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Although genome editing technologies have the potential to
revolutionize the way we treat human diseases, barriers to suc-
cessful clinical implementation remain. Increasingly, preclini-
cal large animal models are being used to overcome these
barriers. In particular, the immunogenicity and long-term
safety of novel gene editing therapeutics must be evaluated
rigorously. However, short-lived small animal models, such
as mice and rats, cannot address secondary pathologies that
may arise years after a gene editing treatment. Likewise, immu-
nodeficient mouse models by definition lack the ability to
quantify the host immune response to a novel transgene or
gene-edited locus. Large animal models, including dogs, pigs,
and non-human primates (NHPs), bear greater resemblance
to human anatomy, immunology, and lifespan and can be stud-
ied over longer timescales with clinical dosing regimens that
are more relevant to humans. These models allow for larger
scale and repeated blood and tissue sampling, enabling greater
depth of study and focus on rare cellular subsets. Here, we re-
view current progress in the development and evaluation of
novel genome editing therapies in large animal models,
focusing on applications in human immunodeficiency virus 1
(HIV-1) infection, cancer, and genetic diseases including he-
moglobinopathies, Duchenne muscular dystrophy (DMD), hy-
percholesterolemia, and inherited retinal diseases.

INTRODUCTION

Animal models are indispensable elements of translational research
that have contributed enormously to our enhanced understanding
of disease pathophysiology, transplantation biology, and gene ther-
apy. For therapeutic development, animal models have been used
to identify novel targets, evaluate dosing regimens, assess pharmaco-
kinetic/pharmacodynamic (PK/PD) relationships, and, importantly,
measure the therapeutic index of novel drugs. While small animal
models (e.g., rodents) are generally more accessible and cost effective,
they differ from humans in core biological processes such as hemato-
poiesis and immunological response’* and have demonstrated limi-
tations in generating clinically relevant data for human diseases
including cancer,> neurodegenerative diseases,”® diabetes,” and
stroke.® Large animals, including canines, non-human primates
(NHPs), and pigs, may help to bridge the gap between rodent models
and clinical studies since they are more similar to humans in anat-
omy, physiology, and metabolism (Table 1).°~'* Compared to ro-
dents, large animals have a considerably longer lifespan and thus
enable multi-year studies to evaluate the long-term safety and efficacy
of gene editing therapeutics, an especially critical aspect, for example,
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when assessing the impacts of off-target gene editing.'” Furthermore,
given that large animals are closer in size to humans than rodents, the
dosage and clinical feasibility of large-scale manufacturing can be as-
sessed more directly. This is a critical and often overlooked aspect of
translational research, and many manufacturing protocols for gener-
ating gene editing reagents or gene-modified cell products for small
animals are often not readily scalable for applications in large mam-
mals. The field of transplantation biology was pioneered in canine
models,'® which also closely recapitulate many human malignancies,
cardiovascular disease, and neuromuscular disorders.'”'* Early gene
therapy and transplantation studies were conducted in dog and NHP
models, since mouse models failed to identify important barriers to
successful clinical implementation, such as human leukocyte antigen
(HLA) matching and effective conditioning regimens.”*’ As a result,
large animal studies helped develop clinically translatable protocols
for generating gene-modified cells and achieving efficient in vivo
engraftment. Here we review the development and preclinical evalu-
ation of therapeutic genome editing strategies in large animal models,
with a focus on applications in human immunodeficiency virus
(HIV), cancer, blood disorders, muscular dystrophy, and retinal
degenerations.

OVERVIEW OF GENE EDITING SYSTEMS

There are four main families of engineered nucleases that have been
used to insert, delete, or replace DNA in the genome: zinc finger nu-
cleases (ZFNs),”° meganucleases,”’28 transcription activator-like
effector nucleases (TALENS),ZL} and CRISPR-associated nuclease
Cas9 (CRISPR-Cas9).>"*! While ZFNs, meganucleases, and TALENs
recognize specific sequences in the genome through protein-DNA in-
teractions, CRISPR-Cas9 nucleases are directed to a target site
through simple base pairing to a complementary short guide RNA
(gRNA) sequence. Once bound to a target site, these nucleases
generate double-stranded breaks (DSBs) in the genome and enlist
endogenous cellular pathways to repair the lesion. In the absence of
a repair template, non-homologous end joining (NHE]) pathways
are activated to rapidly re-ligate the two ends of the DSB.”> NHE]J
is error prone, and small insertions or deletions (indels) at the DSB
cut site are frequently incorporated.”® These indels can create frame-
shift mutations or premature stop codons that result in gene knockout
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Table 1. Benefits of a large animal model

Small animals

Large animals

rodents, zebrafish, insects,

Examples nematodes NHPs, pigs, dogs, sheep
limited blood volumes; larger blood vo%umes and
. . K organs for studies of cancer,
Sampling difficult to isolate and

characterize secondary organs

infectious diseases, and
muscular dystrophies

Relevant cellular

incomplete humanization in
xenogeneic models (e.g.
challenges in generating

often highly conserved
versus human; availability of
comparable mutations for

subsets
human myeloid and red blood modeling (e.g., SCID and
cells in humanized mice)?' DMD dogs)
close resemblance to human
Relevant smaller and often not X
. immune system (NHP),
anatomical comparable to human (e.g., irculat tem (pigs)'>
. circulatory system (pigs
structures rodent retina lacks a macula)” |, R g
R longer lifespans enable
. short; limitation for long-term 8 . P K
Lifespan . tracking of edited cells for
follow-up studies
years/decades
Cost low high
labor-intensive process for
humanized mice; limited . g
o K larger size facilitates test of
Ease of availability of specific human . S
. X manufacturing feasibility at
manufacturing stem cell sources; smaller size
scales closer to human
enables smaller-scale
manufacturing of cell products
intravenous and
Route of frequently not relevant to intramuscular dosing,
oute o . . .
.. . humans (e.g., intraperitoneal  central lines, and other
administration

or tail vein in rodents)

routes highly comparable to
humans

Infectious disease
models

fewer human pathogens
capable of infecting rodents
and lower metazoans

broader susceptibility of
large animals to human
pathogens and closely
related strains (e.g., HIV and
SIV)I 3,04

