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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.

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 [START_REF] Boender | AIDS Therapy Evaluation in the Netherlands (ATHENA) national observational HIV cohort: cohort profile[END_REF]. Indeed, HIV-infected patients can now live for years despite the chronical presence of the virus, thanks to the development of antiretroviral therapy (ART) [START_REF] Wandeler | Trends in life expectancy of HIV-positive adults on antiretroviral therapy across the globe: comparisons with general population[END_REF].

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 [START_REF] Gabuzda | Pathogenesis of Aging and Age-related Comorbidities in People with HIV: Highlights from the HIV ACTION Workshop[END_REF]. 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), [START_REF] Rodger | Mortality in well controlled HIV in the continuous antiretroviral therapy arms of the SMART and ESPRIT trials compared with the general population[END_REF]. 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 [START_REF] Guaraldi | 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[END_REF]. 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). osteoporosis, atherosclerosis, neurocognitive deterioration, frailty or cardiovascular disease. With the exhaustion of primary resources, naïve 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.

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 [START_REF] Furler | The Intimate Relationship Between CD4+ T Cell Morphology and HIV-1 Infection[END_REF]. 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 [START_REF] Kalayjian | Age-related immune dysfunction in health and in human immunodeficiency virus (HIV) disease: association of age and HIV infection with naive CD8+ cell depletion, reduced expression of CD28 on CD8+ cells, and reduced thymic volumes[END_REF]. Below, we discuss the multiple ageing-like alterations that occur in the different cellular compartments of the immune system.

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 [START_REF] Furler | Histoarchitectural Deterioration of Lymphoid Tissues in HIV-1 Infection and in Aging[END_REF], even in treated patients [START_REF] Rajme-Lopez | HIV-positive patients presenting with peripheral blood cytopenias: is bone marrow assessment a priority?[END_REF]. It has also been reported defective cytokine and chemokine productions by bone marrow cells [START_REF] Bousounis | Inflammation, Aging and Hematopoiesis: A Complex Relationship[END_REF]. Similarly, decreased Interleukin (IL)-2 levels and elevated Tumor Necrosis Factor (TNF)-α, Macrophage Inflammatory Protein (MIP)-1α, MIP-1β and RANTES levels, as well as defective bone marrow clonogenic activity were observed before treatment compared with non-HIV-infected control subjects [START_REF] Isgrò | Altered clonogenic capability and stromal cell function characterize bone marrow of HIVinfected subjects with low CD4+ T cell counts despite viral suppression during HAART[END_REF].

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 [START_REF] Moses | The influence of human immunodeficiency virus-1 on hematopoiesis[END_REF]. 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 [START_REF] Sauce | HIV disease progression despite suppression of viral replication is associated with exhaustion of lymphopoiesis[END_REF]. 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 [START_REF] Kyoizumi | Age-associated changes in the differentiation potentials of human circulating hematopoietic progenitors to T-or NK-lineage cells[END_REF]. 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 cell pools [START_REF] Sauce | HIV disease progression despite suppression of viral replication is associated with exhaustion of lymphopoiesis[END_REF]. 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 [START_REF] Guo | The Role of HIV-1 in Affecting the Proliferation Ability of HPCs Derived From BM[END_REF]. Studies have shown that CD34 + cells can sustain both active and latent HIV infection in vitro and in vivo [START_REF] Tsukamoto | Hematopoietic Stem/Progenitor Cells and the Pathogenesis of HIV/AIDS[END_REF]. 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 [START_REF] Mcnamara | Hematopoietic stem/precursor cells as HIV reservoirs[END_REF].

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 [START_REF] Hakim | Agedependent incidence, time course, and consequences of thymic renewal in adults[END_REF], can also be caused by HIV-1 infection, which induces structural and functional changes leading to immune senescence [START_REF] Furler | Histoarchitectural Deterioration of Lymphoid Tissues in HIV-1 Infection and in Aging[END_REF].

