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Fig. 1. Plasmid structure and the scheme of the cel! line development. {A). To assess the recombination effi-
ciency of the mutant loxP, 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 eap 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 stuffer 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-Taq (Takara Bio Inc.,
Ohtsu, Japan)} were used for the PCR reaction ac-
cording to the manufacturer’s instructions. The
forward primer sequences were 5-TTC GGC TTC
TGG CGT GTG AC-3 and 5-TTG CGA CAT
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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 [ 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 ¢-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
systern.
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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 ditferent 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

Mot ecUtAR BIOTECHNOLOGY

Table 1
The Actual Titer of the Clones Obtained in This Study
Clone no. 0 Wik* 2 Wk 4 Wk
3 20.9° 1.6 15.0
8 5.3 6.7 1.3
10 11.3 4.4 0.4
H 0.7 —_ —_
12 315 - 24 28
15 25 — _
17 52 — —
22 29 — —
25 34 _ —
27 7.5 — —_
28 15.0 12.5 —
31 1.6 —_
33 6.7 —_ —
34 55 — —
35 7.7 —_ —_
36 26 — —
38 10.6 — —
40 2.9 — —
41 58 —
44 10.9 1.1 —
57 4.4 —_ —
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.

*Titers 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 1o 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
have been reported (14,15). Our strategy is advan-
tageous in that there is a potential to optimize the
condition for expressing Rep and Cap indepen-
dently, as the genes of interest are encoded into
two separate plasmids. In our previous study, we
developed a cell line using Cre/loxP system to
regulate Rep expression (4). Our present study
showed that the simultaneous regulation of Cap
expression in addition to Rep resulted in the im-
provement of production rate by 30-fold. The ideal
amounts for the optimal production of vector are
examined using two different plasmids encoding
for rep and cap (16) by transient transfection, and
the result indicates that a large amount of Cap and
relatively small amount of Rep are suitable for the
maximum production rate. To accomplish these
conditions, we used a stronger promoter for cap
and a weaker one for rep. Also, the choice of loxP
sequences from a panel of mutant and wild-type

MoLectiar BioTecHNOLOGY

sequences merits discussion in terms of recombi-
nation efficiency and leakage. Recombination ef-
ficiencies of the mutant and wild-type 1oxP in our
system were comparable to those reported earlier
(8). In addition to the recombination efficiency,
the degree of “leakage” is also important to avoid
toxicity, especially for Rep. As demonstrated in
Fig. 2B. wild-type loxP showed the highest leak-
age despite the fact that it recombines most effi-
ciently. As Rep proteins are highly toxic, the
baseline expression must be kept as low as pos-
sible. Also, it is known that Rep expression need
not be high even after induction. For these rea-
sons, loxP (5) seemed to be the appropriate choice
for the rep-expressing plasmids. Because low-
level expression of Rep proteins is optimal for ef-
ficient vector production, a weak native promoter
(p5) was used for the Rep-expression plasmid. On
the other hand, because the expression of a large
amount of Cap protein is required, a strong CAG
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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
overexpression.

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 ceils
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
wis a tendency not fo survive long enough to as-
sess their capability. Actualty, 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 (10 Ukg™; i.v.) and the circulating
human FIX was quantified in the macaque plasma. The FIX level
in the circulation increased to 470 = 37.6 ng mL~ " at 1 h after the
injection and gradually decreased to 1.79 £ 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 tumn 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 bleod 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 ot 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 ngmL ™, 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
3 A6 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 pgmL™") for
16h at 4°C. After blocking with 5% casein in PBS, samples
containing FIX (wild-type human FIX or FIX mutants; se¢
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 5mM 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 4 (Amersham
Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK).
For guantifying human FIX in cynomolgus macague, 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 cDNA 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

pcDNAFIX/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-KI cells (5 x 10%) in 0.8 mL of Dulbecco’s
PBS were incubated with 20 pg of pcDNAFIX/WT, pcDNA-
FIX/G226D/V22TA, pcDNAFIX/A262T, or pcDNAFIX/L321S, on
ice for 15 min and subjected to electroporation at 300 V (25 pF)
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 pg mL™ (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 p.g 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 {IOng_l) {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
3AS6 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 (10UmL™")
(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 2 h, 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 (normat sheep IgG, normal mouse IgG),
biotin-conjugated second antibodies and streptavidin-biotin
complex reagents (Vectarstain ABC Elite kif; 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 1 ngmL ™" 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.

Macagque 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 arc 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 ([ll) or macaque
plasma ([J) diluted 30-3000-fold was incubated in microtiter plates
coated with 3A6 antibedy. Human plasma was diluted 30—300-fold with
buffer containing 30% macaque plasma (). Bound FIX was detected by
biotin-labeled JKIX-1 followed by horseradish peroxidase-conjugated
streptavidin as described in Methods.

Tablel 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 3A6to 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-KI cells

Wild- type FIX FIX G226D/V227A FIX A262T FIX L3218
3A6-based EIA, % 17.7 7.6 o 88
JKIX-1-based EIA, % 16.5 75 5.0 9.5
Clotting activity. % 163 L8 34 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 caleulated 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.

