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ABSTRACT

Human Immunodeficiency Virus (HIV) remains a major global health issue, with the persistence of latent viral
reservoirs serving as a primary barrier to a functional cure despite the success of antiretroviral therapy (ART).
These reservoirs consist of long-lived, HIV-infected cells, primarily in CD4+ T cells, which remain dormant and
evade immune detection and ART. CRISPR/Cas9 gene editing offers a promising strategy to target and excise
integrated HIV proviral DNA from these reservoirs, potentially leading to viral eradication. This review examined
the efficacy of CRISPR/Cas9 in eradicating HIV latent reservoirs in individuals on long-term ART by synthesizing
both preclinical and clinical data. The methodology for this article involved an extensive review of current literature,
focusing on the molecular mechanisms of CRISPR/Cas9, its applications in HIV research, and the challenges faced
in translating these findings into clinical practice. The review discussed promising results from in vitro and animal
model studies, highlighting CRISPR/Cas9's ability to exercise proviral DNA and reduce viral loads. Early-phase
clinical trials have demonstrated the feasibility and safety of CRISPR/Cas9, though challenges such as oft-target
effects, delivery efficiency, and residual viral reservoirs remain significant. Future directions include refining gene-
editing techniques, exploring combination therapies, and conducting long-term safety studies. Despite challenges,
CRISPR/Cas9 holds transformative potential in the pursuit of an HIV cure.
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INTRODUCTION

Human Immunodeficiency Virus (HIV) remains a global health challenge, with approximately 88 million people
living with the virus worldwide [1, 27. Antiretroviral therapy (ART) has revolutionized HIV management,
transforming it from a fatal disease to a chronic condition [3, 47. However, ART is not a cure. While it effectively
suppresses viral replication, it cannot eliminate latent viral reservoirs dormant HIV-infected cells that persist in the
body and can reactivate upon treatment interruption. These reservoirs are the primary barrier to achieving a
functional cure for HIV, defined as sustained viral suppression without the need for ongoing therapy. The persistence
of latent reservoirs is a complex biological phenomenon. HIV integrates its proviral DNA into the host genome,
particularly in long-lived memory CD4+ T cells, where it remains transcriptionally silent and invisible to both the
immune system and ART [5, 67]. Despite decades of research, strategies to target and eradicate these reservoirs,
such as latency-reversing agents and immune-based therapies, have shown limited success. This has spurred interest
in novel approaches, including gene editing technologies, to directly target and excise integrated HIV DNA.
CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats-associated protein 9) has emerged as a
groundbreaking tool for precise genome editing [7, 87]. By leveraging a guide RNA to target specific DNA sequences,
CRISPR/Cas9 can introduce double-strand breaks, enabling the excision or disruption of integrated HIV proviral
DNA. Preclinical studies have demonstrated the potential of CRISPR/Cas9 to eliminate latent reservoirs in cell
lines, primary cells, and animal models. Early-phase clinical trials are now exploring the safety and efficacy of this
approach in humans. This review examines the efficacy of CRISPR/Cas9 gene editing in eradicating HIV latent
reservoirs in individuals on long-term ART. By synthesizing preclinical and clinical evidence, we aim to evaluate the
potential of this technology to achieve a functional HIV cure, discuss its limitations, and identify key areas for future
research.
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THE BIOLOGY OF HIV LATENT RESERVOIRS
Formation and Persistence of Latent Reservoirs: Latent reservoirs are established early during HIV
infection when the virus integrates its DNA into the host genome, particularly in CD4+ T cells [9, 107].
These cells can remain dormant for years, evading immune detection and ART. The stability of these
reservoirs is a major obstacle to curing HIV.
Challenges in Targeting Latent Reservoirs: Latent reservoirs are heterogeneous, with proviral DNA
integrated at various sites in the genome. Additionally, only a small fraction of integrated proviruses are
replication-competent, complicating efforts to identify and target them. Current strategies, such as "shock
and kill," have shown limited efficacy due to incomplete latency reversal and immune exhaustion.
CRISPR/CAS9: MECHANISMS AND APPLICATIONS
Mechanisms of CRISPR/Cas9: CRISPR/Cas9 is a RNA-guided gene-editing tool that introduces double-
strand breaks at specific genomic locations[7, 87]. The cell repairs these breaks through non-homologous
end joining (NHEJ) or homology-directed repair (HDR), enabling precise modifications such as gene
knockout, excision, or correction.
