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Human immunodeficiency virus (HIV) continues to present a major global health challenge, affecting around 40.8 million people
as of 2024. Current technologies like combination antiretroviral therapy (cART) require lifelong medicines, while failing to elim-
inate latent viral reservoirs. Recent advances in genome editing have positioned CRISPR-based technologies as promising candi-
dates for a functional cure. This review synthesizes findings from peer-reviewed studies on CRISPR-based HIV therapies. Both
DNA and RNA-targeting approaches have made strides in combating HIV, including proviral excision through CRISPR-Cas9,
CCRS disruption, and degradation of viral transcripts through Cas13. Evidence from preclinical studies demonstrates the poten-
tial that CRISPR systems can effectively confer resistance to infection. Nevertheless, this represents a proof-of-concept rather
than clinical evidence of cure, and significant challenges still remain. Barriers include delivery efficiency, potential off-target
effects, and the need for conditioning regimens prior to cell transplantation. Socioeconomic constraints further limit potential,
particularly in resource-poor regions where HIV is most prevalent. Additionally, high costs pose obstacles to equitable access.
Future directions emphasize the integration of CRISPR with other strategies, as well as the development of non-chemotherapy
conditioning. Overall, CRISPR technologies hold transformative potential for HIV cure research, but reaching its full potential

will require overcoming technical and ethical hurdles with further research.

Introduction

Human immunodeficiency virus (HIV) remains one of the
most significant challenges to global public health. As of
2024, around 40.8 million people are living with HIV, includ-
ing approximately 1.4 million children. Although the dis-
covery of HIV in the early 1980s was a major milestone in
infectious disease history, since then scientists have not de-
veloped an FDA approved vaccine or cure. Combination an-
tiretroviral therapy (cART), the current standard therapy for
HIV infection, attempts to control the spread of HIV within
the host and viral shed. It employs a multi-drug regimen that
targets distinct stages of the viral life cycle to suppress viral
replication in CD4+ T cells, where HIV replicates within the
host“. These drugs lower the viral titer in the blood to unde-
tectable levels, preventing the progression to AIDS, limiting
the spread of the virus, and allowing the immune system to
recover. However, due to the virus’s ability to hide in latent
reservoirs within cells, CART cannot fully eradicate HIV from
the body. As a result, the treatment must be continued for life,
which may have significant side effects on the patient.

HIV-1 Genome Organization and Latency

HIV-1 is a retrovirus that stores its genetic material as
RNA. Once the virus enters a host cell, its RNA is reverse-
transcribed into DNA and integrated into the host’s genome.
This integrated form is called a provirus. The provirus is

flanked by long terminal repeats (LTRs), which are regula-
tory sequences that control transcription of HIV genes and act
as essential promoters for viral replication. The HIV genome
consists of several key genes. The gag gene encodes the struc-
tural proteins that form a barrier to protect the genetic mate-
rial, while the pol gene encodes the enzymes needed for the
replication cycle, including reverse transcriptase, integrase,
and protease. Because these genes are fundamental for build-
ing new viral particles and completing the replication cycle,
they are central points of vulnerability in the HIV life cycle.
Understanding the roles of LTR, gag, and pol helps explain
why interfering with these regions can significantly reduce vi-
ral replication”.

A central challenge in HIV treatment is viral latency. Af-
ter integration, the provirus can enter a latent state in resting
CD4+ T cells, where it produces little or no virus. These long-
lived CD4+ T cells form what are known as latent reservoirs.
Latent HIV can also persist in sanctuary sites such as the brain,
lymph nodes, and gut-associated lymphoid tissue, where drug
penetration is limited and less effective®. These reservoirs al-
low HIV to persist in the body even when antiretroviral ther-
apy has lowered viral levels in the blood to undetectable levels.
These poorly understood latent reservoirs have proven to be a
major obstacle for developing HIV therapies. HIV integrates
its genetic material into the host gene, creating the long-lived
latent reservoirs in resting CD4+ T cells. They are invisible to
both the immune system and antiretroviral therapy, allowing
the virus to stay in a dormant state for years. Even when repli-
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cation is suppressed by cART, the passive virus remains intact
and can reactivate if treatment is stopped, leading to a rapid
rebound”. Furthermore, HIV’s high mutation rate enables it
to develop resistance to therapies. These factors make com-
plete eradication of HIV a significant scientific challenge that
can only be achieved by targeting reservoir CD4+ T cells.

