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ABSTRACT

Expression of the cytoprotective enzyme heme oxygenase-1 (HO-1) is significantly reduced in the brain prefrontal cortex of HIV-
positive individuals with HIV-associated neurocognitive disorders (HAND). Furthermore, this HO-1 deficiency correlates with
brain viral load, markers of macrophage activation, and type I interferon responses. In vitro, HIV replication in monocyte-de-
rived macrophages (MDM) selectively reduces HO-1 protein and RNA expression and induces production of neurotoxic levels of
glutamate; correction of this HO-1 deficiency reduces neurotoxic glutamate production without an effect on HIV replication. We
now demonstrate that macrophage HO-1 deficiency, and the associated neurotoxin production, is a conserved feature of infec-
tion with macrophage-tropic HIV-1 strains that correlates closely with the extent of replication, and this feature extends to
HIV-2 infection. We further demonstrate that this HO-1 deficiency does not depend specifically upon the HIV-1 accessory genes
nef, vpr, or vpu but rather on HIV replication, even when markedly limited. Finally, antiretroviral therapy (ART) applied to
MDM after HIV infection is established does not prevent HO-1 loss or the associated neurotoxin production. This work defines a
predictable relationship between HIV replication, HO-1 loss, and neurotoxin production in MDM that likely reflects processes
in place in the HIV-infected brains of individuals receiving ART. It further suggests that correcting this HO-1 deficiency in HIV-
infected MDM could provide neuroprotection above that provided by current ART or proposed antiviral therapies directed at
limiting Nef, Vpr, or Vpu functions. The ability of HIV-2 to reduce HO-1 expression suggests that this is a conserved phenotype
among macrophage-tropic human immunodeficiency viruses that could contribute to neuropathogenesis.

IMPORTANCE

The continued prevalence of HIV-associated neurocognitive disorders (HAND) underscores the need for adjunctive therapy that
targets the neuropathological processes that persist in antiretroviral therapy (ART)-treated HIV-infected individuals. To this
end, we previously identified one such possible process, a deficiency of the antioxidative and anti-inflammatory enzyme heme
oxygenase-1 (HO-1) in the brains of individuals with HAND. In the present study, our findings suggest that the HO-1 deficiency
associated with excess glutamate production and neurotoxicity in HIV-infected macrophages is a highly conserved phenotype of
macrophage-tropic HIV strains and that this phenotype can persist in the macrophage compartment in the presence of ART.
This suggests a plausible mechanism by which HIV infection of brain macrophages in ART-treated individuals could exacerbate
oxidative stress and glutamate-induced neuronal injury, each of which is associated with neurocognitive dysfunction in infected
individuals. Thus, therapies that rescue the HO-1 deficiency in HIV-infected individuals could provide additional neuroprotec-
tion to ART.

Heme oxygenase-1 (HO-1) is a highly inducible phase II detox-
ifying enzyme that has emerged as a critical effector for lim-

iting cellular injury associated with oxidative stress and inflamma-
tion within the central nervous system (CNS) and other tissues in
several disease states, including HIV infection (1–3). It is a mem-
ber of a family of antioxidant response element (ARE) promoter-
driven genes that are induced by the transcriptional regulator Nrf2
in response to a variety of cellular insults (4). The protective func-
tions of HO-1 have been linked to its degradation of heme and the
subsequent generation of carbon monoxide, biliverdin, and bili-
rubin, which have immunomodulatory and antioxidative proper-
ties (5). In addition, HO-1 has nonenzymatic cytoprotective
functions through activation of transcription factors (6, 7). A con-
stitutively expressed heme oxygenase isoform, HO-2, catabolizes
the same enzymatic reaction, although it is not regulated by the
ARE, and unlike HO-1, HO-2 is not considered to be a critical
mediator of acute cellular injury responses. Protective effects of

HO-1 have been demonstrated in vitro and in vivo in animal mod-
els of oxidative, ischemic, and inflammatory diseases (8–11). Our
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in vitro studies have identified HO-1 as a protective host factor
against HIV-associated excitotoxic injury, and our analysis of au-
topsy brain specimens from a large cohort of HIV-infected dece-
dents further demonstrated an association between brain HO-1
deficiency and cognitive impairment, thus suggesting a role for
HO-1 deficiency in HIV neuropathogenesis (1).

Because brain HO-1 deficiency is associated with cognitive im-
pairment in HIV-infected individuals, we have proposed making
HO-1 a therapeutic target for neuroprotection against HIV as an
adjunctive therapy to antiretroviral therapy (ART) for preventing
the pathogenic effects of HIV infection of the CNS (1, 3). HIV
infection is associated with a syndrome of cognitive dysfunction
(HIV-associated neurocognitive disorders [HAND]) in up to
50% of ART-treated HIV-infected individuals (12–14), which is
thought to result in part from persistent inflammation and oxida-
tive stress within both the CNS and systemic compartments (15).
Within the CNS, such effects are driven largely by HIV infection of
macrophages and microglia, long-lived HIV reservoirs that persist
in ART-treated individuals (16).

The brain deficiency of HO-1 in HIV-infected individuals cor-
relates with CNS HIV replication levels, immune activation mark-
ers, and the presence of HAND (3). In vitro, productive replication
of HIV-1 in monocyte-derived macrophages (MDM) drastically
reduces HO-1 protein expression while increasing the release of
excitotoxins, including glutamate (2, 3, 17). Other direct and in-
direct excitotoxins associated with HIV infection and released
from HIV-infected MDM include quinolinic acid (18), platelet-
activating factor (19), and the viral proteins gp120 and Tat (20,
21), among others. Together, these observations suggest a hereto-
fore unknown neuropathological link between HIV replication in
macrophages and a failure of a normal host cytoprotection sur-
veillance response (HO-1 induction), which can promote neuro-
degeneration through inflammation-associated excitotoxic in-
jury.