The reduced generation of naïve 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 [START_REF] Lepletier | Inflammation and Thymus Ageing[END_REF]. Both ageing and HIV infection cause T-cells to switch from naïve to more differentiated cells with transitional or effector memory phenotypes [START_REF] Massanella | Increased ex vivo cell death of central memory CD4 T cells in treated HIV infected individuals with unsatisfactory immune recovery[END_REF]. Moreover, infection with HIV causes irreversible damage to the thymus, which is partly responsible for the inability to produce naïve 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 [START_REF] Kolte | Thymic function in HIV-infection[END_REF].

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 subset distribution and function are altered with ageing or HIV infection [START_REF] Alter | Sequential deregulation of NK cell subset distribution and function starting in acute HIV-1 infection[END_REF]. 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 [START_REF] Brunetta | Chronic HIV-1 viremia reverses NKG2A/NKG2C ratio on natural killer cells in patients with human cytomegalovirus co-infection[END_REF], [START_REF] Naranbhai | Changes in Natural Killer cell activation and function during primary HIV-1 Infection[END_REF]. 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 [START_REF] Alter | Sequential deregulation of NK cell subset distribution and function starting in acute HIV-1 infection[END_REF]. 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 [START_REF] Mavilio | Natural killer cells in HIV-1 infection: dichotomous effects of viremia on inhibitory and activating receptors and their functional correlates[END_REF].

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) [START_REF] Garff-Tavernier | Human NK cells display major phenotypic and functional changes over the life span[END_REF], [START_REF] Bayard | Coordinated expansion of both memory T cells and NK cells in response to CMV infection in humans[END_REF]. 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 [START_REF] Mavilio | Characterization of CD56-/CD16+ natural killer (NK) cells: a highly dysfunctional NK subset expanded in HIV-infected viremic individuals[END_REF]. 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 [START_REF] Fauci | NK cells in HIV infection: paradigm for protection or targets for ambush[END_REF], [START_REF] Mavilio | Characterization of the defective interaction between a subset of natural killer cells and dendritic cells in HIV-1 infection[END_REF]. Additionally, chronic HIV infection results in impaired NK cell cytotoxicity and cytokine secretion as well as the inability to respond to Interferon (IFN)-γ and to produce high amounts of IFN-γ and TNF-α [START_REF] Martin | Natural killer cells and HIV-1 disease[END_REF]. These alterations are found even in treated patients [START_REF] Zhao | NLRP3 Inflammasome-A Key Player in Antiviral Responses[END_REF]. The diversity of NK cells, which may affect immune surveillance, also changes after HIV-1 infection and ageing [START_REF] Alter | HLA class I subtype-dependent expansion of KIR3DS1+ and KIR3DL1+ NK cells during acute human immunodeficiency virus type 1 infection[END_REF][START_REF] De Maria | 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)[END_REF]. Even after successful therapy, the recovery of NK cell function, as IFN-γ production [START_REF] Azzoni | Sustained impairment of IFN-gamma secretion in suppressed HIV-infected patients despite mature NK cell recovery: evidence for a defective reconstitution of innate immunity[END_REF] and repertoire expression may remain impaired [START_REF] De Maria | 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)[END_REF][START_REF] Bozzano | NK-cell phenotype at interruption underlies widely divergent duration of CD4+-guided antiretroviral treatment interruption[END_REF]. 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-α in response to Toll-like receptors, and non-classical CD14 + CD16 ++ which are CCR2low CX3CR1high. PLWH display several phenotypic 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 nonclassical monocytes in older or HIV-infected patients [START_REF] Hearps | Aging is associated with chronic innate immune activation and dysregulation of monocyte phenotype and function[END_REF][START_REF] Seidler | Age-dependent alterations of monocyte subsets and monocyte-related chemokine pathways in healthy adults[END_REF]. 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 [START_REF] Jaworowski | Normal CD16 expression and phagocytosis of Mycobacterium avium complex by monocytes from a current cohort of HIV-1-infected patients[END_REF].

