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Abstract
Introduction: Persistence of HIV-1, causing chronic immune activation, is a key determinant of premature senescence. Early
antiretroviral therapy (ART) has been associated with a reduced HIV-1 reservoir in children with perinatally acquired HIV-1
(PHIV), but its impact on the senescence process is an open question. We investigated the association between HIV-1 reser-
voir and biological and immune ageing profile in PHIV enrolled in the multicentre cross-sectional study CARMA (Child and
Adolescent Reservoir Measurements on early suppressive ART) conducted within the EPIICAL (Early treated Perinatally HIV
Infected individuals: Improving Children’s Actual Life) consortium.
Methods: Between September 2017 and June 2018, CARMA enrolled 40 PHIV who started ART before 2 years of age and
had undetectable viremia for at least 5 years before sampling date. Samples from 37 children with a median age of 13.8
years were available for this study. HIV-1 DNA copies on CD4 cells, relative telomere length (marker of cellular senescence)
and levels of T-cell receptor rearrangement excision circle (TREC, marker of thymic output) on CD4 and CD8 cells were
quantified by qPCR. Immunological profile was assessed by flow cytometry. Associations between molecular and phenotypic
markers, HIV-1 reservoir and age at ART initiation were explored using a multivariable Poisson regression.
Results: Higher HIV-1 reservoir was associated (p<0.001) with telomere shortening (incidence rate ratio [IRR] = 0.15 [0.13–
0.17]), immunosenescence (CD28–CD57+, IRR = 1.23 [1.21–1.26]) and immunoactivation (CD38+ HLADR+, IRR = 7.29
[6.58–8.09]) of CD4 cells. Late ART initiation (after 6 months of age) correlated with higher HIV-1 reservoir levels (552 [303–
1001] vs. 89 [56–365] copies/106 CD4 cells, p = 0.003) and percentage of CD4 senescent cells (2.89 [1.95–6.31] vs. 1.02
[0.45–2.69, p = 0.047). TREC levels in CD8 cells were inversely associated with HIV-1 reservoir (IRR = 0.77 [0.76–0.79]) and
were significantly lower in late treated PHIV (1128 [486–1671] vs. 2278 [1425–3314], p = 0.042).
Conclusions: Later ART initiation is associated with higher HIV-1 reservoir size, which correlates with increased telomere
shortening and senescence of CD4 cells. Timing of ART initiation in infancy has long-term consequences on the immune and
biological ageing profile of children with perinatally acquired HIV-1.
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1 INTRODUCT ION

Antiretroviral therapy (ART) has dramatically changed the nat-
ural history of patients living with HIV-1 in terms of survival
and quality of life [1]; however, it is unable to eradicate the
virus, mainly because of the persistence of latently infected

cells. Despite improved immune functions and reduced AIDS-
related complications, HIV-1 positive patients on ART have a
higher risk of non-AIDS-related morbidity and mortality com-
pared to age-matched HIV-1 negative individuals, due to their
increased incidence of a wide range of illnesses associated
with premature ageing [2–5].
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Chronic immune activation by HIV-1 is a key determinant
of premature senescence: viral persistence induces the acti-
vation and continuous expansion of immune cells, that even-
tually reach the senescent stage and lose their functions [6],
and leads to telomere shortening to a critical length under
which the replicative capacity is lost [7]. The link between
telomere shortening, cellular senescence and ageing is well
established [8,9]; shorter telomeres and telomere attrition are
linked with increased risk and severity of cardiovascular dis-
eases, stroke, heart attack and mortality [5]. HIV-1 itself can
impair the activity of telomerase, in particular in infected CD4
cells [10,11], increasing the apoptotic propensity of haema-
tologic cells, leading to immune system dysfunction. Acceler-
ated shortening of telomeres may also be an adverse effect
of nucleoside reverse transcriptase inhibitors in ART [12,13].
However, studies indicate that HIV-1 per se, rather than expo-
sure to ART, is responsible for accelerated telomere shorten-
ing [14,15].

