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Neutrophil elastase released from activated neutrophils contributes in combating bacterial infection. While
chronic inflammation results in anemia and decreased bone marrow activities, little is known about the effect
of neutrophil elastase on hematological cell growth in severe inflammatory states. Here, we demonstrated
that ee1-antitrypsin, a physiological inhibitor of neutrophil elastase, functions as a regulator for cell growth by
neutralizing neutrophil elastase activity in lipopolysaccharide-primed hematological cells. HL-60 celis were

Keywords: resistant to neutrophil elastase, as they also expressed eu1-antitrypsin. The growth of HL-60 cells transduced
Neutrophil elastase with a LentiLox-short hairpin «1-antitrypsin vector was significantly suppressed by neutrophil elastase or
«l-antitrypsin lipopolysaccharide. When CD34* progenitor cells were differentiated towards a granulocytic lineage, they

LPS concomitantly expressed neutrophil elastase and o 1-antitrypsin and prevented neutrophil elastase-induced

siRNA growth inhibition. These results suggest that granulocytes might protect themselves from neutrophil
elastase-induced cellular damage by efficiently neutralizing its activity through the simultaneous secretion of
endogenous e 1-antitrypsin.
© 2011 Elsevier Ltd. All rights reserved.
Introduction

Neutrophil elastase is implicated in antimicrobial defense by
degrading engulfed microorganisms [1-4]. Neutrophil elastase is a
potent protease as it cleaves almost all connective tissue components
as well as soluble proteins [5-7]. At the site of inflammation,
neutrophil elastase released from azurophilic granules of the
activated leukocyte is thought to mediate tissue destruction through
its proteolytic cleavage of cell surface glycoproteins, extracellular
matrix and junctional complexes [5,8]. The activity of neutrophil
elastase is counteracted by endogenous inhibitors [9-11]. The serine
protease inhibitor, au1-antitrypsin possesses potent anti-neutrophil
elastase activities [12]. Abnormalities of a1-antitrypsin have been
associated with liver damage arising from pathologic polymerization
of the variant al-antitrypsin, and with the development of pulmo-
nary emphysema or panniculitis due to inflammatory stimuli leading
to the unregulated activity of neutrophil elastase [13-16].

Neutrophil elastase is also known to provide feedback to
granulopoiesis through direct proteolytic action on granulocyte-
colony stimulating factor (G-CSF) [17]. Patients with mutations in
the gene encoding neutrophil elastase (ELANE) display severe
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congenital neutropenia due to abnormal traffic of neutrophil elastase
and induction of the unfolded protein response [18-20]. In addition,
neutrophil elastase induces apoptosis of hematopoietic progenitor
cells, which is prevented by a secretory proteinase inhibitor [17,21].
Chronic infection or inflammation results in anemia and decreased
bone marrow activities [22,23], and hematopoietic efficacy declines
with hematopoietic cell apoptosis and altered cytokine production
[24,25]. However, little is known regarding the effect of neutrophil
elastase on hematological cell growth or regulation by e1-antitrypsin
in severe inflammatory states such as sepsis.

In this study, we investigated the possibility that the growth of
hematological cells may be affected by the enzymatic activity of
neutrophil elastase and that is regulated by endogenous alphal-
antitrypsin under the stimulation of lipopolysaccharide.

Materials and methods
Cell lines and cell cultures

The human leukemia cell lines HL-60 and K562 were obtained
from the American Type Culture Collection (ATCC, Manassas VA, USA)
and MEG-01 was purchased from the European Collection of Cell
Cultures (ECACC, Down, UK). They were cultured in RPMI 1640
medium (Gibco BRL, Rockville, MD, USA) supplemented with 10%
heat-inactivated FBS (Gibco). Cells were adapted to serum free AIM-V
Medium (Gibco) as needed. Human embryonic kidney 293 T cells
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were also purchased from the ATCC and grown in DMEM/F-12
medium (Gibco) supplemented with 10% heat-inactivated FBS.
Human cord blood cells were isolated from healthy volunteers with
informed consents according to the Declaration of Helsinki.

In vitro differentiation of human cord blood derived CD34 cells

Human cord blood-derived (D34% progenitor cells from four
independent donors were isolated with a (D34 MicroBead Kit
(Miltenyi Biotech, Auburn, CA, USA), and cultured with StemPro-34
SFM (Invitrogen, San Diego, CA, USA). These cells were differentiated
into three lineages of hematological cells using appropriate
cytokines: granulocytic (10ng/mL GM-CSF, 10 ng/mL IL-3, and
50 ng/mL SCF), erythrocytic (3 U/mL EPO, 10ng/mL IL-3 and
50 ng/mL SCF) and megakaryocytic (50 ng/mL TPO, 10 ng/mL IL-3,
and 10 ng/mL IL-6) [26]. ‘

Measurement of neutrophil elastase activity

The enzymatic activity of neutrophil elastase was determined by
an amidolytic reaction to a specific substrate, methoxysuc-AAPV-p-
nitroanilide (Sigma-Aldrich, St. Louis, MO, USA) and measuring its
absorbance at 405 nm with a Bechmark Plus Spectrophotometer (Bio-
Rad Laboratories, Hercules, CA, USA), as previously described [27].

Detection of human neutrophil elastase mRNA and related factor mRNA

RNA samples were subjected to reverse transcription-polymerase
chain reaction (RT-PCR) using the following primer pairs: neutrophil
elastase forward (5-GTAAACTTGCTCAACGACATC-3") and reverse (5-
CTCACGAGAGTGCAGACGTT-3'); al-antitrypsin forward (5-CAGAT-
CAACGATTACGTGGAGA-3') and reverse {5-GCTTCATCATAGGGACCTT-
CAC-3"); and GAPDH forward (5-AAGGTGAAGGTCGGAGTC-3") and
reverse (5-GAAGATGGTGATGGGATTTC-3"). The RT-PCR was per-
formed using a GeneAmp RNA PCR Core kit (Applied Biosystems,
Foster City, CA, USA) as previously described. In brief, reverse
transcription was performed at 42 °C for 30 minutes followed by PCR.
The initial denaturation step was at 95 °C for 5 minutes followed by 30
cycles of denaturation at 95 °C for 15 seconds, annealing at 58 °C for
30 seconds, and extension at 72 °C for 7 seconds.

Construction of lentiviral al-antitrypsin shRNAi vectors

To knock down a1-antitrypsin, shRNAi vectors were constructed. As a
control, a scramble sequence was inserted into the vector used. The
piGENE hU6 vector (iGENE Therapeutics, Tokyo, Japan) was digested
with the restriction enzymes EcoRI (Toyobo, Osaka, Japan) and Hindlll
(Fermentas Life Sciences, Ontario, Canada). The fragment incorporating
the hU6 promoter and a BfuAl site was extracted with a MinElute Gel
Extraction Kit (QIAGEN, Valencia, CA, USA) and inserted into the pBC SK
-+ vector (Stratagene, La Jolla, CA, USA), linearized with EcoRI and Hindlll
After digestion with Xbal and Xhol (Toyobo), they were cut and inserted
into the plentiLox 3.7 vector (pLL3.7 vector; ATCC) previously treated
with Xbal and Xhol. Short interfering RNAs (siRNAs) targeted towards
human ol-antitrypsin were based on sequences within the NCBI
database. Sense and antisense oligonucleotides of siRNA were designed
by Hokkaido System Science (Sapporo, Japan). The sequences oligonu-
cleotides used in this study were: short hairpin sense (5-CACCGTTTGGG-
TATGTTTAGCATACGTGTGCTGTCCGTATGTTAAACATGCCTAAACTTTIT-3")
and antisense (5-GCATAAAAAGTTTAGGCATGTTTAACATACGGACAGCA-
CACGTATGCTAAACATACCCAAAC-3"); scrambile sense (5-CACCGATCATA-
GATAGCACAGGTACGTGTGCTGTCCGTACTTGTGCTATCTGTGGTCITITT-
3') and antisense (5-GCATAAAAAGACCACAGATAGCACAAGTACGGA-
CAGCACACGTACCTGTGCTATCTATGATC-3"). These oligonucleotides were
ligated into pLL3.7 at the BfuAl site. The pLL3.7 shRNAi plasmid was co-
transfected with three plasmids containing PV, REV and VSV-G into 293 T

cells. Viral RNA was purified using a QIAamp Viral RNA Mini kit (QIAGEN),
and the number of viral particles was determined with a TagMan PCR
Core reagent kit (Applied Biosystems) and an ABI 7700 System (Applied
Biosystems). The primers used for quantitative RT-PCR analysis were:
forward (5-GCTTTCATTTTCTCCTCCIT-3') and reverse (5-GGCCA-
CAACTCCTCATAA-3’) along with a FAM-labeled probe (5'-
ATCCTGGTTGCIGTCT-3').

