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Long-term correction of hyperphenylalaninemia
by AAV-mediated gene transfer leads to behavioral
recovery in phenylketonuria mice
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Classical phenylketonuria (PKU) is a metabolic disorder
caused by a deficiency of the hepatic enzyme phenylalanine
hydroxylase (PAH). If untreated, accumulation of phenylala-
nine will damage the developing brain of affected individuals,
leading to severe mental retardation. Here, we show that a
liver-directed PAH gene transfer brought about long-term
correction of hyperphenylalaninemia and behavioral im-
provement in a mouse model of PKU. A recombinant
adeno-associated virus (AAV) vector carrying the murine
PAH c¢DNA was constructed and administered to PAH-
deficient mice (strain PAH®"2) via the portal vein. Within 2
weeks of treatment, the hyperphenylalaninemic phenotype
improved and completely normalized in the animals treated
with higher vector doses. The therapeutic effect persisted for

40 weeks in male mice, while serum phenylalanine concen-
trations in female animals gradually returned to pretreatment
levels. Notably, this long-term correction of hyperphenylala-
ninemia was associated with a reversal of hypoactivity
observed in PAH®™2 mice. While locomotory activity over
24 h and exploratory behavior were significantly decreased in
untreated PAHe®"™2 mice compared with the age-matched
controls, these indices were completely normalized in 12-
month-old male PKU mice with lowered serum phenylala-
nine. These results demonstrate that AAV-mediated liver
transduction ameliorated the PKU phenotype, including
central nervous system dysfunctions.

Gene Therapy (2004) 11, 1081-1086. doi:10.1038/
sj.gt.3302262; Published online 1 April 2004
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Introduction

Classical phenylketonuria (PKU; McKusick OMIM
261600) is an autosomal recessive disorder resulting
from a deficiency of the liver enzyme phenylalanine
hydroxylase (PAH; EC 1. 14.16.1).) PAH converts
phenylalanine (Phe) to tyrosine with the aid of tetra-
hydrobiopterin (BH.,), and a deficiency of this enzyme
causes accumulation of Phe and abnormal metabolites in
the body fluids. If untreated, this condition irreversibly
damages the central nervous system (CNS) of the patient,
resulting in severe mental retardation. Conventional
therapy for PKU consists of dietary restriction of Phe,
which can prevent neuronal damage if initiated very
early in life. However, the strict and complicated diet is
often associated with poor compliance, particularly in
adolescents and young adults. Premature termination of
the diet leads to declined neuropsychological function,
and noncompliance in pregnant women with PKU can

Correspondence: Dr A Kume, Division of Genetic Therapeutics, Center for
Molecular Medicine, Jichi Medical School, 3311-1 Yakushiji, Minamika-
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produce devastating defects in the offspring referred to
as ‘maternal PKU syndrome’. A permanent cure is
therefore awaited to liberate patients from dietary
restrictions, and gene therapy is an attractive novel
approach to this goal.

However, previous preclinical studies of PKU gene
therapy have revealed that a long-term cure of PKU is a
formidable task. Generally, recombinant retroviral vec-
tors cannot deliver the normal PAH gene to the liver at
sufficient levels to overcome hyperphenylalaninemia.>?
Adenoviral-mediated PAH gene transfer achieved a
complete reduction of serum Phe in PKU animals, but
the therapeutic effects did not persist and the vector was
not effectively readministered due to immune responses
against the virus.*® On the other hand, adeno-associated
virus (AAV) vectors comprise another class of gene
delivery vehicles, which have been shown to stably
transduce nondividing cells such as hepatocytes, muscle
fibers and neurons.*®

In this study, we evaluated a recombinant AAV vector
carrying the PAH gene in a mouse model of PKU
(PAH®™? strain).”" A missense mutation (F263S) in the
PAH gene was introduced into BTBR mouse strain by
chemical mutagenesis, resulting in a loss of enzyme
activity. Consequently, the homozygous PAH®“? mice
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share many phenotypic characteristics with human PKU
patients, such as profound hyperphenylalaninemia
(>20 mg/dl; normal 1-2 mg/dl), behavioral disturbances
and hypopigmentation. Previous work suggested that at
least 10% of normal PAH activity would be required to
prevent hyperphenylalaninemia in PKU mice.*®

Results

Construction of the recombinant AAV vector

We first evaluated vectors derived from AAV serotypes 1
through 5. Recombinant AAV vectors containing the
mouse erythropoietin (Epo) gene were infused into the
mouse portal vein, and the serum Epo levels were
determined. Among them, the AAVS5-derived virion
yielded the highest Epo concentration (unpublished
results).”>"* Next, we tested several promoters to drive
the Epo gene in the context of AAV5. We found that the
CAG promoter was the strongest in transgene expression
in the liver (unpublished results).’* This promoter
consists of the human cytomegalovirus (CMV) immedi-
ate-early enhancer, the chicken B-actin promoter, and a
chicken B-actin/rabbit B-globin composite intron.

Based on these results, we constructed an AAV vector
as shown in Figure 1 (AAV5/CAG-mPAH). A recombi-
nant AAV plasmid pAAV5/CAG-mPAH was comprised
of the CAG promoter, the murine PAH ¢DNA and the
5V40 late polyadenylation signal flanked by the AAVS5
inverted terminal repeats (ITRs shown as hairpin loops
in Figure 1). The vector DNA was then packaged into the
AAV5 capsid through an adenovirus-free, transient
transfection protocol.’®

Correction of hyperphenylalaninemia
For liver-targeted gene transfer, the vector was injected
into 5-7-week-old PAH®"** mice via the portal vein. We
injected male PKU mice with 3 x 10" vector genomes
(vg) 1=3), 1x10®vg (n=4), 3x10%vg (n=3) or
1x10"vg (n=3) of AAV5/CAG-mPAH per animal
Female PKU mice were infused with 1 x10% vg (n=4),
3x10¥vg (n=4) or 1 x10™ vg (n=>5) per animal.
Serum Phe levels were determined prior to the
infusion, biweekly until 12 weeks postinfusion, and
every 4 weeks thereafter (Figure 2). Before gene transfer
(week 0), all PAH-deficient mice showed profound
hyperphenylalaninemia (33.7+3.4 mg/dl; range 29.3-
43.5 mg/dl; n=27). The degree of hyperphenylalanine-
mia was not significantly different between males
(33.24+2.6 mg/dl; n=14) and females (34.3+4.1 mg/d};
1= 13). Figure 2a shows the kinetics of blood Phe in male
PKU mice receiving different doses of AAV5/CAG-
mPAH. A striking decrease in serum Phe was observed
2-4 weeks after gene transfer. With the lowest vector dose

ITR ITR

Figure 1 Structure of the AAV5/CAG-mPAH wvector. The vector consisted
of a CMV immediate-early enhancer (CMVl/e), the chicken B-actin
promoter (Aclp), a chicken f-actinfrabbit B-globin composite intron
(IVS), the 14kb murine PAH cDNA (PAH) and the SV40 late
polyadenylntion signal (pA) flanked by the AAVS inverted terminal
repeats (ITRs shown as hairpin loops).
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(3 x 10** vg), serum Phe was only slightly lowered after 2
weeks (from 35.0+1.6 to 28.1+£7.0mg/dl; P=0.18 by
paired t-test), but was significantly lowered after 4 weeks
(15.6 £6.9 mg/dl; P=0.027 by paired t-test). With higher
vector doses (1 x 10%%, 3 x 10" and 1 x 10™ vg), the serum
Phe level was clearly lowered (P =0.001, 0.006 and 0.002
by paired t-test, respectively) to a therapeutic range
(<10 mg/dD in 2 weeks. At 4 weeks postinfusion, each
cohort of male mice recorded the lowest serum Phe. In
particular, it was completely normalized in the mice
treated with 3 x 10*®* vg (1.4+0.5 mg/dl) and 1 x 10 vg
(1.2+0.5 mg/dl) of AAV5/CAG-mPAH.

