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ABSTRACT CD4 T-cell depletion is a hallmark of HIV/AIDS, but the underlying
mechanism is still unclear. We have recently shown that ataxia-telangiectasia-
mutated (ATM) deficiency in CD4 T cells accelerates DNA damage, telomere ero-
sion, and cell apoptosis in HIV-infected individuals on antiretroviral therapy
(ART). Whether these alterations in ART-treated HIV subjects occur in vitro in HIV-
infected CD4 T cells remains unknown. In this study, we employed a cellular
model of HIV infection to characterize the mechanisms underlying CD4 T-cell de-
struction by analyzing the telomeric DNA damage response (DDR) and cellular
apoptosis in highly permissive SupT1 cells, followed by the validation of our ob-
servations in primary CD4 T cells with active or drug-suppressed HIV infection.
Specifically, we established an in vitro HIV T-cell culture system with viral replica-
tion and raltegravir (RAL; an integrase inhibitor) suppression, mimicking active
and ART-controlled HIV infection in vivo. We demonstrated that HIV-induced, te-
lomeric DDR plays a pivotal role in triggering telomere erosion, premature T-cell
aging, and CD4 T-cell apoptosis or depletion via dysregulation of the PI3K/ATM
pathways. This in vitro model provides a new tool to investigate HIV pathogene-
sis, and our results shed new light on the molecular mechanisms of telomeric
DDR and CD4 T-cell homeostasis during HIV infection.

IMPORTANCE The hallmark of HIV infection is a gradual depletion of CD4 T cells,
with a progressive decline of host immunity. How CD4 T cells are depleted in indi-
viduals with active and virus-suppressed HIV infection remains unclear. In this study,
we employed a cellular model of HIV infection to characterize the mechanisms un-
derlying CD4 T-cell destruction by analyzing the chromosome end (telomere) DNA
damage response (DDR) and cellular apoptosis in a T-cell line (highly permissive
SupT1 cells), as well as in primary CD4 T cells with active or drug-suppressed HIV in-
fection. We demonstrated that HIV-induced telomeric DDR plays a critical role in in-
ducing telomere loss, premature cell aging, and CD4 T-cell apoptosis or depletion
via dysregulation of the PI3K/ATM pathways. This study sheds new light on the mo-
lecular mechanisms of telomeric DDR and its role in CD4 T-cell homeostasis during
HIV infection.
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The hallmark of HIV/AIDS pathogenesis is a gradual depletion of CD4 T cells with a
progressive decline of host immunity, along with an increased incidence of oppor-

tunistic infections, malignancies, and ultimately, death (1, 2). Disease progression from
HIV to AIDS in untreated individuals often occurs over 8 to 10 years and was originally
thought to be a result of slow but inexorable, virus-mediated CD4 T-cell destruction.
However, massive CD4 T-cell destruction is now known to occur quite early during
active HIV infection (1, 2). In most HIV-infected individuals, this initial destruction is
counteracted by CD4 T-cell regeneration and compensatory responses that preserve
CD4 T-cell numbers and functions above the threshold (200 cells/�l) associated with
overt immunodeficiency. However, T-cell regeneration, occurring with immune activa-
tion and dysregulation, does not always restore all functionally important cell popula-
tions and is not durable over time. Ultimately, CD4 T-cell homeostasis fails, and critical
effector/memory T cells and even naive populations decline below the threshold
necessary to prevent opportunistic infections or malignancies and to generate new
cells that can respond to neoantigens (vaccines).

In the era of antiretroviral therapy (ART), HIV replication is suppressed, allowing for
CD4 T-cell recovery. However, complete CD4 T-cell recovery does not always occur
despite successful control of HIV replication by ART. Even in ART-controlled individuals
with long-term HIV suppression and reasonable CD4 T-cell numbers, a profound
immune dysregulation often remains (3–8). These changes expose the immune system
to unique challenges that lead to T-cell exhaustion and senescence, which is charac-
terized by shortened telomeres, impaired interleukin 2 (IL-2)/gamma interferon (IFN-�)
production, exhausted cell proliferation, and blunted vaccine responses (9–14). These
alterations accelerate the decline of CD4 T-cell competency during latent HIV infec-
tion, leading to premature “inflammaging,” in which chronic inflammation induces an
immune-aged phenotype similar to that observed in the elderly. Thus, the onset of
overt immunodeficiency appears to be directly linked to CD4 T-cell dynamics (over-
proliferation, differentiation, and resistance or sensitivity to apoptosis) due to the
interplays between direct viral cytopathogenicity and indirect inflammatory stimula-
tion, resulting in chronic immune activation and, ultimately, inflammaging.

Telomeres are repeating hexameric sequences of DNA at chromosome ends
associated with a complex of shelterin proteins. Telomere integrity is a key feature
of linear chromosomes that preserves genome stability and function, whereas
telomere attrition is a hallmark of cellular senescence that drives cell dysfunction or
apoptosis (15, 16). Notably, in healthy CD4 T cells, telomeres undergo shortening at
a rate of 50 to 100 bp (bp) per cell division (17, 18). However, telomere loss can have
2- to 5-fold increases during viral infection (18–22), triggering cell cycle arrest when
progressive telomere loss reaches a critical point known as senescence (a quiescent,
nonreplicative state with anergic activities). Because telomeric DNA damage causes
telomere loss that leads to cell senescence and/or apoptosis, we hypothesized that
progressive CD4 T-cell depletion and failure of immune recovery during HIV infec-
tion could be due, at least in part, to increased telomeric DNA damage response
(DDR) driving accelerated telomere erosion. Indeed, we have recently shown that
CD4 T cells from patients with HIV, hepatitis C virus (HCV), or hepatitis B virus (HBV)
infection are vulnerable to apoptosis due to the accumulation of unrepaired
telomeric DNA damage (19–24). Thus far, the precise mechanisms controlling
telomeric DNA damage and T-cell homeostasis during active and virus-suppressed
HIV infection remain unclear.

