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Abstract

To evaluate the pathophysiological function of specific mole-
cules in the renal glomerulus, selective, sustained, and modi-
fiable expression of such molecules will be required. To-
wards achieving this end, we devised a gene transfer system
using the glomerular mesangial cell as a vector for gene
delivery. A reporter gene which encodes bacterial j3-galac-
tosidase was introduced into cultured rat mesangial cells,
and the stable transfectants were transferred into the rat
kidney via the renal artery, leading to selective entrapment
within the glomeruli. In the normal kidney, the reporter
cells populated into 57+13% of glomeruli site specifically,
and the expression of f8-galactosidase was sustained for 4
wk and declined thereafter. Within the glomerulus, some of
the reporter cells remained in the glomerular capillaries,
while others repopulated the mesangial area and, in part,
extended their cytoplasmic processes toward the sur-
rounding capillaries. When the cells were transferred into
glomeruli subjected to transient mesangiolysis induced by
monoclonal antibody 1-22-3, in situ expression of 13-galac-
tosidase was amplified 7-12-fold, and the enhanced level of
expression continued for up to 8 wk. The mesangial cell
vector system thus achieves site-specific delivery of an exoge-
nous gene into the glomerulus and is amenable to in situ
amplification and sustained expression by preconditioning
of the target site. (J. Clin. Invest. 1994. 94:497-505.) Key
words: genetic engineering * retrovirus * fi-galactosidase.
cell transplantation * gene therapy

Introduction

Glomerular disease is one of the major causes of chronic renal
failure. During the past 5 yr, various molecules have been impli-
cated as mediators of glomerular injury (1-3). However, the
majority of studies have been based on in vitro observations or
on techniques used to detect gene expression or gene products
in the affected tissue, without assessing the direct effect of such
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molecules on the generation or repair of injury in vivo. An
important challenge in this field will be to elucidate which
mediators are pivotal in different types of glomerular damage
using appropriate in vivo systems.

To identify the molecules involved in glomerular injury and
repair, direct injection of bioactive substances or conventional
gene transfer vectors, i.e., viral vectors or liposomes, into the
circulation could be a possible approach (4, 5). However, this
route would affect not only the glomerulus but other sites within
the kidney, particularly the vasculature, as well as other organs.
Use of transgenic animals has the limitation that there is a
need for cell type-specific regulatory elements which allow the
transgene to be expressed in the glomerulus. Currently, there-
fore, there are no systems appropriate for the purpose of modu-
lating glomerular function site specifically for a sustained pe-
riod. In this report, we describe an approach which achieves
site-specific delivery and sustained expression of a foreign gene
in the glomerulus using an ex vivo gene transfer system.

Gene transfer has been effected into various organs includ-
ing bone marrow, skin, brain, muscle, lung, liver, artery, heart,
kidney, and joint (5-9). In these cases, exogenous genes have
been applied to the target organ or tissue by direct injection
or local instillation of materials. In the kidney, however, the
glomeruli are small structures (100-200 ,um in diameter) scat-
tered throughout the renal cortex (3 X 104_-1 X 106 glomeruli/
kidney) (10) and, therefore, cannot be gained access by these
conventional approaches. Access via the renal circulation would
be a reasonable approach, but in this case the entire renal vascu-
lature may be affected. To restrict the site of gene introduction
to the glomerulus, we used the glomerular mesangial cell as a
vector for gene delivery. In the rat glomerulus, the diameter of
the capillaries ranges from 5 to 25 Mm( 11). Since the diameter
of cultured rat mesangial cells ranges between 15 and 25 Mum,
cells injected into the renal circulation are entrapped within the
glomerular capillaries. Using genetically engineered mesangial
cells, we introduced the bacterial ,-galactosidase gene (LacZ)'
into the glomerulus in vivo. By inducing a selective local stimu-
lus to transient mesangial proliferation before the introduction
of these cells, we successfully amplified the product of the
exogenous gene and achieved its sustained expression within
the glomerulus.

Methods
General experimental strategy. The gene which encodes for bacterial
/3-galactosidase (LacZ) was introduced into rat mesangial cells in vitro,

1. Abbreviations used in this paper: AXG%,percentage of glomerular
area stained by X-gal; BAG, ,3-gal-at-gag; DMSA,di-mercapto-succinic
acid; LacZ, bacterial fl-galactosidase gene; LTR, long terminal repeat;
neo, neomycin phosphotransferase gene; Up/Ucr ratio, ratio of urinary
protein concentration to urinary creatinine concentration; X-gal (XG),
5-bromo-4-chloro-3-indolyl /3-D-galactopyranoside.
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and the cells were transferred into the rat kidney via renal artery injec-
tion. After 4 h, 1, 2, 4, 8, and 14 wk, both kidneys were removed and
processed for glomerular isolation and tissue sections, and the expression
of the gene product was examined histochemically. To amplify the
introduced gene and its product in situ, the glomerulus was "precondi-
tioned" using a monoclonal antibody 1-22-3 which causes mesangio-
lysis followed by transient and specific replication of mesangial cells,
thereby providing a suitable microenvironment for vector cell replica-
tion.

