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blasts, and fibrocytes and may participate in the progres-
sion of liver fibrosis.

The present study was designed to reexamine the pos-
sible contribution of BM-derived cells to type I collagen
production during the progression of liver fibrosis. For
this purpose, we utilized 2 mechanistically distinct liver
fibrosis models, which were introduced into transgenic
collagen reporter mice and their BM recipients. With
careful consideration for the experimental design and the
qualified methods with high specificity and sensitivity, we
conclude that BM-derived cells play an unexpectedly lim-
ited role in collagen production during hepatic fibrogen-
esis. The present study gives a caution to the current
growing feeling that overestimates the participation of
BM-derived cells in the progression of liver fibrosis.

Materials and Methods

Mice

All animals used in the present study received
humane care, and the experiments were approved by the
Animal Experiment Committee of Tokai University.
CS7BL/6 mice were purchased from CLEA Japan Inc.
(Tokyo, Japan). A transgenic mouse strain (COL/LUC)
that contains the —17,000 to +54 region of the mouse
upstream sequence of a2(I) collagen gene (COLIA2)
linked to a frefly luciferase gene was previously de-
scribed.'* The —17,000 to —15,450 COLIA2 sequence
exhibits a strong enhancer activity that directs tissue-
specific gene expression during embryonic development
as well as in adult mouse organs.'*!s This tissue-specific
enhancer and the —350 to +54 minimal COLIA2 pro-
moter sequences with appropriate linker fragments were
cloned into a BamHI site of an EGFP expression plasmid:
pEGFP-1 (Clontech Laboratories, Palo Alto, CA). The
chimeric DNA fragment was excised from the plasmid to
generate transgenic mice (COL/EGFP) that express EGFP
exclusively in type I collagen-producing cells. Injection of
the purified DNA fragment into fertilized eggs and
screening of mice for the presence of transgene were
performed as previously described.!* We established 2
strains of transgenic COL/EGFP mice, which contained
approximately 10 and 5 copies of transgene, respectively.
Both strains of mice exhibited essentially the same results
in the experiments shown in the present study except for
the difference in the intensities of EGFP signals. Mice of
F3 to F5 generation were used in all of the experiments.
Transgenic mice that ubiquitously express EGFP by the
cytomegalovirus enhancer and the chicken B-actin pro-
moter (CAG/EGFP) were reported previously.!¢

BM Transplantation

A combination of donor and recipient mice in BM
transplantation experiments is illustrated in Figure 1.
Transgenic CAG/EGFP, COL/EGFP, and COL//LUC
mice were used as BM donors, whereas CS7BL/6 wild-
type animals were used as recipients. Transplantation of
unfractionated whole BM cells including hematopoietic
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Figure 1. Schematic representation of a combination of donor and
recipient mice used in bone marrow transplantation experiments.
Whole bone marrow cells (BMC) obtained from transgenic CAG/EGFP,
COL/EGFP, or COL/LUC mice were injected into the irradiated
(C57BL/6 wild-type animals. Those recipient mice received subcutane-
ous injections of 1 ml/kg body weight of carbon tetrachloride (CCly)
every 3 days for a total of 30 times or underwent ligation of the common
bile duct (CBD). Transgenic COL/EGFP and COL/LUC mice (Tg) were
also included as controls.

K

stemn cells to the irradiated recipient mice was performed
as previously described.? Engraftment of donor cells was
confirmed 6 weeks after BM transplantation by fluores-
cence-activated cell-sorter scanner (FACS) analyses of
EGFP-expressing cells in the peripheral blood of CAG/
EGFP recipient mouse or by polymerase chain reaction
(PCR) detection of EGFP and luciferase transgenes in the
spleen tissue of COL/EGFP and COL/LUC recipients
(Supplementary Figure 1), respectively.

Induction of Liver Fibrosis

Eight weeks after transplantation, BM-recipient
mice, as well as transgenic CAG/EGFP, COL/EGFP, and
COL/LUC animals, started to be injected subcutaneously
with 1 mL/kg body weight of CCl, mixed with olive oil
every 3 days for a total of 30 times!” or underwent
ligation of the common bile duct (CBD).!® Three to 4
mice in each group of transgenic mice and their BM
recipients were killed 48 hours after the last CCl, injec-
tion or 14 days after CBD ligation.

Isolation of HSC and FACS Analysis

Murine HSC were isolated by using the collage-
nase-pronase perfusion method as previously described!?
and subjected to FACS analyses. Presence of EGFP-posi-
tive cells in the freshly isolated HSC fraction, peripheral
blood, and BM was analyzed by using FACS Calibur flow
cytometer (Becton Dickinson, San Jose, CA).

Confocal Microscopic Examination

Migration of EGFP-expressing cells into fibrotic
liver was viewed and analyzed by a confocal laser-scan-
ning microscope: LSM 510 META (Carl Zeiss, Jena, Ger-
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many). The emission fingerprinting method?® was uti-
lized, which distinguished specific fluorescent signals
from the background autofluorescence as previously de-
scribed.’ EGFP-expressing cells observed in the liver of
CAG/EGFP-recipient mice indicate the BM origin irre-
spective of their phenotypes, whereas those detected in
COL/EGFP recipients represent exclusively BM-derived
collagen-producing cells migrating into fibrotic liver.
Transgenic COL/EGFP mice were also used as a control,
showing collagen-expressing cells in the liver irrespective
of their origins. Immunohistochemical or immunofluo-
rescence staining was performed as previously described?
with antibodies against type I collagen (Calbiochem, San
Diego, CA), a-smooth muscle actin (a-SMA) (Sigma
Chemical Co, St. Louis, MO), and F4/80 (Serotec, Ra-
leigh, NC).

Luciferase Assay

Liver samples obtained from COL/LUC-recipient
mice were subjected to luciferase assays to evaluate acti-
vation of COLIA2 promoter in BM-derived cells migrat-
ing into fibrotic liver. Transgenic COL/LUC mice were
also used as a control to quantify COLIA2 promoter
activity in the liver before and after fibrogenic stimuli.
Luciferase assays of liver tissue were performed as previ-
ously described,'7?! and the enzyme activity was normal-
ized against the protein concentration of tissue homog-
enates.

Statistical Analysis

Values were expressed as mean * SD. The Mann-
Whitney U test was used to evaluate the statistical differ-
ences between groups: a P value of less than .05 was
considered statistically significant.

Results

BM-Derived Cells Migrating Into

Fibrotic Liver Seldom Differentiate Into
«a-SMA-Positive Cells in Both Experimental
Fibrosis Models

We first examined migration of BM cells into liver
tissue in 2 mechanistically distinct fibrosis models intro-
duced into CAG/EGFP-recipient mice. As previously re-
ported,® bridging fibrosis connecting the neighboring
portal areas and central veins was formed, but complete
cirrhosis was not established after 30 times of repeated
CCl, injections (Figure 2A4). A large number of EGFP-
expressing BM-derived cells migrated into the fibrotic
liver 2 days after the last CCl, injection, at peak fibrosis
(Figure 2B). On the other hand, CBD ligation resulted in
the accumulation of collagen fibers underneath the di-
lated and proliferating bile duct epithelium 14 days after
the operation (Figure 2C). EGFP-expressing BM-derived
cells were observed mainly in those fibrotic areas around
the dilated bile ducts as well as within the liver paren-
chyma (Figure 2D). However, immunostaining of type I
collagen failed to determine precisely whether the EGFP-
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Figure 2. Migration of BM-derived cells into fibrotic liver. Liver speci-
mens were obtained from CAG/EGFP recipient mice following 30 times
of repeated CCly injections (A and B) or 14 days after common bile duct
(CBD) ligation (C and D). The sections were subjected to Azan-Mallory
staining (A and C) or confocal laser-scanning microscopic examination
detecting EGFP-positive cells (green in B and D). Representative pic-
tures are shown from 3 to 4 mice in each group. Note that the bile duct
epithelial cells do not express EGFP. Asterisks indicate dilated bile ducts
around the portal vein. PV, portal vein; CV, central vein. Original mag-
nification, 40X in A or 100X in C. Scale bars, 100 pm in B and D.

positive cells present in the fibrous tissue certainly pro-
duce collagen or whether they were merely surrounded by
collagen fibers (Figure 3A). In addition, although EGFP-
expressing BM-derived cells and a-SMA-positive cells ex-
hibited the similar distribution following repeated CCl,
injections (Figure 3B) and CBD ligation (Figure 3C), they
seldom overlapped each other (Figure 3D). Three-dimen-
sional confocal microscopic analyses estimated that the
mean number of BM-derived a-SMA-positive cells was
less than a single cell per each portal area (Figure 3E).