The reduced serum Phe levels were stably maintained
for 40 weeks. Complete correction of hyperphenylalani-
nemia (<2 mg/dl) persisted in the mice treated with the
highest vector dose (1 x 10" vg), and the mice receiving

a

Bload phenylalanine {mgfdl)

Weeks after gene transfer

o3

50 Female

Biood phenylalanine {mg/dl)

i T T T
0 5 10 15 20 25 30 35 40
Weeks after gene transfer

Figure 2 Persistence of the recombinant AAV-mediated correction of
hyperphenylalaninemin in male (a) and female (b) PKU mice. Serum Phe
concentration was determined prior to vector infusion (week 0) and
periodically after gene transfer, and represented as the mean % s.d. for each
treatment group. The applied vector dose was 3 x 10 vg (circles),
1 x10% vg (squares), 3 x 10° vg (triangles) or 1x10™ vg (diamonds)
per animal.
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the second highest dose (3 x 10" vg) stayed in a well-
controlled therapeutic range (<6 mg/dl). Mice receiving
lower vector doses (3x 10" and 1x10" vg) showed
moderate correction of hyperphenylalaninemia, with
significant long-term efficacy of the single AAV infusion.

Figure 2b shows the kinetics of serum Phe in female
PKU mrice after receiving 1 x10%%, 3 x 10" or 1 x 10" vg
of AAV5/CAG-mPAH. The vector administration was
effective in the female PKU mice, too, but the dose-
response and duration were different from the male
mice; that is, about three times more vector was required
for the female mice to exhibit an equivalent reduction in
serum Phe (Figure 3). At 4 weeks postinfusion when the
reduction was at its maximum, 1x10* vg of AAV5/
CAG-mPAH lowered serum Phe by 50% in the female
mice, while the same level of reduction was achieved by
3 x 10" vg in the males. Similarly, an 80% reduction was
achieved by 3 x 10" vg in the females, whereas only
1 x10* vg were required in the males. Complete correc-
tion of hyperphenylalaninemia was achieved by
1x10™ vg in the females, while it was achieved by
3x 10" vg as well as 1x10™vg in the males. As for
duration, the therapeutic effect did not persist in the
female PKU mice as seen in the males. Serum Phe levels
in each female cohort remained low until 8 weeks post-
gene transfer, but gradually rose thereafter. With vector
doses of 1 x10™ and 3 x 10*® vg, serum Phe was greater
than 20mg/dl at 20 weeks, and returned to the
pretreatment level at 40 weeks. With the highest dose
(1 x 10" vg), serum Phe was kept below 10 mg/dl until
16 weeks, then gradually increased and returned to the
pretreatment level at 40 weeks.

Although we did not kill the animals for enzyme
assay, previous studies on adenoviral-mediated gene
transfer to PAH*™* mice allowed us to estimate the PAH
activity accomplished by our vector. These studies
showed, in good agreement, that the threshold PAH
activity to correct hyperphenylalaninemia was about
10% of normal mice.** As shown in Figure 3, male PKU
mice given 3 x 10 vg and females given 1 x 10" vg of
the vector showed 50-60% reduction in serum Phe; we
speculate that these mice would express about 5% of
normal PAH activity. On the other hand, male PKU mice
given 3 x 10" or 1 x 10" vg and females given 1 x 10* vg
completely recovered from hyperphenylalaninemia,

100
80 -
[ ax1012vg
& 60
] P 1x1018vg
L
o 13
g 40 - [f]ax101vg
ER 1x 1019vg
20
0

Male Female

Figure 3 Vector dose-dependent reduction of serum Phe in PKU mice.
Percent reduction of serum Phe was calculated by the following formula:
{(sertm Phe at week 0)—(serum Phe at 4 weeks)} x 100/(serum Phe at week
0). Bars represent the meants.d. of % reduction of serum Phe in PKU
mice treated with 1x 10" vg (dotted bar), 1 x10** vg (hatched bar),
3 % 10" vg (gray bar), or 1 x 10" vg of AAV5/CAG-mPAH (black bar).
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hence their liver PAH activities would be 10% of normal
or greater. Male PKU mice given 1x10" vg (ca. 90%
reduction in serum Phe) and females given 3 x 10'® vg of
AAV (ca. 80% reduction) would have 5-10% of normal
PAH activity.

Correction of hypopigmentation

Associated with extended reductions in serum Phe,
hypopigmentation in the AAV-treated PKU mice was
ameliorated. While the coat color of untreated mice
remained grayish brown, hair darkening in the mice
receiving higher vector doses was observed 2 weeks
post-transduction, and the mice grew black hair in 4
weeks which was indistinguishable from that of wild-
type (WT) BTBR mice (Figure 4). Male PKU mice with
reduced serum Phe retained black hair throughout the
observation period, while female PKU mice lost pigmen-
tation as the therapeutic effect diminished.

Recovery from hypoactivity following PAH gene
transfer

Along with persistent correction of hyperphenylalanine-
mia and hypopigmentation, we observed behavioral

a

Figure 4 Correction of hypopigmentation in PKU mouse following PAH
gene transfer. (a) Untreated PKU mouse showing grayish brown hair,
easily distinguished from wild-type and PAH™/~ heterozygous BTBR
mice. (b) By 8 weeks after PAH gene transfer, the PKU mouse with
camplete correction of hyperphenylalaninemia recovered black coat color
and was indistinguishable from normal BTBR mice.
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recovery in AAV-treated PKU mice. Consistent with
previous studies showing abnormal behavior and cog-
nitive deficits in PAH**2 mice'*?” we found that
untreated PKU (PAH7") mice were relatively hypoactive
compared with WT (PAH™/+) and heterozygous carrier
(PAH™*/) animals. The hypoactivity became apparent
with aging, and the difference was significant among
animals aged 10 months or older. Figure 5 shows the
results of behavior tests on the 12-month-old animals. As
for total locomotion over 24 h, the untreated PKU mice
displayed about 70% of normal activity (Figure 5a,
P<0.01 by Student’s t-test). On the other hand, the
AAV-administered male mice without hyperphenylala-
ninemia exhibited significantly higher 24-h locomotion
than the untreated mice (Figure 5a, P=0.001 by
Student’s f-test). Indeed, the AAV-treated animals
showed a normal activity level in this test.

Similarly, PAH gene transfer improved the PKU
animals’ exploratory activity in a novel environment.

1]

150000+ *x

100000+

50000+

24 Hour Locomotion {counts)

T
PKU PRU+AAY

o

20000+

16000+

12000+

8000+

4000+

Exploratory Behavior {counts)

0 S | ' |
WT Carrier PKU PKU+AAY

Figure 5 Recovery from hypoactivity following PAH gene transfer. (a)
Total locomotion over 24 h. Mice were placed under an infrared sensor asnd
ambulatory activity was recorded consecutively for 24 h. Wild-type (WT),
heterozygous and AAV-treated PKU mice exhibited significantly higher
locomotory activity than wntreated PKU mice (**P <0.01 by Student’s -
test). (b) Exploratory behavior. Mice were placed in a novel cage under a
sensor and ambulatory activity was quantified during the first 2 in the
chamber. This test showed significantly higher performance by WT,
heterozygous and AAV-treated PKU mice than untreated PKU animals
(*P<0.01 and *P<0.05 by Student’s t-test). Bars represent the
mean+s.d. of WI mice (WT; dotted bar), heterozygous mice (Carrier;
hatched bar), untreated PKU mice (PKU; gray bar), and AAV-transduced
PKU mice (PKU + AAV; black bar).
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When settled in a novel cage, the untreated PKU males
showed 60-70% of normal exploratory activity (Figure
5b, P<0.01). On the other hand, PKU mice that had
recovered from hyperphenylalaninemia explored as
vigorously as WT animals, and their activity level was
significantly greater than that of untreated PKU mice
(P=0.015). These results clearly indicate that the PAH
gene transfer improved the CNS function of PKU mice in
addition to correction of hyperphenylalaninemia.