To further define this neuropathological phenotype of HIV
(ability to reduce HO-1 protein expression and induce glutamate
production), we have expanded our previous studies to include an
examination of a broader group of macrophage-tropic HIV-1
strains (n � 13), a macrophage-tropic clinical HIV-2 isolate, and
an examination of the potential roles for the HIV-1 accessory pro-
teins Nef, Vpr, and Vpu in modulating HO-1 expression in in-
fected MDM. Finally, to address the association between HIV rep-
lication and HO-1 deficiency in the setting of ART use, we
determined the ability of clinically relevant ART regimens applied
pre- and postinfection to prevent HO-1 loss and the associated
neurotoxicity in HIV-infected MDM. We found that induction of
HO-1 loss in MDM is a consistent feature of macrophage-tropic
HIV-1 strains, and we observed a similar effect with HIV-2 infec-
tion. HIV replication levels correlate negatively with HO-1 pro-
tein expression and positively with culture supernatant glutamate
levels and associated neurotoxicity. Induction of HO-1 deficiency
does not require the HIV-1 accessory genes nef, vpr, or vpu. Fi-
nally, ART ameliorated the neurotoxic effects of HO-1 deficiency
by the prevention of HIV replication in newly infected MDM, but
no such protection was seen in MDM with established HIV infec-
tion. These observations suggest that HO-1 deficiency in the pool
of infected macrophages within the CNS of infected individuals
represents a unique target for adjunctive therapies for neuropro-
tection in ART-treated individuals.

MATERIALS AND METHODS
Isolation and culture of human MDM. Human monocytes were isolated
from healthy donors by Ficoll density gradient centrifugation as previ-
ously described (2). Monocytes were plated at 10.5 � 103 cells/cm2 in 6-,
12-, or 24-well Cell-Bind plates (Corning) and cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Thermo Scientific), 10% horse serum (Invitrogen), 1%
nonessential amino acids (Invitrogen), 2 mM glutamine (Invitrogen), and
50 U/ml penicillin-streptomycin at 37°C and 6% CO2. Cells were cultured
for 7 days in vitro and visually inspected for differentiation of monocyte-
derived macrophages (MDM) before use in HIV infection experiments.

HIV infection of MDM. Differentiated MDM were exposed to HIV
for 24 h (0.2 to 50 ng of HIV-1 p24 antigen content per 106 cells per 3 ml
of medium). All HIV-1 virus stocks were prepared by the University of
Pennsylvania Center for AIDS Research Virology Core (see Table S1 in the
supplemental material) through transfection of 293T cells for molecularly
cloned viruses or by amplification in primary human peripheral blood
mononuclear cells. HIV-1 strain 89.6 accessory gene mutants have been
described previously (22). HIV-2 CBL-20 (23) virus stock was obtained
from Robin Weiss through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH. Supernatants from HIV-infected MDM (HIV-
MDM) or noninfected MDM (mock-MDM) were collected every 3 days
through 12 days postinfection and stored at �80°C. Supernatants were
monitored for HIV replication by quantifying viral reverse transcriptase
(RT) activity, as previously described (3), and by cell-associated HIV-1
p24 content, as analyzed by Western blotting.

MDM-mediated neurotoxicity. Rat cerebrocortical mixed neuroglial
cultures (�80% neurons, 20% glia) were prepared from embryonic day
17 (E17) embryos of Sprague-Dawley rats, as previously described (17).
Cells were plated in tissue culture plates precoated with poly-L-lysine
(Peptides International) and maintained in neurobasal medium plus B27
supplement (Invitrogen) at 37°C and 5% CO2. After 7 days in vitro, ap-
proximately one-half volume of fresh medium was added to the cells to
replace evaporation losses. All cultures were used between days 14 and 17
days in vitro. Cell-based microtubule-associated protein 2 (MAP2) en-
zyme-linked immunosorbent assays (ELISAs) were performed on pri-
mary rat cerebrocortical cells plated at a density of 1 � 104 cells/well in
96-well plates as previously described (3). Following a 24-h exposure to
HIV-MDM supernatant (1:10 to 1:160 dilution; n � 6 technical repli-
cates), neuronal cultures were fixed and fluorescently labeled using the
following reagents: mouse anti-MAP2 (Covance), goat anti-mouse IgG
�-lactamase TEM-1 conjugate (Invitrogen), and Fluorocillin green sub-
strate (Invitrogen). Fluorescence intensity was measured using a fluoro-
metric plate reader with a 480/520-nm filter set. Neuronal survival was
expressed as a percentage of that of cultures treated with mock-MDM.

MDM extracellular glutamate. The glutamate concentration in
MDM supernatant was assayed in triplicate using the Amplex red glu-
tamic acid/glutamate oxidase assay kit (Invitrogen) according to the man-
ufacturer’s directions.

Western blot analysis. Cell cultures were rinsed with ice-cold phos-
phate-buffered saline (PBS), lysed in 75 mM Tris-HCl (pH 6.8) containing
15% glycerol, 3.75 mM EDTA, and 3% SDS, and supplemented with com-
plete protease inhibitor cocktail (Roche) and PhosSTOP phosphatase inhib-
itor mixture (Roche). Cell protein lysates were subjected to Western blotting
as previously described (3). Protein expression was probed using primary and
secondary antibodies (see Tables S2 and S3 in the supplemental material),
followed by analysis on an Odyssey CLx imager. Protein expression as deter-
mined by Western blotting was normalized to GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) expression.

RNA extraction and qPCR analysis. Cell cultures were rinsed in ice-
cold PBS, and RNA was isolated using an RNeasy kit (Qiagen) per the
manufacturer’s instructions. RNA concentration and quality were ana-
lyzed with a NanoDrop 2000c spectrophotometer (Thermo Scientific).
Following cDNA generation using a reverse transcriptase kit (Applied
Biosciences), quantitative real-time PCR (qPCR) was performed using
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RealMasterMix (5Prime) on a MasterCycler RealPlex 2 (Eppendorf) with
the primer sets listed in Table S4 in the supplemental material.

