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Abstract

Background: Highly active antiretroviral therapies
(HAART) increase the CD4+ cell count, but com-
plete normalization of this parameter has not been
obtained in some patients. As oxidative stress plays
an important role during human immunodeficiency
virus type 1 (HIV-1)-associated dementia and lym-
phocyte apoptosis, we asked whether the nitric ox-
ide (NO) pathway plays a role in the in vitro survival
of peripheral blood mononuclear cells (PBMC) from
HIV-1 + patients and how it correlates with periph-
eral CD4+ cell levels.
Materials and Methods: PBMC were isolated from
patients with AIDS and assayed for apoptosis and
proliferation in the presence of various chemicals,
including agonists or antagonists of the NO path-

way. Data were then compared with several in vivo
parameters from the same patients.
Results: Apoptosis of PBMC in the presence of exoge-
nous NO is significantly higher in patients with low
peripheral CD4+ cell levels than in patients with high
CD4+ cell numbers or seronegative individuals. In addi-
tion, endogenous NO inhibition rescues cells from apo-
ptosis in AIDS patients with low circulating CD4+ cell
numbers and helps recovery of the T cell proliferative
response. NO-mediated apoptosis does not require cGMP
but involves peroxynitrite generation, PARP activation,
and NAD+ depletion.
Conclusions: Taken together, the data suggest the in-
volvement of NO during the apoptosis and functional
impairment of lymphocytes in patients with AIDS.

Introduction
HIV- 1 infection leads to a progressive depletion
of CD4+ T lymphocytes. Several abnormal ac-
quired characteristics of these cells and their
microenvironment have been described to ex-
plain their anergy and accelerated death (1,2).
Oxidative stress plays a critical role during
lymphocyte apoptosis in patients with AIDS
(1-4). Among oxidants, the role of nitric oxide
(NO) in this phenomenon remains to be deter-
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mined, although many authors have suggested
a role for NO in various neurologic manifesta-
tions during AIDS (5-8). NO generation is me-
diated through the induction of macrophage
inducible nitric oxide synthase (iNOS) by var-
ious inflammatory mediators and viral particles
(reviewed in ref. 9). Cocultures of astrocytes
with HIV- 1 -infected macrophages, but not un-
infected cells, induced NO release (10). NO
expression was also induced in glial cells by
HIV-1 gp4l (11).

Highly activated antiretroviral therapies
(HAART), a combination of inhibitors of HIV-1
reverse transcriptase and protease, increases the
CD4+ cell count, but complete normalization has
not been obtained in some of patients (12). In
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the current study, we first showed that periph-
eral blood mononuclear cells (PBMC) from pa-
tients with peripheral low CD4+ cell counts still
present an accelerated apoptosis compared to
cells derived from other HAART-treated patients
or uninfected donors. As these cells are more
sensitive to the proapoptotic effect of oxidative
burst than cells from uninfected individuals (3),
we asked if they are also more sensitive to NO.
We then investigated the role of NO during in
vitro apoptosis of leukocytes from AIDS patients
undergoing HAART. PBMC were evaluated for
their sensitivity to NO inhibitors or chemical NO
donor. Correlation between these findings and
various in vivo parameters from the same pa-
tients were also investigated.

Materials and Methods
Patients and Controls
Peripheral blood was obtained from HIV-1-in-
fected patients with AIDS (defined by various
parameters according to the Centers for Disease
Control, AIDS surveillance case control) with
their informed consent. All of these patients had
undergone >7 months of HAART, with satisfac-
tory results (Table 1). Following cell centrifuga-
tion, plasma was separated for the quantification
of viral load and levels of tumor necrosis factor-a
(TNF-a) and nitrites. PBMC were isolated using
centrifugation on Ficoll-Hypaque gradient. Con-
trol PBMC and plasma were obtained from pe-
ripheral blood from HIV- healthy volunteers
(33-52 years of age).

