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Monocyte-derived macrophages (MDM) are widely distributed in all tissues and organs, including the central nervous system,
where they represent the main part of HIV-infected cells. In contrast to activated CD4� T lymphocytes, MDM are resistant to
cytopathic effects and survive HIV infection for a long period of time. The molecular mechanisms of how HIV is able to persist
in macrophages are not fully elucidated yet. In this context, we have studied the effect of in vitro HIV-1 infection on telomerase
activity (TA), telomere length, and DNA damage. Infection resulted in a significant induction of TA. This increase was directly
proportional to the efficacy of HIV infection and was found in both nuclear and cytoplasmic extracts, while neither UV light-
inactivated HIV nor exogenous addition of the viral protein Tat or gp120 affected TA. Furthermore, TA was not modified during
monocyte-macrophage differentiation, MDM activation, or infection with vaccinia virus. HIV infection did not affect telomere
length. However, HIV-infected MDM showed less DNA damage after oxidative stress than noninfected MDM, and this resistance
was also increased by overexpressing telomerase alone. Taken together, our results suggest that HIV induces TA in MDM and
that this induction might contribute to cellular protection against oxidative stress, which could be considered a viral strategy to
make macrophages better suited as longer-lived, more resistant viral reservoirs. In the light of the clinical development of telo-
merase inhibitors as anticancer therapeutics, inhibition of TA in HIV-infected macrophages might also represent a novel thera-
peutic target against viral reservoirs.

Infection with human immunodeficiency virus (HIV) causes one
of the most devastating illnesses of the human being, AIDS. As a

major accomplishment in HIV/AIDS medicine, the introduction
of highly active antiretroviral therapy (HAART) has dramatically
improved the prognosis of HIV-infected persons. Under therapy,
a significant proportion of treated individuals reach an almost
normal life expectancy. However, HIV can persist in the body in
spite of the presence of drugs that successfully inhibit key steps in
the virus life cycle. It is well known that HIV remains detectable
in cells of the macrophage-monocyte lineage and in latently in-
fected CD4� T lymphocytes (2, 21, 30, 54).

Interestingly, while infected activated T CD4� lymphocytes are
killed by the virus, macrophages that are widely distributed in all
tissues and organs seem to be used as a potent viral reservoir (48,
74). These cells are resistant to HIV’s cytopathic effects and apop-
tosis and exhibit longer life spans even when they are exposed to
oxidative stress (3, 12, 20, 27, 31). Particularly in the central ner-
vous system (CNS), infected macrophages release cytotoxic prod-
ucts like Tat, envelope HIV proteins, and nitric oxide, among
others (43). Thereby, they induce the death of neurons and astro-
glial cells, leading to neurodegenerative diseases especially in long-
term-infected patients (61), while infected macrophages survive
in this microenvironment (57). Thus, they are able to release viri-
ons for weeks after infection and constitute an important source of
HIV replication and release in an advanced state of AIDS progres-
sion, where the CD4� T cell count is already very low (2). How-
ever, our knowledge of the mechanisms involved in macrophage
resistance to HIV cytopathic effects is far from complete.

HIV infection may affect the cellular life span. Recently, it was

reported that infection with HIV negatively affects telomerase ac-
tivity (TA) in CD4� and CD8� T lymphocytes (7, 28). In line with
this, we have found that HIV infection significantly reduces TA in
Jurkat T lymphoblastoid cells (68). Furthermore, it has been dem-
onstrated that HIV-specific CD8� T cells in HIV controllers have
longer telomeres than cells from patients that progress rapidly to
AIDS because the HIV controllers exhibit higher levels of consti-
tutive TA (51). Thus, telomerase activity can be controlled by HIV
and does play a role in disease progression.

Surprisingly, some of the protective effects in infected macro-
phages resemble a cellular phenotype that is conferred to cells by
noncanonical functions of telomerase. While the canonical func-
tion of telomerase is the elongation of the ends of chromosomes
that shorten with each round of cell division, the noncanonical
functions include inhibition of apoptosis, protection against oxi-
dative stress, and improvement of DNA repair (1, 34) also in nor-
mal cells (83). With the refined detection techniques now at hand,
it is clear that many normal differentiated human cells display very
low telomerase activity, including endothelial cells, fibroblasts,
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and dendritic cells among others (4, 22, 52, 55, 62). The low level
of activity does not allow for the immortalization of cells as ob-
served upon telomerase overexpression (16, 24, 53, 82) and still is
not a well-understood function. Furthermore, cells of the immune
system are known to be able to reactivate telomerase at least after
stimuli that trigger clonal expansion (56, 81).

These hints prompted us to test the hypothesis that nonca-
nonical functions of telomerase are induced by HIV infection and
might be part of the protective effects of HIV on macrophages,
thus increasing macrophage suitability as a viral reservoir.