ART preparation. Stock solutions of tenofovir disoproxil fumarate,
efavirenz, atazanavir sulfate, ritonavir, and raltegravir were prepared in
dimethyl sulfoxide (DMSO), and a stock solution of emtricitabine was
prepared in H2O and stored at �20°C until use. All ART drugs were
provided by the NIH AIDS Research and Reference Reagent Program.

Statistical analysis. All data are expressed as the mean � standard
error of the mean (SEM). One or two-way analysis of variance (ANOVA),
followed by the Holm-Sidak post hoc test, was performed for the indicated
comparisons. Analyses of linear trend were assessed by Pearson’s correla-
tion with the line of best fit determined by linear regression (� � 0.05).
Statistical support was provided by the Biostatics and Data Management
Core, Center for AIDS Research, Perelman School of Medicine, Univer-
sity of Pennsylvania.

Study approval. All rodent studies and protocols for isolation of primary
neuroglial cultures were carried out in accordance with the Guide for the Care
and Use of Laboratory Animals (24) and approved by the University of Penn-
sylvania IACUC. All human studies and protocols for monocyte isolation
were reviewed and approved by the University of Pennsylvania institutional
review board, and all participants provided written informed consent.

RESULTS
Suppression of HO-1 expression in human macrophages is a
consistent phenotype of infection by macrophage-tropic HIV-1
strains. Our previous studies demonstrated the ability of several

prototypic macrophage-tropic HIV-1 strains (89.6 and Jago) to
selectively reduce expression of the antioxidant response enzyme
HO-1 in human MDM, which is associated with a marked in-
crease in MDM glutamate release and culture supernatant neuro-
toxicity (2, 3). This macrophage response suggests a plausible
mechanism by which HIV-1 infection of brain macrophages
could exacerbate oxidative stress and glutamate-induced neuro-
nal injury, each of which is associated with neurocognitive dys-
function in infected individuals (25, 26). To determine whether
this unique macrophage response to HIV is a consistent feature of
macrophage-tropic HIV strains, we examined a broader panel of
13 HIV-1 strains used to infect MDM derived from five indepen-
dent human donors. All donors were confirmed negative for the
presence of the CCR5-	32 allele, a deletion mutation resulting in
a nonfunctional CCR5 receptor that prevents infection by CCR5-
using strains.

Among these 13 HIV-1 strains, we observed an �3-log range of
replication in MDM derived from the different human MDM do-
nors (Fig. 1; see Fig. S1 in the supplemental material). Two-way
ANOVA by viral strain and MDM donor demonstrated that the
variability in HIV replication level determined by supernatant re-
verse transcriptase (RT) activity (Fig. 1A) and cell-associated
HIV-1 p24 antigen (Fig. 1B and C) was accounted for primarily by
the viral strain (75.3% for supernatant RT, P 
 0.001; 86.9% for

FIG 1 Supernatant reverse transcriptase activity and cell-associated HIV-1 p24 antigen content are highly correlated markers of HIV-1 replication in macro-
phages. MDM isolated from five healthy donors were infected with each of 15 HIV-1 strains (inoculum of 25 ng HIV-1 p24 content per 4 � 105 MDM).
Replication was assessed on day 12 postinfection by supernatant reverse transcriptase (RT) and by cell-associated HIV-1 p24 expression as quantified by Western
blotting. (A) Day 12 MDM supernatant RT activity (all 5 donors) stratified by strain and normalized to uninfected/mock-MDM. (B) Representative Western blot
of cell-associated p24 on day 12 postinfection from donor A. (C) Densitometry analysis of cell-associated p24 expression (all 5 donors) stratified by strain and
normalized to GAPDH and mock-MDM background. (D) Correlation between supernatant RT activity and cell-associated p24 expression on day 12 postin-
fection. (E) Key for HIV strain and MDM donor symbols. RT and p24 values for mock-MDM were set to 0 on a log scale (dotted line). Error bars indicate means �
SEMs. Statistical comparisons to mock-MDM were made by two-way ANOVA with the Holm-Sidak post hoc test. Correlations were assessed by Pearson’s
correlation with the line of best fit determined by linear regression. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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cell-associated p24, P 
 0.001) and much less by the donor (9.4%
supernatant RT, P 
 0.001; 1.2% cell-associated p24, P 
 0.05). As
predicted, supernatant RT activity had a strong positive correla-
tion with cell-associated p24 content (Fig. 1D), suggesting a pro-
portional production of intracellular viral proteins and release of
viral particles and consistency among MDM cultures. Thus, an
HO-1 response associated with infection of MDM with these
strains can be attributed to an HIV replication-dependent pheno-
type.

Productive infection of MDM with 11 of the 13 macrophage-
tropic HIV-1 strains significantly decreased HO-1 protein expres-
sion (Fig. 2A and B), while infection with the two remaining
strains (CSF-2 and BR2) did not. Nonproductive infection with
the non-macrophage-tropic strain 3B viral swarm or the related
strain NL43 also did not significantly reduce HO-1 expression. No
effect on expression of the constitutive heme oxygenase isoform
HO-2 by any HIV strain was observed (Fig. 2C), consistent with
our previous observations of a selective suppression of HO-1 ex-
pression by the prototypic HIV-1 strains 89.6 and Jago. Expres-

sion of HO-1 correlated negatively with HIV replication level
when analyzed across all five macrophage donors and all HIV
strains (Fig. 2D and E), thus demonstrating consistency of this
HO-1 deficiency with infection of macrophages by most, but not
all, infecting strains. We confirmed the strong association between
HIV replication level and HO-1 protein reduction seen among
different HIV-1 strains by examining HO-1 reduction with differ-
ent levels of replication by a single strain, 89.6 (Fig. 3). Achieving
increasing levels of replication in MDM by inoculation with in-
creasing amounts of virus (Fig. 3A) resulted in increasing HO-1
deficiency (Fig. 3B and C). This relationship was confirmed in
each of three independent macrophage donors (see Fig. S2 in the
supplemental material). This suggests that for individual mac-
rophage-tropic strains, various levels of replication would pre-
dictably decrease HO-1 expression. Notably, the decrease in HO-1
protein expression is associated with a highly significant and
strongly correlated decrease in HO-1 RNA expression (Fig. 4A
and B). Consistent with Western blot analysis of HO-2 protein
expression, we did not observe any changes in HO-2 RNA expres-

