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Abstract

Background: a1-antitrypsin deficiency is most commonly caused by a
mutation in exon-7 of SERPINA1 (SA1-ATZ), resulting in hepatocellular
accumulation of a misfolded variant (ATZ). Human SA7-ATZ-transgenic (PiZ)
mice exhibit hepatocellular ATZ accumulation and liver fibrosis. We
hypothesized that disrupting the SA7-ATZ transgene in PiZ mice by in vivo
genome editing would confer a proliferative advantage to the genome-edited
hepatocytes, enabling them to repopulate the liver.

Methods: To create a targeted DNA break in exon-7 of the SA1-ATZ transgene,
we generated 2 recombinant adeno-associated viruses (rAAV) expressing a
zinc-finger nuclease pair (rAAV-ZFN), and another rAAV for gene correction by
targeted insertion (rAAV-TI). PiZ mice were injected i.v. with rAAV-TI alone or the
rAAV-ZFNs at a low (7.5x 10'%g/mouse, LD) or a high dose (1.5x10"'vg/
mouse, HD), with or without rAAV-TI. Two weeks and 6 months after treatment,
livers were harvested for molecular, histological, and biochemical analyses.
Results: Two weeks after treatment, deep sequencing of the hepatic SA1-ATZ
transgene pool showed 6% +3% or 15% +4% nonhomologous end joining in
mice receiving LD or HD rAAV-ZFN, respectively, which increased to
36% + 12% and 36% + 12%, respectively, 6 months after treatment. Two weeks
postinjection of rAAV-TI with LD or HD of rAAV-ZFN, repair by targeted insertion
occurred in 0.10% +0.09% and 0.25% +0.14% of SA71-ATZ transgenes,

Abbreviations: AAT, a4-antitrypsin; ATD, aq-antitrypsin deficiency; Gli2, glioblastoma-2; HD, high dose; HRD, homologous recombination donor strand; lhh, Indian
hedgehog; rAAV-ZFN, recombinant adeno-associated viruses (rAAV) expressing zinc-finger nuclease; rAAV-TI, rAAV designed to provide a wild-type homologous
recombination donor strand for gene correction by targeted insertion; Shh, sonic hedgehog; SA1-ATZ, mutant human SERPINA1 transgene-expressing mutant ATZ;
TI, targeted integration; TAZ/WWTRA1, transcriptional coactivator with PDZ-binding motif; ZFN, zinc-finger nuclease.
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RESOLUTION OF LIVER FIBROSIS AFTER ZFN-BASED GENE EDITING

INTRODUCTION

The serine protease inhibitor glycoprotein, a1-antitrypsin
(AAT), encoded by SERPINA1, is the most abundant
protease inhibitor in the plasma and is expressed
primarily in hepatocytes. AAT protects pulmonary con-
nective tissue from excessive degradation by inhibiting
neutrophil elastase activity.!"l Disease-producing muta-
tions of SERPINA1 cause lung and/or liver disease in 3.4
million individuals worldwide.l? In its classic form, AAT-
deficiency disease (ATD) results from homozygous
inheritance of a mutant SERPINA1 gene (SA1-ATZ),
expressing a lysine342glutamate-substituted AAT, which
is misfolded, and prone to accumulation, polymerization,
and aggregation within hepatocytes.*#! On the basis of
the difference in electrophoretic mobility, this mutant AAT
is termed ATZ, whereas the normal allele is termed ATM.
ATZ is secreted inefficiently, reducing its plasma levels to
~15% of normal, leading to panacinar pulmonary
emphysema due to uninhibited leukocyte elastase
activity.®] On the other hand, hepatocyte stress caused
by the accumulation of ATZ results in liver injury. Genetic
and/or environmental modifiers protect 80%—90% of
subjects homozygous for ATZ from severe liver disease.
In the remaining 10%—20%, the liver phenotype ranges
from mild liver disease to cirrhosis and hepatoma.l®!
Although many patients with ATD liver disease present
during childhood, 77% of ATD patients receiving liver
transplantation in the US are adults (peak age 50—64 y).1e!

Intravenous infusion of pooled human plasma AAT or
recombinant human AAT retards ATD progression in a
subset of patients with moderate emphysema.l’l How-
ever, this lifelong therapy is expensive and does not
affect the hepatic manifestation of ATD. Although
prophylactic liver transplantation could potentially cure
both the liver and lung phenotype, this formidable
procedure commits the patient to long-term immunosup-
pression and is reserved for patients with acute or chronic
liver failure, advanced cirrhosis, or hepatoma. Hepato-
cyte transplantation has been used to treat a variety of
inherited metabolic liver diseases.®! As the liver/body
weight ratio is maintained within tight limits by physio-
logical mechanisms, transplanted hepatocytes that

respectively, which increased to 5.2% +5.0% and 33% + 13%, respectively,
6 months after treatment. Six months after rAAV-ZFN administration, there was
a marked clearance of ATZ globules from hepatocytes, and resolution of liver
fibrosis, along with reduction of hepatic TAZ/WWTR1, hedgehog ligands, Gli2, a
TIMP, and collagen content.

Conclusions: ZFN-mediated SA7-ATZ transgene disruption provides a pro-
liferative advantage to ATZ-depleted hepatocytes, enabling them to repopulate
the liver and reverse hepatic fibrosis.

engraft as single cells or small clusters do not proliferate
significantly, except in diseases associated with loss of
hepatocyte mass, such as in fumarylacetoacetate hydro-
lase deficiency (model of human tyrosinemia-1) or to a
modest degree in ATP7B-deficient Long-Evans cinna-
mon rats (model of Wilson disease).'"” However, as there
is no major loss of hepatocyte mass in most inherited
metabolic liver diseases, the engrafted hepatocytes do
not proliferate significantly, whereby the metabolic
abnormality is only partially ameliorated.

