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Induction of replication may potentiate in vivo gene therapy, as some viral vectors only transduce
dividing cells. Hepatocyte growth factor (HGF) increases the percentage of replicating hepatocytes
to 18-fold that in normal rats, and lipopolysaccharide (LPS) modestly potentiates this effect. In this
study, the effect of iv HGF upon replication in other organs was determined. HGF at 10 mg/kg
resulted in replication that was <3-fold that of normal rats in alveolar and proximal renal tubular
cells. HGF alone had no effect upon replication of epithelial cells from the bronchi, thyroid,
pancreas, or colon or upon cells from the muscle, pancreatic islets, spleen, blood vessels, or thymus.
HGF and LPS at 5 mg/kg resulted in replication that was 9-fold that of normal rats in alveolar cells,
25-fold in bronchial epithelial cells, 4-fold in thyroid epithelial cells, 1.5-fold in the red pulp of the
spleen, and 2-fold in colonic epithelial cells. The synergistic effect may be due to the fact that LPS
upregulated the HGF receptor c-met in thyroid, spleen, and colon. We conclude that iv adminis-
tration of HGF alone is relatively specific for inducing hepatocyte replication and would allow
selective gene transfer into the liver.
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INTRODUCTION

Hepatocyte growth factor (HGF) is a 90-kDa het-
erodimeric protein that binds to the c-met receptor on the
surface of cells and induces mitogenesis, morphogenesis,
and/or motogenesis (1). Although initially isolated as a
factor that induces replication of hepatocytes, HGF can
also induce replication of a variety of other cell types. It is
identical to scatter factor, which was isolated by virtue of
its ability to cause Madin–Darby canine kidney (MDCK)
cells to disaggregate or scatter. In addition, HGF can in-
duce tubule formation in endothelial cells in culture. The
signaling pathways responsible for these effects include
the activation of p21-Ras and its downstream mediator
extracellular signal-regulated kinase [ERK; also known as
mitogen-activated protein kinase (MAPK)], phosphatidyl-
inositol 3 kinase (PI3K), phospholipase C g (PLC-g), and

p60c-src (2–4).
We have been using HGF in rats to induce replication of

1 To whom correspondence and reprint requests should be addressed
at Department of Internal Medicine, 660 South Euclid Avenue, Box
8125, St. Louis, MO 63110. Fax: (314)-362-8813. E-mail: kponder@
im.wustl.edu.
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hepatocytes in order to facilitate gene therapy with retro-
viral vectors that only transduce dividing cells. Multiple
doses of HGF given over a 24-h period for a cumulative
dose of 10 mg/kg induced replication in 11.1% of hepa-
tocytes at 24–33 h after the first dose of HGF, and 8% of
cells at 33–42 h (5). Furthermore, administration of a low
and overtly nontoxic dose (5 mg/kg) of lipopolysaccha-
ride (LPS) in addition to this dose of HGF increased the
percentage of replicating hepatocytes to 18.4% at 33–42
h, although it had no effect upon replication at 24–33 h.
The potentiating effect of LPS was even more apparent
when a 10-fold lower of dose of HGF was used, as LPS
increased replication at 33–42 h from 2.1 to 9.0%. The
latter finding was consistent with another study in which
tumor necrosis factor a (TNFa) or LPS potentiated the
effect of low dose HGF upon replication of hepatocytes in
rats by 4-fold (6).

In this study, the effect of systemic HGF with or with-
out LPS upon replication of cells in other organs was
examined for two reasons. First, we are interested in any
possible adverse effects upon other organs that might
occur when HGF is being used to facilitate hepatocyte
transduction, such as replication and transduction of
other cell types. Second, iv HGF might be used to induce
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enoviral vector Ad.CMV.HGF (36) and purified over a heparin Sepharose
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regeneration and/or gene transfer in other organs that
respond to HGF in vivo. Cell types in addition to the
hepatocyte (7) that have been reported to replicate in
response to HGF in culture and/or in vivo include alveolar
cells (8–11), bronchial epithelial cells (11, 12), proximal
tubular cells (13–18) and glomerular cells of the kidney
(19, 20), intestinal epithelial cells (21, 22), thyroid epithe-
lial cells (23–25), pancreatic epithelial (26, 27) and endo-
crine (28, 29) cells, skeletal muscle cells (30–33), mono-
cytes (34), and endothelial cells (35). In most cases, the
effect of HGF has not been determined in vivo, or HGF was
only administered locally due to the limited availability of
HGF. We therefore tested the effect of HGF upon replica-
tion of other cell types after iv administration. We find
that HGF alone has no or only a modest effect upon
replication in organs other than the liver, and that this
would likely result in selective gene transfer into the liver
when using a viral vector that only transduces replicating
cells. LPS potentiated the effect of HGF upon inducing
replication in the lung, colon, thyroid, and spleen. HGF
in combination with LPS, or possibly some downstream
mediators of the acute phase response, might be used to
augment gene transfer into other organs.