Here, we present evidence in favor of this hypothesis as HIV
infection is indeed able to induce TA in monocyte-derived mac-
rophages (MDM), and we show that this effect is specific for HIV
infection and correlates with p24 antigen production. Further-
more, increased TA by either HIV infection or by overexpression
of the catalytic subunit of telomerase (human telomerase reverse
transcriptase [hTERT]) leads to higher resistance of MDM against
oxidative stress-induced DNA damage. Therefore, we here pro-
pose that HIV “hitchhikes” on TA in macrophages to misuse these
cells as one of its main reservoirs. In consequence, specific inhibi-
tion of telomerase activity in macrophages might represent a ther-
apeutic target against HIV.

MATERIALS AND METHODS
Isolation and culturing of primary monocytes. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from blood of healthy donors by
centrifugation over a density gradient (Ficoll-Hypaque) according to
standard procedures (6). Briefly, monocytes were separated from lym-
phocytes by adherence to plastic flasks. After overnight incubation, non-
adherent cells were removed by three washes with warm phosphate-buff-
ered saline (PBS). The purity of monocytes was �90%, as determined by
immunofluorescent staining with anti-CD14 monoclonal antibody
([MAb] BD Pharmingen) using a FACSCanto flow cytometer (BD).
Monocytes were differentiated into macrophages by culturing in RPMI
medium supplemented with 10% fetal bovine serum, 2 mM glutamine,
100 U of penicillin/ml, 100 �g of streptomycin/ml (RPMIc), and 50 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF; Sigma-Al-
drich, St. Louis, MO) for 6 days prior to infection. The culture medium
was replaced every 2 days.

Experiments were approved by the ethics committee of the Huesped
Foundation, Buenos Aires, Argentina.

Virus preparation and in vitro HIV-1 infection of MDM. The HIV
strains included R5 (BaL, JRCSF, and SF162), X4 (HXB2 and IIIB), and
X4R5 (93BR020; primary viral isolate) variants obtained from the AIDS
Research and Reference Reagent Program (AIDS Division, National In-
stitute of Allergy and Infectious Diseases, National Institutes of Health).
The HIV BaL stock was prepared by expansion of the inoculum in MDM
from healthy HIV-negative donors (47). Clarified supernatant from cell-
free culture was aliquoted under different conditions, as follows: (i) ultra-
centrifugation at 30,000 rpm for 1 h at 4°C in order to pellet the virus but
conserve soluble factors such as cytokines in the supernatant, (ii) UV light
exposure for 1 h to inactivate virus infectivity, or (iii) storage without
modifications. Six days after isolation, MDM cultures were exposed to
supernatants treated as described above as well as to infective viral stocks
of IIIB, HXB2, 93BR020, JRCSF, and SF162 and to RPMI medium as a
negative control for 2 h at 37°C. For virus infection, the inoculum was
adjusted to 100 ng of p24 per 1 � 106 MDM.

The efficacy of infection was monitored by p24 antigen enzyme-linked
immunosorbent assay (ELISA) in culture supernatants (Coulter HIV-1
p24 antigen assay) and by intracytoplasmic HIV p24 antigen staining
using fluorescein isothiocyanate (FITC)-labeled IgG anti-p24 (Coulter
Beckman) followed by flow cytometry analysis (FACSCanto; BD). Since
MDM are difficult to remove, they were incubated with 0.25% trypsin-

EDTA for 20 min, and the cells were finally detached after strong pi-
petting. MDM were harvested at early time points (2, 5, 7, and 24 h) and at
12 days postinfection.

Vaccinia virus infection. MDM were infected directly with Western
Reserve (WR) and modified vaccinia virus Ankara (MVA) carrying a
green fluorescent protein (GFP) reporter gene (MVA-GFP) (kindly pro-
vided by M. Gherardi). Briefly, for infection, purified virus was added to
the cells at a multiplicity of infection (MOI) of 0.5 or 1 for 90 min at 37°C;
a negative control was also performed using RPMIc medium. After incu-
bation, cells were washed three times and cultivated as described above. At
24 h postinfection, cells were harvested, washed with PBS, and stored at
�80°C until used or analyzed for GFP expression by flow cytometry
(FACSCanto; BD) (see Fig. S1 in the supplemental material).

hTERT gene transduction. For introduction of hTERT, the retroviral
vector pLXSN was used (Clontech Laboratories Inc.). Retroviral particles
carrying hTERT were produced, and infection of MDM was performed as
described previously (82). Forty-eight hours after infection, MDM in-
fected with pLXSN-hTERT and MDM infected with pLXSN-neo (con-
trol) were harvested. To confirm that hTERT transduction indeed re-
sulted in TA, we used the relative TA as normalized to Jurkat cell levels (see
Fig. S2A in the supplemental material) (82).