EGFP Expression Driven by the
Tissue-Specific COL1A2 Enbancer Is
Stimulated Following Fibrogenic Stimuli in
Vivo and During Primary Culture in Vitro

Next, we examined cell type-specific expression of
EGFP driven by the COL1A2 enhancer. For this purpose,
transgenic COL/EGFP mice were first treated with a
single dose of CCl,. Our previous study using transgenic
mice that harbor the same tissue-specific COLIAZ en-
hancer/promoter sequence linked to a firefly luciferase
gene (COL/LUC) indicated that COLIA2 promoter was
activated more than 10-fold 72 hours after a single CCl,
injection.?! Confocal microscopic examination of excised
liver tissue showed a significant number of EGFP-
expressing cells present in the centrilobular necrotic areas
48 hours after CCly administration (compare Figure 44
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and B). They exhibited a mesenchymal morphology, and
none of the parenchymal hepatocyres expressed EGFP.
Immunofluorescence studies indicated that approxi-
mately half of EGFP-expressing cells were positive for
a-SMA, a marker of activated HSC (Figures 4C and D). In
contrast, none of the EGFP-expressing cells were positive
for F4/80, a marker of macrophage/Kupffer cells (Figures
4E and F). FACS analyses indicated that 28.7% * 1.8% of
HSC isolated from CCl,-treated transgenic COL/EGFP
mice were positive for EGFP. Activation of COLIAZ2 pro-
moter was also examined in primary culture of HSC
obtained from untreated transgenic COL/EGFP mice.

Figure 4. Activation of COL1A2
promoter following CCls adminis-
tration. Expression of EGFP
(green) was examined in liver
specimens obtained from wild-
type (A) or transgenic COL/EGFP
mice (B-F) 72 hours after a single
CCly injection. The sections were
stained with specific antibodies
recognizing a-SMA (red in C and
D) or F4/80 (red in E and F). Rep-
resentative pictures are shown
from 4 mice in each group. Ar-
rows indicate EGFP-positive cells
that coexpress a-SMA. CV, cen-
tral vein. Scale bars, 20 pm in
A-D or 50 pmin Eand F.
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Figure 3. Expression of type |
collagen and a-SMA in BM-de-
rived cells migrating into fibrotic
liver. Liver specimens were ob-
tained from CAG/EGFP-recipi-
ent mice following 30 times of
repeated CCly injections (A, B,
D, and E) or 14 days after CBD
ligation (C). The sections were
stained with specific antibodies
recognizing type | collagen (red
in A) or a-SMA (red in B-E). In
panel E is shown a 3-dimen-
sional rotation analysis of 2
EGFP-positive cells (arrows)
that coexpress a-SMA. Repre-
sentative pictures are shown
from 3 to 4 mice in each group.
Asterisks indicate dilated bile
ducts. PV, portal vein. Scale
bars are shown in each panel.

Whereas quiescent HSC at day 2 after plating on plastic
showed no EGFP fluorescence (data not shown), strong
EGFP fluorescence was observed in activated cells at day
7, which was coexpressed with endogenous type I colla-
gen (Figure 5A) and o-SMA (Figure SB).

COL1A2 Promoter Activation Attributes to
Liver Resident Cells but not BM-Derived
Cells

After confirming the cell type-specific activation
of COLIA2 promoter, we next examined whether the
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Figure 5. Expression of type | collagen and a-SMA in culture-activated
stellate cells. Hepatic stellate cells were obtained from untreated trans-
genic COL/EGFP mice and subjected to primary culture on plastic for 7
days. Coexpression of EGFP (green) and type | collagen (red in A) or
a-SMA (red in B) was examined by immunofluorescence studies using
specific antibodies. Representative pictures are shown from 3 mice.
Scale bars, 50 pm.

promoter was activated in BM-derived cells or in liver
resident cells following fibrogenic stimuli. For this pur-
pose, 2 mechanistically distinct models of liver fibrosis
were introduced into transgenic COL/EGFP and COL/
LUC mice or their BM-recipient mice. By comparing
EGEFP expression and luciferase activities between trans-
genic mice and their BM recipients, we can estimate how
each population of BM-derived cells and liver resident
cells contributes to collagen production and thus partic-
ipates in the progression of liver fibrosis. There was no
difference between transgenic mice and their BM recipi-
ents in the degree of liver fibrosis introduced by repeated
CCl, injections or CBD ligation (data not shown). A large
number of EGFP-positive cells were observed in the por-
tal areas and along the fibrous septa after repeated CCl,
injections into transgenic COL/EGFP mice, and most of
the EGFP-expressing cells were positive for a-SMA stain-
ing (Figure 6A). On the other hand, coexpression of
EGFP and o-SMA was detected in mesenchymal cells
present underneath the dilated and proliferating bile
duct epithelium after CBD ligation (Figure 6C). In con-
trast, there were few, if any, EGFP-positive BM-derived
collagen-expressing cells detected in fibrotic liver tissue of
COL/EGFP-recipient mice following either CCl, injec-
tions (Figure 6B) or CBD ligation (Figure 6D). Further-
more, as shown in the previous studies,'”?! luciferase
assays of liver tissue revealed that COLIA2 promoter was
activated more than 5-fold following repeated CCl, injec-
tions into transgenic COL/LUC mice (Figure 7). Similar
extent of promoter activation was observed in liver tissue
14 days after CBD ligation (Figure 7). In contrast,
COL1A2 promoter was not activated in liver tissue of
COL/LUC-recipient mice. The luciferase enzyme activ-
ities in liver tissue of COL/LUC-recipient mice were as
low as those in wild-type animals following either CCl,
injections or CBD ligation (Figure 7). These results
clearly indicate that activation of COLIA2 promoter
attributes to liver resident cells, but not BM-derived
cells, in both of the 2 mechanistically distinct models
of liver fibrosis.
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COL1A2 Promoter Is Not Activated in BM
Cells Following Fibrogenic Stimuli

In the last set of experiments, we examined
whether fibrogenic stimuli enhanced COLIA2 promoter
activity in BM cells. FACS analyses indicated that a small
population (0.23% * 0.02%) of BM cells isolated from
untreated COL/EGFP reporter mice was positive for
EGFP. However, there was no increase in the EGFP-
positive ratio of BM cells from transgenic COL/EGFP
mice following CCly injections (0.19% * 0.09%) or BDL
(0.20% = 0.04%). Similarly, there was no difference in the
luciferase activities in BM cells isolated from transgenic
COL/LUC mice before and after fibrogenic stimuli (data
not shown).

Discussion

In the present study, we have revealed an unex-
pectedly limited role of BM-derived cells in collagen pro-
duction in 2 mechanistically distinct models of liver
fibrosis. Although some of the BM-derived cells exhibited
a mesenchymal morphology resembling myofibroblasts,
the number of BM-derived a-SMA-positive cells was
much smaller than previously reported. More impor-
tantly, specific and quantitative analyses of COLIA2 pro-
moter activation by using a combination of EGFP and
luciferase reporter genes have clearly indicated that BM-
derived cells produce little, if any, type I collagen during
hepatic fibrogenesis.

There have been a large number of studies showing
that BM-derived stem/progenitor cells contribute to the
repair of severely injured liver either through transdiffer-
entiation into parenchymal hepatocytes or by cell fusion
with liver resident cells. However, the frequency of those
phenomena is usually very low.?? Instead, BM-derived
cells often differentiate into a mesenchymal lineage. Sev-
eral recent studies have indicated that BM-derived cells
express MMPs and contribute to the regression of exper-
imental liver fibrosis via mobilization from BM? or fol-
lowing a therapeutic cell infusion.?*-?5 Based on the re-
sults of those experimental studies, there have been an
increasing number of clinical trials to treat patients with
various liver diseases by infusing either whole or fraction-
ated autologous BM cells.*# On the other hand, several
experimental and human studies have reported that BM
cells differentiate into HSC,'"!3 myofibroblasts,”!® and
fibrocytes'? and may participate in liver fibrosis. These
findings are in agreement with the results of a number of
studies showing functional contribution of blood-borne
collagen-producing cells to tissue repair or fibrosis in
various other organs.?¢-28 They also give a serious caution
that BM-derived cells possess both pro- and anti-fibrotic
phenotypes.?®

However, direct contribution of BM-derived cells to
collagen production during hepatic fibrogenesis has not
been fully verified for the following critical reasons. First,
previous studies employed several different methods to
identify the BM origin, such as fluorescence in situ hy-
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bridization technique to detect Y chromosomes®!? and
immunohistochemical staining of EGFP.'!""'> However,
the quality of the employed methods and obtained re-
sults was not always enough in terms of both specificity
and sensitivity. Second, it is difficult to prove collagen
production by BM-derived cells present within the fi-
brous tissue because of an abundant amount of extracel-
lular collagen accumulated around the cells (Figure 3A).
Therefore, most of the previous studies failed to demon-
strate clearly collagen production by BM-derived cells
and relied primarily on the presence of myofibroblast-like
cells in the fibrous tissue and their expression of
a-SMA.°-!! Finally, and in relation to the second issue,
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Figure 6. Activation of COL1A2
promoter in BM-derived cells and
liver resident cells. Expression of
EGFP (green) was examined in
liver specimens from transgenic
COWL/EGFP mice (A and C) or
their BM recipients (B and D) fol-
lowing 30 times of repeated CCly
injections (A and B) or 14 days
after CBD ligation (C and D). The
sections were stained with spe-
cific ~ antibodies  recognizing
a-SMA (red). In the middle and
right panels are shown the im-
ages of only EGFP and autofluo-
rescence (middle) and «a-SMA
(right), respectively. Representa-
tive pictures are shown from 3 to
4 mice in each group. Note that
the pale signals (arrows) ob-
served in panels A and B repre-
sent nonspecific  autofluores-
cence but not the specific EGFP
signals. Asterisks indicate dilated
bile ducts. PV, portal vein; HA,
hepatic artery. Scale bars, 20
pm.

even if some of the cells exhibit the feature of a-SMA-
positive myofibroblasts, it does not necessarily mean that
they certainly produce collagen and contribute directly to
the progression of liver fibrosis.>® The cellular entity of
BM-derived collagen-producing cells, if present, has not
been established yet.