Discussion

In this study, we demonstrated that AAV-mediated
transduction of the PKU mouse liver brought about a
long-term cure of the disease. A single infusion of
AAV5/CAG-mPAH completely normalized the hyper-
phenylalaninemic phenotype in male PKU mice, and the
longevity of the therapeutic effect was superior to any
other gene delivery vehicle thus far. Although not
thoroughly investigated, the result suggests that the
transgene was transcriptionally active during observa-
tion, and that no significant immune response was
elicited against the transduced hepatocytes in the
animals. In addition, infusion of very large amounts of
AAV did not show any toxicity in the treated mice. The
vector safety and viability may be further improved by
adopting recently developed purification methods, such
as iodixanol gradient, affinity or ion-exchange chroma-
tography.*#-=

A major problem we encountered in this study was
that the same AAV vector was less effective in female
PKU mice. About three times more vector was required
to achieve an equivalent reduction of serum Phe seen in
males, and the therapeutic effect was shorter in duration.
The underlying mechanisms for these female-specific
phenomena are currently unknown. Davidoff et al*?
recently reported similar observations that AAV2- and
AAV5-derived vectors less efficiently transduced livers
of female mice than males. They suggested that the
difference was due to an androgen-dependent pathway
for augmenting hepatocyte transduction, but its mode of
action is undetermined. Since precise molecular events
involved in recombinant AAV-mediated transduction
remain obscure, the critical step accounting for the
observed sex difference is also a mystery. Androgen
may augment the uptake of AAV particles into the cell or
traffic them to the nucleus; alternatively, it may stabilize
the AAV genome in an episomal state, or enhance vector
integration into the host chromosome. Of these possibi-
lities, the last one is less likely, because only a small
fraction (<10%) of recombinant AAV genome was
reportedly integrated into the mouse hepatocytes.®® If
there is an androgen-dependent mechanism to retain the
AAV genome in an episomal state in the liver, lack of
such machinery would allow gradual loss of the vector
DNA in females, thereby transgene-derived PAH activity
would descend over time as we observed. Other
possibilities accounting for the lower therapeutic efficacy
include transcriptional silencing and an immune re-
sponse against AAV-transduced hepatocytes, although
the latter is unlikely to occur only in female mice.

In genetic treatment of autosomal and acquired
disorders, sex-dependent transduction raises a novel
issue. Development of more efficient vectors may over-
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come this problem, or other approaches can be con-
sidered. In terms of PKU, the disease-associated pathol-
ogy is caused by accumulated Phe in the body fluids.
Thus, it can be prevented by ‘heterologous gene therapy’,
ie targeting tissues other than hepatocytes. Several
investigators have exploited this strategy because of
difficulties with liver transduction and safety concerns.
Christensen et al** transduced primary keratinocytes
with genes for PAH and GTP cyclohydrolase I, which is
the rate-limiting enzyme in BH, biosynthesis. They
showed that the cells cleared excess Phe in the culture
medium, and suggested that engraftment of enough of
these cells may function as a metabolic sink for
detoxification. Harding et al*® investigated the potential
of skeletal muscle as a PAH-expressing organ. Using a
transgenic technique, they created mice expressing PAH
in the skeletal muscle but not in the liver. These mice
showed hyperphenylalaninemia at baseline, but serum
Phe significantly decreased when the animals were
supplemented with BH,. A similar approach to bone
marrow cells was unsuccessful,?® and careful considera-
tion is required in translating these transgenic studies
into human applications.

A novel finding in this study was that AAV infusion
lead to behavioral improvement in addition to correction
of hyperphenylalaninemia and hypopigmentation. To
our knowledge, this is the first demonstration that a
gene-based approach to PKU actually benefited CNS
function. It has been reported that free amino acid and
amine contents are dramatically reduced in the PAH®™?
mouse brain, as in untreated human PKU patients.?*®
Presumably, the observed hypoactivity in older PKU
mice was associated with the abnormal synthesis of
biogenic amines, whereas the abnormality was reversed
in AAV-treated PKU animals with normal serum Phe. We
speculate that the behavioral recovery in these mice
represents an analogous situation in which dietary
restriction of Phe can improve some neuropsychiatric
symptoms in untreated PKU patients. It is of particular
interest whether an earlier genetic intervention can
prevent irreversible neuronal defects in PKU and
preserve more sophisticated CNS function such as
memory. The AAV vectors and PAH®“? mice will
provide an attractive system to address such prompting
questions.

Materials and methods

AAV vector construction

To isolate murine PAH cDNA (GenBank Accession #
NMO008777), liver mRNA was prepared from a C57BL/6]
mouse (from Clea Japan, Tokyo, Japan) with Isogen
reagent (Nippon Gene, Toyama, Japan) and an mRNA
Purification kit (Amersham Pharmacia Biotech, Little
Chalfont, UK). The PAH ¢DNA was cloned by reverse
transcriptase-directed polymerase chain reaction using a
Superscript II ¢DNA synthesis kit (Invitrogen, Grand
Island, NY, USA). The CAG promoter was derived from
PCAGGS (a gift from Dr ] Miyazaki, Osaka University,
Osaka, Japan)."* The AAV5 vector plasmid pAAV5LacZ
and a helper plasmid 5RepCapA were generous gifts
from Dr JA Chiorini (National Institutes of Health,
Bethesda, MD, USA).*?> To construct a recombinant
AAVS5 vector plasmid for PAH expression, the expression

AAV-mediated gene therapy for phenylketonuria
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cassette of pAAV5LacZ was replaced with the CAG
promoter, the murine PAH ¢DNA and the SV40 late
polyadenylation signal, and the plasmid was referred to
as pAAV5/CAG-mPAH (Figure 1).

Recombinant AAV stocks were propagated according
to an adenovirus-free, three-plasmid transfection proto-
col described previously.® Briefly, subconfluent 293 cells
(4 % 10° cells per 10 trays) in Cell Factories 10 (Nunc,
Roskilde, Denmark) were cotransfected with 650 ug of
the vector plasmid pAAV5/CAG-mPAH, 650 pg of the
AAV helper plasmid 5RepCapA and 650 ug of the
adenoviral helper plasmid pLadenol (identical to
pVAE2AE4-2 in Matsushita et al;*® kindly provided by
Avigen, Alameda, CA, USA) by using the calcium
phosphate precipitation method for a period of 6 h. Cells
were harvested 72 h after transfection and lysed by three
freeze-thaw cycles. The crude viral lysate was incubated
with Benzonase (Merck KGaA, Darmstadt, Germany)
and centrifuged. Finally, the clear supernatant was
subjected to two rounds of CsCl density-gradient
ultracentrifugation for purification. The physical titer of
the viral stock was determined by DNA dot blot and
hybridization with the murine PAH ¢DNA probe, along
with plasmid standards. Typically, we obtained
5 x 10" vg of AAV5/CAG-mPAH from a culture contain-
er (10 trays).

Transduction of mouse liver

All animal experiments were carried out in accordance
with our institutional guidelines. PAH®“2 mice were
generous gifts from Dr T Shiga (University of Tsukuba,
Tsukuba, Japan), and a colony was established at Jichi
Medical School (Tochigi, Japan). PKU mice used for
in vivo gene transfer were 5-7 weeks of age. Mice were
anesthetized with isoflurane inhalation followed by
laparotomy. A 300 ul of saline suspension containing
3x10"*-1 x10" vg of AAV5/CAG-mPAH was slowly
injected into the portal vein using an insulin syringe with
a 29-gauge needle (Terumo, Tokyo, Japan).

