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Gene disruption via programmable, sequence-specific nucleases
represents a promising gene therapy strategy inwhich the reduc-
tion of specific protein levels provides a therapeutic benefit. Pro-
protein convertase subtilisin/kexin type 9 (PCSK9), an antago-
nist of the low-density lipoprotein (LDL) receptor, is a suitable
target for nuclease-mediated gene disruption as an approach to
treat hypercholesterolemia. We sought to determine the long-
term durability and safety of PCSK9 knockdown in non-human
primate (NHP) liver by adeno-associated virus (AAV)-delivered
meganuclease following our initial report on the feasibility of
this strategy. Six previously treated NHPs and additional
NHPs administered AAV-meganuclease in combination with
corticosteroid treatment or an alternative AAV serotype were
monitored for a period of up to 3 years. The treated NHPs ex-
hibited a sustained reduction in circulating PCSK9 and LDL
cholesterol (LDL-c) through the course of the study concomitant
with stable gene editing of the PCSK9 locus. Low-frequency off-
target editing remained stable, and no obvious adverse changes
in histopathology of the liver were detected. We demonstrate
similar on-target nuclease activity in primary human hepato-
cytes using a chimeric liver-humanized mouse model. These
studies demonstrate that targeted in vivo gene disruption exerts
a lasting therapeutic effect and provide pivotal data for safety
considerations, which support clinical translation.
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INTRODUCTION
Hypercholesterolemia is one of the leading causes of cardiovascular
disease (CVD). The low-density lipoprotein receptor (LDLR) plays
a crucial role in the regulation of circulating LDL cholesterol (LDL-
c) levels. When proprotein convertase subtilisin/kexin type 9
(PCSK9), a serine protease, binds to hepatic LDLR, it can accelerate
the degradation of LDLR and increase LDL-c levels.1 Naturally occur-
ring loss-of-function mutations in PCSK9 are associated with reduced
LDL-c levels and a decreased risk of CVD, with no apparent adverse
health consequences, rendering PCSK9 a compelling therapeutic
target.2–4 Monoclonal antibodies or RNA interference can success-
fully reduce PCSK9 levels in humans, with monoclonal antibodies
having received approval from the Food and Drug Administration
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for hypercholesterolemia; however, both approaches require periodic
repeated treatments to achieve a sustained reduction in PCSK9.5–9

Characterizations of germline and liver-specific PCSK9-knockout
mice indicate that hepatocytes are the primary source of circulating
PCSK9, despite lower levels of PCSK9 expression in the intestine
and kidney.10,11 Therefore, liver-directed in vivo genome editing
that targets the PCSK9 gene represents a novel approach for treating
hypercholesterolemia and preventing cardiovascular events. Several
proof-of-concept studies in wild-type mice or chimeric liver-human-
ized Fah�/�Rag2�/�Il2rg�/� (FRG) mice have employed clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 or
zinc finger nuclease (ZFN) technology.12 In these studies, lipid nano-
particles (LNPs), adenovirus, or adeno-associated virus (AAV) vec-
tors deliver Cas9 and guide RNA or ZFN to the liver, achieving
disruption of the PCSK9 gene.13–18 More recently, researchers inves-
tigated base editing (BE) technology in mice as a therapeutic alterna-
tive to precisely modify the PCSK9 gene.19 Thus far, reports of in vivo
genome editing in large animals have focused only on short-term re-
sults of dystrophin restoration in the muscle of Duchenne muscular
dystrophy dogs and the results of CEP290 editing in the eye of
nonhuman primates (NHPs) by EDIT-101, a CRISPR-based experi-
mental medicine that restores CEP290 expression and vision loss in
Leber congenital amaurosis type 10.20,21 EDIT-101 recently entered
clinics and became the first clinical tool for in vivo genome editing us-
ing CRISPR/Cas9 technology.22

Meganucleases are engineered variants of homing endonucleases that
can be redirected to different DNA sequences for genome editing ap-
plications.23 Because the DNA-binding and cleavage domains of
homing endonucleases are closely associated, it is difficult to re-engi-
neer meganucleases to target novel sequences. One attractive feature
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Table 1. Summary of PCSK9 genome editing in rhesus macaques after systemic AAV vector administration

Animal
No. Sex

Age at
dosing
(years) Endonuclease

AAV
serotype

Other
treatment

Vector dose
(GC/kg)

Levels in steady phasea % of day-0 level (absolute
level)

Editing in the third liver
biopsy/necropsy

PCSK9 (ng/mL) LDL (mg/dL) Time On-target indel %b Time point

RA1866 M 4.9 M1PCSK9 AAV8 3.0E+13
15.5 ± 0.5
(17.9 ± 0.5)

43.8 ± 1.6
(25.4 ± 0.9)

day 56–1237
(n = 55)

64.4 d1070

RA1857 M 4.9 M1PCSK9 AAV8 6.0E+12
54.9 ± 1.8
(36.8 ± 1.2)

60.1 ± 1.3
(28.8 ± 0.6)

day 56–1237
(n = 55)

44.4 d1070

RA1829 F 5.1 M1PCSK9 AAV8 2.0E+12
74.8 ± 2.8
(195.3 ± 7.1)

