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Abstract

Introduction: HIV infection leads to a disturbed T-cell homeostasis, featured by a depletion of CD4 T-cells and a persistent

elevation of CD8 T-cells over disease progression. Most effort of managing HIV infection has been focused on CD4 T-cell recovery,

while changes in the CD8 compartment were relatively underappreciated in the past.

Methods: A comprehensive literature review of publications in English language was conducted using major electronic

databases. Our search was focused on factors contributing to CD8 T-cell dynamics in HIV infection and following antiretroviral

therapy (ART).

Discussion: Normalization of CD8 counts is seldom observed even with optimal CD4 recovery following long-term treatment.

Initiation of ART in primary HIV infection leads to enhanced normalization of CD8 count compared with long-term ART initiated

in chronic infection. Importantly, such CD8 elevation in treated HIV infection is associated with an increased risk of inflammatory

non-AIDS-related clinical events independent of CD4 T-cell recovery. The mechanisms underlying CD8 persistence remain largely

unknown, which may include bystander activation, exhaustion and immunosenescence of CD8 T-cells. The information provided

herein will lead to a better understanding of factors associated with CD8 persistence and contribute to the development of

strategies aiming at CD8 normalization.

Conclusions: Persistence of CD8 T-cell elevation in treated HIV-infected patients is associated with an increased risk of non-AIDS-

related events. Now that advances in ART have led to decreased AIDS-related opportunistic diseases, more attention has been

focused on reducing non-AIDS events and normalizing persistent CD8 T-cell elevation.
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Introduction
Human immunodeficiency virus (HIV) infection is character-

ized by a profound immune dysfunction and a disturbed T-cell

homeostasis. While progression of the infection is associated

with a gradual loss of CD4 T-cells, the CD8 T-cell count (here-

inafter referred to as CD8 count) is elevated at the very onset

of infection and during the chronic phase until the late phase

where major depletion of all T-cell subsets occurs.

For a fairly long time, management of HIV infection has

been primarily based on CD4 T-cell recovery, while changes

in the CD8 compartment were relatively neglected. Due to

a significant CD4 T-cell recovery with antiretroviral therapy

(ART) over the last decade, studies began to assess the

dynamics of CD8 count and its prognostic significance in

treated HIV infection. Although effective ART has greatly

reduced AIDS-related events in the majority of HIV-infected

patients, normalization of CD8 counts is seldom observed

even with optimal CD4 recovery [1,2]. Moreover, such

elevation of CD8 counts is associated with an increased risk

of non-AIDS-related clinical events, including malignancies

and cardiovascular diseases, independent of CD4 T-cell

recovery [1,3].

CD8 T-cell population is particularly disturbed during HIV

infection, leading to a unique persistent elevation and

dysfunction of CD8 T-cells. This elevation, not fully restored

by effective ART, may represent the remaining Achilles heel in

the current era of HIV care as it has been linked with risk of

non-AIDS-related events. In this review, we will discuss the

shifted dynamics of CD8 T-cells during HIV infection and the

underlying mechanisms. The information provided herein will

contribute to a better understanding of CD8 persistence

under ART-induced viral suppression and pave the way for

further strategies towards CD8 T-cell normalization.

Methods
A comprehensive review of the English-language publications

was conducted.We searched Ovid Medline, JSTOR and Scopus

electronic databases with keyword combinations including

CD8 T-cell count(s), CD8 T-cell persistence/elevation, CD4/CD8

ratio, immune activation, bystander activation, T-cell exhaus-

tion and immunosenescence. The same strategy was used

with Google Scholar and ISI Proceedings to further include

non-peer-reviewed literature and conference publications.

For describing immune changes during HIV infection and
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other viral infections, we included studies from HIV-1-infected

humans, simian immunodeficiency virus (SIV)-infected mon-

key models and lymphocytic-choriomeningitis-virus (LCMV)-

infected murine models. For information related to treatment

effect on immune cells, our search was limited to HIV-1-

positive adults using publications from 2000 to 2015 at a time

when advances in ART have allowed long-term control of viral

replication.

Results and discussion
CD8 T-cell elevation: lessons from cytomegalovirus infection

and ageing

The in vivo dynamics of human CD8 count and its subsets are

influenced by several intrinsic and extrinsic factors, such as

age, gender, physical activity, smoking, alcohol consumption

and comorbidity including chronic viral infections [4�6].
Among these factors, the effects of ageing and cytomegalo-

virus (CMV) infection have been most extensively studied.

Ageing is associated with an increase in the circulating CD8

T-cells and an expansion in memory and late-stage T-cell

subsets, predominantly in the CD8 rather than CD4 compart-

ment [7,8]. These accumulated late-stage memory CD8 T-cells

are characterized by decreased expression of the ‘‘functional

fitness’’ marker CD28, an important co-stimulatory receptor,

and enhanced expression of the carbohydrate CD57, thus

designated as the ‘‘immunosenescence’’ marker. In many

individuals, a significant fraction of these senescent CD8 T-

cells is directed towards CMV, whose prevalence increases

with ageing and accumulative antigen exposure [7]. By 1990s,

an immune risk phenotype (IRP) has been developed in non-

HIV-infected elderly people (�85 years old) to define a

phenotype characterized by CMV IgG sero-positivity, a low

CD4/CD8 ratio mainly due to the accumulation of CD8 T-cells

and an abnormally high frequency of circulating CD28neg

T-cells [9,10]. As demonstrated by many studies, IRP repre-

sents a marker of biological ageing of the immune system and

has been validated to be independently associated with

morbidity and mortality in the elderly [7,8,11,12].

Similar to the immune alterations observed in IRP, HIV-

infected patients also present with low CD4/CD8 ratio,

elevated CD8 counts and an expansion of the memory CD8

T-cell subsets [13]. It was recently reported that despite

effective ART, HIV-infected patients with elevated IRP dis-

played a higher degree of immune senescence than their non-

IRP counterparts [14]. The significant overlap in clinical and

immunological phenotypes observed during normal ageing

and HIV infection has raised the concept of premature

senescence in HIV infection. All these contributors, inter-

mingled with prolonged life expectancy, have renewed the

interest in CD8 T-cell elevation in HIV infection.

The unremitting elevation of circulating CD8 T-cells in

treated HIV infection

Elevation and expansion of CD8 T-cells occurs from the very

early days of HIV infection, as observed in other acute viral

infections. During this phase, the rapid and robust expansion

of CD8 T-cells particularly in the viral-specific subsets con-

tributes to a partial control of viraemia [15,16]. It has also

been demonstrated in SIV-infected non-human primates that

an early increase in CD8 T-cells following therapy suspension

was associated with a subsequently lower viral load [17].

