
161© American Society of Gene and Cell Therapy 2016 
T. Cathomen et al. (eds.), Genome Editing, Advances in Experimental 
Medicine and Biology 895, DOI 10.1007/978-1-4939-3509-3_10

      Using Engineered Nucleases to Create 
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    Abstract     HIV-1/AIDS is often considered a priority disease in the development of 
genetic and cell based therapies because of the high burden imposed by current 
treatments, which require life-long adherence to antiretroviral drug regimens. 
Engineered nucleases have the capability to either disrupt a specifi c gene, or to pro-
mote precise gene edits or additions at the targeted gene. As one application for the 
gene disruption capabilities of the nucleases, HIV-1 infection provides an excep-
tional target in the CCR5 gene. This is the most commonly used entry co-receptor 
through which the virus enters into CD4+ T cells. Importantly, the loss of CCR5 is 
expected to be well-tolerated, since a relatively high percentage of individuals are 
naturally homozygous for a defective CCR5 allele. As a result, CCR5 disruption by 
zinc fi nger nuclease treatment of autologous T cells was the fi rst-in-man use of 
engineered nucleases. Future applications to refi ne this therapy may include dis-
rupting CCR5 in precursor hematopoietic stem cells, the additional disruption of the 
alternate HIV-1 co-receptor, CXCR4, in T cells, and the addition of other anti-HIV 
genes at a disrupted CCR5 locus to provide a combinatorial therapy. Finally, the 
gene disrupting actions of engineered nucleases could also be harnessed to inacti-
vate the integrated HIV-1 genomes that persist in patients’ cells despite drug ther-
apy, and which thereby prevent the complete eradication of the virus by drug 
treatments.  
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      Introduction 

 Human immunodefi ciency virus (HIV-1) causes a serious, life-long infection, with 
high rates of mortality in untreated individuals. Although the current combinations 
of antiretroviral drugs used to treat the infection are highly effective at suppressing 
HIV-1 replication, they do not ultimately cure people. This means that infected 
individuals have a life-long requirement for antiretroviral drug therapy, with associ-
ated high economic costs and the risk of developing drug toxicities, viral resistance, 
or “treatment fatigue”. In fact, it is estimated that only 25 % of the HIV-infected 
population in the US successfully accesses therapy and achieves full viral suppres-
sion through antiretroviral drugs [ 1 ]. Therefore, alternate strategies to control and 
potentially cure HIV-1 infections are being considered, including those based on 
cell and genetic therapies. 

 HIV-1/AIDS has long been considered a candidate for gene therapy interven-
tions, following early speculation that genetically modifi ed cells could provide an 
‘intracellular immunization’ to inhibit HIV-1 replication [ 2 ]. Some of the earliest 
gene therapy trials were for HIV-1, and typically used integrating retroviral vectors 
to allow for long-term expression of anti-HIV genes, such as the trans-dominant 
RevM10 protein and various RNA-based inhibitors (reviewed by Peterson et al. 
[ 3 ]). More recently, HIV-1 infection has proven itself uniquely suited to the fi rst 
in- human use of engineered nucleases, based on CCR5 gene knockout by zinc fi nger 
nucleases (ZFNs) [ 4 ]. Beyond CCR5 disruption, future applications of engineered 
nucleases in anti-HIV therapies could exploit homologous recombination to insert 
anti-HIV genes at the disrupted CCR5 locus and thereby create a combinatorial 
gene therapy. Alternatively, the gene disrupting capabilities of the nucleases could 
be used to disable the integrated HIV-1 genomes present in infected cells, an 
attractive option for removing latently infected cells. The potential applications  of 
  engineered nucleases for HIV-1 therapy that will be discussed in this review are 
summarized in Fig.  1 .

       Disruption of the CCR5 Co-Receptor by ZFNs 

    Engineered Nucleases and DNA Repair 

  Engineered nucleases   such as zinc fi nger nucleases (ZFNs), TAL effector nucleases 
(TALENs), homing endonucleases and the CRIPSR/Cas9 system all function in 
basically the same way, by creating a double-stranded break (DSB) in the DNA 
sequence to which they are targeted, which is then acted on by cellular DNA repair 
pathways. While the homing endonucleases and Cas9 contain natural endonuclease 
activities, ZFNs and TALENs are based on a modular design that links engineered 
DNA binding domains to the non-specifi c cleavage domain from a homodimeric 
type IIS nuclease, such as the  Fok I restriction enzyme. Different cellular pathways 
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can repair the DSBs so created, including the non-homologous end joining (NHEJ) 
pathway, where the frequent outcome is an insertion or deletion (indel) that can 
thereby lead to gene knockout (Fig.  2 ). Alternatively, DSBs can be more precisely 
repaired by recombination with a homologous sequence, such as a sister chromatid. 
Such homology directed repair (HDR) can also copy information from a homolo-
gous ‘donor sequence’, introduced into the cell at the same time as the engineered 
nuclease, and coding for any specifi c changes that are desired. The end result of this 
process can be a small genetic edit, for example to repair a point mutation in a 
defective gene, or the site-specifi c addition of a larger stretch of new genetic mate-
rial at the site of the DSB. In this way, engineered nucleases can be used to direct 
three different outcomes: gene disruption, gene editing or gene addition (Fig.  2 ).

  Fig. 1    Potential uses of engineered nucleases as anti-HIV therapies. The main stages of the HIV-1 
life-cycle are shown. HIV-1 enters a target cell by binding to both CD4 and a co-receptor protein 
such as CCR5 or CXCR4, the preference for which is determined by the HIV-1 surface glycopro-
tein. Following entry, the viral RNA genome is reverse transcribed into a DNA form that perma-
nently integrates into the host cell’s genome. From here, the integrated provirus acts like a cellular 
gene, transcribing both mRNA to create HIV-1 proteins, and new viral RNA genomes, that are 
assembled together into particles that bud from the cell surface. ( a ) Engineered nucleases are used 
to disrupt the cellular co-receptor genes, CCR5 or CXCR4, in either CD4+ T cells (both genes), 
or their hematopoietic stem cell (HSC) precursors (CCR5 only) and thereby block HIV-1 entry. 
( b ) Additional anti-HIV genes are inserted at the disrupted CCR5 locus, blocking other stages of 
the HIV-1 life-cycle. ( c ) Engineered nucleases are targeted to HIV-1 sequences, and thereby 
inactivate an integrated HIV-1 genome in an infected cell       
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   The repair of a DSB is committed to one of the available cellular pathways at an 
early time point. If exposed DNA ends are protected by the Ku70/80 complex, the 
NHEJ pathway is used [ 5 ], while HDR is initiated if a resection event occurs that 
exposes tracts of single-stranded DNA [ 6 ]. The choice of HDR or NHEJ is also 
infl uenced by the phase of the cell cycle, with HDR only occurring during and 
shortly after DNA replication in S and G2 [ 6 ,  7 ], when the required factors are 
available in active (phosphorylated) forms [ 8 ], and sister chromatids are in closer 
proximity and more able to serve as homology templates [ 9 ]. In contrast, NHEJ 
predominates in G1, although it is active throughout the whole cell cycle. 

