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Abstract

The average lifespan of HIV-infected subjects remains shorter compared to uninfected individuals. Immunosenescence may

be responsible for this difference despite effective antiretroviral therapy (ART) with successful viral suppression. Here, we

evaluated the effects of HIV and ART exposure on T cell aging in male homosexual HIV subjects. CD4+ T cell activation

(HLA-DR+) and senescence (CD57+) markers were analyzed by flow cytometry, and telomere length was quantified by real-

time PCR. Specifically, we observed an increase in activation and senescence markers on total CD4+ T cell populations in

HIV-infected subjects. We also observed a reduction in senescence markers on terminally differentiated memory T(TemRA)

cells and activation markers on central memory T(TCM), effector memory T(TEM), and TemRA cells in ART-treated HIV

subjects. Furthermore, we also observed an extension of telomere length in memory CD4+ T cells, rather than naive CD4+ T

cells, after viral control by ART. Our results indicate that HIV-infected patients exhibit a premature T cell aging phenotype

with accelerated immune senescence. Partial recovery of immune senescence and differentiation aberrances is achieved in CD4+

T cells in HIV patients on ART. Overall, these results suggest that HIV infection, rather than ART exposure, influences the T

cell aging process.
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ART, antiretroviral therapy; PBMC, peripheral blood mononuclear cell; TN, naive T; TCM, central memory
T; TEM, effector memory T; TemRA, terminally differentiated memory T; HC, healthy controls; IQR,
interquartile range; SD, standard deviation; ANOVA, analysis of variance.

Summary

The average lifespan of HIV-infected subjects remains shorter compared to uninfected individuals. Im-
munosenescence may be responsible for this difference despite effective antiretroviral therapy (ART) with
successful viral suppression. Here, we evaluated the effects of HIV and ART exposure on T cell aging in
male homosexual HIV subjects. CD4+ T cell activation (HLA-DR+) and senescence (CD57+) markers were
analyzed by flow cytometry, and telomere length was quantified by real-time PCR. Specifically, we observed
an increase in activation and senescence markers on total CD4+ T cell populations in HIV-infected subjects.
We also observed a reduction in senescence markers on terminally differentiated memory T(TemRA) cells
and activation markers on central memory T(TCM), effector memory T(TEM), and TemRA cells in ART-
treated HIV subjects. Furthermore, we also observed an extension of telomere length in memory CD4+ T
cells, rather than naive CD4+ T cells, after viral control by ART. Our results indicate that HIV-infected
patients exhibit a premature T cell aging phenotype with accelerated immune senescence. Partial recovery
of immune senescence and differentiation aberrances is achieved in CD4+ T cells in HIV patients on ART.
Overall, these results suggest that HIV infection, rather than ART exposure, influences the T cell aging
process.

Introduction

Treatment of HIV-infected patients with combination antiretroviral therapy (ART) has led to a significant
reduction in both morbidity and mortality. Therefore, HIV infection has transitioned from an acute, terminal
illness to a chronic but manageable condition [1]. While this is undoubtedly a major success, several studies
have demonstrated that HIV-infected individuals are at an increased risk of age-related non-AIDS morbidity
and mortality compared with uninfected persons [2]. These observations have led to the proposal that HIV-
infected individuals suffer from accelerated or premature aging [3]. However, the pathogenic mechanisms
underlying this increased aging process remain poorly understood.

Growing evidence suggests that immune exhaustion and senescence caused by HIV infection is similar to that
caused by age in uninfected elderly subjects [4-6]. During nature aging, a reduction in T cell renewal occurs
together with a progressive enrichment of terminally differentiated T cells with shortened telomeres. It is
thought that these changes are the consequence of immune activation and inflammation, which translates
into a general decline of the immune system, which gradually leads to immunosenescence (aging of the
immune system) [7]. Similarly, high levels of systemic immune activation and inflammation due to HIV
infection promote the accelerated replicative senescence of T cells [8], which leads to an imbalance of T cell
phenotype [9,10]. This results in the differentiation and accumulation of nonfunctional senescent T cells [6].
In addition, studies have shown that premature and accelerated T cell aging in HIV-infected patients can
be caused by the adverse effects of antiretroviral drugs [11,12]. Hopefully, data from a recent clinical study
convincingly suggest that the initiation of ART can lead to rapid improvements in several clinical outcomes
[13,14]; however, the extent to which these immunological signatures were restored during ART has not
been determined. Moreover, little is known about the combined impact of HIV infection and ART drugs on
immunosenescence in HIV-infected individuals.

