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Abstract

Aging, a time-dependent loss of physiological function, and its drivers are turning into a significant topic
of research as the population’s mean age increases. Epigenetic alterations, telomere shortening or dysfunc-
tion, mitogenic stress, oxidative stress, or accumulation of DNA damage can drive the cell to senescence:
a permanent cell cycle arrest sometimes associated with a secretory phenotype and inflammatory conse-
quences in the surrounding tissue. The amount of senescent cells grows over time in older organisms and
may induce tissue inflammation and threaten overall tissue homeostasis, favoring aging. Senolytic and
senomorphic therapeutics are an emerging approach to eliminate senescent cells or to block their secre-
tory phenotypes respectively. Given that people living with HIV suffer non-AIDS comorbidities in a higher
prevalence than the general population, aging is accentuated among them. Inflammation biomarkers may
be helpful to assess prognosis or act as surrogate endpoints for studies of strategies focused on reversal
of HiIV-associated accelerated aging. This review summarizes the latest findings in aging and its major
drivers, under the light of HIV infection. Since the number of older PLWH is currently rising, it will be of
great importance to address and treat their age-related conditions, as well as to better decipher their bio-
logical mechanisms.
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factors contribute to it including genomic instability,
telomere attrition, epigenetic alterations, loss of proteo-
stasis, cellular senescence and stem cell exhaustion,
and among others.

acterized by a progressive loss of physiological integ-  Accumulation of unrepaired or poorly repaired DNA
rity and underlying major human pathologies’. Many lesions (i.e., genetic damage) is one of the most common
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aging triggers. For example, telomeres become shorter
as we age®. Telomeres protect DNA ends from fusing to
each other and when they shorten. DNA molecules can
fuse, initiating genome instability. This might potentially
transform cells, thus signaling transduction pathways to
respond by arresting cell proliferation and inducing
apoptosis or senescence. Cellular senescence is a special
form of permanent cell cycle arrest coupled to stereotyped
phenotypic changes, which serves to prevent oncogenic
transformation in mammals®. Nonetheless, accumulation
of senescent cells over time might induce tissue
inflammation and threaten overall tissue homeostasis.
Identifying and eliminating senescent cells or their
deleterious effects using senolytics and/or senomor-
phics agents are emerging therapeutic strategies to
overcome aging. Resistance to apoptosis, lack of im-
mune clearance, senescent cells, and inflammation
persistence are the main targets for these drugs®.
Research on aging is becoming progressively impor-
tant as the median population age increases. In this
context, it is particularly relevant to consider the HIV-
infected population. People living with HIV (PLWH),
even in those with viral suppression and restored CD4
T-cell count, suffer non-AIDS comorbidities at a higher
prevalence than expected in the general population. On
top of that, chronic inflammation is associated with HIV
infection. To assess the prevalence of comorbidities
and inflammation in PLWH, novel biomarkers such as
complement 5 protein (C5) and soluble urokinase-type
plasminogen activator receptor (suPAR) are being test-
ed. As the number of older PLWH significantly grows,
age-related conditions and its underlying biological
mechanisms are a topic of major concern.

Genes and genetic risk factors involved in
aging

Immunological host response to HIV infection de-
pends on some genetic factors, namely, CCR5 variants
and HLA type, which are linked to resistance to infec-
tion, viral set-point, viral progression, and drug metab-
olism-related toxicity. However, new concerns are aris-
ing: non-AIDS comorbidities and aging®.

Genomic background is a well-known risk predictor
for comorbidities such as atherosclerosis and coronary
artery disease (CAD)® but genetic prediction of osteo-
porotic fractures or obesity in HIV is weak’. On the
other hand, chronic kidney disease risk and rapid pro-
gression of kidney dysfunction can be predicted quite
accurately by genetic background - similar to predic-
tions based on clinical risk scores®. Moreover, there is

some consensus on that heritability of longevity is de-
termined genetically by 20-35%°.

However, how should we study biological mecha-
nisms of aging and its genetics? Do genetic aging
markers associate with the problems we mentioned
above? Some potential aging markers are telomere
length, DNA methylation (epigenetic clock), mitochon-
drial DNA copy number, and loss of Y chromosome.
PLWH have significantly shorter telomeres than the non-
infected population, and the shortening seems to occur
rapidly during seroconversion'®, Hopefully, antiretroviral
treatment (ART) is showing some effect on attenuating/
reversing this condition in longitudinal studies™.