PiZ mice are transgenic for human SA71-ATZ and are a
model of ATD liver disease. We previously reported that
although the liver mass remains normal in PiZ mice,
hepatocellular stress from ATZ accumulation results in a
competitive disadvantage to host hepatocytes, permitting
transplanted wild-type hepatocytes to proliferate by
progressively replacing the host hepatocytes (over a
period of 6 months, without changing the liver mass.['"l As
hepatocytes of untreated PiZ mice can survive, divide and
maintain the liver mass,'? our finding of liver repopulation
by proliferation of a small number of engrafted hepato-
cytes (~1% of liver mass) through attrition of the PiZ host
hepatocytes provided evidence for by cell competition.!'
Importantly, liver repopulation by wild-type hepatocytes
reversed the progression of liver fibrosis in recipient PiZ
mice. Subsequently, Borel et al'¥ reported that trans-
planted wild-type human hepatocytes could also repopu-
late the livers of immunodeficient ATZ-transgenic mice.
These studies led to our hypothesis that if a small fraction
of hepatocytes of PiZ mice could be relieved of the ATZ
load by gene editing, such cells would proliferate
preferentially, competitively replacing the ATZ-expressing
hepatocytes. This was supported by experiments in which
ATZ expression was suppressed in a fraction of PiZ
mouse hepatocytes by expressing a synthetic miRNA'4
or targeting hSERPINA1 by CRISPR-Cas9 expressed
through adenoviral delivery.['”)

In the present study, we used a recombinant adeno-
associated virus (rAAV) pair expressing zinc-finger
nucleases (ZFN) from a hepatocyte-specific promoter
(rAAV-ZFN) in PiZ mice to generate a targeted DNA
break near the mutation site in the SA1-ATZ transgene,
and another rAAV to provide a DNA sequence for
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targeted insertion (rAAV-TI) to correct the mutation
through homologous recombination. The proportion of
ATZ genomes undergoing nonhomologous end joining
(NHEJ) or homologous recombination was determined
by deep sequencing of genomic DNA 2 weeks and
6 months after rAAV injection. The results showed
NHEJ or targeted integration (TI) in a small percentage
of the SA7-ATZ transgene 2 weeks after treatment,
which increased markedly 6 months after treatment,
without a change in the liver/body weight ratio.
Importantly, repopulation by the SA7-ATZ gene-dis-
rupted hepatocytes resulted in a marked resolution of
hepatic fibrosis. Activation of HSC through hedgehog
ligands secreted by stressed or inflamed hepatocytes
has been implicated in liver fibrosis,['8171 and hepatic
transcriptional coactivator with PDZ-binding motif (TAZ/
WWTR1) is known to induce hedgehog proteins.[8]
Therefore, to elucidate the mechanism of fibrosis
resolution in PiZ mice, we quantified the hepatic
contents of TAZWWTR1 and hedgehog proteins, as
well as downstream effectors of hedgehog signaling of
HSCs, namely glioma-associated protein (Gli2) and
tissue inhibitor of metaloproteinase (TIMP).['9]

Our findings indicate that progressive repopulation of
the PiZ mouse liver by SA1-ATZ transgene-disrupted
hepatocytes resulted in the reduction of hepatic content
of TAZ and hedgehog proteins, as well as the down-
stream effectors of hedgehog signaling Gli2, TIMP, and
collagen, which could explain the extensive ameliora-
tion of hepatic fibrosis.

METHODS
Animals

PiZ mice carrying genomic integrations of human
SA1-ATZ genel?0l were backcrossed with wild-type
C57BI/6 mice (Jackson Laboratory) and were bred
and maintained at Albert Einstein College of Medi-
cine on mouse lab chow in climate-controlled rooms
at 12-hour light/dark cycles. Both female and male
mice were used. Control wild-type C57BIl/6 mice,
purchased from Jackson Laboratory, were cohoused
with the PiZ mice. Tail vein injections were performed
between 10 and 11 am under isoflurane inhalation
anesthesia. All animal experiments were performed
with the approval of the Animal Care and Use
Committees of Albert Einstein College of Medicine
and the University and were within the guidelines for
the humane care of laboratory animals.

rAAV-ZFN and rAAV-TI

To generate a dsDNA break in the genomic regions
flanking the PiZ mutation, 2 rAAVs (AAV2/8, containing

AAV2 ITRs and AAV8 capsid) were generated to express
ZFNs from a hepatocyte-specific promoter consisting of
the apolipoprotein E locus control region, human AAT
promoter, a portion of intron-A of human coagulation
factor 1X, 3’-untranslated region, and a bovine growth
hormone polyadenylation signal.2" ZFNs were designed
with Fok1 nuclease monomer fused at the carboxy
terminals of the zinc-finger proteins. When the 2 ZFN
molecules home at their respective DNA sequence
recognition sites on the 2 complementary DNA strands,
the Fok1 monomers dimerize, generating an active
nuclease (Figure 1A). For homology-directed correction
of the pathogenic mutation on exon-7 of SA7-ATZ, rAAV-
Tl was designed by replacing the AAV2 genome with a
segment of the wild-type human SERPINA1 gene
consisting of left and right homology arms, ~1 kb each,
flanking the mutation site, between the AAV2 ITRs. Two
silent mutations were inserted into the homologous
recombination donor to prevent recleavage by ZFN.

Experimental groups

Five experimental groups of 6-week-old PiZ mice (n=6)
were infused through the tail vein as follows: group 1:
rAAV-TI (1.5x10'? viral genomes, vg) alone; group 2:
rAAV-ZFN pair low dose (LD, 7.5x10"%vg); group 3:
rAAV-ZFN pair high dose (HD, 1.5x10"'vg); group 4:
rAAV-ZFN pair at LD plus rAAV-TI (1.5x 10"%vg); and
group 5: rAAV-ZFN pair at HD plus rAAV-TI (1.5 x 10'?vg).
The treatment groups and the PiZ and C57/BI6 control
groups are described in Table 1.

Quantification of genome editing

A 2.1 kb segment SA1-ATZ was amplified by PCR, and
a ~240-bp segment of the amplicon was reamplified for
lllumina next-generation sequencing. Subsequently,
lllumina adaptor and barcode PCRs were performed,
and the purified amplicons were sequenced using
lllumina Miseq for the quantification of sequences
containing insertions and deletions (indels), as well as
Tl of the gene correction donor.