To date, few data are available on premature ageing in chil-
dren with perinatally acquired HIV-1 (PHIV) [3,5,14,16]. Expo-
sure to the virus from birth may accelerate premature age-
ing and immunosenescence in HIV-1 positive infants. Cross-
sectional studies indicated that telomere length in peripheral
blood cells is shorter in HIV-1 positive children and ado-
lescents compared to age-matched HIV-1 negative subjects
[14,17,18], and within the HIV-1 positive children, telom-
eres are shorter in viremic children compared to aviremic
ones [14,19]. Moreover, HIV-1 positive children display higher
percentages of activated and senescent CD8 cells, which
inversely correlate with telomere length [14], thus supporting
the link between biological ageing and immunosenescence.

Initiation of ART soon after infection preserves adaptive
immune functions [20,21] with a decrease of residual viral
replication and consequent reduction of viral reservoir size
[22], but its impact on the senescence process is still an open
question. This study is part of the CARMA (Child and Ado-
lescent Reservoir Measurements on early suppressive ART)
study, which aims to identify biomarkers associated with viral
reservoir size in a unique cohort of European PHIV on long-
term suppressive ART [23–25], who may represent optimal
candidates for future studies on immunotherapeutic strategies
for prolonging ART-free viral remission [1]. In this context, our
aim was to investigate the association between HIV-1 reser-
voir and biological and immune ageing profile in PHIV enrolled
in the CARMA study.

2 METHODS

2.1 Study population

Forty PHIV who started ART within 2 years of life were
enrolled, between September 2017 and June 2018, within
the cross-sectional study CARMA [23–25]. Enrolment cri-
teria required viral suppression (<400 copies HIV RNA/ml)
achieved within 12 months of ART initiation, maintained for a
minimum of 5 years (<50 copies HIV RNA/ml) and confirmed
at enrolment. Viral load was recorded at diagnosis, ART ini-
tiation, throughout treatment and at time of sampling. Blips
(defined as a rise in plasma viremia from 50 to 399 copies/ml
returning to <50 copies/ml on repeated sampling) and a sin-

gle annual spike (defined as 400–999 copies/ml returning to
<50 copies/ml on repeated sampling) were permitted. For the
present study, samples from 37 out of 40 enrolled PHIV were
available.

The CARMA study, conducted within the EPIICAL Con-
sortium (Early treated Perinatally HIV Infected individuals:
Improving Children’s Actual Life; www.epiical.org) [1], is a
multicentre global collaboration that involves seven Euro-
pean paediatric clinical research centres; it was approved
by the local institutional ethic committees [23] of Bambino
Gesù Children’s Hospital (Rome, Italy), University of Padova
(Padova, Italy), University Hospital 12 de Octubre and Hos-
pital Gregorio Marañón (Madrid, Spain), St Mary’s Univer-
sity (Twickenham, UK), Great Ormond Street Hospital (Lon-
don, UK), Brighton and Sussex University Hospitals (Brighton,
UK). Study participants or their legal guardians gave writ-
ten informed consent in accordance with the Declaration of
Helsinki.

2.2 Sample preparation

Blood samples were collected in EDTA-containing tubes and
processed within 12 hours from the blood draw. Peripheral
blood mononuclear cells (PBMCs) were isolated by centrifuga-
tion on a Ficoll-Paque gradient (Pharmacia, Uppsala, Sweden)
and stored in liquid nitrogen until use.

2.3 Isolation of CD4 and CD8 T-cell subsets

CD4 and CD8 cell subsets were isolated from PBMC with
CD4+ T Cell Isolation Kit, human and CD8+ T Cell Isolation
Kit, human (Miltenyi Biotec, Auburn, CA, USA) following man-
ufacturer’s instructions and stored at –20°C until use. The
purity of the enriched fraction was checked for a selection
of samples with flow cytometry by staining with fluorescent-
conjugated mononuclear antibodies CD3-fluorescein isothio-
cyanate (FITC), CD4-peridinin chlorophyll protein (PerCP) and
CD8-Viogreen.

2.4 DNA extraction

DNA was extracted from PBMC and the purified CD4 and
CD8 cell subsets using QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany) following manufacturer’s instructions. DNA
concentration was estimated with Implen Nanophotometer
15920.