CRISPR-Cas Approaches to HIV Therapy

The limitations of current antiretroviral therapies, combined
with the challenges posed by latent reservoirs, viral diver-
sity, and inefficient delivery of therapeutic molecules, under-
score the need for innovative strategies that can directly tar-
get HIV’s genome. In recent years, gene-editing technolo-
gies, specifically Clustered Regularly Interspaced Short Palin-
dromic Repeat-Cas (CRISPR-Cas), has emerged as a promis-
ing approach to directly target and inactivate the HIV genome.
Unlike traditional therapies, CRISPR offers the potential to
eliminate integrated viral DNA, addressing the infection at its
core rather than simply managing it. Originally discovered as
part of a bacterial immune defense system, CRISPR functions
as a molecular tool that uses guide RNA to direct an enzyme to
a specific sequence of DNA or RNA. The nuclease, Cas, binds
to a short CRISPR RNA (cRNA) that targets matching viral
DNA or RNA sequences, depending on the type of CRISPR-
Cas system. Most CRISPR-Cas systems use a short nucleotide
sequence that are able to match up with a certain part of the
viral genome. Multiple Cas enzymes have been adapted for
therapeutic use, each offering distinct mechanisms and advan-
tages depending on the type of target. The three correlating
directly to HIV repression and, in time, eradication are the
Cas9, Casl2, and Casl3 enzymes. Most CRISPR-Cas sys-
tems require a short sequence of nucleotides adjacent to the
target site in order to recognize and bind to it. For DNA-
targeting systems like Cas9 and Cas12, this sequence is known
as a protospacer adjacent motif (PAM), while RNA-targeting
systems like Cas13 rely on a similar sequence called the pro-
tospacer flanking site (PFS)®. These nucleotide chains prevent
the system from mistakenly targeting host sequences, ensuring
specificity during genome editing.

Cas9 and Cas12 nucleases both cleave strands of double-
stranded DNA. Cas9 produces blunt ends while Casl2 pro-
duces staggered ends, both activating cellular DNA repair
mechanisms. In the absence of a repair template, or donor
template, the cell uses a quick but error-prone mechanism
called non-homologous end joining (NHEJ) to reconnect the
broken DNA strands. This method often introduces small in-
sertions or deletions (INDELS) at the cut site, which can dis-
rupt the transcription of the gene, leading to a loss of func-
tion. This disruption can be harnessed to inactivate inte-
grated HIV proviral DNA or essential viral genes. Alterna-
tively, by supplying a DNA donor template with specific ed-

its flanked by homologous sequences to match the cut ends of
the DNA, the cell can use the more precise homology-directed
repair (HDR) pathway. HDR enables researchers to insert de-
sired genetic sequences at the break site with increased pre-
cision. In contrast, Casl3 targets single-stranded RNA in-
stead of DNA, making it fundamentally different from Cas9
and Casl12. Guided by cRNS and a PFS, Casl3 can recog-
nize complementary sequences in viral RNA, making it partic-
ularly suitable for targeting the HIV genome in its RNA form
prior to integration into host DNA. However, an approach im-
plementing only Cas13 will not be able to access the already
integrated HIV DNA in latent reservoirs. This review exam-
ines the differences and potentials of CRISPR-Cas approaches
to inhibit HIV replication and preferably eliminate the viral
reservoir.
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Fig. 1 Lifecycle of HIV-1 | This figure illustrates the major stages
of HIV-1 infection, including viral entry, transcription of viral RNA
into viral DNA, integration into the host genome, assembly, and
budding. Understanding these steps is essential for contextualizing
the CRISPR-based therapeutic strategies discussed in this paper. In
particular, the diagram highlights the stages where CRISPR
approaches may interrupt replication. HIV-1 lifecycle inside a CD4+
T-cell. In short, the virus gains entry through the CCR5 or CXR4
receptor. After, viral RNA is converted to viral DNA by reverse
transcription. The virus then translocates to the nucleus, where it
integrates into host DNA. After the proviral DNA is transcribed in
the nucleus, the viral protein is translated in the nucleus and then
assembled. The HIV-1 virus exits the cell by budding to continue
the lifecycle.

Methods

Peer-reviewed articles were used to conduct this literature re-
view. These articles were found using PubMed, MEDLINE,
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and Google Scholar. Key search terms included “HIV-17,
“CRISPR-Cas9”, “CRISPR-Cas12a”, “CRISPR-Cas13”, and
“gene editing”. Inclusion criteria required that papers be pub-
lished within the last ten years (2015-2025) to ensure rele-
vance to recent advancements in CRISPR-based antiviral re-
search. Studies outside this range were excluded unless they
provided essential knowledge on HIV biology or ethical con-
siderations. Both in vitro and in vivo studies were examined,
with in vitro studies categorized by human or animal cell mod-
els. Preference was given to studies with clearly documented
experimental methods, results, and discussion of therapeutic
potential. After evaluation of various methods presented in the
literature, the decision was made to focus on the technologies
of three CRISPR-Cas enzymes. For each therapy, multiple
studies were selected to gain a comprehensive understanding
of the mechanisms used, as well as to identify and discuss
specific limitations and benefits of each system (see Figure 2).
Due to the large volume of search results (>370,000 records),
a fully exhaustive screening was not feasible. Instead, a tar-
geted, concept-driven approach was used to identify represen-
tative experimental studies aligned with the major thematic
sections of this review, including host receptor editing, provi-
ral excision, RNA-targeting strategies, and in vivo delivery
models.