Serum Phe assay

Serum Phe was measured by an enzymatic microfluoro-
metric assay using an Enzaplate PKU-R kit (Bayer
Medical, Tokyo, Japan). Mice were tail phlebotomized
and the blood was spotted onto a mass-screening grade
paper filter (#545, provided by Advantec Toyo, Tokyo,
Japan). A 3 mm diameter disc was punched out from the
dried blood spot and placed in a 96-well plate. Phe was
eluted from the disc and incubated with Phe dehydro-
genase, an NAD-dependent enzyme, and resazurin. The
enzyme reaction produces NADH, which in turn con-
verts resazurin to resorufin with the aid of diaphorase.
The resultant resorufin was measured on a Fluoroskan
Ascent plate reader (Labsystems, Helsinki, Finland) with
a 544/590 nm filter set.

Mouse behavior tests

Mice were tested at 12 months of age. To measure
locomotory activity over 24 h, the home cage of the
mouse was placed under an infrared sensor that
detects thermal radiation from animals (Supermex;
Muromachi Kikai, Tokyo, Japan).?® Ambulation was
scored by a personal computer interfaced to the sensor.
Alternatively, exploratory behavior was tested by placing
the mouse in a novel cage under the infrared sensor.
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Ambulatory activity was quantified during the first 2 h

in

the chamber.
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Separate Control of Rep and Cap Expression Using Mutant
and Wild-Type LoxP Sequences and Improved Packaging System
for Adeno-Associated Virus Vector Production

Hiroaki Mizukami, Takashi Okada, Yoji Ogasawara, Takashi Matsushita,
Masashi Urabe, Akihiro Kume, and Keiya Ozawa*

Abstract

Adeno-associated virus (AAV) vectors are a practical choice for gene transfer, and demand for them is
increasing. To cope with the necessity in the near future, we have developed a number of approaches to
establish packaging cell lines for the production of AAV vectors. In our previous study, a highly regulated
expression of large Rep proteins was obtained by using the Cre-loxP switching system. Therefore, in the
present study, to regulate Cap expression as well, we developed an inducible expression system for both Rep
and Cap proteins by using an additional set of mutant loxP sequences. The mutants possess two base alter-
ations in the spacer region of loxP and recombine specifically with the same counterpart in the presence of
Cre. By using two separate plasmids, one with mutant and the other with wild-type loxP sequences, the
expression of two different proteins can be induced simultaneously by Cre recombinase. When the LacZ-
encoding plasmid vector was used as a packaging model, a significant packaging titer of 2.1 x 10'° genome
copies per 10-cm dish was obtained. These results indicate the importance of controlling Cap expression, in
addition to Rep, to achieve an optimum production rate for AAV vectors.

Index Entries: Cre—loxP; mutant loxP; dependovirus; AAV vector; packaging cell line; 293 cells.

1. Introduction

Adeno-associated viruses (AAVs) are currently
being investigated as a gene transfer vector for a
variety of applications. Several diseases are
thought to be prime candidates for AAV vector-
medicated therapeutic intervention; clinical trials
are already set out for the correction of hemo-
philia B (1), and for Parkinson’s disease in the
near future (2,3). However, one drawback to the
use of AAYV is difficulty in making large-scale
preparations. To improve the process of prepara-
tion, we have developed packaging cell lines for
AAV (4,5). Early studies indicate that in addition
to Rep, relatively large amounts of Cap proteins
should be expressed to achieve a high titer of vi-

rus production, despite the fact that constitutive
expression of these proteins has cytotoxic conse-
quences (6,7). Therefore, controlling the expres-
sion profiles for these proteins has vital
significance. For this purpose, the Cre—loxP sys-
tem is one of the best-known approaches as an in-
duction system, and in our previous study we used
loxP sequences to regulate Rep expression (4).
However, there was a limitation to this approach
in that Cap expression could not be regulated effi-
ciently; only Rep expression could be regulated.
To control Cap expression in addition to Rep ex-
pression, we used mutant loxP sequences along
with the wild type. These mutant loxP sequences
are shown to recombine specifically with each
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other, but less efficiently with wild-type sequences
on treatment with Cre (8). In the present study, we
compared the efficiency of recombination and de-
signed plasmids to express optimal amounts of Rep
and Cap proteins on Cre treatment. By optimizing
these parameters, we developed a packaging cell
line with improved production rate compared with
our prototype cell line.

2. Materials and Methods
2.1. Cells and Plasmids

A human embryonic kidney cell line, known as
293 cells (9), was maintained as described previ-
ously (4). Plasmid ploxlox (a gift from Dr. Jamey
D. Marth), which contains two adjacent loxP se-
quences in the same direction, was used as a
backbone for the wild-type loxP (10). To make
plas-mids with mutant loxP, the sequences corre-
sponding to the spacer region of loxP were mu-
tated by synthesizing oligonucleotides based on
published sequence information (Fig. 1A) (8).
Briefly, the spacer region of wild-type loxP consti-
tutes ATGTATGC; for the loxP (V) and loxP(S),
the sequences correspond to 5-ATGT GTAC-3'
and 5-AAGTATCC-3', respectively. The CAG
promoter (a gift from Dr. J Miyazaki, Osaka Uni-
versity, Japan) (11), neomycin resistance gene,
blasticidin S resistance gene (Invitrogen Corp.,
Carlsbad, CA), bacterial LacZ sequence, and AAV
sequences corresponding to p5, rep, and cap genes
were excised and ligated to complete plasmids
named CAPBPL, CAVBVL, CASBSL, CAPBPC,
and pSSNSR, respectively (see Fig. 1B), using
standard techniques as reported previously (4).

2.2. Induction of Recombination
and Demonstration of Gene Expression

Plasmids encoding LacZ gene with the “stuffer”
sequences between the two loxP sequences
(CAPBPL, CAVBVL, CASBSL) were introduced
into 293 cells using a standard calcium phosphate
transfection technique (12). Briefly, 1 ug of plas-
mid was mixed with 150 uL of 0.3M CaCl, and
2X HBS butfer and added to a single 6-well cham-
ber. Six hours later, the medium was replenished.
To assess the efficiency of recombination, a Cre-
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expressing adenovirus vector (AxCANCre, a gift
from Dr. I. Saito) was applied to the culture there-
after at an MOI of | (13). At various time-points,
cells were dislodged, lysed, and p-galactosidase
activity was measured by orthonitrophenyl-p-ga-
lactosidase assay (Invitrogen Corp., Carlsbad,
CA) according to the manufacturer’s instructions.
Lysates were then subjected to Western analyses,
either with anti-Rep (clone 303.9, Progen, Heidel-
berg, Germany) or anti-Cap (clone B1, Progen,
Heidelberg, Germany), as reported previously (4).

2.3. Development of Clones

Seven micrograms of each plasmid were used
to transfect one 10-cm dish of 293 cells using a
standard calcium-phosphate method at 70% of
confluence. Forty-eight hours later, the cells were
replated to several dishes and exposed to the se-
lection medium containing both 800 ug/mL of
G418 and 10 ug/mL of blasticidin S. The selec-
tion medium was replenished every 3 d. After 2 to
3 wk of selection, individual clones were recov-
ered and amplified in 12-well plates in the pres-
ence of a half concentration of the selection
medium of G418 and Blasticidin S. When a clone
grew to semiconfluence in a 12-well plate, it was
assumed to be established and was subjected to
the analysis for packaging titer. The clones were
numbered according to the order of establishment.