While the life cycle of HIV and its impacts on infected cells have been extensively
studied (25), the mechanisms involved in CD4 T-cell depletion due to virus-host
interactions, in particular the DDR-related signaling pathways, warrant further investi-
gations. We have recently demonstrated that ataxia-telangiectasia-mutated (ATM)
deficiency accelerates DNA damage, telomere erosion, premature T-cell aging, and
apoptosis in HIV-infected individuals on ART (22). Whether these findings in ART-
controlled HIV patients can be recapitulated in an HIV-infected, ART-treated cell model
in vitro remains unknown. Currently, there are limited data regarding telomeric DDR

Khanal et al. Journal of Virology

November 2020 Volume 94 Issue 22 e01061-20 jvi.asm.org 2

https://jvi.asm.org


and apoptosis in CD4 T cells with active and virus-suppressed HIV infection. Such
studies are hampered by the heterogeneity of the HIV infection systems, as the
signaling of telomeric DDR may be differentially regulated by active and drug-
controlled HIV infection. In this study, we characterized the impact of HIV on the
telomeric DDR and phosphoinositide 3-kinase (PI3K) pathways, and on apoptosis in a
highly permissive T-cell line (SupT1) as well as in primary CD4 T cells with active or
drug-suppressed HIV infection. We introduced an in vitro cell culture system with HIV
replication and suppression by raltegravir (RAL), an integrase inhibitor that effectively
blocks HIV genomic integration into the cellular genome and affects the early stage of
the HIV life cycle, mimicking active and ART-controlled HIV infection in vivo. We
demonstrated that HIV-induced telomeric DDR plays a pivotal role in triggering CD4
T-cell apoptosis and depletion via the dysregulation of the PI3K/ATM pathways, thus
contributing to the pathogenesis of HIV infection.

RESULTS
HIV-infected SupT1 cells—an in vitro culture system that mimics HIV infection

of CD4 T cells in vivo. Immunodeficiency due to progressive loss of CD4 T cells is a
hallmark of HIV infection (1, 2). To study the mechanisms of CD4 T-cell loss during HIV
infection, we employed an in vitro HIV-infected SupT1 cell culture system by employing a
pNL4-3 plasmid that contains a full-length HIV viral genome (26). We transfected the
pNL4-3 plasmid into human embryonic kidney 293 cell line transformed with SV40 large T
antigen (HEK293T) cells to generate infectious HIV particles. An NL4-3 mCherry luciferase
plasmid was used as a positive control for transfection efficiency (27). Fluorescence micros-
copy showed the HIV mCherry cassette (red) in HEK293T cells, whereas mock-transfected
cells had a negative fluorescence signal (Fig. 1A). In addition, HIV-RNA and p24 antigen
were detected in the supernatant of transfected HEK293T cells by real-time reverse
transcription-PCR (RT-PCR) and enzyme-limited immunosorbent assay (ELISA), respectively
(data not shown). Since 0.1 ng/ml of p24 protein is equivalent to �1� 106 HIV viral

FIG 1 HIV infection of SupT1 cells. (A) Bright and fluorescence microscopic examinations of HEK293T cells with mock transfection (top) and transfected for 48
h with HIV NL4-3 mCherry plasmid (bottom). (B) Flow cytometry analysis of p24 expression in SupT1 cells with HIV infection. (C) Reverse transcription-PCR
(RT-PCR) analysis of HIV-1 mRNA levels in SupT1 cells with or without HIV infection on day 3 and day 6. (D) RT-PCR detection of HIV gene expression in SupT1
cells with HIV infection and raltegravir (RAL) treatment (added 2 h post HIV infection). (E) Flow cytometry analysis of p24 expression in SupT1 cells with HIV
infection and RAL treatment (added 24 h post HIV infection). (F) Time-dependent p24 expression in SupT1 cells with HIV infection and RAL treatment (added
24 h post HIV infection). (G) RT-PCR detection of HIV gene expression in SupT1 cells with HIV infection and RAL treatment (added 24 h post HIV infection).
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particles (28), culture supernatant aliquots containing 1 � 106 to 5� 106 HIV virions were
used to infect 1.5� 106 human SupT1 or CD4 T cells using the spinoculation approach (29).
As shown in Fig. 1B, p24 antigen was detected in HIV-infected SupT1 cells by flow
cytometry, with the frequency of p24� cells increasing in a time-dependent manner.
Real-time RT-PCR analysis showed that HIV-1 mRNA levels also increased in HIV-infected
SupT1 cells in a time-dependent manner (Fig. 1C).

HIV transcription starts within 2 h of infection, with one viral replication cycle
completing approximately 24 h after infection (30). To mimic clinical HIV infection on
ART, we cultured SupT1 cells with or without HIV infection in the presence or ab-
sence of antiviral (RAL, 66 nM) treatment after 2 h of spinoculation and removal of HIV
medium. Then, HIV replication was measured by real-time RT-PCR and p24 expression
levels by flow cytometry at various time points. As shown in Fig. 1D (upper), HIV-RNA
was detected in HIV-infected cells without RAL treatment (lanes 2 and 6) at days 3 and
6 after infection, but was undetectable at the same time points in HIV-infected cells
treated with RAL at 2 h postinfection. Concurrently, p24 antigen was detected in
HIV-infected SupT1 cells by flow cytometry, and the frequency of p24� cells increased
over time but was inhibited in HIV-infected and RAL-treated cells (Fig. 1D, lower). These
results indicate that SupT1 cells can be infected by HIV and that RAL potently inhibits
HIV replication.

