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A B S T R A C T   

Achieving a cure for HIV infection is a global priority. There is substantial evidence supporting a 
central role for CD8+ T cells in the natural control of HIV, suggesting the rationale that these cells 
may be exploited to achieve remission or cure of this infection. In this work, we review the major 
challenges for achieving an HIV cure, the models of HIV remission, and the mechanisms of HIV 
control mediated by CD8+ T cells. In addition, we discuss strategies based on this cell population 
that could be used in the search for an HIV cure. Finally, we analyze the current challenges and 
perspectives to translate this basic knowledge toward scalable HIV cure strategies.   

1. Introduction HIV cure: a global priority 

The worldwide occurrence of HIV infection poses a significant issue for public health on a global scale, with an approximate 38.4 
million individuals affected by HIV in 2021 [1]. In addition to this widespread prevalence, the efforts made by countries to address the 
HIV epidemic have been inadequate. There exists a delay in diagnosis and a low detection rate [2,3], and only 75% of people living 
with HIV received antiretroviral therapy (ART) in 2021 [1]. Numerous factors, such as adverse effects of medication, logistical 
challenges in accessing drugs, and the financial burden associated with lifelong treatment, contribute to suboptimal adherence to ART 
[4,5]. For instance, individuals receiving ART have demonstrated an increased susceptibility to cardiovascular disease, kidney 
problems, and bone disorders [6,7]. The clinical status before therapy initiation, virological factors (such as drug resistance muta-
tions), sociodemographic aspects, and inadequate adherence to treatment, all contribute to an ongoing risk of developing resistance to 
therapy and subsequent treatment failure [8]. Additionally, the absence of a vaccine with satisfactory efficacy in preventing new 
infections adds to these challenges [9]. Lastly, the persistent social stigma attached to being an HIV carrier exacerbates the situation. 
These obstacles emphasize the urgent need for finding a cure for HIV, both in terms of public health and global research. A safe, 
effective, scalable, and cost-effective intervention that promotes sustained virus control in the absence of ART would provide a 
powerful tool for eventual epidemic control [10]. 
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2. Why is it so difficult to find a cure for HIV? 

Despite the identification of HIV in the mid-80s and important research efforts have been made to understand its pathophysiology 
and the mechanisms for viral control, there is no effective and scalable strategy to achieve disease remission. Numerous factors 
contribute to the challenge of finding a cure for HIV infection, linked to the characteristics of viral latency and intrinsic genetic 
variability of retroviruses. Furthermore, HIV exhibits various mechanisms of immune evasion, such as its location in multiple tissues 
with limited access to immune effector cells. Of note, antiretroviral drugs block infection in susceptible cells and inhibit active virus 
replication, but do not act on integrated proviruses in cells with latent infection [11]. The main mechanisms that determine the 
difficulty in achieving a cure for HIV, and the impact of the CD8+ T cell response against HIV, are described below. 

2.1. HIV latency 

HIV belongs to the retroviridae family, which has mechanisms to establish latent reservoirs in host cells. These viral reservoirs are 
characterized by cells harboring integrated viral DNA (known as provirus) that are transcriptionally silent. However, upon cellular 
activation, these reservoirs have the capability to generate infectious viral particles [11]. Macaque studies have demonstrated that the 
lentivirus reservoir is rapidly established upon viral exposure, escaping to innate and adaptive immune effector mechanisms [12]. 
After reservoir seeding, several mechanisms favor HIV deep latency, including epigenetic repression of HIV transcription [13], tem-
porary absence of host transcriptional factors [14,15], and provirus integration in non-genic regions of the genome [16]. The low rate 
of replication in viral reservoirs determines their high stability over time. For example, previous studies have shown that proviruses 
with replicative capacity can persist free of selective pressure in long-lived CD4+ T cells [17]. In addition, it has been estimated that the 
viral reservoir has a half-life of 44 months [18], so it would take more than 70 years to naturally eradicate a reservoir consisting of only 
106 cells [19]. Importantly, CD8+ T cell escape and resistance mutations [20,21], as well as resistance to type 1 interferons (IFN) and 
antibodies [22,23], can be found in the HIV reservoir, determining a further challenge for the design of HIV cure immunotherapies. 

