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in the vehicle group (Fig. 7F). The inhibition of PAI-1 therefore
enhances not only the rapid hematopoietic recovery in the early
phase, but also the long-term self-renewal capacity of HSCs.

To compare the repopulating activity of long-term HSCs, a
small number of primary Ly5.1% donor-derived hematopoietic
cells after limiting dilution was transplanted into Ly5.2" mice
(6 X 10* or 2 X 10* cells per mouse). Recipient Ly5.2" mice
were thought to be successfully engrafted if Ly5.1" cells with
the potential for multilineage differentiation were detected in
excess of 1% of the total BM cells in the recipient (representa-
tive FACS profiles are shown in Supporting Information Fig. S8).
The results demonstrated that the chimerism of Ly5.17 cells
was higher in the PAI-1 inhibitor-treated group (1.26% * 0.1%
with 2 X 10* cells and 3.45% * 1.09% with 6 X 10" cells) than
in the vehicle-treated group {0.38% = 0.26% with 2 X 10* cells
and 1.04% * 0.19% with 6 X 10% cells) (Fig. 7G). In addition,
successful engraftment was achieved more often in the PAI-1
inhibitor-treated group (five of the five mice with 2 X 10* and
6 X 10* cells) than in the vehicle-treated group (one of the
five mice with 2 X 10* cells and two of the five mice with 6
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X 10* cells). Collectively, our results of the phenotypic {i.e.,

cell surface analysis) and repopulating (i.e., transplantation)
assays revealed that inhibiting the PAI-1 activity during the
early phase of reconstitution efficiently expands the long-term
repopulating HSCs.

o i
_ SSIISE
e I

This study was undertaken to elucidate the role of PAI-1, a
negative regulator of the fibrinolytic pathway, in hematopoi-
etic regeneration after irradiation-induced myeloablation. The
results demonstrated the following: first, the expression levels
of fibrinolytic factors, such as tPA and plasmin, are markedly
augmented in endothelial and nonhematopoietic stromal cells,
respectively, in the BM of mice after sublethal irradiation.
Second, the PAI-1 expression is simultaneously upregulated in
nonhematopoietic stromal cells, especially osteoblasts. Third,
PAI-1 negatively regulates hematopoietic regeneration: the
genetic deletion of PAI-1, as well as the administration of a
PAI-1 inhibitor, activates the tPA-mediated fibrinolytic path-
way, eventually accelerating hematopoietic regeneration.
Finally, the inhibition of PAI-1 activity at an early phase of
transplantation facilitates the recovery and maintenance of
hematopoiesis (Supporting Information Fig. S9).:

Previous studies have shown that the levels of fibrinolytic
factors and their inhibitors are elevated in several tissues

Figure 5. The PAI-1 inhibitor increases the proportion of hema-
topoietic stem cells (HSCs) during hematopoietic reconstitution.
BM MNCs from the Ly5.17 donor mice (2.5 X 10°%) were trans-
planted into the 9 Gy-irradiated Ly5.2" mice, followed by
repeated administration of saline (vehicle), tPA (10 mg/kg, i.p.),
or the PAI-1 inhibitor (100 mg/kg, p.o.) for 5 consecutive days.
(A—E): The results of the fluorescence-activated cell sorting (FACS)
analysis of the HSCs in recipient mice. BM MNCs were obtained
at the indicated time points from four long leg bones per mouse,
and were pooled and subjected to a FACS analysis. (A): The total
number of BM MNCs per recipient. (B): The proportion of Lin™"
SLAM cells among the donor-derived Ly5.1" cells, (C) the total
number of Lin” SLAM cells, (D) the proportion of CD347LSK cells
among the donor-derived Ly5.1" cells, and (E) the total number
of CD347LSK cells were calculated at 1 and 3 weeks. The bars in
white, gray, and black represent the vehicle-, tPA-, and PAI-1
inhibitor-treated mice, respectively. The data from four independ-
ent experiments are expressed as the means =SD (n=12 for
each condition). The inset graph in (E) is a magnification of the
data at 1 week. *, p<.05; ** p<.01; ¥** p<.001 versus the
vehicle group, ™, p<.01; ", p<.001 versus the tPA group. (F—
J): In separate experiments, WT (Ly5.2" tpa™/ *) or tPA-KO
(Lys.2™, tPA ~/7) mice were exposed to 9 Gy radiation and trans-
planted with 2.5 X 10° BM MNCs (Ly5.1%" tPA 7). Either vehicle
or a PAI-1 inhibitor was administered to the recipient mice daily
for 5 consecutive days beginning the day after the BM infusion.
Plasma and BM MNCs were collected 1 week after transplanta-
tion. (F): The total number of isolated BM MNCs per mouse at
the indicated time points. The plasma levels of total MMP-9 (G)
and c-kitL (H) in the recipient mice. Donor-derived Ly5.1% cells
were gated, and the proportion of CD34 LSK cells {I) and the
total number of CD347LSK cells (J) in the recipient BM were ana-
lyzed. The data from three independent experiments are shown
as the means =SD (n=6 for each condition). *** p<.001 by
one-way ANQVA. Abbreviations: BM, bone marrow; MNC, mono-
nucleic cell; PAI-1, plasminogen activator inhibitor-1; tPA, tissue-
type plasminogen activator; WT, wild type; MMPS, matrix metal-
loproteinase 9.
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of Ki67" cells among the Ly5.1" donor-derived HSCs was analyzed. Isotype-matched control 1gG was used to identify the Ki67~ cells.
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inhibitor-1; H&E, hematoxylin and eosin; PCNA, proliferation cell nuclear antigen; tPA, tissue-type plasminogen activator.

