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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-MSCQC),
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, Iwasaki 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 E,; 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 SL.C, 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 a-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-Thyl 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; n = 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 ! each) was injected into the tail
vein of Lewis nephritic rats. Sham rats (Sham group; n = 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-um
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 gqRT-PCR
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nous peroxidase activity was quenched with 1.5% H,O, 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 o-SMA-positive area relative to the glomerular area was
calculated as a percentage using a computer-aided manipulator (Win-
Roof; Mitani, Fukui, Japan). The a-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 (n = 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 wg) 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 {-actin (Sigma-Aldrich, St.
Louis, MO) was used as a control (n = 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 pM; Wako) for 48 h, and
filtered through a 0.22-pm filtration unit (Millipore). MC were plated
on six-well plates (2 X 105 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'-GCCAAATAAACCGATCCTTGAA-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'-GCCCTAGACTTCGAGG-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-Thyl 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
297 £ 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-I). 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)

100+ %

24-hours urine pr
rate ( mg/24hr)
L«

7day 14day

Fig. 1. Effect of fetal membrane-derived mesenchymal stem cells (FM-MSC)
administration on proteinuria in anti-Thyl 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. 1P < 0.05 vs. PBS group.
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and remained elevated on day 714 (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, 553),
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 (A-C), a-smooth muscle actin (SMA;
D-F), periodic acid-Schiff (PAS; G-I) and
ED-1 (J-L) staining in the Sham (A4, D, G, J),
PBS (B, E, H, K) and FM-MSC (C, F, I, 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.
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Engraftment of intravenously injected FM-MSC in rats with
anti-Thyl nephritis. To investigate the behavior of intrave-
nously administered FM-MSC in anti-Thyl nephritic rats,
FM-MSC derived from GFP transgenic Lewis rats were intra-
venously administered into allogenic ACI rats on day 2 after
mAb injection (n = 4). Twenty-four hours after FM-MSC

transplantation, several GFP-positive cells were detected in the
kidney sections (12.7 * 0.3 cells/cm?) including glomeruli
(Fig. 5A), proximal tubule (Fig. 5B), and interstitial area (Fig.
5C). We also detected GFP-positive FM-MSC in sections of
lung (Fig. 5D), liver (Fig. 5F), and spleen (Fig. 5F). A
significant number of GFP-positive FM-MSC were seen in the
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Fig. 4. Decreased MCP-1 protein expression in the renal tissue of nephritic rats
after FM-MSC administration. A: representative Western blot analysis of
MCP-1 in the Sham, PBS, and FM-MSC groups. B: quantitative analysis of
immunoreactive bands for MCP-1 demonstrated that MCP-1 protein expres-
sion in the PBS group was significantly upregulated compared with the Sham
group (P < 0.05, n = 8), and FM-MSC administration showed a tendency
toward decreased expression.

lung (119.2 * 5.1 cells/cm?), and a similar distribution of
GFP-positive cells were observed in the liver and spleen
(384 + 1.5 and 32.1 =% 2.9 cells/cm?, respectively). Although
no GFP-positive cell was found in the kidney at 7 days after
systemic injection of GFP-positive FM-MSC, several GFP-
expressing cells were detected in sections of lung, liver, and
spleen (37.6 * 3.1, 26.1 = 2.7, and 4.8 £ 0.3 cells/cm?,
respectively).

Anti-inflammatory effect of FM-MSC-conditioned medium
on cultured MC. Next, we examined whether FM-MSC possess
direct anti-inflammatory effects on MC. When MC were cul-
tured in standard medium, gene expression of TNF-a showed
a peak at 8 h and then decreased (n = 3-12, Table 2).
FM-MSC-conditioned medium induced a significant (>50%)
decrease in TNF-a expression after incubation for 8 h (P <
0.05 vs. standard medium) (Table 2). MCP-1 expression in
cultured MC showed a peak at 4 h and then decreased (Table
2). Between FM-MSC-conditioned and standard medium, a
significant reduction in MCP-1 expression was seen at 4
(>20%) and 8 (>70%) h (P < 0.05 vs. standard medium).

Because recent reports have shown that PGE, is one of the
key modulators for the MSC-induced anti-inflammatory re-
sponse, PGE-depleted conditioned medium of FM-MSC was
prepared by treatment with NS-398, a selective inhibitor of
COX2 activity (38). ELISA revealed that a significant amount
of PGE; was detected in FM-MSC-conditioned medium
(888.1 + 123.3 pg/ml), and NS-398 treatment significantly
suppressed its production (23.2 * 2.4 pg/ml, P < 0.01). After
incubation for 8 h, conditioned medium of NS-389-treated
FM-MSC markedly abolished the decreased expression of
TNF-a and MCP-1 in rat MC (1.19 * 0.12- and 0.82 =+
0.06-fold, respectively) (Fig. 6).

F1009
DISCUSSION

In this study, we demonstrated that 1) intravenous injection
of allogenic FM-MSC improved disease manifestations in rats
with anti-Thyl glomerulonephritis; 2) allogenic FM-MSC ad-
ministration suppressed MC proliferation, glomerular mono-
cyte/macrophage infiltration, mesangial matrix accumulation,
and the glomerular expression of inflammatory and extracel-
lular matrix-related molecules in anti-Thyl nephritis; and 3)
FM-MSC-conditioned medium attenuated the expression of
these inflammatory cytokines/chemokines in cultured MC
through a PGE,-dependent mechanism. Therefore, our data
indicate that allogenic FM-MSC transplantation would be a
potent therapeutic strategy for the treatment of acute glomer-
ulonephritis.

MSC are considered to be an attractive cell source for
application in regenerative medicine because of their excellent
capacities in proliferation and differentiation (8, 33, 35, 62).
MSC are present in various tissues, but the most characterized
population is BM-MSC (9, 11, 42). Therefore, the potential of
MSC for renal repair has been investigated using BM-MSC
(17, 30-32, 54, 56). To consider the clinical setting, donor BM
is a suitable source of MSC, because MSC are relatively easy
to obtain from BM aspirates and autologous donor MSC are
unlikely to be immunologically rejected. However, autologous
MSC transplantation is difficult to attempt on acute glomeru-
lonephritis patients, because of a cell-preparatory period and
cell transplantation timing. Therefore, allogenic MSC trans-
plantation has more practical therapeutic value in clinical
medicine. We have previously characterized a population of
MSC from FM tissue, which possesses great advantages due to
its abundance, easy accessibility, and angiogenic activity (20).
In this study, we demonstrated that intravenous injection of
allogenic FM-MSC, similar to reported autologous BM-MSC
(31, 58), provided significant improvement in rats with anti-
Thy1 nephritis, indicating that allogenic FM-MSC have poten-
tial as a source for regenerative-based therapy for glomerulo-
nephritis.

In this study, we demonstrated that allogenic ACI-derived
FM-MSC have a therapeutic effect in MHC-mismatched Lewis
rats with anti-Thy1 nephritis. FM is known to play a role in
preventing rejection of the fetus and is thought to have low
immunogenicity (2, 3, 59). MSC have been reported to fail to
trigger allogenic T cell proliferation and induce immune tol-
erance (1, 6). Indeed, we previously demonstrated that FM-
MSC expressed surface antigens similar to those of BM-MSC.
For example, both types of MSC are negative for MHC II (19).
We also confirmed that FM-MSC did not provoke alloreactive
lymphocyte proliferation in mixed lymphocyte culture (20). A
recent report described that intravenous injection of BM-MSC
induced recovery from anti-Thy1 nephritis in outbred allogenic
as well as inbred autologous settings (31). These results sug-
gest that FM-MSC as well as BM-MSC could evade T lym-
phocyte alloreactivity and would be successfully transplantable
across MHC barriers.

Several studies have shown beneficial effects of BM-
MSC transplantation in renal diseases (17, 30-32, 54, 56).
However, the mechanisms underlying the benefit of MSC
transplantation remain controversial. One possible mecha-
nism is the differentiation into renal cells of injected MSC.
Intravenously administered MSC have been shown to con-
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Fig. 5. Engraftment of intravenously injected
FM-MSC in rats with anti-Thyl nephritis.
The presence of intravenously injected green
fluorescent protein (GFP)-positive FM-MSC
was observed 24 h after cell injection (n =
4). A-F: representative GFP immunohisto-
chemical staining shows GFP-positive trans-
planted FM-MSC were found in glomeruli
(A), proximal tubule (B), and renal interstitial
tissue (C) as well as the lung (D), liver (E),
and spleen (F; black arrows). Scale bars =
50 pm.

tribute, via differentiation and engraftment, to the cells of
many organs, including the kidney (17, 23, 45, 47). In this
study, however, we confirmed that these engraftments were
low-frequency events that cannot explain the prompt regen-
erative responses MSC elicit in damaged kidneys. Using the
same anti-Thy1 nephritis model, Kunter et al. (31) reported
that they failed to detect any evidence of transdifferentiation
of MSC into renal cells. This evidence suggests that the
direct contribution of transplanted MSC to tissue regenera-
tion is minimal.