A few loci are associated with telomere length and
longevity. On this matter, evidence from the Swiss HIV
Cohort Study revealed that it might be possible to predict
CAD using telomere length and through a polygenic risk
score (PRS). Unfavorable genotypes were associated
with higher CAD risk compared to a favorable genetic
background. Moreover, when CAD PRS and longevity
PRS are combined. A slight improvement in CAD predic-
tion was obtained. This is an example of combining
traditional, HIV related, and genetic risk factors'.

Genome instability

There is considerable evidence that DNA damage
causes cellular dysfunction that manifests as aging,
regardless of eventual cell senescence or apoptosis'®.
DNA instability increases with age and it manifests with
the accumulation of somatic mutations, especially in
proliferative tissues, genome rearrangements, and
chromosomal aberrations, which may affect gene ex-
pression. Mutations in genes of some DNA repair pro-
teins result in premature aging phenotypes'.

DNA damage agents are either of endogenous (rep-
lication stress, cell metabolism, and oxygen radicals)
or exogenous (radiation, viral infection, and chemo-
therapy) origin, and they can generate a variety of DNA
lesions. Among them, DNA double-strand breaks are
the most deleterious and their repair pathways diminish
their activity during aging'. When DNA damage oc-
curs, the cell triggers a DNA damage response (DDR)
that encompasses sensor proteins, delaying cell cycle
to favor DNA repair. If DNA repair fails, the cell under-
goes senescence or apoptosis

Cellular senescence

Cellular senescence is defined as a halt in proliferation
accompanied by phenotype changes, although meta-



bolic activity continues. Therefore, senescence can be
seen as a mechanism that prevents proliferation of cells
that have suffered potentially oncogenic stress, such as
epigenetic alterations, telomere dysfunction, mitogenic
stress, oxidative stress, or accumulation of DNA dam-
age. There are several signal transduction pathways
responsible for the induction and active maintenance of
this status. Both p16™*“3/Rb (normally silenced by Poly-
comb repressive complexes) and p53/p21°P1 (activated
by DDR), which converge on repression of CDK4/6, are
in control of arresting the cell cycle at G176.

Senescent cells show enlarged and flattened shapes
under the microscope. Detection of B-galactosidase is
the most commonly used indicator of senescence, but
the absence of proliferative markers such as 3H Thy-
midine and Ki67 can be used to detect arrested cells;
expression of p16™NK4a and p53/p21 signaling proteins;
and presence of senescent-associated heterochroma-
tin foci. DNA-SCARS (DNA regions with chromatin al-
terations and damage markers such as 53BP1 and
PML) and senescence-associated secretory pheno-
type (SASP) can all be used as senescence markers.
Cells where senescence is owing to or accompanied
by genomic damage or epigenomic perturbation ex-
press SASP and secrete pro-inflammatory cytokines,
chemokines, growth factors, and proteases (for in-
stance, IL-6, IL-1a, IL-8, monocyte chemoattractant
protein 1, plasminogen-activated inhibitor 1, and plas-
minogen-activated inhibitor 2). This immunogenic sec-
retome allows organisms to clear senescent cells with
a local immune reaction that terminates the inflamma-
tory response and allows repair of the damaged tis-
sue'. The paracrine activities of senescent cells can
be either beneficial or deleterious, depending on the
physiological context!.

Two main approaches can be addressed for identify-
ing the contribution of senescent cells to age-related
pathologies and the effects of their removal: (1) ge-
netic systems based on suicidal genes'®: These genes
are under control of the p16™4a promoter and they are
activated with a prodrug that is transformed into a
cytotoxic drug only in p16 expressing cells'. This way,
senescent cells are selectively killed. (2) Senolytic and
senomorphic drugs. These are from a clinical view, an
easier tactic to develop and will be discussed later.

Stem cells also undergo senescence, severely com-
promising their self-renewal and proliferative functions
which are meant to restore tissue functionality?.
Senescence of hematopoietic stem cells definitively
contributes to immune decline with age. Some recent
experiments have shown that removal of senescent
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cells rejuvenates hematopoietic stem cells and their
number is re-established?!.

