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Abstract

Interleukin 4 (also known as "B cell stimulatory factor-l"), a
cytokine product of T lymphocytes and mast cells, stimulates
synthesis of the extracellular matrix proteins, types I and III
collagen and fibronectin, by human dermal fibroblasts in vitro.
Stimulation of collagen by human recombinant (hr)IL-4 was

also demonstrated in several fibroblastic synovial cell lines ob-
tained from patients with rheumatoid arthritis and osteoarthri-
tis. The stimulatory effect of hrIL-4 on fibroblast collagen syn-
thesis was specifically neutralized by rabbit anti-hrIL-4 Ig. IL-
4 specifically increased the steady-state levels of types I and III
procollagen and fibronectin mRNAs, with no effect on cyto-
plasmic fl-actin mRNA. Quantitative analysis of the levels of
Pro al (I) collagen transcripts in IL-4-treated fibroblast cul-
tures was also corroborated by antisense RNA-mRNAhybrid-
ization and RNAse resistant hybrids which showed that IL-4-
treated fibroblasts expressed higher levels of Pro al (I) colla-
gen transcripts. Nuclear run-off transcription experiments
indicated that IL4 stimulated the rates of mRNAbiogenesis.
Based on these observations we conclude that IL4 exerts its
effect on collagen and fibronectin synthesis at the pretransla-
tional level, resulting in synthesis of these extracellular matrix
proteins. These and other data suggest that IL4 may be a "fi-
brogenic cytokine" that could be important in promoting bio-
genesis of extracellular matrix proteins in normal wound heal-
ing and in pathological fibrosis in which mast cells and T lym-
phocytes play a central role. (J. Clin. Invest. 1992.
90:1479-1485.) Key words: collagen * fibronectin * fibrogenesis
* fibrosis * wound healing

Introduction

Interleukin 4 (IL-4) is a T lymphocyte and mast cell product
that was originally recognized as a factor required for DNA
synthesis by resting murine B cells stimulated by low concen-

trations of anti-Ig antibodies ( 1). Originally named "B cell
stimulatory factor- 1", it is identical to IgGl factor, B cell
growth factor-y, mast cell growth factor-2, and T cell growth
factor-2 (2-4). IL-4 stimulates IgGl synthesis by lipopolysac-
charide- and anti-Ig-stimulated B cells, enhances IgE secretion,

This work was presented in part at the Annual Meeting of the Ameri-
can College of Rheumatology, Cincinnati, OH, 12-17 June 1989.

Address reprint requests to Arnold E. Postlethwaite, M.D., Direc-
tor, Division of Connective Tissue Diseases, University of Tennessee,
Memphis, 956 Court Avenue, G326, Memphis, TN 38163.

Receivedfor publication 4 September 1990 and in revisedform 11

May 1992.

increases class II antigen expression, and promotes growth of
IL-2-dependent T cell lines (5-9). IL-4 receptors have been
identified on hematopoietic cells such as normal B cells, rest-
ing and activated T cells, macrophages, and mast cell tumor
lines (10).

Fibroblasts have receptors for IL-4 (11-12). Under some
conditions, murine dermal and lung fibroblasts have been dem-
onstrated to proliferate in the presence of murine IL-4 ( 13).
Humanfibroblasts chemotax in the presence of human recom-
binant (hr)'IL-4 (14). Wereport here that IL-4 is also capable
of stimulating extracellular matrix protein biosynthesis in hu-
man dermal and synovial fibroblasts. Elevation of steady-state
levels of types I and III procollagen and fibronectin mRNAsin
IL-4-treated cells suggests that this cytokine regulates extracel-
lular matrix biogenesis by pretranslational mechanisms.

Methods

Materials. Eagle's MEM,ascorbic acid, nonessential amino acids, am-
photericin B, NaHCO3, penicillin, streptomycin, FCS, and PBS were
purchased from Gibco Laboratories, Grand Island, NY. Radiochemi-
cals, [35S]methionine (> 1,200 Ci/ mmol, sp act), [3H]proline (sp act
20 Ci/mmol), [32P]dCTP (sp act 3,000 Ci/ mmol), EN3HANCE,and
Aquasol were purchased from NewEngland Nuclear, Boston, MA.

