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Abstract

Interleukin4 is a T lymphocyte- and mast cell-derived cytokine
with pleiotropic properties with biological effects on a variety
of target cells including B and T lymphocytes, macrophages,
hematopoietic cells, mast cells, and fibroblasts. In addition to
the proliferation effect of IL-4 on fibroblasts, which has been
previously described, in this report the chemotactic properties
of IL4 for fibroblasts is described. Human recombinant IL4
induced the chemotactic migration ofdermal fibroblasts in vitro
in modified Boyden-type chambers at concentrations between
10-12 and 10-11 M. The chemotactic activity ofIL-4 was neutral-
ized by anti-human recombinant IL4 IgG antibodies. Oligo-
peptides representing the complete deduced amino acid se-
quence of human IL4 were synthesized by the Merrifield tech-
nique and tested for their ability to induce fibroblast
chemotaxis. Two peptides representing residues 70-88 and 89-
122 induced fibroblast migration. Peptide 70-88 was the more
potent of the two causing chemotaxis of fibroblasts at 10-8-
10-6 M while peptide 89-129 induced migration at 10-7_10-i
M. Although the mechanism by which IL4 and these two pep-
tides induce fibroblast chemotaxis is unknown, each of these
three compounds were able to chemotactically desensitize fibro-
blasts to the chemotactic effects of the other two but not to a
structurally unrelated chemotactic cytokine, transforming
growth factor fi - 1. These studies suggest that IL4 might
function in vivo to induce the accumulation of fibroblasts at
sites of tissue injury, inflammatory and immune reactions in
which T lymphocytes and mast cells participate. (J. Clin. In-
vest. 1990. 87:2147-2152.) Key words: cytokines * fibrogenesis
* wound healing - oligopeptides * lymphokines

Introduction

IL-4, formerly called B cell stimulatory factor- 1, was originally
characterized as a costimulant with anti-immunoglobulin anti-
bodies for resting murine B cells, causing them to enter the
S-phase ofgrowth (1). Although other effects of IL-4 on B cells
have also been described including stimulation ofexpression of
class II antigens and production of IgGl and IgE, it is now
apparent that this T cell and mast cell product affects a variety
of different target cells; It is a growth factor for normal T cells
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and T cell lines (1-3). IL-4 promotes maturation of myeloid
precursors to monocyte-macrophages, synergizes with colony-
stimulating factors such as granulocyte colony stimulatory fac-
tor to promote growth ofgranulocytic colonies, and with eryth-
ropoietin to stimulate colony formation by immature and
mature erythroid precursors and in establishment of mega-
karyocytic colonies (4-7). IL-4 is synthesized by mast cell lines
and acts as a costimulator with IL-3 in promoting growth of
mast cells (8, 9). IL-4 is capable of activating macrophages,
augmenting expression of class II antigens, and nonspecific cy-
totoxicity (7, 10, 11). It also modulates cytokine gene expres-
sion, down regulating both IL- 1 a and fp, and TNF a
mRNA (12).

Receptors have been identified not only on hemotopoietic
cells such as normal B cells, resting and activated T cells, macro-
phages, and mast cell tumor lines, but also on fibroblasts (13,
14). Murine dermal and lung fibroblasts have been reported to
proliferate in the presence of murine IL-4 (15). These observa-
tions in fibroblasts prompted us to determine whether IL-4
could act as a chemoattractant for these cells. In this study, we
have observed that human recombinant (hr)IL-4 is indeed a
potent chemotactic agent for fibroblasts. Structure-function
studies employing synthetic peptides have identified two pep-
tides, 70-88 and 89-122, that are able to induce fibroblast che-
motaxis. Furthermore, these peptides can specifically deacti-
vate fibroblasts so that they do not chemotax to hrIL-4 or to
each other, suggesting that the fibroblast chemotactic property
resides within these amino acid residues of IL-4.

Methods

Fibroblast chemotaxis. Fibroblasts maintained in monolayer cultures
and grown from infant foreskin explants were used as indicator cells in
chemotaxis studies. Maintenance medium for fibroblast cultures con-
sisted of Eagle's minimum essential medium (Gibco Laboratories,
Grand Island, NY) supplemented with 9% fetal bovine serum, nones-
sential amino acids, 50 ,g/ml ascorbic acid, 100 U/ml penicillin, 100
,gg/ml streptomycin, and 5 gg/ml amphotericin B. All samples were
tested in quadruplicate and fibroblast migration was measured as
previously described using blind-well Boyden-type chambers equipped
with gelatin-treated polycarbonate filters (8 micron pore size; Nucleo-
pore Corp., Pleasanton, CA) (16). Nuclei of fibroblasts migrating
through the 8 micron pores and present on the lower surface of each
filter were quantitated in 20 randomly selected oil immersion fields
(OIF)' (magnification, 1,000). Results for each sample are expressed
where indicated as the mean±SEM of the 4 replicates.

