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Summary

The antiretroviral treatment (ART) developed to control HIV infection led to a revolution in the prognosis of people
living with HIV (PLWH). PLWH underwent from suffering severe disease and often fatal complications at young
ages to having a chronic condition and a life expectancy close to the general population. Nevertheless, chronic age-
related diseases increase as PLWH age. The harmful effect of HIV infection on the individual’s immune system
adds to its deterioration during ageing, exacerbating comorbidities. In addition, PLWH are more exposed to risk fac-
tors affecting ageing, such as coinfections or harmful lifestyles. The ART initiation reverses the biological ageing
process but only partially, and additionally can have some toxicities that influence ageing. Observational studies sug-
gest premature ageing in PLWH. Therefore, there is considerable interest in the early prediction of unhealthy ageing
through validated biomarkers, easy to implement in HIV-clinical settings. The most promising biomarkers are sec-
ond-generation epigenetic clocks and integrative algorithms.
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Introduction

The PLWH are ageing because of reduced mortality due
to ART effectiveness.” This has led to a global increase
in their life expectancy by more than 50 years,” mainly
in Western countries where the proportion of PLWH
over 50 approaches 40%.> Projections in the Dutch
cohort ATHENA estimate that by 2030 this population
will increase to 73%.# This is a significant epidemiologi-
cal and demographic change from the early years of the
epidemic, which brings new public health and clinical
challenges.

Prolonged survival of PLWH translates into an
increase of non-AIDS-defining illnesses associated with
age. These include frailty and metabolic, cardiovascular,
cancer, bone, and neurodegenerative disorders.”® Even
with successful ART, the difference in comorbidity-free
years between PLWH and the general population per-
sists.” This excess of morbidity suggests premature age-
ing in PLWH, both caused by the HIV infection itself
and complex interaction of ART effects, chronic viral co-
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infections and lifestyle/behavioural factors. Nonethe-
less, ageing is highly variable and heterogeneous among
individuals, and its underlying mechanisms are not
completely clear yet, constituting a challenge for its
characterization.” A critical question arises on whether
HIV infection accelerates ageing (events occur earlier
than in the general population) by mechanisms com-
mon to the ageing process, or accentuates ageing
(events occur at the same age but more frequently than
in the general population) by becoming an additional
risk factor for other chronic conditions.”

Understanding how PLWH age and how to measure
it has become a priority for improving their medical
management. In this review, we explore the present
knowledge of ageing with HIV infection and future
challenges. Additionally, we analyze available bio-
markers that could be transferred into the clinic to eval-
uate the health status of PLWH and monitor
interventions design to achieve healthy ageing.

HIV infection and ageing

The biological deterioration observed during ageing is
attributed to a failure in homeostatic maintenance and
repair mechanisms at the cellular and molecular level,
which entails malfunctions in different physiological
systems, including the immune system. Indeed, a
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functional decline in both the innate and adaptive
immune responses leads to the phenomenon of immu-
nosenescence.” Senescent cells accumulating in differ-
ent tissues and organs induce metabolic failures that
accelerate the process of ageing,’® although the extent
to which the immune system regulates this age-related
accumulation is unknown.'®"" This progressive dys-
function of the immune system characterizes by thy-
mus involution, najve-memory cell imbalance, low
CD4/CD8 ratio, TCR repertoire reduction, T-cell senes-
cence, immunodeficiency and a chronic low-grade
inflammation."

As untreated PLWH show a progressive dysfunction
of the immune system similar to the elderly general
population, HIV infection has been considered a model
of accelerated immunosenescence.”’ Indeed, the fre-
quencies of najve cells and the innate immune
response in young HIV-infected individuals resembles
that observed in the uninfected elderly population.*
HIV infection leads to elevated immune activation
markers such as CD38 and HLA-DR molecules on T-
cells,” and the release of soluble inflammatory factors
such as IFN, IL-6, TNF, sCDiy4, sCD163.T6 Other cell
types, such as B-cells, monocytes and natural killers
(NK) also show signs of activation and dysfunction,”""*
In this regard, a recent study showed a high-inflamma-
tory profile in B-cells of HIV-infected individuals com-
pared to non-HIV.” Likewise, an excessive
accumulation of senescent cells in other tissues may
also be a source of pro-inflammatory cytokine secretion
in HIV positive individuals.*® The levels of inflamma-
tory cytokines during the whole course of infection in
PLWH are like those observed in healthy controls
4—12 years older, which generate a state of low-grade
chronic inflammation that contributes to the develop-
ment of comorbidities.*"