Fibroblast cultures. Primary cultures of human fibroblasts were
established from explants of infant foreskins and were maintained in
monolayer by standard techniques. Primary cultures of human syno-
vial fibroblastic cells were developed from explants of synovial tissue
removed from patients with RAand osteoarthritis (OA) at the time of
surgery for joint replacement ( 15). Patients with OAhad end stage
disease requiring arthroplasty and were all receiving nonsteroidal an-
tiinflammatory drugs (NSAIDS). The patients with RA had active
disease with marked joint destruction. They were all being treated with
NSAIDS and remittive agents including gold salts, azathioprine, or
methotrexate. Cells were grown in 100-mm diameter petri dishes in
Eagle's MEMsupplemented with 9%FCS, nonessential amino acids,
penicillin (100 U/ml), streptomycin (100 ,g/ml), ascorbic acid (50
,ug/ml), amphotericin B (1 Ag/ml) and Earle's salts. Eagle's MEM
with these supplements is hereafter referred to as "maintenance me-
dium." Cultures were routinely passaged after trypsinization every
3-5 d.

Interleukin 4. HrIL-4 produced in yeast (16, 17) was purchased
from Genzyme Corp., Boston, MA. The hrIL-4 preparations used were
judged to be > 95% pure by silver staining of SDS-PAGEgels.

Quantitation of collagenous and noncollagenous protein synthesis.
Fibroblasts were seeded ( 5 x 104 cells/0.5 ml maintenance medium) in
wells of 3424 Mark II Cluster plates (Costar Corp., Cambridge, MA)
and grown for 72 h to reach confluency. To minimize effects of serum
growth factors and factors that stimulate collagen synthesis, all cultures
in which the effects of IL-4 on collagen production were measured were
performed in serum-free medium as indicated. After the initial 72-h
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culture, the medium in each well was replaced with 500 Al serum-free
maintenance medium containing fresh ascorbic acid (50 sg/ml); 24 h
later, medium was replaced with 450 ,l fresh serum-free maintenance
medium (minus nonessential amino acids) containing ascorbic acid
and either PBSor different concentrations of hrIL-4 in PBS(50-Ml vol
each). 24 h later, cultures were pulsed with fresh serum-free mainte-
nance medium (minus nonessential amino acids) containing 5.0 MCi
[2, 3-3H]proline (sp act 20 Ci/mmol). After a 24-h labeling period,
supernatants from each well were harvested and assayed for levels of
collagenase-sensitive protein as previously described (18). For SDS-
PAGEanalysis of newly synthesized proteins, confluent fibroblast cul-
tures (100-mm diameter petri dishes) were grown for one day in
serum-free maintenance medium containing fresh ascorbic acid. Me-
dium was then replaced with serum-free maintenance medium con-
taining fresh ascorbic acid (minus nonessential amino acids) with or
without hrIL-4 (2.5 ng/ml) for 48 h; for the final 12 h, cultures were
pulsed with either [2,3-3H]proline (50 ,Ci/ml, sp act 115 Ci/mmol)
to measure rates of collagen synthesis or [35S ] methionine (25 MCi/ml,
sp act 1,200 Ci/mmol) to measure rates of total cellular protein synthe-
sis. Polypeptides in the media and the cell layers were harvested sepa-
rately and protease inhibitors (final concentration, 10 mMN-ethylma-
leimide, 20 mMEDTA, and 0.3 mMPMSF) were added. Extracellu-
larly released polypeptides were precipitated by ethanol (30% vol/vol)
in the presence of 27 ,g/ml of unlabeled bovine type I collagen as a
carrier. Precipitated polypeptides were centrifuged (10,000 g for 10
min), and the pellet was solubilized in equal volumes of Laemmli
sample buffer containing 5% 2-mercaptoethanol and heated at 100°C
for 5 min. Polypeptides in the samples were electrophoretically sepa-
rated by 7.5% SDS-PAGE, fluorographed, and quantitated with a laser
densitometer (LKB Instruments, Inc., Bromma, Sweden) coupled
with an integrator (3390; Hewlett-Packard Co., Palo Alto, CA). The
effects on total protein synthesis were determined by densitometry of
fluorographs representing [35S]methionine-labeled polypeptides (both
cell associated and extracellularly released) subjected to SDS-PAGE.
For quantitation, previously published protocols were used with minor
modifications (19-21).