2.4. Titration of Vector Production

Established clones were further expanded,
replated in new 12-well plates, then transfected
with 0.5ug of the vector plasmid containing the
LacZ gene cassette (driven by cytomegalovirus
[CMV] promoter) flanked by two ITR sequences.
Six hours after transfection, the medium was re-
plenished, and Cre-expressing adenoviruses
(AxCANCre) were added at an MOI of 1. Forty-
eight hours later, cells were collected, subjected
to three cycles of freeze-thawing, and treated with
deoxyribonuclease I (Takara Bio, Inc., Ohtsu, Ja-
pan) for 30 min at 370°C as indicated by the
manufacturer. The samples were quantified using
dot-blot analysis. Known copy numbers of LacZ-
expressing plasmid was used as controls.
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Fig. 1. Plasmid structure and the scheme of the cell line development. (A). To assess the recombination effi-
ciency of the mutant 1oxP, three LacZ-expression plasmids are constructed. On infection with Ad-Cre, the stuffer
sequences are removed with the efficiency depending on the wild-type or mutant loxP sequences, and the LacZ
genes are driven by the CAG promoter. (B). The design of the cell line and the strategy for rep and cap expression
are shown. To control rep and cap expression, a stuffer sequence is flanked by two loxP (wild-type or mutant)
sequences. In the presence of Cre recombinase, the stutfer sequences are removed and the cap and rep genes are

expressed.

2.5. Demonstration of Cre-Mediated
Recombination by Polymerase
Chain Reaction

Genomic deoxyribonucleic acid (DNA) was
extracted from clone no. 3 by the standard tech-
niques. Briefly, the recovered cells were treated
with proteinase K, and total DNA was extracted
with phenol chloroform. One microgram of total
DNA was used as a template. A thermal cycler
and the DNA polymerase ex-Tag (Takara Bio Inc.,
Ohtsu, Japan) were used for the PCR reaction ac-
cording to the manufacturer’s instructions. The
forward primer sequences were 3-TTC GGC TTC
TGG CGT GTG AC-3 and 5-TTG CGA CAT

MOLECULAR BIOTECHNOLOGY

TTT GCG ACA CCA-3' for the cap and rep se-
quences, respectively. The reverse primer se-
quences were 5'-TCT GCG TAG TTG ATC GAA
GCT-3' and 5'-GGG ACC TTA ATC ACA ATC
TCG-3', respectively. The conditions for PCR
were 940°C for 30 s, 560°C for 30 s, and 720°C
for 1 min, and a total of 20 cycles of amplification
were applied. The products were analyzed by aga-
rose gel electrophoresis (0.8%) and visualized
through ethidium bromide staining.

2.6. Statistical Analysis

The significance of the difference was esti-
mated by Student’s paired t-test.
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Fig. 2. Efficiency of recombination demonstrated in the wild-type and the mutant loxP. (A). Recombination
activity of the wild-type loxP assessed at different time-points. The asterisks indicate the statistical significance (p
< 0.05) of each data point against the nonindicated points. No significant differences were observed among the
data points indicated by an asterisk. (B). Recombination efficiencies of wild-type and mutant loxP sequences.
LacZ-expressing plasmids described in Fig 1A were used. Following transfection of the plasmids, 293 cells were
infected by Ad-Cre at an MOI of 1. After 48 h, b-Gal activity was quantified. As for the baseline expression,
values observed by loxP(V) were significantly lower than those with wild type as indicated by an asterisk. The
baseline expression with loxP(S) was further significantly lower than that with loxP(V), as indicated by two
asterisks. In terms of the expression levels following induction with Cre, values with both mutant loxPs showed
significantly lower expression than those with wild type, as indicated by an asterisk. No differences were found in

the values obtained by the mutant loxPs.

3. Results

3.1. Recombination Efficiency
of Wild-Type and Mutant LoxP

To determine the optimal conditions for Cre—
loxP-mediated induction of gene expression, we
first examined the efficiency of recombination at
various time-points. Recombination became sig-
nificant at 40 h of induction by Ad-Cre and
reached a plateau level thereafter (Fig. 2A).
Therefore, we selected 48 h as a standard time-
point for assessment of recombination. Then we
compared the efficiency of recombination among
the loxP sequences. The wild-type loxP showed
the highest recombination efficiency, as assessed
by LacZ expression (Fig. 2B). Therefore, we se-
lected wild-type loxP for Cap expression plasmid.
On the other hand, we selected the loxP (S) se-
quences for the Rep expression plasmids, as the
basal level of expression was the lowest with this
system,

MOLECULAR BIOTECHNOLOGY

3.2. Expression of Rep and Cap on Induction

Rep and Cap expression could be induced
simultaneously by Cre recombinase (Fig. 3).
Coexpression of the other protein inhibited the
expression levels in both cases. The degree of
Cap suppression was clearer than that of Rep
suppression,

3.3. Development of Clones
With Packaging Capacity

Following a period of 2-3 wk in selection me-
dium containing both blasticidin S and G418, a
total of 192 clones were chosen and amplified into
6-well culture plates. Of these, 22 clones reached
semiconfluence in 10-cm dishes. These clones
were further amplified, transfected with LacZ-ex-
pressing vector plasmids, and their ability to pro-
duce vector was determined. All of the 22 clones
showed significant levels of vector production
(Table 1). These LacZ-encoding vectors were ca-
pable of transducing 293 cells with similar effi-
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Fig. 3. Rep and cap expression profiles on treatment with Cre recombinase. One microgram of each plasmid
was transfected into 293 cells in a 6-well plate. Following transfection, the cells received Ad-Cre and were lysed
48 h later. The cell lysates were analyzed by Western blotting using the monoclonal antibodies (A) 303.9 for rep,

and (B) B1 for cap, respectively.

ciency to that made by the standard transfection
method as assessed by conventional X-Gal stain-
ing (data not shown).

3.4. Stability of the Clones Developed

The established clones were further amplified
and their stability was assessed at different time-
points. As shown in Table 1, among the 22 clones
developed, 6 continued to amplify for 2 wk. All of
the expanded clones showed a significant packag-
ing capacity. Of these, four clones tolerated addi-
tional expansion. These clones kept the growth
speed of 293 cells, whereas the clones developed
later (the higher numbered clones) tended to be-
come slow growing. Of these, clone no. three
maintained a significant packaging capacity
throughout this period in terms of production of
the AAV vector.

3.5. Detection of Cre-Mediated
Recombination Events

Results of the analysis of clone no. 3 are shown
in Fig. 4. PCR detection resulted in the amplifica-
tion of the 1.1 and 1.2 kb for cap- and rep-express-
ing sequences within the untreated cells. Following
Cre administration, shorter truncated sequences
with 0.3 and 0.2 kb were amplified, suggesting
simultaneous recombination events.

4, Discussion

In this study, we extended our previous find-
ings (4.5) to regulate the expression of both rep

MOLECULAR BIOTECHNOLOGY

Table |
The Actual Titer of the Clones Obtained in This Study
Clone no. 0 wk® 2 Wk 4 Wk
3 20.9° 11.6 15.0
8 153 6.7 1.3
10 11.3 4.4 0.4
11 0.7 —_ —
12 315 2.4 2.8
15 25 — —
17 5.2 — —
22 29 — —
25 34 — —
27 7.5 — —
28 15.0 12.5 —
31 1.6 — —
33 6.7 — —
34 55 — —
35 7.7 —_ —
36 2.6 — —
38 10.6 — —
40 2.9 — —
41 5.8 — —
44 10.9 1.1 —
57 44 — —
60 1.8 — —

“The time-point started when a clone grew to semiconfluence
within a 10-cm dish. At that time, the clone was challenged for
packaging titer. Clone no. 3 retained a significant packaging ca-
pacity throughout the study.

