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ABSTRACT

The persistent latent HIV reservoir remains the primary obstacle to a cure, necessitating lifelong antiretroviral
therapy (ART) despite its profound success in viral suppression. While latency-reversing agents (LRAs) have been
extensively investigated to reactivate dormant proviruses, their iz vivo efficacy in substantially reducing the reservoir
has been limited by challenges such as incomplete reactivation and insufficient immune clearance. This review
systematically compared the efficacy of CRISPR-Cas9-mediated proviral excision against LRAs for HIV reservoir
reduction. A comprehensive review of preclinical studies, primarily utilizing humanized mouse models and ex vivo
primary cell systems, was conducted to synthesize current evidence on both approaches. The analysis reveals that
CRISPR-Cas9, through precise excision of integrated HIV DNA, offers a direct and permanent approach to
reservoir elimination. Preclinical data consistently demonstrate that proviral excision leads to a significant reduction
in total and intact proviral DNA in various tissues, a level of efficacy notably surpassing that observed with LRAs.
While challenges pertaining to efficient and targeted delivery, potential off-target editing, and host immune
responses to CRISPR components persist, the compelling preclinical evidence strongly positions CRISPR-Cas9 as
a highly promising and transformative strategy for directly addressing the latent HIV reservoir, moving us closer
to achieving a durable ART-free remission or a sterilizing cure for HIV.
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INTRODUCTION

The global struggle against Human Immunodeficiency Virus (HIV) has been one of the defining medical challenges
of the past half-century [1, 27. While the advent of highly active antiretroviral therapy (HAART) has dramatically
transformed HIV infection into a manageable chronic condition, it does not offer a cure [3, 47. The fundamental
impediment to HIV eradication lies in the establishment of latent viral reservoirs. These reservoirs consist of long-
lived, HIV-infected cells, primarily resting memory CD4+ T cells, where the viral genome is integrated into the host
cell's DNA but remains transcriptionally silent [57. ART eftectively suppresses active viral replication but cannot
eliminate these hidden viral sanctuaries [67]. Consequently, treatment interruption inevitably leads to viral rebound,
necessitating lifelong adherence to complex and often costly drug regimens that can also be associated with long-
term toxicities and the potential for drug resistance. The pursuit of an HIV cure, therefore, hinges upon the
development of strategies capable of reducing or eliminating this persistent latent reservoir.

One prominent approach to tackle the latent reservoir is the "shock and kill" (or "kick and kill") strategy, which
employs latency-reversing agents (LRAs). LRAs aim to reactivate the silent provirus, rendering the infected cells
visible to the immune system and susceptible to clearance by intensified ART or immune effector mechanisms [7,
87. Despite extensive research and numerous clinical trials, LRAs have shown limited success in significantly
reducing the size of the latent reservoir iz vivo, often failing to achieve robust and widespread latency reversal or
sufficient immune clearance of the "shocked" cells. This ongoing challenge underscores the need for more direct and
potent interventions that can fundamentally alter the integrated viral DNA itself.

Emerging from the revolutionary field of gene editing, the Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-Cas9 system presents a paradigm-shifting approach to HIV cure research [97]. CRISPR-Cas9, a
bacterial adaptive immune system repurposed as a precise genome engineering tool, offers the unprecedented ability
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to target and modify specific DNA sequences. In the context of HIV, CRISPR-Cas9 can be engineered to directly
disrupt or, more ambitiously, excise the integrated proviral DNA from the host genome. This direct attack on the
viral blueprint within the latently infected cell represents a distinct and potentially more curative strategy than
latency reversal alone. This review will systematically compare the efficacy of CRISPR-Cas9-mediated proviral
excision in latent reservoirs against that of LRAs, evaluating their respective capacities to reduce the HIV reservoir
and move closer to a functional or sterilizing cure. We will explore the underlying mechanisms, analyze compelling
preclinical and emerging clinical evidence, and discuss the inherent advantages and challenges associated with each
strategy.

