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Urokinase and Carboxyl-Terminal Domain of Bikunin Suppresses Invasion and
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A Kunitz-type protease inhibitor, bikunin, is known to suppress
the invasion and metastasis of cancer cells. HIS, a carboxyl-termi-
nal domain of bikunin, is an active site of this glycoprotein. To
increase its affinity for cancer cells, we constructed a chimeric
gene, ATF-HI8, and investigated the anti-invasive and anti-migra-
tory activity of ATF-HI8 on ovarian cancer cells. ATF-HI$-ex-
pressing plasmid and ATF-expressing plasmid were introduced
into the highly invasive and metastatic ovarian cancer cell line
HRA. The properties of the established cell line (HRA/ATF-HIS)
were compared to those of the HRA/ATF and the HRATuciferase
(HRA/LUC, control) cell lines in terms of cell proliferation, inva-
sion and migration. As a result, (i) there were no differences in cell
proliferation between HRA/ATF-HIS and HRA/LUC; (ii} the in-
vasion and migration of HRA/ATF-HI8 cells were significantly
inhibited compared to those of HRA/LUC cells; (iii) the migration,
but not the invasion, of HRAJATF cells was significantly inhibited
compared to that of HRA/LUC. These results indicate that the
overexpression of ATF-HIS8 inhibits the invasion and migration of
ovarian cancer cells without affecting cell proliferation and sug-
gest that HI8 is involved in the anti-invasive and the anti-migra-
tory activities, and the addition of ATF brought about the increase
in the anti-migratory activity of HI8, The above findings suggest
the applicability of therapeutic strategies targeting the inhibition
of peritoneal invasion and dissemination of ovarian cancer by the
use of the chimeric gene ATF-HIS.
" © 2004 Wiley-Liss, Inc.

Key words: bikunin; amino terminal fragment (ATF); chimeric gene;
ovarian cancer; invasion; migration

Bikunin is a physiologically active glycoprotein with a molec-
ular weight of approximately 40 kD occurring in human amniotic
fluid and urine and in lower concentrations in blood. It inhibits
trypsin, chymotrypsin, plasmin and elastase and is used to treat
acute pancreatitis and acute circulatory failure as a drug. HI8, a
carboxyi-terminal domain of bikunin, is an active site for this
glycoprotein. In addition, bikunin is known to suppress the inva-
sion and metastasis of cancer cells. The mechanism of suppression
is thought to involve inhibiting the activity of plasmin on the
cancer cell surface and the production of urokinase-type plasmin-
ogen activator (uPA), thereby suppressing the destruction of ex-
traceilular matrix and the basement membrane of vascular endo-
thelial cells and tumor cells, resuiting in the inhibition of cancer
cell invasion and metastasis.’-5 Since high-aftinity receptors for
bikunin are not found on the surface of cancer cells, enhancement
of its affinity for cancer cells is necessary to increase its effective-
ness. It is known that the affinity of uPA for uPA receptors (UPAR)
is approximately 500 times higher than that of bikunin for bikunin
receptors.®” Therefore, we focused our attention on the amino-
terminal fragment (ATF) of uPA, the receptor-binding site, under
the speculation that linking ATF to HI8 would increase the affinity
of HIB to the cancer cell surface. We have previously purified a
chimeric protein consisting of ATF linked to HIg and confirmed
that exogenous ATF-HI8 could inhibit cancer cell invasion and
metastasis.”® The plasmid used for purification of ATF-HIS chi-
meric protein had no signal sequence. In our study, we added a
signal sequence to the plasmid and could cause the human cells to
secrete the ATF-HI8 chimeric protein. The purpose of our study
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was to construct the chimeric gene ATF-HI8 and to investigate
whether it inhibits ovarian cancer cell invasion and migration.

Material and methods
Plasmid construction

Total RNA was extracted from human placental tissue, and a
human placenta ¢DNA library was constructed by RT-PCR. The
ATF ¢DNA was cloned by PCR using the human placenta cDNA
library, The Hi8 cDNA was cloned by PCR using the bikunin
¢DNA,® which was cloned from human liver cDNA and kindly
provided by Dr. Hiroshi Itoh at Miyazaki Medical College. The
following primers containing relevant restriction sites were used to
amplify the ¢cDNA for ATF and HI8. Primer 1 (5'-CGCGGATC-
CACCTCGCCACCATGAGAGCCCTGCTG-3") and primer 2
(5'-GGGGTACCATCTGCGCAGTCATGCACCATGCA-3") are
primers for ATF ¢DNA. Primer 3 {(5'-GGGGTACCGTGGCGG-
CCTGCAATCTCCCCATAGTCCG-3") and primer 4 (5'-GCT-
CTAGATCAGTTGGAGAAGCGCAGCAGCTCCTCAT-3’) are
primers for HI§ ¢DNA. After several intermediate steps, a BamHI-
ATF-Kpnl-HI8-Xbal fragment was subcloned into pCMV-IRES-
bsr,'? Similarly, BamHI-ATF-Kpnl fragment was subcloned into
pCMYV-IRES-bsr.

Transfection into HRA cell line

The human ovarjan serous carcinoma cell line HRA was pro-
vided by Prof. Y. Kikuchi and was cultured as described previ-
ously,1!

pCMV-ATF-HIS-IRES-bsr, pCMV- ATF-IRES-bsr and the
control plasmid pCMV-luciferase (LUC)-IRES-bsr!® encoding
LUC were transfected into HRA cells by the standard calcium
phosphate precipitation method.!? The cells were selected in the
presence of 10 wg/ml of blasticidin S hydrochloride(Funakoshi,

- Tokyo, Japan). Resistant cells were obtained after 4 weeks. HRA/

ATF-HI8, HRA/ATF and HRA/LUC were subsequently main-
tained in the presence of 10 pg/ml of blasticidin S hydrochloride.

Western blotting

HRA/ATF-HI8 and HRA/LUC were plated in 10 cm piastic
dishes and cultured in serum-free DMEM/F-12 medium. The su-
pernatant was collected 24 hr later and subjected to electrophore-
sis, Western blotting was performed by standard procedures!? with
either anti-uPA-A chain antibody to detect the ATF portion of the

Abbreviations: ATF, amino-terminal fragment; HPE, high-power feld;
uPA, urokinase-type plasminogen activator; uPAR, urokinase-type plas-
minogen activator receptors; CMV, cytomegalovirus promoter; IRES, in-
temal ribosome entry site; bsr, blasticidin S resistant gene; LUC, lucif-
erase; AAV, adeno-associated virus.
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chimeric protein or anti-inter-alpha-trypsin inhibitor antibody (Da- .

koCytomation A/S, Copenhagen, Denmark) to detect the HIS
portion. Anti-mouse antibody and anti-rabbit antibody were used
as the second antibodies, respectively. The reactions were visual-
ized using an ECL Detection System (Amersham Biosciences,
Piscataway, NI).