Challenge with Tat and gp120 proteins. HIV-1 recombinant soluble
Tat and gp120 proteins were obtained from the NIH AIDS Research and
Reference Reagent Program (www.aidsreagent.org). One million MDM
were incubated in 2 ml of RPMIc medium supplemented with either 500
ng of Tat/ml or 500 ng of gp120/ml for 8 and 24 h. The concentrations and
time points were chosen in accordance with published data (18, 84). Cells
were harvested at the different time points, washed, centrifuged (250 � g
for 5 min), and stored at �80°C until use.

Challenge with LPS antigen and IL-4. MDM in RPMIc medium were
stimulated by the addition of 1, 10, or 100 ng/ml lipopolysaccharide
([LPS] Escherichia coli serotype 055:B5; Sigma-Aldrich) (10) and/or 10 ng
of human recombinant interleukin-4 (IL-4; BD Biosciences). Cells were
harvested 8 and 24 h later, washed with PBS, centrifuged (250 � g for 5
min), and stored at �80°C until used. The concentrations and time points
were chosen in accordance with published work (10). Tumor necrosis
factor alpha (TNF-�) levels were studied as an activation control (see Fig.
S2B in the supplemental material).

Preparation of nuclear and cytoplasmic extract. Twelve days postin-
fection, 1 � 107 HIV-1-infected and uninfected MDM were harvested.
Nuclear and cytoplasmic extracts were prepared using a Nuclear Extract
Kit (Active Motif) according to the manufacturer’s instructions. Super-
natants were harvested as cytoplasmic fractions. Pellets were resuspended
in 50 �l of complete lysis buffer and centrifuged at 14,000 � g for 10 min
at 4°C; supernatants were saved as the nuclear fractions.

Measurement of telomerase activity. MDM (1 � 106) were lysed in
200 �l of CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate) buffer and incubated for 30 min on ice. After incubation,
lysates were centrifuged at 14,000 � g for 20 min at 4°C. The protein
concentrations of the whole, nuclear, and cytoplasmic extracts were mea-
sured using a Bradford assay, followed by dilution to a final concentration
of 0.01 �g/�l. Then, TA of extracts was measured by quantitative real-
time PCR (qPCR) amplification of telomeric repeat fragments, as de-
scribed elsewhere (39, 80). The total volume of the reaction mixture was
25 �l per well, containing 12.5 �l of 1� SYBR green Master Mix (Biosys-
tems), 0.1 �g of TS primer (5=-AATCCGTCGAGCAGAGTT-3=), 0.05 �g
of ACX primer (5=-GCGCGGCTTACCCTTACCCTTACCCTAACC-3=),
1 �l of RNase-free water, and 10 �l of sample.

The reaction mixture was incubated for 20 min at 25°C. Then, the PCR
was started at 95°C for 15 min, followed by 40 cycles of amplification
(95°C for 15 s and 60°C for 60 s). The assays were performed in duplicates.
RNase-free water and heat-inactivated eluates (85°C for 10 min) were
used as negative controls. The threshold cycle values (CT) were deter-
mined from semilog amplification plots (log increase in fluorescence ver-
sus cycle number) and compared with standard curves generated from
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serial dilutions of protein extracts from Jurkat E6 cells. TA was quantified
and expressed relative to Jurkat cells using the formula described by Her-
bert et al. (38): TA � 10 (CT (sample) � CT (positive control))/slope.

Telomere length determination. Telomere length was determined in
MDM by a qPCR as described in detail previously (15, 26). In brief, telo-
mere repeat copy numbers (T) and a single-copy gene (S; gene 36B4) were
amplified using the following primers: for telomere amplifications, Tel1b
(5=-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3=)
and tel2b (5=-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTAC
CCT-3=); for single-copy gene amplifications, 36B4-sense (5=-CAGCAA
GTGGGAAGGTGTAATCC-3=) and 36B4-antisense (5=-CCCATTCTAT
CATCAACGGGTACAA-3=). Different concentrations of DNA were used
for generating a standard curve (2 ng, 20 ng, and 200 ng). All samples, for
both the telomere and single-copy gene amplifications, were done in du-
plicate. The CT values generated were used to calculate the T/S ratio for
each sample using the following equation: T/S � 2 � �CT, where �CT �
CT(single-copy gene) � CT(telomere). The T/S ratio is proportional to telomere
length (14, 15).

Oxidative stress treatment and DNA damage. MDM overexpressing
hTERT and those transduced with pLXSN-neo were treated with 100 �M
paraquat for 3 h. Then, the cells were harvested, and DNA damage levels
were evaluated.