We expected that adding RAL at 2 h post HIV infection would be too early for the
virus to complete even one replication cycle. We thus set up the experiments by adding
RAL at 24 h post HIV infection and measuring p24 production at various time points by
flow cytometry. As shown in Fig. 1E, p24 antigen was detected in HIV-infected SupT1
cells, with the percentage of p24� cells increasing over time, whereas p24 was inhibited
in HIV-infected, RAL-treated cells. To further characterize the effect of RAL on HIV
replication, we changed the medium every 3 days and maintained each passage at a
fixed number (1.5 � 106) of cells in the culture with or without RAL treatment. Due to
the cytopathogenicity of HIV, we could not detect p24 after day 6 in HIV-infected cells
without treatment, as the majority of SupT1 cells had died. Nevertheless, HIV-infected
cells with RAL treatment could survive beyond 1 week, similarly to uninfected cells with
RAL alone. Notably, RAL significantly suppressed HIV replication in SupT1 cells during
the first 3 weeks. By the third week, however, the level of p24� cells gradually
increased, likely due to viral mutation and breakthrough of the resistance threshold
when RAL was used alone (Fig. 1F). Also, HIV-RNA was detected by RT-PCR (lanes 2 and
6) in the supernatants of HIV-infected SupT1 cells at days 3 and 6, respectively, after
infection, but not in the supernatants of uninfected cells (lanes 1, 3, 5, and 7) or
HIV-infected, RAL-treated cells (lanes 4 and 8) (Fig. 1G). Taken together, these results
demonstrate that SupT1 cells can be infected by HIV and that RAL potently inhibits HIV
replication. Thus, this cell culture system represents an in vitromodel that mimics active
and virus-suppressed HIV infection of CD4 T cells in vivo.

HIV infection induces apoptosis and CD4 T-cell depletion that are reversible by
the RAL treatment. We further investigated whether HIV infection in vitro, with or
without RAL treatment, causes T-cell apoptosis. We first measured apoptosis of SupT1
cells with RAL added at 2 h post-HIV infection. Notably, T-cell apoptosis, measured by
the annexin V-PE (Av)/7-aminoactinomycin D (7AAD) staining of phosphatidylserine
(PS) on the cell surface of apoptotic and dead cells, was not observed in the early phase
(days 1 to 3) of HIV infection but was detected at day 6 post HIV infection. Figure 2A
shows representative dot plots of Av and 7AAD levels in SupT1 cells, with or without
HIV infection and RAL treatment at day 6. Figure 2B shows summary data of Av�

7AAD� early apoptotic cells and Av� 7AAD� late apoptotic cells at days 3, 6, and 9 after
infection. Notably, uninfected SupT1 cells cultured for 6 days showed baseline levels of
early apoptosis (Av� 7AAD�, �8.0%) as well as late apoptosis (Av� 7AAD�, �2%). HIV
infection increased the number of early apoptotic (Av� 7AAD�) and late apoptotic
cells (AV� 7AAD�) in a dose-dependent manner. The presence of RAL had no signifi-
cant effect on apoptotic death in uninfected cells. However, compared to the infected
cells without RAL, RAL treatment significantly reduced HIV-induced apoptotic cell
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death, as evidenced by a reduction in the numbers of Av� 7AAD� early apoptotic cells
and Av� 7AAD� late apoptotic cells after infection.

Additionally, we measured the apoptosis of SupT1 cells with RAL added 24 h post
HIV infection. Figure 2C shows representative dot plots of Av and 7AAD staining in
SupT1 cells, with or without HIV infection and RAL treatment after 6 days of culture.
Figure 2D shows summary data of early apoptotic (Av� 7AAD�) cells and late apoptotic
(Av� 7AAD�) cells after 1 to 6 days of infection. Notably, T-cell apoptosis was not
observed in the early phase (days 1 to 3) of HIV infection, and HIV infection increased
the number of early apoptotic and late apoptotic cells thereafter (days 4 to 6). However,
compared to infected cells without treatment (gray bar), RAL significantly reduced
HIV-induced apoptosis, as shown by the remarkable decrease in both early and late
apoptotic cells (green bar).

We next kinetically assessed the effect of RAL on HIV-infected SupT1 cell apoptosis.
To this end, we changed the medium every 3 days and maintained a certain number
(1.5 � 106) of cells at each passage with or without RAL addition (66 nM), in order to
maintain similar growth advantages between groups. As shown in Fig. 2E, RAL alone
(blue bar) increased Av levels in uninfected cells after 2 weeks of exposure but did not
increase late apoptosis (7AAD levels) over the 3-week period, suggesting that long-term
exposure of SupT1 cells to the HIV drug (RAL) results in early apoptosis but not cell
death. Although early apoptosis was observed starting at day 9 in HIV-infected SupT1
cells with RAL treatment (green bar), RAL clearly prevented the death of infected cells
until the virus breakthrough at day 21. These data support our conclusions that HIV
increases T-cell apoptosis and that RAL treatment rescues cell death.

In parallel, we performed manual cell counting for cultures with or without HIV
infection and/or RAL treatment. To this end, SupT1 cells were cultured at 1.5 � 106

cells/3 ml and counted every 3 days during each passage. Figure 2F represents the

FIG 2 HIV infection induces SupT1 cell apoptotic death, which is reversible by antiviral treatment. (A and B) Representative dot plots and summary data of flow
cytometry analysis of early (Av� 7AAD�) and late (Av� 7AAD�) apoptosis of SupT1 cells with HIV infection and RAL treatment (added 2 h post HIV infection).
(C to E) Representative dot plots and summary data of flow cytometry analysis of early (Av� 7AAD�) and late (Av� 7AAD�) apoptosis of SupT1 cells with HIV
infection and RAL treatment (added 24 h post HIV infection). (F) Manual count of the number of SupT1 cells with HIV infection and RAL treatment (added 24
h post HIV infection).
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exponential growth of the total cell population, which was calculated according to
the observed cell growth from day 0 to day 3 and the cell counts seeded following
discarding of some cells at each passage. The number of SupT1 cells increased rapidly
in the uninfected group, and HIV infection clearly reduced the cell proliferation and
killed the cells in an HIV dose- and time-dependent manner. However, no such effects
were observed in RAL-treated cells. These data further confirm that HIV infection
induces T-cell apoptotic death and that RAL treatment reduces the death rate of
HIV-infected cells, although they remain in an early apoptotic state. Therefore, this in
vitro HIV-infected, RAL-treated cell model recapitulates our findings in CD4 T cells from
HIV-infected individuals ex vivo, which show that the degree of apoptosis within
HIV-specific CD4 T cells correlates with viral load and disease progression and that ART
abrogates these differences (31).

