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Mechanisms of immune ageing in HIV

Manon Chauvin?, Delphine Sauce!

! Sorbonne Université, Inserm, Centre d’Immunologie et des Maladies Infectieuses, Cimi-Paris, F-
75013, Paris, France

Abstract

Massive CD4* T-cell depletion as well as sustained immune activation and inflammation are hallmarks
of HIV-1 infection. In recent years, an emerging concept draws an intriguing parallel between HIV-1
infection and ageing. Indeed, many of the alterations that affect innate and adaptive immune subsets in
HIV-infected individuals are reminiscent of the process of immune ageing, characteristic of old age.
These changes, of which the presumed cause is the systemic immune activation established in patients,
likely participate in the immuno-incompetence described with HIV progression. With the success of
antiretroviral therapy, HIV-seropositive patients can now live for many years despite chronic viral
infection. However, AIDS-related opportunistic infections have given way to chronic diseases as the
leading cause of death since HIV infection. Therefore, the comparison between HIV-1 infected patients
and uninfected elderly individuals goes beyond the sole onset of immunosenescence and extends to the
deterioration of several physiological functions related to inflammation and systemic ageing. In light of
this observation, it is interesting to understand the precise link between immune activation and ageing

in HIV-1 infection to figure out how to best care for people living with HIV.
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Introduction

The prevalence of Human Immunodeficiency Virus (HIV) infections among people over 50 years old
is rapidly increasing. According to data from the Dutch AIDS Therapy Evaluation in the Netherland
(ATHENA) cohort, the proportion of HIV-infected people aged 50 and older is expected to increase
from 28% in 2010 to 73% in 2030 (1). Indeed, HIV-infected patients can now live for years despite the
chronical presence of the virus, thanks to the development of antiretroviral therapy (ART) (2).
Individuals on ART are more likely to experience serious non-acquired immunodeficiency syndrome
(AIDS) events, which occur with higher prevalence at earlier ages than in the general population. This
observation results in the emergence of an intriguing parallel between HIV-1 infection and ageing:
many of the alterations that affect innate and adaptive immune cell subsets in HIV-infected individuals
are reminiscent of the process of immune ageing, characteristic of old age. These changes likely
participate in the decline of immune competence and the deterioration of several physiological functions
related to inflammation and systemic ageing (3). As a result of HIV-1 infection, the leading cause of
death has changed from AIDS-related opportunistic infections to chronic diseases. Indeed, even among
patients who respond well to antiretroviral medication, there is an increasing occurrence of
comorbidities that are not related to HIV but are characteristic of the situation observed in old age with
an inflammatory pathogenesis, such as cardiovascular disease, cancer, renal failure, liver disease,
osteopenia and osteoporosis, as well as neurocognitive impairment (4), (5). In addition, antiretroviral
medication toxicity accumulates over time, causing clinically meaningful metabolic abnormalities and
organ damage. Of note, older HIV-infected individuals are at greater risk of polypharmacy, frailty, and
other age-related conditions (6). The increased prevalence of these comorbidities could be explained by
chronic low-grade inflammatory phenotype (inflammaging) due to HIV-1 infection in addition to viral
coinfections, ART toxicity, residual HIV replication, and lifestyle factors. In this review, we focus only
on the mechanisms of immune ageing in HIV-1 infection, which is the most common type of HIV

infection (almost 95% of all infections).
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1. Summary of HIV pathogenesis

A fundamental event in the HIV-1 pathogenesis is the infection of the CD4* T-cell pool (Figure 1).
During primary infection, HIV-1 is able to infect CD4* T-cells extensively, in particular activated
memory CCR5-positive cells (7). At this stage, the anti-HIV immunity is not mounted yet, so that viral
replication and spreading remain uncontrolled. Viremia increases to reach peak levels, while the
immune response ascends, in particular HIV-specific CD8" T-cells, which terminate the acute phase.
However, the damage has been done, leading to the establishment of HIV-1 latent reservoir, rooting
itself in its host, with an extensive viral replication and the massive depletion of CD4" T-cells, in
particular from mucosal lymphoid tissues (8). This has immediate consequences on the unity of the

mucosal surfaces, and microbial translocation occurs.

Then, considerable immune activation takes place, which is multicausal and lasts throughout the course
of the infection. First, the immune response against HIV-1 itself ensues, and aims at controlling the
virus, despite persisting replication and emergence of variants that can escape both humoral and cellular
responses. The immune system has also to cope with other persisting pathogens (like Cytomegalovirus,
CMV), whose reactivation may be enhanced by the substantial loss of CD4* T-cells (9). HIV proteins
can also directly induce cellular activation through the binding of the envelope protein gp120 to CD4
or co-receptors, or with the protein Nef which is able to induce lymphocyte activation directly or
through the infection of macrophage. Last but not least, translocation of microbial products leads to
systemic activation of monocytes and lymphocytes. As a consequence, levels of proinflammatory
cytokines increase notably. In addition, immune activation promotes HIV replication, thus establishing

a vicious cycle (10).

Systemic immune activation leads to considerable cellular turnover, senescence and apoptosis, which
represent a massive challenge for the immune system in terms of cellular renewal in order to maintain
homeostasis. Overtime, the consequence is the development of immunosenescence and a progressive
decline of regenerative capacities (down to the level of hematopoietic progenitors). In parallel, the

constant production of proinflammatory cytokines leads to inflammation-related disorders such as
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osteoporosis, atherosclerosis, neurocognitive deterioration, frailty or cardiovascular disease. With the
exhaustion of primary resources, naive T-, B- and Natural Killer (NK)-cells disappear and highly
differentiated oligoclonal populations accumulate. Optimal anti-HIV immunity cannot be maintained
and the CD4" T- cell pool cannot be replenished, resulting in the collapse of the immune system’s ability

to control pathogens, hallmark of AIDS.

The development of immunosenescence is determined by the very physiological defense function of
the immune system. The normal ageing process is characterized by low grade, recurrent immune
activation and inflammatory activity, which eventually leads to immunosenescence. Through the
induction of persistent, sustained immune activation, HIV-1 infection could be considered as a model
of accelerated immunosenescence and systemic ageing (Figure 1). During this process, the immune

system burns itself quickly, as the source of its exhaustion (i.e. the virus) cannot be eliminated.

2. Immune system alterations with ageing and HIV

Alterations of the immune system are characteristic of immune ageing caused by advanced age and
probably contribute to the decline of immune function in people living with HIV (PLWH). Although
ageing and HIV-1 infection both affect immune function, there are differences in both myeloid and
lymphoid cell alterations in the peripheral blood. Indeed, advanced HIV-1 disease results in a profound
decline of peripheral blood myeloid cells, which is not seen with normal ageing. As with ageing, HIV-
1 disease affects lymphocyte subsets in a significant way, even though the most affected lymphocyte
subsets differ. For instance, CD4* T -cell loss is most profound in HIV-1 infection, but other lymphocyte
subsets are functionally altered as well (11). Finally, it was observed in PLWH that their T cell
proliferative capacity and their delayed hypersensitivity decreased, while their apoptosis increased,
however, these changes were not related to age (12). Below, we discuss the multiple ageing-like

alterations that occur in the different cellular compartments of the immune system.
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2.1 Immune resources

Bone marrow

The bone marrow is a critical developmental niche for CD34* hematopoietic stem cells (HSCs) that
gives rise to the myeloid and lymphoid cells required for innate and adaptive immunity. Under normal
circumstances, the percentage of marrow space occupied by the hematopoietic tissue declines from 90%
at birth to a level of approximately 50% at 30 years of age and 30% at 70 years of age. This decreased
cellularity observed with ageing is reflected anatomically by a reduction in lymphoid mass with an
increase in fat or fibrosis and results in skewing of all peripheral blood subsets. Due to similar
histoarchitectural deterioration of lymphoid tissue during HIV infection, several studies reported a
variety of hematological abnormalities in the bone marrow of PLWH, such as anemia, dysplasia and
leukopenia (13), even in treated patients (14). It has also been reported defective cytokine and
chemokine productions by bone marrow cells (15). Similarly, decreased Interleukin (IL)-2 levels and
elevated Tumor Necrosis Factor (TNF)-a, Macrophage Inflammatory Protein (MIP)-1a, MIP-1p and
RANTES levels, as well as defective bone marrow clonogenic activity were observed before treatment

compared with non-HIV-infected control subjects (16).

Hematopoietic cells

In addition to the microenvironmental changes occurring in lymphoid tissue during HIV infection,
defects in the formation of blood components (hematopoiesis) have been pinpointed since HSCs from
PLWH present functional alterations (17). Both elderly people and patients progressing towards AIDS
have decreased numbers of circulating CD34* hematopoietic progenitor cells (HPCs), and their
remaining CD34" cells present functional alterations such as reduced clonogenic potential (18). Among
CD34* HPCs from these individuals, cells with lymphoid precursor capacity are drastically reduced,
and the ability to produce T lymphocytes is impaired in in vitro culture assays (19). Age-related declines
in the hematopoietic system are thought to be one of the main factors underlying immune degeneration
in the elderly and are likely to contribute to accelerated immune ageing in PLWH. ART partially

restores the HPCs compartment and hematopoiesis, together with the recovery of all immunocompetent
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cell pools (18). A study reveals that the recovery of CD4* T-cells following ART initiation was
correlated with HPCs proliferation, which indicates that bone marrow-derived HPCs are crucial for
reconstituting the immune system during HIV infection (20). Studies have shown that CD34* cells can
sustain both active and latent HIV infection in vitro and in vivo (21). As a result of infection of these
cells, HIV leads to anemia and hematopoiesis dysfunction, which also creates a long-lasting, stable viral

reservoir that can lead to residual plasma viral infection in ART-treated individuals (22).

Thymus

The thymus is a primary lymphoid organ where T-cells differentiate into self-tolerant CD4* and CD8*
lymphocytes which migrate to populate the peripheral lymphoid tissues. The thymus produces new
T-cells throughout life but has no self-renewing ability and requires replenishment and recruitment of
progenitors derived from the bone marrow. Thymic involution, characterized by the loss of thymic
function and size with age (23), can also be caused by HIV-1 infection, which induces structural and
functional changes leading to immune senescence (13).

The reduced generation of naive T-cells associated with normal thymus ageing or with diseases linked
to chronic inflammation such as HIV, result in reduced T-cell specificity, peripheral T-cell imbalances,
and a higher risk of infection (24). Both ageing and HIV infection cause T-cells to switch from naive
to more differentiated cells with transitional or effector memory phenotypes (25). Moreover, infection
with HIV causes irreversible damage to the thymus, which is partly responsible for the inability to
produce naive T-cells. PLWH can recover functional thymic mass after its degradation induced by the
virus with the use of ART. In addition, it has been shown that patients with larger thymic sizes are able

to maintain higher CD4 counts and thymocyte production after five years of ART (26).

2.2. Innate immunity
Natural Killer cells
NK cells are subdivided into three subsets: the cytokine producing CD56"" CD16" subset, the cytotoxic

CD56* CD16* subset, and a minor CD56° CD16" NK cell subset with poor antiviral activity. NK cell
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subset distribution and function are altered with ageing or HIV infection (27). In both contexts, a gradual
loss of CD56™* NK cells is observed, likely caused by limited production of its precursors, along with
an expansion of CD56° CD16" NK cells (28), (29). This expansion has been suggested to be a
mechanism to maintain overall NK cell homeostasis in PLWH by compensating the loss of CD56" NK
cells (27). The presence of an expanded CD56° NK cell population among HIV viremic individuals has
been associated with significantly reduced spontaneous NK cytolytic activity as compared with that of
aviremic individuals or healthy donors (30).

With age or throughout the course of HIV infection, the characteristics of predominant CD56" NK cells
are also altered. There is indeed evidence of an accumulation of mature CD57* CD56" CD16" NK cells
with ageing (in particular in CMV seropositive donors) (31), (32). In addition, CD56-NK cell expansion
has also been attributed to high viral loads, as both parameters are strongly correlated, except when the
virus is suppressed (33). In HIV patients, their functionality is impaired with a decreased ability to
eliminate virus-infected target cells and to interact with other cellular components of the adaptive
immune system (34), (35). Additionally, chronic HIV infection results in impaired NK cell cytotoxicity
and cytokine secretion as well as the inability to respond to Interferon (IFN)-y and to produce high
amounts of IFN-y and TNF-a (36). These alterations are found even in treated patients (37). The
diversity of NK cells, which may affect immune surveillance, also changes after HIV-1 infection and
ageing (38,39). Even after successful therapy, the recovery of NK cell function, as IFN-y production
(40) and repertoire expression may remain impaired (39,41). However, a direct comparison between
PLWH and elderly individuals is difficult to establish since their respective CD56" cell subsets have
been characterized according to either phenotype, function or repertoire. A deeper understanding of the
relationship between HIV-1 infection and ageing will require further studies of CD56* NK cells.
Monocytes

Monocytes can be classified into three main subpopulations: classical CD14** CD16" that expresses
CD62L, CCR2 and low levels of CX3CR1, intermediate CD14** CD16" that lacks CD62L or CCR2
but expresses CX3CR1 and secretes high level of TNF-a in response to Toll-like receptors, and

non-classical CD14* CD16™" which are CCR2low CX3CR21high. PLWH display several phenotypic
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and functional changes that are similar to those observed within the elderly. Although there are
relatively few changes in the absolute numbers of monocytes, the distribution of these cells is altered,
characterized by a marked decrease in classical monocytes and an increase in intermediate and non-
classical monocytes in older or HIV-infected patients (42,43). Infection increases CD16" monocytes,
which correlate with viremia, T cell activation, and IL-6 plasma levels. Patients who do not take therapy
or discontinue treatment have an expanded number of these cells. On the other hand, patients who are
on effective ART exhibit the same level of expression of CD16 as uninfected controls (44).