following irradiation [22-24]. However, the dynamics of fibrino-
lytic system factors, particularly PAI-1, in hematopoietic regener-
ation of the BM have not been elucidated. This study revealed,
for the first time, that irradiation has a substantial impact on
the fibrinolytic system in the BM. Upon irradiation, the levels of
fibrinolytic factors and PAI-1 in the BM fluid increased dramati-
cally (~30-fold), in sharp contrast to the moderate increase in
these factors in the plasma (1.8-3-fold). Of note, their levels in
the BM fluid were 1 or 2 orders of magnitude higher than
those in the plasma (e.g., 300 and 8 ng/ml of PAI-1 in the BM
fluid and plasma, respectively), demonstrating that BM cells
have a potent capacity to produce fibrinolytic factors and PAI-1
upon irradiation. In good agreement with these in vivo results,
the results of the in vitro cultured cell experiments demon-
strated that nonhematopoietic BM stromal cells readily produce
tPA, plasmin, and PAI-1 after irradiation.

On closer inspection by immunohistochemistry, we identi-
fied nonhematopoietic cells, especially stromal cells, as the
primary source of fibrinolytic factors and PAI-1. Our data in
the irradiated PAI-1 KO mice (recipient), which have undetect-
able levels of PAI-1 in the plasma after transplantation of nor-
mal hematopoietic cells (PAI—l"'H), suggested that the
marked increase in PAl-1 after irradiation does not originate
from donor hematopoietic cells. Nonhematopoietic stromal
cells in the BM thus play a significant role in repairing the
myeloablated hematopoietic microenvironment. This is not
surprising, because the irradiation of mice with a lethal dose

www.StemCells.com

of radiation eradicates the hematopoietic cells and their pro-
genitor cells, but not nonhematopoietic cells [25, 26].

We also elucidated the mechanism by which PAI-1 regu-
lates the hematopoietic regeneration in the BM. A previous
study by Hattori and colleagues demonstrated that activation
of the fibrinolytic pathway by administration of recombinant
tPA results in the conversion of the transmembrane form to
the soluble form of c-kitL [6], a hematopoiesis-promoting fac-
tor. They suggested that activated plasmin subsequently trans-
forms MMP-2/9 into active forms, which in turn release c-kitL
from stromal cells. It is therefore likely that PAI-1 activity pre-
vents the hematopoietic regeneration in the BM by inhibiting
the fibrinolytic pathway and c-kitL release. Our results show-
ing that the suppression of PAI-1 activity either by a pharma-
cological approach or by the genetic deletion of the PAI-1
gene can elevate the tPA/plasmin activity, promote c-kitL pro-
duction, and lead to the rapid recovery of hematopoiesis after
myeloablation. Although other products of fibrinolytic degra-
dation may also promote engraftment, these results support
the critical role of c-kitL production in the improvement of
engraftment by PAI-1 inhibition.

Emerging evidence suggests that PAI-1 expression generally
limits tissue repair by negatively regulating the fibrinolytic envi-
ronment and by inhibiting cell migration [27]. For example, the
skin wound healing process is accelerated in PAl-1-deficient
mice [28]. PAI-1 KO mice are also protected against liver fibro-
sis [29] and radiation enteropathy [24]. In terms of tissue

©AlphaMed Press 2013
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Ly5.2™ secondary recipient mice. Twelve weeks after the secondary transplantation, the chimerism of donor cells in the BM was evaluated.
The boxes in white and gray represent the chimerism of donor-derived Ly5.1" cells in the vehicle- and PAI-1 inhibitor-treated mice, respec-
tively. The horizontal lines in the box represent the median chimerism, and bars indicate the SD. The dashed line indicates the cut-off value
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BM, bone marrow; MNC, mononucleic cell; PAI-1, plasminogen activator inhibitor-1; tPA, tissue-type plasminogen activator.
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regeneration, Galipeau and colleagues have demonstrated that
mesenchymal stem cells (MSCs) derived from PAI-1 KO mice
exhibited higher regenerative potential than those from WT
mice [30). Furthermore, chemical manipulation of the PAI-1
activity improves the engraftment of MSCs, defining PAI-1 as a
negative regulator of transplanted stem cell survival in vivo
[30]. This study clarified the active involvement of PAI-1 in the
hematopoietic regeneration after irradiation.