Musculoskeletal
disease models

due to shortened lifespan,
shorter time frame to study
muscle wasting phenotypes,
which are often less severe
than human phenotypes®’

more clinically relevant
progressive muscle wasting
phenotypes, which can be
studied over a longer lifespan

NHP, nonhuman primate; SCID, severe combined immunodeficiency.

if the DSB occurs within the coding region of a gene. If a repair tem-
plate with homology to the flanking regions of the DSB is provided,
homologous recombination (HR) pathways can facilitate targeted
integration of the repair template at the DSB.>* Researchers have
relied on NHE] and HDR pathways to engineer specific DNA manip-
ulations to knock out aberrant genes, excise foreign DNA, correct dis-
ease-causing mutations, and integrate therapeutic genes.

GENE EDITING APPROACHES FOR HIV-1

Since the discovery of HIV 40 years ago, 77.5 million people have been
infected with HIV and almost 35 million people have died following
progression to acquired immunodeficiency syndrome (AIDS) (Joint
United Nations Programme on HIV/AIDS [UNAIDS]; https://www.

unaids.org/). While suppressive antiretroviral therapy (ART) can effi-
ciently block HIV replication and substantially improve the life expec-
tancy of HIV" individuals,” ART is not curative, and latent viral

¢ These viral reservoirs can be reactivated if ART

reservoirs persist.
is interrupted, and thus ART is only effective at mitigating viral repli-
cation if strict adherence is maintained.”” * To date, there have only
been two documented cases of functional cure, defined here as sus-
tained virus remission in the absence of ART. Both individuals, termed
the Berlin and London patients, received myeloablative conditioning
and transfusion of allogeneic hematopoietic stem cells (HSCs) to
treat hematological malignancies.””** The transplanted HSCs
harbored a homozygous loss-of-function deletion in the CCR5 gene
(CCR5A32), the primary coreceptor used by most strains of HIV to
gain entry into CD4" cells.*” Reconstitution of the hematopoietic sys-
tem with CCR5 null HIV-resistant HSCs led to durable HIV clearance
in the absence of ART.

These case studies have inspired a new functional HIV cure approach
that focuses on genetic engineering of CCR5 in a patient’s own (autol-
ogous) cells to confer resistance to HIV infection. Although highly
complementary to large animal models of HIV persistence and
cure, studies in humanized mouse models of HIV are more chal-
lenging, since humanization protocols are labor intensive and
often result in incomplete development of all hematopoietic lineages
(Table 1).21 Furthermore, due to their small size, adequate amounts of
blood and tissue samples from rodents are more difficult to obtain.
NHPs are widely regarded as the gold standard animal model for
HIV. Although HIV-1 does not efficiently infect macaque cells (re-
viewed in Thippeshappa et al.**), NHPs are susceptible to closely
related simian immunodeficiency virus (SIV) and simian/human im-
munodeficiency virus (SHIV), displaying hallmark features of HIV
infection including CD4" T cell depletion, progression to AIDS-like
disease, and establishment of reactivatable latent reservoirs.”** A
key consideration for NHP models of HIV cure and other diseases,
including COVID-19,” is the NHP species to apply, usually either
rhesus macaques (Macaca mulatta), pigtail macaques (Macaca nem-
estrina), or cynomolgus macaques (Macaca fascicularis). Due to spe-
cies-specific differences in the activity of lentiviral restriction factors,
including TRIM5a, for example, pigtail macaque cells can be modi-
fied by the identical HIV-based lentiviral vectors that are used in
patients, whereas rhesus macaque cells require specially engineered
*” Cynomolgus macaques are slightly
smaller than rhesus or pigtail macaques; the Mauritian subspecies
further possesses limited MHC diversity due to a geographical bottle-
neck event, which is advantageous for MHC-centric studies of the
control of numerous pathogens, including HIV.>' We have developed

SIV-based lentiviral vectors.**”

an autologous transplantation model to evaluate the function and
engraftment potential of CCR5-edited HSCs that is applicable in mul-
tiple NHP species.”” Using ZFNs we achieved up to 64% CCR5 editing
in pigtail macaque hematopoietic stem and progenitor cells (HSPCs)
and demonstrated low but durable engraftment and multilineage re-
population of CCR5-edited progeny following myeloablative condi-
tioning and transplantation (Table 2). Translating this approach to
amodel of latent HIV infection using SHIV-infected pigtail macaques