Another characteristic of HIV infection that parallels
ageing is the replicative senescence of CD4 and CD8 T
cells, identified by the increase in CDgy", CD28 CD27~
phenotypes.**  During untreated infection, the
CD287CD8" T cell subpopulation represents approxi-
mately 65% of all CD8 cells,* similar to the 60% observed
in non-infected individuals above 8o years of age.** Like-
wise, an increase in the exhaustion of HIV-specific and
non-specific T-cells has been observed, which affects the
homeostasis of the different cell subpopulations.*

HIV per se may also have a direct effect on other
mechanisms of ageing such as loss of proteostasis,
mitochondrial dysfunction, stem cell exhaustion or epi-
genetic alterations. Some viral proteins like Tat, Nef or
Vpr can induce T-cell apoptosis, interfere with autoph-
agy and promote cellular senescence.”® HIV infection
itself causes depletion of mitochondrial DNA (mtDNA)
levels, induces ROS production and deregulates the
methylome at multiple sites*”** Lower methylation lev-
els in HLA locus in PLWH have been associated with
lower CD4/CD8 ratios.

Therefore, the effect of HIV on the different hall-
marks of ageing and its contribution to the onset of age-
related comorbidities seems clear. However, how much
of the ageing process in PLWH is directly attributable to
HIV infection remains somewhat elusive. We should
keep in mind that many other factors (e.g. coinfections,
lifestyle, and concomitant treatments) contribute to pre-
mature ageing and act as confounders. For instance,
CMV infection, which has a pivotal role in driving
immune ageing in the general population,®® is more
frequent in PLWH. Likewise, socioeconomic or harmful
lifestyle factors that contribute to ageing (e.g. smoking,
adiposity, alcohol, poverty) are more prevalent in PLWH
than in the general population.>® In addition, the influ-
ence of ART regimen and time on treatment further
complicates data interpretation, as ART-related toxic-
ities may contribute to age-related illnesses.

The effect of ART in ageing

The control of HIV viremia by ART has a remarkable
positive effect on the ageing of PLWH: it significantly
prolongs their life expectancy and prevents AIDS and
non-AIDS related events, transforming HIV infection
into a chronic and manageable condition.” Further-
more, the START study showed the benefits of early
ART initiation, regardless of the immunological status,
to prevent serious AIDS-related and non-AIDS-related
events.>” However, despite virological suppression dur-
ing effective ART, compared to the HIV negative popu-
lation, PLWH show in general persistent inflammation
and immune dysregulation®> which can negatively
impact healthspan and ageing dynamics. For example,
the persistent elevation of immune biomarkers such as
IL-6 and D-dimer has been independently associated
with age-related comorbidities and mortality in PLWH
on suppressive ART.>*

Additionally, lifelong use of antiretroviral drugs can
induce harmful effects on some tissues and organs that
may limit the benefit of ART on ageing. Most antiretro-
viral clinical trials assess viral load as the primary surro-
gate endpoint for infection control but lack long-term
follow-up to assess hard clinical endpoints related to
ageing and mortality.

Since the approval of AZT in 1987, antiretrovirals
have evolved toward less toxic and better tolerated regi-
mens. The cumulative toxicity in patients who start
newer regimens differs from those starting treatment
decades ago. Especially with non-thymidine nucleoside
reverse transcriptase inhibitors or older generation pro-
tease inhibitors that induced antiviral therapy-induced
senescence (AVTIS) and were associated with signifi-
cant toxicities, especially lipodystrophy, dyslipidemia,
and insulin resistance.”?® These effects may persist
irreversibly years after switching to new regimens.*”

New antiretrovirals are not completely free from
short- and long-term toxicities. For instance,
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mitochondrial dysfunction is a known effect of long-
term exposure to ART and occurs independently of that
caused by HIV infection itself.>® Current antiretrovirals
are considered to have significantly less mitochondrial
toxicity,’” but still produce some toxicity in specific cell
types, potentially contributing to neurocognitive disor-
ders and cardiovascular risk.*>#!

