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Figure 4. Distribution of Ureaplasma spp. and its receptor sulfoglycolipid in
placenta. A, H&E stain. B, PCR for the detection of Ureaplasma DNA.
(Upper column) The Ureaplasma ureB gene is detected in genomic DNA

A, C-F, Amniotic bistratified pattern in Blanc III CAM placenta
with Ureaplasma spp. B, Blanc 11l CAM placenta colonized with GBS. A-C,
Mayer’s Hematoxylin and eosin (H&E) stain. D, Myeloperoxidase. E, CD45.
F, CD68. Arrows indicate infiltrated leukocytes.
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Figure 3. X(red)/Y(green) FISH analysis. (A) H&E stain around the mem-
brane. X/Y FISH of (B) amnion, (C) subchorionic space, and (D) villi. (E)
H&E stain of umbilical cord. (F) Higher magnification of umbilical vein and
infiltrated cells. (G) X/Y FISH of infiltrated cells. One green and one red
signal indicate XY karyotype (male, fetus-derived cells) and two red signals
indicate XX karyotype (female, maternal-derived cells). DAPI Il was used as
a counterstain.

the specific neutrophils infiltration of amniotic bistratified
pattern, 13 placentas were colonized with Ureaplasma spp.
solely, five placentas with both Ureaplasma spp. and other
microorganisms (Escherichia coli, Pseudomonas fluorescens,
Enterobacter cloacae, Candida glabrata, Streptococcus mitis,
or Clostridium spp.), and two placentas without any microor-
ganisms (Table 2). None of the placentas, which were nega-

from chori (lane 1) but not in villi and decidua (lanes 2 and 3,
respectively). PC, positive control (full Ureaplasma spp. genome). NC,
negative control (distilled water). (Lower column) The human Glutl gene is
detected in genomic DNA from chorioamnion, villi, and decidua (lanes 1, 2
and 3, respectively). PC, positive control (full human genome). NC, negative
control (distilled water). C, D, Ureaplasma UreD is detected in the amnion
where materal neutrophils had infiltrated. E, Sulfoglycolipid is mainly
distributed in the amnion in normal term placenta.

tive for Ureaplasma spp. and positive for other microorgan-
isms showed this amniotic bistratified placental pattern.

Specific placental features of intrauterine Ureaplasma
infection. To determine the characteristics of the bistrati-
fied infiltrated cells in the amnion and subchorionic space,
we analyzed Ureaplasma-positive Blanc III CAM placentas
and GBS-positive (control) placentas by immunohisto-
chemical staining. Most of the bistratified infiltrated cells in
Ureaplasma-positive placentas were myeloperoxidase-
positive neutrophils, indicating acute inflammation,
whereas immunohistochemical staining of CD45 and CD68
were negative (Fig. 2C-F). Control CAM placentas with
GBS infection also showed acute inflammation (data not
shown).

Next, we analyzed the origin of the migrated neutrophils
showing bistratified patterning around the Ureaplasma-
positive placental membrane (Fig. 3A). Unexpectedly, infil-
trated inflammatory cells in the amnion and the subchorionic
space showed only two red signals (XX genotype), indicating
maternally derived cells (Fig. 3B and C). On the other hand,
trophoblasts in the villi and inflammatory cells migrating
through the wall of the umbilical vessels (Fig. 3E and F)
showed one red and one green signals (fetal XY genotype), as
expected (Fig. 3D and G).

To explain these maternal immunologic responses, we fur-
ther analyzed the localization of the microorganism’s DNA in
the Ureaplasma-positive placenta. PCR amplification of the
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Ureaplasma-specific ureB gene was detected only in purified
genomic DNA from the chorioamnion (Fig. 4A, B-1) and
not detected in villi (Fig. 4A, B-2) or decidua (Fig. 4A, B-3)
in the paraffin-embedded sections that showed bistratified
infiltration of neutrophils (Fig. 4B, upper column). On the
contrary, PCR amplification of human Glut!/ gene was
detected in genomic DNA obtained from chorioamnion,
villi, and decidua (Fig. 4B, lower column). By immunohis-
tochemical staining with anti-Ureaplasma UreD antibody,
which was a polyclonal antibody against the Ureaplasma
urease, positive signals were detected in the amnion where
maternal neutrophils had infiltrated (Fig. 4C and D). Im-
munohistochemical staining of sulfoglycolipid, the receptor
of Ureaplasma spp., showed that it was mainly distributed
in the amnion in normal term placenta (Fig. 4E).

DISCUSSION

Infectious and inflammatory processes in the uterus during
pregnancy remain a major cause of preterm delivery and
subsequent complications in newborn infants. Pathologic
CAM is frequently associated with preterm delivery. The most
common microbes isolated from the amniotic cavity of
women with preterm labor are Ureaplasma spp. and Myco-
plasma hominis (19). Studies based on the isolation of Urea-
plasma spp. from the placenta uniformly showed a significant
association with CAM (9,10). The stimulatory effect of Urea-
plasma spp. on cytokine release, such as tumor necrosis
factor-a, IL-8, and IL-6, has been confirmed in vitro (20-22).
Multiple-banded antigen and other lipoproteins from Urea-
plasma spp. were found to activate nuclear factor kappaB
through Toll-like receptor (TLR) 1, TLR2, and TLR6 and
induce tumor necrosis factor-a in mouse peritoneal macro-
phages (23), indicating that not only viable Ureaplasma spp.
but its lipoproteins cause an excessive immune response in
utero. Umbilical vasculitis and chorionic plate inflammation
might be caused by these antigenic components from local
infection. To confirm the association of Ureaplasma spp. with
CAM, we conducted Ureaplasma spp. cultivation as a pro-
spective cohort study of 151 preterm placentas. Furthermore,
immunohistochemical, PCR, and FISH analyses were per-
formed in the infected placentas to confirm the microbial
localizations.

We examined the incidence of Ureaplasma spp. coloniza-
tion in the placenta by using the culture method. Studies
involving various clinical specimens have shown PCR to be
more sensitive than conventional culture methods (24-26).
However, given the high sensitivity of PCR, a false positive
result for a particular organism is more likely to occur than
when culture methods are used, principally because of inter-
sample contamination. Furthermore, PCR detects nonviable
organisms as well as viable organisms, and does not enable
further analysis using isolated microorganisms. On the other
hand, culture for detection of Ureaplasma spp. is expensive
and requires specialized media and expertise that are not
widely available. We therefore established a culture method
for the detection of Ureaplasma spp. by modification of the
method of Shepard and Lunceford (27) Shepard and Combs

(27,28), which uses materials that are all commercially avail-
able and easily prepared just before use.