A comet assay under alkaline conditions was used for determining
DNA damage in both infected and noninfected MDM (79). In brief, 5 �
105 cells/ml were mixed with 1% agarose and cast on microscopic slides.
After solidification, the slides were placed in lysis solution (2.5 M NaCl,
100 mM Na2EDTA, 10 mM Trizma, pH 10, and 1% Triton X-100) for 1 h
at 4°C. Thereafter, the slides were sited in a horizontal gel electrophoresis
unit filled with fresh electrophoretic buffer (1 mM Na2EDTA and 300 mM
NaOH, pH � 13) and left in this buffer for 20 min for DNA unwinding;
next, the slides were subjected to electrophoresis for 20 min at 25V at 4°C.

After electrophoresis the slides were rinsed with 0.4 M Tris, pH 7.5
(three times for 5 min each time), and then stained using Trevigen’s
Comet Assay Silver Staining Kit.

At least 50 comets/slide and 2 slides/sample were quantified, using the
software CometScore, version 1.5. (open source software available at http:
//www.autocomet.com/products_cometscore.php). Thus, based on the
percentage of DNA in tails, cells were assigned to classes: class 1 (less than
5% of DNA in tail), class 2 (between 5% and 25%), class 3 (between 25%
and 45%), class 4 (between 45% and 65%), and class 5 (major to 65%).

Statistical analysis. A one-way analysis of variance (ANOVA) test,
followed by a Bonferroni test, was used to calculate statistical differences
in TA from MDM under different conditions. A Pearson correlation was
used to determine the magnitude of association between the levels of p24
antigen in culture supernatant and the TA. A nonparametric Mann-Whit-
ney test was used to determine the significance of differences found in
comet distribution in comet assays. P values of 	0.05 were considered
significant.

RESULTS
HIV infection induces telomerase activity in MDM. It has been
reported that upon HIV infection, the half-life of macrophages is
prolonged, in sharp contrast to the cytopathic effects that kill ac-
tivated CD4� T lymphocytes. Since telomerase activity is regu-
lated in CD4� T cells by HIV infection (28, 29) and since the
enhanced resistance of macrophages to oxidative stress and apop-
tosis resembles a phenotype conferred to cells by the noncanonical
functions of telomerase, we tested for telomerase activity in HIV-
infected MDM. Therefore, monocytes were isolated from human
blood from different donors and differentiated in vitro into MDM
for 6 days, as outlined in the scheme shown in Fig. 1A. Prior to
infection, the purity of the population was confirmed to be above
90% as assayed by staining for the monocyte-macrophage-specific
marker CD14 (59) and flow cytometry analysis (Fig. 1B). Then,
MDM were infected with HIV-1 BaL, and the infection efficiency
was evaluated after 12 days by quantification of intracellular and

FIG 1 (A) Time line of HIV experiments. PBMCs were obtained by Ficoll-Hypaque centrifugation at day �7, and monocytes were isolated by adherence after
overnight incubation in serum-free medium. At day �6, GM-CSF was added to the cultures, and monocytes were differentiated into macrophages for 6 days. At
day 0, MDM were infected with HIV Bal, and after 12 days TA was studied. (B) CD14 expression on monocytes. CD14 density on the monocyte surface was
determined by staining with FITC-labeled anti-CD14 antibodies. The purity of the population was more than 90%. (C) Efficiency of infection. HIV infectivity
was monitored by intracytoplasmic HIV p24 staining, using FITC-labeled IgG anti-p24 and flow cytometry. Twelve days after infection, the percentage of cells
positive for p24 varied between 2.97 and 95.21% depending of the donor. A low efficiency level (left) and high efficiency level (right) of infection are shown as
representative figures.
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supernatant levels of p24 antigen. In agreement with previous
reports, the susceptibility to HIV infection varied greatly between
different donors (9, 25). Table 1 summarizes the levels of p24
antigen in culture supernatants from the 10 donors as measured
by ELISA. In accordance, the percentages of MDM expressing
intracellular p24 antigen varied largely, depending on the donor,
as representative images of the two extremes of 2.97 and 95.21%
show (Fig. 1C). As was previously reported (3, 49), even very high
p24 levels in MDM did not induce apoptosis (data not shown).

