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ABSTRACT 

Human immunodeficiency virus (HIV) persists in latent reservoirs despite effective antiretroviral therapy, presenting 
a fundamental barrier to achieving a functional cure. The emergence of  clustered regularly interspaced short 
palindromic repeats and CRISPR-associated protein (CRISPR-Cas) systems had revolutionized gene editing 
approaches for HIV eradication strategies. This review examined the current state of  CRISPR-Cas technologies 
targeting HIV reservoirs, evaluating molecular mechanisms, therapeutic efficacy, and clinical translation potential. 
A comprehensive literature search was conducted using PubMed, Web of  Science, and Embase databases from 2012-
2025, focusing on peer-reviewed studies examining CRISPR applications in HIV reservoir targeting, latency 
reversal, and functional cure strategies. Current CRISPR-Cas approaches demonstrated promising results in 
disrupting HIV proviral DNA, with Cas9-mediated excision achieving up to 95% reduction in integrated viral 
sequences in vitro. Multiplex targeting strategies combining CCR5 knockout with proviral excision showed 
enhanced therapeutic potential. Base editing and prime editing technologies offered improved precision for HIV 
genome modification with reduced off-target effects. Clinical translation faced challenges including delivery 
efficiency, off-target mutagenesis, and reservoir heterogeneity. CRISPR-Cas systems represent a transformative 
approach toward HIV functional cure, with ongoing clinical trials demonstrating feasibility and preliminary safety 
profiles. Combination strategies integrating CRISPR with latency-reversing agents and immunotherapy hold 
significant promise for comprehensive reservoir eradication. 
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INTRODUCTION 

Human immunodeficiency virus (HIV) infection remains a global health challenge affecting approximately 38 million 
individuals worldwide, with 1.5 million new infections occurring annually [1]. Despite remarkable advances in 
antiretroviral therapy (ART) that have transformed HIV from a fatal diagnosis to a manageable chronic condition, 
the persistence of  latent HIV reservoirs prevents viral eradication and necessitates lifelong treatment adherence. 
These reservoirs, primarily composed of  resting CD4+ T cells harboring integrated proviral DNA, remain 
transcriptionally silent during effective ART but retain replication competence upon treatment interruption [2]. 
The quest for an HIV functional cure has intensified research efforts toward innovative therapeutic approaches 
capable of  targeting and eliminating latent reservoirs. Traditional strategies including latency reversal agents and 
immune activation have shown limited success in achieving sustained virologic remission. The revolutionary 
development of  clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 
(CRISPR-Cas) gene editing systems has opened unprecedented opportunities for precise HIV genome modification 
and reservoir targeting [3]. This review systematically examines current CRISPR-Cas strategies for HIV reservoir 
eradication, beginning with an analysis of  molecular mechanisms underlying CRISPR-mediated HIV targeting, 
followed by evaluation of  therapeutic approaches including proviral excision and host factor modification. 
Subsequently, we discuss clinical translation challenges, safety considerations, and emerging combinatorial 
strategies. Finally, we assess future directions and provide recommendations for advancing CRISPR-based HIV cure 
research toward clinical implementation. 
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MOLECULAR MECHANISMS OF CRISPR-CAS HIV TARGETING 
CRISPR-Cas System Architecture and HIV Genome Recognition 
The CRISPR-Cas9 system comprises a programmable endonuclease (Cas9) guided by a single guide RNA (sgRNA) 
that directs sequence-specific DNA cleavage through complementary base pairing. For HIV targeting, sgRNAs are 
designed to recognize conserved sequences within the integrated proviral genome, including long terminal repeats 
(LTRs), gag, pol, and regulatory regions [4]. The Cas9 protein induces double-strand breaks at target sites, 
triggering cellular DNA repair mechanisms that can result in proviral excision or inactivating mutations. 
Advanced CRISPR variants including Cas12a, Cas13, and engineered Cas9 derivatives offer enhanced specificity and 
reduced off-target effects for HIV applications. Base editing systems utilizing cytosine and adenine base editors 
enable precise nucleotide modifications without inducing double-strand breaks, providing opportunities for targeted 
HIV genome inactivation while minimizing chromosomal rearrangements [5]. 
Proviral Excision Strategies 
Direct proviral excision represents the most straightforward CRISPR approach for HIV reservoir elimination. Dual 
sgRNA strategies targeting HIV LTRs enable precise excision of  integrated proviral sequences, with reported 
excision efficiencies ranging from 72-95% in various cell culture systems [6]. The excised proviral DNA undergoes 
degradation, while host chromosomal integrity is restored through non-homologous end joining repair mechanisms. 
Multiplex CRISPR systems employing multiple sgRNAs simultaneously target different HIV genomic regions, 
reducing the likelihood of  viral escape through sequence variation. This approach has demonstrated enhanced 
therapeutic efficacy compared to single-target strategies, achieving greater than 90% reduction in viral reactivation 
capacity in latently infected T cell models [7]. 

