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Abstract

An effective approach to HIV cure will almost certainly require a combination of strategies, including some
means of reducing the latent HIV reservoir. Because the integrated HIV provirus represents the major source of
viral persistence and reactivation, one attractive approach is the direct targeting of provirus for disruption or
excision using targeted endonucleases, such as CRISPR/Cas9, zinc finger nucleases, TAL effector nucleases, or
meganucleases (homing endonucleases). This article highlights some of the challenges for successful endo-
nuclease therapy for HIV, including optimization of enzyme activity and specificity, the possible emergence of
viral resistance, and most importantly, efficient in vivo delivery of the enzymes to a sufficient portion of the
latent reservoir.
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Introduction

As of 2016, there remains only a single well-documented
case of HIV cure. The cure of Timothy Ray Brown, or

the ‘‘Berlin Patient,’’ continues to energize research in the
field, at the same time powerfully demonstrating that cure is a
plausible goal. Although so far research in this area has not led
to additional cures, our knowledge base has expanded greatly,
and we now have a greater understanding of the conceptual
framework by which cure might be achieved. Specifically, it
now appears that cure (in this case defined as a long-term
period of undetectable viremia in the absence of antiviral
therapy) might be achieved by a combination of two com-
plementary strategies—reduction of the reservoir of latent
HIV, together with augmentation of immune or other mech-
anisms to control any rare reactivation events arising from the
remaining cells harboring HIV. This article will briefly address
current concepts regarding the HIV reservoir and methods to
estimate its size, the importance of reservoir size in HIV cure
efforts, and finally, means to reduce the HIV reservoir, with
particular emphasis on the use of designer-targeted endonu-
cleases to directly disable latent virus within reservoir cells.

Estimating the Size of the HIV Reservoir

HIV establishes latency in long-lived memory T cells.
Since these cells can reactivate virus and contribute to HIV
rebound after antiretroviral therapy is stopped, the size of the

latent reservoir is important in HIV cure efforts. Quantitation
of the reservoir is complicated by the fact that various mea-
sures of the reservoir give markedly different estimates as to
its size. Simple polymerase chain reaction-based measures of
individuals with long-term HIV suppression by antiviral
therapy suggest that on the order of 100 per 1 · 106 purified
resting T cells contain integrated HIV DNA.1 However, it is
important to appreciate that simple DNA measurements
overestimate the relevant reservoir—most of these cells
contain defective HIV and cannot give rise to infectious HIV;
thus, these cells do not represent a threat for clinical recur-
rence. To address this limitation, many groups have devel-
oped variations on the viral outgrowth assay, or VOA. In the
VOA, cells potentially containing HIV sequences are stim-
ulated in an attempt to force HIV production; by combining
this with limiting dilution analysis, the goal is to obtain a
measure of replication-competent virus. By VOA, the HIV
reservoir has been estimated to consist of *1 per 1 · 106

purified resting T cells.1,2 Unfortunately, the VOA suffers
from what is essentially the converse problem as DNA-based
assays. Specifically, the VOA underestimates the relevant
HIV reservoir, because only a fraction of HIV with an ap-
parently intact sequence can be reactivated during a given
assay.3 Thus, the size of the relevant HIV reservoir, in this
case defined as the reservoir that represents a risk of clinical
HIV recurrence after antiviral therapy is halted, in actuality is
somewhere between the values provided by DNA assay and
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the VOA. At present, this reservoir is estimated to be as much
as 60-fold higher than the VOA value,3 but direct measure-
ment continues to prove elusive.

Reservoir Size Is a Critical Aspect of HIV Cure

The prevailing initial thought was that HIV cure would
require elimination of all functionally intact virus in the body,
whereas more recent modeling efforts suggest that lifelong
freedom from HIV reactivation after cessation of antiviral
therapy might be achieved with less than complete eradica-
tion. This is based on the assumption that HIV reactivation
from rare reservoir cells is a stochastic process, in which a
given cell reactivating HIV is statistically unlikely to suc-
cessfully ‘‘seed’’ a self-sustaining and, ultimately, systemic
reactivation of virus. Work from Hill et al. suggests that
durable remission might be possible with as little as a four-
log reduction of the reservoir.4 Others have suggested an
even more optimistic situation in which long-term remission
might be possible with only a two-log reduction, if host im-
munity is sufficient.5 In any event, this work reinforces the
importance of accurate estimation of the size of the HIV
reservoir in HIV cure efforts.

