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Abstract 

The programmed cell death protein 1 (PD-1) pathway plays a pivotal role in immune regulation 

and tolerance. In the context of HIV/AIDS, dysregulation of the PD-1 pathway contributes to T-

cell exhaustion, immune dysfunction, and disease progression. This review provides a 

comprehensive examination of PD-1 pathway modulation in HIV/AIDS, spanning from bench to 

bedside. We delve into the molecular mechanisms underlying PD-1-mediated T-cell exhaustion, 

the impact of PD-1 signaling on HIV pathogenesis, and the development of PD-1-based 

immunotherapies. Insights from preclinical studies illuminate the therapeutic potential of PD-1 

pathway modulation, while findings from clinical trials offer evidence of efficacy and safety in 

HIV-infected individuals. Challenges and future directions in harnessing PD-1 pathway 

modulation for HIV/AIDS treatment are also discussed, highlighting the need for continued 

research to optimize therapeutic strategies and improve outcomes in affected individuals. 

Keywords: Programmed Cell Death Protein 1 (PD-1), HIV/AIDS, immune checkpoint inhibitors, 

T-cell exhaustion, immunotherapy, therapeutic targets 

Introduction 

HIV/AIDS remains a significant global health challenge despite advancements in antiretroviral 

therapy (ART) and prevention strategies. Central to the pathogenesis of HIV/AIDS is the 

dysregulation of immune responses, characterized by T-cell exhaustion and dysfunction. 

Programmed cell death protein 1 (PD-1), an immune checkpoint receptor expressed on T cells, has 
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emerged as a key player in immune regulation and tolerance. In the context of HIV infection, 

persistent viral replication and chronic immune activation drive sustained PD-1 expression on T 

cells, leading to functional exhaustion and impaired immune responses. The PD-1 pathway 

operates as a crucial mechanism to prevent excessive immune activation and maintain peripheral 

tolerance. Upon engagement with its ligands, programmed death-ligand 1 (PD-L1) and 

programmed death-ligand 2 (PD-L2), PD-1 delivers inhibitory signals that dampen T-cell 

activation and effector functions. However, prolonged PD-1 signaling, as observed in chronic viral 

infections like HIV/AIDS, contributes to T-cell exhaustion, characterized by decreased cytokine 

production, proliferative capacity, and cytotoxicity. Understanding the molecular mechanisms 

underlying PD-1-mediated T-cell exhaustion is essential for developing targeted 

immunotherapeutic interventions to restore immune function and control viral replication in 

HIV/AIDS.1-35 

Preclinical studies have provided compelling evidence supporting the therapeutic potential of PD-

1 pathway modulation in HIV/AIDS. In animal models and in vitro experiments, blockade of PD-

1 signaling using immune checkpoint inhibitors has shown efficacy in reversing T-cell exhaustion 

and enhancing antiviral immune responses. Building upon these promising preclinical findings, 

clinical trials evaluating the safety and efficacy of PD-1-based immunotherapies in HIV-infected 

individuals have been initiated. Preliminary results suggest that PD-1 blockade holds promise as a 

novel therapeutic strategy for improving immune function and controlling viral replication in 

HIV/AIDS. Despite the progress made in understanding the role of PD-1 pathway modulation in 

HIV/AIDS, several challenges remain. These include identifying optimal patient selection criteria, 

managing immune-related adverse events associated with PD-1 blockade, and addressing 

mechanisms of resistance. Furthermore, the development of biomarkers predictive of response to 

PD-1-based immunotherapies and the exploration of combination therapies targeting multiple 

immune checkpoints or synergistic pathways are areas of active investigation. Overall, PD-1 

pathway modulation represents a promising avenue for restoring immune function and improving 

outcomes in HIV-infected individuals, underscoring the importance of continued research efforts 

in this field.36-67 

Molecular Mechanisms of PD-1 Pathway Modulation 

The PD-1 pathway operates through a complex network of molecular interactions that regulate T-

cell activation, function, and tolerance. Upon engagement with its ligands, PD-L1 and PD-L2, PD-