HIV is capable of modulating DDR as a way to fa-
cilitate long-term infection and viral persistence, and it
is believed that viral reservoirs in latent cells are the
main sources of extracellular soluble viral factors that
cause inflammation, oxidative stress, and genomic in-
stability??. These cells have shown impaired DDR and
increased susceptibility to drug-inducing DNA dam-
age. Nef and Tat proteins are known to drive pulmo-
nary arterial hypertension by the expression of pro-
survival and anti-apoptotic phenotype in pulmonary
vascular bystander cells?. Viral protein Vpr triggers
double- and single-stranded DNA breaks, leading to
the recruitment of repair factors, and represses dou-
ble-stranded DNA break repair?®. However, scarce
data are available about DNA damage repair efficiency
in HIV infection. Altogether, biomarkers of genome in-
stability can contribute to detection of aging and se-
nescence in PLWH, thus helping to establish early
strategies to reverse or delay the effects of accelerated
aging in these patients.

Telomere shortening

Telomeres consist of 10-15kB of repetitive DNA se-
quences - the hexamer TTAGGG-coated by capping
proteins at the ends of linear chromosomes, which are
looped at each chromosome end (the so-called T-
loop). Thus covering the end of each DNA molecule as
the aglet at tip of the shoelaces prevents it from unrav-
eling?. After multiple replication cycles, telomeres be-
come so short that the T-loop can no longer be formed.
Moreover, the ends of DNA molecules become un-
capped and available to fuse with another uncapped
or broken DNA end. Consequently, telomere shorten-
ing is an aging marker and a source of genome insta-
bility™.

Telomere length and mortality are positively corre-
lated, as it is with the prevalence of diseases? such as
diabetes, cancer, pulmonary fibrosis, and depression.
Causes of telomere erosion are physiological (aging
and environment), iatrogenic (transplantation), and ge-
netic (telomerase mutations)?.

Human cells have a limited capacity for division, after
which they die (Hayflick's limit)?®. This happens be-
tween the 40™ and 60™ division cycle. However. some
cells do not stop dividing during life (i.e., germ cells)
highlighting the value of telomerases. Telomerases
catalyzes the synthesis of the TTAGGG sequences at
the end of the telomere, thus elongating the telomere.
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In HIV infection, T-cells are constantly exposed to
antigens by both HIV replication and microbial trans-
location, resulting in loss of naive T cells?®. Activated
cells undergo clonal expansion in response to the per-
sistent antigen, resulting in differentiation and accumu-
lation of non-functional end-stage senescent cells.

It is well-known that PLWH has shorter telomeres
than non-infected people. Moreover, recent studies
yielded that this is equivalent to one decade of aging?’.
Viral load and CD4 T-cell count are also telomere
length-related parameters. These changes are quite
fast and, in fact, 13% of telomere length is lost after 3
months of HIV seroconversion?®®,

The impact of ART on telomere length is positive',
probably because the virus no longer replicates and/
or T-cell phenotype shifts from highly differentiated to
naive. This is observed in long-time virologically sup-
pressed people as well®.

Since one of the telomerase components is a reverse
transcriptase, the sequence of the template is already
known. Some nucleosides used as ART can impair the
function of the telomerase. Tenofovir and abacavir de-
crease telomerase activity by 29% and 10-14%, re-
spectively, at therapeutic concentrations®. Shockingly,
when combinations of therapies were tested, the ralte-
gravir/darunavir group showed no significant changes
while tenofovir/emtricitabine had increased telomere
length3'. Taken together, these results indicate that the
overall ART effect is positive on telomere length and
only when viral replication is controlled. The impact of
ART on telomerase’s reverse transcriptase can be elic-
ited.

Epigenetic clocks

Other aging biomarkers are improved on ART, for
instance the epigenetic clock. This tool can correlate
epigenetic and chronological age. lts basis is cyto-
sine-5 methylation within CpG dinucleotides, genomic
regions that either get hypermethylated or hypomethyl-
ated with age. There are different ways to distinguish
biological age using epigenetic clocks, being the most
conspicuous way to look at deviations around the epi-
genetic-biological age regression line. Hence, the de-
viations above this regression line are known as epi-
genetic age acceleration, which refers to a more aged
phenotype for the actual age of the person.

