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Targeted genomic integration typically
requires designer nucleases that aug-
ment gene targeting efficiencies by creat-
ing a double-strand DNA (dsDNA) break
at the target locus. This break provides the
“molecular trigger” necessary to boost the
efficiency of homologous recombination
by several orders of magnitude. Eliminat-
ing the nuclease once it has done its job is
highly desirable but remains a challenge.
In a recent issue of Nature, Barzel et al. de-
scribed a promising nuclease-free method
for gene targeting by homologous recom-
bination with unexpected high efficien-
cy.! Promoterless adeno-associated virus
(AAV) vectors were designed to specifical-
ly target the albumin locus, which is highly
expressed in the liver. Consequently, tar-
geted genomic integration of a coagula-
tion factor IX (FIX) complementary DNA
into the albumin locus directed sustained
FIX expression at therapeutic levels and
corrected the bleeding diathesis in hemo-
philic mice. This approach may ultimately
pave the way toward a safer and efficacious
liver-directed gene therapy that minimizes
the risk of insertional oncogenesis and off-
target effects. This is particularly relevant
for diseases that manifest themselves in in-
fants and require early treatment by gene
therapy.

The ability to integrate therapeutic
genes at a specific location in the human
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genome represents an attractive paradigm
for gene therapy of monogenic diseases.
Efficient targeted genomic integration into
a so-called “safe harbor” locus>® would
obviate safety concerns associated with
random genomic integration by reducing
the risk of insertional oncogenesis.** To
achieve targeted genomic integration into
a predefined locus, one can exploit homol-
ogous recombination between the donor
DNA and the target site in the genome.
This technology has been widely used to
genetically modify embryonic stem cells
and generate gene knockout mice—the
basis for the Nobel Prize in Physiology
or Medicine 2007 awarded to Mario R.
Capecchi, Sir Martin J. Evans, and Oli-
ver Smithies (http://www.nobelprize.org/
nobel_prizes/medicine/laureates/2007).
However, enrichment of cells harboring
the desired genetic modification requires
elaborate selection schemes that are not
readily amenable to gene therapy applica-
tions. Initial attempts to achieve in vivo
gene targeting (e.g., in liver) using AAV
vectors resulted in modest targeting ef-
ficiencies, typically in the range of 1 per
10° cells.® The efficiency of gene targeting
could be dramatically increased—by up to
10,000-fold—by inducing a dsDNA break
at the target locus. To achieve such a tar-
geted dsDNA break, rare-cutting designer
nucleases have been developed that rec-
ognize the desired nucleotide sequence.’
Typically, this has been accomplished us-
ing designer zinc-finger nucleases (ZFNs)
composed of a nonspecific nuclease (e.g.,
Fokl) genetically engineered with an ar-
ray of zinc-finger (ZF) protein domains.
These domains recognize and bind to the
desired DNA sequence and consequently
allow FokI to cleave the DNA sequence at
this location.

Alternatively, transcription activa-
tor-like effector nucleases (TALENSs) have
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been used, whereby the Fokl nuclease is
coupled to transcription activator-like ef-
fector domains that confer the nucleotide
sequence specificity. More recently, gene
targeting has also been accomplished us-
ing an RNA-based targeting paradigm
based on the bacterial CRISPR/Cas9 sys-
tem that cleaves DNA at a locus defined by
a guide RNA that coaxes the Cas9 protein
to the DNA target site to catalyze DNA
cleavage.® Designer nucleases, which have
been explored for both ex vivo and in vivo
gene therapy applications, were shown to
result in increased gene targeting into pre-
defined chromosomal loci with minimal
off-target effects.” Specifically, to achieve
efficient in vivo gene targeting in the liver,
AAV vectors have been employed to code-
liver the gene-targeting construct with
ZFNs specifically designed to achieve a
dsDNA break at the target locus.'®" This
resulted in gene replacement through
both homology-directed and homology-
independent targeted gene insertion at
the ZFN-specified locus. The level of gene
targeting achieved (1-3%) was sufficient to
partially correct the bleeding disorder in a
mouse model of hemophilia B consistent
with about 5% of normal FIX levels. In this
specific case, targeted gene correction was
critically dependent upon codelivery of the
specific AAV-ZFN. ZFN-mediated target-
ing could also be achieved in the absence
of homology arms, indicating that targeted
integration occurred predominantly via
nonhomologous end joining.

Although nuclease-mediated gene
targeting remains promising, it also
raises some important safety and/or ef-
ficacy issues. Specifically, expression of
these designer nucleases after in vivo gene
therapy might provoke unwanted im-
mune reactions that could result in the
immune clearance of the gene-modified
cells. Although this has not yet been
observed in conventional small-animal
disease models, it cannot be excluded in
human subjects. The expression of de-
signer nucleases could theoretically result
in an uncontrolled DNA damage response,
off-target dsDNA breaks and mutagen-
esis, or even chromosomal translocations
and other cytogenetic abnormalities. This
may depend, at least in part, on the level
and/or duration of expression, the type
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Figure 1 Nuclease-free adeno-associated virus (AAV)-mediated site-specific integra-
tion into the albumin locus. See text for details. cDNA, complementary DNA; FIX, coagulation
factor IX; ssAAVS, single-stranded AAV serotype 8; UTR, untranslated region.

of nuclease used, the target cell type, and
other unknown extrinsic and intrinsic fac-
tors. Transient expression of the designer
nucleases would therefore be mandatory
to minimize the risk of long-term side
effects. However, the current vector plat-
forms most commonly used to express
the designer nucleases, particularly AAV
and integration-defective lentiviral vec-
tors, typically result in relatively prolonged
expression after in vivo gene therapy.'®
Moreover, it is unclear how to prevent in-
advertent genomic integration of the de-
signer nuclease genes.