The mechanisms by which antiretrovirals can con-
tribute to ageing are probably multifactorial, but some
toxicities have been well described for certain classes of
antiretrovirals. Tenofovir disoproxil difumarate is asso-
ciated with bone and kidney toxicities,**** and abacavir
with cardiovascular risk.** Boosted protease inhibitors
cause metabolic toxicities, such as insulin resistance or
dyslipidemia and produce senescence in endothelial
arterial cells.* Integrase inhibitors have been linked to
weight gain and neuropsyquiatric symptoms.*>+°

At present, treatment strategies focus on achieving
viral suppression with fewer antiretroviral drugs, i.e.,
dual antiretroviral therapies to avoid side effects for this
lifelong use. But there is controversy on whether these
alternative ART regimens may also have a detrimental
effect on immune activation.*”

Although the global benefit of ART in PLWH is
beyond doubt, the appearance of these drug-related tox-
icities can affect their health, ageing, and survival. The
real contribution of current antiretrovirals to cellular
injury is yet to be defined. Moreover, the use of multiple
medications due to the increase in comorbidities brings
extra drug interactions that need control. Balancing the
beneficial effect on the virus and immune system and
the deleterious effect of drug-induced toxicities is essen-
tial for preventing premature ageing in this population.

How do we measure ageing?
A good measure of the ageing process must assess the
individual’s capacities beyond its deficits to understand
its healthy or unhealthy status and the consequences of
it. To date, there is a lack of quantitative and qualitative
attributes to define this process objectively. Since indi-
viduals age at different rates,” it is important to differen-
tiate between chronological age and biological age. By
definition, biological age refers to the general health
condition of an individual at a specific time of its chro-
nological age. Since chronological age is just the pas-
sage of time, it has limitations to measure the
physiological functions and accurately reflect the health
status of an individual.** Thus, biological age has
become a more reliable parameter to capture differences
in morbidity and mortality risks among populations.
The multi-factorial nature of ageing in PLWH makes
it difficult to find a single measurement useful to deter-
mine biological age, so a combination of different
parameters would be appropriate. Moreover, the dispar-
ity of studies in different populations, the small number
of patients in many of them and the lack of longitudinal
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studies make unclear the exact weight of HIV infection
and confounding factors. This situation further compli-
cates by concerns that ART toxicities may contribute to
ageing. Therefore, the study of ageing in PLWH
requires extensive data on the longitudinal evolution of
multiple biomarkers over a long-time span before dete-
rioration and compare them with well matched-con-
trols.

Cohort and observational longitudinal studies
Cohorts provide an ideal tool to study ageing and demo-
graphic changes occurring in PLWH. HIV cohorts
established years ago revealed ageing characteristics of
individuals who have become old. However, HIV
cohorts on average have younger individuals than gen-
eral population cohorts; which would be conditional on
the age at the time of comorbidities onset. Comparisons
between cohorts need to be restricted to those with simi-
lar age distribution.*® But age is not the only confound-
ing factor when comparing different cohorts: ethnicity,
sex, lifestyle, and coinfections should also be controlled.
It would be useful to have specific cohorts designed to
study ageing and its consequences, similarly to ageing
cohorts in the general population (i.e. InCHIANTI
http://inchiantistudy.net/). For this matter, new cohorts
like the COBRA, AGEhiV, POPPY, GEPPO and
FUNCFRAIL have been designed to uncover aspects of
ageing in PLWH but are still not representative of the
entire HIV population.’® Besides, they lack prospective
data collection on age-related biomarkers and clinical
outcomes related to ageing on a routine basis. It is
essential to include these data for better describing age-
ing trajectories. In this respect, the AGEhiV cohort with
PLWH and well-matched negative controls found that
prevalence of frailty, as well as transition to frailty over-
time was higher in PLWH than HIV-negative controls,
and a long cumulative exposure to ddC increased the
odds to become frail.®

One of the oldest cohorts established to study ageing
is the VACS (Veterans Ageing Cohort Study) (https://
medicine.yale.edu/intmed/vacs/). This cohort is one of
the most extensively studied and has produced the
VACS index to assess disease severity and mortality
risk.”’ An advantage of this cohort is the fact that HIV-
negative controls are not only well matched for age, eth-
nicity, and clinical site, but are also drawn from the
same underlying population. However, like other age-
ing cohorts it does not completely captures the whole
HIV ageing population characteristics. Other cohort
studies have served to develop and validate several tools
to predict age-related events in PLWH. Among them,
the risk of new AIDS or death derived from the Euro-
SIDA cohort, or the risk of cardiovascular events or pro-
gression to chronic kidney disease derived from the D:
A: D cohort (both accessible online: http://www.chip.
dk/Tools-Standards/Clinical-risk-scores). Some clinical
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scores to assess ageing conditions used in the general
population have also been tested in PLWH but not vali-
dated, such as the Fracture Risk Assessment Tool
(FRAX) (accessible online https://www.sheffield.ac.uk/
FRAX/). Conditions like frailty are measured preferen-
tially with the Fried Frailty Phenotype but other scores,
such as Clinical Frailty Scale, 400-m walk pace, SPPB
or the chair rise pace could be considered. Several bio-
markers have been proposed to assess frailty in the gen-
eral population (levels of DHEA, testosterone, vitamin
D, PTH, IGF1, myokines, HbA1c, amino acids).”” How-
ever, there is currently no reliable biomarker or combi-
nation of biomarkers to diagnose frailty, as they are not
specific and are affected by many confounding factors.
Moreover, the assessment of frailty in PLWH gives still
heterogeneous results; therefore, further longitudinal
studies are required on how best to diagnose this pheno-
type in PLWH, and what factors are associated. This is
one of the objectives of the FUNCFRAIL cohort.