Stimulation of hematological cells with neutrophil elastase
or lipopolysaccharide (LPS)

Cultured hematological cells were treated with various concen-
trations of neutrophil elastase (Elastin Products, Owensville, MO,
USA), a1-antitrypsin (Sigma-Aldrich) and sivelestat sodium hydrate
(ONO Pharma, Osaka, Japan). For LPS stimulation, 1x 10° cells were
incubated with 10 ng/mL LPS (Sigma-Aldrich) at 37 °C for 45 minutes.
After washing, cells were re-suspended in the medium with 100 nM
N-formyl-Met-Leu-Phe (fMLP; Sigma-Aldrich) for another 45 minutes
at 37 °C, as described previously [28].

Western blot analysis

Cells were lysed with a lysis buffer (10 mM Tris-HCl pH 7.6, 1%
NP40, 0.15 M NaCl, 1 mM EDTA, 10 pg/mL aprotinin), and each sample
consisted of 1x 108 cells. After centrifugation, 10 pg of sample was
applied to SDS-PAGE then electrically transferred to PVDF mem-
branes. After blocking with 20 mM Tris-HCl, (pH 7.6) and 150 mM
NaCl containing 2% bovine serum albumin (BSA) at 25 °C for 1 hour,
the membrane was incubated with mouse anti-human a1-antitrypsin
antibody (1:3000; Ikagaku, Kyoto, Japan) followed by goat anti-
mouse IgG horseradish peroxidase-conjugated antibody (1:10000;
Invitrogen) in 20 mM Tris-HCl, (pH 7.6), 150 mM NaCl containing
0.1% Tween20 for detection by an ECL Western Blot Detection system
(GE Healthcare, Buckinghamshire, UK).

Enzyme-linked immunosorbent assays (ELISAs)

The levels of neutrophil elastase antigen were measured using a
Human Elastase ELISA kit from Hycult biotechnology (Uden, Nether-
lands). The al-antitrypsin antigen levels were measured using an
AssayMax Human ou1-Antitripsin Elisa Kit from Assaypro (St. Charles,
MO, USA). Concentrations of transforming growth factor-B1 (TGF-g1)
were determined by a Quantikine Human TGF-B1 Immunoassay kit
from R&D Systems (Minneapolis, MN, USA). The manufacturer’s
recommended protocols were followed for each kit.

Immunohistochemistry

Cytospin slides containing 1x10% cells were prepared with a
Cytospin3 (Shandon, Cheshire, UK). After fixation with ethanol, they
were incubated with phosphate-buffered saline (PBS) containing 1%
BSA and 1% non-immune goat serum for 10 minutes at 25 °C. After
blocking, slides were stained for 2 hours at 4 °C using a rabbit anti-
human neutrophil elastase antibody (1:200; Calbiochem, Darmstadt,
Germany) or mouse anti-human al-antitrypsin antibody (1:200;
Ikagaku) diluted with PBS containing 1% BSA as primary reagents.
After washing with PBS, they were incubated with Alexa Fluor-488
labeled goat anti-rabbit 1gG antibody (1:500; Invitrogen) or Alexa
Fluor-555 conjugated rabbit anti-mouse IgG antibody (1:500;
Invitrogen) for 1hour at 25°C. Nuclei were stained with DAPI
(Roche, Basel, Switzerland).

Terminal dUTP nick-end labeling (TUNEL) Assay

Cytospin slides with 1x 10° cells were fixed with ethanol, and the
TUNEL assay was performed using the DeadEnd Colorimetric
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Apoptosis Detection System (Promega, Madison, W1, USA) according
to the manufacturer's protocol. Quantification of TUNEL positive cells
was determined by mean percentage of apoptotic cells from the total
number of cells counted in five fields per slide.

Statistical analysis

The SPSS statistical software package (SPSS, Chicago, IL, USA) was
used for all statistical analyses of data. Variables not normally
distributed were analyzed with the two-sided Mann-Whitney U
test. A difference with p<0.03 was considered statistically significant.

Results

Effect of LPS on secretion of neutrophil elastase and proliferation
in hematological cells

We stimulated three different hematological cell types, HL-60,
K562 and MEG-01 cells with LPS. The antigen levels of neutrophil
elastase were increased only in HL-60 cells (Fig. 1 A). However, the
enzymatic activity of neutrophil elastase was markedly decreased
until four hours after the stimulation (Fig. 1 B). LPS did not affect
proliferation of any cell type (Fig. 1 C). Then, we cultured 1x 10°

NE antigen (pmolAiX10%cells) >
[

0124012400124
HL-80 K582 MEG-C1
Time after LPS addition (hours)

Cell proliferation (1X10° celis/mL) O

LPS: -+ - o+ -+

HL-80 K562 MEG-01

cells/mL of HL-60, K562 and MEG-01 for 24 hours in the absence or
presence of the supernatants derived from HL-60 cells that had been
stimulated with 10 ng/mL LPS for one hour. Interestingly, the
proliferation of K562 and MEG-01 cells was markedly inhibited in
the presence of culture medium derived from LPS-stimulated HL-60
cells, although their supernatants did not suppress proliferation of
naive HL-60 cells (Fig. 1 D). These inhibitory effects on K562 and MEG-
01 cells were canceled by a human neutrophil elastase specific
inhibitor, sivelestat sodium (Fig. 1 D).

Effect of neutrophil elastase on proliferation of hematological cells

To determine whether neutrophil elastase could inhibit prolifer-
ation of hematological cells, HL-60, K562 and MEG-01 cells were
cultured in the presence of neutrophil elastase. Proliferation of K562
and MEG-01 was significantly inhibited by treating with 1 nM
neutrophil elastase for 72 hours (Fig. 2 A), and their proliferation
was suppressed in a dose-dependent manner (Fig. 2 B). In contrast,
neutrophil elastase had no effect on the proliferation of HL-60 cells.
Both K562 and MEG-01 underwent apoptosis in a dose-dependent
manner with neutrophil elastase (Fig, 2 C and D). There was no
significant increase in the number of apoptotic cells when HL-60 cells
were cultured in the presence of 5 nM neutrophil elastase.
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Fig. 1. Effects of LPS on secretion of neutrophil elastase and proliferation in hematological cells. A - B. 1x 10° cells of three different hematological cell types HL-60, K562 and MEG-01
were stimulated with 10 ng/mL LPS for 0, 1, 2 and 4 hours. Neutrophil elastase antigen levels {A) and activity (B) were measured as described in the Materials and methods. C. 1x 10°
celis/mL HL-60, K562 and MEG-01 cells were cultured in the absence or presence of 10 ng/mL LPS. Cell numbers for each cell were counted at 24 hours by trypan-blue viable staining.
D. 1x 10° cells/mL of naive HL-60, K562 and MEG-01 were cultured in the absence or presence of the supernatants derived from HL-60 cells that had been stimulated with 10 ng/mL
LPS for 1 hour, HL-60, K562 and MEG-01 cells were also cultured in the presence of LPS-stimulated HL-60 supernatants treated with 100 nM sivelestat sodium. Cell numbers for each
cell were counted at 24 hours. Values are mean + SD; *p<0.03 compared with controls. (A), (B) and (C) n==5, (D) n= 3. NE, neutrophil elastase.
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Fig. 2. Effects of neutrophil elastase on proliferation and induction of apoptosis in hematological cells. A HL-60, K562 and MEG-01 cells were cultured in the absence or presence of
1nM neutrophil elastase for 72 hours. Cell numbers for each cell were counted every 24 hours. B. HL-60, K562 and MEG-01 cells were cultured in the presence of 0-5 nM neutrophil
elastase for 24 hours, and viable cell numbers were determined. C. Morphological changes in HL-60, K562 and MEG-01 cells were analyzed using Wright-Giemsa staining 24 hours post-
stimulation with 1 nM neutrophil elastase (upper panels). For TUNEL labeling, apoptotic cells demonstrated a greater intensity of fluorescence (lower panels). Representative data from
three independent experiments are showr. Arrow heads demonstrate apoptotic cells. Scale bars indicate 50 pm. D. The proportion of TUNEL-positive cells was calculated for each cell line
treated with neutrophil elastase. Values are mean= 5D; *p<0.03 and **p<0.01 compared with controls. (A), and (B) n=5, (D) n==3. NE, neutrophil elastase.