2.5 HIV-1 DNA quantification on CD4 T cells by
droplet digital PCR

HIV-1 DNA levels in purified CD4 T cells were measured by
the QX200™ Droplet Digital™ PCR (ddPCR) system (Bio-
Rad, Pleasanton, CA, USA). The ddPCR mix was prepared
mixing extracted DNA with 2X ddPCR Supermix for Probes
(Bio-Rad); LTRfw and LTRrv primers [26], or hTERTfw and
hTERTrv primers [27], and LTR or hTERT probe, respectively.
Droplets were formed in the QX200™ Droplet Generator
(Bio-Rad), then placed into a 2720 Thermal Cycler (Applied
Biosystem) with the following cycling conditions: 94°C for
10 minutes; 45 cycles at 94°C for 30 seconds and 58.5°C
for 1 minute; and 98°C for 10 minutes. The droplets were
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then read by the QX200™ Droplet Reader (Bio-Rad) and
the results were analysed with the QuantaSoft™ Analysis
Software 1.7.4.0917 (Bio-Rad). Wells with less than 10,000
droplets were discarded from the analysis. Each sample was
run in triplicate. The HIV-1 copy number was normalized to
the hTERT copy number, and the results were expressed as
HIV-1 DNA copies/106 CD4 cells.

2.6 Telomere length measurement by
quantitative real-time PCR

Relative telomere length (RTL) was determined on DNA
extracted from PBMC, purified CD4 and purified CD8 cells by
multiplex quantitative real-time PCR, as previously described
[14,28]. All DNA samples and reference samples were run
in triplicate. Results were analysed using LinRegPCR free
software [29]. Telomere length values were calculated as
telomere/single-copy gene ratio [14,28].

2.7 Quantification of T-cell receptor
rearrangement excision circle levels

Thymic output in PBMC, in purified CD4 and CD8 cell sub-
sets, was evaluated by the measurement of T-cell receptor
rearrangement excision circle (TREC) levels by real-time PCR,
as previously described [30]. TREC levels were expressed as
the number of TREC copies/105 copies of PBMC, CD4 or
CD8 T cells.

2.8 Flow cytometry analysis

T-cell phenotyping was performed on cryopreserved PBMC.
Cells were thawed, washed and stained in the dark with
fluorescent-conjugated mononuclear antibodies CD3-FITC,
CD4-peridinin chlorophyll protein (PerCP), Human Leukocyte
Antigen D Related (HLA-DR)-allophycocyanin (APC), CD38-
phycoerythrin (PE), CD57-PE (Becton-Dickinson, San Diego,
CA, USA), CD8-Viogreen and CD28-APC (Miltenyi Biotec).
Samples were analysed using LSRII Flow cytometer (Becton-
Dickinson). A total of 100,000 events were collected in the
lymphocyte gate using morphological parameters (forward
and side-scatter). Data were processed with FACSDiva Soft-
ware (Becton-Dickinson) and analysed using Kaluza Analysis
Software v.1.2 (Beckman Coulter). Live/Dead Fixable Near-IR
Dead Cell Stain Kit (Life Technologies, Carlsbad, CA, USA)
was employed to stain and exclude dead cells.

2.9 Statistical analysis

In the summary tables, continuous variables were described
as medians and interquartile ranges (IQRs) and absolute num-
bers and relative frequencies when categorical.

Children were subgrouped according to HIV-1 reservoir
levels: children with viral DNA levels below the first interquar-
tile (75 copies/106 CD4 cells) were assigned to the “low HIV-
DNA” group, while children with viral DNA levels above the
first interquartile were assigned to the “high HIV-DNA” (see
Table S1). Children were also subgrouped into “early-treated”
if they started ART before 6 months of age and “late-treated”
if they started ART between 6 and 24 months of age. Com-
parisons between low and high HIV-1 DNA subgroups and