67.2 ± 1.2
(49.8 ± 0.9)

day 56–1134
(n = 50)

24.0 d989

RA2334 M 4.0 M1PCSK9 AAV8 2.0E+12
83.2 ± 2.9
(193.0 ± 6.6)

77.4 ± 1.5
(57.8 ± 1.2)

day 56–1134
(n = 50)

9.5 d989

RA2125 F 4.2 M2PCSK9 AAV8 6.0E+12
37.5 ± 1.9
(65.5 ± 3.4)

61.2 ± 2.0
(23.9 ± 0.8)

day 56–280
(n = 16)

38.8 d284 (necropsy)

RA2343 M 3.9 M2PCSK9 AAV8 6.0E+12
43.7 ± 1.5
(98.7 ± 3.4)

60.4 ± 1.3
(46.5 ± 1.0)

day 56–1142
(n = 50)

41.8 d995

RA3167 M 4.7 M2PCSK9 AAV8
prednisolone
(d0-d76)

6.0E+12
77.5 ± 5.0
(103.7 ± 6.7)

85.7 ± 2.1
(49.7 ± 1.2)

day 56–789
(n = 39)

19.2 d642

RA3169 M 4.0 M2PCSK9 AAV8
prednisolone
(d0-d76)

6.0E+12
20.2 ± 1.2
(36.8 ± 2.1)

44.4 ± 1.7
(31.1 ± 1.2)

day 56–789
(n = 39)

57.2 d642

RA2083 F 5.8 M2PCSK9 AAV3B 6.0E+12
26.9 ± 1.3
(98.0 ± 4.9)

57.0 ± 1.7
(37.6 ± 1.1)

day 56–699
(n = 35)

30.3 d531

RA2396 F 5.1 M2PCSK9 AAV3B 6.0E+12
51.1 ± 2.5
(150.3 ± 7.2)

61.3 ± 1.8
(74.8 ± 2.2)

day 56–699
(n = 36)

23.4 d531

AAV, adeno-associated virus; GC, genome copy; LDL, low-density lipoprotein.
aSteady phase is arbitrarily defined as day 56 post vector administration to the most current time point for each animal or to the final time point for RA2125, and the number of time
points for LDL is shown in parentheses. Data are presented as the percentage of the day-0 level, and absolute levels are shown in parentheses. The means ± SEM are shown. The
reduction compared with pretreatment is significant (p < 0.001) based on a one-sided one-sample t test.
bOn-target indel % in hepatocytes is based on mean AMP-seq on third biopsy or necropsy (RA2125) samples (Figure 2A) and adjusted 1.4-fold to reflect the indel % in hepatocytes,
which represent ~70% of total liver cells.
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of meganucleases is their small size, which renders them amenable to
all standard gene delivery methods, including AAV vector ap-
proaches. We previously reported the development of two genera-
tions of meganucleases (M1PCSK9 and M2PCSK9) that target a
conserved region in exon 7 of the human and macaque PCSK9
gene.24 We demonstrated the improved specificity of M2PCSK9
and reported that a single infusion of an AAV8 vector expressing
M1 or M2PCSK9 in NHPs resulted in a dose-dependent disruption
of PCSK9 in the liver, as well as a stable reduction in circulating
PCSK9 and serum LDL-c levels for up to 11 months.

Here, we report a long-term follow-up of these NHPs for over 3 years
and longitudinal analysis data on the efficiency, durability, and safety
of in vivo genome editing in NHPs. We also report the effects of a
course of corticosteroid treatment to reduce immune responses to
the meganuclease. In vivo genome editing provides a novel approach
for (permanently) disrupting the expression of PCSK9 and thus
ameliorating hypercholesterolemia.

RESULTS
Long-term follow-up of in vivo genome editing in NHPs

To evaluate the longevity and safety of in vivo genome editing, we fol-
lowed six NHPs that were previously treated with AAV8-M1PCSK9
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or AAV8-M2PCSK9, vectors expressing engineered meganucleases
targeting exon 7 of the human and rhesus PCSK9 gene (Table 1).24

The four M1PCSK9-treated NHPs demonstrated dose-correlated,
significant, and sustained reductions in serum PCSK9 and LDL-c
levels, ranging from 16% to 83% and 44% to 77% of day-0 levels,
respectively, for over 3 years (Table 1; Figures 1A, 1D, S1, and S2).
RA2343, an AAV8-M2PCSK9-treated animal, also demonstrated a
stable reduction in serum PCSK9 (43.7% ± 1.5% of day-0 levels)
and LDL-c (60.5% ± 1.3% of day-0 levels) levels for over 3 years (Ta-
ble 1; Figures 1B, 1E, S1, and S2). All animals maintained stable
PCSK9 and LDL-c levels in year 3, without significant differences
from year 2. We continuously monitored the health of these animals
by daily observations, clinical pathology tests on blood samples
collected biweekly or monthly, and semiannual physical examina-
tions and abdominal ultrasound evaluations.