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 [START_REF] Crowe | The macrophage: the intersection between HIV infection and atherosclerosis[END_REF]. The expression of CD69 and HLA-DR in HIV-infected patients correlates well with plasma lipopolysaccharide (LPS) levels, an indicator of microbial translocation [START_REF] Ancuta | Microbial translocation is associated with increased monocyte activation and dementia in AIDS patients[END_REF]. Moreover, plasma levels of soluble CD163 and CXCL10 which are markers associated with monocyte activation, also increase with both age and HIV-1 infection [START_REF] Hearps | Aging is associated with chronic innate immune activation and dysregulation of monocyte phenotype and function[END_REF][START_REF] Angelovich | Viremic and Virologically Suppressed HIV Infection Increases Age-Related Changes to Monocyte Activation Equivalent to 12 and 4 Years of Aging, Respectively[END_REF]. These biomarkers of monocyte activation are only partially normalized upon ART mediated viral suppression [START_REF] Hearps | Aging is associated with chronic innate immune activation and dysregulation of monocyte phenotype and function[END_REF], indicating that such changes may contribute to the increased risk of inflammatory age-related diseases in treated HIV-positive patients [START_REF] Angelovich | Viremic and Virologically Suppressed HIV Infection Increases Age-Related Changes to Monocyte Activation Equivalent to 12 and 4 Years of Aging, Respectively[END_REF].

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 [START_REF] Effros | Shortened telomeres in the expanded CD28-CD8+ cell subset in HIV disease implicate replicative senescence in HIV pathogenesis[END_REF][START_REF] Weng | CD28(-) T cells: their role in the age-associated decline of immune function[END_REF] and end-stage senescent cells (CD57 + cells) [START_REF] Brenchley | Expression of CD57 defines replicative senescence and antigen-induced apoptotic death of CD8+ T cells[END_REF][START_REF] Papagno | Immune Activation and CD8+ T-Cell Differentiation towards Senescence in HIV-1 Infection[END_REF]. Similarly, a decrease in CD4 + and CD8 + naïve T-cell counts is described both in ageing and HIV-1 infection. Interestingly, the frequency of naïve 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 [START_REF] Appay | Old age and anti-cytomegalovirus immunity are associated with altered T-cell reconstitution in HIV-1-infected patients[END_REF]. Considering that adaptive immunity requires specific naïve T-cells to be activated, changes of this compartment may impact the ability of PLWH to initiate new robust immune responses.

For instance, as with uninfected elderly, PLWH respond less well to influenza vaccination [START_REF] George | HIV infection Worsens Age-Associated Defects in Antibody Responses to Influenza Vaccine[END_REF] or to neo-antigen priming capacity [START_REF] Briceño | Reduced naïve CD8(+) T-cell priming efficacy in elderly adults[END_REF].

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), [START_REF] Wittkop | 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[END_REF]. 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 [START_REF] Duffau | Association of immune-activation and senescence markers with non-AIDS-defining comorbidities in HIV-suppressed patients[END_REF]. Patients who are initiating ART do not see their CD28 -/CD57 + T-cell count decrease, even with good CD4 + T-cell recovery [START_REF] Appay | Old age and anti-cytomegalovirus immunity are associated with altered T-cell reconstitution in HIV-1-infected patients[END_REF].

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-AIDSdefining morbidity and mortality, contrary to markers of innate immune activation and inflammation [START_REF] Hunt | Immunologic Biomarkers, Morbidity, and Mortality in Treated HIV Infection[END_REF][START_REF] Tenorio | Soluble markers of inflammation and coagulation but not T-cell activation predict non-AIDSdefining morbid events during suppressive antiretroviral treatment[END_REF]. Indeed, CD4/CD8 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 [START_REF] Trickey | 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)[END_REF][START_REF] Mcbride | Imbalance in the game of T cells: What can the CD4/CD8 T-cell ratio tell us about HIV and health?[END_REF] as well as risk of cancer [START_REF] Sanger | 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[END_REF][START_REF] Castilho | Low CD4/CD8 ratio predicts cancer risk among adults with HIV[END_REF]. 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 [START_REF] Chun | 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[END_REF]. Similarly, an inverse correlation is demonstrated between CD4/CD8 ratio and the frequency of CD4 T-cells carrying HIV-proviral DNA [START_REF] Chun | 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[END_REF]. More knowledge is needed regarding the impact of specific ART regimens [START_REF] Hocqueloux | Long-term antiretroviral therapy initiated during primary HIV-1 infection is key to achieving both low HIV reservoirs and normal T cell counts[END_REF] and the simultaneous treatment of coinfections, such as cytomegalovirus which is known to lower CD4/CD8 ratio through the accumulation of CMVspecific CD8 T-cells [START_REF] Hadrup | 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[END_REF].