Mechanisms of Action: Proviral Excision via CRISPR-Cas9
The power of the CRISPR-Cas9 system for HIV cure lies in its ability to precisely target and modify the integrated
proviral DNA [107. This typically involves the delivery of the Cas9 nuclease along with one or more guide RNAs
(gRNAs). The gRNA is a short RNA molecule designed to be complementary to a specific target sequence within
the HIV provirus [117]. Once the gRNA binds to its target DNA sequence, the Cas9 enzyme is recruited and
introduces a double-strand break (DSB) at that precise location.
In the context of proviral excision, the strategy involves designing dual gRNAs that flank a critical segment of the
integrated HIV provirus, typically targeting highly conserved regions within the 5' and 8' Long Terminal Repeats
(LTRs) [127. The LTRs are particularly attractive targets because they are essential for viral gene expression and
integration, and their conserved nature across different HIV strains reduces the risk of viral escape. When Cas9
simultaneously introduces DSBs at both target sites within the LTRs, the cell's endogenous DNA repair machinery,
primarily non-homologous end joining (NHEJ), attempts to ligate the two distal ends of the host chromosome [137.
In doing so, the entire intervening HIV proviral DNA sequence can be excised and effectively removed from the host
genome. This physical removal of the provirus from the cell's DNA represents the most definitive approach to
eliminating the latent reservoir, as it eradicates the template for viral rebound.
Beyond complete excision, single gRNA approaches can also be employed to induce DSBs within essential HIV
coding genes (e.g., gag, pol, env). The subsequent NHEJ-mediated repair often results in random insertions or
deletions (indels) at the cleavage site. If these indels occur within an open reading frame, they can cause frameshifts
or premature stop codons, effectively inactivate the provirus and render it replication-incompetent. While this
"inactivation" strategy doesn't physically remove the provirus, it permanently silences its ability to produce
infectious virions, thereby contributing to functional cure efforts. However, for the purpose of this review, we will
tfocus primarily on the more ambitious "proviral excision" as a direct comparator to LRAs in terms of reservoir
reduction. The precision and permanence offered by CRISPR-Cas9-mediated proviral excision distinguish it from
other therapeutic strategies and represent a significant leap forward in addressing the integrated viral blueprint.

Mechanisms of Action: Latency Reversing Agents (LRAs)

Latency reversing agents (LRAs) operate on a fundamentally different principle than gene editing. Instead of
directly targeting the integrated provirus, LRAs aim to reactivate the transcriptionally silent HI'V provirus within
latently infected cells [14, 157. This reactivation makes the previously hidden viral antigens expressed on the cell
surface, theoretically rendering the cells susceptible to immune-mediated clearance or highly susceptible to the
cytotoxic effects of ART. The "shock and kill" strategy relies on the premise that once the latent virus is "shocked"
into expression, the "kill" phase can occur, leading to a reduction in the viral reservoir.
LRAs achieve latency reversal through various molecular mechanisms, often targeting epigenetic modifications that
maintain HIV latency. Key classes of LRAs include:

L. Histone Deacetylase Inhibitors (HDACi): Histone deacetylases (HDACs) remove acetyl groups from
histones, leading to a more condensed chromatin structure that represses gene transcription [167]. HDACi
drugs, such as vorinostat, romidepsin, and panobinostat, inhibit HDACs, leading to increased histone
acetylation and a more open chromatin configuration around the integrated HIV LTR. This allows host
transcription factors to access the viral promoter, thereby promoting HIV gene expression.

11 Protein Kinase C (PKC) Agonists: PKC agonists, such as ingenol mebutate and bryostatin-1, activate PKC
signaling pathways, which in turn can activate NF-$\kappa$B and other transcription factors critical for
HIV gene expression from the LTR [177].

iii. Toll-like Receptor (TLR) Agonists: TLRs are crucial components of the innate immune system. TLR
agonists, such as TLR7 agonists (e.g., GS-9620) or TLR9 agonists, can activate innate immune pathways,
leading to the production of cytokines that can induce HIV gene expression.

iv. Methylation Inhibitors: DNA methylation, particularly in the HIV LTR, is another epigenetic mark
associated with latency. Drugs that inhibit DNA methyltransferases can theoretically promote HIV
transcription.

