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Combination antiretroviral therapy (cART)
is currently the only sustainable strategy to
prevent AIDS-related morbidity and mortal-
ity in the millions of individuals living with
HIV. However, even profound suppression
of HIV viremia is insufficient to achieve a
cure. A long-lived latent viral reservoir that
harbors replication-competent provirus en-
ables HIV to escape the effects of cART
and re-establish active infection as soon as
therapy is interrupted.1 Various strategies
to eliminate the reservoir, or at least to
achieve permanent viral remission in the
absence of cART, are under investigation.
One such approach, the use of endonucleases
such as the clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9
system to disable or excise HIV-1 proviruses
by targeting the long terminal repeat (LTR)
or essential viral genes, has shown promise
in vitro. In this issue of Molecular Therapy,
Yin and colleagues take an important step
in moving this approach to in vivo applica-
tion by investigating the feasibility of Cas9-
mediated provirus excision in three murine
models of HIV-1 infection.2 Their ability to
deliver an all-in-one adeno-associated virus
(AAV) vector containing multiple single-
guide RNAs (sgRNAs) in tandem with
Staphylococcus aureus (sa)Cas9 and to detect
HIV-1provirus excision in multiple tissues
and organs in models, including bone
marrow-liver-thymus (BLT) mice with
chronic HIV-1 infection, represents an
exciting milestone in moving the field
toward human trials.

There is an abundance of in vitro data sup-
porting the potential of endonuclease-based
gene editing therapies toward the cure for
chronic viral infections.3 For HIV, the pre-
ponderance of evidence suggests that provi-
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rus excision from infected cells is particularly
efficacious and precise.4,5 However, in vivo
data supporting gene editing of viral ge-
nomes is lacking, largely attributed to limita-
tions in vector delivery. Only a single previ-
ous study has shown successful targeting of
an established viral infection, with herpes
simplex virus, in vivo.6 The report by Yin
and colleagues2 now expands this list to
include established HIV infection by demon-
strating successful delivery and activity of
HIV-specific endonuclease therapy in vivo.

Yin et al.2 demonstrated that an oversized
cargo of 5.7 kb, encoding four multiplexed
sgRNAs along with saCas9, can be efficiently
packaged into AAV-DJ and AAV-DJ/8 vec-
tors and delivered in vivo. AAV was a logical
choice of gene transfer vector for this appli-
cation. Its wide use in clinical trials, non-
pathogenicity, and varied tropism are all
attractive attributes. The use of AAV-DJ
and AAV-DJ/8 is also logical as a proof of
concept. Both of these engineered AAV vec-
tors contain hybrid capsids derived from
multiple AAV serotypes, allowing them to
transduce a broad range of tissues and cell
types.7 The ability to deliver and express
multiple sgRNAs along with saCas9 from
the same vector in the same cell also has
significant advantages over single sgRNA
treatment. Recent in vitro studies have
demonstrated that suboptimal mutagenic
DNA repair after endonuclease cleavage at
a single HIV loci inevitably leads to rapid
viral escape.8 Complementary evidence also
suggests that a combinatorial approach tar-
geting two or more regions of the HIV
genome that can facilitate higher proviral
mutagenesis could circumvent viral escape.
In the present study, Yin et al.2 showed
that combining sgRNAs targeting LTR and
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structural proteins resulted in higher levels
of both small indels and excision of HIV seg-
ments between target sites, resulting in
higher overall disruption efficiency. These
properties will play crucial roles as HIV
genome editing progresses toward clinical
trials by minimizing concerns about HIV di-
versity and the emergence of resistance.5,9,10

As a first step towards demonstrating the
viability of saCas9-mediated HIV-1 proviral
excision in vivo, the investigators opted for
the HIV-1 Tg26 transgenic mouse. This
model is widely used to study HIV-related
pathology. Each cell of the Tg26 transgenic
mouse contains a tandem repeat of 10–20
copies of a replication incompetent 7.4 kb
pNL4-3 proviral construct. Yin et al.2 admin-
istered multiplexed saCas9 AAV-DJ or
AAV-DJ/8 through tail vein injection and
demonstrated efficient expression of saCas9
in various solid tissues and organs
throughout the mice as early as 1 week.
4 weeks later, the researchers also observed
fragmentation of the integrated HIV provi-
rus by PCR genotyping in various tissues,
including brain, heart, liver, lung, kidney,
and spleen. A notable finding was the consis-
tently quantifiable difference in relative Env,
Gag, and Tat mRNA expression levels in
treated versus control mice across multiple
organs/tissues. This suggests that given effi-
cient delivery and expression, saCas9 and
sgRNAs are able to mediate proviral cleavage
events, leading to meaningful reduction in
transcription of genes associated with target
sites.

With definitive evidence that quadruplexed
saCas9 is able to excise integrated provirus
in vivo, Yin et al.2 then investigated the po-
tential utility of saCas9/sgRNA during sys-
temic HIV-1 infection. For this purpose,
the team inoculated the NCr strain of nude
mice injected with an EcoHIV-eLuc reporter
Therapy.
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Figure 1. In Vivo Excision of Latent HIV

(A) HIV infection, establishment of latency in humanized BLT mouse, and delivery of sgRNA saCas9 through AAV.

(B) Endonuclease viral genome excision and provirus disruption leading to reduction in reservoir.

www.moleculartherapy.org

Commentary
virus and AAVDJ/8 through sequential
retro-orbital injection and followed dissemi-
nation of EcoHIV-eLuc infection through
longitudinal bioluminescence imaging. Eco-
HIV-eLuc is a chimeric HIV-1 that contains
the gp80 envelope protein of murine leuke-
mia virus-1 in place of gp120. It is able to
productively infect murine lymphocytes
and is often utilized to study HIV-associated
neurocognitive deficits. Supporting the
earlier observations in Tg26 mice, varying
degrees of excision were observed in multiple
tissues and organs, including up to 96% by
qPCR in liver, perhaps attributable to the
high level of AAV transduction in that organ.