MATERIALS AND METHODS

Purification of HGF protein. Human HGF was produced by 293-N3S cells
(Microbix Biosystems, Toronto, Ontario) that were infected with the ad-

FIG. 1. Schematic diagram of the injection regimen for HGF, LPS, or both,
and the method for BrdU labeling. (A) Injection regimen. For rats that received
HGF alone, HGF was injected iv every 3 h at 1.25 mg/kg/dose beginning at
time 5 0 h, and was continued every 3 h for a total of 8 doses. The cumulative
dose of HGF was 10 mg/kg, and PBS was injected at 21 h. For rats that
received LPS alone, LPS was injected ip at 21 h and PBS was injected at other
times. For rats that received HGF and LPS, LPS was injected at 21 h, and HGF
was injected every 3 h at 0 to 21 h. (B) BrdU labeling protocol. For determi-
nation of the percentage of cells that replicated between 24 and 33 h, 100
mg/kg of BrdU was injected at 24, 27, and 30 h, and the animal was sacrificed
at 33 h. Frozen sections were analyzed for the percentage of replicating cells
with anti-BrdU immunostaining. A similar strategy was used to determine the
percentage of cells that replicated at 33–42 h or 42–51 h after the first dose of
HGF.
MOLECULAR THERAPY Vol. 3, No. 4, April 2001
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CL-6B column (Pharmacia, Uppsala, Sweden) followed by an SP-Sepharose
(Pharmacia) column, as described previously (5). The HGF protein level
was determined by ELISA, and the bioactivity was determined by scatter
assay of MDCK cells as described (5). HGF standards were obtained from
Becton–Dickinson Labware (Bedford, MA). There was good correlation
between the HGF protein levels and the bioactivity.

Animal procedures. All animals received humane care according to the
criteria outlined in The Guide for Care and Use of Laboratory Animals. Male
prague–Dawley rats (Harlan Sprague–Dawley, Indianapolis IN) weighing
20 to 260 gm were anesthetized with metofane (Mallinckrodt Veterinary,
nc., Mundelein, IL), and HGF (1.25 mg/kg in ;1 ml per dose) was injected
nto the penile vein with a 30-gauge needle as previously described (5). LPS
rom Escherichia coli serotype 0111:B4 (Sigma Chemical, St. Louis, MO) was
iluted in pyrogen-free normal saline and injected ip at 5 mg/kg. For
etermination of the labeling index, 3 doses of 100 mg/kg of 5-bromo-29-
eoxyuridine (BrdU) per dose were injected ip every 3 h, the animal was
acrificed 3 h after the last dose, and the organs were frozen in optimal
utting temperature (OCT) compound (Bayer Corp., Mishiwaka IN). Lungs
ere injected with a solution containing 50% PBS:50% OCT prior to
arvest.

BrdU immunostaining and quantitation of the labeling index. BrdU immu-
ostaining was performed on 8-mm frozen sections of organs. Either a goat
nti-BrdU antibody generously provided by Steve Cohn (37) or a commer-
ially available sheep anti-BrdU antibody (Catalog No. PAB105, Maine
iotechnology Services, Inc., Portland ME, dilution 1:400) was used as
escribed in detail (38). Slides were incubated with a horse-radish perox-

dase (HRP)-coupled anti-goat/sheep IgG at a 1:200 dilution, and the
rown color developed with 3,39-diaminobenzidine.
For all organs, the labeling index was determined by counting the total

umber of BrdU-labeled cells of a particular phenotype and dividing by
he total number of cells of that phenotype, as determined by hematoxylin
nd eosin (H & E) staining. For most cell types, 20 different randomly
hosen high-power (403) fields were evaluated. Alveolar cells were iden-
ified with the help of a pathologist by their presence at the surface of the
lveolus. Bronchial epithelial cells were identified by their presence within
circular structure in which the nuclei were aligned in a columnar epi-

helium, and all bronchi from one or more sections were evaluated. For the
arge intestine, only cells within the epithelium of the crypt were evalu-
ted, and analysis was limited to crypts that extended from the base to the
umen of the colon and contained nuclei that lined up well throughout
39). In addition, the height of the crypt from the base of the epithelium
o the luminal surface was determined with a micrometer. In the kidney,
roximal tubular cells were identified by their presence within a circular
tructure within a region of the slide that contained an adjacent glomer-
lus (16). In the thyroid and pancreas, epithelial cells were similarly

dentified by their presence within a circular structure. For pancreatic
slets, the number of labeled cells was divided by the total number of cells
n each islet. In the spleen, the red and the white pulp were identified by

& E staining, and the percentage of replicating cells within each region
as determined separately. In the thymus, the medulla and the cortex
ere identified by H & E staining, and the percentage of replicating cells in

ach region was determined separately. In the skeletal and cardiac muscle,
ll nuclei within the body of the muscle were evaluated.

Immunoblot for c-met. Organs were homogenized with 400 ml of RIPA
uffer (1% NP-40, 0.1% SDS, 0.5% deoxycholic acid, with 0.5 mM PMSF,
nd 2 mg per milliliter each of aprotinin, antipain, and leupeptin (40)] per
00 mg of tissue and centrifuged at 4°C in a microfuge at 13,000g for 20
in. The protein concentration in the supernatant was determined by

radford assay. Samples were electrophoresed on an 8% reducing SDS–
AGE gel using 50 mg per sample for spleen and liver, 100 mg for thyroid,
nd 75 mg for large intestine. The gel was transferred to an Immobilon-P
embrane from Millipore Corp. (Bedford MA), and incubated with block-

ng buffer (TBS with 5% fat-free milk and 0.1% Tween 20) for 1 h at RT. The
embrane was incubated overnight in blocking buffer with a 1:200 dilu-

ion of a rabbit anti-c-met antibody No. SP260 (Santa Cruz Biotechnology,
nc., Santa Cruz, CA), and then incubated for 1 h at RT with an HRP-
onjugated anti-rabbit antibody at a 1:5000 dilution in blocking buffer.
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Samples were developed with chemiluminescence using Lumi-light West-
ern blotting substrate (Boehringer Mannheim Corp., Indianapolis, IN).
Protein levels were determined by densitometry of the autoradiogram, and
normalized to the level found in normal liver after the subtraction of the
background signal.