Chemoattractants. hrIL-4 was purchased from Genzyme Corp.,
Boston, MA and had a specific activity of 108 proliferation U/mg of
protein. It was judged to be 95% pure by silver staining ofSDS-PAGE
gels. Porcine platelet-derived TGF-# I was purchased from R & D Sys-

1. Abbreviations used in this paper: IL-4R, IL-4 receptor; OIF, oil im-
mersion fields.
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tems, Minneapolis, MN, and was 97% pure as assessed by NH2-termi-
nal sequence analysis and silver staining of SDS-PAGE gels.

Anti-hrIL-4 antibodies. Specific neutralizing rabbit anti-hrIL-4 Ig
was purchased from Genzyme Corp. and was > 90% IgG. The anti-
body preparation was diluted in PBS and incubated at 15 ,g/15 Al with
continuous shaking on a rocker platform for 14 h at 4°C with hrILA4
(1.25 ng in I ml PBS) or TGF-flI (10 pg in I ml PBS).

Synthesis ofhuman IL-4 peptides. The published amino acid se-
quence of precursor human IL-4 by Yokota et al. (17) was used to
construct peptides of various lengths. Peptides were synthesized on a
Beckman Instruments, Inc. (San Diego, CA) automated peptide synthe-
sizer (model 990) by the solid-phase method of Merrifield (18). The
peptides were purified by gel filtration and reverse phase HPLC, and
the amino acid composition ofeach peptide was confirmed by use of a
Beckman 121 MB automatic amino acid analyzer (19, 20).

Results

Chemotaxis offibroblasts to hrIL-4. On numerous occasions
using different batches of hrIL-4 and fibroblast lines from dif-
ferent donors, hrIL-4 consistently induced maximal migration
of fibroblasts at concentrations ranging between 1 and 50 pg/
ml (7.1 X 10-14-3.6 X 10-12 M). A representative experiment is
shown in Fig. 1. As has been found with other fibroblast che-
moattractants, the response curve was bell shaped (21, 22). To
determine whether hrIL-4 was chemotactic, and/or chemoki-
netic for fibroblasts, a checkerboard analysis of the Zigmond-
Hirsch type was performed wherein different concentrations of
hrIL-4 were added to the upper (cell) and lower (test) compart-
ments of the modified blind-well Boyden-type chambers, and
migration of fibroblasts was measured (23). hrIL-4-induced in-
creased migration of fibroblasts when it was present in the
lower compartment ofthe chambers relative to the upper com-
partment (Table I). This experiment was repeated twice with
different cell lines and similar results were obtained (data not
shown). This indicates that IL-4 induces chemotaxis rather
than chemokinesis of fibroblasts.

Inhibition ofhrIL-4 inducedchemotaxis byanti-hrIL-4 anti-
bodies. Polyclonal rabbit anti-hrIL-4 IgG effectively neutral-
ized the chemotactic property of hrIL-4 but had no effect on
the chemotactic activity ofTGF-#3I (Table II). This experiment
was repeated and similar results were obtained (data not
shown).

Chemotaxis offibroblasts to synthetic IL-4 peptides 70-88
and 89-122. In an effort to identify the amino acid sequences in
human IL-4 responsible for its fibroblast chemotactic property,
peptides 1-24, 25-47, 48-69, 70-88, 89-122, and 123-153 were
synthesized from the published deduced sequences of precur-
sor IL-4 as described in Methods (Table III). These peptides
were tested at different concentrations ranging from 10-10 to
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Figure 1. hrIL-4 was
tested at the concentra-
tions indicated for its
ability to induce fibro-
blast migration.

Table L Zigmond-Hirsch Checkerboard Analysis of hrIL-4-
induced Fibroblast Migration*

hrEL-4
concentration hrIL-4 concentration in lower comparanent (M)

in upper
compartment (M) 0 2.9 x 10-12 1.1 x 15-11 4.5 x 10-11 8.9 x 10-li

Fibroblasts per 20 OIF (mean±SEM)
0 7±1 26±3 35±4 43±3 62±6

2.9 x 10-12 8±1 4 31±5 43±4
1.1 x 19-1" 9±1 9± 9±2 29±2
4.5 x 10-"1 7±1 8±1 9±1 83
8.9 x 10-1" 8±1 10±2 10±1 9±1 7

* Various concentrations of hrIL-4 were added as indicated to the
upper and/or lower compartments of modified blind-well Boyden
chambers in quadruplicate, and migration of fibroblasts was quanti-
tated.