The relation between infection and preterm delivery is not
consistent throughout gestation. Infection is rare in late pre-
term delivery but is present in most cases in which birth
occurs at <30 wk (29,30). Previous evidence suggests that
intrauterine infection may occur early in pregnancy. For ex-
ample, Ureaplasma spp. has been detected in some samples of
amniotic fluid obtained in routine chromosomal analysis at
15-18 wk of gestation. In most of these women, delivery was
around 24 wk (31-33). Meanwhile, Perni et al. (34) reported
that in 179 asymptomatic women who received amniocentesis
at midtrimester, all women with preterm PROM (5/5) tested
positive for either Ureaplasma spp. or Mycoplasma hominis as
opposed to none of the women (0/5) with spontaneous preterm
birth. In this study, we showed that the incidence of Urea-
plasma spp. colonization in preterm placentas was statistically
higher than that in term placentas (p < 0.05) and that the
incidence during the second trimester was higher than that
during early in the third trimester (p = 0.05). We suggest that
Ureaplasma infection-related CAM might be the leading
cause of preterm delivery during the second trimester. One
possible explanation for these gestational age-related changes
in the cause of preterm delivery is that the intrauterine im-
mune system during the second trimester might be susceptible
to weakly pathogenic microorganisms such as Ureaplasma
spp., and the hormonal immune response or cytokine produc-
tion necessary to initiate labor is easily activated. In our study,
the culture positive for other microorganism (Table 2) was
lower (13/151; 8.6%) than those in previous reports (35,36).
This discrepancy might be caused by 1) the treatment for
inflammation and/or infection by bacteriocidal agents, which
reduced the colonization in placentas, and 2) the samples,
which we used was the placental surface swab but not by the
homogenized tissues.

Although the association between Ureaplasma spp. coloni-
zation and CAM has already been identified, details of the
placental features remain unclear. We therefore examined in
detail all placentas delivered at <32 wk of gestation and
investigated the presence of features specific to Ureaplasma
spp. colonization. In the CAM placentas, polymorphonuclear
leukocytes first accumulate in the intervillous space immedi-
ately below the chorionic plate, which forms the roof of this
space. The inflammatory cells in the roof of the intervillous
space later extend upward into the chorionic plate and reach
the amnion. At this stage, the inflammatory cellular response
is purely maternal in origin, the leukocytes being derived from
maternal blood in the intervillous space (15). According to this
migration process, we can simply imagine that this accumu-
lation is composed of one layer of inflammatory cells extend-
ing toward the amniotic cavity. However, we found a charac-
teristic pathologic feature named the amniotic bistratified
pattern in which leukocytes did not infiltrate in one layer but
in two layers. This pathologic pattern was significantly more
frequent in placentas colonized with Ureaplasma spp. than
that in others. Therefore, this amniotic bistratified pattern
might be a specific placental feature of intrauterine Urea-
plasma infection.
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To explain how this infiltration pattern develops, we first
hypothesized that inflammatory cells in the subchorionic
space are derived from maternal sources, but those in the
amnion are derived from fetal sources. However, we showed
that neutrophils in both the subchorionic space and amnion
were maternal cells. On the contrary, infiltrated neutrophils in
the umbilical vein were of fetal origin (Fig. 3D and G). Earlier
findings might be due to the differences in production and
response between maternal and fetal neutrophils. Immature
newborn infants frequently become neutropenic (37) in their
response to bacterial sepsis. However, adults develop a sus-
tained neutrophil leukocytosis by releasing preformed neutro-
phils from the marrow storage pool into circulation and in-
creasing proliferation by recruiting a great number of
committed granulocyte progenitors into the cell cycle. Fur-
thermore, the most consistently observed functional abnormal-
ity of neonatal neutrophils is reduced chemotaxis. In most
assays, neutrophils from newborn infants migrate at about half
the speed of adult cells (38). Neonatal neutrophils display less
interaction with endothelial monolayers in conditions of flow
than adult cells. Rolling adhesion is diminished, and fewer
cells attach to activated endothelium and migrate to the sub-
endothelial tissue (39). These reports suggest that maternal
neutrophils react predominantly at the fetomaternal interface;
on the contrary, fetal neutrophils possess the immunologic
reaction at least in the fetal side.

Next, we hypothesized that the development of this pattern
might be involved in the distribution of genomic DNA and
protein from Ureaplasma spp. as well as its receptor sulfo-
glycolipid in the placenta. There are no previous reports
of their distribution, but we demonstrated that the urease
structural gene and protein of Ureaplasma spp. were distrib-
uted in the amnion where maternal neutrophils accumulated
and that their receptor sulfoglycolipid was also present in the
amnion. Therefore, we suggest that this characteristic pattern
of maternal neutrophil infiltration in the amnion might be
associated with the distribution of Ureaplasma spp. and its
receptor in the placenta.

In conclusion, our study indicates the following: 1) ~40—
50% of preterm placentas deliveréd at <32 wk of gestation are
culture positive for Ureaplasma spp.; 2) placentas colonized
with Ureaplasma spp. show CAM significantly more fre-
quently than others; 3) positivity of cultures for Ureaplasma
spp. is an independent risk factor for CAM; 4) positivity of
cultures for Ureaplasma spp. is also associated with the
severity of CAM; and 5) the amniotic bistratified pattern in
CAM might be a specific placental feature for intrauterine
Ureaplasma infection.
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and other fibrotic d CTGF is hypothesi d to medi profi-
brotic effects of TGF-B or to facilitate interaction of TGF-B with its
receptor, but its interactions with TGF-f isoforms in nonpathological
wndmonsmlmnplomdsom Tissue repair and remodeling may

p gene t iption at play in organogenesis. To further
deli the hip b CTGF and TGF-B, we compared
expresﬂmpalwmofCl‘GFandTGF-Bmformsmmmdhunm

and in vmous humnn gloma'ulopaﬂzm. CIGF
mRNA was present in the i vis-
caulmdpmenlepmhnlceﬂsinﬂnoommn-msmapedmges
but not in earlier stages of nephron development. During the capillary
loop and maturing glomerular stages and simultaneous with the
presence of TGF-B,, -B2, and -B; protein, CTGF mRNA expression
was maximal and present only in differentiating glomerular epithelial
cells. CTGF protein was also present on precursors of mesangium and
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C itant with the p of TGF-B; and -3 protein, and in the
absence of TGF-B;, CTGF mRNA and protein expression was re-
stricted to podocytes in normal adult glomeruli. However, TGF-8;
and CTGF were again coexpressed, often with TGF-, and -Bs, in
pmadarmpodocymmprohfmve glommﬂmq)hnumdalsom

I cells in diabetit and IgA nephropathy (IgA
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CONNECTIVE TISSUE GROWTH FACTOR (CTGF or CCN2) is a mem-
ber of the CCN family of structurally related proteins (11, 14,
21). The CCN proteins contain an NH-terminal secretory
signal peptide and four structural domains: an insulin-like
growth factor binding domain (domain 1); a chordin-like,
cysteine-rich domain with similarity to von Willebrand factor
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type C domain (domain 2), which is connected via a protease-

sensitive hinge region to a thrombospondin type I repeat
(domain 3),andﬁlmllyaCO0H tetmmalcysnnekmt(dom
4) (1, 11). CCN proteins are i d in regulation of essential
cell functions as i

mitogenesis, differenti-

anon.andsnmval(lS 29). Assuoh,CCmeﬁlymembus
have been implicated among others in control of wound repair,
development of fibrosis, and tumorigenesis (20, 30, 44).
CTGeF, in particular, has been reported to be overexpressed in
fibrosis of diverse organs (22, 34, 40, 42). Our laboratory
demonstrated that CTGF mRNA is strongly upregulated in
human renal fibrosis and in rat experimental proliferative
glomerulonephritis (23, 24).