Another possibility explaining how transplanted MSC
mediate the protective and regenerative effects in damaged
kidney tissue is paracrine action (31, 56, 58). Our previous

RENOPROTECTIVE EFFECT OF FETAL MEMBRANE-DERIVED MSC

studies found that FM- and BM-MSC secreted VEGF and
HGF, which are well-known potent angiogenic and anti-
apoptotic factors that elicited angiogenesis in a hindlimb
ischemia model (20). In experimental ischemic acute kidney
injury or glomerulonephritis, VEGF or HGF secreted from
MSC exerted beneficial effects (31, 46, 56, 58). Based on
these results, we examined the glomerular expression of
these regenerative factors in anti-Thyl nephritic rats. Con-
trary to our expectation, however, no significant induction
of VEGF or HGF expression in the kidney was seen after
FM-MSC transplantation. Therefore, contribution of these
FM-MSC-derived growth factors might be minimal in the
repair process of anti-Thyl nephritis.

Table 2. Time course of TNF-a and MCP-1 mRNA levels in MC after incubation with standard or FM-MSC-conditioned

medium
TNF-a MCP-1
4h 8h 12h 4h 8h 12h
Standard medium 100.0 = 22.4% 155.5 + 28.5% 154.3 +23.2% 100.0 = 14.7% 2022 1.7% 269 +2.9%
FM-MSC-conditioned medium 64.6 = 19.7%* 83.4 + 10.6%* 154.4 = 61.6% 19.9 = 11.5%* 14.4 * 1.9%* 319 +6.7%

ZL0Z ‘pI Aepy uo Bio ABojoisAyd-jeuside wouy papeojumo(]

MC, mesangial cells; FM-MSC, fetal membrane-derived mesangial stem cells. *P < 0.05 vs. standard medium.
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Fig. 6. Effect of FM-MSC-conditioned medium on TNF-a and MCP-1 gene
expression in cultured MC. Quantitative RT-PCR analysis in MC after 8 h in
culture revealed that TNF-a (A) and MCP-1 (B) expression was significantly
reduced when MC were cultured in FM-MSC-conditioned medium, and this
decrease was significantly abolished by the treatment with NS-398 (0.1 uM;
n = 6-12). *P < 0.05 vs. standard medium.

Recently, MSC have been demonstrated to possess im-
munomodulatory properties (12-14, 22, 27, 28, 37, 49, 51,
52). They are able to modulate the function of lymphocytes
(12-14, 22, 28), dendritic cells (37, 49), natural killers (27,
51, 52), and macrophages (26, 38). Several in vivo studies
have shown that MSC administration could downregulate
the systemic and local inflammatory responses and prevent
tissue damage in inflammatory models (4, 15, 63). There-
fore, FM-MSC injection might act by modulating the in-
flammatory responses after the induction of anti-Thy! ne-
phritis. We previously demonstrated that MSC transplanta-
tion attenuated myocardial inflammation in an acute
myocarditis model associated with an increase in MCP-1 as
well as infiltration of macrophages (40). In the present
study, we confirmed that glomerular expression of TNF-«a
and MCP-1 and macrophage infiltration was significantly
suppressed by the administration of FM-MSC. In glomeru-
lonephritis, these inflammatory cytokines/chemokines par-
ticipate in the activation and accumulation of macrophages,
and their infiltration is strongly associated with proteinuria
and declining renal function (10, 44, 48, 60).
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Recent reports demonstrate that MSC-mediated immuno-
suppression is mediated by direct contact with immuno-
modulatory cells including T cells, NK cells, and macro-
phages, followed by paracrine action of secreted PGE, and
TGF-B (13, 27, 38). Because intravenously administered
FM-MSC survived in kidney, lung, and reticuloendothelial
organs including the spleen and liver, these transplanted
FM-MSC might change the activity of immunomodulatory
cells in nephritic rats by direct contact and paracrine action,
which would reduce the inflammatory state of anti-Thyl
nephritis. Previous studies demonstrate that PGE, is one of
the leading candidates for MSC-induced immune suppres-
sion (38). In this study, we confirmed that FM-MSC-
conditioned medium contained a significant amount of
PGE,, which was completely depleted by treatment with the
COX2 inhibitor NS-398. Gene expression of MCP-1 and
TNF-o in MC was decreased by FM-MSC-conditioned
media, and this decrease was significantly restored by the
treatment with NS-398. A previous report demonstrated that
PGE, suppressed cytokine/chemokine expression including
TNF-a and MCP-1 in MC, which would relate to its anti-
inflammatory activity (50). Therefore, PGE, would be one
of the candidate factors to cause the downregulation of
TNF-oa and MCP-1 in FM-MSC-treated rats with anti-Thy1
nephritis. Together, previous studies including our own
support the hypothesis that paracrine/endocrine actions are
of major importance in mediating the protective and regen-
erative effect of administered MSC after tissue damage.

We have recently reported that MSC transplantation im-
proved cardiac function through an antifibrotic effect in a rat
model of dilated cardiomyopathy and acute myocarditis (36,
40) and also demonstrated that the highly expressed genes in
cultured MSC included a number of molecules involved in the
biogenesis of extracellular matrix (39). These results suggest
that transplanted MSC inhibit the fibrogenic process through
paracrine actions. In this study, we confirmed that FM-MSC
transplantation in anti-Thy1 nephritic rats resulted in reduced
mesangial matrix accumulation. In addition, the glomerular
expression of several genes involved in fibrogenesis including
type I collagen, TGF-B, and PAI-1 was significantly decreased
in the FM-MSC group compared with the PBS group. These
results support our hypothesis that transplanted MSC possesses
antifibrotic activity. However, because the expression of type I
collagen, TGF-B, and PAI-1 is associated with renal disease
severity (5, 7, 57), decreased expression of these fibrogenic
genes in the FM-MSC group might only reflect the degree of
renal damage; the precise mechanism by which transplanted
FM-MSC prevent renal fibrosis in anti-Thy1 nephritis remains
to be elucidated.

In conclusion, our observation that FM-MSC transplantation
helped recovery from anti-Thyl nephritis demonstrates the
renoprotective effect of FM-MSC. Because FM-MSC is avail-
able non-invasively in large amounts, we suggest that cultured,
banked FM-MSC could provide a new therapeutic strategy for
the treatment of kidney injury.
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and concluded that AM is a potent mediator of lympangiogenesis. In the present study, we conducted a
genome-wide analysis of genes that are regulated by AM in LECs. AM profoundly suppressed gene expression
of cell adhesion receptors and inflammatory factors in LECs, such as intercellular adhesion molecule-1
(ICAM-1), vascular adhesion molecule-1 (VCAM-1), endothelial adhesion molecule-1 (E-selectin),

ﬁ};:e\:;j:‘edullin interleukin-8, and chemokines, QRT-PCR and flow cytometry analysis showed that AM dose-dependently
CAMP suppressed the TNF-a-induced mRNA and protein expression of ICAM-1 and VCAM-1. Treatment of LECs with
Lymphatic endothelial cell a cell permeable cyclic adenosine monophosphate (cAMP) analog, 8-Br-cAMP, mimicked the suppressive
NF-kappaB effect of AM on the expression of adhesion molecules. Moreover, both AM and 8-Br-cAMP suppressed TNF-
Microarray a-induced NF-KB activation in LECs, indicating that AM reduces expression of adhesion molecules in LECs via
Cell adhesion molecule a cAMP/NF-kB dependent pathway. These results suggest that AM may have an important role in the
regulation of the expression of adhesion molecules in lymphatic endothelium, which is critical in the control

of immune and inflammatory responses.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction two well known adhesion molecules involved in immunocyte