For additional materials and methods, please see
Supplementary Materials and Methods, http://links.lww.
com/HC9/A163.[2224]

RESULTS

The proportion of SA7-ATZ transgene-
edited hepatocytes increased over time in
the PiZ mouse livers

Figure 1B (i) shows the proportion of total indel-containing
SA1-ATZ transgenes (NHEJ) in PiZ mouse livers as a
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percentage of total transgene content. In group 1, (rAAV-
TI only), the transgene editing was negligible both 2
weeks and 6 months after injection. In group 2, which
received rAAV-ZFN pair at a low dose (LD, 7.5x 10"%q)
without rAAV-TI, indel was present in 6%+3%
(mean + SEM) of SA7-ATZ transgenes at 2 weeks but
increased to 36% + 12% at 6 months after rAAV injection.
When a higher dose (HD, 1.5 x 10""vg) of the rAAV-ZFN
pair was used (group 3), indels increased from 15% +4%

at 2 weeks to 36% +12% at 6 months. When rAAV-TI
was added to LD rAAV-ZFN (group 4), 14% +3% and
44% +13% of SA1-ATZ contained indels 2 weeks and
6 months after treatment, respectively. In group 5, which
received HD rAAV-ZFN (1.5x10"'vg) with rAAV-TI, the
percentage of indel-containing SA7-ATZ was 19% + 5% and
15% +12% at 2 weeks and 6 months, respectively. There
was a trend toward an increase in the proportion of indel-
containing SA7-ATZ transgenes between 2 weeks and
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FIGURE 1 Editing of the pathogenic mutation in the human SERPINA1 transgene (SA71-ATZ): (A) Gene correction schematic. (i) Recombinant
AAV for correcting the pathogenic ATZ mutation in the human SA7-ATZ transgene in PiZ mice by homology-directed targeted insertion (rAAV-TI)
was designed with the wild-type human SERPINA1 sequence. Left and right homology arms ~1 kb each were used to promote homology-directed
repair at the ZFN cut site (between 25264 and 25277) near the PiZ mutation. Two silent mutations (SMS2 and SMS11) were introduced into 1 of
the 2 ZFN binding sites (25264 and 25277) encoded within the AAV donor construct to prevent ZFN binding and recleavage after gene correction.
These silent mutations do not change the amino acid coding sequence within exon-7 of the SA7-ATZ transgene, but alter the DNA sequence of the
ZFN binding site, which prevents binding of the specific sequence-targeted 25264 ZFN. The rAAV-TI also consists of inverted terminal repeats
(ITRs) at the 5’ and 3’ of the packaged viral genome. (ii) Human SA1-ATZ locus shown with ZFN binding sites and AAV gene correction donor
homology arm sequences. (B) Genomic editing of human SA1-ATZ transgene in PiZ mouse livers 2 weeks and 6 months after injection of rAAVs.
(i) rAAV-TI gene correction donor and/or rAAV-ZFN pair, encoding human SERPINA1-targeted ZFN expression constructs (25264 and 25277)
were i.v. injected into PiZ mice at a constant dose of rAAV-TI (1.5x107"2vg) and/or high (HD, 1.5x107"'vg) or low doses (LD, 7.5x10"%g) of
rAAV-ZFN. Although there was a trend of increasing indels from 2 weeks to 6 months for most ZFN-treated groups, differences in indels between
the AAV-treated groups were not statistically significant. (ii) Targeted integration (TI) of the gene correction construct was observed only in groups
receiving the donor rAAV-TI plus rAAV-ZFNs at 6 months after treatment. Gene correction occurred to a greater extent in the HD rAAV-ZFN group.
p=0.0087 comparing Tl at the 2-week versus 6-month time points in rAAV-TI + rAAV-ZFNs (high dose) groups. p=0.0303 comparing Tl for low
dose and high-dose Donor + ZFNs 6-month posttreatment groups. Green data points indicate animals from cohort 1; all other data points are from
cohort 2. Error bars represent SE of the mean (SEM). Mann-Whitney unpaired nonparametric analysis was used to calculate statistical sig-
nificance. (C) Genomic editing of human SA1-ATZ transgene in hepatocytes isolated from PiZ mouse livers at 2 weeks and 6 months after
injection of rAAVs. (i) rAAV-TI and/or rAAV-ZFNs encoding ZFNs targeting the SA7-ATZ transgene (25264 and 25277) were injected i.v. into PiZ
mice at a constant dose of rAAV donor (1.5x10*"2vg/mouse) and/or a low or high dose of rAAV-ZFNs (7.5x107"° vg/mouse or 1.5x10*"" vg/
mouse, respectively). Six months after treatment, hepatocytes were isolated by collagenase perfusion and purified by differential centrifugation for
subsequent genome editing analysis. Difference in indel frequency observed between any of the rAAV-ZFN-treated groups was not statistically
significant. (i) Targeted integration (TI) of the gene correction construct was observed at higher levels only in the rAAV-TI plus rAAV-ZFN groups,
although the difference in frequency of Tl observed between groups did not reach statistical significance because of the limited sample size. Mann-
Whitney unpaired nonparametric analysis was used to calculate statistical significance. Abbreviations: ZFN, zinc-finger nuclease.

6 months after injection of rAAV-ZFN, with or without rAAV- contrast, in all groups receiving rAAV-ZFN, percentages
TI. Particularly in the LD groups (2 and 4), the average of transgene NHEJ-containing SA1-ATZ were high
percentage of indel-containing SA7-ATZ transgenes (65+26,60+19, 70+ 19, and 69+ 11, in groups 2, 3, 4,
increased 3 to 6-fold between 2-week and 6-month time and 5, respectively), which were 42% to 50%-fold higher
points. However, because of the high SE of means, these than that found with rAAV-TI alone (group 1) (p<0.02).
differences did not reach statistical significance. The difference among that had received rAAV-ZFN

Indel quantification in liver homogenates reflects (groups 2-5) was small and not statistically significant.
hepatocytes and nonparenchymal cells, but the latter = The results indicate a marked increase in the proportion of
are not expected to undergo DNA break as the ZFNs are the SA7-ATZ-disrupted hepatocytes over that of the
expressed from a hepatocyte-specific promoter. There- transgene-expressing hepatocytes. Notably, the repo-
fore, in 3 additional mice, we isolated hepatocytes pulation did not result in a significant change in the
6 months after treatment by collagenase perfusion and liver/body weight ratio (Supplemental Figure S1, http://
purified hepatocytes by differential centrifugation to links.lww.com/HC9/A162), indicating that proliferation
>98% homogeneity. As shown in Figure 1C, injection of of the transgene-disrupted hepatocytes was commen-
rAAV-TI alone (group 1), resulted in indels in only surate with the loss of transgene-expressing host
1.4%+0.6% (mean+SEM) of the transgenes. In hepatocytes.