Memory CD4+ T cells constitute a well-es-
tablished HIV cellular reservoir that is likely
the major contributor to HIV latency.11

Eliminating the provirus from this cellular
compartment might pave the road to an
HIV cure or unlock heretofore unknown
cellular reservoirs for the virus. Thus, the
most relevant in vivo models for HIV infec-
tion must closely mimic these reservoirs
and viral latency and recapitulate viral
rebound after treatment interruption. Hence,
the third and final model used by Yin et al.,2

the BLT mouse, is particularly important.
The BLT mouse is a uniquely useful in vivo
model of HIV latency, generated by trans-
planting NOD SCID mice with human fetal
liver, thymus, and CD34+ cells, thereby al-
lowing tissue-wide humanT cell distribution.
Human hematopoietic cells are present in all
mouse tissues, including peripheral blood,
lymphoid, and mucosal tissues, and latent
HIV infection can be established.12 In the
present study, Yin et al.2 established latency
in BLT mice through either vaginal mucosal
transmission or intraperitoneal injection
with an R5-, M tropic HIV molecular clone,
NL-Bal-eLuc. After intravenous and intrava-
ginal administration of AAV-DJ/8 carrying
qudraplex sgRNA with saCas9, they were
able to detect Cas9-mediated excision events
in various tissues and organs, including in the
human thymic organoid. Thus, Yin et al.2

have demonstrated that saCas9 driven exci-
sion of latent HIV infection can be success-
fully achieved in vivo (Figure 1).

These promising results suggest that, given
the opportunity for efficient delivery and
Molec
expression, saCas9 can efficiently cleave the
HIV genome in various anatomical loca-
tions. However, several issues remain to be
addressed prior to clinical trials. While an
AAV serotype with broad tropism is ideal
for proof-of-concept studies, replication-
competent HIV is rare (present only in one
of every 10,000 to 1,000,000 CD4+ T cells),
and thus identifying delivery vectors with
high specificity to the HIV reservoir remains
a significant hurdle. There is currently no
known viral or non-viral agent that is
capable of efficiently and selectively deliv-
ering and expressing transgenes in these
cells. An ideal delivery candidate should
possess the ability to carry a relatively large
cargo to relevant reservoir cells and facilitate
pharmacologically significant enzymatic ac-
tivity. It should also exhibit little to no
toxicity irrespective of the duration of its
presence in vivo, whether transient or
long term.

There are other limitations that the field, as a
whole, needs to overcome as it moves toward
clinical trials. Mathematical modeling sug-
gests that greater than a 10,000-fold reduc-
tion of the reservoir may be necessary to
completely prevent viral rebound during
the lifetime of an infected individual.13,14

Therefore, quantifying the level of reservoir
reduction following gene therapy remains
essential for evaluating treatment efficacy
and determining when treatment can be
safely interrupted. Such quantification was
limited in this study, especially in the BLT
mouse model. The long-term effects of
Cas9/sgRNA therapy, such as potential
off-target genomic effects, also need to be
evaluated comprehensively in increasingly
relevant animal models, such as non-human
primates. Nevertheless, the in vivo findings
of Yin et al.2 provide a significant milestone
in the application of genome editing technol-
ogy against HIV infection. Taken together
with progress in other strategies against
HIV, the work supports continued optimism
that a cure for HIV can be achieved.
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Cellular immunotherapy using chimeric an-
tigen receptor (CAR)-bearing T cells has
shown promise in early clinical trials, espe-
cially for the treatment of CD19+ B cell ma-
lignancies.1 Despite impressive remission
rates in this clinical setting, associated
toxicity has been observed.2 CAR T cells
directed against solid tumor antigens have
fared less well, with few durable clinical re-
sponses but still associated toxicity.3 Toxicity
results in part from the “on-target, off-tu-
mor” effects of CAR-T cells, as the tumor-
targeting ectodomain of the CAR molecule
cannot discern target molecules expressed
on tumors versus normal tissues. In this issue
ofMolecular Therapy, Fisher et al.4 describe a
unique approach using gd-T cells as the plat-
form for expression of a novel co-stimulatory
CAR, arguing for the potential of these
uniquely engineered cells to mediate tu-
mor-specific killing with far less off-tumor
toxicity.

gd-T cells are a minor subset of peripheral
lymphocytes in humans (<5%). Unlike
ab-T cells (the major circulating T cell sub-
set, which are commonly utilized in creating
CAR T cell immunotherapy products),
gd-T cells do not require major histocom-
patibility complex (MHC) class I or II mol-
ecules for recognizing antigens.5 gd-T cells
respond to non-peptide phosphoantigens
generated in the eukaryotic mevalonate
metabolic pathway. The most abundant
gd-T cells express the Vg9Vd2 T cell recep-
tor (TCR) that recognizes isopentenyl pyro-
phosphate (IPP), which is overproduced in
cancer cells.5 The dysregulated mevalonate
pathway in tumors leads to higher concen-
trations of IPP, which is sensed by gd-
TCR as a “danger signal.” Hence, gd-T cells
can discriminate tumor cells with dysregu-
lated metabolism, which express these
danger signals, from healthy cells, which
do not.

gd-T cells are thought to help bridge the
innate and adaptive immune systems, and,
thus, functionally and phenotypically share
components of both.6 For example, gd-T
cells express numerous receptors typically
found on innate immune effectors, such
as natural killer (NK) cells, which play
Therapy.
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