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ABSTRACT

Circulating monocytes exhibit an apoptotic resistance
phenotype during HIV viremia in association with in-
creased MT expression. MTs are known to play an im-
portant role in zinc metabolism and immune function.
We now show, in a cross-sectional study using periph-
eral monocytes, that expression of MT1 isoforms E, G,
H, and X is increased significantly in circulating mono-
cyte cells from HIV+ subjects during chronic viremic
episodes as compared with uninfected subjects. This
increase in expression is also observed during acute
viremia following interruption of suppressive ART. Cir-
culating monocytes from HIV+ donors were also found
to have elevated zinc importer gene Zip8 expression in
conjunction with elevated intracellular zinc levels in
contrast to CD4 " T-lymphocytes. In vitro HIV-1 infection
studies with elutriated MDM confirm a direct relation
between HIV-1 infection and increased MDM MT1 (iso-
form G) gene expression and increased intracellular
zinc levels. A direct link between elevated zinc levels
and apoptosis resistance was established using a cell-
permeable zinc chelator TPEN, which reversed apopto-
sis resistance effectively in monocytes from HIV-in-
fected to levels comparable with uninfected controls.
Taken together, increases in MT gene expression and
intracellular zinc levels may contribute directly to main-
tenance of an immune-activated monocyte by mediat-
ing an increased resistance to apoptosis during active
HIV-1 viremia. J. Leukoc. Biol. 88: 589-596; 2010.

Abbreviations: 7AAD=7-amino-actinomycin D, ART=antiretroviral ther-
apy, CBC=complete blood count, Cr=comparative threshold, DCF=
dichloroflucrescein, Fasl.=Fas ligand, FIGHT=Feld Intiation Group for HV Trigls,
MDM=monocyte-derived macrophage(s), MT=metalothionein, sFasl.=soluble
Fas ligand, TPEN=(NNN' N -tetrakis 2-pyridyimethyl) ethylenediamine
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Introduction

HIV-1 targets CD4" T cells and monocytes, yet the CD4 T
cells are the main subset that is depleted during chronic
infection via various mechanisms including activation-in-
duced apoptosis [1-6]. In addition to increased expression
levels of proapoptotic factors FasL and TRAIL on cell sur-
faces and in plasma during HIV-1 replication in vivo, HIV
envelope interactions have been associated with direct
apoptosis induction on T cells, while the same interactions
can lead to a potential mechanism of apoptosis resistance in
monocytes [7-9]. Likewise, several studies have reported
that viral-derived products, including gp120, tat, vpr, and
Nef, can have proapoptotic effects on lymphocytes but not
monocytes. The transactivating protein (Tat) of HIV in-
creases the expression of FasL on the surface of APC and
induces apoptosis in CD4 T cells [10]. Although several
studies have also indicated an increased resistance to
apoptosis in circulating monocytes and MDM during HIV
infection [8, 10-12], there is little understanding of the
cellular changes within in vivo monocytes that can mediate
apoptosis resistance during HIV infection and/or exposure.
Studies of circulating monocytes in HIV-infected subjects
and in vitro HIV infection of MDM have shown an in-
creased expression of MT genes, raising the possibility that
these genes may contribute to monocyte activation and sur-
vival. MT genes encode for MTs and cysteine-rich low mo-
lecular weight metal-binding proteins with multiple func-
tions and are encoded in four MT isoforms. MT1 and MT?2
are found in most tissues, MT3 is found primarily in the
brain [13-15], and MT4 is found predominately in stratified
tissues [16]. MT1 and MT2 protect the cell against oxidative
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stress and heavy metal toxicity as well regulate the balance
of essential metals (Cu and Zn) [17-19]. They are inducible
by a number of cellular stressors and compounds, such as
cytokines, reactive oxygen species, glucocorticoids, and met-
als, and MT3 and MT4 are nonresponsive to these inducers.
In murine studies, MT1 and MT2 gene expression was also
demonstrated to increase after microbial infections, indicat-
ing that these genes may be intrinsic to immune activation
and monocyte response to infection [20-22]. Compared
with other leukocytes, monocytes exhibit the highest levels
of MT protein and mRNA as well as the ability to bind
metallic zinc [23, 24]. Several studies have shown the im-
portance of zinc in immunity and the role of MT in the reg-
ulation of zinc homeostasis (reviewed in refs. [25-27]). Ap-
optosis regulation in immune cells can also be regulated by
zinc, as demonstrated in studies using zinc-deficient mam-
malian cell lines and animal models, where zinc was shown
to inhibit apoptosis [24, 28, 29]. Therefore, we hypothe-
sized that MT gene expression during HIV-1 infection/ex-
posure could be associated with higher expression of several
MT isoforms in the presence of increased zinc within circu-
lating monocytes and that monocytes would exhibit a zinc-
dependent apoptosis resistance.

