide in
vitro. MRL//prand BALB/cJ spleen lymphocytes were isolated and cultured overnight in
varying concentrations of Deta NONOate. Cells were harvested and analyzed for apoptosis
using annexin V—fluorescein isothiocyanate staining and flow cytometry. A, The results
were normalized to the percentage of apoptotic cells relative to control wells (not exposed
to Deta NONOate) and reported as the average + standard error of five experiments

for MRL//pr mice and two experiments for BALB/cJ mice MRL//prspleen lymphocyte
apoptosis was represented with closed circles, whereas BALB/cJ apoptosis was represented
with open circles. The results were reported as a percentage of control conditions (no
added Deta NONOate). For MRL//orspleen lymphocytes, p < .001 for treatment effect. For
BALB/cJ spleen lymphocytes, treatment effect was not statistically significant across two
experiments. B, Representative single experiment from data reported in A The results were
reported as the percentage of intact cells that were apoptotic.
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FIGURE 3.
Apoptosis of MRL//prspleen lymphocyte subsets with exogenous nitric oxide in vitro.

MRL//prspleen lymphocytes were isolated and cultured overnight in varying concentrations
of Deta NONOate. Cells were harvested and analyzed for apoptosis using flow cytometry
with annexin V—fluorescein isothiocyanate and phycoerythrin cell surface marker (CD4",
CD8*, and IgM*) staining. A, The results were normalized to the percentage of apoptotic
cells relative to control wells (not exposed to Deta NONOate) + standard error and were
calculated from the average of five experiments. Apoptosis of subsets was reported as
follows: CD4* cells as closed circles, CD8* cells as open inverted triangles, IgM* cells

as closed squares, and CD4-CD871gM™ cells as open diamonds. Deta NONOate induced
significant apoptosis among CD4*, CD8*, and CD4~-CD8~IgM™ cells (asterisk signifies p
<.05). B, The results of a representative single experiment reported as the percentage of
apoptotic intact cells in each subset. Subset analysis was not performed for BALB/cJ spleen
lymphocytes.
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FIGURE 4.
Effect of intracellular nitric oxide (NO) and oxygen gradients on the formation of NO and

NO-related species: subsequent effect on mitochondria- and non-mitochondria-dependent
apoptosis. The fate of intracellular NO is highly dependent on the relative concentrations
of NO and reactive oxygen species. This simplified diagram demonstrates that NO,

when produced in the presence of superoxide (O,7), forms peroxynitrite (ONOO™) which
stimulates cytochrome-c release from mitochondria. This release can result in apoptosis of
the cell. On the other hand, when NO is produced under more physiologic circumstances,
it can S-nitrosate caspases and inhibit apoptosis. Adapted from Boyd CS and Cadenas E.5!
RNSO = S-nitrosated thiols; RSH = reduced thiol species.
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