FIG 2 HIV-1 replication consistently induces HO-1 deficiency in macrophages. MDM isolated from five healthy donors were infected with each of 15 HIV-1
viral strains (inoculum of 25 ng HIV-1 p24 per 4 � 105 MDM). On day 12 postinfection, MDM lysates were assessed for HO-1, HO-2, HIV-1 p24, and GAPDH
protein expression by Western blotting. Replication was assessed on day 12 postinfection by supernatant RT activity and by cell-associated HIV-1 p24. (A)
Representative Western blot of HO-1, HO-2, HIV-1 p24, and GAPDH in HIV-MDM from one donor. (B and C) Densitometry analysis of HO-1 (B) and HO-2
(C) protein expression in HIV-MDM (all 5 donors) stratified by strain and normalized to GAPDH and presented as fold change from that for mock-MDM. HO-1
and HO-2 expression levels in mock-MDM were set to 0 on a log scale (dotted line). Error bars indicate means � SEMs. (D and E) Correlation between
macrophage HO-1 protein expression and supernatant RT (D) and cell-associated HIV-1 p24 (E). (F) Key for HIV strain and MDM donor symbols. Statistical
comparisons to mock-MDM were made by two-way ANOVA with the Holm-Sidak post hoc test. Correlations were assessed by Pearson’s correlation with the line
of best fit determined by linear regression. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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sion in HIV-MDM with strain 89.6 infection (data not shown).
Thus, various levels of MDM infection by a viral swarm within an
individual or among different individuals infected with geneti-
cally distinct macrophage-tropic HIV strains could be expected to
result in different, albeit significant, reductions in levels of HO-1
expression within the MDM compartment.

HO-1 deficiency in HIV-MDM correlates with supernatant
glutamate level and associated neurotoxicity. Previously, we
demonstrated that modulating HO-1 in HIV-MDM modulates
supernatant neurotoxicity (2, 3). Thus, we assessed the association
between HIV-driven HO-1 reduction and neurotoxin production
in our panel of HIV-1 strains. Replication in MDM by five of the
six highest-replicating viral strains (Bal-1, Jago, SF162, YU2, and
89.6) produced significant supernatant neurotoxicity in our neu-
ronal/glial cell-based ELISA (Fig. 5A). Notably, MDM derived
from one of the five donors produced significantly higher levels of

HIV-MDM supernatant neurotoxicity than the other donors (Fig.
5A, upright filled triangles; see Fig. S3A in the supplemental ma-
terial). A two-way ANOVA demonstrated that while most super-
natant neurotoxicity was accounted for by the viral strain (69.6%,
P 
 0.001), neurotoxicity variability could also be attributed to
donor variability (16.0%, P 
 0.001). These data suggest that host
macrophage determinants that affect neurotoxic potential, poten-
tially such as differential donor HO-1 inducibility or basal HO-1
expression, can play a significant role in determining neurotoxin
output in response to HIV infection.

We and others previously identified glutamate as one of the
major neurotoxins released from HIV-infected macrophages and
microglia (3, 17, 27, 28). The six most robustly replicating HIV
strains (Bal-1, Jago, SF162, YU2, ADA, and 89.6) significantly in-
creased MDM supernatant glutamate content, in comparison
with mock-MDM (Fig. 5B). Although there was significant vari-
ability in supernatant glutamate levels among different donors
(see Fig. S3B in the supplemental material), these differences were
minimized when supernatant glutamate content was expressed as
a fold increase over matched mock-MDM glutamate content (see
Fig. S3C and D in the supplemental material). These data suggest
that while basal levels of glutamate production differ among do-
nors, the proportional HIV induction of MDM glutamate content
and associated neurotoxicity are similar among donors. Superna-
tant neurotoxicity positively correlated (P 
 0.001) with superna-
tant glutamate content across all donors and strains (Fig. 5C),
which is consistent with glutamate toxicity being a primary com-
ponent of HIV-MDM supernatant neurotoxicity (17, 27). Despite
this highly significant and highly robust correlation, the differing
levels of neurotoxicity of HIV-MDM supernatants with similar
glutamate levels (Fig. 5C) suggest the presence of other neurotox-
ins in HIV-MDM in addition to glutamate.

Within our HIV-1 panel, the HIV-MDM supernatant neuro-
toxicity and glutamate level correlated with HO-1 deficiency (Fig.
5D and E) and HIV strain replication (Fig. 5F and G; see Fig. S3E
and F in the supplemental material), consistent with our previous
studies (2, 3). Despite these correlations between HO-1 loss, neu-
rotoxicity, and replication, however, several poorly replicating
HIV-1 strains significantly reduced HO-1 protein expression
without significantly increasing supernatant neurotoxicity or glu-
tamate content. This suggests that a “threshold” level of HIV rep-

FIG 3 HIV-1 replication level predicts HO-1 loss within an HIV-MDM culture. MDM were infected with different inocula (0.2 to 50 ng/ml HIV p24 per 4 � 105

cells) of HIV-1 89.6. (A and B) Representative data from one MDM donor infection showing HIV replication (n � 2 technical replicates) (A) and HO-1 and
GAPDH protein Western blot (day 12 postinfection) (B) over the range of viral inocula tested. (C) Quantification of HO-1 protein expression normalized to
GAPDH (n � 3 MDM donors). Error bars indicate means � SEMs. Statistical comparisons to mock-MDM were made by one-way ANOVA with the Holm-Sidak
post hoc test. *, P 
 0.05; ***, P 
 0.001.