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 explote 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 L321S were
0.98, 0.24, 0.68, and .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 +37.6 ngmL ™" by 1 h 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 #(4, 4-5 h) then
slowly (P phase 5, 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
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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%
lL.lng mL~! (0.06% of the normal human FIX concentraion)
on day 5, indicating that the 3A6-based EIA was able to detect
hurman 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 vive, an immunochistochemical 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.

1 10 100
Time after injection (h)

Fig, 3. Quantification of human factor (F)IX in cyromolgus macague.
FIX concentrates (10 Ukg™"), used to treat hemaophilia 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 4+ 5D (n=3).

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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Fig. 4. Immunohistochemical study of the macaque liver. Frozen sections of the macaque liver on glass slides were incubated with monoclonal
antibody 3A6(A), normal mouse IgG (B), sheep polyclonal antibodies to human factor IX (C), or nortnal sheep IgG (D) and bound antibodies were detected
by the avidin-biotin complex method as described in Materials and methods.

mice. However, there are obvious species differences between
humans and mice, making it difficult under some circumstances
to extrapolate data obtained in mice to human patients. Hemo-
philia B mice (FIX knock-out mice) and hemophilia B dogs
have been used to study gene therapy approaches for treatment
of hemophilia B [3-6]. Better animal models may be required,
however, because there may be significant differences in trans-
duction efficiency of skeletal muscles with AAV2 vectors
between mice and dogs. Primates are used successfully as
models in other disease applications, but there are as yet no
hemophilic primates available. If one can distinguish human
molecules from primate molecules in vivo, primates may be
used for hemophilia gene therapy research, despite the fact that
the genetic abnormality is not indigenous to the species.
Rhesus macaques are proposed to be a good primate model
for studying hemophilia B gene therapy because of the amino
acid sequence similarity between human FIX and macaque FIX
and low immunogenicity of human FIX to rhesus macaque [13].
However, quantification of the human FIX expressed was
difficult due to cross-reactivity of the rabbit anti-FIX antibodies.

© 2003 International Society on Thrombosis and Haemostasis

Rhesus macaques also developed antibodies to human FIX upon
receiving viral vectors carrying the human FIX gene despite the
high amino acid sequence homology [17]. A human FIX-
specific EIA was developed using macaque antihuman FIX
antibodies and EIA quantified human FIX levels in macaque
plasma at 30 ng mL ! (1% of the normal FIX level). The amino
acid sequence of cynomolgus macaque FIX is identical to that
of rhesus macaque FIX [14], raising the possibility that distin-
guishing the recombinant human molecule expressed in cyno-
molgus macaques in vivo from the endogenous macaque FIX
molecule may be difficult. Thus, seven antihuman FIX mAbs
available in our facilities were screened for their inahility to
bind to simian FIX. The 3A6 antibody did not bind to macaque
FIX and an EIA was developed with this antibody to quantify
human FIX in macaque plasma. The EIA was approximately 20-
fold more sensitive than that used in the previous study [13],
detecting human FIX at 1.79 ngmL ™%, or 0.06% of the nornmal
plasma levels in cynomolgus macaques. The advantage of mAb
3A6 was also confirmed by the data that 3A6 did not react with
macaque FIX in the liver by immunohistochemistry (Fig.4).
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Type 2 AAV vectors were initially considered for expression
of transgenes in skeletal muscle, although there appears to be a
significant difference in transduction efficiency of skeletal
muscles with AAV vectors among different AAV serotypes.
In mice, type 1 AAV vectors appear to be superior to other AAV
serotypes, since types 3 and 5 AAV vectors are less potent than
the type 1 AAV vector but have better skeletal muscle transduc-
tion efficiency than type 2 AAV vectors [18]. It remains possible
that the transduction efficiency of human skeletal muscle by
different AAV vectors differs from that in mice and dogs. It is
also possible that the transduction efficiency of other organs,
such as the liver, by AAV vectors has significant species specificity.

The cynomolgus macaque is native to southern Asia and has
been used as a simian model in medical research, such as in
Parkinson's disease. As reported previously, human FEX could
be immunogenic to rhesus macaques transduced with adeno-
viral vectors or AAV vectors carrying the human FIX gene and
to cynomolgus macaques that received repeated subcutaneous
injections of human FIX in the presence of Freund’s adjuvant
[13,15]. Thus, as far as antibedies to human FIX develop in
macaques during transduction with vectors carrying the human
FIX gene, the long-term study for human FIX expression is
impossible, but if antibody development to expressed human
FIX is suppressed, macaques may mimic the human situation
more closely and provide a more accurate assessment of viral
vector transduction efficiencies, and we may be able to evaluate
the efficacy of therapeutic FIX gene construction and select
appropriate promoters, vectors, and organs for transgene ex-
pression, taking advantage of monoclonal antibody 3A6.
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Although the adenoviral E1, E2A, E4 and VA RNA regions are required for efficient
adeno-associated virus (AAV) vector production, the role that the individual E1 genes (E1A,
E1B19K, E1B55K and protein IX) play in AAV vector production has not been clearly determined.
E1 mutants were analysed for their ability to mediate AAV vector production in HeLa or KB
cells, when cotransfected with plasmids encoding all other packaging functions. Disruption

of E7A and E71819K genes resulted in vector yield reduction by up to 10- and 100-fold,
respectively, relative to the wild-type E1. Interruption of the E1B55K and protein IX genes had

a modest effect on vector production. Interestingly, expression of anti-apoptotic E1B19K
cellular homologues such as Bel-2 or Bel-x_ fully complemented E1B19K mutants for
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AAY vector production. These findings may be valuable for the future development of packaging
cell lines for AAV vector production.