Except for transient elevations during the early phase, as previously
reported,24 transaminase levels remained within normal ranges (Fig-
ures 1G–1I and S3). We also monitored T cell responses to the AAV8
capsid and meganuclease in peripheral blood mononuclear cells
(PBMCs). We found that the magnitude of the T cell response to
the meganuclease decreased gradually, as measured by ELISpot, and
that none of the animals showed any positive responses after 1 year



Figure 1. Long-term follow-up of in vivo genome editing on rhPCSK9 in rhesus macaques after a single infusion of different AAV-meganuclease vectors

Animals received a single intravenous infusion of AAV8-M1PCSK9, AAV8-M2PCSK9with or without a course of steroid treatment, or AAV3B-M2PCSK9 vector. (A–C) Serum

PCSK9 levels presented as the percentage of levels on day 0. (D–F) Serum low-density lipoprotein cholesterol (LDL-c) levels presented as the percentage of levels on day 0.

(G–I) Alanine aminotransferase (ALT) levels during the study. The gray bar indicates the period of prophylactic steroid treatment and tapering course for RA3167 and RA3169.

The results from early time points for RA1866, RA1857, RA1829, RA2334, RA2125, and RA2343 have been previously published24 and are included here for completeness of

the dataset.
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(Figure S4). Three of the six animals showed low-level, transient T cell
responses to the capsid protein during the first 6 months after vector
administration.

One of the M2PCSK9-treated animals, RA2125, was mandated for
euthanasia on day 284 due to repeated positive reactions during
routine semiannual tuberculin skin tests. We harvested tissues from
the major organs and lymph nodes at necropsy. Polymerase chain re-
action (PCR) analyses for Mycobacterium in the lung tissues and
tracheobronchial lymph nodes were negative. Further histopatholog-
ical analysis of tissues harvested at necropsy gave no evidence of infec-
tion with Mycobacterium tuberculosis (TB) in any tissue examined
(Table S1). Therefore, we concluded that RA2125 had false-positive
results to the TB tests. Before euthanasia on day 284, RA2125 had
maintained stable reductions in PCSK9 (37.5% ± 1.9%) and LDL-c
(61.2% ± 2.0%) (Table 1; Figures 1B, 1E, S1, and S2). Among the
six animals, RA2125 showed the strongest and most persistent
T cell response to the meganuclease (Figure S4).

Treating additional animals with M2PCSK9 vectors

Several AAV gene therapy trials have applied short-course corticoste-
roid treatments to control the acute rise in transaminases that often
follows AAV vector administration.25–28 To determine whether a pro-
phylactic course of corticosteroid treatment can reduce or abolish the
magnitude of transaminase elevations in NHPs during in vivo
genome editing, we treated two macaques with AAV8-M2PCSk9
(6� 1012 genome copies [GC]/kg) combined with an 11-week course
of oral prednisolone (1 mg/kg/day) followed by tapering. RA3167 had
Molecular Therapy Vol. 29 No 6 June 2021 2021
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Figure 2. Analyses of on-target and OT editing in consecutive macaque liver biopsy and necropsy samples collected at various time points after vector

administration

Each biopsy sample was evaluated by two independent genomic DNA isolations from the biopsy sample followed by next-generation sequencing (NGS). (A and B) On-target

editing analyzed by amplicon-seq (A) or AMP-seq (B). Indels in the liver of RA2125 collected at necropsy were analyzed in eight samples, two each from the left, right, middle,

and caudate lobes. The means ± SEM are shown. (C and D) Off-target (OT) editing evaluated by ITR-seq on AAV8.M1PCSK9-treated liver biopsy samples (C) or

(legend continued on next page)
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normal liver enzyme levels during the course of prednisolone treat-
ment. During the tapering course, RA3167 had a mild elevation of
alanine aminotransferase (ALT) on day 84 and at a few later time
points throughout the study (Figures 1H and S3). RA3169 had a tran-
sient transaminase elevation that peaked on day 35, similar to the pre-
vious six animals, but at a lower magnitude (Figures 1H and S3).
RA3169 also showed modest levels of T cell response to the meganu-
clease which started on day 56 and persisted throughout the study
(Figure S4). These data indicate that a corticosteroid treatment can
reduce the magnitude of transaminase elevations in NHPs during
in vivo genome editing but cannot abolish transaminase elevations
or T cell responses to the meganuclease. Due to the low number of
subjects in the current study, additional studies involving more ani-
mals would be necessary to confirm these observations.

We also treated two macaques with the AAV3B-M2PCSK9 vector.
AAV3B is an AAV serotype that is phylogenically distinct from other
liver-tropic clade E members of AAV, such as AAV8.29 Similar to the
engineered variant of AAV3B called AAVLK03, AAV3B has shown
high transduction in NHPs and human hepatocytes and could be
used as an alternative serotype in subjects with neutralizing anti-
bodies to other AAVs.30,31 Both macaques, naive for AAV3B but pos-
itive for AAV8 neutralizing antibodies (NAbs) (1/10 and 1/5, respec-
tively), showed stable reductions in serum PCSK9 and LDL-c (Table
1; Figures 1C and 1F). RA2396 began to show rising ALT levels as
early as day 7, with a peak on day 28 at 1,089 IU/L, higher than
that of the other animals in this study (Figure 1I). RA2396 also
showed T cell responses to AAV3B capsid on day 28 and to the mega-
nuclease for at least 1 year after vector treatment (Figure S4).