Intriguingly, CD8+ T cells play a dual role in the immune response against HIV. On one hand, they effectively eliminate HIV- 
infected cells, while on the other hand, they release soluble molecules that interact with infected CD4+ T cells. This interaction 
triggers a series of signaling events that lead to non-cytolytic suppression of HIV, inhibition of viral transcription, and promotion of 
cellular quiescence and stemness. These processes, in turn, may contribute to the establishment of viral latency [24,25]. For instance, 
the CD8+ T cell antiviral factor (CAF) was reported to inhibit HIV transcription by reducing the association of RNA polymerase II with 
the HIV promoter [26]. More recently, it has been discovered that CD8+ T cells express ligands that bind to Wnt-frizzled receptors, 
thereby activating the canonical Wnt/β-catenin signaling pathway. This activation leads to the suppression of HIV transcription in 
infected cells [27]. In addition, it was reported that this non-cytolytic CD8+ T cell-mediated suppression of HIV replication is inde-
pendent of the major histocompatibility complex (MHC), and is linked to the silencing of the LTR-dependent viral transcription, and 
the decrease of CD4+ T cell activation and proliferation [25,28]. These mechanisms explain in part the enhancement of latency reversal 
mediated by several compounds when accompanied by CD8+ T cell depletion in simian immunodeficiency virus (SIV)-infected ma-
caques [29,30], as well as the loss of ART-mediated viral suppression in SIV-infected macaques when CD8+ T cells are depleted [31]. 

2.2. High viral diversity 

The extraordinary genetic diversity in the circulating subtypes of HIV has hampered the development of a cure [32]. There are at 
least three mechanisms that explain the variability of HIV: i) the high error rate of the viral reverse transcriptase [33]; ii) recombi-
nation phenomena of the strands of the viral genome [34,35]; iii) cellular factors such as APOBEC3G (apolipoprotein B mRNA editing 
enzyme, catalytic polypeptide-like) and RNA polymerase II, which may induce changes in the viral nucleotide sequence [36,37]. 
Together, these mechanisms induce a mutation rate estimated at 3.4 × 10− 5 substitutions/site/replication cycle [38], leading to the 
generation of circulating subtypes and recombinant forms that harbor antiretroviral resistance and immune evasion mutations. 

2.3. Immune evasion 

In addition to the antigenic escape product of viral mutations and CD4+ T cell depletion, HIV has additional mechanisms for 
immune evasion. For example, it has been shown that HIV evades recognition by intracellular receptors such as Cyclic GMP-AMP 
synthase (cGAS), and Toll-like receptors 7, 8, and 9 inhibiting the production of type I IFN, critical for the control of viral replica-
tion [39]. Additionally, the viral protein Nef induces the downregulation of human leukocyte antigen (HLA) class I molecules, pre-
venting recognition by CD8+ T cells [40]. On the other hand, throughout the process of HIV entry into the host cell, the virions can 
mask specific functional domains of the gp120 glycoprotein, thus eluding detection by antibodies [41]. Taken together, these 
mechanisms are associated with poor natural control of HIV replication by the host immune system. 

2.4. Localization of the virus in multiple tissues with limited access to immune effector cells 

Lentiviruses are localized in multiple tissues that are not easily accessible to immune cells. For example, analysis in SIV-infected 
macaques determined virus localization in tissues such as lymph nodes, intestine, brain, spleen, heart, kidney, lung, and liver [42]. 
The case of secondary lymphoid organs is relevant considering that lymphoid follicles are the main reservoirs of the virus [11], and 
there is poor access of cytotoxic cells to these compartments [43]. Another relevant compartment is the central nervous system, where 
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resident macrophages and astrocytes, can be infected by HIV, persisting for a long time due to the limited access to immune effector 
cells [44]. 

2.5. Chronic immune activation and immune exhaustion 

Chronic immune activation is one of the main features of HIV infection [45]. The mechanisms that determine persistent immune 
activation include: i) immunomodulatory functions of viral proteins and immune response against the virus; ii) reactivation of other 
latent infections in the individual; iii) loss of gastrointestinal mucosal integrity, followed by microbial translocation; iv) alteration in 
the balance of CD4+ T cells; and v) increased production of proinflammatory cytokines [46]. One consequence of chronic immune 
activation and antigen persistence is immune exhaustion, particularly in CD8+ T cells, which impairs the functional capacity and viral 
control, associated with the increased expression of inhibitory receptors such as programmed death (PD)-1 and T-cell immunoglobulin 
and mucin-domain containing-3 (TIM-3), metabolic dysregulation, and poor cell survival [47]. 