TABLE 1 Experimental design

rAAV-TI rAAV-ZFN Day of
rAAV-TI dose rAAV-TI dose rAAV-ZFN Blood sacrifice
Experimental (HR (genome day of (genome day of sampling after
groups donor) copies) injection rAAV-ZFN pair copies) injection days injection
1 SMS24 1.5x10"? 0 — — — 3; 180 14; 180
2 — — — 25264:25277 0.75x 102 6 3; 180 14; 180
3 — — — 25264:25277 1.5%x10"2 6 3; 180 14; 180
4 SMS24 1.5x10"? 0 25264:25277 0.75x 102 6 3; 180 14; 180
5 SMS24 1.5x10"? 0 25264:25277 1.5%x10"2 6 3; 180 14; 180
Control groups: — — — — — — — —
PiZ control PBS — 0 — — — 3;180 14; 180
C57/BI6 None — — — — — 3;180 —

Experimental groups: Five experimental groups of 6-week-old PiZ mice, 6 in each group, were infused by means of the tail vein either the rAAV-TI alone or 2 different
doses of the rAAV-ZFN pair or 2 different doses of the rAAV-ZFN pair plus the rAAV-TI.
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Mutation in SA71-ATZ transgene was
corrected only when rAAV-Tl was added to
rAAV-ZFN

Figure 1B (ii) shows the percentage of SA71-ATZ
transgenes that underwent gene correction by targeted
insertion of the donor DNA (TI). As expected, Tl was
observed only in groups receiving both rAAV-TI and rAAV-
ZFN. Six months after treatment, in group 4 (rAAV-TI
plus low-dose rAAV-ZFN) and group 5 (rAAV-TI plus high-
dose rAAV-ZFN), percentages of SAT-ATZ transgenes
undergoing gene correction were 5.2%+5.0% and
33% +13%, respectively (p=0.0303). The differences
between the 2-week and 6-month time points in both
these groups were also statistically significant (o= 0.0087).
In 50% of the mice in group 5, 50%—-60% of the SERPINA1-
PiZ transgenes had undergone gene correction by TI.

rAAV-ZFN treatment reduced the number
of PiZ globule-containing hepatocytes
6 months after treatment

Polymerized PiZ globules in hepatocytes of PiZ mice were
visualized by Periodic acid-Schiff staining of liver cryosec-
tions after glycogen digestion by diastase treatment
(Figure 2A). Percentage of globule-containing cells was
determined by Imaged analysis (Figure 2B). In the liver of
untreated PiZ mice, 85% +10% (mean+SEM) of the
hepatocytes contained PiZ globules at the age of 8
weeks, but the percentage declined spontaneously to
60%+8% at the age of 30 weeks. In PiZ mice receiving
rAAV-TI only (group 1), 2 weeks and 6 months after
treatment, percentages of globule-containing hepatocytes
were similar to those in age-matched PiZ mouse controls. In
all groups that received rAAV-ZFN (groups 2-5), the
proportion of globule-containing cells was not significantly
different from age-matched control PiZ mice 2 weeks after
treatment. However, 6 months after treatment, the percent-
age of globule-containing cells was markedly reduced
(p<0.02, Figure 2B). Six months after treatment, the
differences between group 1 and groups 2-5 were also
significant (p < 0.02).

rAAV-ZFN treatment reduced serum total
human AAT levels 6 months after treatment

Serum human AAT concentrations in PiZ mice did not
decline significantly between 2-week and 6-month time
points after injection of rAAV-TI alone (group 1)
(Figure 2C). In contrast, in all groups receiving rAAV-
ZFN, at low (LD) or high (HD) dose, with or without
rAAV-TI, serum human AAT levels declined significantly
6-month posttreatment from the 2-week levels
(*, p<0.02). As the serum human AAT is the sum of
the ATZ expressed from the SA7-ATZ transgene and

possibly any human ATM expressed from the transgene
corrected by targeted insertion, the results are
consistent with a higher frequency of transgene
disruption by NHEJ than that of gene correction by
targeted insertion, as shown in Figure 1B, C.

rAAV-ZFN treatment markedly reduced
liver fibrosis

In contrast to the age-related decline of the proportion of
globule-containing hepatocytes in PiZ mouse livers, liver
fibrosis advances with age. Therefore, we determined
the effect of SA7-ATZ transgene editing in PiZ mice on
liver fibrosis 2 weeks and 6 months after treatment.
Cryopreserved liver sections were stained with Sirius red
(Figure 3A, B) and paraffin sections of formaldehyde-
fixed liver tissues were stained with Masson trichrome
(Figure 3D) to evaluate liver fibrosis. Collagen deposition
was quantified by Imaged analysis for the Sirius red
(Figure 3C) and Masson trichrome (Figure 3E,
respectively). In PBS-treated control PiZ mice, both
staining methods showed significantly greater collagen
staining 2-week postinjection than in age-matched
(8-week old) congeneic wild-type C57/BI6 control mice
(p<0.02, Figure. 3C, E). In the PBS-treated PiZ mice, the
collagen content increased > 2-fold over wild-type mice
6-month postinjection (age 30 weeks, p<0.02). At this
time point, some areas of the liver exhibited regenerative
nodules consisting of groups of hepatocytes completely
surrounded by collagen strands (Figure 3B). In PiZ mice
receiving rAAV-TI only (group 1), liver collagen content
was similar to PBS-treated PiZ mice, both 2 weeks (age
8 wk) and 6 months (age 30 wk) after treatment
(Figure 3A, C, D, E). In contrast, in all groups receiving
rAAV-ZFN (groups 2-5), fibrosis was significantly
reduced 6 months after treatment (p <0.02, Figure 3A,
C-E). In groups receiving HD of rAAV-ZFN, without
(group 3) or with rAAV-TI (group 5), collagen strands
were markedly reduced 6 months after treatment
(age 30 wk) to levels similar to that in age-matched
C57/BI6 mice (Figure 3E), and regenerative nodules
were absent (Figure 3B). Western blot for collagen-1
(Figure 4A, B) confirmed the increase in collagen content
with age in control PiZ mice and marked reduction
of collagen content in all groups receiving the rAAV-
ZFN with or without rAAV-TI 6-month posttreatment
(p<0.01).