There are several epigenetic clocks, each one with
its advantages and limitations. The one developed by
Horvath® uses 353 CpGs in “multi-tissue” samples of
children and adults and has an error of about 3.6

years. Hannum’s clock assesses blood methylation
profiles and predicts chronological age with 4.9 years
of error. PhenoAge clock is related to morbimortality in
the general population3?,

In PLWH, older epigenetic age correlates with low
CD4 count (<200 cells/uL) and high viral load
(100.000 copies/mL) and there is report of lower epi-
genetic age acceleration under ART. Albeit, they do
not reach levels seen in HIV-uninfected people®.

Novel biomarkers in HIV, inflammation,
and aging

Chronic and even treated HIV infection is a state of
unresolved inflammation. Factors that continue to trig-
ger inflammation among treated individuals might im-
ply the residual HIV replication. Other chronic infec-
tions include cytomegalovirus or hepatitis C infection,
acute coinfections, commensals, dying cells, lymph
node fibrosis, and intestinal bacterial translocation®.
These signals stimulate innate or adaptive immune
cells that release mediators such as cytokines, chemo-
kines, and activators of coagulation and complement
pathways.

Chronic inflammation leads to a higher risk of cardio-
vascular disease, renal disease, liver disease, osteo-
porosis, and neurocognitive disorders that associate
with aging®.

It is well-known that IL-6 and D-dimer are strong
predictors of these defined “non-AIDS comorbidities”
or death among virologically suppressed PLWH receiv-
ing continuous ART®". Despite this fact, these markers
have not been implemented in the clinic. In addition.
chronic inflammation is an elusive therapeutic target in
treated PLWH. Therefore, it is necessary to develop
new biomarkers with discriminatory prognostic value,
especially in people with long-term or early treatment.

Recent unbiased plasma proteomics screening
(SOMAscans) in a matched case-control study within
a cohort of aging PLWH and seronegative controls
(AGE, IV Cohort Study. NCT01466582) yielded that im-
mune pathways related to antiviral and cytokine re-
sponses, coagulation, and the complement activation
pathway were the most enriched in PLWH?,

The complement pathway represents an innate im-
mune mechanism that can directly attack pathogens
and recruit myeloid cells enhancing their phagocytosis.
Antigen-specific antibodies and cytokines such as
IL-6, IL-1B, and TNF can increase complement protein
expression. All activation pathways (lectin, classical,
and alternative) converge at the activation of C5 pro-



tein, which recruits other serum proteins and generates
the membrane attack complex that can cause
cytotoxicity.

Out of the enhanced complement components in
PLWH, C5 is one of particular promising interest since
it was enriched across subject groups and was associ-
ated with comorbidities. In this cohort, C5 did not cor-
relate with other known HIV inflammation markers such
as IL-6, D-dimer, and sCD14. However, none of those
markers showed significant differences between PLWH
and control groups. In contrast, C5 strongly correlated
with C-reactive protein (CRP) and inflammatory bio-
marker that are known to activate the classical comple-
ment pathway through C1g. In the mentioned cohort,
CRP levels showed that no significant differences be-
tween PLWH and seronegative groups were not as-
sociated with the prevalence of comorbidities. These
results suggest that C5 might have a higher discrimina-
tory value in treated cohorts of PLWH. Addition of su-
PAR strengthened the association of C5 with the prev-
alence of comorbidities suggesting a synergistic effect.

Although these markers might be novel in the HIV
field, they have been broadly investigated in cardio-
vascular disease, outperforming classical biomarkers
such as CRP, and also in diabetes, aging, kidney in-
jury, and lipid abnormalities. On top of that, C5 is now
being evaluated as a marker of subclinical atheroscle-
rosis and has also outperformed CAC or CRP in pre-
dicting cardiovascular events.