 In hematopoietic stem cells (HSC),  an   important therapeutic target cell for many 
gene therapy applications, NHEJ is far more common than HDR [ 10 ,  11 ], which 
biases the outcome of nuclease activities. In addition, the co-introduction of DNA 
donor sequences along with a nuclease, as is needed to promote HDR gene editing, 
can result in signifi cant toxicity to these cells. Because of these factors, NHEJ- 
mediated gene disruption is the most easily achieved result for engineered nucleases 
in HSC. However, therapeutic applications of gene disruption are likely to be 
 limited. In this regard, the application of engineered nucleases to HIV-1 disease has 
found a uniquely suitable target in the CCR5 gene (Fig.  2 ).  

  Fig. 2    Alternate outcomes following the action of engineered nucleases. Engineered nucleases 
create a double-stranded break (DSB) in the targeted gene. If the non-homologous end joining 
(NHEJ) repair pathway is used, a frequent outcome is disruption of the gene. Alternatively, DSBs 
can be repaired by homologous recombination, and the introduction of a homologous donor 
sequence into the cell can hijack this pathway to introduce a desired genetic edit, or to promote the 
site-specifi c addition of new genetic material at the site of the DSB       
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    Rationale for CCR5 Disruption as an Anti-HIV Therapy 

 CCR5 is a chemokine receptor that  also   functions as the major entry co-receptor 
used by HIV-1, in concert with the primary receptor, CD4 [ 12 ] (Fig.  1 ). However, 
its functions are not essential in humans, since a relatively high frequency of the 
population (~1 %) is homozygous for the defective CCR5Δ32 allele. Such individu-
als are correspondingly almost completely resistant to HIV-1 [ 13 ,  14 ] while not 
exhibiting any signifi cant phenotypic defects [ 13 ,  15 ]. These properties have 
encouraged the development of a class of anti-HIV drugs targeted to CCR5, such as 
Maraviroc [ 16 ], which further established CCR5 as a therapeutic target. 

 In addition, compelling human data exists for the ability of CCR5-negative cells 
to confer HIV-resistance, from the well-documented case of the so-called ‘ Berlin 
patient  ’.    This individual was an HIV-positive leukemia patient who received an 
HSC transplant, as part of his leukemia treatment, from a donor who was homozy-
gous for the CCR5Δ32 mutation. Following the treatment, the Berlin patient has 
been HIV-1 free for 8 years, and is considered the fi rst documented case of an HIV-1 
cure [ 17 – 19 ]. Although the treatment included aggressive ablative regimens to 
destroy the leukemia, which likely also signifi cantly reduced the burden of HIV- 
infected cells, the essential role of the CCR5Δ32 genotype of the donor is illustrated 
by the fact that other HIV patients undergoing bone marrow transplantation without 
a CCR5Δ32 donor have not been similarly cured [ 20 ,  21 ]. These fi ndings support 
the idea that blocking CCR5 expression in a patient’s own cells by genetic methods 
could also result in the control of HIV-1 replication. 

 Methods to block CCR5 have previously included the use of anti-CCR5 shRNAs 
or ribozymes, delivered using integrating retroviral or lentiviral vectors [ 22 – 27 ]. Such 
approaches can provide signifi cant, albeit incomplete, inhibition, and will require the 
life-long expression of the anti-CCR5 moiety in the engineered cell. While the use of 
integrating vectors provides for this possibility, it is known that gene expression from 
such vectors can be silenced over time and that integrating viral vectors provide an 
unknown risk of insertional mutagenesis [ 28 ]. Because of these factors, there has been 
much interest in the use of engineered nucleases as an approach to disable the CCR5 
gene. Since expression of the nucleases would only need to be a transient event, this 
approach can make use of potentially safer, non- permanent and non-integrating vector 
systems, yet still result in a permanent genetic change [ 29 – 35 ]. Both the mature CD4+ 
T cells that HIV-1 infects, as well as the precursor HSC that give rise to these cells,  are 
  considered suitable target cells for CCR5 engineering.  

    First to Clinic: CCR5 Knockout in T Cells Using ZFNs 

  CD4+ T cells   are the primary target of HIV-1 infection, although other CD4+ cells 
such as macrophages are also infected by the virus. T cells are also an excellent 
clinical target cell for genetic manipulation, since considerable experience already 
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exists from their use in anti-cancer applications, and the procedures to harvest, 
expand, genetically modify, store, and re-infuse these cells back into patients are 
well established [ 30 ,  36 ]. In addition, and contrary to initial expectations, geneti-
cally marked T cells have been shown to persist for at least 11 years in vivo, sug-
gesting that any such modifi ed T cells could confer a relatively long-lasting effect 
[ 37 ]. These factors made ZFN engineering of T cells for CCR5 disruption as an 
anti-HIV therapy an obvious fi rst clinical application of engineered nucleases. 

 ZFNs against CCR5 were fi rst described by Mani et al. [ 38 ], who constructed 
two different ZFN pairs targeted to the second and seventh transmembrane domains 
of CCR5 respectively (Fig.  3 ). Each ZFN pair consisted of monomers containing 
three zinc fi ngers, and was therefore capable of recognizing 9-bp target sequences 
on either side of the DSB site. Using these ZFNs, the authors were able to disrupt 
CCR5 plasmid DNA in an in vitro system. Since then, multiple studies have shown 
that ZFNs work well in a variety of human cells. Many of these studies have used a 
ZFN pair that creates a DSB centered at approximately nucleotide 160 in the open- 
reading frame, which maps to the fi rst transmembrane domain of the CCR5 protein, 
and which contains four zinc fi ngers in each monomer [ 29 – 35 ]. Fortuitously, for a 
gene knockout approach, the most common indel resulting from this reagent is a 
5 bp insertion that occurs in ~10–30 % of edited alleles and creates two in-frame 
stop codons shortly after the target site [ 31 ,  33 ,  35 ].

   The predicted ability  of   CCR5 disruption by ZFNs to impact HIV-1 replication 
has been demonstrated in an escalating series of studies in T cell lines [ 29 ,  31 ], 
primary T cell cultures [ 29 – 31 ,  39 ], and immune-defi cient mice, engrafted with 
human T cells [ 29 ,  31 ,  39 ]. In the fi rst such report, Perez et al. [ 31 ] showed that a 
CCR5 disruption rate of 2.4 % of alleles in the PM1 T cell line was increased to 73 
% following infection of the culture with a CCR5-using (R5-tropic) strain of HIV-1. 
The authors further reported achieving CCR5 disruption rates between 28 and 33 % 