Screened for
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Scholar Search Results by Experimental Included
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“HIV i
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e
“delivery”, and .
HIV® (20152025, 11,700 articles 11 articles
nan-review articles)
"Off-targets™, "HIV", 17 articles
“combination 122,000 articles
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(20152025,
non-review articles)

Total: 37

Total: 371,660 Total: 90

Fig. 2 Overview of the targeted literature search and study
selection process | Primary review articles from 2015-2025 were
filtered after a Google Scholar search for CRISPR/Cas HIV search
terms. Articles were filtered for experimental focus on generation of
CRISPR/Cas based therapies for HIV.

Viral Escape and the Challenge of HIV Diversity

HIV’s rapid evolution is one of the main reasons it has been
challenging to find a persistent and long-lasting cure. The

virus replicates at extremely high rates inside the body; in
vivo studies estimate an HIV-1 genome-wide spontaneous mu-
tation rate on the order of ~ 4.1 x 10~ mutations per base
per infected cell, one of the highest measured for any bio-
logical system. Its reverse transcriptase enzyme also makes
frequent copying mistakes”. These errors generate a large
pool of genetic variants and mutations. Because many slightly
different versions of the virus exist at any given time, some
variants can naturally survive pressures that eliminate others.
This high mutation rate also enables viral escape, a process
where the virus develops changes that allow it to evade im-
mune responses or medical treatments. Even small mutations
in critical regions of the viral genome can have major conse-
quences. For example, if the virus mutates the 20-nucleotide
target sequence, the short stretch of viral DNA a therapy is
designed to recognize, or changes the nearby PAM sequence,
a short DNA signal required for binding, the treatment may
no longer be able to recognize the proviral DNA. When this
occurs, the virus becomes resistant to the targeting strategy,
allowing the mutated variant to continue replicating while the
original, sensitive version is suppressed. Because HIV exists
as a constantly shifting population, strategies that focus on
only one site in the viral genome are especially vulnerable.
A single mutation at that location is often enough to prevent
the therapy from identifying its target, allowing escape vari-
ants to replicate. This fragility is an important reason why
modern approaches increasingly emphasize addressing several
viral regions at once to make it harder for HIV to evade treat-
ment.

Delivery Systems and Their Limitations

Even when CRISPR has a specific target sequence and the
correct PAM site, one of the biggest obstacles is delivering
that CRISPR/Cas into the target cells. One major challenge
is the genome size of the payload. Some gene-editing com-
ponents are large, and AAV vectors, which are used to deliver
these gene-based therapies, can only carry about 4.7 kilobases
of genetic material, which makes it difficult to package com-
plete editing systems in a single vector®. Delivery into key
immune cells, including resting CD4+ T cells that serve as
latent HIV reservoirs, is inefficient due to low transduction ef-
ficiency and limited gene expression in these cells. Moreover,
HIV persists in sanctuary sites such as the central nervous sys-
tem (CNS), lymph nodes, and gut-associated lymphoid tissue,
which are difficult to access because of physical barriers and
reduced penetration of therapeutic agents. There are alterna-
tive delivery strategies, including lipid nanoparticles (LNPs),
electroporation, and ribonucleoprotein (RNP) complexes, but
each has limitations. LNPs may not target the right tissues,
electroporation is mainly restricted to cells handled outside
the body, and RNPs do not stay active long enough to reach
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all reservoirs® !, These challenges are evident when looking
at delivery strategies used in different contexts. When used
on cells that were edited outside the body and then reinfused,
delivery methods are limited to cell types that can safely be
transplanted and removed'?. When delivery is used directly in
the body, reaching different hard-to-access tissues while main-
taining high selectivity for the target cell type can be difficult.
Overall, the difficulty of delivering editing tools to all rele-
vant sites remains one of the biggest bottlenecks to achieving
complete and durable treatment.