However, unlike other viral infections where elevation of CD8

T-cells subsides with the clearance of antigen, the expansion

and elevation of CD8 T-cells persists throughout HIV infection.

Over time, the terminally differentiated CD8 subsets are

dramatically elevated, while the naı̈ve and central memory

CD8 T-cells progressively declined [18�20].
Although effective ARTcould achieve a viral control and CD4

T-cell recovery in the majority of patients, quantitative and

functional defects in CD8 T-cells remain even after a decade of

treatment [2,21]. Following a modest decrease after ART

initiation, the CD8 counts remain consistently elevated and

relatively stable over time [1,3,22]. In these long-term treated

patients, we assessed factors that were associated with CD8

T-cell elevation [23]. Younger patient age and the female

gender were associated with lower CD8 counts, while duration

of ART was not even after more than one decade. Although

the turnover of CD8 T-cell subsets was partially recovered

following long-term treatment, higher-than-usual levels were

still observed in all the CD8 T-cell subsets, especially in the

memory and activated subsets [21,24]. Higher frequency of

naı̈ve CD8 T-cells was associated with lower CD8 count and

higher CD4/CD8 ratio in long-term treated patients, indicating

that changes in the memory subsets are the major drive for

the overall CD8 T-cell elevation [25].

Changes of CD8 count in primary HIV infection and

following early initiated ART have been less well studied.

Recently, we reported that ART initiated in primary infection

was associated with a CD8 count decrease to a level lower

than that in long-term treated chronic patients and remained

stable over time [22]. Early timing of ART initiation had

privileged trend to CD8 count normalization compared

with ART initiated in chronic infection, highlighting that

shorter duration of antigen exposure is associated with both

reduced immune activation and lower CD8 elevation [22,26]

(Figure 1).

Interestingly, such CD8 persistence not only takes place

in the periphery but also in multiple lymphoid tissues. A

significant expansion of CD8 T-cells enriched in the memory

subsets was observed in lymph nodes of HIV-infected patients

[27,28]. Recently, a study reported that an early accumulation

of CD8 T-cells in the duodenal mucosal associated lymphoid

tissue occurs in parallel with the periphery during primary

HIV infection. Interestingly, the CD8 T-cell accumulation was

partially resolved following early ART initiation [29]. These

changes echoing in the periphery and lymphoid tissues

indicate that the elevation of CD8 count is more than a

shifted compartment distribution.

Persistently elevated CD8 counts following long-term ART

have been linked with increased risks of non-AIDS-related

events in HIV-infected patients, independent of CD4 T-cell

recovery [1,3,30]. These include but are not limited to

cardiovascular, renal, respiratory, metabolic diseases and

non-AIDS-defining malignancies, which have been indepen-

dently linked to status of chronic inflammation, level of

microbial translocation and immune activation markers such

as IL-6, soluble CD14 and d-dimer [3,31�33].
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Mechanism of CD8 T-cell elevation: a ‘‘ménage-a-trois’’ of

immune activation, exhaustion and immunosenescence

Bystander CD8 T-cell activation: more than just standing by

Unlike most other viral infections, HIV leads to a marked and

durable activation not only in HIV-specific but also in non-

specific CD8 T-cells, referred to as ‘‘bystander’’ activation

[34]. HIV-specific CD8 T-cells represent between 8% and 50%

of total circulating CD8 T-cells, which further decrease

following acute infection and/or ART initiation [35�37]. The
bystander expansion is induced by T-cell-receptor-indepen-

dent mechanisms mainly including cytokine and chemokine

stimulation [38,39]. CD8 T-cells are expanded and activated

regardless of antigen specificity, including subsets specific to

persistent and non-persistent antigens such as CMV, Epstein�
Barr virus (EBV), influenza virus and adenovirus [34,40]. The

mechanisms underlying such bystander activation remain

unclear. However, the broader and less restrictive mode of

expansion in CD8 T-cells compared with that of the CD4

compartment suggested that cytokine stimulation and in-

flammatory environment play an essential role in bystander

CD8 expansion.

Studies in mice infected with LCMV showed that bystander

T-cells, especially the memory subsets, generally underwent

attrition and apoptosis, making space for the upcoming

antigen-specific T-cells [41]. However, there was also evidence

that pre-existing memory CD8 T-cells specific for previous

encountered infections were largely preserved when long-

lived memory CD8 T-cells specific to a new vaccine antigen

were developed [42]. The fate of bystander CD8 T-cells in HIV

infection remains ill defined. Interestingly, both bystander

CD8 activation in HIV infection and bystander CD8 apoptosis

in LCMV infection were observed with a peak of several

cytokines including type-I interferon (IFN) such as IFN-a/b,
providing some insight into mechanisms regulating the

bystander CD8 T-cell population [40,41]. Recent studies also

showed that auranofin, a gold-based compound, could cause

apoptosis and renovation in both CD4 and CD8 memory T-

cells and therefore led to a reduction in the post-therapy viral

set point in treated SIV infection [17,43]. Some also indicated

that the dysfunction of the CD4 regulatory T (Treg) cells due

to HIV infection led to a failure to control the bystander

activation and contributed to the overexpansion of CD8 T-cells

[44�46].

Elevated CD8 T-cells: controlled at checkpoints

In addition to the extensive expansion and activation of

memory CD8 T-cells, a dysregulated turnover of these CD8 T-

cells involving exhaustion and senescence further contributes

to the CD8 accumulation over disease progression [47]. Such

T-cell exhaustion starts soon after peak viremia and lasts

throughout the course of infection, reflecting a compromise

between the host and the invading virus [48] (Figure 2).

Features of CD8 T-cell exhaustion include reduced prolifera-

tive potential and cytokine production, loss of the central

memory phenotype and acquired co-expression of multiple

inhibitory receptors such as programmed cell death protein-1

(PD-1), lymphocyte activation gene-3 protein (LAG-3), CD160

and T-cell immunoglobulin mucin-3 (Tim-3) [49�51]. Chronic
and persistent exposure to the viral antigen, lack of CD4 T-cell

help and sustained co-expression of multiple inhibitory

receptors characterize CD8 T-cell exhaustion in HIV infection.

Although CD4 and CD8 T-cells share many features of

Figure 1. CD8 T-cell dynamics following ART initiation in HIV infection. Changes of CD8 counts after ART initiation in primary HIV infection and

chronic HIV infection according to pre-ART CD4 counts. Reference range from the uninfected population was shown in grey shade. Early

initiation of ART results in a lower level of CD8 counts compared with delayed therapy regardless of baseline CD4 count and remains stable over

time. Figure modified from [1] and [22].
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exhaustion, CD8 T-cells have their distinct set of inhibitory

receptors including a preferential expression of CD160 and

2B4 and more enhanced expression of PD-1 [52] (Table 1).