3. Models of functional cure of HIV: learning from the exceptions 

The major proportion of untreated people with HIV suffers progressive disease, developing acquired immune deficiency syndrome 
(AIDS). However, a small proportion of individuals (<1%), known as elite controllers, maintain undetectable viremia for a long time in 
the absence of ART, suggesting the possibility of functional remission of the disease [48]. Viral and host-related mechanisms of 
resistance have been reported in HIV elite controllers [49]. The mechanisms with the major evidence are related to the adaptive 
immune response mediated by CD8+ T cells. Certain HLA class I alleles, such as HLA-B*27 and -B*57, are overrepresented in elite 
controller individuals [50–52], which are associated with better presentation of conserved viral peptides to CD8+ T cells [53–55]. 
Although it is not always the case, the expression of protective HLA class I alleles is associated with a greater functional capacity of 
CD8+ T cells [56–58]. 

HIV post-treatment controllers are the second model of a functional cure. These individuals are characterized by symptomatic acute 
infection that requires ART initiation. However, upon treatment interruption, these individuals can maintain low to undetectable 
viremia for a long time [59]. Although not well identified yet, the mechanisms of post-treatment control are related to the early ART 
initiation and maintenance of therapy for ~2–3 years [60,61], which appear to limit the size and quality of the viral reservoir [60,62]. 
On the other hand, post-treatment controllers usually do not exhibit the classic protective HLA class I alleles and have significantly 
lower HIV-specific CD8+ T cell responses, in terms of their relative frequency ex vivo and HIV-suppressive capacity in vitro, compared 
with HIV elite controllers [60,63–65]. Moreover, a study also reported a poor proliferative capacity of HIV-specific CD8+ T cells in a 
post-treatment controller [66]. However, long-term ART initiated early in acute infection preserves functional HIV-specific CD8+ T 
cells with enhanced stemness, and proliferative and cytolytic potential, attributes which correlate with longer time to viral rebound 
after treatment interruption [67]. In line with these data, at least in a proportion of post-treatment controllers CD8+ T cells may play a 
critical role in sustained viral control [64]. In addition to cellular immunity, in a fraction of post-treatment controllers, the antibody 
response appears to play a relevant role in viral control [64,68]. Therefore, the study of post-treatment controllers may inform the 
design of novel immune therapies aiming at HIV functional remission. 

4. Mechanisms of CD8þ T cell-mediated HIV control 

CD8+ T cells are an integral part of the adaptive immune system and play a crucial role in safeguarding against intracellular 
pathogens and malignancies. Their function entails identifying peptides displayed by class I MHC molecules on antigen-presenting 
cells or target cells, resulting in the eradication of infected or transformed cells [69,70]. CD8+ T cells fulfill these biological func-
tions through different effector mechanisms. Firstly, cytolytic mechanisms, which include the directed release of molecules such as 
perforin and granzymes, induce the death of target cells [71–73]. In addition to the cytolytic mechanisms to suppress HIV transcription 
previously described, CD8+ T cells also produce soluble factors that contribute to the antiviral response, including β− chemokines 
(CCL4, CCL5), and cytokines such as IFN-γ, tumor necrosis factor (TNF)-α and interleukin (IL)-17 [74]. In the context of HIV, 
β-chemokines prevent virus binding to the CCR5 co-receptor on CD4 + T cells [75]; IFN-γ induces the expression of MHC molecules and 
macrophage activation [76,77], while IL-17 promotes the integrity of the gastrointestinal mucosa [78]. 