  Fig. 3    Target sites for engineered nucleases in CCR5. The approximate location of the target sites 
for a series of engineered nucleases are shown superimposed on a schematic of the CCR5 protein, 
and described more fully in the associated table. Also indicated is the location of the 32 bp deletion 
that produces a prematurely truncated and defective protein from the CCR5Δ32 allele. *Kim et al. 
[ 119 ] tested 315 ZFN pairs against 33 sites, and the 3 shown had the highest activity with lowest 
off-target effects. **Cho et al. [ 53 ] tested 10 CRISPRs against CCR5, and the one shown had the 
highest activity and lowest off-target effects. HE, homing endonuclease       
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when the ZFNs were delivered to primary T cells using adenoviral vectors based on 
the Ad5/F35 variant [ 40 ]. When such modifi ed T cells were engrafted into NOG 
mice and challenged with HIV-1, plasma viremia was reduced 7.2-fold compared to 
mice infused with unmodifi ed T cells, and rates of CCR5 disruption at the end of the 
HIV-1 challenges increased by threefold (8.5–27.5 %). These pre-clinical studies 
demonstrated both the feasibility of using engineered nucleases to disrupt the CCR5 
gene in primary human T cells, as well as the anti-HIV consequences of such engi-
neering. The studies also formed the basis for a series of T cell based human clinical 
trials in HIV-infected individuals, using the same combination of the Ad5/F35 vec-
tor and the site 160 ZFN pair (Table  1 ).

   The initial clinical trials of ZFN-mediated CCR5 disruption are based on a strat-
egy of delivering CCR5 ZFNs to a patient’s own (autologous) T cells, which are 
then expanded ex vivo using CD3/CD28 stimulation. This protocol has been 
reported to allow the generation of up to 3 × 10 10  T cells, with CCR5 disruption rates 
of 30–36 %, when measured at 10 days post transduction [ 30 ]. ZFNs were initially 
delivered as Ad5/35 vectors, but more recent trials are using mRNA electroporation. 
The fi rst completed trial, NCT00842634, involved 12 patients who were each 
infused with 10 10  T cells containing CCR5 modifi cation rates between 10.9 and 27.7 
% [ 4 ]. The procedure was  well   tolerated, with only one patient reporting an adverse 
reaction at time of infusion. CCR5-modifi ed T cells were found to persist for several 
months, with a calculated half-life of 48 weeks. For 6 of the patients, a planned 
analytical treatment interruption (ATI) was initiated 4 weeks after infusion, involv-
ing cessation of antiretroviral therapy (ART) for 12 weeks, and this was completed 
by 4 of the 6 individuals. The rational for an ATI is that withdrawal of ART usually 
causes a rapid increase in HIV-1 viremia [ 41 ], and this may provide a selection pres-
sure to increase the frequency of the CCR5-negative T cells. In addition, since this 
HIV-1 rebound follows a fairly characteristic pattern, an ATI provides an opportu-
nity to evaluate whether the presence of CCR5-disrupted cells is infl uencing the 
ability of the patients to control HIV-1. 

 During the ATI, some indications  of   anti-HIV effects were observed. Although 
both CCR5-modifi ed and unmodifi ed CD4 T cells numbers declined in response to 
the rebound of HIV-1 viremia during the ATI, the rate of decline for the CCR5- 
modifi ed T cells was signifi cantly slower than the rate for the non-modifi ed cells 
(−1.81 cells/mm 3 /day compared to −7.25 cells/mm 3 /day, p = 0.02), although this did 
not reach signifi cance when mean values were considered (p = 0.08). In addition, in 
one of the patients undergoing ATI, HIV-1 RNA levels did not rebound until week 
6 post ATI initiation, and then decreased to undetectable levels, even before therapy 
was re-started. Since this patient was heterozygous for the CCR5Δ32 allele, it is 
possible that this ‘half-way there’ genetic background facilitated the production of 
homozygous CCR5-negative cells by the ZFNs. This hypothesis is being further 
tested in clinical trial NCT01044654, in which 10 individuals who are CCR5Δ32 
heterozygotes have been treated (Table  1 ). As a further refi nement, the most recent 
T cell trials have also included  treatment   with cyclophosphamide (Cytoxan). 
This pre-conditioning treatment is expected to transiently reduce the patients’ T cell 
numbers prior to infusion of the ZFN-engineered cells, and thereby facilitate greater 
engraftment of the modifi ed T cells.  
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    CCR5 Disruption in HSC Using ZFNs 

 Engineered nucleases could also be used to disrupt the CCR5 gene  in   HSC, since 
these stem cells give rise to all lineages of the immune system, including CD4+ 
T cells. Although HSC are more challenging to work with than mature T cells, the 
longer life-span of the cells could allow for a one-shot treatment, while the fact that 
HSC give rise to both myeloid and lymphoid lineages means that non-T cell targets 
of HIV-1 such as macrophages would also be protected. 

 We previously reported on the ability of the site 160 ZFN pair to modify human 
HSC, isolated as CD34+ cells from umbilical cord blood [ 35 ]. By using plasmid 
DNA electroporation (Nucleofection) to introduce the ZFNs into the HSC, an aver-
age disruption rate of 17 % of the CCR5 alleles was achieved. These modifi ed HSC 
were then used to engraft immune-defi cient NSG mice, where they were found to 
differentiate comparably to unmodifi ed HSC into various lineages of the human 
immune system, including CD4+ T cells. Following infection of the mice with 
R5-tropic HIV-1, protection of CD4+ T cells in the blood and lymphoid tissues was 
observed in the animals receiving ZFN-treated HSC compared to control HSC, 
which rapidly lost CD4+ T cells. Analysis of the blood and lymphoid tissues of the 
mice at 8–12 weeks post-infection also revealed a strong selection by HIV-1 for 
cells that were CCR5-negative. During the HIV-1 challenges, both unmodifi ed and 
ZFN-engineered HSC cohorts of mice were equally infectable by HIV-1, but mice 
in the ZFN cohort were eventually able to suppress HIV-1, in both blood and tissues. 
This fi ts with the hypothesis that even a minority of CCR5-negative cells would be 
selected for during an active HIV-1 infection, and could eventually increase to a 
frequency where they were able to impact virus replication. 

 Although these observations support the use  of   ZFN-modifi ed HSC as an alter-
native to engineering mature T cells, protocols will be needed that can deliver the 
nucleases to HSC while ensuring no or minimal impact on the ability of the cells to 
function as stem cells. In addition, although many pre-clinical studies rely on human 
HSC isolated from cord blood or fetal liver specimens, the clinical target cell for 
autologous HSC gene therapies will be the bone marrow resident HSC, which have 
distinct properties compared to other sources [ 42 ,  43 ]. These adult HSC are typi-
cally isolated by mobilization of the cells into the peripheral blood by treatment 
with cytokines (G-CSF), chemotherapeutic agents (cyclophosphamide), or small 
molecules such as the CXCR4 antagonist, AMD3100 [ 44 ]. We previously reported 
the modifi cation of up to 25 % of CCR5 alleles in adult CD34+ HSC mobilized by 
G-CSF and treated with the same Ad5/F35 site 160 ZFN vectors as used in the cur-
rent T cell trials (Table  1 ) [ 33 ]. However, adenoviral vector transduction of HSC 
proved to be more challenging than T cells, and transient low-dose treatment of the 
cells with PMA was necessary to achieve CCR5 disruption rates greater than 5 %. 
The associated toxicity cost when higher levels of gene disruption were achieved 
suggests that adenoviral vectors may not be optimal for this cell type. 