Establishment and characterization of a reporter mesangial cell
clone, RM4/BG715. A ,8-gal-at-gag (BAG) plasmid (12) which intro-
duces LacZ and neomycin phosphotransferase gene (neo) was
transfected into a helper-free ecotropic packaging line, QE (13) (gift
of Dr. H. Land, Imperial Cancer Research Fund), by electroporation,
and replication-defective BAG virus was prepared from conditioned
media of stable transfectants as described previously (14). The titer of
the prepared virus was - 4.4 x 104 X-gal CFU/ml, assessed by an
NIH3T3 cell infection assay (14). No replication-competent virus was
detected in this viral stock.

Rat mesangial cells were cultured from isolated renal glomeruli of
a male Sprague-Dawley rat (body wt 250 g) as described before (15).
In brief, isolated glomeruli (purity 95%) were cultured in DME
(GIBCO BRL, Gaithersburg, MD) supplemented with 100 U/mi of
penicillin G, 100 ,g/ml of streptomycin, 0.25 pg/ml of amphotericin
B, and 15% FCS. Outgrowing cells were subcultured and maintained
in 10% FCS/DME. After the fourth passage, the cells (5 x 10') were
cultured on a 100-mm dish and were infected with 50 ,1 of BAGvirus
in the presence of 8 pg/ml of Polybrene (Sigma Immunochemicals, St.
Louis, MO) (14). 2 d later, selection of stable infectants was started
in the presence of neomycin analogue G418 (Sigma Immunochemicals;
0.8 mg/ml).

A high /3-galactosidase-expressing clone, RM4/BG715, was se-
lected from the neomycin-resistant mesangial cells using the X-gal (5-
bromo-4-chloro-3-indolyl ,3-D-galactopyranoside) assay to evaluate ex-
pression levels (8). Resistant clones were fixed in 0.5% glutaraldehyde,
2 mMMgCl2, and 1.25 mMEGTAin PBS for 10 min at room tempera-
ture. After washing repeatedly, cells were incubated at 37°C for 2 h in
X-gal solution containing 1 mg/ml X-gal (Sigma Immunochemicals),
5 mMK3Fe(CN)6, 5 mMK4Fe(CN)6 3H20, 2 mMMgCl2, 0.01%
sodium desoxycholate, and 0.02% NP-40 in PBS (pH 7.4). The clone
that exhibited the most intense blue color, RM4/BG715, was used as
the reporter cell. The cells were expanded and stored in liquid nitrogen
until use. A /3-galactosidase-negative clone, RM4-4, was also estab-
lished from the original culture pool of mesangial cells by a limiting
dilutional method.

To confirm the mesangial cell phenotype of the reporter cell, the
appropriate morphological features, and staining for desmin, a-smooth
muscle actin and Thy 1-associated antigen were sought. Antibodies
used were: rabbit antidesmin antiserum (Sigma Immunochemicals; 1:20
dilution), mouse anti-mesangial cell monoclonal antibody 1-22-3 (16)
(1:20 dilution), mouse anti- a-smooth muscle actin monoclonal anti-
body (Sigma Immunochemicals; 1:200 dilution), goat anti-rabbit im-
munoglobulins FITC (Sigma Immunochemicals; 1:32 dilution), and
goat anti-mouse immunoglobulins FITC (Sigma Immunochemicals;
1:50 dilution).

To confirm the successful introduction of the exogenous genes into
the reporter cell, the expression of neo as well as LacZ was examined
by Northern hybridization. Confluent cultures of RM4/BG715 and the
original mesangial cells, RM4, were harvested, and total RNA was
extracted by a single-step method (17). Northern hybridization was
performed as described previously (18). The RNAsamples (10 /lg/
lane) were electrophoresed on a 1.2% agarose gel containing 10%form-
aldehyde and transferred onto nitrocellulose membranes (Schleicher &
Schuell, Dassel, Germany). As probes, a 3.1-kb BamHI fragment of
LacZ and a 1.3-kb HindIII/EcoRI fragment of neo, derived from BAG,
were labeled with [32P] dCTP using a random priming method (19).
The membranes were hybridized with probes at 65°C for 16 h in a
solution containing 4 xSSC (600 mMsodium chloride, 60 mMsodium

citrate), 5x Denhardt's solution, 10% dextran sulfate, and 100 jug/ml
herring sperm DNA. The hybridized membranes were washed four times
in 0.1 XSSC/0.1% SDS at 650C and exposed to a Kodak XAR film
with intensifying screens for 4 d at -800C.

Reporter cell transfer into normal kidneys. 23 adult male Sprague-
Dawley rats (body wt 250-500 g) were anesthetized with an intraperito-
neal injection of hypnorm-diazepam mixture. The left kidney was ex-
posed through a left flank incision, separated from the surrounding fatty
tissue and the adrenal gland, and immobilized in a kidney cup. The
renal artery was then exposed and separated from the renal vein, and a
cotton thread was passed around the proximal site of the renal artery.
Confluent 7-17th passage RM4/BG715 cells (0.5-2.5 x 106 cells)
were trypsinized, washed once, suspended in 700 ul of DME, and in-
jected into the left renal artery using a 27-gauge needle at a rate of
40-100 jil/s. To avoid bleeding after injection, the renal artery was
constricted with a thread for 1-10 min and then allowed to reperfuse.
After 4 h, 1, 2, 4, 8, and 14 wk, both kidneys were removed and
processed for glomerular isolation and for frozen, paraffin, and resin
sectioning. Blood and urine were also sampled and analyzed for creati-
nine and total protein concentrations.