Proper treatment of the initial stage of hematopoietic
recovery and the prevention of premature HSC exhaustion
could therefore significantly improve the clinical outcome of
transplantation [1, 2]. In this regard, our study demonstrated
that, despite a short period of administration, the suppression
of the PAI-1 activity by a low molecular weight compound
could induce both rapid hematopoietic regeneration through
increased cycling of HSCs and expansion of the long-term
HSCs. This opens a new avenue for improving HSCT. It should
be emphasized that the PAI-1 inhibitor does not induce HSC
exhaustion or malignancy in spite of its potent ability to
increase the cycling of HSCs. The results of this study clearly
demonstrated that c-kit™ HSPCs in the group treated with the
PAI-1 inhibitor preferentially localized to the BM niche, just
like in the vehicle-treated group, suggesting that the interac-
tion between the hematopoietic progenitor cells and niche is
maintained even after the treatment with a PAI-1 inhibitor.
This may be a plausible explanation for why the PAI-1 inhibi-
tor does not induce HSC exhaustion.

Both the PAI-1 inhibitor and tPA theoretically activate the
fibrinolytic pathway and the subsequent hematopoietic regen-
eration, but their effects in vivo in animals appear to be dif-
ferent. This is partly explained by the differences in the routes
of administration between tPA and the PAI-1 inhibitor, as well
as the doses, mechanisms of action, and/or half-lives of these
agents. Recombinant tPA is administered intravenously (a
large amount of tPA is given directly into the circulation), and
immediately activates the fibrinolytic pathway, but its half-life
is only a few minutes [17]. In contrast, the PAI-1 inhibitor was
given orally, and was absorbed in the gut, entered into the
circulation gradually, inhibited the PAI-1 moiety, and subse-
quently upregulated the tPA activity leading to its effects on
the fibrinolytic pathway. The half-life of the PAI-1 inhibitor is
much longer (6.5 hour) than that of tPA.

It is also important to note that tPA administration itself
increased the PAI-1 level, suggesting a potential negative feedback
effect in this pathway and limits to the therapeutic benefits of tPA
for hematopoietic regeneration. In addition, the repopulating
capacity of HSCs in tPA-treated mice showed a slight decrease, sug-
gesting that tPA treatment may induce HSC exhaustion. It should
also be mentioned that PAI-1 regulates not only tPA, but also other

proteins (i.e., vitronectin, urokinase-type plasminogen activator
{uPA), and low density lipoprotein receptor (LDLR)) [5, 31, 32] and
thereby has an impact on broader biological systems.

In conclusion, our study provides the first direct evidence that
PAI-1 is a negative regulator of hematopoietic regeneration,
and that the inhibition of PAI-1 activity, either genetically or
by a low molecular weight compound, significantly improves
donor-derived hematopoiesis after transplantation. Our find-
ings give new insights into the treatment of HSCT and for clin-
ical transplantation medicine.
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Podocyte-endothelial cell cross-talk is paramount for maintaining the
filtration barrier. The present study investigated the endothelial re-
sponse to podocyte injury and its subsequent role in glomeruloscle-
rosis using the podocyte-specific injury model of NEP25/LMB2 mice.
NEP25/LMB2 mice showed proteinuria and local podocyte loss
accompanied by thrombotic microangiopathy on day 8. Mice showed
an increase of glomerular plasminogen activator inhibitor type 1
(PAI-1) mRNA and aberrant endothelial PAI-1 protein already on day
1, before thrombosis and proteinuria. A PAI-1-specific inhibitor
reduced proteinuria and thrombosis and preserved podocyte numbers
in NEP25/LMB2 mice by stabilization of (3;-integrin translocation.
Heparin loading significantly reduced thrombotic formation, whereas
proteinuria and podocyte numbers were unchanged. Immortalized
podocytes treated with PAI-1 and the urokinase plasminogen activator
(uPA) complex caused significant cell detachment, whereas podocytes
treated with PAI-1 or uPA alone or with the PAI-1/uPA complex
pretreated with an anti-uPA receptor (uPAR) antibody failed to cause
detachment. Confocal microscopy and cell surface biotinylation ex-
periments showed that internalized Bi-integrin was found together
with uPAR in endocytotic vesicles. The administration of PAI-1
inhibitor or uPAR-blocking antibody protected cultured podocytes
from cell detachment. In conclusion, PAI-1/uPA complex-mediated
uPAR-dependent podocyte 3;-integrin endocytosis represents a novel
mechanism of glomerular injury leading to progressive podocytope-
nia. This aberrant cross-talk between podocytes and endothelial cells
represents a feedforward injury response driving podocyte loss and
progressive glomerulosclerosis.

podocyte; plasminogen activator inhibitor type 1; endocytosis; integ-
rin; kidney; pathology