Recent findings suggested that the retention of a demethy-

lated PD-1 locus in HIV-specific CD8 T-cells of ART-treated

patients and elite controllers resulted from epigenetic pro-

gramming acquired by prolonged antigenic exposure [52,53].

This epigenetic change of the PD-1 transcriptional regulatory

region persists for years after suppression of viral load and

poises the PD-1 gene for higher expression in virus-specific

CD8 T-cells. More importantly, dysfunctional CD4 T-cells also

contribute to the expansion and exhaustion of the CD8

compartment, since impaired production of IL-21 from CD4

T-cells leads to a substantial CD8 T-cell dysfunction as

demonstrated in chronic LCMV infection and HIV infection

[54�57]. In the murine model, administration of IL-21 has

been shown to lead to preferential expansion of naı̈ve CD8

T-cell subsets, which may contribute to normalization of CD8

T-cell homeostasis in the long run [58�61].
In contrast to the well-recognized role of T-cell exhaustion,

the concept of CD8 T-cell senescence induced by HIV remains

controversial. Immunosenescence is characterized by the

accumulation of late-differentiated memory CD8 T-cells

harbouring low replicative capacity. These CD8 T-cells are

characterized by loss of the co-stimulatory molecule CD28

with enhanced expression of CD57 and harbouring shortened

telomeres [62,63]. Compared with the age-matched unin-

fected controls, HIV-infected patients presented with in-

creased frequencies of CD28-CD57�CD8� T-cells, which

tended to have poor proliferative capacity and were specific

to several other viral antigens.

However, the role of HIV in immunosenescence remains

controversial, as most of the detected senescent CD8 T-cells

are CMV-specific, which are already identified per se as a risk

factor of immunosenescence [64]. In addition, the expanded

CMV-specific T-cells possess rather similar phenotypic and

functional features to those of replicative senescent T-cells

[65,66]. Recently, a study examined the senescent CD8 T-cell

phenotypes in HIV patients with asymptomatic CMV infection

and in non-HIV-infected adults with or without CMV infection

[67]. It was found that unlike CMV and ageing, HIV inhibited

the process of terminal differentiation, expanded the less-

differentiated transitional memory and CD28-CD57-CD8�
T-cells, therefore decreasing the proportion of CD28-CD57�

CD8� T-cells [67]. Of note, such low proportion of CD28-

CD57�CD8� T-cells was also an independent predictor for

increased mortality in treated HIV infection [68]. These

observations are consistent with previous studies indicating

chronic HIV infection drives HIV-specific CD8 T-cells towards

a moderately differentiated phenotype (CD28-/CD27� ), in

contrast to the more differentiated (CD28-/CD27-) phenotype

in CMV-specific CD8 T-cells [69]. Therefore, it is possible that

HIV contributes to the expansion and exhaustion of memory

CD8 T-cells, with a more prominent proportion of CMV-specific

compartments skewed towards replicative senescence.

Determinants of CD8 T-cell persistence under conditions

of low antigenic stimulation during treated HIV infection

The mechanisms underlying persistent CD8 T-cell elevation in

treated HIV infection remain largely unidentified. Based on

previous reports in treated chronic HIV infection and our

findings in primary infection, we speculate that CD8 elevation

may contain two compartments, a fast responsive and a

persistent one. The fast-responsive compartment most prob-

ably includes activated CD8 T-cells (CD38�/HLA-DR� )

driven by viral antigens and can be restored following early

ART initiation [26]. The persistent one may be maintained by

residual viral exposure including HIV particles and proteins,

gut mucosal dysfunction and microbial translocation. Multiple

humoral and cellular players from both the innate and

acquired immune systems contribute to the persistence of

CD8 T-cells; yet their relative contribution remains unclear and

their causal effect has to be determined (Figure 2).

An altered proinflammatory and anti-inflammatory cytokine

milieu

HIV infection generates a systemic inflammatory environ-

ment and shifted profiles of inflammatory cytokines. As both

proliferation and differentiation of CD8 T-cells are predomi-

nantly driven by HIV replication along with inflammatory

environment, alterations of the cytokine milieu play a major

role on CD8 T-cell homeostasis [70,71].

As one of the major sources causing chronic inflammation,

the gut mucosal damage starts since early infection, leading

to a modified microbiota and translocated microbial pro-

ducts, which is not reversed with early initiation of ART [26].

Plasma levels of microbial products remain elevated in

long-term treated patients, which activate specific pattern

receptors on APCs and induce stepwise proinflammatory

Table 1. Features of CD8 and CD4 T-cell exhaustion in HIV infection

Features CD8 T-cells CD4 T-cells

Antigen-persistence driven � �

Proliferative potential and self-renewal Low Low

Cytokine production ¡ TNF, IFN-g, IL-2 ¡ TNF, IFN-g, IL-2, IL-21
� IL-10

Lineage skewing Skewed to late memory subset Th10Tfh-like phenotype

Inhibitory markers � PD-1, LAG-3, CD160, Tim-3, CD244 (2B4) � CTLA-4, PD-1, Tim-3

Reversible with ART �/� ��

Tfh, T follicular helper cells; PD-1, programmed cell death protein 1; LAG-3, lymphocyte activation gene 3 protein; CTLA-4, cytotoxic T-

lymphocyte antigen 4; Tim-3, T-cell immunoglobulin mucin-3.
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cytokine production. Lipopolysaccharide (LPS) recognized by

the Toll-like receptors (TLRs) on dendritic cells (DCs) en-

hances the production of type-I IFNs including IFN-a/b [72].

The accumulation of type-I IFNs further induces production

of INF-gand interleukins (ILs) such as IL-15 and IL-7, which

directly promote CD8 T-cell expansion. In addition, the type-I-

IFN-dependent production of indoleamine 2,3-dioxygenase

(IDO) was also detected in the lymphoid tissue of HIV-

infected individuals, which catalyzes tryptophan degradation,

further fuelling the gut mucosal damage, systemic inflamma-

tion and T-cell dysfunction [26,73].

