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Abstract

Rat mesangial cells (MC) release a factor that competes in a
dose-dependent manner with '25I-labeled platelet-derived
growth factor (PDGF) for binding to human foreskin fibro-
blasts (HFF). The competitor activity in mesangial cell condi-
tioned medium (MCCM) is reversible, trypsin sensitive, and
inhibited by anti-PDGF IgG. MCCMalso expresses potent
mitogenic activity to HFF. Anti-PDGF IgG, in concentrations
that completely abolished the mitogenic activity of pure PDGF
and the competitor activity of MCCM,only partially (33-41%)
inhibits this mitogenic activity. The PDGFreceptor competing
activity as well as the total mitogenic activity, coelutes with
labeled pure PDGFon Sephacryl S-200 gel chromatography.
Cation exchange chromatography of concentrated MCCM
yields a major mitogen peak with little competitor activity and
a smaller mitogenic peak with comparable competitor activity,
suggestive of the presence of other mitogens in MCCMbesides
the PDGF-like protein.

PDGFis a potent mitogen and may play a role at inflamma-
tory sites. The production of PDGF-like protein by MCmay
provide insights for understanding the pathogenesis of glomer-
ular diseases.

Introduction

Glomeruli, the filtering units of the kidney, are composed of
several cell types including epithelial, mesangial and endothe-
lial cells (1, 2). Recent studies suggest that glomerular cells are
intimately involved in regulating glomerular hemodynamics
and actively participate in modulating responses to pathologic
stimuli (1-9). The availability of techniques to isolate and cul-
ture homogenous preparations of glomerular cells have ad-
vanced our knowledge of the functions and properties of in-
trinsic glomerular cells (1, 2). Particular attention has focused
on glomerular mesangial cells (MC).' MCare specialized peri-
vascular cells with diverse characteristics. In addition to their
ability to synthesize glomerular basement membrane and me-
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1. Abbreviations used in this paper: DVF 12 medium, Dulbecco-Vogt
modified Eagle's:Ham 12 medium; HFF, human foreskin fibroblasts;
IL-1, interleukin 1; MC, mesangial cells; MCCM,mesangial cell con-
ditioned medium; PAGE, polyacrylamide gel electrophoresis; PDGF,
platelet-derived growth factor; PDS, plasma-derived serum.

sangial matrix components such as collagen and fibronectin,
they possess receptors for a number of hormones and inflam-
matory mediators that may regulate their function in physio-
logic or pathologic states (4-7). MCexhibit smooth muscle-
like properties and contract in response to vasoactive hor-
mones (4-7), synthesize potent inflammatory mediators such
as oxygen-derived radicals (8), cyclooxygenase and lipooxy-
genase products (5, 8), and release a neutral proteinase capable
of digesting glomerular basement membrane (9). Of particular
interest are the recent observations that rat glomerular MC
produce erythropoietin (10) as well as a mitogen that closely
resembles macrophage interleukin 1 (IL- 1) (1 1). While explor-
ing the mitogenic activity of rat mesangial cell conditioned
medium (MCCM) on several target cells, we discovered that
these cells release a protein indistinguishable immunologically
and physiochemically from platelet-derived growth factor
(PDGF). PDGF, a heat stable polypeptide, is the major mito-
gen in serum for a variety of cells of mesenchymal origin
(12-16). It is stored in the alpha-granules of platelets and is
released into the serum during blood clotting. While platelets
are the primary source of this growth factor activity in the
serum, several studies have shown that nonplatelet cells are
capable of producing and releasing a PDGF-like protein.
PDGFor a closely related molecule is synthesized and released
by transformed or malignant cells in culture (17-20). The
demonstration that PDGFhas extensive sequences homology
with the putative transforming protein of simian sarcoma
virus (15), suggest that PDGFmay be involved in the abnor-
mal growth of malignant cells. Recent studies show that
PDGF-like protein may also be secreted by nontransformed
proliferative cells (21-25). DiCorleto et al. have recently re-
ported that cultured endothelial cells from several species pro-
duce several mitogens, one of which is biochemically and im-
munologically related to PDGF(21, 25). This report describes
the production by rat cultured MCof a growth factor molecule
that shares physiochemical and immunologic characteristics
with PDGF. The potential implication of this finding is also
discussed.

Methods

Materials. Human PDGFpurified to homogeneity, partially purified
human PDGF, and monospecific goat anti-human PDGFIgG were

tested for purity and specificity and kindly provided by Dr. Russell
Ross, University of Washington, Seattle, WA. PDGFpreparations
were purified from outdated human platelets through multiple column
chromatography steps as previously described (26). Pure PDGFwas

radioiodinated by the iodine monochloride method (27, 28) to a spe-
cific activity of 40,000 cpm/ng. The purity of the PDGFprepara-
tion was analyzed by SDSpolyacrylamide gel electrophoresis (PAGE)
on a 15% gel followed by autoradiography. The purity of the PDGF
preparations used exceeds 90%. Labeled PDGFpreparations are rou-

tinely tested for mitogenic as well as binding activities (26-28). Anti-
body to purified human PDGFwas prepared in a goat, and purified by
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Na2SO4 precipitation and chromatography on DEAE-Sephacel. Con-
trol IgG from a nonimmunized goat was prepared in the same manner.
The anti-PDGF antibody has been shown to specifically block the
binding and mitogenic activity of purified human PDGFbut not the
mitogenic effect of other growth factors such as fibroblast growth factor
and epidermal growth factors to target cells (19). The following re-
agents were obtained from Sigma Chemical Co., St. Louis, MO: Hepes
(n-4-(2-hydroxyethyl)-I-piperazine-N'-2 ethanesulphonic acid) and
insulin. Bovine serum albumin for the binding assays was from Ar-
mour Pharmaceutical Co. (Kankakee, IL). [Methyl-3H]Thymidine
(6.7 Ci/mmol) was purchased from New England Nuclear (Boston,
MA). Reagents for angiotensin converting enzyme were purchased as a
kit from Boehringer Mannheim Biochemicals (Indianapolis, IN).