Molecular Therapy Vol. 29 No 11 November 2021 3141


https://www.unaids.org/
https://www.unaids.org/
http://www.moleculartherapy.org

arie

1202 JoqWienoN || ON 62 ‘1o Adessy] Jeinosion

Table 2. Overview of gene editing in large animal models

Disease Animal/disease Strategy In vivo Target Gene editing Delivery Conditioning Results Reference
model or system
ex vivo
L inactivate CCR5 in HSCs . . 64% CCR5 editing in
HIV NHP (pigtail to enable HIV-resistant exvivo  CCR5 in HSPCs ZFN electroporation of ZFN myeloablative infusion product, 3%-5% °°
macaque) . mRNA (TBI)
hematopoiesis long-term engraftment
~50% CCR5 editing in
infusion product, 3%-4%
long-
SHIV' NHP inactivate CCRS in HSCs electroporation of ZFN myeloablative t(r):f%ctl:;n iggsiif(::;: N
HIV (pigtail to enable HIV-resistant ex vivo  CCR5 in HSCs ZFN P 24 . J R v 23
. mRNA (TBI) lymphoid tissue, trends
macaque) hematopoiesis .
toward delayed viral
rebound after ART
removal
<16% CCR5 editing in
SIV* NHP inactivate CCR5 in HSCs CRISPR non- infusion product, ~1%
HIV (rhesus to enable HIV-resistant exvivo  CCR5 in HSPCs SIV-based LV myeloablative  long-term engraftment, all **
L. (SpCas9) .
macaque) hematopoiesis (busulfan) but one animal rebounded
after ART removal
inactivate CCR5 in anti-
SHIV* NHP HIV CAR T cells t fe
nbedlstoconler - 0ops in anti-HIV CAR CRISPR electroporation of CRISPR <36% CCR5 editing i~ s
HIV (rhesus HIV resistance and enable ex vivo none . .
R X T cells (SpCas9) RNPs infusion product
macaque) virus-specific effector
function
SIV* NHP up to 92% and 95%
HIV (thesus excise integrated proviral in vivo SIV proviral DNA in SIV- CRISPR AAV9 none decrease in proviral DNA 54
DNA in SIV-infected cells infected cells (SaCas9) in blood and peripheral
macaque)
lymph nodes
POC: correct point electroporation of CRISPR 17%-26% recapitulation of
scD NHP (rhesus mutation in HBB that exvivo  HBB in HSCs CRISPR RNP + ssDNA donor myeloablative ~ SCD mutation in infusion s,
macaque) causes SCD via single base template to recreate SCD  (TBI) product, ~1% long-term
pair HDR conversion point mutation via HDR engraftment
1.5% BCL11A editing i
NHP (pigtail disrupt BCL11A in HSCs electroporation of TALEN  myeloablative inﬁiion roduec'rl(l)n3g°/llj
SCD/B-thalassemia g to reactivate fetal exvivo  BCLII1A in HSCs TALEN P 4 P i o8
macaque) . mRNA (TBI) 0.4% long-term
hemoglobin
engraftment
75% editing and 39%
prevent BCL11A recapitulation of HPFH
repression of fetal . . mutation in infusion
SCD/B-thalassemia rlj:f; (lr!}e]; sus hemoglobin by disrupting ex vivo  HBG promoter in HSCs ~ CRISPR ;lf\]c}t’r;oporanon of CRISPR ?}){:Il)o ablative product, 8%-27% editing  *’
q BCLI1A binding site in y- and 6%-18% HbF
globin promoter expression in PB cells >1
year after treatment
disrupt the erythroid- up to 85% editing in
specific BCL11A enhancer . . . . enhancer region in
SCD/p-thalassemia NHP (rhesus region to disable BCLIIA  ex vivo erythroid-specific BCLIIA  CRISPR electroporation of CRISPR = myeloablative infusion product, but 60
macaque) enhancer region in HSCs  (SpCas9) RNPs (TBI) ?

in erythroid lineages and
reactivate fetal hemoglobin

engraftment and y-globin
expression highly

(Continued on next page)
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Table 2. Continued

