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Fig. 7. A tissue section with acute refec-
tion stained with a 2 terminal deoxynn-
deotidyl transferase (TdT)/3,3’-diaminoben-
zidine (DAB) kit for apoptosis detection
in situ, and methylene green counterstain-
ing, Terminal deoxynucleotidyl transferase
{TdT)-mediated deoxyuridine triphosphate
{dUTP) nick-end labeling (TUNEL) 4 sig-
nals (brown) were almost confined to the dis-
tal tubules, and were unrelated to interstitial
cell infiltration (magnification x100).

cell types during the acute and recovery phase of acute
renal failure [42]. This may account for the frequently ob-
served apoptosis in the distal but not the proximal tubules
in acute rejection. OPN has antiapoptotic effect. In a re-
cent study, ischemic kidneys from OPN knockout mice
showed significantly enhanced apoptosis [43]. OPN ex-
pression did not correlate with the observed number of
apoptotic cells, indicating that OPN is probably an irrel-
evant regulator of apoptosis in acute rejection.

The available data on the significance of OPN expres-
sion in human renal diseases are still limited. In IgA
nephropathy, OPN has been shown to have a negative
impact on the prognosis [16]. In membranous nephropa-
thy, tubular expression of OPN was significantly higher in
patients with progressive disease [15]. In these two kinds
of chronic glomerulonephritis, the adverse prognosticsig-
nificance of OPN expression is probably caused by its sig-
nificant association with interstitial fibrosis. Overload of
tubular cells with filtered proteins has been shown to in-
duce OPN expression in the proximal tubular epithelium
in rat remnant kidney model in vivo, suggesting that pro-
teinuria may be a strong inducer of tubular OPN expres-
sion [44]. However, the correlation of proteinuria with
OPN expression in human renal diseases is rather con-
flicting [16, 45]. We could not find significant correlation
between OPN expression and renal function or urinary
protein excretion. This discrepancy between the clinical
and pathogenic significance of OPN expression may be
resulted from the antirejection treatment, the biopsy tim-
ing, or because of the diverse biologic functions of OPN.
The diversity of its function may limit the prospect of be-
ing a promising target for immunosuppressive therapy.

In the present study, we demonstrated the up-regulated
tubular expression of OPN at both the protein and
mRNA levels in biopsies from renal allograft with acute
rejection. OPN expression was correlated with intersti-
tial macrophage infiltration and cell proliferation in both
the tubular and interstitial compartments, supporting the
role of OPN in macrophage recruitment and the subse-
quent proliferation and regeneration of tubulointerstitial
cells in acute rejection.
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Intrarenal Injection of Bone Marrow-Derived Angiogenic
Cells Reduces Endothelial Injury and Mesangial Cell
Activation in Experimental Glomerulonephritis
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Loss of glomerular endothelial cells has been suggested to contribute to the progression of glomerular injury. Although
therapeutic angiogenesis induced by administration of bone marrow-derived endothelial progenitor cells has been observed
in disease models of endothelial injury, the effects on renal disease have not been clarified. Whether administration of
culture-modified bone marrow mononuclear cells would mitigate the glomerular endothelial injury in anti-Thy1.1 nephritis
was investigated. After cultivation under conditions that promote endothelial progenitor cell growth, bone marrow mono-
nuclear cells were labeled with CM-Dil, a fluorescence marker, and injected into the left renal artery of Lewis rats with
anti-Thyl.1 glomerulonephritis. The decrease in glomerular endothelial cells was significantly attenuated in the left kidney,
as compared with the right, in nephritic rats that received the cell infusion. Glomerular injury score, the area positive for
mesangial a-smooth muscle actin, and infiltration of macrophages were significantly decreased in the left kidney. CM-Dil-
positive cells were distributed in glomeruli of the left kidney but not in those of the right kidney. Among CM-Dil-labeled
cells incorporated into glomeruli, 16.5 = 1.2% of cells were stained with an endothelial marker, rat endothelial cell antigen-1.
Culture-modified mononuclear cells secreted 281.2 = 85.0 pg of vascular endothelial growth factor per 10° cells per day. In
conclusion, intra-arterial administration of culture-modified bone marrow mononuclear cells reduced endothelial injury and
mesangial activation in anti-Thy1.1 glomerulonephritis. Incorporation into the glomerular endothelial lining and production
of angiogenic factor(s) are likely to contribute to the protective effects of culture-modified mononuclear cells against

J Am Soc Nephrol 16: 177-172, 2005. doi: 10.1681/ ASN.2004050367

glomerular injury.
ndothelial injury in the kidney has been shown to cor-
E relate with the progression of glomerular and tubulo-
interstiial damage (1). The observations that adminis-
tration of vascular endothelial growth factor enhances capillary
repair and improves renal function in several experimental
models (2-4) suggest that therapy that is aimed at stimulating
capillary repair may slow the progression of renal diseases.
Recent evidence indicates that bone marrow—derived endo-
thelial progeniter cells contribute to tissue vascularization after
ischemic events such as hindlimb arterial occlusion and myo-
cardial infarction (5). On the basis of their roles in the response
to injury, bone marrow-derived endothelial progenitor cells
have been isolated and transplanted for therapeutic applica-

Received May 10, 2004. Accepted January 1, 2005.
Published online ahead of print. Publication date available et wnnw.jasn.org.

Address correspondence to: Dr, Takeshi Marumo, Department of Clinical Renal
Regeneration, Division of Nephrology and Endocrinclogy, Department of Inter-
nal Medicine, University of Tokyo, 7-3-1 Honge, Bunkyouku, 113-8655 Tokyo,
Japan. Phone: 81-3-3815-5411, ext. 35717; Fax: §1-3-5800-9738; E-mail: tmarumo-
npr@umin.acjp

Copyright © 2005 by the American Society of Nephrology

tions, and enhancement of re-endothelialization and restoration
of organ function have been observed in cardiac and hindlimb
ischemia and carotid artery injury (5,6).

A recent report showed endothelial progenitor cells mobi-
lized from the bone marrow also to contribute to glomerular
endothelial repair in anti-Thyl.1 glomerulonephritis (7), a
model characterized by mesangial and glomerular endothe-
lial injury (8). However, the therapeutic potential of exog-
enously administered bone marrow-derived cells, including
endothelial progenitor cells, for endothelial injury in the
kidney has not been clarified. We, therefore, investigated
whether administration of culture-modified bone marrow
mononuclear cells (CMMC), which had been prepared using
a method designed to obtain endothelial progenitor cells,
were capable of attenuating endothelial damage and mesan-
gial activation in anti-Thyl.l glomerulonephritis. Because
recent evidence suggests that the production of angiogenic
factors also contributes to re-endothelialization by exog-
enously administered endothelial progenitor cells (9-11), we
further investigated whether CMMC secrete vascular endo-
thelial growth factor (VEGF), an angiogenic factor that re-
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portedly enhances glomerular endothelial repair in experi-
mental glomerulonephritis (3).

Materials and Methods
Cell Culture

CMMC were isolated and cultured according to a previcusly de-
scribed methed used for isolation of endothelial precursor cells from
bone marrow (12,13). In brief, bone marrow mononuclear cells were
isclated from the femurs and tibias of 6-wk-old male Lewis rats (CLEA
Japar, Tokye, Japan) by density gradient centrifugation with Ficoll-
Paque Plus (Amersham Biosciences). The obtained cells were cultured
in DMEM supplemented with 10% FBS, 50 xg/ml heparin, 10 ng/ml
recombinant hurman VEGF (R&D Systems, Minneapolis, MN}, 5 ng/ml
fibroblast growth factor-2 (R&D Systems), 100 pg/ml streptomycin,
and 500 pg/ml penicillin, on fibronectin-coated dishes,

Adherent cells after 5 or 6 d of culture were infused into nephritic
rats, as CMMC. The cells were labeled with a flucrescence marker,
CM-Dil (Molecular Probes, Eugene, OR), by incubation in PBS that
contained 3 pg/mi CM-Dil for 5 min at 37°C and 15 min at 4°C. After
being detached from the dishes by addition of 3 mM EDTA solution
and a minimal amount of trypsin, cells were passed thwough a cell
strainer (Falcon) and injected into the nephritic rats.