Animals. Male Sprague-Dawley rats (Charles River Breeding Labo-
ratories, Wilmington, MA) weighing 125-200 g were used routinely to
provide the MCcultures. In some experiments, as specified, MCwere
obtained from 2 wk and 3 moold Sprague-Dawley rats. These rats were
bred in our own facility.

Cell cultures
MCCultures. MCwere obtained from cultures of isolated rat glomer-
uli as previously described with minor modifications (2, 6). Rats were
anesthetized with ether and kidneys were excised under sterile condi-
tions. Glomerular isolation was carried out at 0-40C, in a laminar flow
hood. Renal cortices from three to five rats were pooled, minced with a
razor blade, and pressed through a stainless steel sieve, 212 mMpore
size. Material that passed through the sieve was suspended in Dul-
becco's phosphate-buffered saline (PBS, Gibco Laboratories, Grand
Island, NY) contaning 100 U/ml penicillin, 100 Mg/ml streptomycin
and 0.25 Ag/ml fungizone (Gibco Laboratories). This suspension was
subsequently passed through successive Nitex nylon sieves of 250-,
211-, 150-, and 50-Mm pore size (Tetko Inc., Rolling Meadows, IL).
Glomeruli from the regular size and adult rats were collected from the
top of the 50-Mm sieve, resuspended, and washed twice with PBScon-
taining the antibiotics. Harvested glomeruli (5-10% contaminated
with tubular fragments) were resuspended in culture medium RPMI
1640 (MA Bioproducts, Walkerville, MD) buffered with 15 mMHepes
at a pH of 7.4, supplemented with 17% decomplemented fetal calf
serum (FCS), 0.66 U/ml insulin, and antibiotics (Gibco Laboratories).
Suspended glomeruli were plated onto tissue culture flasks or tissue
culture dishes and incubated at 37°C in an atmosphere of 95% air and
5% carbon dioxide. Cultures were refed with culture medium 3-4 d
after plating and medium change was subsequently performed every
48 or 72 h. Under these conditions only glomeruli attach and primary
glomerular eipthelial cell outgrowth persists for 5-9 d after plating.
After this time period, epithelial cells start to senesce and detach while
MCappear and spread from the glomerular cores. These primary
cultures of MCwere allowed to grow for 3-4 wk, at which time period
the cultured cells are confluent MC. Primary confluent MCwere
washed and removed with 0.025% trypsin-0.5 mMEDTA in calcium
and magnesium-free PBS. Cells were then suspended in culture me-
dium and plated onto culture dishes or flasks (Costar, Cambridge, MA)
as specified. For the glomerular preparation from the young rats, the
glomerular suspension was passed through 150-, 105-, and 75-Mm
sieves, allowed to settle by gravity, and supernatant suctioned slowly by
a Pasteur pipette and discarded. This process was repeated two to three
times. The 60%pure glomerular suspension was plated as for the other
glomerular preparations. Tubular fragments under these culture con-
ditions never attach and are removed after the first medium change.
Unless specified otherwise, experiments were performed on primary or
first two passage MCcultures. The identity of the MCwere established
by several criteria. Morphologic evaluation of the cell cultures was
performed as previously described (6). On phase-contrast microscopy,
the cells appear as a homogenous population of large, stellate or fusi-
form cells with prominent intracellular fibrillar structures parallel to
the plasma membrane. On electron microscopy, the cells display nu-
merous bundles of microfilaments, elongated nuclei, and dense
patches. These morphologic features are similar to those of MCin situ

(1, 2). None of the cultures contained cells with epithelial or endothe-
lial features as determined by either phase contrast or electron micros-
copy. Morphologic features, phase contrast, and electron microscopy,
were maintained through 13 serial passages thus far tested. Moreover,
the cells were sensitive to mitomycin C, a MCtoxin, but not amino-
nucleoside of puromycin, known to be an epithelial cell toxin (1, 6).
Fibroblast contamination was excluded by the ability of MCto grow in
medium in which L-valine was substituted by D-valine (1, 6), a condi-
tion in which fibroblasts do not survive. Immunoperoxidase studies on
MC, performed on primary and first passage MC, showed positive
staining for fibronectin, utilizing rabbit antihuman antiserum (Dako
Corp., Santa Barbara, CA). Staining for fibronectin was seen both in
the cells and extracellular matrix in agreement with findings by other
investigators in MCcultures (9, 11) as well as in situ studies (29).
Endothelial cell contamination was excluded by the absence of stain-
ing for Factor VIII antigen by immunoperoxidase technique utilizing
rabbit antihuman antiserum (Dako Corp.) that stained endothelial
cells of rat renal cortical blood vessels and human umbilical vein
endothelial cells. Moreover rat MCwere tested for the presence of the
endothelial cell marker, angiotensin converting enzyme (ACE) utiliz-
ing a highly sensitive spectrophotometric assay (30). Confluent cul-
tures of primary and first passage rat MCwere tested for ACEactivity
by determining the amount of glycyl-glycine liberated upon incubation
of samples with hippuryl-glycyl-glycine. Confluent cultures of human
umbilical vein and bovine aortic ECwere used as positive controls. Rat
MCdid not express any amount of enzyme activity over a wide range
of enzyme protein tested. In contrast, intact isolated rat glomeruli and
both umbilical vein and bovine aortic EC expressed high and linear
enzyme activity within the same protein range of the tested MCprepa-
rations.