Reporter cell transfer into kidneys subjected to mesangial regenera-
tion. To amplify the introduced gene and its product within the glomeru-
lus, we aimed to create a suitable microenvironment for transient and
specific replication of the reporter cells. For this purpose, we used
an anti-mesangial cell monoclonal antibody, 1-22-3 (16, 20), which
recognizes the Thy 1 -associated molecule on the surface of rat mesan-
gial cells. In the rat kidney, this epitope specifically localizes on the
mesangial cells. When 1-22-3 is injected into the venous circulation,
therefore, selective mesangial damage occurs within 24 h, followed by
transient and specific replication of surviving mesangial cells resulting
in the reconstruction of the normal glomerulus. In this model, maximum
proliferation of mesangial cells is observed at days 4-6.

Monoclonal antibody 1-22-3 was prepared from ascitic fluid in mice
primed with 2,6,10,14-tetramethylpentadecane as described previously
(21). The fluid was precipitated with 50%ammoniumsulphate, dialyzed
with PBS for 2 d, Iyophilized, and stored at 40C until use. The antibody
was dissolved in PBS at a final concentration of 500 Ag/ml, and an
aliquot of 1 ml was injected into the tail vein. The reporter cells were
transferred into the kidneys of 27 rats 3 d after the 1-22-3 treatment.
After 4 h, 1, 2, 4, and 8 wk, both kidneys, blood, and urine were sampled
and analyzed as described above.

In some experiments, reporter cells were treated with 0.2 Ag/mI of
mitomycin C (Sigma Immunochemicals) for 20 h and then transferred
into the kidney. In vitro, mitomycin C treatment inhibited the prolifera-
tion of reporter cells irreversibly but did not affect the expression of (8-
galactosidase during a 3-wk period of observation.

Analysis of gene transfer efficiency in the kidneys by X-gal assay.
To examine the efficiency and site specificity of gene delivery, the X-
gal assay was performed on frozen sections from both kidneys and lungs
as well as on isolated glomeruli. For the preparation of frozen sections,
tissues were fixed in 2%paraformaldehyde, 0.2% glutaraldehyde, 2 mM
MgCl2, and 1.25 mMEGTA in 0.1 MPipes buffer (pH 6.9) at 40C
overnight. The tissues were then transferred into 30% sucrose and 2
mMMgCl2 in PBS, incubated overnight, embedded in compound, and
sectioned (6-/Am slice) by a cryostat onto gelatine-coated slides. Before
the X-gal assay was commenced, the tissue sections were postfixed at
40C for 10 min. Glomeruli were isolated as described above, fixed in
2%paraformaldehyde/0.2% glutaraldehyde buffer at 40C overnight, and
then subjected to the X-gal assay.

The X-gal assay on frozen sections and isolated glomeruli was per-
formed as follows: fixed materials were washed by cold PBS containing
2 mMMgCl2 repeatedly, transferred into detergent solution (2 mM
MgCl2, 0.01% sodium desoxycholate, and 0.02% NP-40 in PBS) for
10 min on ice, and then incubated in 1 mg/ml of X-gal solution (as
described above) at 370C for 2 h. The incubation time was critical
because longer incubation allowed endogenous P3-galactosidase activity
in glomerular macrophages (- 12 h of incubation) as well as in tubular
epithelial cells (- 3-4 h of incubation) to emerge. To stop the enzy-
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matic reaction, isolated glomeruli were washed in cold PBS several
times and kept in 10% formaldehyde. The frozen sections were immedi-
ately washed in PBS, counterstained with periodic acid-Schiff (PAS),
dehydrated with ethanol, and mounted. The frozen sections were exam-
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Figure 1. Expression of exogenous genes in a
reporter mesangial cell clone, RM4/BG715.
(A) Northern blot analysis of bacterial ,3-galac-
tosidase (LacZ) and neomycin phosphotransf-
erase (neo) mRNAsin BAGvirus-infected
RM4/BG715 and uninfected RM4mesangial
cells. Positions of 28S and 18S ribosomal
RNAsare shown on the left. (B and C) Expres-
sion of P-galactosidase in RM4/BG715 (B)
and RM4(C) examined by X-gal assay. Blue
color shows the expressed /6-galactosidase ac-
tivity. The undulating hill and valley appear-
ance, typical of mesangial cells, is evident in
both infected and uninfected cells.

ined by light microscopy. Isolated glomeruli were examined using a
phase-contrast and/or light microscope without counterstaining.

To assess the efficiency of gene transfer, the percentage of X-gal-
positive glomeruli was determined. Amplification of the introduced gene

=. Al ~ #a
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Figure 2. Expression of /3-galactosidase 4 h
after reporter cell transfer. (A and B) Phase-
contrast micrograph of X-gal-treated iso-
lated glomeruli from injected kidney (A) and
contralateral kidney (B). x100. (C and D)
X-gal-treated frozen sections from injected
kidney (C) and contralateral kidney (D).
x400, PAS counterstaining.

Gene Transfer into the Glomerulus via a Mesangial Cell Vector 499

i .