HIV infection in primary CD4 T cells induces apoptosis, which is reversible by
ART. Given the disparity in the cell biology of immortalized cells and primary cells, we
also established an in vitro HIV-infected primary CD4 T-cell culture system using the
same approach described above, in order to validate the data obtained with the highly
permissive SupT1 cells. Since activated T cells are more susceptible to HIV infection, we
stimulated peripheral blood mononuclear cell (PBMCs) with the mitogenic agent
phytohemagglutinin (PHA; 2.5 �g/ml) and CD4 T cells (purified from healthy subjects)
with anti-CD3/CD28 (1 �g/ml) for 24 h prior to HIV infection. As shown in Fig. 3A,
activated human CD4 T cells could be infected by HIV, as evidenced by a time-
dependent increase in HIV p24� CD4 T cells. HIV-1 mRNA was also detected by
real-time RT-PCR in primary CD4 T cells at day 5 after infection (Fig. 3B). However, CD8
T cells or B cells could not be infected by HIV (Fig. 3C). We then measured the sensitivity

FIG 3 HIV infection of primary CD4 T cells induces apoptosis, which is reversed by the RAL treatment. (A) Flow cytometry analysis of p24 expression in
phytohemagglutinin (PHA)-activated CD4� T cells with or without HIV infection at the indicated time points (n � 3). (B) RT-PCR analysis of HIV-1 mRNA levels
in CD4� T cells at day 5 after infection. (C) Flow cytometry analysis of p24 expression in PHA-activated CD8� and CD19� lymphocytes with or without HIV
infection at the indicated time points (n � 3). (D) p24 expression in different subsets of CD4� T cells with HIV infection: naive CD4 T cells (CD4� CD45RA�

CCR7�), central memory CD4 T cells (CD4� CD45RA� CCR7�), effector memory CD4 T cells (CD4� CD45RA� CCR7�), and terminal effector CD4 T cells (CD4�

CD45RA� CCR7�) following activation with anti-CD3/CD28 for indicated times. (E) p24 expression in T-cell receptor (TCR)-activated CD4 T cells with HIV infection
and RAL treatment. (F) Representative dot plots and summary data of flow cytometry analysis (n � 6) of early (Av� 7AAD�) and late (Av� 7AAD�) apoptosis
of primary CD4 T cells with HIV infection and RAL treatment (added 24 h post HIV infection).
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of different subsets of CD4 T cells to HIV infection. The results showed that central
memory CD4 T cells (TCM; CD4� CD45RA� CCR7�) were more susceptible to HIV
infection than effector and terminal memory CD4 T cells (Fig. 3D). This is in line with our
previous observation that TCM are vulnerable to apoptotic death and thus are prefer-
entially depleted in the peripheral blood of HIV patients (22). To mimic the clinical
setting of HIV-infected patients on ART, we cultured HIV-infected and uninfected CD4
T cells with or without adding RAL at 24 h after infection and measured p24 expression
at various time points by flow cytometry. As shown in Fig. 3E, while the percentage of
p24� CD4 T cells increased over time, RAL potently suppressed HIV replication to the
extent that p24 was undetectable. Thus, this cell culture system represents an in vitro
model that mimics active and virus-suppressed HIV infection of CD4 T cells in vivo.

Next, we asked whether HIV infection in vitro could cause primary CD4 T-cell
apoptotic death. Figure 3F shows representative dot plots and summary data of Av and
7AAD staining in CD4 T cells, with or without HIV infection and RAL treatment for
7 days. Notably, while T-cell receptor (TCR)-activated CD4 T cells showed baseline levels
of Av and 7AAD staining, apoptosis did not change in the early phase (days 1 to 3) of
HIV infection but did increase in a time-dependent manner thereafter (days 5 to 7).
Moreover, compared to the infected cells without treatment, RAL reduced HIV-induced
cell apoptotic death, as evidenced by the significant decrease in both Av� 7AAD� and
Av� 7AAD� cells. These data are consistent with our observations in the T-cell line that
HIV infection increases T-cell apoptosis, whereas RAL treatment reduces cell death by
inhibiting HIV replication.

HIV-induced apoptosis of CD4 T cells in vitro is independent of the extrinsic
death pathways. We explored the mechanisms underlying the HIV induction of CD4
T-cell apoptosis. Interactions between the Fas-Fas ligand, the tumor necrosis factor
alpha (TNF-�)-TNF receptor, and the TRAIL-TRAIL receptor have been shown to play an
important role in cell apoptosis in response to exogenous or endogenous stimuli.
However, resting naive T cells usually do not express these receptors on their surface
to initiate programmed cell death (20, 21, 32, 33). To determine whether HIV-induced
T-cell apoptosis utilizes these extrinsic death pathways, we incubated HIV-infected or
uninfected SupT1 and primary CD4 T cells with or without blocking antibodies against
Fas (10 �g/ml of anti-human CD178), TNF-� (10 �g/ml of anti-human CD40), and TRAIL
(10 �g/ml of anti-human CD253), or IgG1 isotype control antibodies for 5 to 6 days,
followed by the Av/7AAD assay to determine cell apoptosis. As shown in Fig. 4A, the
rate of cell apoptotic death did not change in SupT1 T cells incubated with the blocking
antibodies in the absence of HIV infection and RAL treatment. HIV infection increased
T-cell apoptosis and death; however, the combination of all three blocking antibodies
did not abrogate the HIV-induced T-cell apoptotic death. RAL treatment remarkably
reduced cell apoptotic death, while the blocking antibodies had no effect on these
RAL-treated cells. Of note, we were able to reproduce these results using primary CD4 T
cells from 3 different subjects (Fig. 4B). As a positive control for the blocking experi-
ments, we treated the SupT1 cells with anti-CD95 (�-CD95) (Fas) in the presence or
absence of the �-CD178 (Fas-L) blocking antibodies. As shown in Fig. 4C, the Fas-
mediated apoptosis in SupT1 cells was partially blocked by the presence of the
�-CD178 antibody. Taken together, these results suggest that blocking the extrinsic
death pathways via disrupting interactions of the Fas-Fas ligand, the TNF-�–TNF
receptor, and the TRAIL-TRAIL receptor in cultured CD4 T cells does not alter HIV-
induced cell apoptotic death. These observations are consistent with published reports
showing that naive CD4 T cells are resistant to exogenous apoptotic pathway-mediated
cell death but sensitive to endogenous oxidative stress and are particularly vulnerable
to reactive oxygen species (ROS)-mediated genotoxicity (20, 21, 31, 32).