FIG 4 HIV-MDM HO-1 protein expression correlates with HO-1 RNA ex-
pression. Protein and RNA expression of HO-1 and GAPDH in HIV-MDM
lysates were assessed by Western blotting and qPCR, respectively, on day 12
after HIV infection (89.6 or Jago strain). (A) Protein and RNA expression of
HO-1 normalized to GAPDH expression in HIV-MDM from 5 or 6 indepen-
dent donors. (B) Correlation between HO-1 protein and RNA expression lev-
els in HIV-MDM from 5 independent donors (distinguished by symbol shape)
infected with HIV-1 strain 89.6 (closed symbols) or Jago (open symbols).
Mock-MDM HO-1 protein and RNA expression levels were set to 1. Error bars
indicate means � SEMs. Statistical comparisons to mock-MDM were made by
one-way ANOVA with the Holm-Sidak post hoc test. Correlations were as-
sessed by Pearson’s correlation with the line of best fit determined by linear
regression. **, P 
 0.01; ***, P 
 0.001.
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lication is necessary for increasing glutamate release from HO-1-
deficient HIV-MDM. Consistent with this, HO-1 reduction in
MDM by small interfering RNA (siRNA) knockdown in the ab-
sence of HIV infection did not increase supernatant glutamate
content or supernatant neurotoxicity (see Fig. S4A to C in the
supplemental material). Thus, HIV replication concomitant with
HO-1 reduction appears necessary to increase glutamate release,
suggesting critical virus-specific effects that create a permissive
environment in MDM for enhanced glutamate release in a state of
HO-1 deficiency.

Antiretroviral treatment of established HIV infection of
MDM fails to limit HO-1 deficiency and associated neurotoxic-
ity. Given the strong correlation between HIV replication and
HO-1 loss, we determined the ability of ART treatment to prevent
the HO-1 loss and neurotoxicity associated with HIV-MDM. We
utilized three ART regimens recommended for initial treatment in

ART-naive patients (29). Each regimen included the two nucleo-
side reverse transcriptase inhibitors (NRTIs), tenofovir disoproxil
fumarate (TDF; 20 nM) and emtricitabine (FTC; 500 nM), in
addition to (i) efavirenz (EFZ; 40 nM), a nonnucleoside reverse
transcriptase inhibitor (NNRTI)-based regimen (regimen 1); (ii)
atazanavir boosted with ritonavir (ATV/r; 15 nM/10 nM), a pro-
tease inhibitor (PI)-based regimen (regimen 2); or (iii) raltegravir
(RAL; 50 nM), an integrase strand transfer inhibitor (INSTI)-
based regimen (regimen 3). The chosen drug concentrations were
based upon reported cerebrospinal fluid drug concentrations in
ART-treated patients (30). To more effectively suppress HIV rep-
lication, we also used a high-dose PI-based regimen with 5-fold-
higher ATV/r concentrations (75 nM/50 nM) and unchanged
TDF and FTC concentrations (regimen 4).

To attempt to fully determine the effectiveness of ART in pre-
venting HO-1 loss in HIV-MDM, we applied the treatment before

FIG 5 HIV-1 infection of MDM induces glutamate-associated supernatant neurotoxicity. Neurotoxicity of HIV-MDM supernatants was assessed by applying
supernatants (day 12, 1:20 dilution) to primary rat neuroglial cultures for 24 h, followed by quantification of culture MAP2 content by ELISA. Supernatant
glutamate content was quantified by the Amplex red glutamate assay. (A and B) Supernatant neurotoxicity (loss of MAP2; mock-MDM set to 100% expression
of MAP2) (A) and supernatant glutamate concentrations (all 5 donors) (B) stratified by strain. (C) Correlation between supernatant neurotoxicity and glutamate
level. (D and E) Correlations between MDM HO-1 protein expression and supernatant neurotoxicity (D) and glutamate concentration (E). (F and G)
Correlation between supernatant RT activity and supernatant neurotoxicity (F) and glutamate concentration (G). (H) Key for HIV strain and MDM donor
symbols. Error bars indicate means � SEMs. Statistical comparisons to mock-MDM were made by two-way ANOVA with the Holm-Sidak post hoc test.
Correlations were assessed by Pearson’s correlation with the line of best fit determined by linear regression. **, P 
 0.01; ***, P 
 0.001.
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and after establishing HIV infection in MDM. We pretreated
MDM with each ART regimen 1 h prior to HIV infection and
replenished all ART drugs with each medium change. To model
the ability of ART to impact already-infected macrophages, we
also treated HIV-MDM with each ART regimen after HIV inocu-
lation (beginning days 3 and 6 postinfection) and replenished all
ART drugs with each medium change. We analyzed HIV replica-
tion over the course of infection, and we analyzed HO-1 expres-
sion and supernatant neurotoxicity from the last day of infection
(Fig. 6). Pretreatment with each ART regimen resulted in no de-
tectable viral replication or HO-1 loss and dramatically reduced
supernatant neurotoxicity (Fig. 6A to C). Notably, supernatants
from ART-pretreated HIV-MDM showed a nonsignificant trend
for enhanced neurotoxicity compared to mock-MDM superna-
tants, although only those derived from MDM treated with the
NNRTI-based regimen (regimen 1) reached a statistically signifi-
cant level of neurotoxicity compared to that of mock-MDM
(Fig. 6B).