Table 1. Clinical, immunological and virological characteristics

of the studied cohort at sample collection

Overall N

Male/female 12/25 37

Age (years) 13.8 [9.0–16.7] 37

Time on ART (years) 13.5 [7.8–16.4] 37

% CD4 32.7 [28.0–39.1] 37

% CD8 15.3 [12.6–18.4] 37

HIV-1 DNA copies/106 CD4 cells 255 [75–434] 35

CD28– CD57+ senescent CD4 cells, % 1.63 [0.58–2.90] 35

CD28– CD57+ senescent CD8 cells, % 12.7 [8.0–16.8] 35

CD38+ HLADR+ activated CD4 cells, % 0.37 [0.27–0.54] 35

CD38+ HLADR+ activated CD8 cells, % 1.55 [1.00–2.01] 35

TREC levels/105 PBMC 1720 [846–2730] 37

TREC levels/105 CD4 cells 1314 [955–2084] 36

TREC levels/105 CD8 cells 1911 [1082–3256] 37

Relative telomere length in PBMC 1.34 [1.20–1.44] 37

Relative telomere length in CD4 cells 1.33 [1.222–1.57] 36

Relative telomere length in CD8 cells 1.40 [1.24–1.52] 35

Note: Values are expressed as median [interquartile range]. Abbrevi-
ations: ART, antiretroviral therapy; PBMC, peripheral blood mononu-
clear cell; TREC, T-cell receptor rearrangement excision circle.

between early- and late-treated groups were assessed by the
Wilcoxon test and Fisher’s exact test when appropriate. Cor-
relations were explored using Spearman’s ρ test.

To assess the association between HIV-1 DNA reservoir
and immunological and biological parameters, we performed
a multivariable Poisson regression adjusted by pre-ART viral
load, pre-ART % of CD4 and age at reservoir measurement.
The age at ART was included in the model as an interaction
term. Variable selection for the models was done by a back-
wards stepwise procedure using Akaike index criterion. Vari-
ables, such as age at HIV-1 diagnosis, ART regimen at inter-
action, ethnicity and gender, were not included in the best-
fitted model. These associations are interpreted via the inci-
dence rate ratio (IRR): an IRR above 1 determines a positive
association between HIV-1 reservoir and the predictor, while
an IRR below 1 determines an inverse association between
them.

All the analyses were conducted using R Software (R Core
Team [2014]. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. URL http://www.R-project.org/).

3 RESULTS

3.1 Maximizing the sensitivity of HIV-1 reservoir
quantification

The 37 children included in this study started ART at a
median of 4.1 [IQR 2.5–6.2] months of age; the median time
at sampling was 13.5 [7.8–16.4] years after ART initiation.
Virological and immunological findings are shown in Table 1.
Total HIV-1 DNA content was 255 [75–434] copies/106 CD4
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Figure 1. Correlations with HIV-1 DNA. Correlations between HIV-1 DNA copies (first row) or percentage of CD4 and CD8 cells (second
row) at time of sampling, and relevant virological and immunological characteristics of the studied cohort. Linear fit is represented with
a red line. Spearman’s ρ coefficient and its p value are reported in each panel.

cells. The employment of ddPCR on isolated CD4 cells to
detect HIV-1 reservoir increased the sensitivity compared to
the measurement on PBMC; indeed, only five out of 37 sam-
ples exhibited HIV-1 DNA levels <10 copies/106 CD4 cells
and values were, on average, five-fold higher than those mea-
sured on total PBMC (255 [75–434] HIV-1 DNA copies/106

CD4, this work vs. 48 [7–112] HIV-1 DNA copies/106 PBMC
[23]); the two sets of values were strongly correlated (ρ =
0.735, p < 0.0001).

3.2 Higher HIV-1 reservoir correlates with older
age at ART initiation and unfavourable ageing profile

Univariate analysis (Figure 1 and Figure S1) revealed that
HIV-1 reservoir correlates with the age at ART initiation (ρ
= 0.515, p = 0.002), thus indicating that the later ART is
initiated, the larger is the size of the HIV-1 reservoir. HIV-
1 reservoir also correlated positively with the percentage of
activated CD8 cells (CD38+ HLADR+, ρ = 0.457, p = 0.006)
and inversely with telomere length in CD4 cells (ρ = –0.340,
p = 0.046).