HIV infection induces telomeric DDR, resulting in telomere erosion in CD4 T
cells. Given the importance of telomere integrity for cell survival or death, we deter-
mined whether HIV-induced T-cell apoptosis is related to the telomeric DDR. It has been
reported that, following genotoxic insult, 53BP1 functions as a docking site for other
transducers and DNA repair proteins to form microscopically visible nuclear foci (DNA
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damage foci) (34). Thus, the presence of dysfunctional telomere-induced 53BP1 foci
(TIF) is typically considered a hallmark of telomeric DDR (35). To determine telomeric
DDR in HIV-infected SupT1 and primary CD4 T cells, we compared the number of TIF by
examining the colocalization of 53BP1 and TRF1 using confocal microscopy. Approxi-
mately 50 to 100 cells were counted for TIF. The number of TIF per nucleus was higher
in both SupT1 cells (Fig. 5A) and primary CD4 T cells (Fig. 5B) after HIV infection. The
confocal microscopy images were analyzed using the confocal software Leica Applica-
tion Suite X (LAS X), and the summary data for the colocalization of TRF1 and 53BP1
signal in each microscopic frame are shown below the images. These results suggest
that telomeric DNA damage may cause cell apoptosis and CD4 T-cell loss in HIV
infection, highlighting the role of telomere integrity in securing T-cell survival.

We then employed flow-FISH (a telomere measurement technique that combines
the use of fluorescence in situ hybridization [FISH] with flow cytometry) to measure the
telomere length in SupT1 cells with or without HIV infection. Figure 5C shows repre-
sentative overlaid histograms and the summary data from 6 independent experiments.
SupT1 cells with HIV infection cultured for 3 to 6 days displayed significantly shortened
telomeres compared to uninfected cells, especially at day 6. RAL treatment abrogated
the HIV-induced telomere attrition at day 3, and particularly at day 6 after infection. We
were unable to measure telomere length after day 6 because the majority of HIV-
infected SupT1 cells without treatment were dead at that time. In contrast, we were
able to measure telomere lengths in RAL-treated SupT1 cells for up to 3 weeks after
infection, and we detected slightly shortened telomeres in HIV-infected, RAL-treated
cells compared to those in uninfected cells on RAL. Notably, telomere attrition was
accelerated (Fig. 5C) following the HIV breakthrough of RAL monotherapy and rebound

FIG 4 The extrinsic death pathways are not involved in HIV-induced CD4 T-cell apoptosis in vitro. (A) Av and 7AAD levels on SupT1 cells with HIV infection and
RAL treatment in the presence of anti-CD178, anti-CD40, and anti-CD253 blocking or isotype control antibodies. (B) Av and 7AAD levels in primary CD4 T cells
with or without HIV infection, in the presence of anti-CD178, anti-CD40, and anti-CD253 blocking or isotype control antibodies for 5 days (n � 3). (C) Av and
7AAD levels in SupT1 cells treated with an �-CD95 (Fas) in the presence or absence of �-CD178 blocking antibodies.
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on days 21 to 24 (Fig. 1C). We also measured telomere length in primary CD4 T cells
with or without HIV infection and RAL treatment. As shown in Fig. 5D, telomere
shortening was detected in primary CD4 T cells 7 days post HIV infection. While RAL
alone did not alter telomere lengths, RAL partially blocked or restored telomere lengths
in HIV-infected CD4 T cells. These results are consistent with our findings of telomere
shortening in CD4 T cells derived from HIV-infected patients on ART (22) and support
the notion that telomere erosion may be associated with cell apoptosis in HIV infection.

The PI3K/ATM pathway is dysregulated in HIV-infected CD4 T cells in vitro,
promoting DDR and cell apoptosis. Cells are equipped with DNA damage surveillance
and repair machineries to prevent cell death associated with genomic instability
(36–38). Accumulation of damaged DNA in CD4 T cells indicates an impairment of
DNA damage repair machinery during HIV infection. DNA damage can cause telomere
erosion and lead to cell senescence or apoptosis. We hypothesized that progressive
CD4 T-cell loss and failure of immune recovery during HIV infection could be due, at
least in part, to dynamic alterations in the DNA damage and repair kinases, which
include ATM and its downstream checkpoint kinase 2 (CHK2) that belongs to the PI3K
family, potentially leading to disruption of telomere integrity. To determine whether
telomeric DNA damage and cell apoptosis were associated with the PI3K/ATM dynam-
ics induced by HIV infection, we measured ATM, CHK2, and AKT levels, along with the
DNA damage marker �H2AX and the apoptosis marker PARP1, in SupT1 cells infected
with different concentrations of HIV for 6 days. As shown in Fig. 6A, Western blot
analysis revealed HIV dose-dependent changes in p24 expression in SupT1 cells.
Interestingly, ATM and its downstream signaling kinase CHK2 were suppressed by HIV
infection. PI3K/AKT had a similar pattern to that of ATM/CHK2. Correspondingly, �H2AX
and caspase 3-dependent cleavage of PARP1, which plays an important role in DNA
damage-mediated cell apoptosis (39), increased along with HIV infection. We also

FIG 5 DNA damage response in HIV-infected SupT1 and CD4 T cells with or without RAL treatment. (A and B) Confocal microscopy analysis of 53BP1 and TRF1
colocalization as a marker for dysfunctional telomere-induced foci (TIF) in SupT1 and primary CD4 T cells with HIV infection. The confocal images were analyzed
using the confocal software Leica Application Suite X (LAS X), and summary data for the colocalization of TRF1 and 53B1 signal analyzed in each microscopic
frame are shown. (C and D) Representative overlaid histograms and summary data of mean fluorescence intensity (MFI) of Tel-C in SupT1 cells or primary CD4
T cells, with or without HIV infection and RAL treatment, as measured by flow-FISH at the indicated times.