Apart from the association observed between various HLA class I alleles and innate control of HIV, additional evidence sub-
stantiates the significant contribution of CD8+ T cells in the control of HIV infection: i) there is a temporal association between the 
decrease in viremia in individuals with acute infection and the appearance of HIV-specific CD8+ T cells [79,80]; ii) The persistence of 
HIV-specific CD8+ T cells with memory potential upon early ART initiation correlate with a lower HIV reservoir [81]; iii) HIV natural 
controllers and non-progressors maintain HIV-specific CD8+ T cells with enhanced functionality and cytotoxic capacity [57,58]; iv) the 
virus generates escape mutations to evade immune pressure from CD8+ T cells [82]. Furthermore, early macaque studies demonstrated 
that CD8+ T cell depletion leads to an increase in plasma viremia, and there is a decrease in viral replication upon CD8+ T cell 
reconstitution [83,84]. In addition, CD8+ T cell responses contribute to post-analytical treatment interruption (ATI) viral load set point 
in SIV-infected macaques [85]. Thus, considering the relevant anti-HIV role of CD8+ T cells, they represent an attractive option for 
immune therapies against this infection [86]. 
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5. CD8þ T cell-based strategies to cure HIV infection 

Currently, several strategies aiming at HIV cure exploit the potent antiviral potential of CD8+ T cells (Fig. 1). These include 
stimulating endogenous HIV-specific cell responses through vaccines and neutralizing antibodies (NAb), expansion and in vitro 
reprogramming of CD8+ T cells to enhance the number, functionality, and in vivo survival, and the use of cells with modified or 
chimeric antigen receptors (CAR). From a clinical perspective, these CD8+ T cell-based strategies could be administered to the patient 
in the form of injected compounds (such as vaccines, neutralizing antibodies, immunomodulators, or immune checkpoint blocking 
antibodies), or by adoptive cell therapy approaches (in vitro reprogrammed cells and CAR T cells). Importantly, these strategies may 
promote immune-mediated clearance of HIV-infected cells, but they need to be accompanied by reactivation of virus production using 
latency reversing agents, as well as using pro-apoptotic agents and other immunomodulatory strategies [87,88]. As such, it is unlikely 
that CD8+ T cell-based approaches alone will eliminate the HIV reservoir but constitute an important arm of HIV cure strategies. 

5.1. Stimulation of endogenous HIV-specific CD8+ T cells through vaccines and neutralizing antibodies 

Vaccination has been considered throughout history a successful medical intervention for the control of infectious diseases. The 
objective of preventive vaccination is to induce the production of neutralizing antibodies and memory T cells, which in the context of 
HIV, would prevent the acquisition of the infection [89]. Another approach to vaccines is therapeutic, where the aim is to induce 
and/or increase adaptive immune responses that help control an already-established infection [90]. For HIV vaccines that induce CD8+

T cell responses, the outcome could potentially result in sustained viral load reduction in the absence of ART over an extended duration 
[91]. These types of vaccines include DNA plasmids, viral vectors, RNA-based vaccines, selected peptides based on conserved regions 
of HIV proteins, and dendritic cell-based vaccines [92,93]. Most of the vaccines have not passed clinical trials I and II, so the effec-
tiveness and immunogenicity of a large proportion of them are unknown [94]. 

Vaccine trials in non-human primates (NHP) have shown that in animals immunized and subsequently infected with SIV, despite 
not inhibiting the infection, peak viremia and viral set point is reduced, largely due to the response of virus-specific CD8+ T cells 
[95–98]. In humans, one of the vaccines that made the most progress in terms of clinical trials was the one based on adenovirus rAd5. 
This vaccine directly targeted the CD8+ T cell response, as it contained genes encoding Gag, Pol, and Nef proteins (immunodominant 
for CD8+ T cells), but not Env (immunodominant for humoral responses). Although this vaccine induced a strong HIV-specific CD8+ T 
cell response, it did not demonstrate effectiveness in protecting volunteers against acquiring the infection, nor did it reduce viral loads 
after infection [99,100]. These results indicate that additional strategies beyond the induction of endogenous CD8+ T cell responses are 
needed. For example, in a model of macaques with established SIV infection and immunized with a vaccine that promoted 
virus-specific CD8 + T cells, adoptive transfer of in vitro-expanded autologous CD8+ T cells helped to limit viral replication or viral 
rebound upon ART discontinuation [101]. Therefore, strategies that include the induction/amplification of endogenous CD8+ T cell 
responses through vaccines, combined with in vitro expansion and/or administration of co-adjuvants, would be more effective in 
achieving viral control. 