Disease Animal/disease Strategy In vivo Target Gene editing Delivery Conditioning Results Reference
model or system
ex vivo
dependent on number of
infused cells
POC: inactivate CD33 in
HSPCs to establish CD33- 15% CD33 editing i
NHP (rhesus 5 10 cStabish - . . CRISPR electroporation of myeloablative <% eciting ' 61
AML macaque) deficient hematopoiesis exvivo  CD33in HSPCs (SpCas9) CRISPR RNPs (TBI) infusion product, 2%-4%
q and enable CD33-directed P long-term engraftment
immunotherapy
disrupt DMD exon 51 restoration of up to 70%
splice acceptor site to DMD exon 51 splice . and 92% of normal
DeltaE50-MD CRISPR dual AAVY t -del
DMD N 362 enable exon 51 skipping ~ in vivo  acceptor site in peripheral ua 0 COmCEVEL one dystrophin in peripheral
dogs . . (SpCas9) Cas9 and gRNA .
and restoration of and cardiac muscle and cardiac muscles
dystrophin reading frame 8 weeks post-treatment
widespread expression of
. . truncated dystrophin in
DMD DMD exon 52- :sctlcs)ieDdMslt)rcfx}(:ir;srle:gin i1 vivo DelgDhZ;na:i ljar diac CRISPR dual AAV9Y to deliver split none cardiac and skeletal 65
deficient pigs"4 frame ystrop 8 fnuslc);le (SpCas9) intein Cas9 + gRNA muscle, decreased fibrosis,
improved cardiac function
and survival
knock out PCSK9 to up to 84% reduction in
. NHP (rhesus prevent degradation of L . serum PCSK9 and 60% 66
H holesterol PCSK9 in hepatocyt I AAVS8 "
ypercholesterolemia macaque) LDLR and increase uptake fnvivo 1 hepatocytes meganuciease none LDL-c 11 months after
of blood LDL-c treatment
knock out PCSK9 to sustained dose-dependent
. NHP (rhesus prevent degradation of L . reductions in serum 67
H holesterol PCSK9 in hepatocyt 1 AAVS "
ypercholesterolemia macaque) LDLR and increase uptake fnvivo CSK9 in hepatocytes meganuciease none PCSK9 and LDL-c 3 years
of blood LDL-c after treatment
introduce precise loss-of-
. . o L
NHP function PCSK9 mutation CRISPR . >60% I'JCSK9 editing in
Hypercholesterolemia (cynomolgus to knock out PCSKS, in vivo  PCSKY in hepatocytes adenine base LNP delivery of ABES.8 none NHP liver, stable 90% o8
P cha ue)g prevent LDLR P editors mRNA and PCSK9 gRNA reduction of PCSK9 and
q degradation, and increase 60% reduction of LDL-c
uptake of blood LDL-c
introduce precise loss-of-
. . o -
NHP function PCSK9 mutation CRISPR ' up to 34/_0 PCSK9 editing
Hypercholesterolemia (cynomolgus to knock out PCSKS, in vivo  PCSK9 in hepatocytes adenine base LNP delivery of ABEmax none in NHP liver, ~32% 9
P myc e)g prevent LDLR patocy editors mRNA and PCSK9 gRNA reduction in PCSK9 and
acaqu degradation, and increase ror ~14% reduction in LDL-c
uptake of blood LDL-c
POC: correct aberrant
NHP lice d ted b
Leber congenital spliee onor createc By Lo CEP290 mutation in CRISPR AAVS5 delivery of SaCas9 up to 30% reading frame-
. (cynomolgus mutation in CEP290 to in vivo . . none . o
amaurosis . retinal cells (SaCas9) and pair of gRNA restoring editing
macaque) restore reading frame and
normal CEP290 expression
NHP POC: knockout of mutant 10%-20% editing in
Cone-rod dystrophy GUCY2D followed by - . . CRISPR dual AAV5 delivery of photoreceptor cells, up to
1 GUCY2D tinal cell !
(CORDS6) SZ?:;?IZ)guS complementation with wt v 0 TEA e (Sacas9) SaCas9 and gRNA none 80% decrease in GUCY2D

GUCY2D

protein product

MBINSY

Bio Adeseype|nosjow mmm


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

suppressed with ART yielded comparable CCR5 editing efficiencies in
HSCs and engraftment of CCR5-edited cells, notably in secondary
lymphoid tissues known to harbor viral reservoirs.”> While trans-
planted animals ultimately exhibited viral rebound after ART cessa-
tion, the time to viral rebound trended later in CCR5-edited HSC
transplants relative to unedited HSC transplanted controls. This
approach was also investigated in SIV-infected ART-suppressed rhe-
sus macaques by Yu and colleagues.”* Ex vivo CRISPR-Cas9 editing in
HSPCs was suboptimal (<16%), and engraftment in busulfan-condi-
tioned animals was low (~1%). While all but one animal exhibited
viral rebound after ART withdrawal, a small increase in CCR5 editing
was detected in all hematopoietic subsets analyzed. Together, these
data suggest that a selective advantage is conferred in CCR5 null cells
in the context of active viremia but highlight that more efficient
means will be needed to achieve a therapeutic threshold of engraft-
ment of CCR5-edited cells.””

Data from our group and others in the NHP model suggest that the
successful cure of the Berlin and London patients was largely due
to the near-complete hematopoietic reconstitution with donor-
derived, HIV-resistant cells.”>””> Since both patients were primarily
treated for their hematological cancers, lymphodepletion via myeloa-
blative conditioning was a justifiable risk, whereas for otherwise
healthy ART-suppressed HIV" patients, the toxicities associated
with myeloablative conditioning are generally not reasonable. While
several clinical trials have attempted to recreate the success of the Ber-
lin and London patients through transplantation of autologous
CCR5-edited HSCs in non-conditioned patients, these studies have
ultimately failed to eliminate HIV after ART withdrawal, since
HIV-vulnerable CCR5" lymphocytes and latent viral reservoirs
persist.”
active means of targeting these reservoirs will likely be necessary.
Rather than replacing the entire immune system with CCR5-edited
cells, for example, a smaller number of enhanced virus-specific im-
mune effectors, like chimeric antigen receptor (CAR) T cells, could
be applied. We recently provided proof of principle for this strategy
by transplanting SHIV-infected rhesus macaques with T cells that
were electroporated with CCR5-targeted CRISPR-Cas9 ribonucleo-
protein (RNP) complexes and transduced with lentiviral vectors ex-
pressing a virus-specific CAR.” More elegant “2-for-1” gene editing
strategies in which a virus-specific CAR is targeted to the CCR5 locus
to enable simultaneous CAR integration and CCR5 knockout have
also been developed. While these approaches showed promise in
ex vivo studies and in small animal models, they remain to be tested
in large animal models or in clinical studies.*"'

