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ABSTRACT

Human Immunodeficiency Virus (HIV) continued to pose a major global health challenge, with current
antiretroviral therapies unable to fully eradicate the virus due to latent reservoirs and potential drug resistance.
Emerging CRISPR-based gene editing technologies had the potential to revolutionize HIV treatment by targeting
and disrupting the viral genome or modifying host cells to confer resistance. This article explored the mechanisms
of CRISPR in HIV therapeutics, including excision of integrated HIV proviruses and genetic editing of host
immune cells. It reviewed progress in CRISPR-based research through in vitro studies, animal models, and early
clinical trials, highlighting both promising advancements and ongoing challenges such as delivery efficiency, oft-
target effects, and viral escape. The methodology employed in writing this review paper involved a comprehensive
literature review and synthesis of recent research findings to assess the current state and future directions of
CRISPR-based HIV therapies. Despite significant progress, challenges remained, and future research will need to
focus on improving delivery systems, combining CRISPR with other therapies, and optimizing gene editing in
stem cells to achieve long-term HIV eradication.
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INTRODUCTION

Human Immunodeficiency Virus (HIV) remains one of the most formidable challenges in global health, with
millions of individuals worldwide living with the virus despite advancements in antiretroviral therapy (ART) [17.
While ART has transformed HIV from a fatal illness to a manageable chronic condition, it does not eradicate the
virus from the body [27. The persistent challenge of latent HIV reservoirs and the potential for drug resistance
have fueled ongoing research into more effective and potentially curative strategies [37]. In recent years, CRISPR-
based gene editing technologies have emerged as a groundbreaking approach with the potential to revolutionize
HIV treatment [47]. The CRISPR-Cas9 system, known for its precision and versatility in genetic modification,
offers the promise of targeting and disrupting the viral genome within host cells. This innovative technology
could not only target the integrated HIV DNA in infected cells but also potentially eliminate viral reservoirs that
evade current therapies [57]. The application of CRISPR in HIV research is still in its early stages, with significant
advances in understanding the system's efficacy, safety, and delivery mechanisms [67. Researchers are exploring
various strategies, including gene editing to disrupt the CCR5 receptor a key entry point for HIV into cells—as
well as targeting the viral DNA within infected cells [7]. These approaches aim to enhance the immune system's
ability to recognize and eliminate HIV-infected cells or to make host cells resistant to infection. As the field
progresses, emerging CRISPR-based therapeutics for HIV eradication present both exciting opportunities and
critical challenges. These include addressing off-target effects, ensuring the precise delivery of CRISPR
components, and navigating the complex ethical and regulatory landscape [87. Nonetheless, the potential for a
cure or long-term remission through CRISPR-based approaches holds promise for transforming HIV treatment
and ultimately achieving an unprecedented breakthrough in the fight against this global epidemic [97].
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MECHANISMS OF CRISPR IN HIV THERAPEUTICS
CRISPR-based therapeutics aim to disrupt HIV replication or eliminate latent reservoirs by directly targeting
viral DNA or modifying host genes required for viral entry or replication [107]. The two principal strategies are:
(1) excision or inactivation of the integrated HIV provirus, and (2) genetic editing of host immune cells to prevent
viral entry or replication.
i. Excision or Inactivation of the HIV Provirus: One of the primary objectives of CRISPR-based HIV
therapeutics is to remove or disable the integrated proviral DNA that persists in infected cells [117]. Once HIV
integrates into the host genome, it becomes difficult to eliminate using traditional therapies [127]. CRISPR-Cas
systems can be programmed to recognize and cleave specific sequences within the HIV genome, particularly in
highly conserved regions such as the long terminal repeats (LTRs), gag, pol, and env genes, which are critical for
viral replication and function [1387. By designing guide RNAs (gRNAs) that direct the Cas enzyme (most
commonly Cas9) to these sites, CRISPR induces double-strand breaks in the proviral DNA [147. Subsequent
repair by non-homologous end joining (NHEJ) often introduces mutations that render the virus non-functional, or
alternatively, excises the entire viral genome from the host DNA [157. Recent studies have demonstrated that
CRISPR-Cas9 can excise integrated HIV proviruses in vitro and in animal models, effectively reducing viral
replication and load [167]. However, achieving efficient excision across all latently infected cells remains a major
challenge.
ii. Gene Editing for HIV Resistance: Another promising avenue for CRISPR-based HIV therapy involves
editing host immune cells to confer resistance to HIV infection [177]. HIV primarily enters CD4+ T cells through
interactions with the CD4 receptor and either the CCR5 or CXCR4 co-receptor [187. Individuals with a natural
mutation in the CCR5 gene (known as the CCR5-A32 mutation) are resistant to HIV strains that use this co-
receptor [197]. CRISPR-Cas9 can be used to replicate this mutation in the immune cells of HIV-infected
individuals, thereby protecting them from further infection [207. This approach has been explored in both CD4+
T cells and hematopoietic stem cells (HSCs), which can give rise to new, HIV-resistant immune cells. Ex vivo gene
editing, where cells are modified outside the body and then reintroduced, has shown promise in preclinical studies.
For example, CCR5-edited cells have demonstrated resistance to HIV infection in vitro and in humanized mouse
models [217. This strategy has the potential to create a reservoir of HIV-resistant cells that can replace infected
cells over time, providing long-term protection.
PROGRESS IN CRISPR-BASED HIV RESEARCH
1. In Vitro Studies: CRISPR technology has shown significant promise in vitro, where it has been used to
excise the integrated HIV provirus from infected cell lines [177]. One study designed CRISPR-Cas9
systems targeting the LTR and gag regions of HIV-1, successfully excising these viral sequences and
reducing viral replication [227. Similarly, researchers have used multiple gRNAs to target different
regions of the viral genome simultaneously, increasing the likelihood of complete excision and minimizing
the risk of viral escape [237. Furthermore, CRISPR-based approaches have been employed to edit the
CCR5 gene in primary human CD4+ T cells, rendering them resistant to HIV infection [247]. These
edited cells demonstrated a high degree of protection against HIV in cell culture models, supporting the
feasibility of using CRISPR for ex vivo editing of patient immune cells.

