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ABSTRACT

Despite effective antiretroviral therapy, people living with HIV harbored a latent viral reservoir in long-lived
memory CD4* T cells that prevents cure. Immune checkpoint molecules, initially recognized for their role in
maintaining peripheral tolerance and preventing autoimmunity, have emerged as critical regulators of T cell
exhaustion and viral persistence in chronic HIV infection. This review examined the bidirectional relationship
between immune checkpoint expression and HIV reservoir dynamics, evaluating how checkpoint pathways
contributed to reservoir establishment, maintenance, and potential therapeutic targeting. A comprehensive analysis
of literature published between 2015 and 2024 was conducted, focusing on studies investigating checkpoint molecule
expression, reservoir quantification, and experimental interventions in people living with HIV. Programmed cell
death protein 1 (PD-1), cytotoxic T lymphocyte associated protein 4 (CTLA-4), T cell immunoglobulin and mucin
domain containing protein 3 (TIM-3), and lymphocyte activation gene 3 (LAG-3) are preferentially expressed on
HIV-infected cells and correlate with reservoir size. Checkpoint blockade enhanced HIV-specific immune responses
in vitro and animal models, yet clinical trials have shown limited reservoir reduction despite immune activation. The
reservoir persists in checkpoint-high memory subsets that exhibit metabolic quiescence and epigenetic modifications
favoring latency. Combination approaches targeting multiple checkpoints alongside latency reversal agents
demonstrate enhanced viral reactivation but raise safety concerns. Immune checkpoint modulation represented a
promising but complex strategy for HIV reservoir elimination, requiring careful consideration of tissue
compartmentalization, immune reconstitution potential, and the balance between viral reactivation and immune-
mediated clearance.

Keywords: Immune checkpoints, HIV reservoir, Latency reversal, T cell exhaustion, Antiretroviral therapy.

INTRODUCTION

Immune checkpoint molecules constitute a sophisticated regulatory network that modulates T cell activation,
proliferation, and effector function to maintain immunological homeostasis [1, 27]. Under physiological conditions,
these coinhibitory receptors prevent excessive immune activation and protect against autoimmunity by attenuating
T cell receptor signaling following antigen recognition. In the context of chronic viral infections, however, sustained
antigen exposure drives progressive upregulation of multiple checkpoint receptors on virus-specific CD8* and CD4+*
T cells, culminating in a state of functional exhaustion characterized by diminished cytokine production, impaired
cytotoxic capacity, and reduced proliferative potential [87]. The checkpoint landscape in HIV infection is particularly
complex, as the virus directly infects CD4* T cells that express these inhibitory molecules, creating a
microenvironment that simultaneously favors viral persistence and suppresses antiviral immunity. Emerging
evidence indicates that checkpoint expression is not merely a consequence of chronic immune activation but actively
shapes the cellular and molecular characteristics of cells harboring replication-competent provirus.

The relationship between immune checkpoint expression and the HIV latent reservoir has garnered substantial
attention as a potential therapeutic vulnerability in efforts to achieve viral eradication or functional cure [4, 57. The
latent reservoir, comprised predominantly of resting memory CD4* T cells containing integrated but
transcriptionally silent proviral DNA, persists indefinitely despite suppressive antiretroviral therapy and rapidly
rebounds upon treatment interruption. Checkpoint-expressing CD4+ T cells exhibit preferential infection
susceptibility and enhanced survival following integration, characteristics that may explain their overrepresentation
within the reservoir [6, 7. Furthermore, checkpoint-mediated signaling pathways intersect with cellular metabolic
programs, epigenetic regulatory mechanisms, and transcriptional machinery that collectively determine latency
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establishment and reversal potential. Understanding these molecular connections has important implications for
designing cure strategies, as interventions that modulate checkpoint pathways may influence both reservoir stability
and the capacity of the immune system to eliminate reactivated infected cells. The objective of this review is to
critically evaluate current evidence linking immune checkpoint molecule expression to HIV reservoir dynamics in
people living with HIV, with particular emphasis on the mechanisms by which checkpoint pathways contribute to
reservoir persistence, the impact of checkpoint blockade on viral latency and immune function, and the translational
potential of checkpoint-targeted interventions as components of HIV cure strategies.