Although some reports have characterized distinct T cell subsets in HIV-infected subjects and compared their
distribution with those in healthy subjects [15,16], few data are available regarding the activation/senescent
profile in relation to the immunosenescence features of distinct T cell subsets. In addition, no reports
have provided a comprehensive assessment of telomere length of distinct T cell subsets, of which telomere
shortening represents a key molecular marker of biological aging. In the current study, we provide a detailed
characterization of biological aging in relation to immune senescence and activation markers of the different
CD4+ T cell subsets in a cohort of male homosexual HIV-infected subjects, including ART-naive and ART-
treated subjects.
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Materials and methods

Study subjects

A total of 60 HIV-infected patients were recruited from the Outpatient Clinic of Beijing Ditan Hospital,
Capital Medical University (China). A total of 30 patients were ART-naive at the time of enrolment (ART-
naive group). There were 30 patients who received ART for a minimum of one year prior to inclusion and had
suppressed viral replication (ART-receiving group). For comparison, 28 age-matched HIV-negative healthy
subjects were included as a control group (HC group). Both HIV-infected individuals and healthy controls
were all homosexual males in this study. The exclusion criteria consisted of chronic diseases, neoplasms,
immune inflammatory diseases, other non-HIV-related diseases, and metabolic complications. This study
was approved by the local research ethics committee. Written informed consent was obtained from all
participants.

CD4+ T cell count and plasma HIV-1 viral load

Fasting venous blood samples were collected. CD4+ T cell count (cells/L) and HIV-1 viral load (HIV-RNA,
copies/mL) were determined in all HIV-infected subjects. Absolute CD4+T cell numbers were determined
using an Epics XL-MCL flow cytometer (Beckman Coulter, Brea, CA, USA). Plasma HIV-1 RNA levels
were determined using the COBAS Taqman HIV-1 test (Roche, Branchburg, New Jersey, USA) according
to the manufacturer’s instructions. The detection limit was 40 HIV RNA copies/mL.

Flow Cytometry analysis

All analyses were performed using fresh peripheral blood mononuclear cell (PBMC) samples, isolated by
density centrifugation using Ficoll-Hypaque (Amersham Biosciences, Amersham, Buckinghamshire, United
Kingdom) from 20 mL EDTA and venous blood. The following monoclonal antibodies were used for T cell
immunophenotyping: CD4-APC-CY7, CD8-FITC, CD28-APC, CD45RA-PE-CY7, CCR7-PERCP-CY5.5,
CD27-AmCyan HLA-DR-Pacific Blue, and CD57-PE (BD Biosciences, San Jose, CA). Combinations of
CD45RA, CCR7, CD28, and CD27 are commonly employed to define four different T cell subsets [17]:
1) CD28++CD27++CCR7+CD45RA+[naive T cells (TN)]; 2) CD28+++CD27++CCR7+CD45RA-[central
memory T cells (TCM)]; 3) CD28+-CD27+-[effector memory T cells (TEM)]; and CD28-CD27-[ (terminally
differentiated memory T cells (TemRA)]. Cellular activation in CD4 subsets was characterized by the expres-
sion of HLA-DR [18]. Senescent CD4+ T cells were characterized by CD57 expression [19]. Fluorescence was
measured with a FACS Canto II (BD Biosciences, Breda, the Netherlands). A total of 100,000 events were
collected in the lymphocyte gate using morphological parameters (forward and side-scatter). The raw data
were analysed using a fluorescence activated cell sorter (FACS) Diva version 5 (BD Biosciences, Heidelberg,
Germany) and FlowJo software (TreeStar Inc., Ashland, OR, USA).