The goal of LRAs is to make the latently infected cells visible. However, the efficacy of LRAs depends on several
factors, including the efficiency of latency reversal across diverse reservoir cells, the level of viral gene expression
induced (enough to be recognized but not cause cell death directly), and the presence of a robust immune response
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capable of clearing the reactivated cells. A major challenge for LRAs is that they often induce only modest and
incomplete viral reactivation iz vivo, and the subsequent "kill" phase, relying on existing or ART-boosted immunity,
has frequently proven insufficient to significantly reduce the reservoir.

Efficacy of Proviral Excision vs. LRAs in Latent Reservoir Reduction: Preclinical Evidence

Preclinical studies, particularly in HIV-infected humanized mouse models and ex vivo primary cell models, have
provided critical insights into the comparative efficacy of CRISPR-Cas9-mediated proviral excision and LRAs in
reducing the latent HIV reservoir.

1.

ii.

Latency Reversing Agents (LRAs): Numerous Late Release Agents (LRAs) have been tested in vitro and
in vivo, with mixed results in in vivo humanized mouse models. While some studies show a transient
increase in plasma HIV RNA, no significant reduction in the latent reservoir is observed. This suggests
that while LRAs can wake up some dormant viruses, the subsequent "kill" mechanism may not eliminate a
significant proportion of the reactivated cells or leave a large fraction unaftected [187.

CRISPR-Cas9 Proviral Excision: In contrast, preclinical studies employing CRISPR-Cas9 for proviral
excision have demonstrated more direct and profound impacts on reservoir reduction [197]. Using
humanized mouse models infected with HIV and maintained on ART to establish latency, researchers have
delivered CRISPR-Cas9 components (e.g., via Adeno-Associated Virus (AAV) vectors) targeting conserved
regions within the HIV LTRs. These studies have consistently reported a significant reduction in HIV
proviral DNA in various tissues, including the spleen, lymph nodes, and gut-associated lymphoid tissue
(GALT), compared to control groups receiving only ART or a non-targeting CRISPR construct. Some
studies have shown up to a 60-90% reduction in proviral DNA. More critically, methodologies capable of
detecting intact proviral DNA have revealed a substantial decrease in replication-competent proviruses,
which are the true drivers of viral rebound. CRISPR-Cas9 effectively targets the integrated viral blueprint
compared to LRAs, resulting in significant delay in viral rebound and suppression in humanized mice
treated with ART. This depletion of reactivatable reservoir is a critical step towards durable ART-free
remission or sterilizing cure, despite challenges in achieving 100% proviral excision.

Clinical Translation and Associated Challenges

Translating both LRA and CRISPR-Cas9 strategies from preclinical models to human clinical trials presents distinct
sets of challenges.

i

ii.

Latency Reversing Agents (LRAs): Numerous LRAs have entered clinical trials. While these trials have
confirmed that some LRAs can induce transient increases in cell-associated HIV RNA or plasma viremia
(evidence of "shock"), they have largely failed to demonstrate a significant or sustained reduction in the
size of the latent reservoir. No single LRA has shown the ability to consistently reactivate all latent
proviruses across the diverse cellular and anatomical compartments of the reservoir [207. Even when
reactivation occurs, the host immune system (often exhausted or dysfunctional in chronic HIV infection) or
ART intensification may not be sufficient to clear all reactivated cells. Some potent LRAs have dose-limiting
toxicities, precluding their use at concentrations required for optimal latency reversal. Reliably measuring
subtle changes in the latent reservoir zz vivo in humans is technically challenging.