Treatment of HIV-MDM on day 3 postinfection significantly
reduced HIV replication, but only regimen 4 (high-dose PI) treat-
ment significantly reduced HO-1 loss and supernatant neurotox-
icity (Fig. 6). No treatment regimen applied on day 6 postinfection
reduced replication (Fig. 6A), supernatant neurotoxicity (Fig. 6B),
or HO-1 loss (Fig. 6C and D). These data confirm the correlations
between viral replication, HO-1 loss, and supernatant neurotox-
icity in HIV-MDM. Furthermore, these findings strongly suggest
that although physiologically relevant CNS concentrations of
ART can protect against HO-1 loss by preventing HIV infection,

they cannot prevent the HO-1 loss and associated neurotoxicity
from HIV-MDM. This failure of ART to protect HIV-MDM from
HO-1 loss and increased neurotoxicity underscores the potential
importance of a persistently infected CNS macrophage reservoir
in mediating neuronal injury even in ART-treated individuals.

Accessory genes nef, vpr, and vpu are not required for HIV-
1-mediated HO-1 reduction in infected macrophages. In addi-
tion to viral proteins required for genome replication and viral
particle assembly, HIV-1 expresses several accessory proteins, Nef,
Vpr, and Vpu, which can downregulate, degrade, or functionally
inactivate certain host cell proteins, particularly viral restriction
factors (31). To determine whether nef, vpr, or vpu might directly
modulate HO-1 protein loss in HIV-MDM, we analyzed the ef-
fects of infectious HIV mutant strains deficient in each (or all) of
these accessory genes. We infected MDM with the wild-type (WT)
molecular clone 89.6 or with 89.6 clones with individual deletions
of nef, vpr, or vpu (	nef, 	vpr, and 	vpu, respectively) or with
deletion of a combination of all three genes (89.6 	nef/vpr/vpu)
(22).

The 89.6 	nef, 	vpr, and 	vpu mutants each replicated pro-
ductively in MDM, albeit to different levels (Fig. 7A). We found
that 89.6 	nef and 89.6 	vpu replicated less robustly than WT
89.6, while 89.6 	vpr replicated to levels comparable to those of
WT 89.6. As previously reported (22), 89.6 	nef/vpr/vpu did not
replicate to detectable levels in MDM. Each replicating strain sig-
nificantly reduced the MDM HO-1 expression (Fig. 7C and D)
and the increased associated supernatant neurotoxicity (Fig. 7B),
while the nonreplicating strain 89.6 	nef/vpr/vpu did not. Fur-

FIG 6 Antiretroviral drug treatment prior to, but not after, HIV infection of MDM prevents HO-1 loss and associated neurotoxicity. MDM were treated with
ART regimens either 1 h prior to, 3 days after, or 6 days after HIV-1 (89.6) infection. ART drugs were replenished every 3 days with medium changes. ART
regimens were as follows: regimen (reg) 1, 20 nM TDF, 500 nM FTC, and 40 nM EFZ; regimen 2, 20 nM TDF, 500 nM FTC, and 15 nM/10 nM ATV/r; regimen
3, 20 nM TDF, 500 nM FTC, and 50 nM RAL; regimen 4, 20 nM TDF, 500 nM FTC, and 75 nM/50 nM ATV/r. (A and B) HIV replication (A) and supernatant
neurotoxicity (B) in HIV-MDM (n � 4). (C and D) Representative Western blot (C) and densitometry quantification (D) of HO-1 protein expression from the
last day of infection in all 4 donors. Error bars indicate means � SEMs. Statistical comparisons to mock-MDM (*) and vehicle (#) were made by one-way ANOVA
with the Holm-Sidak post hoc test. * or #, P 
 0.05; *** or ###, P 
 0.001.
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thermore, as predicted by our observations across all HIV-1
strains examined (Fig. 5), the profile of HO-1 loss in infected
MDM (Fig. 7D) closely resembled the profile of neurotoxicity of
the corresponding culture supernatants (Fig. 7B). These data thus
demonstrate that the nef, vpr, and vpu accessory genes are not
themselves directly required for HIV-1-mediated HO-1 loss in
infected MDM, although their effects on HIV-1 replication do
indeed modulate the level of HO-1 expression and associated su-
pernatant neurotoxicity.

Macrophage-tropic HIV-2 strain CBL-20 reduces HO-1 pro-
tein expression in infected MDM comparably to HIV-1 strain
89.6. The observation that 11 of 13 macrophage-tropic HIV-1
strains tested significantly reduce HO-1 protein expression in
MDM suggests that HO-1 loss is a highly conserved response to
HIV-1 infection. This finding along with the lack of HIV-1 acces-
sory gene requirement for HO-1 loss suggests that the other major
human immunodeficiency virus group, HIV-2, which also causes
immune deficiency, albeit less severely (32), might also induce
HO-1 loss in MDM. We infected MDM derived from eight differ-
ent human donors with HIV-2 CBL-20 (23) and HIV-1 89.6.
While 89.6 replicated robustly and reduced MDM HO-1 protein
expression in all donor cultures, HIV-2 CBL-20 replicated as ro-
bustly as 89.6 in MDM derived from only two of the eight donors
(Fig. 8). In these HIV-2-infected MDM cultures, HO-1 protein
expression was reduced similarly to that of HIV-1 89.6-infected
MDM, with comparable levels of supernatant neurotoxicity and
glutamate content (Fig. 8B and C; see Fig. S5A to C in the supple-
mental material). Moreover, among all MDM donors, HO-1 pro-
tein loss in MDM correlated significantly with the HIV-2 replica-
tion level (Fig. 8D). Similar to the HO-2-sparing effects of HIV-1

replication, we did not observe changes in HO-2 protein expres-
sion with HIV-2 replication (Fig. 8B). These data suggest that
HIV-driven HO-1 deficiency, glutamate release, and associated
neurotoxicity are consistent features of HIV-1 and HIV-2 MDM
infection.