CD4 T Cell Depletion via Telomeric DDR in HIV Infection Journal of Virology

November 2020 Volume 94 Issue 22 e01061-20 jvi.asm.org 9

https://jvi.asm.org


measured ATM, CHK2, AKT, �H2AX, and PARP1 levels by Western blotting in primary
CD4 T cells following HIV infection and observed a similar pattern, i.e., p24 was detected
in HIV-infected CD4 T cells (Fig. 6B). Levels of ATM, CHK2, and AKT were suppressed
by the HIV infection, whereas levels of the DNA damage and cell apoptosis markers,
�H2AX and cleaved PARP1, were increased along with HIV infection (Fig. 6B). We were
able to reproduce these results in CD4 T cells isolated from different subjects and
confirmed the data by flow cytometry and gene array analysis (data not shown).

Based on the above observations, we exposed SupT1 cells with or without HIV
infection and RAL treatment to gain further insights into the role of the PI3K/ATM
pathway in the DDR and double-strand break (DSB) repair during HIV infection. As
shown in Fig. 6C, p24 was only detected in HIV-infected SupT1 cells but not in
HIV-infected, RAL-treated cells. Intriguingly, compared to the uninfected controls (lane
1), HIV-infected cells (lane 2) exhibited a slight decrease in total ATM but an increase in
pATM, likely reflecting HIV-induced DDR. In parallel, levels of total CHK2 and AKT
proteins were decreased, but levels of pCHK2 and pAKT were significantly increased by
HIV infection, along with elevation of the DDR-mediated apoptotic markers �H2AX and
PARP1. RAL treatment alone (lane 3) did not alter ATM, pATM, CHK2, pCHK2, AKT, pAKT,
�H2AX, and PARP1 protein levels in SupT1 cells compared to those in the uninfected
cells without RAL treatment (lane 1). However, RAL treatment of HIV-infected cells (lane
4) inhibited p24 expression and resulted in lower levels of ATM, pATM, CHK2, pCHK2,
AKT, pAKT, �H2AX, and PARP1 compared to those in HIV-infected cells without RAL
treatment. We also observed decreasing expressions in total ATM, CHK2, and AKT, but
increases in pATM, pCHK2, and pAKT protein levels in primary CD4 T cells at day 5 post
HIV infection and RAL treatment (Fig. 6D). Taken together, these results suggest that

FIG 6 The PI3K/ATM pathways are dysregulated in HIV-infected T cells and promote DDR and cell apoptosis. (A) Western blot analysis of p24, ATM, CHK2, AKT,
PARP-1, and �H2AX expressions in SupT1 cells at day 6 of HIV infection. (B) Western blot analysis of p24, ATM, CHK2, AKT, PARP-1, and �H2AX expressions in
primary CD4 cells at day 5 of HIV infection. (C) Western blot analysis of p24, ATM, pATM, CHK2, pCHK2, AKT, pAKT, �H2AX, and PARP-1 expressions in SupT1
cells at day 6 of HIV infection with or without RAL treatment. (D) Western blot analysis of p24, ATM, pATM, CHK2, pCHK2, AKT, pAKT, and �H2AX levels in primary
CD4 T cells at day 5 of HIV infection with or without RAL treatment. (E) A model of HIV infection in CD4 T cells. The PI3K/ATM pathways are suppressed, causing
telomeric DNA damage and erosion and CD4 T-cell apoptosis and depletion during HIV infection. ART can partially reverse this process by inhibiting HIV
replication. However, PI3K/ATM pathways will remain dysregulated in these virus-suppressed, ART-treated CD4 T cells, and thus the cells will survive but exist
in an early apoptotic state in this setting of latent HIV infection and/or inflammation.
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the PI3K/ATM signaling pathways are dysregulated in CD4 T cells in HIV infection and
are associated with DDR-mediated CD4 T-cell apoptosis and depletion.

DISCUSSION

HIV/AIDS pathogenesis is characterized by depletion of CD4 T cells; however, the
mechanism underlying CD4 T-cell survival or death during HIV infection remains
incompletely understood. We have recently shown that ATM deficiency accelerates
DNA damage, telomere erosion, premature T-cell aging, and apoptosis in HIV-infected
individuals on ART (22–24). Whether these observations in HIV-infected, ART-treated
individuals can be recapitulated in HIV-infected CD4 T cells in vitro remains unknown.
To establish a potentially useful cellular model of HIV infection and characterize the
mechanisms underlying CD4 T-cell depletion, we investigated telomeric DDR and cell
apoptosis in a highly permissive SupT1 cell line and validated the findings in primary
CD4 T cells with active or virus-suppressed HIV infection. Here, we report a successfully
established in vitro cell culture system with viral replication and RAL suppression,
mimicking active and ART-controlled HIV infection in vivo. Specifically, we demon-
strated that (i) SupT1 cells and primary CD4 T cells can be infected by HIV and that RAL
potently inhibits HIV replication, (ii) HIV infection induces apoptosis and CD4 T-cell
depletion that is reversible by the RAL treatment, and (iii) in vitro HIV-induced CD4
T-cell apoptosis is independent of the extrinsic death pathways but occurs through
intrinsic DDR via the dysregulation of the PI3K/ATM pathways. Based on these novel
findings, we propose a working model of HIV infection in CD4 T cells (Fig. 6E), in which
the PI3K/ATM pathways are suppressed, causing telomeric DNA damage and telomere
erosion that lead to CD4 T-cell apoptosis and depletion during HIV infection. ART can
partially reverse this process by inhibiting HIV replication; however, these ART-treated,
virus-suppressed CD4 T cells still have dysregulated PI3K/ATM signaling and thus
survive in an early apoptotic state in the setting of latent HIV infection and/or
inflammation. Our data illustrate a similar mechanism for apoptosis in these cells, to
that found in people living with HIV on ART (22), as well as activation-induced apoptosis
through the TCR that results in ROS production, mitochondrial damage, and caspase
activation (31). The mechanisms involved in maintaining the survival of HIV-infected
cells warrant further investigation to understand the phenomenon of viral reservoirs in
ART-controlled, latent HIV infection.