Later age at ART initiation correlated with higher percent-
ages of CD8 (ρ = 0.467, p = 0.012) cells and lower percent-

ages of CD4 cells (ρ = −0.405, p = 0.026) at the time of ART
start; after about a decade on suppressive ART, later age at
ART initiation still correlated with higher percentages of CD8
cells (ρ = 0.359, p = 0.029) and, slightly, with lower percent-
ages of CD4 cells (ρ = −0.173, p = 0.307). Moreover, lower
percentages of CD4 cells at sample collection correlated with
higher percentages of senescent (CD28– CD57+, ρ = −0.527,
p < 0.001) and activated (ρ = −0.537, p = 0.001) CD4 cells.

To further understand how HIV-1 reservoir shapes the
immune profile, PHIV were subgrouped according to their
HIV-1 DNA levels into “low HIV-DNA” and “high HIV-DNA”
(Figure 2a and Table S1). The two groups did not significantly
differ for their age at sample collection and time under ART
(Table S1).

PHIV in the low HIV-DNA group started ART significantly
earlier than the high HIV-DNA group (1.46 [0.15–4.47] vs.
5.59 [3.65–8.37] months, p = 0.006), and they had higher per-
centage of CD4 cells at the beginning of treatment (37 [30–
51] vs. 28 [18–38], p = 0.050). After over 10 years of sup-
pressive ART, they displayed a significantly lower activation of
CD8 cells (1.21 [0.84–1.48] vs. 1.83 [1.16–2.35], p = 0.030)
and a tendency to have lower percentages of senescent (0.76
[0.42–1.80] vs. 2.15 [0.80–3.34], p = 0.060) and activated
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Figure 2. Comparison between relevant clinical, immunological and virological characteristics of the studied cohort subgrouped by (a)
their HIV-1 DNA levels or (b) their age at ART start. Early treated: ART initiation ≤6 months of age; late treated: ART initiation between
6 and 24 months of age. Boxes show median values and interquartile ranges; whiskers represent 5–95th percentile; outliers are plotted
as dots. § p < 0.09; * p < 0.05; *** p < 0.001. Abbreviations: ART, antiretroviral therapy; PBMC, peripheral blood mononuclear cell;
TREC, T-cell receptor rearrangement excision circle.

(0.33 [0.26–0.38] vs. 0.46 [0.26–0.66], p = 0.089) CD4
cells.

PHIV were also subgrouped according to their age at time
of ART start (Figure 2b and Table S1): late-treated children
had significantly larger reservoir than early-treated ones (552
[270–1262] vs. 89 [45–371] HIV-1 DNA copies/106 CD4
cells, p = 0.003), higher percentages of CD4 senescent cells
(2.89 [1.32–6.34] vs. 1.02 [0.44–2.83], p = 0.048) and lower
percentages of CD4 cells (27.9 [24.1–32.9] vs. 35.4 [29.8–
40.0], p = 0.045). Moreover, they had lower TREC levels in
PBMC and in CD8 cells (921 [498–1083] vs. 1976 [1075–
3881] TREC/105 PBMC, p = 0.008, and 1128 [480–1671] vs.
2278 [1425–3314] TREC/105 CD8 cells, p = 0.040). The two
groups did not significantly differ for their age and time under
ART.

3.3 HIV-1 reservoir is associated with
senescence, activation and shortening of telomeres

Multivariate associations between HIV-1 reservoir and mark-
ers of biological and immunological ageing were explored
using a multivariable Poisson regression analysis adjusted by
pre-ART viral load, pre-ART % CD4 and age at reservoir mea-
surement (see Methods); age at ART initiation was included in
the model as an interaction term.

A strong positive association (Table 2 and Figure 3) was
found between HIV-1 reservoir and activated CD4 and

CD8 cells, indicating that the higher is the immune acti-
vation, the higher is the HIV-1 reservoir. In particular, a
1% increase in the percentage of activated CD4 cells is
associated with a seven-fold increase of the viral reservoir
(IRR = 7.29 [6.58–8.09]) and a 1% increase in the per-
centage of activated CD8 cells is associated with an almost
four-fold increase of the viral reservoir (IRR = 3.67 [3.49–
3.85]). These associations, respectively, increase by 3% (IRR

activated CD4*age at ART start =1.03 [1.02–1.04]) and decrease by
6% (IRR activated CD8*age at ART start = 0.94 [0.94–0.94]), for each
month the start of the therapy is delayed.