Transforming growth factor (TGF)- is a key component in
control of wound repair and in development of fibrosis (7, 10).
CTGF mRNA expression was observed to be associated with
differential expression of the three closely related isoforms of
TGF-B in the course of the anti-Thy-1.1 glomerulonephritis
model (24). All three TGF-B isoforms are equally able to
induce upregulation of CTGF mRNA in both cultured mesan-
gial cells and glomerular visceral epithelial cells (GVECs)
(24). In vitro effects of TGF-$; on matrix synthesis by fibro-
blasts and mesangial cells do, at least partially, require the
presence of CTGF (9, 30, 67). These findings suggest that
CTGF may be involved in tissue repair in response to glomer-
ular injury, possibly downstream of TGF-g. Tissue repair may
recapitulate developmental programs at play in organogenesis,
and comparison of these processes may yield insight in the
nature of common regulatory factors. In development of the
kidney in mammals, the ureteric bud is induced by the meta-
nephric blastema to develop from the mesonephric duct.
Growth of the ureteric duct comprises both elongation of the
duct and (asymmetric) branching. In turn, the metanephric
blastema is induced by the invading ureter branch tips to
undergo nephrogenesis involving mesenchymal cell condensa-
tion and transition into polarized epithelium forming a vesicle.
The vesicle undergoes patterning to form subsequently com-
ma-shaped and S-shaped bodies. Capillary sprouts, as well as
vasculogenic precursors of endothelial cells, are recruited into
the cleft that is formed by the proximal curvature of the
S-shaped body. The proximal and distal parts of the S-shaped
body differentiate into the glomerular epithelium and into the
proximal and distal tubular epithelium, respectively.

Glomerulogenesis proceeds through the capillary loop stage
and the maturing stage to the adult stage, during which mes-
angial progenitor cells migrate into the glomerulus, the glo-
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dehyde and 0.1% glutaraldehyde in PBS for 20 min. After prehybri
ization for 1 h at 70°C, hybridization with 250 ng/m} CTGF DIG-
tabeled riboprobe in hybridization buffer {50% formamide, 5X stan-
dard sodium citrate (SSC), 1% blocking reagent (Roche), 5 mM
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washing in PBS, 0.1% Tween-20 (PBS/T). After nonspecific binding
sites were blocked by 2% blocking reagent in PBS/T, sections were
incubated for 2 h with alkaline phosphatase-conj anti-
DIG antibodies (Roche), diluted to 1:1,500 in blocking buffer. After
being washed in PBS/T and in 0.1 M Tris, pH9.5 OIMNaCl 0.05
M MgCl,, and 0.05% Tween-20 (NTM/T),

sion; I gi dale, AR). HRPaoﬂvky
was d d using 3,3’ -diaminobenzidi b
ommmnedmthme&ylgmandmnmmedmm
For immmunohistochemistry on human kidney, 4-gm-thick sections
offamnlmﬁxed,pmﬁn—unbeddedﬂmmmdepnnfﬁnmd
d. The wete incubated in 0.3% H20. in methanol to
block endogenous peroxidase activity. Antigen retrieval was per-
foxmedbyhuungmlOmMTmHClandlmMEDTA.pHQOfor
10 min at 100°C. After washing, the were i d with
PG-3145anﬂ—humaanGFatlpg/mlmAnﬂbodyDﬂnm(lmmu
noLogic, Klinipath, Duiven, The Netherlands) for 16 h at 4°C,
washed, and incubated with poly-HRP goat anti-mouse IgG (Bright-
Vlakm Immnmol.ogc) mmvxtywasdmcteduing?nﬁ'-dlaml-
were d with methyl-

activity was d d with hloride and 5-bro-
4-chloro-3-indolylphosph luidis ealtrudy-mndesomon

g:emandwaemmtedvmhpmx
In addition, immunohistochemistry on human and rat kidneys was
e " . prrirmier

(Roche)&lmdwl.SOmNTerﬁu igh
MMMMMQMMWSWy.
wnpafamdf:rcoﬂagmtypewmpmvidea

P d on cryostat Four were
fixed in methanol for CTGF i histochemi ,orin for
TGF-B;, TGF-B2, and TGF-Bs i h

nohistochemistry
counterstain that does not interfere with the

mvkywuhﬁﬁMMhOl%N:N;meS%Hzoz,

signals. Briefly, endogenous peroxidase activity was inactivated, non-
specific protein binding sites were blocked with 10% normal goat
serum in PBS, and sections were incubated for 1 h with rabbit
anti-collagen type IV (Euro-Diagnostica, Amhm The Nethedmds),
diluted to 1:100 in PBS. After washi b

poly-horseradish peroxidase (HRP) goatanﬁnbbltlgG(Powaviﬂm,
Immunovision Technologies) for 10 min, followed by waahmg in
PBS HRP wuvxty was d d using 3,3'-d b and

were

dehydrated and d with

yaroge P

Pertex.

Polyclonal and monoclonal CTGF-specific antibodies. Polyclonal
antibodies were raised in rabbit against an 11-amino acid peptide, i.e.,
CEADLEENIKK, comresponding to amino acid residues 242-252 of
human CPGF (GenBank accession number P29279), 241-251 of
mouse CTGF (GenBank P29268), and 240-250 of rat CTGF (Gen-
Bank AAD39132). The CEADLEENIKK sequence is located in
between domain 3 and domain 4 of CTGF and does not occur in other
members of the CCN family of structurally related proteins. Rabbit
IgGanﬁbodieswaeaﬂimtypmiﬂedtoﬂwhmpqmd&Ahnman

mdmpedﬁcmdnbmdingmawueblockedwnﬂlnormﬂgmt

fions were incubated with rabbit poly: 1gG anti-
CEAD[EENIIG(mnbodyforlﬁhat4°C Other sections were
incubated with rabbit polyclonal IgG anti-TGF-B;, anti-TGF-82, or
anti-TGF-B; (Santa Cruz Biotechnology, Santa Cruz, CA) for 4 h at
room temperature. The polyclonal and'lGF-Bl.mn‘l’GF-eg and

ends,
328-353 (GenBank accession mumber PO1137), 352-377 (P08112),
and 350-374 (P10600), respectively. The antibodies are expected to
bind both the bioactive and the latent conformations of the TGF-8
isoforms (36). HRP-labeled polyclonal goat anti-rabbit IgG antibodies
{(EnVision System, Dako) were applied as secondary reagent. Finally,
enzyme activity of HRP was detected using 3,3'-diaminobenzidine
tetrahydrochioride liquid system (Dako). Negative controls were per-
formed by preabsorbing the polyclonal anti-CTGF antibodies with the
free CEADLEENIKK peptide and by replacing first-step antibodies
for species-matched Ig. Mesangial CTGF protein expression was
analmdmdm:qmﬁmvelyclmmﬁedmmﬁvem 0, no