Monocytes from elderly or PLWH produce proinflammatory cytokines, are CD38, CD69, CD11b,
HLA-DR and CD86 positive, and have decreased CD62L expression, which are all characteristics of
activated cells (45). The expression of CD69 and HLA-DR in HIV-infected patients correlates well with
plasma lipopolysaccharide (LPS) levels, an indicator of microbial translocation (46). Moreover, plasma
levels of soluble CD163 and CXCL10 which are markers associated with monocyte activation, also
increase with both age and HIV-1 infection (42,47). These biomarkers of monocyte activation are only
partially normalized upon ART mediated viral suppression (42), indicating that such changes may
contribute to the increased risk of inflammatory age-related diseases in treated HIV-positive patients

(47).

2.3. Adaptive immunity

Adaptive immunity alteration with age is a major source of morbidity and mortality in the elderly, and
these changes can be also found in HIV. Indeed, ageing and HIV-1 infection are associated with the
accumulation of CD8* T-lymphocytes lacking CD28 (48,49) and end-stage senescent cells (CD57*
cells) (50,51). Similarly, a decrease in CD4" and CD8* naive T-cell counts is described both in ageing
and HIV-1 infection. Interestingly, the frequency of naive T-cells is a good indicator of the
immunological age of individuals, and its gradual decline is associated with the progression of HIV-1
infection (52). Considering that adaptive immunity requires specific naive T-cells to be activated,

changes of this compartment may impact the ability of PLWH to initiate new robust immune responses.
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For instance, as with uninfected elderly, PLWH respond less well to influenza vaccination (53) or to
neo-antigen priming capacity (54).

Chronic cellular activation which results in the accumulation of highly differentiated T-cells, is often
related to chronic replication of HIV, as well as other persistent viruses, in particular CMV in
co-infected patients. The immune system does activate T lymphocytes that are specific for viruses,
which eventually lose CD28 expression, and instead display CD57 (50), (55). In PLWH, the
accumulation of CD28/CD57* T-cells is usually considered as a marker of immunosenescence. In
combination with HLA-DR expression, an indicator of T cell activation, this marker of
immunosenescence can be used as a score of immune activation and senescence. This score correlates
with the clinical state of PLWH and was significantly associated with the raise of non-AIDS related
comorbidities (kidney disease, diabetes, cardiovascular events, degenerative central nervous system
disorders, and cancer) in treated patients younger than 60 years old (56). Patients who are initiating
ART do not see their CD28/CD57* T-cell count decrease, even with good CD4* T-cell recovery (52).
Furthermore, it has been found that adaptive immune activation and immune senescence markers
increase in ageing HIV-infected patients, however they are not reliably associated with non-AIDS-
defining morbidity and mortality, contrary to markers of innate immune activation and inflammation
(57,58). Indeed, CD4/CDS8 ratio has been shown to be a prognostic marker for non-AIDS defining
events among long-term virologically suppressed PLWH (59) and correlates with non-AIDS morbidity
(60,61) as well as risk of cancer (62,63). Thus, measurement of the CD4/CD8 ratio may serve as an
adequate surrogate for the HIV reservoir since this ratio was associated with integrated levels of HIV—
DNA in peripheral blood cells (64). Similarly, an inverse correlation is demonstrated between CD4/CD8
ratio and the frequency of CD4 T-cells carrying HIV—proviral DNA (64). More knowledge is needed
regarding the impact of specific ART regimens (65) and the simultaneous treatment of coinfections,
such as cytomegalovirus which is known to lower CD4/CD8 ratio through the accumulation of CMV-
specific CD8 T-cells (66).

Altogether, immune exhaustion observed during HIV-1 infection occurs at different levels: functional,

clonal and global and likely plays an important role in the onset of disease progression.
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3. HIV-related mechanisms

3.1. Immune activation and other co-infections

A major contributor of immune activation in PLWH is the recurrent stimulation of immune cells that
directly recognize HIV components. Continued exposure of cells to viral replication can lead to their
functional and clonal exhaustion. Moreover, systemic inflammation due to activation of the innate
immunity is another major issue in HIV-1 pathogenesis (67). This is reinforced by the fact that HIV-
mediated depletion of CD4* T-cells can disrupt the normal phenomenon of immune surveillance in
mucosal lymphoid tissues, resulting in the abundant release of microbial products and pro-inflammatory
mediators. In addition, HIV-mediated depletion of CD4* T-cells and inflammatory environment result
in the reactivation of latently integrated forms of persistent viruses (Epstein-Barr Virus (EBV), Herpes
Simplex Virus, CMV, Hepatitis B and C Viruses, human papillomavirus), which HIV seropositive
patients are commonly infected with. Among these chronic viral infections, the most notable is CMV
infection. As a result of CMV co-infection, CMV-specific CD8* T-cells are associated with immune
senescence (68), clonal expansion and homeostatic changes (69). These attributes are hallmarks of the
immune risk phenotype (70), leading to chronic low-grade inflammation that negatively impacts health
(71). Despite the suppression of HIV-1 replication by ART, PLWH exhibit premature

immunosenescence (67,72,73).

3.2. Inflammation, mitochondrial dysfunction and oxidative stress

A direct consequence of immune activation is the increase of NF-kB levels, which enhances the
transcription of integrated virus, and thus the production of new virions that will infect new targets. A
vicious circle is therefore established during which HIV-1 replication promotes immune activation, and
immune activation promotes HIV-1 replication. The release of pro-inflammatory mediators participates
also to this gear: the synergic action of IL-6 and IL-1p and TNF-qa, can lead to T cell activation (10) and

can promote microbial translocation (74).
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Under normal physiological conditions, reactive oxygen species (ROS) like H,O; have vital roles in
signal transduction cascades to reversibly oxidize/reduce protein cysteine thiol groups as molecular
on/off switches. As a result of immune activation, both found in HIV infection and ageing, ROS are
released into the cells (75), which lead to over-oxidation and irreversible changes in protein structure
and function (76). This can cause mitochondrial DNA damage due to its proximity to free radical
sources and the relative lack of a protein scaffolding. Thus, mitochondrial DNA mutations lead to
impaired mitochondrial protein synthesis, which has an adverse effect on oxidative phosphorylation, a
process that eventually leads to premature cell ageing (77,78). The biological process to remove these
accumulated damaged proteins stimulates inflammatory responses leading to a chronic inflammatory
state and tissue injury (79,80). Compared to age-matched controls, HIV-infected men have reduced
activity levels of skeletal oxidative enzymes, including dehydrogenase and citrate synthase by 38% and
T77%, respectively (81). The rate of acyl-coA synthase and carnitine palmitoyltransferase | oxidation is
not significantly different between HIV-infected men and controls. However, skeletal muscle oxidative
stress is significantly higher (H20O by 1.4 fold and oxidized cardiolipin by 1.8 fold). Therefore, the
progressive mitochondrial dysfunction contributes to accelerate ageing in highly energy-demanding
organs like heart, skeletal muscle, kidney, liver, and brain (82). Even in clinically stable HIV-infected
treated patients, mitochondrial functions are disrupted (83). Of note, ART regimen differentially
impacts on mitochondrial dysfunction, as reviewed by Schank et al. (84), highlighting the toxicity of

treatment on cellular senescence.

3.3. Intestinal dysbiosis

As HIV-1 causes a substantial loss of CD4* T-cells, especially in mucosal lymphoid organs where the
majority of CD4" T-cell pools are located, the diverse immunological components constituting the gut’s
mucosal barrier can be disrupted leading to microbial translocation from the gastrointestinal tract to the
systemic immune system (85). Measures of immune activation are directly linked with plasma LPS
levels which are significantly increased in HIV-1 infection (86). LPS is known to induce production of

a range of pro-inflammatory cytokines such as TNF-a, IL-6 and IL-1p by stimulating peripheral

10
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macrophages and dendritic cells. Therefore, a proinflammatory state can be established due to systemic
activation and the differentiation of lymphocytes and monocytes.

Studies evaluating microbiome composition, diversity, and function in HIV-1 infection suggest changes
in the gut microbiome as it can be observed with ageing, exemplified by an increase in facultative
anaerobes with inflammatory properties and a decrease in obligate anaerobes that play critical roles in
maintaining intestinal homeostasis and in regulating host immunity. Indeed, recent studies have
documented that enteric bacterial communities in people living with HIV (PLWH) are different when
compared to individuals without HIV infection (reviewed by Vujkovic-Cvijin et al. (87)). In both
ART-treated and in treatment-naive infected patients, a dysbiotic fecal microbiome in PLWH was
characterized by greater abundance of Prevotella with concurrent depletion of some Bacteroides
species, higher abundance of Proteobacteria, and lower abundance of obligate anaerobes including
butyrate-producing bacteria (88). Nevertheless, a recent report highlights that age and HIV interact to
shape the fecal microbiome in ART-treated, older adults (89). In this study, the authors showed that
HIV and age were independently associated with distinct changes in the fecal microbial communities.
Immune dysfunction is associated with these changes, and treatment with ART only partly restores
microbiota diversity (90). Additional studies that identify both HIV and age effects on gut bacterial
communities and their metabolic products in the setting of comorbidities will help to identify functional

pathways which could be targeted to improve clinical outcomes.

3.4. Metabolic disorders

Key metabolic pathways include glycolysis, the tricarboxylic acid cycle, the fatty acid oxidation, the
pentose phosphate pathway, the fatty acid synthesis and amino acid metabolism (particularly
glutaminolysis), with various fuel sources utilized to produce the intermediates required for each
pathway. Variation of immune cell metabolic programming that affects these pathways may thus result
in change of immune function.

In the last decade, an increasing number of studies, reviewed by Butterfield et al. (91), have examined

the immunometabolic dysfunction characteristic of HIV-1 infection. As summarized by Asier Saez-
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Cirion (92), the metabolic pathways of CD4+ T-cells and macrophages determine their susceptibility to

infection, the persistence of infected cells and the establishment of latency. Immunometabolism also
shapes immune responses against HIV-1. Briefly, HIV-1 infection alters immunometabolism by

increasing reliance on aerobic glycolysis for energy and productive infection and repurposing oxidative
phosphorylation machinery for immune cell proliferation and survival.

The relationship between immunometabolism and HIV-1 pathogenesis is complex and represents a new
area of research with many issues still to be addressed, in particular if we consider that
immunometabolism is likely an important mediator in associated age-related disease (93). According
to Moore et al., the prevalence of metabolic syndromes among the United States adults has increased
by more than 35% from 1988-1994 to 2007-2012, rising from 25.3% to 34.2% (94). The pathogenesis
of metabolic disorders among PLWH includes various components: genetic and environmental host
factors as well as immunologic and inflammatory responses intrinsic to HIV-1 infection (95). It is
becoming increasingly clear that the immune and metabolic systems are closely inter-connected and
play a critical role in the maintenance of immune homeostasis, linking to several aspects of the aging
process and associated chronic inflammatory conditions (96,97). Immune cells sense and respond to
exogenous metabolic signals (98), including fatty acids, free cholesterol, sphingosine-linked fatty acids,
products of lipid metabolism, amino acids and microbial derived-metabolites. Metabolic alterations,
such as increased visceral adiposity, altered circulating lipid composition and accumulation of lipids in
primary lymphoid organs have been observed in both older adults and PLWH. Of note, cholesterol is
critical for HIV replication, as both HIV entry into and exit from the target cells occur through
cholesterol enriched regions of the plasma membrane, called lipid rafts (99). Therefore, impairment of
cellular cholesterol metabolism and overabundance of lipid rafts may be a common factor driving
pathogenesis of HIVV-associated comorbidities.

Recent studies in PLWH with diabetes mellitus or cardiovascular disease have identified an association
with elevated T-cell and monocyte glucose metabolism, respectively. Immunometabolic dysfunction
has also been observed in PLWH in frailty and additional studies suggest a role for immunometabolism

in non-AIDS defining cancers and neurocognitive disease (91).
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A combination of HIV infection itself and its effects on gut permeability, which can lead to bacterial
translocation, may cause accelerated atherosclerosis and a decrease in high-density lipoprotein (HDL)
levels (100). Additionally, activated monocytes and proinflammatory T-cells may play a role in changes
in vascular structure and function that can result in coronary plaque development (6). Moreover, the
prevalence of obesity increases with age, and HIV-positive older adults also have an increase in visceral
adiposity, partly as a result of antiretroviral medication (101), (102). However, studies have shown that
traditional lipid measurements (low-density lipoprotein, high-density lipoprotein, and total cholesterol)
cannot precisely evaluate dyslipidemia to accurately predict cardiovascular risk in PLWH without
taking into account CD4 lymphocyte count and exposure to ART (103) (104). Noteworthy, both HIV
and ART may have a role in the development of metabolic disorders; these adverse effects are more
common in women, people in high BMI, and older people. Also that protease inhibitors are the most

deleterious class of drugs causing metabolic disorders (105).

3.5. DNA damage and Epigenetics

Telomere length shortening

Age-related DNA damage tends to alter the genome randomly, however telomeres (which are tandem
repeats of DNA sequence TTAGGG located at each end of chromosome) appear to be more vulnerable
to age-related degradation (106). The failure of DNA polymerase to duplicate the extreme 5’ end of the
lagging strand of DNA causes telomere length to decrease with each cell division. Telomere length
shortening is a typical marker of cellular senescence and is widely used to determine an individual’s
biological age. It is estimated that peripheral blood mononuclear cells (PBMCs) lose about 50 base pairs
of telomeric DNA per year, and this loss doubles in HIV-1 patients even with ART (107). In a
longitudinal follow-up over 3 to 9 years, telomere length of total PBMCs from PLWH was shown to
shorten at an increased rate compared to age-matched seronegative individuals (108). This telomere
shortening occurred primarily in CD8* T-cells, with minimal or no variation observed in CD4* T-cells
(109). This faster telomere erosion in PBMCs and T-cells indicated an accelerated immunological

ageing process associated with HIV-1 infection. However, it should be noted that in these studies,
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telomere length was measured mainly by assessing PBMCs or subsets of T-cells like CD8 or CDA4.
Shortening of B cell telomeres in PLWH has also been documented, supporting findings of

hyperactivation during HIV-1 infection (110).