Effects of IL-15 and IL-7 on CD8 T-cell elevation have been

demonstrated by ex vivo observation that both cytokines

triggered the proliferation and activation of memory CD8 T-

cells, much more than CD4 T-cells, in a TCR-independent way

[38,40,74]. In viral-suppressed SIV-infected non-human pri-

mates, this effect may further translate into a failure of CD4

T-cell reconstitution [75]. Increased IL-15 level was also

observed in lymph node culture of untreated HIV-infected

patients, where CD8 T-cells were disproportionally enriched

in contrast to the depletion of CD4 T-cells [28]. Furthermore,

increased tissue levels of IL-1b have been observed in both

untreated and treated patients, which may also contribute to

the expansion of memory CD8 T-cells [76]. On the other

hand, inhibitory cytokines such as IL-10 and transforming

growth factor-b (TGF-b) contribute to restoration of memory

CD8 T-cell development via inhibition of the maturation and

function of DCs and macrophages [77,78].

In addition, the plasma markers and phenotypes of

monocyte activation were shown to be associated with

Figure 2. CD8 T-cell exhaustion during chronic HIV infection. In addition to viral factors including HIV particles, proteins and infected cells,

long-lasting gut microbiota changes and microbial translocation induced by HIV also act as stimulant for the immune system during chronic

infection. Both the innate and the acquired immune systems are involved in the process of CD8 T-cell proliferation, differentiation and

exhaustion. Characteristic expression of surface markers on each CD8 T-cell subset is shown in the table. The majority of exhausted CD8 T-cells

originate from memory subsets including TCM, TEM and TRM, which is the major source of exhausted CD8 T-cells [59�61]. DC, dendritic cell; IFN,
interferon; IL, interleukin; LPS, lipopolysaccharide; MP, macrophage; Mo, monocyte; TCM, central memory CD8 T-cell; TEF, effector CD8 T-cell; TEM,

effector memory CD8 T-cell; TNA, naı̈ve CD8 T-cell; TRM, tissue-resident memory CD8 T-cell; TSCM, stem central memory CD8 T-cell.
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increased inflammatory biomarkers such as IL-6 and hsCRP

in viral-suppressed individuals [79]. The similar biomarker

profile associated with CD8 elevation indicates a link

between monocyte activation and CD8 persistence that has

yet to be studied. Recently, we also demonstrated that

extracellular vesicles including exosomes and microvesicles

released by several cell types may also contribute to immune

dysfunction and elevation of CD8 counts [80].

Distribution and trafficking of CD8 T-cells: does location

matter?

The alteration of T-cell distribution is informative in assessing

CD8 dynamics, since the circulating CD8 count is used in

clinical practice. Such elevation may be partially due to failure

of CD8 T-cell trafficking to lymphoid tissues. However,

recruitment and migration of CD8 T-cells from circulation to

sites of infection is an under-explored area in HIV infection.

Results from SIV-infected rhesus macaques showed a sig-

nificant loss of CD4 T-cells and activation of CD8 T-cells in the

peripheral blood and lymph nodes a few weeks after infection,

accompanied by an alteration of cytokine/chemokine profiles

[81]. In contrast, despite a similar CD4 T-cell depletion, no

evidence of CD4 T-cell exhaustion or CD8 T-cell activation in

the bone marrow was detected, suggesting tissue-specific

T-cell changes during acute SIV infection.

Similarly, in untreated HIV-infected patients, a progressive

depletion of CD4 T-cells and a prominent expansion of CD8 T-

cells have been demonstrated both in the peripheral blood

and in lymphoid tissues [27,29]. Similar composition of the

CD8 T-cell subsets in both blood and lymph nodes compared

with that of the CD4 T-cell subsets suggests an expansion of

CD8 T-cells in both compartments [27]. Moreover, these CD8

T-cells display an altered expression of adhesion molecules,

leading to a higher adhesive capacity facilitating trafficking

and persistence into the lymphoid tissue [27]. Immaturity and

functional defects in these tissue-resident CD8 T-cells, which

likely contributed to viral persistence, were also observed

[82]. All the evidence indicates that peripheral CD8 count

elevation owes little to the decreased trafficking of these cells

to tissues. In contrast, the enhanced adhesion and trafficking

of CD8 T-cells in HIV infection further promotes persistence of

CD8 T-cells in lymphoid tissues, which may in turn serve as a

source of peripheral CD8 persistence.

Co-morbidities: other uninvited guests

The co-existing chronic and persistent infections other than

HIV may result in an expansion and exhaustion of CD8 T-cells.

The level and duration of the chronic antigenic stimulation

are key determinants for T-cell dysfunction. As stated above,

CMV co-infection induces CD8 T-cell senescence, which is

further aggravated by HIV infection [69]. Previous studies

also showed that untreated HCV co-infection would hamper

CD8 T-cell down-regulation in HCV/HIV co-infected indivi-

duals, despite sustained HIV suppression and CD4 T-cell

recovery with ART [83,84]. As the immune dysfunction

continues even in long-term treated patients with optimal

CD4 T-cell recovery, it is possible that the immune system is

frequently challenged and stimulated, which may contribute

to chronic immune activation.

In addition, risk factors having been shown to play a role in

the proinflammatory status in non-HIV individuals are also

considered involved in non-AIDS events occurring in HIV-

infected individuals, including hypercholesterolemia, hyper-

tension, diabetes and smoking. The relative contribution of

lifestyle risk factors and their downstream cascade on CD8

T-cell elevation remains to be explored.

Potential strategies to intervene on CD8 T-cell elevation

While long-termARTresults inmoderate decrease in CD8 T-cell

elevation, early initiated therapy reduces antigenic stimulation

partially contributing to normalization of CD8 T-cell counts

[22]. Several other strategies have been tested, which may

contribute to a better control of HIV-related immune activa-

tion and CD8 persistence.

Reversal of CD8 T-cell exhaustion

Inhibitory receptors such as PD-1, CTLA-4, TIM-3, CD160, 2B4

and LAG-3 play a critical role in the maintenance of CD8 T-cell

exhaustion. Blockade of such receptors alone or in combina-

tion represents a most promising therapeutic approach and

has shown efficacy in reversing T-cell exhaustion in vitro and in

animal models, and more encouragingly in cancer immu-

notherapy [85,86]. Therapeutic blockade of inhibitory path-

ways may enhance the function of cytotoxic CD8 T-cells with

the ultimate objective to clear viral reservoirs. Other strategies

include TLR-2 agonists, which reverse CD8 T-cell exhaustion

and enhance pathogen-specific T-cell responses in vivo.

Agonistic antibodies against 4-1BB or CD40 also seem to be

promising [87].

Enhancing cytotoxic function by recombinant cytokines

Recombinant cytokines alone or in combination with inhibi-

tory receptors can improve CD8 T-cell cytotoxicity and

contribute to their tissue-resident function at the site of HIV

persistence. Recombinant IL-15 enhances CD8 T-cell function

as reported in animal models where the superagonist IL-15

(ALT-803) is being evaluated in a clinical trial with ART-treated

HIV-infected subjects (ClinicalTrials.gov identifier: NCT0219

1098) [88,89]. The transient elevation of CD8 T-cells following

IL-15 administration may lead to their post-treatment decay

due to a reduction in HIV-associated inflammation.