In order to test for activation of telomerase, cells were analyzed
at 0, 2, 5, 7, and 24 h and at day 12 after infection, which is close to
the peak of HIV replication (25, 65). TA was measured by qPCR
and is displayed relative to the level in Jurkat cells, which was
considered as 100%. During the first hours after infection, a trend
toward an increase of TA in infected cells was observed (see Fig.
S3A in the supplemental material). On day 12, HIV-infected
MDM showed significant (P 	 0.05) upregulation of TA in 7 out
of 11 cultures (Fig. 2A). In some cases TA mounted to about 30%
after HIV infection compared to uninfected Jurkat cells. Of note, a
strong correlation between the amount of secreted p24 and TA
was observed (R2 � 0.814; Pearson’s correlation coefficient, 0.902;
P � 0.0004), suggesting that active viral replication is necessary for
increasing TA (Fig. 2B). This is in accordance with our experi-
ments using MDM which were incubated with recombinant sol-
uble HIV proteins Tat and gp120 for 8 and 24 h, which did not
show differences in TA compared to infected cells (Fig. 2C). These
results demonstrate that the increase in TA after HIV-1 infection
of MDM is not caused by a bystander effect of Tat or gp120 soluble
protein (gp120, P � 0.26; Tat, P � 0.78). Similarly, MDM treated
with ultracentrifuged virus-free supernatant and/or inactivated
virus did not show induction of TA either (see Fig. S3B).

It has been shown that telomerase is able to migrate from the
nucleus to the cytoplasm, where a fraction of the enzyme is local-
ized to mitochondria (70). Moreover, the subcellular localization
of the enzyme has been proposed as an important regulation point
of the TA (35, 71). Therefore, TA was differentially determined in
nuclear and cytoplasmic extracts. As observed in Fig. 2D, we
found an increase of TA in both the nuclear and cytoplasmic com-
partments of HIV-infected MDM. Accordingly, subcellular telo-
merase shuttling of MDM could be affected by HIV infection, and
telomerase could have functions protecting HIV-infected macro-
phages both in the nucleus and cytoplasm.

In order to test if telomerase activity is mediated only by the
R5-tropic HIV-BaL strain, which exhibits an aggressive replica-
tion profile in MDM (69), or if it is a more general phenomenon,
we used different HIV strains for infection of MDM, including
HIV variants exhibiting X4 tropism (IIIB and HXB2) and R5 tro-
pism (JRCSF and SF162) or X4R5 (93BR020). Among them, all
but one were ascribed to subtype B (93BR020, subtype F). As
expected, the levels of infection varied greatly between different
donors (see Fig. S3C in the supplemental material). Again, telo-
merase activity was analyzed after 12 days. A trend toward an
increase after the infection with all the HIV strains was observed,
but due to too large interindividual differences, significance was
only reached with the viral strains SF162 and IIIB (Fig. 3A).

Taken together, these data indicate that in vitro infection of
MDM with HIV upregulates TA, and for BaL-1 we observed that
such regulation is directly correlated with virus production and
might in addition be affecting telomerase subcellular localization.

Telomerase activity is not affected during differentiation of
monocytes into macrophages, MDM activation, or modified
vaccinia virus Ankara infection. It has been reported that telo-
merase is expressed in immature somatic cells and is suppressed in
differentiated ones (58). In addition it has been demonstrated that
telomerase is upregulated after lymphocyte activation and during
dendritic cell differentiation and maturation (62, 67). Moreover,
it has been recently published that LPS as a model of bacterial
infection is able to augment hTERT gene expression in MDM
(32). This prompted us to further investigate whether the upregu-
lation of TA is a specific consequence of HIV infection or could be
a nonspecific response to general physiological stimuli. Therefore,
we evaluated TA in MDM during differentiation of monocytes
into macrophages after LPS and/or IL-4 stimulus, as well as upon
vaccinia virus infection. Again, monocytes were differentiated
into macrophages by culturing in the presence of GM-CSF for 6
days (13). TA was evaluated at days 0, 1, 4, and 6 and showed that
differentiation does not induce TA (Fig. 3B). Similarly, MDM
were exposed to LPS and/or IL-4, which again did not induce TA
(Fig. 3C). Finally, viral infection per se was tested using vaccinia
virus at a multiplicity of infection (MOI) of 0.5 and an MOI of 1.
No significant changes were observed (Fig. 3C). Taken together,
these data suggest that TA is induced in response to stimuli spe-
cifically provided by HIV.

Telomerase increases stress resistance of MDM. In order to
test the consequences of telomerase reactivation in MDM, we an-
alyzed telomere length in noninfected versus infected MDM.
Twelve days after infection, cells were harvested, genomic DNA
was isolated, and telomere length was studied by qPCR using
primers for telomere-specific sequences (T) versus 36B4, a single-
copy gene (S). The ratio of T/S is thereby proportional to the
telomere length (15). Telomerase activity did not seem to signifi-
cantly lengthen the telomeres in MDM infected with HIV, with
some individual exceptions (Fig. 4A).