1gG: monoclonal antibody (FG-3019) and a mouse IgG: 2!
antibody (FG-3145) that bind distinct epitopes in domain 2 of CTGF
(61) were kindly supplied by Pimem (FibroGen, South San Fran-
c.lwo.CA) FG-3019 was prody in Med: mice (Med

1, weak g 2, ordxffusewukstammg;S,
dlffnsesnmmgand4suongdxﬂ‘use ining. For each gl
the “mesangial CTGF protein expression score” was assessed, and the

P N))byi izatio vmhreeombmanthumanCl‘GF'lhe
recombinant human CTGF was produced in-a baculovirus expression

age of the score in each patient was calculated.
To compare localization of CTGF and TGF-$ isoforms with that of
ﬂuglemunlucemypesmﬂxedevelopinghdmyw IHC

system (FibroGen). The specificity of the antibodies was analyzed by
Western blotting of cell lysates of mouse NIH/3T3 or rat NRK-49F
fibroblasts (obtained from ATCC, Manassas, VA) that were cultured
for 24 h, with or without recombinant human TGF-B; (R&D Sys-
tems). In addition, ELISA to recombinant of CTGF and-to
full-length recombinant CTGF was performed for the rabbit anti-
CEADLEENIKK.

ve secti iorsmamodhasmkuofGVECs(Sé)
usmgMAbGlD«t(mneIgG, Heidelberg, Germany), for
CD31 as marker of endothelial cells (39) using MAb JC/70A (mouse
IgG1; Dako), and for a-smooth muscle actin (a-SMA) as marker of
fetal and activated -mesangial cells (2, 39)uamgMAblA4(mouse
IgGa,; Dako). In addition, expression of the EDA-domat
eenWspheevmmofﬂbronecun(EDAFN)(lz)mdemuon
of collagen type IV were studied, using MAb IST-9 (mouse IgG1;
Accurate Chemical & Scientific, Westbury, NY) and rabbit anti-
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git type IV polyck antibody (Chemicon ional, Te-
meeula. CA), xespectlvely Binding of these reagents was detected

'GLOMERULAR COEXPRESSION OF CTGF AND TGF-Bs

A 1 2 3 4 5 6 7

= wn!rmP-conjngmd-goatmm-mm g6 -antibodies-or- HRP-conju:

—~gated-goat anti-rabbit IgG antibodies (EnVision System, Dako). Neg-

—amtibody with incubation buffer only or with iSotype- and Species-

N o

afive controls were performed by replacement of the first-step

’matai’ atched antibodies. HRP activity was detected using 3,3"-diami-
1Zidi hydrochloride liquid system (Dako) or 3-amino-

9-¢thyl-carbazole (ano)
Confocal laser ng

were i
antibody for 16 h at 4°C, f
anti-rabbit F(ab’), antibodies (Ch
normal human serum. Subsequently, monoclonal anti-synaptopodin,
anu-a~SMA,ounn-G)31 amibodwswaeapphedfor”m‘lhen
i (FITC)-con-

Tigaied cablit F(ab’)z ibodi (z§medl i
San Francisco, CA), absorbed with normal human serum. After the
final wash with Tris-buffered saline, all sections were mounted with
medium containing p-phenylenediamine. Confocal laser scanning
nnuoseopywaspu‘fomwdmgan—RadMRC-lOMscmhﬁd
(Bio-Rad, H hed to a mi pe E800 (Nikon,
Tokyo Iapan), applymgdouble excitation with a 488-nm band-pass

B 1 234567 8 9
50kD -
42kD - RS
30 KD - s s - e
15KkD -

el

Fig. 1. A: Northem blotting using a digoxigenin-labeled antisense

riboprobe
reveals connective tissuc growth factor (CTGF) mRNA in glomerular visceral
ial cell lines of human (lanes I and 2), mouse (lanes 3 and ), and mat

for FITC emission, and a 568-nm long-pass filter for rhod:
mmm.nahmgumadjmwdwmemlldymmxmge.

(lanes 5 and 6) origin that were cultured without (lanes 1, 3, and 5) or with
growth factor (TGF)-B1 (5 ng/ml for 24 b; lanes 2, 4, and 6), as

Quh FITC- and rhod ived images were
hmmmwmmmmmm
{Bio-Rad, Tokyo, Japan) and a Jook-up table to convert FITC signals
to green, rhodamine signals to red, and overlapping areas to yellow.

Statistical analysis. Data of the mesangial CTGF score are not
nomnnyd:smbuudmdwe,m'efom.mmdasmedimvahm
and ranges. Stati was d using the Kruskal-
Wanumandglwpsmoompﬁedusmgbumsmmmbcom-
parison test (GraphPad Software, La Jolla, CA).

RESULTS

Characterization of CTGF-specific antisense riboprobe and
antibodies. Northern blotting demonstrated binding of the
DIG-labeled CTGF antisense riboprobe to a 2.4-kb RNA,
which cormresponds to the reported size of CTGF mRNA. As
expected, more probe was bound to RNA isolated from cells
that had been exposed to TGF-B;, compared with RNA from
control cell cultures (Fig. 14).

Western blot analysis revealed binding of both rabbit anti-
CEADLEENIKK polyclonal IgG and human FG-3019 to pro-
teins of 38 kDa and 35-36 kDa, corresponding to the size of
CTGF under reducing and nonreducing conditions, respec-
tively (Fig. 1B). Both rabbit anti-CEADLEENIKK and FG-
3019 did bind recombinant human CTGF in a doublet, possibly
due to heterogeneous glycosylation of the recombinant CTGF,
which was also detected in the NRK~-49F cell lysate using

well as in rat kidney (lane 7). B: Western blotting using rabbit anti-

NRK49F celis using FG-3019 (lane 9); samples in lanes 1, 8, and 9 were
A -

CTGF, and absence of binding to the NH-terminal frag-
ment of CTGF, containing domains 1 and 2 (Supplemental
Fig. S1; the online version of this article contains supple-
mental data).