7 In order to enable ART-free remission of HIV, more

Gene editing to excise integrated proviral DNA has also shown prom-
ise in SIV-infected ART-suppressed rhesus macaque models. Through
systemic delivery of adeno-associated virus serotype 9 (AAV9) vectors
expressing Staphylococcus aureus Cas9 (SaCas9) and a pair of gRNAs
targeting the SIV genome, Mancuso et al.”® demonstrated efficient
excision of integrated proviral DNA in blood and relevant secondary
lymphoid tissue. Following a single infusion, intact SIV DNA was
markedly reduced, with up to 95% decrease in SIV DNA in lymph no-
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des. Given that multiplexed genome editing and DSB generation can
result in chromosomal translocations,*>** further studies evaluating
the safety of this approach are required, particularly since AAV9 de-
livery of CRISPR machinery will lead to prolonged expression in broad
tissue types and potential integration of the transgene at the cut site.**
Additionally, whether this approach is capable of accessing every
latently infected cell in the body and inactivating replication-compe-
tent provirus, which will be required in order to prevent viral rebound
in the absence of ART, remains to be determined.

GENE EDITING FOR HEMOGLOBINOPATHIES
Hemoglobinopathies are the most common genetic diseases, with
around 1.1% of all couples at risk for having a child with a hemoglobin
disorder.®® Sickle cell disease (SCD) and B-thalassemia are the most
prevalent hemoglobinopathies and are caused by mutations in the
B-globin gene (HBB), which together with a-globin forms adult
hemoglobin (HbA). In SCD, a point mutation in HBB results in
structural abnormalities in hemoglobin and the formation of sickle
hemoglobin (HbS).* Patients homozygous for HbS develop fragile,
sickle-shaped red blood cells that cause vaso-occlusion, pain crises,
irreversible organ damage, and early mortality.*” In B-thalassemia,
mutations in HBB result in reduced or absent HBB synthesis, which
leads to ineffective erythropoiesis and anemia.*® Currently, allogeneic
bone marrow transplantation to replace defective HSCs is the only
cure for SCD and B-thalassemia, although this approach is hampered
by scarcities in HLA-matched donors. While vector-based gene ther-
apy approaches to supplement autologous HSCs with a corrected
HBB gene prior to transplantation have shown success in clinical tri-
als #9%0

correction without the risks associated with genomic integration of a
viral vector.”’ NHP models are uniquely suited for evaluating gene-

edited HSC therapeutics since, unlike mouse HSCs, NHP and human
92,93

gene editing strategies offer the potential for endogenous gene

HSCs can be identified by characteristic CD34 expression,
enabling analogous and clinically relevant HSC isolation methods.
Furthermore, for recently developed HSC-targeted in vivo gene ther-
apy technologies,””> NHP models are useful for assessing genotoxic-
ity, off-target transduction, and long-term efficacy.

20

For SCD, many groups have explored gene editing strategies that
directly target and correct the causative mutation in the HBB coding
sequence.”® *” Similar to preclinical models of cancer, however, no
large animal model of SCD currently exists. To demonstrate proof-
of-principle correction of the SCD point mutation in HBB, Uchida
et al.”” used CRISPR-Cas9 to generate the SCD mutation via HDR
in CD34" HSCs isolated from healthy rhesus macaques. HDR effi-
ciency in infusion products was moderate (17%-26% gene conver-
sion) and decreased to ~1% in peripheral lymphocytes and granulo-
cytes 16 weeks after transplantation into conditioned NHPs. HbS
production similarly declined over time, from 8%-17% at early
time points to 3%-10% 12 months post-transplant.

An alternative approach that has shown promise in large animal
studies focuses on restoring functional hemoglobin through the reac-
tivation of fetal hemoglobin (HbF), a tetramer composed of two
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a-globin and two y-globin chains. While HbF is usually silenced after
birth, post-natal HbF can be maintained or reactivated, as observed in
individuals with a benign condition known as hereditary persistence
of fetal hemoglobin (HPFH).'”’ Importantly, increased levels of HbF
are correlated with decreased morbidity and mortality in SCD and
B-thalassemia patients.'”" HbF expression can be induced by inactivat-
ing BCL11A, a transcriptional repressor of HbE.'"* To test this strat-
egy, we established an NHP transplantation model to evaluate HbF
reactivation in autologous BCL11A-edited CD34" HSCs.”® We subse-
quently used CRISPR-Cas9 to recapitulate a naturally occurring 13-
nucleotide deletion in HPFH individuals that disrupts the BCL11A
binding site found in the y-globin promoter regions.'*>** We achieved
an average of 75% on-target editing and up to 39% recapitulation of the
HPFH deletion either in CD34" cells or in the refined CD90* HSC en-
riched subpopulation. After myeloablative conditioning and trans-
plantation, edited HSCs displayed stable, multilineage engraftment
in rhesus macaques for over 1 year. Editing at the y-globin locus was
detected in 8% to 27% of peripheral blood (PB)-nucleated cells, and
HbF-expressing cells stably reconstituted 6% to 18% of PB (Table 2).
Given that BCLI1A plays critical roles in HSC self-renewal,'"*
lymphoid development,'” and dendritic cell fate,'*® inactivation of
BCLI11A in HSCs may impair normal hematopoiesis. In 2013, Bauer
et al'” used genome-wide association studies to uncover an
erythroid-specific BCL11A enhancer region that could be mutated
in HSCs to inactivate BCL11A and induce HbF expression in
erythroid cells."’® This strategy was tested in an NHP model of autol-
ogous HSC editing and transplantation, using CRISPR-Cas9 to
disrupt the erythroid-specific enhancer and restore HbF expression
in rhesus macaques.”’ Infused HSCs demonstrated high (80%-85%)
on-target editing, although engraftment and y-globin expression
were highly dependent on the number of cells infused. Targeting of
the BCL11A enhancer region is also being explored in two clinical tri-
als (NCT03655678, NCT03745287). Early reports from two pa-
tients—one with B-thalassemia and one with SCD—demonstrated
~80% ex vivo editing in HSCs and >60% editing in nucleated PB cells
more than 1 year after myeloablative conditioning and infusion.'"”
HDF expression increased rapidly in both patients, with HbF account-
ing for >91% of total hemoglobin in the B-thalassemia patient and
43.2% in the SCD patient. Importantly, neither patient experienced
any further vaso-occlusive episodes or required transfusion of packed
red cells by 30 days post-infusion. While these data are preliminary
and longer-term studies in more patients are required, these
extremely promising early reports are likely to change the landscape
of B-thalassemia and SCD treatment and serve as the flagship
example of the potential of gene editing to cure human disease.