Hepatic Indian hedgehog and Shh contents
were reduced 6 months after rAAV-ZFN
administration

Signaling of HSCs by hedgehog ligands secreted by
stressed hepatocytes is being recognized to be pivotal
in liver fibrosis in several liver diseases,!'® including
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FIGURE 2 Human SERPINA1 in liver and serum. Globules of polymerized mutant human SERPINA1 in PiZ mouse hepatocytes. Six-week-
old PiZ mice were injected with the different combinations of rAAV as listed in Table 1 (6 mice per group) and sacrificed 2 weeks or 6 months later
for histological and serological analysis. Age-matched PBS-injected PiZ mice were used as control. (A) Periodic acid-Schiff (PAS) staining: liver
cryosections were treated with diastase to deplete glycogen and then polymerized PiZ globules were visualized by PAS staining (arrows). Inset
shows a magnified globule-containing hepatocyte. (B) Quantification of PiZ globule-containing hepatocytes: percentage of globule-containing
hepatocytes was determined by counting at least 1600 cells in each section. Bars represent means + SEM. Note that in PBS-treated control PiZ
mice, the proportion of globule-containing cells decreased in the interval between 2 weeks and 6 months after injection. Similar degree of reduction
of globule-containing cells occurred in mice receiving rAAV-TI only (group 1) between 2 weeks and 6 months after injection. In contrast, there was
significantly greater reduction in the percentage of globule-containing cells between 2 weeks and 6 months in all groups receiving rAAV-ZFN at
low (7.5 x 1071° vg/mouse, LD) or high (1.5 x 10*"'vg/mouse, HD) dose without (groups 2 and 3) or with (groups 4 and 5) rAAV-TI. (*Significantly
different from values in PBS-injected PiZ mice 6 months after injection, p < 0.02). Addition of the rAAV-TI did not significantly enhance the
reduction of the globule-containing cells over administration of rAAV-ZFN alone. (C) Serum total human AAT concentrations: AAT levels in the PiZ
mouse sera were determined by ELISA using a human AAT-specific antibody, before rAAV administration and 2 weeks and 6 months after
treatment. Injection of rAAV-TI alone (group 1) did not significantly reduce serum human PiZ levels between 2 weeks and 6 months after
treatment. In contrast, serum human PiZ levels were significantly reduced (*p < 0.02) at the 6-month time point compared with the 2-week levels in
all recipients of rAAV-ZFN, both at the low (LD) or high (HD) dose, with or without rAAV-TI. Arrows: PiZ globules. Inset: magnifies view of PiZ
globule-containing hepatocyte. Abbreviations: HR, homologous recombination; ZFN, zinc-finger nuclease.

ATD and nonalcoholic steatohepatitis. We determined ~ TAZ/WWTR1 was reduced 6 months after
hepatic levels of the signaling proteins, Indian hedge-  rAAV-ZFN administration

hog (lhh) (Figure 5A, B) and sonic hedgehog (Shh)

(Figure 5C, D) by western blot analysis. In 30-week-old TAZ is a transcriptional cofactor that induces lhh
PiZ mice, hepatic Ihh and Shh levels were increased 5- expression in hepatocytes, leading to hepatic inflam-
to 6-fold over those in age-matched wild-type controls. mation and fibrosis under certain conditions of
In age-matched PiZ mice 6-month postinjection of  hepatocellular stress.['® Therefore, we quantified
rAAV-TI alone, there was no significant reduction of Ihh hepatic TAZ content by western blot analysis/densi-
or Shh content compared with control PBS-treated PiZ tometry. Hepatic TAZ content was low in 30-week-old
mice. In contrast, in all PiZ mice receiving rAAV-ZFN, control wild-type mouse livers, but was elevated over
with or without the rAAV-TI, both Ihh and Shh levels 6-fold in age-matched PBS-treated control PiZ mice
declined to near normal 6-month posttreatment (Figure 5E, F). Six weeks after treatment, TAZ content
(Figure 5A-D). was not significantly changed in mice receiving
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FIGURE 3 Histological evaluation of liver fibrosis: The extent of liver fibrosis was evaluated by staining liver paraffin sections with 2 different
methods: Sirius red and Masson trichrome. The experimental and control groups are as in Table 1. (A) Sirius red staining: representative liver
sections from PBS-treated PiZ mice and mice from each of the 5 experimental groups at indicated time points after injection are shown. Note that
without treatment, liver fibrosis increases with age in PiZ mice, as shown in the PBS-stained control. (B) left panel: Sirius red—stained liver section
from a 30-wk old PBS-treated control PiZ mouse showing a regenerative nodule consisting of groups of hepatocytes surrounded by collagen
strands. Right panel: liver section from 30-week-old PiZ mouse from group 5, which had received treatment 6 months before the analysis, showing
no evidence of regenerative nodule formation. (C) Quantification of the sirius red—stained collagen fibers by ImageJ analysis. Gray bars, 2 weeks
after treatment; solid black bars, 6 months after treatment. Liver sections from untreated normal C57/BI6 mice were analyzed as normal controls.
*Significantly different from values in PBS-injected PiZ mice 6 months after injection, p <0.02. (D). Masson trichrome staining: representative liver
sections from values in PBS-treated PiZ mice and mice from experimental groups 1 and 5 at indicated time points after injection are shown. (E)
Quantification of the Masson trichrome-stained collagen fibers (blue) by Imaged analysis. Gray bars, 2 weeks after treatment; solid black bars,
6 months after treatment. Liver sections from untreated normal C57/BI6 mice were analyzed as normal controls. *Significantly different from values
in PBS-injected PiZ mice 6 months after injection, p < 0.02). Abbreviations: HD, high dose; HR, homologous recombination; rAAV, recombinant
adeno-associated viruses; WT, wild type; ZFN, zinc-finger nuclease.

