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Abstract

Introduction: Antiretroviral therapy (ART) has transformed prognoses for HIV-1-infected 

individuals but requires lifelong adherence to prevent viral resurgence. Targeted elimination or 

permanent deactivation of the latently infected reservoir harboring integrated proviral DNA, which 

drives viral rebound, is a major focus of HIV-1 research.

Areas covered: This review covers the current approaches to developing curative strategies for 

HIV-1 that target the latent reservoir. Discussed herein are shock and kill, broadly neutralizing 

antibodies (bNAbs), block and lock, Chimeric antigen receptor (CAR) T cells, immune checkpoint 

modulation, clustered regularly interspaced short palindromic repeats (CRISPR) / CRISPR-

associated protein 9 (Cas9) coreceptor ablation, and CRISPR/Cas9 proviral excision. Emphasis in 

this review is placed on CRISPR/Cas9 proviral excision/inactivation. Recent advances and future 

directions towards discovery and translation of HIV-1 therapeutics are discussed.

Expert opinion: CRISPR/Cas9 proviral targeting fills a niche amongst HIV-1 cure strategies by 

directly targeting the integrated provirus without the necessity of an innate or adaptive immune 

response. Each strategy discussed in this review has shown promising results with the potential 

to yield curative or adjuvant therapies. CRISPR/Cas9 is singular among these in that it addresses 

the root of the problem, integrated proviral DNA, with the capacity to permanently remove or 

deactivate the source of HIV-1 recrudescence.
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1 Introduction

Human immunodeficiency virus type 1 (HIV-1) infection remains a global pandemic now 

in its fourth decade. Combined anti-retroviral therapy (cART) has been transformative for 

prognoses, but ART regimens must be taken continuously to maintain viral suppression. 

Despite the success of cART at reducing viral load, cART does not cure HIV-1 infection 

and patients still experience disease manifestations including impaired immune response and 

HIV-1-associated neurocognitive disorders (HAND) [1,2]. In the absence of cART, patients 

experience a resurgence of viral load making ART regimens a lifelong necessity. Viral 

rebound is largely due to the latent reservoir of infected cells harboring integrated proviral 

HIV-1 DNA [3]. Accordingly, a major goal of HIV-1 research is to target the viral reservoir 

[4]. Given that the integrated provirus makes the latent reservoir a persistent problem, 

gene editing tools, specifically clustered regularly interspaced short palindromic repeats 

(CRISPR) / CRISPR-associated protein 9 (Cas9), are an ideal technology for removing 

the source of viral rebound and reducing the latent reservoir. In this review, we examine 

the progress that has been made to date on developing a therapeutic strategy using the 

CRISPR/Cas9 system. We also discuss the state of progress on the major complementary or 

alternative strategies for targeting the viral reservoir. A summary and comparison of each 

major strategy is presented in Table 1. Each strategy discussed has merit, and each has 

promising results making it worthy of pursuit. CRISPR/Cas9 in particular fills a niche that 

is separate from other strategies which denotes the possibility of a unique contribution to the 

existing range of therapeutic options.

2 Alternative strategies to CRISPR/Cas9 for targeting the latent viral 

reservoir

2.1 Shock and Kill

The principle of the shock and kill strategy is to use latency reversing agents (LRAs), 

to induce HIV-1 gene expression allowing host CD8+ T cells to find and eliminate HIV-1-

infected cells in latent reservoirs (Figure 1 A) [5]. Classes of LRAs include histone 

methyltransferase (HMT) inhibitors, DNA methyltransferase inhibitors, bromodomain 

inhibitors, protein kinase C (PKC) agonists, and histone deacetylase inhibitors (HDACi), 

Several of these LRAs have advanced to clinical trials, including the HDACi vorinostat, 

panobinostat, and romidepsin [6]. Some successful preliminary results have been achieved 

with this strategy. HDACi have been shown to reverse latency and induce HIV-1 RNA 

expression in an SIV-infected rhesus macaque (RM) model [7], in ex vivo patient-derived 

CD4+ T cells [8], and in vivo in clinical trials (NCT01319383, (NCT01365065). [8,9]. 

HDACi reactivation has also been shown to induce immune clearance ex vivo [10]. The 

drawback of the shock and kill approach is that HDACi have been demonstrated, ex vivo, 

in vivo, and in clinical trials to have limited or no effect on the size of the latent reservoir 
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[6,8,10,11]. One notable exception is a recently successful study utilizing B-cell lymphoma 

2 (BCL-2) antagonist, ABT-199, based on the observation that BCL-2 overexpression is 

associated with CD4+ T cells that evade cytotoxic T lymphocytes (CTLs) [12]. Following 

LRA treatment ex vivo, the combination of CTLs and ABT-199 was shown to enable 

HIV-1 reservoir reduction. Whether this success can translate to in vivo reservoir reductions 

remains to be tested.

Another important shock and kill approach is the use of killer T cell vaccines. Inducing 

T cells to broadly target HIV proteins is an approach towards creating a functional cure 

[13,14]. This approach has shown favorable results in challenge studies with non-human 

primates and has yielded some promising outcomes in phase I clinical trials. For example, a 

recent phase I clinical trial using romidepsin to reverse latency and the MVA.HIVconsv 

vaccine, was able induce sustained viral control in 23% of treated patients. Although 

significant reservoir reduction was not achieved, sustained viral control in a portion of 

treated patients is a promising result and an important step towards a functional cure. 

Notably the patients selected for this study were early-treated individuals [15,16]. More 

work remains to bring this treatment strategy to a broad range of infected patients and 

demonstrate effectiveness against patients who are not early-treatment cases. Nonetheless, 

this approach may yield a functional cure strategy that allows cessation of ART in many 

cases.

2.2 Broadly Neutralizing Antibodies

Another strategy to reduce the HIV-1 proviral reservoir is to confer resistance to 

HIV-1 infection using broadly neutralizing antibodies (bNAbs) directed against HIV-1. 

Successful application of this approach would create a vaccine-like effect resulting in viral 

neutralization of an acute HIV-1 infection or following activation of latent infection in 

the reservoir (Figure 1 B). Progress has been made using this approach in that bNAbs 

have been identified that act against both cell-free and cell-associated infection [17] with 

bNAbs shown to limit viral replication in vitro [18]. In a rhesus macaque (RM) simian/

human immunodeficiency virus (SHIV) model, bNAbs used to treat chronic infection have 

exhibited transient viral suppression [19,20]. It appears that the timing of bNAb treatment is 

important, with bNAbs administered early during acute infection leading to prolonged viral 

suppression [19]. This suggests a possible role for bNAbs in treatment regimens for early 

infection. Other successful results have been demonstrated in a humanized mouse model. 