HL-60 neutralizes neutrophil elastase activity by concomitant secretion
of ae1-antitrypsin

To clarify how HL-60 cells were not subject to apoptotic induction
by neutrophil elastase, we measured residual antigen and enzymatic
activity after its addition. We detected both antigen and enzymatic
activity of neutrophil elastase in K562 and MEG-01 culture superna-
tants at levels similar to which they were added (Fig. 3 A and B). In
HL-60 cultures, antigen levels of neutrophil elastase increased in a
dose-dependent manner (Fig. 3 A), however enzymatic activity was
not increased even after the addition of 0.3 or 1 nM neutrophil
elastase (Fig. 3 B). Apoptotic effects on K562 and MEG-01 cultures
were no longer evident when 1 nM neutrophil elastase was present
together with its specific inhibitor, sivelestat sodium, at a concentra-
tion of 100 nM (Table 1), suggesting that cell type-specific apoptotic
effects of neutrophil elastase might be based on its enzymatic activity.
Thus, we focused on a natural inhibitor of neutrophil elastase, a1-
antitrypsin. As shown in Fig. 3 C, HL-60 cells expressed ot 1-antitrypsin
mRNAs, although the amount of mRNA did not increase after
stimulation with neutrophil elastase. The «1-antitrypsin proteins
were observed in the cytoplasmic granules of HL-60 cells but their
appearance diminished following stimulation with neutrophil elas-
tase (Fig. 3 D). Levels of a1-antitrypsin antigen in the culture medium
of HL-60 cells significantly increased following stimulus with
neutrophil elastase (Fig. 3 E). In contrast, al-antitrypsin levels in
HL-60 cell lysates were very low (Fig. 3 F).

Silencing of endogenous «l-antitrypsin expression with a shRNA
lentiviral vector induces inhibition of HL-60 proliferation following the
stimulation with neutrophil elastase

To confirm that the absence of ct1-antitrypsin suppresses HL-60
growth when neutrophil elastase is present in the culture, we used
siRNAs to knock down endogenous el-antitrypsin expression. We
examined the efficiency of the lentiviral shRNA for e1-antitrypsin
with eGFP expression in HL-60 cells. As shown in Fig. 3 A, HL-60 cells
transduced with the Lentilox-short hairpin or scramble «l-anti-
trypsin demonstrated expression of eGFP. Expression of cl-anti-
trypsin protein was significantly suppressed by transduction with
LentiLox-short hairpin ot1-antitrypsin (Fig. 4 B and C), demonstrating
that silencing of endogenous e1-antitrypsin by a shRNA lentiviral
vector system is effective in HL-60 cells. The proliferation of HL-60
cells transduced with the Lentilox-scramble «1-antitrypsin was not
affected by neutrophil elastase (Fig. 4 D), However, a1-antitrypsin
deficient HL-60 cells transduced with Lentilox-short hairpin se-
quences (Fig. 4 E) exhibited significant growth retardation after
stimulation with neutrophil elastase (Fig. 4 D).

Effect of LPS on «l-antitrypsin deficient HL-60 cells transduced
with a ShRNA lentiviral vector

When HL-60 cells were stimulated with LPS, it was found that all
cells secreted neutrophil elastase antigen regardless of whether they
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Fig. 3. HL-60 cells neutralize neutrophil elastase activity by secretion of a1-antitrypsin. A - B. Level of neutrophil elastase antigens (A) and enzyme activity (B) in a culture medium
containing 1x 10° cells/mL of HL-60, K562 and MEG-01 cells was measured 24 hours after the addition of neutrophil elastase (0, 0.3 and 1 nM), as described in the Materials and
methods. C. HL-60, K562 and MEG-01 cells were cultured in the presence of 0-10 nM neutrophil elastase for 24 hours, and then al-antitrypsin and GAPDH mRNA of each cell were
analyzed by RT-PCR. D. HL-60, K562 and MEG-01 cells were cultured in the absence (upper panels) or presence (lower panels) of 1 nM neutrophil elastase for 24 hours, and then
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were transduced with Lentilox-scrambled or Lentilox-short hairpin
al-antitrypsin (Fig. 5 A). However, the neutrophil elastase activity in
al-antitrypsin deficient HL-60 cells was higher when compared to

HI-60 controls or cells transduced with LentiLox-scrambled o1-
antitrypsin (Fig. 5 B). Knock-down of &t1-antitrypsin with the shRNA
lentiviral vector efficiently suppressed el-antitrypsin secretion
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Table 1

Effect of sivelestat sodium on neutrophil elastase-induced apoptosis in hematological
cells.

NE sivelestat TUNEL positive cells (/1X103 cells)
(nM) sodium N

(o) HL-60 K562 MEG-01
0 0 47+£18 56+1.9 3.0£08
1 0 47+06 472442 39.8+4.8%
1 10 42+£15 48.8 £ 5.4 38.44+25%
1 50 5423 347+ 6.7 28.05.0**
1 100 44x03 9.0+£22 7.7+30

HL-60, K562 and MEG-01 cells were stimulated with 1 nM human neutrophil elastase
in the presence of 0-100 nM of sivelestat sodium hydrate for 24 hours. TUNEL positive
cells were calculated in each of 1x10? cells. Values are mean 4 SD; n=4; **p<0.01
compared with controls. NE, neutrophil elastase,
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following LPS-stimulus (Fig. 5 C). As expected, the growth of HL-60
cells transduced with Lentilox-short hairpin «1-antitrypsin was
significantly suppressed when treated with LPS compared to cells
transduced with LentiLox-scramble o1-antitrypsin (Fig. 5 D). Addi-
tionally, when HL-60 cells were stimulated with LPS in the presence of
sivelestat sodium, levels of e1-antitrypsin in the culture medium did
not increase (data not shown).

Effect of neutrophil elastase on in vitro differentiated hematological cells
derived from CD34™* progenitor cells

Human cord blood-derived CD34* progenitor cells were treated with
differentiation protocols to produce cells of granulocytic, erythrocytic and
megakaryocytic lineages as previously described [29]. We found that
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progenitor cells could differentiate into three lineages, with the lineage of
these cells determined by morphological assessment using a phase-
contrast microscope, and detection of lineage-specific surface markers
observed until 16 days after the induction of differentiation (Fig. 6 A).
Interestingly, the only differentiated cells that concomitantly expressed
neutrophil elastase with o-antitrypsin mRNA were a granulocytic
lineage, suggesting that this enzyme-inhibitor system may be up-
regulated during granuloid cell differentiation. Proliferation of erythro-
cytic and megakaryocytic lineage cells was significantly suppressed by 1
nM neutrophil elastase as compared to granulocytic lineage cells (Fig. 6 D).
Residual neutrophil elastase activity was found in erythrocytic as well as
megakaryocytic cells with very little activity apparent in granulocytic cells
(Fig. 6 E). However, only granulocytic lineage cells possessed al-
antitrypsin antigen in their culture supernatants after stimulation with
neutrophil elastase (Fig. 6 F). We found that granulocytic lineage cells
secreted significant amounts of active leukocyte elastase shortly after
stimulation with LPS when compared to erythrocytic and megakaryocytic
lineages (Fig. 6 B and C). When each lineage of cells was cultured with the
supernatant derived from LPS-stimulated granulocytic cells, both eryth-
rocytic and megakaryocytic lineage cells were significantly suppressed in
their proliferation (Fig. 6 G).