adhesion and migration are: intercellular adhesion molecule-1
Adrenomedullin (AM) is a multifunctional peptide expressed (ICAM1), which binds to lymphocyte function-associated antigen-1
and secreted from a variety of cells including vascular endothelial (LFA-1) [13], and vascular cell adhesion molecule-1 (VCAM-1), which
cells (ECs), vascular smooth muscle cells (SMCs), fibroblasts, and binds to the very late antigen 4 (0431) [14]. Increased expression of
hematopoietic cells [1,2]. AM is known primarily for its' role in the these adhesion molecules on lymphatic endothelium is found in the
vasculature and maintaining blood pressure [3,4], but recently AM presence of inflammatory cytokines such as IL-1o or TNF-a [12].
has been implicated in the regulation of the inflammatory res- Therefore, regulating the expression of these adhesion molecules in
ponse [5-7]. In several inflammatory diseases, an elevated blood lymphatic endothelium is critical to control the immune and
concentration of AM has been reported, and this increase has inflammatory responses.
either a proinflammatory or an anti-inflammatory effect [8,9]. Several studies have examined the role of AM or cyclic adenosine
The lymphatic system is not only essential for maintenance of = monophosphate (cAMP)-elevating agents in regulating the expres-
normal fluid balance, but also for proper immunologic function by sion of adhesion molecules on vascular endothelium [15-18].
providing an extensive network of vessels, needed for cell trafficking However, it is unknown whether AM or cAMP-elevating agents affect
and immune responses. The interaction of lymphatic vessels and the expression of adhesion molecules on lymphatic endothelium.
immunocytes has been well studied [10,11]. Lymphatic endothelium Recently, we reported that AM induces proliferation and migration of
interacts with immunocytes through adhesion molecules and this lymphatic endothelial cells (LECs) through a cAMP-dependent
interaction supports cell adhesion and migration {12]. Examples of  pathway [19] suggesting that AM may exert a critical role in the
regulation of adhesive molecule expression on these cells through a
cAMP-dependent pathway.
monding author. Department of Regenerative Medicine and Tissue s In this study, we inYeStigatEd t he effects of AM on gene eXpr?SSion
Engineering, National Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, m LEQS by genome-wide a.nalySIS, and focused on the regulation of
Suita, Osaka 565-8565, Japan. Tel.: +81 6 6833 5012; fax: +81 6 6835 5496. adhesion molecule expression by AM. We found that AM suppressed
E-mail address: yamahara@ri.ncve.go.jp (K. Yamahara). expression of genes involved in cell adhesion and inflammatory
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response; such as ICAM-1, VCAM-1, E-selectin, interleukin-8, TNF-«
induced protein-2, -3, -8 and chemokine ligand-1, -2, -3, -20. We also
found that AM significantly inhibited TNF-c-induced expression of
ICAM-1, VCAM-1, E-selectin in LECs, and the inhibition was mediated
by a cAMP/NF-«B dependent pathway.

2. Materials and methods
2.1. Cell culture

Human lymphatic microvascular endothelial cells (HLMVECS)
were purchased from Lonza (Lonza, Basel, Switzerland), and
expanded in basal medium (EBM-2, Lonza) with growth supple-
ments (EGM-2MV, Lonza). All the cells were cultured on non-coating
plastic dishes, and were used within passages 5-8. The expanded
cells express mRNAs of the AM receptor calcitonin-receptor-like
receptor (CRLR) and receptor-activity-modifying protein (RAMP)-1
to -3 [19].

2.2. Microarray

After 12h of serum starvation in basal medium, HLMVECs
were further cultured in EBM-2 supplemented with (1077 M) or
without AM (Sionogi, Osaka, Japan) for 4 hr. Total RNA was then
isolated from the cells using an RNeasy mini kit (Qiagen, Hilden,
Germany). Double-stranded c¢cDNA was synthesized from total
RNA, and in vitro transcription was performed to produce biotin-
labeled cRNA using GeneChip One-Cycle Target Labeling and Control
Reagents (Affymetrix, Santa Clara, CA, USA) according to the
manufacturer's instructions. After fragmentation, the cRNA was
hybridized with GeneChip (Affymetrix). GeneChips were then
scanned in a GeneChip Scanner 3000 (Affymetrix). Normalization,
filtering, and Gene Ontology analysis of the data were performed with
GeneSpring GX 11 software (Agilent Technologies, Palo Alto, CA, USA).
Genes with at least twofold change were then selected.

2.3. QRT-PCR

HLMVECs were grown in 6-cm plates and serum-starved for 12 hr
in EBM-2. Cells were further incubated for 4 h in EBM-2 supple-
mented with 1) TNF-ac (1 ng/ml, Peprotech, Rocky Hill, NJ, USA),
2) AM (1077 M), 3) TNF-o and AM, 4) 3/, 5-cyclic adenosine mono-
phosphate 8-bromo sodium salt (8-Br-cAMP) 104 M, Calbiochem,
San Diego, CA, USA, a cell-permeable cAMP analog, 5) TNF-«¢ and 8-
Br-cAMP. Total RNA was isolated from the cell lysate using RNeasy
mini kit (Qiagen), and converted to ¢cDNA by reverse transcription
(QuantiTect RT-kit, Qiagen). QRT-PCR was performed with SYBR
green dye (Qiagen) and a Prism 7700 sequence detection system
(Applied Biosystems, Foster City, CA, USA). The PCR was carried out
under the following conditions: an initial denaturation step at 95 °C
for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s.
Levels of ICAM-1, VCAM-1 and E-selectin mRNA were normalized to
that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA.
The PCR primers were summarized in Table 1 [20,21].

Table 1
Sequences of primers used in QRT-PCR.
Forward Reverse
ICAM-1 CGTGGGGAGAAGGAGCTGAA CAGTGCGGCACGAGAAATIG
VCAM-1 TGGGCTGTGAATCCCCATCT GGGTCAGCGCGTGGAATTGGTC
E-selectin  GATGAGAGGTGCAGCAAGAAG CTCACACTTGAGTCCACTGAAG
GAPDH TGAAGGTCGGTGTCAACGGATTTGGC ~ CATGTAGGCCATGAGGTCCACCAC

2.4. Flow cytometry

After 12 h of serum starvation in basal medium, HLMVECs were
further cultured in EBM-2 supplemented with TNF-a (1 ng/mi), AM
(1077 M), or TNF-& and AM for 12 h. Cells were lifted by incubation
for 10 min with collagenase (1 mg/ml, Wako, Osaka, Japan), and
another 10 min with cell dissociation buffer (Invitrogen, Carlsbad, CA,
USA), and collected in a cold PBS including 1% fetal bovine serum (FBS,
Invitrogen). Collected cells were incubated for 30 min at 4 °C with
FITC-conjugated anti-human ICAM-1 (CD54, Biolegend, San Diego, CA,
USA) or PE-conjugated anti-human VCAM-1 (CD106, Biolegend), and
analyzed on a flow cytometer (FACSCanto; BD, Franklin Lakes, NJ,
USA). For the exclusion of nonviable cells, 7-AAD (BD) was added to
each sample.

2.5. Preparation of subcellular protein fractions and Western blot
analysis

Either cytoplasmic or nucleic proteins were extracted from
cultured cells using CellLytic NuCLEAR Extraction Kit (Sigma,
St. Louis, MO, USA) following the manufacturer’s instruction. Briefly,
cells were scarped and collected into centrifuge tubes using fresh
PBS, and were then incubated in a hypotonic buffer including
protease inhibitors, allowing cells to swell. The cells were then
disrupted in a lysis buffer, and centrifuged at 10,000 x g. The super-
natant was transferred to a fresh tube as the cytoplasmic fraction. The
crude pellet was resuspended in a nuclear extraction buffer and
vortexed at high speed for 20 min. After centrifugation at 20,000x g
for 5 min, the supernatant was transferred to a fresh tube as the
nuclear fraction.

Cytoplasmic and nucleic proteins (2 pg) were denatured in SDS/
DTT sampling buffer, loaded on 7.5% sodium dodecylsulfate-poly-
acrylamide gels (Bio-Rad, Hercules, CA, USA) for 90 min at 100 V, and
transferred to membranes (Millipore, MA, USA) for 120 min at 100 V.
After blocking with a solution of defatted milk, the membranes were
probed with rabbit anti-NF-kB p65 polyclonal antibody (Santa Cruz
Biotech, Santa Cruz, CA, USA). The membranes were then incubated
with horseradish peroxidase-conjugated second antibodies (Cell
Signaling, Boston, MA, USA), and visualized by ECL plus kit (GE
Healthcare, Piscataway, NJ, USA) following the manufacturer's
instruction.

2.6. Statistical analysis

All data are expressed as mean 4 SEM. Comparisons of parameters
among the groups were made by one-way ANOVA, followed by
Newman-Keuls' test. Comparisons of parameters between two groups
were made by Student's ¢ test. Values of p<0.05 were considered
statistically significant.