For example, the use of adenovirus serotype 5 (Ad5) and adeno-associated virus serotype 1 

(AAV1) vectors to deliver bNAbs, have shown efficacy in viral control in humanized mice 

[21]. It is important to highlight the fact that Abs in general have a finite half-life and thus 

the need for a suitable delivery system would be warranted.

Despite promising results, there are drawbacks to the use of bNAbs to target HIV-1. For 

instance, bNAbs that stop cell-free infection only partially stop cell-to-cell transmission 

for the same virus. The mechanism of this resistance remains unknown [22]. Furthermore, 

although transient viral suppression is a promising proof-of-concept that bNAbs can work 

to inhibit viral replication, the systemic half-life of bNAbs will limit their utility against 

chronic HIV-1 infection if this issue cannot be overcome [20]. A further confounding 
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factor is that a host antibody response has been shown in RMs treated with anti-HIV-1 

antibodies delivered by AAV. The anti-antibody response was observed in 17 out of 20 

monkeys. This study did not report on the efficacy of the treatments with respect to viral 

control [23]. Additionally, the genetic diversity and corresponding antigenic diversity of 

HIV-1 complicates the use of bNAbs for HIV-1 and could inhibit broad applicability of this 

approach [24]. Lastly, even if these challenges can be addressed, successful implementation 

of bNAbs against the latent HIV-1 reservoir will not directly remove proviral DNA from the 

latent pool.

2.3 Block and Lock

The strategy of block and lock techniques for targeting HIV-1 is to block viral transcription 

and lock the virus in latency thereby preventing reactivation of the latent reservoir. Key 

examples of this technique utilize small molecule inhibitors to achieve this outcome (Figure 

1 C). Examples include the Tat inhibitor didehydro-cortistatin A (dCA) and LEDGINs, small 

molecules that bind to the LEDGF/p75 binding pocket of HIV-1 integrase [25–27]. Tat 

inhibition with dCA works by adhering to the TAR-binding domain of Tat thereby inhibiting 

transactivation of the HIV-1 promoter [27]. LEDGINs work by inhibition of the interaction 

between LEDGF/p75 and integrase. This has been demonstrated in vitro to cause an increase 

in the fraction of integrated provirus having a transcriptionally silent phenotype.

The primary advantage of the block and lock approach with dCA is that it prevents 

viral reactivation [26]. Additionally, block and lock strategies can target both replication 

competent and incompetent virus [28]. This is significant because replication defective 

viruses have been shown to produce viral transcripts and toxic proteins [29,30]. The 

drawbacks to this strategy are similar to those of bNAbs. The effects are transient. Viral 

rebound was delayed by 19 days in BLT mice treated with dCA [31]. This is a promising 

demonstration of proof-of-concept for the block and lock approach but unless the effect can 

be sustained, this approach lacks clinical utility. In this way the block and lock strategy 

using dcA is more akin to ART than to other curative strategies. It would constitute another 

drug requiring lifelong adherence. In the case of LEDGINs, treatment would need to be 

administered early to be effective; there is a limited window of opportunity for LEDGINs to 

act [25]. Finally, as with bNAbs, a downside to the block and lock strategy is that it does not 

directly remove proviral DNA from the latent reservoir. Besides small molecule inhibitors, 

additional block and lock strategies include but are not limited to using RNA interference 

through siRNA or shRNA molecules, HIV-encoded antisense proteins, and Tat inhibitors 

[32]. A thorough treatment of the full range of block and lock strategies is beyond the scope 

of this review however we refer the reader to several high-quality in-depth reviews on the 

subject [25,28,32].

2.4 Chimeric antigen receptor (CAR) T-cell therapy

The principle of chimeric antigen receptor (CAR) T-cell therapy for HIV-1 treatment 

involves ex vivo transduction of patient CD8+ T cells with a CAR construct. Subsequent 

expansion of transduced cells and reinfusion into the patient then results in CAR T cells 

killing HIV-1-infected cells (Figure 1 D) thereby reducing the pool of infected cells [33]. 

Some experimental success has been achieved with this approach. HIV-1-targeting CAR 
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T cells using bNAbs have shown HIV-1 suppression in vitro [34]. And a two-molecule 

CAR approach, referred to as duoCAR, introduced on a single lentiviral vector, has been 

demonstrated as highly effective in a humanized NOD scid gamma (NSG) mouse model. 

The two molecule duoCAR design has two Env binding sites to target differentially 

accessible gp120 binding sites for which accessibility depends on conformational changes 

that occur after CD4 and gp120 engagement. This approach reduced HIV-1-infected cells by 

over 97% in vivo. Furthermore, duoCAR was effective against strains of HIV-1 that were 

resistant to bNAbs [35]. CAR T-cell therapies are promising with clinical trials underway for 

HIV-1-targeting CAR T cells using bNAbs (NCT03240328) and zinc-finger nuclease (ZFN) 

disruption of CCR5 in CD4-CAR T cells (NCT03617198).

Nonetheless, there are aspects of the therapeutic development of CAR T cells for HIV-1 

infection that may be difficult to overcome. CAR T-cell treatment has a potential to cause 

severe cytokine release syndrome (sCRS) [33]. In addition, CAR T cells in vitro do not 

eliminate follicular dendritic cells (FDCs) with surface-bound HIV-1, a component of the 

latent reservoir [36]. Also, difficulties with HIV-1-targeting CAR T-cell persistence and lack 

of expansion have been reported [37,38]. There is also a potential for problematic off-target 

effects as has been observed given the B-cell aplasia observed in studies using CAR T cells 

to treat leukemia by targeting the B-cell antigen CD19 [39]. Assuming these factors can be 

addressed, CAR T cells offer a promising approach to HIV-1 treatment.

2.5 Immune checkpoint blockade

Immune checkpoint modulation is another approach to HIV-1 treatment that shows promise 

as a curative strategy but has not yet been translated to a successful therapeutic strategy. 

Immune checkpoint modulation has been successfully implemented as a cancer therapeutic 

and that success makes its potential use against HIV-1 infection enticing [40]. HIV-1 

infection leads to the exhaustion of HIV-1-specific T cells and the implementation of 

immune checkpoint blockades holds promise for reversing that effect (Figure 1 E). 