CTGF mRNA and protein expression during glomerulogen-
esis in the rat. In the first week after birth, all stages of
glomerular development can be examined in the rat kidney.
ISH with the CTGF antisense riboprobe revealed CTGF
mRNA expression in the proximal part of comma- and S-
shaped bodies containing the immediate precursors of visceral
and parietal glomerular epithelial cells (Fig. 24, arrowhead and
short arrow, respectively). CTGF mRNA expression was high-
est in later stages of glomerular development, ie., in the
capillary loop stage and in the maturing stages (Figs. 2, A, long
arrow, and C, mpecuvely),whﬂemsmmnlyobservedmﬂm

FG-3019. In addition to the full-size p 10-kDa p

were detected by rabbit-anti-CEADLEENIKK in some sam-
ples; these proteins may be degradation products of CTGF.
Preincubation of rabbit anti-CEADLEENIKK with the peptide
that was used as immunogen blocked binding to CTGF; pre-
immune rabbit serum and normal human serum demonstrated
only weak binding (not shown). ELISA confirmed

binding of rabbit anti-CEADLEENIKK to the purified re--

combinant COOH-terminal fragment of CTGF, containing
domains 3 and 4, as well as to full-length recombinant

periphery of the gk

by glomerular epuhehal cells. Tlmughoutrenal deve

CTGF mRNA was expressed in the media of arcuate (Fig. 2C,
inset) and interlobular arteries and could also be found in
endothelial cells of the large venes. Also, in the vessel walls of
the afferent arterioles, CTGF mRNA was observed (Fig. 2C).
In adult glomeruli, CTGF mRNA expression was detected in
podocytes and occasionally in glomerular parietal epithelial
cells (Fig. 2E). In all stages of development, tubular epithelial
cells of all compartments of the nephron expressed CTGF
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GLOMERULAR COEXPRESSION OF CTGF AND TGEBs

mRNA at most to a minor extent in a diffuse pattern. As
controls, ISH with an oligo(dT) probe yielded positive staining
ofvumallyallcellsinﬂ:eﬁssueunderexaminaﬁon,lSwaﬂl

a von Willebrand factor anti probe resulted in staining of
only endothelia of the large vessels (not shown). ISH with the
control CTGF sense probe did not yield staining (Supplemental
Fig. S2).

CTGF protein was very weakly stained using FG-3019 in
only some epithelial cells in the comma- and S-shaped bodies
(Fig. 2B). In glomeruli of the capillary loop stage and in the

ing stage, CTGF protein was detected mostly in the
periphery of the glomeruli, suggesting the presence of CTGF in
differentiating parietal and visceral epithelial cells (Fig. 2D). In
adult glomeruli, CTGF protein was frequently present in podo-
cytes (Fig. 2F). At days 1 and 2 after birth, strong staining for
CTGF was observed in a subset of tubular epithelial cells (Fig.

ﬁgz&pumorcmimnm(mc,mdz;
situ hybridization, blue signal) and CI'GF
pmdn (B, D, and E; immunostaining using
FG-3019, hvwnmﬂ)mmkidncysumof
1 day (A and B), 9 days (C and D), and 2 mo (E
and F). Counterstains are either type IV collagen
immunostaining (4 and C; brown signal) or
methyl-green (B, D, and E). Original magnifica-
tions: X200 (A-F), or X400 (inset in C). CTGF
mRNA is detected in comma- and S-shaped
bodies (4; arrowhead and short arrow, respec-
tively).inﬂleupﬂlxyloopme@-bnxm
g,lumuuhr

of arcuate (C, insef) and interlobular arteries.

lngimenﬂtyulusmlddncysudayﬂb)

2B). Staining for CTGF in tubules was less abundant at days 5
and 9 (Fig. 2D). Some faint staining for CTGF was found in
large-vessel walls. Epithelial cells in capillary loop and ma-
turing stage glomeruli were also stained with the rabbit
anti-CEADLEENIKK antibody, directed against the COOH-
terminal part of CTGF, whereas staining of the tubular
portion of the nephron was not detected. In contrast, rabbit
anti-CEADLEENIKK, but not FG-3019, did bind to struc-
tures in association with the developing cortical collecting
ducts in the medullary ray area (Supplemental Fig. S3).
Incubations with normal human serum instead of FG-3019 on
paraffin sections or with preimmune normal rabbit serum
instead of rabbit anti-CEADLEENIKK on cryostat sections did
not yield any staining, indicating that detection of the primary
antibodies by the secondary reagents was specific (Supplemen-
tal Fig. S3).
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Expression of CTGF mRNA and protein in fetal and control
adult human kidney. Kidneys from 15- to 23-wk-old human
fetuses typically contain ureteric buds, metanephric blastema,
and glomeruli of all stages of development. CTGF mRNA was
very weakly detected in comma- and S-shaped glomerular
stages (Fig. 34)-and strongly in the early and late capillary loop
stages (Figs. 3, A, B, and D) mainly in parietal and visceral
epithelial cells. In the subsequent maturing stages (Fig. 34),
CTGF mRNA was inantly present in the transitional area
between parietal and GVECs (Fig. 34). In control adult glomeruli,
CTGF mRNA was detected in some podoyctes (see Fig. 7).

Fig. 3. Expression of CTGF mRNA (4, B, and
D; in situ hybridization, blue signal; no counter-
ndn)ndcmPpntdn(Cde'hnmmﬁn-

capillary loop-stage
Bar sizes: 100 pm (A), 25 pm (B-E).

GMMOOEKRBSDNOFCTGFANDW

CTGF protein expression was not observed in the renal vesicles
and in the S-shaped body stage of the fetal kidneys when using
either mouse FG-3145 or rabbit anti-CEADLEENIKK (not
shown). In contrast, CTGF was present in the capillary loop-stage
glomeruli, as detected with FG-3145 (Fig. 3, C and E) or with
rabbit anti-CEADLEENIKK (Figs. 44, 5, and 6), and to a lesser
extent in maturing i (Figs. 4B, 5, and 6), and also in adult

glomeruli
glomeruli (Figs. 4C, 5, and 6) and in distal parts of nephrons (not
shown).

