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Recent advances in genome editing technologies have magni-
fied the prospect of single-dose cures for many genetic diseases.
For most genetic disorders, precise DNA correction is antici-
pated to best treat patients. To install desired DNA changes
with high precision, our laboratory developed base editors
(BEs), which can correct the four most common single-base
substitutions, and prime editors, which can install any substi-
tution, insertion, and/or deletion over a stretch of dozens
of base pairs. Compared to nuclease-dependent editing ap-
proaches that involve double-strand DNA breaks (DSBs) and
often result in a large percentage of uncontrolled editing out-
comes, such as mixtures of insertions and deletions (indels),
larger deletions, and chromosomal rearrangements, base edi-
tors and prime editors often offer greater efficiency with fewer
byproducts in slowly dividing or non-dividing cells, such as
those that make upmost of the cells in adult animals. Both viral
and non-viral in vivo delivery methods have now been used to
deliver base editors and prime editors in animal models, estab-
lishing that base editors and prime editors can serve as effective
agents for in vivo therapeutic genome editing in animals. This
review summarizes examples of in vivo somatic cell (post-natal)
base editing and prime editing and prospects for future
development.
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INTRODUCTION
More than 1 in 50 newborns are estimated to suffer from a heritable
genetic disorder.1 Some gene therapies have started to address such
diseases by delivering new copies of functional genes.2 However,
gene therapy approaches typically cannot restore native gene regula-
tion, can fail to maintain expression over time, and are unable to
deliver very large genes. An ideal approach to treating genetic disease
would permanently correct the causative disease mutation at the
native site in the genome. No such therapies have yet reached patients,
although some ongoing clinical trials disrupt targeted genomic loci
with indels to yield therapeutic effects. For most genetic diseases,
however, precise edits without mixtures of editing byproducts offer
patients the best prospects to rescue the effects of a pathogenic muta-
tion. Even dominant or gain-of-function mutations that can feasibly
be treated by disruption of mutant sequences can also benefit from
precise correction to restore endogenous expression of the healthy
gene andminimize uncontrolled and undesired consequences of dou-
ble-strand DNA breaks (DSBs).

Two classes of genome editing agents are particularly well-suited for
directly correcting disease mutations because they can install pro-
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grammable edits with relatively few uncontrolled indel outcomes
(high product purity). These are (1) base editors (BEs),3–5 which
use a programmable DNA binding protein such as a catalytically
impaired CRISPR-Cas protein or a TALE repeat array to direct an
adenine or cytidine deaminase to modify a targeted window of sin-
gle-stranded DNA, resulting in CdG to TdA or AdT to GdC conver-
sions; and (2) prime editors,6 which use a nuclease-impaired Cas
protein to direct a reverse transcriptase that can replace or insert
any desired sequence based on the information encoded in the co-
delivered prime editor guide RNA (pegRNA). Base editors can correct
transitionmutations, the largest single class of human disease-causing
mutations, accounting for �30% of known disease alleles. Prime ed-
itors are highly versatile and have been demonstrated to be capable of
installing any base-to-base change as well as insertions of up to 44
base pairs and deletions of up to 80 base pairs. In theory, these fea-
tures could permit prime editors to correct >89% of known human
disease-causing mutations, excluding only those that involve aneu-
ploidy, chromosomal rearrangement, or large duplications, inser-
tions, or deletions.6

Direct genomic correction in the proper cell population at an appro-
priate intervention time has the potential to permanently cure genetic
diseases. A major challenge to achieving this goal is the ability to
safely deliver genome editing agents in sufficient quantities to a large
enough fraction of relevant cells in vivo. The demonstration and opti-
mization of genome editing in animal models is an important step-
ping stone on the path to the clinic. While many diseases do not
yet have suitable delivery methods, some recent demonstrations
have powerfully demonstrated potential approaches that can be
adapted into clinical trials and human therapeutics.

In this review, we discuss three classes of mammalian cell genome ed-
iting agents that have been delivered in vivo and, within space limita-
tions, present a summary of some relevant delivery methods for
in vivo post-natal somatic cell genome editing. We also discuss pre-
clinical demonstrations of therapeutic base editing and prime editing
in mammalian models and prospects for future development.
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GENOME EDITING AGENT CLASSES AND
THERAPEUTIC APPLICABILITY
Integrases,7 recombinases,8 transposases,9 endonucleases such as
meganucleases,10 and zinc finger nucleases (ZFNs)11 have all been
demonstrated to introduce genomic changes in mammalian cells.
However, because these technologies are not easy to reprogram to
target any genomic site of interest, custom editor proteins must be
generated through directed evolution, selection, or rational design
in order to modify a desired genomic locus. Transcription acti-
vator-like effector nucleases (TALENs)12 are simple to design but
not trivial to construct or clone. The generation of all these tools is
typically time and resource intensive, and the resulting candidate
editing agents can vary substantially in activity and specificity for
the targeted site.

The discovery and subsequent development of CRISPR-Cas systems
for genome editing13 greatly simplified the challenge of retargeting
a nuclease to a genomic locus of interest. Cas9 was originally discov-
ered as a component of an adaptive immune system in bacteria that
cleaves bacteriophage DNA.14 The Cas9 protein can bind a guide
RNA molecule that directs its nuclease activity to a target DNA
sequence through simple guide RNA:DNA base pairing to the tar-
geted site. Specificity of the ribonucleoprotein (RNP) complex can
be reprogrammed by altering a short stretch of approximately 20
base pairs in the guide molecule. This method obviates the need for
labor-intensive protein engineering or evolution that is typically
required to retarget previous gene editing tools. Although simple rules
for rational design of TALENs have been described,15,16 generating a
TALEN to target a desired site requires synthesis of a multi-kilobase
gene and production of a new protein for each target, rather than sim-
ply replacing 20 nucleotides of a small, co-delivered RNA as for Cas9.

The facile targeting enabled by Cas9 and the ease with which its
nuclease activity can be inactivated while preserving its DNA-binding
capability have enabled new tools that conduct other functions be-
sides the introduction of DSBs. These include the first base editors
and prime editors, as well as other Cas-guided effectors like transpo-
sases17,18 and domains that activate19 or repress20,21 transcription.
CRISPR-free base editors that use TALE repeat arrays instead of
Cas proteins to target DNA have also been developed, enabling pre-
cision gene editing in organelles that cannot be edited with CRISPR
agents.22 Nucleases, base editors, and prime editors have already
shown promising results in animal models, in some cases resulting
in dramatic rescue of disease phenotypes following a one-time admin-
istration of the editing agent, as summarized below.
Nucleases

Nucleases edit the genome by the introduction of DSBs (Figure 1A).
DSBs are typically repaired by non-homologous end joining
(NHEJ)23,24 or microhomology-mediated end joining (MMEJ)25,26

processes, both of which result in small insertions and deletions (in-
dels) (Figure 1A). End joining can yield perfect correction back to the
pre-cut state, but such a perfectly corrected product can serve as a
3108 Molecular Therapy Vol. 29 No 11 November 2021
substrate once again for the nuclease. The set of indels resulting
from NHEJ and MMEJ are often predictable and reproducible27–29

but are dictated by the surrounding sequence context and repair ma-
chinery. Thus, the specific outcomes of end-joining repair pathways
have not been possible to control by researchers.