Fig. 1. CD8þ T cell-based immunotherapeutic strategies for HIV cure. Various strategies seek to enhance the number and functional attributes 
of CD8+ T cells to favor viral control and can be divided into injected compounds and adoptive therapies. Injected compounds include i) vaccination 
and broadly neutralizing antibodies to promote endogenous CD8+ T cell responses, ii) γ-chain cytokines such as IL-15 and superagonists, which 
expand them and promote their cytotoxic capacity, and iii) combinatorial immune checkpoint blockade. For adoptive therapies, autologous CD8+ T 
cells could be isolated for cognate in vitro stimulation with HIV peptides to expand virus-specific cells, or for gene modification to generate CAR T 
cells. Chemokine receptors, such as CXCR5, could also be inserted into the genome of engineered cells to promote migration into lymphoid follicles. 
Expanded autologous HIV-specific cells or CAR T cells could be further reprogrammed with GSK3 inhibitors to promote TCF-1 expression and 
stemness, which may contribute to long-lived memory responses. Finally, in vitro-manipulated cells can be reinfused into the individual. 
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The vaccine approaches employed in NHP and humans, as mentioned earlier, utilized non-persistent vectors, and aimed to generate 
conventional anamnestic CD8+ T cell responses characterized by a central memory, long-lived profile. These cells can expand and 
differentiate into effector populations after antigen re-stimulation (SIV or HIV challenge), but their expansion is delayed in relation to 
peak viral replication and is not sufficient to control the systemic spread of infection. Thus, vaccine-induced anamnestic CD8+ T cell 
responses can contain but not suppress infection in the long-term [102]. Based upon this evidence, it was hypothesized that induction 
of virus-specific CD8+ T cells with an effector memory profile might be a more effective approach for early and sustained SIV/HIV 
control. Supporting this assumption, SIV vaccines that include the persistent rhesus cytomegalovirus (RhCMV) vector elicited and 
maintained high frequencies of SIV-specific T cells with an effector memory-biased profile, which contributed to early and sustained 
viral control in >50% of animals vaccinated [103,104]. Notably, RhCMV/SIV vectors can elicit non-canonical MHC-II and 
MHC-E-restricted CD8+ T cells that can recognize universal epitopes termed supertopes [105,106], and are essential for RhCMV/SIV 
vaccine efficacy [107]. This novel mechanism of CD8+ T cell-mediated protection may exploit SIV/HIV immune-evasion adaptations, 
such as down-modulation of MHC-I molecules and upregulation of MHC-E. 

In addition to the vaccine-mediated stimulation of CD8+ T cell responses, it was recently shown that the administration of NAb in 
macaques with Simian-Human Immunodeficiency Virus (SHIV) infection, or in individuals with HIV, promotes the function of virus- 
specific CD8+ T cells. This effect occurs probably through the modulation of T cell priming, and this vaccinal effect explains, at least in 
part, the sustained viral control in these individuals [108–110]. In this context, NAb-HIV immune complexes may activate dendritic 
cells to increase their capacity for conventional and crossed antigen presentation [109], but new studies are required to elucidate the 
mechanisms involved. Thus, immunotherapy with monoclonal antibodies offers not only viremia control mediated by virus 
neutralization, but also enhances the endogenous cellular response, promoting long-lived memory responses. 

5.2. Cytokines and immune adjuvants 

Several cytokines of the γ− common, including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21, promote the effector response of CD8+ T cells, 
as well as the survival of long-lived memory cells [111]. For example, IL-2 promotes the proliferation and accumulation of memory 
CD8+ T cells [112]; IL-7 promotes the homeostasis of naïve and memory CD8+ T cells [113,114], while IL-15 and IL-21 promote the 
survival of HIV-specific CD8+ T cells, the production of IFN-γ, the expression of cytotoxic molecules, and control of HIV in vitro 
[115–117]. IL-15 also promotes the metabolic plasticity of HIV-specific CD8 + T cells, a characteristic of cells derived from elite 
controllers [117]. 