Immune checkpoint proteins such as programmed cell death protein (PD1) and cytotoxic 

T lymphocyte-associated protein 4 (CTLA4) mitigate pathogenic immune response but can 

also inhibit clearance of infection. Immune checkpoint blockade may enhance the adaptive 

immune response by increasing the functionality of HIV-1-specific T cells and it may also 

serve to increase the effectiveness of vaccines or any T- cell based approach.

For example, blockade of PD-1 or IL-10 has been shown to reinvigorate CD4+ T-cell 

function in vitro and restore support for NK cells [41]. This study provides proof-of-concept 

that immune exhaustion can be reversed and result in improvement of innate and adaptive 

immune function. In another study, examining the effect of immune checkpoint modulation 

on antibody induction in HIV-1 infection, antibodies targeting immune checkpoint proteins 

were administered to RM and bNAb immunoglobulin knock-in mice along with vaccines 

for HIV-1 envelope (Env) [42]. Results indicate that modulation of CTLA-4 or OX40 

checkpoints enhances HIV-1 Env vaccine effectiveness. These studies and others suggest 

that immune checkpoint modulation strategies could be developed as important curative 

or adjuvant therapies for HIV-1 treatment. It is not clear whether using anti-PD-1 and 

anti-CTLA-4 antibodies would reduce latent reservoir since CD8+ T cells are excluded from 
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B-cell follicles where the majority of cells harboring the virus reservoir include follicular 

helper T cells (Tfh).

3 Use of CRISPR/Cas9 to cure HIV-1 infection

CRISPR/Cas9 technology has given rise to two approaches to eliminating the latent HIV-1 

reservoir. One is ex vivo ablation of genes expressing the CCR5 and CXCR4 coreceptors 

(Figure 1 F) [43]. In this approach, hematopoietic stem cells (HSCs) are extracted from 

patients and reinfused following CRISPR/Cas9 treatment to delete the receptors. The treated 

cells are then resistant to infection and if proliferation is successful, the resistant cells 

supplant HIV-1-susceptible cells. The other approach is to target the HIV-1 proviral DNA in 

the latent reservoir with the goal of either excising the provirus or portions of the provirus 

with two simultaneous CRISPR/Cas9 cleavage events or ablating viral promoters to silence 

transcription (Figure 1 G) [44].

3.1 CRISPR/Cas9 for ex vivo ablation of coreceptor genes

Conceptually, ex vivo ablation of coreceptor genes is an attempt to recreate the CCR5Δ32 

mutation which has led to a functional cure for HIV-1 infection in two cases referred 

to as the Berlin and London patients respectively [33,43]. Notably, CXCR4 tropism and 

cell-to-cell transmission are not addressed by exclusive CCR5 ablation [33,43]. Yet the 

infusion of cells from patients carrying the CCR5Δ32 mutation has yielded success, albeit 

in a limited number of cases. Additionally, in vitro progress to recreate this effect has been 

achieved. CCR5 ablation using CRISPR/Cas9 has been demonstrated to produce HIV-1 

resistance in vitro [45]. Other studies have focused on CXCR4 ablation using CRISPR/Cas9, 

which has also been demonstrated to produce HIV-1 resistance in vitro [46,47]. Additionally, 

simultaneous ablation of both CCR5 and CXCR4 co-receptors using CRISPR/Cas9 has 

been achieved in vitro [48]. Beyond that, CRISPR editing of CCR5 in HSCs engrafted 

into humanized mice has been shown to induce resistance to infection with R5-tropic virus 

[49]. Drawbacks to the approach of coreceptor ablation with CRISPR/Cas9 include the 

challenge of ex vivo editing efficiency and proliferation following transfusion of ex vivo 
edited cells. Furthermore, this strategy as it is designed, may not block infection in all latent 

reservoirs; tissue resident cells for example, may not be affected by this therapy. In addition, 

cell-associated viral infection is not addressed by coreceptor ablation [43]. Nonetheless this 

therapy may provide a valuable addition to the current range of available treatments and 

guarded optimism for a highly impactful treatment is fueled by the success of the Berlin and 

London patients.

3.2 Targeting the HIV-1 provirus in the latent reservoir using CRISPR/Cas9

Targeting the HIV-1 proviral DNA in the latent reservoir is a distinctly different use of 

CRISPR/Cas9 from coreceptor ablation. Although challenges remain in order to translate 

this technology to a viable therapy, the approach of targeting the provirus using CRISPR/

Cas9 has seen significant progress. Proof-of-concept has been published for multiple aspects 

of this approach. For example, elimination of HIV-1 infection using this method has 

been achieved in cell lines and primary cells as well as animal models [50–58]. This 

makes a strong case for the translational capacity of this technology. Specifically, the most 
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important progress to date is the elimination, without viral rebound, of HIV-1 infection 

from a subset of humanized mice using a combination of long-acting slow-effective release 

antiviral therapy (LASER ART) and CRISPR/Cas9 treatments delivered in vivo by AAV 

[59]. The study found that while neither LASER ART nor CRISPR/Cas9 were able to 

eliminate infection as individual treatments, the combination of the two was effective in 

a subset of treated humanized mice. CRISPR/Cas9 treatment involved a combination of 

guide RNAs (gRNAs) targeting the LTR and Gag regions. Adoptive transfer of immunocytes 

from animals cleared of virus into uninfected mice did not propagate HIV-1 infection. 

And in animals cleared of infection, virus was not detected by ddPCR in multiple tissue 

compartments, namely the blood, bone marrow, lymphoid tissue, and brain. The results 

of this study establish proof-of-concept that viral cure is possible using CRISPR/Cas9 in 

conjunction with LASER ART and that delivery of the CRISPR/Cas9 system in vivo is 

feasible using AAV vectors.