Discussion

Neutrophil elastase is known to contribute towards combating
bacterial infection [1-3]. Paradoxically, neutrophil elastase damages

host tissues such as the intestine, kidney and lung during inflamma-
tion [10,30,31]. In our study, active neutrophil elastase was secreted
not from K562 or MEG-01 but from HL-60 cells after stimulation of LPS
(Fig. 1). In addition, the proliferation of K562 and MEG-01 was
markedly inhibited after addition of culture medium derived from
LPS-treated HL-60 cells, and the effects were canceled by sivelestat
sodium. Several researchers have shown that neutrophil elastase
induces endothelial and epithelial apoptosis [10,32]. We showed that
neutrophil elastase significantly inhibited proliferation of K562 as
well as MEG-01 cells by inducing apoptosis (Fig. 2). Interestingly,
neutrophil elastase did not affect cell growth of HL-60 cells. Thus, the
damage of hematological cells may involve a disturbance in the
balance between neutrophil elastase activity and its inhibitor in
response to LPS. .

It has been reported that neutrophils respond to surface
stimulation by secreting neutrophil elastase and e 1-antitrypsin, and
that there might be an inherent mechanism for damping the local
effects of neutrophil elastase [33,34]. Apoptotic effects of neutrophil
elastase on K562 and MEG-01 cultures were absent when the
enzymatic activity of neutrophil elastase was neutralized by sivelestat
sodium (Table 1) [31,35]. Only HL-60 cells exhibited resistance to
apoptoticinduction as they stored e 1-antitrypsin, which was secreted
rapidly after stimulation by neutrophil elastase (Fig. 3). These results
suggest that cell type-specific effects of neutrophil elastase on
hematological cell growth might be dependent on the neutralizing
activity of neutrophil elastase by endogenous a.1-antitrypsin.
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Fig. 6 (continued).

Leukocyte are known to release neutrophil elastase as well as a1-
antitrypisn in response to LPS [28,36]. In our study, silencing of a1-
antitrypsin expression with a short hairpin RNA lentiviral vector
inhibited growth of HL-60 cells in the presence of neutrophil elastase
(Fig. 4). In addition, HL-60 cells transduced with LentiLox-scrambled
and -short hairpin al-antitrypsin sequences secreted significant
amounts of neutrophil elastase proteins shortly after stimulation with
LPS (Fig. 5). The enzymatic activity of neutrophil elastase was only
found in HL-60 cultures that had been transduced with LentiLox-short
hairpin ae1-antitrypsin which resulted in a significant reduction in cell
growth. Moreover, K562 and MEG-01 cells did not express neutrophil
elastase after LPS stimulation, and their proliferation was not
significantly suppressed by LPS (Fig. 1). Taken together, our data
suggests that LPS might stimulate secretion of neutrophil elastase,
resulting in induction of neutrophil elastase-mediated apoptosis if its
enzymatic activity is not efficiently neutralized by released o1-
antitrypsin.

Although the cell surface receptor involved in neutrophil elastase
has not been clearly identified, several candidates are suggested, such
as protease-activated receptor (PAR)-2 and Toll-like receptor (TLR)-4
[8,37,38]. Additionally, the apoptosis induced by neutrophil elastase
might be mediated through PAR-1 [39]. TLR-4 appears to be the
principle receptor for LPS and mediates the activation of nuclear factor
kB as well as the synthesis of preoinflammatory cytokines such as
interleukin-8 [8,40]. Tsujimoto et al showed that neutrophil elastase
might be associated with expression of TLR-4 on monocytes and
macrophages in the septic state [41]. In our study, TLR-4 was
expressed in K562, MEG-01 and HL-60 cells [42], however, none of
these hematological cells expressed PAR-1 or PAR-2 (data not shown),
suggesting that the neutrophil elastase-induced apoptosis may be
mediated through a signaling pathway similar to that for TLR-4.

Our in vitro differentiation models of hematopoiesis using CD34*
progenitor cells showed that only granulocytic lineage cells expressed
neutrophil elastase (Fig. 6), which is consistent with previous studies
where levels of neutrophil elastase expression reach a maximum in
the promyelocyte and are maintained until differentiation into a
neutrophil [43,44]. Importantly, al-antitrypsin was concomitantly
expressed with neutrophil elastase during differentiation into a
granulocytic lineage [34,45]. Additionally, a1-antitrypsin was secret-
ed after stimulation by neutrophil elastase, and neutralized it to
prevent growth inhibition. When we added inactive neutrophil
elastase pretreated with sivelestat sodium to granulocytic lineage
cells, we could not detect any «l-antitrypsin antigen (Fig. 6),
suggesting that the enzymatic activity of neutrophil elastase might
be crucial in secreting a1-antitrypsin. El Ouriaghli and coworkers
reported that neutrophil elastase inhibits proliferation and induces
apoptosis in CD347" cells along with degradation of G-CSF [17].
Although our in vitro hematopoietic differentiation systemn was free
from G-CSF, concurrently secreted ol-antitrypsin may regulate
neutrophil elastase activity. Granulocytic lineage cells released
neutrophil elastase following stimulation with LPS, and active
neutrophil elastase was neutralized for 90 minutes (Fig. 6). LPS
stimulation did not affect erythrocytic or megakaryocytic lineage cells,
however, the supernatant derived from granulocytic lineage cells
45 minutes after the addition of LPS significantly inhibited their
proliferation as they could not inactivate neutrophil elastase.
Erythropoiesis and megakaryopoiesis may be inhibited by neutrophil
elastase due to the absence of al-antitrypsin in these lineages in the
inflammatory state. Thus, a1-antitrypsin released from granulocytes
might play an important role for the maintenance of hematopoiesis in
microenvironments such as the bone marrow niche where al-
antitrypsin might not be sufficiently supplied from plasma [36,46].
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In conclusion, we demonstrated that hematological cells might be
affected by neutrophil elastase which is regulated by endogenous a1~
antitrypsin under the stimulation of lipopolysaccharide. We suggest
that granulocytes could protect themselves from neutrophil elastase-
induced cellular damage by efficiently neutralizing its activity with
concomitant secretion of endogenous «l-antitrypsin. Extensive
clinical studies would be required for understanding the precise
mechanism of controlling neutrophil elastase activity by endogenous
al-antitrypsin in septic patients.
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Phenylketonuria (PKU) is a common genetic disorder
arising from a deficiency of phenylalanine hydroxylase.

If left untreated, the accumulation of phenylalanine leads
o brain damage and neuropsychological dysfunction.
One of the abnormalities found in hyperphenylalaninemic
patients and a mouse model of PKU is an aminergic
deficit in the brain. We previously showed correction of
hyperphenylalaninemia and concomitant behavioral
recovery in PKU mice after liver-targeted gene transfer
with a viral vector. Here, we addressed whether such a
functional recovery was substantiated by an improved
amine metabolism in the brain. After gene transfer, brain
dopamine, norepinephrine, and serotonin levels in the PKU
mice were significantly elevated to normal or near-normal
levels, along with systemic improvement of phenylalanine
catabolism. The results of biochemical analyses validated

Introduction

Phenylketonuria (PKU; OMIM 261600) is a common
inherited metabolic disorder, mostly arising from a
deficiency of phenylalanine hydroxylase (PAH) [1].
PAH is exclusively responsible for converting phenylala-
nine into tyrosine, and its deficiency results in a systemic
accumulation of phenylalanine in the body. Although the
mechanisms involved are not fully understood, excessive
amounts of phenylalanine are toxic to the developing
brain and have a negative impact on neuropsychological
function in adults. Therefore, the present treatment for
PKU mandates strict restrictions of dietary protein in
infancy and childhood to limit phenylalanine intake, and
a similar diet is recommended for life. One possible
mechanism responsible for the neurological dysfunction is
an aminergic deficit, as earlier studies showed drastic
decreases in neurotransmitters such as dopamine, nor-
epinephrine, and serotonin (5-hydroxytryptamine, 5-HT)
in the brains of untreated PKU patients [2,3]. A similar
aminergic deficit was found in a mouse model of PKU
(the Pzh™? strain) [4-7]. We and other investigators have
explored the feasibility of somatic gene therapy for PKU,
and have shown that recombinant adeno-associated virus
(AAV) vectors can achieve long-term corrections of
hyperphenylalaninemia (HPA) in Pzk™ mice [8-10].
We also demonstrated a behavioral recovery in the treated
animals, indicating that some brain functions benefited
from this approach [8]. In the present study, we
addressed whether liver-targeted gene therapy for PKU
would reinstate the metabolism of neurogenic amines,
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thereby improving homeostasis and the function of the
central nervous system.

