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Abstract

Weinvestigated the effects of glutathione (GSH), the major
naturally occurring thiol, and a pharmacologic thiol precursor
of GSH, N-acetyl cysteine (NAC), on the expression of human
immunodeficiency type I (HIV-1) in primary cord blood and
adult donor monocyte-derived macrophages (MDM). HIV-1
infection of cord blood and adult MDMwas accomplished after
incubating 10-15-d-old cultures for 4 h with a monocyte-tropic
strain of HIV-1 (Bal). After I wk in culture cell supernatants
were tested for reverse transcriptase (RT) activity. MDMwere
exposed to 5, 10 and 20 mMconcentrations of both GSHand
NACbefore infection, during infection, and after infection was
established. GSHand NACsuppressed the replication of HIV-
I in both primary cord blood and adult donor MDMin a con-
centration dependent fashion. These suppressive effects were
more pronounced in cord-derived cells than in adult-derived
cells. In cells treated with GSHor NACbefore infection, there
was no significant rise in RTactivity as compared with controls.
Similarly, when cells were treated with GSHand NACand
simultaneously infected, there was also no significant rise in RT
activity after 1 wk in culture. In cells treated after infection was
established, RT values were suppressed 80-90% that of un-
treated controls. This effect persisted for 1-2 wk after exposure
to GSHand NAC. Untreated controls demonstrated syncytium
formation and lost characteristics of spreading and elongation 2
wk after HIV-1 infection, whereas most of the treated cells
remained free of syncytium and retained cytoplasmic spread-
ing, adherence, and elongation. These data are consistent with
other studies of thiol suppression of HIV-1 replication and dem-
onstrate a similar observation for primary cultured cord MDM.
These results may offer new approaches toward cellular protec-
tion after infection with HIV-1. (J. Clin. Invest. 1993.91:495-
498.) Key words: y-glutamyl amino acids * 'y-glutamylcysteine
synthetase * nuclear factor kB - phorbol myristate acetate-
reverse transcriptase

Introduction

Over the last three years there has been an significant increase
in the number of pediatric AIDS cases reported by the Centers
for Disease Control (1). Although a small number of children
have been infected through transfusions of human immunode-
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ficiency virus type 1 (HIV- 1)-contaminated blood products,
> 80%of infected children have acquired the virus perinatally.
Viral transmission can occur prenatally via the placenta, at
time of delivery by direct inoculation or postnatally via breast
milk. The estimated rates of perinatal transmission is - 30%.
Mean survival from the time of diagnosis is estimated at 38
months (1).

The monocyte-derived macrophage (MDM)' may play a
central role in the pathogenesis of HIV- 1 infection. In vitro the
macrophage is believed to contribute to viral latency by acting
as a reservoir for replication and dissemination (2-4). Wehave
recently demonstrated that cord MDMare susceptible to HIV-
1 infection with the monocyte-tropic strains (Bal and Ada-M)
and capable of a productive infection (5).

Glutathione (GSH), the most abundant intracellular thiol
(0.1-10 mM), plays a key role in intracellular defense against
reactive oxygen intermediates and is one of the most active
biological compounds available to the cell (6). Roederer et al.
(7) have recently demonstrated that N-acetyl cysteine (NAC)
inhibits tumor necrosis factor-a (TNF-a) and phorbol myris-
tate acetate (PMA) stimulation of HIV- 1 replication in T cells
and peripheral blood mononuclear cells. Kalebic et al. (8) have
similarly demonstrated dose-dependent suppression of HIV- 1
expression in a chronically infected promonocytic U1 cell line
with GSHand NAC. These cells were derived from infection of
promonocytic U-937 cells carrying two copies of proviral
DNA. Recent literature suggests that agents that increase GSH
levels inhibit nuclear factor kB (NF-kB), which is a known
enhancer of HIV- 1 transcription (9) and is a DNAbinding
protein responsive to cellular activation. This transcription fac-
tor has been shown to enhance HIV- 1 replication in T cells
after treatment with PMAor TNF-a ( 10- 1 3). The regulation
of this nuclear factor may influence the expression of certain
genes responsible for HIV- 1 expression. NAChas been shown
to block PMA, TNF-a, and stimulation of HIV long terminal
repeat-directed gene expression (lacZ gene expression) as
measured by f3-galactosidase activity (7). In the asymptomatic
adult patient with HIV- 1 infection, peripheral blood mononu-
clear cells, serum, and lung epithelial fluid have reduced levels
of GSHand soluble thiols ( 14, 15). This deficiency may be a
marker for early transition from latency to the active disease
process in the asymptomatic individuals.