In vitro cell growth kinetics

HRA/ATF-HI8 and HRA/LUC were plated in 6-well plates at
5 X 10* cells/well and cultured in 10% serum-supplemented
DMEM/F-12 medium. For each group, the cells in 1 well were
dislodged with 0.05% trypsin-EDTA every 24 hr and were counted
using a hemocytometer. This experiment was performed in tripli-
cate,

In vitro invasion assay

The methods for testing tumor cell invasion were essentially the
same as previously described.'=35.14.15, In our study, a BD BioCoat
Matrigel Invasion Chamber (Becton Dickinson, Franklin Lakes,
NI) was used to measure cell invasion. Medium containing 5
g/750 pl of fibronectin was added to each well. Cells (2 X 10%)
were resuspended in 2% serum-supplemented DMEM/F-12 (500
) and seeded into the upper chamber. After incubation for 20 hr
at 37°C, the chamber was stained and the number of cells invaded
into the Matrigel-coated membranes was counted. We counted the
cells in 5 high-power fields.

In vitro scratch wound healing assay

Cell migration was measured by the in vitro scratch wound
healing assay.!s Monolayer cells were scratched with a sterile
pipette tip in 10 cm plastic dishes, and after 8 hr of culture in 2%
serum-supplemented DMEM/F-12, the cell migration was evalu-
ated by counting cells that migrated from the wound edge.

Statistical analysis

All experiments were independently repeated twice or more.
The significance of differences was analyzed by unpaired Stu-
dent’s r-test. The ANOVA and the post-hoc tests were used for

pCMV-ATF-HI8-IRES-bsr

BamHlI

Kpnl

CMV

Xbal

pCMV-ATF-IRES-bsr

CMV

ATF

comparison among the 3 groups. A value of p << 0.05 was regarded
as significant.

Resuits

Construction of the chimeric gene ATF-HI8 and its expression
in HRA cells

We constructed the chimeric gene ATF-HIS, which was 675 bp
long, containing a signal sequence to be a secretable protein.

The ATF-HI8 expression plasmid pCMV-ATF-HI8-IRES-bsr,
the ATE expression plasmid pCMV-ATF-IRES-bsr and the control
plasmid pCMV-LUC-IRES-bsr (Fig. 1) were each transfected into
HRA cells. As shown in Figure 2, ATF-HI8 expression was
detected by Western blotting at the position correspending to a
molecular weight of 22 kD in the culture supernatant of HRA/
ATE-HI8, while no ATF-HI8 expression was detected in the
culture supernatant of HRA/LUC.,

In vitro cell growth kinetics

The growth curves of HRA/ATF-HI8 and HRA/LUC are shown
in Figure 3. There were no significant differences in growth
between the 2 cell lines. Therefore, expression of the ATF-HIS
gene did not affect the cell growth in vitro.

In vitro invasion assay

The effects of ATF-HIS8 expression on cell invasion in vitro are
shown in Figure 4. ATF-HI8-expressing cells exhibited decreased
invasion. The number of HRAJATF-HIS cells that invaded through
the filter was 77 = 24/HPF, which was significantly lower than
that of HRA/LUC (202 = 52/HPF, p < 0.02). No significant
difference was noted between the numbers of HRA/ATF (119 *
T/HPF} and HRA/LUC.

In vitro scratch wound healing assay

The effects of ATF-HI8 expression on cell migration in vitro are
shown in Figure 5. ATF-HI8-expressing cells exhibited decreased
migration. The number of HRAJATF-HIS cells migrating to the
scratched area was 198 = 33/scratched area, which was signifi-
cantly lower than those of HRA/ATF (381 * 72/scratched area,

HI8

BamHlI

Kpnl

pCMV-LUC-IRES-bsr

CMV

ATF

LUC

IRES bsr
IRES bsr
IRES bsr

Ficure 1— Schematic representation of the construction of the ATF-HI8 expression plasmid vector (pCMV-ATF-HI8-IRES-bsr), ATF
expression plasmid vector (pCMV-ATF-IRES-bsr) and control plasmid vector (pCMV-LUC-IRES-bsr) in a simple style. CMV, cytomegalovirus
promotor; IRES, internal ribosome entry site; bsr, blasticidin S-resistant gene; LUC, luciferase.
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FiGure 2 — Detection of ATF-HIS in culture supernatant by Western blotting using anti-uPA-A chain antibody (a) and anti-inter-alpha-trypsin
inhibitor antibody (5). ATF-HI8 expression was detected at a position corresponding to 22 kD. Molecular weight standards are indicated on the

left of each figure.
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Frcure 3 — The growth curves of HRAJATF-HIS and HRA/LUC,
This experiment was independently repeated twice.

p < 0.05) and HRA/LUC cells (632 = 78/scratched area, p <
0.001). The migration of HRASATF cells was significantly inhib-
ited compared to that of HRA/LUC cells (p < 0.01).

Discussion

In our study, we constructed the chimeric gene ATF-HI8, intro-
duced it into the ovarian cancer cell line HRA and examined the
influence of ATF-HIS expression on the cellular proliferation,
invasion and migration properties.

The results showed that the overexpression of ATF-HI8 inhib-
ited the invasion and migration of ovarian cancer cells and that the
expression of ATF alone inhibited the migration but not the inva-
sion. Therefore, we speculate that HI8 is involved in the anti-
invasive and the anti-migratory activities, and the addition of ATF

brought about the increase in the anti-migratory activity of HIS.
ATF prevents uPA from binding to the uPAR. uPA is known to be
localized on the leading edge of migrating cells and to facilitate the
dissolution of extracellular matrix by activating plasmin to allow
cell migration, It has been reported that ATF competitively blocks
the binding of sPA to uPAR, resulting in inhibition of the disso-
lution of extracellular matrix, leading to suppression of cell mi-
gration.!7-20 To extend this approach, atlempts to construct chi-
meric genes such as TIMP-IATF have been made in the
cardiovascular field, mainly to prevent the restenosis of the vessel
lomen.21-23

What is the clinical relevance of the anti-migratory activity, one
of the two activities of the chimeric gene ATF-HI8? Recently, we
introduced HGF/NK4, a hepatocyte growth factor (IIGF) antago-
nist, inte an ovarian cancer cell line and showed that HGF/NK4
overexpression inhibits ovarian cancer cell migration in vitro and
peritoneal dissemination in vivo.2* Thus, it is considered that cell
migration is one of the critical factors that directs peritoneal
dissemination and that the inhibition of cell migration could con-
trol peritoneal dissemination. Therefore, the present observation
also suggests that ATF-HI8 overexpression exerts an inhibitory
effect not only on invasion but also on peritoneal disseminated
metastasis of ovarian cancer.