Materials and methods

Animals

All the animal experiments were carried out in accor-
dance with the institutional guidelines under protocols
approved by the Institutional Animal Care and Use
Committee at Jichi Medical University (Shimotsuke,
Japan). PAH-deficient C57BL/6-Pa/™* mice (PKU mice,
—/-) were homozygous for the same PzA™ mutation as
that described in the original BTBR-Pes strain [4,5],
but had been bred and backcrossed on the C57BL/6J
background. Genotyping for the presence of the Pzk™“
mutation was performed by PCR analysis of tail biopsy
DNA [9]. All the mice were maintained on standard
mouse chow (CE-2 from Clea, Tokyo, Japan). Blood was
collected from the tail veins on a filter paper for newborn
mass screening (No. 545 from Advantec Toyo, Tokyo,
Japan), and blood phenylalanine concentrations were
determined by an enzymatic fluorometric assay using an
Enzaplate PKU-R kit (GE Healthcare, Tokyo, Japan) and
a Fluoroskan Ascent FL plate reader (Labsystems,
Helsinki, Finland) [8,9]. [z-vizo phenylalanine oxidation
was evaluated by a noninvasive breath test using
[l-lsc]L-phcnylalaninc [9,11].

In-vivo gene transfer
The construction and preparation of the AAV8-pseudo-
ryped self-complementary AAV vector for PKU (scAAVS/

DOI: 10.1097/WNR.Ob013e32834e3a87
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LP1-mPAH) has been described previously [9]. 1 x 10!
vector genomes of the recombinant AAV were dissolved
in 0.5 ml of saline and injected into the peritoneal cavity
of a PKU mouse at § weeks of age.

Brain sampling and biochemical analysis

Mice were killed by cervical dislocation, and the removed
brain was immediately frozen in liquid nitrogen and
stored at —80°C until used. The brain was homogenized
in 10 volumes of 0.2M of perchloric acid containing
0.1 mM of EDTA for deproteination. Protein concentra-
tions were determined using a DC protein assay kit
(Bio-Rad, Hercules, California, USA). Catecholamine and
5-HT levels were measured by high-performance liquid
chromatography using an electrochemical detector ECD-
100 (EICOM, Kyoto, Japan) as described elsewhere [12].
Amino acid levels were analyzed using an 1-8500 amino
acid analyzer (Hitachi, Tokyo, Japan). Data are presented
as means = SDs in the text and figures. An unpaired -
test was performed using the StatView 5.0 software for
Macintosh (SAS Institute, Cary, North Carolina, USA) for
comparison between two groups, and a P value of less
than 0.05 was considered to be significant.

Results

Phenotypic correction after gene transfer

As shown in the original BTBR-Pz*? mice [9], the
scAAVS/LP1-mPAH vector exhibited remarkable efficacy in
restoring phenylalanine catabolism in CS57BL/6-Pak™*
mice. Before the gene transfer, PKU mice had elevated
blood phenylalanine levels (28.1 = 1.7mg/dl; #=3) com-
pared with their heterozygous (+/-) littermates
(0.3 = 0.2 mg/dl; » = 6), whereas blood phenylalanine levels
in heterozygous mice were indistinguishable from those in
wild-type homozygous (WT, +/+) mice (0.3 = 0.1 mg/dl;
n=6). After a single injection of the AAV vector to PKU
mice, the blood phenylalanine concentration rapidly de-
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creased to a near-normal level in 1 week (1.7 = 0.8 mg/dl)
and remained within the normal range from weeks 2 to 8
(Fig. 1a). In parallel, we evaluated phenylalanine-oxidizing
capacity by conducting a "*C-phenylalanine-loading breath
test (Fig. 1b). In this assay, the production of *CO,
(ACOy) is associated with PAH activity, although we were
not able to distinguish heterozygous mice (50.6 % 6.7%o;
n=6) from WT mice (52.6% 10.5%0; #» = 6), presumably
due to other limiting factors such as phenylalanine
transport and cofactor availability # vive. Before the gene
transfer, PKU mice produced very little, if any, ACO,
(2.0 = 1.1%0; 7= 3). One week post-AAV injection, ACO,
was increased to 2/3 of the control level (29.9 = 1.1%o) and
the value gradually increased to a near-normal level
(41.8 = 3.5%0 at week 8).

The AAV-treated PKU mice (= 3) were euthanized at
week 8 after injection along with heterozygous litter-
mates (7= 06) and age-matched, untreated PKU mice
(7 = 4) for further analysis. First, we measured the whole
brain weight of these animals (Fig. 1c). As reported [13],
the weight of the brain in untreated PKU mice was
significantly decreased compared with the control level
(343 = 15 vs. 481 = 33mg; P = 0.00005). In contrast, the
brains of AAV-treated PKU animals regained weight
significantly (431 =26 mg; P=0.0023 vs. untreated
PKU), reaching a level comparable level to that in
heterozygous mice (P = 0.55).

Amino acid analysis

In the amino acid analysis, we confirmed that the untreated
PKU mice had a marked imbalance of phenylalanine and
tyrosine in the brain [13] (Fig. 2a). The phenylalanine
content was nearly 10 times that of heterozygous mice
(6.24 = 0.81 vs. 0.66 % 0.08 nmol/mg protein; P = 0.0008),
whereas the tyrosine content was lower (0.31 % 0.08 vs.
0.77 £ 0.09 nmol/mg protein; P =0.0005). In the AAV-
treated PKU mice, the amount of phenylalanine in the

Fig. 1
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Phenotypic correction in phenylketonuria (PKU) mice after gene transfer. (a) Blood phenylalanine levels in adeno-associated virus (AAV)-treated PKU
mice (squares) and heterozygous controls (circle). (b) "*CO, production (ACO.) by AAV-treated PKU mice (squares) and heterozygous controls
(circle) in a [1-'3C]L-phenylalanine-loading test. (c) Whole brain weights of heterozygous control (+/~), untreated PKU (-/-), and AAV-treated

PKU (~-/-AAV) mice. Data are shown as the mean+ SD. **P<0.01.
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brain was decreased (1.04:+0.50nmol/mg of protein;
P=0.001 vs. untreated PKU) in accordance with that in
blood. The treated mice also had increased levels of
tyrosine, but the elevation was not significant because one
animal had a supranormal tyrosine content (1.55nmol/mg
of protein) that resulted in a relatively large SD for this
group. As for tryptophan, the untreated PKU mice had a
lower average level (0.12 % 0.05nmol/mg protein) than
the heterozygous and AAV-treated mice (0.21 = 0.11 and
0.28=0.13nmol/mg of protein, respectively), but the
difference was not significant as reported previously [7].