CRISPR-Cas9 Proviral Excision: CRISPR-Cas9-mediated proviral excision, while demonstrating
superior preclinical efficacy, faces its own formidable challenges in clinical translation. Efficient and targeted
delivery of CRISPR-Cas9 components (Cas9 enzyme/mRNA and gRNAs) to all latently infected cells in
vivo across various anatomical reservoirs (e.g., lymphoid tissues, gut, brain) is a major hurdle. Current viral
(e.g., AAV) and non-viral (e.g., lipid nanoparticles) delivery systems have limitations in widespread tissue
penetration and transduction efficiency in quiescent cells [217. The risk of unintended DNA modifications
at non-target sites in the host genome is a significant safety concern. Off-target edits could lead to
genotoxicity, chromosomal rearrangements, or even oncogenesis. Continuous development of high-fidelity
Cas9 variants and improved gRNA design algorithms are crucial to minimize this risk. Cas9 is a bacterial
protein, and human immune responses against it could limit the durability or efficacy of gene editing,
especially with repeated administration. Strategies to evade or modulate this immune response are under
investigation. Even if CRISPR-Cas9 is delivered effectively, achieving 100% proviral excision in all infected
cells across the vast and heterogeneous reservoir is an immense challenge. Residual intact proviruses could
still lead to viral rebound. While gRNAs are designed against conserved HIV regions, the possibility of
viral mutations arising to escape CRISPR targeting cannot be entirely ruled out over long periods, though
excision would render the provirus permanently non-functional. Gene editing in humans raises unique
ethical considerations, necessitating scrutiny and robust regulatory frameworks [227.

Synergistic Approaches and Future Perspectives

Given the complexities of the HIV latent reservoir, it is increasingly recognized that a single intervention is unlikely
to achieve a cure. Instead, future strategies will likely involve combination approaches that leverage the strengths
of different modalities.
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For instance, combining CRISPR-Cas9 with LRAs could represent a powerful synergistic strategy [23, 247]. LRAs

could "shock" the latent provirus into expression, making the infected cells more accessible or recognizable. This

increased expression could potentially make the integrated provirus more amenable to CRISPR-Cas9 targeting or
highlight cells that need to be cleared. However, such combination would require careful consideration as the aim of

LRAs is to expose, while CRISPR excision aims to permanently remove. The "kill" phase could then be dramatically

enhanced by CRISPR-Cas9-mediated proviral excision, or by potent immune effector cells engineered through gene

therapy (e.g., CAR T cells) to specifically target the reactivated cells that have not been excised.

Furthermore, advances in CRISPR technology itself, such as the development of base editors or prime editors, which

allow for precise single-nucleotide changes or small insertions/deletions without inducing double-strand breaks,

could offer even greater precision and potentially a safer profile for HIV gene editing. Improving delivery systems,
perhaps through novel viral vectors with enhanced tropism for quiescent CD4+ T cells or sophisticated nanoparticle
formulations, will be critical for achieving therapeutic concentrations of CRISPR components in reservoir tissues.

The goal is to achieve a "functional cure," where individuals can maintain viral suppression indefinitely without

ART, or a "sterilizing cure," where all replication-competent virus is eliminated. While LRAs have advanced our

understanding of latency, their ability to significantly reduce the reservoir iz vivo has been limited. CRISPR-Cas9,

with its direct and permanent modification of the proviral DNA, offers a far more potent mechanism for reservoir
reduction. The ongoing research into refining CRISPR-Cas9 technology, addressing its delivery and safety
challenges, and exploring rational combination therapies holds immense promise for finally overcoming the
persistent HIV reservoir and delivering a cure to millions worldwide.

CONCLUSION

The latent HIV reservoir stands as the principal barrier to a cure, necessitating lifelong antiretroviral therapy (ART)

despite its remarkable efficacy in viral suppression. While latency-reversing agents (LRAs) have been extensively

investigated to reactivate dormant proviruses, their ability to consistently and substantially reduce the iz vivo
reservoir size has been limited, often due to incomplete reactivation and insufficient immune clearance. In stark
contrast, CRISPR-Cas9 gene editing, particularly through proviral excision, offers a direct and permanent solution
by physically removing the integrated HIV DNA from host cells. Preclinical studies, notably in humanized mouse
models, have consistently demonstrated that CRISPR-Cas9-mediated proviral excision leads to a significant
reduction in total and intact proviral DNA in various reservoir tissues, a level of efficacy not achievable with LRAs
alone. While the clinical translation of CRISPR-Cas9 faces considerable challenges, including efficient delivery to
all reservoir cells, ensuring genomic safety by avoiding off-target effects, and mitigating potential immune responses,
its superior mechanistic approach to directly eliminate the viral blueprint positions it as a truly transformative
intervention. Future strategies will likely combine the strengths of gene editing with other modalities to achieve
the elusive goal of a durable ART-free remission or a sterilizing cure for HIV.
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