HIV-1 reservoir was also strongly associated with senes-
cent CD4 cells: for each 1% increase in the percentage of
senescent CD4 cells, there is an increase of the viral reser-
voir of 23% (IRR = 1.23 [1.21–1.26]). In agreement, increas-
ing RTL in CD4 cells by 1 unit is associated with a 85% reduc-
tion of the viral reservoir (IRR = 0.15 [0.13–0.17]); this asso-
ciation decreases by 10% for each month the start of therapy
is delayed (IRRRTL CD4*age at ART start = 0.90 [0.89–0.92]).

Only a mild inverse association was found between HIV-1
DNA reservoir and senescent CD8 cells: a 1% increase in
the percentage of senescent CD8 cells is associated with a
decrease of 2% of the viral reservoir (IRR = 0.98 [0.97–0.99]).
Moreover, increasing RTL in PBMC and CD8 cells by one unit
is associated with a 35% and 43% decrease of viral reser-
voir, respectively (IRR = 0.65 [0.59–0.71] and IRR = 0.57
[0.52–0.62]). This effect decreases by 10% for each month
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Figure 3. Associations with HIV-1 DNA levels. Associations between HIV-1 DNA levels in senescent CD4 cells (a), senescent CD8 cells
(b), activated CD4 cells (c), activated CD8 cells (d), relative telomere length of CD4 cells (e) and relative telomere length of CD8 cells
(f). Incidence rate ratio coefficients (Expβ) and their interaction with age at ART start (Expβ*age at ART start) were calculated using
the multivariable Poisson regression model. The Expβ of each subset represents the association between this subset and the HIV-1
reservoir adjusted by the age at ART initiation. The Expβ*age at ART start states the effect of this subset on HIV reservoir for every
month elapsed without ART initiation. Predictors with a positive association with HIV-1 DNA have an Expβ coefficient above 1; those
with an inverse association have an Expβ coefficient below 1.
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Table 2. Associations between HIV-1 DNA levels in CD4 cells and tested HIV-1 DNA predictors

Predictor

Incidence rate

ratio (Expβ) p

Effect of ART delay on

incidence rate ratio

(β(cell*age at ART start)) p N

Senescent CD4 cells, % 1.23 [1.21–1.26] <0.001 0.99 [0.99–1.00] <0.001 35

Senescent CD8 cells, % 0.98 [0.97–0.99] <0.001 0.99 [0.99–1.00] <0.001 35

Activated CD4 cells, % 7.29 [6.58–8.09] <0.001 1.03 [1.02–1.04] <0.001 35

Activated CD8 cells, % 3.67 [3.49–3.85] <0.001 0.94 [0.94–0.94] <0.001 35

TREC levels/105 PBMC 0.74 [0.72–0.76] <0.001 1.00 [0.99–1.00] n.s. 37

TREC levels/105 CD4 cells 1.05 [1.00–1.09] n.s. 0.95 [0.94–0.95] <0.001 36

TREC levels/105 CD8 cells 0.77 [0.76–0.79] <0.001 0.94 [0.94–0.94] <0.001 37

Relative telomere length in PBMC 0.65 [0.59–0.71] <0.001 0.90 [0.89–0.91] <0.001 37

Relative telomere length in CD4 cells 0.15 [0.13–0.17] <0.001 0.90 [0.89–0.92] <0.001 36

Relative telomere length in CD8 cells 0.57 [0.52–0.62] <0.001 1.05 [1.03–1.08] <0.001 35

Note: Incidence rate ratio coefficients (Expβ) and their interaction with age at ART start (Cell*age at ART start) were calculated using the
multivariable Poisson regression model. These regression models fit a log-linear relationship. Predictors with a positive association with HIV-1
DNA have an Expβ coefficient above 1; those with an inverse association have an Expβ coefficient below 1.
Abbreviations: ART, antiretroviral therapy; PBMC, peripheral blood mononuclear cell; TREC, T-cell receptor rearrangement excision circle.

the start of therapy is delayed (IRRRTL PBMC*age at ART start

= 0.90 [0.89–0.91]) in PBMC, while it increases by
5% (IRRRTL CD8*age at ART start = 1.05 [1.03–1.08]) in CD8
cells.