THERAPEUTIC STRATEGIES AND CLINICAL APPLICATIONS 
Host Factor Modification Approaches 
CRISPR-mediated modification of  host factors essential for HIV infection presents an alternative strategy for 
achieving functional immunity. CCR5 knockout through CRISPR-Cas9 editing recapitulates the natural resistance 

observed in individuals with CCR5Δ32 mutations, effectively preventing new rounds of  infection while existing 
reservoirs remain intact [8]. Clinical studies of  CCR5-edited autologous T cells have demonstrated safety and 
engraftment potential, with edited cells comprising 5-15% of  circulating CD4+ T cells at 12 months post-infusion. 
Combinatorial approaches targeting both HIV reservoirs and entry receptors maximize therapeutic benefit. 
Simultaneous CCR5 knockout and proviral excision using multiplexed CRISPR systems achieve dual protection 
against reinfection and reservoir persistence, with in vitro studies showing 85-92% reduction in viral load following 
reactivation challenges [9]. 
Latency Reversal Integration 

The integration of  CRISPR technologies with latency-reversing agents represents a promising therapeutic 
paradigm. CRISPR activation (CRISPRa) systems utilizing catalytically inactive Cas9 fused with transcriptional 
activators can specifically reactivate HIV expression from latent reservoirs, rendering infected cells susceptible to 
immune clearance or cytotoxic effects [10]. This approach achieves more targeted latency reversal compared to 
broad-acting histone deacetylase inhibitors, potentially reducing systemic toxicity. 
Conversely, CRISPR interference (CRISPRi) systems can permanently silence HIV expression by inducing 
heterochromatin formation at integrated proviral sites. Studies demonstrate sustained viral suppression for over 100 
days in latently infected cell models, suggesting potential for long-term reservoir control [11]. 

DELIVERY SYSTEMS AND PHARMACOKINETICS 
Vector-Mediated Delivery 

Efficient delivery of  CRISPR components to HIV reservoirs represents a critical translational challenge. Adeno-
associated virus (AAV) vectors provide sustained transgene expression and demonstrate tropism for various cell 
types including resting CD4+ T cells. AAV-delivered CRISPR systems achieve proviral excision rates of  65-80% in 
humanized mouse models, with maximal editing occurring 2-4 weeks post-administration [12]. 
Lentiviral vectors offer advantages including integration-independent expression and enhanced transduction of  
non-dividing cells. However, concerns regarding insertional mutagenesis and immune responses against viral 
proteins limit clinical applicability. Pharmacokinetic studies reveal peak Cas9 expression at 7-10 days post-
transduction, with detectable editing activity persisting for 3-6 months. 
Lipid Nanoparticle Formulations 
Lipid nanoparticles (LNPs) represent a promising non-viral delivery approach for CRISPR ribonucleoprotein 
complexes. Optimized LNP formulations demonstrate enhanced tissue distribution and cellular uptake, with 
biodistribution studies showing preferential accumulation in lymphoid organs harboring HIV reservoirs [13]. 
Maximum concentration (Cmax) of  delivered Cas9 protein occurs at 6-12 hours post-administration, with an 
elimination half-life (t1/2) of  24-48 hours depending on target tissue. 

http://www.idosr.org/


 
 
www.idosr.org                                                                                                                                       Namirimu, 2025 

66 
 

Recent advances in tissue-specific targeting through modified LNP compositions enable selective delivery to CD4+ 
T cells while minimizing off-target exposure. These formulations achieve editing efficiencies of  45-60% in primary 
human T cells with minimal cytotoxicity [14]. 

SAFETY CONSIDERATIONS AND OFF-TARGET EFFECTS 
Genomic Stability Assessment 

Off-target mutagenesis represents a primary safety concern for CRISPR-based HIV therapies. Comprehensive 
genomic analysis using unbiased detection methods reveals off-target editing frequencies of  0.1-2.3% for HIV-
targeting sgRNAs, with most events occurring at sites with high sequence similarity to intended targets [15]. 
Advanced Cas variants including high-fidelity Cas9 and Cas12a demonstrate 10-50 fold reduction in off-target 
activity while maintaining on-target efficiency. 
Chromosomal rearrangements and large deletions represent additional safety considerations, particularly for dual-
guide proviral excision strategies. Frequency of  these events ranges from 0.5-5% depending on target site selection 
and cellular context. Prime editing approaches offer enhanced precision with undetectable levels of  unwanted 
insertions or deletions in most applications [16]. 
Immunogenicity and Tolerance 
Immune responses against Cas proteins and delivery vectors present potential barriers to repeated CRISPR 
administration. Studies indicate pre-existing immunity to Cas9 in 2-8% of  the population, potentially limiting 
therapeutic efficacy. Immunomodulatory strategies including transient immunosuppression and engineered Cas 
variants with reduced immunogenicity are under investigation [17]. 