Targeting HIV-1 Proviral DNA

A central approach in CRISPR-Cas based HIV therapy in-
volves directly targeting and disrupting integrated HIV-1
proviral DNA within the host genome. This strategy relies on
the CRISPR-Cas9 system to introduce double-stranded DNA
breaks at specific locations of the viral genome, guided by
short guide RNAs. When the cell repairs these breaks via
the NHEJ pathway, it often introduces insertions and dele-
tions that can inactivate essential viral genes by shifting the
reading frame or introducing early stop codons. Multiple stud-
ies have demonstrated the efficiency of this approach in vitro.
For example, in J-Lat10.6 T-cells carrying R7/E-/GFP HIV,
CRISPR-Cas9 was used to cut the viral DNA at two places:
the LTR (long terminal repeat) and gag gene. These edits
significantly reduced viral gene expression and p24 produc-
tion, a protein that is utilized to mark HIV replication. When
dual guide RNAs were used, the system further increased ef-
ficiency, editing up to 90% of the HIV DNA in the T-cells3.
Similarly, Yin et al. delivered the CRISPR-Cas9 system and
2 guide RNAs into a humanized mouse model and achieved
greater than 90% deletion of proviral DNA from multiple tis-
sues, including the spleen, liver, lungs, and brain®. These
findings provided early evidence that CRISPRCas9 could
reach and edit viral reservoirs in vivo.

The therapeutic potential has also been validated in non-
human primates. In a landmark study by Mancuso et al.,
macaques infected with SIV, a close relative of HIV that
causes a similar disease in primates, were first treated with
long-acting cART, followed by Cas9 constructs delivered via
AAV9, acommonly used virus for safe delivery of genes into a
celll>, These constructs targeted and successfully excised STV
DNA from places like lymph nodes and spleen, and showed no
detectable viral load in some animals, suggesting the first po-
tential instance of viral clearance in an animal model. More
recently, Wang et. al. combined long-acting cART with
CRISPR Cas9 targeting both the host CCRS5 gene and the HIV
provirus'®, The CCRS5 gene in human CD4+ T-cells is a re-
ceptor HIV uses to enter the cell. So, this dual-editing strategy
allowed researchers to cut the virus, as well as make the CD4+
T cells harder to infect in the future. In their humanized mouse

model, this combination led to viral elimination in 13 out of 23
animals, with no detectable off-target effects or viral rebound
post-therapy.

Despite these promising results, several challenges still per-
sist. One major hurdle is the risk of viral escape due to muta-
tions introduced by NHEJ. Since NHEJ allows for the integra-
tion of new bases in the repair process, the virus become re-
sistant to CRISPR targeting. For instance, single site targeting
often leads to escape variants that are immune to the original
CRISPR treatment, reducing long-term efficacy. To mitigate
this, strategies using multiple gRNAs to simultaneously tar-
get multiple regions of the HIV virus have been developed.
The targeting of several parts of the HIV genome at the same
time reduces the potential for the virus to mutate and escape.
Using two guides at once can cause > 95% reduction, espe-
cially when they target conserved regions like the LTR, gag,
or pol genes'”. However, adding more guides creates trade-
offs: multiplex targeting improves the chance of cutting out
the virus, but it also makes the delivery vector larger and may
increase the risk of off-target effects. Another limitation is the
incomplete and uneven delivery of CRISPR components, par-
ticularly to latent reservoirs in sanctuary sites—places in the
body that are harder to reach—such as the brain and lymph
nodes where dormant HIV can evade the immune system.

While the usage of AAV9 has demonstrated its ability to
reach many different tissues, including penetration into the
brain, the efficiency of delivery to all infected cells is still sub-
standard. Additionally, proviral excision may result in the for-
mation of circle DNA fragments, which can persist and, under
certain circumstances, retain its ability to transcript new pro-
teins8, Safety concerns also remain; although studies to date
have not observed widespread offtarget effects in animal mod-
els, the potential for Cas9 inducing host immune responses
must be addressed before clinical translation. Therefore, while
early studies have shown success in vitro and in animal mod-
els, future work must overcome the obstacles of delivery and
safety to bring this approach closer to human application.

Targeting Host Genes Essential for HIV Entry

An alternative CRISPR-based strategy for combating HIV in-
volves editing host genes required for viral entry, most no-
tably CCRS5 and CXCR4, receptors localized on the surface of
immune cells that HIV utilizes to gain entry. Unlike proviral
deletion strategies, which aim to remove viral integrated DNA,
this approach seeks to render host cells resistant to infection
by removing genes essential to HIV’s cellular access. It is
especially promising because it is unaffected by HIV strain
variations and mutations and avoids the challenge of eradicat-
ing latent reservoirs. Among the gene-editing tools available,
CRISPR-Cas12a has emerged as a particularly powerful en-
zyme for this purpose. Casl2a differs from Cas9 in several
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Fig. 3 Cas9 as a treatment for HIV-1 | The HIV-1 virus enters the
cell following the traditional mechanism. In the nucleus, the Cas9
utilizes guide RNA to identify and excise the HIV-1 virus from the
human genome. By removing or disrupting the integrated provirus,
Cas9 prevents viral transcription, assembly, and replication. This
mechanism illustrates one of the key gene-editing approaches
discussed in this paper as a potential complement or replacement of
current therapies.