rAAV-TI only (group 1). In contrast, in PiZ mice  Hepatic Gli2 content was reduced 6 months
receiving rAAV-ZFN, without (group 3) or with (group  after rAAV-ZFN administration

5) rAAV-TI, TAZ content was significantly reduced

compared with age-matched PiZ mouse controls Hedgehog signaling is mediated by the stabilization
(p<0.02). and nuclear localization of proteins of the glioma family
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FIGURE 4 Western blot analysis of hepatic collagen. (A) Western blot analysis for collagen-1: Western blot analysis was performed on liver
homogenates of PiZ mice in all 5 experimental groups and PBS-injected PiZ mouse controls 2 and 6 weeks after injections. Livers from age-
matched wild-type C57/BI6 mice were also analyzed. Representative western blots for collagen-1 are shown along with $-actin as loading control.
B. Quantification of collagen-1: hepatic collagen-1 contents were determined by scanning the western blot bands and are shown as percentage of
the collagen-1 content in 30-week-old wild-type C57/BI6 mouse livers (means + SEM, 6 mice in each group). *Significantly different from values in
PBS-injected PiZ mice 6 months after injection, p < 0.02). Abbreviations: rAAV, recombinant adeno-associated viruses.

(Gli).l' Therefore, we determined hepatic Gli2 content by
western blot analysis/densitometry. Hepatic Gli2 content
was ~3-fold higher in 30-week-old PiZ mice than in age-
matched wild-type controls (Figure 6A, B). Gli2 content
was not significantly changed in PiZ mice receiving the
rAAV-TI only (group 1), 6-month posttreatment. In
contrast, in PiZ mice receiving rAAV-ZFN (groups 2-5),
without (group 3) or with (group 5) rAAV-TI, Gli2 content
was significantly reduced (p < 0.02).

rAAV-ZFN therapy reduced hepatic TIMP-1

The degradation of matrix proteins is mediated by matrix
metalloproteinases, which are regulated by endogenous
TIMPs.[19.25.26] Western blot analysis showed that hepatic
TIMP-1 content was significantly higher in control 30-
week-old PiZ mice than in age-matched C57/BI6 mice
(Figure 6C, D). TIMP-1 levels were reduced 6 months
after treatment with high doses of rAAV-ZFN pair with
(group 5) or without (group 3) the rAAV-TI (p<0.01)
(Figure 6C, D).

Serological analysis showed no evidence
of liver injury 6 months after rAAV
injections

Serum bilirubin, albumin, and alanine aminotransferase
levels in all experimental mouse groups were found to
be within normal range.

DISCUSSION

Our results show that ZFN expression in hepatocytes of
PiZ mice through i.v. administration of an rAAV pair
resulted in targeted disruption (indel) of the SA71-ATZ
transgene by NHEJ. In this study, we used ZFN
packaged into AAV2/8 for systemic delivery. ZFNs
were chosen over CRISPR-Cas for in vivo gene editing
because the small AAV genome would not accommo-
date Cas9 DNA along with the liver-specific promoter,
polyA, and the gRNA expression cassette. Two weeks
after injection, which is near the peak time point of
rAAV2/8-mediated transgene expression in mouse
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Hepatic Ihh, Shh, and TAZ (WWTR1) content: representative western blots for Inh (A), Shh (C), and TAZ/WWTR1 (E), along with

B-actin as loading control are shown for group 1 (rAAV-TI only), group 3 (rAAV-ZFN HD), group 5 (rAAV-ZFN HD + rAAV-TI), and PBS-injected
control PiZ mice at the 6 month time point after injection. Liver from an age-matched wild-type C57/BI6 mouse is also shown. Hepatic contents of
Ihh (B), Shh (D), and TAZ/WWTR1 (F), as well as p-actin were determined by scanning the western blot bands and are shown as percentage of
the protein content in 30-week-old wild-type C57/BI6 mouse livers (means + SEM, 6 mice in each group). *Significantly different from values in
PBS-injected PiZ mice 6 months after injection, p < 0.02). Abbreviations: |hh, Indian hedgehog; rAAV, recombinant adeno-associated viruses;

Shh, sonic hedgehog.

hepatocytes, deep sequencing showed that the fraction
of SA1-ATZ transgenes in the liver that had undergone
disruption was modest but dose related. Six months
after the administration of the rAAVs, the indel-contain-
ing fraction of SA1-ATZ increased 3- to 6-fold over the
values at the 2-week time point, suggesting progressive
repopulation of the liver by hepatocytes that had
undergone gene disruption. However, although the
trend was obvious, there was a marked variation of
the effect among the PiZ mice in both low-dose and
high-dose groups, so that statistical significance was
not reached. Notably, the rAAV vectors were designed
to express ZFNs from a hepatocyte-specific promoter,
whereby nonparenchymal cells that contribute 40% of
the hepatic genomic pool would not be expected to
undergo NHEJ. Therefore, in an additional group of
mice, we isolated hepatocytes from the livers of PiZ

mice by collagenase perfusion and purification by
differential centrifugation 6 months after ZFN-rAAV
injection, followed by deep sequencing. Hepatocytes
isolated from mice that had received rAAV-TI only
showed a very low level of SA1-TI genome editing
(NHEJ or TI). In contrast, in all rAAV-ZFN-treated
groups, a high level of indels (60%—70%) was observed
(p <0.02, compared with the rAAV-TI group). Correction
of the SA7-ATZ transgenes by Tl was observed only in
the groups that had received rAAV-TI, in addition to
rAAV-ZFN. Levels of Tl in the total liver gene pool were
very low 2 weeks after rAAV-ZFN plus rAAV-TI
administration, an average of 10% and 30% of the
SA1-ATZ transgene exhibited gene correction 6 months
after treatment with the low dose and HD of rAAV-ZFN,
respectively. Taken together, these results indicate that
a relatively small number of hepatocytes that were
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FIGURE 6 Hepatic Gli2 and TIMP content: representative western blots for Gli2 (6A) and TIMP (6C), along with B-actin as loading control are