PTiters of AAV vector per 10-cm dish (x 10%)

and cap simultaneously, leading to development
of a novel packaging cell line for the production
of AAV vectors. Numerous attempts have been
made to establish packaging cell lines, and sev-
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Fig. 4. The positions of the primers designed to detect both vector sequences before and after recombination are
indicated by arrows. Primers corresponding to the CAG promoter and cap sequences or primers for p3 and rep
sequences were used to amplify the vector sequences in (A) and (B), respectively. In both cases, a smaller number
of cycles (20 cycles for this experiment) were used to avoid plateau-level amplifications.

eral promising lines with high production rates sequences merits discussion in terms of recombi-
have been reported (14,15). Our sirategy is advan- nation efficiency and leakage. Recombination ef-
tageous in that there is a potential to optimize the ficiencies of the mutant and wild-type loxP in our
condition for expressing Rep and Cap indepen- system were comparable to those reported earlier
dently, as the genes of interest are encoded into (8). In addition to the recombination efficiency,
two separate plasmids. In our previous study, we the degree of “leakage” is also important to avoid

developed a cell line using Cre/loxP system to toxicity, especially for Rep. As demonstrated in
regulate Rep expression (4). Our present study Fig. 2B, wild-type loxP showed the highest leak-
showed that the simultaneous regulation of Cap age despite the fact that it recombines most effi-

expression in addition to Rep resulted in the im- ciently. As Rep proteins are highly toxic, the
provement of production rate by 30-fold. The ideal baseline expression must be kept as low as pos-
amounts for the optimal production of vector are sible. Also, it is known that Rep expression need
examined using two different plasmids encoding not be high even after induction. For these rea-
for rep and cap (16) by transient transfection, and sons, loxP (S) seemed to be the appropriate choice
the result indicates that a large amount of Cap and for the rep-expressing plasmids. Because low-
relatively small amount of Rep are suitable for the level expression of Rep proteins is optimal for ef-
maximum production rate. To accomplish these ficient vector production, a weak native promoter
conditions, we used a stronger promoter for cap (pS) was used for the Rep-expression plasmid. On
and a weaker one for rep. Also, the choice of loxP the other hand, because the expression of a large
sequences from a panel of mutant and wild-type amount of Cap protein is required, a strong CAG
MotLecutar BIoTECHNOLOGY Volume 27, 2004
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promoter was selected in combination with wild-
type loxP sequences for the Cap-expression plas-
mid. CAG promoters have been shown to be
strong and versatile in various systems (17).

In Fig. 3, we observed a reduction in Rep or
Cap expression in the presence of the other pro-
tein. Especially, Cap expression was suppressed
by the presence of Rep. This may reflect the inter-
ference of both proteins, especially at the time of
OVverexpression.

Although we tried to obtain a suitable condi-
tion for vector production, there is a possibility
that the other factors might influence the optimal
conditions. Of particular concern are the choice
of producer cell type and promoters. For the pro-
totype, we used 293 cells for a number of reasons.
First of all, as 293 cells are derived from nonma-
lignant cells, they are appropriate for production
of clinical-grade vectors. Also, we have several
experiences developing cell lines based on 293
cells. The cells are easy to handle, and can be in-
troduced efficiently into genes by conventional
transfection methods. Regarding the promoter to
drive rep and cap genes, there is a wide range of
choice. Our use of heterologous promoters may
contribute to high titers of vector production (16).

The stability of the cells is also an important
aspect from a practical point of view. In this study,
we followed virus production for 4 wk after de-
velopment. This period is sufficient for the cells
in a large-scale culture. We numbered the clones
according to the order of establishment. As a mat-
ter of fact, for the clones that developed later, there
was a tendency not to survive long enough to as-
sess their capability. Actually, clones later than no.
60 could not be expanded sufficiently to assess their
long-term potential. Although the precise mecha-
nisms are not clear, these properties in growth may
be related to the leaky expression of Rep and Cap
before induction with Cre. It is likely that only
clones with optimum conditions can continue to
grow during the course of large-scale expansion.

The use of AAV vectors is moving toward
clinical applications. The refinement of the vector
production system is vital to meet the anticipated
increase in demand.
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Summary. After screening for species-specific antihuman fac-
tor (F)IX monoclonal antibodies, we found that antibody 3A6 did
not bind to cynomolgus FIX. The 3A6 epitope was found to
include Ala262 of human FIX. The 3A6 antibody was used as a
catching antibody in an enzyme immunoassay (EIA) for specific
detection of human FIX in cynomolgus macaque plasma. No
significant increase of substrate hydrolysis was observed when
EIA buffer containing cynomolgus macaque plasma was sub-
jected to the 3A6-based EIA. Addition of up to 30% cynomolgus
macaque plasma or canine plasma to the assay did not alter
detection of human FIX. Three cynomolgus macaques were
injected with human FIX (10Ukg™!; i.v.) and the circulating
human FIX was quantified in the macaque plasma. The FIX level
in the circulation increased to 470 + 37.6 ngmL ™" at 1 h after the
injection and gradually decreased to 1.79 4 1.1ng mL ™! by day
5, which is approximately 0.06% of the normal human plasma
FIX concentration. These data suggest that the cynomolgus
macaque can be used as a primate model for studying hemophilia
B gene therapy by transduction of macaque organs with vectors to
express human FIX in vivo and detection of human FIX using the
3A6 monoclonal antibody.

Keywords: cynomolgus macaque, factor IX, hemophilia B.

Introduction

Hemophilia B is an X-linked, hereditary life-long bleeding
disorder caused by genetic abnormality of the coagulation
factor (F)IX gene. The genetic abnormalities result in defi-
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ciency of FIX, which in turn creates a bleeding diathesis, such
as life-threatening intracranial bleeding and bleeding in joints
and muscles. Hemophilias occur as mild, moderate, or severe,
depending on the patient blood FIX level of >6%, 2-5%, or
<1%. Although recombinant FIX products are available in the
USA, current standard therapy in Japan is still intravenous (i.v.)
injection of heat-treated and monoclonal antibody (mAb)-puri-
fied FIX concentrates from plasma. Aside from certain specific
situations, such as preoperative factor coverage, i.v. infusion of
FIX concentrates is usually used to treat acute bleeding episodes
and prophylactic FIX i.v. infusion is not recommended in Japan.

Notably, maintenance of blood FIX levels of >2% of the
normal plasma FIX concentration may result in significant
clinical improvement. Unfortunately, in the past, infection with
hepatitis B and C viruses or human immunodeficiency virus
(HIV) in hemophilia patients was a tragic result of contami-
nated blood-derived commercial products. After introduction of
heat treatment, detergent treatment, and/or mAb isolation of
FIX, the risk of viral infection by commercial products was
significantly reduced, but not eliminated. Recombinant FIX
products are now commercially available in the USA, but also
may not be completely free of pathological substances such as
prions or as yet unknown viruses. In this context, gene therapy is
being explored as the next generation therapy for hemophilia
[1,2]. To develop gene therapy technology, a good animal model
is necessary. Hemophilia B mice (FIX knock-out mice) and
hemophilia B dogs are available and have been used to study
gene therapy approaches for hemophilia B. Based upon pro-
mising results gathered in these animals after receiving intra-
muscular injection of type 2 AAV vectors carrying the FIX gene
[3-6], clinical trials for hemophilia B by transduction of skeletal
muscles with these vectors were initiated, but have had limited
success [7,8]. Vector doses of 1.8 x 10'? vector genome
(vg)kg™! yielded plasma FIX levels of >1% in mice, whereas
the same vector dose yielded circulating FIX levels of 0.2-0.4%
in dogs. In humans, no significant increase of FIX levels was
observed with the same vector dose. One possible explanation
of the differences in these results is that the transduction
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efficiency of skeletal muscles by type 2 AAV vectors in humans
is different from that in these animals. Since this vector dose
was the highest dose used in the clinical trial, the possibility that
vector doses were not high enough for FIX expression in
hemophilia B patients was most likely [8]. In this regard, a
primate model may be required to mimic more closely the
human situation. Anti-FIX mAbs were screened for their in-
ability to bind simian FIX. One antibody was found and forms
the basis for an enzyme immunoassay (EIA) and quantification
of human FIX in primates down to 1.7 ng mL~, or 0.06% of the
normal plasma FIX concentration.