I
.1 14. .!..
%II ,.z

z i

.. 31,



product was expressed quantitatively using an X-gal (XG) score on
isolated glomeruli. In each X-gal-positive glomerulus, the percentage
of glomerular area stained by X-gal (AXG%) was graded into four
levels: - 5%, 5 - 25%, 25 - 50%, 50 - 100%, and the mean value
per positive glomerulus was calculated: mean AXG(%) = (2.5 X a)
+ (15 x b) + (37.5 X c) + (75 x d)/a + b + c + d, where a, b, c,
and d are the number of X-gal-positive glomeruli showing grades of
- 5%, 5 - 25%, 25 - 50%, and 50 - 100%, respectively. The X-gal
score per kidney was calculated using the following formula:

XGscore = mean AXG(%) x total positive glomeruli (%).

During the course of experiments, each X-gal score was compared with
the mean value obtained at 4 h and expressed as a fold increase.

Histochemical analysis of reporter cell location in the glomerulus.
To identify the location of the reporter cells within the glomerulus, we
performed histochemical analyses of the injected kidney. To prepare
X-gal-paraffin sections, injected kidneys were fixed by 2%
paraformaldehyde/0.2% glutaraldehyde buffer at 40C overnight. The
cortex was cut into small pieces and reacted in X-gal solution for 3 h
at 370C with agitation. The longer incubation was used to allow X-gal
solution to permeate into the tissues. The tissues were fixed again with
10% formaldehyde at room temperature overnight, washed with PBS,
and embedded in paraffin. The sections prepared (3 Mm) were counter-
stained with PAS and examined using a light microscope.

Resin sections were also prepared using X-gal-treated tissues. After
allowing the X-gal reaction to proceed for 3 h, the tissues were washed
with PBS and postfixed with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.2) at 40C overnight. Samples were then incu-
bated in 1% osmium tetroxide/1.5% potassium cyanoferrate in 0.1 M
sodium cacodylate buffer at room temperature for 1 h, washed three
times with 0.1 M sodium cacodylate buffer, dehydrated in ethanol,
and embedded in Spurr's embedding medium (TAAB Laboratories,
Berkshire, United Kingdom). Spurr's medium was chosen so that tissue
can be processed from 100% ethanol without the need for propylene
oxide which causes dissolution of the X-gal precipitates from tissues
(22). Sections (0.5 pm) stained with toluidine blue were used for light
microscopic analyses.

Effect of cell transfer on the structure and function of the kidney.
For histopathological analysis, paraffin sections (5 Mm) of the kidneys
fixed in 10% formaldehyde were counterstained with PAS and hematox-
ylin.

To estimate the effect of cell transfer on the single kidney function,
we used "mTc di-mercapto-succinic acid (DMSA). Since circulating
ssmTc DMSAis excreted by glomerular filtration and taken up by the
tubular cells, its uptake is proportional to renal function (23). Reporter
cells (0.8-1.0 x 106 cells) were introduced into the left kidneys of six
rats via the renal artery. As a sham injection, 700 ML of DMEwas used
in two rats. After 1 wk, 99mTc DMSA(50 kBq/rat) was injected into
the tail vein of anesthetized rats. 2 h later, both kidneys were removed,
and the radioactivity in each was counted separately.

The effect of cell transfer on proteinuria was evaluated as follows.
The ratio of urinary protein concentration to urinary creatinine concen-
tration (Up/Ucr ratio) was used to express the degree of proteinuria
since this value is relatively independent of changes in urine volume
(24). To determine the normal range of Up/Ucr ratio in adult rats, urine
samples were obtained from 22 normal male adult Sprague-Dawley rats.
Urine creatinine concentration was measured by autoanalyzer (Beckman
Instruments, Inc., Fullerton, CA), and urinary protein concentration was
assessed using the Bradford assay (25).

Evaluation of humoral and cellular immune response to reporter
cells. To estimate the possible humoral immune response to the trans-
ferred cells, reporter cells fixed with cold methanol were reacted with
undiluted normal rat serum or test sera and then incubated with FITC-
conjugated rabbit anti-rat immunoglobulins (1:100 dilution; Southern
Biotechnology Associates, Birmingham, AL). To evaluate the cellular
immune response, infiltration of T lymphocytes and monocytes/macro-
phages into the glomeruli was examined using frozen sections of the
injected kidneys after 2 and 4 wk. Fixed sections were reacted with a

monoclonal antibody against rat T lymphocytes (MRCOX-52; Serotec
Ltd., Oxford, United Kingdom) ( 1:100 dilution) or rat monocytes/mac-
rophages (EDI; Serotec Ltd) (1:500 dilution) and then incubated with
goat anti-mouse immunoglobulins FITC (1:50 dilution; Sigma Immu-
nochemicals). Immunofluorescence was examined under a fluorescence
microscope.

Statistical analysis. Statistical analysis was performed using the
Mann-Whitney test (nonparametric method) to compare data in different
groups of animals. P value of < 0.05 was used to indicate a statistically
significant difference.

Results

Characterization of the reporter mesangial cell clone,
RM4/BG715
Using replication-defective BAGvirus, we established a neo-
mycin-resistant reporter clone, RM4/BG715. Northern analysis
detected the transcripts of the introduced genes, 4.0-kb LacZ
and 3.6-kb neo, in RM4/BG715 but not in the uninfected mes-
angial cells RM4 (Fig. 1 A). X-gal analysis revealed a high
level of /3-galactosidase activity in this reporter clone (Fig. 1
B) but not in the uninfected cells (Fig. 1 C). RM4/BG715
showed the "hill and valley" formation (Fig. 1 B) and positive
staining for desmin, a-smooth muscle actin, and Thy 1 -associ-
ated antigen (not shown) seen in cultured rat mesangial cells.
No evidence of transformation was observed in the reporter cell
as assessed by its growth activity in soft agar (26), and no
replication-competent virus was detected in the conditioned me-
dium of this clone. The mesangial cell phenotypes and the high
level of 63-galactosidase expression of RM4/BG715 were ob-
served to be constant through 7-17 passages.