These clinical risk scores include routine clinical and
biochemical parameters and are relatively simple to
apply in the clinical practice for individual risk assess-
ment, although they can be time consuming.

Need for useful ageing biomarkers
There is a growing interest in the early prediction of
age-related diseases utilizing biomarkers in PLWH, and
through these respond whether the ageing process is
accelerated, accentuated or both.

According to the National Institute of Health Bio-
markers Definitions Working Group, a biomarker is “a
characteristic that is objectively measured and evaluated

as an indicator of normal biological processes, patho-
genic processes, or pharmacologic responses to a thera-
peutic intervention”.”> To study ageing, we need
biomarkers that can capture the inter-individual vari-
ability of biological age before becomes clinically rele-
vant. A good biomarker has to be useful for prognosis
but also for monitoring treatment interventions, easy to
implement in clinical settings, and fulfil several criteria:
(1) mark the individual stage of ageing and predict mor-
tality better than chronological age; (2) monitor sys-
temic ageing and not the effects of a disease, and (3)
allow longitudinal non-invasive tracking.>

A broad range of biomarkers has been proposed for
the study of ageing (Table 1). Among them, blood-based
biomarkers are the most widely used due to their non-
invasive nature and their feasibility to be performed in
population studies and routine clinical settings.”

Molecular and cellular biomarkers in HIV ageing

Telomere length

Telomere length (TL) is inversely correlated with age
and has long been recognized as a biomarker of age-
ing,’° as well as a predictor of mortality in the general
population.”” Telomere attrition can be measured in
any tissue and cell type but most studies have been per-
formed in blood. Leucocyte TL varies according to the
level of telomerase activity, which depends on cell type
and the number of divisions. For instance, there are
important differences in TL between CD4 and CD8 T
cells. Additionally, B lymphocytes show longer TL than
T lymphocytes.’® Within the T lymphocyte maturation

Type Biomarker Hallmarks of cell ageing covered reference
Telomere lenght Telomere attrition 54,56
Nucleic acid-based Epigenetic clocks Epigenetic alterations 54, 55,71
Mitocondrial DNA Mitochondrial dysfunction 87
Apolipoprotein J/Clusterin (ApoJ/CLU) Cellular senescence 55,90
Protein-based
Proteasome subunits Loss of proteostasis 920
NAD/NADH ratio Mitochondrial dysfunction 11,55
Metabolic-based Lipid alterations in plasma Deregulated nutrient sensing 55,91
Plasma levels of essential amino-acids Deregulated nutrient sensing 55,93
i Soluble inflammatory markers (sCD14, sCD163, IL-6, hsCRP, D-dimer) Inflammageing 13
Immunologic
Cell surface molecules (CD28, CD96) Cellular senescence and exhaustion 13
Epigenetic alterations
Integrative MARK-AGE Mitochondrial dysfunction %0
Deregulated nutrient sensing
Inflammageing
Table 1: Examples of available molecular and cellular biomarkers of healthy ageing.
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Biomarker Study Main finding Reference
231 HiIV-infected compared with 691 uninfected HIV-infected individuals had shorter telomere 59
Telomere length individuals
Longitudinal study on 31 HIV-infected IV drug Telomere length decreased rapidly after 62
users seroconversion
Longitudinal study in 201 individuals from the Improvement of mean leucocyte telomere length 63
NEAT001/ANRS143 clinical trial after initiation of ART
333 HiV-infected individuals from the SWISS Leucocyte TL measured 9 years before, associated 67
cohort with CAD compared with 745 controls with coronary artery events
without CAD
374 ART-naive HIV-infected individuals compared HIV-infected individuals had higher epigenetic age 77
with 34 uninfected individuals acceleration than uninfected controls
Meta-analysis using 6 data sets from HIV-infected HIV infection increases Epigenetic age by 5-2 years 79
patients in blood and 7-4 years in brain
Horvath's clock Longitudinal study in 63 aviremic HIV patients Epigenetic age does not accelerate in well-con- 81
under ART trolled individuals
NEATO001/143 Longitudinal substudy in 168 HIV ART partially reverses Epigenetic age acceleration 78
patients before and after ART
Longitudinal study in 63 aviremic HIV patients Higher EAA may predict clinical events in PLWH 81
GrimAge and PhenoAge cloks under ART
69 PLWH and 38 HIV-seronegative controls PLWH had higher PhenoAge than controls 85
cross-sectional analysis 156 female HIV-infected Lower mitochondrial DNA content was associated 68
mtDNA patients and 133 HIV-negative controls, enrolled with metabolic syndrome
in CARMA cohort
Metabolomics Cross-sectional analysis in 80 HIV+ men above Abnormal lipidomic profiles associates with frailty 93
50 years of age in HIV+ men on ART
Immunologic Cross-sectional study in 106 treated PLWH and 103 Age advancement increased by 5-6 years in well- 100
HIV-negative controls controlled PLWH.
Cross-sectional analysis of 134 PLWH on suppres- Age advancement increased by 3-5 in PLWH with 70
MARK-AGE sive antiretroviral therapy (COBRA) cohort) and low CD4 T cells
35 matched-controls
Table 2: Studies of ageing in PLWH using different biomarkers.