MODELING GENE EDITING THERAPIES FOR CANCER
IN LARGE ANIMALS

CAR T cell therapies have shown remarkable responses in patients
with B cell malignancies, as evidenced by recent US Food and Drug
Administration (FDA) approvals.''""'* However, the success of
this approach is highly dependent on the availability of cancer-
restricted surface markers that can be targeted by CAR T cells.

Although validated models of tumorigenesis are not readily available,
proof-of-principle experiments in healthy NHPs provide a useful
model to quantify depletion in cellular subsets that normally express
such markers. For example, CD20 CAR T cells designed to target B
cell malignancies have been shown to efficiently induce CD20" B
cell aplasia in healthy rhesus macaques.''” In acute myeloid leukemia
(AML), up to 90% of leukemic blasts express CD33, a sialic acid re-
ceptor, although shared CD33 expression on normal hematopoietic
and myeloid progenitors poses challenges for AML-specific target-
ing.''®'"” While the role of CD33 in myeloid cells is not fully under-
stood, CD33 knockout in mice showed no apparent consequence on
survival, fertility, or hematopoiesis, suggesting CD33 may be dispens-
able for normal hematological function.''® This finding opens
the door to CD33 gene editing/immunotherapeutic strategies
in HSCs, where reconstitution of CD33 null hematopoiesis may
enable CD33-dependent selection in AML patients. While this
concept has been successfully demonstrated in mouse AML xenograft
models,”"""” validation in an NHP model is critical, since long-term
safety and engraftment cannot be assessed in a short-lived immuno-
compromised mouse model. In a proof-of-concept (POC) study, Kim
et al.”’ demonstrated that CRISPR-Cas9 inactivation of CD33 in
HSPCs had no impact on myeloid development or function after
autologous transplantation into conditioned rhesus macaques. While
on-target editing in the infusion product was low (<15%), the CD33-
edited CD34" HSPCs engrafted and CD33 editing in myeloid cells
and bone marrow HSPCs was stably detected for over 1 year.
Follow-up studies assessing the efficacy of subsequent CD33-directed
immunotherapy are required, although the lack of suitable NHP
models of AML and other cancers may pose challenges.

GENE EDITING FOR DUCHENNE MUSCULAR
DYSTROPHY

Duchenne muscular dystrophy (DMD) is a severe X-linked recessive
disease that affects roughly 1 in 5,000 newborn males and is charac-
terized by progressive muscle degeneration and atrophy.'**'*' DMD
is caused by loss-of-function mutations in the gene that encodes
dystrophin (DMD), a critical cytoskeletal protein.'** Despite im-
provements in standard of care, most DMD patients die from
respiratory and cardiac failure between 20 and 40 years of age.'””
While thousands of DMD mutations have been identified,'** frame-
shifting mutational “hotspots” are commonly found across exons
45 to 53."”° Dystrophin-deficient DMD animal models have been
generated in mice, 2°713? rats,’>>*'** and rabbits,>® although DMD
models in larger animals, including dogs,** pigs,”*'*®
caques,”” display phenotypes that more closely resemble human
DMD pathophysiology.”> As such, large animal DMD models are
particularly useful for functional evaluation of novel therapeutics.
Targeted exon skipping to restore the DMD reading frame and
generate a truncated but functional dystrophin protein is an area of
active research, particularly given that more than 90% of DMD-
causing mutations are predicted to be suitable for exon-skipping
strategies."”® Moreover, a restoration of just 15% of the normal
dystrophin levels is estimated to provide significant therapeutic
improvement for DMD patients.'**"*°

and rhesus ma-
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Gene editing approaches to restore the DMD open reading frame and
rescue functional dystrophin expression have recently been demon-
strated in large animal models of DMD. Using CRISPR-Cas9 to target
the DMD exon 51 splice acceptor site, Amoasii et al.”> co-delivered
AAV9-Cas9 and AAV9-gRNA to deltaE50-MD dogs. Dystrophin
rescue varied by administration route, with systemic delivery
achieving up to 70% and 92% of wild-type (wt) dystrophin levels
8 weeks post-treatment in the peripheral and cardiac muscles, respec-
tively. More recently, Moretti et al.°” demonstrated that dual AAV9s
could be used to co-deliver a split-intein Cas9 and a pair of gRNAs to
excise exon 51 and restore the reading frame in DMD exon 52-defi-
cient pigs.”*"*" Intravenous delivery of AAV9 vectors coated in poly-
amidoamine nanoparticles resulted in efficient exon 51 targeting and
robust expression of a shortened form of dystrophin in skeletal mus-
cle, heart tissue, and the diaphragm. While the truncated dystrophin
was only partially functional, treated pigs showed significant reduc-
tions in fibrosis, improvements in cardiac function, and prolonged
survival. This work represents an important step toward functional
validation of gene editing therapeutics for DMD, but further studies
are needed to fine-tune vector dosing, cardiac targeting, and toxicity.