Monoamine neurotransmitters and metabolites

The levels of catecholamines, serotonin, and metabolites
are summarized in Table 1. We confirmed that the
amounts of dopamine, norepinephrine, and 5-HT in the
untreated PKU mice were significantly decreased com-

Fig. 2
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Aromatic amino acids and neurogenic amines in the phenylketonuria
(PKU) mouse brain. (a) Phenylalanine, tyrosine, and tryptophan levels
in the brain of heterozygous control (+/-), untreated PKU (~/-),
and adeno-associated virus (AAV)-treated PKU (-/—AAV) mice. (b)
Dopamine, norepinephrine, and serotonin (5-HT) levels in the brain of
heterozygous control (+/-), untreated PKU (~/~-), and AAV-treated
PKU (~/-AAV) mice. Data are shown as the mean + SD. *P<0.05,
**PL0,01.

pared with those in the heterozygous controls (P = 0.004,
0.0005, and 0.00008, respectively) [6,7]. Eight weeks
after gene transfer, such aminergic deficits were markedly
ameliorated (P = 0.022, 0.0007, and 0.0004 vs. untreated
PRU, respectively; Fig. 2b). Accordingly, the levels of
some catecholamine metabolites increased in the AAV-
treated mice. In PKU mice, 3-4-dihydroxyphenylacetic
acid decreased significantly compared with the hetero-
zygous controls, and it recovered partly after gene
transfer. 3-methoxytyramine (3-MT) content in PKU
mice was not significantly lower than that in the
heterozygous controls, but it may have actually been
lower compared with WT homozygotes [6]. Otherwise, a
compensatory dopamine release to the synapse may take
place in PKU mice, resulting in a relatively small 3-MT
decrease. As shown in Table 1, we found a significant
increase in 3-MT after gene therapy, presumably due to
an improved dopamine synthesis. In contrast, homova-
nillic acid did not increase after gene transfer (P = 0.749
vs. PKU; P=0.023 vs. heterozygous). Overall, we
assumed that catecholamine synthesis in the AAV-treated
mice was restored to approximately 80-90% of the level
in heterozygous mice. Similarly, the levels of serotonin
and its metabolite 5-hydroxyindoleacetic acid recovered
to 60-70% of those in heterozygous mice (P = 0.039 for
5-HT and P =0.092 for 5-hydroxyindoleacetic acid).

Discussion

The present study showed an overt reversal of the
aminergic deficit in PKU mouse brain after liver-targeted
gene therapy. In untreated PKU mice, HPA may disturb
monoamine synthesis through at least two mechanisms.
One is that excess phenylalanine may hamper the
neuronal uptake of tyrosine (dopamine and norepinephr-
ine precursor) and tryptophan (5-HT precursor) through
competition for transport across the blood-brain barrier
by the L-type amino acid carrier [14,15]. The other is that
a high concentration of phenylalanine interferes with
tyrosine hydroxylase and tryptophan hydroxylase [16,17].
For the catecholamine pathway, we observed a significant
decrease in the amount of tyrosine in PKU mice, which
may play some role in the dopamine and norepinephrine
deficit. However, Joseph and Dyer [18] reported an
increase in dopamine despite low tyrosine levels in PKU
mice on a low-phenylalanine diet, which may suggest that
HPA causes a lack of catecholamine primarily by
inhibiting the hydroxylation of tyrosine. As for the
serotonin pathway, we found a limited decrease in
tryptophan in the PKU mouse brain. Pascucci ez @/ [7]
found a similar decrease in tryptophan and observed a
significant decrease in 5-hydroxytryptophan in the brain
of PKU mice. Therefore, they speculated that HPA
impedes 5-HT synthesis mainly by inhibiting tryptophan
hydroxylation, which is the rate-limiting step in this
pathway. We previously showed that phenylalanine acted
as an inhibitor more strongly against tryptophan hydro-
xylase than against tyrosine hydroxylase [17], further
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Table 1 Dozpamine, norepinephrine, 5-hydroxytryptamine, and metabolites (pmol/mg protein) in adeno-associated virus-treated

Pah"i2/2n42 and control mouse brain

Pa hean/ + ( ne= 6)

Paperudlent? (n = 4) Pah®ru2/enu2 | adeno-associated virus (n=23)

Dopamine 56.6+12.4°
3-Methoxytyramine 11.9+4.6
3-4-Dihydroxyphenylacetic acid 10.412.2%
Homovanillic acid 41.9%12.1°
Norepinephrine 16.7+£3.5°
5-Hydroxytryptamine 35.8+75°
5-Hydroxyindoleacetic acid 24.3%79°

28.418.5 45.9 +4.0°
9.94+2.1 13.741.2°
47+£1.2 79+1.6°

25.1+56.1 26.2:+2.7°
53%1.4 1251112
BB£25 24.31+2.3%
53%1.5 15.0+2.0°

Values are represented as mean £ SD.
aP<001 vs. Pahcnuﬂenui’.

bpL0.05 vs. Paperu/enu2

SpP<0.05 vs. Pah®u2/*,

supporting their speculation. By either mechanism,
correction of HPA would reset amine metabolism and
thereby improve the relevant brain function, as we
demonstrated here and previously [8].

Untreated PKU patients have smaller brains, and the
primary pathologic finding is hypomyelination and gliosis
of central nervous system white matter. A similar patho-
logic change is observed in Pz mice, which may result
from aberrant glial cell differentiation induced by
HPA [19]. It has also been documented that cerebral
protein synthesis is decreased in PKU mice, which
presumably contributes to the underdevelopment and
degeneration of the PKU brain [13]. We observed a
marked recovery in brain weight in the PKU mice only
8 weeks after gene transfer. Correction of HPA may
facilitate protein synthesis and reset glial cell plasticity to
reconstitute myelin. In addition, it may reduce oxidative
stress and induce neuronal regeneration as shown by
Embury ez 2/, [20].

The results demonstrate that liver-targeted gene therapy
for PKU would restore the structural and biochemical
fitness of the brain. Current gene transfer technology has
achieved a partial reconstitution of coagulation factor IX
in the human liver to ameliorate hemophilia B [21].
Further development should lead to broader applications
of this modality including PKU. Preventing HPA without
a restrictive diet would make it easier to meet nutritional
requirements for the physical and neuronal development
of patients as well as to maintain sociopsychological well-
being.

Conclusion

Liver-targeted gene therapy for PKU reverses the
aminergic deficit in the brain and improves the neuro-
psychological function.
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Abstract

Background Classical phenylketonuria (PKU) arises from a deficiency of
phenylalanine hydroxylase (PAH) that catalyses phenylalanine oxidation
in the liver. Lack of PAH activity causes massive hyperphenylalaninemia
and consequently severe brain damage. Preclinical studies showed
that conventional adeno-associated virus (AAV) vectors could correct
hyperphenylalaninemia in a mouse model of PKU, although limitations such
as very large dose requirement and relative inefficiency in female animals
were recognized.

Method An AAVS8-pseudotyped vector was constructed with a self-
complementary AAV (scAAV) genome for efficient liver transduction and
expression. Following vector injection to PKU mice, blood Phe was
periodically measured by an enzymatic fluorometric assay. In vivo Phe
oxidation was evaluated by a non-invasive breath test using [1-!2C]Phe.
Vector copy number in the host tissues was determined by quantitative
polymerase chain reaction.

Results A single injection of 1 x 10'1-1 x 10%? particles of the scAAVS
vector resulted in a reduction of blood Phe to normal or near-normal levels
for more than 1 year in both genders. The treated animals showed normal
level of in vivo Phe oxidation. The presence of >1 copy of vector DNA per
diploid genome in the liver was associated with normal blood Phe in the
AAV-treated PKU mice.

Conclusions Complete phenotypic correction of PKU mice was achieved
by the scAAV8 vector for the longest duration reported to date. The
vector overcame the female-specific disadvantage in AAV-mediated liver
transduction; thus, it offers a promising platform of long-lasting gene therapy
for PKU. Copyright © 2011 John Wiley & Sons, Ltd.