10-4 M on three different occasions with different fibroblast
lines for their ability to induce fibroblast migration. Two pep-
tides, 70-88 and 89-122, consistently caused fibroblast migra-
tion in a dose-dependent manner (a representative experiment
is shown in Fig. 2). Peptide 70-88 was the more potent of the
two inducing migration at 10-8 to 10-7 M (Fig. 2). To assess
whether these two peptides stimulate chemotaxis or chemoki-
nesis of fibroblasts, Zigmond-Hirsch checkerboard analyses
were performed. Peptide 70-88 and 89-122 each induced only
chemotactic migration of fibroblasts, causing increased migra-
tion when present in the lower versus the upper compartment
of the modified Boyden chambers (Tables IV and V).

Chemotaxis desensitization studies. Chemoattractant or
receptor specific desensitization has been demonstrated for
chemotaxins for neutrophils and fibroblasts (24-26). To deter-
mine whether IL-4-specific desensitization could be achieved
by peptide 70-88 and/or 89-122 and vice versa, experiments
were performed in which the fibroblasts in the upper compart-
ments were exposed to chemotactic levels ofeither hrIL-4, pep-
tide 70-88, peptide 89-122, or to media, and their subsequent
migration to these chemoattractants and an unrelated cyto-
kine, TGF-,lB, was assessed. The migration of fibroblasts to

Table II. Inhibition ofhrIL-4-induced Chemotaxis by Anti-hrIL-4
Antibodies

Chemotactic
Condition* activity

Fibroblasts
per 20 OIF

hr-IL4 (1.25 ng in I ml) + PBS (15 Al) 123±7
hrIL-4 (1.25 ng/ml in 1 ml PBS) + anti-hrIL-4 Ig

(15 Ag in 15ll) 24±2
TGFB-1 (10 pg in 1 ml PBS) + PBS (15 ,l) 100±3
TGF,-1 (10 pg in 1 ml PBS) + anti-hrIL-4 Ig

(15 1g in 15Al) 107±18
PBS 22±2

* hrIL-4 or TGFfi-I samples were incubated for 14 h at 4°C with or
without rabbit anti-hrIL-4 1g. The samples were then tested in an
assay for their ability to induce fibroblast migration.
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Table III Synthetic IL-4 Peptides*

Residues Amino acid sequences

*1-24 Met Gly Leu Thr Ser Gln Leu Leu Pro Pro Leu Phe Phe
Leu Leu Ala Cys Ala Gly Asn Phe Val His Gly

25-47 His Lys Cys Asp Ile Thr Leu Gln Glu Hle Ile Lys Thr Leu
Asn Ser Leu Thr Glu Gln Lys Thr Leu

48-69 Cys Thr Glu Leu Thr Val Thr Asp Ile Phe Ala Ala Ser Lys
Asn Thr Thr Glu Lys Glu Thr Phe

70-88 Cys Arg Ala Ala Thr Val Leu Arg Gln Phe Tyr Ser His
His Glu Lys Asp Thr Arg

89-122 Cys Leu Gly Ala Thr Ala Gln Gln Phe His Arg His Lys
Gln Leu Ile Arg Phe Leu Lys Arg Leu Asp Arg Asn
Leu Tyr Gly Leu Ala Gly Leu Asn Ser

123-153 Cys Pro Val Lys Glu Ala Asn Gln Ser Thr Leu Glu Asn
Phe Leu Glu Arg Leu Lys Thr Ile Met Arg Glu Lys
Tyr Ser Lys Cys Ser Ser

* Peptides were constructed from the deduced sequence ofhuman 11-4
(17). Peptides were synthesized by the solid-phase method of Merri-
field on a Beckman Instruments, Inc. automated peptide synthesizer
(model 990) (2, 23). t These 234 amino terminal residues are cleaved
off during intracellular processing of precursor IL-4 to mature IL-4
(17).

hrIL-4, peptide 70-88 and 89-122 but not to TGF-,B 1, was inhib-
ited by either hrIL-4, peptide 70-88, or peptide 89-122, indicat-
ing specific desensitization was achieved by hrIL-4, and pep-
tides 70-88 and 89-122 (Table VI). Similar results were ob-
tained when this experiment was repeated (data not shown).
These results suggest that these synthetic peptides mediate fi-
broblast chemotaxis by a mechanism (or perhaps receptor) sim-
ilar to that used by hrIL-4.