Large disruptions can also result from DSBs. Deletions or duplica-
tions spanning hundreds to thousands of base pairs,30,31 or loss of
chromosome arms,32 have been reported as repair products following
DSB introduction with frequencies of greater than 10% of resulting
alleles. These outcomes are not detectable by standard amplicon
sequencing that involves PCR amplification of a few hundred nucle-
otides around the target site but are detectable by long-read
sequencing, whole-genome sequencing, or loss-of-heterozygosity
analysis that involves comparing heterozygous single-nucleotide
polymorphisms (SNPs) before and after editing. In addition, when
multiple DSBs are produced simultaneously in different chromo-
somes, chromosomal translocation can result. The frequency of
such translocation outcomes is about 0.5%–3% when two DSBs are
simultaneously targeted by nucleases.33–35 However, a single nuclease
could also cause translocations, particularly if off-target DSBs are also
introduced. Extensive chromosomal rearrangements and copy num-
ber variations that occur between the cut site and the end of a chro-
mosome, collectively called chromothripsis, as well as micronuclei
composed of acentric chromosome arms separated by the DSB,
have also been described as outcomes following DSBs.36 Although
the capacity of nucleases to introduce unwanted genome changes
that in principle could contribute to cancer should be considered in
any potential therapy, they constitute relatively rare outcomes, and
their potential clinical relevance is unknown.

Another potentially detrimental outcome following DSB formation
by nucleases is the activation of the p53-mediated DNA damage
response.37–39,206 Upon cellular detection of DSBs, p53 normally halts
progression through the cell cycle until the damage is repaired or, if
repair is not achieved, promotes the cell to undergo apoptosis.40

Dividing cells surviving nuclease-mediated genome editing may be
enriched in cells that have inactivated their p53 DNA-damage
response and continue to divide without proper checks for genome
integrity,39 which could promote oncogenesis. Even in the absence
of p53-inactivating mutations, a loss of edited cell fitness incurred
by p53-induced cell cycle arrest could complicate nuclease-mediated
therapeutics.

Nuclease-mediated editing with a donor DNA template

The most versatile application of nucleases for genome editing is the
ability to insert, delete, or replace any desired sequence at a target site
using homology-directed repair (HDR),41 templated by an exogenous
donor DNAmolecule (Figure 1A). The ability to conduct Cas9-medi-
ated HDR in mammalian cells has advanced the study of human ge-
netics and enabled the construction of a wide range of cell and animal
models with modifications at genomic sites of interest. While highly
impactful for biological research, HDR is limited in its therapeutic po-
tential because it is inefficient in non-dividing or slowly dividing cells,
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Figure 1. Genome editing mechanisms of base

editors, prime editors, and nucleases

(A) Nuclease-mediated editing. (B) Cytidine base editing.

(C) Adenine base editing. (D) Prime editing. PAM, proto-

spacer-adjacent motif; UGI, uracil glycosylase inhibitor

domain; Cas9n, Cas9 nickase; sgRNA, single guide RNA;

pegRNA, prime editor guide RNA; HITI, homology-inde-

pendent targeted integration; HDR, homology-directed

repair.
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such as those that make up most of the post-natal body. This ineffi-
ciency is at least partly due to the cell-cycle-dependent expression
of cellular factors that mediate HDR, which are primarily expressed
during S, G2, and M phases.42–45 In addition, the requirement of a
DNA donor template complicates the prospects for in vivo HDR,
both due to the additional component that must be delivered and
the potential for immune responses triggered by exogenous DNA.
For these reasons, the application of HDR has been limited primarily
to cultured cells, zygotes, and embryos. To our knowledge, the only
reported examples of in vivo HDR in adult mammals have yielded
relatively low editing efficiencies of 0.1%–6.5%.46–51

An alternative nuclease-mediated method that can introduce targeted
insertions in genomic DNA in non-dividing cells is homology-inde-
pendent targeted integration (HITI).52 HITI relies on NHEJ to insert
double-stranded DNA fragments provided in trans. Orientation of
integration cannot be specified using HITI, and indels at each DSB
Molecular
site are also generated. The delivery of Cas9
nuclease and HITI donor DNA via a dual ad-
eno-associated virus (AAV) system resulted in
4.5% restoration of Mertk expression levels in
the mouse eye in a mouse model of retinitis
pigementosa52 and permitted expression of an
Abcd1 transgene in many tissues following
systemic delivery in a mouse model of
adrenoleukodystrophy.53

Ex vivo editing of cultured primary cells via
HDR or HITI, followed by transplantation
back into the patient, is a potential therapeutic
strategy. HDR or HITI has been demonstrated
in primary hematopoietic stem and progenitor
cells (HSPCs),54–60,207,208 T cells,61,62 airway
basal stem cells,63 induced pluripotent stem cells
(iPSCs),64–66 and mesenchymal stromal cells,67

with efficiencies ranging from 10%–75%, which
correspond to therapeutic levels of editing
for some diseases. However, the majority of al-
leles that do not successfully incorporate the
DNA donor are indel products resulting
from NHEJ/MMEJ repair of DSBs without the
involvement of the DNA donor, and heterozy-
gous outcomes with one edited and one disrup-
ted allele are common. Complete rescue of a genetic disease pheno-
type based on transplantation of cells edited by HDR or HITI is
challenging due to incomplete editing, the difficulty of fully replacing
endogenous cells with transplanted ones, and potentially lower fitness
or engraftment durability of edited cells following DSBs.

Nuclease-mediated disruption of target genomic loci

Most therapeutic demonstrations using nucleases are for cases in
which disruption of target genomic sites can be therapeutic. Several
of these demonstrations have involved in vivo genome editing. One
such example is the treatment of a blindness disease mutation causing
Leber congenital amaurosis type 10, which generates an aberrant
splice donor in CEP290. In vivo sub-retinal delivery of a Cas9 nuclease
via AAV was able to edit this genomic disease locus in mouse and
non-human primate (NHP) models.68 Disruption of a mutated
exon inDmd corrected muscular dystrophy phenotypes in a mouse.69

Cas9-mediated in vivo knockout of Pcsk9 in the liver has been
Therapy Vol. 29 No 11 November 2021 3109
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demonstrated as a potential treatment for hypercholesterolemia.70

Recently, an exciting phase I clinical report used Cas9 nuclease in vivo
to disrupt transthyretin in the human liver for the treatment of hered-
itary transthyretin (ATTR) amyloidosis, showing good tolerance and
efficient transthyretin knockdown in study participants,71 building on
promising results achieved earlier in a mouse model.72

Ex vivo delivery of nucleases followed by transplantation of edited
cells also has strong therapeutic potential, particularly in the blood,
where engraftment is less of a barrier relative to solid organs. For
example, sickle cell disease and b-thalassemia can both be rescued
by upregulation of fetal hemoglobin, which is normally silenced
around the time of birth. Nuclease-mediated introduction of indels
in HSPCs at the fetal hemoglobin repressor BCL11A73,74 or at the fetal
hemoglobin promoter75,76 can induce fetal hemoglobin expression
and restore healthy red blood cells. Knockout of the HIV co-receptor
CCR5 in T cells can protect against HIV infection.77,78 Furthermore,
knockout of the checkpoint inhibitor PD-1 and other factors in T cells
can permit enhanced anti-tumor activity,79–81 potentially improving
CAR-T therapy.35

The high activity and facile programmability of Cas9 nuclease has
enabled many nuclease-based therapeutic strategies. However, most
genetic diseases cannot be addressed by indel introduction, and the
poor efficiency of repair with a DNA donor in most therapeutically
relevant cell types, as well as the potential drawbacks of making
DSBs, emphasized the need for new gene editing technologies that
overcome these limitations. To address these challenges, our labora-
tory developed base editors and prime editors.
Base editors