Distribution and kinetics of reporter cells after transfer
into the normal kidney
Confluent reporter cells were trypsinized, suspended in DME,
and injected into the left kidney via the renal artery. 4 h after
injection, 17-62% (34+8%; mean+SE, n = 6) of isolated
glomeruli were positive for X-gal staining (Fig. 2 A). Reporter
cells were not detected in the glomeruli from the contralateral
kidneys (Fig. 2 B). X-gal analysis of the frozen sections re-
vealed that the reporter cells had accumulated in the glomerulus
in a site-specific manner (Fig. 2 C). No X-gal-positive cells
were detected in afferent or efferent arteriole or in interstitial
capillaries. Likewise, the contralateral kidneys (Fig. 2 D) and
lungs (not shown) were also negative. Injection of medium
alone or of a P-galactosidase-negative clone, RM4-4, did not
induce any X-gal-positive areas in the injected kidney (data
not shown), indicating that the observed enzymatic activity was
derived exclusively from the introduced LacZ gene.

The kinetics of the P-galactosidase expression during the
course of experiments was studied. During the initial 4 wk, the
mean percentages of X-gal-positive glomeruli were sustained
above 30%; the percentage increased to 57+13% (mean±SE,
n = 5) at 1 wk, and then gradually declined to 35+14% (n
- 4) at 2 wk and 30+16% (n = 4) at 4 wk, respectively (Fig.
3). Maximum efficiency, 83%, was achieved in a kidney at 1
wk after injection. After 8 and 14 wk, ,3-galactosidase expres-
sion was only detected in the occasional glomerulus (- 6%).
,e3-Galactosidase activity was never detected in the glomeruli of
the contralateral kidneys.

Using X-gal paraffin sections, we detected reporter cells
within the glomerular capillaries even 1 wk after cell transfer
(Fig. 4 A). Some cells extended along the endothelium (Fig. 4
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Figure 3. Kinetics of 13-galactosidase expression in glomeruli after re-
porter cell transfer. Isolated glomeruli from injected or contralateral
kidneys were subjected to X-gal assay, and mean percentages of X-
gal-positive glomeruli were evaluated at 4 h, 1, 2, 4, 8, and 14 wk
after cell transfer. Closed circles, injection side; open circles, noninjec-
tion side. Means±SE.

B) or occupied the capillary lumens (Fig. 4 C). However, other
cells seemed to migrate within the glomerulus and make connec-
tions with each other (Fig. 4 D). Microscopic analysis of X-
gal-treated resin sections revealed that these cells, indeed, pop-
ulated the mesangial area (Fig. 4, E and F) and, at least in part,
extended their cytoplasmic processes toward the surrounding
capillaries not unlike the resident mesangial cells (Fig. 4 E).

Kinetics of reporter cells after transfer into kidneys
undergoing transient mesangial regeneration
Cells were transferred into regenerating glomeruli 3 d after the
administration of monoclonal antibody 1-22-3. 4 h after cell
injection, 21-67% (50±11%; mean±SE, n = 4) of glomeruli
were positive for X-gal staining, with the distribution of the
cells being as sparse as in the normal glomeruli (Fig. 5 A).
Within 7 d, however, the,/-galactosidase activity was amplified
in situ, and the X-gal-positive areas were dramatically ex-
panded (Fig. 5 B). The regenerative state of the glomerulus
improved the efficiency of gene introduction as well as the
expression level of the gene product; the percentage of X-gal-
positive glomeruli per injected kidney increased from 34±8%
in normal to 50±11% in regenerating kidneys at 4 h, and from
57±13% to 75±4% at 1 wk. Again, the reporter cells were
neither detected in other portions of the injected kidneys (Fig.
5 C) nor in the contralateral kidneys, except for one injected
kidney where a small number of reporter cells was detected
in the medullary interstitium. Transfer of the /3-galactosidase-
negative clone RM44did not produce any X-gal positivity in
the injected kidneys (Fig. 5 D), indicating that the enhanced
enzyme expression was derived from the exogenous transgene.

In each glomerulus, expansion of the reporter cells pro-
gressed during the first 2 wk and then reached a plateau (shown
in Mean AXG(%) in Table I). P-Galactosidase activity per
kidney indicated by X-gal score was also markedly increased
during the first 2 wk, and the high level of expression (7-12-
fold increase compared with the 4-h score) continued for at
least 8 wk (Fig. 6). In contrast to this result from isolated
glomeruli, frozen sections of injected kidneys at 4 and 8 wk
revealed evidence of glomerulosclerosis where X-gal positivity
had diminished.