Stable genome editing in the liver of NHPs

To further evaluate the stability of in vivo genome editing following a
single infusion of AAV-meganuclease vectors, we performed three
consecutive liver biopsies via laparotomy on all remaining nine ani-
mals (RA2125 was necropsied on day 284). We evaluate on-target ed-
iting by two deep sequencing methods: (1) amplicon-seq, which cap-
tures small insertions and deletions (indels); and (2) anchored
multiplexed PCR sequencing (AMP-seq), which captures partial se-
quences of large insertions in addition to small indels.24 Amplicon-
seq showed stable editing in all three biopsy samples for all animals
except for RA1866, the high-dose AAV8-M1PCSK9-treated animal
(Figure 2A). RA2334 and RA3167 showed a reduction in indels after
the first liver biopsy but maintained the same level of indels after the
second biopsy. AMP-seq showed a reduction in indels after the first
liver biopsy in all animals except for RA1866, which showed a modest
increase in the second and third biopsy samples (Figure 2B). On
average, the on-target indel level measured by AMP-seq was reduced
by 32% ± 4% (n = 9) in the second liver biopsies compared with the
first biopsies. The indels were well maintained in the third biopsies,
without significant changes (97% ± 5% of the second biopsy levels,
AAV.M2PCSK9-treated liver samples (D). Each dot represents a unique potential OT site

number in red above the animal ID indicates the number of OT sites detected in samples

Data S1. UMI, unique molecular identifier.
n = 9). The indel reduction is largely attributed to the reduction in in-
verted terminal repeat (ITR) insertions, which were more profound in
the first liver biopsy samples (63% ± 2% of total indels, n = 10)
compared with those in the second (40% ± 3%) and third (34% ±

3%) biopsies. AAV insertions into the double-stranded breaks
induced by ZFN, CRISPR, and meganucleases have been previously
reported.32–35 Overall, the on-target editing was well maintained in
the liver after the second biopsy (�4 months) for up to 3 years
post-dosing.

We also evaluated OT (off-target) editing in the liver samples by two
methods: (1) ITR sequencing (ITR-seq), which identifies unique
insertion sites in the genome and determines the relative insertion fre-
quency of each site in tissues or cells treated with AAV vectors;35 and
(2) amplicon-seq on selective sites predicted by GUIDE-seq.36 OT an-
alyses of the six original animals showed a significant reduction in OT
editing in the second liver biopsy samples in published data.24,35 Here,
we focused on the third liver biopsy samples to determine whether
there were any changes in OT effects in the third biopsy samples.
As shown in Figures 2C and 2D and Data S1, the number of OT sites
and relative OT site frequencies were similar between the second and
third biopsy samples. Further investigation highlighted that some OT
sites (2 to 80) were present in all three biopsy samples from the same
animal; moreover, a few OTs were present across all animals treated
with the same meganuclease (Data S1).

We also evaluated OT editing in each sample by conducting an indel
analysis of the top 15GUIDE-seq-identifiedOT sites forM1PCSK9 or
M2PCSK9. Indel frequencies analyzed by amplicon-seq for each OT
site are shown in Figure S5 and Tables S2–S4. Compared to the first
biopsy samples, the second biopsy samples showed a significant reduc-
tion of indel frequencies in the majority of the OT sites, whereas the
third biopsy samples only showed significant changes in a few of the
OT sites. Notably, some of the high-rank OT sites identified by
in vitroGUIDE-seq were also detected by ITR-seq of the liver samples.
In animals treated with the same meganuclease (M1PCSK9 or
M2PCSK9), samples with relatively higher on-target editing, such as
the RA3169 samples, showed higher OT editing at potential OT sites
and more OT sites detected by ITR-seq (Tables S2–S4; Figure 2D).

Evaluation of vector and transgene expression and

histopathology in macaque liver

We analyzed vector GC and transgene expression levels in the biopsy
samples by quantitative PCR (qPCR) and quantitative reverse-tran-
scriptase PCR (qRT-PCR), respectively. The third biopsy samples ob-
tained at later time points (R642 days, n = 7) showed an additional
loss of vector GCs compared with the second biopsy samples (Fig-
ure 3A). qRT-PCR did not detect an additional loss of transgene
expression levels in the third biopsy samples compared with those
in the second biopsy samples (Figure 3B). In situ hybridization
detected by ITR-seq and its relative frequency with respect to on-target editing. The

from all three time points of the same animal. Detailed OT information can be found in
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Figure 3. Analyses of vector genome copies (GCs)

and meganuclease expression in consecutive

macaque liver biopsy and necropsy samples

collected at various time points after vector

administration

(A) Vector GCs in the liver, as analyzed by qPCR of

genomic DNA. (B) Expression of meganuclease in the

liver, asmeasured by qPCR of total RNA isolated from liver

samples followed by reverse transcription and presented

as relative expression levels normalized by glyceraldehyde

3-phosphate dehydrogenase levels. RA2125-d284 was

analyzed based on eight liver tissue samples collected at

necropsy, two each from the left, right, middle, and

caudate lobes. The means ± SEM are shown. Data from

the first two biopsies of RA1866, RA1857, RA1829,

RA2334, RA2125, and RA2343 have been previously

published24 and are included here for comparison pur-

poses. (C) Images for ISH using transgene-specific

probes (M1PCSK9) for liver biopsy samples at the indi-

cated time points (ISH signal: red; nuclear DAPI stain:

blue). Top row: images of third biopsies from animals

previously described.24 Middle row: images of sequential

biopsies representative of the cohort that received steroid

treatment. Bottom row: images of sequential biopsies

representative of the AAV3B cohort. Scale bar, 100 mm.
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(ISH) of liver sections detected positive signals in only a few hepato-
cytes scattered in the second and third biopsy samples (Figure 3C;
note that the images in the top row show previously published24

long-term residual expression in 3/6 animals for comparison). The
loss of vector GC and transgene expression is a desirable feature for
in vivo genome editing.