Isolation of naive and memory T cells

Lymphocyte subpopulations were isolated from fresh PBMCs using magnetic beads (AutoMACS; Miltenyi
Biotec) coated with monoclonal Abs to CD4, CD8, CD45RA, and CD45RO, in accordance with the man-
ufactures’ instructions. The isolated subpopulations were stained with immunofluorescently-labelled mon-
oclonal Abs to CD4, CD8, CD45RA, and CD45RO. Isolated CD4+CD45RA+ cells (naive T cells) and
CD4+CD45RO+cells (memory T cells) from both the patients and controls were frozen in 90% FCS/10%
DMSO in the vapor phase oliquid nitrogen until future use. Samples for the isolation of naive and memory
T cells were available for 24 HC, 21 ART naive, and 18 ART.

DNA extraction and measurement of telomere length by quantitative real-time PCR

After isolating naive and memory T cells, the DNA was extracted using a QIAamp RNA Mini Kit (Qia-
gen) according to the manufacturers’ instructions. The concentration and purity of the DNA was quanti-
fied using a Nanodrop Spectrophotometer (ThermoFisher Scientific, Waltham, Massachusetts, USA). The
telomere length was determined by quantitative real-time PCR adapted from Cawthon [20] . The rel-
ative telomere length was measured as the ratio of standard DNA quantities for telomere template (T)
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over single copy gene, 36B4 (S). The telomere and 36B4 gene primers were as follows: (Tel-forward,5’-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3’; Tel reverse, 5’-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-
3’) for Telomere PCR and (36B4-forward, 5’-CAGCAAGTGGGAAGGTGTAATCC-3’; 36B4-reverse, 5’-
CCCATTCTATCATCAACGGGTACAA-3’) for the 36B4 PCR. All samples were blindly and consecutively
run in triplicate together with reference samples. The intra-assay coefficient of variation was 5%.

Statistical analysis

All continuous variables were expressed as the median with an interquartile range(IQR) or mean with stan-
dard deviation(SD), as appropriate. All groups were tested for the normal distribution with a Kolmogorov-
Smirnov test. For the normally distributed data, a one-way analysis of variance (ANOVA) was used to
analyze more than two groups. Data that were not normally distributed were tested by a one-way Kruskal-
Wallis test for more than two groups. All statistical analysis was carried out using Graphpad Prism version
5 (GraphPad, La Jolla, CA, USA) and SPSS 22.0 (College Station, TX, USA) software. In the graphs, the
p values are indicated as follows: * < 0.05; ** < 0.01; *** < 0.001.

Results

Characteristics of study population

A total of 30 untreated (ART naive) HIV-infected subjects (28 years old; IQR: 26˜34 years) and 30 ART-
treated HIV subjects (30.5 years old; IQR: 26˜36.5 years) as well as 28 healthy subjects (28 years old; IQR:
26˜34 years) were included in this study. As shown in Table 1, HIV-infected subjects and healthy subjects did
not significantly differ in age. CD4+ T cell counts were only available for HIV-infected subjects. The median
CD4+ T cell counts were significantly lower in the ART-naive HIV-infected subjects with a detectable viral
load (p< 0.0001). The ART-treated HIV subjects had undergone triple therapy by lamivudine (3TC) +
tenofovir (TDF) + efavirenz (EFV) for a mean duration of 13.0 (12.0, 22.0) months and had an undetectable
plasma viral load (< 40 copies/mL).