Materials and methods

Murine monoclonal antibodies

Murine mAbs raised against human FIX were developed by
standard procedures. Quantification of human FIX with mAb
3A6 was reported previously [9]. JKIX-1 is a murine mAb that
binds to human FIX in the presence of calcium [10]. JKIX-1
was labeled with NHS-biotin (Vector Labs, Burlingame, CA,
USA) according to the manufacturer’s instructions.

Enzyme immunoassay and Western blotting for FIX

Microtiter plates were coated with 3A6 in PBS (1 wgmL™") for
16h at 4°C. After blocking with 5% casein in PBS, samples
containing FIX (wild-type human FIX or FIX mutants; see
below) were incubated in Tris-buffered saline pH7.4 (TBS)
containing 1% casein and 0.1% Triton X-100 at 37 °C for 2h.
After washing with TBS containing 0.1% Triton X-100, bound
FIX antigen was detected with sheep antihuman FIX polyclonal
antibody (Cedarlane Labs Ltd, Hornby, Ontario, Canada) fol-
lowed by horseradish peroxidase (HRP)-labeled antisheep IgG
(Vector Labs). JKIX-1 based EIA was also carried out in a
similar manner using buffer containing SmM CaCl, except
during the plate-coating step. Western blotting for FIX was
carried out as described previously [11] except for detection of
HRP-labeled antibodies bound to polyvinylidene fluoride mem-
brane using chemiluminescent reagent ECL -+ (Amersham
Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK).
For quantifying human FIX in cynomolgus macaque, macaque
plasma diluted in TBS containing Triton X-100 (0.1%) and
casein (1%) was added to 3A6-coated microtiter plates and
3A6-bound FIX was detected by biotin-labeled JKIX-1 fol-
lowed by HRP-conjugated streptavidin (Vector Labs).

Expression of human FIX and mutant FIX in CHO-K1 cells

Human FIX ¢cDNA was a generous gift from Dr G. G. Brownlee
(Chemical Pathology Unit, University of Oxford, Oxford, UK).
Human FIX ¢DNA was directionally cloned into the pcDNA3
expression vector (Invitrogen Japan, Tokyo, Japan) to make
plasmid pcDNAFIXWT. This was subjected to site-directed
mutagenesis to construct pcDNAFIX/G226D/V227A (G226 to
D and V227 to A), pcDNAFIX/A262T (A262 to T), and

peDNAFIX/L321S (L321 to S), for expression of FIX mutants
with the indicated amino acid substitutions. To determine the
epitope of mAb 3A6, FIX mutants were expressed in CHO-K1
cells cultivated in HAMF-12 media in the presence of vitamin K
(10 pgmL™). CHO-K1 cells (5 x 10%in 0.8 mL of Dulbecco’s
PBS were incubated with 20 pg of pcDNAFIX/WT, pcDNA-
FIX/G226D/V227A, pcDNAFIX/A262T, or pcDNAFIX/L321S, on
ice for 15 min and subjected to electroporation at 300 V (25 nF)
using a Gene Pulser (BioRad Labs, Hercules, CA, USA). To
make stable transfectants that express wild-type human FIX and
FIX mutants, cells were cultured in the presence of geneticin
(250 p.g mL‘l) (Gibco-Invitrogen Japan, Tokyo, Japan). Cloned
geneticin-resistant cell lines were selected for FIX expression
by the JKIX-1-based EIA and selected clones were cultured in
the presence of vitamin K (10 pg mL™"). Coagulation activities
of recombinant wild-type FIX and FIX mutants expressed in
CHO-K1 cells were determined using FIX-deficient plasma
(Dade Behring, Marburg, Germany) and an automated coagulo-
meter model CA-500 (Sysmex, Tokyo, Japan). Recombinant
FIX antigen concentration in the conditioned medium was
determined with the two different EIAs as described above.

Detection of human FIX in cynomolgus macaque

Human plasma was mixed with increasing concentrations of
cynomolgus macaque plasma in EIA buffer and subjected to the
EIA as described to see if macaque FIX inhibited human FIX
binding to 3A6. Human FIX concentrates (10U kg™ ") (Christ-
massin M®; Mitsubishi Pharma Co., Tokyo, Japan) were
injected intravenously into three cynomolgus macaques. After
injection, peripheral blood was drawn and citrated plasma was
collected at indicated time periods. Concentrations of human
FIX in cynomolgus macaque plasma were determined using
3A6 as a capture antibody with detection by biotin-conjugated
JKFIX-1 as described above.

Binding of mAb 3A6 to deglycosylated FIX and canine FIX

Conditioned media of Chinese hamster ovary (CHO) cells
secreting wild-type FIX and mutant FIX A262T were incubated
in the absence or presence of N-glycosidase F 1o0umL™h
(Roche Diagnostics GmbH, Mannheim, Germany) and ana-
lyzed for binding of 3A6 to deglycosylated wild-type FIX and
deglycosylated FIX A262T by Western blotting [12]. We also
studied the effect of canine FIX on binding of 3A6 to human
FIX by the EIA. Human plasma (1 : 100 dilution) in the buffer
containing increasing concentrations (0-30%) of canine plasma
obtained from a beagle dog was subjected to the 3A6-based EIA
as described above to see if the presence of canine FIX
decreased binding of human FIX to mAb 3A6.

Immunohistochemical study of the cynomolgus macaque liver

A small part of the liver was obtained from a cynomolgus
macaque under anesthesia with ketamine hydrochloride. Biopsy
specimens were fixed with 4% paraformaldehyde in PBS at 4°C
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for 21, incubated with PBS containing sucrose (10-30%), and
then frozen in the presence of OCT compound in dry ice/
ethanol. Sections were prepared from frozen liver tissues at
—25°C, attached to poly lysine-coated glass slides and sub-
jected to immunohistochemistry by the standard ABC method
using mouse mAb 3A6, sheep polyclonal antibodies to human
FIX, control IgG (normal sheep IgG, normal mouse IgG),
biotin-conjugated second antibodies and streptavidin-biotin
complex reagents (Vectarstain ABC Elite kit; Vector Labs),
and diaminobenzidine (DAB). Sections were counterstained
with Meyer’s hematoxylin solution to visualize nuclei.

Results

After screening for a species-specific mAb that recognizes
solely human FIX, we found that mAb 3A6 could distinguish
human FIX from macaque FIX. We developed an EIA for
human FIX using 3A6 and biotin-labeled JKIX-1. The assay
is sensitive to 1ngmL ™" purified human FIX and detects FIX
antigen in human plasma at 1: 3 x 10 dilution. No increase in
substrate hydrolysis was observed when macaque plasma or
canine plasma was added to the microtiter plates instead of
human plasma. Furthermore, addition of cynomolgus macaque
plasma to human plasma did not influence the substrate hydro-
lysis of human plasma containing samples (Fig. 1), nor did the
presence of canine plasma in the buffer influence data of the
EIA for human FIX.