Isolation and quantitation of messenger RNAs. Confluent fibro-
blasts (72 h after plating) in 100-mm diameter petri dishes were treated
with hrIL-4 (2.5 ng/ml). After 48 h, total RNAwas extracted by using
RNAZOL(Cinna/Biotecx, Friendswood, TX). The quality and quan-
tity of RNAwere routinely tested by determining A260/A2go and ethid-
ium bromide fluorescence of RNAelectrophoresed in agarose gels.
Serial dilutions of total RNAwere immobilized on nitrocellulose and
subjected to prehybridization and hybridization as described previ-
ously (19, 20, 22).

Quantitation of antisense RNA-mRNAhybridization and RNAse-
resistant hybrids. Total RNAextracted from the control or IL-4-treated
cell monolayers was hybridized to a radiolabeled antisense riboprobe.
A 550-bp EcoRI-Aval fragment removed from human Pro a I (I) colla-
gen cDNAclone HF677 (23) was cloned into the multiple cloning site
of PSP6/T7-19 plasmid (24). Sense or antisense riboprobes were gen-
erated by in vitro transcription using SP6 and T7 RNApolymerase
(24). Hybridization in a final vol of 30 Ml was carried out with the
radiolabeled antisense RNAas probe (3 X 105 cpm) and increasing
amounts (0.5-5.0,ug) of total RNAisolated from human fibroblasts in
hybridization buffer (80 mMformamide, 40 mMpiperazine-N,N'-
bis(2-ethane sulfonic acid) pH 6.4, 400 mMNaCl, 1 mMEDTA).
RNAsamples were heated to 85°C for 5 min and then incubated at
60°C overnight. Samples were incubated (30 min at 30°C) in ribonu-
clease digestion buffer containing 40 Mg/ml RNase and 2 Mg/ml RNase
T1. This was followed by addition of 10 ML of 20% SDS, 25 MlI of 20
mg/ml proteinase K, and then by further incubation for 15 min at
37°C. Radiolabeled RNase-resistant hybrids were purified by phenol/
chloroform extraction and ethanol precipitation and were then ana-
lyzed either by denaturing polyacrylamide/urea gel or by directly
counting in a scintillation spectrometer.

Nuclear run-off assays. Nuclei from control or IL-4 treated cells
( 1-2 X I0') were incubated in vitro in 100 Ml reaction mixture which

contained 10% glycerol, 50 mMTris-HCI, pH 8.0, 5 mMMgCl2, 1 mM
each of ATP, GTP, and CTP, and 250 MCi of [ a-32P]UTP at 250C for
30 min. Radiolabeled transcripts were extracted and hybridized to
DNAimmobilized on nitrocellulose filters. The detailed methodology
for nuclear run-off assays has been described previously ( 19) and was
used with minor modifications.

Results

Effect of hrIL-4 on collagen andfibronectin synthesis. Purified
hrIL-4 stimulated production of collagen by dermal fibroblasts
in a dose-dependent fashion with maximal stimulation occur-
ring at 2.5 ng/ml (Fig. 1). Although the magnitude of the
response varied with different cell lines, a similar dose-depen-
dence to hrIL-4 was displayed by all dermal and synovial fibro-
blasts tested. This heterogenous response is evident in data
shown in Table I wherein some dermal and synovial fibroblast
lines exhibited modest increases in collagen production while
others increased their production of collagen by as much as
fourfold. Interestingly, hrIL-4 did not stimulate growth of con-
fluent fibroblasts under the culture conditions used to quanti-
tate collagen production (Table I).