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.

HIV-related mechanisms

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 [START_REF] Appay | Immune activation and inflammation in HIV-1 infection: causes and consequences[END_REF]. This is reinforced by the fact that HIVmediated 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 [START_REF] Ballegaard | Cytomegalovirus-specific T-cells are associated with immune senescence, but not with systemic inflammation, in people living with HIV[END_REF], clonal expansion and homeostatic changes [START_REF] Dock | Role of CD8 T Cell Replicative Senescence in Human Aging and in HIV-mediated Immunosenescence[END_REF]. These attributes are hallmarks of the immune risk phenotype [START_REF] Olsson | Age-related change in peripheral blood T-lymphocyte subpopulations and cytomegalovirus infection in the very old: the Swedish longitudinal OCTO immune study[END_REF], leading to chronic low-grade inflammation that negatively impacts health [START_REF] Blanco | Impact of HIV infection on aging and immune status[END_REF]. Despite the suppression of HIV-1 replication by ART, PLWH exhibit premature immunosenescence [START_REF] Appay | Immune activation and inflammation in HIV-1 infection: causes and consequences[END_REF][START_REF] Jiménez | T-Cell Activation Independently Associates With Immune Senescence in HIV-Infected Recipients of Long-term Antiretroviral Treatment[END_REF][START_REF] Negredo | Aging in HIV-Infected Subjects: A New Scenario and a New View[END_REF].

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-1ꞵ and TNF-ɑ, can lead to T cell activation [START_REF] Decrion | HIV and inflammation[END_REF] and can promote microbial translocation [START_REF] Stockmann | Mechanisms of epithelial barrier impairment in HIV infection[END_REF].

Under normal physiological conditions, reactive oxygen species (ROS) like H2O2 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 [START_REF] López-Otín | The Hallmarks of Aging[END_REF], which lead to over-oxidation and irreversible changes in protein structure and function [START_REF] Sohal | The redox stress hypothesis of aging[END_REF]. 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 [START_REF] Bua | Mitochondrial DNA-deletion mutations accumulate intracellularly to detrimental levels in aged human skeletal muscle fibers[END_REF][START_REF] Pinto | Mechanisms linking mtDNA damage and aging[END_REF]. The biological process to remove these accumulated damaged proteins stimulates inflammatory responses leading to a chronic inflammatory state and tissue injury [START_REF] Cannizzo | Oxidative stress, inflammaging and immunosenescence[END_REF][START_REF] Green | Mitochondria and the autophagy-inflammation-cell death axis in organismal aging[END_REF]. Compared to age-matched controls, HIV-infected men have reduced activity levels of skeletal oxidative enzymes, including dehydrogenase and citrate synthase by 38% and 77%, respectively [START_REF] Ortmeyer | Skeletal muscle cellular metabolism in older HIV-infected men[END_REF]. The rate of acyl-coA synthase and carnitine palmitoyltransferase I oxidation is not significantly different between HIV-infected men and controls. However, skeletal muscle oxidative stress is significantly higher (H2O2 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 [START_REF] Gonzalez-Freire | Reconsidering the Role of Mitochondria in Aging[END_REF]. Even in clinically stable HIV-infected treated patients, mitochondrial functions are disrupted [START_REF] Perrin | HIV Protease Inhibitors Do Not Cause the Accumulation of Prelamin A in PBMCs from Patients Receiving First Line Therapy: The ANRS EP45 "Aging" Study[END_REF]. Of note, ART regimen differentially impacts on mitochondrial dysfunction, as reviewed by Schank et al. [START_REF] Schank | The Impact of HIV-and ART-Induced Mitochondrial Dysfunction in Cellular Senescence and Aging[END_REF], highlighting the toxicity of treatment on cellular senescence.