Other cell cultures
Humanforeskin fibroblasts (HFF) were prepared from tissue provided
by the Perinatal Clinical Research Center, Cleveland Metropolitan
General Hospital (23). Cultures of bovine aortic EC, and human um-
bilical vein EC were isolated and maintained as described previously
(21, 23, 25). The medium used for HFF, bovine and human umbilical
vein ECwas a 1:1 mixture of Dulbecco-Vogt modified Eagle medium
with high glucose and HamF12 (DV 12 medium; Gibco Laboratories)
supplemented with sodium bicarbonate (0.23%), penicillin (200
U/ml), streptomycin (200 Mug/ml), nonessential amino acids (0.2 mM),
sodium pyruvate (2 mM)and L-glutamine (4 mM). Unless indicated
otherwise, these cultures were maintained in medium containing 5%
serum (Hy-Clone, Logan UT).

Preparation of plasma-derived serum. Cell-free plasma-derived
serum (PDS) was prepared from citrated whole blood of human volun-
teers as previously described (23, 30). Briefly, blood was collected in
prechilled syringes containing sodium citrate, transferred to cold plas-
tic centrifuge tubes and centrifuged to remove all blood cell elements at
30,000 g for 20 min. Plasma was recalcified by the addition of CaCl2 to
a final concentration of 20 mMand allowed to clot for 2 h at 37°C.
Clotted material was removed by centrifugation at 400 g for 30 min at
4°C. Plasma-derived serum was filter sterilized and stored at -70°C.

Preparation of cellfree conditioned media. MCwere grown to con-
fluence in 22 mmor 35 mmmultiwell dishes (Costar) in 1 or 2 ml,
respectively, of MCculture medium (RPMI + FCS). This medium was
aspirated and cells washed three times with serum free RPMI contain-
ing the antibiotics and buffered with Hepes to pH 7.4 and incubated in
the same medium for 24 h. This first medium collection was discarded
to exclude any contamination with serum. Subsequent collections
were made from cells reincubated with serum free RPMI for 48 or 72
h. Medium from wells is collected into conical centrifuge tubes, and
centrifuged to remove cell debris at 5,000 rpm for 5 min, in a Sorvall
centrifuge. The supernatant was stored at 0-4°C until assayed.

Radioreceptor assay for PDGF-like protein. The concentration of
PDGF-like protein in MCCMwas measured by a radioreceptor assay
as previously described (21, 27, 28). This assay measures the competi-
tive activity of the test sample with 1251I-PDGF for binding to PDGF
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receptors on HFF. Unlike standard simultaneous competition assays
the protocol of this assay involves preincubating the target cells with
PDGFstandard or test sample, aspirating the medium and adding
binding medium containing '251-PDGF. The assay therefore depends
on the ability of the bound receptor during the preincubation with
purified PDGFor test substance to remain blocked during subsequent
incubation with '25I-PDGF (28). This sequential incubation protocol
excludes detection of spurious amounts of PDGFsecondary to binding
of the label to binding components in the test sample, and for reasons
discussed (19) helps increase the sensitivity of the assay. Subconfluent
HFFwere plated at a density of 1.5 X I04 cells/cm2 in 24 well plates in
1 ml medium containing 1%PDS. Cells were used 4-10 d after plating.
Plates were placed on crushed ice and washed with 0.5 ml of ice-cold
binding medium. This medium is Dulbecco-Vogt medium without
bicarbonate containing 25 mMHepes buffer pH 7.2 and 2 mg/ml
BSA. Binding medium alone or binding medium containing varying
aliquots of MCCMor standard concentrations of pure PDGFwas then
added to the cells. In the experiments where the effects of anti-PDGF
antibody was tested, MCCMor pure PDGFsamples were preincu-
bated in the presence or absence of antibody or identical amonts of
control IgG in sterile siliconized microcentrifuge tubes for 1-h at 220C
with rotary shaking every 10 min. The concentration of the anti-PDGF
IgG was adjusted such that the amount of the antibody relative to the
amount of PDGFin all the samples remains constant. Aliquots from
each preincubation condition were then transferred to the cells (HFF).
Cells were then incubated for 2 h at 4VC with gentle shaking on an
oscillating table. Medium was aspirated and cells washed three times
with binding medium. 0.5 ml of binding medium containing 0.2 ng
'25I-P[F was then added to each well and incubation continued for
an additional 2 h at 4VC. At the end of this incubation, medium was
aspirated and cells washed three times with 1 ml ice-cold PBScontain-
ing BSA at 1 mg/ml and 1 mMCa2+. Bound radioactivity was deter-
mined by solubilizing the cells with 1%Triton X-100 containing BSA 1
mg/ml. PDGF-like protein was quantitated from standard curves ob-
tained from wells containing 0.05, 0.1, and 0.2 ng unlabeled pure
PDGF. Nonspecific binding was determined as the amount of 1251.
PDGFbound in the presence of 100-fold excess of partially purified
PDGFand averaged 5%. Data were expressed as nanograms PDGF
equivalent/105 cells. In some experiments, PDGF-like protein was also
expressed as units of competitor activity, where one unit is equivalent
to 1% inhibition of 1251 binding. Competitor activity of all samples and
standards were determined in duplicate or triplicate wells. In one ex-
periment, and to exclude a damaging effect of MCCMon the PDGF
receptor, we also tested the effect of acetic acid wash on the competitor
activity of MCCMfor the subsequent binding of '251-PDGF (31, 32).
Duplicate dishes of HFFwere incubated at 4°C for 2 h with MCCM,
crude PDGF, or binding medium as described earlier for the radiore-
ceptor assay. One group of dishes representing each incubation condi-
tion was subsequently washed with binding medium while the other
group was washed with binding medium followed by a 3-min incuba-
tion at 4°C with 0.2 Macetic acid in 150 mMNaCI with 1 mg/ml BSA,
pH 3.12. All dishes were subsequently washed twice with binding me-
dium and 251I-PDGF binding determined as described earlier.