FIG. 2. (A–D) Examples of replication in the alveoli. Rats received no treatm
(D) according to the regimen shown in Fig. 1. The labeling index was determ
anti-BrdU immunostaining with a development procedure that results in a bro
that had recently replicated, while cells with blue nuclei had not replicated. Al
labeling index in the alveoli. The average 6 SEM of the BrdU labeling index (
were significantly different from those in normal rats using Student’s t test are
and Methods. Values in normal rats are shown as the 0-h data point.

FIG. 3. (A–D) Examples of replication in the bronchial epithelium. Rats were
was performed to determine the percentage of replicating cells in the bronchi
LPS alone (C), or both HGF and LPS (D). All photographs were at a 603 origin
The lumen of the bronchus is at the top for all panels. (E) Quantitation of the
464
Statistical analyses. Statistical analyses between two groups of animals
were performed with the program Instat from GraphPAD Software (San
Diego, CA) using Student’s t test. * indicates a P value between 0.05 and
.005, ** indicates a P value between 0.005 and 0.0005, and *** indicates
P value ,0.0005.

(A) or were treated with HGF alone (B), LPS alone (C), or both HGF and LPS
d at 33 to 42 h after time 0, as detailed in Fig. 1. Frozen sections underwent
shading and were stained with H & E. The black arrows identify nuclei of cells
otographs were at a 603 original magnification. (E) Quantitation of the BrdU
n the alveolar cells for the indicated number of animals is shown. Values that
ntified with asterisks; the criteria for significance are detailed under Materials

ted as noted in the legend to Fig. 2, and anti-BrdU followed by H & E staining
ithelium. Rats received no treatment (A) or were treated with HGF alone (B),
agnification. The black arrows identify BrdU-labeled bronchial epithelial cell.
U labeling index in bronchial epithelial cells.
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RESULTS

HGF alone, LPS alone, or HGF and LPS were administered
to rats as diagramed in Fig. 1. For animals that received
HGF alone, HGF was injected iv as 8 doses over 24 h for a
cumulative dose of 10 mg/kg, with the time of the first
dose designated as 0 h. In addition, PBS was injected ip at
21 h as a control for the nonspecific effect of an ip
injection at this time. For animals that received LPS alone,
LPS was injected as a single dose ip at the time designated
21 h, and PBS was injected iv at times when the other
animals received HGF. Some animals (HGF and LPS) re-
ceived both HGF and LPS at the indicated times. All ani-
mals received three doses of BrdU over a 6-h period, and
were sacrificed at 3 h after the last dose. Since BrdU gets
incorporated into the nuclei of cells that are replicating
their DNA, this allows identification of the cells that rep-
licated over a 9-h window of time. For all organs, two
controls were injected with PBS at times when other an-
imals received HGF and/or LPS, and the BrdU labeling
index was determined over the 9-h window from 24–33
h, and 33–42 h. Since the values in these rats resembled
those from normal rats that did not receive any injections
of PBS and were evaluated for BrdU-labeled cells over a
9-h window of time, values from normals that did not

FIG. 4. (A–D) Examples of replication in the proximal tubular cells of the ki
y H & E staining was performed to determine the percentage of replicating
eceived no treatment (A) or were treated with HGF alone (B), LPS alone (C),
rdU-labeled proximal tubular cells are identified with a black arrow. Red arro

n proximal tubular cells of the kidney.
MOLECULAR THERAPY Vol. 3, No. 4, April 2001
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receive any PBS injections were pooled with those that
did.

Lung Alveolar Cells

HGF alone had a modest effect upon replication of
alveolar cells, as it increased the percentage of replicating
cells from 1.4% in normal rats (Fig. 2A) to 3.6 6 0.4% at
24–33 h (P 5 0.0005 vs normal) and 4.1 6 0.5% at 33–42
h (Fig. 2B; P 5 0.0003 vs normal). Most replicating cells
were cuboidal and were located within at the corners of
alveoli, and thus appeared to be primarily type II pneu-
mocytes. LPS alone had a modest effect upon replication
at 33–42 h, when 2.75 6 0.6% of alveolar cells were
eplicating (Fig. 2C; P 5 0.03 vs normal). This was likely a
ompensatory response to LPS-induced lung damage (41).
he effects of HGF and LPS were synergistic, as the com-
ination of HGF and LPS resulted in replication in 11.7 6
.2% of alveolar cells at 24–33 h (P 5 0.007 vs HGF alone

and P 5 0.02 vs LPS alone) and replication of 13.1 6 2%
f cells at 33–42 h (Fig. 2D; P 5 0.0002 vs HGF and P 5