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 [START_REF] Notermans | Potent Antiretroviral Therapy Initiates Normalization of Hypergammaglobulinemia and a Decline in HIV Type 1-Specific Antibody Responses[END_REF]. Measures of immune activation are directly linked with plasma LPS levels which are significantly increased in HIV-1 infection [START_REF] Vassallo | The role of lipopolysaccharide as a marker of immune activation in HIV-1 infected patients: a systematic literature review[END_REF]. LPS is known to induce production of a range of pro-inflammatory cytokines such as TNF-ɑ, IL-6 and IL-1ꞵ by stimulating peripheral 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. [START_REF] Vujkovic-Cvijin | HIV and the Gut Microbiota: Composition, Consequences, and Avenues for Amelioration[END_REF]). In both ART-treated and in treatment-naïve 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 [START_REF] Desai | HIV and aging: role of the microbiome[END_REF]. Nevertheless, a recent report highlights that age and HIV interact to shape the fecal microbiome in ART-treated, older adults [START_REF] Liu | Among older adults, age-related changes in the stool microbiome differ by HIV-1 serostatus[END_REF]. 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 [START_REF] Nowak | Gut microbiota diversity predicts immune status in HIV-1 infection[END_REF]. 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.

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. [START_REF] Butterfield | Dysfunctional Immunometabolism in HIV Infection: Contributing Factors and Implications for Age-Related Comorbid Diseases[END_REF], have examined the immunometabolic dysfunction characteristic of HIV-1 infection. As summarized by Asier Sáez-Cirión [START_REF] Sáez-Cirión | Immunometabolism and HIV-1 pathogenesis: food for thought[END_REF], 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 [START_REF] Hsu | Serious Non-AIDS Events: Therapeutic Targets of Immune Activation and Chronic Inflammation in HIV infection[END_REF]. 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% [START_REF] Moore | Metabolic Syndrome Prevalence by Race/Ethnicity and Sex in the United States, National Health and Nutrition Examination Survey, 1988-2012[END_REF]. 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 [START_REF] Oh | HIV-associated dyslipidaemia: pathogenesis and treatment[END_REF]. 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 [START_REF] Gerriets | Metabolic pathways in T cell fate and function[END_REF][START_REF] Díaz | Lipid raft aging" in the human frontal cortex during nonpathological aging: gender influences and potential implications in Alzheimer's disease[END_REF]. Immune cells sense and respond to exogenous metabolic signals [START_REF] Ganeshan | Metabolic regulation of immune responses[END_REF], 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 [START_REF] Sviridov | Comorbidities of HIV infection: role of Nef-induced impairment of cholesterol metabolism and lipid raft functionality[END_REF]. Therefore, impairment of cellular cholesterol metabolism and overabundance of lipid rafts may be a common factor driving pathogenesis of HIV-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 [START_REF] Butterfield | Dysfunctional Immunometabolism in HIV Infection: Contributing Factors and Implications for Age-Related Comorbid Diseases[END_REF].

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 [START_REF] Guaraldi | 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[END_REF]. 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).

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, telomere length was measured mainly by assessing PBMCs or subsets of T-cells like CD8 or CD4.

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 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).

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 noncoding RNA, especially micro-RNAs (mi-RNAs). Exosomes' cargo is released in the neighboring 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).

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-AIDS-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 cells/mm3, 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 ritonavir-boosted PIs 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/µl 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 (AANCCs). 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).

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 count (142).

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).

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-ɑ are produced, increasing the expression of Receptor Activator of Nuclear Factor κꞵ Ligand (RANKL), which causes bone resorption by osteoblasts (152).

Activating inducible nitric oxide synthesis by cytokines such as TNF-ɑ 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).

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, coinfection 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).

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 HIVinfected 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 CD4independent mechanism and induce changes, especially in renal tubular cells (164). The interaction with 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).

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 β, tau, or α-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, 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, HIVinfected 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 agerelated 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; 
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 2 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); Iovastatin (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)).