PODOCYTE INJURY and the subsequent cell loss promote glomer-
ulosclerosis in various glomerular diseases (7, 8, 21, 43).
However, there is limited information describing the detailed
mechanism of podocyte injury-induced glomerulosclerosis. In
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the remnant kidney model, segmental podocyte loss was ac-
companied by synechiae formation to Bowman’s capsule,
leading to segmental sclerosis (27, 28). A more progressive
podocyte loss model was followed by Notchl-mediated pari-
etal epithelial cell migration leading to collapsing focal seg-

mental glomerulosclerosis (FSGS); thus, podocyte loss triggers

a maladaptive extracapillary response leading to sclerosis (39).
The glomerular filtration barrier is composed of podocytes,
the glomerular basement membrane (GBM), and endothelial
cells (8). Homeostatic regulation of filtration barrier function
has been suggested to be maintained by cross-talk signaling
between podocytes and endothelial cells. Electron microscopy
showed a close association of endothelial cell abnormalities
and overlying podocyte injury in various models of glomeru-
losclerosis, suggesting a causal relationship between these two
cells (12, 22). Bevacizumab is an anti-VEGF antibody used in
the treatment of cancer that occasionally causes glomerular
thrombotic microangiopathy (TMA), and mice with podocyte-
specific VEGF depletion have intracapillary lesions similar to
TMA (12). These observations suggest that podocyte-derived
VEGF preserves intracapillary homeostasis; however, the mo-
lecular basis of the intracapillary response to podocyte injury
and its role in progressive glomerular damage has not been
delineated. Blockade of endothelial VEGF transport in mice
deficient in EH-domain containing 3/4 caused podocyte foot
processes effacement (13). Shear stress in glomerular endothe-
lial cells in vitro changed the actin arrangement in cocultured
podocytes via ERKS5-mediated vasodilator-stimulated phos-
phoprotein phosphorylation (36). Additionally, transient podo-
cyturia and heavy proteinuria accompany pregnancy-induced
hypertension, of which the pathophysiological base is severe
endothelial cell injury (1). These findings suggest that podo-
cyte injury triggers intracapillary-derived aberrant podocyte
danger signals that underlie glomerular diseases.
Plasminogen activator inhibitor type 1 (PAI-1) is synthe-
sized by several cell types and is known to inhibit fibrinolysis
to stop bleeding by inactivating tissue plasminogen activator
and urokinase plasminogen activator (uPA) (31, 44). Addition-
ally, PAI-1 has several pleiotropic actions, including effects on
cell survival, proliferation, motility, and mobility (9, 24).
Notably, PAI-1 is not expressed in normal kidney glomeruli
(10). Instead, PAI-1 is upregulated in glomeruli of patients
with FSGS and membranous nephropathy, both of which are
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podocyte discases (14, 29, 45). PAI-1 interacts with the uPA
receptor (uPAR), which is upregulated in podocytes undergo-
ing injury, and the soluble form of uPAR can drive the onset of
FSGS via interactions with the podocyte integrin system (41,
42). These findings suggest a novel action of glomerular PAI-1
on podocyte diseases.

The present study aimed to investigate the glomerular intra-
capillary response to primary podocyte injury and its role in
disease progression using a transgenic murine model of podo-
cyte-selective injury (26). Our results showed that aberrant
intracapillary signals associated with podocyte injury acceler-
ated podocyte loss due to local PAI-1/uPA complex formation,
which mediated its effect through uPAR-dependent p;-integrin
endocytosis by podocytes. This suggests a novel mechanism
for a vicious cycle of podocyte loss. Additionally, since PAI-1
inhibition ameliorates this exacerbated podocyte loss, our work
suggests a novel therapeutic option for podocyte injury-driven
glomerulosclerosis.

MATERIALS AND METHODS
Animal Experiments

We used well-established NEP25 mice treated with an immuno-
toxin (LMB2 NEP25/LMB2 mice) (26), a FSGS model driven by
podocyte-specific injury. NEP25 mice with the C57BL/6J genetic
background selectively express human CD25 on podocytes. Podocyte-
specific injury was induced by human CD25-specific antibody
(LMB2), as previously described (26, 39). The toxin was given once;
it disappeared after 35 min and set in motion a cascade leading to
podocyte depletion. Mice were treated humanely and housed in
animal facilities with free access to food and water, according to
protocols approved by the Institutional Animal Use and Care Com-
mittee of the University of Tsukuba (Registered No. 11-305).

Protocols

Protocol 1: microangiopathic assessment of podocyte injury in
NEP25 mice injected with LMB2. NEP25 mice aged 12-18 wk (n =
32) were randomly divided into two groups: [) NEP25/LMB2 mice
anesthetized with isoflurane and injected with LMB2 intravenously
(n = 26, 4 ng/g body wt) on day 0 and 2) NEP25/PBS mice injected
with PBS intravenously as controls (n = 6). The LMB2 dosages used
in this experiment induces severe nephrosis and mice died at 2 wk, as
previously described (26, 39). Our preliminary study showed no
proteinuria in wild-type littermate mice treated with LMB2. Histopa-
thology was conducted in both groups (with LMB2: n = 6 and with
PBS: n = 6). Renal samples were obtained by biopsy (on days —1 and
8) and autopsy at death (on day 12). Proteinuria was measured on days
-1, 0, 5, 8 and I2 after injection and estimated as the urinary
protein-to-creatinine ratio. For real-time PCR, glomeruli were isolated
from each animal, NEP/LMB?2 mice on days —/ (n = 5), I (n = 5),
8 (n = 5), and 12 (n = 5), and were statistically analyzed.