GENE EDITING FOR HYPERCHOLESTEROLEMIA

Genome editing has also shown promise for the treatment of elevated
levels of cholesterol in the blood (hypercholesterolemia). Proprotein
convertase subtilisin/kexin type 9 (PCSK9), a protein encoded by
the PCSK9 gene, binds to the hepatic low-density lipoprotein receptor
(LDLR) and inhibits the uptake of LDL cholesterol (LDL-c) from the
bloodstream by catalyzing the degradation of LDLR."*>'*’
function mutations in PCSK9 have been identified in individuals
with familial hypercholesterolemia, an autosomal dominant condi-
tion that is characterized by increased serum LDL-c and an elevated
risk of coronary heart disease (CHD)."** Conversely, loss-of-function
PCSK9 mutations, which are found in 2%-3% of some populations,
are associated with decreased levels of LDL-c and a significant (up
to 88%) reduction in the risk of CHD."*>™'*” While several anti-
body-based PCSK9 inhibitors have gained FDA approval for the treat-

148,149

Gain-of-

ment of hypercholesterolemia,
the potential for durable PCSK9 inactivation from a single-dose
treatment.

gene editing approaches offer

In 2018, Wang et al.°® published the first report of PCSK9 inhibition
in rhesus macaques following a single infusion of AAV vectors ex-
pressing a PCSK9-targeted meganuclease. Serum PCSK9 and LDL-c
decreased in a dose-dependent manner, with up to 84% PCSK9 and
60% LDL-c reduction 11 months after treatment. A 3-year follow-
up report demonstrated durable PCSK9 and LDL-c reductions,
with no significant changes in levels measured at year 2.°” Off-target
editing was low but detectable at up to 80 sites by inverted terminal
repeat sequencing (ITR—seq),]5 % and large (>15 bp) insertions at the
PCSK9 locus were identified, the majority of which contained por-
tions of the vector transgene. While vector-associated immunotoxic-
ity was only evident at early time points, the presence of integrated
transgene at the PCSK9 locus will likely raise safety concerns. A
PCSK9 inhibition approach that avoids generating DSBs may help
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address these safety issues. Recently, Musunuru et al.”® demonstrated

that CRISPR-derived adenine base editors (ABEs) could be used to
introduce precise PCSK9 loss-of-function mutations in cynomolgus
macaques. Following treatment with a single intravenous infusion
of lipid nanoparticles (LNPs) containing ABE8.8 mRNA and
PCSK9 gRNA,"”" NHPs showed a durable 90% reduction in blood
PCSK9 and 60% reduction in serum LDL-c for up to 8 months. Of
the 48 off-target sites interrogated by ONE-seq,'”” editing was only
evident at one site. A similar approach using ABEmax® (in place of
ABE8.8) and the same LNP formulation was also recently demon-
strated in a cynomolgus macaque model, although on-target editing,
PCSK9 knockout, and serum LDL-c reduction were less efficient.'”>
While further studies are needed to assess the long-term safety and
efficacy of ABE-mediated PCSK9 inhibition, the reduction in off-
target editing, as well as the absence of DSB generation, vector inte-
gration, and prolonged meganuclease expression may offer significant
safety advantages.

GENE EDITING FOR INHERITED RETINAL
DEGENERATIONS

Inherited retinal degenerations (IRDs) are a group of heterogeneous
disorders characterized by degeneration of photoreceptors and retinal
pigment epithelium.'** IRDs are a leading cause of blindness, with a
global incidence of ~1 in 2,000.'*> IRD-causing mutations in more
than 250 genes have been identified, and while some recessive IRD
mutations can be treated with gene supplementation therapies,'*®
many autosomal dominant IRD mutations are not amenable to these
approaches, since gene supplementation cannot overcome the domi-
nant effect of the mutated gene product. As such, gene editing thera-
pies that correct the underlying IRD mutations are actively being
explored. Notably, the eye is an ideal target for developing novel
gene editing therapies: therapeutics can be easily administered at
this site, and because the eye is an immunoprivileged organ, anti-
transgene and anti-vector immune responses are less likely to occur.
Major anatomical differences between the mouse and human eye
have been characterized, including the lack of a macula in the mouse
retina (Table 1). NHP retinal anatomy is highly comparable to hu-
mans, making NHPs the optimal animal model for evaluating novel
IRD therapies.”>"”’

One IRD being targeted with gene editing is Leber congenital amau-
rosis (LCA), an autosomal recessive disorder that affects ~1 in 40,000
12819 and results in blindness or significant visual impair-
ment in early infancy.'®” LCA is caused by deleterious mutations in
genes involved in diverse aspects of retinal function, such as photore-
ceptor development and transduction, vitamin A cycling, and gua-
nine synthesis.'®’ While up to 18 genes have been implicated in
LCA,'®* CEP290, GUCY2D, and CRBI are the most commonly
mutated genes, occurring in 15%, 12%, and 10% of LCA patients,
respectively.'®" In a proof-of-principle study, Maeder et al.”’ demon-
strated that CRISPR-Cas9 could be used to correct the most prevalent
loss-of-function mutation in CEP290 that impairs photoreceptor
function.'”® Healthy cynomolgus macaques were treated with
AAVS vectors expressing SaCas9 and a pair of gRNAs targeting the
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flanking regions of the CEP290 mutation site to excise the site or
invert the intervening sequence within the CEP290 reading frame.
Importantly, only ~10% of functional photoreceptors are required
for near-normal visual acuity.'** Up to 30% productive editing (i.e.,
predicted to restore the reading frame) was achieved at the highest
dose, exceeding the therapeutic threshold that is hypothesized to
restore vision. This promising therapeutic is now being investigated
in a clinical trial (NCT03872479), highlighting the direct translat-
ability of findings from large animal models to the clinic.