Senolytic therapeutics

There is an active debate around if aging should be
considered as a pathological process or as a natural
phenomenon during the lifespan®. In any case, differ-
ent trajectories can be drawn. Moreover, different au-
thors are proposing accelerated or accentuated aging
in PLWH, in comparison with non-infected individuals.
This allows to propose therapeutical interventions for
stopping or delaying senescence, which could eventu-
ally prevent the development of different types of can-
cer, repair damaged tissues, and decrease inflamma-
tory-associated diseases, as we age 1) more DNA
damage and senescent cells accumulate; 2) elimina-
tion of senescent cells by the immune system is less
efficient; and 3) exhaustion of stem cells results in
disrupted homeostasis. This leads to abnormal inflam-
mation, recruitment of activated immune cells replica-
tive failure, and fibrosis®. Therefore, we could differen-
tiate “good” from “bad” senescence patterns at the
cellular level in the same way, we can talk about
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“healthy” or “pathological” aging in patients and pro-
pose the elimination of senescent cells as a potential
therapeutic target. The main difference between what
we call “good” and “bad” senescence is persistence
of senescent cells. In normal conditions, senescent
cells are produced to regenerate damaged tissues or
block development of tumoral cells. However, once the
“biological aggression” has been overcome, senes-
cent cells die, and disappear. In contrast, in the sce-
nario of “bad senescence”, apoptosis resistance is
very high in senescent cells and they persist despite
the stimuli are no more present. The long-term secre-
tion by these persistent senescence cells of inflamma-
tory cytokines as IL6 and the production of TGF-beta
leads to persistent inflammation and fibrosis which are
hallmarks of senescence®.

Two types of drugs are used to treat senescence*:
1) Senolytics that destroy senescent cells, which acting
through the induction of apoptosis and decreased cell
survival (Dasatinib,Quercetin, and Navitoclax); and 2)
Senomorphics that modify cell phenotype, usually by
blocking senescent-associated chemokines (Ruxoli-
tinib, Cortisol, and NDGA).

To estimate potential targets for senolytic approach-
es* focus on “bad” senescence milestones is needed:
Resistance to apoptosis, lack of immune clearance,
senescent cell persistence, and chronic inflammation.
Baar et al. investigated a way of triggering apoptosis
in senescent cells*'. They observed that p53-FOX04
interaction led to death cell resistance and designed
a peptide capable of breaking this linkage. Then, they
studied its effect on cellular tissue and organismal
level. Not only fewer senescent cells were seen, but
also levels of IL-6 in the mice liver were lower with
phenotypic improvement as a whole.

An interesting approach is given by Amor et al. who
used chimeric antigen receptor T-cell therapy*?. They
were successful at eliminating cells that expressed
urokinase-type plasminogen activator receptor, a wide-
ly induced senescence membrane protein in vivo and
in vitro.

The model developed by Xu et al. is optimal for drug
testing®®. In this system, injection of a few senescent
cells from an old mouse to a young mouse makes the
latter acquire an aging-like phenotype. They tested the
impact of Dasatinib plus Quercetin (D+Q) in this setting
and their results yielded not only an improvement of
senescent markers in mice, but a turnover in aging
markers in human adipocytes culture, which leads to
consider the D+Q combination as one of most anti-
aging hopeful strategies.
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Figure 1. Highlights of aging and its approaches. A: genomic instability and telomere shortening can lead to cellular senescence, one of
major drivers of aging. These processes can be assessed by the use of several biomarkers. In order to treat aging, senolytic therapeutics
can target senescent cells. B: in the context of HIV infection, chronic inflammation and prevalence of comorbidities accelerate/accentuate
aging and its intrinsic mechanisms especially in people with low CD4 counts and high viral load. Classic inflammatory biomarkers like IL-6
and D-dimer and novel potential surrogate markers such as C5 and suPAR can be of high prognostic value. Senolytic therapeutics have

shown great promise targeting both senescence and HIV infection.

The pro-apoptotic drug Navitoclax, a BCL-XL/BCL-2
inhibitor that is being investigated to treat myelofibro-
sis, has shown to lower inflammatory cytokines and
protects the heart from injury in a myocardial reperfu-
sion mice model“.

The field testing of senolytics is just beginning* and
it is still unknown if these findings in animal models will
translate to humans and its impact on chronic inflam-
mation.

In particular, in PLWH, it is still need to confirm that
the inflammatory pattern is due to senescent cells.
Moreover, it is unclear how to differentiate true cell
senescence from anergy, exhaustion, or terminal dif-
ferentiation. More research is still needed to investigate
what are the drivers of HIV-associated inflammation
and/or senescence. Moreover, its potential role in the
HIV infection curative strategy®. Panobinostat, a drug
being tested in HIV cure trials, has been shown to di-



minish senescence parameters*’. Selective BCL-2 an-
tagonist Venetoclax lowers proviral DNA in vitro in
mitogen-treated cultures*®. Dasatinib is being pro-
posed as a drug for reducing the HIV reservoir. It was
recently found that it increases resistance to infection
and probably enhances immunological status due to
its action on NK and CD8 T-cells*.