Here, we report the isoforms of MT that are increased in
circulating monocytes from HIV-infected subjects in vivo and
document that resistance to apoptosis results from elevated
intracellular zinc levels. This is confirmed by the reversal of
apoptosis resistance in monocytes from HIV-infected subjects
upon zinc chelation at higher concentrations than those re-
quired by monocytes from uninfected subjects. We conclude
that MT expression and associated increases in zinc content
are integral to the antiapoptotic phenotype exhibited by
monocytes during HIV viremia.

MATERIALS AND METHODS
Subjects

Chronically, HIV-seropositive viremic patients from the Jonathan Lax Im-
mune Disorder Clinic (Philadelphia FIGHT, Philadelphia, PA, USA) with a
mean age of 44 years and not on therapy served as our donor population

for monocyte characterization and apoptosis-induction assays. For inclu-
sion, CD4 T cell counts were required to be >200 cells/mm® (mean of 490
cells/mm®) and viral load >10,000 copies/ml (mean of 39,294 copies/ml).
HIV-infected donors were asymptomatic with no clinical evidence of active
comorbidities. Age- and gender-matched, healthy, uninfected donors from
the Wistar Institute Blood Donor Program (Philadelphia, PA, USA) were
included as control subjects. Institutional Review Board approval from the
Wistar Institute and Philadelphia FIGHT and informed consent were ob-
tained before blood donation. As with HIV-infected donors, uninfected do-
nors with an abnormal temperature or abnormal hematocrit or reporting
any symptoms were excluded. Blood was processed within 2-3 h from be-
ing drawn.

ISOLATION OF PRIMARY CELLS

All reagents used were selected for their low levels of endotoxin contamina-

tion. PBMCs were separated by Ficoll-Hypaque (Amersham Pharmacia Bio-
tech, Uppsala, Sweden) density gradient separation. Monocytes were iso-
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lated from PBMCs by plastic adherence. Adherent monocytes were de-
tached from culture by use of cold media and pipette stream detachment
(not scraping). CD4" T cells were isolated from nonadherent PBMCs by
negative selection using magnetic beads (Miltenyi Biotec, Auburn, CA,
USA), according to the manufacturer’s protocol. Purity of cell subsets was
confirmed by flow cytometry as described below. For ART interruption
samples, sequential, cryopreserved PBMCs were used from subjects with
documented ART interruption and viral-rebound time-points, where CBC,
CD4, and monocyte counts were measured. Adherent CD14 cell subsets
were isolated from PBMCs as described above and processed immediately
for gene expression analysis (described below).