3.3 Optimal target sites for CRISPR/Cas9

An important aspect for the translational capacity of this technology is the choice of an 

optimal target for the CRISPR/Cas9 system. The length of the HIV-1 proviral genome 

is approximately 10,000 base pairs while the targeting mechanism of CRISPR/Cas9, the 

gRNA, is typically between 17 and 35 base pairs in length (usually 20). Potential targets, 

however, are limited to sequences containing a protospacer adjacent motif (PAM), necessary 

for Cas9 binding and subsequent cleavage. For Streptococcus pyogenes Cas9 (SpCas9) 

the PAM sequence is NGG. Evaluation of potential targets has demonstrated that the long-

terminal repeat (LTR) region of the HIV-1 genome is an effective target for viral deactivation 

[60]. By targeting the LTR, translation of all HIV-1 proteins can be disrupted, because the 

LTR acts as the promoter for the virus. In addition, given the provirus has a copy of the 

LTR on each end, a portion of the events can excise the entire genome (the efficiency of this 

type of event is still under investigation). Accordingly, the LTR is the most common HIV-1 

CRISPR/Cas9 target investigated thus far [50,52–59,61–71]

3.4 Mechanism of viral deactivation

The mechanism of action for viral deactivation has also been investigated. There are three 

possible outcomes following successful CRISPR/Cas9 cleavage: excision, mutation, and 

inversion [44]. Excision of the proviral genome is a desirable outcome involving two 

simultaneous CRISPR/Cas9 cleavage events leading to the removal of the segment of 

proviral DNA which is disconnected at both ends from its integration site. This requires a 

timing in which simultaneous CRISPR/Cas9 cleavage events both occur before the resultant 

double-strand breaks (DSBs) can be stabilized by a DNA damage response. This outcome 

is facilitated by targeting of the LTR because the identical LTR sequences which bookend 

the proviral genome allow two cleavage locations to be generated with a single gRNA 

sequence. Inversion occurs when an excised fragment is reinserted in the same site during 

endogenous DNA repair, but the fragment is rotated 180 degrees and the repaired ends are 

ligated to the wrong sides of the excision gap. Mutational outcomes leverage the nature of 

non-homologous end-joining (NHEJ). NHEJ has been shown to introduce insertions and 

deletions (indels) during repair which can disrupt the function of targeted genes and damage 
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transcriptional start sites thereby inhibiting the expression of HIV-1 proteins when targeting 

the LTR.

A study measured relative rates for each outcome in SupT1 cells (a T-cell line line) infected 

with HIV-1 (LAI) or HIV-1 ( rtTA) and stably expressing Cas9 with one of two pairs 

of gRNAs [44]. Pairs of gRNAs targeted either Gag and TatRev or Gag and Env. This 

study reports that the relative frequencies for each outcome across the range of conditions 

tested were 1.2 – 10.2% for inversion, 1.5 – 39.3% for excision, and 34.7 – 76.5 % for 

mutation. Notably, outcome ratios were not correlated to target separation distance in base 

pairs. Inversion was always the least frequent outcome. Mutation was the most frequent 

outcome for most conditions except for the case where Gag and TatRev gRNAs were tested 

against HIV-rtTA. In that case, excision was observed at 38.3% and mutation at 34.7%. The 

same study tested a pair of gRNAs targeting two Gag locations. Results indicated that the 

mutation occurred most frequently, followed by excision, with negligible rates of inversion. 

Results of this study suggest that inversion is a rare event and does not likely contribute 

significantly to successful viral deactivation whereas excision and mutation are the more 

common mechanisms by which CRISPR/Cas9 gRNA pairs effect HIV-1 inactivation.

In their study demonstrating HIV-1 eradication from a subset of humanized mice, Dash et al. 

have also reported on excision rates using ddPCR on ex vivo tissue from treated mice [59] 

with variable excision rates reported between treated mice. Their highest reported excision 

rate in a single mouse was approximately 80% for a fragment between the 5’LTR and 

Gag and also approximately 80% for a fragment between Gag and the 3’LTR. They did 

not report comparative rates for other repair outcomes. Taken together the results of these 

studies indicated that repair outcome rates were dependent on multiple factors. More data 

from future studies will be necessary for reliable prediction of repair outcomes from dual 

targeting with CRISPR/Cas9.

4 Additional problems currently being addressed in the development of 

CRISPR/Cas9 HIV-1 therapy

4.1 Measuring the adaptive immune response to Cas9

Consideration of the adaptive immune response to Cas9 will be important to therapeutic 

translation of CRISPR/Cas9 technology as it may affect both safety and efficacy. Several 

reports examined the immune response to the Cas9 protein [72–74]. In a screening of 200 

human serum samples using enzyme-linked immunosorbent assays (ELISA), the prevalence 

of Staphylococcus aureus Cas9 (saCas9) and SpCas9 antibodies was reported at 10% and 

2.5% respectively [74]. A subsequent study similarly used ELISA to screen human serum 

samples finding a prevalence of 78% for SaCas9 antibodies and 58% for SpCas9 [72]. 

Additionally, this study found antigen-specific T cells for SaCas9 in 78% of human samples 

and SpCas9 in 67% of samples. The results of these studies, indicating that a portion of the 

population have preexisting antibodies to the Cas9 protein, are not surprising; Streptococcus 
pyogenes and Staphylococcus aureus are common infectious agents in the human population 

[75,76]. Consequently, there may be a need to evaluate patients for adaptive immunity to 

Cas9 in treatment regimens for in vivo gene therapy. Yet, despite the data showing the 
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immunogenicity of both orthologs of the Cas9 protein, even therapies involving in vivo 
CRISPR/Cas9 delivery may elicit a negligible immune response provided that the protein is 

not expressed on the surface of the delivery vehicle or that Cas9 expression is transient. In 

any case, further study is warranted to examine this question in greater detail.

Regarding the cell-specific response, CD8+ T cells have been shown to recognize Cas9 

epitopes presented on MHC-1 molecules resulting from intracellular Cas9 degradation. 

However, there is data to suggest that the response will be manageable. An examination 

of SpCas9-reactive T cells from healthy donors found CD4+ and CD8+ T cells specific 

to SpCas9, but the majority of the CD4+ T cells were T regulatory cells. Cells expressing 

SpCas9, indicated by GFP, were not eliminated by SpCas9-specific CD8+ T cells in vitro 
[73].

It is important to note that these results were obtained in vitro and that more in-depth 

research is surely warranted. However, such results are indeed promising for the potential 

translational capacity of CRISPR/Cas9. These results indicate that the adaptive immune 

system does not selectively kill SpCas9-expressing cells. This has important implications 

for potential CRISPR/Cas9 therapy. For CD8+ T cells targeting SpCas9-expressing cells, 

the effector function of these cells can be dampened by T regulatory cells. These results 

also suggest a potential solution for an adaptive immune response to CRISPR/Cas9 therapy. 

