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to renal repair in experimental glomerulonephritis. Am J Physiol
Renal Physiol 299: F1004-F1013, 2010. First published August 25,
2010; doi:10.1152/ajprenal.00587.2009.—Mesenchymal stem cells
(MSC) have been reported to be an attractive therapeutic cell source
for the treatment of renal diseases. Recently, we reported that trans-
plantation of allogenic fetal membrane-derived MSC (FM-MSC),
which are available noninvasively in large amounts, had a therapeutic
effect on a hindlimb ischemia model (Ishikane S, Ohnishi S, Yama-
hara K, Sada M, Harada K, Mishima K, [wasaki K, Fujiwara M,
Kitamura S, Nagaya N, Ikeda T. Stem Cells 26: 2625-2633, 2008).
Here, we investigated whether allogenic FM-MSC administration
could ameliorate renal injury in experimental glomerulonephritis.
Lewis rats with anti-Thy1 nephritis intravenously received FM-MSC
obtained from major histocompatibility complex-mismatched ACI
rats (FM-MSC group) or a PBS (PBS group). Nephritic rats exhibited
an increased urinary protein excretion in the PBS group, whereas the
FM-MSC group rats had a significantly lower level of increase (P <
0.05 vs. PBS group). FM-MSC transplantation significantly reduced
activated mesangial cell (MC) proliferation, glomerular monocyte/
macrophage infiltration, mesangial matrix accumulation, as well as
the glomerular expression of inflammatory or extracellular matrix-
related genes including TNF-«, monocyte chemoattractant protein 1
(MCP-1), type I collagen, TGF-B, type 1 plasminogen activator
inhibitor (PAI-1) (P < 0.05 vs. PBS group). In vitro, FM-MSC-
derived conditioned medium significantly attenuated the expression of
TNF-o and MCP-1 in rat MC through a prostaglandin E,-dependent
mechanism. These data suggest that transplanted FM-MSC contrib-
uted to the healing process in injured kidney tissue by producing
paracrine factors. Our results indicate that allogenic FM-MSC trans-
plantation is a potent therapeutic strategy for the treatment of acute
glomerulonephritis. ’

prostaglandin Ej; cell therapy; anti-Thy-1 nephritis

MESENCHYMAL STEM CELLS (MSC) are multipotent stem cells
present in bone marrow (BM), adipose tissue, and many other
organs and have the ability to differentiate into a variety of
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lineages including adipocytes, osteocytes, and chondrocytes (9,
11, 42). Previous reports described that BM-derived stem cells
including MSC contributed to the repair of several compart-
ments of the kidney, including the endothelium (47), intersti-
tium (16), epithelium (23), and the mesangium (21). Moreover,
several studies have demonstrated that transplanted BM-de-
rived MSC (BM-MSC) contribute to improve renal function in
experimental glomerulonephritis induced by anti-Thyl (31,
58). These features make BM-MSC an attractive therapeutic
tool for the treatment of renal diseases.

However, there are limitations in using autologous BM-
MSC as a source of regenerative medicine. BM aspiration may
be painful and sometimes yields low numbers of MSC on
processing (61). Therefore, an alternative source of MSC that
can be obtained noninvasively and in large quantities would be
advantageous. Fetal membrane (FM), which is generally dis-
carded as medical waste, has been found to be a rich, easily
expandable source of MSC (18, 43). Recently, we demon-
strated that transplantation of allogenic FM-derived MSC (FM-
MSC) as well as autologous BM-MSC induced therapeutic
angiogenesis using a rat hindlimb ischemia model (20). These
results suggest that allogenic FM-MSC are a potential alterna-
tive to autologous BM-MSC as a source of regenerative ther-
apy.

In the present study, we investigated whether systemic
administration of allogenic FM-MSC could improve the course
of anti-Thyl nephritis. Anti-Thyl nephritis is a model of
mesangioproliferative glomerulonephritis characterized by me-
sangiolysis followed by repair via mesangial cell (MC) prolif-
eration, mesangial matrix accumulation, and monocyte/macro-
phage influx (25). Because we previously reported that MSC
possessed paracrine angiogenic and anti-fibrotic effects (20,
39), we also examined the contribution of the paracrine effects
to ameliorate anti-Thyl nephritis after allogenic FM-MSC
transplantation.

