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ABSTRACT

Despite the success of standard antiretroviral therapy (ART) in achieving sustained viral suppression among people
living with HIV the persistence of latent viral reservoirs in resting CD4+ T cells remains a major barrier to cure.
This review examined the emerging role of messenger RNA (mRNA)-based immune modulators as a novel
therapeutic strategy to reduce the HIV reservoir in treatment-experienced adults. Unlike ART, which halts
replication without affecting the latent pool, mRNA-based therapeutics are designed to induce targeted immune
responses, reverse latency, or enhance the clearance of infected cells through the transient expression of
immunostimulatory proteins. Promising preclinical and early-phase clinical studies have shown that mRNA
platforms can enhance HIV-specific T cell responses and delay viral rebound following treatment interruption.
However, evidence of direct reservoir reduction in humans was still limited, and challenges such as immune
exhaustion, delivery logistics, and combination strategy design remained. This article employed a narrative review
methodology, synthesizing findings from peer-reviewed studies published between 2010 and 2025 to compare the
mechanistic and clinical impacts of mRNA-based immune modulators and standard ART. The review concluded that
mRNA immune modulators may complement ART in curative efforts, particularly when used in combination with
latency-reversing agents and immune-enhancing therapies.
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INTRODUCTION

Despite the advent and global scale-up of antiretroviral therapy (ART), HIV persists as a chronic infection largely
due to the establishment of latent viral reservoirs that escape immune clearance and pharmacological suppression
[17]. These reservoirs, formed early in infection and residing primarily in resting memory CD4+ T cells, present a
formidable barrier to viral eradication [2, 3. While ART effectively suppresses plasma viremia to undetectable
levels, it fails to eliminate these latent reservoirs, necessitating lifelong therapy and posing risks of rebound upon
treatment interruption.

Over the past two decades, research efforts have increasingly focused on novel strategies aimed at targeting and
reducing the size and activity of these viral reservoirs. One promising approach involves the use of messenger RNA
(mRNA)-based immune modulators [4, 57. These modulators utilize synthetic mRNA platforms to transiently
express immunologically active proteins or antigenic sequences designed to stimulate HIV-specific immunity,
enhance immune recognition of infected cells, or reverse latency through immunotherapeutic mechanisms. Their
emergence has coincided with technological advances in mRNA stability, delivery systems (notably lipid
nanoparticles), and immunoengineering, as exemplified in mRNA vaccine development during the COVID-19
pandemic. In contrast, standard ART regimens, while highly effective in suppressing viral replication, do not
influence the latent pool directly, nor do they prime the immune system to recognize and clear latently infected cells
[6, 7]. Therefore, a comparative analysis of mRNA-based immune modulators and standard ART is critical to
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understanding the translational potential of mRNA strategies in reservoir targeting, particularly in treatment-
experienced adults who harbor long-standing and possibly more entrenched viral reservoirs. This review synthesizes
the current scientific understanding of mRNA-based immune modulators, evaluates their mechanisms and clinical
applications in comparison to standard ART, and critically assesses their impact on HIV viral reservoir reduction
among treatment-experienced individuals. It also explores future directions, implementation challenges, and the
implications of integrating such strategies into existing therapeutic frameworks.

Mechanisms of HIV Persistence and the Challenge of Viral Reservoirs
The persistence of HIV despite ART is largely attributed to the establishment of a latent reservoir, primarily within
resting memory CD4+ T cells, although other cell types, such as macrophages and follicular dendritic cells, may also
contribute [8, 97. Latency is characterized by the integration of proviral DNA into the host genome without active
transcription, allowing the virus to evade immune detection and ART, both of which target replicating virus.
Standard ART eftectively halts replication but lacks any activity against cells harboring transcriptionally silent
provirus [10, 117. Interruption of ART typically results in rapid viral rebound due to the reactivation of these
latent reservoirs. The magnitude and stability of the latent reservoir are major obstacles to HIV eradication and
cure, and hence have become central targets in curative research.
Approaches to reduce or eliminate the viral reservoir have included latency-reversing agents (LRAs), immune
checkpoint inhibitors, broadly neutralizing antibodies (bNAbs), therapeutic vaccines, and, more recently, mRNA-
based immune modulators. These mRNA-based approaches aim to reprogram the host immune system or enhance
antigen presentation to achieve immune-mediated clearance of reservoir cells.