shown for group 1 (rAAV-TI only), group 3 (rAAV-ZFN HD), group 5 (rAAV-ZFN HD + rAAV-TI), and PBS-injected PiZ mice 6 months after
injection. Liver from an age-matched wild-type C57/BI6 mouse is also shown. Hepatic Gli2 (6B) and TIMP (6D) contents were determined by
scanning the western blot bands and are shown as percentage of the Gli2 and TIMP content in 30-week-old wild-type C57/BI6 mouse livers
(means + SEM, 6 mice in each group). *Significantly different from values in PBS-injected PiZ mice 6 months after injection, p <0.02).
Abbreviation: Gli2, glioblastoma-2; rAAV, recombinant adeno-associated viruses.

initially relieved of misfolded ATZ burden through SA7-
ATZ transgene disruption underwent preferential prolif-
eration over the ATZ-expressing native hepatocytes,
leading to progressive liver repopulation by the gene-
edited hepatocytes. This is consistent with our previous
demonstration that wild-type mouse hepatocytes trans-
planted into PiZ mouse livers spontaneously repopulated
the liver over time.['"l Similarly, Borel et all'3 found that
wild-type human hepatocytes transplanted into the livers
of immune-deficient PiZ mice, as well as endogenous
mouse hepatocytes expressing a synthetic miRNA to
silence the SA7-ATZ transgene through integration into
the albumin locus provided a selective advantage over
the endogenous PiZ hepatocytes. Notably, despite the
hepatocellular stress caused by SI-ATZ expression, PiZ
mouse hepatocytes are capable of surviving, proliferating
and maintaining the liver mass.!"? However, when wild-
type hepatocytes are transplanted into PiZ livers, the
engrafted cells proliferate by replacing the ATZ-stressed
host hepatocytes without increasing the liver mass. Such
context-dependent cell elimination through short-range
cell-cell interaction, which enables cells with higher
fitness to replace neighboring less-fit cells, has been
termed cell competition. The mechanisms of cell com-
petition include signaling imbalances between distinct
cells within a given cell population and the mechanical
consequences of differential growth rates.?”l In our
present study, the liver weight to body weight ratio

remained unchanged despite a marked increase in
the proportion of SA7-ATZ-disrupted hepatocytes,
which is consistent with liver repopulation through cell
competition.

Next, we compared the proportion of hepatocytes
that contained polymerized ATZ globules at 2 weeks
and 6 months after gene editing. In 6-week-old
untreated PiZ mice, a great majority of the hepatocytes
contain globules of polymerized ATZ. The percentage
of globule-containing hepatocytes decreases with age
so that in 30-week-old PiZ mice, ~40% of the
hepatocytes lack the ATZ globules. It should be noted
that the nonglobule-containing hepatocytes continue to
express ATZ, as shown by Laser dissection microscopy
of PiZ mouse livers, followed by quantitative RT
PCR.'"l Two weeks after rAAV-ZFN administration,
with or without rAAV-TI, the percentage of globule-
containing cells was similar to that in the age-matched
untreated control. In contrast, there was a marked
reduction in the percentage of globule-containing cells
in all-treated groups that received rAAV-ZFN with or
without rAAV-TI, consistent with liver repopulation by
SA1-ATZ transgene-disrupted cells. A critical intra-
cellular concentration of ATZ is required for globule
formation, which may depend on various factors,
including the autophagy of the mutant protein.[28! Thus,
the lack of ATZ globules indicates reduction, but not
necessarily the absence of SA7-ATZ transgene
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expression. In parallel with the depletion of hepatocel-
lular ATZ globules, there was a reduction of serum ATZ
levels in the recipients of rAAV-ZFN 6 months after the
administration of rAAV-ZFN, with or without rAAV-TI. A
fraction of the serum human AAT could have been
contributed by normal human ATM, as suggested by
gene correction by Tl that was found in some mice
6 months after the administration of rAAV-ZFN plus
rAAV-TI, but we were not able to evaluate the presence
of wild-type ATM in serum as no antibodies are
available that distinguishes human ATM from ATZ.

In contrast to the percentage of globule-containing
hepatocytes, which decreases with age, liver fibrosis
progresses with the aging of the PiZ mice. Activated
HSC are primarily responsible for producing collagen
that polymerizes into fibrotic strands as a part of the
repair mechanism after various types of liver injury.
Crosstalk between liver parenchymal cells and HSCs,
particularly through hedgehog signaling, has been
demonstrated in several models of liver injury.[16:29.30]
Of particular interest was the finding that upregulation of
TAZ, which leads to increased expression of lhh,
resulted in the progression of nonalcoholic hepatic
steatosis to NASH with fibrosis.293% |n PiZ mice, the
initial stress caused by the accumulation of polymerized
ATZ is limited to hepatocytes because among the
different types of liver cells, the AAT promoter is active
specifically in hepatocytes. Therefore, liver fibrosis that
occurs with the increasing age of the PiZ mice is likely
to be the consequence of hepatocyte-HSC crosstalk.

Toward elucidating the mechanism underlying the
resolution of liver fibrosis, we tested the hypothesis
that the resolution of liver fibrosis in PiZ mice after
repopulation by SI-ATZ-disrupted hepatocytes involves
hedgehog proteins secreted by hepatocytes stressed
by ATZ load. Therefore, in addition to determining the
effect of liver repopulation by the S/-ATZ-disrupted
hepatocytes on liver hedgehog protein concentration,
we also quantified the hepatic content of TAZ/WWTR1,
which is upstream to hedgehog gene expression,
as well as the glioma family of proteins that are
downstream mediators of hedgehog signaling.