Flow cytometric analysis

Following isolation, surface expression of CD14 (monocytes), along with
CD4 and CD3 (T cells), was determined. Cells were washed with FACS
wash buffer (PBS, 0.1% BSA, 0.01% sodium azide) and then incubated
with appropriate antibody or labeled isotype control for 30 min at 4°C.
Monocytes were incubated with CD14-allophycocyanin (BD PharMingen,
San Diego, CA, USA), and CD4" T cells were incubated with CD3-FITC
and CD4-PE (BD PharMingen). After 30 min, cells were washed with
FACS wash buffer, fixed with 1% paraformaldehyde, and analyzed using
a FACSCalibur flow cytometer and FlowJo software (Tree Star, Inc., Ash-
land, OR, USA). To be used in the study, cell preparations required a
minimum of >85% of CD14" cell expression with a mean purity of
CD14" monocyte preparations used in the study of 92% (*5%). For
CD4" T cells, >95% of cells expressed CD4 and CD3 [mean 96%
(%£3%)] The distribution of total percent CD14 cells and percent CD4"
T-lymphocytes between HIV-1 and control subjects tested was found not
to be different.

Gene expression analysis

Gene expression was assessed pre- and post-treatment with apoptosis induc-
ers. Cells were lysed and total RNA extracted within 2 h of isolation. Total
RNA was isolated from cells using RNeasy (Qiagen, Valencia, CA, USA)
and cDNA-generated using the iScript cDNA synthesis kit (Bio-Rad Labora-
tories, Hercules, CA, USA), according to the manufacturer’s instructions,
and was used in real-time PCR reactions performed on an ABI Prism 7000.
Briefly, 100 ng cDNA and 800 nm specific primers were added to SYBR
Green Master Mix (Applied Biosystems, Foster City, CA, USA). All real-time
PCR was performed using 95°C for 5 min, followed by 40 cycles of 95°C for
30 s, 58°C for 30 s, 72°C for 30 s, and then finally, extension for 10 min at
72°C. Primers used for real-time PCR were as follows: MT1E: 5-GCT TGT
TCG TCT CAC TGG TG-3' (forward); 5'-CAG GTT GTG CAG GTT GTIT
CTA-3' (reverse). MT1G: 5'-CTT CTC GCT TGG GAA CTC TA-3' (for-
ward); 5-AGG GGT CAA GAT TGT AGC AAA-3’ (reverse). MT1H: 5'-CCT
CTT CTC TTC TCG CTT GG-3' (forward); 5'-GCA AAT GAG TCG GAG
TTG TAG-3' (reverse). MT1F: 5'-ACC TGC CCC ACT GCT TCT T-3" (for-
ward); 5'-TTG CAA GCC GAG GAG AGA CT-3' (reverse). MT1X: 5'-TCT
CCT TGC CTC GAA ATG GAC-3' (forward); 5'-GGG CAC ACT TGG CAC
AGG-3" (reverse). B-Actin: 5'-TTC CTG GGG ATG GAG TC-3' (forward);
5'-CAG GTC TTT GCG GAT GTC-3' (reverse). Data collected were ana-
lyzed using the SDS software (Applied Biosystems). G experiments (AACy
method) were used to determine the relative fold differences in cell subsets
from uninfected and HIV+ donors. Gene expression within all samples was
normalized to B-actin levels by subtracting Cy values of B-actin RT-PCR re-
actions from C values of target gene (i.e., MT1E, MTI1G, etc.) reactions
(AC;). The median AC; value among the untreated/control group was
then subtracted from normalized samples (AAC;). Standard curves using
c¢DNA derived from spleen total RNA (Ambion, Austin, TX, USA) were
generated to determine reaction efficiency (slope) for the housekeeping
gene and MT isoform.
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Apoptosis induction