Since MDM are terminally differentiated cells and do not rep-
licate, telomere lengths might not be of prime importance. How-
ever, recent studies have demonstrated that telomerase has func-
tions other than telomere synthesis, such as protecting cells from
oxidative stress, apoptosis, and necrosis; DNA repair; and stimu-
lating cell proliferation under adverse conditions (11, 73). This
prompted us to study resistance to oxidative stress and the DNA
damage status of MDM after HIV infection.

Therefore, MDM were infected with HIV, and after 12 days the

TABLE 1 Level of p24 antigen determined in culture supernatant and
the intracellular level at day 12 after HIV Bal infection

Blood
donor no.

p24 antigen expression

In culture supernatant
(ng/ml)

Intracellular
(%)a

1 1026.5 95.21
2 87.5 2.97
3 192.14 NA
4 256.6 NA
5 406.1 11.1
6 192.45 NA
7 870.5 36.5
8 607.55 15.4
9 252 10.56
10 288 13.96
a Values reflect the percentage of MDM expressing intracellular p24 antigen. NA, not
available.
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cells were harvested and treated with 100 �M H2O2 for 10 min,
followed by analysis of DNA damage using a comet assay and
analyzing 100 cells per condition. The length and shape of the
comets classified the cells as undamaged (class 1) to heavily dam-
aged (class 5).

Most of the HIV BaL-infected cells were assigned to the low-
DNA-damage classes 1 to 3 (class 1, 46.2%; class 2, 25.2%; class 3,
15.2%; class 4, 8.6%; class 5, 4.8%), whereas noninfected cells
showed higher damage (class 1, 32.9%; class 2, 25.2%; class 3,

19.2%; class 4, 12.5%; class 5, 10.1%), as shown in Fig. 4B (P 	
0.001). After exposure to oxidative stress, this difference became
even more pronounced, as noninfected MDM showed higher per-
centages of cells in class 4 and 5 than infected ones (class 1, 5.4%
versus 14%, noninfected versus infected, respectively; class 2,
11.4% versus 16%; class 3, 21.6% versus 25.6%; class 4, 24.9%
versus 20.9%; class 5, 36.3% versus 23.4%; P 	 0.001). Notably,
we have found similar results when MDM were infected with dif-
ferent HIV strains (Fig. 4C).

FIG 2 (A) TA in MDM. Twelve days after infection, MDM were harvested, lysed with CHAPS buffer, and telomerase activity was studied by quantitative
real-time PCR and calculated relative to Jurkat cells. Infection resulted in a significant upregulation of TA in MDM from 7 out of 11 donors. (B). Correlation
curve between TA and levels of p24 antigen (Ag) in culture supernatants. When the levels of antigen p24 production were elevated, the increase in TA was greater
(R2 � 0.814; Pearson’s correlation coefficient, 0.902; P � 0.0004). (C) Challenge with gp120 and Tat soluble proteins. TA was not modified after the treatment
with soluble HIV proteins (P � 0.05). Error bars indicate the standard deviation of the mean from the three biological replicates. The horizontal line indicates
the ratio value of 1. NI, noninfected; INF, HIV Bal-infected MDM. (D) TA in cytoplasmic and nuclear extracts. TA was detected in both the nucleus and
cytoplasm, while being markedly higher in the nucleus. Error bars indicate the standard deviation of the mean from the duplicates of each donor.
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FIG 3 (A) MDM were infected with different HIV strains (93BR020, HXB2, JRCSF, SF162, and IIIB), and after 12 days telomerase activity was studied by quantitative
real-time PCR. MDM infected with SF162 and IIIB showed a significant upregulation of TA (P � 0.01 and P � 0.01, respectively). The horizontal bars within boxes
represent the median values, and the upper and lower boundaries of boxes represent the 75th and 25th percentiles, respectively. Asterisks represent extreme values. (B)
TA during monocyte into macrophage differentiation. Monocytes were differentiated into macrophages by culturing in the presence of GM-CSF for 6 days, and TA was
studied at different time points. As observed, the values of the TA are close to zero, indicating no modification of TA during in vitro monocyte-macrophage differenti-
ation. (C) MDM activation and infection with vaccinia virus. MDM were treated with LPS and/or IL-4 in order to produce MDM activation, and TA was studied after
8 and 24 h. As shown, TA was not detected under either condition. In vitro vaccinia virus infection did not affect TA in MDM either. The figure shows TA after infection
with WR but is representative of the results found in MDM infected with MVA as well. Error bars indicate the standard deviations of the means from the three biological
replicates. The horizontal line indicates the ratio value of 1. RPMI, control; VV, vaccinia virus.

Reynoso et al.

10332 jvi.asm.org Journal of Virology

http://jvi.asm.org


Taken together, these data suggest that HIV infection of MDM
increases basal DNA repair as well as resistance to oxidative stress-
induced DNA damage.