For the determination of endothelial lineage characteristics (5,14),
CMMC that were cultured for 6 d were evaluated for the uptake of
acetylated LDL, the binding of Bandeiraea simplicifolia lectin {(BS-1),
and VEGF receptor 2 (VEGF-R2) expression. Afier incubation with 10
#ig/ml Dil-labeled acetylated LDL (Biogenesis Ltd., Poole, UK) for 1 h,
cells were fixed in 2% paraformaldehyde, stained with 100 pg/ml
FITC-labeled BS-1 (Sigma, St. Louis, MO), and examined by fluores-
cence microscopy. For measuring VEGF-R2 expression, CMMC were
fixed in ice-cold methancl and stained with a rabbit polyclonal anti-
body against VEGF-R2 (Santa Cruz Biotechnology, Santa Cruz, CA;
dilution 1:200) as the primary antibody. After incubation with Alexa
Fluor 488 goat anti-rabbit IgG (Molecular Probes) as the secondary
antibody at a dilution of 1:200, the cells were analyzed by confocal
laser-scanning microscopy {Leica DMIR/E2 TCS SL; Leica GmbH, Wet-
zlar, Germany). Negative contrcls included nonimmune rabbit IgG
(Cedarlane Laboratories, ON, Canada) instead of the primary antibody.

Experimental Protocol .
Anti-Thyl.1 glomerulonephritis was induced in 6-wk-old female
Lewis rats by injection of 250 ug/100 g body wt monoclenal antibody
1-22-3 (15} into the tail vein. Control rats received a saline injection
instead of the antibody (n = 6). One day after the injection of mono-
clonal antibody 1-22-3, cultured CMMC (1.0 + 0.2 X 10%) in 1 m] of PBS
were injected into the left renal artery (n = 6). Four nephritic rats were
menitored in parallel without CMMC injection for analysis of renal
function. Twenty-four-hour urine collections were performed on day 5
after the antibody injection. Urinary protein concentrations were deter-
mined with a pirogarcl-red method kit (Wako Chemistry Co., Lid.,
Tokyo, Japan). Seven days after the induction of glomerulonephritis,
the kidneys were perfused with saline and removed from anesthetized
animals. Blood was collected when the rats were killed for determina-
tion of serum creatinine concentrations. For morphelogic analysis and
immunohistochemical staining for a-smcoth muscle actin (a-SMA) and
ED-1, corcnal sections of renal tissue were immersion-fixed in 10%
neutral-buffered formalin and embedded in paraffin. For detection of
CM-Dil-labeled cells and for immunohistochemical staining for rat
endothelial cell antigen-1 (RECA-1} and OX-7, coronal sections of renal
tissue were immersion-fixed in 4% buffered paraformaldehyde for 12 h;
washed with 10, 15, and 20% sucrose in PBS for 4 h each time; embed-
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ded in OCT compound; and snap-frozen in liquid nitrogen. Animal
care and freatment complied with the standards described in the
Guidelines for the Care and Use of Laboratory Animals of Keio Uni-
versity School of Medicine.

Renal Morphology

For assessing morphologic changes, 4$um paraffin sections were
stained with periodic acid-Schiff (PAS) reagent and hematoxylin and
examined by normal light microscopy. Semiquantitative morphologic
studies of glomerular lesions were performed on 25 glomeruli ran-
domly selected from each specimen by one of the authors, each author
being unaware of the origins of the slides. The degree of glomerular
mesangial cell and/or matrix expansion was graded according to the
percentage of glomerular involvement as described previously {16)
using the following criteria: 0 = normal glomerular cellularity with no
significant mesangial expansion; 1+ = mesangial cell and/or matrix
expansion involving <25% of the glomerular area; 2+ = mesangial cell
and/or matrix expansion involving 26 to 50% of the glomenular area;
3+ = mesangial cell and/or matrix expansion involving 51 to 75% of
the glomerular area; and 4+ = diffuse {>75% of the glomerular area)
mesangial cell and/or matrix expansion or a glomerulus showing
basement membrane disruption and/or mesangiolysis.

Immunohistochemical Staining and Quantitative Analysis

Glomerular endothelial injury was evaluated by immunofluorescent
staining for RECA-1 and analysis of glomerular capillary density, ac-
cording to a previously described method (17), with miner modifica-
tion. Frozen sections, 6 pm thick, were stained with mouse anti~
RECA-1 monoclonal antibody (Serotec Ltd., Oxford, UK; dilution 1:20)
as the primary antibody. Alexa Fluor 488 goat anti-mouse IgG (Molec-
ular Probes) was used as the secondary antibody at a dilution of 1:200.
Sections then were analyzed by confocal laser-scanning microscopy
(Leica DMIR/E2 TCS 5L). Glomerular capillaries, identified by positive
staining for RECA-1, were counted, and the glomerular tuft area was
calculated by image analysis using Adobe Photoshop 7.0 and Scion
Image. After evaluation of 20 glomeruli from each kidney in a blinded
manner, the glomerular capillary density was normalized to the num-
ber of capillaries per square millimeter.

For the detection of &-SMA, deparaffinized sections, 4 um thick, were
stained with mouse anti-a-SMA monaclonal antibody (1A4; DakoCy-
tomation Co. Ltd.; 1:50 dilution), according to a previously described
method (18), with minor modificatior. Immobilized antibody was de-
tected by the bictin-avidin-immunoperoxidase technique using a Vec-
tastain Elite ABC kit (Vector Laboratories, Burlingame, CA) and 3-3'-
diaminobenzidine as the chromogen. Sections then were
counterstained with Mayer’s hematoxylin and examined by light mi-
croscopy. The ratio of the glomerular «-SMA-positive area to the
glomerular tuft area was calculated by image analysis using Nikon
ACT-1 version 220, Adobe Photoshop 7.0, and Scion Image. The mean
value of the a-SMA-positive area was calculated by evaluating 20
glomeruli from each kidney in a blinded manner.

Glomerular infiltration of macrophages was determined by counting
the number of ED-1-positive cells according to a previously described
method (19), with minor modification. Deparaffinized sections, 4 pm
thick, were stained with mouse anti-rat macrophage monoclonal anti-
body, clone ED-1 (Chemicon International, Temecula, CA) at a dilution
of 1:100. Immobilized antibody was detected by the biotin-avidin-
immunoperoxidase technique using an LSAB kit (DakoCytomation Co.
Ltd.) and 3-3'-diaminobenzidine as the chromogen. Sections then were
counterstained with Mayer's hematoxylin and examined by light mi-
croscopy. The number of ED-1-positive cells in glomerular cross-sec-
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tions was counted in a blinded manner in at least 30 glomeruli for each
section, and mean values per kidney were calculated.

Incorporation of CMMC was investigated using fluorescence micros-
copy. The rate of glomeruli positive for CM-Dil-labeled cells was
calculated by dividing the number of glomeruli that contained CM-
Dil-labeled cells by the total number of glomeruli examined. The
number of CM-Dil-labeled cells per glomerulus, in glomeruli with
these cells, was also determined. At least 50 glomeruli per kidney were
examined, and the mean number was obtained from six kidneys.

For evaluating the possibility of differentiation of CMMC into mes-
angial cells, frozen sections, 6 pm thick, were stained with mouse
anti-CD90 monoclenal antibody, clone MRC OX-7 (Serotec Ltd; dilu-
tion 1:800) followed by Alexa Fluor 488 goat anti-mouse IgG (Molecular
Probes) at a dilution of 1:1000. For the determination of possible dif-
ferentiation of CMMC into macrophages, deparaffinized sections, 4 pm
thick, were stained with anti-rat macrophage antibody, clone ED-1. The
sections then were incubated with Alexa Fluor 488 goat anti-mouse IgG
(Molecular Probes) at a dilution of 1:200. After staining of nuclei with
TO-PRO-3 (Mblecular Probes), sections were analyzed by confocal
laser-scanning microscopy. At least 20 Dil-positive cells per kidney
were evaluated for staining with anti-RECA-1 antibedy, OX-7, or ED-1.
The mean positive rate was obtained by examining five rats. Negative
controls for immunohistochemical staining included substitution of the
primary antibody with an irrelevant mouse IgG or PBS.

ELISA Assay

Culture supernatants of freshly obtained bone marrow mononuclear
cells were collected after incubation in the presence of endothelial
growth factors for 4 d. After removal of the nonadherent cells, CMMC
were further incubated, and the culture supernatants from days 6 to 9
then were collected. Rat VEGF content in the culture supernatants was
determined with a murine VEGF ELISA kit (R&D Systems), using rat
VEGF (R&D Systems) as a standard. Cross-reactivity to human VEGF
was negligible under our assay conditions. VEGF production was
expressed as the amount of VEGF produced per day divided by the cell
number at the start of incubation. Cell number on day 6 was obtained
by counting trypsinized cells that had been treated in a manner iden-
tical to that of cells that were subjected to further incubation.