We also performed vector biodistribution analysis on tissue samples
collected at the day 284 necropsy of RA2125. Vector GCs in different
tissues were 10- to 1,000-fold lower than those in the liver (Fig-
ure S6A). In addition, we evaluated on-target editing in these tissues
by amplicon-seq. The gall bladder was the only tissue that showed ed-
iting above that in pre-PBMC (Figure S6B). However, due to its close
proximity to the liver, we cannot rule out the possibility of contami-
nation with liver tissue in the gall bladder sample. In conclusion, the
combination of a liver-tropic AAV serotype and a liver-specific pro-
2024 Molecular Therapy Vol. 29 No 6 June 2021
moter to drive the expression of meganuclease
prevented editing in non-liver tissues.

In our histopathological analysis of the long-
term biopsy samples, the only microscopic
findings were mild-to-moderate capsular and
subcapsular fibrosis and minimal-to-mild
mononuclear cell infiltrates (Table S5; Figure S7).
Mononuclear cell infiltrates in the liver have been
reported as a common background finding in
NHPs.37 We detected capsular and subcapsular
fibrosis only in the third liver biopsy samples in
all animals, although the fibrosis was not signifi-
cant and may have been the result of previous liver biopsy procedures,
similar to what we have observed in non-nuclease AAV vector-treated
NHPs that were subjected to consecutive liver biopsies (L.W. and
J.M.W., unpublished data). In summary, the AAV-delivered meganu-
clease resulted in transient expression of meganuclease in the liver and
long-lasting editing effects without major safety concerns.

In vivo genome editing in primary human hepatocytes

To assess whether the AAV meganuclease can also achieve efficient
editing in primary human hepatocytes, we treated two FRG mice
whose livers had been repopulated with primary human hepatocytes
with a tail vein injection of AAV3B-M2PCSK9 at a dose of 1.3� 1012

GC/mouse. Indel analysis on liver samples harvested on day 49 by
AMP-seq showed efficient on-target editing in the hPCSK9 gene in
both mice, at 28% (Figure 4A). This level of editing in the macaque
would lead to a significant reduction in PCSK9 and LDL. OT editing



Figure 4. In vivo genome editing of the hPCSK9 gene in primary human hepatocytes

Two FRG (Fah�/�Rag2�/�Il2rg�/�) mice engrafted with primary human hepatocytes received a tail vein injection of AAV3B-M2PCSK9 (1.3� 1012 GC/mouse). Liver samples

(four from eachmouse) were harvested on day 49 after vector injection for analyses. (A) On-target indel analysis by amplicon-seq and AMP-seq. Individual data points and the

means ± SEM are shown (n = 4 from each mouse). (B) Validation of OT editing by amplicon-seq for the top 22 OT sites predicted in vitro by GUIDE-seq. One liver DNA sample

from eachmouse was analyzed. Details regarding the OT sites and indel % for eachmouse are shown in Table S4. (C) OT editing evaluated by ITR-seq. Each dot represents a

unique potential OT site detected by ITR-seq and its relative frequency with respect to on-target editing. Four DNA samples (S1–S4, S5–S8) from each mouse are shown.

Detailed OT information can be found in Data S2. (D) Quantification of transduction efficiency in human hepatocytes based on two-plex IHC. Individual mouse data points and

the mean ± SEM are shown (n = 5). (E) ISH using transgene-specific probes (M1PCSK9) for liver samples (ISH signal: red; nuclear DAPI stain: blue). Representative images of

each animal are shown. (F) M1PCSK9 ISH (red) and DAPI staining alone (blue) at higher magnification. Some human hepatocytes, identified by the absence of hetero-

chromatin dots and a smaller size, are marked with “h.” (G) M1PCSK9 ISH (red) combined with immunofluorescence staining for human lamin (white) as a marker for human

hepatocytes, which can be identified by ring-like staining surrounding the nucleus. (H) Two-plex IHC staining with antibodies against fumarylacetoacetase as a marker for

human hepatocytes (FAH, brown stain) and meganuclease (purple-black nuclear stain). Nuclei were counterstained with methyl green (light green). Scale bars, (E) and (H):