Mitogenic activity of PDGF-like protein. The growth-promoting
activity of MCCMwas determined by measuring the incorporation of
[3H]thymidine by serum-free cultures of HFF(21, 23, 31). HFFgrown
in medium containing 5%bovine serum were plated in 24 well dishes
at a density of 3 X I04 cells/cm2 in 1% PDS. Cells were used after 5 d
when they were quiescent and nondividing. Triplicate aliquots of
MCCMor pure PDGFwere preincubated in the absence or presence of
goat antihuman PDGFIgG in sterile siliconized microcentrifuge tubes
for I h at 22°C with rotary shaking every 10 min. The concentration of
the anti-PDGF IgG was adjusted such that the ratio of the amount of
antibody relative to PDGFin all the samples remains constant and
identical to that in the radioreceptor assay. Control incubations con-
sisted of aliquots of pure PDGFincubated with control IgG and
MCCMalso incubated with IgG. The mitogenic activity of the prein-
cubated samples was determined as follows: Sample content from each

tube was divided into two aliquots and added to each well of HFF
cultures in the 24 well plates in 1% PDS in DVF 12 medium supple-
mented with sodium bicarbonate, sodium pyruvate, L-glutamine,
penicillin, streptomycin and nonessential amino acids. Cultures were
then incubated for 18 h at 370C. Incubation medium was then aspi-
rated and replaced with fresh DVF12 medium containing [3H]thymi-
dine (0.5 pCi/ml) in a total volume of 0.5 ml and cells reincubated for 4
h at 370C. The assay was terminated by aspiration of the medium and
washing the cells twice with 5%TCA. Cells from individual wells were
harvested by the addition of 0.7 ml of 0.25 NaOHand the radioactivity
in 0.5-ml aliquots was determined by liquid scintillation counting.

To determine the ratio of mitogenic to competitor activity present
in MCCM,pooled MCCMwas concentrated 20-fold by ultrafiltration
(Amicon Corp., Danvers, MA; YM-10 membrane) and centrifuged.
Mitogenic and competitive activities were assayed as described earlier
on serial dilutions of the concentrate of MCCMin the presence of
standard concentrations of PDGFin both assays.

Biochemical characterization of competitor activity in MCCM:Ef-
fect of trypsin. Serum free MCCMwas collected as described earlier,
concentrated 36 fold by ultrafiltration (YM-10 membrane) and cen-
trifuged. A 1-ml aliquot of this concentrate was incubated with 300 pg
of trypsin at 370C for 1 h. Soybean trypsin inhibitor (660 gg) was then
added to neutralize trypsin. The same concentration of soybean tryp-
sin inhibitor was added to another 1.0-ml aliquot as control. Aliquots
were stored at 4VC, till assayed. PDGF-like competitive activity was
assayed on serial dilutions of both aliquots.

Gel chromatography
Collected serum free MCCMwas concentrated 20-fold and dialyzed
against 50 mMammonium acetate pH 7.5. 1.5 ml of this concentrate
was applied to a column of Sephacryl S-200 (Pharmacia Fine Chemi-
cals, Piscataway, NJ) equilibrated in 1.0 Macetic acid adjusted to pH
3.0 with concentrated NH4OH. Collected fractions were lyophilized,
reconstituted in 5 mMacetic acid and monitored for mitogenic and
competitor activity as described earlier. An aliquot of '25I-labeled pure
PDGFwas added to the MCCMbefore elution and fractions were
tested for radioactivity in a gammacounter.

Ion exchange chromatography
MCCMwas concentrated as described earlier, and the concentrated
solution dialyzed exhaustively against I mMNH4HCO3, pH 8.0 and
adjusted to 0.1 M NH4HCO3by the addition of NH4HCO3. This
solution was applied to a 1.5 X 28 cm column of CMSephadex G-50
equilibrated at room temperature with 0.1 MNH4HCO3,pH 8.0. After
washing, a linear gradient of NH4HCO3from 0.1 to 1.0 Mwas started.
Fractions were Iyophilized and resuspended in 5 mMacetic acid con-
taining 2 mg/ml BSAand were assayed for PDGFcompetitor and total
mitogen activity.

Results

In preliminary experiments, and using the radioreceptor assay,
we found that preincubation of increasing concentrations of
MCCMwith HFF inhibit the subsequent binding of 1251-
PDGFto the cells in a dose-dependent manner. In contrast to
the effect of MCCM,control (nonconditioned serum-free
RPMI), at various concentrations, had no effect on 1251-PDGF
binding to the same fibroblast cultures.

Table I shows the concentration of PDGF-like protein re-
leased into conditioned medium of confluent primary and first
passage MCfrom four separate MCcell cultures. Since the
molecule released by rat mesangial cells may not be identical
to human PDGF, the concentration of this molecule was ex-
pressed as "ng PDGFequivalent" rather than PDGF. When
expressed per cell number, the competitor activity released by
MCdoes not decline with cell passage. Weobserved that MC
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Table L Production of PDGF-like Protein by Rat
Mesangial Cells in Culture

PDGF

ng eq/72 h/1J5 cells

Culture 1
Primary (days 0-3)
Primary (days 3-6)
Passage I (days 0-3)
Passage I (days 3-6)

Culture 2
Primary (days 0-3)
Primary (days 3-6)
Passage I (days 0-3)
Passage I (days 3-6)

Culture 3 (2 wk old)
Primary (days 0-3)
Primary (days 3-6)

Culture 4 (3 moold)
Primary (days 0-3)
Primary (days 3-6)

3.25±0.1
3.35±0.1
3.60±0.0
2.80±0.0

1.59±0.03
1.79±0.01
2.06±0.39
2.76±0.66

2.47
2.92

1.11
1.96

Primary cultures of confluent MCwere obtained from isolated glo-
meruli plated onto multiwell culture dishes. Cells were passaged
using trypsin-EDTA into same size dishes and grown to confluence
in RPMI containing FCS. Serum-free conditioned media were col-
lected every 72 h as described in Methods and PDGF-like protein as-
sayed on aliquots of the conditioned media by radioreceptor assay.
Data shown are median±range of values on media from at least two
culture wells, each assayed in duplicates, except for the experiment
on the young and old rats where values are from single collection
wells each assayed in duplicate. Cell counts were obtained from the
same wells at the end of each collection period or from wells co-cul-
tured and coincubated for conditioned media in an identical man-
ner. Cells were treated with trypsin-EDTA and counted on a hemo-
cytometer.