Immune Checkpoint Molecules in HIV Pathogenesis

Immune checkpoint receptors represent a diverse family of cell surface proteins that deliver inhibitory signals upon
engagement with their cognate ligands, thereby dampening T cell effector responses [87]. During HIV infection,
several checkpoint molecules become dysregulated, with PD-1 emerging as the most extensively studied marker of
T cell exhaustion. PD-1 expression is elevated on both HIV-specific CD8* T cells and CD4* T cells throughout
infection, correlating with disease progression markers including viral load and CD4+* T cell decline in untreated
individuals [9, 107. The PD-1 ligands, programmed death ligand 1 (PD-L1) and programmed death ligand 2 (PD-
L2), are upregulated on antigen-presenting cells and infected cells, creating multiple inhibitory axes that suppress
antiviral responses. CTLA-4, which competes with the costimulatory molecule CD28 for binding to B7 ligands on
antigen-presenting cells, is also elevated in HIV infection and contributes to impaired T cell priming and clonal
expansion. Additional checkpoint molecules including TIM-3, LAG-3, T cell immunoreceptor with immunoglobulin
and ITIM domains (TIGIT), and CD160, are coexpressed on exhausted T cells, with the degree of coexpression
correlating with the severity of functional impairment.

The functional consequences of checkpoint upregulation extend beyond simple inhibition of T cell activation.
Checkpoint signaling actively modulates intracellular metabolic programs, shifting cells away from glycolytic
metabolism required for effector function toward oxidative phosphorylation and fatty acid oxidation characteristic
of memory differentiation and quiescence [ 117. This metabolic reprogrammmg may promote the survival of infected
cells within the reservoir by reducing cellular activation and minimizing expression of viral antigens that could
trigger immune recognition. Furthermore, checkpoint receptor engagement influences epigenetic modifications at
the HIV long terminal repeat and cellular genes involved in viral transcription, potentially reinforcing latency.
Studies employing single-cell RNA sequencing have revealed that checkpoint-high CD4+ T cells exhibit distinct
transcriptional profiles enriched for genes associated with cellular longevity, survival signaling, and resistance to
apoptosis, characteristics that favor reservoir persistence [12, 1387. The checkpoint landscape differs across T cell
memory subsets, with central memory and transitional memory populations displaying particularly high checkpoint
expression and harboring disproportionate levels of integrated proviral DNA.

Checkpoint Expression as a Marker of Reservoir Cells

Multiple lines of evidence support the association between checkpoint molecule expression and HIV reservoir
localization. Flow cytometric analyses combined with quantitative viral outgrowth assays have demonstrated that
PD-1-expressing CD4+ T cells from antiretroviral therapy-suppressed individuals contain significantly higher levels
of inducible replication-competent virus compared to PD-1-negative counterparts [147]. This enrichment is
particularly pronounced in cells coexpressing multiple checkpoint receptors, suggesting that progressive checkpoint
accumulation identifies cells with the greatest reservoir burden. Mechanistic studies indicate that checkpoint-high
cells are preferentially infected during acute and early infection phases due to their activated phenotype and elevated
expression of HIV coreceptors. Following integration, checkpoint signaling promotes cell survival through multiple
pathways including upregulation of antiapoptotic proteins, enhanced DNA repair mechanisms, and resistance to
cytotoxic T lymphocyte-mediated killing. Importantly, antiretroviral therapy initiation does not normalize
checkpoint expression, and elevated levels persist for years despite viral suppression, indicating that checkpoint
dysregulation is at least partially independent of ongoing viral replication.

The spatial distribution of checkpoint-expressing reservoir cells extends beyond peripheral blood to include
lymphoid tissues, the gastrointestinal tract, and the central nervous system, compartments that are relatively
sheltered from immune surveillance and antiretroviral drug penetration [157. In lymphoid follicles, a subset of CD4+
T follicular helper cells expressing high levels of PD-1, CXCR5, and BCL6 constitutes a significant reservoir
component that is maintained through homeostatic proliferation and exhibits distinct susceptibility to latency
reversal agents [16, 17 . Checkpoint expression profiles vary across anatomical sites, with tissue-resident memory
T cells displaying unique combinations of inhibitory receptors that reflect local inflammatory environments and
antigen exposure histories. Advanced imaging studies utilizing immunohistochemistry and in situ hybridization
have visualized HIV RNA-positive cells within lymphoid tissues and demonstrated their colocalization with
checkpoint molecule expression and markers of immune exhaustion.

Checkpoint Blockade and Latency Reversal

The success of checkpoint blockade immunotherapy in cancer has stimulated investigation of similar approaches for
HIV reservoir reduction. In vitro studies using CD4+ T cells from suppressed individuals have shown that antibodies



blocking PD-1, PD-L1, or CTLA-4 enhance T cell proliferation, cytokine production, and HIV-specific immune
responses 18, 197]. When combined with latency reversal agents such as histone deacetylase inhibitors or protein
kinase C agonists, checkpoint blockade augments viral reactivation from latently infected cells, potentially
increasing the visibility of reservoir cells to immune effectors. Animal models, particularly humanized mice and
simian immunodeficiency virus-infected macaques, have provided proof-of-concept evidence that checkpoint
blockade can delay viral rebound following antiretroviral therapy interruption and reduce reservoir size when
combined with therapeutic vaccination or broadly neutralizing antibodies. These preclinical successes generated
optimism for clinical translation.