Adeno-associated virus (AAV)-based vector systems are
particularly attractive vehicles for clinical applications
requiring long-term in vivo gene expression from post-
mitotic tissues. AAV vectors have been shown to promote
stable expression of a wide variety of transgenes in
numerous tissues, including skeletal and cardiac muscle,
liver, the central nervous system and retina (Rabinowitz &
Samulski, 1998). Overt evidence of inflammation is either
minimal or non-existent in target tissues immediately
following AAV vector administration. Furthermore, cyto-
toxic T-lymphocyte responses are not normally elicited to
transgene products delivered by AAV vectors, even when
such proteins are foreign to the host (Jooss etal., 1998). AAV
vectors are considered to be relatively safe because the
parental virus is non-pathogenic and unable to replicate
in the absence of a co-infecting helper virus. Additionally,
current production methods have reduced the regeneration
of replication competent wild-type AAV during vector
production to undetectable levels (Allen et al, 1997). Finally,
the robust protein capsid of AAV makes AAV vectors
particularly amenable to existing production methods for
protein pharmaceuticals (Gao et al, 2000) and confers upon
them desirable drug stability characteristics.

AAV2, the parent virus from which the vector system is
derived, is replication defective and requires co-infection of

helper viruses to propagate. Adenovirus (Atchinson et al,
1965) and herpes virus (Buller er al, 1981) act as complete
helpers and vaccinia virus (Schlehofer et al, 1986) acts as a
partial helper. The set of adenoviral (type 2 or 5) genes that
facilitate AAV2 propagation has been defined and consists of
E1A, E1B55K, the VA RNAs, E2A and Edorf6 (Samulski &
Shenk, 1988). E1A acts as a cue to begin virus replication by
up-regulating transcription from the rep gene promoters, P5
and P19 (Tratschin et al, 1984} and by activating the early
adenovirus promoters. E1A is also required to drive the host
cell into the S-phase of the cell cycle for viral DNA replica-
tion because the AAV encoded proteins are not capable of
this function. An adverse effect of E1A is that it stabilizes
P53, which leads to apoptosis (Lowe ez al., 1993). To prevent
this, the EIB55K and the Edorf6 proteins form a complex
with p53 and cause it to be degraded through ubiquitin-
mediated proteolysis (Querido et al, 1997; Steegenga et al,
1998). Later in infection, E1B55K and Edorf6 form a
heterodimer that causes the preferential export of AAV and
adenoviral late mRNAs from the nucleus while inhibiting
the transit of adenoviral early and cellular mRNAs (Pilder
et al, 1986). The 72 kDa DNA-binding protein encoded by
E2A has functions in viral DNA replication, viral mRNA
processing and export, and AAV promoter regulation
(Carter er al, 1992; Ward er al, 1998; Chang & Shenk,
1990). It causes an increase in the intracellular levels of the
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single- and double-stranded forms of the AAV genome, the
spliced forms of the rep proteins, and dramatically increases
capsid protein production, Lastly, the VA RNAs inhibit the
interferon-inducible eIF-2 protein kinase, thereby circum-
venting this cellular anti-viral mechanism from blocking
viral protein translation (West et al., 1987).

‘With respect to E2A, Edorf6 and the VA RNAs, the helper
gene requirement for AAV vector and virus production is
identical. We and others, have shown that plasmids encoding
these genes, when cotransfected into 293 cells along with
plasmids encoding rep/cap and a vector, mediate higher levels
of vector production than that produced by adenovirus
infection (Xiao et al, 1998; Matsushita ef al, 1998), This so-
called “triple plasmid’ transfection method forms the basis of
the current scale-up vector production effort at Avigen and
has a respectable mean production efficiency of 1x 10"
vector genomes produced per 850 cm” roller bottle, A report
was published describing a method for producing AAV vector
in 293 cells using only Edorf6 as the helper gene (Allen er al,
2000), This method requires the use of a heterologous
promoter to drive the capsid gene and is about 10-fold less
productive than methods using a plasmid encoding all three
adenoviral helper genes (unpublished data).

The genes of the El region have not been analysed for their

contribution to AAV vector production, In this study, we
have investigated the role of the EIA and EIB genes in AAV
vector production by using a series of E1 mutant plasmids
and cell lines that lack adenoviral genes. E1A was required
for efficient vector production. In contrast to the helper
requirements for AAV production, our data indicated that
EI1BI9K gene greatly augmented vector production, how-
ever, E1B55K gene did not.