Epigenetics

Epigenetic changes are changes to phenotypes or gene expression resulting from modifications other
than modifications in the underlying DNA sequence. These alterations may be retained by the cell
throughout its lifespan or may be passed to future generations for germline cells (111). DNA
methylation is one of the most well characterized epigenetic changes (112), and can serve as an indicator
of the cumulative effects of epigenetic maintenance (113). During ageing, epigenetic alterations in
response to both exogenous and endogenous factors (114), result in an abnormal chromatin condition,
genomic instability, and accumulation of DNA mutations (115). The age-related DNA methylation
pattern changes, leading to a global decrease in methylation with hypermethylation of some promoter
regions. Histone modifications and changes in DNA methylation near telomeric regions correlate with
telomere attrition and cellular senescence (116). In addition, these epigenetic changes are associated not
only with activation of inflammatory genes (117), but also with the occurrence of age-related
pathologies such as cancer, dementia, and atherosclerosis (118), (119). Thus, the epigenetic clock could
be a useful biomarker for detecting premature ageing due to HIV-1 infection (120).

Methylome-wide analysis of chronic HIV-1 infection in patients receiving ART revealed an average
ageing advance of 4.9 years, leading to a 19% increase in mortality (121). This sub study of a clinical
trial (comparing ritonavir-boosted darunavir with either raltegravir or tenofovir disoproxil fumarate and
emtricitabine) was conducted in ART-naive PLWH. They analyzed whole blood samples from 168
study participants both before they started treatment, and after two years on ART. The study compared
the treated participants to 44 age- and sex-matched control participants without HIV. The authors found
that, compared to those without HIV, ART-naive PLWH showed higher mean epigenetic age
acceleration. The study observed no significant differences in the impact of ART on epigenetic ageing

between treatment regimens. Among participants with HIV-1 at baseline, the study observed
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dysregulation of DNA methylation-based estimated leucocytes, or white blood cells, toward more
differentiated T-cell phenotypes and proinflammatory subsets. This dysregulation was corrected to
some degree by long term ART (121).

Importantly, the cellular epigenetic machinery plays an important role in chronic infection with HIV-1
(122). First, epigenetic mechanisms are heavily involved in regulating transcriptional silencing of the
proviral-derived DNA burden. Secondly, this tight regulation is crucial since transcriptional activity of
intact proviral genomes in reservoir cells results in viremic rebound with serious clinical consequences.
Last, infection with HIV-1 also appears to modify the epigenetic landscape of infected and bystander
immune cells. This signature of infection, whether directly or indirectly associated to the proviral load,
could thus be an important cofactor in developing HIV-1-associated comorbidities (123). For example,
two main loci have been identified as contributing to the genetic contribution to human lifespan : APOE
encoding apolipoprotein E which is involved in lipoprotein metabolism, cognitive function and immune
regulation (124) and forkhead box O3A (FOXO3A) involved in apoptosis and oxidative stress (125).
The apolipoprotein E4 (APOE4) allele is associated with decreased cognitive performance, premature
brain ageing, and atrophy in HIV-infected individuals over 60 years of age. HIV-associated
neurocognitive disorders, including dementia, are more prevalent in APOE4 carriers, suggesting that
this gene may contribute to age-related cognitive decline (126).

For a curative therapy of HIV-seropositive patients, a combination of antiretroviral drugs with
epigenetic modifying compounds have been suggested for the transcriptional reactivation of HIV-1
latency. These epigenetic drugs include histone deacetylase inhibitors (HDACI), histone
methyltransferase inhibitors (HMTI), histone demethylase inhibitors, and DNA methyltransferase

inhibitors (DNMTI).

3.6. Extracellular vesicles (exosomes)

Exosomes are the main actors of intercellular communications: these nanoparticles are secreted by
almost all cell types and contain lipids, cytokines, growth factors, messenger RNA, and different non-

coding RNA, especially micro-RNAs (mi-RNAs). Exosomes' cargo is released in the neighboring
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microenvironment but is also expected to act on distant tissues or organs. Evidence has increasingly
shown that exosome-derived mi-RNAs are key regulators of age-related diseases, and their involvement
in longevity is becoming a promising issue. For instance, mi-RNAs such as mi-RNA-21/ 29/ 34
modulate regeneration and tissue functionality by targeting various tissues and involving different
pathways which might interfere with long life expectancy (127). Despite, substantial changes to
extracellular vesicles with age, it is not clear whether these changes represent a cause or effect of aging
or associated comorbidities (128). On the contrary, the role of exosome in HIV infection is critical since
this pathway releases intracellular material and exchanges material and information between cells. As
such, exosomes play an important role in AIDS progression and affect the occurrence, development,
and outcome of HIV through multiple mechanisms (such as cell-to-cell transmission and interaction

with HIV molecules and receptor cells), recently reviewed by Chen et al. (129).

4. Long-term consequences comorbidities

If we consider that increased immune activation and long- term chronic inflammation are major players
in the aging process in the general population, it is obvious that these processes are more prevalent in
PLWH, even when the infection is well controlled. Therefore, PLWH will be more prone to prematurely
develop age-related diseases.

It is established that a high level of immune activation has been related to a poor CD4 cell recovery
during treatment. Of importance, the occurrence of several non-AlDS-related comorbidities has been
clearly linked to the presence of immune depletion, as indicated by a low CD4 cell count (130). As
expected, age and male gender were found as independent predictors of polypathology by comparing
PLWH to the general population, but Guaraldi et al. found also that a nadir CD4 cell count < 200
cellssfmm3, was related to the occurrence of several comorbidities. This could be explained by persistent
low-grade viral replication in the reservoirs which could thereby participate in local inflammation and
tissue-related complications (131). Finally, the authors found ART to be an independent risk factor for
polypathology. Thymidine—nucleoside reverse-transcriptase inhibitors are associated with

mitochondrial dysfunction, cell senescence, and lipodystrophic phenotype (132,133) whereas some
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ritonavir-boosted Pls induce prelaminA accumulation, oxidative stress, inflammation, and cell
senescence in vitro (134), all alterations associated with aging.

In addition to all the factors related to the virus and the treatment, a number of environmental factors
could also prematurely induce aging in PLWH, such as sedentary lifestyle, low-nutrition diet, smoking
or drug use.

A cross sectional comparison of over 500 HIV-infected patients (median viral load of 50 copies/ml,
CD4 count >500 cells/pl and 95% on ART for greater than 10.5 years) with 500-age matched controls
showed that PLWH had a higher number of age associated non communicable comorbidities
(AANCC:S). In addition, the number of AANCCs in each 5 years stratum in the HIV-infected patients
resembled those of the controls who were 5 years older (135). In a retrospective study comparing PLWH
with matched counterparts, HIV-infected subjects had significantly more comorbidities, such as bones
fractures due to osteoporosis (6.4% vs 2.1%, p<0.001), acute renal failure (0,5% vs 0.2%, p = 0.045),
chronic renal disease (4.3% vs 2.4%, p<0.001) and cardiovascular disease (12.8% vs 10.4%, p=0.006)
(136). Since HIV-positive individuals are at high risk of developing non-HIV-1 related diseases, a
specific follow-up of PLWH will be necessary in particular to assess the risk linked to polymedication

(137).

4.1. Frailty

The well-known frailty phenotype in geriatrics is characterized by the loss of functional homeostasis,
which causes individuals to be unable to effectively recover from various stressors and is associated
with poor health outcomes, including excessive mortality (138). PLWH may become frail due to the
cumulative effect of comorbidities and ART. According to Piggott et al., 5-19% of cohorts were frail
or exhibited frailty-like symptoms despite effective antiretroviral therapy (139). Moreover, frail
individuals are more likely to suffer from comorbid conditions such as cardiovascular disease or
cognitive impairment (140). In a Multicenter AIDS Cohort Study, individuals ageing with HIV-1
infection showed greater declines in gait speed and grip strength (141). In addition, the risk of frailty

was higher after prolonged HIV-1 infection and was strongly predicted by the peripheral CD4* T-cell
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count (142).

4.2. Sarcopenia

Despite adequate treatment with ART, PLWH may exhibit a physiopathological process associated with
ageing called sarcopenia, which involves a reduction in muscle strength, muscle quality and physical
performance as well as an increased risk of falls, physical disability and premature death (143).
Increased muscle protein catabolism, muscle fat accumulation (144) or low protein intake and
vitamin D deficiency (145), among others can also lead to sarcopenia. Physical activity, however, can
improve muscle mass and function and reduce chronic inflammation, which may protect against or
partially reduce sarcopenia (146). Few data exist regarding the prevalence of sarcopenia in PLWH,
although, similar to other chronic diseases, this syndrome occurs more frequently and at a younger age
than in the general population. It has been proposed that metabolic changes and immune activation by
HIV-1 are major factors involved in the development of sarcopenia in patients on ART (147). PLWH
and controls experienced similar rates of muscle loss over a 5-year study period (148), although
sarcopenia increased over a 7- to 10-year follow-up period for HIV-infected individuals older than 50,

with sarcopenia progressing more rapidly in women than men (149).

4.3. Osteoporosis

PLWH are more likely to suffer from osteopenia and osteoporosis (47.5% and 23% respectively),
although the mechanism and consequences of these changes are not fully understood (150). Activation
of the immune system and inflammation in PLWH can affect the expression and regulation of
immunological factors involved in bone remodeling (151), even with effective ART. During an
inflammatory process, cytokines such as TNF-a are produced, increasing the expression of Receptor
Activator of Nuclear Factor xf Ligand (RANKL), which causes bone resorption by osteoblasts (152).
Activating inducible nitric oxide synthesis by cytokines such as TNF-a and IL-1 inhibits the function
of osteoblasts in vitro and leads to osteoblast apoptosis (153). Furthermore, ART drugs such as tenofovir

or protease inhibitors may adversely affect bone mineral density (154).
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4.4. Cardiovascular disease

The prevalence of cardiovascular disease has been found to double in PLWH. Patients with HIV-1 have
nearly two-fold greater risk of heart disease than their uninfected counterparts. Moreover, the risk of
developing the disease will likely continue to rise as PLWH are ageing (155). Aside from traditional
cardiovascular risk factors (such as smoking), other factors including chronic HIV-1 viremia, ART, co-
infection with CMV, chronic inflammation, innate immune activation, the microbiome and microbial
translocation may be involved in the pathogenesis of cardiovascular disease in PLWH (156). HIV-1
induces endothelial dysfunction and early atherosclerosis by altering signaling pathways through gp120
or Tat proteins, or by activating monocytes that release cytokines (157). Oxidized lipids may also
contribute to atherosclerosis by disrupting nitric oxide signal transmission, promoting endothelial
activation, and influencing adhesion molecules, which play a role in leukocyte homing. Following the
inflammation,  biomarkers are released, such as VCAM-1, fibrinogen, D-dimer,
C-Reactive Protein (CRP), selectins, IL-6, and TNF, which make the patient more likely to suffer from
coronary artery disease and heart failure, including myocardial infarction, stroke and sudden cardiac
death (158), (159). Subclinical atherosclerosis in PLWH while on ART appears to be associated with
monocyte markers CD11b and CX3CR1 (160), suggesting a critical role for monocytes in promoting
cardiovascular disease. Of note, the physiopathology of cardiovascular disease in
HIV-infected individuals is complex, combining both traditional risk factors as well as ART-related

factors (161).

4.5. Chronic kidney diseases

Acute renal failure and chronic kidney disease are more common in PLWH than in the general
population (162). Immune activation has been proposed as one of the main reasons whereby HIV-
infected individuals with suppressed immune systems have more kidney disease (163). It has been
shown that HIV-1 can infect renal epithelial cells through the transfer of virions occurring via a CD4-

independent mechanism and induce changes, especially in renal tubular cells (164). The interaction with
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renal epithelial cells leads to the release of cytokines (IL-6 and IL-8) and chemokines (CXCL-1,
CXCL-2 and CXCL-8) from renal tubular cells, which contributes to exacerbating inflammation. Even
though ART is associated with a lower incidence of severe renal events, specific classes of antiretroviral

drugs may negatively impact kidney function (165).

4.6. Cognitive impairment

The combination of HIV, inflammation, and stress is believed to be important factors leading to
impaired cognitive function (166). Neurocognitive impairment affects approximately half of all HIV-1
patients, and is potentially due to chronic inflammation or damage sustained before starting ART (167).
During an inflammatory state, cellular damage is triggered both in PLWH and in the elderly, including
the expression of IL-6 and CRP, which are associated with cognitive decline and in addition to an
elevated risk of dementia (168). Furthermore, blood-brain barrier dysfunction is common among PLWH
despite ART (169). In older PLWH, there are a number of mechanisms through which chronic HIV
disease alone or in combination with ART and other co-morbidities (e.g.: drug use, HCV) might be
contributing to HIV-associated neurocognitive disorder. This includes 1) overlapping mechanisms
between HIV and ageing (e.g.: decreased proteostasis, DNA damage, chronic inflammation,
epigenetics, vascular), which could lead to accelerated cellular ageing and neurodegeneration and/or 2)
enhancing pathways involved in Alzheimer’s disease (AD) or AD-related dementias (e.g: triggering

amyloid B, tau, or a-synuclein accumulation) as suggested by Mackiewicz et al. (170).