Adoptive transfer of T regulatory cells reactive to Cas9 may be able to mitigate an adaptive 

immune response to CRISPR/Cas9 therapy (Figure 2 A) [73]. This possibility is supported 

by clinical data. For example, safe, well-tolerated adoptive transfer of T regulatory cells 

has been shown to mitigate inflammation in patients receiving kidney transplants [77]. This 

approach could preclude the need for an approach based on global immune suppression. 

However, tissue-resident immune responses differ from peripheral blood [78]. Further study 

is necessary to address this aspect of therapeutic development.

The immunogenicity of the delivery vehicle for a potential CRISPR/Cas9 therapeutic has 

also been investigated. The AAV vector is a promising means for CRISPR/Cas9 delivery 

with successful delivery demonstrated in humanized mice [59]. A study investigating AAV 

for delivery of CRISRP/Cas9 found that AAV does trigger a host immune response in 

humanized mice [79]. However, the study also reported that tissue damage was not detected 

in muscles treated with AAV-delivered Cas9 in vivo. Overall, this area of therapeutic 

development needs more study, but the current state of understanding indicates that the 

problems related to the immunogenic properties of the CRISPR/Cas9 system may be 

surmountable.

4.2 What animal models can be used to test the CRISPR/Cas9 therapeutic strategy

There are two predominant animal models used to test HIV-1 cure strategies: the rhesus 

macaque (RM) model using simian immunodeficiency virus (SIV) and humanized mouse 

models using HIV-1. The RM model is supported by numerous reports and has been 

shown to recapitulate human disease [20,80,81]. Additionally, the RM latent reservoir is 

seeded rapidly following infection [82]. However, to date, there are no published reports 

of SIV-targeting CRISPR/Cas9 being tested in an RM model. However, the CRISPR/Cas9 

system using the RM model would require testing CRISPR against SIV beginning with ex 
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vivo experiments using RM CD4+ T cells. This is a viable strategy; SIV Gag can be detected 

by ELISA allowing efficient quantitation of CRISPR/Cas9 effectiveness in vitro. For these 

experiments, the SIVmac239 strain could be used. Furthermore, this experimental paradigm 

could also be applied to infected RM PBMCs suppressed into latency by ART. Following 

ex vivo experiments, the next step would be to establish proof of principle in vivo in the 

RM model. Notably, a limitation of the RM model in validating CRISPR/Cas9 strategies is 

imposed by the differences between SIV and HIV-1 sequences. The sequence specificity of 

CRISPR/Cas9 gRNAs would necessitate design of SIV-specific gRNAs for use in the RM 

model and in vivo assessment would be for SIV-specific targets not necessarily present in the 

HIV-1 genome.

Humanized mouse models are also widely used in testing HIV-1 cure strategies. One distinct 

advantage of the humanized mouse model is that HIV-1 is used rather than SIV, as in the 

RM model. Several recent advances have been made in murine models. [21,54,59] Currently, 

the widely accepted model is the bone marrow, live, thymus model (BLT mouse) [83]. 

The BLT model can reconstitute multiple lineages of human immune cells, making it a 

versatile mouse model for HIV-1 infection and the ensuing immune response. Nonetheless, 

there are drawbacks to the use of humanized mice for HIV-1 study. For example, microglia 

and macrophages in the brain are not reconstituted in this model which may impact how 

entrenched the viral reservoir is in these animals. Also, the approximate time to graft-versus-

host disease (GVHD) in a BLT mouse is approximately six months. Conversely, the RM 

model does not have this issue; RMs can be suppressed with ART for the animals’ lifespan. 

It is noteworthy that despite the usefulness of animal models, a gRNA/CRISPR/Cas9 

package that is capable of translation as a therapeutic in human disease will necessarily 

differ from those tested in animal models. On balance, neither model can offer a complete 

picture of human HIV-1 infection, but both are valuable tools which will be necessary for the 

clinical translation of CRISPR/Cas9 therapy for HIV-1 infection.

4.3 HIV-1 resistance to CRISPR therapy

In vitro studies have shown that targeting the HIV-1 provirus with a single gRNA leads 

to escape mutants [55,62,84–86]. However, a viable solution to this problem is simply to 

target the provirus simultaneously at multiple sites (Figure 2 B). Multiplexed gRNAs have 

been shown to prevent escape mutants [58,84–89]. To this end, our group developed a 

package of HIV-1-targeting gRNAs capable of targeting the full breadth of genetic variation 

in HIV-1 proviral DNA within and between patients infected with subtype B [70,71,90,91] 

and across subtypes [91]. Resistance studies for these highly effective gRNA packages have 

yet to be conducted, however the success of other multiplex gRNAs suggests a promising 

outcome. Furthermore, our gRNAs target highly conserved regions (i.e. those with low 

Shannon entropy) which decreases the likelihood of high viral fitness that would result in the 

development of escape mutants [70,88].

4.4 Will off-target events preclude the CRISPR/Cas9 system from being used in patients?

The potential for off-target cleavage by CRISPR/Cas9 in the human genome is a concern 

for the development of safe therapeutic strategies. The specificity of the CRISPR/Cas9 

system is a function of complementarity between gRNA and target sequences as well as 
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cellular factors, specifically chromatin architecture and target-site accessibility [70,71,90–

94]. The mismatch tolerance between gRNA and target, allowing cleavage between sites 

with multiple mismatches necessitates careful design and rigorous screening to ensure 

the safety profile of CRISPR/Cas9 therapeutics. Some HIV-1-specific gRNAs have been 

designed to avoid off-target specificity, but the design processes have lacked rigor in light 

of the current predictive computational tools for gRNA design [54,55,59,61,62,65,67,85]. 

In this regard, we have designed an in silico design pipeline for HIV-1-targeting gRNAs 

which accounts for gRNA specificity by utilizing the cutting frequency determination (CFD) 

matrix and also accounts for the genetic diversity within and between patients (Figure 2 C) 

[70,71,90–92,95].

Avoiding off-target proclivity in the CRISPR/Cas9 system requires a two-fold approach. 

Beyond gRNA design, off-target screening is also necessary. To date, some off-target 

screening has been performed with HIV-1-specific gRNAs but these analyses have lacked 

rigor. For published HIV-1-targeting gRNAs, the off-target detection methods that have been 

used are targeted amplicon sequencing, whole genome sequencing (WGS), SURVEYOR 

assay, T7E1 assay, and tracking of indels by decomposition (TIDE) [49–53,56,58,59,64,67–

69,84,85,96]. Each of these methods has utility and has provided valuable data regarding 

the targeting fidelity of HIV-1-targeting gRNAs. None of these methods are currently 

considered state-of-the-art off-target detection methodologies. However, establishing proof 

of principle for HIV-1-targeting gRNAs does not necessarily require the degree of targeting 

fidelity necessary for clinical application. The limited application of off-target detection 

methods thus far has been appropriate to the experimental paradigms of CRISPR/Cas9 

HIV-1-targeting studies.