Statistical Analyses

All data are expressed as means + SEM. Multiple parametric com-
parisons were performed using ANOVA, followed by Fisher protected
least significant difference test. Comparisons between two groups were
performed by ¢ test. P < 0.05 was considered statistically significant.

Results
Characterization of CMMC
After a 6-d culture in the presence of endothelial growth

factors, >90% adherent bone marrow cells had incorporated
acetylated LDL and stained positive for BS-1 lectin (Figure 1).
Endothelial progenitor cells from various sources have been
shown to have these characteristics (5,13,14,20,21). In contrast,
before culture, <5% of bone marrow mononuclear cells showed
incorporation of acetylated LDL {data not shown). CMMC also
expressed VEGF-R2, a marker for endothelial-lineage cells (5).

Attenuation of Glomerular Endothelial Cell Injury by
Administration of CMMC

The effect of CMMC on glomerular endothelial injury in
anti-Thyl.1 nephritis was investigated by infecting 1.0 * 0.2 X
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Figure 1. Uptake of acetylated LDL (A), binding of Bandeiraea
simplicifolia lectin (BS-1 lectin; B), and expression of vascular
endothelia growth factor receptor 2 (VEGF-R2; D) by culture-
modified bone marrow monenuclear cells. Bone marrow mono-
nuclear cells were cultivated in the presence of endothelial
growth factors for 6 d and evaluated for the uptake of acety-
lated LDL labeled with CM-Dil (A; red), binding of BS-1 lectin
labeled with FITC (B; green), and VEGF-R2 expression (D;
small frame: isotype control). The overlay image of A and B
indicates double positive cells in yellow (C). Bars = 100 pm.

10° CM-Dil-labeled cells into the left renal arteries of rats (n =
6} 1 d after anti-Thy1.1 antibody injection. In agreement with
previously published observatons (17,22,23), glomerular
RECA-1-positive capillary density was decreased at 7 d after
anti-Thy1.1 antibody injection (Figure 2). Compared with the
right kidney, the decrease in glomerular capillary density was
significantly attenuated in the left kidneys of nephritic rats that
had received CMMC infusions into the left renal artery.

Attenuation of Mesangial Activation by Administration of
CMMC

Glomerular architecture evaluated by PAS staining 7 d after
anti-Thyl.1 antibody injection showed mesangial hypercellularity,
focal mesangiolysis, and marked expansion of the extracellular
matrix. Glomeruli in the left kidney, into which CMMC had been
injected 1 d after the injection of anti-Thy1.1 antibody, showed less
expansion of the mesangjial area than those in the right kidney, as
judged from semiquantitative histologic analysis (Figure 3). The
increase in expression of glomerular o-SMA, a marker of activated
mesangial cells (24), was also significantly reduced by administra-
tion of CMMC. Glomerular infiltration of macrophages, as as-
sessed by counting the number of glomerular ED-1-positive cells,
induced in nephritic rats was also attenuated by injection of
CMMC, as shown in Figure 4.

Incorporation of CMMC into Glomeruli and Expression of
RECA-1

Incorporation of CMMC was investigated by fluorescence
microscopic examination of the left kidney ebtained 6 d after
injection of the cells into rats with anti-Thy1.1 nephritis (Figure
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Figure 2. Inhibition of glomerular endothelia! injury by admin-
istration of culture-modified bone marrow mononuclear cells
(CMMC) to nephritic rats. Representative photomicrographs of
glomerular immunostaining for rat endothelial cell antigen-1
(RECA-1) in kidney sections obtained from normal rats (A) and
right (B) and left (C) kidney sections obtained from nephritic
rats in which CMMC had been infected into the left renal artery.
The number of RECA-1-positive glomerular capillaries from
six kidneys in each group was counted and divided by the
glomerular tuft area (D). Control, normal rat kidneys; cell (—),
right kidneys from nephritic rats that had been given CMMC
injections into the left renal artery; cell (+), left kidneys from
nephritic rats with CMMC injected into the left renal artery. The
data shown in D are means + SEM. *P < 0.05 versus control
group; #P < 0.05 versus cell (—) group. Arrowheads indicate the
margins of the glomerular tuft. Bars = 40 pm.

5). Labeled cells were identified in 14.0 * 4.2% of glomeruli and
only occasionally in the interstitial area. The average number of
CM-Dil-labeled cells incorporated into glomeruli that were
positive for these cells was 1.67 * 0.15. No labeled cells were
observed in right kidneys that were cbtained from the same
rats {(data not shown). Among the CM-Dil-labeled cells that
were incorporated into glomeruli, 16.5 * 1.2% of cells were
stained with RECA-1. As shown in Figure 6, A through C, some
RECA-1-positive CMMC participated in capillary formation
together with the adjacent endothelial cells. In addition to the
CMMC showing strong RECA-1 staining, there were some
CMMC that stained only weakly with RECA-1 (Figure 6, D
through F). The latter cells, however, seemed to be forming
connections with adjacent endothelial cells. A few labeled cells
that were positive for RECA-1 were also observed in the inter-
stitial space {data not shown),

To evaluate whether CMMC may have differentiated into
glomerular components other than endothelial cells, we stained
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Figure 3. Inhibition of glomerular mesangial cell and/or matrix
expansion and expression of glomerular a-smooth muscle actin
{a-SMA) by administration of CMMC to nephritic rats. Repre-
sentative photomicrographs of periodic acid-Schiff staining (A
and B) and immunchistochemical staining for glomerular
a-SMA (D and E} of right (A and D) and left (B and E) kidney
sections obtained from nephritic rats in which CMMC had been
injected into the left renal artery. Glomerular score (C) and
a-SMA-positive areas per glomerular tuft area (F) were ob-
tained from six rats. The data shown in C and F are means +
SEM. *P < 0.05 versus cell (—) group. Groups are the same as in
Figure 2. Magnification, X400

the sections with OX-7 and ED-1, markers of mesangial cells
and macrophages, respectively. Although CM-Dil-positive
cells were negative for OX-7 (Figure 6, G through I}, 21.8 + 7.0%
of cells were stained with ED-1 (Figure 6, J through L). The
CM-Dil signals in ED-1-positive cells, however, were mostly
granular in character and not homogeneously distributed, as in
labeled CMMC just before injection.

Proteinuria and Serum Creatinine Concentrations
Proteinuria was mildly increased in Lewis rats that received
anti-Thyl.1 antibody as compared with contrel rats and was
not significantly altered by CMMC injection, although a ten-
dency for reduction was observed {normal control rats, 1.2 =
0.6 mg/24 h; nephritic rats, 144 * 3.9 mg/24 h; nephritic rats
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Figure 4. Inhibition of glomerular infiltration of macrophages
by administration of CMMC to nephritic rats. Representative
photomicrographs of immunohistochemical staining for glo-
merular ED-1 of right (A} and left (B) kidney sections obtained
from nephritic rats in which CMMC had been injected into the
left renal artery. The mean number of glomerular ED-1-positive
cells per glomerular cross section (C) was obtained from six
rats. The data shown in C are means £ SEM. *P < 0.05 versus
cell (—) group. Groups are the same as in Figure 2. Magnifica-
tHon, X400

treated with CMMC, 12.9 * 2.1 mg/24 h). Serum creatinine
concentrations were not significantly changed on day 7 after
the injection of anti-Thyl.1 antibody under our experimental
conditions (normal control rats, 0.30 * 0.02 mg/dl; nephritic
rats, 0.28 * 0.04 mg/dl).

VEGF Production by CMMC
To explore the possible contribution of angiogenic factors

produced by CMMC to their renoprotective effects, we inves-
tigated whether CMMC secrete VEGF in vitro. CMMC did
produce VEGF, and the amount of VEGF secreted was mark-
edly increased as compared with that produced by freshly
derived bone marrow mononuclear cells (Figure 7), suggesting
that cells with angiogenic potential had been selectively grown
under our culture conditions.
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Figure 5. Glomerular localization of CMMC incorporated into
the kidneys of nephritic rats. Representative photomicro-
graphs of fluorescence (A}, phase contrast (B), and overlay
images (C) of renal cortex obtained from kidneys that were
injected with CMMC. One day after the induction of anti-
Thy1.1 nephritis by intravenous injection of monoclonal an-
tibody 1-22-3, CMMC were labeled with CM-Dil (red) and
injected into the left renal artery. Sections of the left kidney
obtained 7 d after the induction of nephritis were examined
by confocal laser-scanning microscopy. Labeled cells in glo-
meruli of left kidney are visualized in red by flucrescence
microscopy (A). Arrows in A and C indicate the localization
of injected cells. Bar = 100 pm.

