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ABSTRACT

Despite advances in antiretroviral therapy (ART), individuals with advanced HIV disease continue to face significant
challenges related to immune dysfunction and persistent viral reservoirs. Therapeutic messenger RNA (mRNA)
vaccines have emerged as a promising intervention aimed at restoring immune competence and achieving sustained
viral control beyond the capabilities of ART. These vaccines are engineered to encode HIV-specific antigens and
immunomodulatory molecules, stimulating robust cytotoxic T lymphocyte responses while reversing T-cell
exhaustion. Unlike prophylactic vaccines, therapeutic mRNA constructs are designed to engage dysfunctional
immunity, reprogram host immune responses, and potentially target latent viral reservoirs. Key innovations, such as
self-amplifying RNA, codon optimization, and lipid nanoparticle (LNP) delivery systems, enhance the stability,
potency, and specificity of the immune response. Preclinical studies and early-phase clinical trials demonstrate
promising results in reducing viral rebound and improving immune activation in advanced disease settings. In this
review, a narrative methodology was employed to synthesize findings from experimental models, vaccine trials, and
immunopathological studies. Despite existing challenges, including viral diversity, inmune senescence, and delivery
constraints, therapeutic mRNA vaccines hold significant potential as components of functional cure strategies. Their
integration into comprehensive HIV treatment paradigms may offer a transformative path toward durable viral
suppression, particularly in populations where ART alone fails to fully restore immune function.
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INTRODUCTION
Despite significant strides in antiretroviral therapy (ART), the Human Immunodeficiency Virus (HIV) continues to
challenge global public health, especially in individuals presenting with advanced disease characterized by high viral
load and profound CD4+ T-cell depletion [1, 27. While ART effectively suppresses viral replication and prolongs
life expectancy, it falls short in eradicating viral reservoirs or fully restoring immune competence in many late-stage
patients [37]. Consequently, attention has shifted toward adjunctive immunotherapeutic strategies that can bolster
endogenous immune control and reduce long-term viral persistence.
Among these emerging strategies, therapeutic messenger RNA (mRNA) vaccines have garnered substantial interest
[47]. Unlike conventional prophylactic vaccines, therapeutic mRNA vaccines aim to reprogram host immunity to
recognize and eliminate HIV-infected cells, thereby restoring immune surveillance and facilitating durable viral
control [57]. mRNA vaccine platforms, made prominent by their success against SARS-CoV-2, offer multiple
advantages: rapid development, scalability, safety, and the ability to encode multiple antigens or immunomodulatory
elements [67].
In the context of HIV, therapeutic mRNA vaccines are designed to elicit robust cytotoxic T lymphocyte (CTL)
responses and modulate immune checkpoints, targeting viral reservoirs that persist despite ART [7]. Early-phase

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited

Page | 33


https://doi.org/10.59298/NIJPP/2025/633337

OPEN ACCESS
©NIPP ONLINE ISSN: 2992-5479
Publications 2025 PRINT ISSN: 2992-605X
clinical trials and preclinical studies suggest that these vaccines may enhance T-cell function, reduce immune
exhaustion, and contribute to viral rebound control upon ART interruption.
This review provides a comprehensive analysis of therapeutic mRNA vaccines for HIV, with a focus on their role in
immune restoration and viral control in advanced disease. It examines the immunopathogenesis of late-stage HIV,
the mechanisms of mRNA vaccine action, the design of HIV-specific mRNA constructs, and clinical outcomes to
date. Finally, it discusses challenges, such as immune escape and delivery barriers, and considers the broader
implications of this technology in HIV cure research and functional remission paradigms.