MATERIALS AND METHODS

Animals. All experimental protocols were approved by the
Animal Care Committee of the National Cardiovascular Center
Research Institute. Different strains of rats were used according to
their major histocompatibility complex (MHC) antigen disparity:
Lewis (MHC haplotype: RT-11) and ACI (MHC haplotype: RT-1a)
rats (Japan SLC, Hamamatsu, Japan). Green fluorescent protein
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(GFP)-transgenic Lewis rats (Institute of Laboratory Animals,
Kyoto University, Kyoto, Japan) were used to investigate the
distribution of injected FM-MSC.

Isolation and expansion of FM-MSC and glomerular MC. Isolation
and expansion of FM-MSC were performed as previously described
(20). In brief, FM was obtained from pregnant rats on day 15
postconception. Minced FM was digested with type II collagenase
solution (300 U/ml; Worthington Biochemical, Lakewood, NJ) for 1
h at 37°C. After filtration and centrifugation, FM-derived cells were
suspended in o-MEM (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS; Invitrogen) and 1% penicillin/strepto-
mycin (Invitrogen) and cultured in standard plastic dishes. The ad-
herent MSC populations appeared by days 5-7, and these FM-MSC
were used for the experiments at passage 3—6.

Glomerular MC were established as described elsewhere (29). MC
obtained from Sprague-Dawley rats were cultured in standard medium
(DMEM, high glucose, Invitrogen, 10% FBS, and 1% penicillin/
streptomycin) and used for experiments at passages 13-15.

Experimental model and design. Mesangial proliferative glomeru-
lonephritis was induced in 6-wk-old male Lewis rats (170—180 g) by
intravenous injection of anti-Thyl monoclonal antibody (mAb
1-22-3; 0.5 mg/rat) (24). Because FM-MSC reportedly express high
levels of Thyl (20), we administered FM-MSC on day 2 after
anti-Thy1 antibody injection when its antibody in plasma is undetect-
able (Supplemental Figure and Method; supplemental material for this
article is available online at the journal website). On day 2 after mAb
injection, rats were randomized to two groups: /) FM-MSC injection
(FM-MSC group; » = 8) and 2) control PBS injection alone (PBS
group; n = 8). A total of 5 X10° FM-MSC obtained from MHC
mismatched ACI rats or PBS (200 pl each) was injected into the tail
vein of Lewis nephritic rats. Sham rats (Sham group; » = 8) received
a PBS injection instead of mAb. On days 7 and 14, rats were placed
in metabolic cages for collection of urine to determine the excretion of
urine protein.

Histological examination. Kidney tissues were fixed with 4%
phosphate-buffered formalin solution (Wako Pure Chemical Indus-
tries, Osaka, Japan), embedded in paraffin block, and cut into 2-pm
sections. To quantify mesangial matrix accumulation, sections were
stained with periodic acid-Schiff (PAS), photographed using a digital
microscope (BIOREVO BZ-9000; KEYENCE, Osaka, Japan), and
evaluated by assessing 30 randomly selected glomeruli/kidney and
scoring each glomerulus on a semiquantitative scale (0—4) as de-
scribed previously (19).

Immunohistochemical staining was performed with mouseanti-
a-smooth muscle actin (a-SMA) antibody (clone 1A4; Dako,
Glostrup, Denmark), mouse anti-CD68 antibody (clone ED-1;
Serotec, Oxford, UK), and rabbit anti-GFP antibody (Invitrogen).
Negative control staining was performed by replacing the primary
antibody with normal IgG. Following antigen retrieval, endoge-

Table 1. Primers for qRT-PCR
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nous peroxidase activity was quenched with 1.5% H,0, for 10
min. The first antibodies were incubated for 1 h at room temper-
ature, followed by incubation with Envision system-horseradish
peroxidase-labeled polymer (Dako) for 30 min. The sections were
visualized with 3,3’diaminobenzidine tetrahydrochloride (Dako)
and counterstained with hematoxylin.