0.03 vs LPS alone). Many, but not all, of the replicating
cells had the morphological appearance of type II pneumo-
cytes. We conclude that HGF alone increased replication of
alveolar cells to 2.9-fold that of normal rats, while HGF and
LPS increased replication to 9.4-fold that of normal.

y. Rats were treated as noted in the legend to Fig. 2, and anti-BrdU followed
ls in the proximal tubular cells of the kidney at 33 to 42 h after time 0. Rats
oth HGF and LPS (D). All photographs were at a 603 original magnification.
identify the lumen of the tubule. (E) Quantitation of the BrdU labeling index
dne
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Bronchial Epithelial Cells

In the normal rat (Fig. 3A), only 0.6 6 0.2% of bronchial
epithelial cells were replicating, and HGF alone (Fig. 3B)
had no effect upon the percentage of replicating cells at
any of the time points. The combination of HGF and LPS
(Fig. 3D) resulted in replication of 17.6 6 4.9% of cells at
3–42 h. This was significantly higher than the amount of
eplication observed in normal animals (P 5 0.0002), but
as not significantly different from the value of 6.6% 6
.3% observed in LPS-treated rats (Fig. 3C) at the same
ime point. The percentage of replicating bronchial epi-
helial cells in the LPS-treated rats was significantly higher
han in normal animals (P 5 0.006), which may be a

compensatory response to lung damage (41). We con-
clude that HGF alone has no effect upon replication of
bronchial epithelial cells. The combination of LPS and
HGF resulted in 29-fold as many replicating cells as were
present in normal rats, and LPS alone was responsible for
at least part of this effect.

Kidney

In the normal kidney (Fig. 4A), 2.3 6 0.3% of proximal
tubular cells replicated during a 9-h interval, and this was
increased to 1.7-fold that of normal at 24–33 h in re-
sponse to HGF (P 5 0.02 vs normal), and to 2-fold that of
normal at 33–42 h (Fig. 4B; P 5 0.007 vs normal). LPS
alone (Fig. 4C) had no effect upon the percentage of
proximal tubular cells that were replicating, and the com-
bination of HGF and LPS (Fig. 4D) did not increase the
percentage of replicating cells compared with that ob-
served with HGF alone in a limited number of animals.
We conclude that HGF alone has a modest effect upon
replication of proximal tubule cells, and that LPS does not
potentiate this effect.

Large Intestine

For the large intestine, each crypt was quantitated from
the values obtained directly from a 2-dimensional sec-
tion. Normal rats contained 86.8 6 2.5 total cells per
crypt, 22.3 6 2.9 replicating cells per crypt, and an aver-
age labeling index over a 9-h period of 23.0 6 3.0% (Fig.
5A). In addition, the BrdU-labeled epithelial cells were
located primarily in the lower 40% of the crypt. Neither
HGF alone (Fig. 5B) nor LPS alone (Fig. 5C) had a signif-
icant effect upon the percentage of colonic epithelial cells
that were replicating at any of the time intervals. In con-
trast, the combination of HGF and LPS resulted in a la-
beling index that was 1.7-fold that of normal intestine at
24–33 h (P 5 0.03 vs normal), and 2.1-fold that of
normal at 33–42 h (Fig. 5D; P 5 0.001 vs normal). This
was due to the fact that the region in which labeling
occurred extended to include the lower 60% of the crypt,
and a higher percentage of cells were replicating in re-
gions that contained labeled cells.

An increase in the number of replicating cells in ani-
mals that received HGF and LPS might result in a taller
crypt due to more cells per crypt if the survival time
466
remained constant. However, although the crypts were
'8% taller at 33–42 and 42–51 h after administration of
HGF and LPS than were crypts from normal animals (Fig.
5F), these differences were not statistically significant. A
similar but statistically insignificant increase was ob-
served in the number of cells per crypt for these animals
(data not shown). Thus, the increase in the percentage of
replicating cells did not result in taller crypts.

Thyroid

In normal rats (Fig. 6A), 1.6 6 0.4% of the thyroid
epithelial cells were replicating. Neither HGF alone (Fig.
6B) nor LPS alone (Fig. 6C) had any effect upon the
percentage of replicating cells. However, the combination
of HGF and LPS resulted in replication in 6.7% of thyroid
epithelial cells (Fig. 6D; P 5 0.001 vs normal). We con-
clude that HGF and LPS resulted in 4.3-fold as many
replicating thyroid epithelial cells as in normal rats.

Spleen

In the normal spleen (Fig. 7A), 26.3 6 1.6% of cells in
the red pulp had replicated over a 9-h window of time.
Administration of HGF alone (Fig. 7C) had no effect,
while the administration of LPS alone (Fig. 7E) resulted in
a modest and statistically insignificant increase in the
percentage of replicating cells. In contrast, the adminis-
tration of HGF and LPS resulted in replication of 39.1% of
the cells at 33–42 h (Fig. 7G), which was statistically
higher than in the other groups (P 5 0.0009 vs normal
rats, P 5 0.0006 vs HGF alone, and P 5 0.04 vs LPS
alone). In the white pulp, only 5.2 6 0.5% of the cells
were replicating in the normal rat. HGF alone resulted in
a modest and statistically insignificant increase in the
percentage of replicating cells. Administration of LPS
alone resulted in a marked increase in the percentage of
replicating cells to .16.9% at all three time intervals (P ,
0.0001 vs normal). This may be due to the known mito-
genic effect of LPS upon B cells (42). The combination of
HGF and LPS resulted in replication of .25.5% of all cells
at all time intervals (P , 0.0001 vs normal), although
his was not significantly higher than the levels observed
n rats that received LPS alone. We conclude that LPS
lone resulted in 5.2-fold as many replicating cells in the
hite pulp as in normal rats, while the combination of
GF and LPS resulted in 1.5-fold as many replicating cells

n the red pulp as in normals.