Considering the limitations in the previous studies
described above, we tried in the present study to evaluate
the direct contribution of BM-derived cells to collagen
production by using more specific and quantitative
methods. To identify only the specific EGFP fluorescence,
we utilized in the previous and present studies the emis-
sion fingerprinting method,® which successfully elimi-
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Figure 7. Quantitative analysis of COL1A2 promoter activation follow-
ing fibrogenic stimuli. Transgenic COL/LUC mice (Tg) and their BM
recipients (Rc) as well as wild-type animals received repeated CCly
injections for a total of 30 times or underwent CBD ligation. They were
killed 48 hours after the last CCl, injection or 14 days after CBD ligation,
and obtained liver tissue was subjected to luciferase assays determin-
ing COL 1A2 promoter activity. Liver specimens from untreated (UNTR)
or sham-operated mice were also analyzed as controls. Luciferase
activity was normalized against the protein concentration of tissue ho-
mogenates. The values are mean = SD obtained from 4 mice in each
group. The asterisk indicates that the difference between the groups is
significant. RLU, relative luminescence units; NS, not significant.

nated the background autofluorescence (Figure 6A and
B). Moreover, we used a firefly luciferase gene driven by a
tissue-specific COL1A2 enhancer sequence. Strong tissue
specificity of the enhancer that is activated exclusively in
collagen-producing cells,'*!S coupled with the use of
sensitive luciferase gene as a reporter, engaged a highly
specific and quantitative analysis of promoter activa-
tion.?! By using COL/LUC-recipient mice, we demon-
strated a complete lack of COL1A2 promoter activation in
BM-derived cells following fibrogenic stimuli.

On the other hand, experiments using transgenic re-
porter mice also possess several limitations. For example,
EGFP is known to be sometimes cytotoxic,*! and one may
argue that BM-derived collagen-producing cells cannot
survive for a long time while leaving a large amount of
collagen in fibrotic tissue. However, cells with strong
EGFP signals were observed in fibrotic liver tissue of
CAG/EGFP-recipient mice (Figure 2B and D) and trans-
genic COL/EGFP animals (Figure 6A and C). In addition,
the results of parallel experiments using the luciferase
gene as another reporter (Figure 7) also excluded such a
concern. Another limitation of transgenic mouse study is
that the expression levels of transgene may vary even by
using the same enhancer/promoter sequence. In addi-
tion, there is always a chance that the used enhancer/
promoter sequence lacks a regulatory element and may
not label the entire collagen-expressing populations in
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the mouse. It should be noted, however, that exactly the
same COL/LUC reporter mice and their BM recipients as
the present study have been utilized to determine the
functional contribution of BM-derived cells to collagen
production in various other organs. One of such studies
clearly indicated that the luciferase activity in BM-derived
cells was dramatically increased in the scar area following
experimental myocardial infarction.?® Our recent study
using the same mice also showed a limited but significant
amount of collagen produced by BM-derived cells during
bleomycin-induced dermal fibrosis (Higashiyama et al,
manuscript submitted). On the other hand, an experi-
ment using the same COL/LUC mice failed to demon-
strate the contribution of BM-derived cells to collagen
production in renal fibrosis induced by a unilateral ure-
teric obstruction.?? Collectively, it could be argued that
the extent of contribution of BM-derived cells to collagen
production may vary depending on the etiologies of tis-
sue injury and/or the sites of affected organs.

The results of the present study do not deny com-
pletely the production of type I collagen by BM-derived
cells in certain experimental and clinical conditions, de-
pending on the etiologies, severity, and stages of liver
fibrosis. However, we excluded their contribution to col-
lagen production in 2 mechanistically distinct models of
liver fibrosis. In addition, we also tested at an eatlier stage
of liver fibrosis induced by 10 times of CCl, injections
but did not find any evidence for collagen production by
BM-derived cells (Supplementary Figure 2).

The localization of BM-derived EGFP-positive cells
shown in Figure 2 was almost entirely associated with the
fibrotic areas. Although functional properties of the ma-
jority of those cells have not been defined yet, our previ-
ous study demonstrated that some of them were hema-
topoietic progenitor cells and inflammatory cells such
as neutrophils and macrophages.* The present study
showed that none of them expressed collagen or a-SMA,
but the latter types of cells may participate in the pro-
gression of liver fibrosis by secreting several inflamma-
tory cytokines. Further studies are necessary to reveal the
functional cross talk between the BM-derived cells and
liver resident collagen-producing cells.

In conclusion, this study has clearly revealed a limited
role of BM-derived cells in collagen production during
hepatic fibrogenesis. The BM origin of cells has to be
determined much more carefully, and the results of the
present study give a caution to the current growing feel-
ing that overestimates the participation of BM-derived
cells to collagen production during the progression of
liver fibrosis.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.07.006.
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In Vivo Stable Transduction of Humanized Liver Tissue
in Chimeric Mice via High-Capacity Adenovirus—Lentivirus
Hybrid Vector
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Abstract

We developed hybrid vectors employing high-capacity adenovirus as a first-stage catrier encoding all the com-
ponents required for in situ production of a second-stage lentivirus, thereby achieving stable transgene expression
in secondary target cells. Such vectors have never previously been tested in normal tissues, because of the scarcity
of suitable in vivo systems permissive for second-stage lentivirus assembly. Here we employed a novel murine
model in which endogenous liver tissue is extensively reconstituted with engrafted human hepatocytes, and
successfully achieved stable transduction by the second-stage lentivirus produced in situ from first-stage ade-
novirus. This represents the first demonstration of the functionality of adenoviral-lentiviral hybrid vectors in a

normal parenchymal organ in vivo.

introduction

ADENOVIRAL VECTORS (AdVs) have been successfully used
in vivo to transduce various postmitotic tissues, but
generally only transient gene expression can be achieved
because of cytotoxic T-lymphocyte-mediated immune re-
sponses against viral genes retained in conventional AdVs,
and their extremely low frequency of chromosomal integra-
tion (Harui et al,, 1999; Wivel et al., 1999). More persistent
expression can be maintained by high-capacity, helper-
dependent AdVs (HDAdAVs) from which all of the viral coding
sequences have been removed (Parks et al., 1996; Schiedner
etal., 1998; Kochanek, 1999; Kim et al., 2001; Oka et al., 2001), but
its duration is still limited because of progressive dilution of
the extrachromosomal HDAdV vector DNA as transduced
cells divide. Treatment of hereditary diseases may require more
stable, long-term transgene expression, which can be achieved
only through permanent integration or ongoing episomal
replication of vector DNA.

To overcome this limitation, various hybrid vector systems
have been developed, which employ AdV as a first-stage
delivery vehicle to efficiently enter target cells, but then

utilize the machinery of integrating viruses or mobile genetic
elements to achieve permanent chromosomal integration
(Feng et al., 1997; Caplen et al., 1999; Lieber ef al., 1999;
Recchia ef al., 1999; Tan et al., 1999; Leblois et al., 2000; Soifer
et al,, 2001; Soifer ef al, 2002; Yant et al., 2002; Kubo and
Mitani, 2003; Dorigo et al., 2004; Picard-Maureau et al., 2004).
Efficient two-stage transduction in vitro and stable long-term
transgene expression have previously been demonstrated
with AdV-transposon (Soifer et al., 2001; Yant ef al., 2002),
AdV-adeno-associated virus (Lieber et al., 1999; Recchia et al.,
1999), AdV-retrovirus (Feng et al., 1997; Caplen ef al., 1999;
Soifer et al., 2002), AdV-foamy virus (Picard-Maureau et al.,
2004), and AdV-lentivirus (Kubo and Mitani, 2003) vectors.
In particular, Kubo and Mitani (2003) have demonstrated the
ability of an AdV-lentivirus hybrid vector to efficiently enter
a variety of cell types via the first-stage HDAJV and subse-
quently mediate in situ production of a human immunode-
ficiency virus (HIV)-derived second-stage lentiviral vector
(LV), which then stably delivers a marker gene to neigh-
boring cells. However, this hybrid vector generated second-
stage LV pseudotyped with the vesicular stomatitis virus G
glycoprotein (VSV-G), a highly fusogenic and toxic envelope
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protein (Ory et al., 1996), which may result in unwanted
cytotoxic effects in the primary target cells during LV pro-
duction. Further, the ability of AdV-lentivirus hybrid vectors
to stably transduce normal quiescent tissues in vivo has never
previously been tested.

We have now developed an improved high-capacity AdV-
lentivirus hybrid vector system, designated HL, and exam-
ined the ability of this new hybrid system to mediate efficient
and stable gene transfer in vitro and in vivo. The first-stage
HDAJV of the HL hybrid system directs the production of a
minimal second-stage LV that retains less than 800bp of HIV
sequence (Chen et al., 2002) and is pseudotyped with the
murine leukemia virus (MLV) 4070A amphotropic envelope,
which is much less cytotoxic than VSV-G. However, to test
the transduction efficiency of the new HL hybrid vector
system, target cells that can support in situ production of the
HIV-derived second-stage LV are required. For in vitro ex-
periments, human cell lines permissive for HIV replication
can be employed. However, the requirement for human
target cells presents a challenge to testing the functionality of
the HI. hybrid vector system in vivo, particularly with respect
to its ability to stably transduce normal organs and tissues.