The contributions of each of the component genes from the
El region to AAV helper function was assessed by creating a
set of plasmids with mutations in the E1A, E1B19K, EI1B55K
or protein IX genes and then testing them for their ability to
support transfection-based AAV vector production. At least
one truncation or one deletion mutation was made for each
gene (Fig. 1).

For vector construction the plasmid pE1, which encodes the
EIA, E1BI9K, EIB55K and protein IX genes, was created
from Ad2 DNA (Invitrogen). Briefly, the AflIII fragment
{nt positions 142-5927) of Ad2 was cloned into the AfIII
site of pBR322 (New England Biolabs) to generate pEl.
pE1A-825stop was constructed by the insertion of an
adapter (CCGGACTAATTAACTAGT), which includes
a stop codon and an Spel site, into the BspEl site of
pEl. Similarly, pE1B19K-1912stop, pE1B55K-2243stop,

1 E1A |

1 E1B55K ]
2016

E1B19K I

1542

1711

616 BstX1 933 BsiX|

PE151 8K~ 19125 to p e e

PE1B19K-del (1772—1912) SR e P A T T I

pE1B55K-2243s10p R

pProtIX-3915stop EZTTTTeTEEn

1772 Sacl 1912 BseEll

e T L S N UG T P A 5 S A A i e G

s b PR S e e 53 A

2803 Hindll 3322 Bgil

PPro.IX-del (3654-3915) EISETmeTETEmTEET

o L B S AT = S L i

3654 Sphl 3915 Mfel

Fig. 1. Schematic representation of plasmids harbouring adenoviral E1 mutants used in this study. A 5-8 kb DNA fragment of
adenovirus type 2 was cloned into the AflIl site of pBR322. pE1 encodes the entire E1 region, and the E1 mutant plasmids
shown here were derived from it. The vertical flags mark the positions of inserted stop codons. The gaps in pE1A, pE1B19K,

pE1B55K or pProtIX constructs represent deletions.
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PE1B55K-2803stop and pE1B55K-3322stop were made by
the insertion of oligonucleotides into the BstEIl, BsrGl,
HindIl and Bglll sites of pEl, respectively. pE1A-del (616—
933) has a deletion of a 318 bp segment (positions 616—
933 in Ad2). pE1B19K-del (1772-1912) and pE1B55K-del
(2803-3322) have the same deletions as dI337 (Pilder
etal, 1984) and d!338 (Pilder et al, 1986), respectively, used

. by Samulski & Shenk (1988) to examine E1 helper function
for AAV2 production. Briefly, pE1B19K-del {1772-1912)
lacks sequences between positions 1772 and 1912, and
pE1B55K-del (2803-3322) lacks sequences between posi-
tions 2803 and 3322. pProt.IX-3815stop was constructed by
the insertion of oligonucleotides into a Sadl site. pProt.IX-
del (3654-3915) lacks a 262 bp segment (between positions
3654 and 3915 of Ad2).

The helper activities of the various El plasmids were assayed
by cotransfecting them with a plasmid encoding both an
AAV CMVlacZ vector and rep/cap (pW4389LacZ), and a
plasmid encoding the adenovirus-2 VA RNA, E2A and E4
regions (Pladeno5), into KB or Hela cells, and then
quantifying lacZ vector production as described previously
(Matsushita et al., 1998). AAV vector was harvested 40 or
72 h after transfection and stocks were prepared by the
freeze-thaw method. AAV vector production was quantified
by titration of the vector stocks in 293 cells in the presence of
adenovirus, followed by X-Gal staining and manual counting
by light microscopy. For each experiment, all constructs were
tested using triplicate production cultures, and all experi-
ments were conducted at least three times, independently.

Elimination of the entire El region resulted in 2 (HeLa cells)
to 3 log (KB cells) reduction in vector production relative to
production in the presence of pEl, a plasmid encoding the
entire El region (P<0-01 by Student’s #-test) (Fig. 2a, b).
Disruption of the EIA genes, whether by truncation or
deletion, cansed 1 (Hela cells} to I-5 log (KB cells)
reduction in vector production (P<0-01). Truncations or
deletions in the E1BI9K gene also resulted in substantial
reduction in vector production, 1 log in HelLa cells and
greater than 2 logs in KB cells (P <0-01). The lesser severity
of the EIB19K mutant in HeLa cells, relative to KB cells, may
be due to the relatively high level of Bel-2 expression in HeLa
cells (Liang et al, 1995), or the human papilloma virus E6/
E7 genes they harbour. The E6/E7 genes have been shown to
facilitate some of the processes in AAV replication (Walz
et al, 1997). In most cases, disruption of the EIB55K and
protein IX genes had a modest effect on vector production in
either HeLa or KB cells. Two constructs, pE1B55K-2243stop
and pProt.IX-3815stop showed fivefold reduction in vector
yield in KB cells but little reduction in HeLa cells.