In Vitro Cultures
PBMC were incubated in Dulbecco's modified
Eagle medium (DMEM) culture medium supple-
mented with 10% human pooled antibody sera
(Jacques Boy, Paris, France), penicillin/strepto-
mycin, sodium pyruvate, HEPES, and L-glu-
tamine (Gibco-BRL, Cergy Pontoise, France).
Cells were also incubated in the presence of L-
NMMA (NGmonomethyl-L-arginine, nonspecific
NOS inhibitor) or negative control (D-NMMA),
L-NIL (N-iminoethyl-L-lysine, a selective inhibi-
tor of NOS-II), SNAP (S-nitroso-N-acetyl-D,L-
penicillamine, chemical NO donor), Ly-83,583
(inhibitor of cGMP generation), ODQ (oxadia-
zole quinoxaline, specific inhibitor of NO-in-
duced soluble guanylyl cyclase), superoxide dis-
mutase (SOD) (all from Alexis, Laufelfingen,
Switzerland); nicotinamide and 3-aminobenz-

amide (inhibitor of poly-ADP-ribose-polymer-
ase, PARP) or their inactive analogues nicotinic
acid and 3-aminobenzoic acid (Sigma-Aldrich,
St. Quentin Fallavier, France). The optimal con-
centrations of these reagents were determined in
preliminary analysis. For cell proliferation assay,
PBMC (105/ml) were incubated in the presence of
plate-bound anti-CD3 (UCHT1 clone, a gift from
P. C. L. Beverley, IRCF, London, U.K.) and a sub-
optimal concentration of recombinant IL-2 (25
U/ml; Boehringer-Manheim, Meylan, France).

Quantification of Various Factors

Plasma TNF-a was determined by specific en-
zyme-linked immunoabsorbent assay (ELISA;
Genzyme, Cambridge, MA). The stable endprod-
uct of NO, nitrites, were detected using a modi-
fied Greiss reaction as detailed elsewhere (13).
Viral load was presented as plasma HIV-1 RNA
copies/ml as determined by reverse transcriptase
polymerase chain reaction (RT-PCR; Roche Mo-
lecular Systems, Meylan, France).

Assessment of Cell Survival and Apoptosis
Viable nonapoptotic cells (>500) were counted
4-6 days post-incubation as those not reacting
with propidium iodide and annexin-FITC
(Sigma-Aldrich). The results were analyzed and
compared using the Student's t-test for paired data.

Results
Increased In Vitro Apoptosis ofPBMC from Patients
with AIDS in the Presence ofNO

Sensitivity of PBMC to exogenous NO is assayed by
incubating freshly isolated cells (<6 hr) from 17
patients with AIDS (designated by P in Table 1) in
the presence of 100 ,uM SNAP. Following 4-6 days
of incubation, the number of viable (propidium
iodide-), nonapoptotic (annexine-) cells was ob-
tained through direct cell counting. PBMC from 10
healthy seronegative individuals were also incu-
bated under the same culture conditions. Data in
Figure 1 indicate that, in medium alone, the per-
centage of in vitro cell death is greater in cells from
patients with AIDS than in controls (p < 0.02).
Exogenous NO induced significantly higher apo-
ptosis in AIDS cells than in cells from seronegative
individuals (p < 0.009). However, variable sensi-
tivity to NO was observed within AIDS patients. As
shown in Table 2, PBMC from patients with low
(<300/mm3) peripheral blood CD4+ cell counts
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Table 1. Correlation between patient in vivo parameters and plasma TNF-a and nitrite contenta

Patient Age CD4/mm3a Viral load RNA/Mla TNF-a (pg/Ml)a Nitrites (gM)"

p1b

P2
P3
P4
P5
P6
P7
P8
P9
PIO
P12
P13*
P20
P21
P22
P23
P24
Wil
W14
W15
W16*
W17
W18
W19*
W25
W26
W27
W28
W29
W30*
W31
W32
W33
W34
W35

38
53
45
44
41
39
40
41
48
38
52
31
52
76
41
38
52
43
48
59
55
52
48
31
53
36
52
39
38
45
34
46
37
46
25

185
487
350
257
785
301
134
404
235
158
291
400
254
132
350
158
231
341
307
568
284
NT
113
468
395
515
284
162
343
581
244
530
59

193
412

<200
2801
33414
<200
<200
337

<200
447
2810
<200
<200
1594
<200
12022
<200
<200
645

<200
2169
<200
<200
<200
1903
2553
2801
<200
<200
1017
246

44129
43207
<200
14031
<200
<200

46
32

0
6

37
10

0
0
19

0
9

27
389
373
749
11

862
9

31
0
0

13
0

230
35
25
502
286
23
19

802
18
0
0

206

7.9
7.9
9.3
7.1
4.8
3.1

34.8
7.0

33.7
14.6
7.3
NT
33.8
18.2
1.1
6.4
5.5

30.2
14.4
19.2
7.1

20.8
<1.0
14.8
21.7
<1.0
11.7
4.2

42.6
5.5

<1.0
4.1
8.6

<1.0
11.5

aPatients with AIDS received HAART for >7 months. Various parameters were analyzed simultaneously (see Materials and
Methods for more details).
bPatients undergoing apoptosis analysis are numbered first with P, and those analyzed only for serum factors are numbered W.
Females are designated with an asterisk.