Protocol 2: effect of PAI-1 inhibition on NEP25 mice injected with
LMB2. NEP25/LMB2 mice aged 12-18 wk (n = 24) were divided
into two groups: /) PAI-1 inhibitor-treated NEP25/LMB2 mice
(NEP25/LMB2 + PI) and 2) vehicle-treated NEP25/LMB2 mice
(NEP25/LMB2 + VH). NEP25/LMB2 + PI mice were administered
the PAI-1 inhibitor TM5484 (10 p.g/g body wt in 0.5% carboxymethyl
cellulose sodium, n = 13) orally for 12 days. As the half-life of LMB2
is 35 min, the PAI-1 inhibitor was initially administered 2 h after
LMB?2 injection. NEP25/LMB2 + VH mice (n = 11) were adminis-
tered vehicle orally for 12 days after LMB2 injection. The details of
PAI-1 inhibitor are summarized below. Histology and real-time PCR
were performed on biopsies from NEP25/LMB2 + PI (n = 8) and
NEP25/LMB2+VH (n = 6) mice on days —/ and 8 and on day 12 at
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death. Biopsy samples contained over 30 glomeruli in a single section.
After LMB2 injection, 24-h urine samples were collected on days — 1,
0, 5, 8, and 12. Glomeruli were isolated from both groups (n = 5
mice/group) at death and used for real-time PCR.

The PAI-1 inhibitor TM5484 (molecular weight: 384.8 g/mol,
clogP: 2.32) was designed based on structures of the PAI-1 inhibitor
TMS5007 (19). TM5007 was the initial compound identified virtually
by structure-based drug design after undergoing a docking simulation
that selected for compounds that fit within the cleft of PAI-1 (s3A in
the human PAI-1 three-dimensional structure) and was accessible to
insertion of the reactive center loop (18, 19). The design of TM5484
was processed by an extensive structural activity relationship study
among >450 novel derivatives of TM5007 with comparatively low
molecular weight (400-550 g/mol) without symmetrical structure
(17). The inhibitory activity of TM5484 was shown in vitro by a
chromogenic assay (ICso: 3.56 M), and its specificity was confirmed
by demonstrating that it did not inhibit other serpins, such as anti-
thrombin III and o»-antiplasmin. A repeated dose toxicity study of
TM5484 was assessed for 2 wk in five rats per gender per group, and
no adverse effect level was concluded at 30 mg/kg. Regarding the
reverse mutation Ames test, evaluation of TM5484 produced a neg-
ative result. The effect of TM5484 on human ether-a-go-go-related
gene (hERG) electric cutrent was investigated in human embryonic
kidney-293 cells transfected with the hERG gene. TM5484 was found
not to have an effect on hERG electric current at concentrations up to
10 pwmol/l. We assessed the average bleeding time in NEP25/PBS
mice by tail cut (n = 3). Average bleeding times after TM5484
treatment were 165 & 39.7 s at preadministration, 375 * 68.7 s at
maximal time (2 h for TM5484, P < 0.05 vs. preadministration), and
341.7 * 3.33 s at 24 h, which indicated the effects of TM5484 in the
NEP25 mouse model.

Protocol 3: effect of heparin loading on NEP25/LMB2 mice.
NEP25/LMB2 mice aged 12-18 wk (n = 10) were divided into two
groups: /) NEP25/LMB2 mice treated with 25 units of heparin
sodium (Fuji Pharma, Tokyo, Japan) through subcutaneous injection
twice daily from days —17 to 11 (NEP25/LMB2 + Hep; n = 5) and 2)
NEP25/LMB2 mice treated with PBS (NEP25/LMB2 + PBS; n = 5),
which were considered controls. The anticoagulant effect of heparin
was determined by the coagulation time, as revealed by a recalcifi-
cation coagulation assay (16). The dosage of heparin sodium used was
determined by keeping the coagulation time three times longer than
that for control mice. Histology was performed on day —I by biopsy
and on day 12 at death. Proteinuria was estimated on days 0, 5, 8, and
12. Number of Wilms tumor 1 (WT-1)-positive cells and thrombosis
scores were estimated on days —I and 12.

Staining and Morphological Analysis

Kidneys were fixed in 4% paraformaldehyde and embedded in
paraffin. Parts of the kidney samples were incubated in graded
(10-20%) sucrose-PBS solution and frozen for immunofluorescence
or were fixed with 2% glutaraldehyde for transmission electron
microscopy. Paraffin sections (2 m) were processed for periodic
acid-Schiff staining, periodic acid-silver methenamine staining, and
immunostaining with specific primary antibodies, as shown in Table 1.
Immunohistochemical staining was performed using standard proce-
dures with an Avidin/Biotin Blocking Kit (Vector Laboratories, Bur-
lingame, CA) and peroxidase-conjugated EnVision+Single Reagent
(Dako, Glostrup, Denmark), and sections were visualized using di-
aminobenzidine (DAB substrate-chromogen system, Dako) or ni-
troblue tetrazolium (Roche Diagnostics, Mannheim, Germany) ac-
cording to the manufacturers’ instructions.