cascade, najve cells have longer TL than memory T
cells. On the contrary, memory B lymphocytes have telo-
meres longer than najve B lymphocytes.”® Understand-
ing these differences is important when blood TL is
used to measure ageing in PLWH with different stages
of disease.

Compared to wuninfected adults, PLWH have
shorter leucocyte TL; which negatively correlates
with viral load in untreated patients (Table 2).59:°°
This TL attrition is pronounced and occurs rapidly
after seroconversion,””* Early introduction of ART
partially recovers leucocyte TL because of the
immune reconstitution process that shifts towards
less differentiated cells with longer TL.* This posi-
tive effect of ART on TL, diminishes when ART initi-
ation is delayed.®* Likely, this deceleration in TL
recovery despite successful ART is hampered by the
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extension of initial damage. The ART benefit on TL
is maintained in long-term treated aviremic HIV-
infected adults, although more longitudinal studies
are needed to confirm it.°> What seems evident is
that leucocyte TL depends on the equilibrium
between viral replication and immune activation, and
it can be reverted. How the dynamics between leuco-
cyte TL and immune reconstitution in PLWH can
lead to premature ageing remains unsettled.

A recent study observed that shorter TL was associ-
ated with age-related comorbidities including cardiovas-
cular diseases (CVD) and neurocognitive impairment,
supporting the used of TL as a biomarker to estimate
the impact of HIV on long-term health.°® Furthermore,
in participants from the Swiss HIV Cohort Study
(SHCS) TL -measured 9 years before the event- was
independently associated with CVD after adjusting for
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traditional risk factors.”” Nevertheless, no association
between TL and cardiovascular risk was observed in
women from the CARMA cohort.®

Although these data suggest leucocyte TL could be a
biomarker to measure ageing in PLWH, there are some
technical and sample challenges. The lack of a gold
standard and the different techniques for TL measure-
ment hinder results comparison. There is also the inter-
individual TL variability and differences across tissues.
Another point is the heterogeneous blood cell popula-
tion and transient changes reflecting the state of activa-
tion of the immune system in HIV infection, which in
the short-term may have nothing to do with ageing.
Moreover, many studies are cross-sectional and their
results to predict mortality or age-related diseases need
confirmation in large longitudinal studies.