Discussion

This study demonstrated intrarenal injection of CMMC to ame-
licrate glomerular endothelial injury in anti-Thyt.1 glomerulone-
phiritis. Loss of glomerular endothelfal cells has been observed in
several models of progressive renal disease and correlates with the
development of glomerulosclerosis (1,17,25). Because an imbal-
ance between pro-angiogenic and anti-angiogenic factors in the
intrarenal microenvironment has been suggested to play a role in
endothelial loss (1), administration of angiogenic factors was ex-
pected to have a protective effect against progressive renal dis-
eases. Indeed, VEGF and hepatocyte growth factor have been
shown to accelerate repair of glomerular endothelial cells and
stabilize renal function when injected into models of glomerular
injury (2-4,26), Our data demonstrate that irjection of CMMC is
another approach to maintaining glomerular endothelial cells in
glomerulonephritis.

Protective effects of CMMC were also observed in the mes-
angial area. The observation that glomerular expression of
a-SMA was inhibited by injection of CMMC indicates that
activation of mesangial cells was attenuated. In accordance
with the results of a-SMA staining, expansion of the mesangial
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Figure 6. Immunohistochemical staining of glomeruli with CM-
Dil-positive cells for markers of endothelial and mesangial cells
and macrophages. Representative photomicrographs of fluo-
rescence images of CM-Dil signals in glomeruli (A, D, G, and J);
immunchistochemical staining for RECA-1 (B and E), OX-7 (H),
and ED-1 (K); and overlay images (C, F, I, and L) of renal cortex
obtained from kidneys that were injected with CMMC. One day
after the induction of anti-Thy1.1 nephritis by intravenous in-
jection of monoclonal antibody 1-22-3, CMMC were labeled
with CM-DiI (red) and injected into the left renal artery. Sec-
tions of the left kidney obtained 7 d after the induction of
nephritis were examined by confocal laser-scanning micros-
copy. RECA-1, OX-7, and ED-1 stains identify endothelial and
mesangial cells and macrophages (green), respectively. The
overlay images (C and F) indicate positive RECA-1 staining of
the injected cells. Whereas the overlay image in I indicates
negative OX-7 staining of the injected cells, L indicates a CM-
Dil-positive cell stained for ED-1. Arrows indicate CM-Dil-
positive cells in glomeruli. Nuclei (blue) are stained with TO-
PRO-3in A, C, D, F, G, L], and L. Bars = 10 pm.

area, as assessed by PAS staining, was also attenuated by
administration of CMMC. Preservation of the endothelial pop-
ulation by cell therapy is likely to contribute to attenuating
mesangial cell activation, possibly through preventing direct
exposure of mesangial cells to the microcirculation and via the
production of anti-inflammatory factors. In addition, direct
effects of CMMC on mesangial cells may be involved. In addi-
tion to endothelial injury and mesangial activation, glomerular
infiltration of macrophages was also attenuated by CMMC
treatment. This finding is in accordance with previous reports
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Figure 7. Production of VEGF by freshly isolated bone marrow
mononuclear cells {fresh MNC) and CMMC was determined by
ELISA. The data shown are means *+ SEM (n = 3). *P < 0.05
versus fresh MNC,

CMMC

demonstrating the protective effects of angiogenic factors
against the progression of glomerulonephritis (3,26) and sup-
ports the notion that protecting glomerular endothelial cells
may attenuate the inflammation in glomerulonephritis. Al-
though we observed improvement in glomerular histologic
¢hanges, proteinuria was not significantly reduced by CMMC
injection. Treatment of just one kidney with CMMC may not
have been sufficient for a significant reduction in proteinuria.

CMMC had some of the characteristics of endothelial-lineage
cells (5), including uptake of acetylated LDL, binding to BS-1
lectin, and expression of VEGF-R2. After administration to
nephritic rats, CM-Dil-labeled CMMC were incorporated into
the glomerular microvasculature and a significant number, al-
though not all, cells stained positive for RECA-1, a mature
endothelial cell marker. These observations suggest that some
CMMC act as endothelial progenitor cells, although fusion of
the injected CMMC with glomerular endothelial cells cannot be
ruled out. The finding that CMMC stained for RECA-1 with
different intensities, together with the observation that no
CMMC before injection showed strong positive staining for
RECA-1 (data not shown), suggests that CMMC 6 d after injec-
tion may be at various stages of maturation into RECA-1-
positive endothelial cells in response to local cues in the injured
glomeruli.

Glomerular capillary density in kidneys that were treated
with CMMC was approximately three times higher than that in
kidneys without cell infusion. This improvement cannot be
explained solely by the direct incorporation of CMMC into the
glomerular endothelial lining, considering the proportion of
RECA-1-positive CMMC incorporated into glomeruli. In addi-
tion to differentiating into mature endothelial cells, exog-
enously administered endothelial progenitor cells, prepared by
culturing bone marrow-derived mononuclear cells under con-
ditions of endothelial differentiation, have been suggested to
exert their angiogenic effects by producing angiogenic factors
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{9-11). Recent evidence also suggests that the beneficial effects
of hematopoietic stem cell therapy on cardiac function after
ischemia may be due to the angiogenic activities of the injected
cells rather than transdifferentiation, originally thought to be
important (27,28). Because an in vitro experiment revealed that
CMMC produced a significant amount of VEGE, VEGF secreted
by CMMC in glomeruli is likely to stimulate endothelial growth
in a paracrine manner and contribute to the prevention of
endothelial cell loss. The amount of VEGF produced by CMMC
(281.2 % 85.0 pg/10° cells per d} was comparable to that re-
portedly produced by cells that were used for angiogenic cell
therapy (40 to 260 pg/10° cells per d) (11,29). Local production
of VEGP by CMMC incorporated in injured glomeruli may also
induce recruitment of endogenous endothelial progenitor cells,
because this angiogenic factor is known to promote mobiliza-
tion of endothelial progenitor cells {5). Other angiogenic factors
such as hepatocyte growth factor, the mRNA of which was
detected by reverse transcription-PCR in CMMC (data not
shown), may also be involved in the angiogenic activites of
CMMC. The roles of these angiogenic factors, however, are still
only speculative and remain to be clarified by experiments on
specific inhibitory approaches.

Although VEGF has been shown to be effective for preven-
tion and treatment of renal injury in various models, systemic
administration of angiogenic factors may exacerbate pathologic
angiogenesis, e.g., diabetic retinopathy and tumors (1). Local
infusion of angiogenic cells is expected to circumvent such
detrimental effects by acting in the microenvironment where
the cells are incorporated. By infusing CMMC into the left renal
artery, selective delivery and incorporation of CMMC in the left
but not the right kidney in the same animal was achieved. This
finding suggests the potential of this therapy for selective mod-
ification of the local environment, although it remains to be
determined whether such a selective delivery system would
work even in the presence of pathologic angiogenests.

The lack of CMMC staining with OX-7 indicates that CMMC
did not contain progenitors of mesangial cells under our exper-
imental conditions. Because some CM-Dil-positive cells stained
positive for ED-1, these cells may have differentiated into mac-
rophages. However, because the CM-Dil signals obtained were
mostly granular, these signals probably represent, in large part,
the debris of injected CMMC that did not survive and were
phagocytosed by macrophages. In addition, because macro-
phages have been shown to induce glomerular matrix expan-
sion in anti-Thyl.1 glomerulonephritis (30), the finding that
CMMC attenuated expansion of the mesangial area (Figure 3)
indicates that functionally active macrophages possibly derived
from CMMC were, if present, minimal.

In conclusion, injection of bone marrow mononuclear cells,
after culture under conditions that promote endothelial progen-
itor cell growth, into the renal artery attenuated glomerular
endothelial injury and mesangial activation in anti-Thyl.1 glo-
merulonephritis. Injected cells exerted angiogenic effects in
injured glomeruli probably by being incorporated into the glo-
merular endothelial lining and by producing angiogenic fac-
tor(s). Injecting bone marrow—derived angiogenic cells into the
kidney may represent a novel therapeutic approach for glomer-

Angiogenic Cells Reduce Glomerular Injury 7

ular injury associated with endothelial loss and mesangial ac-
tivation.
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Exploring RNA interference as a therapeutic strategy

for renal disease
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The short synthetic interfering RNA duplexes (siRNAs) can
selectively suppress gens expression in somatic mamrmalian
cells without nonselective toxic effects of double-stranded
RNA (dsANA). However, a selectiva in vivo delivery of siRNA
transfer has not been reporled in kidney. Hers, we
investigated whether infection of synthetic siRNAs via renal
artery followed by electroporation could be effectiva and
therapeutic in silencing specific gene in glomerulus. We
Investigated the effect of siRNA in rat cultured mesangial
cells (MCs) and showed that siRNA sequence-specific
suppression of transgene expression was over a 1000-fold
more potent than that by antisense oligodsoxynucleotide
(ASODN). Transfection of siRNA targeting luciferase into rat
kidneys significantly inhibited expression of a cotransfected

luciferase expression vector in vivo. The delivery of siRNA
targeting enhanced green fluorescent protein (EGFP) in the
transgenic ‘green’ rat reduced endogenous EGFP expres-
sion, malinly in glomerular MCs. Furthermore, RNAI targeting
against TGF-81 significantly suppressed TGF-§1 mANA
and protain expression, thereby amelforated the progression
of matrix expansion in experimental glomerufonaphtitis. In
addition, vector-based RNAI also Inhibited TGF-1 expres-
sion in vitro and In vivo. In conclusion, siRNA-directed TGF-
B1 silencing may be of therapeutic value in the prevention
and troatment of fibrotic diseases.