Discussion

Fibroblast migration was stimulated in vitro by hrIL-4 at con-
centrations ranging between 10-12 and 10-" M. Increased mi-
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Figure 2. Six synthetic ILA4 oligopeptides were tested in different as-
says for their ability to induce fibroblast migration at the concentra-
tions indicated. Results are expressed as a "Chemotaxis Index" which
was calculated by dividing control migration of fibroblasts (per 20
OIF) obtained with serum-free maintenance medium into the number
of cells migrating in 20 OIF with peptide in a given assay. Fibronectin
(0.1 tg/ml) served as a positive chemoattractant for each assay and
always gave a Chemotaxis Index of> 10.

Table IV. Zigmond-Hirsch Checkerboard Analysis ofIL-4
Peptide 70-88 Induced Fibroblast Migration*

Pepide 70-88
concentration Peptide 70-88 concentration in lower compartment (M)

in upper
compartnent(M) 0 1.6 x 10-8 3.2 x 10-' 6.4 x 10-8 1.3x 10-7

Fibroblasts per 20 OIF (mean±SEM)

0 16±2 5±4 53±3 78±12 107±11
1.6 x 10-8 14± 1 3 57±8 73±12
3.2 x 10-8 19±3 121±4 62±5
6.4 x 10-8 15±2 20±4 17±3 19±2 4
1.3 x 10-7 11±1 12±2 14±2 12±1 11

* Various concentrations of synthetic IL4 peptide 70-88 were added
as indicated to the upper and/or lower compartments of modified
blind-well Boyden chambers in quadruplicate, and migration of fi-
broblasts was quantitated.

gration of fibroblasts occurred only when a positive concentra-
tion gradient ofhrIL4 was present in the chemotaxis chambers
(concentration higher in lower sample compartment than in
upper cell compartment). The chemotactic property of hrIL-4
was inhibited by neutralizing polyclonal anti-hrIL-4 IgG. IL4
peptides ranging in length from 19 to 34 residues were synthe-
sized and tested for their ability to induce fibroblast migration.
Two oligopeptides consisting ofresidues 70-88 and 89-129 elic-
ited chemotactic migration of fibroblasts. Peptide 70-88 was
more potent (inducing migration at 1o-8 to 1o-6 M) than pep-
tide 89-122 (inducing migration at 1O-7 to IO-' M) in stimulat-
ing fibroblast chemotaxis. Both of these peptides desensitized
fibroblasts to the chemotactic effect of hrILA but did not de-
sensitize fibroblasts to the chemotactic effect of an unrelated
chemotactic cytokine, TGF-# 1. hrIL-4 desensitized fibroblasts
to the chemotactic effect of peptides 70-88 and 89-129 but not
to TGF-,B1.

The injury to connective tissue by immunological, me-
chanical, physical, or chemical insults is followed by an orderly
repair process wherein fibroblasts migrate into the area from
surrounding locations, expand their numbers by proliferation,
and then synthesize and remodel new matrix to constitute scar

Table V. Zigmond-Hirsch Checkerboard Analysis ofIL-4 Peptide
89-122 Induced Fibroblast Migration*

Peptide 89-122
concentration Peptide 89-122 concentration in lower compartment (M)

in upper
compartment (M) 0 3.7 x 10-7 7.3 x 10-7 1.5 x 106 2.2 x 106

Fibroblasts per 20 OF (mean±SEM)
0 25±3 48±6 76±7 97±6 129±13

3.7 x 10-7 17 4±7 04 67±3 82±8
7.3 x 10-7 18±2 19±2 ±182 71±5
1.5x106 18±1 18±1 19±2-8± 2
2.2 x 106 18±3 17±2 17±2 18± 20±2

* Various concentrations of synthetic IL-4 peptide 89-122 were added
as noted to the upper and/or lower compartments ofmodified blind-
well Boyden chambers in quadruplicate, and migration of fibroblasts
was quantitated.
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Table VI. Inhibition ofhrIL-4, IL-4 Peptide 70-88, or 11-4 Peptide
89-122 Induced Fibroblast Chemotaxis by Each Other*

Fibroblast
chemotaxis

(mean cells per
Contents of lower compartment 20 OIF±SEM)

Media in upper compartment

TGF(31 (2 x 10-3 M)
hrIL-4 (3.5 x 10-11 M)
IL-4 Peptide 70-88 (4.1 x 10-7 M)
ILA4 Peptide 89-122 (1.8 X 10- M)
Media

hrIL-4 (3.5 X 10-1 M) in upper compartment

TGF#I1 (2 X 10-'3 M)
hrIL-4 (3.5 x 1011 M)
IL-4 Peptide 70-88 (4.1 x 10o M)
IL-4 Peptide 89-122 (1.8 x 10-6 M)
Media