Keywords adeno-associated virus; gene therapy; phenylketonuria;
phenylalanine oxidation

Introduction

Phenylketonuria (PKU; OMIM 261 600) is an autosomal recessive disorder
caused by a deficiency of phenylalanine hydroxylase (PAH; EC 1.14.16.1)
in the liver [1]. The enzyme is responsible for the major part of
phenylalanine (Phe) clearance by converting Phe to tyrosine (Tyr) with
the aid of tetrahydrobiopterin (BH4) and molecular oxygen. Consequently,
PAH deficiency leads to a massive accumulation of Phe under a normal
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diet, which is toxic to the developing brain. Untreated
patients are afflicted with severe mental retardation,
seizure and growth failure, as well as hypopigmentation
of the hair and skin. The current management for
PKU mandates an early diagnosis by newborn screening
followed by a Phe-restricted diet to prevent irreversible
brain damage in infancy and childhood. Such a diet
is also recommended for adult PKU patients to avoid
problems associated with hyperphenylalaninemia, such
as psychomotor dysfunction and teratogenic effects on
fetuses carried by the female patients (so-called ‘maternal
PKU syndrome’). However, the unpalatable and expensive
diet loads heavy burdens on the patients and their
families. Therefore, an alternative approach to PKU,
preferably achieving a life-long cure, is desired.

We and other investigators have explored the devel-
opment of somatic gene therapy for PKU, which offers a
novel therapeutic paradigm [2,3]. The most straightfor-
ward approach is to deliver the functional PAH gene to the
liver, where the enzyme is normally expressed. In most
preclinical studies, a mouse model of PKU (Pah®™? strain
developed in BTBR background) has been used because it
shows a similar phenotype to human PKU [4,5]. Thus far,
recombinant adeno-associated virus (AAV) vectors have
shown the most promising results in correcting hyper-
phenylalaninemia in Pah®*? mice [6—10]. Through these
studies, however, two major problems were recognized.
One was the relatively large dose requirement of AAV
vectors to correct murine PKU phenotype compared to
other disease models such as haemophilia B. The other
problem was gender-dependent effectiveness of AAV vec-
tors, particularly when they were targeted to the liver.
That is, female Pah®™? animals required greater AAV
doses to reduce blood Phe, and the therapeutic effect was
not long-lasting. This phenomenon was investigated in
some detail with another animal model [11]. To enhance
gene delivery and overcome these problems, attention
has turned to alternative AAV serotypes with distinct tis-
sue tropism (e.g. AAVS for liver transduction) [12-14].
Pseudotyping with AAVS capsid showed higher efficiency
in treating Pah®™? mice, together with cis-acting ele-
ments to enhance liver-specific transcription and mRNA
transport [9,10].

In the quest for a further improvement in liver
transduction, we realized that another drawback in
AAV transduction should be circumvented. Because the
single-stranded (ss) DNA genomes of conventional AAV
vectors are transcriptionally inactive, they must become
double-stranded (ds) to be expressed. The ss- to dsDNA
conversion requires host cell-mediated DNA synthesis
or annealing of complementary genomes from separate
virions, which appears to be the rate-limiting step in AAV
transduction [15,16]. This process can be bypassed with
a self-complementary (sc) AAV vector because its genome
DNA spontaneously self-anneals to form stable dsDNA
in the host cell [17-19]. Therefore, we investigated the
efficacy of a self-complementary AAV (scAAV) vector for
the treatment of Pah®™? mice.

Copyright ©® 2011 John Wiley & Sons, Ltd.
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Materials and methods

Vector construction

A serotype 8-pseudotyped ssAAV vector for PKU
(ssAAV8/CAG-mPAH) was constructed with ssAAV/CAG-
mPAH plasmid (Figure 1, top) used in our previous
study [7,20]. A scAAVS vector was constructed with
scAAV/LP1-hFIX plasmid carrying the human factor IX
(hFIX) gene (kindly provided by Dr John T. Gray, St
Jude Research Hospital, Memphis, TN, USA) [21]. For
vector-derived PAH expression, the hFIX sequence (EcoR
I-Xho I) in scAAV/LP1-hFIX was replaced with the murine
PAH (mPAH) ¢DNA (EcoR I-Sall) from ssAAV/CAG-mPAH
(Figure 1, bottom). AAV8-pseudotyoed vector stocks were
propagated by an adenovirus-free, three-plasmid transfec-
tion method [22]. Briefly, a 10-tray Cell Factory container
(CF10; Nalge Nunc International, Rochester, NY, USA) of
semiconfluent 293 cells were cotransfected with 650 pg of
AAV/CAG-mPAH or scAAV/LP1-mPAH plasmid, 650 pg of
AAV2 rep-AAVS cap helper plasmid (pRep-Cap8 from DrJ.
M. Wilson [12]) and 650 ug of adenoviral helper plasmid
(pAdeno [23]) by standard calcium phosphate method.
Cells were incubated with active gassing for 3 days and
harvested [24]. AAV vectors were purified from the crude
cell extract by serial ultracentrifugation with CsClL Vector
genome (vg) titers were determined by dot blot hybridiza-
tion with the mPAH c¢DNA probe [7]. For scAAV8/LP1-
mPAH, titration was also carried out by quantitative
polymerase chain reaction (qPCR), where scAAV8/LP1-
mPAH and the vector plasmid standard were amplified
with a primer set (5'-ACAGTGAATCCGGACTCTAAGG-3'
and 5'-CTGCTCAGGACTCCGTTCTC-3") using a real-time
PCR instrument (7900HT; Applied Biosystems, Foster
City, CA, USA). A 136-bp region between LP1 promoter
and the mPAH ¢DNA was amplified and confirmed by
agarose gel electrophoresis. The qPCR-based titer was cali-
brated with the result of other titration methods described
previously [25,26].

Animals and gene delivery

Colonies of a PKU model mouse, BTBR-Paht™? and its
wild-type (WT) strain BTBR (obtained from Jackson
Laboratories, Bar Harbor, ME, USA) were maintained
in the animal facility of Jichi Medical University.
All animals were fed standard mouse chow (CE-2
from Clea Japan, Tokyo, Japan) ad libitum providing
approximately 25% of energy as protein. Genotyping for
the presence of the Pah®? mutation was performed
by PCR analysis of tail biopsy DNA. In brief, exon
7 (136 bp) of the mPAH gene was amplified with a
primer set (5-CTTGTACTGGTTTCCGCCTC-3' and 5'-GG
TTCAGGTGTGTACATGGG-3'). The amplified DNA from
WT allele is cleaved by Mboll into 70-bp and 66-bp
fragments, whereas the counterpart from Pah®? allele
is uncleavable as a result of the c.835T — C (F263S)
mutation [5]. The scAAV vector (1 x 10! to 3 x 1012

J Gene Med 2011;13: 114-122.
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Figure 1. Structure of AAV vectors for PKU gene therapy. Top: ssAAV/CAG-mPAH vector. CAG promoter consists of the human
cytomegalovirus immediate-early enhancer (CMV), the chicken f-actin promoter (Ae) and a chicken g-actin/rabbit g-globin
composite intron (AG-IVS). CAG promoter, the murine phenylalanine hydroxylase ¢cDNA (mPAH) and the SV40 late polyadenylation
signal (pA) are flanked by the AAV inverted terminal repeats (ITR). Bottom: scAAV/LP1-mPAH vector. LP1 promoter consists of the
human apolipoprotein E/C-I hepatic control region (HCR) and the human ¢1-antitrypsin promoter (hAAT). In addition, the vector
contains a modified SV40 small t-antigen intron (IVS), mPAH and pA. The entire expression cassette is flanked by the intact AAV

ITR and the terminal resolution site-deleted ITR (ATRS)

particles) was dissolved in 0.5 ml of saline and injected
into the peritoneal cavity of Pah®™? mice. All animal
experiments were carried out in accordance with the
institutional guidelines under protocols approved by the
Institutional Animal Care and Use Committee at Jichi
Medical University.

Blood Phe assay

Blood Phe was measured by an enzymatic fluorometric
assay using an Enzaplate PKU-R kit (GE Healthcare,
Tokyo, Japan) [7]. Mice were tail phlebotomized and
30-40 pl of blood was spotted onto a paper filter (No.
545 for newborn mass screening; Advantec Toyo, Tokyo,
Japan). A disc (3 mm in diameter) was punched out
from the dried blood spot and placed in a round-bottom,
96-well microtiter plate. Phe was eluted from the disc
and incubated with resazurin and Phe dehydrogenase, an
NAD-dependent enzyme. The enzyme reaction produces
NADH, which in turn converts resazurin to resorufin
with the aid of diaphorase. The resultant resorufin
was measured on a Fluoroskan Ascent plate reader
(Labsystems, Helsinki, Finland) with a 544 nm/590 nm
filter set.