Qur results differ substantially from those of Samulski &
Shenk (1988) who examined the effect of E1B adenovirus
mutants on AAV2 production, DNA replication, and
mRNA and protein expression. This group found that an
E1B19K adenovirus-2 mutant (dI337) mediated efficient
AAV production from HeLa cells transfected with a plasmid
encoding an AAV wild-type provirus (pSM620) but that
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Fig. 2. Compariscn of E1 mutant plasmids with respect to
AAV helper function in KB (a) and Hela cells (b) at 72 h after
transfection, or in Hela cells (c) at 40 h after the transfection.
AAV JacZ vector was produced by the transfection of Hela or
KB cells with pW4389lacZ (encoedes rep/cap and an AAV facZ
vector) and pladeno 5 (encodes the E2A, E4 and VA RNA
regions), in the presence and absence of the indicated E1
plasmids, AAV vector production was assessed by ftitration of
lacZ vector in- 293 cells. pE1 {-) is identical to pBR322 without
the expression cassette. Each bar represents the mean value
obtained from ftriplicate cultures, and the error bar represents
the standard deviation.
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E1B55K (d1338) and Edorf6 (d1355) adenovirus mutants did
not. AAV virion production was measured at a 40 h time
point. The E1B55K and Edorf6 defects were caused by a
delay in AAV mRNA accumulation that resulted in delays in
viral DNA replication, capsid expression and ultimately
virus production. AAV mRNA, DNA and capsid protein
concentrations in cultures infected with E1B55K and E4orf6
mutants eventually reached levels seen in cultures infected
by wild-type adenovirus but at longer time points, 72-96 h
for adenovirus mutants compared with 2440 h for wild-
type adenovirus.

An important difference between our study and that of
Samulski & Shenk (1988) was the timing of AAV/AAV
vector harvest, 40 h in our study versus 72 h in theirs.
Therefore, we examined a subset of the EI region plasmids
in transfection experiments using the same 40 h time point
for vector harvest (Fig. 2c). The results were essentially
similar to those at the 72 h time point and still differed from
those produced by the adenovirus mutants. This observed
difference in helper gene requirement may be attributable to
technical factors associated with using virus infection or
DNA transfection. A possible explanation for the conclu-
sions reached by Samulski & Shenk (1988} might be the
differences in the growth rates of the adenovirus mutants
tested. The E1B55k mutant, dI338, was reported to grow
inefficiently (100-fold reduced relative to wild-type) in HeLa
cells (Pilder et al., 1986) while the E1B19K mutant, dI337,
was reported to be less defective (about 10-fold reduced
relative to wild-type) (Pilder et al., 1984). The lag in AAV
mRNA, DNA and virus production seen with the E1B55K
mutant may be simply because of a slow growing helper
virus, resulting in low copy numbers of all of the adenovirus
helper genes, and may not be directly due to the lack of the
mutated gene. The observation that E1B19K is apparently
not required for adenovirus mediated AAV production is
harder to explain. It is tempting to speculate that the
transfection-based production system benefits from addi-
tional anti-apoptitic activity provided by E1B19K. If this is
true, this requirement does not appear to be cell-type or
transfection-reagent specific {calcium phosphate and poly-
cation-based transfection reagents both show an E1IBISK
effect, data not shown), and may have something to do with
the adenoviral helper gene dose or kinetics of expression.
Other differences between the two methods of identifying
AAV helper function include: transfection method, the
packaging of AAV virus versus a vector, and the use of
replicating helper {(AAV) versus non-replicating plasmid
helpers. Full resolution of these issues will require further
experimentation,

The adenovirus EIBI9K gene, and its cellular homologues
Bcl-2 and Bclxp, encode anti-apoptotic proteins that
function by inhibiting proapoptotic Bel-2 homologues,
such as Bax and Bak, by forming inactive heterodimers with
them. To determine whether other anti-apoptotic members
of the Bcl-2 family could augment AAV vector production,
plasmid vectors expressing the EIBI19K, Bcl-2 or Bcl-xy gene
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PE1B19K-del [y,
S pTREBT0K b i

T

Fig. 3. {a) Schematic representation of Bcl-2, Bcl-x, and
E1B19K expression plasmids. TK promoter, HSV-tk promoter;
C-intron, chimeric CMV/#-globin intron; polyA, SV40 late poly-
adenylation signal; hBcl-2, human Bcl-2 cDNA; hBcl-x, human
Bel-x. ¢cDNA; and E1B19K, adenovirus type 2 early region 1B
19 kDa protein gene. (b) Bcl-2 family members complement
the vector production defect of an E1B19K mutant in Hela
cells. AAV lacZ vector was produced by the transfection of
Hela cells with pW4389lacZ (encodes rep/cap and an AAV
lacZ vector), pladeno 5 (encodes the E2A, E4 and VA RNA
regions), and pE1B18K-del (1772-1912), in the presence and
absence of the indicated plasmids expressing Bcl-2 family
genes, including EtB19K. AAV vector production was
assessed by titration of /acZ vector in 293 cells. Each bar
represents the mean value of triplicate cultures and the error
bar represents the standard deviation.