Phenotypic T cell alterations occur early in male homosexual HIV-1 infection

HIV infection is characterized by a disturbance in T cell homeostasis, which results in an alteration to
T cell subsets. To investigate the impact of HIV infection on CD4+ T cell populations, we performed a
cross-sectional analysis of CD4+ T cell populations in male homosexual HIV patients compared to healthy
controls. Patients with chronic HIV infection were stratified into ART-receiving and ART-naive patients.
The phenotypic characteristics of the CD4+ T cell subsets are presented in Table 2. Within CD4+ T cells, the
percentage of TN was lower in the HIV-infected patients (n = 30, 34.10 [12.38˜47.73] %) than in the control
group (n = 28,43.26 [35.20˜52.08] %, p = 0.0209) (Fig.1a). For the TCM, although the difference was not
statistically significant, it tended to be more expanded in HIV-infected patients (n = 30, 32.95 [28.13˜39.68]
%) than in the control group (n = 28, 32.10 [27.67˜36.68] %) (Fig.1b). Interestingly, statistically significant
frequencies of TEM and TemRA were observed in two groups (p < 0.0001 and p = 0.0061, respectively)
(Fig.1c and d). To study the effect of ART on CD4+ T cell subsets, the differences between ART-naive HIV-
infected patients and ART-receiving patients were further analyzed. The percentage of TN was expanded to
a greater extent in ART-receiving patients (n = 30, 43.35 [38.38˜48.13] %, p = 0.0314) when compared to
ART-naive patients (n = 30, 34.10 [12.38˜47.73] %, p = 0.0314) (Fig.1a). Similarly, there was no difference
in the frequencies of TCM between the two groups. While the percentages of TEM and TemRA were
significantly reduced in the ART-receiving patients (n = 30, 13.43 [9.40˜19.81] % and 0.4 [0.175˜0.625] %,
respectively) in comparison to ART-naive patients (n = 30, 18.50 [11.93˜23.85] % and 1.000 [0.3˜1.783] %,
p = 0.0157 andp = 0.0274, respectively) (Fig. 1c and d).

Increased frequencies of CD57+ and HLA-DR+ cell populations in CD4+ T cell subsets in
male homosexual HIV-1 infection

We next analyzed alterations in the expression of replicative senescence and activation markers in the different
CD4+ T cell subsets. The results are presented in Table 2. For TN, the frequencies of CD57+ cells were
elevated within HIV-infected patients (n = 30, 1.425 [0.905˜3.968]%) compared to healthy controls (n =
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28, 0.95 [0.5425˜1.728]%,p = 0.0297) (Fig. 2a). Similar expansion was observed in the TCM, TEM, and
TemRA subsets (p = 0.0041, 0.0032, and p< 0.0001, respectively) (Fig. 2c, e, and g). When we measured
the level of HLA-DR expression, we observed a similar expression pattern compared to CD57 regarding
elevated HLA-DR expression on all CD4+ T cell subsets (Fig. 2b, d, f, h). Thus, a higher percentage of
CD57 and HLA-DR expression on CD4+ T cell subsets was observed in HIV-infected patients compared
to healthy controls. This suggests accelerated immune senescence in HIV-infected patients. On the other
hand, the effects of ART on CD4+ T cell surface senescence and activation markers were also analyzed.
When the frequencies of CD57+cells of the different CD4+ T cell subsets were analyzed, we only observed
a significant reduction on TemRA cells in ART-receiving patients (n = 30, 61.85 [49.4˜100]%) compared to
that of ART-naive subjects (n = 30, 76.80 [66.70˜100]%, p = 0.0358) (Fig. 2g), but not on TN, TCM, or
TEM. Similar effects were observed for the frequencies of HLA-DR+ cells of different CD4+ T cell subsets,
showing a significant decrease in frequencies of HLR-DR+ cells on TCM, TEM, and TemRA compared to
ART-naive patients (p = 0.0006, 0.0269, and 0.0019, respectively) (Fig. 2d, f, and h); however, there was
no statistically significant difference in TN.

Collectively, our data demonstrate increased frequencies of CD57+ and HLA-DR+ cell populations in most
CD4+ T cell subsets in chronically HIV-infected subjects, which can be partially reversed following ART.