An inverse association was found between TREC in PBMC
and HIV-1 reservoir: an increase in one unit of TREC (defined
as 1000 copies/105 PBMC) is associated with a decrease
of 26% of the viral reservoir (IRR = 0.74 [0.72–0.76]); this
association is not significantly influenced by a delay in ART
initiation. Similarly, a one unit increase of TREC in CD8
cells is associated with a decrease of the viral reservoir of
23% (IRR = 0.77 [0.76–0.79]); this association decreases by
6% for each month the start of therapy is delayed (IRR

TREC CD8*age at ART start = 0.94 [0.94–0.94]).

4 D ISCUSS ION

The driving hypothesis of the CARMA study is that early ini-
tiation of ART in PHIV, combined with a continuous viral con-
trol with an effective therapy, could impact on the size of viral
reservoir and be associated with long-lasting biological and
immunological favourable outcomes. Our results show that
the earlier ART is initiated, the smaller is HIV-1 reservoir size,
and that a larger reservoir, associated with a later ART initi-
ation, correlates with telomere shortening and senescence of
CD4 cells.

It has been shown that adults [31] and children [22,32] who
started ART early after the primary infection have a reduced
viral reservoir size: the detection of small reservoir poses a
challenge for future strategies aiming at HIV-1 remission that
will most likely target individuals with long-term viral suppres-
sion and reduced reservoirs. CD4 cells are the primary target
of infection by HIV-1 and resting ones are the best character-
ized latently infected cells that comprise the majority of the
reservoir [33,34]. In order to maximize our ability to detect

HIV-1 reservoir in our peculiar cohort, we measured HIV-1
DNA on purified CD4 cells, which has greatly improved the
sensitivity of HIV-1 reservoir detection. Our results confirm
the strong correlation between early treatment and reduced
reservoir size [22–25], independently from ART duration, indi-
cating that a prompt ART initiation is fundamental for limiting
the negative impact of the virus. Children with lower percent-
ages of CD4 cells at the beginning of treatment display higher
reservoir at sample collection; moreover, those who started
ART later maintain higher reservoir levels, higher percentages
of CD8 and lower percentages of CD4, even after a decade
of treatment. This is in line with observations from a recent
analysis of the long-term consequences of planned treatment
interruptions in PHIV, showing how even brief rebounds of
viremia in usually well-suppressed individuals have a negative
impact at immunological level lasting for over a decade [35].

The persistence of HIV-1 appears a key determinant of
premature senescence [5]: despite long-term ART, adults liv-
ing with HIV have higher immune activation and senescence
[4,36] and are at greater risk of HIV-associated non-AIDS
conditions, compared to the general population [37]. Studies
in PHIV have shown a clear correlation between premature
immune ageing, identified by the abnormal expansion of aged
B- and T-cell subsets, and a lower ability to mount and main-
tain specific immune responses [14,16,21,38] and an impaired
response to vaccinations [20,39], highlighting the detrimental
effect of precocious immune senescence in this population.

Studies reporting telomere shortening as a marker of
immunosenescence over HIV-1 infection present conflicting
evidence. Shiau et al. [17] reported shorter absolute telom-
ere length in HIV-1 positive and HIV-1 exposed negative chil-
dren compared with HIV-1 unexposed children. Conversely,
Gianesin et al. [14] found that telomere length of HIV-1 pos-
itive, HIV-1 exposed negative and HIV-1 unexposed children
was significantly different. It appears reasonable that HIV-
1 infection could have a major detrimental impact on cellu-
lar ageing, while the negative effects of prophylaxis and ART
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are negligible compared to that of HIV-1 itself [5]; however,
the interplay between HIV-1 and immune senescence, inflam-
mation and immune activation is still an open question. A
study in HIV-1 positive adults indicates that HIV-1 levels are
associated with markers of inflammation and activation before
ART, but not during long-term ART, suggesting that HIV-1
reservoir may be a consequence of pre-ART immune activa-
tion and inflammation [40]. However, other studies show that
even in the optimal situation of persistent viral suppression, a
higher HIV-1 reservoir is strongly associated with significantly
more CD4 and CD8 activated cells [3,5,14], an observation
confirmed by the present work.