The a-SMA-positive area relative to the glomerular area was
calculated as a percentage using a computer-aided manipulator (Win-
Roof; Mitani, Fukui, Japan). The o-SMA staining percentage of total
glomerular area was determined, and the mean value of 30 randomly
selected glomeruli was calculated. The number of ED-1-positive
monocytes/macrophages was evaluated by counting stained cells per
glomerulus in at least 30 randomly selected glomeruli. To evaluate the
distribution of GFP-positive administered cells, we counted all the
GFP-positive cells in one randomly selected section (# = 4) from each
organ and an overall average for all rats was calculated.

Quantitative RT-PCR analysis. Glomeruli were isolated from rat
kidneys using a graded sieving technique (19). Total RNA was
extracted from isolated glomeruli using an RNeasy mini kit (Qiagen,
Hilden, Germany). Obtained RNA was reverse-transcribed into cDNA
using a Quantitect Reverse Transcription kit (Qiagen). PCR amplifi-
cation was performed using Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA). B-Actin transcript was used as
an internal control. Primers used are listed in Table 1.

Western blot analysis. Western blotting was performed as previ-
ously described (36). Briefly, kidney tissues were homogenized in
0.1% Tween 20 with a protease inhibitor, loaded (30 pg) on a
10-20% gradient gel (Bio-Rad, Hercules, CA), and blotted onto a
polyvinylidene difluoride membrane (Millipore, Bedford, MA). After
blocking for 1 h, membranes were incubated with mouse anti-mono-
cyte chemoattractant protein (MCP)-1 antibody (1:1,000; BD Bio-
sciences Pharmingen, San Jose, CA), then incubated with peroxidase-
labeled secondary antibody (1:1,000; Cell Signaling Technology,
Danvers, MA). Positive protein bands were visualized with an ECL
kit (GE Healthcare, Piscataway, NJ) and measured by densitometry. A
mouse monoclonal antibody against B-actin (Sigma-Aldrich, St.
Louis, MO) was used as a control (# = 8 in each group).

Assessment of paracrine effects of FM-MSC on glomerular MC.
Conditioned medium was collected from 1 X 10 cells of FM-MSC
cultured in 8 ml of standard medium (DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin) with or without the cyclooxy-
genase (COX) 2 inhibitor NS-398 (0.1 uM; Wako) for 48 h, and
filtered through a 0.22-pm filtration unit (Millipore). MC were plated
on six-well plates (2 X 10° cells/well) with standard medium for 24
h. The medium was then changed to serum-free DMEM for 24 h,
followed by conditioned medium obtained from FM-MSC. After 8 h,
total RNA was extracted from MC.

ELISA. The concentration of PGE; in the conditioned medium of
FM-MSC was determined using an ELISA kit, according to the

Gene Forward

Reverse

Type I collagen

5'-AATGGTGCTCCTGGTATTGC-3'

5'-GGTTCACCACTGTTGCCTTT-3'

TGF-8 5'-CTACTGCTTCAGCTCCACAGAGA-3’ 5'-ACCTTGGGCTTGCGACC-3’

PAI-1 5'-ACCTCGATCTTGACCTTTTG-3’ 5'-GACAATGGAAGAGCAACATG-3'
MMP-2 5'-GATCTGCAAGCAAGACATTGTCTT-3’ 5'-GCCAAATAAACGGATCCTTGAA-3'
MMP-9 5'-TGGAACTCACACAACGTCTTTCA-3’ 5'-TCACCCGGTTGTGGAAACTC-3’
TIMP-1 5'-ATCAAGATGACTAAGATGCTCAAAGG-3' 5'-GGCCCGCGATGAGAAACT-3'
TNF-a 5'-TGCCTCAGCCTCTTCTCATT-3’ 5'-CCCATTTGGGAACTTCTCCT-3’
MCP-1 5'-ATGCAGGTCTCTGTCACGCT- 3 5'-GGTGCTGAAGTCCTTAGGGT-3’
HGF 5'-TGCAACGGTGAAAGCTACAG-3’ 5’-AGCCCTTGGTCGGGATATCTT-3’
VEGF 5’-AGAAAGCCCAATGAAGTGGTG-3' 5'-ACTCCAGGGCTTCATCATTG-3'
B-Actin 5'-GCCCTAGACTTCGAGC-3’ 5'-CTTTACGGATGTCAACGT-3’

TGF, transforming growth factor; PAI-1, type 1 plasminogen activator inhibitor; MMP, membrane-type matrix metalloproteinase; TIMP-1, tissue inhibitor of
MMP-1; MCP-1, monocyte chemoattractant protein 1.
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manufacturer’s protocol (Cayman Chemical, Ann Arbor, MI). The
absorbance was measured by a microplate reader (Bio-Rad) at
405 nm.