The effect of hrIL-4 at doses of 2-10 ng/ml on collagen
production was assessed in 82 additional dermal and 22 (13
RAand 9 OA) additional synovial fibroblast lines. 87% of the
dermal fibroblast lines and 83% of the synovial fibroblast lines
( 12 of 13 RAand 6 of 9 OA) produced significantly increased
amounts of collagen in response to hrIL-4 (data not shown). In
addition, we observed that the stimulatory effect of hrIL-4 on
collagen production was reproduced when the same cell lines
were tested on different days (Table I), and in some cases this
IL-4 responsiveness was retained in fibroblasts maintained for
up to 3 moand for 10 subpassages in culture (data not shown).

The stimulatory effect of hrIL-4 on fibroblast collagen syn-
thesis was neutralized by pretreatment of hrIL-4 with anti-
hrIL-4 immunoglobulin (Table II). Specificity of the antibody
to block this hrIL-4-mediated response was further attested to
by the fact that anti-hrIL-4 antibody treatment of hrIL-l did
not inhibit collagen production induced by this unrelated cyto-
kine (Table II).

A 2.5 ng/ml dose of hrIL-4 was used in additional experi-
ments to assess the effect of IL-4 on rates of procollagen and
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Figure 1. Effect of hrIL-4 on fibroblast collagen production. Different
amounts of hrIl-4 were added to wells of multiwell plates containing
confluent monolayers of dermal fibroblasts, and collagen production
was quantitated by the collagenase-sensitive protein assay as described
in Methods ( 18 ).
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Table I. Effect of hrIL-4 on Fibroblast Growth and Collagen Production

Collagen production Fibroblast numbers

Cell line Mean cpm±SEM Mean cells±SEM
and treatment per well Percent control P value per well P value

Dermal fibroblasts
HF4 + PBS
HF4 + hrIL-4
HF7 + PBS
HF7 + hrIL-4
HF8 + PBS
HF8 + hrIL-4
HF22 + PBS
HF22 + hrIL-4
HF54 + PBS
HF54 + hrIL-4
HF56 + PBS
HF56 + hrIL-4
HF102 + PBS
HF102 + hrIL-4
HF52 + PBS
HF52 + hrIL-4
HF62 + PBS
HF62 + hrIL-4

Synovial fibroblasts
RA105 + PBS
RA105 + hrIL-4
RA105t + PBS
RA105t + hrIL-4
RA106 + PBS
RA106 + hrIL-4
OA103 + PBS
OA103 + hrIL-4
OA103* + PBS
OA103* + hrIL-4
OA104 + PBS
OA104 + hrIL-4
OA104* + PBS
OA104* + hrIL-4
RA26 + PBS
RA26 + hrIL-4t
RA28 + PBS
RA28 + hrIL-4t
OA29 + PBS
OA29 + hrIL-4t
OA19 + PBS
OA19 + hrIL-4t

1,792±56
4,323±43
1,089±23
2,062±40
1,904±66
4,799±194
3,122±73
6,650±954
2,597±370
5,247± 158
6,801±317
9,336±96
2,201±291
5,402±248
1,574± 135
2,369±155

901±76
2,181±195

865±55
1,584±43

214±12
587±39
673±53

1,610±50
894±69

1,112±88
551±46

1,238±49
822±76

1,459±69
779± 17

1,307±96
564±89

2,010±73
5,584±330
8,227±993
2,531±162

11,873±149
145±17
465±63

241

189

252

213

202

137

245

151

242

183

274

239

124

225

177

168

356

147

469

320

<0.00 1

<0.00 1

<0.001

<0.0125

<0.01

<0.0025

<0.0025

<0.01

<0.0025

<0.00 1

<0.00 1

<0.00 1

<0.02

<0.00 1

<0.005

<0.005

<0.005

<0.025

<0.0005

<0.01

109,000±2,600
103,000±2,700
95,000±3,800
90,000+2,600
99,000±1,800

100,000±3,600

ND

ND

ND

ND

ND

ND

52,000±2,300
55,000±3,400

3,000±3,000
6,000±2,000

59,000±4,000
52,000±2,300
73,300±6,000
65,000±2,800
73,700±1,260
66,700±3,000
61,300±4,600
63,300±7,500
77,900±2,700
74,700±4,670