ii. Animal Models: Preclinical studies using animal models, particularly humanized mice (which carry
human immune cells and can be infected with HIV), have provided crucial insights into the efficacy of
CRISPR-based HIV therapies [257]. For example, CRISPR-Cas9 has been used to target the HIV
provirus in infected humanized mice, leading to a significant reduction in viral load and the excision of
HIV DNA from infected tissues [267]. This approach has also been tested in combination with ART,
where CRISPR-Cas9 was able to target and remove latent HIV reservoirs that were inaccessible to ART
alone. In addition to targeting the viral genome, gene editing of host immune cells has been tested in
animal models. In one study, CCR5-edited human CD4+ T cells were engrafted into humanized mice,
where they successfully repopulated the immune system and showed resistance to HIV infection [27].
These results suggest that CRISPR-based gene editing of immune cells could be a viable strategy for
long-term HIV control in patients.

iii. Clinical Trials: While CRISPR-based HIV therapies are still in the early stages of development, some
clinical trials have begun to evaluate their safety and efficacy in humans [287]. A notable example is the
ongoing clinical trial using CRISPR to edit the CCR5 gene in patients with HIV, aiming to replicate the
CCR5-A32 mutation and confer resistance to the virus. These trials represent an important step toward
translating CRISPR technology into practical therapies for HIV-infected individuals [297. Early results
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from these trials have been encouraging, with evidence of successful CCR5 gene editing and engraftment
of edited cells in patients [307]. However, the long-term effects, including the durability of HIV resistance
and the potential for viral rebound, remain to be fully assessed.
CHALLENGES AND LIMITATIONS
Despite the significant progress made in CRISPR-based HIV research, several challenges must be overcome before
these therapies can become viable clinical options.

i Delivery Efficiency: One of the most critical challenges in CRISPR-based HIV therapeutics is the
efficient delivery of CRISPR components to all latently infected cells [317]. HIV establishes reservoirs in
various tissues, including the brain, lymph nodes, and gut-associated lymphoid tissue, making it difficult
to achieve uniform delivery [327. Viral vectors, such as adeno-associated virus (AAV), are commonly
used to deliver CRISPR components, but they have limitations, including potential immune responses and
limited carrying capacity [337]. Non-viral delivery methods, such as lipid nanoparticles and
electroporation, are being explored, but these approaches require further optimization to improve
targeting and efficiency [34].