Thymus

In the cortex of the normal thymus (Fig. 8A), 13.4 6
0.5% of cells were replicating. Although HGF alone did
not have an effect upon the percentage of replicating cells
in the cortex (Fig. 8B), there were only 10.2% as many
replicating cells at 33–42 h after LPS as were present in
normal animals (P 5 0.004 vs normal), and only 12.2%
s many at 42–51 h (Fig. 8C; P 5 0.0005 vs normal). The
ombination of HGF and LPS also reduced the percentage
f replicating cells in the cortex (Fig. 8D). In the medulla
MOLECULAR THERAPY Vol. 3, No. 4, April 2001
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of the thymus, the administration of HGF alone, LPS
alone, or both HGF and LPS had no effect upon the
percentage of replicating cells. We conclude that LPS re-
sults in a dramatic reduction in the percentage of repli-
cating cells in the cortex of the thymus.

Determination of c-met Protein Levels

A possible explanation for the synergistic effect of HGF
and LPS upon replication in some organs was that LPS
induced expression of the HGF receptor c-met. We there-
fore tested the effect of LPS upon c-met protein levels, as
shown in Fig. 9. c-met was readily detectable in normal
liver, and LPS had no effect upon the levels (data not
shown). LPS resulted in c-met levels that were 4.1-fold
that of normal in the thyroid (P 5 0.02) and 3.9-fold that
of normal in the spleen (P 5 0.04) at 42 h. In the
intestine, LPS resulted in c-met levels that were 4.6-fold
that of normal at 9.5 h (P 5 0.02), and 6.5-fold that of
normal at 42 h (P 5 0.002). c-met was not detectable in
the lung at 33 or 42 h after the administration of LPS (data
not shown). We conclude that LPS induces expression of
c-met in thyroid, spleen, and intestines.

DISCUSSION

It was previously demonstrated that HGF increased the
percentage of replicating hepatocytes, and that the ad-
ministration of LPS in combination with HGF augmented
this effect (5). This study was undertaken to determine the
effect of HGF with or without LPS upon replication in
other organs that have been reported to respond to HGF
in vitro. The response of any individual cell type to the iv
administration of HGF will be a function of (i) the deliv-
ery of HGF to that cell; (ii) the levels of the HGF receptor
c-met in that cell; and (iii) the intrinsic ability of that cell
to exhibit a mitogenic response to HGF. The robust in-
crease in replication of hepatocytes after iv injection of
HGF may be due to the fact that the liver is the major site
of uptake of HGF after an iv injection, as it contains 29%
of the injected dose at 15 min (43–45). The liver also has
very high levels of c-met (46–48), and thus is poised to
respond rapidly to HGF. Finally, hepatocytes are highly
responsive to HGF in vitro, with a 10-fold increase in the
percentage of replicating cells with a half-maximal effect
at 3 ng/ml, and a maximal effect at 10 ng/ml (7). Table 1
shows the levels of the c-met receptor and the efficiency
of uptake of HGF in different organs. It also summarizes
the ability of a particular cell type to exhibit a mitogenic
response to HGF and the concentration required for a
maximal effect. Finally, this table shows the effect of HGF
or HGF with LPS upon replication of different cell types in
this study.

Lung

In this study, alveolar cells of rats that were treated
with HGF alone had 2.9-fold as many replicating cells
as did normal rats. This effect is consistent with the fact
MOLECULAR THERAPY Vol. 3, No. 4, April 2001
opyright © The American Society of Gene Therapy
that lung takes up low to moderate amounts of HGF
after iv injection, contains low to moderate levels of
c-met, and the ability of alveolar cells to respond to
HGF in vitro and in vivo. The administration of LPS
ugmented the effect of HGF by 3.2-fold, resulting in
eplication of 9.4-fold as many cells as in normal rats.
his may be due to upregulation of the c-met receptor

n response to LPS, as LPS induces interferon g (IFNg)
xpression (49), and expression of c-met by alveolar
ells is dramatically upregulated by IFNg in vivo (50). In

addition, several other cytokines that are induced by
LPS increased c-met expression in a variety of trans-
formed cell lines (51). Although this study did not
detect an increase in c-met protein levels in lung at 33
or 42 h after the administration of LPS, it remains
possible that c-met was induced earlier and levels had
returned to normal by the time of analysis. A similar
potentiation of replication in response to HGF and LPS
was observed in bronchial epithelial cells, where HGF
alone had no effect, but LPS with HGF resulted in
replication of 29-fold as many cells as in normal rats.

After administration of HGF and LPS, the overall per-
centage of replicating cells was 11.7% for alveolar cells
and 17.6% for bronchial epithelial cells. This should be
sufficient to achieve a moderate to high degree of gene
transfer provided that the vector can be administered at a
sufficient dose in a way that it has assess to these cells. We
are currently testing if LPS induces c-met expression at
earlier times in alveolar and bronchial epithelial cells in
vivo and if IFNg is sufficient for this effect. If it is, the
combination of HGF and IFNg might be used to achieve
optimal induction of replication in the lung for gene
therapy with less toxicity.