notable ways that make it attractive for host gene targeting.
Casl2arecognizes a T-rich PAM sequence, which expands the
targetable regions of the genome beyond what Cas9 can ac-
cess. It also generates staggered double-strand breaks, which
may favor certain DNA repair outcomes, and it requires only
a single guide RNA for target recognition. These attributes
simplify the design and can potentially improve specificity.
Above all, Casl2a has demonstrated reduced off-target ef-
fects in some contexts compared to Cas9, which is especially
valuable when editing human cells. Several recent studies
have validated the feasibility of using Casl2a to disrupt the
CCRS protein. In a 2023 study, researchers used an engi-
neered variant of Cas12a to achieve over 90% gene disruption
in both human CD4+ T cells and early stem cells (HSPCs) L]
This high efficiency was accomplished without detectable off-
target effects, making it suitable for therapeutic applications.
Another study demonstrated that when CCRS5 was edited in
HSPCs, followed by a bone marrow transplant of the HSPC
cells into humanized mice, the edited stem cells success-
fully settled in the mice’s tissue and produced immune cells
that lacked CCRS. Upon viral exposure, these mice showed
significant protection from HIV infection, offering strong in
vivo support for this host-targeting strategy?). In addition to
stem cells, mature CD4+ T cells have also been successfully
edited to prevent HIV entry. A 2021 study showed that us-
ing CRISPR editors to disrupt CCRS in these cells led to over

80% protection against infection from HIV4!, These findings
underscore the potential of CRISPR-based host gene editing
in creating immune cells resistant to HIV.

Regardless of its promise, however, the host gene disrup-
tion strategy is not without its own set of challenges. Achiev-
ing a complete knockout of CCR5 or CXCR4 in all immune
cell populations in organisms remains difficult. Addition-
ally, while individuals without CCRS are generally healthy,
the CXCR4 gene plays crucial roles in the body, and could
therefore lead to on-target effects*®. Editing CXCR4 could
carry significant risks, emphasizing the need for extreme cau-
tion and safety testing before being adapted to therapeutic set-
tings. Although Casl2a exhibits lower off-target effects in
some contexts, extra care remains essential, particularly while
targeting functionally important genomic regions>. Delivery
remains another barrier, but advances in non-viral systems are
making in vivo applications increasingly viable. For instance,
a 2021 study demonstrated that Casl2a enzymes bound to
guide RNA could be delivered ex vivo to primary human cells
and then transplanted into humanized mice to generate stable
gene modifications“*. Although the study did not specifically
target CCRS5 to combat HIV resistance, it still provides evi-
dence that the same delivery method could be applied to CCRS
editing. Disruptions using CRISPR-Cas12a of HIV entry pro-
teins, mainly CCRS and CXCR4, offer a promising alternative
or even complement to traditional proviral targeting strategies.
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Fig. 4 Casl2a as a potential treatment for HIV-1 | Figure
demonstrating HIV-1 infection in an untreated cell, and a cell treated
with Cas12a with crRNA. In the untreated cell, the integrated HIV-1
provirus remains intact, enabling transcription and production of
viral proteins. In the Cas12a and crRNA treated cell, provirus is
excised from the genome, preventing transcription of proviral DNA
and translation of virus proteins. This comparison highlights
Casl2a’s potential therapeutic role as discussed in this paper.
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Emerging RNA-Targeting Strategy with Cas13

While CRISPR-Cas9 and Casl2a have made significant
strides in genome editing, the CRISPRCas13 system offers a
novel approach by targeting RNA, presenting unique advan-
tages for combating HIV. Cas13, another CRISPR enzyme, is
programmed with CRISPR guide RNA (gRNA) to specifically
bind and cleave single-stranded RNA targets. Unlike DNA-
targeting systems, Casl13’s RNA-editing capabilities allows
for temporary moderation of gene expression without perma-
nent genomic changes, potentially reducing the risk of unin-
tended genetic consequences. In the context of HIV, Cas13’s
ability to break down the RNA of HIV presents a compelling
strategy for inhibiting viral replication. Research has demon-
strated that Cas13 can effectively target and cleave HIV RNA,
leading to a reduction in viral gene expression and suppres-
sion of viral replication in infected cells®. This approach is
particularly useful for targeting both newly synthesized viral
RNA and RNA from latent reservoirs, which are challenging
to eliminate using traditional DNA-targeting methods. Fur-
thermore, Cas13’s programmability and specificity make it a
promising tool for developing antiviral therapies that can be
tailored to target specific viral strains or variants that may
be created from HIV mutations. By designing gRNAs that
match certain regions of the HIV genome, Casl3based ther-
apies could cleave RNA from a wide array of HIV variants,
potentially overcoming the challenges posed by HIV’s high
mutation rate and the emergence of drug-resistant strains.