As nearly 90% of the input dose of AdV introduced in vivo
accumulates in the liver upon intravenous injection (Kass-
Eisler et al., 1994; Huard et al., 1995; Kubo et al., 1997), and
nearly 100% transduction of hepatocytes can be achieved at
higher doses (Li et al., 1993), the liver is an attractive target
for in vivo testing of the HL system. However, multiple
blocks to HIV replication have been reported in rodent cells,
including cellular entry, reduced abundance of unspliced
HIV-RNA and gag proteins, and defects in infectious particle
assembly (Hofmann et al., 1999; Bieniasz and Cullen, 2000;
Mariani ef al., 2000). Therefore, to test the HL hybrid vector
in vivo, we sought a humanized liver model that is permis-
sive for HIV particle assembly.

Successful reconstitution of human liver tissue has recently
been achieved in immunodeficient mice (Dandri et al., 2001;
Mercer et al., 2001). Dandri et al. (2001) reported that cross-
breeding of recombinant activation gene-2-deleted mice with
transgenic mice expressing the hepatotoxic urokinase-type
plasminogen activator (uPA) results in immunodeficient
progeny which undergo progressive liver degeneration.
These progeny were successfully transplanted with human
hepatocytes, resulting in chimeric liver tissue with a replace-
ment index of up to 15%, rendering these mice permissive for
HBV infection (Dandri et al., 2001). Similarly, Mercer et al.
(2001) demonstrated that uPA/SCID mice bearing chimeric
humanized livers with replacement index values of 50% could
support HCV replication (Dandri et al., 2001). More extensive
repopulation has been difficult to achieve, likely because en-
grafted human hepatocytes produce complement factors,
which appear to exert lethal effects in mice with higher re-
placement values. However, Tateno et al. (2004) and Yoshi-
zato and colleagues (2004) have recently demonstrated that
administration of a C5/C3 convertase inhibitor successfully
rescued uPA/SCID mice whose chimeric livers proved to be
almost completely repopulated with human hepatocytes ex-
hibiting normal cytoarchitecture. The transduction efficiency
of oncoretroviral vectors has previously been tested in this
humanized liver model, and consistent with their inability to
enter quiescent postmitotic cells, was found to be in the order
of 5% (Emoto et al., 2005). We have now utilized this unique
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chimeric liver model to test the ability of the HL hybrid system
to mediate efficient entry by the first-stage HDAAV, in situ
production of the second-stage LV, and stable transduction in
fully humanized livers in vive. To our knowledge, this rep-
resents the first report of in vivo testing of an AdV-lentivirus
hybrid vector system in a normal parenchymal organ.

Materials and Methods
Cells

Cell lines including 293 (Graham et al., 1977) (Microbix,
Toronto, Canada), 293T (DuBridge et al., 1987), and the Gli36
human glioma (Sena-Esteves et al.,, 2000) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum (FCS; Omega, Tarzana, CA). Hep3B
human hepatocellular carcinoma cells were cultured in
Fagle’s minimum essential medium supplemented with 10%
FCS, 1 mM sodium pyruvate, and nonessential amino acids.
Primary human hepatocytes and their specific medium were
purchased from Cambrex (Baltimore, MD; CC-2591),

HL first-stage HDAdV construction and production

The phosphoglycerckinase promoter-driven green fluo-
rescence protein (GFP) marker gene cassette, cytomegalovi-
rus promoter (CMV)-driven gag/pol/rev lentiviral packaging
cassette, simian virus 40 early promoter-driven MLV 4070A
amphotropic envelope cassette, and minimal LV construct
(Robbins et al., 1998; Chen ef al., 2002) were sequentially
cloned into the HDAdV plasmid pSTK120, which contains
the human AdS5 inverted terminal repeat sequences and
packaging signal, resulting in the construction of the com-
plete HL vector plasmid, pHL. Additional details regarding
the pHL construct, and the HIV-based minimal LV contained
therein, are provided upon request.

The HL vector and control HDAdV cmv-GEP (Ad GFP) were
prepared using the FLPe/FRT helper virus system (Umana
et al,, 2001). The vectors were titrated on 293 cells for GFP ex-
pression, using a FACScalibur flow cytometer (Becton Dick-
inson, San Jose, CA), on day 2 post-infection, defined as
transducing units per ml (TU/ml). Another control HDAAV,
HDA28E4LacZ, was prepared as previously described (Palmer
and Ng, 2003). Helper virus contamination levels were deter-
mined by Southern blot, as previously described (Kubo and
Mitard, 2003).

Second-stage LV production after infection
with HL first-stage HDAdV

To confirm production of LV in cells (Gli36, HeLa, Hep3B,
HepG2 and human primary hepatocytes) infected by the HL.
vector, 4x10° cells of each were infected with various
amounts of HL vector. The amount of vector used for each
infection was based on the titer determined using each cell
line. At 4 hr postinfection, the infected cells were washed three
times with phosphate-buffered saline (PBS), and incubated in
growth medium. At 48 hr postinfection, the virus-containing
medium was harvested, centrifuged, filtered through a
0.45-um pore filter, and used for titration on 293 cells by X-
galactosidase (gal) staining to detect figal expression. In pre-
liminary experiments, the level of residual adenovirus carried
over in the filtered supermatant medium after infection of
primary cells at a multiplicity of infection (MOI) of 10, as
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measured by flow cytometry for GFP expression in secondary
cells, was less than 1%.

To inhibit lentiviral infection, 293 cells were infected with
the viral supernatant in the presence or absence of 5pM
zidovudine (AZT; Sigma, St. Louis, MO).

To investigate the kinetics of LV vector production after
HL vector infection, 4x10° Hep3B cells were infected with
HL at various MOIs in six-well plates. The medium was
collected at different time points and titrated on 293 cells, as
described earlier.

Long-term culture experiments

Hep3B cells (2x10%) were infected with the HL vector,
at an MOI of 10, and incubated in the presence of AZT on a
10-cm dish. The cells were split at a ratio of 1:20 once a week,
and expression of GEP was examined by flow cytometry. At
each passage, DNA was extracted from a portion of the cells
and analyzed for proviral integration by Southern hybrid-
ization. A part of the HL-infected cells were also plated on
Lab-Tek chamber slides (Thermo Fisher Scientific, Rochester,
NY). The next day, the cells were fixed for 10 min with 4%
paraformaldehyde, washed with PBS, and incubated with
50 mM NH4Cl in PBS for 5 min. The cells were permeabilized
in 0.5% Triton/PBS for Smin and then incubated for 30 min
in 1% bovine serum albumin/PBS for blocking. The cells
were incubated for 1 hr with a 1:1000 dilution of mouse anti-
GFP monoclonal (Chemicon, Temecula, CA). Immuno-
reactivity for GFP was visualized with a 1:5000 dilution of
goat anti-mouse immunoglobulin G (IgG) (H+L) Alexa
Fluor 488. The cells were then incubated with a 1:1000 di-
lution of rabbit anti-fgal polyclonal (ab616; Abcam, Cam-
bridge, MA). Immunoreactivities for figal were visualized
with a 1:5000 dilution of goat anti-rabbit IgG (H+L) Alexa
Fluor 594 (Molecular Probes, Eugene, OR).

Animals

Chimeric mice with human liver were generated as pre-
viously described (Tateno et al, 2004). Briefly, uPA/SCID
mice were generated by crossing uPA mice [B6SJL-
TgN(Alb1Plau)144Bri; The Jackson Laboratory, Bar Harbor,
ME] with SCID mice (Fox Chase SCID C.B-17/Icr-scid Jcl;
Clea Japan, Tokyo, Japan). The uPA*/*SCID*/* mice were
screened by pol5ymerase chain reaction (PCR) and injected
with 5.0~7.5x10” viable human hepatocytes (IVT079; In Vitro
Technologies Inc., Baltimore, MD) through a small left-flank
incision into the inferior splenic pole at 20-30 days after
birth. The mice were injected intraperitoneally with 200 ul of
1.5mg/ml Futhan (nafamostat mesilate, 6-amidino-2-naph-
thyl p-guanidinobenzoate dimethanesulfonate; gift from
Torii Pharmaceutical, Tokyo, Japan) to enhance repopulation
of the liver with human hepatocytes. The replacement index
was estimated by serum level of human albumin as previ-
ously described (Tateno et al., 2004). Generally, >5mg/ml
human albumin in the blood indicates high replacement in-
dex values of >70%, and mice screened in this manner were
used for experiments at 6-8 weeks posttransplantation.