As the body of work reflects the potential utility of ATF-HIS in
ovarian cancer therapy, a more practical experiment should be
designed to prove the clinical relevancy. For this purpose, long-
term expression of ATF-HI8 is essential, and adeno-associated
virus (AAV)-mediated gene transfer into normal tissue would be a
reasonable choice. Since AAV vector can transduce normal tissues
such as muscle and liver,25-28 the AAV vector-mediated adminis-
tration of ATF-HI8 may lead to a clinical benefit.
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Ficure 4 — Cell invasion of HRA/ATF-HI8, HRA/ATF and HRA/LUC in the in vitro invasion assay. (a) Light micrograph of cells invading
through the filter onto its undersurface. (4) The number of HRA/ATF-HIS cells invading was 77 = 24/HPF, which was significantly lower than
that of HRA/LUC cells (202 = 52/HPF, p < 0.02). There was no significant difference between HRA/ATF (119 * 7/HPF) and HRA/LUC.
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FiGURE 5 — Cell migration of HRA/ATF-HI8, HRA/ATF and HRA/LUC in the in vitre scratch wound healing assay. (a) Light micrograph of
migrating cells. (#) The number of HRA/ATF-HIR cells migrating 8 hr after scratching was 198 £ 33/scratched area, which was significantly
lower than those of HRA/ATF (381 % 72/scratched area, p < 0.05) and HRA/LUC cells (632 * 78/scratched area, p << 0.001). The cell number
of HRA/ATF was significantly lower than that of HRA/LUC (p < 0.01).
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In conclusion, we constructed a chimeric gene that expresses

and secretes ATF-HI8 and showed that ATF-HI8 overexpression
inhibited the invasion and migration of ovarian cancer cells. These
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Adeno-associated virus vector-mediated
interleukin-10 gene transfer inhibits atherosclerosis
in apolipoprotein E-deficient mice
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inflammation is a major contributor to atherosclerosis by its
effects on arterial wall biology and lipoprotein metabolism.
Interleukin-10 (IL-10) Is an anti-inflammatory cytokine that
may modulate the atherosclerotic disease process. We
investigated the effects of adeno-associated virus (AAV)
vector-mediated gene transfer of IL-10 on atherogenesis in
apolipoprotein E {(ApoE)-deficient mice. A murine myobiast
celtline, C2C12, transduced with AAV encoding murine IL-10
{AAV2-mIL10) secreted substantial amounts of IL-10 into
conditioned medium. The production of monocyte chemo-
attractant protein-1 (MCP-1) by the murine macrophage celf
line, J774, was significantly inhibited by conditioned medium
from AAV2-miL10-transduced C2C12 cells. ApoE-deficient
mice were injected with AAVS-miL 10 into their anterior tibial
muscle at 8 weeks of age. The expression of MCP-1 in the
vascular wall of the ascending aorta and serum MCP-1

Keywords: /L-70, AAV; atherosclerosis; cholesterol

Introduction

The inflammatory reaction involves complex interactions
between inflammatory cells (lymphocytes and macro-
phages) and vascular endothelial and smooth muscle
cells. The disturbance of vascular wall integrity and
homeostasis by inflammation is thought to be a major
contributor to atherosclerosis. Therefore, an anti-inflam-
matory strategy may be a promising approach to prevent
and treat atherosclerotic disease. Another critical feature
of atherogenesis is lipid accurmulation. Several large-
scale clinical trials have demonstrated that lipid reduc-
tion therapy involving HMG-CoA reductase inhibitor
(statin) is useful for atherosclerotic disorders, such as
ischemic heart disease.'* Recent studies have indicated
that stating have pleiotropic effects on the atherogenic
process, including an anti-inflammatory effect.* On the
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concentration were decreased in AAV5-miL10-transduced
mice compared with AAV5-LacZ-transduced mice. Oif red-O
staining of the ascending aorta revealed that IL-10 gene
transfer resulted in a 31% reduction in plague surface area.
Serum cholesterol concentrations were also significantly
reduced in AAV5-miL 10-transduced mice. To understand the
cholesterol-lowering mechanism of IL-10, we measured the
cellular cholesterol level in HepG2 cells, resufting in its
significant decrease by the addition of IL-10 in a dose-
dependent manner. Furthermore, IL-10 suppressed HMG-
CoA reductase expression in the HepG2 cells. These
observations suggest that imtramuscular injection of AAVS5-
miL10 into ApoE-deficient mice inhibils atherogenesis
through anti-inflammatory and cholesterol-lowering effects.
Gene Therapy (2004) 11, 1772-1779. doi:10.1038/
5j.gt.3302348; Published online 21 October 2004

other hand, proinflammatory cytokines, such as tumor
necrosis factor (TNF)-2, interleukin (IL)-1, and IL-6, have
profound effects on lipid metabolism* These findings
suggest that there are complex interactions between
inflammation and lipid metabolism.

IL-10, which is secreted by a wide variety of cells such
as lymphocytes and macrophages, is a key inhibitor in a
number of inflammatory responses,® including the pro-
duction of proinflammatory cytokines and chemokines
and the expression of endothelial adhesion molecules. IL-
10 expression has been identified in early and advanced
atherosclerotic plaques®” and is thought to have potential
antiatherogenic effects. Indeed, recent studies have shown
that IL-10-transgenic mice fed a high-fat diet exhibit a
decrease in atherogenesis® Conversely, [L-10-deficient
mice were found to suffer from more severe athero-
sclerosis, and the atherogenic tendency of these mice was
ameliorated by the plasmid-mediated introduction of IL-
10 IL-10 is thought to have a protective role in human
atherosclerotic disease as well.'%"

Despite the tremendous interest in the effects of
cytokines on inflammation and lipoprotein metabolism,
there have been few studies that have examined the
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influence of IL-10 on these processes in vivo.'*™ As
atherogenesis is a chronic process, the long-term expres-
sion of IL-10 is required in order to assess its effects on
this disease. In this study, we have used adeno-
associated virus (AAV) vectors for IL-10 gene transfer
to investigate the antiatherosclerotic effects of IL-10
in vive, because these vectors can transduce skeletal
muscle and permit the sustained expression and sys-
temic delivery of therapeutic proteins following a single
intramuscular administration.'*

Resuits

IL-10 expression in C2C12 cells

We first verified the integrity of our .vectors in vitro.
Differentiated C2C12 cells, murine myoblasts, were
transduced with AAV encoding murine IL-10 (AAV2-
mlIL10) at various dosages and cultured for 48 h. The
concentration of IL-10 in the conditioned medium was
found to increase in a vector dose-dependent manner
(Figure 1la). Western blot analysis demonstrated the
presence of an 18-kDa product, the size expected for
murine IL-10, in the conditioned medium of AAV2-mIL10-
transduced C2C12 cells, but not in the conditioned
medium of AAV2-LacZ-transduced cells (Figure 1b).

To evaluate the biological activity of secreted IL-10,
we examined the influence of conditioned medium from
AAV2-mIL10-transduced C2C12 cells on cytokine pro-
duction by J774 cells, murine macrophages. As shown in
Figure 1c¢, treatment with lipopolysaccharide (LPS)
increased the production of the cytokines, IL-6, TNF-q,
and monocyte chemoattractant protein-1 (MCP-1), from
1774 cells. These increases were significantly inhibited by
the addition of conditioned medium from AAV2-mIL10-
transduced C2C12 cells, and the production of these
cytokines was completely restored in the presence of
anti-miL-10 antibody (1 pug/mi). Unstimulated J774 cells
did not exhibit any change in cytokine expression when
exposed to the conditioned medium.