Epigenetic clocks

Epigenetic ageing biomarkers based on changes in DNA
methylation levels (DNAm) have been used in recent
years to clarify whether HIV infection is associated with
a premature biological ageing process. Most of the
research in PLWH has been performed on blood sam-
ples using different DNAm-based algorithms on a wide
range of CpG positions.**®97° Among the first-genera-
tion clocks, the most extensively used is the multi-tissue
Horvath’s clock, based on 353 CpG sites.”” This clock
was initially trained on chronological age and although
can capture biological age, new clocks have been devel-
oped to better predict disease and mortality. PhenoAge
is a surrogate measure of phenotypic age based on 513
CpG sites, and is considered an accurate predictor of
mortality, healthspan, cardiovascular disease, and other
morbidities.”” The GrimAge estimator, which is calcu-
lated based on chronological age, sex, and DNA methyl-
ation-based surrogates for seven plasma proteins and
smoking pack-years, also predicts time to death and
comorbidities.”> The accuracy of epigenetic clocks has
been broadly validated, and they have become attractive
biomarkers because allow estimating physiological age-
ing through the calculation of epigenetic age accelera-
tion (EAA), defined as an epigenetic age greater than
that predicted based on chronological age. EAA is a
good predictor for the occurrence of age-related comor-
bidities and mortality.”*

In the absence of ART, PLWH experience -compared
to uninfected individuals- an acceleration of epigenetic
ageing measured in blood of between 2 and 15 years
depending on the study.”> 7% Furthermore, a study car-
ried out in a cohort of 31 individuals who inject drugs
determined that this epigenetic ageing begins rapidly
after seroconversion.®> On the other hand, an accelera-
tion of epigenetic ageing of 2—5 years has been observed
in HIV patients on ART and virologically

suppressed.”>*® The disparity in age advancement
among studies is most likely due to different character-
istics of HIV population and control groups they were
compared with. This age advancement in PLWH is
lower when the control group are HIV-negative individ-
uals with similar lifestyles than when the comparison is
with blood donors.” Therefore, it is important to com-
pare epigenetic ageing with well-matched controls to
evaluate the levels of premature ageing, or whether is
accelerated or accentuated.

Although most studies favour the hypothesis of
premature biological ageing, certain aspects of the
dynamics of epigenetic ageing during HIV infection
remain poorly understood. Firstly, the effect that
ART initiation has on the epigenetic age is little
known. A sub-study on 168 ART-najve HIV-infected
individuals from the NEAToo1/ANRSi43 clinical
trial found that EAA reduced by 1-1—3-6 years two
years after starting ART in four epigenetic age esti-
mators (Horvath’s and Hannum’s clocks, PhenoAge
and GrimAge).”® A similar improvement in epige-
netic age was observed in two other studies: in 19
HIV patients from the VACS cohort after 7—11 years
from the start of treatment’®; and in 15 HIV-infected
individuals followed during 24 months where epige-
netic age was measured at three time points.*® Sec-
ondly, the lack of longitudinal studies in patients
with stable ART does not allow us to determine
whether epigenetic ageing is only accentuated or
continues to accelerate during virologically controlled
HIV infection. A recent longitudinal study with 63
long-term aviremic PLWH on stable ART found no
differences on EAA after 4 years of follow-up,”” sug-
gesting that epigenetic age does not accelerate over
time and most likely there is a phenomenon of
accentuation due to the initial damage caused by
HIV infection. Data from the same study suggest the
risk of suffering a serious non-AIDS event increased
by 10—14% for each year of EAA increase. Finally,
there are no data on the possible impact of different
antiretroviral regimens on epigenetic ageing. In the
aforementioned NEAT study, there were no differen-
ces in epigenetic age acceleration by treatment
groups.”® Likewise, it is not entirely clear what
aspects of cellular ageing are being represented in
the epigenetic clocks. There is evidence that inflam-
mation-related and antiviral response genes associate
with this epigenetic ageing.®**

Besides predicting biological age, the study of ageing
should address the longitudinal behaviour of DNAm
biomarkers in predicting health deterioration, age-
related phenotypes and diseases in the context of HIV.
It is important to identify what clinical end-points for
PLWH (mortality risk, CVD, chronic kidney disease,
dementia, etc.) are best predicted by each biomarker. In
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the general population, Horvath’s clock performs better
to predict all-cause mortality risk in men; while Pheno-
Age and GrimAge show higher performance in mortal-
ity risk prediction in women.** The same study found
that the combination of DNAm biomarkers and frailty
index improved this predictive value. Some epigenetic
metrics have been associated with frailty showing an
increase of epigenetic age in frail PLWH,® although a
recent report associated EAA to a decrease in cognitive
performance but not with frailty.®> Other DNAm-based
biomarkers have also been related to frailty, prognosis
and mortality in PLWH.**° All these data suggest epi-
genetic clocks could become an accurate biomarker in
ageing. In our opinion, second generation epigenetic
clocks such as PhenoAge should be the ones to choose
for survival analysis and risk of developing serious non-
AIDS events because show better prediction of the func-
tional decline and morbidity and mortality risks in the
general population. However, there is a need for more
extensive data and validation in PLWH before using
them in specific applications in both public health and
clinical practice. DNA methylation is dynamic and lon-
gitudinal studies will help understand how it influences
within individual’s changes of ageing. One important
point to mention is that they have been trained in a
small number of sample sets and need to be tested in
different populations, ethnicities, genders, lifestyles and
diseases. Another limitation is the cost and available
technology, which needs highly trained personnel.
Finally, DNA methylation data needs validation as a pre-
dictive biomarker for survival time and non-AIDS clini-
cal events.