Gene Therapy advance online publication, 24 February 2005;
doi:10.1038/s].gt.3302480

Keywords: RNA interfarence (RNAJ); short Interfering RNA (siRNA); antisense oligonucleotide; electroporation; glomerulone-

phiitis; enhanced green fluorescent protein (EGFF)

Introduction

RNA interference (RNAi), which is inifiated by the
introduction of double-stranded RNA (dsRNA) into the
cell, leads to the sequence-specific destruction of en-
dogenous RNA.}# RNAi-induced gene-specific silencing
has been proven successful in organisms such as
Caenorhabditis elegans and plants. However, the applica-
tion of Iong dsRNA in vertebrates is limited because it
induces a generalized suppression of protein synthesis
and cell death by activating the interferon pathway?
Tuschl et al* made a crucial breakthrough that short
synthetic interfering RNA duplexes (siRNAs) can selec-
tively silence the expression of complementary genes in
somatic mammalian cells without the nonselective toxic
effects of long dsRNAs. These observations in mammals
not only produced the next generation of genetic
research, but also allowed the development of new
therapies. '
An important step in realizing the potential of RNAI
as a therapeutic tool is determining if this mechanism
can be triggered in vive. Recently, we developed an
electroporation-mediated gene transfer system targefing
the kidney: DNA is injected via the renal artery, and is
followed by electric pulses with tweezers-type eleciro-
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des.® This system allows us to deliver DNA mainly to the
glomeruli, a region central to the inflammatory response
in the initiaon and progression of various kidney
diseases. Therefore, we investigated whether electro-
poration-mediated introduction of synthetic siRNA
could be effective in silencing transgene and endogenous
gene expression in glomeruli. Furthermore, to prove
the therapeutic application of transfected siRINA in an
animal disease model, we targeted TGF-f1, a potent
cytokine which plays an important role in the fibrogenic
phase of various diseases, including glomerulonephri-
tis.® Also, we examined the efficacy of a siRNA-
producing DNA-based vector system. Here, we showed
that electroporation-mediated siRNA transfer inhibited
glomerular gene expression, and that RNAi targeting
TGF-B1 could be therapeutic in renal disease.

Results

Effect of synthetic siRNA in vitro

We investigated whether siRNA is effective in rat
mesangial cells (MCs) and compared its effect with that
of antisense oligodeoxynucleotides (ASODNSs). In MCs
treated with siRNA targeting luciferase GL-3 (siGL-3),*
expression of Photinus pyralis luciferase was inhibited
50-95% in a dose-dependent fashion (0.01-50 nM), when
compared with scrambled siRNA (siSCR) (Figure 1a).
In contrast, ASODN targeting GL-3 (ASGL-3)” inhibited
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Figure 1 siRNA-mediated silencing of luciferase in vitro and in vivo.
SiIRNA-mediated silencing of luciferase in rat primary MCs (a). The
average of three independent experiments is shown; ervor bars indicate
standard deviation. *P < 0.001 compared with siGL-2, **P < (.01 compared
with siGL-2 or SGL-3. siRNA-mediated silencing of luciferase in rat
glomeruli (b). The average of three independent experiments is shown
(n =4); error bars indicate standard deviation. *P <0.01 compared with
siGL-2.

luciferase activities by only 30 and 40% at the concentra-
tion of 50 and 100 nM, respectively. We cbserved no
significant suppression in MCs transfected with siRNA
targeting luciferase GL-2 , a variant of luciferase GL-3
(siGL-2).* Expression of Renilla reniformis luciferase was
also unaffected by siGL-3. These observations suggest
that inhibition by siRNA is specific to the target gene and
is over a 1000 times more effective than ASODN.

Effect of synthetic siRNA in vivo
We then tested whether electroporation-mediated siRNA
transfection could silence gene expression effectively in
kidney in wivo. For in vivo studies, luciferse plasmid
combinations (pGL-3 and pRL-TK) were co-transfected
with siGL-3 or siGL-2 by electroporation into the kidney.
In rats receiving siGL-3, glomerular expression of
P. pyralis luciferase was inhibited by about 70%, when
compared with siSCR-treated rats (Figure Ib). Treatment
with siGL-2 did not affect P. pyralis luciferase activity.
These results demonstrate that siRNA can be delivered
to the glomeruli using electroporation method and,
subsequently, gene expression is inhibited in a se-
quence-specific manner.

To identify the cellular localization of siRNA delivered
to the kidney, we employed siRNA targeting enhanced
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Figure 2 siRNA-mediated silencing of EGFP expression in the glomerular
cells. Representative fluorescence micrographs of glomeruli in the si(EGFP-
transfected (right) and contralateral (left) kidney, which were taken 7 days
wfter bransfection {a, upper). Sections were stained with Texas red-labeled
OX-7 antibody, a marker of MCs (a, middle), and merged photos are shown
(a, lower). Original magnifications are x 400, Representative fluorescence
micrographs of siEGFP-transfected gromeruli at varipus time point (b,
upper) and ratios of EGFP-knocked down MCs were presented (b, lower).
Total RNA extracted from transfected glomeruli was subjected fo Northern
biot analysis to detect siEGFP using 5 end-labeled oligodeoxynucleotide
probe (c). Synthetic sSiEGFP (0.2 ng) was used as a positive control and a
size-marker (M),



green fluorescent protein (EGFP) (siEGFP), and trans-
ferred siEGFP to the kidney of EGFP transgenic rats.® At
7 days after transfection, EGFP expressicn was dimin-
ished substantially in almost all of the glomeruli (>95%),
while it was unchanged in the tubules (Figure 2a). This
inhibition seemed nearly complete in MCs stained red
with Texas red-labeled OX-7 antibody (Figure 2a, lower
panel), whereas in other glomerular cells, endothelial
and epithelial cells, no inhibition of EGFP expression was
observed. These results demonstrate that siRNA effec-
tively inhibits the expression of a transgene expressed
from the genome, at least in glomerular MCs. The
reduction of mesangial EGFP expression was observed
for up to 2 weeks, but recovered completely 3 weeks
after transfection {(Figure 2b, upper panel). Quantitative
data were also summarized (Figure 2b, lower panel).
Moreover, to examine the fate of transfected siRNA in
glomeruli, total glomerular RNA was subjected to
Northern blot analysis detecting the amount of remained
siEGFP in glomeruli (Figure 2c). In consistent with the
morphological effect, transfected siRNA was degraded
gradually and signal was almost undetectable three
weeks after transfection.

Effect of synthetic siRNA targeting TGF-p1

To investigate the therapeutic potential of siRNA, we
targeted TGF-B1. First, we determined the optimal
siRNA sequence to target TGF-Bl using cultured rat
MCs. Three different TGF-B1-specific siRNAs (siTGFA,
siTGFB and siTGFC) were synthesized. Northern blot
analysis demonstrated siSCR or siTGFC transfection did
not affect the FCS-induced increase in TGF-f1 mRNA
levels (Figure 3a). In contrast, TGF-f1 mRNA levels in
MCs transfected with siTGFA, siTGFB decreased to 0.40-
and 0.36-fold respectively, compared to siSCR-trans-
fected cells. As the treatment with siTGFB reduced the
levels of TGF-f1 mRNA expression most effectively, we
employed siTGFB for in vivo experiments.