After injection with gadolinium (10 mg/kg body weight)
to eliminate Kupffer cells (Lieber et al, 1997), either HL
vector (2x10° TU/200 ml) or buffer (PBS) was injected via tail
vein, followed by sacrifice at 4 days or 4 weeks postinfection
{n=4 per group). A portion of each liver sample was im-
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mediately digested into cell suspensions and used for flow
cytometric analysis. The remaining portion was frozen in lig-
uid nitrogen for isolation of genomic DNA or for frozen tissue
sections. Immunofluorescence (IF) and immunohistochemis-
try (IHC) for GFP were performed on frozen liver sections
using standard methods with GFP-specific antibodies (ab290;
Abcam): goat anti-rabbit IgG-Alexa Fluor 488 for IF, or Vec-
tastain ABC kit (Vector Laboratories, Burlingame, CA) and
diaminobenzidine for IHC. IF for figal was also performed
using rabbit anti-fgal antibodies (ab616; Abcam) and goat
anti-rabbit IgG-Alexa Fluor 594, as eatlier. X-gal staining using
standard methods was also performed on glutaraldehyde-
fixed liver sections, and the proportion of fgal-positive cells
was determined by image analysis using the SPOT digital
imaging system and NIH Image] software (version 1.34). The
replacement index of the mouse liver with human hepatocytes
was also determined by IHC for human-specific cytokeratin-8
and -18 (CK8/18) as previously described (Tateno et al., 2004)
and is defined as the ratio of area occupied by human hepa-
tocytes to the entire area examined. To assess any potential
hepatotoxicity, sera were collected from mice at the time of
scheduled sacrifice, that is, at 4 weeks after injection with HL
vector or PBS, and serum levels of aspartate amino transferase
(AST) were measured by automated colorimetric assay.

Molecular analysis of integrated LVs in the liver

High-molecular-weight genomic DNA was extracted from
livers injected with HL vector or PBS. For detection of the
stably integrated form of the second-stage LV after produc-
tion from the first-stage HDAAV, high-molecular-weight
genomic DNA (500 ng) was subjected to nested PCR to am-
plify lentiviral integration events close to or within Alu re-
peat sequences in the human genome (Nguyen et al., 2002;
Serafini ef al., 2004). Briefly, the first PCR (PCR1) was carried
out using a sense oligomer specific for the conserved se-
quences of human Alu (Alu-s; 5-TCCCAGCTACTCGGGA
GGCTGAGG-3) and an antisense oligomer specific for the
PBS region of HIV-1 upstream of gag (SNC2-as; 5'-GAGTC
CTGCGTCGAGAGAG-3'). All amplifications were done
using 100 ul of reaction mixture containing 200 ng of genomic
DNA, 0.4 mM of each dNTP, 0.8 uM of each sense and anti-
sense primer, 5% dimethyl sulfoxide, and 2U Tag DNA
polymerase. After the first DNA denaturation at 95°C for
5min, 30 amplification cycles were performed consisting of
denaturation for 1 min at 94°C, annealing for 1min at 60°C,
and extension for 3 min at 72°C. One aliquot (1:100 dilution)
of the first PCR products was subjected to a second PCR
(PCR2) amplification using the nested primers, LTR9-s (5'-
GCCTCAATAAAGCTTGCCTTG-3') and US5PBS-as (span-
ning the USLTR/PBS boundary region) (5-GGCGCCAC
TGCTAGAGATTTT-3), which amplified a fragment of
121bp. The nested PCR conditions were similar to those of
the first amplification, except for an annealing temperature
of 55°C and an extension time of 1 min. Twenty amplification
cycles were performed. In control reactions, genomic DNA
that had not been subjected to the first round of PCR was
also amplified using the second PCR primers to exclude the
presence of residual nonintegrated vector DNA. As a loading
control, the same DNA samples were subjected to a PCR that
amplified a 610-bp region of human f-actin (5-GATCAT
GTTTGAGACCTTCA-3' and the reverse sequence 5-ACC
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TTGATCTTCATGGTGC-3'), with the following amplifica-
tion conditions: 95°C for 2min, then 30 cycles of 95°C for
30 sec, 65°C for 30sec, and 72°C for 1 min, followed by a final
extension at 72°C for 5min. Amplification products were
resolved on 1.5% agarose gel containing ethidium bromide
and detected by ultraviolet transillumination.

The copy number of the integrated form of the lentiviral
construct in each cell was determined by quantitative real-
time PCR (Q-PCR) with fgal-specific primers and probe,
designed using Primer Express software V. 1.0 (Applied
Biosystems, Foster City, CA). Primer and probe sequences
spanned a 91-bp region in the fgal-coding region, consisting
of the following sequences: forward primer, 5'-CTATCCC
GACCGCCTTACTG-3'; reverse primer, 5-GITTTCGCTCG
GGAAGACGTA-3; probe, 5-FAM-CAGCGGTCAAAA
CAG-TAMRA-3". Amplification was performed in a reaction
volume of 251 under the following conditions: 300ng of
high-molecular-weight genomic DNA, 1xTagman universal
PCR master mix (Applied Biosystems), 600 nM forward pri-
mer, 900nM reverse primer, and 100nM probe. Thermal
cycling conditions were 2min incubation at 50°C, 10 min at
95°C, followed by 40 cycles of successive incubation at 95°C
for 15sec and 60°C for 1 min. Standard curves were gener-
ated using serial dilutions of HL vector plasmid, pHL, from 5
to 50,000,000 copies in a background of 50,000 equivalents
(300ng) of untransduced genomic DNA from the chimeric
mouse liver. Duplicate samples were amplified in an ABI
Prism 7700 sequence detector with continuous fluorescence
monitoring. Data were collected and analyzed using 7700
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Sequence Detection System software v.1.6.3. (Applied Bio-
systems). The copy number per cell of integrated lentiviral
construct was calculated as the average copy number di-
vided by 50,000 cells (equivalent to 300ng genomic DNA).

Statistical analysis

The results are presented as mean +standard deviation.
Statistical significance of differences was calculated using
Student’s i-test, and a p-value of <0.01 was considered
significant.

Results
Design and production of the HL hybrid vector

The hybrid vector HL contains a complete set of HIV-
derived lentiviral packaging components incorporated into
an HDAAV (Fig. 1A), including (1) a multiple attenuated
packaging construct expressing gag-pol, rev, and the rev re-
sponse element sequence, (2) an envelope construct expres-
sing amphotropic (i.e., broad mammalian host range) env
from MLV strain 4070A, and (3) a minimal HIV-based LV
transfer vector encoding a fgal marker gene driven by a
methylation-resistant MLV promoter (MND promoter)
(Chen et al., 2002). As this transfer vector sequence contains a
LV packaging signal so that its mRNA will be encapsidated
by the coexpressed packaging and envelope components to
form LV virions, the fgal transgene will not only be ex-
pressed in cells directly infected by the HDAdV, but also
be transmitted to adjacent cells. The adenoviral backbone
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FIG.1. Outline of the high-capacity adenovirus/lentivirus hybrid vector (HL vector) system. (A) Schematic structure of the
HL vector. An HL vector is a helper-dependent adenoviral vector encoding expression cassettes for production of a lentiviral
vector (LV) based on human immunodeficiency virus 1 (HIV-1). The HL vector has two inverted terminal repeats (Ad-ITR)
and the packaging signal (Ad-pac) of human adenovirus type 5 and encodes four gene expression cassettes: (1) a self-
inactivating minimal LV that contains the central polypurine tract, the woodchuck hepatitis virus posttranscriptional reg-
ulatory element, and the p-galactosidase gene (fgal) driven by the methylation-resistant murine leukemia virus LTR
promoter (MND) (Robbins ef al., 1998; Chen et al., 2002) as a marker; (2) HIV-gag/pol/rev coding sequences driven by
cytomegalovirus (CMV) promoter; (3) the amphotropic murine leukemia virus envelope driven by the simian virus 40 early
promoter (SV40) for pseudotyping of the lentivirus; and (4) the enhanced green fluorescent protein (GFF) driven by phos-
phoglycerokinase (PGK) promoter as a marker of the adenoviral backbone. (B) Two-stage transduction with the HL vector.
The HL vector infects the initial target cells efficiently as an adenoviral vector and produces an LV in situ. The LV then infects
surrounding secondary target cells and integrates into chromosomes for stable gene expression.
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sequence also contains a GFP expression cassette unlinked
to the LV components; the GFP marker gene will not be
encapsidated into LV particles, thereby allowing specific
quantitation of initial transduction by HDAJYV itself. Thus, it
is possible to distinguish between untransduced cells [GFP
(=), Bgal(-)], cells transduced by HL first-stage HDAdV
only [GFP(+), fgal(+)], and cells transduced by HL second-
stage LV [GFP(-), fgal(+)] (Fig. 1B).

The first-stage HDAdV was propagated using the
FRT/FLPe helper system (Umana et al., 2001). The GFP titers
of purified HL vector preparations on 293 cells ranged from
4.1x10° to 1.8x10% TU/ml. Vector stocks contained less than
0.1% helper virus contamination, as determined by Southern
hybridization, using a probe for the adenoviral packaging
signal (data not shown).