In the new study, Barzel and colleagues
developed an alternative in vivo gene tar-
geting strategy that does not require any
designer nucleases.! To achieve this, they
designed an AAV vector that contains a
promoterless FIX construct flanked by
sequences homologous to the albumin lo-
cus, which is highly expressed in the liver.
The construct was specifically designed to
achieve targeted integration by homolo-
gous recombination of the FIX sequences
into the albumin locus, just upstream of
the albumin stop codon (Figure 1), re-
sulting in a genetic coupling between the
endogenous albumin gene and the exog-
enous FIX sequences and consequently
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linking FIX expression to the intrinsic high
albumin expression in hepatocytes. As an
extra precaution, to minimize disruption
and dysregulation of the albumin gene, a
2A-peptide was included in the targeting
construct. This caused ribosomal skipping,
so that the transcribed bicistronic albu-
min-FIX messenger RNA was translated
into individual albumin and FIX proteins.
This targeting strategy was relatively effi-
cient, yielding up to 0.5% hepatocytes har-
boring the desired genetic modification.
Most importantly, by co-opting the potent
endogenous albumin promoter, robust
FIX expression levels could be achieved in
the range of 7-20% of normal FIX levels
sufficient to partially correct the bleeding
phenotype in FIX-deficient hemophilia B
mice.

This study has important implications
for gene therapy. A nuclease-free approach
may greatly increase the overall safety of
gene targeting by avoiding unwanted im-
mune reactions to the designer nuclease
and/or the gene-modified cells and mini-
mizing the risk of off-target and other
undesirable effects. More remarkably, the
relatively robust targeting efficiency was
several orders of magnitude higher than
what had been reported in the pioneering
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studies of Miller and colleagues.® The exact
reason for this difference is not fully un-
derstood, but it may be due at least in part
to the high expression potential of the al-
bumin locus and its associated chromatin
configuration, the design of the targeting
construct itself, and/or the use of more ef-
ficient hepatotropic AAV serotypes (AAVS
vs. AAV6). It would be reassuring to test
the general applicability of this approach
using other genes and constructs so as
to confirm the high targeting efficiencies
using PCR-independent quantification
methods. Whether the AAV episomes
that did not engage in targeted integration
at the albumin locus could still integrate
randomly into preexisting dsDNA breaks
in the target genome remains to be ad-
dressed.”” Interestingly, previous studies
showed that targeted integration into an
artificial chromosomal locus required de
novo expression of designer nucleases,'”"
in contrast to the findings of Barzel et al.
One likely explanation for this apparent
discrepancy is that targeted integration
in the absence of any homology arms oc-
curred via nonhomologous end joining in-
stead of by homology-directed repair.

Despite their promise, the overall effi-
ciency of these novel integrating AAV vec-
tors still lags behind that of conventional
AAV vectors. For instance, the latest-gen-
eration AAV vector designs containing
optimized liver-specific promoters showed
that FIX activity levels approaching 50%
of normal levels could be attained with a
relatively low vector dose corresponding to
only 10° genome copies per mouse (i.e., 5 x
10" vector genomes/kg)."* By contrast, in
the study by Barzel et al., 10'* genome cop-
ies per mouse (i.e., 5 x 10" vector genomes/
kg) yielded only 20% FIX, and doses below
10" genome copies per mouse were sub-
therapeutic. This amounts to a >2,500-fold
difference in overall efficacy, compared
with state-of-the-art conventional AAVs. A
hyperactive FIX transgene'*"* or alternative
hepatotropic AAV capsids'® might further
improve efficacy.

Nevertheless, even with these im-
provements, higher AAV vector doses
will still be required to achieve efficient
site-specific targeting. Such doses in-
crease the likelihood of inducing AAV
vector-specific cytotoxic T-cell-mediated
immune responses that could clear the
gene-modified cells and cause acute liver
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toxicity."”-"* However, this obstacle could
potentially be overcome by using transient
immune suppression.'”? Despite these
potential immune complications, the use
of a site-specific integrating AAV vector
may overcome potential concerns of in-
sertional oncogenesis given that that AAV
is known to integrate at a low but measur-
able rate (0.1-1% transduction events).
Nevertheless, with the exception of the
emergence of hepatocellular carcinoma in
neonatal mucopolysaccharidosis VII mice
undergoing AAV gene therapy,” the overall
oncogenic risk of using conventional AAV
for gene therapy appears to be very low,?'
although this remains a largely unresolved
issue.””

Although hepatic expression from
conventional AAV vectors seems rela-
tively stable based on the currently avail-
able clinical data'>? as well as on the many
preclinical studies in a variety of small-
and large-animal models, it is not known
whether therapeutic expression will last
for the entire life span of a treated patient.
Expression from conventional AAV vec-
tors typically declines as a result of hepato-
cyte turnover, albeit slowly. Consequently,
this new AAV-based targeting approach
may be most relevant for genetic diseases
that manifest themselves in infants and
therefore require stable genomic integra-
tion to offset the loss of episomes in di-
viding hepatocytes. Another advantage of
the current promoterless AAV approach is
that it not only improves the overall safety

of the construct but also co-opts a robust
endogenous hepatocyte-specific promot-
er to drive expression of the therapeutic
transgene. Consequently, there is more
space available in the AAV vector to ac-
commodate larger transgenes (e.g., factor
VIII) that cannot be easily packaged into
AAV unless smaller and typically weaker
promoters are employed. In conclusion,
these integrating AAV vectors further en-
hance the versatility of AAVs and may ulti-
mately foster the development of new gene
therapy applications that warrant further
preclinical exploration in small- and large-
animal models.
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