In the capillary loop stage, CTGF expression was strongest
at the basal part of the GVECs and was also present in a

AJP-Renal Physiol « VOL 299 « SEPTEMBER 2010 « WWW.ajprenal.org

— 203 —

0102 ‘2 Jequieides uo Bio'ABojoisAud'isusidfe wol pepsojumeq




- g o s
a}\‘-. "’«—;“ "‘{vw‘ :
&

mixed-cell cluster at the root of the glomerulus (Figs. 3E and
4A). Synaptopodin staining was restricted to the basal part of
the GVECs (Fig. 4D), which display a columnar shape and
have not yet formed foot processes in this stage. CD31 positive
endothelial cells were present with a-SMA-positive mesenchy-
mal cells in small groups at the root of the immature glomer-
ulus (Fig. 4, G and J). In addition, CD31-positive endothelial
cells could be found in a layer in juxtaposition to the GVEC,
thereby forming immature glomerular capillaries; CD31 stain-
ing of these endothelial cells was restricted to their luminary

GLDMBlm commimsloﬁ OF CTGF AND TGF-Bs ’
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Fig. 4. Protein expression of CTGF (rabbit anti-
CEADLEENIKK; 4, B, and C), synaptopodin
(D, E, and F), CD31 (G, H, and J), a-smooth
muscle actin (SMA) (J, K, and L), fibronectin
EDA (M, N, and 0), and type IV collagen (P, Q,
and R) in human glomeruli at the capillary loop

(4, D, G, J, M, and P), the stage
(B,E, H,K, N, and ), and at the adult stage (C,
F, 1, L, O, and R) detected by immunostaining
fications: X400 (4, D, G, J, M, P), X250 (B, E,
H,K,N, O, X100 (C, F, I, L, O, R). A: at the
capillary loop stage, CTGF is in the
‘basal portion of the podocytes and in a mixed
cell cluster at the root of the glomerulus. B: in
maturing glomeruli, CTGF protein expression
shows a more extended distribution, as podo-
cytes and mesangial cells have migrated to the
petiphery. C: in the normal adult glomerulus,

aspect (Fig. 4G). Glomerular EDA-FN was abundant in this
stage of nephrogenesis in a similar distribution pattern as
observed for type IV collagen, being localized at the basal
portion of the podocytes, and in between the clustered endo-
thelial and mesenchymal cells, as well as along the Bowman’s

PRI TN

In the maturing gk lus stage, the ber of
cells and mesangial precursor cells is strongly increased, and
the glomerular capillary network is formed. CTGF was de-
tected in a scattered pattern along the capillary wall and in the

AJP-Renal Physiol - VOL 299 « SEPTEMBER 2010 » Www.jprenal.org

— 204 —

I v die wox

uOf'u‘uv

3

0102 ‘2 Jequs







GLOMERULAR COEXPRESSION OF CTGF AND TGF-fs

capillary loop stage
L s a

maturing stage
e - A
‘.ﬂ’(}}, - s {% ,\W.
# P g \

was observed in epithelial

regions compared with control renal
tissue samples. In MCNS and MGP, staining for the TGF-§
isoforms was not different from that in normal control kidneys.

CTGF expression was increased in inflammatory glomerular
and tubulo-interstitial lesions, associated with cell proliferation
and matrix accumulation. Increased CTGF mRNA expression
was predominantly observed in podocytes (Fig. 7). Concom-

itantly, CTGF protein was also strongly detected in podo-
cytes, both with FG-3145 (Fig. 7) and with rabbit anti-
CEADLEENIKK (Fig. 8, A and B). In addition, CTGF protein was
detected in the mesangial protiferative lesions in IgA NP (Fig. 84),
diabetic nephropathy (Fig. 8B), and hupus nephritis (WHO class IV,
Fig. 8B) with rabbit anti-CEADLEENIKK (Fig. 8), but not with

FG-3145 (Fig. 7).
Although CTGF was abundant in these proliferative lesions,
rn oheal 1 li and

1 q

P

adult glomerulus

i -

Fig. 6. Protein of CTGF (rabbit
anti-CEADLEENIKK), TGF-B, TGF-B2,
- and TGF-Bs during human glomerulogenesis

el s “.of detected by immunostaining with hematoxy-
Pt SRS s lin Original

T % ;“51«: X400 ( loop stage), X250 (maturing

¥ stage), X100 (adult stage). In the capillary
loop stages, CTGF protein is expressed in
the basal portion of the podocytes and in a
mixed-cell cluster within the glomerular tuft.
TGF-B1, TGF-B,, and TGF-Bs are detected
in the basal portion of the podocytes. Also
TGF-B, is weakly detected in the mixed-cell
cluster. In the maturing glomerular stages,
the expression pattemn of each TGF-B iso-
form is similar to that of CTGF. In the
normal adult glomerulus, TGF-B; and TGF-
B3, as well as CTGF, are mainly expressed
by podocytes. TGF-B; is only detected in the
tubules.

interstitial fibrotic areas than in glomerular lesions (not
shown).

By semiquantitative analysis, the “mesangial CTGF protein
expression score”, as determined by immunostaining with
rabbit anti-CEADLEENIKK, was significantly higher in IgA
NP and diabetic glomerulosclerosis than in nonproliferative
renal diseases and control kidneys (Fig. 9). In addition, in
mesangial lesions of IgA NP, CTGF expression was much
higher when proteinuria exceeded values of 1 g/day than in
those of IgA NP patients with proteinuria of <1 g/day.
DISCUSSION

The expression of CTGF is i d in fibrotic disorders in
a large variety of organs in association with simultaneous

ion of TGF-B. Indeed, the well-known profibrotic

it was not in adj; gk

pletely scl gl lar lesions, such as in diabetic
nodular lesions (not shown). CTGF was strongly expressed in
tubulo-interstitial fibrotic areas (not shown).

In case of mild mesangial proliferation, increased

of CTGF, TGF-B, and TGF-Bs, but not of TGF-B;, was
observed (mild proliferative IgA NP, Fig. 84). In contrast,
expression of CTGF and of all isoforms of TGF-f was strongly
increased in severe proliferative lesions (crescentic glomeru-
lonephritis, Figs. 7 and 8B). In all kidney diseases examined,
TGF-B; expression was increased to a larger extent in tubulo-

factor TGF-B is the most potent inducer of CTGF expression to
date. The presence of extracellular CTGF is required for
effectuation of several of the profibrotic effects of TGF-B, as
indicated by blocking studies in experimental models, both in
vivo and in vitro (9, 20, 34, 67). Moreover, CTGF and TGF-8
synergistically stimulate development of fibrosis upon admin-
istration in vivo (34). In this respect, two alternative, but not
exclusive, hypotheses on the action of CTGF have emerged.
First, CTGF may modulate signaling upon binding to various
cell surface receptors (15, 33, 52, 59, 64). Second, CTGF may
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Fig. 7. Periodic acid Schiff (PAS) staining
and expression of CTGF mRNA (in situ

FG-3145, brown signal; methyl-green coun-
terstain) in renal biopsy specimens from pa-
tients with minimal change nephritic syn-
dromc(MCNS),dlMcglmuuhsclemm,
and crescentic glomerulonephritis (GN).
CI‘GF expmslon is imed mainly in

Lry ve k.dou Orlgjml
cations: X400. DM, diabetic mellmu; NP,

nephropathy.

directly bind TGF-B and subsequently enhance binding of
TGF-B to its signaling receptor (1). Here, we have confirmed
coexpression of CTGF and TGF-B isoforms in several types of
glommﬂarmjuryandhave,maddiuon,shownasmﬂar
orchestrated coexpression during nephron development. We
demonstrated that sustained expression of CTGF mRNA and
C'l‘GFpmdn:spruentmd:cmmlglomuhﬁomthe

S-shaped stage onward, and that the glomerular CTGF expres-
smmsmallstagesassoc:mdwxdlcolocalmdexpremonofat

GLOMERULAR OOEQRESSWOFCT@ANDTGF-BI

CTGF mRNA CTGF protein

positive precursors of glomerular endothelial cells. Paractine
effects of podocyte-derived CTGF on precursors of the other
glomerular cell types may be envisaged, as has been demon-
strated for VEGF-A (19). In maturation, CTGF protein expres-
sion became restricted to podocytes in adult glomeruli. Expres-
sion of TGF-B; was high in the capillary loop stage and
subsequently diminished to undetectable levels. Inversely,
TGF-B, was weakly detected in the capillary loop stage and
was clearly present in fully matured podocytes at the adult

least one of the TGF-8 family bers. To our k

this is the first time that such simultaneous and colocalized
expression of CTGF and TGF-B is described in the absence of
development of fibrosis.