To confirm that the increased expression of the exogenous
gene was due to the replication of the transferred cells, we
examined the kinetics of replication-defective reporter cells
which were treated with mitomycin C. A suspension of the
mitomycin-treated cells was injected into the regenerating kid-
neys 3 d after 1-22-3 treatment. After 7 d, in contrast to the
replication-competent cells (Fig. 7 A), expansion of X-gal-
positive area of the glomerulus did not occur in the mitomycin-
treated cells (Fig. 7 B); the percentage of X-gal-positive area
in each glomerulus was 2.8±0.1% (mean±SE) in the group of
treated cells (n = 4) vs 27.5+5.2% in the untreated group (n
= 5). The X-gal score was 61±21 (mean±SE) in mitomycin-
treated cells vs 2,014±288 in untreated cells. These findings
indicated that the increased expression of /3-galactosidase was
due to replication of the reporter cells.

Effect of reporter cell transfer on the structure and
function of the kidney
Histological change. The majority of the glomeruli where re-
porter cells were transferred showed normal appearance at 4 h
and 1 wk, except for the presence of entrapped cells within the
capillaries. At 1 wk after cell transfer, the reporter cells typically
occupied capillary lumens (Fig. 8 A). Nodular remodeling of
peripheral capillaries (Fig. 8 B) or expansion of the glomerular
tuft (Fig. 8 C) was occasionally detected at this stage. After 4
and 8 wk, however, increased cellularity and matrix expansion
in glomeruli were observed in the two kidneys which exhibited
the most prominent X-gal staining (not shown). In four other
kidneys examined, the glomerular alteration was modest, show-
ing occasional nodular/segmental sclerosis or increased cellu-
larity. At this stage, infiltration of mononuclear cells into the
interstitium was detected even when histological change in the
glomerulus was minor. The 1-22-3-treated glomeruli con-
taining reporter cells, however, exhibited histological evidence
of pronounced hypercellularity, matrix expansion, and glomeru-
lar hypertrophy at 1 wk in association with expansion of the
reporter cell population (Fig. 8 D). In contrast to the self-
limiting course of 1-22-3-induced injury itself, the glomerular
damage was progressive, and global or segmental sclerosis was
observed in the glomeruli at 4 and 8 wk (not shown). This
progressive injury was not detected after the transfer of replica-
tion-defective cells which were pretreated with mitomycin C.

Single kidney function. Using 99mTc DMSAuptake, the ef-
fect of reporter cell transfer on the function of injected kidneys
was evaluated. 1 wk after cell transfer, the function of the
injected kidneys was 19.7±2.6% (mean±SE, n = 6) lower than
that of the noninjected side. Injection of medium alone did
not induce any functional change, suggesting that the observed
alteration was caused by the entrapped reporter cells.

Proteinuria. In the normal adult rats, the Up/Ucr ratio
ranged from 0.02 to 0.52 (0.23±0.03, mean±SE of 22 rats).
When the cells were transferred into the normal kidneys, the
Up/Ucr ratios were 0.32±0.06 at 4 h, 0.11±0.08 at 1 wk,
0.17±0.01 at 2 wk, and 0.22±0.12 at 4 wk, respectively. These
values were not statistically different from normal. We next
examined the effect of cell transfer on proteinuria in the 1-22-
3-treated kidneys. The anti-mesangial cell antibody induced
transient proteinuria with peak on days 5-10 after the antibody
injection. When the reporter cells were transferred into these
kidneys, an enhanced and prolonged proteinuric response (not
statistically different) was observed after 1 wk (Up/UCr ratio:
0.59±0.22 in reporter cell [+] vs 0.37±0.10 in reporter
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cell [-]) and 2 wk (0.57±0.26 in cell [+] vs 0.22±0.12 in
cell [-]).

Humoral and cellular immune response to reporter cells
To examine the humoral immune response in the recipient ani-
mals, we tested for the presence of circulating antibodies against
the reporter cells. Immunoreactivity against the cells was not
detected in the sera of the host animals during the course of
experiments. To assess the cellular immune response, we further
examined infiltrating cells in the injected kidneys. Using immu-
nofluorescence, focal infiltration of T lymphocytes and

1:'̂ 5 Figure 4. Localization of reporter cells within glo-
¢ i5 meruli 1 wk after cell transfer. (A-C) X-gal paraffin

sections counterstained with PAS, (D) X-gal frozen
Jr tj section stained with PAS, (E and F) X-gal resin

i f - A sections stained with toluidine blue. x 1,000. Arrows
indicate reporter cells in both an endothelial location
(A and B) and mesangial location (E and F).

monocytes/macrophages in the glomeruli and the interstitium
was observed 2 and 4 wk after cell transfer (data not shown).

Discussion

Using the cultured mesangial cell as a vector for gene delivery,
we have devised a novel gene transfer system which targets a
microscopic structure in the kidney, the glomerulus. This system
has several advantages over conventional in vivo gene transfer
methods which use viral vectors or liposomes, i.e., high effi-
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Figure 5. Amplification of /3-galactosidase
activity in glomeruli subjected to mesangial
regeneration. (A-C) Reporter cells were
transferred into the kidneys exposed to anti-
mesangial cell antibody (1-22-3) 3 d before
transfer, and expression of /3-galactosidase
was examined after 4 h (A, x200), 1 wk (B,
x200), and 2 wk (C, x40) using an X-gal
assay of frozen sections. (PAS counter-
staining). (D) 13-Galactosidase-negative
clone, RM4-4, was transferred into the kid-
ney treated with 1-22-3, and the X-gal assay
was performed after 1 wk (X40).
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Table 1. Amplification of /3-Galactosidase Expression within t.he Glomerulus by Anti-Mesangial Cell Antibody 1-22-3