continue to release this competitor activity up till eight pas-
sages thus far tested (unpublished observations). Smooth mus-
cle cells cultured from pup but not adult rats have recently
been shown to release a PDGF-like molecule (22). Since MC
share several properties with smooth muscle cells, we mea-
sured the concentration of PDGF-like activity in conditioned
media of MCcultured from 2-wk-old and 3-mo-old adult rats.
MCfrom both groups of rats exhibited similar morphologic
characteristics by phase contrast and electron microscopy.
Unlike the marked difference in PDGFproduction between
pup and adult smooth muscle cells, there was no major differ-
ence in PDGFproduction by MCfrom both the young and
adult rats. Fig. 1 shows that confluent mesangial cells continue
to secrete PDGF-like protein into serum free medium for at
least 2 wk. This finding suggests that the presence of the pro-
tein molecule in the conditioned medium was due to continu-
ous synthesis and secretion rather than release of a prestored
pool.

To determine if the substance(s) released into MCCMact
by displacing '251I-PDGF binding to the PDGFreceptor on the
HFF rather than by a nonspecific effect, we examined the
effect of preincubating pure PDGFstandards or increasing
concentration of MCCMwith anti-PDGF IgG on the subse-
quent binding of 1251I-PDGF to HFF. Control aliquots were

Figure 1. Time course of the
production of the PDGF-like

8.0 protein by rat cultured mesan-
Z X9 /gial cells. Confluent mesangial
°-s 6.0 cells in 35-mm wells were in-

cubated in serum free RPMI.
,.r 4.0 Every 48 or 72 h this medium
C D
a , /2 was collected and cells

2.0 counted, and the medium in
the remaining wells was re-

o / placed with fresh serum-free4 8 12 16 medium. Aliquots of the col-
Collection Period (days) lections were assayed for

PDGF-like protein by radioreceptor assay. Values represent the cu-
mulative average of duplicate incubation wells for each time period
each assayed in duplicate.

preincubated with an equivalent amount of IgG. As shown in
Fig. 2 a, preincubation with anti-PDGF antibody totally abol-
ishes the competitor activity of the pure PDGFstandards con-
firming the potency of the antibody employed. These same
concentrations (relative to PDGF) of anti-PDGF antibody
also essentially eliminated the PDGFreceptor competing ac-
tivity in the MCCMFig. 2 b. These data show that the PDGF-
like substance released into MCCMis recognized by human
anti-PDGF. To demonstrate that the inhibitory effect of
MCCMon 1251I-PDGF binding to HFF was not secondary to
damage, proteolytic or otherwise, of the PDGFreceptor, we
determined the effect of acetic acid wash on '251-PDGF to
HFF. Acetic acid treatment has previously been shown to be a
convenient method to remove cell bound growth factors such
as EGFor PDGF(31-33). As expected, preincubation of HFF
with crude PDGFor MCCMresulted in a marked decrease in
'25I-PDGF binding as compared to control cells preincubated
with binding medium alone (Fig. 3, closed bars). Acetic acid
treatment (hatched bars) fully restored 251I-PDGF binding to
HFF preincubated with MCCMor crude PDGF. These data
support the conclusion that MCCMcontains a molecule that
interferes with '251I-PDGF binding to its receptors on HFF in a
reversible manner without damaging the receptor. The small
decrease in '25I-PDGF binding to control HFF following the
acid wash is most likely due to minor damage to the receptor.

Since PDGFis a potent mitogen that enhances the prolifer-
ation of target cells, e.g., HFF, we next examined the effect of
pure PDGFand MCCMon the proliferative response of HFF,
measured as [3H]thymidine incorporation into DNA. Wealso
determined the effect of anti-PDGF IgG on this proliferative
response in the same cell cultures. Pure PDGFmarkedly en-
hanced DNAsynthesis in quiescent HFF cultures in a dose-
dependent manner. Average and range of [3H]thymidine up-
take (counts per minute) increased from 91±11 to 393+2,
751+72, and 1,066±9.0 at 0.09, 0.18, and 0.36 ng PDGF,
respectively. Preincubation of pure PDGFaliquots with anti-
PDGFantibody but not with control nonimmune IgG totally
abolished the mitogenic effect of PDGFon HFF. Correspond-
ing [3H]thymidine counts changed from 91 ± 11 to 118+17,
133+12, and 128±7.0 in the presence of anti-PDGF antibody
and to 305±14, 485±24, and 1,044±31, in the presence of
control IgG. These data demonstrate the ability of the anti-
body to recognize the mitogenic moiety of the PDGFprotein
Fig. 4 a. MCCMalso enhanced DNAsynthesis by HFF in a
concentration-dependent manner. [3H]Thymidine uptake in-
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Figure 2. Competitor activity of human PDGFand MCCMfor 125i-
PDGFbinding to HFF: effect of anti-PDGF IgG. Increasing standard
concentrations of pure PDGFor serial dilutions of MCCMwere
preincubated alone or with goat anti-PDGF IgG or control (nonim-
mune) purified IgG in binding medium as described in Methods.
Each preincubation condition was performed at three different con-
centrations. Aliquots of these mixtures were then transferred to qui-
escent subconfluent cultures of HFFplated onto 24 well cluster
dishes for assay. The following test conditions were assayed for com-
petitor activity in duplicates: (a) standard concentrations of pure
PDGF0.045, 0.09; and 0.18 ng (o), same concentrations of pure
PDGFand increasing concentrations of goat anti-PDGF IgG (x),
same concentrations of pure PDGFand control IgG in identical
amounts to goat anti-PDGF (o). (b) Increasing concentrations of
MCCMcontaining shown amounts of PDGFequivalent (o), same
concentrations of MCCMand increasing concentrations of goat anti-
PDGFIgG (x), same concentrations of MCCMand control IgG in
identical amounts to goat anti-PDGF IgG (o). Incubation volume for
the binding assay was 450 Ml/well. All wells were adjusted to contain
the same amounts of binding medium and vehicle for pure PDGF,
goat anti-PDGF IgG and control IgG. Binding assay and competitor
activity of each test conditions were determined as described in
Methods. 1 U of competitor activity = i% inhibition of '25I-PDGF
binding. MCCMwas obtained from a primary culture. Note that
anti-PDGF IgG but not control IgG abolished the competitor activ-
ity of pure PDGFand competitor activity of MCCM.