One potential concern when using senolytics is if
their use could generate secondary effects due to the
killing of “good” senescent cells and increase, for ex-
ample, the risk of tumour development. This potential
risk can be reduced if senolytics are administered in
short cycles as it has been done in proof of concept
trial. This strategy will destroy and clear predominant-
ly persistent senescent cells during treatment period
and will allow the generation of regular senescent cells
once treatment is withdrawn®.

Conclusions

Aging is a complex multifactorial process that re-
quires multidisciplinary understanding, in particular,
regarding its pathways and underlying biological, clin-
ical, and social processes®.

Untreated PLWH shows accentuated aging, par-
ticularly when viral load is high and CD4 count is
low. ART produces partial reversion on aging bio-
markers but more research is needed on the impact
of different antiretroviral drugs in telomere length
recovery. Interrupting or preventing cellular senes-
cence can delay deterioration of health during aging.
DDR components and C5 are promising biomarkers
within this field.

Senolytic drugs may be the key to treating and pre-
venting aging and are particularly interesting in PLWH
as they can contribute to a decrease in inflammation
and viral reservoirs.

Longitudinal studies will shed light the potential im-
pact of different interventions. In the mean time, a more
holistic approach to aging in HIV needs to stress the
importance of lifestyle interventions such as smoking
cessation, weight control, and exercise while prioritiz-
ing “primun non nocere” addressing the unwanted ef-
fects of polypharmacy and drug-drug interactions in
this population (Fig. 1).

Conflicts of interest
Irini Sereti did her contribution as part of her US

government official duties. Her work was supported by
the Intramural Research Program of NIAID/NIH. The

Grosso et al.: HIV, aging, and its mechanisms

rest of the authors declare no competing financial or
non-financial interests in relation to this review.

References

1. Loépez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The

hallmarks of aging. Cell. 2013;153:1194.

. CaladoRT, Young NS. Telomere diseases. N EnglJ Med 2009;361:2353-65.

. He S, Sharpless NE. Senescence in health and disease. Cell

2017;169:1000-11.

4. Khosla S, Farr N, Tchkonia T, Kirkland JL. The role of cellular senescence
in ageing and endocrine disease. Nat Rev Endocrinol 2020;16:263-75.

5. Haas DW, Tarr PE. Perspectives on pharmacogenomics of antiretroviral
medications and HIV-associated comorbidities. Curr Opin HIV AIDS
2015;10:116-22.

6. Rotger M, Glass TR, Junier T, Lundgren J, Neaton JD, Poloni ES, et al.
Contribution of genetic background, traditional risk factors and HIV-re-
lated factors to coronary artery disease events in HIV-positive persons.
Clin Infect Dis. 2013;57:112-21.

7. Barceld C, Guidi M. Thorball CW, Hammer C, Chaouch A, Scherrer AU,
et al. Impact of genetic and nongenetic factors on body mass index and
waist-hip ratio change in HIV-infected individuals initiating antiretroviral
therapy. Open Forum Infect Dis. 2020;7:1-10.

8. Dietrich LG, Barcel6 C, Thorball CW, Ryom L, Burkhalter F, Hasse B.
Contribution of genetic background and clinical (D: A:D) risk score to
chronic kidney disease in Swiss HIV-positive persons with normal base-
line estimated glomerular filtration rate. Oxford Univ Press Infect Dis Soc
Am. 2019;70:890-7.

9. Newman AB. Murabito JM. The epidemiology of longevity and excep-
tional survival. Epidemiol Rev. 2013;35:181-97.

10. Leung JM, Fishbane N, Jones M, Morin A, Xu S, Liu JC, et al. Longitu-
dinal study of surrogate aging measures during human immunodefi-
ciency virus seroconversion. Aging (Albany NY). 2017;9:687-97.