Homing and/or trafficking strategy

As follicular CD4 T-cells in the germinal centres represent

an important site of HIV persistence related to the exclusion

of cytotoxic CD8 T-cell homing, strategies that may either

disrupt germinal centre or modify CD8 T-cell homing in this

site may contribute to a decrease in HIV persistence and in

turn lower CD8 elevation [90,91].

Globally, these therapeutic strategies should encompass

early ART initiation paired with immunotherapies and may

contribute to achieve significant and durable change in T-cell

function and homeostasis [92].

Conclusions
CD8 T-cell persistence in blood and tissues is mainly a

reflection of chronic inflammation and immune activation,

where irreversible epigenetic changes occurred in these

exhausted cells. In addition to the residual viral replication,
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persistence of viral proteins, gut mucosal damage and co-

existing factors such as CMV infection also contributes to

the CD8 persistence. Multiple players in the immune system

are involved in this process, particularly the cytokine and

chemokine network has been demonstrated to play a critical

role. CD8 T-cell persistence remains the Achilles heel in the

ART era representing underlying immunopathogenesis, while

the functional skewing accompanying such quantitative CD8

elevation probably further fuels the immune dysfunction.

Combination of innovative immunological strategies in addi-

tion to ART is required to enhance CD8 T-cell normalization

and improve the life of persons living with HIV.
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Thérapie cellulaire and Réseau SIDA/Maladies infectieuses; Canadian Institutes

of Health Research (grants MOP 103230 and CTN 257); the Canadian

Foundation for AIDS Research (CANFAR; grants 023-512 and 516); and the

Canadian HIV Cure Enterprise Team Grant HIG-133050 from the CIHR in

partnership with CANFAR. Dr. Wei Cao is supported by CTN postdoctoral

fellowship award, and Dr. Vikram Mehraj is supported by FRQ-S postdoctoral

fellowship award. Dr. Daniel E. Kaufmann is supported by a Research Scholar

Career Award of the Quebec Health Research Fund (FRQ-S). Dr. Jean-Pierre

Routy is the holder of Louis Lowenstein Chair in Hematology & Oncology,

McGill University.

References

1. Helleberg M, Kronborg G, Ullum H, Ryder LP, Obel N, Gerstoft J. Course and

clinical significance of CD8� T-cell counts in a large cohort of HIV-infected

individuals. J Infect Dis. 2015;211(11):1726�34.
2. Emu B, Moretto WJ, Hoh R, Krone M, Martin JN, Nixon DF, et al.

Composition and function of T cell subpopulations are slow to change despite

effective antiretroviral treatment of HIV disease. PLoS One. 2014;9(1):85613.

3. Serrano-Villar S, Sainz T, Lee SA, Hunt PW, Sinclair E, Shacklett BL, et al. HIV-

infected individuals with low CD4/CD8 ratio despite effective antiretroviral

therapy exhibit altered T cell subsets, heightened CD8� T cell activation, and

increased risk of non-AIDS morbidity and mortality. PLoS Pathog. 2014;10(5):

1004078.

4. Parry H, Cohen S, Schlarb JE, Tyrrell DA, Fisher A, Russell MA, et al. Smoking,

alcohol consumption, and leukocyte counts. Am J Clin Pathol. 1997;107(1):

64�7.
5. Garcia-Dabrio MC, Pujol-Moix N, Martinez-Perez A, Fontcuberta J, Souto JC,

Soria JM, et al. Influence of age, gender and lifestyle in lymphocyte subsets:

report from the Spanish Gait-2 Study. Acta Haematol. 2012;127(4):244�9.

6. Freeman ML, Mudd JC, Shive CL, Younes SA, Panigrahi S, Sieg SF, et al. CD8

T-Cell Expansion and Inflammation Linked to CMV Coinfection in ART-treated

HIV Infection. Clin Infect Dis. 2016;62(3):392�6.
7. 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 Age Dev. 2000;121(1�3):187�201.
8. Wikby A, Johansson B, Olsson J, Lofgren S, Nilsson BO, Ferguson F.

Expansions of peripheral blood CD8 T-lymphocyte subpopulations and an

association with cytomegalovirus seropositivity in the elderly: the Swedish

NONA immune study. Exp Gerontol. 2002;37(2�3):445�53.
9. Ferguson FG, Wikby A, Maxson P, Olsson J, Johansson B. Immune

parameters in a longitudinal study of a very old population of Swedish people:

a comparison between survivors and nonsurvivors. J Gerontol A Biol Sci Med

Sci. 1995;50(6):B378�82.
10. Wikby A, Ferguson F, Forsey R, Thompson J, Strindhall J, Lofgre S, et al.

An immune risk phenotype, cognitive impairment, and survival in very late life:

impact of allostatic load in Swedish octogenarian and nonagenarian humans.

J Gerontol A Biol Sci Med Sci. 2005;60(5):556�65.
11. Strindhall J, Skog M, Ernerudh J, Bengner M, Lofgren S, Matussek A, et al.

The inverted CD4/CD8 ratio and associated parameters in 66-year-old

individuals: the Swedish HEXA immune study. Age (Dordr). 2013;35(3):985�91.
12. Boren E, Gershwin ME. Inflamm-aging: autoimmunity, and the immune-

risk phenotype. Autoimmun Rev. 2004;3(5):401�6.
13. Deeks SG. HIV infection, inflammation, immunosenescence, and aging.

Annu Rev Med. 2011;62:141�55.
14. Ndumbi P, Gilbert L, Tsoukas CM. Comprehensive evaluation of the

immune risk phenotype in successfully treated HIV-infected individuals. PLoS

One. 2015;10(2):0117039.

15. Goonetilleke N, Liu MK, Salazar-Gonzalez JF, Ferrari G, Giorgi E, Ganusov

VV, et al. The first T cell response to transmitted/founder virus contributes to

the control of acute viremia in HIV-1 infection. J Exp Med. 2009;206(6):

1253�72.
16. Streeck H, Lu R, Beckwith N, Milazzo M, Liu M, Routy JP, et al. Emergence

of individual HIV-specific CD8 T cell responses during primary HIV-1 infection

can determine long-term disease outcome. J Virol. 2014;88(21):12793�801.
17. Lewis MG, DaFonseca S, Chomont N, Palamara AT, Tardugno M, Mai A,

et al. Gold drug auranofin restricts the viral reservoir in the monkey AIDS

model and induces containment of viral load following ART suspension. AIDS.