Mitochondrial DNA
Progressive mitochondrial dysfunction and oxidative
stress are also hallmarks of ageing.” Reactive oxygen
species (ROS) cause mtDNA mutations or deletions,
leading to impairment in mitochondrial functions and
ultimately to senescence and ageing.”” HIV infection
directly induces mitochondrial ROS production reduc-
ing mtDNA level.*” It is important to note that histori-
cally mitochondrial damage in PLWH was associated
with Nucleoside/Nucleotide Reverse Transcriptase
Inhibitors exposure such as stavudine or zidovudine,*®
so again there is the interplay between ART and the age-
ing process. Moreover, some protease inhibitors can
also increase oxidative stress.*®

The use of mtDNA as a biomarker of ageing in
PLWH needs further exploration. Lower mtDNA has
been associated with metabolic syndrome in the
CARMA cohort, but no association was observed with
another cellular marker of ageing such as leucocyte telo-
mere length.°® In another study, chronological age,
HIV and ethnicity were associated with lower
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mtDNA.® In this same study, a subgroup of partici-
pants was followed longitudinally and observed that the
rate of change in leucocyte TL and mtDNA levels/year
were inversely correlated. There was also an increase in
TL attrition and mtDNA loss when viral control was not
achieved.

Proteomic and metabolomic markers

The accumulation of secondary metabolites of biochem-
ical pathways altered during the ageing process and
linked to longevity could have a relevance in the evalua-
tion of this process. Their analyses through metabolo-
mics and proteomics techniques could be useful since
changes in metabolism are rapid and reveal the individ-
ual’s actual physiological status. Some integrative algo-
rithms designed to measure ageing have incorporated
markers based on proteins and their modifications, as
well as lipid and amino acid profiles associated with dif-
ferent metabolic dysfunctions. Among them, serum lev-
els detection of ApoJ/CLU protein (which associates
with premature senescence) or the presence of protein
damage in blood, such as proteasome subunits that
indicate proteasome function impairment associated
with age.”

Metabolomics analyses in PLWH on ART revealed
that lipid alterations were linked to markers of inflam-
mation, microbial translocation, and hepatic dysfunc-
tion; and associated with frailty.”"9* Another study on
individuals on successful long-term ART for more than
five years matched with HIV-negative healthy individu-
als showed differences on 250 plasma metabolites.
Plasma levels of essential amino acids were lower in
PLWH than healthy controls and machine-learning pre-
dictions indicate that PLWH had higher risks of inflam-
matory and neurological diseases.”?

Systemic inflammation parameters and
immunosenescence markers

In HIV infection, persistent inflammation and systemic
immune activation cause premature immunosenes-
cence. It is important to determine which markers could
be useful to follow ageing and age-related comorbidities
in well-controlled PLWH. A recent study found that
sCD14 molecule was higher in ART-najve PLWH than
in healthy controls, and continue to be elevated despite
years of successful treatment. The sCD163 was also
higher in these ART-najve patients and reduced after
ART initiation but did not normalize. Moreover, inflam-
matory molecules, including CCL23, MMP1, TRAIL,
and TRANCE, were also elevated in PLWH and associ-
ated with different age-related comorbidities such as
cardiovascular disease or neurocognitive decline.”*
Additionally, in a study performed in participants from
the COBRA cohort compared with blood donors, the
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age advancement was associated with a specific mono-
cyte profile related to inflammation and a T cell pheno-
type associated with immune senescence and
exhaustion.”> However, another study found some
residual T-cell dysfunction in 780 aviremic PLWH but
no evidence of age acceleration.”® A recent study sug-
gests that the loss of CD96 molecule results in a subop-
timal response to HIV antigens and could be a useful
biomarker for CD8 T cell senescence and dysfunction
in PLWH.%”