 In contrast, we have recently identifi ed mRNA electroporation as a relatively 
non-toxic and effi cient way to deliver ZFNs and TALENs to HSC, resulting in up 
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to 50 % CCR5 disruption with minimal toxicity [ 45 ]. This method can also be used 
at large-scale, allowing a full patient dose of cells to be treated in one batch, and 
thereby increasing the  clinical   utility of this procedure.   

    CCR5 Disruption Using Other Engineered Nucleases 

 The recent progress  to   clinical trials of therapies based on ZFN modifi cation of 
CCR5 is encouraging the development of other CCR5-specifi c reagents based on 
alternate engineered nucleases. The relative ease of design of TALENs compared to 
ZFNs is allowing the rapid evaluation of a range of CCR5-targeted TALENs, with 
variations in both the site of CCR5 that is targeted, as well as the basic design of the 
TALEN protein (e.g. length of the C-terminus). Miller et al. [ 46 ] fi rst reported up to 
15–20 % disruption of CCR5 in the K562 cell line using TALENs with either C28 
or C63 backbone designs, respectively. For each backbone architecture, several left 
and right TALEN combinations were tested, allowing varying spacer lengths to be 
accommodated between the DNA sequences recognized by each monomer. All of 
the combinations evaluated were designed against sequences in the second extracel-
lular domain of CCR5, close to the site of the natural Δ32 mutation (Fig.  3 ). 
Recently, we found that a C17 backbone TALEN also targeted close to the Δ32 site 
was able to achieve 60 % disruption in HSC [ 47 ]. Similarly, a C17 backbone TALEN 
targeting site 157, which overlaps the region recognized by the site 160 ZFNs, has 
also been evaluated by Mussolino et al., with the TALEN producing 17 % disrup-
tion of the CCR5 gene in 293 T cells [ 48 ]. Interestingly, when these authors looked 
at off-target disruption at the homologous CCR2 gene, they reported that such 
events were lower in cells transfected with the TALEN pair than the site 160 ZFN 
pair. In a follow up study, in which toxicity was more rigorously tested, the authors 
also noted lower overall cytotoxicity in the TALEN-treated cells [ 49 ]. Although 
both these TALENs and ZFNs targeted a similar region in CCR5, the non-identical 
nature of the target sequences recognized by the two reagents could have created 
such differences. In addition, while off-target and cytotoxicity analyses are a vital 
part of the evaluation of different candidate nucleases, especially for clinical appli-
cations, these  analyses   also need to be performed in the proposed clinical target cell, 
such as primary human T cells or HSC. Finally, it has been reported that CCR5 site 
157 targeted TALENs can be introduced into cells by electroporation of mRNA, and 
thereby achieve disruption in both the PM1 cell line (up to 94 %) and primary T 
cells (between 17 and 46.8 %) [ 50 ]. 

 It is possible that DNA breaks generated by different classes of nucleases will be 
qualitatively different, even when using the  same   FokI nuclease to introduce the 
break. For example, after analyzing a total of 1,456 mutant sequences at 122 target 
sites reported in 43 independent studies, Kim et al. found differences in the gene 
disruptions caused by ZFNs and TALENs. Specifi cally, they noted that while ZFNs 
cause an even distribution of insertions and deletions at the DSB site, TALENs 
almost exclusively cause deletions [ 51 ]. While the reason for this difference has not 
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been determined, the authors speculated that the smaller spacer region between the 
two monomers in a ZFN pair may create a more defi ned cleavage site that is more 
prone to insertions, while the much larger spacers between the two regions bound 
by TALEN monomers could allow more heterogeneous cleavage sites, and result in 
more deletions. As noted earlier, the action of the widely used CCR5 site 160 ZFN 
pair frequently results in a 5 bp insertion that creates two in-frame stop codons, and 
which thereby terminates translation of the CCR5 protein 

  Homing endonucleases   have also been adapted to target CCR5. These nucleases 
recognize stretches of 18–34 bp and cleave the target DNA in a manner similar to a 
restriction enzyme. Hundreds of homing endonucleases with different specifi cities 
have been reported, including I-Sce1, from baker’s yeast, and I-Cre1 from green 
algae chloroplasts. Although they can be very effi cient at cleaving double stranded 
DNA, they do not use a specifi c code that is easily engineered to recognize a desired 
target site, as is the case for ZFNs or TALENs. This makes it more challenging to 
retarget them to specifi c sites such as CCR5. To date, one homing  endonuclease   has 
been reported that disrupts CCR5, based on I-CreI and targeting the third transmem-
brane domain of the protein (Fig.  3 ) [ 52 ]. The authors used combinatorial assembly 
of archived I-Cre1 derivatives to generate a fi nal nuclease that matched the original 
I-Cre1 binding site at only 4 out of 24 bases. Interestingly, by co-expressing a DNA 
end-processing enzyme, the TREX2 exonuclease, the authors were also able to 
increase CCR5 disruption rates from 5 to 37 % in HSC, when both proteins were 
co-expressed from a lentiviral vector. This TREX2 co-expression also improved gene 
disruption rates for CCR5-targeted ZFNs and TALENs by almost threefold, suggest-
ing a general approach to increasing gene disruption [ 52 ]. While the diffi culty in 
engineering homing endonucleases is currently a bottleneck to their more widespread 
use, the small size of these proteins facilitates their delivery via viral vectors, which 
could make them attractive tools for certain gene therapy applications. 

 Finally, for  the   CRISPR/Cas9 system, since target site specifi city is provided by 
a complementary RNA, these reagents are the simplest class of engineered nucle-
ases to construct and evaluate, and lend themselves to high throughput analyses of 
different sites within a targeted gene. For example, Cho et al. [ 53 ] designed CRISPRs 
against 10 different sites in CCR5 and were able to disrupt up to 60 % of alleles in 
K562 cells using a CRISPR directed against the fi rst extracellular domain of CCR5 
(Fig.  3 ). Similarly, Cradick et al. described CRISPRs that could disrupt CCR5 at 
high levels (21–77 %) in 293T cells, targeting the N-terminal side of the second 
transmembrane domain and the second extracellular domain [ 54 ]. CRISPRs have 
also been shown to work in HSC. In a recent study, HSC were transfected with a 
Cas9 plasmid also expressing GFP. Cas9-expressing cells were then specifi cally 
FACS sorted based on GFP expression and electroporated with a CCR5 guide RNA 
plasmid. Subsequently, 25.8–30 % of colonies derived from these HSCs were found 
to have CCR5 disrupted at both alleles [ 55 ]. CRISPR/Cas9 components targeted to 
CCR5 have also been delivered via Ad5/F35 or lentiviral vectors: Li et al. were able 
to disrupt CCR5 at an average of 30.3 % of alleles in primary  T   cells using Ad5/F35 
vectors [ 56 ], while Wang et al. achieved up to 43 % CCR5 negative cells when using 
lentiviral vector delivery to the CEMss-CCR5 T cell line [ 57 ].  
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    CXCR4 is an Additional Target for Gene Knockout 

 Therapies based  on   engineered nucleases to disable the CCR5 co-receptor will always 
run into two potential limitations; (1) both copies of the gene need to be disabled to 
produce a CCR5-negative cell, and (2) certain strains of HIV-1 can use alternate co-
receptors, such as CXCR4, to enter cells. While such X4-tropic viruses are not as 
common as R5-tropic strains, they emerge in ~50 % of HIV patients towards the later 
stages of the disease, and there is concern that therapies or drugs targeted towards 
CCR5 could speed this process or selection. This issue could be addressed by using 
CXCR4-targeted nucleases in addition to CCR5 reagents, although the important role 
that CXCR4 plays in HSC homing to the bone marrow stem cell niche means that 
CXCR4 disruption could only be feasible for T cells, and not HSC. 