2011;25(11):1347�56.
18. Ananworanich J, Vandergeeten C, Chomchey N, Phanuphak N, Ngauy V,

Sekaly R-P, et al. Early ART Intervention restricts the seeding of the HIV reservoir

in long-lived central memory CD4 T cells. Abstract #47. In: Conference on

Retroviruses and Opportunistic Infections; 2013 Mar 3�6; Atlanta, GA. 2013.
19. Roederer M, Dubs JG, Anderson MT, Raju PA, Herzenberg LA, Herzenberg

LA. CD8 naive T cell counts decrease progressively in HIV-infected adults. J Clin

Invest. 1995;95(5):2061�6.
20. Cao W, Jamieson BD, Hultin LE, Hultin PM, Effros RB, Detels R. Premature

aging of T cells is associated with faster HIV-1 disease progression. J Acquir

Immune Defic Syndr. 2009;50(2):137�47.
21. Ronsholt FF, Ullum H, Katzenstein TL, Gerstoft J, Ostrowski SR. T-cell subset

distribution in HIV-1-infected patients after 12 years of treatment-induced

viremic suppression. J Acquir Immune Defic Syndr. 2012;61(3):270�8.
22. Cao W, Mehraj V, Trottier B, Baril JG, Leblanc R, Lebouche B, et al. Early

initiation rather than prolonged duration of antiretroviral therapy in HIV

infection contributes to the normalization of CD8 T-cell counts. Clin Infect Dis.

2016;62(2):250�7.
23. Lu W, Mehraj V, Vyboh K, Cao W, Pexos C, Routy JP. Normalization of CD4/

CD8 ratio after long-term antiretroviral therapy: gender and aging issues.

Abstract O064. In: The 24th Annual Canadian Conference on HIV/AIDS Research;

2015 Apr 30�May 3; Toronto, ON, Canada; 2015.

24. Vrisekoop N, Drylewicz J, Van Gent R, Mugwagwa T, Van Lelyveld S, Veel E,

et al. Quantification of naive and memory T-cell turnover during HIV-1

infection. AIDS. 2015;29(16):2071�80.
25. Tinago W, Coghlan E, Macken A, McAndrews J, Doak B, Prior-Fuller C, et al.

Clinical, immunological and treatment-related factors associated with normal-

ised CD4� /CD8� T-cell ratio: effect of naive and memory T-cell subsets. PLoS

One. 2014;9(5):e97011.

26. Jenabian MA, El-Far M, Vyboh K, Kema I, Kema I, Costiniuk CT, Thomas R,

et al. Immunosuppressive tryptophan catabolism and gut mucosal dysfunction

following early HIV infection. J Infect Dis. 2015;212(3):355�66.

Cao W et al. Journal of the International AIDS Society 2016, 19:20697

http://www.jiasociety.org/index.php/jias/article/view/20697 | http://dx.doi.org/10.7448/IAS.19.1.20697

7

http://www.jiasociety.org/index.php/jias/article/view/20697
http://dx.doi.org/10.7448/IAS.19.1.20697


27. Tedla N, Dwyer J, Truskett P, Taub D, Wakefield D, Lloyd A. Phenotypic

and functional characterization of lymphocytes derived from normal and

HIV-1-infected human lymph nodes. Clin Exp Immunol. 1999;117(1):92�9.
28. Biancotto A, Grivel JC, Iglehart SJ, Vanpouille C, Lisco A, Sieg SF, et al.

Abnormal activation and cytokine spectra in lymph nodes of people chronically

infected with HIV-1. Blood. 2007;109(10):4272�9.
29. Allers K, Puyskens A, Epple HJ, Schurmann D, Hofmann J, Moos V, et al. The

effect of timing of antiretroviral therapy on CD4 T-cell reconstitution in the

intestine of HIV-infected patients. Mucosal Immunol. 2016; 9(1):265�74.
30. Serrano-Villar S, Perez-Elias MJ, Dronda F, Casado JL, Moreno A, Royuela A,

et al. Increased risk of serious non-AIDS-related events in HIV-infected subjects

on antiretroviral therapy associated with a low CD4/CD8 ratio. PLoS One.

2014;9(1):e85798.

31. Leon A, Leal L, Torres B, Lucero C, Inciarte A, Arnedo M, et al. Association

of microbial translocation biomarkers with clinical outcome in controllers HIV-

infected patients. AIDS. 2015;29(6):675�81.
32. Gupta SK, Kitch D, Tierney C, Melbourne K, Ha B, McComsey GA. Markers

of renal disease and function are associated with systemic inflammation in HIV

infection. HIV Med. 2015;16(10):591�8.
33. Betene ADC, De Wit S, Neuhaus J, Palfreeman A, Pepe R, Pankow JS, et al.

Interleukin-6, high sensitivity C-reactive protein, and the development of type

2 diabetes among HIV-positive patients taking antiretroviral therapy. J Acquir

Immune Defic Syndr. 2014;67(5):538�46.
34. Doisne JM, Urrutia A, Lacabaratz-Porret C, Goujard C, Meyer L, Chaix ML,

et al. CD8� T cells specific for EBV, cytomegalovirus, and influenza virus are

activated during primary HIV infection. J Immunol. 2004;173(4):2410�8.
35. Wilson JD, Ogg GS, Allen RL, Davis C, Shaunak S, Downie J, et al. Direct

visualization of HIV-1-specific cytotoxic T lymphocytes during primary infection.

AIDS. 2000;14(3):225�33.
36. Betts MR, Ambrozak DR, Douek DC, Bonhoeffer S, Brenchley JM, Casazza

JP, et al. Analysis of total human immunodeficiency virus (HIV)-specific CD4(�)

and CD8(�) T-cell responses: relationship to viral load in untreated HIV

infection. J Virol. 2001;75(24):11983�91.
37. Ogg GS, Jin X, Bonhoeffer S, Moss P, Nowak MA, Monard S, et al. Decay

kinetics of human immunodeficiency virus-specific effector cytotoxic T

lymphocytes after combination antiretroviral therapy. J Virol. 1999;73(1):

797�800.
38. Tough DF, Borrow P, Sprent J. Induction of bystander T cell proliferation by

viruses and type I interferon in vivo. Science. 1996;272(5270):1947�50.
39. Kim SK, Brehm MA, Welsh RM, Selin LK. Dynamics of memory T cell

proliferation under conditions of heterologous immunity and bystander

stimulation. J Immunol. 2002;169(1):90�8.
40. Bastidas S, Graw F, Smith MZ, Kuster H, Gunthard HF, Oxenius A. CD8� T

cells are activated in an antigen-independent manner in HIV-infected

individuals. J Immunol. 2014;192(4):1732�44.
41. McNally JM, Zarozinski CC, Lin MY, Brehm MA, Chen HD, Welsh RM.