For immunofluorescence analysis, frozen sections and paraffin
sections were used. Primary antibodies (f:-integrin, synaptopodin,
PAI-1, and CD31) were reacted with secondary antibodies labeled
with Alexa 488 or 568 (Life Technologies, Carlsbad, CA) or rhod-
amine-conjugated secondary antibodies, respectively. Double immu-
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Table 1. Primary antibodies for immunostaining

PAI-1-MEDIATED PODOCYTE DOMINO EFFECTS

First Antibody Application Host Species Dilution Supplier

WT-1 THC Goat polyclonal antibody 1:200 Santa Cruz Biotechnology
PAI-1 THC and IF Rabbit polyclonal antibody 1:50 and 1:50 Santa Cruz Biotechnology
Synaptopodin IF and THC Mouse monoclonal antibody 1:1 and 1:1 PROGEN Biotechnik
Fibrinogen IHC Rabbit polyclonal antibody 1:500 Dako Cytomation

uPAR IE and IHC Rat polyclonal antibody 1:30 and 1:50 R&D Systems

B 1-Integrin IF, WB, and IE Rabbit polyclonal antibody 1:500 and 1:30 Novus Biologicals
a-Tublin WB Mouse monoclonal antibody 1:500 Sigma-Aldrich

CD31 IF Rat polyclonal antibody 1:50 BD Pharmingen

THC, immunohistochemistry; TF, immunofluorescence; 1E, immunoelectronmicroscopy; WB, Western blot analysis.

nofluorescence was performed using standard procedures. Nuclear
staining was performed using 4',6-diamidino-2-phenylindole. For the
quantitative determination of podocyte numbers, the WT-1-positive
cells were counted in all glomeruli of each section on days —1 and 8
(>30 glomeruli/mice), and at least 70 randomly selected glomeruli
were counted on day 12 under high-power magnification (X400).
Average podocyte numbers per glomerulus were calculated on the
basis of individual values. Thrombi and sclerosis were evaluated in
periodic acid-silver methenamine-stained paraffin sections. Glomeru-
lar sclerosis and thrombosis scores were determined as follows. Each
glomerulus was graded on a scale of 0—4, representing the thrombotic
or sclerotic area involving 0%, 1-25%, 26-50%, 51-75%, or >75%
of the glomerulus, respectively. Glomeruli (n > 70) for each section
were averaged and defined as the thrombosis score or sclerosis score
per mouse, separately (n = 6).

RNA Extraction and Quantitative Real-Time PCR

Glomerular isolation was performed using ion powder perfusion
and a magnet, as previously described (38). Total RNA was isolated
using ISOGEN (Wako Pure Chemical Industries, Osaka, Japan). Total
RNA was reverse transcribed using the Thermoscript RT-PCR System
(Invitrogen, Karlsruhe, Germany) for first-strand ¢cDNA. For quanti-
tative analysis, all measured values were normalized to GAPDH gene
expression using the AAC, method (C. is threshold cycle), and results
are presented as relative expression in arbitrary units. All primers used
are shown in Table 2.

Western Blot Analysis

Samples were solubilized in RIPA buffer with protease inhibitors.
Cytoplasmic proteins from cultured podocytes were extracted using a

Table 2. Sequence-specific primers for real-time PCR

Gene Sequence

Plasminogen activator inhibitor

type 1

Forward 5'-AGGATCGAGGTAAACGAGAGC-3’

Reverse 5'-GCGGGCTGAGATGACAAA-3'
Transforming growth factor-g

Forward 5'-TGGAGCCTGGACACACAGTA-3’

Reverse 5'-TGTGTTGGTTGTAGAGGGCA-3'
Endothelial nitric oxide synthase

Forward 5'-CCAGTGCCCTGCTTCATC-3’

Reverse 5'-GCAGGGCAAGTTAGGATCAG-3'
VEGF

Forward 5'-CCAGCGAAGCTACTGCCGTCCA-3’

Reverse 5'-ACAGCGCATCAGCGGCACAC-3’
Desmin

Forward 5'-GCGTGACAACCTGATAGACG-3'

Reverse 5'-GTTGGATTTCCTCCTGTAGTTTG-3"
Vimentin

Forward 5'-GATCGATGTGGACGTTTCCAA-3’

Reverse 5'-ATACTGCTGGCGCACATCAC-3'

subcellular protein fractionation kit for cultured cells (Thermo Scien-
tific, Pittsburgh, PA). Proteins were separated by 4~12% polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene difluoride membranes (PALL, Port Washington, NY). Blots
were incubated with the primary antibodies shown in Table 1. After
being washed in blocking solution, primary antibodies were detected
using horseradish peroxidase-conjugated antibody (GE Healthcare,
Buckinghamshire, UK) and a chemiluminescent substrate.