Total positive
glomeruli (%) AXG(%)

Mean XG Fold
Tenr n L R - 5% - 25% - 50% - 100% AXG(%) score increase

4 h 4 50±11 0 78±4 18±2 5±3 0 6.4±1.2 283±43
1 wk 5 75±4 0 19±3 47±8 15±2 19±8 27.5±5.2* 2014±288* 7.1±1.0
2 wk 4 61±12 0 14±3 17±4 22±1 47±7 45.8±4.0* 2913±773* 10.3±2.8
4 wk 4 53±11 0 11±2 24±7 25±3 40±9 43.5±5.1* 2191±289* 7.8±1.0
8 wk 2 70±11 0 14±9 17±2 22±1 47±7 46.3±5.1 3272±890 11.6±3.2

The reporter cells were transferred into the kidneys 3 d after the 1-22-3 treatment. After 4 h, 1, 2, 4, and 8 wk, both kidneys were sampled, and
percentages of X-gal-positive glomerulus were calculated using isolated glomeruli from injected kidneys (L, left) or contralateral kidneys (R, right).
In each X-gal-positive glomerulus, AXG%was graded into four levels: - 5%, 5 - 25%, 25 - 50%, 50 - 100%, and the mean value per positive
glomerulus was calculated: Mean AXG(%) = (2.5 X a) + (15 x b) + (37.5 x c) + (75 x d)/a + b + c + d, where a, b, c, and d are the number
of X-gal-positive glomeruli showing grades of - 5%, 5 25%, 25 - 50%, and 50 - 100%, respectively. The X-gal score (XG score) per kidney
was calculated using the following formula: XG score = Mean AXG(%) x total positive glomeruli (%). Each XGscore was compared with the
mean value obtained at 4 h and expressed as a fold increase. * P < 0.05.

ciency and site specificity of gene delivery and stable expression
of the introduced gene product. For example, compared with
the recently reported hemagglutinating virus of Japan-liposome
method which targets 15-35% of glomeruli and allows for gene
expression over several days (5, 27), the mesangial cell vector
system achieves higher efficiency (57% of total glomeruli, after
1 wk) and longer expression (4 wk) in the glomerulus. In
combination with pretreatment of the kidney to render the mes-
angial cells proliferative, in situ amplification of the introduced
gene product was achieved. A substantial advantage of using
these genetically engineered cells is the convenience of the
method, using, as it does, in vitro rather than in vivo transfec-
tion. This method allows for sophisticated cell engineering in
vitro and will enable the transfer and expression of multiple
genes for analysis of their composite interactions within the
glomerulus.

After the cell transfer, we found that some of the cells
remained within the glomerular capillaries. These cells would
be ideally positioned to allow for diffusion of secreted foreign
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Figure 6. Semiquantitative assessment of /-galactosidase expression
per injected kidney in normal and regenerating glomeruli. X-gal score
was calculated using isolated glomeruli reacted with X-gal, as noted in
Methods. X-gal scores at 1, 2, 4, and 8 wk are expressed as means±SE.
Closed squares, kidneys pretreated with monoclonal antibody 1-22-3;
open squares, untreated kidneys. Asterisks show statistical significance
(P < 0.05) of differences between the groups at each time point.

proteins throughout the glomerulus via the capillary lumen,
endothelial fenestrate, and mesangial pathways (10). Importan-
tly, we also found that some of the cells transferred repopulated
the mesangial area presumably by migration. This implies that
the vector cells can, at least in part, be incorporated into the
glomerular architecture as constituents of a genetically engi-
neered chimeric glomerulus.

Figure 7. /3-Galactosidase expression in regenerating glomeruli after
transfer of replication-competent or replication-defective reporter cells.
Replication-competent reporter cells (A) or replication-defective cells
treated with mitomycin C (B) were transferred into the kidneys pre-
treated with monoclonal antibody 1-22-3. X-gal assay of isolated glo-
meruli was performed after 1 wk. x200; phase-contrast micrograph.
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Figure 8. Histopathological analysis of the
kidneys 1 wk after transfer of reporter cells.
Paraffin sections were counterstained with
PAS and hematoxylin. The reporter cells ex-
hibit large and pale nuclei distinct from in-
trinsic glomerular cells. Arrows indicate (A)
the location of reporter cells within the capil-
laries, (B) nodular remodeling of the glomer-
ulus, and (C) reporter cells populated in the
expanded glomerular tuft, in 1-22-3-un-
treated kidneys (X1,OOO). (D) Pronounced
glomerular hypercellularlity with matrix ac-
cumulation is shown in the 1-22-3-treated
kidney in association with reporter cell
expansion (x200).

During the study, we constantly observed site-specific accu-
mulation of the reporter cells in the glomeruli after injection
into the renal artery. Reporter cells were not detected in other
portions of the injected kidneys, in the contralateral kidneys, or
in other organs. In contrast to other conventional gene transfer
approaches, this is a distinct advantage of the mesangial cell
vector system. Using this method, the glomerulus can be tar-
geted and functionally modified in a site-specific manner. How-
ever, we cannot exclude the possibility that a small population
of the cells could have been "ectopically" trapped and were
not identified on routine histological sectioning. Further investi-
gation will be required to clarify this point.