1 delivers inhibitory signals that attenuate T-cell receptor (TCR) signaling and downstream 

effector functions. PD-1-mediated inhibition of TCR signaling represents a central mechanism 

driving T-cell exhaustion in HIV/AIDS. Upon TCR engagement, phosphorylation of TCR-

associated signaling molecules, such as CD3ζ and ZAP-70, initiates a cascade of intracellular 

signaling events leading to T-cell activation and effector functions. PD-1 signaling interferes with 

proximal TCR signaling events by recruiting phosphatases, such as SHP-1 and SHP-2, to the 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) within its cytoplasmic tail. This leads 

to dephosphorylation of key signaling molecules, dampening TCR-induced activation and effector 

responses. Metabolic reprogramming is a hallmark of T-cell exhaustion in HIV/AIDS, 
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characterized by alterations in cellular metabolism that impair T-cell function and survival. PD-1 

signaling influences metabolic pathways crucial for T-cell activation and effector function, 

including glycolysis, oxidative phosphorylation, and fatty acid metabolism. PD-1-expressing T 

cells exhibit decreased glucose uptake, glycolytic flux, and mitochondrial respiration, leading to 

impaired energy production and compromised effector functions.68-95 

PD-1 signaling exerts transcriptional regulation on T cells, shaping their differentiation, function, 

and fate. Activation of PD-1 leads to the inhibition of transcription factors critical for T-cell 

effector function, such as NFAT, AP-1, and NF-κB, while promoting the expression of 

transcriptional regulators associated with T-cell exhaustion, such as BATF and TOX. This 

transcriptional reprogramming results in the suppression of cytokine production, proliferation, and 

cytotoxicity in PD-1-expressing T cells, contributing to immune dysfunction and viral persistence 

in HIV/AIDS. Epigenetic modifications play a key role in regulating gene expression programs 

underlying T-cell exhaustion and immune dysfunction in HIV/AIDS. PD-1 signaling influences 

epigenetic modifications, including DNA methylation, histone acetylation, and chromatin 

remodeling, that control the accessibility of gene regulatory elements and transcriptional activity. 

Dysregulated epigenetic modifications in PD-1-expressing T cells contribute to the establishment 

and maintenance of an exhausted phenotype, characterized by stable repression of effector genes 

and upregulation of inhibitory receptors. The tumor microenvironment, characterized by 

immunosuppressive factors and inflammatory cytokines, plays a critical role in modulating PD-1 

signaling and T-cell function in HIV/AIDS. Factors such as interleukin-10 (IL-10), transforming 

growth factor-beta (TGF-β), and prostaglandin E2 (PGE2) promote PD-L1 expression on antigen-

presenting cells and tumor cells, leading to sustained PD-1 signaling and T-cell exhaustion. 

Additionally, chronic inflammation and immune activation in HIV/AIDS contribute to the 

upregulation of other inhibitory receptors, such as CTLA-4 and TIM-3, further exacerbating 

immune dysfunction and exhaustion.96-125 

Impact of PD-1 Signaling on HIV Pathogenesis 

The programmed cell death protein 1 (PD-1) pathway plays a multifaceted role in the pathogenesis 

of HIV infection, exerting both beneficial and detrimental effects on host immune responses. This 

section elucidates the impact of PD-1 signaling on HIV pathogenesis, encompassing viral 

replication, immune evasion, and disease progression. PD-1 signaling contributes to the regulation 

of viral replication by modulating host immune responses. PD-1 expression on HIV-specific CD4+ 

and CD8+ T cells correlates with viral load and disease progression, suggesting a role in 

controlling viral replication. However, sustained PD-1 signaling leads to T-cell exhaustion and 

dysfunction, impairing antiviral immune responses and facilitating viral persistence. PD-1-

mediated inhibition of T-cell activation and effector functions enables viral escape from immune 

surveillance, promoting viral replication and dissemination. PD-1 signaling facilitates immune 

evasion by HIV through multiple mechanisms. HIV exploits the PD-1 pathway to suppress host 

immune responses and establish persistent infection. PD-L1 expression is upregulated on infected 

cells, including dendritic cells, macrophages, and T cells, in response to viral infection and 

inflammatory stimuli. Interaction between PD-L1-expressing HIV-infected cells and PD-1-
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expressing T cells induces T-cell exhaustion and immune dysfunction, facilitating viral immune 

evasion and persistence. Furthermore, HIV proteins, such as Tat and Nef, directly upregulate PD-

L1 expression on infected cells, enhancing PD-1-mediated immune suppression and viral 

evasion.126-147 

Dysregulated PD-1 signaling contributes to immune dysfunction and dysregulation in HIV 

infection. Chronic immune activation and inflammation characteristic of HIV/AIDS drive 

sustained PD-1 expression on T cells, leading to functional exhaustion and impaired immune 

responses. PD-1-expressing T cells exhibit decreased cytokine production, proliferative capacity, 

and cytotoxicity, compromising antiviral immunity and immune surveillance. Additionally, PD-1 

signaling promotes the expansion of regulatory T cells (Tregs) and myeloid-derived suppressor 

cells (MDSCs), further suppressing immune responses and exacerbating immune dysfunction in 

HIV/AIDS. PD-1 signaling is intricately linked to disease progression in HIV/AIDS, serving as a 

prognostic marker and therapeutic target. Elevated PD-1 expression on T cells correlates with 

disease severity, higher viral loads, and decreased CD4+ T-cell counts in HIV-infected individuals. 