98±12
58±5
93± 10
98±7
8±1

96±8
10±1
9±1
23±3
11±1

IL-4 Peptide 70-88 (4.1 X 10-7 M) in upper compartment

TGFO1 (2 x 10-'3 M)
hrIL-4 (3.5 x 101 M)
IL-4 Peptide 70-88 (4.1 x 10-7 M)
IL-4 Peptide 89-122 (1.8 X 10-6 M)
Media

100±12
16±3
8±1

44±5
8±1

IL4 Peptide 89-122 (1.8 x 10-6 M) in upper compartment

TGF#I (2 X 10-'3 M)
hrIL-4 (3.5 X 10-11 M)
IL-4 Peptide 70-88 (4.1 X 10-7 M)
IL4 Peptide 89-122 (1.8 X 10-6 M)
Media

97±13
13±2
9±1
8±1
9±1

* Fibroblasts were suspended in either serum-free MEM, or MEM
containing hrIL-4, IL4 peptide 70-88, or IL-4 peptide 89-122 at the
concentrations indicated, and migration of fibroblasts to TGF3-1 and
these agents was quantitated.

tissue (27, 28). The observation that IL-4 is a potent inducer of
fibroblast chemotaxis in vitro suggests that it could play a role
in the recruitment of fibroblasts in vivo to sites of tissue injury.
IL-4 could be released from mast cells and/or T lymphocytes at
sites of inflammation and promote fibrogenesis.

Mast cells are associated with a variety of human diseases
characterized by excessive fibroblast accumulation and fibrosis
including chronic inflammatory states such as parasitic dis-
eases, rheumatoid arthritis synovium, psoriasis, interstitial pul-
monary fibrosis, various tumors including carcinoids, keloids,
hemangiomas, neurofibromas, mastocytosis, scleroderma, and
scleroderma-like conditions such as toxic oil syndrome,
chronic graft versus host disease, and eosinophilic fasciitis (see
reference 29 for review).

IL-4 could also be released from T lymphocytes participat-
ing in immune and inflammatory reactions in vivo. Several
conditions such as the early lesions of scleroderma, chronic

graft versus host disease, streptococcal cell wall induced granu-
lomatous inflammation in rats, granulomas associated with tu-
berculosis, and sarcoidosis have prominent infiltration of f
lymphocytes (29-33). Perhaps the multinucleated giant cells
associated with the latter three conditions also develop in part
from IL4, which is also known to promote monocyte poly-
karyon formation (34).

The mechanism(s) by which IL-4 induces fibroblast che-
motaxis is unknown. Presumably it is effecting migration via
an IL-4 receptor (IL-4R)-dependent or related mechanism. IL-
4Rs have been described on fibroblasts as well as a variety of
hematopoietic cells (13, 14). The IL4R on human gingival
fibroblasts and Raji B cells has an observed mol wt of 139,000
(14). The human IL-4R cDNA has been recently isolated and
when transfected into COS-7 cells, was shown to encode a
140,000 mol wt protein (35). The predicted extracellular do-
main of the human IL-4R has a high degree of amino acid
sequence homology with receptors for interleukin-6, erythro-
poietin and prolactin, and with the (3 subunit ofthe IL-2R (35).
The mechanisms by which the IL-R transduces signals is not
apparent from the predicted amino acid sequence of its cyto-
plasmic domain, because no homologies were found with pro-
tein kinases or sequences characteristic ofphosphorylation ac-
ceptor sites for protein tyrosine kinases or protein kinase C
(35). Our finding in this study that specific desensitization of
fibroblasts to IL-4, peptide 70-88 and 89-122 by treating fibro-
blasts with each of these agents would be compatible with IL-
4R occupancy and signal transduction by these agents to in-
duce chemotaxis. Additional studies will clarify this issue.

In a given inflammatory reaction, a number of different
chemoattractants may be available to recruit new neighboring
fibroblasts to the site. This redundancy of chemoattractants
may exist to assure that tissue repair is effected contributing to
survival ofthe host. The list ofagents that induce chemotaxis of
fibroblasts includes collagen types 1, 11, and III and their constit-
uent a chains, hydroxyproline containing oligopeptides, fibro-
nectin, tropoelastin and elastin peptides, platelet-derived
growth factor, leukotriene B4, an 80,000 mol wt fragment from
the fifth component of complement, CSa and C5a des arg,
TGF-fl, tumor necrosis factor a, interferon y, and uncharacter-
ized factors from T lymphocytes and breast carcinoma cell
lines (16, 21, 22, 25, 36-45). This would imply that stimulated
T lymphocytes have the capacity to synthesize and release at
least three different cytokine-lymphokine agents (TGF-fl, in-
terferon y, and IL-4) to promote the accumulation of fibro-
blasts in vivo.