Kidney

HGF resulted in 2-fold more replicating cells in the
proximal tubule cells of the kidney than were present in
normal rats. This response is consistent with the fact
that the kidney takes up large amounts of HGF after iv
injection and contains high levels of c-met. The rela-
tively modest effect of HGF upon replication in proxi-
mal tubular cells in vivo in this study may be due to the
fact that the replicative response in vitro is modest and
requires high concentrations of HGF. In contrast to the
lung, the combination of HGF and LPS did not further
increase the percentage of replicating cells over that
observed with HGF alone. This may reflect the fact that
c-met levels are already very high in the kidney, or may
be due to other mechanisms. In this study, the peak
effect of HGF resulted in replication of 4.5% of all
proximal tubular epithelial cells in vivo. This might
make it possible to transfer a gene into a low to mod-
erate number of these cells with vectors that only trans-
duce dividing cells. The overall percentage of cells that
were replicating in the glomeruli was 3.6-fold that of
normal in response to HGF alone, and LPS did not
augment this effect (data not shown). As the poor his-
tology of frozen sections precluded identification of the
467
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cell types that were labeled, additional studies are cur-
rently being performed using immunocytochemistry to
identify the specific cell types.

Large Intestine

In this study, HGF alone had no effect upon replication
of colonic epithelial cells, although the combination of
HGF and LPS resulted in 2.1-fold as many replicating cells
as were found in normal rats. The lack of a response to
HGF alone may reflect the fact that there are only mod-
erate to low amounts of c-met in the colon, the delivery of
HGF to the colon is low after iv injection, and/or intesti-
nal epithelial cells require very high doses of HGF and

FIG. 5. (A–D) Examples of replication in epithelial cells of the colon. Rats were
was performed to determine the percentage of replicating epithelial cells of th

ith HGF alone (B), LPS alone (C), or both HGF and LPS (D). All photograph
identified with a black arrow. Red arrows identify the lumen of the colon. (E) Q
of the height of the crypts of the colon. Crypt heights were measured from th
n micrometers. There were no significant differences between samples from
468
have only a very modest replicative response to HGF in
vitro. The mechanism by which LPS increased the respon-
siveness to HGF was likely due at least in part to upregu-
lation of c-met, as LPS resulted in a 4.6- to 6.5-fold in-
crease in levels of c-met in the large intestine.

Since epithelial cells of the crypts survive for 3 to 8 days
(52), the increase in the percentage of replicating cells
from 23.1% in normal rats to 48.1% in response to HGF
and LPS might be expected to increase the height of the
crypt. However, a statistically significant increase in the
number of cells in the crypt or the height of the crypt was
not observed. This suggests that cell death may be deter-
mined by the position of a cell within the crypt rather

ated as noted in the legend to Fig. 2, and anti-BrdU followed by H & E staining
lon at 33 to 42 h after time 0. Rats received no treatment (A) or were treated
ere at a 303 original magnification. BrdU-labeled colonic epithelial cells are
titation of the BrdU labeling index in colonic epithelial cells. (F) Quantitation

ase of the crypt to the lumen of the colon and plotted as the average 6 SEM
al rats and those from any of the experimental groups.
tre
e co
s w
uan
e b
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than by its age, although it remains possible that a signif-
icant effect upon crypt height might be observed at later
times or if larger cohorts of animals were analyzed. The
overall percentage of colonic epithelial cells that repli-
cated in response to LPS and HGF was quite high at 48.1%
of all cells. This should be sufficient to achieve efficient
gene transfer if a vector that transduces dividing cells
could be delivered to the colon. However, the short sur-
vival time of these cells would make it difficult to achieve
a long-lasting effect. It remains unclear if the pluripotent
stem cells were affected by HGF and/or LPS, and if they
would be accessible to vector delivered via the blood or
colonic lumen.

FIG. 6. (A–D) Examples of replication in the epithelial cells of the thyroid. R
E staining was performed to determine the percentage of replicating cells in the
(A) or were treated with HGF alone (B), LPS alone (C), or both HGF and LPS (
tubular cells are identified with a black arrow. Red arrows identify the lumen o
thyroid.
MOLECULAR THERAPY Vol. 3, No. 4, April 2001
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Thyroid

In this study, HGF alone had no effect upon replication
of thyroid epithelial cells, but the combination of HGF
and LPS resulted in 4.3-fold more replicating cells than
were present in normal rats. The failure of normal thyroid
epithelial cells to respond to HGF alone may be due to the
fact that overall c-met levels are very low in the epithelial
cells of the normal thyroid in most studies (53, 54), al-
though one study did report moderate amounts of c-met
in homogenates (46). In addition, the delivery of HGF to
the thyroid is low after iv injection, and relatively high
doses of HGF are required to observe a mitogenic response

ere treated as noted in the legend to Fig. 2, and anti-BrdU followed by H &
thelial cells of the thyroid at 33 to 42 h after time 0. Rats received no treatment
All photographs were at a 603 original magnification. BrdU-labeled proximal
e tubule. (E) Quantitation of the BrdU labeling index in epithelial cells of the
ats w
epi
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to HGF in thyroid epithelial cells in vitro. The mechanism
y which LPS potentiates the effect of HGF upon the
hyroid likely involves upregulation of c-met, as LPS re-
ulted in 4.1-fold higher levels of c-met than are present
n normal thyroid. The absolute percentage of replicating

TA

Summary of Results with

Organ

Expression
of c-Met
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Uptake of
HGF after iv
injectionb

Level of
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in vitro
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470
hyroid epithelial cells remained moderately low at 6.7%
fter HGF and LPS. This would only allow a low to mod-
rate amount of transfer of a gene into these cells with
ectors that only transduce dividing cells even if the vec-
or could have access to these cells.