Next, we tested whether electroporation-mediated
delivery of synthetic siTGFB into MCs in vive could
suppress glomerular TGF-B1 expression using the anti-
Thy-1 model of glomerulonephritis, in which TGF-p1
is upregulated in the glomerular MCs. At 24 h after
injection of mAb 1-22-3, 50 pg of siTGFB was transfected
into the left kidney. Northern blot analysis showed that
freatment with siTGFB reduced glomerular TGF-$1
mRNA expression 0.42-fold, as compared to the con-
tralateral right kidney of siTGFB-treated rats or siSCR-
transfected kidney (ratios of TGF-1 signal to GAPDH
signal) (Figure 3b). Western blot analysis demonstrated
that siTGFB significantly reduced glomerular TGF-f1
protein expression when compared with the contralateral
right kidney (Figure 3¢). No difference in TGF-fi1 protein
expression was cbserved between siSCR-transfected left
kidneys and contralateral right kidneys. Immunohisto-
chemical examination also showed that TGF-B1 induc-
tion was significantly reduced in the siTGFB-treated
kidney compared to contralateral nephritic kidney
(Figure 4a—e).

To determine the effect on pathological changes in
nephritic kidneys, histological analysis was performed
using PAS staining. PAS staining showed that siTGFB
transfection reduced extracellular matrix (ECM) accu-
mulation (Figure 4f, h) compared with the contralateral
right kidneys of siTGFB-treated rat (Figure 4g, i). We
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Figure 3 siRNAs-mediated silencing of TGF-B1 expression in vitro and in
vivo, Northern blot analysis showed the siRNA-mediated silencing of FCS-
induced TGF-P1 expression in cultured rat MCs (a). The band density in
three experiments expressed as the memn+s.d. is illustrated (*P<0.01
compared with siSCR). Northern blot analysis (b) and Western blot
analysis (c) demenstrated SIRNA-mediated silencing of TGF-§1 expression
in glomeruli of an anti-Thy-1 nephritis model. Treatment with siTGFB
reduced TGF-f1 mRNA (b} and protein (c) expression as compared to the
untransfected contralateral right kidney (DC) or siSCR-transfected kidney.
Normal (N} kidneys were also represented. The band density expressed as
the mean+s.d. is illustrated (*P<0.01 compared with siSCR and DC).

observed strong SMaA expression in the glomeruli of
contralateral right kidneys (Figure 4k). However, im-
munostaining of SMeA was weak in siTGFB-treated
kidneys (Figure 4j). Computerized image analysis shows
that SMaA expression was significantly suppressed in
siTGFB-treated nephritic kidneys compared with contra-
lateral or siSCR-treated kidneys (Figure 41).
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Figure 4 Morphological and immunohistochemical analysis of an siRNA-treated kidney (a, ¢, f, h, j) and contralateral nephritic kidney (b, d, g, i, k)
Representative microphotographs of glomeruli stained with TGF-B1 (a—d), PAS (f-i), SMuA (j, k) on day 4 post-transfection were presented, QOriginal
magnifications are x 100 (a, b, f, g) and x 400 {c, d, k, i, j, k). Histological improvement of the disease manifestations was (semi-)quantitatively estimated
(e, ). Glomerular expression of TGF-§1 was graded semiquantitatively according to the scoring system (). Glomerular expression of SMaA was evaluated
by computerized image analysis (1). In both figures treated kidneys (solid bars) were compared to untreated contralateral right kidney (open bars) or normal

kidneys (N) (*P<0.01).

Inhibition of gene expression by short hairpin ANA

To overcome the shortcomings of chemically synthesized
siRNA, several groups have developed DNA-vector-
mediated mechanism to express substrates that can be
converted into siRNA in vitro. In this study, we used the
pSilencer 2.0-Ué siRNA expression vector, featuring the
human Us RNA pol Il promoter, and constructed
pSUTGEB to encode small hairpin RNA (shRNA)
targeting the same sequence as siTGFB and tested its
efficacy (Figure 5a). By transferring this expression
vector into cultured MCs or rat kidney, we verified the
transcripts in vitro and in vive by Northern blot analysis
(Figure 5b). shRNA, an intermediate in this system, was
not detected, probably due to immediate processing by
Dicer-like nuclease.

First, we examined shRNA-mediated silencing of
TGF-p1 mRNA expression in rat MCs. After transfecting
pSUSTGFB or pSUGSCR, TGF-Bl1 mRNA levels in
cultured MCs were estimated by Northern blot analysis
(Figure 5c). Densitometric analysis showed pSU6TGFB
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significantly reduced the FCS-induced increase of TGF-
B1 mRNA levels compared with pSU6SCR-treatment or
untreatment. Next, we checked shRNA-mediated silen-
cing of TGF-f1 expression in glomeruli of the anti-Thy-1
nephritis model. TGF-B1 expression of isolated glomeruli
was estimated using Northern blot analysis (Figure 5d)
and Western blot analysis (Figure 5e). pSU6TGFB
efficiently inhibited mRNA and protein expression of
TGE-B1 in vive when compared with pSU6SCR. Accord-
ing to these observations, pSU6TGFB ameliorated the
pathological changes of the nephritic kidney as effi-
ciently as siTGFB (data not shown).

Discussion

We first demonstrated in this study that siRNA success-
fully inhibited exogenous and endogenous gene expres-
sion in kidney using an electroporation method, thereby
validating the potential of siRNA as a therapeutic tool.
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Figure 5 shRNA-mediated silencing of TGF-P1 expression. Schematic drawing of the construction of pSUSTGFB {a). Two oligodeoxynucleotides
containing sense and antisense 21-nl sequences of siTGFB, a 9-nt loop sequence, and a transcription termination signal of six thymidines were annealed
and inserted downstream of the U6 promoter. Identification of transcripts expressed from pSUGTGFB in cultured MCs (left) and glomeruli (right} (b).
Transcripts expressed from pSUGTGFB (lane 1) or pSUSSCR (lane 2) in rat MCs or glomeruli were probed with either **P-labeled sense (S) or ankisense
{AS) 19-nt oligonucleotide. Synthetic sSiTGFB (0.2 ng) was used as a size-marker (M), shRNA-mediated silencing of TGF-B1 mRNA expression in rat MCs
(c). After transfecting pSUSTGFB or pSU6SCR, TGF-f1 (upper) and GAPDH (iower) mRNA levels in MCs were estimated by Northern blot analysis.
Densitometric analysis was performed for three independent experiments. The band density expressed as the mean+s.d. is illustrated (*P <0.01 compared
with pSU6SCR). shRNA-mediated silencing of TGF-B1 expression in vive (d, e). TGF-B1 expression of isolated glomeruli was estimaled using Northern
blot analysis (d) and Western blot analysis (e). Untransfected contralateral (DC) and normal (N) kidney were also represented. The band density expressed
as the mean+s.d. is illustrated (*P<0.01 compared with pSUSSCR and contralateral kidney).

In this study, we showed a selective in vivo delivery of
siRNA into kidney. Several researchers tried the in vivo
delivery of siRNA in a variety of organs. Using a
hydrodynamic-based delivery technique, several groups
have demonstrated sequence-specific silencing mainly in
liver either by siRNA or by siRNA expression vectors.*?
Virus-vector-mediated RNAi in vive has also been
described using recombinant adenovirus' and baculo-
virus.’2 Successful application of RNA{ for gene therapy
depends on the effective delivery of RNA molecules
exclusively to their intended site of action. To our
knowledge, however, kidney-targeted siRNA transfer
has not been reported. Recently, we developed a new
gene transfer system by electroporation in vive, involving

DNA injection via the renal artery followed by electric
pulses with tweezers-type electrodes.® This technique
allows us to deliver DNA mainly to the glomeruli, a
region central to the inflammatory response in the
initiation and progression of various kidney diseases.
Here, we verified the delivery of synthetic siRNA into
rat kidneys by electroporation-mediated gene transfer.
Dual luciferase assays showed that siRNA targeting
against luciferase decreased the level of glomerular
P. pyralis luciferase expression up to 30%, compared
with scrambled siRNA-transfected rats. We did not
observe the dose-dependency of siGL-3 in viw
(5-50 pg). The observation from our in vitro experiment
suggests that less amount of siRNA (<5 pg) might be

on
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effective in in vivo gene suppression. We observed no
significant inhibition in rats injected with the control
siRNA against luciferase GL-2, a variant of luciferase GL-
3, suggesting that the inhibition of siRNA was specific to
the target gene. In addition, we transfected siRNA
targeting EGFP to EGFP-transgenic rats to investigate
whether siRNA could be effective in silencing transgene
expressed from the genome and to identify its precise
site of action in the kidney. At 7 days after transfection,
EGFP expression was diminished substantially in almost
all of glomeruli, while it remained unchanged in the
tubules. This inhibition seemed nearly complete in MCs,
whereas no inhibition was observed in other glomerular
cells, endothelial and epithelial cells. As a similar
transduction pattern occurred when FITC-conjugated
ODN was transfected by electroporation,® this observa-
tion may result from the differences in transfection
efficiency between glomerular celt types rather than from
the nature of siRNA itself. These results demonstrate that
siRNA is effective in inhibiting the expression of a
transgene expressed from the genome, at least in a
majority of MCs.