11. Stella-Ascariz N, Montejano R, Rodriguez-Centeno J, Alejos B, Schwim-
mer C, Bernardino JI, et al. Blood telomere length changes after ritona-
vir-boosted darunavir combined with raltegravir or tenofovir-emtricitabine
in antiretroviral-naive adults infected with HIV-1. J Infect Dis.
2018;218:1523-30.

12. Schoepf IC, Thorball CW, Ledergerber B, Engel T, Raffenberg M, Koot-
stra NA, et al. Coronary artery disease-associated and longevity-asso-
ciated polygenic risk scores for prediction of coronary artery disease
events in persons living with human immunodeficiency virus: the Swiss
HIV cohort study. Clin Infect Dis. 2021;73:1597-604.

13. Moskalev AA, Shaposhnikov MV, Plyusnina EN, Zhavoronkov A, Bu-
dovsky A, Yanai H, et al. The role of DNA damage and repair in aging
through the prism of Koch-like criteria. Ageing Res Rev. 2013;12:661-84.

14. Coppede F, Migliore L. DNA repair in premature aging disorders and
neurodegeneration. Curr Aging Sci. 2010;3:3-19.

15. Anglada T, Genesca A, Martin M. Age-associated deficient recruitment
of 53BP1in G1 cells directs DNA double-strand break repair to BRCA1/
CtIP-mediated DNA-end resection. Aging (Albany NY). 2020;12:24872-93.

16. Mchugh D, Gil J. Senescence and aging: causes consequences and
therapeutic avenues. J Cell Biol. 2018;217:65-77.

17. Campisi J. Aging cellular senescence and cancer. Annu Rev Physiol.
2013;75:685-705.

18. McCormick F. Cancer gene therapy: fringe or cutting edge? Nat Rev
Cancer 2001;1:130-41.

19. Childs BG, Baker DJ, Wijshake T, Conover CA, Campisi J, Van Deursen
JM. Senescent intimal foam cells are deleterious at all stages of athero-
sclerosis. Science 2016;354:472-7.

20. Spehar K, Pan A, Beerman I. Restoring aged stem cell functionality:
current progress and future directions. Stem Cells 2020;38:1060-77.

21. Chang J, Wang Y, Shao L, Laberge RM, Demaria M, Campisi J, et al.
Clearance of senescent cells by ABT263 rejuvenates aged hematopoi-
etic stem cells in mice. Nat Med 2016;22:78-83.

22. Simenauer A, Nozik-Grayck E, Cota-Gomez A. The DNA damage
response and HIV-associated pulmonary arterial hypertension. Int J Mol
Sci. 2020;21:3305.

23. Li D, Lopez A, Sandoval C, Doyle RN, Fregoso Ol. HIV Vpr modulates
the host DNA damage response at two independent steps to damage
dna and repress double-strand DNA break repair. MBio. 2020;11:
€00940-20.

24. Lapham K, Kvale MN, Lin J, Connell S, Croen LA, Dispensa BP, et al.
Automated assay of telomere length measurement and informatics for
100.000 subjects in the genetic epidemiology research on adult health
and aging (GERA) cohort. Genetics. 2015;200:1061-72.

25. Ruben AJ, Biology E. Hayflick his limit and cellular ageing. Nat Rev Mol
Cell Biol. 2000;1:72-6.

26. Desai S, Landay A. Early immune senescence in HIV disease. Curr HIV/
AIDS Rep 2010;7:4-10.

w N

85



86

AIDS Reviews. 2022;25

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

Zanet DA, Thorne A, Singer J, Maan EJ, Sattha B, Le Campion A, et al.
Association between short leukocyte telomere length and HIV infection
in a cohort study: no evidence of a relationship with antiretroviral thera-
py. Clin Infect Dis. 2014;58:1322-32.

Gonzalez-Serna A, Ajaykumar A, Gadawski |, Mufioz-Fernandez MA,
Hayashi K, Harrigan PR, et al. Rapid decrease in peripheral blood
mononucleated cell telomere length after HIV seroconversion but not
HCV seroconversion. J Acquir Immune Defic Syndr 2017;76:€29-32.
Montejano R, Stella-Ascariz N, Monge S, et al. Impact of nucleos(t)ide
reverse transcriptase inhibitors on blood telomere length changes in a
prospective cohort of aviremic HIV-infected adults. J Infect Dis.
2018;218:1531-40.