Clinical trials evaluating checkpoint blockade in people living with HIV have yielded more modest results. Studies
administering anti-PD-1 or anti-CTLA-4 antibodies to individuals with HIV-associated malignancies demonstrated
acceptable safety profiles and tumor responses comparable to HIV-negative populations, but showed minimal impact
on HIV reservoir size as measured by total or integrated HIV DNA, cell-associated HIV RNA, or quantitative viral
outgrowth assays [20, 217. Transient increases in plasma viremia and cell-associated HIV RNA have been observed
in some participants, suggesting viral reactivation, but these changes have not translated into durable reservoir
reduction. Explanations for the limited efficacy include insufficient immune reconstitution to clear reactivated cells,
anatomical and functional sanctuary sites protected from checkpoint blockade effects, and the possibility that
checkpoint inhibition alone is inadequate to reverse the multiple mechanisms maintaining latency. Furthermore, the
theoretical risk of exacerbating immune activation and inflammation, hallmarks of treated HIV infection associated
with non-AIDS morbidity and mortality, has tempered enthusiasm for checkpoint blockade monotherapy.
Immunometabolic Regulation and Reservoir Dynamics

The intersection of immune checkpoint signaling and cellular metabolism represents a critical determinant of
reservoir persistence. Checkpoint receptors regulate metabolic reprogramming through modulation of the
phosphoinositide 3-kinase/protein kinase B/mechanistic target of rapamycin (PISK/AKT/mTOR) pathway and
AMP-activated protein kinase (AMPK) signaling, master regulators of cellular bioenergetics [227. PD-1
engagement inhibits glycolysis and glutaminolysis while promoting fatty acid oxidation, metabolic shifts that favor
the quiescent phenotype characteristic of latently infected memory CD4* T cells. These metabolic states influence
HIV transcription through multiple mechanisms including regulation of cellular transcription factor availability,
modulation of chromatin accessibility, and control of metabolite pools that serve as substrates or cofactors for
epigenetic modifying enzymes. Metabolomic profiling of sorted checkpoint-expressing CD4* T cells has revealed
distinct metabolite signatures including elevated ratios of oxidized to reduced nicotinamide adenine dinucleotide
(NAD+/NADH), increased ceramide species, and altered amino acid pools, metabolic features associated with
cellular longevity programs.

Therapeutic interventions targeting cellular metabolism have shown promise in preclinical reservoir studies.
Metformin, an AMPK activator and mTOR inhibitor commonly used for type 2 diabetes management, has
demonstrated the capacity to reduce immune activation markers and modestly decrease HIV DNA levels in
observational studies of people living with HIV [23, 247. Mechanistically, metformin-induced metabolic
reprogramming may render latently infected cells more susceptible to immune clearance or alter the balance of
proviral transcription. Conversely, approaches that transiently boost glycolytic metabolism, such as treatment with
interleukin 2 or interleukin 7, can drive latency reversal but simultaneously may expand checkpoint-expressing cell
populations, highlighting the complexity of metabolically targeted interventions. The interplay between checkpoint
signaling, metabolic state, and reservoir dynamics underscores the need for integrated therapeutic strategies that
coordinate immune modulation with metabolic manipulation.

Combination Strategies and Future Therapeutic Directions

Recognition that HIV persistence results from multiple overlapping mechanisms has driven the development of
combination cure strategies incorporating checkpoint modulation alongside complementary interventions. The
"shock and kill" paradigm, which pairs latency reversal agents with immune enhancement to reactivate and eliminate
reservoir cells, has been refined to include checkpoint blockade as an immune enhancement component. Early phase
clinical trials are evaluating regimens combining broadly neutralizing antibodies, which can mediate antibody-
dependent cellular cytotoxicity against reactivated cells, with checkpoint inhibitors to enhance cytotoxic T
lymphocyte function. Preliminary data suggest that dual or triple checkpoint blockade targeting PD-1, CTLA-4,
and LAG-3 simultaneously may achieve greater immune reconstitution than single-agent approaches, though
toxicity profiles require careful monitoring [25, 267). Therapeutic vaccines designed to boost HIV-specific T cell
responses are being tested in combination with checkpoint inhibitors to overcome exhaustion and improve eftector
function against reactivated reservoir cells.