creased from 91±11 to 421±3, 621±83, and 708±36. How-
ever, the mitogenic activity of MCCM,unlike the competitor
activity, was only partially blocked by preincubating the con-
ditioned medium with anti-PDGF antibody. Only 33-41% of
the mitogenic activity of MCCMwas blocked with anti-PDGF
antibody in concentrations that totally abolished the mito-
genic activity of equivalent concentrations of pure PDGFand
the competitive activity of MCCM.Preincubation with con-
trol nonimmune IgG, on the other hand, had no significant
effect on the mitogenic activity of MCCM.Comparable counts
in the presence of anti-PDGF IgG were 305+±16, 405+48, and
495±24, and 342±9, 581+17, and 629±47, in the presence of

control IgG Fig. 4 b. These data suggest the presence of multi-
ple mitogens in MCCM,one of which is recognized by the
anti-PDGF antibody.

When equal aliquots from the same concentrated sample
of MCCMwere assayed for competitive and mitogenic activ-
ity, the concentration of PDGF-like activity in the mitogenic
assay was 26.7±4.8 and in the competitor assay 2.20±0.1 1 ng
PDGFeq/ml (mean±SD of triplicate aliquots), a ratio of 12:1.
Wealso studied the effect of the proteolytic enzyme trypsin on
the competitor activity of MCCM.Trypsin treatment of three
aliquots of concentrated MCCMcontaining > 0.1 ng PDGF
equivalent and providing > 50% competition resulted in a
complete loss of the competitor activity, documenting the
peptide nature of the molecule.

Sephacryl S-200 molecular sieving of a concentrate of
MCCMunder dissociating conditions (1% acetic acid, pH 3.0),
revealed a broad peak of PDGF-like protein that contained
both the competitor and the mitogenic activity, this peak co-
eluted with pure 125I human PDGFindicating a similar molec-
ular weight (Fig. 5). The appearance of all the mitogenic activ-
ity within this broad peak suggest that the molecular weight of
the other mitogens falls within the same range, of the PDGF-
like protein.

The gel chromatography step does not separate the PDGF
from the non-PDGF mitogen. Since PDGFis a highly cationic
protein, concentrated MCCMwas subjected to cation ex-
change chromatography and collected fractions were analyzed
for competitor and mitogenic activity. Using this ion exchange
chiomatography, the mitogenic activity eluted into two peaks.
The first and least cationic peak contained the bulk of the
mitogen activity and measurable PDGF-like competitor activ-
ity while the second minor mitogen peak had a comparable
amount of mitogenic and competitor activity (Fig. 6). The
measurable competitor activity seen in the first mitogen peak
is likely due to column overloading. It constitutes only a small
fraction of the total mitogen activity present in the first peak
hence, the inability of the antibody to have measurable effect
on the total mitogen activity present in this peak. The presence
of near equal amounts of competitor and mitogen activities in
the second peak and the fact that anti-PDGF IgG inhibits 70%
of this mitogen activity (1.6±0.1 with IgG vs. 0.48+0.06 with

Figure 3. Effect of acetic
300 ~ acid treatment on ihe com-

petitor activity of MCCM.
Bound200 > X 2 Duplicate cultures of HFF

(cpmB were preincubated at 40C
loom) . E J with rotary shaking for 2 h

with binding medium
alone, or binding medium

0
No Add PDGF MCCM

containing either crude
(.3ng) (300,sI) PDGF(0.3 ng PDGF

equivalent) or an aliquot of
MCCM.Cells were then washed with ice cold binding medium and
incubated in the same medium (i-) or a solution containing 20 mM
acetic acid, 150 mMNaCl and 1 mg/ml BSA, pH 3.12 at 4VC for 3
min (u). After additional washing with binding medium, cells were
incubated with '25I-PDGF for 2 h at 4VC and bound '25I-PDGF was
determined as described for the binding assay. Note that following
the acid wash, '251I-PDGF binding to HFFpreincubated with cold
PDGFor MCCMis similar to control HFFthat were preincubated
with binding medium alone (no addition).
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Figure 4. Mitogenic activity of human PDGFand MCCM.Effect of
anti-PDGF IgG: Standard concentrations of pure PDGFand MCCM
were preincubated with or without anti-PDGF IgG or control IgG.
Each preincubation condition was performed at three different con-
centrations. Mitogenic activity of aliquots from each preincubation
condition was determined by [3H]thymidine incorporation as de-
scribed in Methods. HFF (3 X I04 cells/well) were plated onto 24
well Costar dishes in DVF12 medium containing 1% PDS for 4 d to
insure cell quiescence. The following preincubation conditions were
tested for their mitogenic activity: (each condition was tested in du-
plicate incubation wells): (a) Standard concentrations of pure PDGF
0.09, 0.18 and 0.36 ng (o); same concentrations of pure PDGFand
increasing concentrations of goat anti-PDGF IgG (x); and same con-
centrations of pure PDGFand control purified IgG in identical
amounts to goat anti-PDGF IgG (o). (b) Increasing concentrations of
MCCM(0); same concentrations of MCCMand increasing concen-
trations of goat anti-PDGF IgG (x); same concentrations of MCCM
and control IgG in identical amounts to goat anti-PDGF IgG (o);
final incubation volume was 1.2 ml. Cells were then incubated for 18
h at 370C. [3H]Thymidine incorporation was determined as de-
scribed in Methods. The data are expressed as ratio of [3H] thymi-
dine incorporation by cells in the presence of the addition mixtures
to incorporation of [3H]thymidine in the control cells (containing
medium alone) minus 1.

anti-PDGF; nanograms PDGFequivalents median and range
of duplicate determinations) support the contention that the
major portion of this peak represent the PDGF-like protein.