But gRNAs that will be moved towards clinical trials will need to be screened using 

genome-wide, unbiased methods. There are currently a variety of published methods 

fulfilling that criteria (Table 2). Some are better suited to characterization of HIV-1-

targeting gRNAs than others. In vitro techniques such as in vitro nuclease-digested 

genome sequencing (Digenome-seq), selective enrichment and identification of tagged 

genomic DNA ends by sequencing (SITE-Seq) and circularization for in vitro reporting 

of cleavage effects by sequencing (CIRCLE-seq) are sensitive but also prone to abundant 

false positives and the CRISPR/Cas9 cleavage sites they detect lack cellular context 

[97–99]. Linear-amplification-mediated polymerase chain reaction high-throughput genome-

wide translocation sequencing (LAM-PCR HTGTS) requires significant quantities of input 

DNA, roughly 100 μg of genomic DNA per sample, a substantial input quantity [100,101]. 

In addition, in situ end-capture methods such as breaks labeling in situ and sequencing 

(BLISS) utilize complex protocols and capture only the DSBs present at a single time-point 

when cells are fixed for processing [102]. Genome-wide, unbiased identification of DSBs 

enabled by sequencing (GUIDE-seq), discovery of in situ cas off-targets and verification 

by sequencing (DISCOVER-Seq), and verification of in vivo off-targets (VIVO) are more 

suited for characterization of HIV-1 targeting gRNAs though each has advantages and 

drawbacks.

GUIDE-seq is more sensitive than DISCOVER-Seq and it is capable of off-target detection 

of ex vivo cleavage events. It is however, cytotoxic to some primary cells due to the 
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transfection of short oligonucleotides necessary for cleavage-site detection and enrichment 

[103,104]. VIVO is more sensitive than GUIDE-seq or DISCOVER-Seq, but it has a high 

false discovery rate due to the in vitro CIRCLE-seq step and therefore requires a selection 

of identified off-target sequences for targeted amplicon validation [105]. In a head-to-head 

comparison with DISCOVER-Seq, evaluating the Pcsk9-gP gRNA, 17 bona fide off-target 

sites that were identified with DISCOVER-Seq were also detected in the CIRCLE-seq phase 

of VIVO but overlooked for validation amongst the many false positives. DISCOVER-Seq 

and VIVO can be applied to in vivo CRISPR/Cas9 editing, which makes DISCOVER-Seq 

more ubiquitously applicable than GUIDE-seq. DISCOVER-Seq is also less prone to false 

positives than VIVO. However, DISCOVER-Seq is the least sensitive of the three. Due 

to the chromatin immunoprecipitation (ChIP)-based nature of cleavage-site capture and 

enrichment, DISCOVER-Seq captures only DSBs bound by the MRE11-RAD50-NBS1 

(MRN) complex during the early DNA damage response, when cells are crosslinked 

with formaldehyde [104]. Whereas the output of GUIDE-seq and VIVO represent the 

accumulation of cleavage events through the duration of the assay. In summary, there is 

no single best assay for off-target detection in every context. Full characterization of gRNAs 

for clinical translation of CRISPR/Cas9 may require the application of multiple techniques 

from the repertoire of current state-of-the-art, genome-wide, unbiased methodologies.

All of this is not to say that off-target effects are rampant amongst published HIV-1-targeting 

gRNAs. Recommendations for in-depth off-target analysis are motivated by a push for rigor 

and an abundance of caution. CRISPR/Cas9 treatments are tested in cell viability assays in 

tandem with assays for efficacy. Cytotoxic gRNAs can be identified without the application 

of genome-wide, unbiased off-target detection methods [58]. Downstream off-target effects 

have not been observed in in vivo HIV-1-targeting CRISPR studies [52,59]. Recently, we 

have used a modified GUIDE-seq assay to evaluate the off-target profile of certain gRNAs. 

No off-target cleavage events were detected from the gRNAs designed with our pipeline 

[106]. These results support the efficacy of our design pipeline and indicate that off-target 

proclivity can be avoided through rigorous design and screening methodology.

4.5 How can HIV-1 CRISPR/Cas9 therapy be delivered to target tissues

The question of delivery for CRISPR/Cas9 targeting of the HIV-1 provirus is important for 

clinical translation of the therapy. The CRISPR/Cas9 system must reach tissue and cellular 

compartments harboring latent infection including the brain, gut, lymph nodes, and spleen 

in order to be effective. This has been a major criticism of the development of CRISPR/

Cas9 therapy approaches that will require administration in vivo: how will this therapy be 

delivered?

Recent advances have demonstrated the feasibility of delivery in vivo in murine models. 

Several studies have demonstrated that the administration of AAV by tail-vein injection 

results in delivery of the CRISPR/Cas9 system to target tissues and successful CRISPR/

Cas9 cleavage has been validated using ddPCR to confirm excision of proviral fragments 

[52,59]. These studies serve as proof-of-concept that in vivo delivery of CRISPR/Cas9 is 

possible, although further development will be necessary. For example, targeted delivery 

specifically to tissues harboring latent infection and more specifically to latently infected 
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cells would be optimal. Progress has been made on this front as well. For example, astrocyte 

transduction using the novel vector AAV9P1 was demonstrated in vitro [67]. The AAV9P1 

vector contains a synthetic peptide on the surface for astrocyte transduction. The AAV9P1 

vector was shown to preferential transduce astrocytes when administered in cultures of 

mixed brain cells with astrocytes and neurons.

Another example of progress in CRISPR/Cas9 delivery is the development of a system for 

delivery of CRISPR/Cas9 across the blood-brain-barrier (BBB) [68]. The system has been 

demonstrated to work in vitro for the delivery of a nano-formulation (NF) consisting of Cas9 

and gRNA bound to magneto-electric nanoparticles (MENPs). The system allows release 

of the Cas9 and gRNA payload by ac-magnetic field stimulation and it accomplishes cell 

uptake using nano-electroporation. The same group previously demonstrated MENP delivery 

to the brain in a murine model [107]. These proof-of-concept studies may lead to a system 

whereby targeted delivery of Cas9 to latently infected cells in the brain may be possible.