ND

ND

ND

ND

Infant foreskin (HF) and synovial fibroblast lines (RA and OA) were cultured in triplicate at confluency for 48 h in serum-free mainte-
nance medium without nonessential amino acids with or without hrIL-4 (2 ng/ml) as described in Methods. The medium was analyzed for col-
lagen levels by quantitating the amount of [3H]proline incorporated into collagenase-sensitive protein as described in Methods. The cell layer
in each multiwell plate well was removed by trypsinization, and the number of cells in each well was quantitated by use of a hemacytometer.
Statistical significance of results obtained in culture treated with hrIL-4 and PBSwas determined by use of the two-sample Student's t test.
* These cell lines were restudied 1-4 wk later. * hrIL-4 concentration 0.5 ng/ml.

fibronectin synthesis by pulse labeling dermal fibroblast mono-
layers with either [3H ] proline or [ 35S ] methionine. SDS-PAGE
and fluorography were used to analyze the radiolabeled poly-
peptides. Comparative quantitative analysis of total cellular
(cell associated and extracellularly released combined) and ex-

tracellularly released polypeptide synthesis is shown in Fig. 2
and Table III. IL-4 had a two- to threefold stimulatory effect on
the synthesis of both secreted type I procollagen and fibronec-
tin. Although not shown here, IL-4 appeared to have similar
stimulatory effect on the synthesis of both types I and III colla-
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Table II. Neutralization of hrIL-4-induced Collagen Production
by Rabbit Anti-hrIL-4 Ig

Collagen production

Condition Mean cpm per well±SEM P value

Experiment 1

hrIL-4 + media 3,003±36 <0.0005
Media 1,931±46
hrIL-4 + anti-hrIL-4 Ig 1,676±59 <0.0005
hrIL-1 A + media 3,198±317
hrIL-lf + anti-hrIL-4 Ig 3,036±215 NS

Experiment 2

hrIL-4 + media 1,393±99 <0.0005
Media 693±46
hrIL-4 + anti-hrIL-4 Ig 604±53 <0.0005

For experiment 1, two 250-Al aliquots each of hrIL-4 (7.5 ng) or
hrIL-lf (300 pg) were separately incubated overnight at 4VC with ei-
ther 15 Ml of MEMor of rabbit anti-hrIL-4 Ig (155tg), and each was
then added to separate triplicate wells (Mark II plates; Costar Corp.)
(2.5 ng/ml) hrIL-4 and 100 pg hrIL-l1 final concentration of con-
fluent fibroblast monolayers for 48 h, and collagen production was
quantitated by the collagenase-sensitive protein technique as de-
scribed in Methods. For experiment 2, a similar protocol was used
but IL-lI3 was omitted. t Statistical significance was assessed by use
of the two-sample Student's t test. For experiment 1 and experiment
2, collagen production by media-treated fibroblasts was compared to
collagen production by fibroblasts treated with hrIL-4 plus media.
Collagen production by fibroblasts treated with hrIL-4 preincubated
with anti-hrIL-4 Ig was compared to collagen production by fibro-
blasts treated with hrIL-4. Also for experiment 1, collagen production
by fibroblasts treated with hrIL- I plus media was compared to colla-
gen production by fibroblasts treated with hrIL-l that had been
preincubated with anti-hrIL-4 Ig.

gen (our unpublished data). The effect was preferential on ex-
tracellular matrix polypeptides released in the medium since
little or no change was apparent in the synthetic rates of total
cellular polypeptides, labeled either with [ 35S ] methionine (Fig.
2, Table III) or with [3H]proline (data not shown).