IL-10 expression in apolipoprotein E-deficient mice
We next injected AAV2-mIL10 and AAV5-mIL10 into
the anterior tibial muscle of apolipoprotein E (ApcE)-
deficient mice. The serum concentration of IL-10 in-
creased in a vector dose-dependent manner, and the
efficacy of transduction was higher in AAV5-mIL10-
treated mice than in AAV2-mIL10-treated mice at the
same vector dose (I x 10** genome copies/body) (Figure
2). When 1 x 10'* genome copies/body of AAV5-mIL10
were injected, the serum IL-10 levels (1.2-4.9 ng/ml)
were maintained at a higher than physiological range {up
to 160 pg/ml) for 8 weeks, Moreover, the serum IL-10
levels at 14 months were 398.3+146.6 pg/ml.

Effect of IL-10 on MCP-1 expression

We then investigated the anti-inflammatory effects of
IL-10 in ApoE-deficient mice by focusing on the
expression of MCP-1, a potent chemokine implicated in
atherogenesis. ApoE-deficient mice transduced with
AAV5-mIL10 at 4 weeks old were evaluated at 8 weeks
old. Few atherosclerotic lesions were detected by oil red-
O staining at this time point. An immunochistochemical
analysis of MCP-1 in the aortic sinus of ApoE-deficient
mice revealed that MCP-1 expression was modestly
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Figure 1 Transduction of the IL-10 gene into C2C12 cells with AAV2-
miL10. {a) Concentration of IL-10 in the conditioned medium of AAV2-
mIL10-transduced C2C12 cells. The IL-10 concentration was measured by
ELISA 48 h after transduction with the indicated number of genome copies
per cell (g.c.jcell). (b), Western blotting with an anti-IL-10 antibody was
performed after immunoprecipitation of the conditioned medium of AAV2-
mlL10- and AAV2-LacZ-transduced C2C12 cells. Recombinant mouse
IL-10 (rIL-10) was used as a positive control. (c) LPS-stimulated J774 cells
were incubated with the conditioned medium of AAV2-mIL10- (solid bars)
or AAV2-LacZ {open bars)-transduced C2C12 cells for 24 h in the presence
or absence of anti-IL-10 antibody (1 ug/mi). IL-6, TNF-a, and MCP-1
concentrations were analyzed by ELISA. Data are means +s.em. (n=4).
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suppressed in AAV5-mIL10-transduced mice, whereas it
was clearly observed in the vascular wall of AAV5-LacZ-
transduced mice (Figure 3a). Moreover, 8 weeks after
gene transfer, the serum concentration of MCP-1 in
AAV5-mIL10-transduced mice was significantly reduced
compared with that in AAV5-LacZ-transduced mice
(Figure 3b).

Effects of IL-10 on atherogenesis

We evaluated the lesion area in ApoE-deficient mice
fed an atherogenic diet 8 weeks after gene transfer. As
shown in Figure 4, the aortic sinus of mice transduced
with AAV5-mIL10 revealed a significant decrease in oil
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Figure 3 Systemic and local MCP-1 expression in ApoE-deficient mice,
(a) Immunohistochemical staining of the aortic sinus segment in ApoE-
deficient mice was performed 4 weeks after inoculation with AAVS-mIL10
(1 x10% g.c.fbody). Enhanced MCP-1 expression was observed in the
vascular wall of AAVS-LacZ mice, but was suppressed in AAV5-mIL10-
transduced mice. I, intima; A, adventitia. (b} The serum MCP-1
concentration in ApoE-deficient mice was measured 8 weeks after
inoculation with AAV5-mIL10 or AAVS-LacZ. Means and s.e.m. for each
group are presented as histograms (n =6 for LacZ, n=13 for IL-10).

red-O-positive areas compared to that of mice trans-
duced with AAV5-LacZ. The systemic overexpression of
IL-10 resulted in a 31% reduction in plaque surface area
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Figure 4 The inhibitory effect of IL-10 on atheragenesis in ApoE-deficient
mice. {a) At 8 weeks after inoculation with AAVS-mILI0 (1 x10" g.c.f
body), the proximal aortas were removed, sectioned, and stained with oil
red-O. (b} Oil red-O-positive areas were analyzed in comparison with the
total cross-sectional vessel wall area. The average values for five sites from
each animal were used for analysis. Means and s.e.m. for each group are
presented as histograms (n =5 for LacZ, n=9 for IL-10).
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(AAVS-IL-10, 26.5+1.9% versus AAV5-LacZ, 37.7+22%
of total cross-sectional vessel wall area, P <0.01). Figure 5
shows that serum MCP-1 concentration correlates with
the extent of atherosclerotic lesion formation, suggesting
that a decrease in MCP-1 expression is related to a
decrease in atherosclerotic lesion formation.

Effect of IL-10 on lipids

We investigated the effects of IL-10 expression on the
level of serum lipids. Total cholesterol levels were
significantly reduced in the AAV5-mIL10-transduced
mice (931 £432, 10744419 mg/dl} compared to the AAV5-
LacZ-transduced mice (2212+640, 1840+421 mg/dl,
4 weeks and 8 weeks after gene transfer, respectively).
Triglyceride level in the AAV5-IL10-transduced mice 8
weeks after gene transfer was also reduced (171.7+67.3 mg/
dl) compared to that in the AAV5-LacZ-transduced mice
(291.6 +172.4 mg/dl, P<0.05).

Nonlinear regression fitting to a sigmoidal dose curve
revealed a high correlation between the serum cholester-
ol level and IL-10 concentration (r=0.857), with an
estimated ECs, of 5.3 ng/ml (Figure 6a). In addition, the
serum cholesterol concentration positively correlated
with the atherosclerotic lesion area (r=0.728, P <0.01;
Figure 6b). IL-10 gene transfer did not affect body
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Figure 5 Correlation between serum MCP-1 concentration and extent of
atherosclerotic lesion formation. The serum MCP-1 concentration
positively correlated with oil ved-O-positive surface area in ApoE-deficient
mice 8 weeks after inoculation with AAV5-mILI0 (r=0.737, P=0.0076).

weight, food intake, blood sugar levels, or blood pressure
{data not shown).

To assess whether IL-10 causes changes in the
lipoprotein profile of apoE-deficient mice, plasma lipo-
proteins were subjected to agarose gel electrophoresis.
No differences in the patterns of lipoprotein expression
were observed in AAV5-mIL10-transduced mice and
AAV5-LacZ-transduced mice (data not shown).