50 mm; (F) and (G): 25 mm.
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was evaluated by amplicon-seq for the top 22 OT sites previously
identified in vitro by GUIDE-seq.24 DNA isolated from the liver of
two FRG mice treated with control AAV vector served as negative
controls (ctrl 1 and ctrl 2). The editing of each OT site was signifi-
cantly higher than that in the control samples (Figure 4B; Table
S4). We also evaluated OT editing by ITR-seq. As shown in Figure 4C
and Data S2, the numbers of OT sites detected in each sample,
ranging from 93 to 233, were in a similar range as those detected in
the first liver biopsy samples fromAAV.M2PCSK9-treated macaques,
although the overall frequencies of the OT sites in the human hepa-
tocytes were higher than those in the macaques (Figure 2D; Data
S1). Between the two mice, 29 OT sites were commonly found in
both mice (Data S2). We also compared the ITR-seq-identified OT
sites in the human hepatocytes in FRG mice with previous GUIDE-
seq-identified OT sites in induced pluripotent stem cell (iPSC)-
derived human hepatocytes.24 There were 32–54 OT sites, varying be-
tween the eight samples from the two FRG mice, also detected by
GUIDE-seq in the iPSC-derived human hepatocytes, although the
ranking orders of the OT sites were not consistent between the in vivo
ITR-seq and in vitro GUIDE-seq data (Data S2). The identity of com-
mon OT sites between animals and by different assays warrants
further investigation. Histology analyses of the liver sections showed
a strong expression of meganuclease in some human hepatocytes
(Figures 4E–4H). We performed two-plex immunohistochemistry
(IHC) of FAH and I-CreI to assess the transduction efficiency in hu-
man hepatocytes. Our analysis showed that 20%–33% of the human
hepatocytes were expressing the meganuclease at the end of the study
(Figure 4D). One major difference from the NHP study is the lack of
Molecular Therapy Vol. 29 No 6 June 2021 2025
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immune-mediated toxicity in FRG mice, which may have allowed
persistent expression of the meganuclease. Persistent, high expression
of meganuclease in cells may have led to high-level OT editing in hu-
man hepatocytes. Thus, an anti-meganuclease immune response may
be beneficial, as it could help to minimize OT editing.

DISCUSSION
In recent years, preclinical studies have demonstrated applications
of genome editing as novel therapies for a broad list of
diseases, including CVD. Most preclinical studies have utilized
mouse models,13–19,38,39 with only a few short-term studies using
large animal models such as dogs or NHPs.20,21 Encouragingly, in vivo
genome editing mediated by ZFNs and CRISPR/Cas9 has entered
clinics (ClinicalTrials.gov: NCT02702115, NCT03041324, and
NCT03872479). We have shown long-term, stable reductions in
PCSK9 and LDL-c as well as the safety profiles in NHPs for more
than 3 years by in vivo genome editing of the PCSK9 gene with a single
intravenous infusion of AAV meganuclease. On-target and OT edit-
ing in the liver were stably maintained from 4 months to almost 3
years, as evidenced by molecular analyses of longitudinal biopsy sam-
ples from individual animals—although these analyses cannot reveal
all OT editing in the entire liver. Except for a transient elevation of
transaminases in the early phase, there were no significant findings
from clinical pathology tests or liver histopathology analyses. To
our knowledge, this is the first study demonstrating the long-term
durability of in vivo genome editing in somatic cells in a large animal
model, and it presents valuable data enabling the comparison of off-
target effects (1) over time in the same animal, (2) between different
nucleases (M1PCSK9 versus M2PCSK9), (3) between different ani-
mals treated with the same nuclease, and (4) dose effects.

Compared to widely used CRISPR/Cas9, ZFN, and newly emerging
BE and prime editing technologies for in vivo gene editing, meganu-
cleases are relatively difficult to reengineer to target novel sequences.
However, they have the unique and attractive feature of being small,
which renders them amenable to all standard gene delivery methods,
especially the AAV vector approach. Due to the size limitation of the
AAV vector, in vivo delivery of ZFN, BE, and Streptococcus pyogenes
Cas9 nucleases along with guide RNAs would involve oversized, split,
or dual AAV vector systems, which would be less efficient than the
conventional single vector system. Smaller Cas9 orthologs, such as Sa-
Cas9, CjCas9, and Cas12s, could be packaged by AAV vectors. LNP-
formulated messenger RNAs (mRNAs) are the alternative delivery
approach, which have no strict size limitations and no pre-existing
neutralizing antibodies, elicit transient expression of the nuclease,
and can be readministered. Success has been demonstrated in mouse
models using LNPs to deliver Cas9 or ZFN for in vivo genome edit-
ing;13–18,40 however, no efficacy and/or safety data in large animals
have yet been published.

The durability of therapeutic effects is especially important for gene
therapy of genetic diseases, which frequently require life-long effi-
cacy, especially in viral vector-mediated in vivo gene therapy when
re-administration is not always possible. In AAV gene therapy trials,
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long-term follow-up of hemophilia A and B patients treated with
AAV vectors showed a gradual decline in hFVIII or hFIX expression
in years 2 and 3.41,42 This decline is likely caused by the loss of vector
genome in transduced cells during hepatocyte turnover. In the cur-
rent study, we observed a significant loss of vector GCs (1–2 logs)
and transgene expression levels (2–3 logs) in the second biopsies
compared with those in the first biopsies (Figure 3). The significant
loss during this early phase is likely related to the immune response
to the meganuclease, a foreign protein to macaques, which results in
profound elimination of episomal vector genomes and the death of
some transduced hepatocytes. Most animals exhibited transient
transaminitis during this phase; however, most transduced and edi-
ted hepatocytes persisted despite vector loss, as demonstrated by the
stable on-target indels in the longitudinal liver biopsy samples. We
detected a further reduction in vector GCs in 7/10 of the third liver
biopsy samples, likely due to hepatocyte turnover, but this reduction
had no impact on the editing effects. This finding highlights an
important difference between AAV gene therapy and AAV-medi-
ated genome editing: the durability of AAV-mediated in vivo
genome editing does not depend on the stability of the vector
genome and is not affected by hepatocyte turnover, in contrast to
traditional AAV gene therapy approaches. During cell division, edi-
ted genomic sequences would be passed to the daughter cells, while
episomal vector genomes would be lost. For vector-mediated in vivo
genome editing, the loss of the vector genome and its expression are
desirable features that can prevent persistent nuclease expression and
reduce OT editing.