(10/17) had a higher in vitro sensitivity to the
proapoptotic effect of NO than those with >300
CD4+ cells/Mm3 (7/17). In contrast, sensitivity to
NO was not correlated with viral load in the same
patients (Table 1).

NO Inhibition Rescues PBMC from Cell Death in
Patients with AIDS

The high sensitivity of patient cells to exogenous
NO led us to investigate the role of endogenous NO
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Fig. 1. Effect of NO on PBMC apoptosis. Cells
from patients with AIDS or healthy seronegative do-
nors were incubated (106/ml) in medium alone
(None) or in the presence of 100 ,uM SNAP. The
percentage of surviving (propidium iodide-) non-
apoptotic (annexine-) cells (compared to seeded
cells, 100%) was obtained. Each circle represents a
different donor. Thick bars show means.

during in vitro apoptosis of patients' PBMC. Cells
were incubated in culture medium supplemented
with an inhibitory analog of L-arginine, L-NMMA
(500 ,uM). When normal cells were incubated with
L-NMMA (Fig. 2), most of populations showed no
sensitivity, whereas some had increased or a slight
inhibition of cell death. In contrast, treatment of

Fig. 2. Effect of NO inhibition on in vitro sur-
vival of PBMC. Cells were incubated in medium
alone or with 500 ,JM L-NMMA. The percentage of
surviving cells was obtained as in Figure 1. For pa-
tients with AIDS, continuous lines indicate patients
with <300 CD4+ cells/mm3 and broken lines, those
having >300 CD4+ cells/mm3. Thick broken lines
show means.

AIDS PBMC with L-NMMA led to a significant
increase in cell survival (p < 0.003) and rescue
from apoptosis in 10/17 patients, whereas others
(7/17) showed nonsignificant variations. Cell res-
cue by L-NMMA, not observed with D-NMMA
(<5% variability), was greater in patients present-
ing low peripheral CD4+ cell counts (Table 3) than
in patients having higher CD4+ cell counts, except
patient P3. This particular patient presented very

Table 2. Correlation between NO-induced PBMC apoptosis and number of peripheral blood CD4+
cells in patients with AIDS

PBMC from Untreated + SNAPa Apoptosisb (%) pc

AIDS <300 CD4+ cells/mm3 (X1O) 59 ± 12 34 ± 13 +43 <0.0001
AIDS >300 CD4+ cells/mm3 (X7) 56 ± 10 41 ± 13 +27 <0.005
Uninfected controls (XIo) 75 ± 8 60 ± 15 +20 <0.007

aMean ± SD of percentage of cell survival following 4-6 days incubation of PBMC in medium alone or with 100 zM SNAP.
blncreased apoptosis in cells incubated with SNAP compared to cells incubated in medium alone.
cSignificance of SNAP effect on cell survival.
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Table 3. Correlation between L-NMMA-mediated inhibition of PBMC apoptosis and number of CD4+
cells in patients with AIDS

PBMC from Untreated +L-NMMAa ApoptoSiSb(%)pc

AIDS <300 CD4+ cells/mm3 (XIO) 59 ± 12 74 ± 9 -25 <0.003
AIDS >300 CD4+ cells/mm3 (X7) 56 ± 10 61 ± 11 -9 NS
Uninfected controls (X10) 75 ± 8 70 ± 12 +9 NS

aMean ± SD of percentage of cell survival following 4-6 days incubation of PBMC in medium alone or with 500 ,uM L-NMMA.
"Decreased apoptosis in cells incubated with L-NMMA compared to cells incubated in medium alone.
cSignificance of L-NMMA effect on cell survival; NS, not significant.

high levels of iHV-1 RNA copies in his plasma
(Table 1). The same experimental approach in
three patients with low CD4+ cell numbers using
iNOS-specific inhibitor L-NLL showed an inhibition
of apoptosis similar to that observed with L-NMMA
(-20%, -24%, and -38% apoptosis compared to
controls). In addition, L-NMMA and L-NIL treat-
ment clearly decreased the levels of nitrites de-
tected in cell supematants following these cultures
(from 8 ± 4 ,uM to 2 ± 2 ,uM). These data suggest
a role for iNOS-mediated endogenous NO genera-
tion during the apoptosis of PBMC in AIDS patients
having low peripheral CD4+ cell numbers.