Apoptosis was induced by exposure to sFasl. or cadmium. sFasL. was pur-
chased from Peprotech (Rocky Hill, NJ, USA), and cadmium was obtained
from Sigma-Aldrich (St. Louis, MO, USA). Monocytes and CD4" T-lympho-
cytes exposed for 6 h to cadmium (100 uM) or sFasL (100 ng/ml) at 37°C
were harvested and apoptosis induction assessed by measuring activated
caspase-3 by flow cytometry. Intracellular caspase-3 staining was performed
in human cells, according to the manufacturer’s protocol (BD Cytofix/Cy-
toperm permeabilization kit) provided by BD Biosciences (San Jose, CA,
USA). After incubation in the presence or absence of 20 uM cadmium chlo-
ride (Sigma-Aldrich), an established apoptosis inducer [30, 31], for 6 h or with
100 ng/ml FasL. (Peprotech) for 6 h, one million cells were stained with sur-
face antibodies (CD14 for monocytes), lineage cocktail (CD56, CD3, CD19,
and CD20), and CD4 and CD3 for CD4 T cells (from BD Biosciences) and
7AAD as described above. Cells were then fixed/ permeabilized and stained
with intracellular FITC caspase-3 antibody for 30 min at 4°C and measured for
active caspase-3 expression using a FACSCalibur flow cytometer. A total of
100,000 events was collected and analyzed in control and HIV-1 samples. Anal-
ysis of acquired data was performed using FlowJo software (Tree Star, Inc.).

Zinc measurements

Intracellular zinc levels were determined in monocytes isolated from unin-
fected and HIV+ donors with Newport Green DCF diacetate (Invitrogen/
Molecular Probes, Eugene, OR, USA), a cell-permeable, fluorescent, zinc-
specific probe. Cells (~10°) were incubated for 45 min with Newport
Green (10 uM) at room temperature and subsequently stained with CD14-
allophycocyanin (BD PharMingen) for an additional 15 min at room tem-
perature. Cells were washed, resuspended in FACS wash buffer, and ana-
lyzed by flow cytometry. Zinc depletion was achieved by treating cells with
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increasing doses of TPEN (5, 10, and 20 uM) for 12 h at 37°C. Following
TPEN exposure, cells were subsequently treated with an apoptotic inducer
(sFasL or cadmium chloride) for an additional 6 h. Intracellular zinc and
apoptosis were measured as described above.

HIV infection

A macrophage-tropic, laboratory-adapted strain (Ba-L) and a clinical isolate
(JAGO) of HIV-1 were used to infect 3-day-old elutriated monocytes in
vitro. Both infectious isolates were obtained from the University of Pennsyl-
vania Center for AIDS Research (Philadelphia, PA, USA). Human PBMCs,
obtained by leukopheresis of healthy donors, were enriched for monocytes
by elutriation and seeded in six-well plates (Corning, Corning, NY, USA) at
5 X 10° cells/well. Monocytes were infected/exposed to HIV-1 (10 ng/1 X
10°) for 96 h. Change in gene expression and zinc content was monitored by
real-time PCR and flow cytometry, respectively.

Statistical analysis

Statistical analysis between unrelated groups was performed using the
Mann-Whitney or Wilcoxon test. All tests with P values =0.05 were consid-
ered significant and were performed using JMP (SAS Institute, Cary, NC,
USA) statistical software.

RESULTS AND DISCUSSION

HIV-1 replication in vivo induces MT gene expression
in circulating monocytes

To investigate the MT gene family and its expression levels in
circulating monocytes during HIV-1 viremia in vivo, we ana-
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Figure 1. Increased MT gene expression in circulating monocytes derived from HIV+ indi-
viduals with chronic or acute viremia. (A) Differential expression of MT1 isoforms in CD14"
monocytes derived from uninfected and HIV+ subjects during HIV viremia confirmed by real-
time PCR [MTI1E and MT1H, n=6 for uninfected and HIV+ donors; MT1G and MT1X results

1Ay

Uninfected To T1

HIV+

consisted of uninfected (n=6) and HIV+ donors (r=11)]. In ttest comparisons, ns indicates nonsignificant P, *, P < 0.05; **, P < 0.01.
(B) Real-time PCR results using RNA isolated from CD14" monocytes derived from cryopreserved PBMCs collected pre- and post-treatment in-
terruption (n=3). *, P < 0.05, in ANOVA comparisons with monocytes from cryopreserved, uninfected PBMCs. Each symbol in group identifies