Applications in HIV Research: CRISPR/Cas9 has been used to target and excise integrated HIV proviral
DNA, disrupt host genes essential for viral replication (e.g., CCR5), and engineer immune cells to resist
HIV infection. These applications hold promises for eradicating latent reservoirs and achieving a functional
cure.
PRECLINICAL EVIDENCE FOR CRISPR/CAS9 IN ERADICATING LATENT RESERVOIRS
In Vitro Studies: In Vitro studies using cell lines and primary CD4+ T cells have demonstrated the ability
of CRISPR/Cas9 to exercise HIV proviral DNA and reduce viral replication [11, 127. For example, a 2016
study showed that CRISPR/Cas9 could remove HIV DNA from latently infected T cells, leading to reduced
viral reactivation.
Animal Models: Humanized mouse models have provided further evidence of CRISPR/Cas9's efficacy.
Studies have shown that CRISPR/Cas9 can reduce viral loads and reservoir sizes in HIV-infected mice,
with some achieving sustained viral suppression. However, challenges such as incomplete excision and off-
target effects remain.
CLINICAL EVIDENCE AND EARLY-PHASE TRIALS
Phase I/1I Trials: Early-phase clinical trials are evaluating the safety and efficacy of CRISPR/Cas9 in
HIV-positive individuals on long-term ART [187. For example, a recent trial tested the use of
CRISPR/Cas9 to excise proviral DNA in ART-suppressed individuals. Preliminary results indicate that the
intervention is well-tolerated, with no serious adverse events reported.
Challenges in Clinical Translation: Clinical translation of CRISPR/Cas9 faces several challenges,
including delivery efficiency, immune responses, and the persistence of residual reservoirs. Additionally,
long-term safety data are lacking, necessitating further research.
CHALLENGES AND LIMITATIONS
Off-Target Effects: CRISPR/Cas9 can induce unintended mutations at off-target sites, raising concerns
about genomic instability and oncogenic potential [117]. Advances in high-fidelity Cas variants and
improved delivery systems are addressing this issue, but it remains a significant barrier.
Delivery Efficiency: Efficient delivery of CRISPR/Cas9 components to target cells, particularly latent
reservoirs in hard-to-reach anatomical sites, is a major challenge[ 14, 157. Viral vectors, lipid nanoparticles,
and ex vivo editing strategies are being explored to improve delivery.
Immune Responses: The immune system may recognize CRISPR/Cas9 components as foreign, leading to
immune activation or rejection of edited cells. Strategies to mitigate immune responses, such as using
immune-evasive Cas proteins, are under investigation.
Persistence of Residual Reservoirs: Despite CRISPR/Cas9 intervention, residual latent reservoirs may
persist, necessitating combination approaches with latency-reversing agents or immune-based therapies.
FUTURE DIRECTIONS
Enhancing Precision and Efficiency: Developing high-fidelity Cas variants and optimizing delivery
systems will be critical for improving the precision and efficiency of CRISPR/Cas9-based interventions
[16].
Combination Therapies: Combining CRISPR/Cas9 with other cure strategies, such as latency-reversing
agents, broadly neutralizing antibodies, or therapeutic vaccines, may enhance efficacy.
Long-Term Safety Studies: Longitudinal studies are needed to assess the long-term safety and durability
of CRISPR/Cas9-based interventions in humans.
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iv. Ethical and Regulatory Considerations: The ethical implications of germline editing and the regulatory
landscape for CRISPR/Cas9-based therapies must be carefully navigated [177.
CONCLUSION
CRISPR/Cas9 gene editing represents a transformative approach in the quest to eradicate HIV latent reservoirs and
achieve a functional cure. Preclinical and early clinical studies have demonstrated the feasibility of exercising
integrated proviral DNA and reducing viral loads, offering hope for a future where HIV can be effectively cured.
However, significant challenges remain, including off-target effects, delivery efficiency, immune responses, and the
persistence of residual reservoirs. Addressing these challenges through technological advancements, combination
therapies, and rigorous clinical testing will be essential for realizing the potential of CRISPR/Cas9 in HIV cure
research. The progress made thus far underscores the promise of CRISPR/Cas9 technology, but it also highlights
the complexity of translating these innovations into safe and effective therapies. As research continues to advance,
interdisciplinary collaboration among scientists, clinicians, ethicists, and policymakers will be crucial to navigating
the scientific, ethical, and regulatory landscapes. While the road ahead is complex, the potential to achieve a
tunctional HIV cure through CRISPR/Cas9 gene editing offers hope for millions of individuals living with HIV
worldwide, marking a significant step forward in the fight against this global health challenge.
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