To further understand the mechanism by which the
serum cholesterol level is decreased in AAV5-mIL10-
transduced mice, we evaluated cholesterol levels of
HepG2 cells, human hepatocytes, incubated in the
absence of lipoprotein. As shown in Figure 7, the level
of cholesterol in HepG2 cells was significantly decreased
by the addition of IL-10 in a dose-dependent manner.
The level of intracellular cholesterol was also signifi-
cantly decreased by the addition of HMG-CoA reductase
inhibitor, fluvastatin, to these cells, When HepG2 cells
were incubated in the presence of lipoprotein, the level of
cholesterol in the conditioned medium was not de-
creased by the addition of IL-10 (data not shown). These
data suggest that IL-10 reduces de nove cholesterol
synthesis, but does not stimulate cholesterol uptake by
hepatocytes. Furthermore, we estimated the effect of
IL-10 on the expression of HMG-CoA reductase. Inter-
estingly, IL-10 significantly decreased mRINA levels of
HMG-CoA reductase (P<0.01), while fluvastatin, en-
zyme inhibiter, did not alter the expression of the
enzyme itself (Figure 8).

Discussion

IL-10, a pleiotropic cytokine produced by Th2-type T
cells, B cells, monocytes, and macrophages, has potent
anti-inflammatory properties. The main finding of the
present study is that AAV vector-mediated IL-10 gene
transfer to ApoE-deficient mice following a single
intramuscular administration inhibits atherosclerotic
lesion formation through the inhibition of MCP-1
expression and the reduction in the level of serum
cholesterol.

Antiatherogenic effect of AAV-mediated IL-10 gene transfer
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Figure 6 (a) Curve-fitting of the serum cholesterol concentration against
the serum IL-10 concentration 8 weeks after inoculation of AAVS-
mIL10 yielded a close fit (r=0857) to a dose-response curve
(y=1628.3 x ~°), with an ECs, of 5.3 ng/ml. (b) The serum cholesterol
level positively correlated with atherosclerotic lesion surface area 8 weeks
after inoculation with AAV5-mILI0 (r=0.728, P=0.0022).

Differentiated C2C12 cells transduced with AAV2-
mlL10 were verified by Western blot analysis and
enzyme-linked immunosorbent assay (ELISA) to express
IL-10. The biological activity of the secreted IL-10 was
also confirmed, Conditioned medium from C2C12 cells
transduced with AAV2-mIL10 significantly inhibited the
production of IL-6, TNF-«, and MCP-1 by J774 cells
in response to LPS treatment. Based on these in vitro
observations, we used recombinant AAV constructs to
evaluate the effects of IL-10 on atherogenesis in ApoE-
deficient mice. Intramuscular injection of AAV5-mIL10
into ApoE-deficient mice resulted in long-term systemic
IL-10 expression. The serum IL-10 concentration was
sustained at levels higher than 398.34146.6 pg/ml
(n=6) up to 14 months after gene transfer (1 x10%
genome copies/body).

Although double-stranded AAV genomes probabiy
remain extrachromosomal in mouse myofibers, their
tight association with chromatin allows their persistence
and stable expression over periods of several months.'>"7
This particular feature of AAV vectors might be advanta-
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Figure 7 Cellular cholesterol level of HepG2 cells incubated in the absence
of LDL cholesterol. Recombinant human IL-10 (1-100ngfml) or
fluvastatin (107° molfi} was added to the culture for 48 h. Data are
means+s.e.m. (m=4).
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Figure 8 Relative HMG-CoA reductase expression in HepG2 treated with
recombinant IL-10 as analyzed by quantitative PCR. The relative
expression of the HMG-CoA reductase mRNA was determined as the
ratio of the expression in HepG2 freated with IL-10 or fluvastatin to that in
Hep(G2 incubated normally (control). Data are means £s.e.m. (1=3-5).

geous in investigating the effects of transgenes on chronic
disease processes. Previous reports demonstrated that
there was a significant difference in transgene expression
by various AAV serotypes transduced into rodent
muscle.’®® The AAV1 and AAV5 serotypes were shown
to produce 100- to 1000-fold higher serum levels of
transgene products, as compared to the AAV2, We
selected AAVS for use in in vivo experiments, since we
also observed that gene transfer with AAVS promoted
a much higher level of expression of [L-10, as compared
to AAV2-mediated transfer (Figure 2). However, AAV1 is
reported to more efficiently transduce muscle than AAVS.
Therefore, we anticipate that the use of AAVI in future
experiments would allow for a minimized vector dosage.

We focused on the effect of IL-10 on in vivo MCP-1
expression. MCP-1, one of the most studied members
of the C-C family of chemokines, is expressed in several
cell types in the arterial wall, including vascular
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endothelial cells, smooth muscle cells, and monocytes/
macrophages, under numerous inflammatory conditions.
Therefore, MCP-1 is thought to play an important role
in the ongoing recruitment of monocyte-macrophages
into developing lesions in vive.*' Previously, we®* and
others*®* reported enhanced MCP-1 expression in
experimental and human atherosclerotic lesions. A role
for MCP-1 in the initiation of atherogenesis was demon-
strated by knockout mice in which the MCP-1 gene itself
or its receptor CCR2 was inactivated.®** In our study,
we demonstrated that serum MCP-1 concentrations are
significantly lower in IL-10-transduced mice than in
control mice. In addition, we observed enhanced MCP-1
expression in the vascular wall of ApoE-deficient mice,
as reported previously,* which was significantly inhib-
ited by IL-10 gene transfer. Moreover, the extent of
atherosclerotic lesion formation was significantly de-
creased in AAV5-mIL10-transduced mice, and positively
correlated with serum MCP-1 concentration. These
results suggest that the observed antiatherogenic effect
of IL-10 is partly mediated by the inhibition of systemic
and local MCP-1 expression.

We also investigated the effect of IL-10 on serum
cholesterol levels. Nonlinear regression of serum choles-
terol levels relative to serum IL-10 levels revealed a close
correlation to a dose-effect model with an ECs, (5.3 ng/
ml). It is well known that high cholestercl levels lead to
atherogenesis in both humans and mice. Atherosclerotic
lesion surface area also correlated with the serum
cholesterol concentration in our study. van Exel et al'?
recently found a negative correlation between a low IL-
10 production capacity of whole blood and total
cholesterol level in humans. They speculated that high
levels of IL-10 counteract the effects of TNF-« and IL-6 on
lipid metabolism. This clinical observation corresponds
well with our observation that the serum IL-10 concen-
tration negatively correlates with the reduction in serum
cholesterol.

Pinderski et al® found that IL-10-transgenic mice
showed a decrease in atherosclerotic lesions compared
to control mice. However, they found no difference in
plasma cholesterol levels between the transgenic and
control mice. On the other hand, Von Der Thusen ef al'3
showed that prolonged hepatic expression of IL-10 could
be achieved following intravenous adenovirus-mediated
IL-10 gene transfer to LDL receptor-deficient mice.
Administration of IL-10 resulted in reductions in athero-
sclerotic lumen stenosis and of serum cholesterol,
although the cholestercl-lowering mechanism was not
clarified.