Conclusion & Perspectives

PLWH are increasingly reaching old age, where they have to face the dual burden of managing their
disease and the ensuing process of accelerated ageing. As a consequence, their quality of life is affected,
and they are facing decreased energy availability and increased chronic inflammation. HIV infection
causes immunological alterations that parallel those that occur in physiological ageing, exhibiting a

striking similarity between ageing and HIV infection. Through elevated chronic immune activation,
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PLWH exhibit innate and adaptive immunosenescence. Although many ageing-like alterations can be
identified in HIV-infected patients, it is necessary to keep in mind that some factors are specific to each
condition. Thus, no sign of viral reactivation with persistent viruses such as CMV or EBV was found
in elderly. In addition, different lifestyles and/or environments impact on the evolution and the
physiopathology of HIV-1 infection and ageing. Noteworthy, as a result of successful ART, HIV-
infected geriatric patients are now living longer, leading to an emerging vulnerable population.
Therefore, the question is how to best care for them. Surprisingly, in a recent study based on a highly
selected geriatric HIV population, HIV-1 infection does not seem to have an additional impact on age-
related inflammation and immune disorder, suggesting that HIV-patients are well taken care of and
monitored (171). It is therefore encouraging to observe that prevention and treatment of comorbidities
could have limited both immune activation and inflammation in the ageing HIV population. Briefly,

these strategies (summarized in Figure 2), aim at:

- preventing immune activation with the use of ART and anti-inflammatory molecules;
prevention of bacterial translocation by impacting on gut mucosa integrity or on microbiota
composition; treatment of inter-current infections such as herpesviruses and reduction of
metabolic abnormalities.

- enhancing regenerative capacity where the use of hormones, cytokines or anti-ageing

therapies is explored.

So far, trials have been empiric. To validate these potential therapeutic options, other clinical trials need

to be performed on large cohorts of PLWH.

21



582

583
584
585
586

587
588
589

590
591
592
593

594
595
596

597
598
599
600

601
602
603
604

605
606

607
608
609
610

611
612
613
614

615
616

617
618
619

620
621

References

1.

10.

11.

12.

Boender TS, Smit C, Sighem A van, Bezemer D, Ester CJ, Zaheri S, et al. AIDS Therapy
Evaluation in the Netherlands (ATHENA) national observational HIV cohort: cohort
profile. BMJ Open. 2018 Sep 1;8(9):e022516. https://doi.org/10.1136/bmjopen-2018-
022516

Wandeler G, Johnson LF, Egger M. Trends in life expectancy of HIVV-positive adults on
antiretroviral therapy across the globe: comparisons with general population. Curr Opin
HIV AIDS. 2016 Sep;11(5):492-500. https://doi.org/10.1097/COH.0000000000000298

Gabuzda D, Jamieson BD, Collman RG, Lederman MM, Burdo TH, Deeks SG, et al.
Pathogenesis of Aging and Age-related Comorbidities in People with HIV: Highlights
from the HIV ACTION Workshop. Pathog Immun. 2020;5(1):143-74.
https://doi.org/10.20411/pai.v5i1.365

Deeks SG, Lewin SR, Havlir DV. The end of AIDS: HIV infection as a chronic disease.
Lancet Lond Engl. 2013 Nov 2;382(9903):1525-33. https://doi.org/10.1016/S0140-
6736(13)61809-7

Rodger AJ, Lodwick R, Schechter M, Deeks S, Amin J, Gilson R, et al. Mortality in well
controlled HIV in the continuous antiretroviral therapy arms of the SMART and ESPRIT
trials compared with the general population. AIDS Lond Engl. 2013 Mar 27;27(6):973—
9. https://doi.org/10.1097/QAD.0b013e32835cae9c

Guaraldi G, Malagoli A, Calcagno A, Mussi C, Celesia BM, Carli F, et al. The increasing
burden and complexity of multi-morbidity and polypharmacy in geriatric HIV patients:
a cross sectional study of people aged 65 - 74 years and more than 75 years. BMC
Geriatr. 2018 Apr 20;18(1):99. https://doi.org/10.1186/s12877-018-0789-0

Siliciano JD, Siliciano RF. Latency and viral persistence in HIV-1 infection. J Clin
Invest. 2000 Oct 1;106(7):823-5. https://doi.org/10.1172/JC111246

Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor JH, Beilman GJ, et al. CD4+
T Cell Depletion during all Stages of HIV Disease Occurs Predominantly in the
Gastrointestinal ~ Tract. J Exp Med. 2004 Sep  20;200(6):749-59.
https://doi.org/10.1084/jem.20040874

Papagno L, Appay V, Sutton J, Rostron T, Gillespie GMA, Ogg GS, et al. Comparison
between HIV- and CMV-specific T cell responses in long-term HIV infected donors.
Clin Exp Immunol. 2002 Dec;130(3):509-17. https://doi.org/10.1046/j.1365-
2249.2002.02005.x

Decrion AZ, Dichamp I, Varin A, Herbein G. HIV and inflammation. Curr HIV Res.
2005 Jul;3(3):243-59. https://doi.org/10.2174/1570162054368057

Furler RL, Nixon DF. The Intimate Relationship Between CD4+ T Cell Morphology and
HIV-1 Infection. AIDS Res Hum Retroviruses. 2019 Jun;35(6):509-10.
https://doi.org/10.1089/aid.2019.0011

Kalayjian RC, Landay A, Pollard RB, Taub DD, Gross BH, Francis IR, et al. Age-related
immune dysfunction in health and in human immunodeficiency virus (HIV) disease:

22



622
623
624

625
626
627
628

629
630
631
632

633
634
635

636
637
638
639
640

641
642

643
644
645
646

647
648
649
650

651
652
653

654
655
656

657
658

659
660
661

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

association of age and HIV infection with naive CD8+ cell depletion, reduced expression
of CD28 on CD8+ cells, and reduced thymic volumes. J Infect Dis. 2003 Jun
15;187(12):1924-33. https://doi.org/10.1086/375372

Furler RL, Newcombe KL, Del Rio Estrada PM, Reyes-Teran G, Uittenbogaart CH,
Nixon DF. Histoarchitectural Deterioration of Lymphoid Tissues in HIV-1 Infection and
in Aging. AIDS Res Hum Retroviruses. 2019 Nov 1;35(11-12):1148-59.
https://doi.org/10.1089/aid.2019.0156

Rajme-Lopez S, Crabtree-Ramirez B, Acosta-Medina AA, Olivas-Martinez A, Bourlon
C. HIV-positive patients presenting with peripheral blood cytopenias: is bone marrow
assessment a priority? Hematol Transfus Cell Ther [Internet]. 2021 May 11 [cited 2021
Nov 19]; https://doi.org/10.1016/j.htct.2021.02.008

Bousounis P, Bergo V, Trompouki E. Inflammation, Aging and Hematopoiesis: A
Complex Relationship. Cells. 2021 Jun 4;10(6):1386.
https://doi.org/10.3390/cells10061386

Isgro A, Leti W, De Santis W, Marziali M, Esposito A, Fimiani C, et al. Altered
clonogenic capability and stromal cell function characterize bone marrow of HIV-
infected subjects with low CD4+ T cell counts despite viral suppression during HAART.
Clin Infect Dis Off Publ Infect Dis Soc Am. 2008 Jun 15;46(12):1902-10.
https://doi.org/10.1086/588480

Moses A, Nelson J, Bagby GC. The influence of human immunodeficiency virus-1 on
hematopoiesis. Blood. 1998 Mar 1;91(5):1479-95.

Sauce D, Larsen M, Fastenackels S, Pauchard M, Ait-Mohand H, Schneider L, etal. HIV
disease progression despite suppression of viral replication is associated with exhaustion
of lymphopoiesis. Blood. 2011 May 12;117(19):5142-51.
https://doi.org/10.1182/blood-2011-01-331306

Kyoizumi S, Kubo Y, Kajimura J, Yoshida K, Imai K, Hayashi T, et al. Age-associated
changes in the differentiation potentials of human circulating hematopoietic progenitors
to T- or NK-lineage cells. J Immunol Baltim Md 1950. 2013 Jun 15;190(12):6164—-72.
https://doi.org/10.4049/jimmunol.1203189

Guo X, He S, Lv X, Ding H, Li S, Kang J, et al. The Role of HIV-1 in Affecting the
Proliferation Ability of HPCs Derived From BM. J Acquir Immune Defic Syndr 1999.
2016 Apr 15;71(5):467—73. https://doi.org/10.1097/QA1.0000000000000892

Tsukamoto T. Hematopoietic Stem/Progenitor Cells and the Pathogenesis of HIV/AIDS.
Front Cell Infect Microbiol [Internet]. 2020 [cited 2021 Jul 30];0.
https://doi.org/10.3389/fcimb.2020.00060

McNamara LA, Collins KL. Hematopoietic stem/precursor cells as HIV reservoirs. Curr
Opin HIV AIDS. 2011 Jan;6(1):43-8. https://doi.org/10.1097/COH.0b013e32834086b3

Hakim FT, Memon SA, Cepeda R, Jones EC, Chow CK, Kasten-Sportes C, et al. Age-
dependent incidence, time course, and consequences of thymic renewal in adults. J Clin
Invest. 2005 Apr;115(4):930-9. https://doi.org/10.1172/JC122492

23



662
663

664
665
666
667

668

669
670
671
672

673
674
675
676

677
678
679

680
681
682
683

684
685
686

687
688
689

690
691
692
693

694
695
696

697
698
699
700

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lepletier A, Alsharif A, Chidgey AP. Inflammation and Thymus Ageing. Front Horm
Res. 2017;48:19-36. https://doi.org/10.1159/000452903

Massanella M, Gomez-Mora E, Carrillo J, Curriu M, Ouchi D, Puig J, et al. Increased
ex vivo cell death of central memory CD4 T cells in treated HIV infected individuals
with unsatisfactory immune recovery. J Transl Med. 2015 Jul 17;13:230.
https://doi.org/10.1186/s12967-015-0601-2

Kolte L. Thymic function in HIV-infection. Dan Med J. 2013 Apr;60(4):B4622.

Alter G, Teigen N, Davis BT, Addo MM, Suscovich TJ, Waring MT, et al. Sequential
deregulation of NK cell subset distribution and function starting in acute HIV-1
infection. Blood. 2005 Nov 15;106(10):3366-9. https://doi.org/10.1182/blood-2005-03-
1100

Brunetta E, Fogli M, Varchetta S, Bozzo L, Hudspeth KL, Marcenaro E, et al. Chronic
HIV-1 viremia reverses NKG2A/NKG2C ratio on natural killer cells in patients with
human cytomegalovirus co-infection. AIDS Lond Engl. 2010 Jan 2;24(1):27-34.
https://doi.org/10.1097/QAD.0b013e3283328d1f

Naranbhai V, Altfeld M, Karim SSA, Ndung’u T, Karim QA, Carr WH. Changes in
Natural Killer cell activation and function during primary HIV-1 Infection. PloS One.
2013;8(1):e53251. https://doi.org/10.1371/journal.pone.0053251

Mavilio D, Benjamin J, Daucher M, Lombardo G, Kaottilil S, Planta MA, et al. Natural
killer cells in HIV-1 infection: dichotomous effects of viremia on inhibitory and
activating receptors and their functional correlates. Proc Natl Acad Sci U S A. 2003 Dec
9;100(25):15011-6. https://doi.org/10.1073/pnas.2336091100

Le Garff-Tavernier M, Béziat V, Decocq J, Siguret V, Gandjbakhch F, Pautas E, et al.
Human NK cells display major phenotypic and functional changes over the life span.
Aging Cell. 2010 Aug;9(4):527-35. https://doi.org/10.1111/].1474-9726.2010.00584.x

Bayard C, Lepetitcorps H, Roux A, Larsen M, Fastenackels S, Salle V, et al. Coordinated
expansion of both memory T cells and NK cells in response to CMV infection in humans.
Eur J Immunol. 2016;46(5):1168-79. https://doi.org/10.1002/eji.201546179

Mavilio D, Lombardo G, Benjamin J, Kim D, Follman D, Marcenaro E, et al.
Characterization of CD56-/CD16+ natural killer (NK) cells: a highly dysfunctional NK
subset expanded in HIV-infected viremic individuals. Proc Natl Acad Sci U S A. 2005
Feb 22;102(8):2886-91. https://doi.org/10.1073/pnas.0409872102

Fauci AS, Mavilio D, Kaottilil S. NK cells in HIV infection: paradigm for protection or
targets for ambush. Nat Rev  Immunol. 2005 Nov;5(11):835-43.
https://doi.org/10.1038/nril711

Mavilio D, Lombardo G, Kinter A, Fogli M, La Sala A, Ortolano S, et al.
Characterization of the defective interaction between a subset of natural killer cells and
dendritic cells in HIV-1 infection. J Exp Med. 2006 Oct 2;203(10):2339-50.
https://doi.org/10.1084/jem.20060894

24



701
702

703
704

705
706
707
708

709
710
711
712

713
714
715
716
717

718
719
720
721

722
723
724
725

726
727
728

729
730
731
732

733
734
735

736
737
738
739

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Martin MP, Carrington M. Natural killer cells and HIV-1 disease. Curr Opin HIVV AIDS.
2006 May;1(3):226-31. https://doi.org/10.1097/01.COH.0000221597.79906.f6

Zhao C, Zhao W. NLRP3 Inflammasome—A Key Player in Antiviral Responses. Front
Immunol. 2020;11:211. https://doi.org/10.3389/fimmu.2020.00211

Alter G, Rihn S, Walter K, Nolting A, Martin M, Rosenberg ES, et al. HLA class |
subtype-dependent expansion of KIR3DS1+ and KIR3DL1+ NK cells during acute
human immunodeficiency virus type 1 infection. J Virol. 2009 Jul;83(13):6798-805.
https://doi.org/10.1128/JV1.00256-09

De Maria A, Fogli M, Costa P, Murdaca G, Puppo F, Mavilio D, et al. The impaired NK
cell cytolytic function in viremic HIV-1 infection is associated with a reduced surface
expression of natural cytotoxicity receptors (NKp46, NKp30 and NKp44). Eur J
Immunol. 2003 Sep;33(9):2410-8. https://doi.org/10.1002/eji.200324141