3. Results
3.1. Effect of AM on gene expression in LECs

We investigated the effect of AM on gene expression in LECs, using
microarray analysis. After AM stimulation, 54 genes were upregulated
(>twofold), and 150 genes were downregulated (<twofold) in
HLMVECs (Tables 2 and 3). The cAMP related genes such as
phosphodiesterase 4B, cAMP-specific, and cAMP responsive element
modulators were upregulated after AM stimulation. In contrast, we
found that genes involved in cell adhesion such as E-selectin, ICAM-1
and VCAM-1 and proinflammatory cytokines such as interleukin 8,
TNF-a induced protein-2, -3, -8, and chemokine ligand-1, -2, -3, and
-20 were downregulated after AM stimulation. In addition, expression
of several NF-kB related elements such as nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor, zeta (NFKBIZ), alpha
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Table 2
Genes upregulated in HLMVEC after AM stimulation (>twofold).

Gene Description GenBank Fold -
accession increase
no.

PDK4 Pyruvate dehydrogenase kinase, isozyme 4 AV707102  5.954

PDK4 Pyruvate dehydrogenase kinase, isozyme 4 NM_002612 5.176

PDZRN3 PDZ domain containing RING finger 3 AL569804  3.319

EDNRB Endothelin receptor type B NM_000115 3.309

KIAA1126  Solute carrier family 45, member 4 AB032952  3.08

SEMAGA Semna domain, transmembrane domain (TM), = AB002438 2938

and cytoplasmic dornain, (semaphorin) 6A

yel7h09.x5 Stratagene lung (#937210) Al821404 2921
Homo sapiens cDNA clone IMAGE:118049 3'

similar to contains Alu repetitive element;

mRNA sequence,

SORBS1 Sorbin and SH3 domain containing 1 NM_015385 2.757

GAS1 Growth arrest-specific 1 NM_002048 2.74

PIK3R3 Phosphoinositide-3-kinase, regulatory AF028785  2.656

subunit 3 (p55, gamma)
CDNA FLJ33091 fis, clone TRACH2000660 AK026379 2,629

HS3ST3B1  Heparan sulfate (glucosamine) 3-0- AA780067  2.549

sulfotransferase 3B1

CXCR4 Chemokine (C-X-C motif) receptor 4 AJ224869 2.548

TMEM100 Transmembrane protein 100 NM_018286 2.526

FRY Furry homolog (Drosophila) NM_023037 2516

PDE4B Phosphodiesterase 4B, cAMP-specific 120966 2.503

(phosphodiesterase E4 dunce homolog,
Drosophila)
CDNA FLj26557 fis, clone LNFO1992 AI970797 2468

GPRIN3 GPRIN family member 3 Al819722 2.369

DKK1 dickkopf homolog 1 (Xenopus laevis) NM_012242 2368

PHF17 PHD finger protein 17 AV646599 2359

TTC30B Tetratricopeptide repeat domain 30B BC033795 2345

GOPC Golgi associated PDZ and coiled-coil motif =~ AA279958 2339

containing

PDE4B Phosphodiesterase 4B, cAMP-specific NM_002600 2338

(phosphodiesterase E4 dunce homolog,
Drosophila)
SFPQ. Splicing factor proline/glutamine-rich Al439021 2.326
(polypyrimidine tract binding protein
* associated)
HR Hairless homolog (mouse) BF528433 2318
FREM3 FRAST related extracellular matrix 3 BE223071 2305
MAB21L2  mab-21-like 2 (C. elegans) AF262032  2.278
yx52b04.s1 Soares melanocyte 2NbHM N21096 2.261
Homo sapiens cDNA clone IMAGE:265327 3,
mRNA sequence.

TPR Translocated promoter region (to activated AW235355 2.253
MET oncogene)

LOC387763 Hypothetical LOC387763 ) AW276078 2.251

ELMOD1 ELMO/CED-12 domain containing 1 AL359601  2.244

FAM84A Family with sequence similarity 84, Al601101 2239

member A
SLCA5A4 Solute carrier family 45, member 4 Al346128 2218
MN1 Meningioma (disrupted in balanced NM_002430 2209
translocation) 1

FOLR1 Folate receptor 1 (adult) AF000381  2.206

MIR Myosin regulatory light chain interacting NM_013262 2203

protein

C100rf72  Chromosome 10 open reading frame 72 BE858464  2.201

MYLIP Myosin regulatory light chain interacting T63512 2.195

protein

CREM CAMP responsive element modulator D14826 2.193

NPTX1 Neuronal pentraxin 1 NM_002522 2.184

PDGFRA Platelet-derived growth factor receptor, NM_006206 2.176

alpha polypeptide

THSD1 Thrombospondin, type 1, domain NM_018676 2.165

containing 1

RNF168 Ring finger protein 168 BCO33791 2156

MYLIP Myosin regulatory light chain interacting AW292746 2.15

protein

SLCO2A1 Solute carrier organic anion transporter NM_005630 2.145

family, member 2A1

PROX1 Prospero homeobox 1 NM_002763 2.137

GOLSYN Golgi-localized protein NM_017786 2.116

PDXDC1 Pyridoxal-dependent decarboxylase domain AI133523 2.115

containing 1

Table 2 (continued)

Gene Description GenBank Fold
accession increase
no.

SG2NA Striatin, calmodulin binding protein 3 AF243424  2.113

ATRX Alpha thalassemia/mental retardation Al650257 2.1

syndrome X-linked (RAD54 homolog, .
S. cerevisiae)

CDC42SE1  CDC42 small effector 1 AF286592  2.091

CREM cAMP responsive element modulator NM_001881 2.081

NASP Nuclear autoantigenic sperm protein AU144734 2064

(histone-binding)
ITPR1 Inositol 1,4,5-triphosphate receptor, type 1 U23850 2,047

(NFKBIA), and nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, epsilon (IKBE) were also decreased
after treatment with AM.

3.2. Effect of AM on ICAM-1, VCAM-1 and E-selectin expression in LECs

QRT-PCR revealed that mRNA levels of ICAM-1, VCAM-1 and
E-selectin were significantly reduced by AM treatment compared
with the control (Fig. 1). Because the expression of ICAM-1, VCAM-1 and
E-selectin in HLMVECs were significantly low. We treated the cells with
TNF-a to increase expression of these adhesion molecules and TNF-o¢
treatment led to a marked increase in the expression of these adhesive
molecules {12]. In cultured HLMVECs, TNF-a treatment reduced CRLR
expression (1.02 4-0.10 vs. 0.68 4 0.04, p<0.05) but did not alter RAMP-
2 expression (1.09 £ 0.19 vs. 1.07 4 0.12). TNF-« treatment in HLMVECs
led to a marked increase of ICAM-1, VCAM-1 and E-selectin expression
(ICAM-1; 1.144:0.27 vs. 12.35 £ 2.78, VCAM-1; 1.06 £0.17 vs. 22.21 +
5.39, E-selectin; 1.22 £:0.35 vs. 19.85 4 3.79, p<0.01), and this increase
was significantly inhibited by 10™7 AM administration (ICAM-1;5.13 +
0.33, VCAM-1; 4.964+0.84, E-selectin; 4.9840.94). AM dose-depen-
dently inhibited the expression of these adhesion molecules in the range
of 1079-107 M. Treatment of HLMVECs with a cell-permeable cAMP
analog, 8-Br-cAMP (1074 M), also significantly inhibited TNF-o-
induced ICAM-1, VCAM-1 and E-selectin mRNA expression in HLMVECs
(Fig. 1) (ICAM-1; 6.2040.60, VCAM-1; 5.35 + 048, E-selectin; 841 +
1.73, p<0.01). Next, we examined the protein levels of ICAM-1 and
VCAM-1 in cultured HLMVECs (Fig. 2A and B). FACS analysis revealed
that serum starved HLMVECs expressed low levels of ICAM-1 and
VCAM-1. However, TNF-« treatment led to an approximately ten-fold
increase in the expression of these adhesion molecules, but this effect
was significantly dampened by AM administration (ICAM-1: 10.1 +£0.2
vs. 7.24£0.2, p-0.02; VCAM-1: 9.44-0.2 vs. 6.7+ 0.2, p=0.01). These
results suggest that AM, and its second messenger cAMP inhibit the cell
surface expression of the adhesion molecules ICAM-1 and VCAM-1, on
LECs.