We analyzed the intracellular cholesterol level of
HepG2 cells cultured with acetic acid, a cholesterol
substrate, in the absence of lipoprotein. This assay can
measure de novo cholesterol synthesis, but not cholesterol
uptake, in these cells. We also used fluvastatin at a dose
of 10~*mol/1 to inhibit de novo cholesterol synthesis
almost completely.® The results of these experiments
suggested that IL-10, like fluvastatin, significantly in-
hibits the hepatic production of cholesterol. It was
reported that TNF-o. and JL-1 increase the levels of
HMG-CoA reductase mRNA without affecting the levels
of LDL receptor mRNA.?8 In other words, the increase in
serum cholesterol levels observed after TNF-a and IL-1
administration is caused by an increase in hepatic
cholesterol synthesis rather than a decrease in the
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clearance of circulating cholesterol. These observations
suggest that IL-10 might have direct effects on cholesterol
metabolism through the HMG-CoA reductase pathway.
We evaluated the expression of HMG-CoA reductase
using quantitative PCR. As is expected, IL-10 modulated
HMG-CoA reductase expression, whereas fluvastatin
did not. These data suggest that the use of IL-10 in
combination with statin may improve cholesterol-low-
ering effects and benefit the patients with atherosclerotic
diseases.

Finally, we evaluated whether the downregulation of
the MCP-1 was affected by the cholesterol-lowering
effects of IL-10 or not. Stepwise regression analysis
revealed that not only serum cholesterol but also MCP-1
concenfration might be significant independent predic-
tors of atherosclerotic lesion area. Therefore, we specu-
lated that anti-inflammatory effect of IL-10 plays an
important role in anti-atherogenic effect as well as its
cholesterol-lowering effects.

In summary, AAV5-mediated IL-10-gene transfer into
the skeletal muscle could introduce efficient and stable
IL-10 expression, resulting in a significant antiathero-
genic effects in ApoE-deficient mice. It was suggested
that this effect was mediated through the anti-inflam-
matory and cholesterol-lowering effects of IL-10. These
results indicate the presence of complex interactions
between inflammation and lipid metabolism, as well as
the effectiveness of anticytokine therapy using IL-10 in
the treatment of atherosclerotic disease.

Materials and methods

Production of AAV vectors

Two recombinant AAV serotypes, type 2 and type 5, were
used in these experiments. AAV2 and AAVS5 expressing
the Escherichia coli B-galactosidase gene under the control
of the cytomegalovirus promoter (AAV2-LacZ and
AAV5-LacZ) were generated with the proviral plasmids
pAAV-LacZ and pAAV3-RNL, respectively. To create
AAV2 and AAVS5 derivatives expressing murine IL-10
(AAV2-mIL10 and AAV5-mIL10), murine IL-10 cDNA
(RIKEN DNA Bank, RDB-1476) was cloned into the
BamHI site of pCMV to form pCMVmIL10. The IL-10
expression cassette in pCMVmIL10 was ligated as a Noil
fragment to No#l-digested pAAV-LacZ and pAAVS-RNL
to form the proviral plasmids pAAV2-mIL10 and
PAAVS-mIL10, respectively.

AAV viral stocks were prepared according to the
previously described three-plasmid transfection adeno-
virus-free protocol.?® Briefly, 60% confluent 293 cells were
cotransfected with the proviral plasmid, an AAV helper
plasmid (pHLP19* for AAV2 or pAAV5RepCap® for
AAVS), and the adenoviral helper plasmid pAdeno. The
crude viral lysate was purified by two rounds of CsCl
two-tier centrifugation.® The viral stock was titered by
dot-blot hybridization with plasmid standards.

pAAVS-RNL and pAAV5-RepCap (identical to 5Re-
pCapB) were kindly provided by Dr JA Chiorini, and
pAAV-LacZ, pHLP19 and pAdeno were obtained from
Avigen, Inc. (Alameda, CA, USA).

In vitro IL-10 gene transfer
The C2C12 cells were cultured in six-well plates with
2ml Dulbecco’s minimal essential medium (DMEM)
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containing 5% horse serum. At 8 days after plating,
differentiated C2C12 cells were transduced with AAV2-
mlIL10 at various vector doses. The expression of I1L-10
was detected by Western blot analysis after immunopre-
cipitation of conditioned medium and cell lysates. IL-10
concentrations were measured by ELISA (R&D Systems).
To investigate the biological activities of IL-10, cultured
medium from transduced C2C12 cells was added to
cultured J774 cells for 30 min (final IL-10 concentration,
10 ng/ml). ]774 cells were then treated with 100 ng/ml
LPS and incubated for an additional 24 h. The super-
natants were harvested and the concentrations of IL-6,
TNF-2, and MCP-1 were quantified by ELISA (R&D
Systems). .

In vivo IL-10 gene transfer

All animal experiments were performed in accordance
with the Jichi Medical School Guide for Laboratory Animals,
1993. Male ApoE-deficient mice in the C57BL/6J back-
ground (a kind gift of Dr N Maeda®?*) were fed on a
Western-type diet containing 21% fat and 0.15% choles-
terol (Harlan Teklad) from 8 weeks of age. Water and
food were given ad ILibifum, and the mice were main-
tained on a 12-h light-dark cycle. At 8 weeks of age,
ApoE-deficient mice were injected with AAV2-mIL10
(1 x 10" genome copies/body), AAV5-mIL10 (1 x 10"
10" genome copies/body), or AAV5-LacZ (1 x10%
genome copies/body) as 50 ul in total into two distinct
sites of the anterior tibial muscle. The serum concentra-
tions of IL-10 and MCP-1 were measured by ELISA as
described above. The serum concentrations of total
cholesterol were measured by HDAOS methods (Wako
Pure Chemicals).

Morphometric analysis

At 8 weeks after the AAV5-mIL10 or -LacZ inoculation,
the ascending aortas were removed after perfusion
fixation with 4% paraformaldehyde at physiological
pressure, embedded in OCT compound (Tissue-Tek),
and frozen in liquid nitrogen. Atherosclerotic lesions in
the aortic sinus were examined at five locations
separated by 80 um, with the most proximal site at the
point where the aortic valves first appeared, and were
stained with oil red-O. To quantify the aortic lesions,
each image was digitized and analyzed under a micro~
scope (Olympus) with National Institutes of Health
Image software (ver. 1.61). Oil red-O-positive areas were
analyzed in comparison with the total cross-sectional
vessel wall area. The average value for five locations in
each animal was determined.

Immunohistochemical analysis

Arterial sections were prepared from 8-week-old mice
transduced with AAVS-IL-10 or AAV5-LacZ at 4 weeks
old. These sections were incubated with a primary goat
polyclonal antibody against mouse MCP-1 (dilution
1/250, Santa Cruz Biotechnology). Nonspecific IgG was
used as a negative control. Sections were incubated with
bictinylated anti-mouse secondary antibody and treated
with peroxidase-conjugated streptavidin, with 3/,
3'-diaminobenzidine tetrahydrochloride as the enzyme
substrate, and counterstained with hematoxylin.
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1778

Measurement of celfular cholesterol .