Systemic administration of IL-7 or IL-21 has been explored in macaques with SIV infection. In general, the results showed low 
toxicity of the treatment, with induction of CD4+ and CD8+ T cell proliferation by IL-7, as well as greater expression of cytotoxic 
molecules induced by IL-21; however, systemic administration of these cytokines does not induce changes in viral load or viral set 
point [118,119]. Interestingly, comparative in vitro studies among IL-2, IL-7 and IL-15 showed that the latter cytokine is the most 
potent to increase Gag-specific CD8+ T cell responses [120], so it would be a good candidate for immunotherapy. Importantly, IL-15 
also promotes in vitro HIV reactivation in latently infected cells [121]. However, while therapeutically-administered IL-15 is rapidly 
cleared from plasma in vivo, systemic administration of high doses of this cytokine can cause significant adverse effects and toxicity 
[122]. Therefore, this cytokine could be used as a vaccine adjuvant or as a stimulant for in vitro cell expansion and induction of effector 
properties. For example, immunization with HIV vaccines in vectors that also express IL-15 induced an increase in memory CD8+ T 
cells that persisted for several months and showed high proliferative capacity [123]. 

Considering that, in vivo, IL-15 effects require interaction with the IL-15 receptor alpha (IL-15Rα) [124,125], additional strategies 
have been devised to exploit and potentiate its function. For instance, N-803 is an IL-15 superagonist designed to increase IL-15 ac-
tivity. Specifically, N-803 consists of a complex between an IL-15 mutant (containing an asparagine to aspartic acid mutation at 
position 72, allowing a more stable heterodimeric complex with IL-15Rα) and an IL15Rα: IgG1 Fc fusion protein. These structural 
properties confer to N-803 higher biological activity and longer half-life than soluble IL-15, which allow potent stimulation of NK and 
memory T cells [126,127]. An alternative to N-803 is the heterodimeric IL-15 (hetIL-15), a stable native complex of IL-15 and IL-15Rα. 
Previously, hetIL-15 has been shown to promote proliferation and effector functions of adoptively transferred tumor-specific T cells 
[128]. Importantly, N-803 and hetIL-15 increase cytotoxic responses and upregulate CXCR5 expression. This latter effect allows the 
migration of CD8+ T cells into the lymphoid follicles in SIV or SHIV-infected macaques, associated with a transient reduction in viral 
replication [129–132]. In line with a role of IL-15 in promoting protective follicular cytotoxic responses, nonpathogenic SIV infection 
in African green monkeys was associated with enhanced NK cell migration into follicles and the presence of high levels of this cytokine 
presented in its membrane-bound form on follicular dendritic cells [133]. The safety and virologic impact of N-803 was recently 
evaluated in a phase 1 study in people living with HIV. Notably, the drug was safe and well-tolerated, with a modest reduction in the 
circulating inducible reservoir. In addition, N-803 treatment was associated with T cell and natural killer (NK) cell activation [134]. 
Larger clinical trials in ART-suppressed individuals will elucidate the effectiveness of N-803 for the promotion of follicular cytotoxic 
responses, latency reversal, and purge of the HIV reservoir. 

In addition to cytokines of the γ-common family, other cytokines that induce a particular functional profile can also be used in vitro. 
An example is the induction of follicular-like CXCR5+ cells with the combination of transforming growth factor (TGF)− β and IL-23 
[135], aiming at redirecting CD8+ T cells towards lymphoid follicles, an important viral replication, and reservoirs site. 

Additionally, various adjuvants that promote the priming of CD8+ T cells by antigen-presenting cells through the activation of 
pattern-recognition receptors have been explored [136]. For example, agonist ligands of the cGAS-stimulator of interferon genes 
(STING) pathway have shown effectiveness as adjuvants to increase adaptive immune responses, particularly in pre-clinical trials of 
immunotherapy against tumors [137]. Through the induction of type I IFN, STING ligands such as cGAMP co-administered to mice 
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together with vaccines promote the expansion and maturation of antigen-specific CD8+ T cells, conferring subsequent protection 
against tumors or viral infections [138]. Similar strategies could be used in the context of HIV, with the administration of vaccines 
along with these adjuvants, or through in vitro priming and expansion of virus-specific CD8+ T cells in the presence of cGAMP, fol-
lowed by adoptive transfer. 

Another activator of the innate immune response, that in turn would promote adaptive immunity, is the toll-like receptor (TLR)-7 
agonist, vesatolimod, which exhibits latency reversal properties [139]. Previous studies in SIV-infected macaques demonstrated that a 
combination of vesatolimod with neutralizing antibodies or vaccination promotes viral control following ATI. SIV-specific T cell re-
sponses and T cell activation were the strongest correlates of virologic control [140,141]. Importantly, in a recent phase 1b clinical trial 
in people with HIV, vesatolimod was safe and well-tolerated and contributed to a modest delay in viral rebound upon ATI. In addition, 
vesatolimod induced interferon-stimulated gene expression, cytokine production, and an increase in activated and proliferating T cells 
[142]. 