Infection with HL first-stage HDAdV resulls
in production of functional second-stage LV

Following infection by the HL first-stage HDAdV vector
at various MOIs, cell-free conditioned media from various
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human cell lines, including Gli36 (glioma), HeLa (cervical
adenocarcinoma), and Hep3B and HepG2 (both hepatocel-
lular carcinoma), were inoculated into fresh 293 cell cultures
and tested for their ability to mediate secondary transmission
of fgal expression. For all primary target cell lines tested,
increasing MOI during first-stage HDAdV transduction
correlated with increasing fgal transmission to secondary
target cells (Fig. 2A). Further, fgal expression in secondary
target cells was markedly suppressed by the reverse tran-
scriptase inhibitor AZT, indicating that the observed trans-
mission was indeed mediated by second-stage LV and was
not due to carry-over of the first-stage HDAdV or pseudo-
transduction by overexpressed fgal protein (Fig. 2B). Of the
cell lines tested, Gli36 and Hep3B produced the highest titers
of LV (1.0x10* and 5.1x10' TU/ml, respectively, at
MOI =100) (Fig. 2A), which also correlated with high levels
of p24 production (236 and 316 ng/ml, respectively). Primary
human hepatocytes also produced LV at titers of 6.0x10",
1.0x10°% and 1.2x10* TU/ml upon infection with 1, 10, and
10041 of HL vector (4.0x10® TU/ml), respectively. Taken
together, these findings indicate that the HL hybrid vector is

Titer (TU/ml)
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FIG. 2. Production of LV via HL vector system. (A) Production of LV in a variety of cell types after HL infection. Various
cell lines indicated in the figure were infected with HL at multiplicity of infections (MQOlIs) of 1, 10, or 100. After 48 hr, viral
supernatant was collected and titrated on 293 cells for figal expression. (B) Production of LV following HL vector infection.
Hep3B cells were infected with the HL vector at MOls of 0.1, 1, 10, or 100. After 48 hr, viral supernatant was collected and
titrated on 293 cells for fgal expression in the presence or absence of zidovudine (AZT, 5 uM). Data shown are average titers
and standard deviations from the experiment performed in triplicate. Effect of AZT on titers was determined by Student’s
t-test (**p < 0.05, *p < 0.01). (C) Time course of lentiviral production from Hep3B cells infected with the HL vector. Hep3B cells
were infected with HL at an MOI of 10 and monitored for up to 6 days. At different time points indicated in the figure, the
medium was replaced, and the viral supernatant was titrated for fgal expression on 293 cells.
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capable of directing the production of infectious LV particles
from a variety of cell types, and that the LV yield is depen-
dent upon the MOI and the target cell type.

To determine how long cells can produce LV after being
infected with the HL first-stage HDAAV vector, a time-course
experiment was performed. After infection of Hep3B cells
with the HL first-stage HDAdV vector at an MOI of 10, the
culture medium was harvested and replaced with fresh me-
dium every day. The LV fiters of the conditioned media har-
vested daily were measured on secondary target cells and
were found to increase, reaching a peak level by day 3 post-
HDAJV infection (1.3x10* TU/ml; Fig. 2C). Thereafter, HL-
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FIG. 3. Spread of LV-transduced cells and persistent gene
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infected human cells continued to sustain LV production for
several days (postinfection day 6 titer =2.0x 10® TU/ml).

In vitro persistence of second-stage LV-transduced
cells following HL first-stage HDAdV infection

The spread of lentivirus in long-term cultures of HL-
infected cells was examined by maintaining infected Hep3B
in culture (Fig. 3A). As expected, GFP expression from the
adenovirus backbone significantly decreased over time be-
cause of ongoing cell division-mediated dilution of HDAdV
episomes in the culture. The percentage of GFP-positive cells
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Overlay

expression following HL vector infection. (A) Transduction

efficiencies of HL hybrid vector-infected cells. Hep3B cells (2x10°) infected with the HL vector at an MOI of 10 were
incubated overnight, and the cells were split the following day and cultivated in the presence (blue circle) or absence (red
triangle) of AZT on a 10-cm dish. The control samples infected with an LV GFP (brown square) or an Ad GEP (green
diamond) are also shown. The cells were passaged at a ratio of 1:20 every week, and expressions of GFP and fgal were
examined. Data are representative of three independent experiments, all yielding similar results. (B) Persistent gene ex-
pression achieved via HL hybrid vector system in transformed human hepatocytes in vitro. Hep3B cells were infected with
FIL vector at an MOI of 10. The cells were passaged at a ratio of 1:20 every week. Expressions of GFP and fgal were analyzed
by immunofluorescence staining using anti-GFP and anti-fgal antibody at the indicated time points after HL infection.
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quickly decreased from >90% to <2% within 2 weeks post-
infection in the HL-infected cells (HL and HL + AZT) as well
as in cells infected with control Ad GFP. Initially, a parallel
decrease in fgal-positive cells was observed. However,
25% of the HL-infected cells (HL) remained fgal positive at
4 weeks postinfection, whereas those in the HL-infected/
AZT-treated cells (HL + AZT) were <2% fgal positive within
2 weeks postinfection. Persistent figal expression in the HL-
infected cells (HL) was also confirmed by IF staining (Fig. 3B).
Southern hybridization of high-molecular-weight genomic
DNA extracted from the cells at week 4 confirmed LV proviral
integration and a direct correlation between fgal expression
and the copy number of the integrated fgal transgenes (data
not shown). This also demonstrates that persistent fgal ex-
pression in the HL-infected cells is mediated by stable trans-
duction with the HL second-stage LV vector.

In vivo persistence of second-stage LV-transduced
cells in humanized liver following intravenous
administration of HL first-stage HDAdV

In vivo testing of the HL vector system requires a model
that is permissive for assembly of human lentivirus. We em-
ployed a unique humanized model in which endogenous
murine hepatocytes are extensively replaced with human
hepatocytes. The replacement indices, calculated as the fre-
quency of human-specific CK8/18-positive regions relative to
that of the entire examined area in the mouse liver (Tateno
et al.,, 2004), ranged from 63.7% to 86.6% (Fig. 4A). This model
was found to be efficiently transduced by control HDAdV
(HDAZ28E4LacZ) (Palmer and Ng, 2003) (data not shown), and
so chimeric uPA/SCID mice with highly humanized livers
were intravenously injected with the HL first-stage HDAdV
vector.

First, GFP expression from the adenoviral backbone of the
HL first-stage HDAdAV in liver tissue was analyzed by flow
cytometry. The results showed 7.64% +1.33% GFP-positive
cells at 4 days postinfection and 0.21% +0.07% GFP-
positive cells at 4 weeks postinfection. This reduction in
GFP-positive hepatocytes was also confirmed by IF (Fig. 4B)
and IHC (Fig. 4C).

On the other hand, fgal expression persisted for at least
4 weeks postinfection as shown by IF studies (Fig. 4D) and
X-gal tissue staining (Fig. 4E). Quantitation by image analysis
revealed that the percentage of figal-positive cells increased
from 16.21%+3.70% at 4 days, to 28.40 +£4.92% at 4 weeks
postinfection (p =0.0074). The persistence of fgal expression
suggested that stable integration by the second-stage LV
might have occurred. To demonstrate integration of second-
stage LV in human hepatocyte genomic DNA in vivo, nested
Alu-lentivirus PCR was performed (Nguyen et al., 2002;
Serafini et al., 2004). In this assay, the first round of PCR was
performed using a sense primer specific for human Alu se-
quences and another primer specific for the lentiviral 5 non-
coding region as the antisense primer (Alu-s and 5NC2-as,
respectively; Fig. 5A). As LV vectors randomly integrate at
multiple sites and repetitive Alu sequences are scattered
throughout the human genome, the first reaction gener-
ated products with variable sizes (Fig. 5B, PCR1). The second
round of PCR, using nested primers within the viral LTR
and the viral primer binding site, respectively (“"LLTR9-s” sense
and “U5 PBS-as” antisense primers, as depicted in Fig. 5A),
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generated the expected 140-bp product from transduced liver
tissues, but not from untransduced control liver (Fig. 5B,
PCR1 +PCR2). Genomic DNA from transduced cells sub-
jected only to second-round PCR amplification did not yield
any signal, validating the inability of the nested primers alone
to amplify any residual episomal LV sequences and con-
firming the requirement for first-round amplification with
the Alu-lentivirus primers to detect integrated proviruses
(Fig. 5B, PCR2). Although this is not a quantitative assay,
taken together these results do demonstrate integration of the
lentiviral sequences into the genome of human hepatocytes
in vivo.

For further quantitative assessment of the percentage of
cells expressing figal from the lentivirus vector component,
Q-PCR was again performed, this time using high-molecular-
weight genomic DNA from each of liver tissues as the tem-
plate and with primers and probe specific for the fgal gene.
The Q-PCR results demonstrated that the percentage of
Bgal-positive cells was 13.8-56.6% at 4 weeks postinfec-
tion, correlating with the data obtained by Xgal staining
(28.40% +4.92%) (Fig. 4E). These results indicate that in situ
production and spread of second-stage LV had occurred in
the humanized livers of chimeric mice following systemic
administration of the HL first-stage HDAdV, and taken to-
gether with the above finding that the first-stage HDAdV was
undetectable at 4 weeks postinfection, it is likely that fgal
expression at a later time point is derived almost entirely from
the second-stage LV.

To assess any potential vector-related hepatotoxicity, se-
rum AST levels were measured and compared between HL
vector-injected and control PBS-injected mice. It should be
noted that the levels of serum liver enzymes in the uPA /SICD-
based chimeric mouse model are generally high because of
the ongoing hepatic expression of uPA, which mediates
progressive destruction of murine hepatocytes and thereby
allows gradual engraftment of human hepatocytes. Notably,
however, there was no significant difference in the serum AST
levels between HL-injected mice (272.54-154.5 U/1) and PBS-
treated group (453.0 £ 79.3U/1) (p =0.1546). Consistent with
these findings, liver histology showed no significant differ-
ence between PBS- and HL vector-treated livers. Taken to-
gether with the serum AST levels, this indicates that the HL,
vector does not cause significant liver toxicity. In addition, as
noted earlier, serum levels of human albumin remained at
high values (>5mg/ml) throughout these experiments, and
replacement indices remained at high levels, ranging from
63.7% to 86.6% (Fig. 4A), further indicating that the HL vector
does not show any selective toxicity that would alter the
proportion of human hepatocytes.