The CRISPR-Cas13 system represents a promising RNA-
targeting strategy for HIV therapy. Its ability to degrade viral
RNA, combined with its programmability and temporary ef-
fects, offers a new approach to inhibit HIV replication and
address challenges associated with latent reservoirs and viral
mutations. Continued research and development are essential
to investigate the therapeutic potential of Casl3 in the fight
against HIV.

The Case for Combination Strategies

While individual CRISPR-Cas enzymes offer powerful tools
to target HIV, combining multiple strategies may maximize
therapeutic effectiveness and help overcome limitations posed
by viral diversity, latent reservoirs, and incomplete editing.
For example, Cas9 or Cas12a can excise proviral DNA from
infected cells, while Cas13 can simultaneously degrade vi-
ral RNA, reducing the production of new viruses® (see Fig-
ure 5). Pairing these targeting strategies could increase the
overall reduction of viral load and limit the emergence of es-
cape variants. Additional approaches could be combined with
gene editing to further enhance outcomes. CCRS5 knockout in
HSPCs or T cells can create HIV-resistant immune cells, while
latencyreversing agents (“shock-and-kill”’) can reactivate dor-
mant virus, making it accessible to editing tools or the immune

system?. Broadly neutralizing antibodies (bNAbs) or ther-

apeutic vaccines could complement these strategies by neu-
tralizing circulating virus or boosting immune recognition of
infected cells*’. Taken together, these combination strategies
represent a multilayered approach to HIV therapy. By simulta-
neously addressing viral DNA, viral RNA, resistant cell pop-
ulations, and latent reservoirs, such synergistic interventions
may overcome the challenges that have limited the effective-
ness of single-strategy treatments.

Therapeutic Interventions Across
Stages of HIV Infection

Vaccines; Cas- Early CRISPR cART; CRISPR targeting viral proteins;

ba??d receptor  targeting of HIV  CRISPR targeting proviral HIV DNA and
editing RNA RNA; Monoclonal/antibodies/neutralizing

l l antibodies
Infection

Pre-infection
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Fig. 5 Therapeutic interventions across stages of HIV infection |
Schematic showing how preventive, therapeutic, and CRISPR-based
interventions act at different stages of HIV infection, highlighting a

multi-pronged approach toward a functional cure.

Safety Considerations: Off-Target Effects and Immuno-
genicity

When evaluating CRISPR-based strategies for HIV, safety re-
mains a top concern. One major concern is off-target editing,
which happens when a CRISPR enzyme cuts or modifies a
piece of DNA or RNA that is similar to the intended target
but not the sequence of interest. These unwanted edits could
disrupt normal genes or cellular functions, so researchers use
several methods to check where CRISPR cleaved the DNA or
RNA. For example, studies assessing HIV-targeting CRISPR
tools have used techniques such as whole-genome sequencing,
GUIDE-seq, and targeted deep sequencing to scan the genome
for possible errors2®. In some experiments using Cas9 or
Cas12a, off-target events were rare or undetectable with these
methods, but other studies have still reported low-level off-
target cutting when guide RNAs closely resemble human
DNA sequences®” (see Table 1). Casl2a tends to be more se-
lective than Cas9 because it requires a longer guide sequence
and shows higher sensitivity to mismatches between the guide
and target sequence, which generally results in lower off-
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target cleavage compared to Cas92?. Cas13—which targets
RNA instead of DNA—avoids permanent genetic changes but
can sometimes cut nearby RNA after activation“!. Together,
the evidence shows that off-target effects remain a key safety
consideration, even if newer systems are improving accuracy.

Another safety issue is immunogenicity, or the risk that the
body recognizes CRISPR components as foreign. Some peo-
ple naturally carry antibodies against certain Cas enzymes,
such as SaCas9, because these enzymes come from bacte-
ria humans may have been exposed to beforeZ. Viral de-
livery systems like AAV vectors or previous exposure to
AAV viruses, similar to SaCas9, may also trigger immune
responses, which can reduce effectiveness or create inflam-
mation. Managing these risks—through enzyme engineering,
temporary delivery systems, or choosing less common Cas
proteins—remains essential before CRISPR therapies can be
used safely in humans.

Finally, ex vivo approaches that edit hematopoietic stem
and progenitor cells (HSPCs) require patients to undergo con-
ditioning, a process that prepares the bone marrow to inte-
grate the edited HSPC cells. Conditioning is usually done with
agents like busulfan or with total body irradiation, which re-
duce or eliminate the patient’s existing HSPC cells to “make
space” for the edited HSPCs to take hold. While necessary for
long-term engraftment, conditioning carries significant risks,
including neutropenia, increased infection risk, liver and lung
toxicity, infertility, and even the possibility of secondary can-
cers later in life®3. These risks make full-intensity condition-
ing difficult to justify for people who are stable on cART.
Emerging alternatives, such as reduced-intensity conditioning,
antibody-based approaches that selectively clear stem cells
(like anti-CD117 or anti-CD45), or in vivo delivery methods
that edit cells directly inside the body, aim to reduce or elim-
inate the need for chemotherapy, but these strategies are still
under investigation.