Base editors consist of DNA-modifying enzymes fused to a program-
mable DNA-targeting moiety. Our group, and Kondo and coworkers,
reported the first cytosine base editors (CBEs) in 2016 using natural
single-stranded DNA deaminase domains that convert cytosine nu-
cleotides to uracil, which is read as a thymine during DNA replica-
tion, DNA repair, and transcription3,5 (Figure 1B). In this manner,
CBEs can convert CdG base pairs first to UdG base pairs and ulti-
mately to TdA base pairs following DNA repair. To direct and limit
the activity of deaminase to the desired genomic site, nuclease-
impaired Cas9 was fused to single-strand cytidine deaminases.
Once the guide RNA and catalytically inactivated Cas9 engage the
target DNA, it creates a single-stranded stretch of genomic DNA
(the R-loop), within which the deaminase converts cytosines within
a small editing window into uracils. Cellular DNA repair machinery
can resolve the resulting base mismatch toward the desired state or
back to the starting state, but using a Cas9 nickase to nick the non-
deaminated strand biases mismatch repair to replace that strand
with a sequence templated from the edited one.3 In 2017, we reported
the first adenine base editors (ABEs), which convert AdT base pairs to
GdC base pairs4 (Figure 1C). Because natural deaminases that act on
deoxyadenosine are not known, laboratory evolution of a deoxyade-
nosine deaminase was required to engineer ABEs. All ABEs described
3110 Molecular Therapy Vol. 29 No 11 November 2021
to date use this laboratory-evolved deoxyadenosine deaminase, or
variants thereof.

Since the original description of base editors, more than 100 base ed-
itor variants have been developed to suit particular sequence contexts
or to modulate the editing window, activity, or specificity of base ed-
itors. For a detailed discussion of these variants and how to choose the
best one for a given application, we refer the reader to recent re-
views.82,83 In 2020, our group, in collaboration with the Mougous
and Mootha labs, reported base editors using TALE arrays to direct
double-stranded DNA deaminases to enable CRISPR-free base edit-
ing in the nucleus and in mitochondria,22 where the delivery of guide
RNAs has not yet been achieved. In addition, by promoting excision
of the uracil intermediate generated during cytosine base editing and
subsequent translesion DNA synthesis, CdG to GdC base editors
have also been reported.84–86

Base editors are particularly attractive tools for genome editing
because: (1) base editors do not rely on cellular HDR machinery, so
they can install programmed edits with high efficiency even in non-
dividing cells; (2) the editing outcome is particularly pure, typically
with >10:1 ratios of desired editing products:indel byproducts; (3)
base editing does not require DNA template delivery and can be per-
formed entirely with mRNA or RNP agents; and (4) SNPs are the
most common class of human disease-associated mutations, and
base editors can theoretically correct >70% of disease-associated
SNPs. ABEs are particularly applicable to the correction of human
disease SNPs with the ability to correct approximately half of patho-
genic point mutations.4 Furthermore, the translocations, large
deletions, and p53 DNA damage responses that are observed when
using nucleases are absent or greatly decreased when using base
editors.31,33,87

The main limitation of base editors is the careful positioning required
to place the target within the optimal editing window and exclude un-
desired bystander edits. The optimal editing window for original base
editors is approximately nucleotides 4–7 of the protospacer, where
nucleotide 1 is the most distant nucleotide from the protospacer-adja-
cent motif (PAM). Cas9 requires a PAM to bind its target sequence,
and if the protospacer cannot be appropriately positioned, efficient
base editing may not be possible. To address these limitations,
many new Cas and deaminase variants have been described that
have altered PAM specificities88–92 or editing windows.82,93–99 Some
deaminases favor acting on nucleotides with particular sequence con-
texts,3,94,100 which can be useful to minimize editing of nearby
bystander nucleotides. Adenine base editing has been reported to oc-
casionally result in bystander cytosine deamination,101 but recent
work has reported engineered deaminase variants that mitigate this
phenomenon.102

An additional concern when using base editors, like any genome edit-
ing agent, for therapeutic applications is the potential for off-target
editing. Off-target base editing can manifest as guide-independent,
spurious editing of RNA103,104 or genomic DNA95,105,106 or as
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guide-dependent off-target editing at sites that are engaged by the
RNP despite not perfectly matching the guide sequence.3,4 Although
few detrimental effects of off-target editing have been described, the
potential of spurious editing to contribute to oncogenesis is a major
consideration for all therapeutic applications of genome editing.
Many base editor variants have been described for both
CBEs103,105,107,108 and ABEs95,97,104 that minimize or prevent off-
target DNA or RNA editing while maintaining high on-target activity.

While in vivo base editing applications are discussed in detail below,
ex vivo base editing of cells followed by transplantation is also an
attractive potential therapeutic strategy. HSPCs can form the basis
of autologous bone marrow transplantation and can be efficiently edi-
ted in 80% of alleles or more by electroporation of base editor
mRNA87,109 or RNP.87,110 Because base editors do not introduce
DSBs, they are a particularly useful tool for multiplex editing, whereas
targeting multiple sites simultaneously with nucleases could cause
toxicity due to the DNA damage response and frequent translocations
arising from multiple DSBs in the same cell. In primary human
T cells, over 90% editing at each of three sites was observed using
CBE33 and ABE,97 and human HSPCs can be edited with greater
than 80% efficiency at each of two sites.110 Base editing in human
iPSCs, another cell type of interest for autologous transplantation,
has also reached over 80% efficiency.111 Because autologous grafts
can avoid immune complications, the ability to precisely modify a pa-
tient’s own cells for subsequent engraftment could enable more dura-
ble and safe treatments for genetic blood diseases.
Prime editors

To introduce precise DNA edits beyond those that can be installed by
base editing without requiring DSBs, we reported prime editing (PE)
in 2019.6 Prime editors are composed of an engineered reverse tran-
scriptase fused to Cas9 nickase that introduces a nick in the R-loop at
the target DNA site.6 The pegRNA contains a 30 extension that
anneals to the nicked target DNA strand. The annealed target
DNA:pegRNA serves as a primer-template complex for reverse tran-
scriptase, which polymerizes the desired sequence onto the nicked
target DNA site as specified by a template encoded in the pegRNA.
Cellular DNA repair then resolves the flap of edited DNA, resulting
in permanent incorporation into the genome (Figure 1D). Prime ed-
itors were demonstrated to be able to install any single base-to-base
change, deletions of at least 80 nucleotides, and insertions of at least
44 nucleotides.6

Prime editors are attractive tools for genome editing because they
offer (1) high versatility relative to base editors while maintaining
the advantages of avoiding DSBs, (2) pure editing outcomes with
few indels relative to nuclease-mediated HDR, and (3) exquisitely
precise editing with few to no off-target edits introduced,112–115 likely
due to the requirement of two additional DNA hybridization events
(reverse-transcriptase priming and DNA flap resolution) beyond
Cas9 binding that each provide opportunities to reject off-target
sequences.
Using the simple two-component system of a prime editor and
pegRNA (PE2), moderate editing activity of approximately 5%–
20% is typically achieved with a particularly pure outcome yielding
fewer than 1% indels. By delivering a second simple guide RNA that
directs the same protein to nick the non-edited strand, but has no 30

extension upon which the reverse transcriptase can act, DNA
mismatch repair can be biased to favor resolving the heteroduplex
intermediate toward the desired edited outcome (Figure 1D). While
this “PE3” editing strategy that includes an additional nick can in-
crease editing efficiencies 1.5- to 4-fold, it also has the potential to
increase indel formation, often to approximately 10% of resulting
alleles.6