PD-1-expressing T cells exhibit an exhausted phenotype characterized by impaired effector 

function and reduced survival, contributing to immune dysfunction and disease progression. 

Furthermore, PD-1 blockade has emerged as a promising therapeutic strategy for improving 

immune function and controlling viral replication in HIV/AIDS, offering potential benefits for 

delaying disease progression and improving clinical outcomes. PD-1 signaling may contribute to 

the establishment and maintenance of viral reservoirs in HIV/AIDS. PD-1-expressing T cells 

exhibit increased susceptibility to HIV infection and enhanced viral replication, facilitating the 

seeding of viral reservoirs in lymphoid tissues and sanctuary sites. Additionally, PD-1 signaling 

promotes the survival of latently infected CD4+ T cells by inhibiting HIV-specific cytotoxic T-

cell responses, thereby contributing to viral persistence and reservoir stability.148-153 

PD-1-Based Immunotherapies 

Programmed cell death protein 1 (PD-1) has emerged as a promising target for immunotherapy in 

HIV/AIDS, offering potential avenues for restoring immune function, controlling viral replication, 

and improving clinical outcomes.154 This section explores the development, mechanisms of action, 

and clinical applications of PD-1-based immunotherapies in the context of HIV/AIDS. PD-1 

blockade represents the primary strategy for PD-1-based immunotherapy in HIV/AIDS. 

Monoclonal antibodies targeting PD-1, such as pembrolizumab and nivolumab, inhibit the 

interaction between PD-1 and its ligands, PD-L1 and PD-L2, thereby preventing PD-1-mediated 

immune suppression. By blocking PD-1 signaling, immune checkpoint inhibitors restore T-cell 

function, enhance antiviral immune responses, and promote immune surveillance against HIV-

infected cells. PD-1 blockade reverses T-cell exhaustion and dysfunction in HIV/AIDS, restoring 

effector functions and enhancing antiviral immunity. Clinical studies have demonstrated that PD-

1-based immunotherapies lead to the expansion of HIV-specific CD4+ and CD8+ T cells, 

increased cytokine production, and enhanced cytotoxicity against infected cells. This rejuvenation 

of T-cell responses contributes to viral control and may delay disease progression in HIV-infected 

individuals. 

https://epjournals.com/journals/EJHIV


Elite Journal of HIV. Volume 2 issue 4(2024), Pp.  35-53 

 https://epjournals.com/journals/EJHIV 

 

 

Citation: Obeagu EI, Obeagu GU. Programmed Cell Death Protein 1 (PD-1) Pathway Modulation 

in HIV/AIDS: From Bench to Bedside. Elite Journal of HIV, 2024; 2(4): 35-53 

5 

 

PD-1-based immunotherapies are often used in combination with other therapeutic modalities to 

maximize efficacy and overcome potential resistance mechanisms.155 Combination strategies may 

include concurrent administration of PD-1 inhibitors with antiretroviral therapy (ART), 

therapeutic vaccines, immune modulators, or other immune checkpoint inhibitors targeting 

complementary pathways (e.g., CTLA-4). Combinatorial approaches aim to synergistically 

enhance immune function, promote viral clearance, and improve clinical outcomes in HIV/AIDS. 

PD-1-based immunotherapies have shown promising results in clinical trials involving HIV-

infected individuals, demonstrating safety, tolerability, and efficacy in restoring immune function 

and controlling viral replication. Early-phase clinical studies have reported reductions in viral 

reservoir size, increases in CD4+ T-cell counts, and improvements in HIV-specific immune 

responses following PD-1 blockade. Furthermore, durable responses and prolonged viral 

suppression have been observed in a subset of patients, highlighting the potential of PD-1-based 

immunotherapies as a long-term therapeutic option for HIV/AIDS. Despite the promising results, 

several challenges remain in the development and optimization of PD-1-based immunotherapies 

for HIV/AIDS. These include identifying optimal patient selection criteria, managing immune-

related adverse events, addressing mechanisms of resistance, and optimizing dosing regimens. 