1

F Alone or HGF with LPS
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ive to untreated cellsc
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Spleen

In this study, HGF had no effect upon replication in the
white pulp, which consists primarily of lymphocytes, but
also contains macrophages and antigen-presenting cells.
However, the combination of HGF and LPS resulted in
1.5-fold as many replicating cells as in normal rats in the
red pulp, which consists primarily of macrophages, endo-
thelial cells, and lymphocytes. The need for LPS to see an
effect of HGF may be due to the fact that activation of
monocytes with cytokines upregulates the expression of
c-met in vitro (55, 56), although spleen homogenates do
contain large amounts of c-met. Indeed, we found that
LPS resulted in 3.9-fold higher levels of c-met than are
present in normal spleen. The ability of splenocytes to
respond to HGF with LPS may be a reflection of the fact
that the spleen has high levels of uptake of HGF after an
iv injection. The relatively modest effect upon the per-
centage of replicating cells may be due to the fact that the
two cell types in the spleen that have been reported to
replicate in response to HGF, monocytes (34) and endo-
thelial cells (35), only have a modest increase in replica-
tion at high doses. Although HGF had no effect upon
replication in the white pulp, LPS resulted in 5.2-fold as
many replicating cells in this region as in normal rats.
This may be due to the known mitogenic effect of LPS
upon B cells (42).

Induction of replication of cells in the spleen may
have implications for the ability to correct some man-
ifestations of genetic deficiencies. Indeed, we recently
noted that iv injection of a retroviral vector after the IM
administration of an adenoviral vector expressing HGF
increased the amount of retroviral vector DNA and RNA
in the spleen over that observed in normal mice that
received the same dose of retroviral vector (57). Admin-
istration of early generation adenoviral vectors induces
many aspects of the acute phase response (58–60), and
thus probably resembles the effect of LPS. Augmenta-
tion of splenocyte transduction could be important for
correcting lysosomal storage diseases, where the spleen
is a major site of pathology. Transduction of spleno-
cytes could also be important for inducing cytotoxic T
lymphocyte (CTL) responses, as they are reported to
require transduction of an antigen-presenting cell (61,
62). This could have adverse consequences for gene
therapy for inherited genetic deficiencies, or positive
effects in gene therapy for cancer. As it will be critical to
identify the specific cell types whose replication is stim-
ulated by HGF and/or LPS in vivo, studies to define the

henotype of these cells is currently being investigated
sing immunocytochemistry.

Thymus

In this study, HGF failed to induce replication of
thymocytes, while LPS resulted in a marked reduction
in the percentage of replicating cells in the cortex. The
combination of HGF and LPS had a similar effect to that
of LPS alone. Although HGF promotes maturation of
MOLECULAR THERAPY Vol. 3, No. 4, April 2001
opyright © The American Society of Gene Therapy
fetal thymocytes in vitro (63), its effect upon replication
of adult thymocytes has not been reported. The fact
that c-met receptor RNA levels are low in the adult
thymus of mice (63) suggests that these cells may not
express the receptor, which could be responsible for the
absence of an effect here. The LPS-induced reduction in
the percentage of replicating cells in the thymus may
have been due to the induction of apoptosis. Some
studies have injected adenoviral vectors into the thy-
mus in order to induce tolerance to the transgene (64).
Since a significant fraction of thymocytes are replicat-
ing with or without HGF, it might be possible to use
MLV retroviral vectors to transfer genes into the thy-
mus for induction of tolerance.

Muscle, Pancreas, and Blood Vessels Did Not Respond
to iv HGF

Myoblasts, pancreatic epithelial cells, and pancreatic
islet cells have been reported to replicate in response to
HGF in vitro. However, HGF alone had no effect upon
replication in skeletal or cardiac muscle, or in epithelial or
endocrine cells of the pancreas in this study (Table 1).
This poor response may be due to the fact that both
organs have undetectable levels of uptake of HGF after iv
injection, and the muscle is known to have low levels of
c-met protein. Although c-met protein levels relative to
other organs have not been reported, the adult pancreas
has low levels of c-met RNA (65), and thus likely has low
protein levels. Although inflammation can upregulate ex-
pression of c-met in the pancreas (66), LPS did not enable
HGF to induce replication in the pancreas in vivo in this
study.

Endothelial cells have been reported to replicate in re-
sponse to HGF (35), and are of particular importance as
they would have direct contact with a retroviral vector
that might be administered iv for hepatic gene therapy.
However, we failed to observe labeled cells on the surface
or within the wall of blood vessels (data not shown). This
is likely due to the fact that endothelial cells only respond
to very high doses of HGF [100 ng/ml (35)], and the levels
of HGF that were achieved were insufficient to have an
effect.