Recently, our group, in collaboration with the Adamson and Weiss-
man laboratories, conducted a pooled screen to identify DNA repair
factors that counteract desired prime editing outcomes.116 We iden-
tified mismatch repair as a key antagonizing pathway, especially for
small edits spanning no more than a few nucleotides. Inhibiting
this pathway through the expression of an engineered MLH1 domi-
nant negative gene resulted in both greater efficiency of the desired
editing outcome and higher product purity (fewer undesired indel
outcomes). We designated these new prime editing systems PE4
and PE5 when lacking or including a nicking guide RNA, respectively.
In the same study, codon usage, nuclear localization signal (NLS) ar-
chitectures, and Cas9 variants were also assessed, and an optimal “PE-
max” architecture was established that further increased prime edit-
ing efficiencies. Separately, Kim and coworkers improved prime
editing efficiency by fusing chromatin-modulating peptides to the ed-
itor, and Xue and coworkers also optimized NLS architecture and
codon usage.117,118

Besides the prime editor protein itself, the pegRNA architecture is
also the subject of recent developments that improve PE outcomes.
Our group, as well as Wang and colleagues, and others, observed
that including a 30 motif for pegRNAs can preserve their otherwise
labile 30 extension in the cell and confer greater editing activ-
ity.119,120 Gao, Shendure, and their respective coworkers have re-
ported dual pegRNA editing strategies that employ two pegRNAs
to transcribe complementary sequences that improve editing out-
comes.121,122 The design of pegRNAs is a difficult process, so several
computational tools have been developed to assist investigators,123–
126 including one that designs dual pegRNAs.121 In cultured cells,
improvements to the editor protein (PE4max and PE5max) and
the use of engineered pegRNAs (epegRNAs)120 synergize to yield
a substantial boost in prime editing efficiencies, with typically
30%–60% of alleles edited to the desired outcome even in primary
cells.116 Initially reported prime editors (PE2 and PE3) have already
shown the ability to edit mouse,117,127,128 zebrafish,129 and
Drosophila130 embryos with 10%–50% efficiency to generate animal
models. In cultured hepatic progenitors, 2.3% prime editing was
achieved, which was sufficient to extend the lifespan of an adult ty-
rosinemia mouse model after transplantation.131 We anticipate that
the application of next-generation prime editors will further expand
their utility both in vivo and ex vivo.
Molecular Therapy Vol. 29 No 11 November 2021 3111
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Figure 2. In vivo delivery options and demonstrations

(A) Key delivery options and their typical advantages. (B) Published reports of in vivo

base editor and prime editor delivery to tissues. Images created using BioRender.

com. CNS, central nervous system; HSC, hematopoietic stem cell.
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GENOME EDITING AGENT DELIVERY PLATFORMS
To edit cellular genomes effectively in vivo, appropriate vehicles must
be used to deliver the editor to the relevant cell types (Figures 2A and
2B). A wide array of in vivo delivery methods have been described and
reviewed elsewhere.132–135 A selection of in vivo delivery modalities
most relevant to gene editing are briefly summarized below.
Viral vectors

Viral vectors represent one such promising approach. Over millions
of years of natural selection, viruses have evolved to readily infect cells
and deliver their nucleic acid payload. Co-opting viruses to deliver
genome editing agents has proven to be an effective method to achieve
in vivo editing of cell types amenable to viral transduction. When us-
ing a viral vector for delivery, packaging limitations of the nucleic acid
cargo are important constraints. The open reading frame encoding
S. pyogenes Cas9, which is most commonly used for genome editing,
is 4.1 kilobases (kb), base editors using the same targeting moiety are
4.8–5.6 kb, and prime editors are 6.4 kb. The addition of regulatory
3112 Molecular Therapy Vol. 29 No 11 November 2021
elements and a guide RNA cassette further increase the required cargo
size.

Lentiviruses deliver RNA cargo that is reverse-transcribed and inte-
grated into the host cell genome. Lentiviruses are most commonly
used for ex vivo modification of cells, although in vivo delivery
to the bone marrow, liver, and retina has also been demon-
strated.136–138 Advantages of using a lentiviral vector for the delivery
of genome editing agents are the moderate packaging capacity (�8
kb) and the option to modulate tropism by exchanging the envelope
glycoprotein, including the vesicular stomatitis virus G (VSVG)
glycoprotein that confers broad tropism. Disadvantages include
host immune responses against the virus, prolonged expression of a
delivered editor when only transient expression is required, and the
potential of the lentiviral genome to integrate in a detrimental loca-
tion in the genome, dysregulating nearby genes.

Adenoviruses deliver DNA cargo that is transiently maintained
episomally in the nucleus. Advantages of using an adenovirus to
deliver a genome editing agent include the large packaging capacity
(�36 kb), the short duration of editor expression, which is desirable
to minimize off-target editing, and the rarity of mutagenic genomic
integration of the delivered DNA.139 The primary disadvantage of de-
livery via adenovirus is the potential of the vector to elicit a robust im-
mune response in the patient, although the most recent generation of
adenoviral vectors have greatly reduced this immunogenicity by
removing endogenous viral genes from the delivered genome.140

AAVs deliver DNA cargo that is maintained episomally in the nu-
cleus but persists for a longer duration compared to adenovirus; while
expression from adenovirus is typically lost after less than 4 weeks,
AAV expression can persist for years.141,142 AAV is attractive due
to its particularly low immunogenicity, its clinical validation in
both experimental and US Food and Drug Administration (FDA)-
approved therapies,143 and the various natural and engineered sero-
types that offer a variety of tissue-type specificities.144,145 Disadvan-
tages of AAV for delivering genome editing agents include its small
packaging capacity (�4.7 kb, small enough that single-AAV produc-
tion even of only S. pyogenes Cas9 together with one guide RNA and
needed regulatory and accessory sequences is inefficient) and the long
duration of expression, which is typically unnecessary and therefore
undesired when delivering gene editing agents.

Non-viral platforms

A variety of synthetic delivery platforms have been engineered to
permit transient delivery of DNA, RNA, or protein into cells without
using viral components.146While suchmethods typically do not reach
the high transduction efficiency of evolved viral capsids, they may be
less immunogenic, are typically not limited by the packaging capacity,
and can minimize the duration of exposure of cells to editing activity
when directly delivering genome editing agent mRNA or RNP.

Lipid nanoparticles (LNPs) are the most established platforms for
the delivery of macromolecules including DNA, mRNA, and
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protein into cells, having been used for drug delivery since the
1990s147 and forming the vehicle for the first FDA-approved
RNAi therapeutic in 2018.148 Ionizable cationic lipids complexed
with the desired cargo enter cells first through endocytosis.
Upon acidification of the endosome, these lipids become positively
charged and interact with the negatively charged lipids that form
the endosome membrane, leading to disruption of the membrane
and delivery of the cargo into the cytoplasm.147 Modulating the
components of lipid nanoparticles can confer additional function-
ality,149 including improving delivery to liver,150–152 neurons,153

lung and spleen,154–156 and tumors.157 Several polymeric nanopar-
ticles have been developed to permit more controlled composition,
size, and release of the cargo.149,158–160 Targeting moieties have
been fused to the polymer constituents to direct cell specificity.161

Hybrid LNP-polymer nanoparticles have been developed with
improved liver targeting and expression.162

Cell-penetrating peptides have been used to deliver macromolecules
into cells,163 including Cas nucleases.164 While cell-penetrating pep-
tides are not demonstrated to be compatible with systemic in vivo de-
livery of editors, they may be directly applied to epithelial cells in the
lung165 or brain166 to achieve uptake and editing.