Telomere length of memory T cells is shorter in male homosexual HIV-1 infection

Telomeres are specialized structures comprised of tandem repeats of TTAGGG located at the end of chro-
mosomes and are essential for chromosomal stability. An assessment of telomere length is used to evaluate
cellular replication history or senescent status. Moreover, immune activation and microbial translocation are
thought to drive telomere shortening in HIV infection [21]. To investigate the impact of chronic HIV infection
and ART on the telomere length of distinct T cell subsets, we further determined the telomere length of both
naive and memory T cells isolated from HIV patients. For naive T cells, there was no significant alteration
in telomere length between healthy controls and HIV-infected patients, nor between the ART-naive patients
and ART-receiving patients. For memory T cells, however, ART-naive patients had a significantly decreased
telomere length compared to that of healthy controls and ART-receiving patients, at 2.96 ± 2.40, 7.82 ±
3.58, and 6.27 ± 3.23, respectively (p < 0.0001 andp = 0.0058). However, the differences in telomere length
between the healthy controls and ART-receiving patients were not statistically significant.

Discussion

Chronic HIV infection can drive premature T cell aging, even in the setting of ART with complete viral
suppression. In this study, we demonstrate that male homosexual HIV subjects exhibit premature biological
aging with accelerated immune senescence, which affects CD4+ T cell subsets that have partial recovery by
ART.

In the context of HIV infection, disruption of normal T cell homeostasis has been observed when a massive
and continuous depletion of CD4+ T cells occurs. Compared with healthy age-matched subjects, a lower
[15] or similar [16] CD4+naive T cell frequency has been reported. As expected, the results of this study
show a lower CD4+ naive T cell frequency in HIV-infected subjects compared with healthy subjects. This
may be partially explained by the capacity of the thymus to produce new T cells or thymic output, which
is significantly decreased during the course of HIV infection [22-24]. Overall, the frequency of naive T cells
represents a good marker of immunological age in humans, and its progressive decrease in HIV-infected
adults is typically directly associated with HIV disease progression [25]. A significant increase in memory
cell populations is observed when compared to the uninfected controls in our study, especially in TEM, which
is consistent with a previous report [26]. Moreover, ART treatment result in a partial restoration of the pool
of naive as well as memory T cells, which show an increase in naive T cells and a reduction of TEM and
TemRA cell populations, although a return to normal levels has seldom been observed. Overall, our data
support a notion in which active HIV replication drives the production of a senescent phenotype, resulting
in a decline in T cell competence.

CD57 has been described as a marker of replicative senescence in T cells, and is associated with telomere
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shortening following numerous cell divisions [19]. Interestingly, this marker, along with the marker of T cell
activation (HLA-DR), is recently used to assess immune activation and senescence, which is correlated with
the clinical status of HIV-infected patients and is closely associated with the increase in non-AIDS-related
morbidities (e.g., cardiovascular disease, chronic liver disease, kidney disease, osteoporosis, neurocognitive
disease, and cancer) in HIV-suppressed patients with age < 60 years old [27]. In our study, we observe
higher CD57 and HLA-DR expression in the expanded CD4+ memory T cell populations in HIV-infected
subjects, with the exception of naive T cells. However, the decreased levels of specific CD4+ T cell subsets
may reflect the effect of ART that can reduce CD4+ T cell activation [28]. Moreover, immune senescence
is greater in HIV-infected subjects with detectable HIV viremia. This indicates that active HIV replication
leads a senescent phenotype, which demands for the early control of HIV replication and chronic immune
activation. Of note, despite effective suppression of viral replication, ART fails to re-establish immunological
homeostasis in the treated patients, which is indicative of a fully exhausted phenotype.