In order to prove the therapeutic application of
transfected siRNA in an animal disease model, we
selected TGF-f1 as the target gene. TGF-fl is a
profibrotic cytokine that plays a pivotal role in fibrosis.®
We showed that siIRINA targeting against TGF-f1 could
be therapeutic in anti-Thy-1 nephritis, in which TGF-p1
is upregulated in the glomerulus.® In addition to the
kidney, inhibition of TGF-B1 activity has been success-
fully demonstrated in several organs, for example, lung,
skin, brain, and arterial wall® In each case, blocking the
activity of TGF-p1 dramatically decreased the excessive
deposition of ECM, but did not interfere with normal
healing of tissue repair. Our observation in this study is
applicable to other conditions with TGFE-p1 involvement,
and the use of siRNA. for TGF-p1 may be suitable for the
treatment of fibrotic diseases.

In the present study, we demonstrated shRNA
expression vector suppressed the target gene expression
as efficiently as synthetic siRNAs in vitro and in vivo. A
major concern about RNAi is the nonspecific effect,
which may be induced by siRNA or shRNA, especially,
the interferon responses. Recently, some synthetic sik-
NAs or shRNA expression vectors were reported to
induce interferon responses.’*'® This is of critical
importance in exploring RNAi for clinical application.
However, we did not observe the increase of apoptotic
cells nor induction of nonspecific gene inhibition in
siRNA- or shRNA-treated MCs in vilre or in wive
glomeruli in vivo. Another concern in applying RNA to
gene therapy is the longevity of silencing target gene
expression in vive. It is reported that gene silencing by
synthetic siRNAs is transient:* levels of target protein in
siRNA-treated cells recover 5 or 7 days after transfection,
probably due to dilution accompanied with cell division
and the nonrenewable nature of siRNAs in mammals. In
our study a single transfection of siRNA for EGFP
(siEGFP) or its expression vector {data not shown) into
kidney resulted in the reducton of mesangial EGFP
expression for up to 2 weeks. Of interest is transfection of
siEGFP or its expression vector into the anterior tibial
muscle by electroporation silenced EGFP expression
unexpectedly for more than 90 days (data not shown).
These data suggest that the longevity of RNAi may be
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dependent on the resistance to nuclease attack in
individual cells. Therefore, we examined the expression
of eri-1, which was recently reported to be a kind of
‘siRNase’.’® The expression of eri-I was higher in brain
and kidney than in muscle {data not shown), which may
explain the difference in the duration of silencing. We
also showed that the amount of siRNAs derived from its
expression vectors as detected by Northern analysis was
rather small, especially in vivo (Figure 5b). Considering
the high efficacy of synthetic siRINAs transfection in zitro
(>80% in MCs) and in vive (nearly all glomeruli were
transfected with siRNA, compared to 75% at the most
with DNA vector), synthetic siRNAs still have some
advantages over plasmid-based gene silencing, even in
the practical application at present.

In conclusion, siRNA transfer into the renal artery
followed by electroporation was effective and siRINA-
directed TGF-p1 silencing may be of therapeutic value in
the prevention and treatment of fibrotic diseases.

Materials and methods

Cell culture

Rat MCs were isolated and cultured as described
previously'” and were maintained in RPMI 1640 (SIG-
MA, St Louis, MO, USA) containing 20% fetal bovine
serum (FBS) equilibrated with 5% CO,-95% air at 37°C.
MCs at passage 6-12 were used for in vitro transfection.

Animal studies

The transgenic ‘green’ rat line, Rat SD TgN (act-EGFP)
Osb4,® and 6-week-old male Sprague-Dawley (SD) rats,
weighing approximately 150 g, were purchased from
Japan SLC, Inc. (Hamamatsu, Japan). Anti-Thy-I glomer-
ulonephritis was induced by a single injection of 700 pg
of monoclonal antibody (mAb) 1-22-3.** In all animal
experiments, rats were anesthetized by intraperitoneal
injection of pentobarbital (50 mg/kg) and handled in a
humane fashion in accordance with the guidelines of the
Animal Committee of Osaka University.

Preparations of siANA and ASODNs

siRNAs (21 nucleotides long) were designed to target
luciferase GL-2 (siGL-2),* GL-3 (siGL-3),* EGFP
(siEGFP),** TGF-p1 (siTGF), and the scrambled genes
(siSCR). siRNAs were chemically synthesized as 2' bis
{acetoxyethoxy)-methyl ether-protected oligonucleo-
tides, deprotected, annealed, and purified by Dharmacon
Research (Lafayette, CO, USA). The sense and antisense
strands of three different siTGFs were: siTGF (sequence
A; siTGFA), 5-ACGGAAGCGCAUCGAAGCCATAT-3
(sense), 5'-GGCUUCGAUGCGCUUCCGUATAT-3' (anti-
sense}; siTGF(sequence B; siTGFB), 5-GUCAACUGUG
GAGCAACACATAT-3 (sense), 5'-GUGUUGCUCCACA
GUUGACATAT-3 (antisense); siTGF(sequence C; siTGFC),
5-GGUCCUUGCCCUCUACAACATAT-3 (sense), 5-GU
UGUAGAGGGCAAGGACCATAT-3' (antisense). Antisense
and sense phosphorothjoate-modified oligonucleotides
(phosphodiester protected by 2 phosphorothicates in 3
and 2 phosphorothioates in 5} targeting luciferase GL-3”
(ASGL-3, SGL-3, respectively) were synthesized and
purchased from Bex (Tokyo, Japan).



SiRNA-mediated inhibition of luciferase activily in vitro
and in vivo

To assess the silencing effect of siRNA in the kidney,
co-transfection assays were performed in witro and in
vive. First, reporter plasmids were co-transfected with
synthetic siRNAs or ASODN into rat primary MCs by
Lipofectamine 2000 reagent (Invitrogen Corp., Carsbad,
CA, USA). Reporter plasmid combinations of 1ug of
pGL-3 (Promega, Madison, W1, USA), containing the P.
pyralis luciferase gene and 0.1 pg of pRL-TK (Promega)
containing the R. reniformis luciferase gene (a quantita-
tive control), were co-transfected into subconfluent rat
MCs in 6 cm dishes along with 0.001-50 nM of siGL-3,
10-100 nM of ASGL-3, or 20nM of siGL-2, an siRNA
targeting against a variant of P. pyralis luciferase gene.
Scrambled siRNA (siSCR) or sense ODN (SGL-3) at
equivalent concentrations was used as a control for siGL-
3 or ASGL-3, respectively. At 24 h after transfection, we
examined the effect of siRNA by dual luciferase assay
(Promega). In all cases, the ratios of P. pyralis Iuciferase
(Pp-luc) to R. reniformis luciferase (Rr-luc) activities were
normalized by those observed in equivalent amount of
siSCR or SGL-3 treated MCs to compensate for differ-
ences in transfection efficiencies.

For in vivo studies, reporter plasmid combinations
(200 pg of pGL-3 and 10pg of pRL-TK) were co-
transfected with 5-50 pg of siGL-3 or 50 pg of siGL-2
by electroporation into the kidney as previously de-
scribed (n=4 in each group).® At 4 days after transfec-
tion, rat glomeruli were collected by a graded sieving
technique®® and prepared homogenates were screened
for the activity of target P. pyralis luciferase and control
R. reniformis luciferase by dual luciferase assay.