5.3. Immune checkpoint blockade 

Since CD8+ T cells acquire a state of functional exhaustion due to the persistent antigenic load, the inflammatory environment, and 
the expression of immune checkpoint receptors, a strategy to promote their function is to block certain inhibitory signals. To date, 
monoclonal antibodies that inhibit CTLA-4 (ipilimumab), PD-1 (pembrolizumab, nivolimumab, cemiplimab), and PD-1 ligand 1 (PD- 
L1; durvalumab, atezolizumab, avelumab) receptors have been approved for clinical use [143]. Anti-PD-1 antibodies have been used 
for therapy in a small number of people with HIV and cancer. In general, good tolerance and safety have been observed. In addition, 
effectiveness of immunotherapy has been observed to combat different types of cancer, as well as an increase in the CD4+ T cell count 
after immunotherapy, without viral rebound [144]. Other clinical trials are currently underway to evaluate the effectiveness of these 
immunotherapies in individuals with HIV who also have various solid cancers and lymphomas [145], as well as individuals without 
malignancy [146,147]. Promisingly, the use of antibodies against CTLA-4, PD-1, or PD-L1 induced an increase in the levels of 
cell-associated unspliced HIV RNA (indicative of latency reversal), as well as a rise in the frequency of Gag-specific CD8+ T cells that 
produced IFN-γ, TNF-α or CD107a in a subset of participants [147,148]. However, it should be emphasized that these results come 
from small clinical trials or case reports, and substantial variability is observed between studies and individuals [149]. Moreover, 
between 10 and 30% of patients receiving immune-checkpoint inhibitors may suffer serious immune-related adverse events [150], as 
has been observed in people with HIV [151]. Thus, preliminary data indicate that only a subset of people with HIV will respond to and 
benefit from immune checkpoint blockade, while there is a high risk of toxicities. 

Of note, monotherapy with anti-PD-1 for cancer in people living with HIV is insufficient to improve virus-specific responses, 
probably linked to a terminal exhaustion state of HIV-specific CD8+ T cells [152]. More promising results have been obtained upon the 
combination of immune checkpoint blockade. As such, enhanced IL-2 and CD107a production by HIV-specific T cells was observed 
when cells were stimulated ex vivo with viral peptides in the presence of a combination of antibodies against Lymphocyte-activation 
gene 3 (LAG-3), Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4), or T cell immunoreceptor with Ig and ITIM domains (TIGIT) [153]. 
Therefore, blocking multiple signals that inhibit effector immune mechanisms seems promising to promote more effective responses of 
CD8+ T cells against HIV. Moreover, a combinatory strategy that includes vaccination plus immune checkpoint blockade has shown 
promising results in ART-suppressed SIV-infected macaques. As such, macaques immunized with a CD40L plus TLR7 ago-
nist–adjuvanted DNA/modified vaccinia Ankara vaccine along with anti-PD-1 therapy exhibited a higher frequency of granzyme B+

perforin+ CD8+ T cells in blood and lymph nodes, particularly within lymphoid follicles. This effect was associated with reductions in 
the viral reservoir, and a lower viral set point upon ATI [154]. Thus, PD-1 blockade may improve the therapeutic benefits of vacci-
nation, and these combinatorial strategies should be further explored in HIV cure studies. 