This article reports the effect of GSHand NACon the infec-
tivity of HIV- 1 for primary cord blood MDM.

Methods

Heparinized cord blood (20-50 U/ml) was obtained from the umbili-
cal vein of healthy term newborn infants after uncomplicated pregnan-
cies and deliveries. All cord blood samples were identified as HIV-l

1. Abbreviations used in this paper: MDM,monocyte-derived macro-
phage; NAC, N-acetyl cysteine; NK-kB, nuclear factor kB.
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antibody negative by anonymous testing with the ELISA method (Ab-
bott Laboratories, North Chicago, IL). Monocytes were purified ac-
cording to our previously described technique (16). Cord blood was
layered on a Ficoll gradient and monocyte fraction separated after ad-
herence to gelatin coated flasks. Cells were plated in 24-well/cm2 cul-
ture plates (Corning Glass, Inc., Corning, NY) at a density of 3 x I05 in
RPMI containing 30% fetal calf serum. Monocytes were cultured for
10-15 d when they were considered MDM,After the initial purifica-
tion, > 97%of the cells were monocytes as determined by morphology
and fluorescence-activated cell sorting (FACS) analysis using monoclo-
nal antibody (mAb) Leu-M3 and low-density lipoprotein specific for
MDM(5). In all cases, Limulus amebocyte lysate assay demonstrated
that media and reagents were endotoxin-free. HIV- 1 strain Bal was
isolated from human infant lung tissue and provided by Dr. R. C.
Gallo's laboratory through the AIDS Research and Reference Reagent
Program, Division of AIDS, National Institute of Allergy and In-
fectious Diseases, National Institutes of Health, Bethesda, MD. Infec-
tion was accomplished by adding 0.2 ml (24-well plate) or 0.05 ml
(48-well plate) of HIV-1 (with 5-8 X I05 cpm/ ml of reverse transcrip-
tase (RT) activity) to each well and incubating the cells for 3 h at 370C.
The inoculum was removed and cells were washed four times with
RPMI to remove unabsorbed virus. The final wash was tested for RT
activity and shown to be free of residual inoculum. Every 5-7 d super-
natants were tested for RT activity.

Levels of RT activity present in HIV-l-infected cord MDMwere
determined by the methods of Willey et al. ( 17) with modification. In
brief, 10 ul of culture supernatants was added to 50 gl of a cocktail
containing poly (A), oligo (dt) (Pharmacia Inc., Piscataway, NJ),
MgCl2, Nonidet p-40 and [32P]dTTP (Amersham Corp., Arlington
Heights, IL) and incubated for 20 h at 370C. A 30-ul portion of the
reaction mixture was then spotted on DE 81 paper (Whatman Int.,
Maidstone, England) and air-dried. The filters were then washed in 2X
standard saline citrate (SSC 0.3 MNaCl/0.03 Msodium citrate, pH
7.0) and 100% ethanol, dried, cut, and placed in a scintillation counter
(LS 7000, Beckman Instruments, Inc., Palo Alto, CA) for measure-
ment of radioactivity.

NACand GSHwere purchased from Sigma Chemical Co. (St.
Louis, MO). Cord blood MDMwere incubated with NACand GSH
(5, 10, and 20 mM)either 24 h before adding HIV-l (Bal), simulta-
neously with the addition of HIV-1, or within 2 wk of an already estab-
lished productive infection with HIV-l (as determined by RT activ-
ity). The pretreated cells were exposed to GSHor NACfor a 24-h
period before infection with HIV-1. Similarly, cells were simulta-
neously exposed to GSHor NACfor up to 3 h during infection with
HIV-l (Bal). In studies of a third group of cells in which infection was
already established, fresh GSHor NACwere added at their respective
concentrations every 3 d during the experiment. In the former two
groups, GSHand NACwere added only once. RTactivity was assessed
at 7-10 d postinfection and weekly thereafter for a total of three times.
Only those cells which demonstrated cytoplasmic spreading, adher-
ence, and elongation were used for this study. NACand GSHwere
dissolved in endotoxin-free media before use.