products were tested for their ability to complement the
vector production defect of the E1B19K deletion mutant,
pEIB19K-del (1772-1912) (Fig. 3a). pTKPRMCS was
assembled by the removal of a Renilla luciferase (Rluc)
reporter gene from pRL-TK (Promega) (between the Nhel
and Xbal sites) and insertion of a multiple cloning site
(between the Kpnl and Xbal sites) from pBluescript I
(Stratagene). pTK-Bcl-2 and pTK-Bcl-x; were created by the
insertion of human Bcl-2 and Bcl-xp ¢cDNA sequences,
respectively, into pTKPRMCS. pTK-E1B19K was con-
structed by the insertion of the EIBI9K fragment into
pTKPRMCS. As shown in Fig. 3(b), plasmids expressing
E1B19K, Bcl-2 or Bcl-x; restored vector production of the
E1B19K deletion mutant to levels equivalent to that
produced by the wild-type pEl plasmid. The use of the
medium strength HSV-tk promoter to drive the expression
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of the Bcl-2 homologues was essential for helper function.
CMV-driven constructs produced low vector yields in a
dominant fashion and caused a substantial increase in
apoptosis (data not shown),

The fact that E1B19K mutants can be complemented by
similarly anti-apoptotic cellular homologues such as Bcl-2
or Bel-xp suggests a common mechanism, the inhibition of
Bak/Bax-mediated apoptosis. Interestingly, no increase in
DNA ladder formation is seen in HeLa cells when trans-
fected with E1BI9K mutant plasmids relative to wild-type
plasmids (data not shown). Consequently, the mechanism
of vector production augmentation is not clear.

Current transfection-based AAV vector production meth-
ods are sufficient to commercially support gene therapy
applications with large doses and small patient populations
(e.g. haemophilia, other genetic diseases) or applications
with small doses and large patient populations (e.g.
Parkinson’s disease). Applications with large doses and
large patient populations (e.g. heart failure) will be a
challenge for transfection-based production methods that
scale linearly. Conseguently, the construction of a producer
cell line that is both helper virus-free, and suspension
culture-adaptable, is of great interest. This is a formidable
task since many of the viral helper proteins are toxic to the
cell either alone (e.g. E2A) or in combination with other
helper functions {e.g. E4orf6 and E1B55K, E1A and rep). The
task is further complicated by genes such as E1BI19K that
must be expressed in a rather precise manner. Packaging
cell lines containing inducible EI genes, along with the
E2a, VA and E4 regions, and an integrated AAV vector have
been produced but were found to suffer from relatively low
vector yield and substantial production instability (Qiao
et al., 2002). Both of these problems were likely due to, or
exacerbated by, helper gene toxicity. Our data indicates
that one source of toxicity, the inhibition of host mRNA
nuclear export mediated by the E4orf6/E1B55K hetero-
dimer, could be eliminated by not including the E1B55K
gene in packaging cell lines.

Defining the minimum set of helper genes necessary for
efficient vector production is the first step in creating
suitable packaging cell lines for AAV vectors. Using our
transfection-based assay, we define that set to be EIA,
E1B19K, the VA RNAs, E2A and Edorf6 genes.
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Ber-Abl kinase is known to reverse apoptosis of cytokine-dependent cells due to cytokine deprivation,
although it has been controversial whether chronic myeloid leukemia (CML) progenitors have the potential to
survive under conditions in which there are limited amounts of cytokines. Here we demonstrate that early
hematopoietic progenitors (Sca-1* ¢-Kit* Lin™) isolated from normal mice rapidly undergo apoptosis in the
absence of cytokines, In these cells, the expression of Bim, a proapoptotic relative of Bel-2 which plays a key
role in the cytokine-mediated survival system, is induced. In contrast, those cells isolated from our previously
established CML model mice resist apoptosis in cytokine-free medium without the induction of Bim expression,
and these effects are reversed by the Abl-specific kinase inhibitor imatinib mesylate, In addition, the expression
levels of Bim are uniformly low in cell lines established from patients in the blast crisis phase of CML, and
imatinib induced Bim in these cells, Moreover, small interfering RNA that reduces the expression level of Bim
effectively rescues CML cells from apoptosis caused by imatinib. These findings suggest that Bim plays an
important role in the apoptosis of early hematopoietic progenitors and that Ber-Abi supports cell survival in

part through downregulation of this cell death activ

ator.

In the chronic phase, chronic myeloid leukemia (CML) is
characterized by massive proliferation of granulocytes in the
peripheral blood and their progenitors in the bone marrow.
Abnormal hematopoietic stem cells harboring the Ber-A4b! chi-
meric gene still differentiate into mature granulocytes with
apparently normal function but gradually come to occupy the
hematopoietic space. They subvert the system controlling their
homeostasis in the body and thus accumulate in large numbers.
Because cytokines are considered to play critical roles in this
homeostasis, dysregulation of cytokine-mediated cell death,
cell survival, or cell division by Ber-Abl may be responsible for
leukemogenesis. Indeed, among multiple systems regulating
diverse cell functions, including cell proliferation, differentia-
tion, and apoptosis, which are dysregulated by Ber-Abl, the
reversal of apoptosis caused by cytokine deprivation is one of
the most consistently observed effects (reviewed in references
15 and 23). This finding has been repeatedly demonstrated by
use of different experimental systems that include murine in-
terleukin-3 (IL-3)-dependent Baf-3 and 32D cells (8, 9, 11, 22,
28, 32, 37, 39).