The synthetic IL-4 peptides 70-88 and 89-122 were much
less potent than hrIL-4 in inducing fibroblast chemotaxis. Syn-
thetic human IL-1(3 peptides have been reported to have less
potent biological effects than hrIL-1,B, and a biologically active
synthetic growth hormone peptide has been reported to be less
potent than intact growth hormone (46-48). This reduced po-
tency of synthetic cytokine oligopeptides may be due to their
small size and absence of other sequences required for optimal
receptor binding.

There is 50% homology between inferred amino acid
sequences of human and murine IL-4, however, murine IL4
does not stimulate human cells, and human LA does not stim-
ulate murine cells (17, 49). It is not apparent why the chemo-
tactic property of human IL4 resides in residues 70-88 and
89-122. It is interesting and perhaps significant that the most
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potent chemotactic peptide (70-88) has the most amino acid
homology (58%) with its murine IL-4 counterpart (calculated
from sequences shown in reference 17 for murine and human
IL-4). However, peptide 89-122, which was 10-fold less potent,
has the least amino acid homology with its murine IL4 coun-
terpart (29%) than any of the six IL-4 peptides studied.
Whether either of these peptides are involved in IL-4 receptor
binding remains to be established.

This report characterizes another formerly unrecognized
property of IL-4, namely, its ability to induce fibroblast migra-
tion. It is interesting to speculate that the fibrogenic reaction
characterized by accumulation of fibroblasts and matrix com-
ponents at sites of immune and inflammatory reactions in
which T cells and/or mast cells play a prominent role may be
due in part to the stimulation ofchemotaxis and replication of
fibroblasts by IL4. Future work dealing with the mechanisms
by which a fibrogenic response accompanies certain T lympho-
cyte- and mast cell-mediated immune and inflammatory reac-
tions should assess the possible participation of IL4.

Acknowledgments

The authors acknowledge the excellent technical assistance of Diane
Weisfeld, Quinn Cain, and Robert Cassell. We thank Phyllis Mikula
for typing this manuscript.

This work was supported in part by Public Health Service grants
AR-26034 and AR-39 166, and by research funds from the Department
of Veterans Affairs.

References

1. Howard, M., J. Farrar, M. Hilfiker, B. Johnson, K. Takatsu, T. Hamaoka,
and W. E. Paul. 1982. Identification of a T cell-derived B cell growth factor
distinct from interleukin-2. J. Exp. Med. 155:914-923.

2. Fernandez-Botran, R., P. H. Krammer, T. Diamenstein, J. Uhr, and E. S.
Vitetta. 1986. B cells timulatory factor 1 (BSF-l) promotes growth ofhelperT cell
lines. J. Exp. Med. 164:580-593.

3. Hu-Li, J., E. M. Shevach, J. Mizuguchi, J. Ohara, T. Mosmann, and W. E.
Paul. 1987. B cell stimulatory factor-I (interleukin-4) is a potent costimulant for
normal resting T lymphocytes. J. Exp. Med. 165:157-172.

4. Long, M. W., and D. N. Shapiro. 1985. Immune regulation of in vitro
megakaryocyte development. Role ofT lymphocytes and Ia antigen expression.
J. Exp. Med. 162:2053-2067.

5. Paul, W. E., and J. Ohara. 1987. B-cell stimulatory factor-l/interleukin-4.
Ann. Rev. Immunol. 5:429-459.

6. Peschell, C., W. E. Paul, J. Ohara, and I. Green. 1986. Effects of B-cell
stimulatory factor-l/interleukin-4 on hematopoietic progenitor cells. Blood.
65:131-135.

7. Rennick, D. M., G. Yang, C. Muller-Sieburg, C. Smith, N. Arai, Y. Takabe,
and L. Gemmell. 1987. Interleukin-4 (B-cell stimulatory factor 1) can enhance or
antagonize the factor-dependent growth of hemopoietic progenitor cells. Proc.
Natl. Acad. Sci. USA. 84:6889-6893.

8. Mosmann, T. R., M. W. Bond, R. L. Coffman, J. Ohara, and W. E. Paul.
1986. T cell and mast cell lines respond to B cell stimulatory factor- 1. Proc. Natl.
Acad. Sci. USA. 83:5654-5658.