Results

In MDMthat were infected and then treated, both cord blood-
and adult blood-derived cells demonstrated suppression of RT
activity after treatment with GSHor NACin a concentration-
dependent fashion (Fig. 1). Although both thiols suppressed
viral replication, NAChad a slightly greater effect on RTvalues
than GSH. This suppressive effect was observed 3-5 d after
treatment with GSHor NAC, and persisted during 3 wk in
culture. After 6 wk, both treated and untreated cells demon-
strated light microscopic features of cell death (cell detachment
loss of spreading and elongation). Uninfected control cells,
however, retained characteristics of live macrophage culture,
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Figure 1. RT suppression of HIV-l in adult and cord MDM.Con-
centration-dependent suppression of RT activity with NACand GSH
in cord and adult MDMis shown. RT activity was determined in
culture supernatants from the average of two adult and seven cord
cell experiments. All results are shown as %control levels and each
experiment was done in triplicate. Variability between triplicate re-
sults was < 15%. RT levels for infected control cells averaged 3,000
cpm/Ml corresponding to 100% activity.

(adherence, spreading, and elongation). Syncytium formation
was a constant feature of HIV- 1-infected cells and was inhib-
ited by treatment with GSHor NAC. Cord blood-derived
MDMalso demonstrated higher RT activity compared with
adult MDMafter both were infected with the same HIV-l
strain (Bal), and greater suppression after thiol treatment (Fig.
2). Cells that were pretreated for 24 h with 10 and 20 mMof
GSHor NACand then infected did not demonstrate signifi-
cant RT activity after 10 d in culture. Similarly, cells which
were treated and simultaneously infected demonstrated ab-
sence of RT activity after 10 d. Treatment with 5 mMGSHor
NACproduced less RT inhibition than with 10 or 20 mM
concentrations (Fig. 3, A and B).

Cell death was seen in all treated and untreated cells 30 d
after infection. The influence of GSHor NACon cell death was
studied by using trypan blue exclusion assay, and there were no
differences between the treated and untreated cells during the
time course of the experiment.

Discussion

Glutathione is a ubiquitous molecule present in all mamma-
lian cell systems. It is synthesized and degraded intracellularly,
occurring mainly in the reduced form (GSH). The cellular
turnover of GSHis associated with its transport in and out of
cells via a transpeptidase which breaks down GSHoutside the
cell membrane, transports its constituent y-glutamyl amino
acids across into the cell, and resynthesizes GSHinside the cell.
The transport of GSHparticipates in reductive reactions that
may occur on the cell membrane as well as the intracellular
environment (6). In asymptomatic HIV-l-seropositive indi-
viduals, low GSHlevels have been found in plasma, peripheral
blood mononuclear cells, and lung epithelial lining fluid
(14, 15).

Cellular protection during oxidant injury from superoxide
radical, peroxides and radiation by GSHis well known (6, 12,
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Figure 2. Duration of suppressive effects seen with 20 mMNACin
both cord and adult cells after infection with HIV- 1. Results are from
the mean of two adult and seven cord experiments done in triplicate.
Variability between triplicate results was < 15%. RT levels for in-
fected control cells averaged 3,000 cpm/,l corresponding to 100%
activity. Cell death was seen in both treated and untreated HIV- I-in-
fected cells 30 d after infection.

15, 18). The transport of cysteine sulfur between cells and or-
gans for the reduction of toxic oxygen radical intermediates is a
pivotal function of GSH. Depleting GSHin human lymphoid
cells markedly increases their sensitivity to radiation (6, 18). It
has been suggested that this phenomenon is similar to cellular
damage due to free radical formation and reactive oxygen in-
termediate damage. For example, tumor cells also depleted of
GSHby buthionine sulfoximine, a y-glutamylcysteine synthe-
tase inhibitor, were found to exhibit increased susceptibility to
cytolysis after exposure to oxygen radicals (6). Recently, we
have demonstrated depletion of GSHlevels during superoxide
formation after PMAstimulation in cord MDM.Early in the
course of PMAstimulation, there is a dramatic decrease in
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intracellular GSHlevels with a slow recovery to baseline levels.
(J. Lioy and M. Yudkoff, unpublished data, not shown). GSH
is essential not only for its antioxidant function but is also
important in the early stages of lymphocyte activation neces-
sary for host defense. For example, the addition of glutathione
in vivo enhances activation of cytotoxic T-cells ( 19, 20). Addi-
tionally, intracellular glutathione depletion has been found to
inhibit mitogen induced lymphocyte activation and natural
killer cell function (21 ).