Effects ofNO and L-arginine Analog on
Proliferation ofPBMC from Patients with AIDS

During HIV- 1 infection and AIDS, an impair-
ment of lymphocyte functions occurs, such as
unresponsiveness to recall antigens or to stimu-
lation through the CD3/TCR complex, and de-
creased IL-2 secretion (1,2). We asked whether
NO and L-NMMA could affect the growth re-
sponse of PBMC following T cell activation.
PBMC from 14 patients with AIDS were incu-
bated with plate-bound anti-CD3 and IL-2 in the
presence of SNAP (100 AM) and/or L-NMMA
(500 ,uM), and the number of viable nonapo-
ptotic cells was counted 4 days later. Data in
Figure 3 show that the addition of SNAP dramat-
ically decreased cell numbers in most (9/14)
PBMC cells (p < 0.005). Addition of L-NMMA
significantly increased (p < 0.03) cell responses
in most patients with AIDS, regardless of their
peripheral CD4+ cell counts.
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Fig. 3. Effect of NO modulators on PBMC re-
sponse to T cell activation. Cells were incubated
(105/ml) in the presence of anti-CD3-MAb and IL-2,
in the absence (black points) or the presence of 500
JIM L-NMMA (gray circles) or 100 ,uM SNAP (white
circles). Surviving, nonapoptotic cells were counted
as in Figure 1.

No Correlation between Peripheral CD4+ Cell
Number and Plasma Levels of Nitrites, TNF-a, or
HIV-1 Load
In terms of the effects of NO modulation on
PBMC, we asked whether circulating NO is in-
creased in HIV-1+ patients. We quantified NO

I

I
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levels through plasma concentration of their sta-
ble endproduct, nitrites, in plasma from 35 pa-
tients with AIDS undergoing HAART (Table 1).
Levels of nitrites (,uM) were then compared with
those of plasma TNF-a (pg/ml), peripheral blood
CD4+ cell counts (cells/mm3), and viral load
(RNA copies/ml) obtained in the same patients.
As can be seen in Table 1, we did not find any
relationship between these four parameters
(plasma nitrites, TNF-a, CD4+/mm3, and viral
load; p > 0.5). In addition, plasma levels of ni-
trites were extremely variable (11.6 ± 8.4 ,uM)
and close to those obtained in seronegative con-
trols (9 ± 9.6 ,uM, 41 donors).

Involvement of Superoxides, PARP, and NAD+
Depletion During NO-M4ediated Apoptosis ofPBMC
from Patients with AIDS

Because NO shows significant proapoptotic ef-
fects in patient cells, we studied the mechanism
of cell death induced by NO in PBMC from three
patients with low CD4+ cell numbers and signif-
icant sensitivity to SNAP. As NO induces guany-
lyl cyclase and subsequent cyclic GMP (cGMP)
generation (14), we asked whether cGMP plays a
role in cell apoptosis. PBMC were treated with
SNAP and specific guanylyl cyclase inhibitors Ly-
83,583 (30 pAM) or ODQ (10 gm). We found no
effect on NO-induced apoptosis following cGMP
inhibition (data not shown). Because NO may
react with superoxide to form peroxynitrites
(15,16), we added SOD (200 U/ml) to cell cul-
tures. As shown in Figure 4, addition of SOD
significantly decreased NO-induced apoptosis,
which suggests a role for superoxides in this phe-
nomenon. NO is also known to induce cell death
via activation of PARP, NAD+ depletion, and
consequent ATP deficiency (17). This pathway
may play a role in NO-mediated neurotoxicity in
patients with AIDS (8). Reversion of NAD+ de-
ficiency through the addition of exogenous nic-
otinamide (5 mM) or inhibition of PARP activa-
tion by 3 aminobenzamide (2 mM) significantly
reversed cell apoptosis mediated by NO (Fig. 4).
Rescue from apoptosis was observed in patient
cells treated with nicotinamide alone. No inhibi-
tion was detected following cell treatment with
SNAP or the inactive analogs 3-aminobenzoic
acid (2 mM) or nicotinic acid (5 mM) (23 ± 8%
and 27 ± 10%, respectively, compared to 25 ±
9% with SNAP alone). Together, these experi-
ments suggest the involvement of PARP and
NAD+ depletion during NO-induced apoptosis.
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Fig. 4. Mechanism of NO-mediated apoptosis
in PBMC from patients with AIDS. Cells were
incubated in medium (106/ml) supplemented with
SNAP (100 ,uM), SOD (200 U/ml), nicotinamide (5
mM), and/or 3 aminobenzamide (3AB, 2 mM). Per-
centage of viable, nonapoptotic cells was obtained as
in legend to Figure 1. Mean ± SD from three differ-
ent patients. *p < 0.04; **p < 0.003; NS, not signifi-
cant indicate statistical analysis between cells treated
(+) or not (-) with SOD, nicotinamide, or 3AB.