3.3. Effect of AM on NF-KB activation in LECs

In vascular ECs, TNF-o-induced expression of adhesion molecules
is reported to be mediated through the activation of NF-kB [22].
Therefore, we examined whether TNF-a~induced NF-KB activation
was inhibited by either AM or 8-Br-cAMP in HLMVECs. In resting cells,
NF-kB lies within the cytoplasm in an inactive form. After NF-kB
activation, the cytoplasmic NF-kB is activated and translocates to the
nucleus [23]. Therefore, we measured the amount of NF-kB in the
cytoplasm and the nucleus after AM stimulation (Fig. 3). Western blot
analysis revealed that the nuclear concentration of NF-kB (105 KD and
65KD) was markedly increased in TNF-a-stimulated cells (2.2 +0.4-
fold and 2.2 + 0.2-fold vs. control, respectively) (P<0.01 vs. control),
but this increase was inhibited by AM (0.44-0.1-fold and 0.7 +£0.1-
fold vs.control, respectively) or 8-Br-cAMP treatment (0.2 4+ 0.1-fold
and 0.7 4 0.2-fold vs control, respectively). These results suggest that
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Table 3 Table 3 (continued)
Genes downregulated in HLMVEC after AM stimulation (<twofold). Cene Description GenBank Fold
Gene Description GenBank Fold accession increase
accession increase no.
no. ZFP36 Zinc finger protein 36, C3H type, homolog ~ NM_003407 0,346
SELE Selectin E (endothelial adhesion molecule 1) NM_000450 0.0813 (mouse) .
CX3CL1  Chemokine (C-X3-C motif) ligand 1 Usa487  0.0991 mgl I‘“biﬂes Ih":l‘?“’g; (fm]”l’h“a) 2‘&?22295 g'gf
VCAM1  Vascular cell adhesion molecule 1 NM_001078 0.102 uciear loca ized tactor 2 o
CL20 Chemokine (C-C motif) ligand 20 NM_004591 0.119 ?@Qgi‘iﬁ?ﬁ?‘ﬁ”‘m (from clone  AL831884  0.351
3 C lation factor Ill (thromboplastin, NM_001993 0.126 N ! .
e fzéf;)ac or I (thromboplas ZFP36L2  Zinc finger protein 36, C3H type-like 2 Uo7802 0357
- . CAMTA1 Calmedulin binding transcription activator 1 AF111804  0.362
ATF3 Activating transcription factor 3 NM_001674 0.127 . )
BIC BIC transcript BG231961  0.169 TNFAIP2 Tur’ithr nzecross factor, alpha-induced NM_006291 0.363
SERPINE1  Serpin peptidase inhibitor, clade E (nexin,  BC020765  0.172 A1 g; ?nfclwréulin binding transcription activator 1 298884 0367
lasmi tivator inhibitor 1, CAMT .
Do gen activator infuibifor type ) ZFP36L2  Zinc finger protein 36, C3H type-like 2 AI356398 0367
N . : NLF2 Nuclear localized factor 2 AI346522 0371
IL8 Homo sapiens interleukin 8 C-terminal AF043337  0.181
variant (IL8) mRNA, complete cds MRCL3 Myosin regulatory light chain MRCL3 BU676221 0371
NUAK2  NUAK family, SNF1-like kinase, 2 NM_030952 0.181 NEDDAL g'e“rla‘ precursor Se“ exPresTed- i AV700008 0371
TRAF1 INF receptor-associated factor 1 NM_005658 0,182 — Be"e °Pme§‘a ey :?W"’;fegi“ 32"3 ke NM_001200 0374
TRAF1 TNF receptor-associated factor 1 AA922208  0.201 one mo;p Ogl netc pr r;] . - 374
TNFAIP8  Tumor necrosis factor, alpha-induced NM_014350 0.23 SPRY4 f\l%r:ggro?;;?:fﬁ4ilgﬁg§l§att:'})l drug ;\ééisgg 1 337 "
tein 8 " -
ccL2 Chemokine (C-C motif) ligand 2 69738 0237 activated gene 3 mRNA, partial sequence
TNFAIP3  Tumor necrosis factor, alpha-induced AI738896 0239 RIPK2 l‘:f::fe‘g"mte‘ac““g serine-threonine AF064B24 0375
protein 3 . -
TNFAIP3  Tumor necrosis factor, alpha-induced NM_006290 0.243 HECW2 Sgg&igi ;‘r‘gtm;:s‘:?“ containing E3  AL390186 0376
protein 3 : B
; LOC285628 Hypothetical protein LOC285628 AL389942  0.381
HDAC! t d 9 NM_014707 0.244
cx?cf; ?éiéiilnffitﬁisi motif) ligand 1 NM_002996 0.247 CXCL3 Chemokine (C-X-C motif) ligand 3 NM_002090 0.383
TMEM46  Transmembrane protein 46 AW6E64964 026 PTPRF Protein tyrosine phosphatase, receptor type, AU158443  0.383
TNFAIP8 Tumor necrosis factor, alpha-induced BC005352  0.262 NEDDAL ;eural precursor cell expressed ABOO7S9S 0384
protein 8 ! . i
. developmentally down-regulated 4-like
EG E th 1 Al459194 0.265
Bcg Be_’zgl%fmynigiﬂg’:ea NM. 005178 0260 CDNA: F1J20903 fis, clone ADSE00222 AK024556  0.385
CDNA clone IMAGE:5270500 BEAG7566 0272 6018621985}4'1 NIH,!\AGC_57 Ho.mo sapiens ~ BF244402 0388
oxa Chemokine (C-X-C motif) ligand 1 NM_001511 0272 ggm;c‘;“e IMAGE:4080500 5', mRNA
owth stimulating activity, .
g’l’;fll:)mma growth stimulafing activity, ATPSB1  ATPase, Class I, type 8B, member 1 BG290908  0.389
ACYIL2  Aminoacylase 1-like 2 AI654133 0273 TRAKI ‘Tf[ ﬁ%ﬁ%bpf‘_"t_%; ('J“E‘;S‘{‘ Sgdg(‘}% - 2{55;37707 ;*2 gggz
CDNA: F1J23261 fis, clone COL05862 AK026914  0.274 ol PDN' 1 S ULHPHILF "
BIRC3 Baculoviral IAP repeat-containing 3 U37546 0.281 Hanéo Jlagfem CDNA clone UI-H-FH1-bfj-p-
FBX032  F-box protein 32 AW006123  0.283 TAGIN gfa_n;genn' mRNA sequence.  NMLOG3186 0394
L8 Interleukin 8 NM_000584 0.284 N ) ) . " -
Full length insert cDNA clone YX74D05 ~ AI655467 0286 RIPK2 Ef;:sl’et‘;f““‘e“m“g serine-threonine AF027706 0395
CXCL2 Chi ine (C-X~C motif) ligand 2 M57731 0.289
A e“;;kl:: c( et C'?n o ABOSIS13 0201 CDNA FIJ12055 fis, clone HEMBB1002049  AU146983  0.402
inc fing typ J i PLA2GAC  Phospholipase A2, group IVC (cytosolic, BCO17956 0405
EGR3 early growth response 3 NM_004430 0.294 calcium-independent)
IRF1 Interferon regulatory factor 1~ NM_002198  0.297 SOX7 SRY (sex determining region Y)-box 7 BC004299  0.407
MAP3K8 Mitogen-activated protein kinase kinase NM_005204 03 GLIS2 GLIS family zinc finger 2 AA705182 041
Kkinase 8 MRNA; cDNA DKFZp586G1917 (from clone AL117453 041
CDNA F1J39585 fis, clone SKMUS2006633 N21643 0.305 DKFZp586G1917)
CSF1 Colony stimulating factor 1 (macrophage) = M37435 0309 GBP1 Guanylate binding protein 1, interferon- ~ BC002666 0412
LTB Lymphotoxin beta (TNF superfamily, NM_002341 0312 inducible, 67 kDa
member 3) i VEGFC Vascular endothelial growth factor C Us8111 0413
ag54e12.x5 Gessler Wilms tumor Homo  AI821759 0315 TRAKI trafficking protein, kinesin binding 1 AKO00754  0.416
sapiens cDNA clone IMAGE: 1126798 3 GBP1 Guanylate binding protein 1, interferon- ~ AW014593 0,417
similar to contains element MER36 inducible, 67 kDa
repetitive element ;, mRNA sequence. KCNN2 Potassium intermediate/small conductance NM_021614 0417
CDKN2B Cyclin-dependent kinase inhibitor 2B (p15, AWA444761 0.315 calcium-activated channel, subfamily N,
inhibits CDK4) member 2
CXCR7 Chemokine (C-X-C motif) receptor 7 AlB17041 0325 C130rf31  Chromosome 13 open reading frame 31 NM_153218 0.424
GBP1 Quanylate binding protein 1, interferon- NM_002053 0327 TRIB1 Tribbles homolog 1 (Drosophila) AA576947 0424
mduc1ble,.67~kDa RGS7 Regulator of G-protein signalling 7 NM_002924 0.425
DUSP5  Dual specificity phosphatase 5 U169s6 0327 IFIH1 Interferon induced with helicase Cdomain 1 BC046208 0426
AL536553 Homo sapiens FETAL BRAIN Homo  AL536553 0328 NFKBIZ Nuclear factor of kappa light polypeptide ~ BE646573 0426
sapiens cDNA clone CSODFO38YD07 3~ gene enhancer in B-cells inhibitor, zeta
PRIME, mRNA sequence. ICAM1 Intercellular adhesion molecule 1 (CD54), NM_000201 0.428
NFKBIZ Nuclear factor qf kappa li‘ght' pf)lypeptide AB037925  0.329 hurnan rhinovirus receptor
gene enhancer in B-cells inhibitor, zeta IER2 Immediate early response 2 NM_004907 0.43
EGR1 Early growth response 1 NM_001964 033 601659282R1 NIH_MGC_70 Homo sapiens ~ BE965369 0431
JUNB Jun B proto-oncogene NM_002229 0331 ¢DNA clone IMAGE:3895653 3', mRNA
BMP2 Bone morphogenetic protein 2 AA583044 0335 sequence.
RELB v-rel reticuloendotheliosis viral oncogene  NM_006509 0.341 GSTM4 Glutathione S-transferase M4 NM_000850 0.431
homolog B, nuclear factor of kappa light RND1 Rho family GTPase 1 U69563 0.432
polypeptide gene enhancer in B-cells 3 ZFP36L2 Zinc finger protein 36, C3H type-like 2 NM_006887 0434
(avian) TRAK1 Trafficking protein, kinesin binding 1 NM_014965 0.437
SOD2 Superoxide dismutase 2, mitochondrial AL050388  0.341 NUMB Numb homolog (Drosophila) AW167424 0438
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Gene Description GenBank Fold
accession increase
no.