Hydrodynamic injection, involving the rapid addition of a large vol-
ume of solution to permeabilize cells, has been used to deliver genome
editing agents in rodents.49,50,118,167 Although systemic delivery in
humans is precluded due to the cardiac congestion resulting from
quickly adding a large volume to the blood, local delivery of editor re-
agents to patients may be possible in some parts of the body.168–170

Virus-like particles can combine the benefits of viral and non-viral
delivery platforms by using a viral capsid that evolved for efficient
cell transduction to deliver a cargo of editor RNP.171–174 Because
RNP is quickly turned over, this method should minimize exposure
time to the editing agent and reduce off-target editing.95,105 Thus,
for cell types amenable to viral transduction, VLPs are particularly
attractive delivery tools.
THERAPEUTIC IN VIVO BASE EDITING
In vivo gene editing to treat patients suffering from diseases with a ge-
netic component is a long-standing goal of modern medicine. While
ex vivo editing can address some diseases where transplantation of
edited cells is feasible, particularly in the blood, in vivo genome edit-
ing will likely be required to treat most genetic diseases. Such treat-
ments could offer single-dose cures for genetic disease that restore
endogenous regulation of the gene and require minimal burden on
the patient. The programmable and pure outcomes generated by
base editing and prime editing even in non-dividing cells means
that they could be excellent platforms to correct disease-associated ge-
notypes in vivo. While no such treatment has yet reached clinical tri-
als, several therapeutic proofs of principle in mammalian animal
models have been demonstrated that could provide a foundation
for future clinical trials (Table 1; Figure 3).
Liver

Due to the availability of multiple efficient liver delivery methods, the
first andmost efficient in vivo editing demonstrations have targeted dis-
eases that can be treated by editing hepatocytes. Musunuru and co-
workers first used an adenoviral vector to deliver the CBE “BE3” to
themouse liver and introduce a nonsense mutation in Pcsk9, disruption
of which can treat hypercholesterolemia.175 This strategy, reported in
2017, yielded an average of 28% base editing in liver tissue, a 54% reduc-
tion in PCSK9 protein levels in blood, and 28% reduction in cholesterol
levels 4 weeks after treatment. In 2019, Maresca and coworkers used a
similar strategy that was demonstrated to knock out human PCSK9 in
a humanizedmousemodel.176 This year, separate studies by Kathiresan,
Schwank, and their respective coworkers demonstrated LNP delivery of
ABEmRNAtodisruptPCSK9 in vivo inmice and cynomolgusmonkeys
via editing of a splice junction.177,178 These studies achieved up to 66%
base editing as measured from primate liver biopsies, resulting in a
90% reduction of PCSK9 protein in blood and 60% reduction in choles-
terol.178 Schwank and coworkers177 also employed dualAAVdelivery in
mice, achieving 60% base editing in bulk liver177 (“bulk” meaning that
cell populations were not separated or enriched from the tissue). How-
ever, the authors noted that LNP-mediatedmRNAdelivery is preferable
to minimize the duration of editor exposure. Off-target editing analyses
in both studieswere remarkably clean, indicating that theLNP-mediated
delivery of mRNA is a particularly efficient and precise editing strategy.

An additional study this year explored a creative strategy to reduce base
editor off-target editing and applied this strategy in vivo to edit mouse
Pcsk9. Chen and coworkers developed a base editor fused to an inhibi-
tory domain that is removed at the target site by a co-localized split
TEV protease.108 This new CBE variant, tBE-V5-mA3, did not yield
observable off-target genomic or RNA editing in cell or animal models.
It achieved 30% on-target editing to introduce a stop codon into liver
Pcsk9 in 8-week-old mice when delivered in dual-AAV8 vectors. This
treatment resulted in a decrease in PCSK9 protein serum levels by
�80% and a decrease in serum cholesterol of �30%. Unlike most
dual-AAV base editors, the architecture used in this study did not
involve splitting Cas9 but rather kept full-length Cas9 on one vector
withminimal regulatory elements and encoded the inhibiteddeaminase,
split TEVprotease, andguide RNAs on the otherAAV.The guide RNAs
included protein-binding sequences that recruited the deaminase or
TEV protease.

In 2018, Schwank and coworkers developed a dual-AAV approach to
deliver a variant S. aureus Cas9-BE3 to the mouse liver to correct a
phenylketonuria mutation in vivo.179 To generate dual-AAV vectors,
the base editor was split roughly in half with each end fused to a split
intein, permitting reconstitution of the editor upon expression of both
constructs. Dual-AAV BE3 treatment employing the AAV9 capsid
restored phenylalanine levels in the blood to a normal range and
conferred 10% editing in bulk liver at the target nucleotide 4 weeks
after treatment, increasing to 25% after 26 weeks. A subsequent study
by the same group this year established 10% editing in the samemodel
conferred by in vivo LNP-mediated delivery of the S. aureusCas9-BE3
mRNA (5-methoxyuridine modified).180 A second dose of LNP
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Table 1. Examples of therapeutic in vivo base editing and prime editing

Disease model Key organ (cell type) Editing outcome Editor variant Delivery method
Publication
date Reference

Hypercholesterolemia in mice liver (hepatocytes)
28% editing, reduced PCSK9
protein expression

BE3 adenovirus
September
2017

175

Hypercholesterolemia in mice
expressing human PCSK9

liver (hepatocytes)
�20% editing, reduced
PCSK9 protein expression

BE3 adenovirus
January
2019

176

Hypercholesterolemia in mice
and macaque

liver (hepatocytes)

67% editing in mouse and
28% editing in macaque,
reduced PCSK9 protein
expression

ABE7.10max
AAV8 and LNP
encapsulating mRNA

May 2021 177

Hypercholesterolemia in mice
and macaque

liver (hepatocytes)

70% editing in mouse and
67% editing in macaque,
reduced PCSK9 protein
expression

ABE8.8 m LNP encapsulating mRNA May 2021 178

Hypercholesterolemia in mice liver (hepatocytes)
30% editing in mouse,
reduced PCSK9 protein
expression

tBE-V5-mA3 AAV8 May 2021 108

Phenylketonuria in mice liver (hepatocytes)

10% editing after 4 weeks
increasing to 25% after
26 weeks. Return of blood
phenylalanine to normal
levels.

SaKKH-BE3 AAV8
October
2018

179

Phenylketonuria in mice liver (hepatocytes)

23% editing after 8 weeks
using AAV. 19% editing
1 week after second LNP dose.
Return of blood phenylalanine
to normal levels.

SaKKH-BE3
AAV8 and LNP
encapsulating mRNA

February
2021

180

Phenylketonuria in mice liver (hepatocytes)

10% editing using adenovirus
to deliver PE3 to neonates. 2%
editing when delivering PE2
to 5-week-old animals. <1%
editing using AAV

PE2/PE3 lacking reverse
transcriptase RNase H
domain

AAV8 and adenovirus
August
2021

181

Tyrosinemia in mice liver (hepatocytes)
9.5% editing and restoration
of mouse body weight

optimized ABE6.3
hydrodynamic injection of
DNA

February
2019

167

Tyrosinemia in mice liver (hepatocytes)
12.5% editing and restoration
of mouse body weight

optimized ABE6.3 LNP encapsulating mRNA April 2020 182

Alpha-1 antitrypsin deficiency
in mice expressing human
SERPINA1

liver (hepatocytes)

6.7% correction by
hydrodynamic injection, 3%
correction by dual AAV
10 weeks after treatment

improved PE3
hydrodynamic injection of
DNA and AAV8

April 2021 118

Hutchinson-Gilford progeria
syndrome in mice expressing
human progerin

heart (vascular smooth
muscle cells)

30% editing in heart, 20% in
aorta. 2.4-fold increase in
lifespan.