Azzoni L, Papasavvas E, Chehimi J, Kostman JR, Mounzer K, Ondercin J, et al.
Sustained impairment of IFN-gamma secretion in suppressed HIV-infected patients
despite mature NK cell recovery: evidence for a defective reconstitution of innate
immunity. J Immunol Baltim Md 1950. 2002 Jun 1;168(11):5764—70.
https://doi.org/10.4049/jimmunol.168.11.5764

Bozzano F, Nasi M, Bertoncelli L, Nemes E, Prati F, Marras F, et al. NK-cell phenotype
at interruption underlies widely divergent duration of CD4+-guided antiretroviral
treatment interruption. Int Immunol. 2011 Feb;23(2):109-18.
https://doi.org/10.1093/intimm/dxq462

Hearps AC, Martin GE, Angelovich TA, Cheng W-J, Maisa A, Landay AL, et al. Aging
is associated with chronic innate immune activation and dysregulation of monocyte
phenotype and function. Aging Cell. 2012;11(5):867—75. https://doi.org/10.1111/].1474-
9726.2012.00851.x

Seidler S, Zimmermann HW, Bartneck M, Trautwein C, Tacke F. Age-dependent
alterations of monocyte subsets and monocyte-related chemokine pathways in healthy
adults. BMC Immunol. 2010 Jun 21;11:30. https://doi.org/10.1186/1471-2172-11-30

Jaworowski A, Ellery P, Maslin CL, Naim E, Heinlein AC, Ryan CE, et al. Normal
CD16 expression and phagocytosis of Mycobacterium avium complex by monocytes
from a current cohort of HIV-1-infected patients. J Infect Dis. 2006 Mar 1;193(5):693—
7. https://doi.org/10.1086/500367

Crowe SM, Westhorpe CLV, Mukhamedova N, Jaworowski A, Sviridov D, Bukrinsky
M. The macrophage: the intersection between HIV infection and atherosclerosis. J
Leukoc Biol. 2010 Apr;87(4):589-98. https://doi.org/10.1189/j1b.0809580

Ancuta P, Kamat A, Kunstman KJ, Kim E-Y, Autissier P, Wurcel A, et al. Microbial
translocation is associated with increased monocyte activation and dementia in AIDS
patients. PloS One. 2008 Jun 25;3(6):e2516.
https://doi.org/10.1371/journal.pone.0002516

25



740
741
742
743
744

745
746
747
748

749
750
751

752
753
754
755

756
757
758

759
760
761
762

763
764
765
766

767
768
769

770
771
772
773
774

775
776
777
778

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Angelovich TA, Hearps AC, Maisa A, Martin GE, Lichtfuss GF, Cheng W-J, et al.
Viremic and Virologically Suppressed HIV Infection Increases Age-Related Changes to
Monocyte Activation Equivalent to 12 and 4 Years of Aging, Respectively. J Acquir
Immune Defic Syndr 1999. 2015 May 1;69(1):11-7.
https://doi.org/10.1097/QAI1.0000000000000559

Effros RB, Allsopp R, Chiu CP, Hausner MA, Hirji K, Wang L, et al. Shortened
telomeres in the expanded CD28-CD8+ cell subset in HIV disease implicate replicative
senescence in HIV pathogenesis. AIDS Lond Engl. 1996 Jul;10(8):F17-22.
https://doi.org/10.1097/00002030-199607000-00001

Weng N-P, Akbar AN, Goronzy J. CD28(-) T cells: their role in the age-associated
decline of immune function. Trends Immunol. 2009 Jul;30(7):306-12.
https://doi.org/10.1016/}.it.2009.03.013

Brenchley JM, Karandikar NJ, Betts MR, Ambrozak DR, Hill BJ, Crotty LE, et al.
Expression of CD57 defines replicative senescence and antigen-induced apoptotic death
of CD8+ T cells. Blood. 2003 Apr 1;101(7):2711-20. https://doi.org/10.1182/blood-
2002-07-2103

Papagno L, Spina CA, Marchant A, Salio M, Rufer N, Little S, et al. Inmune Activation
and CD8+ T-Cell Differentiation towards Senescence in HIV-1 Infection. PLOS Biol.
2004 Feb 17;2(2):e20. https://doi.org/10.1371/journal.pbio.0020020

Appay V, Fastenackels S, Katlama C, Ait-Mohand H, Schneider L, Guihot A, et al. Old
age and anti-cytomegalovirus immunity are associated with altered T-cell reconstitution
in HIV-1-infected patients.  AIDS. 2011  Sep  24;25(15):1813-22.
https://doi.org/10.1097/QAD.0b013e32834640e6

George VK, Pallikkuth S, Parmigiani A, Alcaide M, Fischl M, Arheart KL, et al. HIV
infection Worsens Age-Associated Defects in Antibody Responses to Influenza
Vaccine. J Infect Dis. 2015 Jun 15;211(12):1959-68.
https://doi.org/10.1093/infdis/jiu840

Bricefio O, Lissina A, Wanke K, Afonso G, von Braun A, Ragon K, et al. Reduced naive
CD8(+) T-cell priming efficacy in elderly adults. Aging Cell. 2016 Feb;15(1):14-21.
https://doi.org/10.1111/acel.12384

Wittkop L, Bitard J, Lazaro E, Neau D, Bonnet F, Mercie P, et al. Effect of
Cytomegalovirus-Induced Immune Response, Self Antigen—Induced Immune Response,
and Microbial Translocation on Chronic Immune Activation in Successfully Treated
HIV Type 1-Infected Patients: The ANRS CO3 Aquitaine Cohort. J Infect Dis. 2013
Feb 15;207(4):622—7. https://doi.org/10.1093/infdis/jis732

Duffau P, Wittkop L, Lazaro E, le Marec F, Cognet C, Blanco P, et al. Association of
immune-activation and senescence markers with non-AIDS-defining comorbidities in
HIV-suppressed patients. AIDS. 2015 Oct 23;29(16):2099-108.
https://doi.org/10.1097/QAD.0000000000000807

26



779
780
781

782
783
784
785

786
787
788
789

790
791
792
793
794

795
796
797

798
799
800
801
802

803
804
805

806
807
808
809
810

811
812
813
814

815
816
817
818
819

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hunt PW, Lee SA, Siedner MJ. Immunologic Biomarkers, Morbidity, and Mortality in
Treated HIV Infection. J Infect Dis. 2016 Oct 1;214 Suppl 2:S44-50.
https://doi.org/10.1093/infdis/jiw275

Tenorio AR, Zheng Y, Bosch RJ, Krishnan S, Rodriguez B, Hunt PW, et al. Soluble
markers of inflammation and coagulation but not T-cell activation predict non-AlIDS-
defining morbid events during suppressive antiretroviral treatment. J Infect Dis. 2014
Oct 15;210(8):1248-59. https://doi.org/10.1093/infdis/jiu254

Han WM, Apornpong T, Kerr SJ, Hiransuthikul A, Gatechompol S, Do T, et al.
CD4/CD8 ratio normalization rates and low ratio as prognostic marker for non-AIDS
defining events among long-term virologically suppressed people living with HIV.
AIDS Res Ther. 2018 Sep 27;15(1):13. https://doi.org/10.1186/s12981-018-0200-4

Trickey A, May MT, Schommers P, Tate J, Ingle SM, Guest JL, et al. CD4:CD8 Ratio
and CD8 Count as Prognostic Markers for Mortality in Human Immunodeficiency
Virus-Infected Patients on Antiretroviral Therapy: The Antiretroviral Therapy Cohort
Collaboration (ART-CC). Clin Infect Dis Off Publ Infect Dis Soc Am. 2017 Sep
15;65(6):959-66. https://doi.org/10.1093/cid/cix466

McBride JA, Striker R. Imbalance in the game of T cells: What can the CD4/CD8 T-cell
ratio tell us about HIV and health? PLOS Pathog. 2017 Nov 2;13(11):e1006624.
https://doi.org/10.1371/journal.ppat.1006624

Sanger CB, Xu Y, Carchman E, Lawson EH, Heise CP, Striker R, et al. Prevalence of
High-Grade Anal Dysplasia and Anal Cancer in Veterans Living With HIV and
CD4/CD8 Ratio as a Marker For Increased Risk: A Regional Retrospective Cohort
Study. Dis Colon Rectum. 2021 Jul 1;64(7):805-11.
https://doi.org/10.1097/DCR.0000000000002009

Castilho JL, Bian A, Jenkins CA, Shepherd BE, Sigel K, Gill MJ, et al. Low CD4/CD8
ratio predicts cancer risk among adults with HIV [Internet]. 2021 Jul [cited 2021 Nov
19] p. 2021.07.21.21260588. https://doi.org/10.1101/2021.07.21.21260588

Chun T-W, Justement JS, Pandya P, Hallahan CW, McLaughlin M, Liu S, et al.
Relationship between the Size of the Human Immunodeficiency Virus Type 1 (HIV-1)
Reservoir in Peripheral Blood CD4+ T Cells and CD4+:CD8+ T Cell Ratios in Aviremic
HIV-1-Infected Individuals Receiving Long-Term Highly Active Antiretroviral
Therapy. J Infect Dis. 2002 Jun 1;185(11):1672—6. https://doi.org/10.1086/340521

Hocqueloux L, Avettand-Fenoél V, Jacquot S, Prazuck T, Legac E, Mélard A, et al.
Long-term antiretroviral therapy initiated during primary HIV-1 infection is key to
achieving both low HIV reservoirs and normal T cell counts. J Antimicrob Chemother.
2013 May;68(5):1169-78. https://doi.org/10.1093/jac/dks533

Hadrup SR, Strindhall J, Kgllgaard T, Seremet T, Johansson B, Pawelec G, et al.
Longitudinal studies of clonally expanded CD8 T cells reveal a repertoire shrinkage
predicting mortality and an increased number of dysfunctional cytomegalovirus-specific
T cells in the very elderly. J Immunol Baltim Md 1950. 2006 Feb 15;176(4):2645-53.
https://doi.org/10.4049/jimmunol.176.4.2645

27



820
821

822
823
824
825

826
827

828
829
830
831

832
833
834

835
836
837
838

839
840
841

842
843
844

845
846

847
848

849
850
851
852

853
854

855
856
857

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Appay V, Sauce D. Immune activation and inflammation in HIV-1 infection: causes and
consequences. J Pathol. 2008 Jan;214(2):231-41. https://doi.org/10.1002/path.2276

Ballegaard V, Brandstrup P, Pedersen KK, Kirkby N, Stryhn A, Ryder LP, et al.
Cytomegalovirus-specific T-cells are associated with immune senescence, but not with
systemic inflammation, in people living with HIV. Sci Rep. 2018 Feb 28;8(1):3778.
https://doi.org/10.1038/s41598-018-21347-4

Dock JN, Effros RB. Role of CD8 T Cell Replicative Senescence in Human Aging and
in HIV-mediated Immunosenescence. Aging Dis. 2011 Oct;2(5):382-97.

Olsson J, Wikby A, Johansson B, Lofgren S, Nilsson BO, Ferguson FG. Age-related
change in peripheral blood T-lymphocyte subpopulations and cytomegalovirus infection
in the very old: the Swedish longitudinal OCTO immune study. Mech Ageing Dev. 2000
Dec 20;121(1-3):187-201. https://doi.org/10.1016/s0047-6374(00)00210-4

Blanco J-R, Negredo E, Bernal E, Blanco J. Impact of HIV infection on aging and
immune status. Expert Rev Anti Infect Ther. 2021 Jun 3;19(6):719-31.
https://doi.org/10.1080/14787210.2021.1848546

Cobos Jiménez V, Wit FWNM, Joerink M, Maurer I, Harskamp AM, Schouten J, et al.
T-Cell Activation Independently Associates With Immune Senescence in HIV-Infected
Recipients of Long-term Antiretroviral Treatment. J Infect Dis. 2016 Jul 15;214(2):216—
25. https://doi.org/10.1093/infdis/jiw146

Negredo E, Back D, Blanco J-R, Blanco J, Erlandson KM, Garolera M, et al. Aging in
HIV-Infected Subjects: A New Scenario and a New View. BioMed Res Int.
2017;2017:5897298. https://doi.org/10.1155/2017/5897298

Stockmann M, Schmitz H, Fromm M, Schmidt W, Pauli G, Scholz P, et al. Mechanisms
of epithelial barrier impairment in HIV infection. Ann N Y Acad Sci. 2000;915:293—
303. https://doi.org/10.1111/j.1749-6632.2000.tb05257.x

Lépez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The Hallmarks of
Aging. Cell. 2013 Jun 6;153(6):1194-217. https://doi.org/10.1016/j.cell.2013.05.039

Sohal RS, Orr WC. The redox stress hypothesis of aging. Free Radic Biol Med. 2012
Feb 1;52(3):539-55. https://doi.org/10.1016/j.freeradbiomed.2011.10.445

Bua E, Johnson J, Herbst A, Delong B, McKenzie D, Salamat S, et al. Mitochondrial
DNA-deletion mutations accumulate intracellularly to detrimental levels in aged human
skeletal muscle fibers. Am J Hum Genet. 2006 Sep;79(3):469-80.
https://doi.org/10.1086/507132

Pinto M, Moraes CT. Mechanisms linking mtDNA damage and aging. Free Radic Biol
Med. 2015 Aug;85:250-8. https://doi.org/10.1016/j.freeradbiomed.2015.05.005

Cannizzo ES, Clement CC, Sahu R, Follo C, Santambrogio L. Oxidative stress, inflamm-

aging and immunosenescence. J Proteomics. 2011 Oct 19;74(11):2313-23.
https://doi.org/10.1016/j.jprot.2011.06.005