siRNA-mediated inhibition of EGFP expression

in glomerulf

To identify transfected cells in the kidney, we transfected
50 pg of siEGFP to the kidney of EGFP-transgenic rats via
the renal artery, followed by electroporation (n=4).
At 7 days after transfection, kidneys were examined by
immunofluorescence. Kidneys were fixed in ice-cold
neutral-buffered 4% paraformaldehyde (PFA) solution
and embedded in O.C.T. compound (Tissue-Tek, Sakura
Finetek USA, Inc., Torrance, CA, USA). The cryostat
sections (4 pm thick) were stained with the monoclonal
antibody OX-7, a specific marker for MCs (a kind gift
from Dr Ken-ichi Isobe and Professor Seichi Matsuo,
Nagoya University, Nagoya, Japan). After blocking in 5%
normal horse serum in PBS, sections were incubated with
OX-7 (1:200) for 1h at room temperature, followed by
Texas red-conjugated anti-mouse IgG (1:200) (Vector
Laboratories, Inc., Burlingame, CA, USA) for 30 min at
room temperature. The green fluorescence of EGFP and
red fluorescence were photographed on the same film by
double exposure. Confralateral kidneys were used as
normal controls. To examine the reduction of EGFP
expression quantitatively, we selected 20 glomeruli from
each sample at various time point and the red staining
area on merged image (showing the EGFP-knocked
down MS area) relative fo that on nonmerged image
(showing total MS area) was calculated automatically as
a percentage using Mac SCOPE program. Moreover, to
elucidate the fate of transfected siRNA, Northern blot
analysis detecting siEGFP was performed using total
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RNA extracted from siEGFP-transfected glomeruli. 5'
end-labeled oligodeoxynucleotide (5-GGCTACGTC
CAGGAGCGCA-3') that is complementary to antisense
strand of siEGFP was used as a probe. Synthetic siEGFP
(0.2 ng) was used as a positive control and a size-marker.

siRNA-mediated inhibition of TGF-B1 in vitro

and in vivo

To target TGF-B1, we examined the optimal sequence for
siRNAs using cultured MCs. Three different TGF-
specific siRNAs (siTGFA, siTGFB, and siTGFC) were
synthesized. At 12h after transfection of siTGFA,
siTGFB, siTGFC or siSCR, at a final concentration of
20 nM, into subconfluent rat MCs using Lipofectamine
2000, serum-free medium was replaced with complete
growth medium containing 20% FCS to stimulate TGF-f1
expression. After incubating further for 48 h, the effect of
the siRNAs was assessed by Northern blot analysis.

As siTGFB appeared to be the most effective, this
siRNA was further used in in vivo studies. At 24 h after
induction of anti-Thy-1 nephritis, 50 pg of siTGFB or
siSCR was transfected into rat glomeruli (=46 in each
group). TGF-p1 expression in the glomeruli was mon-
itored by Northern blot analysis, Western blot analysis
and immunchistochemistry 4 days after transfection.

Northern blot analysis

We examined the effect of siRNA on TGE-1 mRNA
expression in vifre and in vivo by Northern blot analysis.
For in vitro studies, transfected rat MCs were rinsed
twice with ice-cold PBS and scraped with 1 ml of Trizol
reagent (Invitrogen). For in vivo studies, isolated glomer-
uli were homogenized with Polytron homogenizer
(Kinematica, Switzerland) in Trizol reagent 4 days after
sikRNA transfection. In both studies, total RNA was
extracted according to the manufacturer’s protocol. TGF-
Bl and GAPDH cDNA were labeled with [«-**P]dCTP
(3000 Ci/mmol; Amersham Biosciences) by the random
priming method (Rediprime II, Amersham Biosciences)
and hybridization was carried out as described pre-
viously.® Autoradiographs were obtained and the
density of each band was quantified using the laser
densitometry (Scanning Imager; Molecular Dynamices,
Sunnyvale, CA, USA). These experiments were repeated
three times and the density of each band relative to that
of GAPDH was calculated.

Western blot analysis

To study the effect of siRNA on glomerular TGF-§1
protein expression, Western blot analysis was performed.
Collected glomeruli were homogenized in 1ml of lysis
buffer containing 50mM Tris-HCl (pH 7.5), 150 mm
NaCl, 1% Nonidet-P40, 10% glycerol, 1mm PMSE
1g/ml aprotinin, 1pg/ml leupeptin and 0.5mM so-
dium orthovanadate by tissue grinders (Iwaki, Tokyo,
Japan) at 4°C, The soluble lysates were mixed 1:2 with
3x Laemmli buffer and heated for 10min at 95°C.
Lysates (20 pg) were loaded per lane, resolved by 15%
SDS-PAGE and transferred onto a polyvinylidene di-
fluoride membrane (Hybond-P PVDF Membrane, Amer-
sham Biosciences). Membranes were blocked with 5%
bovine serum albumin in Tris-buffered saline (TBS)-
Tween 20 (20 mM Tris-HCl (pH 7.5), 137 mM NaCl, 0.1%
Tween 20 (vol/voD)) for 30 min at room temperature and
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then immunoblotted with polyclonal antibodies against
TGF-1 (Anti-TGFp1 pAb, 1:1000, Promega) in blocking
buffer for 1h at room temperature. The primary
antibodies were detected using horseradish peroxidase-
conjugated goat anti-rabbit IgG and visualized with
SuperSignal West Pico Chemiluminescent Substrate
{PIERCE, Rockford, IL, USA) according to the manufac-
turer’s directions. The blofs were exposed to X-ray film
{Hyperfilm, Amersham Biosciences).

Morphological and immunohistochemical studies
Nephuritic kidneys treated with siTGFB or siSCR were
fixed in 4% PFA and paraffin-embedded. Contralateral
nephritic kidneys were used as disease controls. For
renal morphological studies, 4 pm sections were stained
with the periodic acid-Schiff (PAS) reagent. Immunohis-
tochemical stains for TGF-Pl and SMaA were performed
using a streptavidin biotin-staining method (Vector ABC
kit; Vector Laboratories). For TGF-f1 staining, sections
were autoclaved in 0.01M citrate buffer (pH 6.0) for
10 min at 121°C to retrieve the antigen. Rabbit anti-
human TGEF-p1 polyclonal antibody (1:200, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), which crossreacts
with rat tissue, and mouse IgG anti-SMaA monoclonal
antibody (Immunotech, Marseilles, France) were used.
Pathological changes in anti-Thy-1 nephritis model are
heterogeneous among different glomeruli. Histological
improvement of the disease manifestations was quanti-
tatively estimated. For each samples, approximately 30
cortical glomerular cross sections containing vascular
pole were evaluated in a blind fashion. Glomerular
expression of TGF-p1 was graded semiquantitatively
according to the score described elsewhere® It
ranged from 0 to 4; 0 =glomerulus without any positive
staining, 1=glomerulus with up to 25% positive
staining, 2 =glomerulus with 26-50% positive staining,
3=glomerulus with 51-75% positive staining,
4 =glomerulus with 76-100% positive staining. Glomer-
ular expression of SMaA was evaluated by computerized
image analysis using Mac SCOPE program. In brief,
selected glomeruli from each sample were photegraphed
and positive areas were highlighted on the captured
images. The area of positive staining relative to each
glomerular area was automatically calculated as a
percentage with determined threshold settings.

SiANA expression vectors

Oligodeoxynucleotides (64 nt) encoding hairpin siRNAs
{shRNAs) targeting TGF-B1 (sequence B) were synthe-
sized by Bex, annealed and ligated into BamHI and
HindII site of pSilencer 2.0-Us siRNA expression vector,
featuring human Ué RNA pol III promoter (Ambion,
Inc., Austin, TX, USA) (pSU6TGFB). pSilencer containing
scrambled sequences (pSU6SCR) was used as a negative
control.

First, Northern blot analysis was performed to identify
the transeripts of pSUSTGFB in vitro and in vivo. Total
RNA was isolated from rat MCs and glomeruli trans-
fected by pSUSTGEFB. In total, 20 pg of total RNA was
separated by electrophoresis on 15% (wt/vol) polyacry-
lamide-8M urea gel and transferred onto a nylon
membrane (Hybond-IN+). Sense (5-GTCAACTGTGGAG
CAACAC-3) or antisense (5-GTGTTGCTCCACAGTT
GAC-3) oligodeoxynucleotide (19nt) was labeled by the
5-end labeling method using [y-2P] ATP (3000 Ci/

Gene Therapy

mmol; Amersham Biosciences} and T4 polynuclectide
kinase (New England Biolabs, Inc., Beverley, MA, USA).
The blots were hybridized with y-P**-labeled sense or
antisense probe at 37°C overnight. They were washed in
2x85C and 0.1% SDS twice for 15min at room
temperature, twice for 15 min at 37°C and subjected to
autoradiography. Synthetic siTGFB (0.2 ng) was used as
size-marker.

We then examined whether shRNA could inhibit TGF-
B expression in vitro and in vivo. We transfected 10 pg of
pSU6TGFB into cultured MCs in 6 cm dishes or 200 pg of
pSU6TGFB into nephritic kidneys (n=6). Next, we
assessed the effect of sShRNA by Northern blot analysis
and Western blot analysis.

Statistical analyses

All values are expressed as meansis.d. Statistical
significance was evaluated using the one-way analysis
of variance (ANOVA). A P-value of <0.05 was con-
sidered significant.
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