We and others have investigated this cytokine-dependent
cell survival system in hematopoietic progenitors by using IL-
3-dependent cells and demonstrated that two distinct signaling
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Oncology and Leukemia Program Project, Research Institute for Ra-
diation Biology and Medicine, Hiroshima University, 1-2-3 Kasumi,
Minami-ku, Hiroshima 734-8553, Japan, Phone: 81-82-257-5834. Fax:
81-82-256-7103. E-mail: tinaba@hiroshima-u.ac.jp.
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pathways support cell survival. One pathway emanates from
the membrane-proximal region of the common receptor chain
(Bc chain) shared by IL-3 and granulocyte-macrophage colony-
stimulating factor, which activates JAK-STAT pathways and
transcriptionally upregulates Bel-x, expression (14, 45, 46).
The other pathway functions via the distal portion of the Bc
chain and activates Ras pathways (26, 27, 30). Because exper-
iments using Baf-3 cells expressing truncated forms of the pc
chain revealed that signals from its proximal portion support
cell survival only transiently, signals from its distal region,
especially the activation of Ras pathways, were considered to
be indispensable for long-term cell survival supported by cyto-
kines (26; also reviewed in reference 35).

Recent progress has revealed that cell death decisions are
implemented through an evoluticnarily conserved mechanism
(or general apoptosis program) in which members of the Bcl-2
superfamily play the central roles (reviewed in references 1 and
7). The anti- or proapoptotic family members regulate the
translocation of cytochrome ¢ from mitochondria to the cy-
tosol, an event that ultimately activates the caspase cascade,
while members of the BH3-only subfamily of cell death acti-
vators inhibit the function of the antiapoptotic Bcl-2 family
members by binding to them. In mammals, more than three
factors have been identified to be members of each subfamily,
Redundancy in each category of the Bcl-2 superfamily has
been explained, at least partially, by the tissue- and/or stimu-
lus-specific response of each family member. We therefore
concentrated on identifying the major Bel-2 superfamily mem-
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TABLE 1. Primers used in this study for real-time quantitative RT-PCR

Gene product Product size {(bp)

Forward primer

Reverse primer

Al 168 GGGAAGATGGCTGAGTCTGAGCTCATG
Bad 233 CCACCAACAGCTATCATGGAGGCGC
Bax 162 AATATGGAGCTGCAGAGGATGATTG
Bel-2 261 GTGGTGGAGGAACTCTTCAGGGATG
Bel-xy, 293 GTAGTGAATGAACTCTTTCGGGATGG
BimEL 324 AGTGGGTATTTCTCTTTTGACACAG
Bim(si) 119 AATGTCTGACTCTGACTCTCGGAC

Mcl-1 239 GTAATGGTCCATGTTTTICAAAGATG
DP5/Hrk 189 AGACCCAGCCCGGACCGAGCAA

283 rRNA . 324 ACGCAGGTGTCCTAAGGCGAGCTC

TGACTTCAGATTCTTTTCAACTTC
GCTCTTTGGGCGAGGAAGTCCCTTG
GCACTTITAGTGCACAGGGCCTITGAG
GGTCTTCAGAGACAGCCAGGAGAAATC
ACCAGCCACAGTCATGCCCGTCAGG
TCAATGCCTTCTCCATACCAGACG
TCTCCGCAGGCTGCAATTGTCTAC
AAGCCAGCAGCACATTTICTGATGCC
AATAGCACTGGGGTGGCTCT
CACGACGGTCTAAACCCAGCTCAC

ber that is regulated by signals from the distal portion of the Bc
chain, especially via Ras pathways. We and others have found
that mRNA and protein expression levels of Bim, 2 member of
the BH3-only death activator subfamily, are downregulated by
IL-3 through either the Ras/Raf/mitogen-activated protein ki-
nase (MAPK) or the Ras/phosphatidylinositol 3-kinase
(PI3-K) pathway in Baf-3 cells (13, 44). Bim was isolated in-
dependently by two groups that exploited its ability to bind
Bcl-2 or Mcll (20, 36). Alternative splicing gives rise to three
variants, BimEL, BimL, and BimS, each of which contains the
BH3 domain and functions as a death inducer. It was shown
that Bim was induced in Baf-3 cells by IL-3 deprivation but not
by other apoptotic triggers, such as DNA damage or Fas, and
that enforced expression (but not overexpression) of each form
of Bim induced apoptosis in Baf-3 cells even in the presence of
IL-3 (44). In addition to Bim induction in hematopoietic cells,
the induction of Bim by deprivation of nerve growth factor
(NGF) in primary cultures of rat sympathetic neurons, as well
as in neuronally differentiated rat pheochromocytoma PC-12
cells, has been reported (3, 40, 49). These findings suggest that
the level of Bim expression is a major determinant of cell fate
regulated by cytokines.