Furthermore, the long-term safety and efficacy of PD-1 blockade in HIV-infected individuals, 

particularly in the context of viral rebound and immune escape, require further investigation. 

Continued research efforts are needed to elucidate the optimal use of PD-1-based immunotherapies 

and to identify biomarkers predictive of treatment response in HIV/AIDS. 

Challenges and Future Directions 

While PD-1-based immunotherapies offer significant promise for the treatment of HIV/AIDS, 

several challenges and areas for future research need to be addressed to maximize their efficacy 

and clinical impact.156 One of the challenges in the implementation of PD-1-based 

immunotherapies in HIV/AIDS is identifying the optimal patient population that will benefit most 

from treatment. Patient selection criteria, including disease stage, viral load, CD4+ T-cell count, 

and immune status, need to be carefully defined to ensure that individuals most likely to respond 

to therapy are targeted. Biomarkers predictive of treatment response, such as PD-1 expression 

levels, viral reservoir size, and immune activation markers, may aid in patient stratification and 

treatment decision-making. Immune-related adverse events (irAEs) are a significant concern 

associated with PD-1-based immunotherapies, including autoimmune phenomena and 

inflammatory syndromes. Strategies for early detection, monitoring, and management of irAEs in 

HIV-infected individuals need to be developed to minimize treatment-related toxicity and optimize 

patient outcomes. Close collaboration between infectious disease specialists and immunologists is 

essential for the timely recognition and management of irAEs in the context of HIV/AIDS. 

Combining PD-1-based immunotherapies with other therapeutic modalities, such as antiretroviral 

therapy (ART), therapeutic vaccines, immune modulators, or other immune checkpoint inhibitors 

targeting complementary pathways, represents a promising approach to enhance efficacy and 

overcome potential resistance mechanisms.157 Future research should focus on identifying 

synergistic combination regimens that maximize immune activation, promote viral clearance, and 
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improve long-term outcomes in HIV/AIDS. Resistance to PD-1-based immunotherapies can limit 

their efficacy and durability in HIV/AIDS. Elucidating the mechanisms underlying resistance, 

including tumor immune escape mechanisms, alterations in tumor microenvironment, and host 

immune evasion strategies, is crucial for developing strategies to overcome resistance and prolong 

treatment responses. Novel therapeutic approaches, such as combination therapies targeting 

multiple immune checkpoints or alternative immune regulatory pathways, may help overcome 

resistance and improve treatment outcomes. Long-term safety and efficacy data are essential for 

the widespread adoption of PD-1-based immunotherapies in HIV/AIDS. Continued monitoring of 

patients treated with PD-1 inhibitors is needed to assess the durability of treatment responses, the 

development of late toxicities, and the potential for viral rebound and immune escape. 

Longitudinal studies evaluating the impact of PD-1 blockade on viral reservoir size, immune 

reconstitution, and clinical outcomes over extended follow-up periods are warranted to determine 

the optimal duration and timing of treatment. Ensuring equitable access to PD-1-based 

immunotherapies for all HIV-infected individuals, regardless of geographic location or 

socioeconomic status, is essential for maximizing their public health impact. Efforts to reduce 

treatment costs, expand access to healthcare services, and integrate immunotherapy into existing 

HIV/AIDS treatment programs are needed to address disparities in access and improve outcomes 

for underserved populations.158-168 

Conclusion 

Programmed cell death protein 1 (PD-1)-based immunotherapies represent a promising frontier in 

the management of HIV/AIDS, offering novel strategies for restoring immune function, 

controlling viral replication, and improving clinical outcomes. The PD-1 pathway plays a complex 

role in HIV pathogenesis, influencing viral replication, immune evasion, immune dysfunction, and 

disease progression. PD-1 blockade has emerged as a promising therapeutic approach for reversing 

T-cell exhaustion, enhancing antiviral immune responses, and promoting immune surveillance 

against HIV-infected cells. Despite the significant progress made in the development and 

optimization of PD-1-based immunotherapies, several challenges remain. These include 

identifying optimal patient selection criteria, managing immune-related adverse events, 

overcoming mechanisms of resistance, and ensuring equitable access to treatment. Future research 

efforts should focus on addressing these challenges and advancing our understanding of PD-1 

pathway modulation in HIV/AIDS. 
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