IL-4 effect on the steady-state accumulation of types I and
III procollagen and fibronectin mRNAs. It was of interest to
determine whether the observed increases in synthesis of colla-
gen and fibronectin in IL-4-treated fibroblasts was reflected in
the steady-state levels of their respective mRNAs. Therefore,
an equal amount of total extracted RNAwas size fractionated
in denaturing gels and stained with ethidium bromide. RNA
was then transferred onto nitrocellulose filters and probed with
nick-translated cDNAplasmids specific for Pro a I (I) and Pro
a 1(III) collagens. A representative example of an ethidium
bromide-stained gel and a sequential Northern analysis using
Pro a 1 (I) collagen and Pro a 1 (III) collagen probes is shown in
Fig. 3. In addition to Northern analysis, we also immobilized
these samples by slot-blot hybridized to various cDNAs and
quantitated the steady-state levels of various mRNAs. Densito-
metric analysis of the autoradiograms from these slot-blot hy-
bridizations (Fig. 4) showed that hrIL-4 caused over a twofold
increase in Pro a 1(I ) collagen mRNAand an - 40% increase
in fibronectin mRNAwith no effect on ,B-actin mRNA(Table

IV). Steady-state levels of Pro a 1 (111) collagen mRNAswere
also increased by hrIL-4, and the extent of this stimulation was
similar to that observed for Pro a 1 (I) collagen mRNAs(Fig. 3
and data not shown). The variable response to hrIL-4 from
culture to culture and cell line to cell line noted in the collage-
nase-sensitive protein data in Table I was also apparent when
steady-state levels of various mRNAswere analyzed; in an-
other experiment, Pro a I (I) collagen and Pro a 1 (111) collagen
and fibronectin mRNAswere elevated three- and fourfold
without a corresponding change in f3-actin mRNA(data not
shown). Quantitative analysis of the levels of Pro a I(I) colla-
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Figure 2. Analysis of radiolabeled proteins in control and hrIL-4-
treated fibroblasts by SDS-PAGE. Confluent dermal fibroblasts were
treated for 48 h with 2.5 ng/ml of hrIL-4 or PBS as a control and
during the final 14 h of culture were incubated with either [3H]-
proline or [35S ] methionine as described in Methods. The extracellular
protein in medium (labeled with [3H]proline) and combined extra-
cellularly released and cell-associated proteins (labeled with [35S]-
methionine) were analyzed by 7.5% SDS-PAGEfollowed by fluorog-
raphy. (A) Extracellular proteins labeled with [3H]proline; (B) total
extracellular and cell-associated proteins labeled with [35S]J
methionine. The Pro al (I) and Pro a2(I) collagen chains were iden-
tified by comparative migration of known procollagen chains and by
their sensitivity to bacterial collagenase. The band labeled as Pro
al (I) represents Pro a l (I) and Pro al (III) collagen chains since both
these chains comigrate under these electrophoretic conditions. Puta-
tive radiolabeled fibronectin was similarly identified by its comigra-
tion with purified human fibronectin in these gels (data not shown).
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Table III. Quantitation of Total Versus Extracellular Matrix
Protein Synthesis in IL-4-treated Fibroblasts

Protein Control IL-4 Fold stimulation

Pro a l(I) collagen* 0.946±0.354 1.858±0.646 1.96
Pro a2(I) collagen* 0.541±0.227 1.593±0.566 2.94
Fibronectin* 0.446±0.302 1.568±0.645 3.52
Totalt 9.367±0.251 9.236±0.179 1.00

Confluent monolayers of fibroblasts exposed to PBS or hrIL-4 (2.5
ng/ml) were cultured for 48 h. During the last 12 h of incubations,
cultures were pulsed with either [3H]proline or [35S]methionine and
radiolabeled proteins, either cell associated or secreted in the medium,
were taken up in equal volumes of Laemmli buffer and processed as

described in Methods. Equal aliquots of protein extracts from control
or IL-4-treated cells were analyzed by SDS-PAGEand flourographed.
* Calculated from the densitometer scan of a fluorogram of
[3H]proline-labeled polypeptides released into the medium and pre-
cipitated by 30% (vol/vol) ethanol. The numbers represent arbitrary
densitometer units (areas of peaks integrated). Under these electro-
phoresis conditions Pro a 1 (I) and Pro a 1 (111) collagen chains comi-
grate, thus the effect on individual chains cannot be distinguished.
* Calculated from densitometric analysis of a fluorogram representing
combined cellular and extracellularly released [35S] methionine-la-
beled polypeptides.