Interaction of the multidomain CTGF with various ligands
may affect its detection, possibly explaining the different
subcellular staining of the antibodies directed against
either domain 2 (FG-3019, FG-3145) or domain 3-4 (rabbit
anti-CEADLEENIKK). Physiological CTGF cleavage prod-
ucts may occur at various sites as well. CTGF protein was
abundant in a punctate pattern in a subset of tubular epithelial
cells in newborn rat kidneys, as detected using the antidomain
2, but not with the antidomain 3—4 antibodies. Since CTGF
mRNA was hardly expressed by these cells, this observation
suggests that CTGF may be endocytosed by tubular epithelial
cells. Indeed, CTGF can bind and modulate signaling via LDL
receptor-related protein scavenging receptors (33, 52) and is
degraded in endosomes (16). The in vivo dynamics of CTGF
turnover and processing require more investigation.

The overall expression patterns of CTGF during glomerulo-
genesis in rat and humans correspond with each other. Further
analysis revealed that, in the capillary loop stage, CTGF
mRNA and protein are predominantly expressed by synaptopo-
din-positive GVECs; at this stage, CTGF protein is also present
on a-SMA-positive precursors of mesangial cells and CD31-

age. Exp of TGF-B3 was observed in podocytes at all
glomerular stages.

Previously, our laboratory showed that TGF-8,, TGF-B,,
and TGF-B; may all induce CTGF gene transcription in mes-
angial and podocyte cell lines to a similar extent (24). All
TGF-B isoforms are capable to stimulate production of extra-
cellular matrix proteins in renal fibroblasts, tubular epithetial
cells, and mesangial cells in vitro (68). Upon forming a
complex with TGF-$ receptor type I and type II, each of the
three TGF- isoforms may cause activation of the Smad2 and
Smad3 signaling intermediates, that subsequently bind Smad4
and translocate to the nucleus as a transcription activating
complex (55). Induction of CTGF gene transcription by TGF-8
in fibroblasts and jal cells in vitro involves signaling
through Smad, MAP kinase, PKC, and Ets1 dependent path-
ways (8, 38). Expression of Smad2 and Smad3, the phosphor-
ylated active pSmad2, and the common mediator Smad4 is
widespread in early stages of nephron development, decreases
with maturation, but remains present in podocytes in adult
Kidneys (4). I tingly, Wu and colleagues (63) described an
increased production of TGF-B, and its requirement to induce
cell-cycle arrest and differentiation in a model of podocyte
maturation in vitro; the levels of TGF-8, did not change. In
contrast, addition of higher concentrations of either TGF-, or
TGF-B, induced apoptosis of podocytes in this model (63).
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mmmmumm

not
IgA
TGE

in glomeruli of MCNS and mild proliferative

of

IgA NP, and
NP (A), DM NP, World Health Organization class IV

nephitis (N), and crescentic GN (B). TGF-B, is
of CTGF and of all isoforms

8. Protein expression of CTGF (rabbit anti-
increased in the severe proliferative

CEADLEENIKK), TGF-81, TGF-2, and TGF-Bs in MCNS,

mild

2

mild proliferative IJANP  moderate prolif. IgA NP

— 208 —

AJP-Renal Physiol  VOL 299 « SEPTEMBER 2010 « WWW.ajprenal.org



F556

4 -

;Qﬁa %%

o 0 o\ \
cf‘qy ‘;"‘\ « 9 é\b'* \56‘

CTGF score

& &

&
Fig. 9. analysis of
Wunxnmddmmmwﬁhmwﬁhommmgiﬂwmduys
examined of control subjects (CTRL; n = 6), MCNS (» = 9), idiopathic
‘membranous glomerulopathy (MGP; n = 11), DM NP (# = 10), and IgA NP
[subgrouped in patients with proteinuria <1 g/day (7 = 10) and patients with
proteinuria of at least 1 g/day (n = 24)]. Results are expressed as box-and-
whisker plots; the boxes comprise the 25th and 75th percentiles and show the
median values, the are by the i Di
between groups were evaluated by the nonparametric Kruskal-Wallis and
Dunn’s multiple-comparison tests. * DM compared with CTRL, P < 0.01; DM
compared with MCNS or MGP, P < 0,001. ®IgA NP (=1 g/day)

of CTGF

GLOMERULAR COEXPRESSION OF CTGF AND TGF-Bs

of mesangial cells into a-SMA expressing myofibroblast-like
cells was induced by TGF-B,, but not affected by CTGF.
However, CTGF was shown to be able to induce synthesis of
fibronectin, type I collagen, and type IV collagen by mesangial
cells (9). In an experimental model of tubulointerstitial nephri-
us,anusensebloclnngof(.‘l‘GFexp:esmonmsulnedmreduced
expression of EDA-FN (66).

The results of the present study support the concept that
overexpression of CTGF and TGF-B; contributes to develop-
ment of renal fibrosis in adults, CTGF mRNA is upregulated in
prohfermvc lesions ofhumanandexpetimemal glomerulone-
phritis, in pamcular in extracapillary proliferative lesions,
confirming previous reports (23, 24). Here, we extend these
observations by detailing CTGF expression at the protein level.
We further explored the relation between glomerular CTGF
andTGF-B;xmeinexpmssonmsevetaltypesofhuman
gk:merulopaﬂnes The Cl‘GFP-- ion score was
significantly i d in diabeti ulosclerosis and in
IgA NP, in particular, msab]ecwwnhlnghptmdnnm.ln
these lesions, CTGF mRNA is predominantly expressed by
podocytes, which are, therefore, probably the main source of
full-length CTGF protein. In accordance, both NH,-terminal
andCOOH-mmimldomamsot‘m‘GFweredmctedmpodo-

'ytes. Interestingly, predominantly COOH-terminal CTGF was
dewcwdmﬂxemangmlatea,wmnnngﬁnﬂlermvesugamn
of possible CTGF cleavage and differential availability of

frag in these glomerulopathies. In nonproliferative

with CTRL, MCNS, or MGP, all P < 0.001. ©IgA NP (=1 g/day) compared
with IgA NP (<1 glday), P < 0.05.