Telomeres play an important role in controlling both cultured cell senescence in vitro and the aging process
in vivo[29]. As a classical marker of cell senescence, the shortening of telomere length is often used as an
indicator of individual biological age [30]. Some reports [31,32] have analyzed telomere length, which is usually
measured in total PBMCs or total T cell subsets (CD4 or CD8), demonstrating that telomere length was
shorter in HIV-infected individuals compared to age-matched seronegative controls. This suggests that there
is accelerated immunological aging with HIV infection. During the course of HIV infection, the distribution
of CD4 cell subsets is known changed, and telomere length is also varied in distinct cell subsets according to
the stage of differentiation (e.g., naive and memory cells). To date, there is limited data available regarding
the telomere length of distinct T cell subsets. In our study, no significant differences are observed in telomere
length of naive T cells between HIV-infected subjects and healthy controls. Consistent with a previous report
[33], we also find that ART had no obvious effect on the telomere length of naive T cells, which indicates that
either HIV infection or exposure to ART had little influence on naive T cells. However, ART-naive subjects
had significantly shorter telomeres in memory T cells compared to healthy controls and those HIV subjects
on ART, indicating that HIV infection, rather than exposure to ART, affects the aging process. However,
it has been reported that ART may inhibit telomerase activity, leading to differences in telomere lengths
between the ART-naive and ART-treated groups. Previous studies have inconsistent findings in such an
association [34-36]. Therefore, a further comprehensive analysis of telomere length in different T cell subsets
in accordance with the stage of T cell differentiation, the effect of ART on telomere length, and potential
mechanisms are required in future.

In this study, we analyzed the immunosenescence of CD4+ T cell subsets in male homosexual patients with
HIV-1 infection. Unfortunately, our current cohort is too small to stratify CD4+T cells in patients receiving
antiretroviral therapy for their CD4+ T cell nadir.

In conclusion, male homosexual subjects with HIV-1 infection exhibit premature aging with accelerated
immune senescence, which affects the CD4+ T cell subsets. The higher expression of senescent markers on
different CD4+ T cell subsets in ART-naive subjects, compared with ART-receiving subjects or healthy
controls, suggests that HIV infection, rather than ART exposure, influences the aging process. Our data
support the importance of early HIV control to avoid premature immune senescence to reduce the risk of
age-related diseases, including malignancies. Our findings can also be interpreted as a correlation between
CD4+ T cell senescence and premature aging of the immune system, which can continue to be observed
despite successful viral suppression.
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Figure legend

Figure 1. Impact of HIV infection and ART on frequencies of CD4+ T cell subsets. Flow
cytometry analyses of PBMCs in HIV-infected and healthy subjects.(A) Gating strategy to identify CD4+
T cell subsets(TN, TCM, TEM, TemRA).(B) The frequencies of CD4+ T cell subsets in HIV-infected and
healthy subjects, including TN(a), TCM(b), TEM(c), TemRA(d). Measurements were performed on samples
from 30 ART naive patients, 30 ART patients and 28 healthy subjects. About 5 PBMC samples were analyzed
fresh within a working day and a total of 18 independent experiments were performed. Median [IQR] values
are indicated. Significant differences were determined in a non-parametric Kruskal-Wallis test: *p < 0.05,
**p < 0.01, ***p < 0.001.

Figure 2. Impact of HIV infection and ART on replicative senescence(CD57+)and activation
(HLADR+) expression within CD4 T-cell subsets (see Fig.1) .

Flow cytometry analyses of PBMCs in HIV-infected and healthy subjects. (A)Left: Representative dot plots
showing the proportion of CD4 subsets-expressing CD57+ T cells. Right: Representative dot plots showing the
proportion of CD4 subsets-expressing HLADR+T cells.(B)Percentage of CD4 subsets-expressing CD57+ and
HLADR+T cells in HIV-infected and healthy subjects: including TN(a-b), TCM(c-d), TEM(e-f), TemRA(g-
h). Measurements were performed on samples from 30 ART naive patients, 30 ART patients and 28 healthy
subjects. About 5 PBMC samples were analyzed fresh within a working day and a total of 18 independent
experiments were performed. Median [IQR] values are indicated. Significant differences were determined in
a non-parametric Kruskal-Wallis test: *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 3. Impact of HIV infection and ART on telomere length of naive and memory T cells
in HIV-infected and healthy subjects .

Telomere length values of naive T cells(Left) and memory T cells(Right)were assessed. Measurements were
performed on samples from 21 ART naive patients, 18 ART patients and 24 healthy subjects. Data are
shown as mean±SD and are pooled from four independent experiments and the number of samples in each
experiment is 24,16,16,7, respectively. *p < 0.05, **p < 0.01, ***p< 0.001; one-way analysis of variance .
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