Immunopathogenesis of Advanced HIV and the Rationale for Therapeutic Vaccination
Advanced HIV disease is typified by systemic immune dysfunction, marked depletion of CD4+ T cells, expansion
of regulatory T cells (Tregs), chronic immune activation, and heightened susceptibility to opportunistic infections
[87. This immunological milieu creates a hostile environment for traditional vaccine-induced responses and hampers
the host’s ability to contain viral replication once ART is withdrawn. A significant challenge in advanced disease is
the establishment of latent viral reservoirs within long-lived immune cells, particularly central memory CD4+ T
cells [97. These reservoirs remain transcriptionally silent under ART but can reactivate upon treatment cessation,
leading to viral rebound. Moreover, persistent antigenic stimulation results in T-cell exhaustion, characterized by
the upregulation of inhibitory receptors such as PD-1, TIM-3, and LAG-3, further impairing effective cytotoxic
responses. Therapeutic vaccination in this setting is aimed at restoring immune effector function by reinvigorating
cytotoxic CD8+ T cells and promoting the clearance of infected cells [107]. Unlike prophylactic approaches,
therapeutic vaccines must overcome immune suppression and reprogram existing dysfunctional immunity. This
makes mRNA-based vaccines particularly appealing, as they can be engineered to not only express viral antigens
but also include immunostimulatory sequences and checkpoint blockade elements.
Restoring immune competence in late-stage HIV, therefore, demands a vaccine platform that is flexible, potent, and
capable of inducing both broad and deep immune responses, criteria that mRNA vaccines are uniquely positioned to
fulfill.
Mechanism of Action of mRNA Vaccines in HIV Therapeutics
Therapeutic mRNA vaccines function by introducing synthetic mnRNA encoding one or more HIV antigens into host
cells, typically dendritic cells (DCs), to elicit antigen-specific adaptive immune responses [117]. Once inside the
cytoplasm, the mRNA is translated into HIV proteins, which are then processed and presented via major
histocompatibility complex (MHC) class I and II pathways. This presentation activates antigen-specific CD8+ and
CD4+ T cells, enhancing cellular immunity and aiding in the identification and destruction of infected cells.
The non-integrating, transient nature of mRNA avoids the risks associated with DNA-based platforms, such as
insertional mutagenesis. Additionally, the use of chemically modified nucleosides reduces the innate immune sensing
of exogenous RNA, improving translation efficiency and minimizing systemic inflammation. Innovative mRNA
vaccine constructs now incorporate self-amplifying RNA (saRNA) for sustained antigen expression, as well as
adjuvants such as toll-like receptor (TLR) agonists to further boost immunogenicity [127]. Moreover, co-delivery of
mRNA encoding immune checkpoint inhibitors or cytokines (e.g., IL.-12, GM-CSF') is being explored to recondition
the exhausted immune microenvironment in advanced HIV disease. Lipid nanoparticle (LNP) formulations have
emerged as the gold standard for mRNA delivery, offering efficient cellular uptake, targeted delivery to antigen-
presenting cells, and protection of mRNA from degradation [137. Some vaccine strategies are also exploring ex
vivo loading of autologous DCs with HIV-encoded mRNA, followed by reinfusion into the patient, offering
personalized cellular immunotherapy. Through these mechanisms, therapeutic mRNA vaccines aim not only to
stimulate immune responses but to modulate immune dysfunction, an essential goal in restoring control over HIV
in individuals with advanced disease.
Design and Optimization of HIV-Specific mRNA Constructs

The success of therapeutic mRNA vaccines hinges on the careful design of antigenic constructs that can stimulate
a broad and effective immune response against diverse HIV strains [14, 15 7. Unlike traditional vaccines that rely on
full-length viral proteins, mnRNA vaccines enable modular construction, allowing for the encoding of” conserved viral
epitopes, such as those from Gag, Pol, and Nef proteins, which are less prone to mutation. Codon optimization
enhances the translation of the encoded antigen, while untranslated regions (UTRs) and poly(A) tails improve
mRNA stability and translational efficiency [16, 17]. Inclusion of modified nucleosides such as pseudouridine
reduces innate immune activation and improves tolerability. Additionally, efforts are being made to incorporate
multiepitope mosaics artificially designed sequences representing multiple global HIV variants into a single mRNA
strand to maximize breadth of response. To address viral escape, some constructs are designed to encode mutant-
specific neoantigens targeting resistance-associated mutations. Others include non-structural viral proteins
expressed during the early stages of infection, increasing the likelihood of recognizing reactivated latently infected
cells. Recent innovations also explore bifunctional mRNA constructs co-encoding both HIV antigens and therapeutic
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agents like checkpoint inhibitors or immunostimulatory cytokines. These multi-functional constructs aim to directly
reverse immune exhaustion while simultaneously inducing antigen-specific responses. In sum, mRNA construct
design for therapeutic HIV vaccines involves a synergy of antigen selection, immunoengineering, and delivery
science to ensure robust and targeted immune activation in the complex setting of advanced disease.