The significance of the challenge of CRISPR/Cas9 delivery for effective therapeutic 

translation should not be understated. It is a critically important aspect of the technology. 

Identification of a latency-specific biomarker would facilitate a solution to identify the 

cellular reservoir of latently infected cells, however to-date no such biomarker has been 

reported. Methods of delivery used in vitro to establish proof-of-concept for CRISPR/Cas9 

action against the HIV-1 provirus are not considered viable options for delivery in patients. 

This aspect of CRISPR/Cas9 therapy must remain a high-priority field of investigation if a 

clinical translation is to be realized.

4.6 Capturing HIV diversity with CRISPR/Cas9

The genetic diversity of HIV-1 demands consideration in the development of therapeutics. 

Genetic diversity within and between patients can be addressed by gRNA design 

[55,65,70,71,90,91,95]. However, for a therapy to be broadly effective it must also be 

applicable to the range of subtypes presented by HIV-1. We have developed a pipeline 

for the design of CRISPR/Cas9 gRNAs [70,90,91]. The pipeline is specifically tailored to 

the design of gRNAs with broad-spectrum targeting capacity in order to cope with genetic 

variation within and between patients by targeting conserved regions of the LTR. The 

currently designed package is specific to subtype B [91]. A multiplexed package of four of 

the top-performing gRNAs is predicted to cleave target sequences for all viral quasispecies 

observed by publications to date within subtype B. In silico predictions indicate that our 

top performing gRNA for subtype B will also target 96% of other subtypes [91]. Given that 

all training data for the current gRNA package was derived from subtype B sequence, it is 

reasonable to expect that given adequate data our pipeline could design an equally effective 

package of gRNAs for each of the other subtypes.

5 Conclusion

In conclusion, the major curative strategies being pursued for HIV-1 infection all have 

encouraging early results and may lead to cures or adjuvant therapies. CRISPR/Cas9 

stands out among them as particularly exciting. Recent in vivo results in humanized mice 

are a major step forward serving as proof-of-concept that viral eradication is possible 
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and CRISPR/Cas9 delivery by AAV is feasible [59]. There are aspects of therapeutic 

development that still need to be addressed including the potential for an adaptive 

immune response, potential escape mutations, potential off-target cleavage, the question 

of efficient delivery, and applicability across subtypes. But results published on each of 

these aspects suggest that all of these potential problems have solutions. Future studies will 

further elucidate the solutions to those problems and drive CRISPR/Cas9 towards clinical 

translation for HIV-1 treatment.

6 Expert opinion

HIV-1 remains a global pandemic. Although a cure remains elusive, great strides have 

been made in the past 35 plus years towards treatment of HIV-1 and AIDS. ART has 

been transformative for the lives, livelihoods, and health of infected patients with access 

to appropriate drug regimens. Yet HIV-1 infection still severely impacts the health and 

well-being of even the most well-suppressed patients. Viral resurgence in the absence 

of ART forces a life-long dependence on drug regimens and HAND is still prevalent 

among HIV-1-infected patients. Hence development of a therapeutic strategy to eliminate 

or neutralize the latent viral reservoir, allowing safe cessation of ART concurrent with 

sustained viral suppression, is a highly sought-after achievement. Each of the approaches 

discussed in this review, shock and kill, bNAbs, block and lock, CAR T cells, immune 

checkpoint modulation, coreceptor ablation, has merit and encouraging progress has been 

made with respect to each approach. Yet no strategy to date has achieved elimination or 

neutralization of the latent viral reservoir.

In this review, we have addressed the question: Why CRISPR? Why in the midst of so many 

options, each encouraging in its progress, should CRISPR be investigated as a potential 

solution to this problem? The answer is multi-faceted. The CRISPR/Cas9 gene editing 

system offers some key advantages over other cure strategies currently being investigated 

for HIV-1. The basis of these advantages is that CRISPR is the approach that addresses the 

root of the problem. Viral recrudescence is ultimately due to the harboring of proviral DNA 

in small but critical populations of cells. CRISPR/Cas9 targets this root directly. CRISPR/

Cas9 is the technology capable of directly targeting the HIV-1 provirus with two potential 

outcomes: elimination by excision and inactivation by ablation.

A distinct advantage to the CRISPR/Cas9 system is that antigen expression is unnecessary, 

therefore patients would not need to stop ART. Shock and kill, bNAb and CAR T cell 

therapies all rely on an intact immune system to clear infected cells. This is disadvantageous 

given the immunocompromising nature of HIV-1 infection. There is evidence that CD8+ 

T cells are unable to clear infected cells [78,108,109]. These studies have shown that 

HIV-1 can easily escape from immunodominant epitopes, while leading to increased CD8+ 

T-cell exhaustion. The CRISPR/Cas9 system does not rely on an intact immune system nor 

antigen expression. Additionally, the CRISPR/Cas9 system can directly attack the provirus, 

therefore expression does not need to be sustained.

Until a viable therapy for HIV-1 cure is found, which eliminates the need for sustained 

cART and is broadly applicable to all of the infected cell populations, each of the 
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approaches discussed in this review should be pursued. This is especially true for CRISPR/

Cas9 which is capable of addressing the root of the problem: integrated proviral DNA. The 

possibility of a cure for HIV-1 is no longer fanciful speculation. CRISPR/Cas9 has been 

shown to be a viable strategy for eliminating HIV-1 infection based on success in humanized 

mice. No other strategy for elimination of the latent HIV-1 reservoir has ever been so close 

to realization. At this point, even the harshest critics of the CRISPR/Cas9 strategy should be 

swayed towards cautious optimism.
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7.

Article highlight box

• HIV-1 curative strategies focus on elimination or deactivation of the latent 

viral reservoir.

• HIV-1 curative strategies include CRISPR/Cas9 proviral excision, CRISPR/

Cas9 coreceptor ablation, shock and kill, bNAbs, CAR T cells, block and 

lock, and immune blockade.

• CRISPR/Cas9 proviral excision fills a unique niche among HIV-1 curative 

strategies by targeting proviral DNA directly.

• Proof-of-concept that HIV-1 viral elimination is possible using the CRISPR/

Cas9 system has been demonstrated in a murine model.