KLF10 Kruppel-like factor 10 NM_005655 0.44

BHLHE40  Basic helix-loop-helix domain containing, NM_003670 0.441

class B, 2

IKBE Nuclear factor of kappa light polypeptide NM_004556 0.442

gene enhancer in B-cells inhibitor, epsilon

MGC16121 Hypothetical protein MGC16121 AA234096  0.443

DNF1552 protein; Human DNF1552 (lung) 03068 0.444
mRNA, complete cds.

601862985F1 NIH_MGC_57 Homo sapiens ~ BF244402  0.444
cDNA clone IMAGE:4080500 5', mRNA

sequence,

CYLD Cylindromatosis (turban tumor syndrome) BE046443  0.448

GUCY1B3  Guanylate cyclase 1, soluble, beta 3 Ww93728 045

CYLD Cylindromatosis (turban tumor syndrome) AA555096 045

B4GALT1 UDP-Gal:betaGlcNAc beta 1,4- AL574435 0452

galactosyltransferase, polypeptide 1
PLEKHG1  Pleckstrin homology domain containing, ALO35086 0452
family G (with RhoGef domain) member 1

NMT2 N-myristoyltransferase 2 AK025065  0.453

CYLD Cylindromatosis (turban tumor syndrome) AK024212  0.454

USP54 Ubiquitin specific peptidase 54 AW242125 0454

SOX7 SRY (sex determining region Y)-box 7 AIS08807  0.454

SAMD4A  Sterile alpha motif domain containing 4A  AB028976  0.455

ht13b05.x1 NCI_CGAP_Kid13 Homo sapiens BE350312  0.456
cDNA clone IMAGE:3146577 3' similar to
contains MER28.b2 MER28 repetitive
element; mRNA sequence.
IFIH1 Interferon induced with helicase Cdomain 1 NM_022168 0.457
NEDD4L Neural precursor cell expressed, AI357376 0.458
developmentally down-regulated 4-like
CDNA FLJ33153 fis, clone UTERU2000332 AW467415 0458

ARL4C ADP-ribosylation factor-like 4C BG435404 0459

DUSP8 Dual specificity phosphatase 8 NM_004420 0.462

PLAU Plasminogen activator, urokinase K03226 0.462

LOC401317 Hypothetical LOC401317 AW071804 0.464

CCRN4L CCR4 carbon catabolite repression 4-like (S. BC021963  0.465

cerevisiae)
CDNA FLj11570 fis, clone HEMBA1003309  AU157224 0468

EGR2 Early growth response 2 (Krox-20 homolog, NM_000399 0471

Drosophila)

NFKBIA Nuclear factor of kappa light polypeptide Al078167 0471

gene enhancer in B-cells inhibitor, alpha

PDESA Phosphodiesterase 5A, cGMP-specific BF221547 0473

UBD Ubiquitin D NM_006398 0.474

EDG3 Endothelial differentiation, sphingolipid G- AA534817 0476

protein-coupled receptor, 3

ATF3 Activating transcription factor 3 ABO66566  0.478

c-fos v-fos FBJ murine osteosarcoma viral BC004490 0479

oncogene homolog

BACH2 BTB and CNC homology 1, basic leucine NM_021813 0.479

zipper transcription factor 2

BCL3 B-cell CLL/lymphoma 3 AI829875 0.479

GUCY1A3  Guanylate cyclase 1, soluble, alpha 3 Al719730 0.48

COBLL1 COBL-like 1 BF002844 0.483

ARHGEF10 Rho guanine nucleotide exchange factor BC040474 0484

(GEF) 10
LMCD1 LIM and cysteine-rich domains 1 N95437 0486
F2RL1 Coagulation factor {I (thrombin) receptor- NM_005242 0488
fike 1

KLF9 Kruppel-like factor 9 NM_001206 0.488

TBX3 T-box 3 (ulnar mammary syndrome) NM_016569 0.489

EFNA1 Ephrin-A1 NM_004428 0.489

CITED4 Cbp/p300-interacting transactivator, with  AI858001 049

Glu/Asp-rich carboxy-terminal domain, 4

HBEGF Heparin-binding EGF-like growth factor NM_001945 0.492

CYLD Cylindromatosis (turban tumor syndrome) AL050166  0.492

CALD1 Caldesmon 1 AU147402  0.493

CMTM7 CKLF-like MARVEL transmembrane domain  AL832450 0494

containing 7

ITGA4 Integrin, alpha 4 (antigen CD49D, alpha4  BG532690 0495

subunit of VLA-4 receptor)

AM and its second messenger cAMP, inhibit the activation of NF-«B in
LECs.

4. Discussion

We have recently reported that AM strongly induces elevation of
intracellular cAMP in LECs and promotes cell proliferation [19]. In
this study, we investigated the effect of AM on gene expression in
LECs, and focused on the adhesion molecules whose expression is
shown to be regulated by AM. Our results showed that 1) AM
suppressed expression of genes involved in cell adhesion and in-
flammatory responses, such as E-selectin, ICAM-1, VCAM-1, inter-
leukin-8, TNF-o¢ induced protein-2, -3, and -8 and chemokine ligand-
1, -2, -3, and -20. 2) AM inhibited TNF-a-induced ICAM-1, VCAM-1
expression in LECs, and this inhibition was mediated by the
elevation of cellular cAMP and down-regulation of its downstream
effector NF-«B.

During the onset of tissue inflammatory response, the concen-
tration of AM is increased. Examples of this include the increase in
plasma AM after endotoxin administration, and in inflammatory
diseases like sepsis and systemic inflammatory response syndrome
[24-26]. The relationship between AM and the proinflammatory
cytokine network is complicated; proinflammatory factors including
TNF-q, lipopolysaccharide (LPS), and IL-1 increase AM production in
ECs, SMCs, and macrophages/monocytes, and AM suppresses IL-13-
induced TNF-o production in Swiss 3T3 cells [27-30]. In addition,
AM downregulates proinflammatory cytokine production in sepsis
[28,31]. In our microarray analysis, AM suppressed the expression of
genes involved in inflammatory responses, such as interleukin-8,
TNF-« induced protein-2, -3, and -8 and chemokine ligand-1, -2, -3,
and -20 in LECs. Therefore, we speculate that many cells within the
inflammatory system including vascular and lymphatic ECs/SMCs
and macrophages/monocytes seem to secrete AM, its production
would be stimulated by inflammatory factors, and secreted AM
appears to downregulate the production of inflammatory cytokines
in the inflammatory system, which may result in less tissue
inflammation.