28



858
859
860

861
862
863

864
865
866

867
868
869
870

871
872
873

874
875
876
877

878
879
880
881

882
883
884

885
886

887
888
889

890
891
892

893
894
895
896

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Green DR, Galluzzi L, Kroemer G. Mitochondria and the autophagy-inflammation-cell
death axis in organismal aging. Science. 2011 Aug 26;333(6046):1109-12.
https://doi.org/10.1126/science.1201940

Ortmeyer HK, Ryan AS, Hafer-Macko C, Oursler KK. Skeletal muscle cellular
metabolism in older HIV-infected men. Physiol Rep. 2016 May;4(9):e12794.
https://doi.org/10.14814/phy2.12794

Gonzalez-Freire M, de Cabo R, Bernier M, Sollott SJ, Fabbri E, Navas P, et al.
Reconsidering the Role of Mitochondria in Aging. J Gerontol A Biol Sci Med Sci. 2015
Nov;70(11):1334-42. https://doi.org/10.1093/gerona/glv070

Perrin S, Cremer J, Faucher O, Reynes J, Dellamonica P, Micallef J, et al. HIV Protease
Inhibitors Do Not Cause the Accumulation of Prelamin A in PBMCs from Patients
Receiving First Line Therapy: The ANRS EP45 “Aging” Study. PLOS ONE. 2012 Dec
28;7(12):e53035. https://doi.org/10.1371/journal.pone.0053035

Schank M, Zhao J, Moorman JP, Yao ZQ. The Impact of HIV- and ART-Induced
Mitochondrial Dysfunction in Cellular Senescence and Aging. Cells. 2021 Jan
16;10(1):174. https://doi.org/10.3390/cells10010174

Notermans DW, de Jong JJ, Goudsmit J, Bakker M, Roos MTL, Nijholt L, et al. Potent
Antiretroviral Therapy Initiates Normalization of Hypergammaglobulinemia and a
Decline in HIV Type 1-Specific Antibody Responses. AIDS Res Hum Retroviruses.
2001 Jul 20;17(11):1003-8. https://doi.org/10.1089/088922201300343681

Vassallo M, Mercié P, Cottalorda J, Ticchioni M, Dellamonica P. The role of
lipopolysaccharide as a marker of immune activation in HIV-1 infected patients: a
systematic literature review. Virol J. 2012 Aug 27;9:174. https://doi.org/10.1186/1743-
422X-9-174

Vujkovic-Cvijin I, Somsouk M. HIV and the Gut Microbiota: Composition,
Consequences, and Avenues for Amelioration. Curr HIV/AIDS Rep. 2019
Jun;16(3):204-13. https://doi.org/10.1007/s11904-019-00441-w

Desai SN, Landay AL. HIV and aging: role of the microbiome. Curr Opin HIV AIDS.
2018 Jan;13(1):22—7. https://doi.org/10.1097/COH.0000000000000433

Liu J, Johnson R, Dillon S, Kroehl M, Frank DN, Tuncil YE, et al. Among older adults,
age-related changes in the stool microbiome differ by HIV-1 serostatus. EBioMedicine.
2019 Feb 1;40:583-94. https://doi.org/10.1016/j.ebiom.2019.01.033

Nowak P, Troseid M, Avershina E, Bargasho B, Neogi U, Holm K, et al. Gut microbiota
diversity predicts immune status in HIV-1 infection. AIDS Lond Engl. 2015 Nov
28;29(18):2409-18. https://doi.org/10.1097/QAD.0000000000000869

Butterfield TR, Landay AL, Anzinger JJ. Dysfunctional Immunometabolism in HIV
Infection: Contributing Factors and Implications for Age-Related Comorbid Diseases.
Curr HIV/AIDS Rep. 2020 Apr;17(2):125-37. https://doi.org/10.1007/s11904-020-
00484-4

29



897
898

899
900
901

902
903
904
905

906
907

908
909

910
911
912
913

914
915

916
917
918
919

920
921

922
923
924

925
926
927
928

929
930
931
932
933

934
935

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Séez-Cirion A, Sereti I. Immunometabolism and HIV-1 pathogenesis: food for thought.
Nat Rev Immunol. 2021 Jan;21(1):5-19. https://doi.org/10.1038/s41577-020-0381-7

Hsu DC, Sereti I. Serious Non-AIDS Events: Therapeutic Targets of Immune Activation
and Chronic Inflammation in HIV infection. Drugs. 2016 Apr;76(5):533-49.
https://doi.org/10.1007/s40265-016-0546-7

Moore JX, Chaudhary N, Akinyemiju T. Metabolic Syndrome Prevalence by
Race/Ethnicity and Sex in the United States, National Health and Nutrition Examination
Survey, 1988-2012. Prev Chronic Dis. 2017 Mar 16;14:E24.
https://doi.org/10.5888/pcd14.160287

Oh J, Hegele RA. HIV-associated dyslipidaemia: pathogenesis and treatment. Lancet
Infect Dis. 2007 Dec;7(12):787-96. https://doi.org/10.1016/S1473-3099(07)70287-6

Gerriets VA, Rathmell JC. Metabolic pathways in T cell fate and function. Trends
Immunol. 2012 Apr;33(4):168-73. https://doi.org/10.1016/.it.2012.01.010

Diaz M, Fabelo N, Ferrer I, Marin R. “Lipid raft aging” in the human frontal cortex
during nonpathological aging: gender influences and potential implications in
Alzheimer’s disease. Neurobiol Aging. 2018 Jul;67:42-52.
https://doi.org/10.1016/j.neurobiolaging.2018.02.022

Ganeshan K, Chawla A. Metabolic regulation of immune responses. Annu Rev
Immunol. 2014;32:609-34. https://doi.org/10.1146/annurev-immunol-032713-120236

Sviridov D, Mukhamedova N, Makarov AA, Adzhubei A, Bukrinsky M. Comorbidities
of HIV infection: role of Nef-induced impairment of cholesterol metabolism and lipid
raft ~ functionality. AIDS Lond Engl. 2020  Jan 1;34(1):1-13.
https://doi.org/10.1097/QAD.0000000000002385

Falutz J. Management of fat accumulation in patients with HIV infection. Curr
HIV/AIDS Rep. 2011 Sep;8(3):200-8. https://doi.org/10.1007/s11904-011-0087-3

Bailin SS, Gabriel CL, Wanjalla CN, Koethe JR. Obesity and Weight Gain in Persons
with HIV. Curr HIV/AIDS Rep. 2020 Apr;17(2):138-50.
https://doi.org/10.1007/s11904-020-00483-5

Godfrey C, Bremer A, Alba D, Apovian C, Koethe JR, Koliwad S, et al. Obesity and Fat
Metabolism  in  Human  Immunodeficiency  Virus—Infected  Individuals:
Immunopathogenic Mechanisms and Clinical Implications. J Infect Dis. 2019 Jul
2;220(3):420-31. https://doi.org/10.1093/infdis/jiz118

Bowman ER, Kulkarni M, Gabriel J, Cichon MJ, Riedl K, Belury MA, et al. Altered
Lipidome Composition Is Related to Markers of Monocyte and Immune Activation in
Antiretroviral Therapy Treated Human Immunodeficiency Virus (HIV) Infection and in
Uninfected Persons. Front Immunol. 2019 Apr 16;10:785.
https://doi.org/10.3389/fimmu.2019.00785

Friis-Mgller N, Ryom L, Smith C, Weber R, Reiss P, Dabis F, et al. An updated
prediction model of the global risk of cardiovascular disease in HIV-positive persons:

30



936
937

938
939
940

941
942

943
944
945
946

947
948
949
950

951
952

953
954
955

956
957
958
959

960
961

962
963

964
965

966
967

968
969
970

971
972

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

The Data-collection on Adverse Effects of Anti-HIV Drugs (D:A:D) study. Eur J Prev
Cardiol. 2016 Jan;23(2):214-23. https://doi.org/10.1177/2047487315579291

Ergin HE, Inga EE, Maung TZ, Javed M, Khan S. HIV, Antiretroviral Therapy and
Metabolic  Alterations: A Review. Cureus. 2020 May 11;12(5):e8059.
https://doi.org/10.7759/cureus.8059

Blackburn EH. Switching and signaling at the telomere. Cell. 2001 Sep 21;106(6):661—
73. https://doi.org/10.1016/s0092-8674(01)00492-5

Hotchkiss G, Pehrson PO, Larsson S, Ahrlund-Richter L, Britton S. Telomere loss in
peripheral blood mononuclear cells may be moderately accelerated during highly active
antiretroviral therapy (HAART). J Acquir Immune Defic Syndr 1999. 1999 Dec
15;22(5):445-52. https://doi.org/10.1097/00126334-199912150-00004

Wolthers KC, Bea G, Wisman A, Otto SA, de Roda Husman AM, Schaft N, et al. T cell
telomere length in HIV-1 infection: no evidence for increased CD4+ T cell turnover.
Science. 1996 Nov 29;274(5292):1543-7.
https://doi.org/10.1126/science.274.5292.1543

Effros RB. Telomeres and HIV disease. Microbes Infect. 2000 Jan;2(1):69-76.
https://doi.org/10.1016/s1286-4579(00)00283-5

Pommier JP, Gauthier L, Livartowski J, Galanaud P, Boué F, Dulioust A, et al.
Immunosenescence in HIV pathogenesis. Virology. 1997 Apr 28;231(1):148-54.
https://doi.org/10.1006/viro.1997.8512

ENCODE Project Consortium, Birney E, Stamatoyannopoulos JA, Dutta A, Guigé R,
Gingeras TR, et al. Identification and analysis of functional elements in 1% of the human
genome by the ENCODE pilot project. Nature. 2007 Jun 14;447(7146):799-816.
https://doi.org/10.1038/nature05874

Rodriguez-Rodero S, Fernandez-Morera JL, Fernandez AF, Menéndez-Torre E, Fraga
MF. Epigenetic regulation of aging. Discov Med. 2010 Sep;10(52):225-33.

Horvath S. DNA methylation age of human tissues and cell types. Genome Biol. 2013
Dec 10;14(10):3156. https://doi.org/10.1186/gb-2013-14-10-r115

Pal S, Tyler JK. Epigenetics and aging. Sci Adv. 2016 Jul;2(7):e1600584.
https://doi.org/10.1126/sciadv.1600584

Sen P, Shah PP, Nativio R, Berger SL. Epigenetic Mechanisms of Longevity and Aging.
Cell. 2016 Aug 11;166(4):822—39. https://doi.org/10.1016/j.cell.2016.07.050

Gonzalo S, Jaco I, Fraga MF, Chen T, Li E, Esteller M, et al. DNA methyltransferases
control telomere length and telomere recombination in mammalian cells. Nat Cell Biol.
2006 Apr;8(4):416-24. https://doi.org/10.1038/nch1386

Medzhitov R, Horng T. Transcriptional control of the inflammatory response. Nat Rev
Immunol. 2009 Oct;9(10):692—703. https://doi.org/10.1038/nri2634

31



973
974

975
976
977

978
979
980

981
982
983
984

985
986

987
088
989

990
991
992

993
994

995
996
997
998

999
1000

1001
1002
1003

1004
1005

1006
1007

1008
1009

118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

Mufioz-Najar U, Sedivy JM. Epigenetic control of aging. Antioxid Redox Signal. 2011
Jan 15;14(2):241-59. https://doi.org/10.1089/ars.2010.3250

Urdinguio RG, Sanchez-Mut JV, Esteller M. Epigenetic mechanisms in neurological
diseases: genes, syndromes, and therapies. Lancet Neurol. 2009 Nov;8(11):1056-72.
https://doi.org/10.1016/S1474-4422(09)70262-5

Horvath S, Levine AJ. HIV-1 Infection Accelerates Age According to the Epigenetic
Clock. J Infect Dis. 2015 Nov 15;212(10):1563-73.
https://doi.org/10.1093/infdis/jiv277

Gross AM, Jaeger PA, Kreisberg JF, Licon K, Jepsen KL, Khosroheidari M, et al.
Methylome-wide Analysis of Chronic HIV Infection Reveals Five-Year Increase in
Biological Age and Epigenetic Targeting of HLA. Mol Cell. 2016 Apr 21;62(2):157-68.
https://doi.org/10.1016/j.molcel.2016.03.019

Abdel-Hameed EA, Ji H, Shata MT. HIV-Induced Epigenetic Alterations in Host Cells.
Adv Exp Med Biol. 2016;879:27-38. https://doi.org/10.1007/978-3-319-24738-0_2

Lange UC, Verdikt R, Ait-Ammar A, Van Lint C. Epigenetic crosstalk in chronic
infection with  HIV-1. Semin Immunopathol. 2020 Apr;42(2):187-200.
https://doi.org/10.1007/s00281-020-00783-3

Mahley RW, Rall SC. Apolipoprotein E: far more than a lipid transport protein. Annu
Rev Genomics Hum Genet. 2000;1:507-37.
https://doi.org/10.1146/annurev.genom.1.1.507

van der Horst A, Burgering BMT. Stressing the role of FoxO proteins in lifespan and
disease. Nat Rev Mol Cell Biol. 2007 Jun;8(6):440-50. https://doi.org/10.1038/nrm2190

Wendelken LA, Jahanshad N, Rosen HJ, Busovaca E, Allen I, Coppola G, et al. ApoE
€4 is Associated with Cognition, Brain Integrity and Atrophy in HIV Over Age 60. J
Acquir  Immune  Defic  Syndr 1999. 2016 Dec  1;73(4):426-32.
https://doi.org/10.1097/QAI1.0000000000001091

Hamdan Y, Mazini L, Malka G. Exosomes and Micro-RNAs in Aging Process.
Biomedicines. 2021 Aug 6;9(8):968. https://doi.org/10.3390/biomedicines9080968

Lananna BV, Imai S-l. Friends and foes: Extracellular vesicles in aging and
rejuvenation. FASEB BioAdvances. 2021 Oct;3(10):787-801.
https://doi.org/10.1096/fba.2021-00077

Chen J, Li C, Li R, Chen H, Chen D, Li W. Exosomes in HIV infection. Curr Opin HIV
AIDS. 2021 Sep 1;16(5):262—70. https://doi.org/10.1097/COH.0000000000000694

Deeks SG. Immune dysfunction, inflammation, and accelerated aging in patients on
antiretroviral therapy. Top HIV Med Publ Int AIDS Soc USA. 2009 Oct;17(4):118-23.