Discussion

The liver has a variety of characteristics that make it a
significant target for gene therapy (Ferry and Heard, 1998). As
the liver is the site of essential metabolic pathways, it is in-
volved in many inborn metabolic diseases. Moreover, because
of its highly vascularized architecture and position as a portal
to blood circulation, the liver can serve as a secretory organ for
the systemic delivery of therapeutic proteins. Because of the
fenestrated structure of its endothelium, the liver parenchyma
is readily accessible to large molecules such as DNA or
recombinant viruses via the blood stream. AdVs accumulate
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FIG. 4. In vivo transduction in humanized liver of the chimeric mice via HL hybrid vector system. The mice were injected
with HL vector or phosphate-buffered saline (PBS) buffer. At indicated time points following HL infection, liver tissue was
analyzed for GFP and fgal expression as follows: (A) Human CK8/18 immunostaining to determine replacement index of the
mouse liver with human hepatocytes (human hepatocytes appear brown). Original magnification: 10x. (B) Immuno-
fluorescence stain for GFP. Original magnification: 200x. (C) Immunohistochemical stain for GFP. Original magnification:
200%. (D) Immunofluorescence staining for Bgal. Original magnification:x200. (E) X-gal staining. Original magnifica-
tion: x 100. Representative sections of each stain are shown.
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FIG. 5. Detection of integrated second-stage LV in liver
tissue from chimeric mice after HL vector administration. (A)
Design of nested polymerase chain reaction (PCR) analysis to
amplify sequences spanning adjacent Alu repeats in the hu-
man genome (Alu-s and 5NC2-as) and the integrated lenti-
viral LTR (LTR9-s and U5PBS-as) (Nguyen et al, 2002;
Serafini et al., 2004). (B) Result of nested PCR analysis: PCR1
and PCR2 correspond to the first and second rounds of
nested PCR, respectively. M, 1-kb molecular mass size ladder
(Invitrogen); lane 1, PBS-treated; lane 2, HL-infected, 4 days
postinfection; lane 3, HL-infected, 4 weeks postinfection; lane
4, no DNA template. The 121-bp final amplification product
is indicated. A 500-bp region of the human f-actin gene was
amplified from the same samples as an internal control.

in the liver when injected intravenously (Kass-Eisler et al.,
1994; Huard et al.,, 1995; Kubo et al., 1997) and can achieve
efficient hepatic gene delivery in vivo (Li et al.,, 1993). The
newer HDAdV system evades immune responses against
transduced cells, thereby achieving long-term expression in
the liver (Kim et al., 2001; Oka et al., 2001). However, HDAdV
vectors still cannot overcome the limited duration of expres-
sion due to dilution of viral DNA as cells start to divide, a
situation exacerbated if corrected hepatocytes have a selective
growth advantage (Overturf et al., 1996; De Vree et al., 2000).
Thus, the use of integrating vectors such as oncoretroviruses
and lentiviruses has also been pursued.

However, hepatocytes are usually arrested in the Gy phase
of the cell cycle (Ferry and Heard, 1998), and the in vivo
transduction efficiency of oncoretrovirus vectors is extremely
low unless cell division is stimulated by growth factors or
partial hepatectomy (Bosch et al., 1996; Patijn et al., 1998). In
fact, the transduction efficiency of oncoretroviral vectors in
the present uPA/SCID humanized liver model is only about
5% (Emoto et al., 2005). Even though cellular mitosis is not
absolutely required for lentiviral transduction, it has been
reported that hepatocytes may be refractory even to lentiviral
transduction unless they progress into the cell cycle (Parket al.,
2000), and certainly lentiviruses are incapable of efficiently
transducing cells in Gy phase, presumably because of lack of
sufficient free nucleotide pools to support reverse transcrip-
tion (Naldini et al., 1996; Korin and Zack, 1998). As AdVs can
readily infect nondividing cells (Benihoud et al.,, 1999), it is
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quite advantageous to employ HDAdV as an efficient first-
stage delivery vehicle for initial transient transduction of
hepatocytes in vivo.

As the uPA/SCID chimeric mice are immunodeficient
(Tateno et al., 2004) and our hybrid vector is based on the
HDAdV system which itself exhibits low immunogenicity
(Kim et al., 2001; Oka et al., 2001), it might be anticipated that
the HDAdAV vector backbone would persist for an extended
period of time in the engrafted human hepatocytes. Instead,
expression of GFP in the humanized livers decreased sig-
nificantly within 4 weeks after HL infection. It is possible
that the toxic effects of HL-derived protein products (HIV-
associated proteins and marker gene products) in the trans-
duced cells might contribute to the activation of cell cycling
in the liver; however, serum AST levels and liver histology of
vector-injected animals were not significantly different from
those of controls. In any case, loss of the HL-adenoviral
episome would actually be advantageous to shutdown fur-
ther production of the second-stage LV. To increase safety, a
regulatable expression system could also be introduced into
the hybrid vector to regulate LV production as reported
previously (Kubo and Mitani, 2003).

Second-stage LV production in situ following HL vector-
mediated hepatic gene transfer was assessed in vivo using
chimeric mice in which the replacement indices indicated
that the livers were almost completely repopulated with
human hepatocytes. These chimeric mice have previously
been shown to be a useful model for assessing the functions
and pharmacological responses of human hepatocytes
(Tateno et al.,, 2004), but had never been previously employed
in the evaluation of gene transfer efficiency with viral vectors.

In this humanized liver model, we observed persistent fgal
expression associated with detection of integrated lentivirus
sequences, despite a progressive decrease in GFP expression,
suggesting that successful in situ production of LV had been
achieved in HL-infected human hepatocytes. As noted earlier,
stimulation of hepatocellular cycling after first-stage HDAdV
infection might have accelerated the loss of adenoviral epi-
somes, but may also have helped to enhance second-stage
LV-mediated transduction of adjacent cells. As endogenous
expression of the amphotropic envelope generally results in
sequestration of the viral receptor and resistance to superin-
fection, it seems unlikely that cells initially transduced by the
first-stage HDAAV would be reinfected with the second-stage
LV. Genomic integration of the second-stage lentivirus vec-
tor was confirmed by PCR using human Alu and HIV LTR-
specific primers. These data provide proof-of-principle for the
use of the HL hybrid vector system to transduce liver paren-
chyma in vive and for the use of the uPA/SCID mice as a
model for gene delivery to human hepatocytes.
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MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression through imperfect base
pairing with the 3’ untranslated region (3'UTR) of target mRNA. We studied the regulation of alpha 1
(I) collagen (Col1A1) expression by miRNAs in human stellate cells, which are involved in liver fibrogen-
esis. Among miR-29b, -143, and -218, whose expressions were altered in response to transforming

Keywords: growth factor-p1 or interferon-o stimulation, miR-29b was the most effective suppressor of type I colla-
Liver fibrosis gen at the mRNA and protein level via its direct binding to Col1A1 3'UTR. miR-29b also had an effect on
'Sl'(P:L-p SP1 expression. These results suggested that miR-29b is involved in the regulation of type I collagen
Interferon expression by interferon-o in hepatic stellate cells. It is anticipated that miR-29b will be used for the reg-
TargetScan ulation of stellate cell activation and lead to antifibrotic therapy.

© 2009 Elsevier Inc. All rights reserved.
Introduction MicroRNAs (miRNAs) are endogenous small noncoding RNAs

Hepatic stellate cells, which reside in the Disse’s space outside
the liver sinusoids, maintain a quiescent phenotype and store vita-
min A under physiological conditions [1,2]. When liver injury oc-
curs due to alcohol abuse, hepatitis viral infection, or obesity,
stellate cells activate in response to inflammatory stimuli and be-
come myofibroblastic cells that express smooth muscle o-actin
as a representative marker [2]. Myofibroblastic cells secrete pro-
fibrogenic mediators, such as transforming growth factor-g (TGF-
B), connective tissue growth factor, and tissue inhibitor of matrix
metalloproteinases, and generate extracellular matrix materials
including collagens, fibronectin, and laminin; thus, they play a piv-
otal role in liver fibrogenesis [3]. In particular, collagen production
by activated stellate cells is regulated by TGF-B in an autocrine
loop, which is accompanied by the induction of TGF-B receptors
[4]. Suppression of hepatic stellate cell activation and collagen
expression is thus a critical issue to establish therapeutic strategies
for human liver fibrosis [1,5].

Abbreviations: Col1A1, alpha 1 (I) collagen; DMEM, Dulbecco’s modified Eagle’s
medium; FBS, fetal bovine serum; IFN, interferon; miRNAs, microRNAs; TGF-B,
transforming growth factor-g; UTR, untranslated region.
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that modulate gene expression through imperfect base pairing
with the 3’ untranslated region (UTR) of target mRNA, resulting
in the inhibition of translation or the promotion of mRNA degrada-
tion [6,7]. miRNAs play roles in cell proliferation [8], development
[9], and differentiation [10], and their contribution to human dis-
eases such as cancer, cardiomyopathies, and schizophrenia have
been reported [11-13]. miR-122 is also involved in the defense sys-
tem against viral hepatitis C with regard to interferon (IFN)-p ther-
apy [14], and miR-26 expression status is associated with survival
and response to adjuvant IFNa therapy in patients with hepatocel-
lular carcinoma [15]. Some miRNAs are involved in liver develop-
ment and hepatocyte lipid metabolism [16-18].