gen transcripts in hrIL-4 (2.5 ng/ml)-treated dermal fibroblast
cultures was also corroborated by antisense RNA-mRNAhy-
bridization and RNAse resistant hybrids which showed that
hrIL-4-treated fibroblasts expressed higher levels of Pro a 1(I)
collagen transcripts (Fig. 5). To investigate the level of regula-
tion of extracellular matrix genes, nuclear run-off analysis was
performed (Fig. 6); filter-immobilized DNA, representing Pro
a 1 (I) collagen, Pro a 1 (111) collagen, and fibronectin was hy-
bridized with radiolabeled run-off transcripts isolated from the
nuclei of untreated and IL-4-treated cells. These data revealed
that the rates of transcription of Pro a 1(I) collagen, Pro
a 1 (111) collagen, and fibronectin were preferentially increased
after IL-4 treatment (Fig. 6). Densitometric quantitation of
the autoradiograph obtained from nuclear run-off analysis re-

Total Proal(I) Proclf(III)

C IL4 C IL-4 C ML-4

Figure 3. Effect of IL-4 on steady-state levels of Pro a I (I) collagen
and Pro al (III) collagen mRNAs. Total cellular RNA(10 g/sam-
ple) from control or IL-4-treated cells was size fractionated, stained
with ethidium bromide, and transferred onto nitrocellulose. Filter-
immobilized RNAwas sequentially hybridized to nick-translated
probes representing Pro al (I) collagen and Pro a 1 (III) collagen
cDNAs, respectively. Both Pro a l(I) collagen and Pro al (III)
mRNAswere increased in IL-4-treated cells.
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Figure 4. Effect of IL-4 on steady-state levels of mRNAsspecifying
,B-actin, Pro al (I) collagen, and fibronectin. Total cellular RNAwas
isolated from control or IL-4-treated fibroblasts. 14 ,ug (lane a), 4.6
,ug (lane b), and 2.3 ,g (lane c) of total RNAwere blotted onto ni-
trocellulose using a slot-blot apparatus. The membranes were then
sequentially hybridized with the designated cDNAprobes, dried, and
autoradiographed. Lanes 1, 3, and 5 represent control samples, and
lanes 2, 4, and 6 are IL-4-treated samples.

vealed about a threefold increase in the rates of transcriptions
of the Pro a 1 (I) collagen gene; transcription of Pro a 1 (111)
collagen and fibronectin genes were affected by hrIL-4 to a
much lesser extent ( 1.8- to 2.0-fold). The nuclear run-off ex-
periment was repeated three times and similar results were ob-
tained (data not shown). Therefore, it would appear that the
observed alterations in the rates of steady-state accumulation
of various transcripts could be fully accounted for by changes
in the rates of transcription after hrIL-4 treatment.

Discussion

The synthesis of the matrix components, type I and type III
collagen and fibronectin, by dermal fibroblasts was stimulated

Table IV. Quantitation of Slot Blots of Specific mRNAs
from Fibroblasts Treated with hrIL-4

Relative absorbance units

Percentage
Probe Control hrIL-4-Treated of control

1-Actin 5.967 6.226 104.3
Pro al(I) collagen 2.130 4.981 233.8
Fibronectin 2.016 2.895 143.6

Total cellular RNAwas isolated from fibroblasts incubated with or
without 2.5 ng/ml IL-4 and blotted onto nitrocellulose. Specific
mRNAswere measured by hybridizing the blots with nick-translated
cDNAprobes representing O-actin, Pro a 1 (I) collagen, and fibronec-
tin. After autoradiography, the bands were quantitated by densitom-
etry. Relative absorbance units are the sum of the areas of the three
bands as shown in Fig. 4 expressed by an integrator (3390A; Hewlett-
Packard). Results are then expressed as treated/control X 100.
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by hrIL-4. Fibroblasts from the synovium of patients with RA
or OAalso responded to hrIL-4 with stimulation of collagen
production. Highly specific anti-hrIL-4 antibodies neutralized
the collagen-stimulating property of hrIL-4. Stimulation of col-
lagen and fibronectin synthesis by IL-4 is associated with in-
creased steady-state levels of their cognate mRNAlevels result-
ing from enhanced rates of transcription of the target genes.