ii. Off-Target Effects: Although CRISPR technology has improved in specificity, the potential for off-
target effects remains a concern, particularly when editing the host genome [857. Off-target mutations
could disrupt essential genes or regulatory elements, leading to unintended consequences, including
genotoxicity or impaired cell function [867. High-fidelity variants of Cas9 and optimized gRNAs have
been developed to reduce off-target effects, but ensuring complete genomic safety is paramount for
clinical applications [357].

iii. Viral Escape and Mutations: HIV’s high mutation rate presents another challenge for CRISPR-based
therapies [817. If the virus mutates within the target sequences, it could escape CRISPR-mediated
editing. To mitigate this risk, researchers are exploring the use of multiple gRNAs that target different
regions of the viral genome, reducing the likelihood of escape [227. However, identifying conserved
regions that are less prone to mutation remains an ongoing area of research.

iv. Latent Reservoirs: Eliminating HIV from latent reservoirs is one of the most difficult aspects of HIV
cure research. Even if CRISPR successfully excises the provirus from a large proportion of infected cells,
some reservoirs may remain intact [367. These reservoirs can persist for years, leading to viral rebound
once ART is stopped. Strategies to enhance the targeting of these reservoirs, such as combining CRISPR
with latency-reversing agents (LRAs) that activate dormant HIV, are under investigation but require
further development [377].

FUTURE DIRECTIONS AND OUTLOOK
The use of CRISPR-based therapeutics for HIV eradication is still in its early stages, but the potential for a cure is
undeniable. To move toward clinical translation, several key areas of research must be prioritized:

i Improved Delivery Systems: Developing efficient and tissue-specific delivery systems is essential for
targeting HIV reservoirs in diverse tissues [387. Advances in nanoparticle-based delivery, viral vector
engineering, and cell-specific targeting mechanisms will be critical in overcoming this challenge [397.
The use of CRISPR as a transient delivery system, such as Cas9 ribonucleoprotein (RNP) complexes,
could also reduce the risk of off-target effects and immune responses [407].

ii. Combining CRISPR with Other Therapies: Given the complexity of HIV latency, a combination
approach may be necessary to achieve a cure. CRISPR-based therapies could be combined with ART,
latency-reversing agents, or immune-modulating therapies to enhance the clearance of infected cells and
prevent viral rebound [417. These combination strategies hold promise for addressing the multifaceted
nature of HIV infection.

ii. Gene Editing of Stem Cells: Ex vivo gene editing of hematopoietic stem cells (HSCs) offers a potential
long-term solution for HIV eradication [427. Edited HSCs can give rise to a population of HIV-resistant
immune cells, providing a durable reservoir of protected cells. Optimizing CRISPR for safe and efficient
editing of HSC:s is a priority for developing gene therapies that offer long-lasting protection against HIV
{43].

CONCLUSION
The advent of CRISPR-based gene editing technologies represents a significant leap forward in the quest for an
effective HIV cure. Despite the transformative potential of CRISPR-Cas9 in targeting and disrupting HIV's
genetic material, and modifying host immune cells to confer resistance, the field is still navigating numerous
challenges. The preliminary in vitro and animal model studies highlight the promise of CRISPR for excising
integrated HIV proviruses and engineering HIV-resistant immune cells. Early clinical trials further suggest the
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feasibility of these approaches in humans, though the long-term outcomes and full scope of their effectiveness
remain to be fully realized. Key challenges persist, including the need for efficient delivery systems to reach all
infected cells, minimizing off-target effects, and overcoming HIV's high mutation rate and latent reservoirs.
Addressing these issues will be crucial for the successful translation of CRISPR-based therapies into clinical
practice. Future research should focus on refining delivery methods, exploring combination therapies, and
optimizing gene editing in stem cells to ensure durability and efficacy. The road ahead involves a concerted effort
to resolve these challenges and push the boundaries of current research. With continued innovation and
dedication, CRISPR-based therapeutics hold the potential to not only manage but potentially eradicate HIV,
marking a monumental breakthrough in the fight against this global epidemic. The integration of CRISPR
technology into HIV treatment regimens could reshape the landscape of antiviral therapies, offering hope for a
future where HIV is no longer a relentless, incurable condition but a manageable and potentially eradicated
disease.
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