Guaraldi G, Orlando G, Zona S, Menozzi M, Carli F, Garlassi E, et al. Premature age-
related comorbidities among HIV-infected persons compared with the general

32



1010
1011

1012
1013
1014

1015
1016
1017

1018
1019
1020
1021

1022
1023
1024
1025
1026

1027
1028
1029

1030
1031
1032
1033

1034
1035
1036

1037
1038
1039

1040
1041
1042
1043

1044
1045
1046
1047

1048
1049

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

population. Clin Infect Dis Off Publ Infect Dis Soc Am. 2011 Dec;53(11):1120-6.
https://doi.org/10.1093/cid/cir627

Lagathu C, Eustace B, Prot M, Frantz D, Gu Y, Bastard J-P, et al. Some HIV
antiretrovirals increase oxidative stress and alter chemokine, cytokine or adiponectin
production in human adipocytes and macrophages. Antivir Ther. 2007;12(4):489-500.

Caron-Debarle M, Lagathu C, Boccara F, Vigouroux C, Capeau J. HIV-associated
lipodystrophy: from fat injury to premature aging. Trends Mol Med. 2010
May;16(5):218-29. https://doi.org/10.1016/j.molmed.2010.03.002

Lefevre C, Auclair M, Boccara F, Bastard J-P, Capeau J, Vigouroux C, et al. Premature
Senescence of Vascular Cells Is Induced by HIV Protease Inhibitors. Arterioscler
Thromb Vasc Biol. 2010 Dec 1;30(12):2611-20.
https://doi.org/10.1161/ATVBAHA.110.213603

Schouten J, Wit FW, Stolte IG, Kootstra NA, van der Valk M, Geerlings SE, et al. Cross-
sectional comparison of the prevalence of age-associated comorbidities and their risk
factors between HIV-infected and uninfected individuals: the AGEhIV cohort study.
Clin Infect Dis Off Publ Infect Dis Soc Am. 2014 Dec 15;59(12):1787-97.
https://doi.org/10.1093/cid/ciu701

Christensen S, Wolf E, Altevers J, Diaz-Cuervo H. Comorbidities and costs in HIV
patients: A retrospective claims database analysis in Germany. PLOS ONE. 2019 Nov
6;14(11):e0224279. https://doi.org/10.1371/journal.pone.0224279

Tseng A, Szadkowski L, Walmsley S, Salit I, Raboud J. Association of age with
polypharmacy and risk of drug interactions with antiretroviral medications in HIV-
positive patients. Ann Pharmacother. 2013 Nov;47(11):1429-39.
https://doi.org/10.1177/1060028013504075

Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. Frailty in
older adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci. 2001
Mar;56(3):M146-156. https://doi.org/10.1093/gerona/56.3.m146

Piggott DA, Erlandson KM, Yarasheski KE. Frailty in HIV: Epidemiology, Biology,
Measurement, Interventions, and Research Needs. Curr HIV/AIDS Rep. 2016
Dec;13(6):340-8. https://doi.org/10.1007/s11904-016-0334-8

Blanco J-R, Barrio I, Ramalle-Gomara E, Beltran MI, Ibarra V, Metola L, et al. Gender
differences for frailty in HIV-infected patients on stable antiretroviral therapy and with
an undetectable viral load. PloS One. 2019;14(5):e0215764.
https://doi.org/10.1371/journal.pone.0215764

Schrack JA, Althoff KN, Jacobson LP, Erlandson KM, Jamieson BD, Koletar SL, et al.
Accelerated Longitudinal Gait Speed Decline in HIV-Infected Older Men. J Acquir
Immune Defic Syndr 1999. 2015 Dec 1;70(4):370-6.
https://doi.org/10.1097/QA1.0000000000000731

Desquilbet L, Jacobson LP, Fried LP, Phair JP, Jamieson BD, Holloway M, et al. HIV-
1 infection is associated with an earlier occurrence of a phenotype related to frailty. J

33



1050
1051

1052
1053
1054

1055
1056
1057

1058
1059
1060

1061
1062
1063

1064
1065
1066

1067
1068
1069

1070
1071
1072

1073
1074
1075
1076

1077
1078
1079

1080
1081
1082
1083
1084

1085
1086

1087
1088

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Gerontol A Biol Sci Med Sci. 2007 Nov;62(11):1279-86.
https://doi.org/10.1093/gerona/62.11.1279

Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere O, Cederholm T, et al. Sarcopenia:
revised European consensus on definition and diagnosis. Age Ageing. 2019 Jan
1;48(1):16-31. https://doi.org/10.1093/ageing/afy169

Bhanji RA, Narayanan P, Allen AM, Malhi H, Watt KD. Sarcopenia in hiding: The risk
and consequence of underestimating muscle dysfunction in nonalcoholic steatohepatitis.
Hepatol Baltim Md. 2017 Dec;66(6):2055-65. https://doi.org/10.1002/hep.29420

Garcia M, Seelaender M, Sotiropoulos A, Coletti D, Lancha AH. Vitamin D, muscle
recovery, sarcopenia, cachexia, and muscle atrophy. Nutr Burbank Los Angel Cty Calif.
2019 Apr;60:66-9. https://doi.org/10.1016/j.nut.2018.09.031

Marzetti E, Calvani R, Tosato M, Cesari M, Di Bari M, Cherubini A, et al. Physical
activity and exercise as countermeasures to physical frailty and sarcopenia. Aging Clin
Exp Res. 2017 Feb;29(1):35-42. https://doi.org/10.1007/s40520-016-0705-4

Bonato M, Turrini F, Galli L, Banfi G, Cinque P. The Role of Physical Activity for the
Management of Sarcopenia in People Living with HIV. Int J Environ Res Public Health.
2020 Feb;17(4):1283. https://doi.org/10.3390/ijerph17041283

Yarasheski KE, Scherzer R, Kotler DP, Dobs AS, Tien PC, Lewis CE, et al. Age-related
skeletal muscle decline is similar in HIVV-infected and uninfected individuals. J Gerontol
A Biol Sci Med Sci. 2011 Mar;66(3):332-40. https://doi.org/10.1093/gerona/glq228

Echeverria P, Bonjoch A, Puig J, Estany C, Ornelas A, Clotet B, et al. High Prevalence
of Sarcopenia in HIV-Infected Individuals. BioMed Res Int. 2018;2018:5074923.
https://doi.org/10.1155/2018/5074923

Bonjoch A, Figueras M, Estany C, Perez-Alvarez N, Rosales J, del Rio L, et al. High
prevalence of and progression to low bone mineral density in HIV-infected patients: a
longitudinal cohort study. AIDS Lond Engl. 2010 Nov 27;24(18):2827-33.
https://doi.org/10.1097/QAD.0b013e328340a28d

McGinty T, Mirmonsef P, Mallon PWG, Landay AL. Does systemic inflammation and
immune activation contribute to fracture risk in HIV? Curr Opin HIV AIDS. 2016
May;11(3):253-60. https://doi.org/10.1097/COH.0000000000000275

Fakruddin JM, Laurence J. HIV envelope gpl20-mediated regulation of
osteoclastogenesis via receptor activator of nuclear factor kappa B ligand (RANKL)
secretion and its modulation by certain HIV protease inhibitors through interferon-
gamma/RANKL cross-talk. J Biol Chem. 2003 Nov 28;278(48):48251-8.
https://doi.org/10.1074/jbc.M304676200

Ginaldi L, Di Benedetto MC, De Martinis M. Osteoporosis, inflammation and ageing.
Immun Ageing A. 2005 Nov 4;2:14. https://doi.org/10.1186/1742-4933-2-14

Glidden DV, Mulligan K, McMahan V, Anderson PL, Guanira J, Chariyalertsak S, et al.
Recovery of Bone Mineral Density Following Discontinuation of Tenofovir-Based HIV

34



1089
1090

1091
1092
1093
1094

1095
1096
1097

1098
1099
1100

1101
1102
1103
1104

1105
1106
1107

1108
1109
1110
1111

1112
1113
1114

1115
1116
1117

1118
1119
1120

1121
1122
1123
1124

1125
1126
1127
1128

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Pre-Exposure Prophylaxis. J Acquir Immune Defic Syndr 1999. 2017 Oct 1;76(2):177—
82. https://doi.org/10.1097/QAI1.0000000000001475

Shah ASV, Stelzle D, Lee KK, Beck EJ, Alam S, Clifford S, et al. Global Burden of
Atherosclerotic Cardiovascular Disease in People Living With HIV: Systematic Review
and Meta-Analysis. Circulation. 2018 Sep 11;138(11):1100-12.
https://doi.org/10.1161/CIRCULATIONAHA.117.033369

McGettrick P, Mallon PWG, Sabin CA. Cardiovascular disease in HIV patients: recent
advances in predicting and managing risk. Expert Rev Anti Infect Ther. 2020
Jul;18(7):677-88. https://doi.org/10.1080/14787210.2020.1757430

Kaplan RC, Sinclair E, Landay AL, Lurain N, Sharrett AR, Gange SJ, et al. T cell
activation and senescence predict subclinical carotid artery disease in HIV-infected
women. J Infect Dis. 2011 Feb 15;203(4):452—63. https://doi.org/10.1093/infdis/jiq071

Butt AA, Chang C-C, Kuller L, Goetz MB, Leaf D, Rimland D, et al. Risk of Heart
Failure With Human Immunodeficiency Virus in the Absence of Prior Diagnosis of
Coronary Heart Disease. Arch Intern Med. 2011 Apr 25;171(8):737-43.
https://doi.org/10.1001/archinternmed.2011.151

Freiberg MS, Chang C-CH, Kuller LH, Skanderson M, Lowy E, Kraemer KL, et al. HIV
infection and the risk of acute myocardial infarction. JAMA Intern Med. 2013 Apr
22;173(8):614-22. https://doi.org/10.1001/jamainternmed.2013.3728

Westhorpe CLV, Maisa A, Spelman T, Hoy JF, Dewar EM, Karapanagiotidis S, et al.
Associations between surface markers on blood monocytes and carotid atherosclerosis
in  HIV-positive individuals. Immunol Cell Biol. 2014 Feb;92(2):133-8.
https://doi.org/10.1038/icb.2013.84

Ballocca F, D’Ascenzo F, Gili S, Grosso Marra W, Gaita F. Cardiovascular disease in
patients with HIV. Trends Cardiovasc Med. 2017 Nov;27(8):558-63.
https://doi.org/10.1016/j.tcm.2017.06.005

Naftalin C, Nathan B, Hamzah L, Post FA. HIVV-associated kidney disease in the context
of an aging population. Sex Health. 2011 Dec;8(4):485-92.
https://doi.org/10.1071/SH10146

Abraham AG, Althoff KN, Jing Y, Estrella MM, Kitahata MM, Wester CW, et al. End-
Stage Renal Disease Among HIV-Infected Adults in North America. Clin Infect Dis Off
Publ Infect Dis Soc Am. 2015 Mar 15;60(6):941-9. https://doi.org/10.1093/cid/ciu919

Chen P, Chen BK, Mosoian A, Hays T, Ross MJ, Klotman PE, et al. Virological
synapses allow HIV-1 uptake and gene expression in renal tubular epithelial cells. J Am
Soc Nephrol JASN. 2011 Mar;22(3):496-507.
https://doi.org/10.1681/ASN.2010040379

Mocroft A, Kirk O, Reiss P, De Wit S, Sedlacek D, Beniowski M, et al. Estimated
glomerular filtration rate, chronic kidney disease and antiretroviral drug use in HIV-
positive  patients. AIDS Lond Engl. 2010 Jul 17;24(11):1667-78.
https://doi.org/10.1097/QAD.0b013e328339fe53

35



1129
1130
1131

1132
1133
1134
1135

1136
1137
1138
1139

1140
1141
1142
1143

1144
1145
1146

1147
1148
1149
1150

1151
1152
1153
1154

1155
1156
1157
1158

1159
1160
1161
1162

1163
1164
1165
1166

1167
1168

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Ances BM, Christensen JJ, Teshome M, Taylor J, Xiong C, Aldea P, et al. Cognitively
unimpaired HIV-positive subjects do not have increased 11C-PiB: a case-control study.
Neurology. 2010 Jul 13;75(2):111-5. https://doi.org/10.1212/WNL.0b013e3181e7b66e

Heaton RK, Franklin DR, Ellis RJ, McCutchan JA, Letendre SL, LeBlanc S, et al. HIV-
associated neurocognitive disorders before and during the era of combination
antiretroviral therapy: differences in rates, nature, and predictors. J Neurovirol.
2011;17(1):3-16. https://doi.org/10.1007/s13365-010-0006-1

Sartori AC, Vance DE, Slater LZ, Crowe M. The Impact of Inflammation on Cognitive
Function in Older Adults: Implications for Health Care Practice and Research. J
Neurosci Nurs. 2012 Aug;44(4):206-17.
https://doi.org/10.1097/JNN.0b013e3182527690

Caligaris G, Trunfio M, Ghisetti V, Cusato J, Nigra M, Atzori C, et al. Blood-Brain
Barrier Impairment in Patients Living with HIV: Predictors and Associated Biomarkers.
Diagn Basel Switz. 2021 May 12;11(5):867.
https://doi.org/10.3390/diagnostics11050867

Mackiewicz M (Mack), Overk C, Achim CL, Masliah E. Pathogenesis of Age-Related
HIV Neurodegeneration. J Neurovirol. 2019 Oct;25(5):622-33.
https://doi.org/10.1007/s13365-019-00728-z