Attrition of bystander CD8 T cells during virus-induced T-cell and interferon

responses. J Virol. 2001;75(13):5965�76.
42. Vezys V, Yates A, Casey KA, Lanier G, Ahmed R, Antia R, et al. Memory CD8

T-cell compartment grows in size with immunological experience. Nature.

2009;457(7226):196�9.
43. Chirullo B, Sgarbanti R, Limongi D, Shytaj IL, Alvarez D, Das B, et al. A

candidate anti-HIV reservoir compound, auranofin, exerts a selective ‘anti-

memory’ effect by exploiting the baseline oxidative status of lymphocytes. Cell

Death Dis. 2013;4:e944.

44. Eggena MP, Barugahare B, Jones N, Okello M, Mutalya S, Kityo C, et al.

Depletion of regulatory T cells in HIV infection is associated with immune

activation. J Immunol. 2005;174(7):4407�14.
45. Kinter AL, Hennessey M, Bell A, Kern S, Lin Y, Daucher M, et al.

CD25(�)CD4(�) regulatory T cells from the peripheral blood of asymptomatic

HIV-infected individuals regulate CD4(�) and CD8(�) HIV-specific T cell

immune responses in vitro and are associated with favorable clinical markers of

disease status. J Exp Med. 2004;200(3):331�43.
46. Jenabian MA, Patel M, Kema I, Kanagaratham C, Radzioch D, Thebault P,

et al. Distinct tryptophan catabolism and Th17/Treg balance in HIV progressors

and elite controllers. PLoS One. 2013;8(10):78146.

47. Seddiki N, Kaufmann DE. Editorial overview: cell dysfunction and

exhaustion in HIV infection. Curr Opin HIV AIDS. 2014;9(5):437�8.
48. Radebe M, Gounder K, Mokgoro M, Ndhlovu ZM, Mncube Z, Mkhize L,

et al. Broad and persistent Gag-specific CD8� T-cell responses are associated

with viral control but rarely drive viral escape during primary HIV-1 infection.

AIDS. 2015;29(1):23�33.

49. Peretz Y, He Z, Shi Y, Yassine-Diab B, Goulet JP, Bordi R, et al. CD160 and PD-

1 co-expression on HIV-specific CD8 T cells defines a subset with advanced

dysfunction. PLoS Pathog. 2012;8(8):1002840.

50. 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;101(7):2711�20.
51. Desai S, Landay A. Early immune senescence in HIV disease. Curr HIV/AIDS

Rep. 2010;7(1):4�10.
52. Youngblood B, Noto A, Porichis F, Akondy RS, Ndhlovu ZM, Austin JW, et al.

Cutting edge: prolonged exposure to HIV reinforces a poised epigenetic

program for PD-1 expression in virus-specific CD8 T cells. J Immunol.

2013;191(2):540�4.
53. Youngblood B, Hale JS, Ahmed R. Memory CD8 T cell transcriptional

plasticity. F1000Prime Rep. 2015;7:38.

54. Elsaesser H, Sauer K, Brooks DG. IL-21 is required to control chronic viral

infection. Science. 2009;324(5934):1569�72.
55. Yi JS, Du M, Zajac AJ. A vital role for interleukin-21 in the control of a

chronic viral infection. Science. 2009;324(5934):1572�6.
56. Iannello A, Boulassel MR, Samarani S, Debbeche O, Tremblay C, Toma E,

et al. Dynamics and consequences of IL-21 production in HIV-infected

individuals: a longitudinal and cross-sectional study. J Immunol. 2010;184(1):

114�26.
57. Chevalier MF, Julg B, Pyo A, Flanders M, Ranasinghe S, Soghoian DZ, et al.

HIV-1-specific interleukin-21� CD4� T cell responses contribute to durable

viral control through the modulation of HIV-specific CD8� T cell function.

J Virol. 2011;85(2):733�41.
58. Zoon CK, Wan W, Graham L, Bear HD. Addition of interleukin-21 for

expansion of T-cells for adoptive immunotherapy of murine melanoma. Int J

Mol Sci. 2015;16(4):8744�60.
59. Vigano S, Negron J, Ouyang Z, Rosenberg ES, Walker BD, Lichterfeld M,

et al. Prolonged antiretroviral therapy preserves HIV-1-specific CD8 T cells with

stem cell-like properties. J Virol. 2015;89(15):7829�40.
60. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell

exhaustion. Nat Rev Immunol. 2015;15(8):486�99.
61. Farber DL, Yudanin NA, Restifo NP. Human memory T cells: generation,

compartmentalization and homeostasis. Nat Rev Immunol. 2014;14(1):24�35.
62. 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: 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;187(12):1924�33.
63. Le Priol Y, Puthier D, Lecureuil C, Combadiere C, Debre P, Nguyen C, et al.

High cytotoxic and specific migratory potencies of senescent CD8� CD57�
cells in HIV-infected and uninfected individuals. J Immunol. 2006;177(8):

5145�54.
64. Papagno L, Spina CA, Marchant A, Salio M, Rufer N, Little S, et al. Immune

activation and CD8� T-cell differentiation towards senescence in HIV-1

infection. PLoS Biol. 2004;2(2):E20.

65. Kim J, Kim AR, Shin EC. Cytomegalovirus infection and memory T cell

inflation. Immune Netw. 2015;15(4):186�90.
66. Derhovanessian E, Larbi A, Pawelec G. Biomarkers of human immunose-

nescence: impact of Cytomegalovirus infection. Curr Opin Immunol. 2009;

21(4):440�5.
67. Lee SA, Sinclair E, Hatano H, Hsue PY, Epling L, Hecht FM, et al. Impact of

HIV on CD8� T cell CD57 expression is distinct from that of CMV and aging.

PLoS One. 2014;9(2):89444.

68. Lee SA, Sinclair E, Jain V, Huang Y, Epling L, Van Natta M, et al. Low

proportions of CD28- CD8� T cells expressing CD57 can be reversed by early

ART initiation and predict mortality in treated HIV infection. J Infect Dis.

2014;210(3):374�82.
69. Appay V, Dunbar PR, Callan M, Klenerman P, Gillespie GM, Papagno L, et al.

Memory CD8� T cells vary in differentiation phenotype in different persistent

virus infections. Nat Med. 2002;8(4):379�85.
70. Catalfamo M, Di Mascio M, Hu Z, Srinivasula S, Thaker V, Adelsberger J,

et al. HIV infection-associated immune activation occurs by two distinct

pathways that differentially affect CD4 and CD8 T cells. Proc Natl Acad Sci USA.