 Targeting CXCR4 in T cells has been described by two groups. Wilen et al. 
showed that T cells modifi ed by CXCR4 ZFNs were protected from X4-tropic 
HIV-1 infection in vitro, and that this provided partial protection in vivo in NSG 
mice transplanted with CXCR4 ZFN-modifi ed T cells [ 58 ]. However, this protec-
tion was lost over time due to the emergence of R5-tropic strains of HIV-1. The 
authors also demonstrated that they could modify T cells obtained from homozy-
gous CCR5Δ32 individuals, and that these cells were protected against both R5 and 
X4-tropic HIV-1. Yuan et al. further confi rmed the fi nding that modifi cation of 
CXCR4 with ZFNs protected cells in vitro and in vivo and additionally reported that 
this approach was more effi cient at providing protection against X4-tropic HIV-1 
than adenovirus vector delivery of shRNA against CXCR4 [ 59 ]. 

 Taking this approach another step forward,    Didigu et al. were able to co- transduce 
both a T cell line and primary T cells with two sets of ZFNs targeted against both 
CCR5 and CXCR4 [ 29 ]. These dual-disrupted T cells were rapidly enriched after 
infection with both R5 and X4-tropic viruses in vitro, confi rming their protection. 
Consistent with the previous studies, this protection was also observed in vivo, when 
mice were transplanted with the T cells, previously infected with both R5 and 
X4-tropic viruses. Here, mice receiving the dual-ZFN treated T cells were found to 
have up to 200 times higher CD4 counts in the blood at day 55, compared to mice 
receiving unmodifi ed cells, or those disrupted for CCR5 only [ 29 ]. This approach 
could therefore represent an improvement over disruption of CCR5 alone in T cells, 
and further suggests that CXCR4 disruption in T cells could be combined with CCR5 
disruption in HSC. It should be noted, however, that while no toxic effects were 
observed in these model systems, the impact of disrupting CXCR4 in mature T cells 
is unknown, and further testing of this method will be required before use in humans.  

    Beyond Gene Knockout: Site-Specifi c Gene Addition 
and Combination Anti-HIV Therapies 

 As noted above, the ability of HIV-1 to adapt to use co-receptors other than CCR5 
may limit the effectiveness of therapies relying solely on CCR5 disruption. Here, 
similar to the NIH guidelines for treatment with CCR5 inhibitor drugs [ 60 ], patients 
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would fi rst need to be screened to confi rm that they do not already harbor viruses 
with X4 tropism. Beyond this limitation, CCR5 knockout is expected to only be 
effective in cells with homozygous disruptions, although a single allele knockout 
may mimic CCR5Δ32 heterozygotes, who do have a better prognosis than homozy-
gous wild-type individuals [ 61 – 64 ]. Because of this limitation, the use of engi-
neered nucleases to  promote   homologous recombination in order to insert additional 
anti-HIV genes into the CCR5 locus could provide a more effective strategy than 
CCR5 disruption alone (Fig.  1 ). 

 There are a number of anti-HIV molecules that are already being considered for 
 more   conventional HIV-1 gene therapies based on integrating retroviral and lenti-
viral vectors, and which could also be adapted for a gene knock-in approach. These 
include trans-dominant versions of HIV-1 proteins such as the RevM10 mutant 
[ 65 ,  66 ] and modifi ed, HIV-resistant versions of cellular restriction factors such as 
TRIM5α and APOBEC3G. For example, although HIV-1 is naturally resistant to 
the human form of TRIM5α, it is inhibited by the Rhesus macaque ortholog [ 67 ], 
and engineered human-rhesus TRIM5α derivatives restore this anti-viral activity 
[ 68 ,  69 ]. Similarly, although the HIV-1 Vif protein normally degrades APOBEC3G, 
a cytosine deaminase that causes G→A mutations in the viral genome during 
reverse transcription, the D128K point mutant is resistant to Vif and thereby inhib-
its HIV-1 replication [ 70 ,  71 ]. Alternative candidates for insertion at the CCR5 
locus include RNA based therapeutics such as ribozymes or small interfering 
RNAs (siRNA) directed against different HIV-1 targets such as Rev [ 72 ], Vif [ 73 ], 
Nef [ 74 ], Gag [ 75 ], Env [ 76 ,  77 ], or Tat [ 72 ,  73 ,  78 ], as well as the C46 peptide 
inhibitor that potently blocks HIV-1 fusion [ 79 ]. The feasibility of inserting three 
different anti- HIV genes (human-rhesus TRIM5α, APOBEC3G D128K, and Rev 
M10) at the CCR5 locus has been demonstrated in a cell line model [ 80 ]. 

 For HIV-1 therapies and beyond, the use  of   site-specifi c gene addition in the 
primary human cells that would be used clinically will require signifi cant increases 
in the effi ciency of the process, which has proven to be challenging. In a pioneering 
study, Lombardo et al. [ 81 ] reported up to 50 % integration of a GFP cassette at the 
CCR5 site 160 in immortalized cell lines when using three non-integrating lentiviral 
vectors (IDLVs) to deliver each ZFN monomer and a homologous donor sequences. 
However, the diffi culty of achieving such an outcome with human HSC was shown 
by the same vectors achieving only 0.11 % targeted GFP addition. Subsequently, the 
same group reported using adenovirus 5 vectors to deliver the CCR5 ZFNs, 
combined with IDLVs for the donor sequence, and were able to achieve up to 5 % 
targeted addition in primary human T cells at the site 160 locus [ 82 ]. 

 We have previously reported on the ability of site 160 ZFNs, delivered to human 
HSC as plasmid DNA, to achieve  mean   gene disruption rates of 17 % of CCR5 
alleles [ 35 ]. When a CCR5 homology donor plasmid containing an internal PGK- 
GFP expression cassette was co-introduced into the cells with the ZFNs, although 
we observed an increase in DNA-mediated toxicity, the viable human HSC in the 
population were able to engraft NSG mice, and give rise to mature human cells 
stably expressing GFP at frequencies up to 5 % in multiple lineages (Fig.  4a ). 
When humanized mice are challenged with an R5-tropic strain of HV-1, the HIV-
mediated destruction of CD4 T cells typically causes selection of phenotypically 
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CCR5- negative cells, created by the action of the nucleases [ 35 ]. In this experimental 
situation where GFP was inserted at  the   CCR5 locus, HIV-1 infection also co-selected 
for GFP-expressing cells in the CD4 cell fraction only (Fig.  4a, b ). This observation 
is in keeping with the GFP cassette being specifi cally integrated at the CCR5 locus, 
which was also confi rmed by PCR analysis (Fig.  4c ).