Implications for Gene Therapy

This study has two major implications for using HGF
for gene therapy. First, HGF alone should be optimal for
facilitating gene transfer into the liver. HGF alone was
almost as effective as the combination of HGF and LPS
upon inducing replication in the liver (5). In addition,
HGF alone was almost as efficient at facilitating transduc-
tion with a retroviral vector as was the combination of
HGF and LPS. HGF alone resulted in transduction of
0.63 6 0.2% of hepatocytes after iv injection of a cumu-
lative dose of 7 3 108 infectious particles of a b-galacto-
sidase-expressing vector as 5 doses between 27 and 39 h
after the first dose of HGF into young adult rats (data not
shown), which was 18.3-fold higher than the transduc-
471
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tion that was observed in rats that did not receive HGF
prior to retroviral vector (data not shown). The combina-
tion of HGF and LPS resulted in transduction of 0.72 6
0.2% of hepatocytes with the same regimen of retroviral
vector, which was only 14% higher than what was ob-
served with HGF alone. In addition, HGF alone had a

FIG. 8. (A–D) Examples of replication in the thymus. Rats were treated as not
to determine the percentage of replicating cells in the thymus at 33 to 42 h a
a black arrow and are more prevalent in the cortex of normal rats. The outer
with red arrows. The edge of the lobule is identified with blue arrows. Rats rec
HGF and LPS (D). All photographs were at a 103 original magnification. (E) Q
of the BrdU labeling index in the medulla of the thymus.

FIG. 7. (A, C, E, and G) Examples of replication of cells in the spleen. Rats w
by a light eosin counterstain (A, C, E, and G) was performed to determine t
BrdU-labeled cells appear as small brown dots. An adjacent section was stained
indicate the outer edge of the white pulp, which is located in the center of all
(A and B) or were treated with HGF alone (C and D), LPS alone (E and F), or bo
(I) Quantitation of the BrdU labeling index in the white pulp. (J) Quantitation
MOLECULAR THERAPY Vol. 3, No. 4, April 2001
opyright © The American Society of Gene Therapy
much more potent effect upon replication in hepatocytes
than in other cells. The absent or modest effect upon
replication in other cells suggests that HGF alone should
not adversely affect the structure or function of other
organs, although it remains possible that HGF could exert
a morphogenic or motogenic effect in cells that do not

the legend to Fig. 2, and anti-BrdU followed by eosin staining was performed
time 0. BrdU-labeled cells appear as small brown dots that are identified with
es of the medulla, which is located in the center of each panel, are identified
d no treatment (A) or were treated with HGF alone (B), LPS alone (C), or both
titation of the BrdU labeling index in cortex of the thymus. (F) Quantitation

treated as noted in the legend to Fig. 2. Anti-BrdU immunostaining followed
percentage of replicating cells in the spleen at 33 to 42 h after time 0. The
th H & E to help to identify the different regions of the spleen. The red arrows
els. The blue arrow identifies a region of red pulp. Rats received no treatment
GF and LPS (G and H). All photographs were at a 103 original magnification.
the BrdU labeling index in the red pulp.
ed in
fter
edg
eive

uan
ere
he
wi

pan
th H
of
473



P

a

9

t

g
R

H
L

g
i

g
2

g
N

N
a

h

H
g

t
G

f
B

a
M

(
d

(
s
p

B
f
1

ARTICLE
exhibit a robust mitogenic response to HGF. Finally, the
use of HGF alone did not involve the administration of a
toxic reagent.

The second implication of this study is that iv HGF
alone will not be sufficient to facilitate efficient transduc-
tion in other organs with vectors that only transduce
dividing cells, as other cells had either a modest or no
response to HGF alone. In contrast, the combination of
HGF and LPS might be effective, as it markedly increased
replication in some cell types. This potentiation by LPS
may involve upregulation of c-met, as several cells have
low expression of c-met in the basal state, but are induced
to express it by inflammation or cytokines (50, 51, 55, 56,
66). Indeed, we found that LPS increase levels of c-met in
the spleen, thyroid, and large intestines. Alternatively,
the administration of LPS and HGF may result in syner-
gistic activation of signal transduction pathways, as we
hypothesized occurs in the liver (5). The requirement for
two signals to achieve replication may be a mechanism to
ensure that replication does not occur inappropriately
when HGF alone is increased. Although this dose of LPS
caused little overt toxicity in rats, it resulted in a transient
decrease in levels of some liver transcription factors and
expression of some liver-specific genes (B. Wang, C. Gao,
and K. P. Ponder, unpublished data), and would likely be
inappropriate for use in human gene therapy. It will
therefore be necessary to try to identify downstream me-
diators of the acute phase response such as IFNg that
might have a similar effect with less toxicity. In addition,
it may be necessary to delivery the vector locally, as iv
injection would likely not allow the vector to reach the
parenchymal cells in most organs.
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FIG. 9. The effect of LPS upon c-met protein levels. Extracts from thyroid,
spleen, or large intestine (Large int.) were harvested from normal rats or at the
indicated times after treatment with 5 mg/kg of LPS. Immunoblot was per-
formed on 50 to 100 mg of protein after electrophoresis on a reducing
SDS–PAGE using an anti-c-met antibody. The position of the 145-kDa c-met
protein is indicated at the right.
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