Approaches to Reduce the HIV Reservoir

Given the importance of reservoir size in efforts to cure
HIV, a number of reservoir reduction approaches have been

suggested, including various cell and gene therapy strategies
discussed elsewhere in this issue. Hematopoietic cell trans-
plantation can clearly induce a large reduction in the HIV
reservoir,6 and it has been responsible for extended HIV re-
missions and the single well-documented case of durable
cure.7 Other cell and gene therapy approaches have been
suggested to reduce the HIV reservoir, possibly as the ef-
fector component of ‘‘shock and kill’’ strategies,8,9 which
seek to reactivate latent virus to allow recognition and de-
struction of latently infected cells. Perhaps the most direct use
of gene therapy, however, would be to directly target the
integrated HIV for disruption or excision. Recent advances in
genome engineering suggest that this might be possible, if a
few critical roadblocks can be surmounted (Fig. 1).

Designer Endonucleases: A Pathway
to Eliminating HIV?

Boiled down to its essence, the problem with HIV is the
presence of integrated HIV sequences in long-lived immune
cells. Since it is these integrated sequences that give rise to
new HIV during recurrence after antiviral therapy is stopped,
disrupting or removing these sequences, in principle, should
lead to cure. This concept moved from the realm of conjec-
ture to possibility with the development of so-called ‘‘tar-
geted endonucleases,’’ a set of protein families including zinc
finger nucleases (ZFNs), meganucleases (also called hom-
ing endonucleases), TAL effector nucleases (TALENs), and

FIG. 1. Challenges in proviral disruption
for HIV cure. (A) Efficient delivery of anti-
HIV endonuclease to latently infected cells;
(B) maximizing enzyme activity; (C) avoid-
ance of viral resistance. Modified from
Ref. 30.
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CRISPR/Cas9. Each of these protein families shares the
ability to recognize specified DNA sequences with high
specificity, and they then induce the formation of DNA
double-strand breaks (DSBs). Non-homologous end joining
repair of the broken DNA by cellular mechanisms leads to
insertions or deletions of the DNA at the targeted site. In
principle, then, inducing insertions or deletions within an
essential HIV gene sequence should prevent production of
new virus. The plausibility of such an approach has now been
shown by several groups who have demonstrated the process
in vitro (reviewed in Ref. 9). Taken together, this work has
raised optimism that such an approach might prove suc-
cessful. At the same time, however, it has also identified
several critical issues that must be successfully addressed
before such an approach can be a realistic means to cure HIV.

Delivery: The Main Challenge for Endonuclease Therapy

Perhaps the greatest challenge in designed endonuclease
therapy for HIV is delivering the enzyme to the relevant cells.
Based on the estimates of the reservoir reduction needed for
HIV cure, at least a substantial majority of cells containing
integrated HIV would need to have endonuclease delivered to
them. Complicating the issue is the fact that unlike other cell
and gene therapy approaches, delivery must occur in vivo,
since the relevant cells are scattered throughout the body in
lymph nodes, gut, lung, and elsewhere. One potential deliv-
ery approach is the use of adeno-associated virus (AAV)
vectors, which have been shown to be able to deliver designer
endonucleases to latent herpes simplex virus in trigeminal
ganglia of mice, leading to disruption of latent viral se-
quences.10 AAV can transduce T cells in vitro, and a recent
report using a transgenic mouse containing integrated HIV
sequences showed that AAV-delivered endonucleases could
result in disruption of viral sequences in a variety of tissues.11

However, the lack of specific targeting of AAV, combined with
the large number of cells in the body, raises questions as to the
applicability of AAV toward HIV cure in humans.

Several other approaches have been suggested for deliv-
ering targeted endonucleases. Viral vectors other than AAV
are a leading possibility, especially lentiviruses. Lentiviruses
have a potential advantage in that they can be more specifi-
cally targeted to T cells or other immune cells, for example,
by pseudotyping with measles hemagglutinin.12 However,
the efficiency with which delivery occurs in vivo appears to
be limited, and it is unclear whether targeting of an adequate
proportion of reservoir cells will be possible in vivo, espe-
cially given the effort required to generate large quantities of
viral vectors. Other approaches that may be more amenable to
large-scale production, such as synthetic nanoparticles or
cellular exosomes, may be attractive, particularly if they can
be modified with targeting ligands promoting preferential up-
take into the relevant cell types comprising the HIV reservoir.