As a unique challenge in the translational research of in vivo genome
editing, this approach is inherently human genome-specific. The en-
gineered meganuclease used in this study targets a sequence
conserved between the human and NHP PCSK9 gene, which allows
us to evaluate on-target editing and general safety aspects in NHPs.
However, human genome-specific OT editing is not accessible in
NHPs. Instead, the chimeric liver-humanized FRG mouse model al-
lows us to evaluate on- and off-targeting in primary human hepato-
cytes in vivo. However, the lack of an immune system in FRG mice
leads to persistent meganuclease expression. Sustained overexpres-
sion of the nuclease could increase OT activity, as observed in the
FRGmouse study. In immune-competent primates, cells overexpress-
ing the meganuclease would harbor high OT activity and are more
likely to be targeted by cytotoxic T cells. The asymptomatic and tran-
sient immune response to the meganuclease seen was useful in extin-
guishing OT editing. We are evaluating the potential of further
reducing meganuclease expression by a weak promoter to further
reduce OT activity without affecting on-target editing.

In summary, we have presented a longitudinal study of in vivo
genome editing of PCSK9 in NHPs as well as our strategy and meth-
odology for evaluating long-term in vivo editing efficiency and safety
in NHPs. Our data show that in vivo genome editing of PCSK9 medi-
ated by a single infusion of AAVmeganuclease is efficient, stable, and
safe in NHPs for up to 3 years. This approach may have therapeutic
potential for the treatment of familial hypercholesterolemia.
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MATERIALS AND METHODS
NHPs

All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committee of the University of
Pennsylvania. The long-term treatments of six rhesus macaques have
been previously described,24 and the animals have been continually
monitored since vector administration. We acquired blood samples
biweekly during the first year and once every 4 weeks after the first
year.All blood drawswere performed in themorning after an overnight
fast. AntechDiagnostics conducted all clinical pathology tests on blood
samples, including complete blood counts and differentials, clinical
chemistries, and coagulation panels. Antech GLP performed tests on
lipid panels, including total cholesterol, high-density lipoprotein,
LDL, and triglycerides. Four new rhesus macaques were enrolled in
this study. The animals were prescreened for AAV8orAAV3Bneutral-
izing antibodies as previously described.43ThosewithAAV8orAAV3B
NAb titers <1:5were assigned to the respective groups in this study. The
two AAV8 animals also received prednisolone orally (1 mg/kg/day) on
study days 0–76, followed by a tapering course that ended on day 102.
On day 18 and day 127/130 post-vector infusion, a liver biopsy was per-
formed on each macaque via laparotomy. Animal RA2125 was eutha-
nized on day 284. A third liver biopsy was performed on the remaining
nine animals on day 531/642/989/995/1,070 (Table 1).

FRG (Fah–/–Rag2–/–Il2rg–/–) mice

FRG mice with a C57BL/6N background and repopulated with 40%–

70% human hepatocytes were purchased from Taconic-Yecuris
(Portland, OR, USA). All four mice were repopulated with hepato-
cytes derived from the same donor. Before and during the study,
the FRG mice were maintained on mouse chow with low tyrosine
content (0.53%, PicoLab High Energy Mouse Diet 5LJ5) (Lab Supply,
Fort Worth, TX, USA), 3% dextrose drinking water cycled with sulfa-
methoxazole (640 mg/L, Yecuris), trimethoprin (128 mg/L, Yecuris),
and nitisinone (NTBC, 8 mg/L, Yecuris) according to the vendor’s
recommendations, as previously described.30 On the first day of
the NTBC cycle, two mice received a tail vein injection of
AAV3B.M2PCSK9 (1.3 � 1012 GCs), and the livers of these mice
were harvested on day 49 post-vector administration. Two control
mice received an AAV vector expressing VP1, and the livers of these
mice were harvested on day 28 post-vector administration.