same donors between panels.
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lyzed isolated monocyte expression of isoforms MTIE, -G, -H,
and -X. Results showed basal expression of MT1H, -G, and -X
isoforms to be increased three- to tenfold, as measured by
quantitative RT-PCR in viremic donors when compared with
uninfected controls (Fig. 1A). To determine whether the ob-
served, constitutive, increased level of monocyte MT1 gene
isoform expression was subject to change upon changes in vi-
ral replication, we examined MT1 gene expression in isolated
CD14 monocytes from a subset of HIV+ patients with acute
viremia following treatment interruption. As expected, analysis
of cell subset changes by cell differential analysis (CBC) and
flow cytometry following therapy interruption showed a clear
decline in CD4 T cell count upon 6 weeks of viral replication.
Of interest, absolute monocyte numbers increased rather than
decreased during the same time interval (data not shown).
Analysis of gene expression within CD14 cells showed MT1G
and MT1X expression in cell subsets isolated from suppressed
and therapy interruption viremic time-points, showing that re-
bounding viremia was associated with an enhanced expression
of MT1G and -X isoforms (Fig. 1B). Taken together, results
indicate a positive relationship between viral replication and
induction of MT gene expression in circulating monocytes.

Elevated MT gene expression in HIV-1 infection in
vivo correlates with an increase in monocyte
intracellular zinc content and expression of zinc
transporter gene Zip8

Based on the increased MT1 gene expression in circulating
monocytes, we asked whether MT1 expression would impact
zinc retention and homeostasis in circulating monocytes. Zinc

A CD4+ T-cells
MFI=152

Monocytes CD14
MFI=623

Unstained Zn+

Unstained Zn+

levels were found to be threefold higher in circulating mono-
cytes when compared with circulating CD4" T cells from the
same HIV-negative donor using the cell-permeable zinc probe
DCF (Fig. 2A), illustrating greater zinc levels in steady-state
within CD14" cells. In HIV-1 viremia, intracellular zinc levels
were observed to be significantly higher in circulating mono-
cytes from viremic subjects when compared with circulating
monocytes from ART-suppressed (<50 copies/ml) or unin-
fected subject monocytes (Fig. 2B). In vitro evidence support-
ing a direct link between HIV-1 exposure and intracellular
zinc was tested further in MDM infected/exposed to HIV-1-
bronchoalveolar lavage for a period of 4 days, showing that
MTI1G (and not MT1H, MT1X, or MT2 expression) and intra-
cellular zinc were elevated significantly in MDM exposed/in-
fected with an R5 HIV-1 isolate (Supplemental Fig. 1). In addi-
tion to elevated in vivo MT gene expression and elevated zinc
levels, an increase in zinc transporter gene Zip8 was observed
in circulating monocytes, further supporting the ability of
monocytes to sustain higher levels of intracellular zinc in the
presence of viral replication (Fig. 2C). Taken together, the
data support a direct link among sustained HIV-1 replication,
elevated MT gene expression, and increased zinc levels in cir-
culating monocytes.

Monocyte resistance to Fasl-induced apoptosis linked
to high intracellular zinc levels during HIV viremia
During HIV infection, elevated levels of cell-free FasL are de-
tected in the plasma as well as the presence of an increased
cellular oxidative stress, which together, may impact apoptosis
[4, 5, 32, 33]. To re-confirm monocyte sensitivity to induced
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apoptosis in this study as a prelude to measuring zinc levels,
we exposed monocytes from uninfected and HIV+ donors to
sFasL or cadmium (heavy metal-inducing oxidative stress),
both known inducers of apoptosis. As expected, monocytes
from HIV+ patients were found to be less sensitive to cad-
mium or Fasl-induced apoptosis (Fig. 3A). Of interest, mono-
cyte activation by FasL results in retention of higher levels of
intracellular zinc after activation when compared with a two-
fold decrease in control-activated monocytes (Fig. 3B). These
data document that elevated zinc levels may remain in mono-
cytes from HIV-infected subjects in spite of apoptotic induc-
tion. This is consistent with the interpretation of a sustained
apoptosis resistance in monocytes during chronic HIV viremia.