ABE7.10max-VRQR AAV9
January
2021

183

Duchenne muscular
dystrophy in mice

skeletal muscle
(myofibers)

3.3% local editing, 17% of
local myofibers staining for
restored dystrophin

ABE7.10 AAV9 April 2018 184

Duchenne muscular
dystrophy in mice

skeletal muscle
(myofibers)

35% local editing, 96% of local
myofibers staining for
restored dystrophin

ABE7.10max AAV9 April 2021 185

Amyotrophic lateral sclerosis
in mice harboring human
SOD1-G93A

central nervous system
(motor neurons)

1.2% editing frequency, 11%
increase in lifetime and 85%
increase in duration between
onset of late-stage disease and
death

BE3 AAV9
January
2020

186

Niemann-Pick disease in mice
central nervous system
(Purkinje cells)

48% editing in cortex, 42% in
Purkinje cells, up to 59% in
cortex at test site. 10%
increase in lifetime.

BE3.9max AAV9
January
2020

187

(Continued on next page)
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Table 1. Continued

Disease model Key organ (cell type) Editing outcome Editor variant Delivery method
Publication
date Reference

Leber congenital amaurosis
retina (retinal
pigmented epithelium)

15% base editing, restored
visual function

ABE7.10max lentivirus
October
2020

188

Leber congenital amaurosis
retina (retinal
pigmented epithelium)

14% base editing, restored
visual function. 89% editing in
Rpe65 cDNA

ABE7.10max-SpCas9-NG AAV9
January
2021

189

Recessive hearing loss in mice inner ear (hair cells)

2.3% bulk genomic correction,
33% cDNA correction.
Greatly increased hearing at
4 weeks that slowly
degenerated

AID-BE3.9max AAV (Anc80 serotype) June 2020 190

Sickle cell disease/
b-thalassemia in mice
expressing human b-globin

blood (hematopoietic
stem cells)

30% editing following
selection, 21% of blood b-like
globins were fetal hemoglobin

ABE7.10max adenovirus
February
2021

191
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increased editing to 18%. Whole-genome sequencing of edited clones
and RNA-seq in bulk tissue at the peak of editor expression following
the delivery of base editors by either AAV or LNP detected no off-
target editing in the genome or transcriptome in vivo of treated sam-
ples relative to unedited controls. Together, these demonstrations
indicate that in vivo base editing in the liver can be efficient and reach
therapeutic levels to correct disease phenotypes.

In 2019, Xue and coworkers demonstrated the treatment of a mouse
model of tyrosinemia by hydrodynamic injection of ABE plasmid, re-
sulting in approximately 10% editing in the bulk mouse liver and
rescuing the weight loss phenotype associated with this model.167

The same study assessed LNP-mediated delivery of ABE mRNA but
observed only 0.44% editing frequency, likely due to the unmodified
mRNA employed. A subsequent study by Xue and coworkers using
5-methoxyuridine-modified nucleotides in place of uridine achieved
12.5% editing of the same tyrosinemia mutation.182 Notably, the study
achieving the highest reported mRNA-mediated ABE editing in the
liver (in PCSK9) used N1-methylpseudouridine in place of uridine.178

Heart

This year, our group, in collaboration with the Collins and Brown lab-
oratories, reported the in vivo correction of a Hutchinson-Gilford pro-
geria syndrome mutation by ABE in a mouse model.183 While the dis-
ease affects many tissues, the cause of death in humans and this mouse
model is typically fromcardiovascular disease.194Delivery of S. pyogenes
Cas9-ABEmax was conducted via dual-AAV vectors, each encoding
half of the base editor with each end fused to a split intein (requiring
a different architecture relative to the version described above, which
used aCas9 variant fromadifferent bacterial species). In vivo editing us-
ing intravenous delivery of the AAV9 vector was optimal at postnatal
day 14, yielding nearly 30% editing of the disease-causing mutation in
LMNA in bulk heart and skeletal muscle, 20% editing of aorta and
bone, and 55% editing of bulk liver 6 months after treatment. Editing
resulted in restored vitality of model mice, health of the smoothmuscle
in the aorta, 49%–87% reduced expression of the mutant protein pro-
gerin in the heart and liver, and a 2.4-fold increase in median lifespan
from 215 to 510 days. This constituted the largest benefit to health
and lifespan that has been reported for this disease model and points
to the potential power of in vivo base editor therapeutics.

Skeletal muscle

The first demonstration of in vivo base editing of the skeletal muscle
was reported in 2018 by Kim and coworkers and involved the correc-
tion of a nonsense mutation in mouse Dmd, which models Duchenne
muscular dystrophy.184 The authors developed a dual-AAV base ed-
itor architecture that relied on recombination of the two genomes
following transduction and trans-splicing of the splicing donor tagged
on the N-terminal vector to the splicing acceptor at the start of the
C-terminal vector. Local injection of dual-AAVs employing the
AAV9 capsid in the tibialis anterior muscle led to 3.3% genomic
correction of the stop codon at 8 weeks after injection in bulk DNA
extracted from the muscle. Immunofluorescence microscopy revealed
that 17% of myofibers in the treated muscle showed evidence of
restored expression of dystrophin, which is encoded by theDmd gene.

This year, Olson and coworkers treated a separate mouse model of
Duchenne muscular dystrophy involving the deletion of exon 51 us-
ing ABEmax.185 The authors employed the split-intein S. pyogenes
Cas9 AAV architecture developed by our laboratory, which we
observed to confer improved editing relative to trans-splicing
AAVs.187 By disrupting the splice donor site of exon 50, the proper
frame of dystrophin can be restored in themouse disease model. Local
injection of the dual-AAVs employing the AAV9 capsid in the tibialis
anterior muscle led to 35% editing in genomic DNA extracted from
the muscle 3 weeks after treatment. Immunofluorescence microscopy
revealed that 96% of myofibers in the treated muscle showed restored
expression of dystrophin. This improved editing efficiency relative to
the 2018 study is likely due to the improved dual-AAV architecture as
well as the improved base editor codon usage and NLS architecture
employed. However, the authors note that the quantity of AAV em-
ployed in the recent study is above what could constitute a reasonable
dose in human patients, and so additional optimization is required
before moving into the clinic. Prior studies in mouse models indicate
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Figure 3. Timeline of base editor and prime editor development and applications

CBE, cytidine base editor; ABE, adenine base editor; AAV, adeno-associated virus; LNP, lipid nanoparticle; NHP, non-human primate.192,193
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that even 4% restoration of dystrophin expression can improve
muscular function and histopathology,195 and it is feasible that sys-
temic delivery of dual-AAV base editors could surpass this level of
restoration. Most myofibers contain multiple nuclei, so even a mod-
erate editing efficiency could potentially still improve the function of a
disproportionately large fraction of myofibers.

Central nervous system

Two demonstrations of in vivo base editing in the mouse central ner-
vous system were reported in January 2020.187,186 Both made use of a
split-intein dual-AAV-mediated approach, although the locations of
the split site within S. pyogenes Cas9 differed between the two studies.
Gaj and coworkers made use of a model mouse for amyotrophic
lateral sclerosis (ALS) harboring approximately 25 copies of human
SOD1 genes containing the disease-associated G93A mutation.186

The CBE BE3 was packaged into AAV9 capsids and injected into
the lumbar cerebrospinal fluid of these mice to introduce stop codons
in SOD1 to slow disease progression. The authors estimated that
about 6.5% of spinal cord cells were transduced by both AAVs based
on the expression of epitope tags, and sequencing revealed that 1.2%
of reads contained the desired nonsense mutation. Immunofluores-
cence indicated that transduction was most efficient in astrocytes.
Treated mice showed an 11% increase in mean survival relative to un-
treated controls and an 85% increase in the duration between the
onset of late-stage disease and death.186

The second study demonstrating base editing in the central nervous
system targeted correction of a disease mutation that models Nie-
mann-Pick disease in mice,187 in addition to some neutral model sites
that were used during optimization of our platform. By intracerebro-
ventricular injection of neonatal mice with four different AAV capsid
3116 Molecular Therapy Vol. 29 No 11 November 2021
variants encoding a CBE, we observed 32%–50% editing in cortical cells
and 0.5%–2.5% editing in cerebellar cells at the neutral model site.
However, by enriching for transduced cells marked by GFP delivered
via a third AAV, over 50% editing in the cerebellum was achieved.
The transduced cerebellar cells were identified as Purkinje neurons us-
ing a mouse line with a reporter gene in that cell type. Similar results
were also achieved when delivering an ABE.