Evaluation of in vive Phe oxidation

In vivo Phe oxidation activity was evaluated by a method
of Kure et al. [27] with slight modification. [1-1¥C]L-Phe
(*3C-Phe; from Cambridge Isotope Laboratories, Andover,
MA, USA) and L-Phe (from Wako Pure Chemicals, Osaka,
Japan) were dissolved in saline at 200 mg/ml and
20 mg/ml, respectively, and sterilized through 0.22-um
syringe filters (Millex-GV, Millipore, Yonezawa, Japan}
immediately before intraperitoneal (i.p.) injection. Mice
were preloaded with 20 mg/kg of L-Phe 30 min prior to
13C-Phe challenge (2 mg/kg). Each mouse was kept in a
lid-sealable plastic box for 15 min before and 45 min after
13C-Phe challenge, and a total volume of 120 ml of air
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was transferred to a sampling bag for [!3CJurea breath
test (Otsuka Pharmaceuticals, Tokyo, Japan) with a glass
syringe. The ratio of 13CO, and 12C0O, was measured
by gas chromatography-mass spectrometry (GC-MS; by
SRL, Tokyo, Japan), and the difference was designated as
ABCO,.

Determination of vector biodistribution

Tissue genomic DNA was extracted by a standard
method using proteinase K (Boehringer Manheim,
Manheim, Germany) and phenol:chloroform (Nippon
Gene, Toyama, Japan). To quantify genomic DNA copy
number, a unique region of the murine B-actin gene
was amplified by qPCR with a primer set (5’-GGTCCTGG
ATCACTCAGAACGGACACCA-3' and 5-AGCCTCAATAC
GCACGCGCAGCTAAC-3") along with a plasmid control.
Vector copy number in tissue DNA was estimated by gPCR
in the same manner as in vector titration.

Statistical analysis

Statistical analysis was performed using StatView, version
5.0, for Macintosh (SAS Institute, Cary, NC, USA). A
paired t-test and unpaired t-test (Student’s t-test or
Welch’s t-test) were used for comparison between the two
groups. p < 0.05 was considered statistically significant
for all analyses.

Results

Construction of AAVS vectors for PKU

For comparison with scAAVS, a reference ssAAV8
vector was constructed with ssAAV/CAG-mPAH plasmid
(Figure 1, top) [7]. Although the CAG promoter allowed
very high hepatic expression in our previous studies
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with ssAAV2 and ssAAVS [7,28], the size of CAG-
mPAH expression cassette (3.5 kb) exceeded the limit
of packaging capacity of a scAAV vector (up to 2.2 kb).
To meet the packaging requirements of scAAV, Nathwani
et al. [21] developed a compact hFIX expression cassette
(LPI-hFIX; 2.1kb) and assembled it in the modified
AAV2 backbone with an intact 5 terminal resolution
site (irs) and a deleted 3’ trs (scAAV/LP1-hFIX). The
LP1 hybrid enhancer/promoter consists of the core liver-
specific elements from the human apolipoprotein E/C-I
gene hepatic control region (HCR) and the human o1-
antitrypsin promoter (hAAT). The expression cassette
also contains a modified SV40 small t-antigen intron
and the SV40 late polyadenylation signal. Because
the coding sequences of mPAH (1362 bp) and hFIX
(1386 bp) have almost identical lengths, we constructed
scAAV/LP1-mPAH vector by replacing the hFIX ¢DNA in
scAAV/LP1-hFIX with the mPAH ¢DNA from ssAAV/CAG-
mPAH (Figure 1, bottom). PAH expression from the
resultant plasmid (scAAV/LP1-mPAH) was confirmed by
transfection of Huh7 cells and immunoblotting (data not
shown). The ssAAV/CAG-mPAH and scAAV/LP1-mPAH
genomes were packaged into AAV serotype 8 capsid and
titrated by dot blot hybridization. The determined titers
of viral stocks were approximately 1 x 10'% vg/ml for
sSAAV8/CAG-mPAH and 6 x 10'% vg/ml for scAAV8/LP1-
mPAH, respectively. scAAV8/LP1-mPAH was also titrated
by qPCR along with a plasmid control and calibrated with
the result obtained from dot blot hybridization [25].

Efficacy of ssAAV8 in PKU mice

We previously reported that 1 x 10'° vg of ssAAV5/CAG-
mPAH partially corrected hyperphenylalaninemia in male
Pah®™? mice when administered through the portal vein
(PV) [7]. Meanwhile, ssAAVS vectors delivered reporter
genes to adult mouse liver with comparable efficiency
following either ip. or intravenous injection, with
an apparent gender-specific barrier [29,30]. Therefore,
we administered a log-smaller dose (1 x 10'2 vg) of
ssAAVB/CAG-mPAH vector to the peritoneal -cavity
of male PKU mice. This procedure resulted in an
almost complete correction of hyperphenylalaninemia
for 24 weeks (Figure 2a), confirming a very efficient
liver transduction by AAVS8. This observation prompted
us to carry out a similar comparative study with
female Pah®™2?. When female PKU mice were given
1 x 10" vg of ssAAV8/CAG-mPAH through PV, blood
Phe was rapidly decreased to normal levels (<2 mg/dl),
and the initial impact on blood Phe was identical
to that of PV-injected 1 x 10 vg of ssAAVS/CAG-
mPAH (Figure 2b). The therapeutic effect was transient,
however, and hyperphenylalaninemia gradually resumed
to the pretreatment level by 24 weeks post-injection. The
same dose (1 x 10'® vg) of i.p.-injected ssAAVS/CAG-
mPAH exhibited minimal effect on blood Phe during
the observation period (Figure 2b). Taken together, the
liver transduction efficiency of the ssAAV8 vector was
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Figure 2. Efficacy of ssAAV5 and ssAAVS vectors in Pah®™?
mice. (a) Male Pah®? mice were given either 1 x 103 vg of
5sAAV5/CAG-mPAH through the portal vein (PV) (circles, n = 4;
data adopted from Mochizuki etal. [7]), or 1 x 102 vg of
sSAAV8/CAG-mPAH by i.p. (squares, n = 3). Blood Phe (mg/dl)
levels are shown as the mean =+ SD. (b) Female Pah®? mice were
given either 1 x 10* vg of ssAAV5/CAG-mPAH via the PV (circles,
n=>5; data adopted from Mochizuki et al. [7]), 1 x 103 vg of
sSAAV8/CAG-mPAH via the PV (triangles, n = 4), or 1 x 10%3 vg
of ssAAV8/CAG-mPAH by i.p. injection (squares, n = 3). Blood
Phe (mg/dl) levels are shown as the mean % SD

greater than that of ssAAVS by tenfold, although the
gender-specific barrier was not overcome. Regarding the
administration route of AAVS, PV injection was superior
to i.p. injection, although the latter procedure was useful
in male mice.

Short-term efficacy of scAAVS in Phe
metabolism of femmale PKU mice

Based on the above result with the ssAAV8 vector,
we realized that further improvement was required
to cure female Pah®“? mice. Therefore, we addressed
whether the self-complementary AAV genome would
boost liver transduction. We gave 1 x 10! or 1 x 102
vg of scAAVS/LP1-mPAH to the peritoneal cavity of
adult female Pah®™? (8 weeks of age). These doses were
two to three logs smaller than those of ssAAVS and
ssAAVS vectors showing a transient therapeutic effect on
female Pah®™? (Figure 2b). When fed standard chow,
the blood Phe concentration in WT BTBR mice was
below 1.7 mg/dl (100 uM), whereas that in untreated
Pah®™2 mice was above 20 mg/dl (1200 uM) (Table 1).
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