DISCUSSION

The continued prevalence of HAND and associated inflammation
and oxidative stress in ART-treated HIV-infected individuals
highlights the need for adjunctive therapies that target these neu-
ropathological processes, which persist in both the CNS and sys-
temic compartments. To this end, we have identified the anti-
inflammatory and antioxidative enzyme HO-1 as a targetable host
factor for adjunctive neuroprotective therapy for HAND. We pre-
viously demonstrated a significant deficiency of HO-1 protein
within the brains of HIV-infected individuals with HAND, and we
further showed that this deficiency correlated with brain and CSF
viral loads and markers of immune activation (3). Further-
more, using two HIV-1 viruses (Jago and 89.6), we demon-
strated that HIV infection of macrophages reduces HO-1 pro-
tein expression and that this deficiency is directly linked to
increased toxic levels of glutamate (3), a HAND-associated
neurotoxin (25). This loss of HO-1 protein is specific, as other
members of the ARE-driven gene family and the heme oxygen-
ase isoform HO-2 are unaffected (3).

To further define this neuropathological phenotype of HIV, we
have expanded our previous studies to examine a broader group of
macrophage-tropic HIV-1 strains (n � 13). In this study, we dem-
onstrated that most (11 of 13) HIV-1 macrophage-tropic strains
induce a loss of HO-1 protein and RNA, in contrast to the unal-

FIG 7 HIV-1 accessory genes nef, vpr, and vpu are not required for induction of HO-1 deficiency or associated neurotoxicity in HIV-MDM. MDM from 5
different donors were infected with wild-type (WT) 89.6 or mutant 89.6 lacking either the nef, vpr, or vpu gene or all three genes in combination (n/v/v). (A and
B) Supernatants (day 12 postinfection) were analyzed for HIV replication (A) and supernatant neurotoxicity (B). (C and D) Representative Western blot (C) and
summary densitometry (D) analysis of HO-1 expression in HIV-MDM (day 12). Errors bars indicate means � SEMs (n � 5). Statistical comparisons to
mock-MDM (*) or WT 89.6 (#) were made by one-way ANOVA with the Holm-Sidak post hoc test. * or #, P 
 0.05; ** or ##, P 
 0.01; *** or ###, P 
 0.001.

HO-1 Deficiency in HIV-Infected Macrophages

October 2015 Volume 89 Number 20 jvi.asm.org 10663Journal of Virology

http://jvi.asm.org


tered expression of HO-2 protein and RNA. The HIV-1 accessory
genes nef, vpr, and vpu, which are implicated in downregulating
multiple host factors, are not required for this HO-1 deficiency
phenotype, as mutant HIV-1 molecular clones lacking expression
of these accessory genes maintained the ability to reduce HO-1
protein expression and induce supernatant neurotoxicity in in-
fected macrophages to an extent commensurate with their overall
replication levels. The degree of HO-1 loss in HIV-1-infected
macrophages correlated significantly with supernatant glutamate
levels and associated neurotoxicity, consistent with our previous
findings demonstrating that HO-1 negatively regulates glutamate
release and supernatant neurotoxicity (2, 3).

We further demonstrated that the other major human immu-
nodeficiency virus, HIV-2, also reduces HO-1 protein expression
and increases neurotoxin release in infected macrophages. Al-
though HIV-1 and HIV-2 share many similarities, including basic
gene organization, replication pathways, and modes of transmis-
sion, HIV-2 shares only 50 to 60% nucleic acid homology with
HIV-1 and it is more closely related to the simian immunodefi-
ciency virus. Compared to HIV-1, HIV-2 causes less severe dis-
ease, as determined by lower plasma viral loads, less CD4� T lym-
phocyte loss, reduced risk of progression to AIDS, and decreased
mortality (32). Despite its reduced pathogenic potential, HIV-2
infiltrates into the CNS and can cause neurological impairment
and neuropathological changes similar to those of HIV-1 (33).
Our data suggest that this HO-1-deficient neurotoxic phenotype
in macrophages is conserved across HIV-1 and HIV-2 strains and
thus HO-1 loss may have a conserved role in neurological disease
and neurocognitive impairment in both HIV-1- and HIV-2-in-
fected individuals. In each of our HIV-1 and HIV-2 macrophage

infection experiments, HO-1 deficiency correlated with viral rep-
lication. Despite this correlation, our data clearly demonstrate
that even low-level HIV replication in macrophages can promote
HO-1 loss. The conservation of this HO-1 deficiency phenotype
across human immunodeficiency viruses suggests that reduction
in HO-1 protein expression might provide a selective advantage
for HIV survival in macrophages and ultimately therefore con-
tribute to HIV pathogenesis.

A role for HO-1 in the pathogenesis of virus infections has
been suggested not only for HIV-1 but also for other viruses.
Induction of HO-1 expression in uninfected macrophages has
been shown to reduce subsequent HIV-1 infection and repli-
cation (34, 35). An antiviral effect of HO-1 induction has been
observed in infection studies of hepatitis C virus (HCV) (36),
hepatitis B virus (HBV) (37), Ebola virus (38), enterovirus 71
(EV71) (39), vaccinia virus (40), and porcine reproductive and
respiratory syndrome virus (41). Interestingly, HCV has been
reported to downregulate HO-1 protein expression (42, 43),
although contrasting studies report HO-1 induction by HCV
(44, 45).