Stella-Ascariz N, Montejano R, Pintado-Berninches L, Monge S, Ber-
nardino JI, Pérez-Valero |, et al. Brief report: differential effects of teno-
fovir abacavir emtricitabine and darunavir on telomerase activity in vitro.
J Acquir Immune Defic Syndr. 2017,74:91-4.

Fletcher CV, Staskus K, Wietgrefe SW, Rothenberger M, Reilly C, Chip-
man JG, et al. Persistent HIV-1 replication is associated with lower an-
tiretroviral drug concentrations in lymphatic tissues. Proc Natl Acad Sci
U S A. 2014;111:2307-12.

Horvath S. DNA methylation age of human tissues and cell types. Ge-
nome Biol. 2013;14:R115.

Guevara EE, Lawler RR. Epigenetic clocks. Evol Anthropol. 2018;27:256-60.
Horvath S, Levine AJ. HIV-1 infection accelerates age according to the
epigenetic clock. J Infect Dis. 2015;212:1563-73.

Deeks SG. HIV infection inflammation immunosenescence and aging.
Annu Rev Med. 2011;62:141-55.

Deeks SG, Tracy R, Douek DC. Systemic effects of inflammation on
health during chronic HIV infection. Immunity. 2013;39:633-45.

Grund B, Baker JV, Deeks SG, Wolfson J, Wentworth D, Cozzi-Lepri A,
et al. Relevance of interleukin-6 and D-dimer for serious non-AIDS mor-
bidity and death among HIV-positive adults on suppressive antiretroviral
therapy. PLoS One. 2016;11:1-16.

Vujkovic-Cvijin I, Sortino O, Verheij E, Wit FW, Kootstra NA, Sellers
B, et al. The complement pathway is activated in people with HIV

39.

40.

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

and is associated with non-AIDS comorbidities. J Infect Dis. 2021;
224:1405-9.

Cohen AA, Legault V, Fulop T. What if there’s no such thing as “aging”?
Mech Ageing Dev. 2020;192:111344.

Lozano-Torres B, Estepa-Fernandez A, Rovira M, Orzdez M, Serrano M,
Martinez-Manez R, et al. The chemistry of senescence. Nat Rev Chem.
2019;3:426-41.

Baar MP, Brandt RM, Putavet DA, Klein JD, Derks KW, Bourgeois BR,
et al. Targeted apoptosis of senescent cells restores tissue homeostasis
in response to chemotoxicity and aging. Cell. 2017;169:132-47.e16.
Amor C, Feucht J, Leibold J, Ho YJ, Zhu C, Alonso-Curbelo D, et al.
Senolytic CAR T cells reverse senescence-associated pathologies. Na-
ture. 2020;583:127-32.

Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Weivoda MM,
et al. Senolytics improve physical function and increase lifespan in old
age. Nat Med. 2018;24:1246-56.

Dookun E, Walaszczyk A, Redgrave R, Palmowski P, Tual-Chalot S,
Suwana A, et al. Clearance of senescent cells during cardiac ischemia-
reperfusion injury improves recovery. Aging Cell. 2020;19:1-15.
Pawelec G. Aging as an inflammatory disease and possible reversal
strategies. J Allergy Clin Immunol. 2020;145:1355-6.

Szaniawski MA, Spivak AM. Senotherapeutics and HIV-1 persistence.
Curr HIV/AIDS Rep. 2020;17:219-25.

Samaraweera L, Adomako A, Rodriguez-Gabin A, McDaid HM. A novel
indication for panobinostat as a senolytic drug in NSCLC and HNSCC.
Sci Rep. 2017;7:1-11.

Cummins NW, Sainski AM, Dai H, Natesampillai S, Pang YP, Bren GD,
et al. Prime shock and kill: priming CD4 T cells from HIV patients with a
BCL-2 antagonist before HIV reactivation reduces HIV reservoir size.
J Virol. 2016;90:4032-48.

Salgado M, Martinez-Picado J, Gélvez C, Rodriguez-Mora S, Rivaya B,
Urrea V, et al. Dasatinib protects humanized mice from acute HIV-1 in-
fection. Biochem Pharmacol. 2020;174:113625.

Mufioz-Espin D, Serrano M. Cellular senescence: from physiology to
pathology. Nat Rev Mol Cell Biol. 2014;15:482-96.



	OLE_LINK1