Statistical analysis. All data are expressed as means * SE. Com-
parisons between two parameters were analyzed by using the unpaired
Student’s r-test. Comparisons of parameters among the three groups
were made by one-way ANOVA, followed by Tukey’s test. A value
of P < 0.05 was considered statistically significant.

RESULTS

Reduction of proteinuria by FM-MSC transplantation. In the
anti-Thy1 nephritic model, transient renal damage with mas-
sive proteinuria developed (25). On day 7, the 24-h urine
protein excretion rate was significantly increased in rats with
anti-Thy1 nephritis (84.9 * 7.6 mg/24 h in the PBS group)
compared with control (10.7 % 0.5 mg/24 h in the Sham
group), and FM-MSC treatment significantly reduced this in-
crease (60.8 = 8.0 mg/24 h, P < 0.05 vs. PBS group) (Fig. 1).
On day 14, the 24-h urine protein excretion rate in these three
groups fell to within the normal range. Creatinine clearance
was significantly decreased in nephritic rats (2.14 = 0.06
ml/min in the PBS group) compared with the Sham group
(2.97 = 0.15 ml/min, P < 0.01). However, no significant
difference in creatinine clearance was observed between the
PBS and FM-MSC groups (2.14 *= 0.09 ml/min in the FM-
MSC group).

Inhibition of accumulation of activated MC and mesangial
matrix by FM-MSC transplantation. Glomerular expression of
a-SMA, a marker of activated MC, was increased after disease
induction (Fig. 2, D-F). Expression of a-SMA in nephritic rats
increased to a peak level on day 7 and then gradually decreased
thereafter (Fig. 2M). On days 7 and 14, a-SMA staining of the
glomerular area in FM-MSC-treated rats (30.7 = 0.8 and
22.4 * 0.8%, respectively) was significantly decreased com-
pared with the PBS group (37.5 %= 0.6 and 26.6 £ 0.7%,
respectively, P < 0.01 vs. FM-MSC group).

PAS staining in rats with anti-Thyl nephritis revealed the
accumulation of mesangial matrix (Fig. 2, G=/). Similar to
a-SMA expression, the glomerular PAS-positive area in ne-
phritic rats reached its peak on day 7 (PAS score; 2.72 + 0.12
in the PBS group vs. 0.20 * 0.05 in the Sham group, P < 0.01)

gk

Nk ; :
i PBS: PMMSC sham: PBS  FMIMSC

Tday Taday
Fig. 1. Effect of fetal membrane-derived mesenchymal stem cells (FM-MSC)
administration on proteinuria in anti-Thy1 nephritis. The 24-h urine protein
excretion rate was measured in the Sham, PBS, and FM-MSC groups. On day
7, the rate was significantly increased in the PBS group compared with the
FM-MSC group. On day 14, both groups showed remission of proteinuria, and
no significant differences were seen among these 3 groups. *P < 0.05 vs.
Sham group. TP < 0.05 vs. PBS group.
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and remained elevated on day 14 (2.97 = 0.08 in the PBS
group and 0.25 = 0.05 in the Sham group, P < 0.01), which
was significantly decreased by FM-MSC administration (FM-
MSC group: 2.21 * 0.08 on day 7 and 1.54 = 0.06 on day 14,
P < 0.05 vs. PBS group) (Fig. 2N). gqRT-PCR analysis re-
vealed that the reduction of mesangial matrix accumulation in
FM-MSC-treated rats was associated with decreased expres-
sion of glomerular type I collagen, transforming growth factor
(TGF) -B, type 1 plasminogen activator inhibitor (PAI-1) (P <
0.05 vs. PBS group) (Fig. 3, A—C). However, FM-MSC treat-
ment did not significantly affect the glomerular expression of
membrane-type matrix metalloproteinases (MMPs) and tissue
inhibitor of MMP-1 (TIMP-1) in anti-Thy1 nephritic rats (Fig.
3, D-F).