• Problems surrounding the adaptive immune response, HIV-1 escape 

mutations, and delivery can all be solved for the CRISPR/Cas9 system as 

an HIV-1 therapy.

• Off-target proclivity of the CRISPR/Cas9 system targeting HIV-1 can be 

avoided with an appropriate design and screening paradigm.
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Figure 1: Each of the HIV-1 curative strategies currently being investigated fills a distinct 
mechanistic niche, acting at a separate point in the viral life cycle.
The nine main steps of HIV-1 viral replication are depicted. In orange are the ARTs 

that target that step in the replication cycle. This is overlaid with each of the major cure 

strategies labeled A to G. (A) Shock and kill uses LRAs to bring the virus out of latency, 

initiating transcription and subsequent translation in an effort to instigate immune clearance. 

(B) Use of bNAbs seeks to neutralize the virus by recognition of the extensive antigenic 

diversity found in the HIV-1 Env. (C) Block and lock attempts to block transcription of 

viral proteins. Using dCA in the block and lock strategy blocks Tat from binding to TAR. 

(D) CAR T cells are CD8+ T cells transfused with chimeric antigen receptors ex vivo and 

reinfused into the patient in order to recognize and kill HIV-1-infected cells. (E) Immune 

checkpoint blockade works by blocking receptors such as PD1 and CLTA4 to reverse 

immune exhaustion and kill HIV-1-infected cells. (F) CRISPR/Cas9 coreceptor ablation 

targets endogenous coreceptor genes to effect mutagenesis during endogenous repair thereby 

stopping coreceptor expression. (G) CRISPR/Cas9 targeting of the HIV-1 provirus can lead 

to excision of proviral DNA in the event of two simultaneous cleavage events or disruption 

of transcription via mutagenesis during the repair of singular cleavage events. Figure created 

with license for BioRender.
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Figure 2: The potential pitfalls of the CRISPR/Cas9 system have solutions.
(A) Delivery of CRISPR/Cas9 to patients may elicit an adaptive immune response with 

CD8+ T cells targeting cells expressing CRISPR/Cas9. A potential solution is adoptive 

transfer of Cas9-specific T regulatory cells in conjunction with CRISPR/Cas9 treatment to 

dampen the effector function of Cas9-specific CD8+ T cells. (B) Use of a single gRNA 

to target the latent infection creates escape mutants. Using multiple gRNAs to target latent 

infection prevents viral escape. (C) The design pipeline [91] generates a package of multiple 

gRNAs capable of recognizing and cleaving genetic variants of proviral DNA found within 

and between patients. The gRNA package does not exhibit off-target cleavage in the human 

genome. Figure created with license for BioRender.
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Table 1:

Comparison of HIV-1 curative strategies currently in development

Therapeutic 
strategy

HIV-1 
Lifecycle 

Stage 
Targeted

Mechanism of 
Action

In vitro results In vivo results Advantages Disadvantages

Shock and 
Kill Transcription

Latency reversal to 
induce immune 
killing of 
reactivated cells

Ex vivo 
reservoir 
reduction when 
combined with 
CTLs and 
ABT-199[1]

Latency reversal; 
limited reservoir 
reduction [2]

HDACis are 
approved for 
human use; 
leverages innate 
immune 
response

Evidence that CD8+ 
T cells cannot 
efficiently clear 
infected cells [3]

bNAbs Mature 
virions

Neutralization of 
virions via Env 
antigen recognition

Limit viral 
replication [4]

Transient viral 
suppression in 
RMs and 
humanized mice 
[5, 6]

Inhibit cell-free 
and cell-
associated 
infection [7]

Transient effects[5, 
6]

Block and 
Lock Integration dCA blocks Tat by 

binding to TAR
Prevents viral 
reactivation [8]

Delayed viral 
rebound in BLT 
mice [9]

Targets 
replication 
competent and 
incompetent 
virus [10]

Does not directly 
remove proviral 
DNA from reservoir

CAR T Cells Infected cells
Recognizes and 
kills HIV-infected 
cells

Viral 
suppression [11]

Reduced infected 
cells by 97% in 
humanized mice 
[12]

Elimination of 
viral reservoir

Potential for sCRS 
and off-target 
effects; limited 
persistence [13–15]

Immune 
Checkpoint 
Modulation

Infected cells

Block immune-
mediating 
receptors to reverse 
immune 
exhaustion

Reverses T-cell 
exhaustion; 
restore NK cells 
support [16]

Modulation of 
CTLA4 or OX40 
enhances vaccine 
effectiveness in 
RM and mouse 
models [17]

Leverages innate 
immune 
response

Transient effects 
[18]

CRISPR/
Cas9 

Coreceptor 
Ablation

Binding

Ex vivo ablation of 
host coreceptor 
genes to create 
HIV-resistant cells 
for reinfusion

CCR5 ablation; 
CXCR4 
ablation; CCR5 
and CXCR4 
ablation in 
tandem; all 
confer HIV-1 
resistance [19–
22]

R5-tropic 
resistance 
induced in 
humanized mice 
[23]

Recreates the 
only recognized 
cure of HIV-1-
infected patients 
[24]

Does not prevent 
cell-associated 
infection; May not 
reach tissue resident 
cells [24]

CRISPR/
Cas9 Proviral 

Targeting

Integrated 
provirus

In vivo targeting of 
integrated provirus 
for excision or 
inactivation

HIV-1 
elimination in 
cell lines and 
primary cells 
[25–33]

Elimination of 
infection from a 
subset of 
humanized mice 
[34]

Targets the root 
cause of latency; 
directly removes 
proviral DNA 
[25–33]

Targeted delivery 
remains a challenge; 
adoptive transfer of 
T regulatory cells 
may be necessary to 
overcome adaptive 
immune response 
[35]
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Table 2:

Comparison of off-target detection methods for CRISPR/Cas9 cleavage

Off-target Methods Detection State Target Enrichment Method Edits Detected

Digenome-seq [36] In vitro None DSBs

SITE-seq [37] In vitro Streptavidin selection DSBs

CIRCLE-seq [38] In vitro Linearization of cicularized library DSBs

HTGTS [39] Ex vivo Anchored primer amplification translocations

BLISS [40] In situ Transcription unrepaired DSBs

GUIDE-seq [41] Ex vivo Anchored primer amplification NHEJ repair sites

DISCOVER-seq [42] In vivo Chromatin Immunoprecipitation unrepaired DSBs

VIVO [43] In vivo Targeted sequencing Repair site mutations
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