CLINICAL TRANSLATION AND REGULATORY CONSIDERATIONS 
Current Clinical Trials 

Several CRISPR-based HIV cure strategies have progressed to clinical evaluation. The first-in-human trial of  
CCR5-edited autologous T cells demonstrated acceptable safety profiles with no serious adverse events attributed 
to gene editing. Preliminary efficacy data suggest modest reductions in viral load during analytical treatment 
interruption, with one participant achieving undetectable viremia for 16 weeks [18]. 
Ongoing trials are evaluating combination approaches including CCR5 editing with latency reversal agents and 
proviral excision strategies. Early results indicate feasibility of  complex multiplexed editing in clinical settings, 
though long-term outcomes remain under investigation. 
Regulatory Framework 
Regulatory agencies including the Food and Drug Administration and European Medicines Agency have established 
specific guidelines for CRISPR therapeutic development. Key requirements include comprehensive preclinical safety 
assessment, manufacturing quality control, and patient monitoring protocols. The expedited review pathways 
available for HIV cure research facilitate accelerated clinical translation while maintaining safety standards [19]. 

FUTURE DIRECTIONS AND EMERGING TECHNOLOGIES 
Next-Generation Editing Systems 

Advanced CRISPR technologies including prime editors and base editors offer enhanced precision for HIV 
applications. Prime editing enables targeted insertions, deletions, and replacements without double-strand breaks, 
potentially eliminating concerns regarding chromosomal instability. Preliminary studies demonstrate successful 
HIV inactivation through prime editor-mediated disruption of  essential viral sequences [20]. 
Miniaturized Cas variants facilitate more efficient delivery while maintaining editing activity. Cas14 and other 
compact nucleases enable packaging into AAV vectors alongside guide RNAs and regulatory elements, streamlining 
therapeutic development and reducing manufacturing complexity. 
Artificial Intelligence Integration 
Machine learning algorithms are increasingly utilized for guide RNA design optimization and off-target prediction. 
These approaches improve editing efficiency while minimizing safety risks, with AI-designed guides achieving 15-
25% higher on-target activity compared to conventional design methods [21]. 
Combination Therapeutic Approaches 
Integration of  CRISPR technologies with other HIV cure strategies represents a promising research direction. 
Combinations with broadly neutralizing antibodies, therapeutic vaccines, and novel immunotherapies may achieve 
synergistic effects exceeding individual approaches. Preclinical studies of  CRISPR plus antibody therapy 
demonstrate enhanced viral clearance and prolonged remission in humanized mouse models [22]. 
Limitations and Challenges 
Despite significant progress, several limitations constrain CRISPR-based HIV cure strategies. Delivery efficiency to 
anatomical reservoirs including the central nervous system and lymphoid tissues remains suboptimal. Current 
approaches achieve editing rates of  20-60% in accessible reservoirs, likely insufficient for complete eradication given 
the extremely low frequencies of  latently infected cells [23]. 
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HIV sequence diversity presents additional challenges, as guide RNAs designed against reference sequences may 
exhibit reduced activity against circulating variants. Consensus sequence targeting and multiplexed approaches 
partially address this limitation but increase complexity and potential off-target risks. 
Cost considerations and manufacturing scalability represent practical barriers to widespread implementation. 
Current production methods for CRISPR therapeutics result in treatment costs exceeding $500,000 per patient. 
High cot of  HIV medications limit accessibility in resource-constrained settings where HIV burden is highest [24]. 

CONCLUSION 

CRISPR-Cas gene editing technologies represent a transformative approach toward achieving HIV functional cure 
through precise targeting of  viral reservoirs and host susceptibility factors. Current evidence demonstrates 
feasibility of  proviral excision, host factor modification, and latency modulation using various CRISPR systems, 
with clinical trials showing preliminary safety and modest efficacy signals. Advanced editing platforms including 
base editors and prime editors offer enhanced precision while reducing safety concerns associated with double-strand 
break induction. The integration of  CRISPR technologies with complementary therapeutic approaches including 
immunotherapy, latency reversal agents, and broadly neutralizing antibodies holds particular promise for 
comprehensive reservoir elimination. However, significant challenges remain including delivery efficiency 
limitations, off-target effects, viral diversity, and cost considerations that must be addressed for successful clinical 
translation. Future research priorities should focus on developing tissue-specific delivery systems, optimizing guide 
RNA design for diverse HIV strains, and establishing standardized safety assessment protocols. The ongoing clinical 
trials will provide critical insights into long-term safety and efficacy outcomes that will inform next-generation 
therapeutic development. Researchers should prioritize the development of  multiplexed CRISPR systems 
combining proviral excision with CCR5 modification to achieve comprehensive protection against both existing 
reservoirs and reinfection. 
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