Intracellular zinc levels determine susceptibility to
activation-induced apoptosis in circulating monocytes
As we observed elevated intracellular zinc content, MT gene
expression, and increased resistance to apoptosis in circulat-
ing monocytes from HIV-infected subjects (Fig. 3A), we
tested directly whether the increase in intracellular zinc may
act to augment monocyte resistance to induced apoptosis.
We assessed apoptosis induction in circulating monocytes
from uninfected as well as viremic, HIV-infected subjects in
the presence of the zinc chelator TPEN. As predicted, low-
ering intracellular zinc sensitized the constitutive apoptosis
of monocytes from HIV-uninfected donors to cadmium at a
10-um concentration, whereas constitutive apoptosis was not
changed in monocytes from HIV-infected persons (Fig. 4A).
Although depletion of zinc content in cells is expected to
increase apoptosis induction eventually [20], we tested
whether the threshold for apoptosis would be different be-
tween HIV-infected and uninfected circulating monocytes

Raymond et al.
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with increasing doses of TPEN. Indeed, TPEN pretreatment
lowered intracellular zinc and increased caspase-3 activation
in uninfected controls at lower concentrations than those
required to elicit similar apoptosis induction in monocytes
from HIV-infected subjects (Fig. 4B). These functional data
support that higher zinc stores are present in circulating
monocytes from HIV-1 viremic subjects and that these zinc
stores can affect susceptibility toward constitutive and in-
duced apoptosis.

Taken all data sections above together, we demonstrate for
the first time that monocytes from HIV+ donors express in-
creased levels of MT gene expression in association with in-
creased intracellular zinc levels mediating resistance against
monocyte activation-induced apoptosis. Expression of MT
genes in association with changes in zinc metabolism may rep-
resent a common host response to inflammation and viral
pathogens. Coxsackievirus Type B infection increases MT ex-
pression in association with redistribution of kidney zinc levels
[20], and influenza virus infection also mediates increased MT
gene and protein expression [34]. We now extend these obser-
vations to HIV-1 infection by providing supporting data about
the relation between MT expression and increased intracellu-
lar zinc in monocytes from HIV-1 viremic subjects from cross-
sectional (Fig. 1A) and longitudinal treatment-interruption
studies (Fig. 1B) and induced changes by HIV-1 binding and
replication in MDM (Supplemental Fig. 1). Interestingly, endo-
toxin, shown to be elevated in plasma of HIV+ patients [35],
has also been implicated in the induction of MT gene expres-
sion [36, 37], yet the association of increases in MT gene ex-
pression and zinc following in vitro HIV-1 infection of MDM
suggests that viral replication alone could account for a major
part of these changes. With regard to the mechanism of action
for apoptosis resistance, total zinc, bound in part by MT pro-
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apoptosis was measured by staining for activated caspase-3, and samples were analyzed by flow

cytometry. Totals shown were derived from CD14" cells that were 7AAD-negative/caspase-3-positive and double-positive 7AAD/ caspase-3
cells. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) Intracellular zinc was measured in monocytes from HIV+-infected (checkered bar;
n=10) and uninfected (open bar; n=15) donors following apoptosis induction of FasL. (100 ng/ml). *, P < 0.05, in ANOVA compari-

sons with monocytes from the untreated group.
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Figure 4. Higher threshold of monocyte apoptosis resistance in HIV infection upon an induced decrease of intracellular zinc levels. (A) Mono-
cytes from uninfected (n=5) or HIV+ donors (n=>5) were exposed to cadmium (100 uM) for 6 h in the presence or absence of TPEN. Cells were
harvested and apoptosis assessed by staining for activated caspase-3 and 7AAD uptake. Shown is a representative cadmium chloride-induced
apoptosis in an uninfected (left) and HIV donor (right). (B) Shown is a dose response of TPEN concentration and the induction of caspase-3 acti-
vation or intracellular zinc level in circulating monocytes from uninfected (n=>5) or HIV+ subjects (n=5). Monocytes from HIV+ individuals ap-

pear to be less sensitive to TPEN treatment.