5.4. Adoptive therapies of engineered and reprogrammed CD8+ T cells 

In addition to endogenous cells, CD8+ T cells whose TCR antigen receptors have been modified to recognize conserved viral 
peptides are another option to augment HIV-specific CD8+ T cell responses. One such example is CD8+ T cells with TCRs recognizing 
the SL9 epitope of the Gag protein, which exhibited potent lytic induction ability and reduced infected cells in vivo in SCID mice [155]. 
However, these cells can eventually recognize autoantigens, which have been associated with cardiac toxicity, limiting their clinical 
use [156]. Another option for CD8+ T cells with modification or redirection of their receptors are cells with chimeric receptors, which 
constitute a promising strategy for the treatment of HIV infection [157]. The use of these cells could overcome the limitations of 
endogenous CD8+ T cells, such as viral escape, HLA restriction, and immune exhaustion [158]. Previous in vitro and in vivo studies in 
humanized mice demonstrated that CD4-based CAR T cells containing the 4-1BB costimulatory domain efficiently control HIV 
replication [159]. More recently, a NAb-based CAR T cell therapy was evaluated in a small number of people living with HIV who 
underwent ATI. Notably, CAR T cell therapy was safe and well-tolerated, and induced a decrease of cell-associated viral RNA and intact 
proviruses, delaying viral rebound upon treatment interruption [160]. Another recently described platform is known as convertible 
CAR T cells. In this platform, an inert form of the human NKG2D extracellular domain was engineered as the ectodomain of the CAR for 
expression on CD8+ T cells. These CAR T cells were specifically directed to kill HIV-infected cells only in the presence of an activating 
bispecific antibody based on bNAb and a mutated form of the NKG2D ligand MIC/ULBP. Promisingly, convertible CAR T cells effi-
ciently eliminate the inducible latent reservoir in cells derived from people with HIV in ex vivo assays, hence constitute a promising 
tool for attacking the latent HIV reservoir [161]. In addition, CAR T cells may also include the expression of receptors such as CXCR5, 
which directs the cells to lymphoid follicles [162]. In this regard, a recent study in SIV-infected rhesus macaques demonstrated that the 

V.R. Arenas et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e17481

7

adoptive transfer of CAR-T/CXCR5 cells favored the migration of these cells to lymphoid follicles, in proximity to infected cells. This 
cell adoptive strategy was associated with a reduction in systemic viral load upon ART interruption, without major adverse effects 
[163]. 

Parallel to cell engineering, emerging approaches to cell reprogramming by targeting metabolic or transcriptional regulators has 
demonstrated important therapeutic benefits in tumor and chronic infection models [164–166]. Previous studies have shown that 
stem-like memory HIV-specific CD8+ T cells expressing the transcription factor T cell factor 1 (TCF-1), endowed with potent antiviral 
activity and metabolic plasticity, are correlates of natural HIV and SIV control [117,167–169]. Based on this rationale, it was recently 
explored the potential of reprogramming HIV-specific CD8+ T cells from people with HIV under ART (non-controllers) to acquire 
properties found in HIV natural controllers. By upregulating the TCF-1 pathway with a glycogen synthase kinase 3 (GSK3) inhibitor, in 
vitro reprogrammed HIV-specific CD8+ T cells acquired a stem-like memory profile, with enhanced survival, polyfunctionality, 
metabolic plasticity, and HIV-suppressive activity [170]. These properties of such reprogrammed cells could boost the immuno-
modulatory potential of other therapies, such as IL-15 or CAR T cells, and these approaches could be combined to promote long-lived 
memory CD8+ T cells against HIV. 

6. Conclusions 

Although ART is efficient for the control of HIV replication, in certain cases it is an unsustainable strategy and brings negative 
consequences for people living with HIV, such as multi-organ disease. A cure for HIV would certainly improve the long-term health of 
people living with HIV, reducing community-level transmission. Viral latency, its huge diversity, multiple tissue localizations, and 
immune evasion mechanisms determine major barriers to an HIV cure. Since used alone CD8+ T cell-based strategies have not shown 
relevant clinical benefit, the combination of such strategies, along with early ART initiation in people with HIV, seems to be the way to 
achieve more encouraging outcomes in HIV cure studies. The study of the mechanisms for natural and post-treatment CD8+ T cell- 
mediated HIV control, and the transcriptional and metabolic regulators of their activity, will elucidate novel targets for the design 
of immune therapies. 
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maturation of the SIV-specific CD8+ T cell response after primary infection is associated with natural control of SIV: ANRS SIC study, Cell Rep. 32 (2020), 
108174, https://doi.org/10.1016/j.celrep.2020.108174. 

[168] T. Sekine, A. Perez-Potti, S. Nguyen, J.-B. Gorin, V.H. Wu, E. Gostick, S. Llewellyn-Lacey, Q. Hammer, S. Falck-Jones, S. Vangeti, M. Yu, A. Smed-Sörensen, 
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