Discussion

These studies demonstrate that rat smooth muscle-like MCin
culture secrete into serum free medium a protein molecule
that shares several characteristics with purified human PDGF.
Weand others (21, 27, 31, 32) have previously shown that
purified PDGFdemonstrates high affinity binding to specific

receptors on target cells such as Swiss 3T3 cells and diploid
human fibroblasts and that this binding can be competed for
only by purified PDGFbut not by any of the other known
growth factors such as mouse epidermal growth factor, par-
tially purified fibroblast growth factor, and insulin. Moreover,
monospecific goat antihuman PDGFIgG completely abol-
ishes both the competitor and mitogenic activity of pure
human PDGF(25, 31, 32). Several observations support the
close similarity of the molecule released by MCto pure PDGF.
MCCMinhibits the binding of pure '251-PDGF to its receptors
on target cells in a concentration-dependent manner. In addi-
tion, antiserum to PDGFin concentrations that abolished the
competitor activity of pure PDGF, also abolished the competi-
tor activity present in the MCCM.It has been shown that MC
release a neutral proteinase (9). This enzyme is potentially
capable of damaging the PDGFreceptor thereby decreasing
the binding of pure '251-PDGF. Acetic acid treatment of the
HFF, however, completely reversed the inhibitory effect of
MCCMon '251I-PDGF binding excluding a damaging effect of
MCCMon the PDGFreceptor. These data suggest that
MCCMcontain a molecule(s) that binds to the PDGFreceptor
on HFF in a specific manner and that this binding molecule is
recognized by the anti-PDGF antibody.

In addition to its competitor activity, MCCMsimilar to
PDGFpossesses a potent mitogenic activity to HFF. Experi-
ments utilizing anti-PDGF antibody, show that while this an-
tibody completely abolishes the mitogenic activity of pure
PDGFon HFF, it only partially inhibits the mitogenic activity
of MCCM.The inability of the antibody to PDGFto remove
all the mitogenic activity from MCCMis most likely due to the
presence of multiple mitogens in the conditioned medium one
of which is similar to PDGFand is recognized by anti-PDGF
antibody. It is also possible, that the differential effect of anti-
PDGFantibody on the mitogenic effect of pure human PDGF
and MCCMreflect differences in the antigenic determinants
between the human platelet PDGFand the rat mesangial
PDGF-like molecule. This possibility is unlikely, however, in
view of our finding that the anti-PDGF antibody employed,
completely abolished the competitor activity of MCCM.The
high ratio of mitogenic to competitive activities present in
MCCMalso suggests that MCsecrete other mitogens besides
PDGF. It should be emphasized that while the radioreceptor
assay determines molecules that are able to bind to the PDGF
receptor, the mitogen assay determines the combined effect of
all mitogens present. The production of multiple mitogens by
cultured diploid cells is not a unique feature of the MC.
PDGF-like molecules account for only a small percentage of
the mitogenic activity produced in serum-free medium condi-
tioned by human vascular endothelial cells in culture (21, 25).

Physiochemical characterization of the PDGF-like activity
of the MCCMalso revealed similarities with purified human
PDGF. PDGF-like activity in MCCMsimilar to purified
PDGFis sensitive to trypsin confirming the peptide nature of
this molecule. Gel filtration chromatography on Sephacryl
S-200 provide further evidence of the similarity of this mole-
cule to PDGF. Both the PDGF-like competitor activity and
the total mitogenic activity present in MCCMcoeluted with
pure labeled PDGF, indicating a similar molecular weight.
While the gel chromatography step shows that the total mito-
gen activity elutes under a broad peak and does not separate
the PDGF-like from the non-PDGF-like mitogen, the data
with the ion exchange chromatography clearly shows the pres-
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Figure 5. Gel filtration chromatography of mesangial cell condi-
tioned media: A Sephacryl S-200 column (1.5 X 47 cm) was equili-
brated at room temperature with I Macetic acid adjusted to pH 3.0
with concentrated ammonium hydroxide. MCCMwas concentrated
20-fold by ultrafiltration through a YM-l0 membrane (Amicon).
The concentrated solution was dialyzed against 50 mMammonium
acetate (pH 7.5). A 1.5-ml aliquot (3 mgprotein) was adjusted to I
Macetic acid, pH. 3.4 using glacial acetic acid. I'25-labeled platelet
derived growth factor (9000 cpm, 0.5 ng with I mg/ml BSA) was

ence of two mitogenic activities, one of which can be attributed
to the PDGF-like protein.

The PDGFconcentration in media conditioned by MC
range from 1.1 to 3.6 ng PDGFequivalent, and does not ap-

pear to decline with cell passage. MCare not the only non-

transformed cells capable of producing PDGF-like molecule.
Endothelial cell cultures from several species produce a

PDGF-like molecule. Seifert et al. (17) recently reported that
cultured rat aortic smooth muscle cells from young rats (I13-18
days old) but not adult rats also secrete a molecule with bind-
ing and mitogenic properties similar to PDGF. Unlike smooth
muscle cells, MCcultured from adult and pup rats produce
similar amounts of PDGF-like molecule.