Recent studies have shown that miRNAs are additionally in-
volved in the alteration of hepatic stellate cell phenotypes; down-
regulation of miR-27a and -27b allows culture-activated rat
stellate cells to return to a quiescent phenotype with abundant
vitamin A storage and decreased cell proliferation [19]; miR-15b
and -16, which target the Bcl-2 and caspase signaling pathways,
may affect stellate cell activation and liver fibrosis [20]. However,
the function of miRNAs in hepatic stellate cell activation and their
collagen production is largely unknown.

Here, we show that miR-29b, which is induced in human stel-
late cells (LX-2) treated with IFNa, is a potential regulator of type
I collagen mRNA and protein expression. Although the primary ac-
tion of IFNs is to eradicate viruses, i.e., hepatitis B and C viruses in
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the case of the liver, IFNs also exhibit an antifibrotic action in hu-
man chronic hepatitis [21,22] and rodent liver fibrosis models [23].
Our data suggest that miR-29b may be a novel regulator of type I
collagen expression in addition to its involvement in the well-
known Smad cascade. Moreover, miR-29b upregulation may play
a partial role in the antifibrotic action of IFNs.

Materials and methods

Materials. Recombinant human TGF-B1 was purchased from
PeproTech (London, UK). Human natural IFNo was obtained from
Otsuka Pharmaceutical Co. (Tokushima, Japan). Precursors of
miR-29b, -143, and -218, and the negative control were purchased
from Ambion (Austin, TX, USA). Dulbecco’s modified Eagle’s med-
ium (DMEM) and fetal bovine serum (FBS) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Rabbit monoclonal anti-
bodies against Smad2 and phospho-Smad2 were purchased from
Cell Signaling Technology Inc. (Beverly, MA, USA). The mouse
monoclonal antibody against SP1 was purchased from Bio Matrix
Research Inc. (Chiba, Japan). Rabbit polyclonal antibody against
type I collagen was purchased from Rockland Immunochemicals,
Inc. (Gilbertsville, PA, USA). Mouse monoclonal antibody against
GAPDH was purchased from Chemicon International Inc. (Temecu-
la, CA, USA). Enhanced Chemiluminescence plus detection reagent
was purchased from GE Healthcare (Buckinghamshire, UK). Immo-
bilon P membranes were purchased from Millipore Corp. (Bedford,
MA, USA). All other reagents were purchased from Sigma Chemical
Co. or Wako Pure Chemical Co. (Osaka, Japan).

Preparation of the human hepatic stellate cell line LX-2. The hu-
man hepatic stellate cell line (LX-2, donated by Dr. Scott Fried-
man), which was spontaneously immortalized by growth in low
serum, was established as reported previously [24]. Characteriza-
tions of the cells are described in detail elsewhere. The cells were
maintained on plastic culture plates in DMEM supplemented with
10% FBS. After the culture had continued for the indicated number
of days, the medium was replaced with DMEM supplemented with
0.1% FBS plus test agents, and the culture was continued for an-
other 24 h.

Quantitative real-time PCR. Total RNA was extracted from human
stellate cells using the miRNeasy Mini Kit (Qiagen, Valencia, CA,
USA). cDNAs were synthesized using 0.5 pg of total RNA, ReverTra
Ace (Toyobo, Osaka, Japan), and oligo(dT);2-1s primers according to
the manufacturer’s instructions [25]. Gene expression was mea-
sured by real-time PCR using cDNA, real-time PCR Master Mix Re-
agents (Toyobo), and a set of gene-specific oligonucleotide primers
(alpha 1 (I) collagen [Col1A1]: Forward 5'-CCCGGGTTTCAGAGACA
ACTTC-3', Reverse 5-TCCACATGCTTTATTCCAGCAATC-3’; TGF-p1:
Forward 5-AGCGACTCGCCAGAGTGGTTA-3', Reverse 5-GCAGTG
TGTTATCCCTGCTGTCA-3’; SP1: Forward 5'-TCGGATGAGCTACA
GAGGCACAA-3’, Reverse 5-GTCACTCCTCATGAAGCGCTTAGG-3';
and GAPDH: Forward 5-GCACCGTCAAGGCTGAGAAC-3', Reverse
5'-TGGTGAAGACGCCAGTGGA-3') with an Applied Biosystems
Prism 7500 (Applied Biosystems, Foster City, CA, USA). To detect
miRNA expression, the RT reaction was performed using the Taq-
Man MicroRNA Assay (Applied Biosystems) according to the man-
ufacturer’s instructions. The GAPDH level was measured and used
to normalize the relative abundance of mRNAs and miRNAs.

Immunoblot. Proteins (20-50 pg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred onto Immobilon P membranes. After blocking, the
membranes were treated with primary antibodies, followed by
peroxidase-conjugated secondary antibodies. Immunoreactive
bands were visualized by the enhanced chemiluminescence sys-
tem using the Fujifilm Image Reader LAS-3000 (Fuji Medical Sys-
tems, Stamford, CT, USA).

Transient transfection of miRNA precursors. Precursors of miR-
29b, -143, and -218, and the negative control were transfected into
human stellate cells using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) at a final concentration of 50 nM. Briefly, the cells
were plated in DMEM supplemented with 10% FBS at a density of
1-2 x 105 cells/ml 24 h prior to the transfection. miRNA precursors
and Lipofectamine 2000 were mixed at a ratio of 25 (pmol):1 (pl)
in Opti-MEM [ Reduced Medium (Invitrogen) and incubated for
20-30 min at room temperature. The miRNA precursor-Lipofect-
amine 2000 complexes were then added to stellate cell culture
medium. After 6 h, the culture medium was changed, and TGF-$1
was added at a concentration of 2 ng/ml.

Luciferase reporter assay. 3'UTRs containing putative miRNA tar-
get regions of the Col1A1 and SP1 genes were obtained by PCR
using human stellate cell cDNA as a template and primer sets as
follows: Col1A1-miR-29: Forward 5-TTCTCGAGGTTICTTGTCTTG
ATGTGTCACC-3’, Reverse 5-TTTCTAGAGAGAGCAGAGGCCTGAGA
AG-3'; Col1A1-miR-143: Forward 5-CTCGAGACTCCCTCCATCCCAA
CCT-3’, Reverse 5'-TCTAGAATTGCTGGGCAGACAATAC-3'; Col1A1-
miR-218: Forward 5'-CTCGAGGTGGATGGGGACTTGTGAAT-3’, Re-
verse 5'-TCTAGATTATGTTTGGGTCATTTCCAC-3’; SP1-miR-29: For-
ward 5-TTCTCGAGTGGGTGCTACACAGAATGC-3', Reverse 5'-TTTC
TAGAAGACTGTCCTTATTTCCTTGGTA-3’; and SP1-miR-218: For-
ward 5-CTCGAGGATGTTTTCCCTTAACTTTTCCT-3’, Reverse 5-TCT
AGACTAAAAGCTTATATCCTCAGCATC-3'. Each of the forward and
reverse primers carried the Xhol and Xbal sites at their 5’-ends.
The obtained DNA fragments were inserted into the pmirGLO
Vector (Promega, San Luis Obispo, CA, USA). The resulting vectors
were dubbed pCol1A1-miR-29/mirGLO, pCol1A1-miR-143/mir-
GLO, pCol1A1-miR-218/mirGLO, pSP1-miR-29/mirGLO, and
pSP1-miR-218/mirGLO. Human stellate cells were seeded on 96-
well plates (Microtest 96-well Assay Plate; Becton Dickinson,
Franklin Lakes, NJ, USA) in DMEM supplemented with 10% FBS at a
density of 2 x 10* cells/well. The following day, they were transfec-
ted with 200 ng of reporter plasmid along with miRNA precursors
using Lipofectamine 2000 as described above and incubated for an
additional 24 h. After incubation, the medium was removed from
the wells, and 20 pl of phosphate-buffered saline was added. The
Dual-Glo Luciferase Assay System (Promega) was used to analyze
luciferase expression according to the manufacturer’s protocol. Fire-
fly luciferase activity was normalized to Renilla luciferase activity to
adjust for variations in transfection efficiency among experiments.

Statistical analysis. Data presented as bar graphs are the
means * SD of at least three independent experiments. Statistical
analysis was performed using Student’s t-test, and P<0.05 was
considered significant.

Results and discussion

Regulation of Col1A1 expression by TGF-B1 and IFNw in human stellate
cells

Immortalized human stellate cells, LX-2, are classified as an
activated phenotype that expresses mRNAs for Col1A1 and other
fibrogenetic molecules and are reported to be highly gene-trans-
fectable [24]. At first, we observed that Col1A1 mRNA expression
increased dose-dependently by TGF-B1 (Fig. 1A), whereas this
upregulation was significantly inhibited by the presence of
100 IU/ml of human IFNa (Fig. 1B).

Extraction of miR-29b, -143, and -218 as candidates interacting with
Col1A1 3'UTR

To determine the role of miRNAs in human stellate cell collagen
expression, we searched for predictable miRNAs that could interact