9. Smith, C. A., and D. M. Rennick. 1986. Characterization of a murine
lymphokine distinct from interleukin-2 and interleukin-3 (IL-3) possessing a T-
cell growth factor activity and a mast-cell growth factor activity that synergizes
with IL-3. Proc. Nail. Acad. Sci. USA. 83:1857-1861.

10. Crawford, R. M., D. S. Finbloom, J. Ohara, W. E. Paul, and M. S. Meltzer.
1987. B cell stimulatory factor-l (interleukin-4) activates macrophages for in-
creased tumorcidal activity and expression of Ia antigens. J. Immunol. 139:135-
141.

11. Tevelde, A. A., J. P. G. Klomp, B. A. Yard, J. E. DeVries, and C. G.
Figdor. 1988. Modulation of phenotypic and functional properties of human
peripheral blood moncytes by IL-4. J. Immunol. 140:1548-1554.

12. Essner, R., K Rhoades, W. H. McBride, D. L. Morton, and J. S. Econo-
mou. 1989. IL.4 down regulates IL-I and TNF gene expression in human mono-
cytes. J. Immunol. 142:3857-3861.

13. Lowenthal, J. W., B. E. Castle, J. Christiansen, J. Schreurs, D. Rennick, N.

Ari, P. Hoy, Y. Takebe, and M. Howard. 1988. Expression ofhigh affinity recep-
tors for murine interleukin-4 (BSF-1) on hematopoietic and nonhemopoietic
cells. J. Immunol. 140:456-464.

14. Park, L. W., D. Friend, H. M. Sassenfeld, and D. L. Urdal. 1987. Charac-
terization of the human B cell stimulatory factor 1 receptor. J. Exp. Med.
166:476-488.

15. Monroe, J. G., S. Haldar, M. B. Prystowsky, and P. Lamimie. 1988.
Lymphokine regulation ofinflammatory processes: interleukin-4 stimulates fibro-
blast proliferation. Clin. Immunol. Immunopathol. 49:292-298.

16. Postlethwaite, A. E., R. Snyderman, and A. H. Kang. The chemotactic
attraction of human fibroblasts to a lymphocyte-derived factor. J. Exp. Med.
144:1188-1203.

17. Yokota, T., T. Otsuka, T. Mosmann, J. Banchereau, T. DeFrance, D.
Blanchard, J. E. DeVries, F. Lee, andK I. Arai. 1986. Isolation and characteriza-
tion ofa human interleukin cDNA clones, homologous to mouse B-cell stimula-
tory factor 1, that expresses B-cell- and T-cell-stimulatory activities. Proc. Natl.
Acad. Sci. USA. 83:5894-5898.

18. Merrifield, R. B. 1963. Solid phase peptide synthesis. I. The synthesis ofa
tetrapeptide. J. Am. Chem. Soc. 85:2149-2154.

19. Aycock, R. S., R. Raghow, G. P. Stricklin, J. M. Seyer, and A. H. Kang.
1986. Post-transcriptional inhibition of collagen and fibronectin synthesis by a
homolog ofa portion ofthe carboxyl-terminal propeptide ofhuman type I colla-
gen. J. Biol. Chem. 261:14355-14360.

20. Kang, A. H. 1972. Studies on the location ofintermolecular cross-links in
collagen. Isolation of a CNBr peptide containing hydroxylysinonorleucine. Bio-
chemistry. 11:1828-1835.

21. Postlethwaite, A. E., J. Keski-ja, G. Balian, and A. H. Kang. 1981.
Induction of fibroblast chemotaxis by fibronectin. Localization ofthe chemotac-
tic region to a 140,000-molecular weight non-gelatin-binding fragment. J. Exp.
Med. 153:494-499.

22. Postlethwaite, A. E., J. Keski-Oja, H. L. Moses, and A. H. Kang. 1987.
Stimulation of the chemotactic migration of human fibroblasts by transforming
growth factor ,B. J. Exp. Med. 165:251-256.

23. Zigmond, S. H., and J. G. Hirsch. 1973. Leukocyte locomotion and che-
motaxis. New methods for evaluation and demonstration of a cell-derived che-
motactic factor. J. Exp. Med. 137:387-410.

24. Chiang, T. M., A. E. Postlethwaite, E. H. Beachey, J. M. Seyer, and A. H.
Kang. 1978. Binding ofchemotactic collagen-derived peptides to fibroblasts. The
relationship to fibroblast chemotaxis. J. Clin. Invest. 62:916-922.