2008;105(50):19851�6.
71. Catalfamo M, Wilhelm C, Tcheung L, Proschan M, Friesen T, Park JH, et al.

CD4 and CD8 T cell immune activation during chronic HIV infection: roles of

homeostasis, HIV, type I IFN, and IL-7. J Immunol. 2011;186(4):2106�16.
72. Lehmann C, Jung N, Forster K, Koch N, Leifeld L, Fischer J, et al.

Longitudinal analysis of distribution and function of plasmacytoid dendritic

Cao W et al. Journal of the International AIDS Society 2016, 19:20697

http://www.jiasociety.org/index.php/jias/article/view/20697 | http://dx.doi.org/10.7448/IAS.19.1.20697

8

http://www.jiasociety.org/index.php/jias/article/view/20697
http://dx.doi.org/10.7448/IAS.19.1.20697


cells in peripheral blood and gut mucosa of HIV infected patients. J Infect Dis.

2014;209(6):940�9.
73. Routy JP, Mehraj V, Vyboh K, Cao W, Kema I, Jenabian MA. Clinical

relevance of kynurenine pathway in HIV/AIDS: an immune checkpoint at the

crossroads of metabolism and inflammation. AIDS Rev. 2015;17(2):96�106.
74. Kamath AT, Sheasby CE, Tough DF. Dendritic cells and NK cells stimulate

bystander T cell activation in response to TLR agonists through secretion of

IFN-alpha beta and IFN-gamma. J Immunol. 2005;174(2):767�76.
75. Lugli E, Mueller YM, Lewis MG, Villinger F, Katsikis PD, Roederer M. IL-15

delays suppression and fails to promote immune reconstitution in virally

suppressed chronically SIV-infected macaques. Blood. 2011;118(9):2520�9.
76. Shive CL, Mudd JC, Funderburg NT, Sieg SF, Kyi B, Bazdar DA, et al.

Inflammatory cytokines drive CD4� T-cell cycling and impaired responsiveness

to interleukin 7: implications for immune failure in HIV disease. J Infect Dis.

2014;210(4):619�29.
77. Laidlaw BJ, Cui W, Amezquita RA, Gray SM, Guan T, Lu Y, et al. Production

of IL-10 by CD4(�) regulatory T cells during the resolution of infection

promotes the maturation of memory CD8(�) T cells. Nat Immunol. 2015;

16(8):871�9.
78. Vignali DA, Collison LW,Workman CJ. How regulatory T cells work. Nat Rev

Immunol. 2008;8(7):523�32.
79. Wilson EM, Singh A, Hullsiek KH, Gibson D, Henry WK, Lichtenstein K, et al.

Monocyte-activation phenotypes are associated with biomarkers of inflamma-

tion and coagulation in chronic HIV infection. J Infect Dis. 2014;210(9):

1396�406.
80. Hubert A, Subra C, Jenabian MA, Tremblay Labrecque PF, Tremblay C,

Laffont B, et al. Elevated abundance, size and microRNA content of plasma

extracellular vesicles in viremic HIV-1� patients: correlations with known

markers of disease progression. J Acquir Immune Defic Syndr. 2015;70(3):

219�27.
81. Kenway-Lynch CS, Das A, Lackner AA, Pahar B. Cytokine/Chemokine

responses in activated CD4� and CD8� T cells isolated from peripheral

blood, bone marrow, and axillary lymph nodes during acute simian immuno-

deficiency virus infection. J Virol. 2014;88(16):9442�57.

82. Shacklett BL, Cox CA, Quigley MF, Kreis C, Stollman NH, Jacobson MA, et al.

Abundant expression of granzyme A, but not perforin, in granules of CD8� T

cells in GALT: implications for immune control of HIV-1 infection. J Immunol.

2004;173(1):641�8.
83. Zaegel-Faucher O, Bregigeon S, Cano CE, Obry-Roguet V, Nicolino-Brunet C,

Tamalet C, et al. Impact of hepatitis C virus coinfection on T-cell dynamics in

long-term HIV-suppressors under combined antiretroviral therapy. AIDS. 2015;

29(12):1505�10.
84. Zheng L, Taiwo B, Gandhi RT, Hunt PW, Collier AC, Flexner C, et al. Factors

associated with CD8� T-cell activation in HIV-1-infected patients on long-term

antiretroviral therapy. J Acquir Immune Defic Syndr. 2014;67(2):153�60.
85. Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, Bessette B, et al.

Upregulation of PD-1 expression on HIV-specific CD8� T cells leads to

reversible immune dysfunction. Nat Med. 2006;12(10):1198�202.
86. Kepp O, Menger L, Vacchelli E, Adjemian S, Martins I, Ma Y, et al.

Anticancer activity of cardiac glycosides: at the frontier between cell-auto-

nomous and immunological effects. Oncoimmunology. 2012;1(9):1640�2.
87. Jones RB, Walker BD. HIV-specific CD8� T cells and HIV eradication. J Clin

Invest. 2016;126(2):455�63.
88. Zarogoulidis P, Lampaki S, Yarmus L, Kioumis I, Pitsiou G, Katsikogiannis N,

et al. Interleukin-7 and interleukin-15 for cancer. J Cancer. 2014;5(9):765�73.
89. Rhode PR, Egan JO, Xu W, Hong H,Webb GM, Chen X, et al. Comparison of

the superagonist complex, ALT-803, to IL15 as cancer immunotherapeutics in

animal models. Cancer Immunol Res. 2016;4(1):49�60.
90. Fukazawa Y, Lum R, Okoye AA, Park H, Matsuda K, Bae JY, et al. B cell

follicle sanctuary permits persistent productive simian immunodeficiency virus

infection in elite controllers. Nat Med. 2015;21(2):132�9.
91. Sabahi R, Anolik JH. B-cell-targeted therapy for systemic lupus erythema-

tosus. Drugs. 2006;66(15):1933�48.
92. Margolis DM, Salzwedel K, Chomont N, Psomas C, Routy J, Poli G, et al.

Highlights from the Seventh International Workshop on HIV Persistence during

Therapy, 8�11 December 2015, Miami, Florida, USA. J Virus Erad. 2015;2(1):

57�65.

Cao W et al. Journal of the International AIDS Society 2016, 19:20697

http://www.jiasociety.org/index.php/jias/article/view/20697 | http://dx.doi.org/10.7448/IAS.19.1.20697

9

http://www.jiasociety.org/index.php/jias/article/view/20697
http://dx.doi.org/10.7448/IAS.19.1.20697