Moreover, we found that both a higher HIV-1 reservoir and
a later treatment initiation from birth correlate with higher
percentages of senescent CD4 cells; these observations are
corroborated by the strong association between higher HIV-
1 reservoir and telomere erosion in PBMC, CD4 and CD8
cells. Interestingly, the strength of the association between
HIV-1 reservoir and telomere erosion in CD4 slowly declines
for each month ART is delayed: this may be explained by
the coexistence, over time, of other pro-ageing factors that
may impact on ageing in addition to HIV-1. A recent study
[2] reports a similar observation: HIV-1 induced precocious
B cells ageing was more prominent in younger compared to
elderly HIV-1 positive adults.

Thymic output is a key event in the immune reconstitution
process occurring in children on ART and in the T-cell home-
ostasis; TREC is a marker of thymic output and inversely cor-
relates with age, thus TREC evaluation also represents a use-
ful marker of immunosenescence [41,42]. A study [43] on the
role of thymic function on CD4 T-cell maintenance, measured
by the sj/β-TREC ratio, was conducted in HIV-1 adult progres-
sors, long-term non-progressor and paediatric patients; results
pointed out that age at infection is important to preserve
thymic function, greatly supporting early ART initiation. In our
study, delayed treatment correlates with lower TREC levels
in PBMC and in CD8 cells; conversely, TREC levels in CD4
cells are not significantly affected, which could be an indi-
cation that, in children, CD4 turnover is stimulated due to
the increased senescence of CD4 cells. It was described [44]
that levels of cell-associated HIV-1 DNA are positively asso-
ciated with TREC, suggesting the existence of a homeostasis
between peripheral CD4 cells and thymic output, that is the
higher the HIV-DNA levels, the greater the peripheral CD4
depletion and, in turn, the greater the thymic output. A sim-
ilar observation is reported in a study comparing young adults
who acquired HIV-1 perinatally or later in life [18]. This is also
consistent with a work that has shown that there is a strong
correlation between CD4 levels and both thymic output and
naïve CD4 T cells [45].

This study is limited by sample availability: a single time
point was available, which allowed only a cross-sectional
evaluation. Other limitations include the lack of evaluation
of the size of intact provirus and the relatively small size
of the cohort, which, however, reflects the limited portion
of patients who achieve viral control in infancy and main-
tain it for decades. Nevertheless, our findings contribute
to the field of paediatric HIV: to the best of our knowl-
edge, telomere length, TREC levels, immune activation and
immunosenescence have been investigated together for the

first time in a cohort with the unique characteristics of
the CARMA cohort. Our results demonstrate that timing
of ART initiation is crucial, and its delay has long-term
consequences.

5 CONCLUS IONS

This study investigates for the first time the association
between HIV-1 reservoir and telomere shortening, thymic
output and immunosenescence in a unique cohort of long-
term virally suppressed adolescents who initiated ART early
in life. We show that early ART initiation restricts the size
of viral reservoir and prevents premature immunosenescence
and telomere shortening. Timing of ART initiation in infancy is
crucial and has long-term consequences on the immune and
biological ageing profile.
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SUPPORT ING INFORMAT ION

Additional information may be found under the Supporting
Information tab for this article:

Figure S1. Heatmap of the correlations between all the stud-
ied clinical, virological and immunological characteristics of the
studied cohort. Correlations are colored according to their
Spearman’s ρ coefficient. § p < 0.1; *p < 0.05; **p < 0.01;
***p < 0.001.
Table S1. Comparisons between all the studied clinical, viro-
logical and immunological characteristics of the studied popu-
lation, subgrouped according to the patients’ HIV-1 DNA val-
ues or by their age at ART start. Comparisons are evaluated
with Mann-Whitney’s test.
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