The host factors promoting survival or death of HIV-infected CD4 T cells are not
clear, but telomere dynamics play a pivotal role in controlling cellular functions and
longevity (17, 18). Thus, how telomere dynamics are dysregulated in the setting of
chronic viral infection is under intense investigation. An important question is that of
why and how CD4 T cells accumulate DNA damage and fail to repair telomere defects
during HIV infection. Notably, we have previously shown that the telomere-associated
shelterin protein TRF2 is markedly inhibited through ubiquitin degradation during
chronic HCV and HIV infections (19). Since the primary function of TRF2 is to protect
telomeres from unwanted DNA damage (18), inhibition of TRF2 can lead to telomere
attrition and cell apoptosis. Also, we have recently discovered that TRF2 expression and
telomerase activity are significantly inhibited in HIV-infected CD4 T cells in vitro and
that TRF2 is the only inhibited shelterin protein in CD4 T cells derived from ART-
controlled HIV-infected individuals, thus playing a pivotal role in recruiting telomerase
to telomeres to maintain their integrity (unpublished observations). Additionally, we
have reported that topoisomerases I and II� (Top1 and Top2�), two enzymes involved
in regulating DNA topology, are significantly inhibited and cause topological DNA
damage and cell apoptosis in CD4 T cells during chronic viral (HIV, HBV, and HCV)
infections (23, 24). Moreover, the current study showed that the DNA repair kinase ATM
and its downstream checkpoint kinase 2 (CHK2) were significantly inhibited in CD4 T
cells isolated from HCV-infected and HIV-infected individuals (20, 22), resulting in the
damaged DNA being left unrepaired, thus promoting cell apoptosis. Thus, it appears
that multiple host machineries are dysregulated by HIV infection and are involved in
CD4 T-cell depletion.
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Results from this study as well as our published reports demonstrate that the
expression of total ATM and AKT are suppressed with HIV infection, along with
telomeric DNA damage and cell apoptosis in ART-controlled HIV infection. Indeed, it
has been reported that the HIV-1 accessory protein Vpr activates DDR and causes cell
cycle arrest (40, 41). We have recently reported ATM deficiency in chronically HIV-
infected individuals on antiretroviral therapy (22). Pharmaceutical inhibition or genetic
silencing of ATM accelerates DNA damage, telomere erosion, and premature T-cell
aging, supporting the notion that failure of DNA damage repair due to ATM deficiency
is the driving force, rather than the consequence, of cell apoptotic death. ATM kinase
has been established as a central player in DNA double-strand break repair, and its
deficiency may not occur only in CD4 T cells, but also in other types of immune and
nonimmune cells in people living with HIV. Thus, ATM deficiency in other cell types may
also affect CD4 T-cell recovery in people living with HIV on ART. These data beg the
question of whether it is even feasible to avoid the disruption of telomeric DDR
signaling and cell apoptosis in the HIV-infected host without actually targeting the
repair machinery itself. Consistent with our findings, Rossiello and Fumagalli et al. (42,
43) reported that telomeric DNA damage in mammalian cells is irreparable and occurs
preferentially at telomeres in linear genomes. They suggested a paradigm, in which
cellular senescence and organismal aging result from persistent and accumulated,
irreparable telomeric DNA damage that could be permanent; i.e., once telomeres are
damaged, they remain damaged. Another study suggested that persistent DDR may
trigger senescence-associated inflammatory cytokine secretion, facilitating communi-
cation of a compromised state to the surrounding cells (44). Similarly, a bystander effect
might occur in which senescent cells induce proximate cell DDR within the milieu via
cell-cell contacts, a feature of senescence-induced senescence (45). These processes
could certainly occur in our model of HIV-infected individuals on ART.

Importantly, latently HIV-infected cells are more susceptible to DDR-inducing
agents, and thus are vulnerable to DDR-induced cell apoptosis (46). Indeed, recent
studies showed susceptibility of latently infected TCM to drugs targeting telomeres,
which are also known to induce DDR (47). We have recently reported on the telomere
attrition effect of this group of drugs (21). This unveils the sensitivity of telomere
sustenance, DDR, and the unique vulnerability of latently virus-infected cells, a new
feature that could potentially be exploited in developing therapeutics to eliminate HIV
reservoirs. While many questions remain unanswered in fighting against HIV infection,
our results and the model system described here provide new tools for studying HIV
pathogenesis and shed more light on the molecular mechanisms of HIV-induced CD4
T-cell destruction and may enhance future investigations of the telomeric DDR, T-cell
premature aging, and immune senescence induced by the HIV-host cell interactions.

MATERIALS AND METHODS
HIV plasmid transfection and virus infection. The pNL4-3 plasmid, which contains a full-length HIV

viral DNA inserted into a pUC18 vector, was obtained from the NIH AIDS Reagent Program (originally
from Malcolm Martin) (26). Approximately 20 �g of the HIV plasmid was used to transfect the human
embryonic kidney 293 cell line transformed with SV40 large T antigen (HEK293T) using the polyethyl-
enimine (PEI) method (29). The supernatants of HIV-transfected HEK293T cells were used to infect human
SupT1 cells (NIH AIDS Reagent Program, catalog no. 100; originally from Dharam Ablashi, isolated from
an 8-year-old child with non-Hodgkin’s T-cell lymphoma) using the spinoculation method (29). Briefly,
1.5 � 106 SupT1 cells were infected with supernatant containing 1 � 106 to 5 � 106 HIV virions in culture
plates using centrifugation at 1,620 � g in a 37°C incubator. After 2 h of spinoculation, the supernatants
were removed to discard the unattached viruses. Raltegravir (from the NIH AIDS Reagent Program) was
added to some cultures as an antiretroviral drug. The medium was changed every 3 days, and 1.5 � 106

cells were maintained at each passage with or without adding RAL. Cells were harvested at days 3, 6, 9,
12, 15, 18, 21, and 24 for flow cytometry, RT-PCR, and Western blot analysis.