Using the PHP.eB capsid, which has an enhanced ability to cross the
blood-brain barrier in somemouse strains,145,196we injectedmice intra-
venouslywith dual-AAVCBEs targeting theDMNT1 test site at 9weeks
of age. Four weeks later, the target edit was measured in 59% of
sequencing reads from bulk cortical tissue and 35% of reads from
bulk cerebellar tissue.187 To our knowledge, this is the most efficient
genome editing achieved in any bulk tissue from the central nervous
system.

We assessed the ability of dual-AAV CBE injection to correct a model
Niemann-Pick mutation in mice at the neonatal (P0) stage and in
4-week-old animals. We observed a 10% increase in lifespan for
both cohorts. Bulk cortical editing was 48% and cerebellar editing
was 0.3%, although enriching the transduced cerebellar (Purkinje)
cells revealed 42% editing in that population, which is of particular
importance for Niemann-Pick disease.197

Eye

As part of the same study in which we developed a split-intein dual-
AAV architecture for base editor delivery, we also assessed editing a
test locus in themouse eye.187 Sub-retinal injection of dual-AAVs using
the PHP.B capsid or Anc80 capsid to deliver CBE orABE in 2-week-old
mice resulted in 19%–26% editing of rod photoreceptor cells.
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Separately, Palczewski and coworkers used a lentivirus to deliver
ABEmax and correct a mutation in mouse Rpe65 modeling Leber
congenital amaurosis.188 Sub-retinal injection of the lentivirus in 4-
week-old mice resulted in an average of 15% base editing at the target
genomic site and restored retinoid isomerase activity. Near-normal
levels of visual function were achieved in treated mice. The same
model was later treated by Kim, Bae, and coworkers using dual
AAV delivery of an ABEmax variant in 3-week-old and 4-month-
old mice.189 AAV-mediated editing resulted in 10%–14% editing of
the genomic target and also restored visual function. Sequencing
Rpe65 cDNA isolated from edited retina revealed an editing efficiency
of�90% in Rpe65-expressing cells. The eye is a particularly attractive
system for in vivo genome editing because of the potential for local
sub-retinal delivery and the lack of debilitating immune responses
against foreign material in the eye.198

Ear

We first assessed the delivery of base editors to the inner ear of mice in
2017.199 Mice at postnatal day 1 or 2 were injected with LNP-encap-
sulated CBE RNP targeting a test locus, achieving 1%–2% editing in
the stria vascularis, approximately 1% editing in the modiolus, and
0.3%–0.6% editing in the organ of Corti. In a later study, we employed
this approach to edit b-catenin in the inner ear and modulate Wnt
signaling, inducing proliferation of the post-mitotic supporting cells
and their differentiation into hair cells.200

In 2020, in collaboration with Chen, Holt, Kong, and their respective
coworkers, we used the split-intein dual-AAV approach to correct a
missense deafness mutation in Tmc1 in model mice, in which degen-
eration of inner ear hair cells is thought to prevent auditory stimula-
tion.190 Model mice were injected at postnatal day 1. At day 14 post
injection, bulk sequencing in the organ of Corti revealed 2.3% correc-
tion of the disease mutation. However, it is difficult to isolate only the
hair cells of interest for sequencing. Because Tmc1 is expressed pri-
marily in hair cells, we sequenced cDNA from extracted tissue and
observed approximately 33% correction in all Tmc1 transcripts, indi-
cating that we preferentially edited the target cell population. This ed-
iting resulted in greatly improved hearing at 4 weeks of age relative to
untreated control mice. However, response thresholds increased by
6 weeks of age, indicating that this treatment slowed but did not
stop degeneration of the hair cells and deafness.

Blood

Therapeutic gene delivery and genome editing of the blood has been
achieved in humans via ex vivo modification followed by transplanta-
tion.74,201 However, an in vivomethod to edit blood would be advanta-
geous to eliminate the substantial risks associated with bone marrow
transplantation. Earlier this year, Lieber and coworkers described in vivo
delivery of base editors to hematopoietic stem cells (HSCs) followed by
enrichment of edited cells in mice.191 They employed CBEs to install
edits in the fetal hemoglobin promoter of mice containing the human
b-globin locus with the goal of upregulating fetal hemoglobin, which
can be therapeutic for sickle cell disease and b-thalassemia. Two adeno-
viral vectors were delivered tomice following chemically inducedmobi-
lization of HSCs into peripheral blood. One contained a CBE to disrupt
a repressor binding site in the fetal hemoglobin promoter as well as a
MGMTP140K selectable marker, the latter being flanked by inverted re-
peats to permit its integration. The second adenovirus contained the
machinery to integrate the selectable marker. While the recombinase
and base editor were only expressed transiently, the MGMTP140K

marker was integrated into the genome of cells receiving both viruses
and permitted selection for the transduced cells. At the endpoint
16 weeks after transduction, following four doses of O6-benzylguanine
to selectively kill cells lackingMGMTP140K, 30% editing of the target site
was achieved in blood, leading to 21% of human b-like globins being
composedof fetal hemoglobin.This populationwas stable over16weeks
following secondary transplantation.

The amount of fetal hemoglobin observed should prevent most symp-
toms of sickle cell disease and b-thalassemia, and this study provides a
strong foundation for in vivo blood editing. However, it remains to be
determined whether treatment with O6-benzylguanine or the stan-
dard bone marrow transplantation procedure leads to fewer side ef-
fects for patients. Methods permitting in vivo genome editing in the
blood without requiring selection for edited cells or ablation of the pa-
tient’s hematopoietic system would be particularly attractive for
future development.

THERAPEUTIC IN VIVO PRIME EDITING
Although prime editors are capable of installing more versatile edits
relative to base editors, they were developed much more recently—a
few months before the start of the COVID-19 pandemic. So far, three
studies have independently demonstrated in vivo prime editing, each
using dual AAV vectors, and each selecting a different site to split the
prime editor.118,202,181 Xue and coworkers first optimized the NLS ar-
chitecture of prime editors, then conducted hydrodynamic injection
of prime editor plasmids in a mouse model of alpha 1-antitrypsin defi-
ciency leading to 6.7% correction of the SERPINA1mutation.203 They
developed a dual-AAV delivery platform for PE by splitting the editor
into two pieces before Ser714 and inserting intein tags to drive protein
splicing. Tail vein injection of dual-AAV8 vectors in 6-week-old mice
conferred 3.1%correction of SERPINA1 in the liver 10weeks after injec-
tion.118 In the same work, the authors also installed an oncogenic mu-
tation by hydrodynamic injection of PE plasmids in adult mice
harboring other genetic elements intended to induce cancer, resulting
in an average of 10 tumors per mouse liver 25 days after injection.

Separately, Huang, Liang, and coworkers selected a prime editor split
site before Ser1025 to place intein tags for a dual-AAV approach.202

They packaged each half into an AAV8 capsid and conducted subre-
tinal injection to deliver the editor to 6-week-old wild-type mice tar-
geting a test site, Dnmt1. Sequencing genomic DNA extracted from
the retina 6 weeks after injection detected 1.7% prime editing when
editor expression was placed under the CMV promoter and 0.6% ed-
iting when under an EF1a promoter.