HepG2 cells (human hepatocytes) were maintained in a
12-well plate with 1ml of MEM containing 10% fetal
bovine serum, 1% nonessential amino acids (NEAA;
ICN), and 1 mmol/] sodium pyruvate at 37°C in a 5%
CO; incubator for 5 days. The medium was then replaced
with T ml of MEM containing 10% lipoprotein-deficient
serum (LPDS; ICN), 1% NEAA, and 1 mmol/l sodium
pyruvate. After 2 days later, the cells were incubated
with 1 ml of MEM containing 10% LPDS, 1% NEAA and
1 mmol/l sodium pyruvate, and varicus concentrations
(0-100 ng/ml) of recombinant human IL-10 (PeproTech)
or 10~°mol/l fluvastatin (Tanabe) were added to the
culture. At 2 days after the treatment, the cells were
incubated with (0.5 ml of MEM containing 10% LPDS, 1%
NEAA, 1 mmol/] sodium pyruvate, and 2 mmol/1 acetic
acid for 16 h. The cellular cholesterol level was measured
by an enzymatic method using Determiner TC-555
(Kyowa Medics),

mRNA analysis of HMG-CoA reduclase

HepG2 cells were incubated with either recombinant
human IL-10 (10 ng/ml) or fluvastatin (1075 mol/D) in
10% LPDS medium for 24 h. Total RNA was isolated
from the cell culture using an RNeasy Mini kit
(QIAGEN) and reverse-transcribed into a single-
stranded ¢DNA wusing SuperScript Preamplification
System (GIBCO BRL). To estimafe the expression of
HMG-CoA reductase in HepG2, quantitative PCR
analysis was conducted by using ABI PRISM 7700
Sequence Detection System (Applied Biosystems). The
reaction was performed using the primer pairs specific
for the HMG-CoA reductase (HMGCR-5: GGCCCA
GTTGTGCGTCTTCC and HMGCR-3: GTTTGCTGC
ATGGGCGTTGTAG) and GAPDH (GAPDH-5" CGCG
GGGCTCTCCAGAACATCAT and GAPDH-3": CCAGCC
CCAGCGTCAAAGGTG). Quantitative values were ob-
tained from the threshold cycle (C) number that
indicated exponential amplification of the PCR product.
To normalize each sample, we also quantified the
expression of the GAPDH gene. The relative target gene
expression was also normalized with a calibrator (HepG2
cells without treatment of IL-10 or fluvastatin). The final
result, expressed as N-fold differences in target gene
expression relative to the GAPDH gene and the cali-
brator, was determined by the following formula:
Nta.rget — JcorrectedAC, (GAPDH—targetgene). C. values of the
sample were determined by subtracting the average C,
value of the target gene from the average C, value of the
GAPDH gene.

Statistical analysis

Student’s t-test or ANOVA combined with Scheffe’s test
was used to compare individual groups, and the
Pearson’s correlation test was employed to measure
the linear association between two variables by using
StatView (Abacus Concepts, Inc). Data are presented
as meansts.em. A value of P<0.05 was considered
significant.
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The successful engraftment of genetically modified hematopoietic stem cells (HSCs) without toxic
conditioning is a desired goal for HSC gene therapy. To this end, we have examined the
combination of intrabone marrow transplantation (iBMT) and in vivo expansion by a selective
amplifier gene (SAG) in a nonhuman primate model. The SAG is a chimeric gene consisting of the
erythropoietin (EPO) receptor gene (as a molecular switch) and c-Mpl gene (as a signal
generator). Cynomolgus CD34" celis were retrovirally transduced with or without SAG and
returned into the femur and humerus following irrigation with saline without prior conditioning.
After iBMT without SAG, 2-30% of colony-forming cells were gene marked over 1 year. The
marking levels in the peripheral blood, however, remained low (<0.1%). These results indicate
that transplanted cells can engraft without conditioning after IBMT, but in vivo expansion is
limited. On the other hand, after iBMT with SAG, the peripheral marking levels increased more
than 20-fold (up to 8-9%) in response to EPO even at 1 year posttransplant. The increase was EPO-
dependent, multilineage, polyclonal, and repeatable. Our results suggest that the combination of
iBMT and SAG allows efficient in vivo gene transduction without marrow conditioning.

Key Words: gene therapy, hematopoietic stem cell, intrabone marrow transplantation,
nonconditioning, in vive expansion, selective amplifier gene, nonhuman primate

INTRODUCTION
The ability to expand selectively cells containing poten-

tage [1]. Current myeloablative conditioning regimens
are associated with high systemic toxicity and potential

tially therapeutic genes in vive would represent an im-
portant tool for the clinical application of hematopoietic
stem cell (HSC)-based gene transfer. This would circum-
vent low gene transfer efficiency inte HSCs, which is one
of the current limitations of this promising technology.
Furthermore, the ability to expand genetically modified
cells in vivo would circumvent another major problem of
HSC gene therapy; myeloablative conditioning is neces-
sary unless gene-modified cells have clear growth advan-

damage to marrow stroma, possibly resulting in impaired
engraftment [2]. With the in vivo selection method using
a drug-resistance gene, engraftment of transduced cells at
low levels may allow successful expansion to clinically
relevant levels even without marrow conditioning, al-
though the administration of cytotoxic agents is required
for the selection [3]. It has recently been reported that
bone marrow cells can efficiently engraft mice without
marrow conditioning when implanted directly into the
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bone marrow cavity {intrabone marrow transplantation,
iBMT) [4,5]. Using the iBMT method, human cord blood
cells are also able to engraft efficiently in bone marrow of
sublethally irradiated immunodeficient mice [6-8]. Al-
though the iBMT method has been successful in mice,
the efficacy in primates remains to be examined.

.We have previously developed a selective amplifier
gene (SAG) consisting of a chimeric gene encoding the
granulocyte colony-stimulating factor (G-CSF) receptoer
{as a growth-signal generator) and the hormone-binding
domain of the steroid receptor (as a molecular switch) [9].
Hematopoietic cells genetically engineered to express this
SAG can be expanded in a steroid-dependent manner in
vitro and in vive in mice and nonhuman primates [10,11].
Here we have examined such expansion in the setting of
nonhuman primate iBMT without marrow conditioning
using a new SAG encoding the erythropoietin (EPO)
receptor (as a molecular switch} and thrombopoietin
receptor {c-Mpl; as a signal generator) [12].

REsuLTs

Engraftment after iBMT

First, we examined whether gene-marked CD34% cells
engraft after iBMT using two cynomolgus macaques.
Cynomolgus CD34" cells were transduced with the
nonexpression retroviral vector PLI {(which contains
untranslated sequence) [13]. The transduction results
are summarized in Table 1. We injected the transduced
CD34* cells directly into the bone marrow cavity of
four proximal limb bones (the femurs and humeri) after
gently irrigating the cavity with saline (Fig. 1). This
transplant procedure was safely performed without pul-
monary embolism or infection of bone marrow. Condi-
tioning treatment such as irradiation was not
conducted prior to transplantation. In addition, we
returned the transduced CD34" cells into two monkeys
by the conventional transplantation method without
prior conditioning.