To limit the SI-ATZ transgene editing to hepatocytes,
we used rAAV-ZFN, which expresses the ZFN pair from
a hepatocyte-specific promoter. Hepatocytes relieved of
the load of ATZ expanded in 6 months, largely by
competitive replacement of the ATZ-stressed native
hepatocyte population, as indicated by genomic analysis.
In parallel with liver repopulation by SI-ATZ-disrupted
hepatocytes, there was a significant reduction of TAZ,
Ihh, and Shh content of the liver, culminating in the
reduction of gli1 and TIMP content and consequent
resolution of the fibrosis. The resolution of fibrosis was
observed by 2 histological staining methods, Sirius red
and Masson trichrome, as well as by western blot
analysis of collagen-1. Along with the resolutions of the
collagen strands, the areas suggestive of regenerative

nodules were no longer detectable. Notably, this effect
occurred with or without rAAV-TI but not in the group that
received rAAV-TI alone.

Fibrosis and its resolution depend on the balance
between matrix metalloproteinases, which degrade
matrix proteins, and their pseudosubstrate inhibitors,
termed tissue inhibitors of TIMPs. Of the 4 members of
the TIMP family, TIMP-1 is considered to be the most
important in liver fibrosis.['® Although TIMP-1 does not
initiate liver fibrosis by itself, increased TIMP-1 levels in
the liver promotes fibrosis caused by hepatocellular
injury or stress.['8l In an animal model, the reduction of
hepatic TIMP expression was found to be a mechanism
of the resolution of liver fibrosis.['7l Consistent with this,
in our study, the marked reduction of hepatic TIMP-1
paralleled the reduction of fibrosis in PiZ mouse groups
that received rAAV-ZFN.

Hedgehog is an evolutionarily conserved signaling
pathway that has been shown to play an important role in
initiating and maintaining liver fibrosis in a number of
metabolic, toxic, and inflammatory diseases of the
liver.31-33] Sustained Hh signaling is needed for main-
taining expanded populations of liver myofibroblasts for
THE continuation of liver fibrosis. Of the 3 members of
the mammalian hedgehog protein family, Shh and Indian
hedgehog (lhh) have been studied most extensively.!®
Hedgehog induces glycolytic metabolism in HSCs,
leading to lactate accumulation, which reprograms the
gene expression profile, resulting in their transition to
myofibroblasts.®" High proliferative and fibrogenic activ-
ities of myofibroblasts is central to excess collagen
deposition in the liver. We show that hepatic Ihh and Shh
contents in 30-week-old PiZ mice were at an average 4-
to 6-fold higher than those in age-matched wild-type
controls. In 30-week-old PiZ mice that had received HD
rAAV-ZFN without (group 3) or with rAAV-TI 6 months
before analysis, Ihh and Shh levels had decreased to
nearly the levels in age-matched wild-type mice. It should
be noted that various liver cell types, including hepato-
cytes, bile duct epithelia, HSCs, and hepatic sinusoidal
endothelial cells express hedgehog proteins when under
stress. As western blot analysis was performed in this
study on whole liver homogenates, the results do not
definitively indicate cell type-specific origin of the
increased |hh and Shh ligands. However, as the SA7-
ATZ transgene expression is hepatocyte restricted, it is
likely that hepatocytes were the site of increased
hedgehog protein production. This is supported by the
demonstration of hedgehog protein in hepatocytes in
liver biopsy of human patients with o1-antitrypsin
deficiency.?? Hedgehog signaling in the target cells,
such as HSCs is mediated by the glioma-associated
oncogene family of proteins (Gli), which undergo
stabilization and nuclear translocation on hedgehog
signaling.['6171 In the present study, Gli2 content in liver
homogenates paralleled the concentration of the hedge-
hog ligands.
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Our findings indicate that amelioration of the proteo-
toxic load by indels generated in the SA71-ATZ
transgene is sufficient for liver repopulation by the gene-
edited cells and consequent reversal of liver pathology,
and this process does not require gene correction. This
finding is consistent with the observation that degradation
of the ATZ content of the liver of PiZ mice by
pharmacological enhancement of autophagy resulted in
reduction of hepatic fibrosis.?8! The PiZ mouse used in our
study is not a model for lung disease caused by a1-
antitrypsin deficiency, because of the presence of normal
mouse a1-antitrypsin. Also, the anti-human AAT antibody
used in this study does not distinguish between the normal
ATM and disease causing ATZ. However, 6 months after
treatment, in the group receiving HD of rAAV-ZFN plus
rAAV-TI, about one third of the SA7-ATZ transgenes had
undergone conversion to SAT-ATM by targeted insertion.
This suggests that with further optimization of targeted
insertion, ZFN-mediated gene editing of hepatocytes
could result in plasma levels of ATM that would be
sufficient to protect the lungs, preventing the progression
of the pulmonary manifestation of human ATD. Although
the CRISPR-Cas9 system is easier to produce in many
research laboratories, the advantage of using ZFN include
smaller packaging space needed and no requirement for a
protospacer adjacent motif (PAM) in the genomic DNA
downstream to the desired cut site, which limits the choice
of DNA break sites for a given Cas nuclease.l3

In summary, we show that a small percentage of
hepatocytes in the PiZ mouse livers underwent genome
editing in the SA-ATZ transgene through NHEJ or Tl 2
weeks after rAAV-ZFN administration. Percentage of
the gene-edited hepatocytes increased over 6 months
by the preferential proliferation of the transgene-
disrupted hepatocytes (NHEJ). When rAAV-TI was
added to the rAAV-ZFN, gene correction occurred at a
much lower frequency than indels. The percentage of
the gene-corrected hepatocytes increased in proportion
to the increase in indels. The treatment resulted in a
marked reduction in the proportion of ATZ globule-
containing hepatocytes and a resolution of liver fibrosis
and collagen content. This was paralleled by a
decrease in the hepatic concentration of hedgehog
proteins (Ihh and Shh) and their upstream inducer TAZ/
WWTRA1, as well as Gli2 and TIMP, which are down-
stream mediators of hedgehog signaling in HSCs that
culminates in increased collagen deposit in the liver.
The results warrant further investigation of ZFN-
mediated disruption of mutant SERPINA1 for treatment
of the hepatic manifestations of ATD, even after the
onset of liver fibrosis.
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