Sauce D, Pourcher V, Ferry T, Boddaert J, Slama L, Allavena C. Immune activation and
chronic inflammation: Is there an additional effect of HIV in a geriatric population?
Medicine (Baltimore). 2021 Apr 30;100(17):e25678.
https://doi.org/10.1097/MD.0000000000025678

Hattab S, Guihot A, Guiguet M, Fourati S, Carcelain G, Caby F, et al. Comparative
impact of antiretroviral drugs on markers of inflammation and immune activation during
the first two years of effective therapy for HIV-1 infection: an observational study. BMC
Infect Dis. 2014 Mar 4;14:122. https://doi.org/10.1186/1471-2334-14-122

Asmuth DM, Ma Z-M, Albanese A, Sandler NG, Devaraj S, Knight TH, et al. Oral
serum-derived bovine immunoglobulin improves duodenal immune reconstitution and
absorption function in patients with HIV enteropathy. AIDS Lond Engl. 2013 Sep
10;27(14):2207-17. https://doi.org/10.1097/QAD.0b013e328362e54¢

O’Brien M, Montenont E, Hu L, Nardi MA, Valdes V, Merolla M, et al. Aspirin
attenuates platelet activation and immune activation in HIV-1-infected subjects on
antiretroviral therapy: a pilot study. J Acquir Immune Defic Syndr 1999. 2013 Jul
1,;63(3):280-8. https://doi.org/10.1097/QAI.0b013e31828a292¢

Lahey TP, Loisel SD, Wieland-Alter W. Glucocorticoid-Induced Tumor Necrosis Factor
Receptor Family-Related Protein Triggering Enhances HIV-Specific CD4+ T Cell
Cytokine Secretion and Protects HIV-Specific CD4+ T Cells from Apoptosis. J Infect
Dis. 2007 Jul 1;196(1):43-9. https://doi.org/10.1086/518613

Kasang C, Ulmer A, Donhauser N, Schmidt B, Stich A, Klinker H, et al. HIV patients
treated with low-dose prednisolone exhibit lower immune activation than untreated

36



1169
1170

1171
1172
1173
1174

1175
1176
1177

1178
1179
1180
1181
1182

1183
1184
1185
1186

1187
1188
1189
1190

1191
1192
1193
1194

1195
1196
1197
1198

1199
1200
1201
1202
1203

1204
1205
1206

1207
1208

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

patients. BMC Infect Dis. 2012 Jan 20;12(1):14. https://doi.org/10.1186/1471-2334-12-
14

Piconi S, Parisotto S, Rizzardini G, Passerini S, Terzi R, Argenteri B, et al.
Hydroxychloroquine drastically reduces immune activation in HIV-infected,
antiretroviral therapy-treated immunologic nonresponders. Blood. 2011 Sep
22;118(12):3263-72. https://doi.org/10.1182/blood-2011-01-329060

Prasad S, Tyagi AK. Curcumin and its analogues: a potential natural compound against
HIV  infection and AIDS. Food Funct. 2015 Nov;6(11):3412-9.
https://doi.org/10.1039/c5f000485¢

Byakwaga H, Kelly M, Purcell DFJ, French MA, Amin J, Lewin SR, et al. Intensification
of Antiretroviral Therapy With Raltegravir or Addition of Hyperimmune Bovine
Colostrum in HIV-Infected Patients With Suboptimal CD4+ T-Cell Response: A
Randomized Controlled Trial. J Infect Dis. 2011 Nov 15;204(10):1532-40.
https://doi.org/10.1093/infdis/jir559

Tenorio AR, Chan ES, Bosch RJ, Macatangay BJC, Read SW, Yesmin S, et al.
Rifaximin has a marginal impact on microbial translocation, T-cell activation and
inflammation in HIVV-positive immune non-responders to antiretroviral therapy - ACTG
A5286. J Infect Dis. 2015 Mar 1;211(5):780-90. https://doi.org/10.1093/infdis/jiu515

d’Ettorre G, Ceccarelli G, Giustini N, Serafino S, Calantone N, Girolamo GD, et al.
Probiotics Reduce Inflammation in Antiretroviral Treated, HIV-Infected Individuals:
Results of the “Probio-HIV” Clinical Trial. PLOS ONE. 2015 Sep 16;10(9):e0137200.
https://doi.org/10.1371/journal.pone.0137200

Yang OO, Kelesidis T, Cordova R, Khanlou H. Immunomodulation of antiretroviral
drug-suppressed chronic HIV-1 infection in an oral probiotic double-blind placebo-
controlled trial. AIDS Res Hum Retroviruses. 2014 Oct;30(10):988-95.
https://doi.org/10.1089/A1D.2014.0181

Hunt PW, Martin JN, Sinclair E, Epling L, Teague J, Jacobson MA, et al. VValganciclovir
reduces T cell activation in HIV-infected individuals with incomplete CD4+ T cell
recovery on antiretroviral therapy. J Infect Dis. 2011 May 15;203(10):1474-83.
https://doi.org/10.1093/infdis/jir060

Yi TJ, Walmsley S, Szadkowski L, Raboud J, Rajwans N, Shannon B, et al. A
randomized controlled pilot trial of valacyclovir for attenuating inflammation and
immune activation in HIV/herpes simplex virus 2-coinfected adults on suppressive
antiretroviral therapy. Clin Infect Dis Off Publ Infect Dis Soc Am. 2013
Nov;57(9):1331-8. https://doi.org/10.1093/cid/cit539

Redd AD, Newell K, Patel EU, Nalugoda F, Ssebbowa P, Kalibbala S, et al. Decreased
monocyte activation with daily acyclovir use in HIV-1/HSV-2 coinfected women. Sex
Transm Infect. 2015 Nov;91(7):485-8. https://doi.org/10.1136/sextrans-2014-051867

Erlandson KM, Jiang Y, Debanne SM, McComsey GA. Effects of randomized
rosuvastatin compared with placebo on bone and body composition among HIV-infected

37



1209
1210

1211
1212
1213
1214
1215

1216
1217
1218
1219

1220
1221
1222
1223

1224
1225
1226
1227

1228
1229
1230

1231
1232
1233
1234

1235
1236
1237
1238

1239
1240
1241

1242
1243

1244
1245
1246

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

adults. AIDS Lond Engl. 2015 Jan 14;29(2):175-82.
https://doi.org/10.1097/QAD.0000000000000526

Nakanjako D, Ssinabulya I, Nabatanzi R, Bayigga L, Kiragga A, Joloba M, et al.
Atorvastatin reduces T-cell activation and exhaustion among HIV-infected cART-
treated suboptimal immune responders in Uganda: a randomised crossover placebo-
controlled trial. Trop Med Int Health TM IH. 2015 Mar;20(3):380-90.
https://doi.org/10.1111/tmi.12442

Montoya CJ, Higuita EA, Estrada S, Gutierrez FJ, Amariles P, Giraldo NA, et al.
Randomized clinical trial of lovastatin in HIV-infected, HAART naive patients
(NCT00721305). J Infect. 2012 Dec;65(6):549-58.
https://doi.org/10.1016/j.jinf.2012.10.016

Best C, Struthers H, Laciny E, Royal M, Reeds DN, Yarasheski KE. Sitagliptin Reduces
Inflammation and Chronic Immune Cell Activation in HIV+ Adults With Impaired
Glucose Tolerance. J Clin Endocrinol Metab. 2015 Jul;100(7):2621-9.
https://doi.org/10.1210/jc.2015-1531

Kovacs JA, Vogel S, Albert JM, Falloon J, Davey RT, Walker RE, et al. Controlled Trial
of Interleukin-2 Infusions in Patients Infected with the Human Immunodeficiency Virus.
N Engl J Med. 1996 Oct 31;335(18):1350-6.
https://doi.org/10.1056/NEJM199610313351803

Mackall CL, Granger L, Sheard MA, Cepeda R, Gress RE. T-cell regeneration after bone
marrow transplantation: differential CD45 isoform expression on thymic-derived versus
thymic-independent progeny. Blood. 1993 Oct 15;82(8):2585-94.

Markert ML, Hicks CB, Bartlett JA, Harmon JL, Hale LP, Greenberg ML, et al. Effect
of highly active antiretroviral therapy and thymic transplantation on
immunoreconstitution in HIV infection. AIDS Res Hum Retroviruses. 2000 Mar
20;16(5):403-13. https://doi.org/10.1089/088922200309061

Napolitano LA, Lo JC, Gotway MB, Mulligan K, Barbour JD, Schmidt D, et al.
Increased thymic mass and circulating naive CD4 T cells in HIV-1-infected adults
treated with growth hormone. AIDS Lond Engl. 2002 May 24;16(8):1103-11.
https://doi.org/10.1097/00002030-200205240-00003

Levy Y, Lacabaratz C, Weiss L, Viard J-P, Goujard C, Leliévre J-D, et al. Enhanced T
cell recovery in HIV-1-infected adults through IL-7 treatment. J Clin Invest. 2009 Apr
1;119(4):997-1007. https://doi.org/10.1172/JC138052

Szaniawski MA, Spivak AM. Senotherapeutics for HIV and aging. Curr Opin HIV
AIDS. 2020 Mar;15(2):83-93. https://doi.org/10.1097/COH.0000000000000609

Yang Y, Liu X, Wu T, Zhang W, Shu J, He Y, et al. Quercetin attenuates AZT-induced
neuroinflammation in  the CNS. Sci Rep. 2018 Apr 18;8(1):6194.
https://doi.org/10.1038/s41598-018-24618-2

38



1247
1248
1249

1250
1251
1252

1253
1254
1255
1256

1257
1258
1259
1260

1261
1262
1263

1264
1265
1266

1267
1268
1269
1270
1271

1272
1273
1274
1275

1276
1277

197.

198.

199.

200.

201.

202.

203.

204.

AIDS Clinical Trials Group. Safety and Efficacy of Sirolimus for HIV Reservoir
Reduction in Individuals on Suppressive Antiretroviral Therapy [Internet].
clinicaltrials.gov; 2019 Dec [cited 2021 Jul 26]. Report No.: NCT02440789.

Stock P. Impact of Everolimus on HIV Persistence Post Kidney (and Kidney/Pancreas)
or Liver Transplant [Internet]. clinicaltrials.gov; 2019 Oct [cited 2021 Jul 29]. Report
No.: NCT024298609.

Planas D, Pagliuzza A, Ponte R, Fert A, Marchand LR, Massanella M, et al. LILAC pilot
study: Effects of metformin on mTOR activation and HIV reservoir persistence during
antiretroviral therapy. EBioMedicine. 2021 Mar;65:103270.
https://doi.org/10.1016/j.ebiom.2021.103270

Shikuma CM, Chew GM, Kohorn L, Souza SA, Chow D, SahBandar IN, et al. Short
Communication: Metformin Reduces CD4 T Cell Exhaustion in HIV-Infected Adults on
Suppressive Antiretroviral Therapy. AIDS Res Hum Retroviruses. 2020 Apr;36(4):303—
5. https://doi.org/10.1089/A1D.2019.0078

Ouyang J, Isnard S, Lin J, Fombuena B, Marette A, Routy B, et al. Metformin effect on
gut microbiota: insights for HIV-related inflammation. AIDS Res Ther. 2020 Mar
10;17(1):10. https://doi.org/10.1186/s12981-020-00267-2

Delagréverie HM, Delaugerre C, Lewin SR, Deeks SG, Li JZ. Ongoing Clinical Trials
of Human Immunodeficiency Virus Latency-Reversing and Immunomodulatory Agents.
Open Forum Infect Dis. 2016 Oct;3(4):0fw189. https://doi.org/10.1093/ofid/0fw189

Rasmussen TA, Tolstrup M, Brinkmann CR, Olesen R, Erikstrup C, Solomon A, et al.
Panobinostat, a histone deacetylase inhibitor, for latent-virus reactivation in HIV-
infected patients on suppressive antiretroviral therapy: a phase 1/2, single group, clinical
trial.  Lancet HIV. 2014 Oct;1(1):e13-21. https://doi.org/10.1016/S2352-
3018(14)70014-1

Fauce SR, Jamieson BD, Chin AC, Mitsuyasu RT, Parish ST, Ng HL, et al. Telomerase-
based pharmacologic enhancement of antiviral function of human CD8+ T lymphocytes.
J Immunol Baltim Md 1950. 2008 Nov 15;181(10):7400-6.
https://doi.org/10.4049/jimmunol.181.10.7400

39



1278
1279
1280
1281

1282
1283

1284
1285

Figure Legend

Figure 1. HIV pathogenesis: a model of accelerated immunosenescence.
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Figure 2. Similarities between physiological ageing and HIV-related premature ageing. On various
levels, HIV infection can cause premature ageing that mimics or emphasizes physiological ageing. As
indicated, several strategies are actually explored to limit immune activation and/or restore immune

resources such as:

- Antiretroviral Therapy (ART (172), (173))

- Anti-inflammatory molecules (Nonsteroidal anti-inflammatory drugs (NSAIDs) (174);
Glucocorticoids (175); Prednisolone (176); Hydroxychloroquine (177); Curcumin (178))

- Modulators of gut flora (prebiotics/colostrum (179); Rifaximin (180); Probiotics (181), (182))

- Treatment of intercurrent infection (Valganciclovir (183) ; Valacyclovir (184); Acyclovir

(185))

- Reduction of metabolic abnormalities (Rosuvastatin (186); Atorvastatin (187); lovastatin (188);

Sitagliptin (189))

- Immune rejuvenation (IL-2 (190); Bone marrow transplantation (191); Thymus transplantation
(192); Growth hormone (193); IL-7 (194))

- Anti-aging drugs/senolytics

(195); Quercetin (196); Rapamycin (197); Everolimus (198);

Metformin (199), (200), (201); HDAC inhibitors (202,203); Telomerase activator (TAT2)

(204)).
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