In addition to its role as a key intracellular factor for cyto-
kine-mediated cell survival, Bim was demonstrated to be an
essential regulator of the total number of white blood cells by
analysis of Bim-deficient mice (6). Bim-deficient mice have
increased numbers of mature monocytes, granulocytes, and
lymphocytes but not erythrocytes in the peripheral blood, with
overgrowth of hematopoietic precursors in the bone marrow,
This prompted us to investigate the roles of Bim as a possible
downstream target of Ber-Abl by using our previously estab-
lished transgenic (tg) mice in addition to the conventional
experimental systems for CML, such as cell lines established
from patients in the blast crisis {BC) phase and cytokine-
dependent cells expressing Ber-Abl. In these tg mice, Ber-Abl
is expressed under the control of the tec tyrosine kinase pro-
moter that is active in immature myeloid progenitors (16, 17,
33). Virtually all of these mice develop CML-like disease,
namely, proliferation of mature myeloid precursors and
megakaryocytes in the bone marrow with increased granulo-
cytes and piatelets in the peripheral blood and progressive
anemia, within 8 months of birth. They generally die of the
disease within 15 months (18). Moreover, when they are inter-
crossed with p53 haplo-deficient mice, they develop T-cell leu-
kemia and lack functional p53 (19), indicating that this model
mimics human CML in both the chronic and BC phases. Here

we show that Bim plays an important role in the apoptosis of
early hematopoietic progenitors and that Ber-Abl supports cell
survival in part through the downregulation of this cell death
activator.

MATERIALS AND METHODS

Mice. p210%"¥ tg (BCR-ABL'™'™) mice were previously described (18). Be-
cause the founder mice were generated by using ova derived from {C57BL x
DBA)F, (BDF;) mice and the tg progeny were generated by intercrossing the tg
mice with BDF, mice, the genetic background of the BCR-ABL*'™ mice was a
mixture of C57BL/6 and DBA. We used the normal littermates of these mice
(BCR-ABL ™) as controls in this study.

Primary culture and isolation of cytokine-dependent hematopoietic progeni-
tors. Mice that were 8 10 12 weeks of age were sacrificed, and bone marrow cells
were harvested by a standard procedure. Cells were cultured for 5 days in
serum-free medium (SF-O2; Sanko Junyaku, Tokyo, Japan) containing 10 ng of
thrombopoietin (TPO) per mt and 50 ng of stem cell factor (SCF) per mL After
Ficoll gradient centrifugation to separate dead cells and mature granulocytes,
cells expressing lineage-specific markers (CD4, CD8, CD11b, CD41, or Gr-1)
were eliminated by using magnetic beads conjugated with specific antibodies
(Miltenyi Biotec, Bergisch Gladbach, Germany). More than 90% of lineage
marker-negative (Lin~) cells obtained by this procedure were positive for ¢-Kit.
These cells were further divided into Sca-1-enriched (Sca-1* ¢-Kit*™ Lin™) and
Sca-1-depleted (Sca-17 ¢-Kit* Lin~) fractions by using magnetic beads conju-
gated with Sca-1 antibody. Viable cell counts were determined by trypan blue dye
exclusion in triplicate assays, Morphology was determined by using cytospin
preparations stained with May-Giemsa solution.

TUNEL analysis. Cells in the Sca-1-enriched fraction were cultured in cyto-
kine-free raedium for different periods. Cells were harvested and fixed with 4%
paraformaldchyde for 20 min, and a terminal deoxynucleotidyitransferase-medi-
ated nick end labeling {TUNEL) assay was performed with an apoptosis detec-
tion kit according to the manufacturer’s directions (Promega, Madison, Wis.).
Cells were then stained with 1 pg of propidivm iodide per ml. Cytospin prepa-
rations were made, and the incorporation of dUTP was analyzed with a laser
cytoscan {Olympus, Tokyo, Japan).

Real-time quantitative RT-PCR. Total cellular RNA was isolated with an
Isogen kit according to the manufacturer’s instructions (Wako Pure Chemicals,
Osaka, Japan). RNA was reverse transcribed with Superscript I reverse tran-
scriptase (Invitrogen, Carlsbad, Calif.). Real-time PCR was carried out with an
ABI 7700 instrument and SYBR green PCR master mix (Applied Biosystems,
Weiterstadt, Germany), which allows real-time monitcring of the increase in
PCR product concentration after every cycle based on the fluorescence of the
double-stranded-DNA-specific dye SYBR green. The number of cycles required
to produce a product detectable above background levels was measured for each
sample and used to calculate differences (n-fold) in starting mRNA levels for
each sample. Because we had observed that levels of B-actin and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA, which are generally used
for menitoring equal loading of RNA, were rapidly downregulated in the course
of apoptosis by cytokine deprivation in murine IL-3-dependent cell lines (data
not shown), we used 285 tRNA as an internal control. The gene primers, selected
to cross introns, are listed in Table 1. The real-time reverse transcription (RT)-
PCR products were resolved on a 2% agarose gel containing ethidium bromide
to confirm that only single bands of the predicted size were visible.
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