The exact biologic role of PDGF-like protein produced by
MCremains to be determined. However, our finding and ob-
servations by other investigators raise several possibilities.
There is increasing evidence that PDGFmay play an impor-
tant role at inflammatory sites (33-39). Recent studies have

shown that PDGFis a potent chemoattractant protein for
human neutrophils, monocytes (33-35), fibroblasts (36), and
smooth muscle cells (37, 38). Moreover, PDGFactivates neu-

trophils and monocytes with subsequent release of potent in-
flammatory mediators such as superoxide anion and lysosmal
enzymes (39, 40). Both neutrophils and monocytes are promi-
nent components of the glomerular hypercellularity observed
in a number of immune inflammatory glomerular diseases
observed in experimental animals and man (41, 42). In vivo
and in vitro studies in animals models of glomerular diseases
have established a central role for these inflammatory cells in
mediating the changes not only in renal hemodynamics and
proteinuria, but also in glomerular cell proliferation (43). Pro-
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added to the sample as a marker. This solution was then applied to
the column at a rate of 2.5 ml/hr, eluted with I Macetic acid (pH
3.0) and collected in 0.75-ml fractions. Elution of 251I-labeled PDGF
was monitored by gammascintillation counting. Protein levels were

determined by measuring the absorbance at 280 nM. All fractions
were then lyophilized, resuspended in 5 mMacetic acid with 1

mg/ml bovine serum albumin, and assayed for PDGF-like competi-
tor and mitogen activity. 31 U PDGF-like activity = 0.1 ng pure

PDGF. 3 U mitogen activity = 0.1 ng pure PDGF.

duction and release of PDGFby MCby attracting and acti-
vating inflammatory cells may contribute not only to the glo-
merular hypercellularity, but also to the resulting alterations in
glomerular functional parameters. Of note is that the concen-

tration of the PDGF-like molecule detected in the MCCMis
capable of effectively competing with labeled PDGFbinding
as well as enhancing the proliferation of HFF. Moreover, this
concentration falls within the range of PDGFlevels required
for maximum neutrophil chemotoxis (15). The precise bio-
logic role of the PDGF-like protein secreted by MC, however,
awaits further characterization of its molecular and functional
similarity to purified PDGF, as well as its availability in situ at
target receptors.

It is well known that PDGFis the principle mitogen
present in serum for a number of cells of mesenchymal origin
including fibroblasts, 3T3 cells, smooth muscle cells and glial
cells (12-15). MCalso originate from the mesenchyme (45). It
was recently reported by Lovett et al. (46) that an IL-l-like
activity released into the supernatants of activated macro-

phages enhance the proliferation of well characterized rat MC

only in the presence of serum. No effect on MCproliferation
was observed in the presence of platelet poor plasma or serum

depleted of PDGF. These authors suggested that PDGFmay
act as a competence factor that renders MCresponsive to the

proliferative effect of IL-l-like activity. Such a competence
role for PDGFhas been proposed for other cultured cells such

as 3T3 cells (13). Striker et al. (47) have also shown that serum

containing platelet growth factors enhances the proliferation of

well characterized human cultured MC. Moreover, crude

platelet lysates have been shown to stimulate rabbit glomerular
cells, probably of mesangial origin, to proliferate (48). These
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seen in certain forms of glomerular injury. Determining the
signals and mechanisms that operate to regulate PDGFpro-
duction by MCand localizing the glomerular cell type that
may serve as a target for PDGFmay provide further insight for
understanding the pathogenesis of glomerular diseases.
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Figure 6. Ion exchange chromatography of rat mesangial conditioned
medium. A 1.5 X 28 cm column of CM- Sephadex G-50 was equili-
brated at room temperature with 0.1 MNH4HCO3pH 8.0. Mesan-
gial cell conditioned medium was concentrated 40-fold by ultrafiltra-
tion through a YM-l0 membrane (Amicon). The concentrated solu-
tion (10.45 ml) was exhaustively dialyzed against 1 mMNH4HCO3,
pH 8.0, and adjusted to 0.1 MNH4HCO3by the addition of 0.55 ml
2 MNH4HCO3,pH 8.0. The solution was applied to the column at
a rate of 16 ml/h. The column was washed with 128 ml of 0.1 M
NH4HCO3pH 8.0 and collected into 8-ml fractions. After washing, a

linear gradient was started (0.1 Mto 1 MNH4HCO3,pH 8.0) at a

flow rate of 8 ml/h and collected in 4.0-ml fractions. All fractions
were lyophilized and resuspended in '/AO their original volume with 5
mMHAc containing 2 mg/ml BSA, and assayed for PDGFcompeti-
tor and for total mitogenic activity. Elution profile shows total com-

petitor and mitogen activities in nanograms PDGFequivalent/frac-
tion.

observations together with our finding that rat MCproduce a

PDGF-like protein raises the possibility that rat MCby pro-
ducing a PDGF-like protein may regulate their own growth
properties. Such an autocrine mechanism by which cells syn-

thesize a growth factor capable of promoting their own prolif-
eration was first proposed to explain the growth properties of
transformed cells (49, 50). More recently, other instances for
autocrine regulation of growth of normal cells have been pos-
tulated for smooth muscle cells cultured from pup rats (17)
and for cytotrophoblasts cultured from first trimester human
placentas (5 1). In this context, it is noteworthy that MCprolif-
eration may be seen in some glomerular diseases characterized
by the absence of infiltrating inflammatory cells or platelets.

Growth factors may also influence the growth properties of
neighboring cells, by a mechanism referred to as a paracrine
effect (39, 51). Striker et al. (52) reported that the addition of
PDGFto isolated human glomeruli results in proliferation of
glomerular endothelial cells that constituted the majority of
primary glomerular cell outgrowth. This observation also
raises the possibility that PDGFproduced by MCmay func-
tion in a short range paracrine manner to regulate the prolifer-
ation of neighboring glomerular endothelial cells. Endothelial
cell proliferation is also seen in a variety of glomerular diseases
(53). Moreover, PDGFreleased by MCmay be responsible for
the regeneration of denuded glomerular endothelial cells, also
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