GUCY2D is another gene that is frequently implicated in IRDs. While
loss-of-function mutations in GUCY2D are common in LCA patients,
gain-of-function mutations in GUCY2D are identified in 35% of pa-
tients with cone-rod dystrophy 6 (CORDS6),'*>'*
dominant eye disorder. CORD6 pathology progresses more slowly
than LCA, and patients typically present with macular degeneration,
photophobia, and loss of visual and color acuity by age 10.'%
GUCY2D encodes retGCl, an enzyme that facilitates the recovery
phase of phototransduction. In CORD6, GUCY2D mutations lead to
increased retGCl activity, aberrant calcium signaling, and photore-
ceptor apoptosis. Inactivation of mutant GUCY2D followed by rescue
with wt GUCY2D is one treatment strategy for CORDG6 that is actively
being investigated. In a proof-of-concept study, McCullough et al.”’
co-injected dual AAVS5 vectors expressing SaCas9 and GUCY2D
gRNA into the retina of healthy cynomolgus macaques and detected
up to 20% editing in photoreceptor cells and ~80% reduction in
retGCl expression. This study represents an important step toward
correcting GUCY2D-mediated CORDS6, though future studies evalu-
ating the success of subsequent rescue with wt GUCY2D are needed.

a rare autosomal

CONCLUSIONS AND FUTURE DIRECTIONS

Compared to studies in small animals, therapeutic validation in large
animals is more likely to be predictive of clinical success.'®® As such,
use of large animal disease models will be critical as the gene editing
field continues to flourish. Moving forward, large animal models will
continue to provide a key resource, for example, to optimize cell
manufacturing at a scale that is most relevant to a patient. This in-
volves not only an increase of several orders of magnitude in cell
number and associated gene editing reagents (e.g., CRISPR RNP),
but also the maintenance of an optimal ratio of gene editing efficiency
to toxicity. Associated instrumentation (e.g., electroporation devices)
must be capable of adjusting over this scale and should ideally tran-
sition seamlessly from the handling of millions to hundreds of mil-
lions or billions of cells. Previously, we observed a sharp decrease in
editing efficiency when increasing to NHP scale for delivery of
BCL11A-specific TALEN mRNA electroporation, despite no impact
on delivery of a control GFP mRNA.”® We have recently found that
in addition to limitations associated with electroporation hardware
platforms, mRNA stability may also become an increasingly relevant
factor as larger numbers of cells are handled in a given experiment
(CW.P. and R. Venkataraman, unpublished data). Stabilized
mRNA formulations, transitioning to pre-formed, enzymatically
active complexes like CRISPR RNPs, and use of electroporation de-

vices featuring microfluidic and flowthrough capabilities'® are the

most likely paths forward to overcome barriers related to scale-up
for gene editing experiments in large animal models and in early-
phase clinical studies. More importantly, so-called in vivo delivery
approaches that prioritize global health endpoints by increasing
portability and scalability should be a key focus moving forward.
These strategies are needed in resource-limited settings where expen-
sive gene therapy infrastructure is not available. For some of the in-
dications described in this review, in vivo delivery systems are already
at the forefront—for example, AAV vectors to treat DMD, hypercho-
lesterolemia, and IRDs. For the treatment of other diseases, including
HIV-1,"" rapidly emerging pathogens such as SARS-CoV-2,'"’
SCD,'”” and cancer,'”” bringing effective treatments to the patient
without the need for costly cell manufacturing facilities will be
more challenging. While AAV vectors are a major platform for in vivo
gene delivery, adenoviral vectors and nanoparticle-based approaches
have emerged as particularly promising alternatives. Gutless adeno-
viral vectors feature large genetic packaging capacities, which can
be used to deliver both CRISPR-Cas9 machinery and homology
donor templates to a cell type of interest.'”* Nanoparticle formula-
tions, namely mRNA-loaded LNPs, are leading global SARS-CoV-2
vaccination efforts and are exquisitely programmable and targetable
for other indications, including cancer and metabolic diseases.'”>'”®
Looking forward, these in vivo delivery platforms hold great promise
in targeting a broadly neutralizing antibody to the inactivated CCR5
locus for HIV cure, or precise repair of sickle cell mutations without
the need for ex vivo HSPC therapy, all via a single intravenous injec-
tion in an outpatient setting. While large animal studies are more
costly and require specialized veterinary staff, the benefits of testing
therapeutics and novel in vivo delivery systems in animal models
that bear greater resemblance to human physiology, anatomy, and
immunology should not be understated. Identifying critical issues
in long-term safety, feasibility, and efficacy before novel genome edit-
ing therapies enter the clinic will help to de-risk these approaches,
optimize formulations and dosing, and potentially increase the
chance of clinical success.
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