   Despite these promising developments, and the expected ability of HIV-1 itself 
to act as a selection agent to increase the frequency of cells with CCR5-specifi c 
gene addition, the currently achievable levels of targeted addition in HSC cannot 
match the effi ciency of more standard integrating viral vectors for the delivery of 
genes, and higher rates of targeted integration, especially into  primary   HSC, may 
be required. Recent promising progress has been made by introducing homolo-
gous donors using non-integrating lentiviral [ 83 ,  84 ] and AAV vectors [ 85 ] and 
strategies that can promote HDR over NHEJ in human cells are also being 
explored [ 86 ,  87 ].  

  Fig. 4    Targeted gene addition at the CCR5 locus. Human cord blood HSC were electroporated 
with plasmid DNAs expressing CCR5 site 160 ZFNs and a donor sequence containing a PGK-
GFP cassette fl anked by CCR5 homologous sequences. The cells were engrafted into neonatal 
NSG mice, as described previously [ 35 ]. At 12 weeks of age, the mice were infected with 
R5-tropic HIV-1. ( a ) At the indicated time points, blood was analyzed by FACS for GFP expres-
sion in total human leukocytes (CD45 cells), and in the CD4 and CD8 subsets. ( b ) Following 
HIV-1 infection, the frequency of GFP-expressing cells increased in the CD4 fraction, which 
represent the target cells of HIV-1 infection, as well as the total CD45 group, but not in the CD8 
fraction. ( c ) The site- specifi c addition of the GFP cassette at the CCR5 locus was confi rmed by a 
specifi c in-out PCR analysis of clones derived from the input HSC, where one of the PCR primers 
is specifi c for the GFP expression cassette, and one is specifi c for CCR5, but beyond the region 
contained in the donor sequence       
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    Disrupting CCR5 in iPSC 

 HSC are challenging to culture and expand in vitro without losing their ability to 
differentiate, which limits the potential to pre-select genome modifi ed cells prior to 
infusion into a patient. In the future, it may be possible to derive fully functional 
HSC from patient- specifi c      induced pluripotent stem cells (iPSC), which would 
thereby also allow for the generation of a more homogenous population of modifi ed 
cells. Towards this goal, several groups have recently reported modifying iPSC: 
Ye et al. used CRISPRs and TALENs to generate iPSC that contained the exact 
CCR5Δ32 mutation while maintaining pluripotency [ 88 ], while Yao et al. disrupted 
CCR5 in human embryonic stem cells and iPSC and were able to  differentiate      them 
into CD34+ cells and more differentiated hematopoietic lineages [ 89 ].  

    Disrupting HIV-1 Genomes with Engineered Nucleases 

    Progress to Developing HIV-Specifi c Nucleases 

 An additional application of engineered nucleases to combat HIV-1 would be to 
engineer the reagents to target the HIV-1 genome itself (Fig.  1 ).  Although   antiret-
roviral drugs are highly effective and capable of suppressing HIV-1 to undetectable 
levels, they do not completely eliminate the virus, which then usually rebounds if 
therapy is stopped. The source of this rebounding virus are the so-called latent HIV 
reservoirs—cells in the body where the virus lies dormant, unperturbed by antiret-
roviral drugs, but from which the virus can be activated at a later date. Among the 
most prominent reservoirs are memory CD4 T cells [ 90 – 92 ]. Methods to remove 
or disable the virus in these cells could allow drug-free suppression of HIV-1, or 
even a cure. 

 There have been several reports in which different types of engineered nucleases 
have been developed that recognize the HIV-1 genome [ 93 – 96 ]. In most of these 
studies, the targeted sequence has been the HIV-1 long terminal repeat (LTR), which 
is present at both ends of the integrated DNA version of the virus. The LTRs play 
multiple roles, with the 5′ sequence driving transcription of the viral genome and 
the 3′ sequence regulating transcription termination and polyadenylation. Intact 
LTRs are also necessary for correct RNA processing to allow successful reverse 
transcription and integration during the viral life-cycle. In addition, the presence of 
two copies of the LTR in the HIV-1 genome provides anuclease with double the 
target sequences, as well as the possibility of a double cut and re-ligation event, 
leading to the permanent excision of the intervening HIV-1 genome. 

 One of the fi rst reports describing disruption of an integrated HIV-1 genome 
through engineering recognition of specifi c HIV-1 sequences used  a   modifi ed 
cre- recombinase [ 93 ]. This enzyme usually recognizes 34 bp loxP sites, but was 
evolved to recognize a similar sequence that is present in the LTRs of the clade A 

Using Engineered Nucleases to Create HIV-Resistant Cells



176

HIV-1 strain, TZB0003 [ 97 ]. The evolved recombinase, named Tre recombinase, 
was able to disrupt integrated HIV-1 genomes in HeLa cells, and reduce the produc-
tion of new HIV-1 particles [ 93 ]. The Tre recombinase was subsequently evaluated 
in an in vivo model [ 95 ], where primary T cells or HSC were transduced with lenti-
viral vectors expressing the recombinase under control of an HIV-inducible pro-
moter. This design used a Tre-resistant HIV-1 LTR promoter containing tandem 
copies of the HIV-1 Tar element, which responds to the viral transactivator, Tat, 
produced upon HIV-1 infection. Consequently, the recombinase would only be 
expressed in cells infected with HIV-1, so reducing the potential for toxicity. In this 
proof of concept experiment, cells transduced with the vectors at between 30 and 60 
% were engrafted into Rag2 -/- γc -/- mice, which were then challenged with a replica-
tion-competent R5-tropic HIV-1 reporter virus, modifi ed to contain the Tre recogni-
tion sites in its LTRs. The animals receiving the Tre recombinase-containing cells 
had increasing or stable levels of human CD45 and CD4 cells, and virus levels that 
decreased approximately 1-log between weeks 2 and 12 post infection. This was in 
contrast to mice receiving non-transduced cells, which showed decreasing levels of 
human CD45 and CD4 cells and increasing or stable HIV-1 levels over the same 
time period. While this is an intriguing approach, the broader application of the 
technology will require the development of recombinases that recognize sequences 
that are more divergent from the natural loxP sequence and, preferably, are highly 
conserved across multiple strains of HIV-1. Such  engineering   challenges may be 
facilitated by the availability of new design tools [ 98 ]. In this regard, another Cre 
recombinase derivative (uTre) has recently been described that recognizes an HIV 
LTR sequence that is conserved in 94 % of the major HIV subtypes A, B, and C, 
which would make it much more therapeutically relevant [ 99 ]. 