Repleting intracellular GSHlevels by suspending cells in
media containing GSHinvolves the enzymatic degradation,
transport across the cell membrane, and resynthesis of GSH
inside the cell (6). In cord MDMinfected with HIV-1, it is
likely that the intracellular GSHpool is increased either by
supplying NACdirectly to the media or by supplying enough
GSH to facilitate breakdown and transport of 'y-glutamyl
amino acids into the cell. Increasing the intracellular GSHpool
may influence HIV-l replication in primary cord MDMin a
number of ways. Roederer et al. (7) have proposed that oxida-
tive stress caused by PMAor TNF-a stimulation may enhance
the binding of the DNAcomplex protein, NF-kB, thus regu-
lating HIV- I transcription through gene expression. In the cy-
toplasm, NF-kB exists in a complex with an inhibitor. After
stimulation with PMA, the I-kB component of the cytoplasmic
NF-kB complex is phosphorylated allowing its dissociation
from the complex, thereby activating HIV-l transcription
within the nucleus. Staal et al. (9) have demonstrated NACto
inhibit the activation of NF-kB, possibly by interfering with
phosphorylation or its transport to the nucleus. Similarly, NAC
has been shown to suppress transcription of a lacZ gene under
control of the HIV promoter and enhancer regulated by NF-
kB (9).

Our findings observed with primary culture of cord blood
MDMmay parallel events in vivo. NACand GSHsuppression
of HIV- 1 in cells which were pretreated suggests that intracellu-
lar GSHwas increased enough possibly limiting adsorption of
the virus through changes on the cell membrane. Similarly,
suppression of HIV- 1 in cells treated simultaneously while in-
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Figure 3. Suppression of RT levels by NAC(A) and GSH(B) during three different conditions in cord cells. More suppression was seen after
treatment with higher concentrations (10 and 20 mM)although 5 mMproduced some inhibition of RT values. All experiments were done in
triplicate. Variability between triplicate results was < 15%. RT levels for infected control cells averaged 3,000 cpm/ sl corresponding to 100%
activity.
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process of viral entry into cells. The suppression of cells treated
2 wk after infection was established may imply mechanisms
similar to those involving downregulation of transcription acti-
vating factor NF-kB or a similar transcription factor responsi-
ble for viral replication once the virus has invaded the cell
(7-9). In previous work using stimulated and infected PBMC
and a U1 cell line, HIV- 1 infection was suppressed at concen-
trations of 5 mMNAC(7). Our study demonstrates a higher
concentration dependent response to both NACand GSH(10
and 20 mM). The use of freshly isolated MDMwhich are
> 97%purity may account for the decreased sensitivity of these
cells to treatment with NACand GSH.

The mechanisms responsible for differences between cord
and adult MDMresponses to HIV- 1 infection and treatment
with thiols remains unknown. Wehave previously reported
that HIV- 1 infected cord MDMexpress higher P24 antigen and
RT levels than adult MDM(5). The thiol suppression effect
seen in this study is greater for cord than adult MDM(22)
infected with HIV- 1. Enhanced suppression of viral replication
in cord MDMmay represent either increased intracellular con-
centration of NACand GSHin MDMderived from neonates
or greater sensitivity of NF-kB to the suppressive effects of
NACand GSH. Syncytium formation in HIV- 1 infected adult
and cord MDMhas been reported (5, 23). Although the mecha-
nism is not known, we observed that NACand GSHinhibited
the formation of such syncytia in cord MDM.

In summary, this study demonstrates the suppressive ef-
fects of GSHand NACon HIV- 1 replication in cord MDM.
The use of cord blood MDMmay provide a close in vitro
model in the study of thiol regulation of HIV- 1 expression in
pediatric AIDS and in the effects of oxidant stress on viral
replication and host defense. Finally, the use of thiols in HIV- I
research may provide insight into mechanisms that suppress or
prolong latency of the virus.
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