In blood vascular endothelium, the effect of AM on adhesion
molecules expression has been investigated previously, but the
findings are conflicting. In human umbilical vein ECs (HUVECs), AM
has been reported to induce ICAM-1 and VCAM-1 expression by
elevation of cAMP [15]. Although we examined the effect of AM in
HUVECs, AM itself did not change the expression of these adhesion
molecules (data not shown). Kim et al. reported that AM reduced
VEGF-induced ICAM-1 and VCAM-1 expression in HUVECs [16].
Other studies of the role of cAMP on adhesion molecule expression
in HUVECs found that cAMP down-regulated TNF-o-stimulated
endothelial ICAM-1 or VCAM-1 expression through down-regulation
of transcription factor NF-kB [17,18]. In the present study, we
found that AM itself markedly reduced the gene expression of a
series of TNF-a-induced proteins in HLMVECs, which did not
observed in HUVECs (data not shown), and would indicate the
suppressive effect of AM on TNF-a-induced cellular actions. QRT-
PCR and FACS analysis revealed that AM significantly suppressed
TNF-o-induced expression of ICAM-1, VCAM-1 and E-selectin in
LECs. AM also suppressed TNF-a-induced translocation of NF-«B
from the cytoplasm to the nucleus in LECs. This suggests that AM
inhibits the expression of adhesion molecules in TNF-a-stimulated
LECs, and that this inhibition is mediated by suppression of NF-«B
activation.

In conclusion, our study demonstrates that AM suppresses
adhesion molecules including ICAM-1, VCAM-1, E-selectin expression
in LECs via the elevation of cellular cAMP and down-regulation of its
downstream effector NF-B. Thus, AM may play an important role in
the inflammatory and immune response by regulating the expression
of cell adhesion molecules on lymphatic endothelium.
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Fig. 1. AM and cAMP suppressed mRNA expression of ICAM-1, VCAM-1 and E-selectin in TNF-a-treated HLMVECs. Cells were cultured for 4 h with indicated agents, and mRNA
levels were measured by QRT-PCR. Levels were normalized to that of GAPDH mRNA. Relative gene expression levels of ICAM-1 (A), VCAM-1 (B) and E-selectin (C) are shown after
the treatment with AM, 8-Br-cAMP, TNF-, TNF-ot and AM or TNF-o and 8-Br-cAMP. Data are mean = SEM. n=5-10. *p<0.05 vs. non-treated cell. §p<0.05 vs. TNF-o stimulated

cells.
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Fig. 2. AM suppressed cell surface expression of ICAM-1 and VCAM-1 on TNF-a-treated HLMVECs. Cells were cultured for 12 h in the absence (Control) or presence of AM, TNF-cx or
TNF-cc and AM (TNF-a + AM). Upper panels show FACS histograms of HLMVECs after the staining with either ICAM-1 (A) or VCAM-1 (B). Lower panels show the mean fluorescence
intensity of these adhesion molecules by FACS analysis. Data are mean +SD. n=3, *p<0.05.
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Fig. 3. AM and cAMP suppressed activation of NF-«B in TNF-c-treated HLMVECs. Cells were cultured for 1 h with the indicated agents, cytoplasmic and nucleic proteins were
extracted, and the concentration of NF-«<B was measured by Western blot analysis. (A) Representative blotting images of NF-xB are shown after the treatment with AM, TNF-a or
TNF-oe and AM. (B) Representative blotting images of NF-«B are shown after the treatment with 8-Br-cAMP, TNF-o. or TNF-cx and 8-Br-cAMP.
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BACKGROUND: Intracoronary injection of bone marrow mononuclear cells (BMMNC) is a common
clinical protocol of cell transplantation for heart disease, but poor engraftment of donor cells in the
heart, which will limit its therapeutic efficacy, is a major issue. Initial “retention” (endothelial
adherence and/or extravasation) of BMMNC immediately after intracoronary injection is a key step
toward successful engraftment; however, this event has not been fully characterized. The aim of this
study is to quantitatively clarify the frequency of “retention” of BMMNC after intracoronary injection,
determine the impact of prior induction of ischemia—reperfusion injury on “retention” efficiency, and
elucidate the underlying mechanisms focusing on adhesion molecule-mediated cell—cell interactions.
METHODS: One million BMMNC collected from green fluorescent protein (GFP)-transgenic mice
were injected into the coronary arteries of syngeneic wild-type mouse hearts under Langendorff
perfusion. Retention efficiency was quantitatively estimated from the GFP-positive cell number flushed
out into the coronary effluent.

RESULTS: Whereas only 13.3 * 1.2% of injected BMMNC were retained into normal hearts, prior
induction of 30-minute ischemia and 30-minute reperfusion increased the retention efficiency to
36.5 = 1.6% (p < 0.05, n = 8). Immunoconfocal observation further confirmed this enhanced retention
after ischemia-reperfusion. Noticeably, the enhanced retention efficiency after ischemia-reperfusion
treatment was diminished by administration of anti-P-selectin antibody (8.3 = 0.8%, p < 0.05), but
was not affected by inhibiting intercellular adhesion molecule-1 (39.6 * 3.3%) or vascular cell
adhesion molecule-1 (43.9 + 2.9%).

CONCLUSIONS: Retention efficiency of intracoronary-injected BMMNC was poor in a model of
isolated, crystalloid-perfused murine hearts. An antecedent period of global ischemia-reperfusion
increased the retention via P-selectin—dependent BMMNC-endothelial interaction.

J Heart Lung Transplant 2011;30:227-33
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Although intracoronary injection of bone marrow mono-

nuclear cells (BMMNC) is a promising treatment for heart -

disease,'™ further understanding and refinement are needed
for future clinical success. It has been reported that only a
few BMMNC persist and survive within the heart after
intracoronary injection,*”® and this is likely to be a major
limiting factor in therapeutic efficacy. Therefore, dissecting

Reprint requests: Ken Suzuki, MD, PhD, William Harvey Research Insti-
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the factors responsible for poor engraftment of BMMNC
will be valuable for developing new methods to improve
the therapeutic efficacy of BMMNC transplantation. We
consider that, in addition to donor cell death,’ insufficient
initial “retention” is a major cause of such poor engraft-
ment of injected BMMNC. Herein we propose that initial
“retention” of intracoronary-injected BMMNC includes:
(i) passive and/or active adhesion to the endothelium; and
(ii) subsequent extravasation (transendothelial migration)
into the myocardial interstitium or integration into the
vasculature. However, at present, the quantitative fre-
quency of these cellular events after intracoronary injec-
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tion and the molecular mechanisms responsible are not
fully understood.

The initial retention of donor cells is likely to be medi-
ated by adhesion molecules, similarly to the leukocyte—
endothelial interaction. Ryzhov et al suggested the involve-
ment of interaction between P-selectin and P-selectin
glycoprotein ligand (PSGL)-1, the sole ligand of P-selectin,
in adhesion between endothelial progenitor cells and endo-
thelial cells, using an in vitro model.? It has also been shown
that intercellular adhesion molecule ICAM)-1 and vascular
cell adhesion molecule (VCAM)-1 play a role in the reten-
tion of endothelial progenitor cells and mesenchymal stem
cells, respectively.®'® However, in those earlier studies, the
investigators used cells other than BMMNC and also did not
administer cells into the coronary arteries, such as occurs in
the clinical scenario. Furthermore, expression profiles of
adhesion molecules of the coronary endothelium are known
to be modulated by ischemia-reperfusion (I/R) injury,'!
giving the rise to the hypothesis that I/R induction prior to
BMMNC injection alters retention efficiency. In this study,
we quantitatively clarified the frequency of initial retention
of BMMNC after intracoronary injection, determined the
impact of the prior induction of I/R on the retention effi-
ciency, and investigated the underlying mechanisms focus-
ing on adhesion molecule-mediated cell-cell interactions.

Methods

All animal studies were carried out with the approval of the
institutional ethics committee and the UK Home Office. Our in-
vestigation conformed to the Principles of Laboratory Animal Care
formulated by the National Society for Medical Research and the
Guide for the Care and Use of Laboratory Animals (U.S. National
Institutes of Health Publication No. 85-23, revised 1996). All exper-
imental procedures and evaluations were carried out in a blinded
manner.

Collection and characterization of BMMNC

Bone marrow cells were collected from transgenic C57BL/
6J mice expressing green fluorescent protein (GFP) under the human
ubiquitin-C promoter (18 to 20 g; Jackson Laboratory).'> BMMNC
were then purified using Percoll gradient.'®> For characterization,
BMMNC were labeled with monoclonal antibodies against PSGL-1
(BD Pharmingen), CD18 (eBioscience), Sca-1 (eBioscience), CD45
(eBioscience), CD34 (BD Pharmingen) and c-kit (eBioscience), fol-
lowed by incubation with 7-amino actinomycin D (7-ADD; eBio-
science). Samples were analyzed using FACSARIA and
CELLQUEST software (BD Biosciences).'