 For the classes of engineered nucleases with less restrictions  on   target site selec-
tion (ZFNs, TALENs and CRISPR/Cas9), several different regions of the HIV-1 
genome could provide target sites in addition to the LTRs. Figure  5  displays an 
entropy analysis of sequence variation in the HIV-1 genome, highlighting regions of 
conservation that could provide a source of such target sites. ZFNs have already 
been described targeting the LTRs, using a site that is highly conserved in viral 
isolates from patient samples [ 94 ]. These reagents were reported to disrupt up to 60 
% of GFP-expressing HIV-1 genomes present in a Jurkat T cell line following DNA 
electroporation, and to reduce viral production from infected primary human PBLs 
(29 % reduction) or CD4+ T cells (31 % reduction). Similarly, TALENs have also 
been used to target HIV DNA. Ebina et al. were able to signifi cantly disrupt HIV 
sequences in a Jurkat cell line model of an integrated latent HIV genome, where 
LTR-driven GFP expression occurs after stimulation with TNFα. By electroporating 
in mRNA for a TALEN pair targeting the LTR, they saw reduction in the levels of 
GFP-positive cells following stimulation from 63 % down to 4.3 %, and reported 
complete removal of the HIV genome in 53 % of the cells [ 100 ].

   Finally, CRISPRs are also being used to target integrated HIV-1 DNA. Here, the 
potential for these reagents to be multiplexed [ 101 ] and thereby target more than 
one HIV-1 sequence could prove to be a distinct advantage against a virus known for 
its ability to rapidly evolve resistance to other therapies. Ebina et al. designed two 
CRISPR gRNAs against the TAR and NFκB regions of the LTR, which were tested 
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for their ability to block expression from an integrated LTR-GFP reporter sequence 
that also contained  the   Tat gene (JLAT cells) [ 96 ]. The utility of the reagents to 
disrupt LTR function was demonstrated following three rounds of electroporation 
with the CRISPR/Cas9 reagents, where GFP expression was reduced in activated 
cells by 25–32 % [ 96 ]. Similarly, Zhu et al. tested 10 different gRNAs against the 
HIV LTR and Pol regions in JLAT cells and were able to reduce the levels of GFP+ 
cells by more than 24-fold when used in combination [ 102 ]. Liao et al. also found 
that introducing multiple CRISPR gRNAs was better able to disrupt integrated HIV 
sequences when compared to single gRNAs, and they further demonstrated that 
cells expressing anti-HIV CRISPRs were protected from HIV infection [ 103 ]. 
Finally, Hu et al. reported an effect in CHME-5 cells, a microglial cell line of HIV 
latency, where GFP expression after activation was reduced from 76 to 17.1 % or 
3.9 % of cells for two different LTR-directed gRNAs [ 104 ].  

    Challenges for the Use of Anti-HIV Nucleases 

 While the studies described above represent important fi rst  steps   toward using 
engineered nucleases to disrupt HIV-1, much work will be needed to deliver these 
reagents to the cells in patients that harbor latent HIV-1 genomes, including those 
cells where latency may involve chromatin condensation. In addition, even when 
highly conserved HIV-1 sequences are targeted (Fig.  5 ), the potential for HIV-1 to 
mutate and evolve resistance against other therapies is well established, and it 
should be assumed that this will also be the case for HIV-specifi c engineered nucle-
ases. In this regard, targeting multiple sequences simultaneously may be advanta-
geous, including all known variants known to be tolerated at a specifi c site, although 
this would greatly increase the complexity of the therapy. In addition, in common 
with all therapeutic applications using nucleases, the potential for off-target effects 
will need to be characterized. Finally, unless a lie-in-wait protection approach is to 
be used, as described above for the Tat-inducible Tre-recombinase system, methods 
to deliver the reagents to HIV-infected cells in vivo will need to be developed. 
This requirement will be especially challenging for latently infected cells, since the 
lack of expression of HIV-1 genes means that there are no obvious signs to indicate 
that the  cells   harbor an HIV-1 genome. Thus, bulk delivery to all T cells, or select 
delivery through the use of surrogate markers of reservoir cells [ 90 ], may be needed.   

    Considerations for the Clinical Use of Engineered Nucleases 

    Strategies to Deliver Engineered Nucleases to Human Cells 

 The delivery of engineered nucleases to cells presents certain challenges, including 
 the   requirement for the co-delivery of more than one component for the ZFN, 
TALEN and CRISPR/Cas9 nucleases, and the additional inclusion of a donor 
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sequence if HDR-mediated engineering is desired. Beyond this, the extensive 
regions of repeat sequences present in the DNA binding domains of ZFNs and 
TALENs can lead to instability. However, since the permanent genetic changes that 
result from the action of engineered nucleases only require their transient expression 
in target cells, a wide variety of delivery systems could potentially be used. 

 Refl ecting their earlier development and adoption  for   clinical applications, ZFNs 
are the class of engineered nucleases that have been evaluated in the widest array of 
delivery methods. These include packaging in standard viral vectors such as adeno-
virus, adeno-associated virus (AAV) and IDLVs [ 31 ,  33 ,  81 ,  82 ,  105 – 107 ] as well as 
less frequently used systems such as baculovirus vectors [ 32 ]. In a simpler delivery 
approach, nucleases have also been introduced into cells following electroporation 
of both DNA and mRNA [ 32 ,  35 ,  45 ,  47 ,  81 ,  82 ]. Interestingly, ZFN proteins are 
also capable of direct uptake by cells, with one study reporting CCR5 disruption 
rates up to 27 % in cell lines, and 8 % in primary human CD4 T cells, using this 
approach [ 34 ]. The authors also reported lower rates of off-target disruption at 
9 sites with homology to CCR5 when compared to the rates occurring following 
transfection of ZFN DNA into 293T cells although, as noted, this may refl ect lower 
concentrations of the ZFNs when delivered by this route. In a similar approach, 
Chen et al. developed a system whereby ZFN proteins are attached to the transferrin 
molecule through a cleavable disulfi de bond [ 108 ]. Here, the ZFN proteins are taken 

  Fig. 5    Identifi cation of low entropy islands in the HIV-1 genome. 102 LTR and 442 coding region 
sequences from the Los Alamos HIV-1 sequence database were queried using the Entropy-one tool 
(  www.hiv.lanl.gov    ). Entropy measures the amount of sequence variation at each position, with 
lower entropy scores indicating higher conservation. The average entropy score across sequential 
20 bp segments was calculated and plotted, to highlight islands (red lines) of consistent low 
entropy (at or below 0.1)       

 

G.N. Llewellyn et al.

http://www.hiv.lanl.gov/


179

up into cells by transferrin receptor-mediated endocytosis, and the system appears 
to function in a variety of cell types, refl ecting the broad distribution of this receptor. 
Such protein-based delivery systems may be simpler to use than viral based systems 
and, by reducing the time of exposure of the cells to ZFN proteins, may indeed 
reduce off-target effects, which are a function of both the concentration of the nucle-
ases, and the time of exposure. 