Recent studies by Sims-Lucas and colleagues (56) using
TGF-B, homozygous and heterozygous mutant mice also sug-
gest that a critical and possible narrow range of TGF-8,
concentrations is required for normal branching morphogenesis
and nephrogenesis.

Our data, i ing the of TGF-B; in
fully differentiated podocym under normal conditions in vivo,
support the in vitro observations by Wu and colleagues (63).
These observations suggest that the TGF-B-Smad signaling
pathway is active in podocytes at all stages of development and
may be involved in the apparently constitutive CTGF expres-
sion in these cells. Homozygous CTGF knockout mice die
shortly after birth because of respiratory failure due to defec-
tive endochondral ossification and associated skeletal abnor-
malities (25, 26). To what extent CTGF contributes to main-
taining normal glomerular form and function is, therefore, not
clear at present.

The early stages of glomerular development, in which co-
expression of TGF-8; and CTGF was observed, are character-
ized by p like cell migration, proliferation, and matrix
production that are also common in proliferative g|
thies and that are known to be induced by TGF-8; and CTGF
in various cell types in vitro (8, 9, 21, 29, 37, 47). In agreement
with earlier reports (3, 39), a-SMA expression was common in
the mesangial area in the capillary loop stage. In addition,
strong expression of the EDA-containing fibronectin splice
vmamwasprmlmeresungly,meprescnccofﬂcEDAFN
domain is crucial for myofibrobl: phenotype i on by
TGF-B; (53), a common phenomenon upon renal tissue injury.
CTGF promotes migration of mesangial cells in an in vitro
model for wound repair (9). We observed that transformation

glomerular diseases, such as minimal change nephropathy and
MGP, the mesangial CTGF expression score was not different
fmmthatmcomlkidneys.Yokmandcolleugues(ﬁ)m—
cently demonstrated in fic
mwethatCl‘GFovcrexprmonpersedoesn«causeglomem
lopathy in otherwise normal mice. Importantly, streptozotocin-
induced diabetes resulted in more severe diabetic nephropathy
in the CTGF-transgenic mice than in their wild-type littermates
(65). SMAD3-dependent signaling is involved in development
of diabetic glomerulosclerosis (60), in line with the widely
appreciated role of TGF-§ in renal fibrosis (7, 10). Accord-
ingly, high expression of all TGF-B isoforms was present in
severe proliferative lesions, including diabetic glomeruloscle-
rosis. TGF-B, expression was less in mild mesangial prolifer-
ative lesions and in nonproliferative glomerulopathies. More
than one-half of the subjects with MCNS or MGP showed no
expression of TGF-B; in the glomerulus, whereas relatively
strong expression of TGF-B, and TGF-B; was present in
podocytes. These findings are in agreement with those from
several experimental models in which also all TGF-B isoforms
were present in only the most severe cases of glomerulone-
phritis (24, 54, 62).

In summary, our findings suggest that coordinated expres-
sion of TGF-B isoforms and of CTGF may be involved in
normal glomerulogenesis and possibly in maintenance of glo-
merular structure and function at adult age. Prolonged overex-
pression of TGF-B; and CTGF is associated with development
of severe glomerulonephritis and glomerulosclerosis.
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Supplementary Figure 1

Protein-A affinity purified rabbit IgG anti-CEADLEENIKK binds the C-terminal half of CTGF (C-CTGFE,
containing domains 3 and 4) as well as full length CTGF (CTGF-W, consisting of domains 1 — 4) and does
not bind to the N-terminal half of CTGF (N-CTGF, containing domains 1 and 2). The CEADLEENIKK
peptide is located in between domains 3 and 4.

Recombinant human CTGF-W, C-CTGF and N-CTGF were purified from cultures of CHO cells that had
been transfected with the respective expression vectors. For ELISA, CTGF-W, C-CTGF and N-CTGF
were each coated at 40 nM. Dilution series of rabbit anti-CEADLEENIKK were examined by ELISA for
binding to CTGF and its fragments; shown are the results of rabbit anti-CEADLEENIKK assayed at 0.4

pg/mi.

Supplementary Figure 2

Expression of CTGF mRNA was detected by in situ hybridization using a DIG-labeled antisense
riboprobe in formalin-fixed paraffin sections of rat kidneys at ages of 9 days (A), 1 day (C) and 5 days (E).
Bound DIG is detected by immunostaining with alkaline phophatase-conjugated sheep anti-DIG antibody
and nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate as substrate, yielding a blue
precipitate. Incubation with the control DIG-labeled sense riboprobe on serial sections (B, D, E) does not
yield any staining.

Following the ISH procedure, immunohistochemistry was performed for collagen type IV to provide a
counterstain that does not interfere with the cellularly localized ISH signals. Binding of the rabbit anti-
collagen type IV was detected with poly-HRP goat anti-rabbit IgG and 3,3’-diaminobenzidine and
hydrogen peroxide as substrate, yielding a brown precipitate.

CTGF mRNA is detected in glomerular epithelial cells in capillary loop stage and maturing stage
glomeruli. Bar sizes: 200 um (A, B), 50 pm (C - F).

Supplementary Figure 3

Expression of CTGF protein in a rat kidney of 9 days old. Immunostaining using FG-3019 (specific for
domain 2 in the N-terminal part of CTGF) on formalin-fixed paraffin section (A) and rabbit anti-
CEADLEENIKK (specific for an epitope in the C-terminal part of CTGF, containing domains 3 and 4) on
methanol-fixed cryostat section (B) shows presence of CTGF protein in capillary loop stage and in
maturing stage glomeruli with both methods. Different staining patterns are apparent for the tubular
compartment. FG-3019 binds a subset of tubular epithelial cells in a punctuate pattern (A), whereas rabbit
anti-CEADLEENIKK binds to developing cortical collecting ducts in the medullary ray area (B).
Replacement of the anti-CTGF antibodies with either normal human serum on paraffin sections (not
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shown) or pre-immune normal rabbit serum on cryostat sections (C) did not yield any binding of the

enzyme-conjugated secondary step reagents. Bar size: 100 pm.

Supplementary Figure 4
Double immunostaining for protein expression of CTGF (rabbit anti-CEADLEENIKK; red) and

synaptopodin (blue) in a glomerular capillary loop stage (A) and in an adult glomerulus (B) of human
kidneys. Original magnifications: x400.

At the capillary loop stage, CTGF is expressed by synaptopodin-positive epithelial cells and also by
precursors of mesangial and glomerular endothelial cells. In the normal adult kidney glomerular CTGF
expression is less abundant and restricted to podocytes. Supplementary Figure 4 confirms data presented
in Figure 5, applying light microscopy of double-stained sections instead of confocal laser scanning

fluorescence microscopy.
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