Isolated heart perfusion

Hearts of wild-type C57BL/6J mice (Harlan) were perfused using
a modified Langendorff apparatus with Krebs—Henseleit buffer at
a constant pressure of 100 cm H,0."”

Cell injection, ischemia-reperfusion and
quantitative assessment of retention

Hearts under Langendorff perfusion were assigned to either the
Normal group or I/R group after 20 minutes stabilization (n = 8 in
each). For the Normal group, 1 X 10° BMMNC suspended in 1 ml
of the buffer at 37°C were slowly injected from the side-port of the
aortic cannula over 1 minute while the main perfusion was halted.
Cell injection was a single, one-time infusion (no recirculation).
For the /R group, 30-minute global (whole coronary system)
ischemia by zero perfusion and 30-minute reperfusion was induced
after the stabilization, followed by BMMNC injection in the same
manner.

Effluent of the Langendorff perfusion was continuously col-
lected to measure the coronary flow every 1 minute from the start
of BMMNC injection for a total of 30 minutes. Then, GFP-positive
cell number was counted in each 1-minute effluent sample using a
hemocytometer (enhanced Niebauer type) under fluorescent mi-
croscopy (Nikon). The difference between the injected BMMNC
number and the GFP-positive cell number in the coronary effluent
was regarded as the number of BMMNC retained in the myocar-
dium. In this cell injection system, when cells were injected with-
out hanging the heart, >99% of cells were viable in the effluent
(analyzed by trypan-blue staining).

Antibody inhibition

Additional sets of hearts underwent I/R as just described and were
then administered either monoclonal antibodies against P-selectin
(BD Pharmingen; 150 ug/kg, P-selectin group), ICAM-1 (eBio-
science; 200 ug/kg, ICAM-1 group) or VCAM-1 (eBioscience;
200 ugrkg, VCAM-1 group) via the aortic cannula (n = 6 in each
group). Subsequently, 1 X 10° GFP-positive BMMNC were in-
jected and the number of retained BMMNC was estimated as
previously noted. Justification of antibody dose is explained in the
Discussion section.

Characterization of retained BMMNC

At 30 minutes after cell injection, the hearts in the I/R groups (n =
6) were minced and digested with 1.2 U/ml dispase (Worthington),
5 mg/ml collagenase IV (Worthington) and 5 mmol/liter CaCl, at
37°C for 45 minutes.'®'? Cell suspension, containing GFP-posi-
tive retained cells, were purified using Percoll gradient and labeled
with the same antibodies as noted previously.

Endothelial expression of adhesion molecules
(immunofluorescence)

Additional hearts were perfused for 20 minutes only (z = 3) or 20
minutes followed by I/R (r = 3), and then frozen. Cryosections
were labeled with anti-P-selectin, anti-ICAM-1 and anti—
VCAM-1 antibodies with nuclei counterstaining using with 4’°,6-
diamidino-2-phenylindole (DAPI) to compare hearts with vs with-
out I/R using confocal microscopy (LLSM500; Zeiss).

Histologic assessment of retained BMMNC in
recipient hearts

Additional heart samples were prepared for histologic studies.
After BMMNC injection with (n = 3) or without (n = 3) /R, 4%
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paraformaldehyde was injected into hearts from the aortic cannula,
which were then frozen. Cryosections were labeled with anti-
platelet endothelial adhesion molecule (PECAM)-1 antibody (BD
Pharmingen) with DAPI counterstaining and were examined by
confocal microscopy.

Statistical analysis

All values are expressed as mean * SEM. The retention efficiency
and coronary flow was compared using 1- and 2-way analysis of
variance (ANOVA), respectively, followed by Bonferroni’s test.
The proportion positive for PSGL-1, CD18 or Sca-1 before injec-
tion and after retention was compared using the unpaired #-test. p
< 0.05 was considered statistically significant.

Results

Characterization of mononuclear BMMNC derived
from GFP-transgenic mice

Each GFP-transgenic mouse yielded 20 to 30 million
BMMNC. Almost all BMMNC had a round morphology
showing an intense GFP signal under fluorescent micros-
copy (data not shown). Among the viable BMMNC (>97%
of total), 98.1 *+ 0.3% were positive for GFP. GFP-positive
viable BMMNC expressed PSGL-1 in 49.3 *+ 3.5%, CD18
in 575 * 6.2%, Sca-1 in 6.4 = 0.5%, CD45 in 954 *+
1.3%, CD34 in 0.9 % 0.2% and c-kit in 0.4 * 0.1%.

Endothelial expression of adhesion molecules

Immunoconfocal microscopy showed that P-selectin was
rarely expressed in the normal hearts (Figure 1A), but
largely upregulated after I/R (Figure 1B). In contrast, al-
though ICAM was expressed in the normal hearts at a low
level, ICAM-1 expression was not upregulated after I/R
(Figure 1C and D). VCAM-1 was rarely expressed regard-
less of I/R (Figure 1D and E).

Retention efficiency of BMMNC

Frequency of BMMNC retention was assessed by counting
the GFP-positive cell number in the coronary effluent. Al-
most all cells found in the effluent were GFP-positive. Over
95% of flushed-out BMMNC in the effluent occurred within
1 minute after injection. Retention efficiency of BMMNC in
the Normal group was estimated to be 13.3 = 1.2% of the
total BMMNC injected (Figure 2). In contrast, prior I/R
induction (I/R group) increased retention efficiency to 36.5
* 1.6%. This increased retention was diminished by anti-
body inhibition for P-selectin (8.3 = 0.8%), but not for
ICAM-1 (39.6 = 3.3%) or VCAM-1 (43.9 * 2.9%).

Change in coronary flow

Coronary flow prior to cell injection was significantly re-
duced by /R (I/R, P-selectin, ICAM-1 and VCAM-1

groups) compared with the Normal group (Table 1).
BMMNC injection did not affect coronary flow in any of the
groups until 20 minutes.

Distribution of retained BMMNC after
intracoronary injection

Semi-quantitative frequency and morphologic change of
retained BMMNC was assessed under confocal microscopy.
GFP-positive cells were widely disseminated in the entire
myocardium of the Normal group (Figure 3A). Also, much
larger numbers of disseminated GFP-positive cells were
detected in the I/R group (Figure 3B). Furthermore,
PECAM-1/DAPI staining showed that a considerable num-
ber of retained GFP-positive BMMNC appeared to have
extravasated, being localized outside the PECAM-1-posi-
tive vasculatures with a marked morphologic change sug-
gesting transendothelial migration, within a minute after
cell injection, in both normal and I/R hearts (Figure 3C). In
contrast, a very small number of GFP-positive cells retained
the round morphology and appeared to adhere to the PE-
CAM-1-positive endothelium (Figure 3C). Histologic ob-
servations suggested no plugging (aggregation) of donor
cells in any of the sizes of vasculatures in any areas in either
group.

Expression of PSGL-1, CD18 and Sca-1 in retained
BMMNC

The GFP-positive BMMNC retained into I/R hearts were
collected by enzymatic digestion, and characterized by flow
cytometry. The GFP-positive cell proportion was 6.8 =
3.2% of all cells collected from the hearts. The proportion of
PSGL-1-positive cells in the BMMNC before injection was
49.3 = 3.5% (Figure 4A), but this proportion was much
reduced among retained BMMNC (1.3 * 0.4%; Figure 4B
and C). Conversely, the ratio of CD18-positive cells among
retained BMMNC (5§7.5 £ 6.2%; Figure 4E) was similar to
that before injection (§9.6 * 1.8%; Figure 4D and F). The
proportion of Sca-1-positive cells was significantly greater
among retained BMMNC (17.5 = 0.9%; Figure 4H and I)
compared with BMMNC before injection (6.4 = 0.5%;
Figure 4G). PSGL-1 expression in Sca-1-positive BMMNC
before injection (43.6 = 2.1%) was similar to that in the
entire BMMNC population before injection.

Discussion

Quantitative study of initial retention of donor cells after
intracoronary injection in vivo is not possible in small
rodents due to the lack of a reproducible model for selective
injection into the coronary arteries. As an alternative, in this
investigation we used ex vivo crystalloid perfusion of
mouse hearts. Most importantly, this model enabled consis-
tent intracoronary cell injection under simplified, controlled
coronary perfusion, allowing quantitative investigations of
BMMNC retention. Furthermore, this was particularly use-