  Although   TALENs and ZFNs share many common design features, TALEN 
delivery is likely to be more complicated than ZFNs. First, TALEN constructs with 
the commonly used C63 backbone are roughly 1 kb larger (per monomer) than 
ZFNs, which complicates their use in size constrained vectors such as AAV. In addi-
tion, the 1 base pair recognition code used by the TALE repeat component is in 
contrast to the 3 bp recognition sequence of each zinc fi nger module, so that 
TALENs directed to the same target sequence contain three times as many repeating 
units as ZFNs. Such designs can cause instability in certain vector types, especially 
lentiviral vectors [ 107 ], where the high level of homology between the TALEN 
subunits can lead to rearrangements and deletions as a result of strand switching 
between the subunits of the two packaged  vector   RNAs during reverse transcription. 
A possible solution to this problem will be to make numerous silent mutations in 
each of the repeat units of the TALE to decrease homology. Alternatively, it was 
found in the same study that Ad5 vectors worked well for delivering TALENs, pro-
ducing 47–55 % gene disruption of the AAVS1 locus in HeLa cells, immortalized 
myoblasts and bone marrow-derived mesenchymal stem cells [ 107 ]. Recently 
another option was described in which the lentiviral vector delivering the TALEN 
was mutated to be unable to perform reverse transcriptase. The resulting RNA 
genome was able to express an encoded TALEN following addition of an IRES and 
poly A sequence, to mimic a mRNA [ 109 ]. 

 For all classes of engineered nucleases, current technologies are limited almost 
exclusively to methods of  ex vivo delivery  , but future broader utilization of the 
reagents will benefi t from in vivo methods of delivery, as are being developed for 
siRNAs [ 110 ], and may be possible for certain viral vectors. For example, different 
subtypes of AAV display different in vivo tropisms, and AAV vectors have been 
shown to be capable of co-delivering both ZFN monomers and a donor sequence to 
mouse hepatocytes following intraperitoneal injection of hepatotropic AAV vectors 
[ 105 ]. In addition, recent advances in retargeting lentiviral vectors, based on includ-
ing scFvs or ligands to cell surface proteins, could be exploited to allow the delivery 
of engineered nucleases to specifi c cell types in the future [ 111 – 117 ].  

    Off-Target Effects and Toxicity 

 A major concern for any clinical application of engineered nucleases is the potential 
for adverse events, including cellular toxicity [ 118 ], or nuclease modifi cation  at 
     off- target sites [ 31 ,  33 ,  119 – 121 ]). Toxicity may result from expression of the 
nucleases themselves, be a consequence of the cellular response to DNA damage, or 
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result from a combination of factors that stress the cells, including the delivery 
method used. Off-target gene modifi cations can occur at sites predicted by bioinfor-
matics to be highly homologous to the desired target sequence, as well as at sites 
that are revealed by in vitro screens [ 122 ], or by DSB site capture in cells following 
NHEJ- mediated integration of IDLVs [ 123 ]. Since such off-target events and toxicities 
may be cell-type specifi c, cell line studies may not predict the outcome for primary 
human cells. Thus pre-clinical toxicology studies should include both the evaluation 
of activity at predicted off-target sites, as well as more general analyses to evaluate 
the tumorigenic potential of patient-sized doses of ZFN-treated T cells or HSC, 
using both in vitro cellular assays and following engraftment into immune-defi cient 
mice [ 30 ,  42 ]. 

 Recently, several new methods to detect off-target events have been described. For 
example, high-throughput genome-wide translocation sequencing (HTGTS) was used 
to identify translocation junctions in cells treated with I-sce meganuclease [ 124 ] and 
this method has been adapted and enhanced by Frock et al. to include linear-amplifi -
cation-mediated PCR (LAM-PCR) to identify off-target sites created by CRISPRs 
and TALENs [ 125 ]. This study confi rmed previous fi ndings that CRISPR-mediated 
off-target activity can be reduced by using CRISPR nickases [ 53 ], and also found that 
TALEN-mediated off-target effects were mostly due to homodimers [ 125 ]. 

 Other genome-wide off-target detection methods include GUIDE-seq (genome- 
wide, unbiased identifi cation of DSBs enabled by sequencing), which is based on 
detection of double-stranded oligodeoxynucleotide tags inserted into the DSBs 
[ 126 ], and the BLESS assay (breaks labeling, enrichments on streptavidin and next- 
generation sequencing), which labels DSBs with biotinylated oligonucleotides 
[ 127 ,  128 ]. Yet another method is digenome-seq (digested genome sequencing), 
which works by nuclease treatment of genomic DNA in vitro, followed by whole 
 genome      sequencing of the resulting fragments [ 129 ]. The value of these assays is 
that they don’t rely on bioinformatics predictions and so can potentially detect cryp-
tic off-target sites in a more unbiased way. However, the assays are still imperfect 
since the HTGTS, GUIDE-seq and digenome-seq all produced different sets of off- 
target sites for a VEGF-A CRISPR target site (Reviewed in [ 120 ]). 

 For the commonly used site 160 CCR5 ZFNs, off-target disruption is most com-
monly observed at the highly homologous CCR2 gene, and can reach 9–10 % of the 
rates at the CCR5 locus [ 31 ,  33 ,  49 ,  119 ,  122 ,  123 ], and increasing as the expression 
of ZFNs is increased. In this way, it may be useful to consider nuclease activity as 
having a practical plateau, with a maximum amount of on-target disruption and 
acceptable amount of off-target activity. Meanwhile, methods to reduce off-target 
activity of nucleases are also being developed. For example, both ZFNs and TALENs 
are made more specifi c through the use of engineered obligate heterodimers of the 
Fok1 endonuclease, which limits the possible pair combinations of the individual 
component monomers to the desired heterodimer [ 130 ]. In a related approach, 
CRISPR/Cas9 specifi city can be improved by requiring two guide RNA binding 
events and using a catalytically inactive Cas9 protein fused to Fok1 moieties [ 131 ]. 
Finally, altering  the      nature of the DNA-binding RVDs in TALENs can also result in 
reduced off-target effects by increasing on-target specifi city [ 47 ].   
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    Summary 

 The life-cycle of HIV-1 provides several opportunities for interventions by therapies 
based on engineered nucleases. The requirement of the virus for a cellular co- receptor, 
CCR5, that is non-essential to its human host, provides an obvious application for 
the gene disrupting capabilities of nucleases, and the use of ZFNs in this regard is 
currently the most clinically advanced application of this new class of genome 
modifying tools. Beyond that, gene disruption could be combined with HDR to 
insert additional anti-HIV genes at the CCR5 locus. In addition, the integrated 
HIV-1 genomes that persist in patients’ cells despite antiretroviral therapy can also 
be considered as a genetic target for disruption, although the challenges of deliver-
ing nucleases to the cells that harbor such latent genomes will be formidable. 
Finally, as in all gene therapy approaches that create HIV-resistant cells, it is antici-
pated that HIV-1 could be harnessed to assist in its own demise, by enabling selec-
tion for the engineered, HIV-resistant cells.     
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