Standard Antiretroviral Therapy (ART): Achievements and Limitations
ART comprises combinations of nucleoside reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTTs), protease inhibitors, integrase strand transfer inhibitors (INSTTs), and entry
inhibitors [127. The principal goal of ART is to achieve and maintain viral suppression, restore immune function,
and prevent disease progression and transmission [13, 14].
Despite its success in transforming HIV into a manageable chronic disease, ART must be taken continuously to
sustain virologic control. Adherence challenges, drug resistance, long-term toxicities, and high healthcare costs
remain persistent concerns, particularly in resource-limited settings. Moreover, ART exerts no eftect on the size of
the latent reservoir and provides no immunologic memory or enhanced clearance of infected cells.
Longitudinal studies have demonstrated that even among individuals with sustained virologic suppression for over
a decade, the size of the latent reservoir decreases only minimally over time. Therefore, adjunctive strategies that
can complement ART by directly targeting the reservoir or bolstering immune recognition are urgently needed.

mRNA-Based Immune Modulators: Concept and Mechanism of Action
mRNA-based immune modulators represent a class of therapeutics that utilize in vitro transcribed mRNA to express
antigens or immunostimulatory molecules transiently in host cells [157. These molecules can include HIV antigens,
cytokines, costimulatory ligands, or chimeric constructs designed to enhance antigen presentation or induce latency
reversal.
Key features of mRNA therapeutics include their non-integrating, non-replicating nature, rapid production
scalability, and the ability to encode virtually any protein of interest [167]. When delivered via lipid nanoparticles
(LNPs), mRNA is taken up by antigen-presenting cells (APCs), translated into protein, and presented via major
histocompatibility complex (MHC) molecules to stimulate adaptive immune responses. Thus, mnRNA-based immune
modulators have a dual potential: to expose latent HI'V through immune activation and to facilitate the clearance of
infected cells via enhanced immune surveillance [177. In the context of HIV, mRNA modulators are employed to
either:

L. Boost HIV-specific T cell responses: By encoding HIV Gag, Pol, or Env antigens to prime or expand
cytotoxic T lymphocyte responses.

il Reverse latency: By encoding immune-stimulatory cytokines (e.g., IL-15, IFN-a) or transcriptional
activators that trigger latent provirus reactivation.
iil. Induce immunomodulation: Using checkpoint inhibitors (e.g., anti-PD-1) or costimulatory ligands to

reinvigorate exhausted T cells.