Macaque FIX is highly homologous to human FIX with 97%
amino acid similarity [13]. Since 3A6 binding is not dependent
on divalent cations and binds to the catalytic domain of human
FIX after RVV XCP treatment under reducing conditions on
Western blotting (not shown), the 3A6 epitope was deemed to
be probably a linear sequence. The amino acid sequence of
cynomolgus macaque FIX is identical to rhesus macaque FIX
[14]. Amino acid residues Gly226, Val227, Ala262, or Leu321
of human FIX were targeted as residues in the 3A6 epitope
based upon the sequence similarity among human FIX, maca-
que FIX, and mouse FIX. Thus, these residues were substituted
with Asp, Ala, Thr, or Ser, as these are the corresponding
residues in macaque FIX. Because Gly226 and Val227 are
positioned sequentially, site-directed mutagenesis was carried
out to substitute these two residues with Asp and Ala in the
same molecule. Conditioned media of stably transfected CHO-
K1 cells were harvested and binding of 3A6 to wild-type FIX
and FIX mutants was analyzed by the 3A6-based EIA, the
JKIX-1-based EIA, and by Western blotting. As shown in
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Fig. 1. Effect of macaque plasma on human factor (F)IX detection by
3A6-based enzyme immunoassay. Human plasma (E§) or macaque
plasma () diluted 30-3000-fold was incubated in microtiter plates
coated with 3A6 antibody. Human plasma was diluted 30-300-fold with
buffer containing 30% macaque plasma (O). Bound FIX was detected by
biotin-labeled JKIX-1 followed by horseradish peroxidase-conjugated
streptavidin as described in Methods.

Table 1 and Fig.2, 3A6 bound to wild-type FIX, to FIX
G226D/V227A and to FIX L3218, but failed to bind to FIX
A262T. Human FIX does not have an oligosaccharide side chain
at Asn260, but macaque FIX may have N-linked carbohydrates
at this position because of formation of the N-linked glycosyla-
tion consensus sequence Asn-X-Thr. Mutant FIX A262T could
also have an extra oligosaccharide side chain at Asn260. To
study the possibility that the potential extra oligosaccharides
linked to Asn260 of FIX A262T directly interfere with binding
of mAb 3A6 to FIX A262T, the conditioned media of CHO cells
secreting FIX A262T were treated with N-glycosidase F which
can remove N-linked oligosaccharide side chains, including
complex type carbohydrates, from glycoprotein and analyzed
for 3A6 binding by Western blotting. As shown in Fig. 2B, 3A6
bound to wild-type FIX and deglycosylated FIX (lower mole-
cular weight form) but did not bind to FIX A262T even after
removal of carbohydrate side chains. Thus, the potential glyco-
sylation at Asn260 may not be essential for no cross-reactivity
of mAb 3A6 to FIX A262T and to macaque FIX, although it

Table1 Concentration and activity of recombinant human factor (F)IX expressed in CHO-K1 cells

Wild- type FIX FIX G226D/V227A FIX A262T FIX L3218
3A6-based EIA, % 17.7 7.6 0 8.8
JKIX-1-based EIA, % 16.5 7.5 5.0 9.5
Clotting activity, % 16.3 1.8 3.4 29
Specific activity 0.99 0.24 0.68 0.30

Recombinant FIX antigen determined by enzyme immunoassay (EIA) is expressed as a percentage of the FIX concentration of control plasma. Specific
activities are calculated by dividing the clotting activity of the conditioned medium by the antigen concentration determined by JKIX-1-based EIA.
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Fig. 2. Western blot analysis of factor (F)IX mutants. (A) Conditioned
media of CHO-K1 cells secreting FIX G226D/V227A (lane 1), FIX
A262T (lane 2), FIX L3218 (lane 3) and wild-type FIX (lane 4)

were transferred to polyvinylidene fluoride (PVDF) membrane after
SDS-PAGE under reducing conditions and incubated with either
polyclonal antibodies to human FIX or monoclonal antibody 3A6. Bound
antibodies were detected with horseradish peroxidase (HRP)-labeled
antisheep IgG or HRP-labeled antimouse IgG, respectively, followed by
chemiluminescent reagents, as described in Materials and methods.
(B) Chinese hamster ovary (CHO) cell-conditioned media containing
wild-type FIX (wild-type) or FIX A262T (A262T) incubated in the
absence {—) or presence (+) of N-glycopeptidase F were transferred to
PVDF membrane after SDS-PAGE and analyzed for binding of 3A6
to recombinant FIX as above.
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Fig.3. Quantification of human factor (F)IX in cynomolgus macaque.
FIX concentrates (10 Ukg™"), used to treat hemophilia patients, were
injected intravenously into three cynomolgus macaques. After injection,
peripheral blood was drawn and platelet-poor plasma was prepared.
Human FIX levels in macaque plasma was determined by enzyme
immunoassay using 3A6 and biotin-labeled JKIX-1. Data represent
mean +SD (n=3).

may affect the interaction of 3A6 with FIX A262T and with
macaque FIX indirectly. The presence of canine plasma in the
buffer did not decrease human FIX binding to 3A6 in the EIA
(not shown), supporting this possibility. The coagulation activ-
ities of the FIX mutants were also determined to explore the
possibility that these FIX mutants developed severe conforma-
tional changes in the catalytic domain by these amino acid
substitutions. The specific activities (clotting activity of the
conditioned medium divided by the antigen concentration
determined by JKIX-1-based EIA) of recombinant wild-type
FIX, FIX G226D/V227A, FIX A262T, and FIX L3218 were
0.98, 0.24, 0.68, and 0.3, respectively (Table 1). These observa-
tions demonstrated that the amino acid substitutions did affect
coagulation activity. However, FIX A262T did retain about 70%
of the activity relative to wild-type FIX, suggesting that con-
formational effects were minimized and that loss of 3A6
binding to FIX A262T was due primarily to epitope alteration.

In order to detect and quantify human FIX in the cynomolgus
macaque, 10U kg~* human FIX was injected intravenously into
three animals and the concentration of human FIX in their
plasma was quantified with the 3A6-based EIA (Fig. 3). Human
FIX plasma levels increased to 470 £37.6ng mL ™! by 1h after
the injection, then gradually decreased with a half-life of 10h.
When FIX is injected intravenously into hemophilia B patients,
circulating FIX levels decrease rapidly (« phase 1,5, 4-5 h) then
slowly (B phase ty5, 23-28 h) [15]. The rapid decrease of FIX is
though to be due to distribution into extravascular space. Since
human FIX levels in macaques at early time points after
injection were not measured, our data may not accurately
discriminate the rapid-phase and the slow-phase disappearance
of human FIX in macaques. The difference between #;, of
intravenously injected human FIX in macaques in our experi-
ments and that in the previous study [16] may be accounted for
by the difference in FIX doses. On day 4, plasma human FIX
levels fell to 4.2+2.8ngmL™! (0.14% of the normal human
FIX concentration) and were reduced further to 1.79+
1.1ngmL ™" (0.06% of the normal human FIX concentraion)
on day 3, indicating that the 3A6-based EIA was able to detect
human FIX levels as low as 0.1% of the normal human FIX
concentration.

To confirm that mAb 3A6 does not bind to cynomolgus
macaque FIX in vivo, an immunohistochemical study was
carried out. As shown in Fig.4, positive immunostaining was
observed when the frozen sections of the macaque liver were
incubated with sheep polyclonal antibodies to human FIX.
However, no immunostaining was observed in the liver sections
incubated with 3A6.

Discussion

A wide variety of disorders are caused by genetic abnormality,
giving rise to the potential of gene therapy as the next genera-
tion of therapeutics for many diseases. To establish gene therapy
technology, a good animal model is required. Advances in
developmental biotechnology have allowed us to create a vari-
ety of mouse disease models, transgenic mice and knock-out
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