AAV vectors

AAV8.M1PCSK9 and AA8.M2PCSK9, in which M1PCSK9 or
M2PCSK9 was driven by a liver-specific thyroid hormone-binding
globulin (TBG) promoter followed by the woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) element, have been
previously described.24 AAV3B.M2PCSK9 was produced and titered
by the Penn Vector Core at the University of Pennsylvania, as previ-
ously described.44,45

Enzyme-linked immunosorbent assay (ELISA)

PCSK9 levels in macaque serum samples were measured by ELISA
using a PCSK9 ELISA kit (R&D Systems, Minneapolis, MN, USA)
following the manufacturer’s protocol.
Interferon (IFN)-g ELISpot

T cell responses against the AAV capsid and meganuclease were eval-
uated by an IFN-g ELISpot assay on PBMCs isolated frommacaques,
as previously described.24

On-target and OT indel analyses

On-target editing was analyzed by amplicon-seq and anchored multi-
plexed PCR sequencing (AMP-seq), as described previously,24 with
modifications. To measure indels, the target window was defined as
a region that is within 10 bp upstream or downstream of the predicted
cleavage site. We evaluated OT editing by applying ITR-seq35 or am-
plicon-seq on potential OT sites previously identified by genome-
wide, unbiased identification of double-stranded breaks enabled by
sequencing (GUIDE-seq) in monkey or human cell lines. The se-
quences of PCR primer sets utilized in this work have been previously
described.24

Two-plex IHC staining and quantification in FRG mouse liver

sections

We performed sequential dual IHC on formalin-fixed, paraffin-
embedded liver sections. The sections were deparaffinized with xylene
and ethanol, boiled in a microwave for 6 min in 10 mM citrate buffer
(pH 6.0) for antigen retrieval, and treated sequentially with 2% H2O2

(15min; Sigma), avidin/biotin blocking reagents (15min each; Vector
Laboratories), and blocking buffer (1% donkey serum in phosphate-
buffered saline [PBS] + 0.2% Triton for 10 min). The sections were
then incubated with a rabbit antibody against I-CreI, which cross-re-
acts with M1PCSK9 and M2PCSK9 (custom-made, 1:2,000, over-
night at 4�C) and biotinylated secondary anti-rabbit antibodies
(30 min at 37�C; donkey antibodies from Jackson ImmunoResearch)
diluted in blocking buffer. We applied a Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA, USA) with the Vector VIP
peroxidase substrate according to the manufacturer’s protocol, which
revealed bound antibodies as a dark purple precipitate. After the first
staining round, the slides were rinsed in distilled water and PBS, and
the same staining procedure was repeated, but without the antigen
retrieval step, using a rabbit antibody against fumarylacetoacetase
(FAH) (1:1,000, Yecuris) as the primary antibody. The sections
were then incubated with the FAH antibody for 1 h at 37�C. 3,30-dia-
minobenzidine was used as a peroxidase substrate (Vector Labora-
tories) according to themanufacturer’s protocol, showing the location
of bound FAH antibodies as a brown precipitate. Finally, the slides
were counterstained with methyl green (Vector Laboratories) to visu-
alize nuclei. Meganuclease-expressing human and mouse hepatocytes
were quantified on liver sections stained by two-plex IHC for FAH
and I-CreI. We manually analyzed images obtained from scanned
sections (Aperio Versa digital slide scanner, Leica Biosystems, Buffalo
Grove, IL, USA) by counting I-CreI-positive cells using the counting
tool in ImageJ (https://imagej.nih.gov/ij/).

Vector GC, transgene mRNA, histopathology, and ISH analyses

Vector GC, transgene mRNA, histopathology, and ISH analyses
were performed on NHP tissues as previously described.24 In
some FRG mouse liver sections for ISH, we performed co-staining
Molecular Therapy Vol. 29 No 6 June 2021 2027
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with an antibody specific for human lamin as a marker for human
hepatocytes. After ISH, the sections were boiled in a microwave for
6 min in 10 mM citrate buffer (pH 6.0) for antigen retrieval, blocked
in blocking buffer (1% donkey serum in PBS + 0.2% Triton for
10 min), and incubated with a monoclonal rabbit antibody against
human lamin (clone EPR4100, Abcam ab108595; 1:300; Cambridge,
UK) in blocking buffer overnight at 4�C. Fluorescein isothiocyanate-
labeled donkey anti-rabbit IgG was used as a secondary antibody
(Jackson ImmunoResearch Labs, West Grove, PA, USA). Finally,
the slides were mounted in Fluoromount with 40,6-diamidino-2-
phenylindole (DAPI; Electron Microscopy Sciences, Hatfield, PA,
USA).
Statistical analyses

Individual data points and the mean ± the standard error of the mean
(SEM) are presented. To determine whether serum PCSK9 and LDL-c
levels were significantly reduced during the steady phase (arbitrarily
defined as starting at day 56) in the treated macaques compared
with pretreatment levels, a one-sided one-sample t test was performed
using R Statistical Software (version R.4.0.0). To examine whether
serum PCSK9 and LDL levels in the treated macaques changed signif-
icantly between years, we performed a two-sidedWilcoxon rank-sum
test using R Statistical Software (version R.4.0.0). Statistical signifi-
cance for OT genome editing, which was evaluated by amplicon-
seq of top potential OT sites identified by GUIDE-seq, was assessed
using a one-sided Fisher’s exact test (fisher.test, R Statistical Software
version R.4.0.0) to compare the indel frequencies before and after vec-
tor treatment or for comparison with levels in control animals. A two-
sided Fisher’s exact test was used to test differences of OT editing be-
tween different time points after vector treatment. We applied the
Benjamini-Hochberg procedure to correct for multiple hypothesis
testing.46 Statistical significance was assessed at a level of 0.05 after
multiple testing adjustments.
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