Clinical and Preclinical Evidence of mRNA Vaccines in Advanced HIV
Although therapeutic mRNA vaccines for HIV are still in early developmental stages, a growing body of preclinical
and clinical data supports their potential efficacy, particularly in individuals with advanced disease. In animal models,
therapeutic mRNA vaccines have demonstrated the ability to elicit polyfunctional T-cell responses, reduce viral loads,
and delay viral rebound following ART interruption [187]. For example, macaque studies using LNP-formulated
saRNA encoding Gag and Pol proteins have shown durable expansion of HI V-specific cytotoxic T lymphocytes and
partial control of viral replication [19, 207. Human trials are in their nascent phases. The HIVACAT T cell
Immunogen (HTT) mRNA vaccine is under investigation for its capacity to induce T-cell responses against conserved
HIV regions. Preliminary data from ex vivo studies suggest that mRNA-transfected DCs can enhance antigen-
specific T-cell proliferation and cytokine production in cells derived from ART-treated individuals. Another
promising approach is the combination of mRNA vaccination with latency-reversing agents (LRAs) [217. This “kick
and kill” strategy involves reactivating latent virus (kick) and then using the immune system, primed by therapeutic
vaccination (kill), to clear reactivated infected cells. Such regimens could be particularly relevant in individuals with
large, stable reservoirs due to late ART initiation. Furthermore, therapeutic mRNA vaccines are being investigated
as part of analytical treatment interruption (ATT) protocols, where ART is temporarily halted to evaluate vaccine-
induced immune control. Preliminary findings indicate that vaccinated individuals experience delayed viral rebound
and lower peak viremia during ATT. Though more large-scale, randomized controlled trials are needed, early results
offer hope that mRNA vaccines could become a critical component of HIV cure strategies, especially in those with
compromised immunity.
Challenges, Limitations, and Future Directions
Despite their promise, therapeutic mRNA vaccines for HIV face several scientific and logistical hurdles, particularly
in individuals with advanced disease. First, immune exhaustion and T-cell senescence in late-stage patients may limit
vaccine responsiveness [227]. Even with optimized antigen presentation, restoring functional cytotoxicity in a
chronically inflamed, immunosuppressed environment remains a formidable challenge. Overcoming this may require
combining mRNA vaccines with adjunctive therapies such as checkpoint inhibitors, cytokine support, or therapeutic
apheresis. Second, HIV genetic variability poses another challenge. While multivalent mRNA designs attempt to
address this, ongoing viral evolution, particularly in untreated individuals, necessitates constant surveillance and
iterative vaccine design. Third, delivery barriers remain a concern. Although LNPs have improved delivery
efficiency, tissue-specific targeting and dose optimization are still areas of active research. Moreover, repeated dosing
may trigger innate immune responses against LNP components, leading to reduced efficacy or adverse reactions.
Cost and manufacturing scalability, particularly in low- and middle-income countries where advanced HIV is most
prevalent, also present critical obstacles. Global partnerships and technology transfer will be essential to ensure
equitable access. Looking ahead, combining mRNA vaccines with other immunotherapeutic modalities such as
therapeutic monoclonal antibodies, CAR-T cells, or CRISPR-based reservoir editing may yield synergistic outcomes.
Integrating mRNA vaccination into comprehensive treatment frameworks could shift the paradigm from lifelong
ART to functional remission or viral eradication.
CONCLUSION

Therapeutic mRNA vaccines represent a novel and potentially transformative strategy for immune restoration and
viral control in individuals with advanced HIV disease. Their ability to encode customized, multi-epitope antigens
and immunomodulatory agents positions them uniquely to overcome the immunological barriers that hinder
traditional interventions in late-stage infection. By enhancing cytotoxic T-cell responses, reversing immune
exhaustion, and targeting latent reservoirs, mRNA vaccines could address the unmet need for durable viral
suppression beyond ART. While preliminary clinical and preclinical evidence is promising, significant challenges
remain, ranging from antigenic diversity and immune senescence to delivery and manufacturing hurdles.
Nevertheless, ongoing research efforts, coupled with innovations in mRNA engineering and nanotechnology, are
rapidly advancing the feasibility of this approach. In the broader context of HIV cure research, therapeutic mRNA
vaccines could serve as both standalone immunotherapies and components of multi-modal strategies aimed at
functional remission. Particularly in settings where ART alone is insufficient for immune reconstitution, mRNA-
based therapeutics offer a compelling, adaptable, and precision-targeted solution. As the field matures, it will be
essential to validate these technologies in diverse populations and clinical scenarios, ensuring that future HIV
treatment paradigms are not only scientifically effective but also globally accessible and equitable.
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