Schwank and coworkers described themost recent adaptation of prime
editors for in vivodelivery.181 They identified anoptimal split site before
Molecular Therapy Vol. 29 No 11 November 2021 3117
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Ser1153 for the insertion of inteins. They also optimized the NLS archi-
tecture and linker lengths between inteins and PE to maximize editing
efficiency. Removing the RNase H domain of the reverse transcriptase
inPE2 led tono loss of PEactivity, and so the smaller constructwas used
in their in vivo delivery experiments. Intravenous injection of dual-
AAV8 vectors in postnatal day 1 wild-type mice conferred 14% prime
editing of the Dnmt1 test site in genomic DNA extracted from hepato-
cytes 4 weeks after injection. The same edit was achieved at 3.4% effi-
ciency when dual-AAV8 vectors were injected into 5-week-old mice.
To avoid the loss in editing activity associated with the split editor,
the authors used adenovirus to deliver full-length PE2 (lacking only
theRNaseHdomain) inmice. At theDnmt1 test site, 58%prime editing
was achieved in hepatocytes following injection in neonates and 36%
editing when injecting in 5-week-old mice. The authors then tested
these delivery methods for PE2 treatment in a mouse model of phenyl-
ketonuria. AAV delivery yielded less than 1% editing at the target site,
but adenoviral delivery of PE2 led to correction of 5.6% of alleles when
delivered to neonates and 2% of alleles when delivered to 5-week-old
mice. The addition of a PE3 nicking guide yielded 10% editing in neo-
nates. Prime editing from adenoviral treatment of neonates was suffi-
cient to confer disease rescue in this mouse model.

We anticipate that the recent improvements to prime editing systems
will substantially increase in vivo activity in futurework.116,117,120 Prime
editingwasdetermined tobeparticularly efficient inHEK293Tcells due
to the lower activity of the mismatch repair pathway.116 In adult
mammalian tissue, mismatch repair is likely to be a major blockade
to prime editing, so the recent development of new PE4 and PE5 prime
editing systems that evade this bottleneck should provide a substantial
boost in editing activity, akin to what was observed in HeLa cells where
endogenousmismatch repair ismore active. The recently identified sta-
bilizing pegRNA motifs119,120 as well as further improvements to the
codon usage, NLS architecture, and Cas9 domain116 are also likely to
be impactful in increasing in vivo activity.

Several studies have used prime editor mRNA and RNP to introduce
desired mutations in mouse117,127,128 and zebrafish129 embryos. In
each case, edited embryos with editing frequencies of 3%–50% were
readily obtained, in most cases with few byproducts. Success in these
systems suggests that non-viral delivery of these materials to adult
mammalian tissues may also be an effective strategy for prime editing.
We anticipate that these developments, together with the continued
advancement of prime editing systems,116–120 will result in many op-
portunities for therapeutic in vivo post-natal prime editing.

FUTURE PROSPECTS
Among the three general, readily programmable classes of mammalian
cell genome editing agents reported to date—nucleases, base editors,
and prime editors—nucleases are ideally suited for gene disruption,
base editors are particularly efficient at correcting the most common
class of pathogenicmutations, andprimeeditors offer the greatest versa-
tility for correcting the vast majority of disease-associated mutations.
Within the past year, new generations of both base editors and prime
editors have substantially increase their activity and targeting scope.
3118 Molecular Therapy Vol. 29 No 11 November 2021
When paired with suitable delivery methods for the cells of interest,
base editors and prime editors have now been used to rescue animal
models of genetic disease. Many of the demonstrated therapeutic
strategiesmay also be applied to treat humanpatients suffering fromge-
netic diseases. Additional genetic variants associated with disease are
discovered each year, and facile targeting of editing agents could permit
one-time personalized medicines that treat rare or even unique disease
mutations, leveraging successful demonstrations at common disease
mutations.

When delivering editors as DNA, as is common when using viral vec-
tors, methods to limit the duration of exposure to the edit will also be
desirable to minimize the possibility of off-target editing. Further-
more, the development of additional tools that do not require DSBs
for in vivo use could provide new therapeutic modalities. Integrases
or recombinases could permit the targeted installation of gene-sized
inserts for gene augmentation approaches, and recently reported
“CRISPRoff” methods could durably silence genes via self-perpetu-
ating methylation.21

Appropriate delivery of editors to cell types that can impact disease phe-
notypes is vital for in vivo genome editing therapeutics. Recent advance-
ments in both viral and non-viral delivery have demonstrated that
in vivo genome editing in animals and in human patients can result
in therapeutic outcomes. Nevertheless, more efficient delivery could
further improve therapeutic prospects, and in vivo delivery remains
challenging formany cell types relevant to disease treatment. The devel-
opment or evolution of new delivery vehicles with improved potency
and specificity for cell populations of interest, such as the brain, heart,
bone marrow, retina, cochlea, lung, and intestine, would further
advance the translation of genome editing technologies to treat or
possibly cure genetic diseases. Simultaneously, investigators should
take caution to avoid collateral germline editing, since human clinical
germline editing raises serious ethical complications.204,205 Systemic de-
livery of base editors in AAV9 capsids did not detectably modify the
mouse germline.187 New animalmodels that sensitively reveal the tissue
type specificity of base editors and prime editor delivery will be valuable
for speeding the development of enhanced delivery platforms.

Current data suggest that prime editors are particularly specific for their
target sequences, with rarely observed guide-dependent editing at sites
with homology to the protospacer.6,114 In addition, three independent
laboratories have reported that stochastic guide-independent editing
was not observed.112,113,115 A recent report that conducted whole-
genome andwhole-transcriptome sequencing in clonal cells after prime
editing observed no off-target editing in either the genome or transcrip-
tome and noted no effect in telomere integrity, RNA splicing, or gene
expression.115 Off-target genome editing and RNA editing have been
observed using certain base editors, althoughmany base editor variants
withminimized guide-dependent and guide-independent off-target ac-
tivity have been developed to mitigate off-target editing.82,83,108

At present, there is no standard assay to assess the functional conse-
quences or potential clinical relevance of off-target genome editing,
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and therefore it is difficult to meaningfully compare the off-target edit-
ing propensity among different combinations of gene editing agents,
cell types, and delivery methods. The possibility that off-target editing
could produce cancerous or pre-cancerous cells is the primary concern
for long-term side effects of gene editing therapeutics. A pipeline that
includes sequencing of all cancer-associated genes may be useful,
particularly if a threshold for off-target editing was identified that
distinguished a normal or acceptable rate of mutagenesis from one
associated with an increased risk of cancer over a human lifetime.

Even without such a metric, base editors and prime editors have not
yet been shown to induce cancer in animal models, and the relative
risk of oncogenesis versus continuing to harbor mutations that cause
serious genetic diseases in many cases may favor the careful applica-
tion of the editing agent. Recent demonstrations of therapeutic in vivo
base editing that delved deeply into the analysis of off-targets did not
find evidence of undesired edits, while still observing strong evidence
for the efficacy of such treatments.178,177,180 The lack of off-target
in vivo editing may in part be due to the lower expression of editor
that is achieved in vivo relative to in cultured cells where off-target
editing has been observed.180

The rapid advancement in the capability, precision, programmability,
and efficiency of genome editing agents over the past decade has
yielded many new therapeutic possibilities to treat genetic diseases
that were once considered incurable. Given the simple and modular
targeting capabilities of current genome editing technologies, even
personalized medicine for unique mutations is a feasible path. While
a fanciful aspiration less than a decade ago, we anticipate that therapies
to correct the root cause of genetic diseases will lead to long-lasting,
single-dose cures and improved quality of life for many of the hun-
dreds of millions of people impacted by pathogenic mutations.
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