Ethical and Global Health Considerations

While gene-editing technologies offer hope for more durable
HIV therapies, they also raise important ethical and socioe-
conomic questions. CRISPR-based treatments are extremely
expensive—similar to current gene and cell therapies such as
CAR-T treatments, which often cost hundreds of thousands to
over a million dollars per patient when factoring in manufac-
turing, hospital care, and supportive treatments>*. These high
costs make it important to consider who will realistically ben-
efit from CRISPR therapies if they reach the clinic. Most peo-
ple living with HIV reside in low- and middle-income coun-
tries, where access to advanced medical infrastructure, spe-
cialized equipment, and long-term follow-up care is limited.
This creates a mismatch between where HIV is most prevalent
and where high-tech therapies can realistically be delivered.

Scaling up CRISPR-based HIV treatments also competes
with other global health priorities. For many regions, invest-
ing in broader access to cART, improving prevention strate-
gies, expanding diagnostic testing, and addressing social de-
terminants of health may save more lives than an extremely
costly curative approach available to only a small fraction of
patients. Ethical concerns also arise around socioeconomic
equality: if CRISPR cures become available, it is uncertain
whether low-income populations or countries will have timely
access, or whether these therapies will widen existing health-
care inequalities. Additionally, complex procedures like stem-
cell editing or in vivo gene delivery require long-term moni-
toring and specialized facilities, raising questions about fea-
sibility in resource-limited settings. Considering these issues
early is essential. As CRISPR technologies continue to de-
velop, researchers, clinicians, and policymakers will need to
balance scientific progress with practical and ethical responsi-
bility. Ensuring that future HIV cures are not only effective but
also accessible and globally relevant remains a critical goal.

Discussion

CRISPR-based gene editing strategies, including Cas9,
Cas12a, and RNA-targeting Cas13 systems, collectively rep-
resent a leading change in HIV therapeutic research. These
technologies offer specificity, programmability, and the po-
tential to cure HIV by disrupting proviral DNA or disabling
proteins used for HIV cell entry. Their success both in vitro
and in vivo underscores the high potential for a functional
strategy. At the same time, even what is considered high effi-
ciency in CRISPR Cas editing still rarely reaches 100% effi-
ciency, leaving the possibility for unedited HIV+ T-cells, and
CRISPR tools can trigger immune responses against Cas pro-
teins or the viral vectors used to deliver them. These remain-
ing cells, along with the immune reactions, show why more
refinement is needed before CRISPR can fully overcome the
limitations of cART. Furthermore, significant challenges still
stand in the way of clinical translation. Key barriers remain,
like off-target effects, inefficient delivery to latent reservoir
sites, and the need for chemotherapy-based conditioning prior
to gene editing. All of these factors raise the cost, complexity,
and risk of the treatments. For example, autologous stem-cell
transplants—when the patient’s own stem cells are collected,
edited outside the body, then returned to the same patient—
often require high-dose chemotherapy or radiation to wipe out
the patient’s existing HSPC cells, so the CRISPR-edited cells
will have room to engraft=>. This adds toxicity and resource
demands, which burden accessibility, particularly for regions
lacking resources where HIV is most prevalent. Socioeco-
nomic and real-world factors further complicate equitable im-
plementation. As therapies like CRISPR approaches develop,
high costs—such as those stemming from chemotherapy con-
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Table 1 Summary of representative CRISPR-based HIV cure studies discussed in this review

Study Cas System Delivery Sample Target Editing Ef-  Off Targets Considerations
Mthod Size ficiency

Soriano SpCas9 J-Lat 10.6 line Lentiviral 40k cells HIV DNA  ~90% (dual  Limited In vitro; dual

(2017) (LTR/gag) gRNA) gRNAs  reduce
escape; limited
translation.

Yin et al. SaCas9 Transgenic rAAV9 Multi- HIV1 DNA  >90% de- Not Uses transgenic

(2016) mice/rats cohort (LTR/Gag) crease genome- sequences,  not

wide natural infection.
Mancusoet ~ SaCas9 SIV Macaques AAV9 n=45 tissues ~ SIV DNA Up to Top pre-  Small cohort;
al. (2020) on ART (5’LTR/gag) ~92% dicted limited genome-
tested wide profiling.

Wang et al.  SpCas9 Humanized Viral vectors n=23 CCRS & HIVI  58% elimi- No toxici- Dual therapy

(2025) mice + cART DNA nation ties showed  signif-
icant  improve-
ments.

Hammad et Casl2a CD4+ T,HSPC, RNP (Elec-  Multi-donor ~ Non-HIV loci >90% dis- Limited High efficiency in

al. (2023) iPSC trop.) ruption HIV-relevant im-
mune cells.