The system we describe is not without limitations. Transfer
of vector cells reduced renal function to a limited extent and
induced structural changes in the glomerulus. To overcome
these problems, further modification of this method will be
required. For example, in this study, we used mesangial cells
after prolonged culture, whereas it may be better to use early
passage cells which maintain their differentiated characteristics.
To obviate the risk of rejection and to allow for long-term gene
expression, use of inbred strains or autologous cell transfer
will also be essential. Wehave successfully used genetically
engineered mesangial cells derived from a biopsy of the contra-
lateral kidney for this latter purpose (our unpublished observa-
tions).

Utilization of the monoclonal antibody 1-22-3, which in-
duced not only the amplified gene expression but also injury of
the glomerulus, should also be modified. The use of replication-
defective reporter cells revealed that the progressive damage
was mainly due to uncontrolled proliferation of the vector cells.
Preliminary data indicate that lower doses of 1-22-3 or cell
transfer before or 1 wk after 1-22-3 treatment induces modest
proliferation of vector cells and less damage of the glomerulus
(our unpublished observation). Alternatively, genetic engi-
neering of vector cells to control the growth activity could also
achieve appropriate and self-limiting replication of the cells.
Using these modifications, it would be possible to exert tight
control over the vector cell replication in vivo allowing for
expansion of the cells without causing progressive glomerular
injury.

In this system, the efficiency of gene introduction varied
from 17 to 67% at 4 h after cell injection. Several factors could
affect the efficiency of this system, e.g., body weight of the
recipients, cell size, injected cell number, unusual branching of
the renal artery, reactive constriction of renal vasculature, or
the pressure of cell injection. As far as examined, we did not
detect an obvious correlation between efficiency (percentage of
X-gal-positive glomeruli) and animal size, cell number, or the
pressure of injection (our unpublished data). Since unusual
branching of renal artery affects the distribution of vector cells
within the kidney, cell injection was performed into the renal
artery in its most proximal part. Reactive constriction of renal
vasculature, especially of the afferent arterioles, is a possible
reason for the difference in efficiency from animal to animal.
If so, combination with a vasodilator might improve the effi-
ciency of gene transfer. Wealso observed that the gene transfer
efficiency was improved in the regenerating glomerulus. This
may be caused by increased entrapment and/or survival of the
cells due to alterations in: (a) diameter and length of glomerular
capillaries; (b) expression of adhesion molecules; or (c) supply
of growth and/or survival factors in the glomerulus.

By preconditioning of the target site with the monoclonal
antibody 1-22-3, we observed amplified and prolonged expres-
sion of ,-galactosidase in the glomerulus. Although macro-
phages infiltrating into the 1-22-3-treated glomeruli may have
endogenous ,f-galactosidase activity, we concluded that the am-
plified enzymatic activity was derived exclusively from the in-
troduced LacZ gene because: (a) no /3-galactosidase activity
was detected in the noninjection side of kidneys where infiltrat-
ing macrophages are present; (b) injection of /3-galactosidase-
negative cells did not induce any X-gal-positive areas in the
injected kidneys; and (c) marked amplification of /3-galactosi-
dase activity was observed after the transfer of replication-com-
petent reporter cells but not of replication-defective cells. These
findings clearly showed that the 3-galactosidase activity in the
glomerular macrophages is far less than that in the established
reporter cell, and that the X-gal assay we used discriminated
the exogenous /3-galactosidase from the endogenous enzyme.
In this study, the high levels of /3-galactosidase expression were
detected for up to 8 wk, but frozen sections of injected kidneys
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at 4 and 8 wk exhibited evidence of glomerulosclerosis where
X-gal positivity had diminished. This discrepancy may have
been due to the difficulty of isolating sclerotic glomeruli using
the conventional sieving approach.

In the established reporter cells, the LacZ gene was tran-
scribed under the control of Moloney murine leukemia virus
promoter, long terminal repeat (LTR). Some reports have sug-
gested that the viral LTR is not effective for long-term in vivo
gene expression (28). Our data showed that this promoter pro-
vided sustained expression of genes in the glomerulus for up
to 4 wk with a decline thereafter. This limited expression may
be due to rejection of the introduced cells since we detected
histological evidence of cellular infiltration in the injected kid-
neys. Some investigators, however, have reported that the viral
LTR becomes inactive in vivo in the absence of an immune
response or host cell death (28, 29). Utility of the viral promoter
for the purpose of long-term gene expression by this system
should be evaluated further, by comparing reporter cells which
express a foreign gene under the control of different regulatory
elements.

In summary, we have demonstrated site-directed gene trans-
fer into the glomerulus via a mesangial cell vector. Since mesan-
gial cells, but not other glomerular cells, are well-characterized
and can be easily cultured even from biopsy samples, they
would be suitable as vectors for introducing genes into the
glomerulus via autologous transplantation. This system will
allow for the assessment of the pathophysiological function of
specific molecules within the glomerulus and also will allow
therapeutically relevant molecules to be targeted to this micro-
scopic structure. Indeed, targeting of some genes to the glomeru-
lus has been reported recently by Isaka (27) who used the
hemagglutinating virus of Japan-liposome method to demon-
strate the pathogenic roles of transforming growth factor-f and
platelet-derived growth factor in inducing glomerular injury.
Sustained and/or amplified expression of site-directed exoge-
nous genes using the mesangial cell vector system should be a
powerful tool in evaluating the contribution of specific mole-
cules to the evolution of chronic glomerular injury.
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