Cell Experiments

The immortalized mouse podocyte cell line (passages 10-16) used
was a generous gift from Dr. Sakairi (Gunma University) (33). Cell
differentiation was induced as previously described (39). All cell
experiments were done under the following conditions and compared.
Podocytes were treated in vitro with either uPA, PAI-1 alone, the
PAI-1/uPA complex (PAI-1/uPA), or the PAI-1/uPA complex fol-
lowed by anti-uPAR antibody (4 g/ml, R&D Systems, Minneapolis,
MN) pretreatment (anti-uPAR + PAI-1/uPA). All compounds used
were set by equimolar concentrations (5 nM). Glycosylated mouse
PAI-1 (stable mutant) and active two-chain high-molecular-weight
mouse uPA were purchased from Molecular Innovations (Novi, MI).
The PAI-1/uPA complex was prepared by reacting 5 nM uPA with
PAI-1 for 10 min at 37°C (40). After acid treatment for tight cell
adhesion (5, 6), podocytes in individual wells were treated with uPA,
PAI-1, the PAT-1/uPA complex, or anti-uPAR antibody before PAI-
1/uPA complex administration. Anti-uPAR antibody was prepared by
preincubation for 30 min at 37°C before the addition of the PAI-1/
uPA complex.

Podocyte Detachment Assay

The podocyte detachment assay was analyzed by two blinded
observers (M. Nagata and T. Ueno). Equal numbers of podocytes (4 X
10? cells/well) were seeded on 24-well plates precoated with collagen
type I (0.03%) and treated under each condition described above.

Biotinylation of Cell Surface Protein Experiments

Surface biotinylation was performed using the Cell Surface Protein
Isolation Kit (Pierce, Rockford, TL). Differentiated podocytes were
biotinylated for 30 min at 4°C with 0.25 mg/m! sulfo-NHS-SS-biotin
and then sonicated with lysis buffer. The biotinylated protein was
extracted by an incubation with streptavidin-coupled beads for 60
min. After this, sample buffer containing DTT was added to the
extraction buffer, and samples were incubated for 60 min using an
end-over-end mixer followed by centrifugation. This procedure was
performed for podocytes treated with uPA, PAI-1, the PAL-1/uPAR
complex, or anti-uPAR + PAI-1/uPAR, and (B;-integrin expression
was estimated by Western blot analysis.

Extraction of the Cytosolic Fraction

We used a subcellular protein fractionation kit for cultured cells
(Thermo Scientific). Cells were detached by trypsin EDTA acid and
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then centrifuged at 500 g for S min. After cells were washed, they
were transferred to a microtube and pelleted by centrifugation at 500
g for 3 min. The cell pellet was obtained by discarding the superna-
tant. After this, cell extraction buffer with protease inhibitors was
added and incubated with gentle mixing for 60 min at 4°C. The
supernatant was immediately extracted as the cytoplasmic fraction
after centrifugation at 500 g for 5 min.

Immunofiuorescence in Cultured Podocytes

Podocytes grown on collagen type I-coated coverslips were treated
under each condition described above and fixed with 4% paraformal-
dehyde in PBS. After being blocked with 50 mM glycine-PBS,
podocytes were incubated with anti-uPAR antibody or anti-f;-integ-
rin antibody overnight followed by secondary antibodies conjugated
with Alexa 488 (Life Technologies) or rhodamine for 2 h.

Double Immunogold Labeling of Ultrathin Cryosections

uPA- and PAI-1/uPA complex-treated cells were fixed in periodate
lysine paraformaldehyde fixative for 6 h, pelleted, and then resus-
pended in 2.0% agarose (Wako Pure Chemical Industries, Osaka,
Japan) as previously described (23). The grids were incubated on
anti-f3;-integrin antibody and anti-uPAR antibody in 1% BSA over-
night at 4°C followed by secondary antibodies of goat anti-rabbit
5-nm gold (BB, Cardiff, UK) or goat anti-rat 10-nm gold (BB) for 2
h at room temperature. Sections were stained with both uranyl acetate
and lead citrate and inspected under a transmission electron micro-
scope (model JEM-1400, JEOL, Tokyo, Japan) at 80 kV.
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Statistics

Results are presented as means * SE. Comparisons between two
groups were performed using two-tailed Student’s z-tests. Compari-
sons between three or more groups were performed using nonre-
peated-measures ANOVA. P values of <0.05 were considered statis-
tically significant. In the figures, P values are indicated as *P < 0.05,
**P < 0.01, and ***P < 0.001.

RESULTS
Podocyte Depletion Caused Local Thrombotic Microangiopathy

NEP25/LMB2 mice developed significant proteinuria on days 8
and /2 compared with control mice, and this was parallel with the
decrease of WT-1 positive podocyte numbers, which was further
diminished in glomeruli with thrombi compared with those without
(Fig. 1, A-C). Serial section with fibrin immunostaining showed the
association of local intracapillary thrombi with overlaying podocyte
damage (Fig. 1, D and E). This was confirmed by double immuno-
labeling showing that segments lacking WT-1-positive cells were
associated with fibrin in the corresponding capillary (Fig. 1F). Elec-
tron microscopy demonstrated that intracapillary coagulation debris
and mesangiolysis were associated with degeneration or detachment
of overlaying podocytes (Fig. 1G). These findings indicate that
podocyte loss causes local thrombotic microangiopathy in this model.