In order to test if, indeed, telomerase is involved in this pheno-
type, we overexpressed hTERT alone in MDM and tested for DNA
damage and stress resistance. Therefore, MDM were transduced
with pLXSN-hTERT or with pLXSN-neo, and 48 h later the cells

were exposed to oxidative stress. Then, 100 �M paraquat was
added to the cell cultures; after 3 h the cells were harvested, and
DNA damage and apoptosis levels were studied.

Untreated MDM with and without hTERT overexpression
showed similar distributions of DNA-damaged cells (pLXSN-neo
class 1, 52.1%; class 2, 26.1%; class 3, 13.2%; class 4, 4.1%; class 5,
4.1%; pLXSN-hTERT class 1, 57.2%; class 2, 21.8%; class 3,

FIG 4 (A) Telomere length. Telomere (T) and single-copy gene (S) were amplified using quantitative real-time PCR, with the T/S ratio proportional to telomere
length. Twelve days after infection telomeres from infected MDM were similar to those from noninfected MDM (P � 0.05). The horizontal bars within boxes
represent the median values, and the upper and lower boundaries of boxes represent the 75th and 25th percentiles, respectively. The open circles represent the
outliers above the end of the top whisker. Asterisks represent extreme values. Telomere length was studied in at least three biological replicates. (B) DNA damage
of HIV Bal-infected MDM. DNA was evaluated by comet assay and analyzed using the software CometScore, version 1.5. Based on the percentage of DNA in tails,
cells were grouped into five classes, ranging from class 1 (lowest percentage of DNA in tail or undamaged) to class 5 (highest percentage of DNA in tail or severely
damaged). MDM from HIV-infected cultures exhibited a lower percentage of damaged cells under basal culture conditions (left panel) and after exposure to
oxidative stress (right panel). For more detail, please see the text. Error bars indicate the standard deviations of the means of three biological replicates. (C) MDM
were infected with different HIV strains, and DNA damage was studied. Again, MDM infected with HIV showed less DNA damage in both the basal condition
(P 	 0.001) and after oxidative stress (P 	 0.001).
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15.1%; class 4, 3.1%; class 5, 2.8%; P � 0.05) (Fig. 5A), suggesting
that 48 h after hTERT transduction the effect might not be suffi-
cient for the detection of improved basal repair. However, after
exposure to oxidative stress, the DNA damage was significantly
higher in empty vector control MDM than in MDM overexpress-
ing TERT (pLXSN-neo class 1, 24.6%; class 2, 18.1%; class 3,
21.5%; class 4, 17.6%; class 5, 18.1%; pLXSN-hTERT class 1,
40.2%; class 2, 26.6%; class 3, 18.8%; class 4, 9.5%; class 5, 4.5%;
P 	 0.001) (Fig. 5).

Taken together, our data suggest that telomerase reactivation
in MDM after HIV infection might contribute to protecting mac-
rophages from oxidative stress and DNA damage and thus might
help HIV in establishing a long-lasting viral reservoir.

DISCUSSION

Macrophages are cells crucially involved in HIV pathogenesis.
Whereas activated T CD4� lymphocytes exhibit a half-life be-
tween 24 and 48 h after HIV infection, macrophages can survive
for several weeks (45). We along with others have shown that TA is
downregulated in lymphoid cells infected with HIV and that this
mechanism contributes to the depletion of T CD4� lymphocytes
(7, 28, 29, 67, 68). Here, we show that in vitro HIV-1 infection
induces TA in MDM. So far, not much is known about low TA
activity in somatic cells (40, 50), while work focused on TA in
macrophages is limited to one report. There, hTERT expression

was found to be upregulated in both U937 cells and MDM, and in
the former TA was increased after exposure to LPS or TNF-� as
inflammatory stimuli (32). Conversely, in our experiments we did
not find any modification in TA after treatment with LPS and/or
IL-4. It is known that telomerase has important posttranslational
regulations which are necessary for detectable enzymatic activity.
Consequently, it is possible that LPS induces hTERT gene expres-
sion but not at a level sufficient for positive regulation of TA in
MDM. On the other hand, the experimental conditions and the
donor characteristics in our work differ from those in the work of
Gizard et al. (32). Nonetheless, both studies support the idea that
telomerase can be reactivated in macrophages in the presence of
specific stimuli that might correspond to immune responses.

MDM have a strong donor-dependent variation of in vitro sus-
ceptibility to HIV infection, with differences of up to 3 orders of
magnitude in virus production (9, 25). Similarly, we observed a
different susceptibility of MDM infection with both R5 and X4
strains. Whether X4-tropic HIV can infect macrophages remains
controversial (5, 17, 19, 42). Interestingly, in our model only one
X4-tropic strain (IIIB) replicated at high levels, and it was accom-
panied by an increase in the TA.