Primary CD4� T-cell isolation and culture. Samples from healthy subjects from Physicians Plasma
Alliance (Johnson City, TN) were negative for HBV, HCV, and HIV infection. PBMCs were isolated from
whole blood of healthy subjects by Ficoll density centrifugation (GE Healthcare, Piscataway, NJ). CD4� T
cells were isolated from PBMCs using the CD4� T-cell-negative isolation kit and an LS Column (Miltenyi
Biotec, Inc., Auburn, CA). The isolated CD4� T cells were cultured in RPMI 1640 medium containing 10%
fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA), 100 IU/ml penicillin, 2 mM L-glutamine
(Thermo Scientific, Logan, Utah), and 100 IU IL-2 with 1 �g/ml anti-CD3 and 1 �g/ml anti-CD28 (BD
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Bioscience, San Jose, CA) or 2.5 �g/ml phytohemagglutinin (PHA) for 24 h. The CD4� T cells were infected
with HIV using the same conditions as described above. The cells were harvested at days 3, 5, and 7 for
analyses. For receptor blocking experiments, Fas ligand, TNF-�, TRAIL, or IgG1 isotype control antibodies
(10 �g/ml each) (BD Bioscience, San Jose, CA) were added to the cultures, and the cells were harvested
for apoptosis assay.

Flow cytometry. For the apoptosis assay, the cells were stained with the PE annexin V apoptosis
detection kit I (BD Bioscience). Briefly, the cells were harvested, washed with Dulbecco’s phosphate-
buffered saline (DPBS), labeled with annexin V-PE (Av) and 7-aminoactinomycin D (7AAD) in binding
buffer, and analyzed by an AccuriC6 Plus flow cytometer (BD Bioscience, San Jose, CA) and FlowJo
software (Tree Star, Inc., Ashland, OR). For nuclear protein staining, the cells were fixed in fixation buffer
(BioLegend, San Diego, CA), permeabilized with fixation/permeabilization concentrate and diluent
(Thermo Fisher Scientific, MA, USA), and then labeled with conjugated anti-HIV p24 Monoclonal
(KC57)-PE (catalog no. 6604667, Beckman Coulter). The cells were analyzed by flow cytometry. Isotype
control antibodies (eBioscience) and single staining controls were used to determine background
staining levels and to adjust multicolor compensation as a gating strategy.

Microarray gene expression and real-time RT-PCR. To measure HIV-1 mRNA levels, total RNA was
extracted from 1.0 � 106 HIV-infected or uninfected cells with the PureLink RNA minikit (Invitrogen,
Carlsbad, CA), and cDNA was synthesized using the High Capacity cDNA Reverse transcription kit
(Applied Biosystems; Foster City, CA). The primers used were: HIV mRNA forward 5=-
CAGATCCTGCATATAAGCAGCTG-3=, reverse 5=-TTTTTTTTTTTTTTTTTTTTTTTTGAAGCAC-3=; GAPDH 5=-
TGCACCACCAACTGCTTAGC-3=, reverse 5=-GGCATGGACTGTGGTCATGAG-3=. The PCR assays were run in
triplicate using the following conditions: 1 cycle at 95°C for 10 min, followed by 40 cycles at 95°C for 15s;
60°C for 60s; and 72°C for 60s. Gene expression was normalized to GAPDH, and the values were
calculated using the 2�ΔΔCT method and are expressed as fold changes.

Western blotting. The cells were harvested and lysed on ice in RIPA buffer (Boston BioProducts Inc,
Ashland, MA) in the presence of protease inhibitors (Thermo Scientific, Rockford, IL). The protein
concentrations were measured by the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scien-
tific). The proteins were separated by SDS-PAGE, transferred to polyvinylidene difluoride membranes,
preblocked with 5% nonfat milk in 0.1% Tween 20 in Tris-buffered saline (TBS), and then incubated
overnight with the following primary antibodies: p24 (NIH/NIAID AIDS reagent program), ATM, pATM,
CHK2, pCHK2, AKT, pAKT, �H2AX, PARP1, and �-actin or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody as a loading control (Cell Signaling, Danvers, MA). After washing, the membranes were
incubated with appropriate horseradish peroxide-conjugated secondary antibodies (Cell Signaling), and
the protein bands were developed using the Amersham ECL Prime Western blotting detection reagent
(GE Healthcare Bio-Sciences, Pittsburgh, PA). The bands were captured and quantified using the
ChemiDoc MP imaging system (Bio-Rad).

Confocal microscopy. SupT1 and primary CD4� T cells were isolated and cultured as described
above. The cells were fixed in 2% paraformaldehyde (PFA) for 20 min, permeabilized with 0.3% Triton
X-100 in phosphate-buffered saline (PBS) for 10 min, blocked with 5% bovine serum albumin (BSA) in PBS
for 1 h, and then incubated at 4°C overnight with rabbit anti-53BP1 and mouse anti-TRF1 antibodies (Cell
Signaling). The cells were washed three times with TBS plus 0.1% Tween 20, stained with anti-rabbit
IgG-Alexa Fluor 488 and anti-mouse IgG-Alexa Fluor 555 antibodies (Invitrogen) at room temperature for
1 h, and then washed and mounted with 4=,6-diamidino-2-phenylindole (DAPI) Fluoromount-G (South-
ernBiotech, Birmingham, AL). Images were acquired with a confocal laser scanning inverted microscope
(TCS SP8; Leica, Germany).

Telomere length measurement. The flow-fluorescence in situ hybridization (FISH) method was used
to measure telomere lengths in SupT1 and primary CD4� T cells as described previously (19). Briefly, T
cells were incubated in a hybridization buffer with 0.25 �M fluorescein isothiocyanate (FITC)-peanut
agglutinin (PNA) Tel C probe (CCCTAAC repeats; PNA Bio, Thousand Oaks, CA) for 10 min at room
temperature. The samples were heated for 10 min at 85°C, chilled on ice, and hybridized in the dark at
room temperature overnight. The samples were washed and analyzed immediately by flow cytometry,
and lymphocyte telomere lengths are reported as mean fluorescence intensity (MFI).

Statistical analysis. The data were analyzed using Prism 7 software and are presented as means plus
or minus standard error of the mean (SEM) or as medians with interquartile ranges. Differences between
two groups were analyzed by independent Student’s t test or the Mann-Whitney test, paired t test, or
Wilcoxon matched-pairs signed-rank test. P values of �0.05 or �0.01 were considered statistically
significant or very significant, respectively.
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