Fig. 1. Podocyte-specific injury evoked pro-
gressive proteinuria and microangiopathy.
A: NEP25/LMB2 mice developed proteinuria
on day 5, reaching significant levels on days 8
and /2, compared with control mice (n = 6
mice/group). Urinary Pro/Cr ratio, urinary pro-
tein-to-creatinine ratio. **P < 0.01. B: the num-
ber of Wilms tumor 1 (WT-1)-positive podo-
cytes was significantly reduced in NEP25/LMB2
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mice (n = 6) compared with control mice (n =

Thrombi(-) " Thrombi(+) ) xp < 0.01. C: in NEP25/LMB2 mice,

glomeruli without thrombi [Thrombi(—)] had
significantly greater numbers of WT-1-positive
cells compared with glomeruli with thrombi
[Thrombi(+)] on day 12. Average numbers of
glomeruli of glomeruli without and with thrombi
were 27.1 = 7.61 and 73.6 * 11.4, respectively.
**¥p < 0.01. D: representative glomerular fea-
tures of NEP25/LMB2 mice on day 12. Thrombi
were detected at the site of podocyte injury
(arrowhead, periodic acid-silver methenamine).
E: fibrinogen immunostaining on serial sections
from D showing fibrinogen (brown) in the glo-
merular tuft with injured podocytes (arrowhead,
counterstained with periodic  acid-Schiff).
F: double immunolabeling with fibrinogen
(blue) and WT-1 (brown). Fibrinogen was found
at the site where WT-1 disappeared (arrowhead).
Original magnification: X400. Scale bars = 15
wm in D-F. G: transmission electron micros-
copy (EM) of the glomerulus in NEP25/LMB2
mice on day 12. Intracapillary coagulation debris
(*) and mesangiolysis (**) were associated with
degeneration or detachment of overlaying podo-
cytes. Original magnification: X400. Scale
bar = 10 pm.
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Endothelial PAI-1 Upregulation as an Early Response to
Podocyte Injury

PAI-1-MEDIATED PODOCYTE DOMINO EFFECTS

LMB2 mice after LMB2 injection (Fig. 2, D and E). In NEP25/
LMB2 mice on day I, PAI-1 was expressed in a diffuse and global

pattern and colocalized with the endothelial cell marker CD31 by
double immunofluorescence, whereas PAI-1 was not expressed in
control mice (Fig. 2F). At the later stage, on day 12, PAI-1 was
expressed in preserved capillaries and podocytes (Fig. 2G). uPAR

In NEP25/L.MB2 mice, glomerular mRNA of VEGF and endo-
thelial nitric oxide synthase (eNOS) was decreased with the throm-
bosis score on day 12 (Fig. 2, A—C). Transforming growth factor-3
and PAI-1 transcripts were significantly elevated on day I in NEP25/
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Fig. 2. Upregulation of plasminogen activator inhibitor type 1 (PAI-1) as an early endothelial response against podocyte injury. A and B: in NEP25/LMB2 mice,
glomerular mRNA expression of the endothelial dysfunction markers VEGF and endothelial nitric oxide synthase (eNOS) was decreased on day 12. *P < 0.05.
C: compared with day — 1, the thrombosis score was significantly elevated on day 12 in NEP25/LMB2 mice (n = 6). ***P < 0.001. D and E: transforming growth
factor (TGF)-B mRNA expression in isolated glomeruli (D) and relative PAI-1 mRNA (E). TGF-B mRNA was increased in NEP25/LMB2 mice on day I and
further increased on days 8 and 12. PAI-1 mRNA expression in isolated glomeruli was increased on day I and further increased on days 8 and 12. n = 5
mice/group for each time point. *P < 0.05; **P < 0.01. F: double immunofluorescence of PAI-1 and CD31 expression in control and NEP25/LMB2 mice in
glomeruli on day 1. Magnification: X600. PAI-1 was absent in control mice, whereas it was expressed and colocalized with CD31 in NEP25/LMB2 mice. G: on
day 12, PAI-1 was aberrantly expressed in the podocyte cytoplasm in NEP25/LMB2 mice. H: expression of urokinase plasminogen activator (uPA) receptor
(uPAR) in NEP25/LMB2 mice on day I as revealed by serial sections. uPAR was not expressed in control mice (fop), whereas it was expressed mainly in
podocytes in NEP25/LMB2 mice (bottom), as confirmed in synaptopodin staining by serial sections (arrows). I: electron microscopy showed endothelial cell
swelling and loss of fenestra (arrows) accompanied with overlaying podocyte foot process effacement in NEP25/LMB2 mice compared with control mice on
day 1. Scale bars = 2 pm.
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