Attenuation of glomerular monocyte/macrophage influx by
FM-MSC transplantation. Immunostaining of ED-1 in rats
with anti-Thy1 nephritis revealed a significant monocyte/mac-
rophage infiltration into the glomeruli (Fig. 2, J~L). On day 7,
the number of infiltrating monocytes/macrophages in the PBS
group (7.5 * 0.2/glomerulus) was significantly higher than in
the Sham group (0.4 * 0.1/glomerulus), which was signifi-
cantly lower than in the FM-MSC group (6.0 = 0.2/glomeru-
lus, P < 0.01 vs. PBS group) (Fig. 20). A similar result was
also observed on day 14 (PBS group 5.1 = 0.2/glomerulus vs.
FM-MSC group 3.9 * 0.1/glomerulus, P < 0.01).

Reduction of renal inflammatory cytokine/chemokine ex-
pression by FM-MSC transplantation. We examined the glo-
merular expression of inflammatory cytokines/chemokines in
nephritic rats on day 7. QRT-PCR analysis showed that tumor
necrosis factor (TNF)-a expression in glomeruli was signifi-
cantly increased by 7.70 = 0.54-fold in the PBS group (P <
0.01 vs. the Sham group), and this increase was significantly
decreased in the FM-MSC group (5.92 * 0.20-fold, P < 0.05
vs. PBS group) (Fig. 3G). Glomerular MCP-1 mRNA expres-
sion in the PBS group showed a 5.41 * 0.38-fold increase
compared with the Sham group (P < 0.01) (Fig. 3H), but
FM-MSC transplantation reduced this increase by >30%
(3.51 = 0.51-fold, P < 0.05 vs. PBS group). Similarly,
Western blot analysis showed that renal MCP-1 protein ex-
pression in the PBS group was significantly increased com-
pared with the Sham group (7.65 = 2.49-fold, P < 0.05) (Fig. 4),and
FM-MSC administration showed a tendency of decreasing the
expression of MCP-1 protein (6.44 £ 0.96-fold vs. the Sham
group) (Fig. 4).

Renal expression of VEGF and HGF after FM-MSC
transplantation. Previously, we reported that cultured FM-
MSC secreted large amounts of angiogenic/antiapoptotic fac-
tors including VEGF and HGF (20). Because VEGF and HGF
have been reported as renoprotective factors (34, 41, 53, 55),
we analyzed glomerular expression of these factors in FM-
MSC-transplanted nephritic rats. qRT-PCR analysis revealed
that expression of VEGF mRNA in the PBS group was signif-
icantly decreased (0.36 * 0.07-fold vs. Sham group, P <
0.05), and no significant upregulation was seen after FM-MSC
administration (0.30 = 0.08-fold vs. Sham group, P < 0.05)
(Fig. 31). Glomerular expression of HGF mRNA was signifi-
cantly increased in the PBS group (2.64 *+ 0.38-fold vs. Sham
group, P < 0.05), but no significant difference was observed
between PBS and FM-MSC groups (2.51 * 0.34-fold vs. Sham
group, P < 0.05) (Fig. 3J).
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Fig. 2. Inhibition of the accumulation of acti-
vated MC, mesangial matrix, and glomerular
monocyte/macrophages by FM-MSC trans-
plantation in rats with anti-Thyl nephritis.
A-L: representative micrographs of negative
control (4—C), a-smooth muscle actin (SMA;
D-F), periodic acid-Schiff (PAS; G-/) and
ED-1 (J-L) staining in the Sham (4, D, G, J),
PBS (B, E, H, K) and FM-MSC (C, F, 1, L)
groups on day 7. M: quantitative analysis re-
vealed that the number of a-SMA-positive ac-
tivated MC was lower in the FM-MSC group
compared with the PBS group on days 7 and
14. N: mesangial matrix accumulation was sig-
nificantly reduced in the FM-MSC group com-
pared with the PBS group on days 7 and /4.
O: the number of infiltrated ED-1-positive
monocytes/macrophages was significantly re-
duced in the FM-MSC group compared with
the PBS group on days 7 and 14. Scale bars =
20 pm. *P < 0.05 vs. Sham. TP < 0.05 vs.
PBS group.