Receptors for IL-4 are present on a variety of different cell
types, and it is not surprising that this T cell- and mast cell-
derived cytokine, which was originally named B-cell stimula-
tory factor-l for its ability to act as a costimulant with antiim-
munoglobulins for resting B cells, is being increasingly recog-
nized as having a plethora of activities ( 1-14). The effects of
IL-4 on fibroblast functions may have important implications
for a normal healing host response to tissue injury as well as for
several human fibrosing diseases. Mast cells, which are a source
of IL-4, are closely associated with inflammation and the fi-
brotic response (see reference 25 for review). In normal wound
healing, mast cell infiltration of the injury site parallels the
accumulation of fibroblasts and matrix deposition (25). It is of
interest that conditions considered to be aberrant types of
wound healing (hypertrophic scars and keloids) are associated
with increased numbers of mast cells in these abnormal tissues
(25). There is a striking association of mast cell accumulations
in fibrotic lesions of other disease states, including chronic in-
flammation (e.g., parasitic diseases, psoriasis, interstitial pul-
monary fibrosis, and rheumatoid synovium), tumors (e.g., car-
cinoid, hemangiomas, neurofibromas, and mastocytosis), and
scleroderma and related syndromes such as toxic oil syndrome,
eosinophilic fasciitis, chronic graft-versus-host disease, and
bleomycin-induced fibrosis (reviewed in 25). T cells are also
intimately associated with the fibrotic response in many of
these same diseases (e.g., parasitic disease, interstitial pulmo-
nary fibrosis, rheumatoid synovium, scleroderma, and chronic
graft-versus-host disease [26-29]). Serum levels of IL-4 have
been reported to be elevated in patients with scleroderma (30).

The effect of IL-4 on fibroblasts is not limited to stimula-
tion of matrix protein synthesis but also includes stimulation of
growth of subconfluent fibroblasts and induction of chemo-
taxis of these cells ( 13, 14). The present study suggests that
IL-4 should be viewed as a fibrogenic cytokine that may be
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Figure 5. Determination of the steady-state rates of accumulation of
Pro a l (I) collagen-specific mRNAby liquid hybridization. Sense or
antisense radiolabeled riboprobes were mixed with indicated amounts
of total RNAextracted from either control (o) or hrIL-4-treated cells
(in). Radioactivity incorporated in the double standard RNAresistant
to breakdown by ribonuclease was measured by scintillation spec-
trometry.
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Figure 6. An autoradio-
gram depicting the re-
sults of a nuclear run-off
transcription assay. Nu-
clei isolated from con-
trol or hrIL4-treated
fibroblasts were incu-
bated in an in vitro
transcription run-off
buffer and the radiola-
beled transcripts were

purified. Linearized
DNAwas immobilized
on a nitrocellulose filter
and subjected to hy-
bridization with 32P-la-
beled transcripts as de-
tailed previously ( 19).
Nonspecific hybridiza-
tion was determined
from radioactivity
bound to pBR322 DNA.

elaborated by T cells and/or mast cells at sites of immune and
inflammatory reactions. IL-4 could then act locally to recruit
fibroblasts from neighboring sites to the area where they are
further stimulated to proliferate and synthesize collagen and
fibronectin. IL-4 may play a significant role in directing repair
processes that maintain integrity of the host in health but
which may be deleterious in fibrotic diseases. The fact that
synovial fibroblasts also synthesize increased amounts of colla-
gen in the presence of IL-4 suggests that these cells could poten-
tially elaborate increased amounts of collagen characteristic of
thickened synovial membranes that accompany some forms of
arthritis, perhaps in which mast cells and T cells are activated.
Future studies should clarify these issues.
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