Discussion
The beneficial effect of HAART is the decrease in
HIV load and reversal of HIV-derived activation
and CD4+ cell defects in patients with AIDS.
However, complete leukocyte normalization was
not observed in most of these patients (12). The
present study shows that PBMC from treated
AIDS patients have higher sensitivity to the pro-
apoptotic effect of NO than those from normal
controls. This is not surprising, as these cells were
shown to be sensitive to other proapoptotic fac-
tors, such as FasL, peroxides, or TNF-a (1). Pa-
tients with >300 CD4+ cells/mm3 showed less
sensitivity to NO than those with <300 CD4+
cells/mm3. This indicates that by increasing
CD4+ cell number, HAART can help decrease
leukocyte sensitivity to NO-mediated apoptosis.

Our current findings also provide the first
evidence that endogenous NO inhibition (by L-
NMMA or L-NIL) is able to reverse the in vitro
apoptosis of patients' cells, a phenomenon that
was mainly observed in AIDS patients with de-
creased in vivo levels of peripheral CD4+ cells.
Therefore, endogenous NO may be involved in
patient leukocyte susceptibility to undergo apo-
ptosis and may correlate with CD4+ cell defi-
ciency, despite HAART. Although NO effects on
leukocytes remain to be confirmed in vivo, the
role of NO derivatives in the neuropathology of
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HIV- 1 infection has been extensively analyzed in
vitro and in vivo. Expression of NO and iNOS
was observed in situ during HIV- 1-associated de-
mentia (6-8,11,18,19). This expression may be
due to macrophage activation by HIV-1 gp4l
(11) or proinflammatory factors ( 19-21).

The current study shows the effect of NO on
peripheral leukocytes but, as previously reported
(22), it fails to establish any correlation between
peripheral levels of nitrites or TNF-a and other
patient parameters (Table 1). We hypothesize
that in vivo expression of NO or TNF-a is likely
restricted to specific peripheral tissues rather
than having systemic expression. Analysis of
iNOS expression in lymph nodes and during dis-
ease progression may answer this question.

Higher sensitivity of PBMC from AIDS pa-
tients to NO correlates with their decreased levels
of reduced glutathione and enhanced oxidized
glutathione (4,23). Oxygen derivatives, includ-
ing NO, may also increase HIV- 1 replication
through the activation of the NFKB transcription
factor (24) or induction of TNF-a generation
(21,25). Other authors have shown that antioxi-
dants enhance CD4+ lymphocyte survival when
administered to HIV-1-infected individuals, and
inhibit TNF-a- and phorbol myristate acetate-
induced cell death in HIV-1-infected cell lines
(3,23). This effect was proposed to be mediated
through glutathione (GSH) replenishment by
N-acetylcysteine treatment. GSH is reported to
reverse the proapoptotic effects of NO (3). How-
ever, further analysis of NO sensitivity of purified
CD4+ and other leukocyte subpopulations are
needed to clarify NO targets.

The mechanism of NO-mediated apoptosis
was also investigated. Our preliminary data indi-
cate that NO-induced apoptosis of AIDS patient
cells is not mediated through cGMP generation
but was significantly reversed following simulta-
neous addition of SOD, which may suggest the
involvement of peroxynitrites in cell death. In-
hibition of NO-induced apoptosis by 3-amino-
benzamide and nicotinamide point out a role for
PARP activation, NAD+ depletion, and conse-
quent energy loss during NO-induced apoptosis
of PBMC in patients with AIDS. Other authors
have reported the involvement of this pathway
during NO-mediated neurologic diseases (8,11)
as well as the ability of NAD to prevent mito-
chondria alteration and apoptosis in PBMC from
patients with AIDS (26). Altogether, these exper-
iments point out the beneficial effect of iNOS
inhibition as an adjuvant therapeutic approach

to HAART in order to accelerate CD4+ cell in-
crease and functional recovery.
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