_f

Se——

FIG. 1. The iBMT method. We inserted needles at both ends of limb bones
(femurs and humeri) and irrigated the bone marrow cavity gently with saline
without inflicting extra pressure (A, photo; B, schematic diagram). Gene-
modified CD34" cells were then injected directly into the bone marrow
through the needle on one side.

After iBMT, we plated cells from the nonimplanted
iliac marrow in methylcellulose medium. We examined
the resulting colonies (colony-forming units, CFU) for
the provirus by PCR (Fig. 2A and 2B). Two to 30% of
colonies (overall 14.2% (74/522)) were positive for the

TABLE 1: Ex vivo transduction

No. of infused CD34*
cells/kg

Fraction of provirus-positive
CFUs in infused CD34* cells

Intrabone marrow transplantation

4.5 x 107 34/46 (73.9%)
8.1 x 10° 49/78 (62.8%)
2.6 x 107 20/35 (57.1%)
8.1 x 108 11721 (52.4%)
7.8 x 10° 11/43 (25.6%)
5.7 % 10° 9/42 (21.49%)

intravenous transplantation

Animal Target cell source Vector
IB30438 Bone marrow PLI
IB3053 Peripheral blood PLI
$9042 Peripheral blood SAG
$3047 Peripheral blood SAG
D8058 Peripheral blood SAG
PLI
V0065 Peripheral blood PLI
V1007 Peripheral blood PLI

1.2 x 107
1.5 x 10¢

3/45 (6.7%)
14/41 (34.1%)

PLI, nonexpression vector; SAG, selective amplifier gene vector,
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Days after transplantation

provirus and this high marking level persisted for over 1
year posttransplantation. On the other hand, after the
conventional intravenous transplantation, generally
fewer CFU contained the provirus (overall 5.59% (15/
274)) in the bone marrow (Fig. 2C and 2D). Interesting-
ly, the provirus in CFU from the nonimplanted marrow
was detectable within 2 weeks after iBMT. Thus, trans-
planted cells relocated from an implanted bone to
another at early time points. A similarly early transloca-
tion posttransplantation has also been reported in
mouse syngeneic iBMT and human-mouse xeno-iBMT
models [4,6-8]. We also examined peripheral blood cells
for the provirus by quantitative PCR (Fig. 2ZA and 2B).
The marking levels were, however, very low (<0.1%) in
the peripheral blood.

Taken together, these results suggest that trans-
planted cells can engraft nonconditioned recipients after
iBMT but their contribution to the peripheral blood is
minimal compared to myeloablated recipients. The cells
stay at a resting state in bone marrow without prolifer-
ation. In an attempt to proliferate and mobilize iBMT-
engrafted resting progenitor cells, we administered G-

Days after transplantation

CSF and stem cell factor (SCF) for 5 consecutive days
[14]; however, no obvious increase in the vector-con-
taining cells was observed in the peripheral blood (Fig.
2A and 2B).

EPO-dependent expansion with SAG
We constructed a retroviral vector expressing an SAG that
is a chimeric gene of the human EPO receptor gene (extra-
plus transmembrane region as a molecular switch) and
the human c-Mpl gene (cytoplasmic region as a signal
generator} [12]. Cells genetically engineered to express
this SAG will proliferate in an EPO-dependent manner.
We transduced cynomolgus CD34" cells with the SAG
retroviral vector and introduced them into noncondi-
tioned autologous recipients by iBMT (Table 1). In vive
results after transplantation are summarized in Table 2.
In one animal (Fig. 3A), EPO administration triggered a
striking elevation in marking levels (7.4% at day 10§
posttransplantation) in the peripheral blood. The level of
marking in the periphery stayed high for the duration of
EPO administration. After cessation of EPQ, the level fell
to <0.1%. Resumption of EPO administration produced a
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TABLE 2: in vivo expansion with SAG after iBMT

EPO treatment

Marked leukocytes (%)?

Treatment Period Peak marking after treatment
Animal course (days posttransplant) Dosage Basal marking before treatment (day posttransplant)
59042 1 1-40 200 1U/kg once daily NA 7.36% (day 105)
41-100 200 1U/kg twice daily NA 7.36% (day 105)
2 132-210 200 1U/kg twice daily 0.02% 7.72% {day 188)
3 246-367 200 1U/kg twice daily 0.41% 8.90% (day 348)
S3047 1 75-134 200 1U/kg once daily 0.01% 0.23% (day 145)
135-166 200 1U/kg twice daily 0.01% 0.23% (day 145)
2 210-289 200 1U/kg twice daily 0.02% 0.00% (day 289)
D8058 1 1-86 200 W/kg twice daily NA 2.30% (day 14)

® As assessed by quantitative PCR (see Materials and Methods). NA, not applicable.

sirnilar elevation in the marking levels. The third EPO
administration again resulted in the increased marking
levels to 8.9% at day 348 posttransplantation. EPO admin-
istration was associated with a mild increase in hematocrit
(up to 63.5%), which was manageable by occasionai phie-
botomy. No other adverse effects were observed.

In another animal (Fig. 3B), the SAG-transduced cells
increased following transplantation even without exoge-
ntous EPO administration. The increase may have been
due to increased endogenous EPO elevation resulting
from anemia present in the second animal. Overall mark-
ing fell with resolution of the anemia. Following resolu-
tion, EPO was administered, resulting in an increase in
marking levels by more than 20-fold. Marking levels
declined to the basal level after discontinuation of EPO.
A second attempt to increase marking levels failed, with
clearance of SAG-positive cells from the periphery within
a month after the second administration, most likely due
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to cellular immune responses to the xenogeneic $AG (see
below).

Multilineage and Polyclonal Expansion

In situ PCR for the proviral sequence showed many
transduced cells in the peripheral blood taken from
animal S9042 receiving EPO at day 89 posttransplanta-
tion (Fig. 4A). We subjected granulocytes and T and B
lymphocytes sorted from the peripheral blood of this
animal at day 91 posttransplantation to semiquantitative
PCR for the provirus. The provirus-containing fraction in
granulocytes was 6% and that in B and T lymphocytes
was 2% (Fig. 4B), thus indicating that multilineage ex-
pansion had occurred. The persistence of marked, short-
lived granulocytes for the long term is also another
evidence of the successful engraftment of gene-modified
HSCs after iBMT, The integration site analysis using the
linear amplification-mediated (LAM) PCR method [15]
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FIG. 3. Expansion of SAG-transduced cells by treatment with EPO after iBMT, CD34* cells transduced with SAG were returned to each animal by iBMT without
conditioning. The animals (A) 9042 and (B) 53047 received EPO at 200 [U/kg once or twice daily (indicated by closed bars). The upper row shows ratios of
provirus-positive CFUs to p-actin-positive CFUs taken fram the nonimplanted marrew at time points indicated by arrows, The lower diagram shows percentages

of gene-modified cells in the peripheral blood as assessed by quantitative PCR.
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