Comparative Efficacy: mRNA Modulators Versus Standard ART in Viral Reservoir Reduction
Emerging clinical and preclinical studies have begun to shed light on the efficacy of mRNA-based immune
modulators in targeting the HIV reservoir. In murine and non-human primate models, mRNA-based vaccines
encoding HIV antigens have demonstrated the ability to elicit robust polyfunctional T cell responses, particularly
when combined with adjuvants or immune checkpoint blockade [18, 197. Notably, mRNA therapeutic platforms have
shown early promise in inducing latency reversal, increasing cell-associated HIV RNA, and enhancing antigen
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presentation without widespread T cell activation or systemic toxicity. In one study, mRNA encoding HIV Env
protein delivered via LNPs in SIV-infected macaques led to a measurable reduction in the reservoir size, particularly
when administered following ART-mediated viral suppression.
In contrast, standard ART, while effective in halting viral replication, does not reduce the size of the latent reservoir.
Studies involving analytical treatment interruptions (ATTs) consistently show rapid rebound in patients maintained
only on ART, irrespective of duration or viral suppression history. Importantly, recent pilot clinical trials involving
treatment-experienced HIV-positive adults have tested mRNA vaccine candidates in combination with ART.
Preliminary findings suggest that mRNA immunization enhances the breadth and magnitude of HIV-specific
immune responses, and in some cases, delays time to viral rebound post-ART cessation, suggesting an indirect
impact on reservoir activity or structure. However, quantitative reductions in the size of the inducible reservoir have
not yet been definitively established in large-scale human trials. The lack of standardized assays to measure reservoir
size and the heterogeneity in participant immune history pose additional challenges in comparing outcomes between
ART and mRNA-based approaches.
Safety, Inmunogenicity, and Implementation Considerations
Safety remains a paramount concern with any novel therapeutic platform. To date, mRNA-based
immunotherapeutics have demonstrated favorable safety profiles in oncology and infectious disease contexts,
including in therapeutic vaccines for cancer and prophylactic SARS-CoV-2 vaccines. Transient local and systemic
reactogenicity is the most common side effect, typically resolving within days. In the context of HIV, mRNA
strategies must be tailored to avoid overstimulation of the immune system, which may risk immune exhaustion or
systemic inflammation [207]. Precision delivery systems, targeted antigen selection, and dose optimization are
essential to maximizing therapeutic benefit while minimizing adverse effects.
From an implementation standpoint, the rapid scalability and flexibility of mRNA manufacturing offer a distinct
advantage over protein- or viral vector-based immunotherapies. However, cold-chain requirements, cost of
formulation, and the need for repeated dosing remain practical barriers, particularly in low-resource settings.
Furthermore, the immunologic history of treatment-experienced individuals, many of whom have undergone
multiple ART regimens and harbor exhausted or senescent T cells, may limit the effectiveness of mRNA immune
modulation. Thus, patient stratification based on immunophenotyping and reservoir characterization may be
required to optimize therapeutic outcomes.
Future Directions and Combination Strategies
While current evidence supports the immunogenic potential of mRNA-based immune modulators, it is increasingly
clear that a multipronged approach will be required to achieve meaningful reductions in the HIV reservoir. Strategies
that combine mRNA immunotherapy with latency-reversing agents (LRAs) to induce viral expression, broadly
neutralizing antibodies (bNAbs) to block new infection and enhance clearance, immune checkpoint inhibitors to
restore T cell function, and gene-editing tools like CRISPR to excise proviral DNA are actively under investigation.
Additionally, therapeutic timing (e.g., during ART suppression vs. treatment interruption), personalized
immunotherapeutic design, and iterative booster regimens may influence the efficacy of mRNA interventions. The
use of mRNA platforms to deliver personalized neoantigens derived from an individual’s own proviral sequences
represents a novel frontier in HIV immunotherapy [217].
Ongoing clinical trials are expected to clarify the role of mRNA immune modulators in cure-oriented strategies and
whether they can be effectively integrated into ART-free remission protocols.
CONCLUSION
The persistent challenge of HIV viral reservoirs necessitates innovative therapeutic strategies beyond standard
ART. mRNA-based immune modulators represent a promising and versatile class of interventions capable of
enhancing host immune responses, reversing latency, and potentially reducing the size and stability of the latent
reservoir. Unlike ART, which solely suppresses viral replication, mRNA therapeutics offer an active immunologic
approach to target the reservoir directly. Preclinical data and early-phase clinical trials suggest that mRNA immune
modulators can boost HIV-specific immunity and delay viral rebound post-ART, although definitive evidence of
quantitative reservoir reduction remains limited. Importantly, these strategies are generally safe, customizable, and
scalable, offering significant advantages in the evolving landscape of HIV cure research. However, several challenges
persist, including immune exhaustion in treatment-experienced populations, the need for improved reservoir
measurement techniques, and logistical issues in delivery and cost. Future efforts will likely focus on combination
regimens that integrate mRNA-based strategies with other immunologic and gene-based tools. While standard ART
remains the cornerstone of HIV treatment, mRNA-based immune modulators represent a compelling adjunctive
strategy with the potential to shift the paradigm from lifelong viral suppression to functional cure or durable
remission.
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