Since soluble Tat has been shown to downregulate TA in the
nucleus of CD4� T cells (29), we then tested the possibility that the
viral protein Tat or gp120 alone would be sufficient for telomerase
reactivation. Tat and gp120 have been implicated in the develop-
ment of HIV pathogenesis and are known to be cytotoxic and
neurotoxic (66), but at the same time they are able to protect
HIV-infected macrophages against apoptosis (20, 66, 76). Thus,
we found that Tat and gp120 soluble proteins do not per se affect
TA in MDM, at least not under the conditions tested. It is yet
unclear whether the reactivation of telomerase in MDM could be
an indirect effect of HIV infection as a consequence of the activa-
tion of cellular proteins, like Sp1 and Akt (60, 77), or if it is directly
mediated by viral proteins, like Vpr and/or Nef. On the one hand,
Vpr, which is strictly required for HIV replication in MDM, reg-
ulates the shuttling of macromolecules between the nucleus and
cytoplasm and can act as a transcriptional factor (8, 41, 72). On the
other hand, Nef can protect MDM from apoptosis triggered by
HIV and contributes to efficient viral replication as well (37, 59).
Therefore, more experiments need to be conducted in order to
elucidate viral and/or cellular proteins responsible for the TA in-
crease in MDM.

Additionally, we tested if other nononcogenic viral infections
might modify TA in MDM. We have used vaccinia virus, which
productively infects MDM (46) and has a completely different
pathogenesis than HIV. Vaccinia virus infection did not modify
TA in MDM, supporting our hypothesis that it is a specific conse-
quence of HIV infection. However, we are conscious that the in-
fection with a different retrovirus would be required for stronger
confirmation of our hypothesis.

Furthermore, we observed that infected MDM are more resis-
tant to oxidative stress, similar to MDM overexpressing telome-
rase. Therefore, we propose here that reactivation of telomerase
contributes to the increased survival of HIV-infected macro-
phages that renders these cells a potent HIV reservoir.

Several lines of evidence suggest that macrophages can indeed
act as an important viral reservoir (27, 76). Here, we add telome-
rase reactivation to the mechanisms that contribute to protecting
HIV-infected macrophages. In line with this idea are the findings
that telomerase is activated by the phosphatidylinositol 3-kinase

FIG 5 MDM were transduced with pLXSN-hTERT and pLXSN-neo (control)
and 48 h later treated with 100 �M paraquat (PQ). DNA damage was analyzed
by comet assay. Under basal conditions there were no differences between
controls and MDM overexpressing hTERT (upper panel) (P � 0.246). But
after oxidative stress treatment, MDM overexpressing hTERT exhibited less
DNA damage than control cells (lower panel) (P 	 0.001). Error bars indicate
the standard deviations of the means from three biological replicates.
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(PI3K)/Akt pathway in both somatic and tumor cells (28, 44, 63)
and that HIV is able to inhibit the PI3K/Akt pathway in T CD4�

lymphocytes, while it activates this cascade in macrophages (23,
28, 77). It is intriguing to think that the opposed regulation ob-
served in these two cell types could be related to the same opposed
regulation of TA, which might help to explain the opposite out-
comes for lymphocytes and macrophages after HIV infection.

How might telomerase increase stress resistance in macro-
phages? We propose that the noncanonical functions of telome-
rase might be responsible for this. It is known that the positive
regulation of telomerase favors cell survival through both canon-
ical and noncanonical functions (33). Interestingly, many func-
tions of telomerase are carried on outside the nucleus. For exam-
ple, oxidative stress promotes the translocation of telomerase
from the nucleus to the cytoplasm (35), which is in keeping with
our finding that TA is increased in both nuclear and cytoplasmic
extracts. Furthermore, hTERT protects mitochondrial DNA of
human fibroblasts against acute and chronic oxidative stress (1).
Since HIV infection is characterized by an increase in oxidative
stress (75), oxidative damage to brain endothelial cells (36, 78),
and oxidative stress-induced telomere shortening in astroglial
cells (64), it is intriguing to think that infected macrophages need
to be specifically protected against oxidative stress. This is in keep-
ing with our results that HIV-infected MDM have less DNA dam-
age under basal culture conditions and after oxidative stress.
Moreover, overexpression of hTERT in MDM was enough to pro-
tect the cells against oxidative stress. These results suggest strongly
that telomerase can protect HIV-infected macrophages.

In conclusion, the induction of TA together with other HIV-
dependent antiapoptotic mechanisms can protect macrophages
from the cytotoxic effects and the oxidative stress induced by HIV
infection. This phenomenon could contribute to viral persistence
and thus to the maintenance of macrophages as an important viral
reservoir.
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