Maximizing the Efficacy of Targeted
Endonuclease Activity

Ideally, once the endonuclease has entered the appropriate
cell, disruption of the target sequence could be confidently
assumed to go to completion. In practice, however, this is
clearly not the case. For HIV, introduction of a single targeted
endonuclease has been reported to result in disruption of
*10–50% of provirus.13–15 Incomplete disruption may occur

because repair of the induced DSBs is generally precise, and
as such, the original target gene sequence may be retained
even after multiple rounds of cleavage and repair over the
duration of endonuclease expression. If so, increasing endo-
nuclease expression levels, persistence, or specific activity
may result in higher mutagenesis, as does the inclusion of
DNA end–processing enzymes such as Trex2.16,17 However,
such efforts may yield only incremental improvements, and
targeting a single site for non-homologous end joining-
induced mutation may be incapable of achieving the required
>99% disruption needed for HIV cure.

An alternative approach to achieving high levels of HIV
disruption is the use of paired cleavage events within the HIV
genome. This originally arose from the use of enzymes tar-
geting HIV long terminal repeat (LTR) sequences present at
both ends of the integrated HIV genome. It was observed that
this frequently led to excision of the intervening portions of
the HIV genome, a result clearly desirable for HIV cure.
Importantly, the levels of excision seen have generally ex-
ceeded the levels of mutagenesis in single-nuclease ap-
proaches.18–21 This is presumably because closely spaced
pairs of DNA DSBs lead to release of the intervening HIV
sequence, making it much less likely that cellular DNA repair
mechanisms can restore the intact integrated viral sequence.
Although originally observed in the LTR-targeting ap-
proaches described earlier, high efficiency of excision can
also be achieved by using Cas9 with two or more guide RNAs
targeting non-LTR sequences, suggesting that this approach
may be widely applicable.

Resistance

Another potential problem with designed endonuclease
therapy is the possibility of viral resistance. Although a given
target sequence is unlikely to be perfectly conserved in all the
HIV strains circulating worldwide, this approach should benefit
from targeting highly conserved regions of the virus, tailoring
the choice of endonuclease based on viral genotype at the target
site, and perhaps by targeting multiple regions of HIV simul-
taneously.22–24 Such approaches should also address the issue
of viral quasispecies present within an infected individual.

An additional concern is the possibility that viral resistance
might emerge as a result of the endonuclease therapy itself.
The induced insertions and deletions introduced into the viral
target site may not themselves result in a loss of viral fitness if
they maintain the frame of the encoded protein, as illustrated
by insertion of a tyrosine after a 3 bp insertion into the viral
reverse transcriptase after ZFN therapy.25 Similar resistance
mutants have been shown to emerge and replicate in cultures
undergoing treatment with HIV-targeted Cas9.26–28 For-
tunately, it appears that the emergence of resistance can be
successfully managed in a manner that is analogous to tra-
ditional antiviral therapy, by simultaneously targeting mul-
tiple sites within the viral genome. Although ten or more sites
may be required if targeting is limited to the LTR,22 attacking
other more conserved sites elsewhere in the genome may
allow fewer targets to suffice.

Conclusions

It is nearly certain that any effective approach to HIV
cure will rely on a combination of strategies, and the most
promising of such combinations includes a component of
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reservoir reduction. Direct targeting of integrated provirus
using targeted endonucleases is an intuitively attractive
concept for reservoir reduction, but several challenges have
been identified, including optimization of enzyme activity
and specificity, possible emergence of viral resistance, and
delivery of the enzymes to a sufficient portion of the cells
harboring latent virus.

Of these, it seems the main challenge to bringing endo-
nuclease therapy to reality for HIV will be ensuring effective
delivery. Current approaches are likely to be insufficient, and
workers in the field should broadly consider a wide variety of
possible approaches, including improved AAV, lentivirus, or
other viral vectors; nanoparticle-based delivery, especially
systems offering selective delivery to CD4-expressing cells;
and cell-based delivery systems.

Progress in developing in vivo delivery systems that can
efficiently target transgenes to immune cells would also
benefit other aspects of the HIV cure effort. For example, one
of the main limitations of cell-based gene therapy such as
CCR5 disruption is the need for complex ex vivo manipula-
tion of immune cells or stem cells.29 The ability to perform
such cell manipulation in a completely in vivo manner would
allow approaches such as CCR5 disruption to be much more
easily scaled into resource-limited settings. Similarly, the
ability to preferentially target latency-reversing agents, an-
tiproliferatives, or other agents to reservoir cells may increase
their efficacy and safety in HIV cure efforts.
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