teins, can influence key signaling pathways including apoptosis
regulation [13, 38, 39]. For example, zinc is known to be a
potent inhibitor of the apoptotic protease caspase-3 [30]. This
is consistent with our data showing that monocytes with in-
creased zinc levels are more resistant to apoptosis induction by
cadmium chloride (Fig. 3A, left) or FasL (Fig. 3A, right). Fu-
ture investigation will need to determine if changes in intracel-
lular zinc are also related to altered monocyte function. Aside
from the response to apoptosis, zinc has been shown to be a
positive regulator in LPS-mediated activation of myeloid den-
dritic cells [25, 40, 41]. The latter raises the possibility that a
decrease in monocyte activation-induced apoptosis may occur
at the expense of zinc-dependent alterations on immune func-
tionality.

The observation that zinc chelation via TPEN in monocytes
from HIV+ individuals resulted in a retained apoptosis resis-
tance when compared with uninfected controls provides sup-
port to the interpretation that zinc levels may contribute di-
rectly to monocyte apoptosis susceptibility. We infer that ele-
vated levels of the chelating agent were needed to counteract
the increased expression of Zip8 and MT isoforms in mono-
cytes from HIV-infected subjects. In addition to the role for
LPS in HIV pathogenesis noted above, several studies have
shown that LPS can modulate zinc levels via regulation of
transporter genes including Zip8 [41, 42], further supporting
the interpretation that modulation of Zip8 by viral-binding or
by circulating LPS in vivo could account for changes in mono-
cyte zinc import during HIV-1 viremia. Evidence for monocyte
retention of elevated zinc levels after in vitro apoptosis induc-

594 Journal of Leukocyte Biology Volume 88, September 2010

tion as compared with monocytes of uninfected subjects sup-
ports the hypothesis that monocytes are able to retain higher
levels of zinc during viral replication despite the presence of
elevated, apoptotic-inducing host factors, such as plasma FasL,
confirmed to be higher in viremic subjects (data not shown).
Lastly, the observed rises in monocyte counts associated with
increased MT gene expression following therapy interruption
(data not shown), at a time when CD4 T cells counts were de-
clining, are consistent with a viral replication-dependent mod-
ulation against cell death in the monocyte compartment.
Although we find increased zinc levels in monocytes during
viremia, zinc deficiency is common in HIV-infected subjects. A
reduction in available zinc and a lower intracellular zinc level
are known to negatively affect T-lymphocyte immune re-
sponses in geriatric subjects and may in part account for their
lowered immunity or immunosenesence [43—45]. Our data
suggest that a lowering of available zinc levels occurs concur-
rently with higher zinc uptake and retention in monocytes/
macrophages, which may affect T cell functionality indirectly
during HIV viremia. Zinc supplementation in HIV-1 viremia
may combat this aspect of HIV immunopathogenesis by sup-
porting available zinc levels in spite of the increased uptake by
the monocyte/macrophage pool. Of interest, zinc supplemen-
tation has been used to reduce diarrhea-related morbidity in
HIV-infected children, but it remains to be determined
whether these supplements can also impact immune function
and/or T cell function [46-50]. Conversely, our study also
suggests that lowering HIV-induced increases in zinc content
within the monocyte/macrophage from HIV+ donors should
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sensitize these cells to apoptosis and thereby, decrease avail-
able targets for long-term reservoirs and/or replication. It is of
interest to view our data in light of recent reports document-
ing a higher level of monocyte turnover at end-stage disease,
as it remains to be determined whether increased intracellular
zinc levels decline within monocytes, with disease progression
accounting for greater monocyte loss/turnover [51]. Regula-
tion of the MT gene family coupled with the associated in-
creased intracellular zinc level and apoptosis resistance may
provide a mechanism of monocyte retention and infected mac-
rophage persistence. Zinc may therefore be a major intracellu-
lar factor mediating the differential response of monocytes/
macrophage to apoptosis when compared with T cells during
HIV infection.
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