Alternative approaches focus on preventing reservoir establishment and maintenance rather than the elimination of
existing reservoirs. Administration of checkpoint inhibitors during acute HIV infection, when the immune system
retains greater functional capacity and the reservoir is smaller, represents an attractive strategy currently under
investigation in nonhuman primate models. Ex vivo studies suggest that blocking checkpoint pathways during



antiretroviral therapy initiation may limit reservoir seeding and preserve immune function, though clinical
validation is needed [277]. Gene editing technologies, including CRISPR-Cas9, are being explored to disrupt
checkpoint receptor genes in autologous T cells before reinfusion, creating populations resistant to exhaustion that
might better control reactivated virus. The feasibility and safety of checkpoint-targeted gene therapy remain to be
established. Concerns regarding immune-related adverse events, particularly autoimmune phenomena observed in
cancer immunotherapy contexts, necessitate careful patient selection and monitoring protocols. The development of
biomarkers to predict which individuals will respond to checkpoint-based interventions, potentially including
checkpoint expression profiles, reservoir characteristics, and immune functional assays, will be essential for
advancing personalized cure strategies.
Challenges, Controversies, and Research Gaps
Despite significant advances in understanding checkpoint biology in HIV infection, substantial knowledge gaps and
controversies persist. The causal relationship between checkpoint expression and reservoir persistence remains
incompletely defined, as it is unclear whether checkpoint upregulation actively promotes latency or simply marks
cells that have become latently infected for other reasons. Longitudinal studies tracking checkpoint expression
dynamics from acute infection through chronic suppressed phases, combined with paired reservoir measurements,
are needed to resolve this question. The tissue-specific roles of different checkpoint molecules remain poorly
characterized, with most studies relying on peripheral blood samples that may not reflect reservoir dynamics in
anatomical sanctuaries. Advanced tissue sampling techniques, including lymph node biopsies, colorectal biopsies,
and cerebrospinal fluid sampling, combined with single-cell multiomics approaches, would provide more
comprehensive insights into compartmentalized reservoir biology [287].
The optimal checkpoint targets for therapeutic intervention remain debated. While PD-1 has received the most
attention, emerging evidence suggests that other checkpoint molecules, including TIGIT, which is preferentially
expressed on a subset of highly functional HIV-specific CD8* T cells, or CD39, an ectonucleotidase that generates
immunosuppressive adenosine, may represent superior or complementary targets [29, 307]. The timing and duration
of checkpoint blockade relative to latency reversal and other interventions require optimization, as transient versus
sustained inhibition may yield different effects on reservoir and immune function. Concerns about the durability of
responses following checkpoint blockade, the potential for viral evolution and escape, and the risk of immune-related
adverse events in a population already experiencing chronic inflammation remain substantial barriers to widespread
clinical application. Furthermore, the applicability of checkpoint modulation strategies across diverse populations,
including individuals with advanced immunosuppression, opportunistic infection histories, or comorbid conditions,
requires careful evaluation. The cost and accessibility of checkpoint inhibitor therapies, which are expensive
biologics requiring intravenous administration, pose additional challenges for global implementation, particularly
in resource-limited settings where the HIV burden is greatest [317].

CONCLUSION
Immune checkpoint molecules play multifaceted roles in HIV pathogenesis, simultaneously serving as markers of
reservoir cells, mediators of T cell exhaustion, and regulators of cellular metabolic and transcriptional programs
that influence viral latency. The preferential expression of PD-1, CTLA-4, TIM-3, LAG-3, and other checkpoint
receptors on HIV-infected CD4+ T cells reflects both the activated state required for initial infection and the
immunosuppressive microenvironment that promotes long term reservoir persistence. While checkpoint blockade
has demonstrated the capacity to enhance HIV-specific immune responses and augment latency reversal in
preclinical models, clinical trials have revealed limited efficacy as monotherapy for reservoir reduction. These
disappointing results highlight the complexity of HIV persistence mechanisms and the inadequacy of single-target
interventions. The integration of checkpoint modulation into combination cure strategies, potentially including
latency reversal agents, therapeutic vaccines, broadly neutralizing antibodies, and metabolic modulators, represents
the most promising path forward. Critical research priorities include defining optimal checkpoint targets and
combination regimens, characterizing tissue-specific reservoir dynamics and checkpoint expression patterns,
developing biomarkers to predict treatment response, and establishing safety profiles for checkpoint-based
interventions in people living with HIV. The success of checkpoint-directed immunotherapy in oncology provides
proof-of-concept that reshaping immune regulation can achieve clinically meaningful outcomes, yet the unique
challenges posed by HIV reservoirs, including their anatomical distribution, genetic diversity, and integration into
long-lived memory cells, necessitate tailored approaches. Achieving an HIV cure will likely require comprehensive
strategies that coordinate immune reconstitution, viral reactivation, and enhanced clearance mechanisms, with
checkpoint modulation serving as one component of this multifaceted effort. It is recommended to prioritize multi-
site longitudinal studies combining deep tissue sampling, single-cell multiomics profiling, and functional immune
assays to define tissue-specific checkpoint expression patterns and reservoir characteristics that can guide rational
design of checkpoint-targeted combination cure strategies for people living with HIV.
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