How HO-1 expresses antiviral effects is unknown. Recent work
suggests that HO-1 expression in myeloid cells is required for the
induction of type I interferon expression and the associated innate
immune responses (46, 47). These effects might occur through
signaling by biliverdin, an HO-1 enzymatic product (48). Thus,
HO-1 might promote an interferon-mediated antiviral state.
Other proposed HO-1 antiviral effects include posttranscriptional
destabilization of viral core proteins, as for HBV (37), and inhibi-
tion of viral enzymes, as for the HIV protease by biliverdin and
bilirubin (49). The consistent ability of HIV to decrease HO-1

FIG 8 HIV-2 replication in MDM induces HO-1 deficiency and associated supernatant neurotoxicity. MDM (8 independent donors) were infected with HIV-2
CBL-20 and HIV-1 89.6. (A) HIV-2 infection of MDM from 2 of 8 donors showed replication levels comparable to those of HIV-1 89.6. (B and C) Western blot
analysis of HO-1, HO-2, and HIV-1 p24 (B) and supernatant neurotoxicity (C) in these representative infections. Errors bars indicate means � SEMs. (D)
Correlation between HO-1 protein expression and supernatant RT activity for HIV-2 MDM infections (all 8 donors). Statistical comparisons to mock-MDM
were made by one-way ANOVA with the Holm-Sidak post hoc test. Correlations were assessed by Pearson’s correlation with the line of best fit determined by
linear regression. ***, P 
 0.001.
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expression in macrophages suggests an adaptive benefit for the
virus; however, the HIV-mediated loss of HO-1 in MDM seems
unlikely to have a significant effect on HIV replication, as HO-1
deficiency is not observed until 6 to 9 days postinfection, after
robust infection is established (3). Although induction of HO-1 in
macrophages prior to HIV infection has been reported to reduce
subsequent HIV replication, enzymatic inhibition of target cell
HO-1 prior to infection does not augment subsequent HIV repli-
cation (35). Moreover, we demonstrated that potent HO-1 knock-
down, HO-1 enzymatic inhibition, or induction of HO-1 expres-
sion in macrophages in which productive HIV replication is
established does not alter replication (3). Thus, a role for HO-1 in
modulating HIV replication in macrophages has not been clearly
established, in contrast to a clear role for HIV replication in mac-
rophages in reducing HO-1 expression. The consequences and full
effects of HIV-mediated HO-1 deficiency in macrophages clearly
require further study.

Some evidence suggests a link between HO-1 expression and
systemic disease progression in HIV-infected individuals (50).
The HO-1 promoter region contains a microsatellite dinucleotide
GT(n) repeat polymorphism that predictably modulates HO-1
inducibility in in vitro cell culture systems (51, 52). In a human
HIV cohort study, Seu et al. demonstrated associations between
GT(n) repeat length, low HO-1 expression in peripheral blood
mononuclear cells, increased plasma sCD14 expression, and ele-
vated viral load in HIV-infected African-Americans (50). These
findings are consistent with an immune-modulatory role for
HO-1 in HIV-1 infection. Additionally, HIV/HCV-coinfected in-
dividuals have lower liver HO-1 expression than that observed in
HCV-monoinfected individuals; this loss of liver HO-1 is partic-
ularly evident in subjects with high HIV loads and low CD4� T
lymphocyte counts (44). These findings, in conjunction with our
observation of HO-1 deficiency in brain tissue from HIV-infected
subjects, suggest that HIV infection modulates HO-1 expression
in the CNS and in peripheral tissues (3).

To address the association between HIV replication and HO-1
deficiency in the context of ART use, we determined the ability of
clinically relevant ART regimens applied pre- and postinfection to
prevent HO-1 loss and associated neurotoxicity in HIV-MDM.
We demonstrated that ART exposure at CNS-relevant concentra-
tions fails to prevent HO-1 loss and neurotoxicity in HIV-MDM
once infection is already established. This suggests that long-lived
CNS macrophage reservoirs in HIV-infected individuals, even
those on suppressive ART, can maintain an HO-1-deficient, neu-
rotoxic phenotype.

This inability of ART to attenuate this phenotype once estab-
lished may be especially relevant given the recent evidence for
plasma and CSF viral blipping (intermittent HIV replication) in
ART-treated individuals and its association with immune activa-
tion. Recent studies suggest that despite apparently prolonged
plasma HIV suppression by ART (
50 HIV RNA copies/ml), in-
termittent viral replication is detectable in the plasma and/or ce-
rebrospinal fluid (53). Moreover, CSF viral blipping, which can
occur independently from plasma blipping, associates with
monocyte activation (neopterin) and emergence of CNS-com-
partmentalized ART resistance mutations (54, 55). Intermittent
viral replication within the CNS macrophage compartment could
promote the persistence of an HO-1-deficient neurotoxic pheno-
type that is resistant to suppressive ART therapy. This suggests a
plausible mechanism by which HIV infection of brain macro-

phages in ART-treated individuals could exacerbate oxidative
stress and glutamate-induced neuronal injury, each of which is
associated with neurocognitive dysfunction in infected individu-
als (25, 26).

The conservation of the ability to induce HO-1 deficiency and
associated neurotoxin production across macrophage-tropic HIV
strains and the association of brain HO-1 deficiency with neuro-
cognitive impairment make it an attractive therapeutic target in
HIV-infected individuals with HAND (3). The failure of ART to
prevent this HO-1 loss in established infection highlights the po-
tential value of HO-1-inducing drugs as adjunctive therapy to
ART. Previously, we showed that application of an enzymatic in-
hibitor or genetic knockdown of HO-1 in HIV-MDM augments
glutamate production and associated neurotoxicity, confirming
that this HIV-mediated HO-1 loss promotes neurotoxin produc-
tion (2, 3). Moreover, we demonstrated that HO-1 induction in
HIV-MDM reduces glutamate production and the associated
neurotoxicity (2, 3), thus supporting a role for HO-1 induction as
a neuroprotective strategy against HIV. Our current findings sug-
gest that the induction of HO-1 deficiency associated with excess
glutamate production and neurotoxicity is a highly conserved
phenotype of macrophage-tropic HIV strains, which can persist in
the macrophage compartment in the presence of ART. Our stud-
ies further suggest a role for HO-1 deficiency in ongoing neuronal
injury in HAND, which is only partially prevented by ART. Ther-
apies that target HO-1 deficiency in chronic HIV infection could
provide additional neuroprotection to ART.
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