Pal et al. SpCas9 CD34+ HSPCs;  Electroporation ~ 5-9 Host genes  >90-95% Limited Investigates mul-

(2025) mice mice/grp (CCRS, etc.) KO tiple host immune
genes.

Knipping CBE/ABE CD4+ T &  Electroporation  Multi-donor ~ CCRS, CXCR4  Up to Low num- Focuses on edit-

et al. CD34+ HSPC ~95% bers ing receptors to

(2022) prevent entry.

Yin et al. LbuCasl3a HEK293T &  Plasmid n=3 bio- HIV-1RNA ~50-60% Not as-  Targets viral

(2020) Jurkat reps

red. sessed RNA to suppress

infection in vitro.

ditioning—will likely limit global access unless addressed.
Achieving fairness in access remains a critical ethical goal.
A synergistic approach may help overcome some of these ob-
stacles. Combination strategies, like pairing proviral excision
with Casl3 RNA targeting or combining gene-editing with
cART therapies, may provide additive effects. For example,
anti-HIV strategies coupling CCRS knockout in HSPC cells
with the secretion of antibodies that neutralize HIV from en-
gineered plasma B cells have been shown to have a combined
effect on long-term HIV resistance in animal models~®. Sim-
ilarly, pairing CRISPR strategies with drugs that can shock
HIV cells in latent reservoirs out of the dormant phase may
target both reservoirs and active infection. These examples
prove that combining CRISPR edits with various other strate-
gies can strengthen resistance more than one strategy alone,
but latent reservoirs remain difficult to fully eliminate even
with multiple therapies, which is why combination strategies
will still need continued refinement.

Beyond technical barriers and safety considerations, future
CRISPR-based interventions must also be evaluated through
an ethical and global health lens. Clinical trials will need to
balance potential benefits with risks, including off-target mu-
tations, immune responses, and the long-term consequences of
genome editing. Ensuring meaningful informed consent is es-
sential, given the scientific complexity of gene-editing and the
vulnerability of many populations affected by HIV. Fairness

and global access must also guide the development of these
therapies: mechanisms such as tiered pricing models and tech-
nology transfer to low-resource regions may help ensure that
any successful CRISPR-based strategies do not remain acces-
sible only to wealthy healthcare settings. Looking forward,
research must prioritize improving delivery methods, refin-
ing specificity (minimizing off-target risks), and minimizing
conditioning toxicity. Researchers are exploring safer alterna-
tives to full-intensity chemotherapy. Approaches like reduced-
intensity regimens, antibody-based conditioning (such as an-
tibodies targeting CD117 or CD45), and direct in-vivo deliv-
ery of gene-editing tools aim to prepare the body for edited
cells with much less toxicity. These developments matter be-
cause the risks of full-intensity conditioning are difficult to
justify for people who are stable on cART, since the current
treatment already keeps them healthy without exposing them
to major side effects. The development of non-chemo ap-
proaches or delivering CRISPR directly into the body could
reduce the need for chemotherapy altogether. Evidence of
progress in delivery innovation comes from recent CRISPR
trials using AAV9 vectors in humanized mice, signaling move-
ment toward more practical in vivo therapy=’. Ultimately,
for CRISPR-based strategies to evolve from experimental
promise to reality, they must navigate not only technical com-
plexities, but also financial and ethical concerns as well.
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Fig. 6 Cas13a as a potential treatment for HIV-1 | Guided by a crRNA, Cas13a recognizes and cleaves viral RNA, including both genomic
RNA and newly synthesized viral mRNA. This RNA-level targeting prevents translation of viral proteins, providing a distinct gene-editing

strategy that is different than regular DNA-targeting ones.

Conclusion

CRISPR technologies represent a shift in HIV therapy. They
hold the unique possibility of eradicating HIV from reservoirs,
rendering HIV+ cells HIV-resistant, or suppressing viral repli-
cation at the RNA level. Yet, persistent challenges such as
delivery inefficiency, safety concerns, high treatment costs,
and the need for conditioning via chemotherapy must be over-
come, and translation from preclinical models to safe, acces-
sible therapies will likely require at least another decade of
research, clinical trials, and health systems innovation. Fu-
ture progress hinges on innovative delivery methods, safer and
cheaper conditioning protocols, and treatment regimens that
combine gene editing with cART and other existing meth-
ods. Moreover, to assure equality, global access and ethical
concerns will be essential to analyze and address. While no
CRISPRbased HIV therapy has yet been proven safe or effec-
tive in humans, these emerging technologies may—pending
successful clinical trials and regulatory approval—contribute
to the development of a functional cure. Their continued re-
finement offers hope for a future in which some individuals
may achieve long-term remission without daily antiretroviral
therapy.
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