Classical biomarkers of systemic inflammation such
as IL-6, C-reactive protein (CRP) and D-dimers, as well
as a low CD4/CD8 ratio and high markers of immune
activation (CD8+/CD38+, CD&8+/HLA-DR+) have been
associated with frailty in the HIV population.”® Some
SNPs in IL-6 and IL-10 have been correlated with higher
epigenetic age and the IL-6 C allele carriers had an
increased risk of suffering non-AIDS conditions.”” IL-6
and IL-to SNPs may help to identify PLWH who are at
high risk for accelerated ageing. A recent study inte-
grated many of these biomarkers of systemic inflamma-
tion and immune activation (IL-6, D-dimer, CD38-HLA-
DR, TNF, etc.) in a 25-parameter model called IMPA-25
(Immunological Age Prediction) as an indicator of
“immunological age” in PLWH. Application of IMAP-
25 revealed 5-6 years of age advancement in PLWH."°°

Other markers

All aforementioned studies have been performed in
blood, but other tissues can manifest ageing differently.
In this regard, neuroimaging has been used as a bio-
marker for age-related brain atrophy. A large sample
from the COBRA cohort (267 individuals) was analyzed
using a machine-learning model of healthy brain; which
had been trained in an independent cohort of 2,100
individuals from the general population. PLWH had
greater  brain-PAD  score (brain-predicted age
difference = brain-predicted brain age - chronological
age), and this increase was associated with a decrease in
cognitive performance.”’ In a latter longitudinal study,
the same group found no evidence of age acceleration
after successful ART treatment."®*

Outstanding questions

The importance of ageing and its impact on PLWH
requires new strategies to address these changes in
demographics. HIV infection inflicts — especially under
detectable viremia- significant damage on the organism,
particularly upon the immune system, which in the
long term can cause ageing. But the dynamics of this
ageing process need further exploration in longitudinal
studies. It is essential to clarify under which

circumstances it accelerates or becomes accentuated;
and whether its partial or complete reversion is feasible
(Figure 1).

As ageing is multifactorial, the combination of bio-
markers summarized into a score may be more accurate
at measuring the residual healthspan than a single bio-
marker. An example of this combined approach is the
MARK-AGE algorithm, an integrative biomarker com-
posed of a panel of 10 biomarkers, developed for mea-
suring age advancement.”> But in order to be useful, a
biomarker needs to be optimized for the use in clinical
practice. Therefore, it is important to have large cohorts
of PLWH including well-matched HIV negative con-
trols, and with a longitudinal follow-up. Unmeasured
confounders such as lifestyle habits, diet, socioeco-
nomic background, smoking, alcohol, etc. contribute to
age advancement and since the prevalence of them is
higher in PLWH, it is important to control for them.

Future studies would focus in three areas:

a. Establishment of ageing cohorts of najve and
treated PLWH and well-matched controls to account
for different lifestyles and sociodemographic fac-
tors.

b. Large longitudinal studies with integrative bio-
markers (epigenetic markers in combination with
few immunological markers or clinical scores) to
accurately estimate biological ageing for different
clinical endpoints (mortality or serious non-AIDS
events).

c. Optimization of biomarkers for the use in routine
clinical practice.

In our opinion, the best strategy to deal with the
complexity of the ageing process in PLWH would
require a multi-marker approach, incorporating clinical
scores, integrative biomarkers and patient self-reports
related to lifestyles.

Search strategies and selection criteria

A literature search was electronically carried out in
academic databases PubMed, MEDLINE and Google
scholar by the authors using the search terms
“ageing”, “ageing and HIV”, “ageing and ART and
HIV”, “toxic effects of ART in HIV”, “biomarker of
ageing”, “biomarker of ageing and HIV”, “HIV and
age-related diseases”, “HIV and comorbidities”. After
screening the abstracts, relevant publications from
appropriate papers added as additional literature
sources. Latest search date: 3oth of October 2021.
Most articles published within the last 5 years have
been used.
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Continues to accelerate?

Decreases to normal levels or it
is maintained accentuated ?

Biological age

Ageing
process in
PLWH

Ageing process in
general population

Chronological age

Figure 1. Interplay between HIV, ART and ageing. Hypothetical dynamics of the biological ageing process after HIV infection based on the studies performed in PLWH (red line) up to date. In
untreated infection, the process seems more accelerated than non-HIV infection (blue line). With the introduction of ART, the biological ageing reverts. In this stage, the biological ageing is
probably more accentuated than accelerated but the extent of this reversion remains unsettled.
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