25. Postlethwaite, A. E., J. M. Seyer, and A. H. Kang. 1978. Chemotactic
attraction of human fibroblasts to collagen: chemotactic attraction of human
fibroblasts to type 1, 11 and III collagen and collagen-derived peptides. Proc. Nall.
Acad. Sci. USA. 75:871-875.

26. Snyderman, R., and R. J. Uhing. 1988. Phagocytic cells: stimulus-re-
sponse coupling mechanisms. In Inflammation: Basic Principles and Clinical
Correlates. J. I. Gallin, I. M. Goldstein, and R. Snyderman, editors. Raven Press,
Ltd., New York. 309-323.

27. Baum, J. L. 1971. Source of fibroblasts in central corneal wound healing.
Arch. Ophthalmol. 85:473-477.

28. Cohen, J. K., C. D. Moore, and R. F. Diegelmann. 1979. Onset and
localization ofcollagen synthesis during wound healing in open rat skin wounds.
Proc. Soc. Exp. Bio. Med. 160:458-462.

29. Claman, H. N. 1990. Mast cells and fibrosis. Rheum. Dis. Clin. NorthAm.
16:141-151.

30. Berman, J. S., D. J. Beer, J. Bernado, H. Kornfeld, and D. M. Center.
1986. A proposed model for the accumulation ofhelper/inducer lymphocytes in
sarcoidosis. The role of lymphocyte subset-specific chemoattractant lympho-
kines. Ann. NYAcad. Sci. 465:98-109.

31. Kvotny, J. 1977. T-lymphocyte determination in tuberculosis. Scand. J.
Respir. Dis. 58:181-184.

32. Wahl, S. M. 1988. Fibrosis: bacterial-cell-wall-induced hepatic granulo-
mas. In Inflammation: Basic Principles and Clinical Correlates. J. I. Gallin, I. M.
Goldstein, and R. Snyderman, editors. Raven Press, New York. 841-860.

33. Postlethwaite, A. E. 1990. Early immune events in scleroderma. Rheu-
matic Dis. Clin. N. Am. 16:125-139.

34. McInnes, A., and D. M. Rennick. 1988. Interleukin-4 induces cultured
monocytes/macrophages to form giant multinucleated cells. J. Exp. Med.
167:598-611.

35. Idzerda, R. R., C. J. March, B. Mosely, S. D. Lyman, T. VandenBos, S. D.
Gimpel, W. S. Dink, K. H. Grabstein, M. B. Widmer, L. S. Park, D. Cosman, and
M. P. Beckmann. 1990. Human interleukin-4 receptor confers biological respon-
siveness and defines a novel receptor superfamily. J. Exp. Med. 171:861-873.

36. Bleiberg, I., A. K. Harvey, G. Smale, and G. R. Grotendorst. 1985. Identi-
fication ofa PDGF-like mitoattractant produced by NIH/3T3 cells after transfor-
mation with SV40. J. Cell Biol. 123:161-166.

37. Gleiber, W. E., and E. Schiffmann. 1984. Identification ofa chemoattrac-
tant for fibroblasts produced by human breast carcinoma cell liver. Cancer Res.
44:3398-3402.

Interleukin-4-induced Fibroblast Chemotaxis 2151



38. Mensing, H., and B. M. Czarnetozki. 1984. Leukotriene B4 induces in
vitro fibroblast chemotaxis. J. Invest. Dermnatol. 82:9-12.

39. Postlethwaite, A. E. 1990. Human Recombinant tumor necrosis factor a
is a fibroblast chemoattractant. Clin. Res. 38:478A.

40. Postlethwaite, A. E., J. M. Seyer, and A. H. Kang. 1989. Stimulation of
fibroblast chemotaxis by human recombinant interferon gamma. Clin. Res.
37:34a. (Abstr.)

41. Postlethwaite, A. E., R. Snyderman, and A. H. Kang. 1979. Generation of
a fibroblast chemotactic factor in serum by activation of complement. J. Clin.
Invest. 64:1379-1385.

42. Senior, R. M., G. L. Griffin, and R. P. Mecham. 1982. Chemotactic
responses of fibroblasts to tropoelastin and elastin-derived peptides. J. Clin. In-
vest. 70:614-618.

43. Senior, R. M., G. L. Griffin, R. P. Mecham, D. S. Wrenn, K U. Prasad,
and D. W. Urry. 1984. Val-Gly-Val-Ala-Pro-Gly, a repeatingpeptide in elastin, is
chemotactic for fibroblasts and monocytes. J. Cell Biol. 99:870-874.

44. Senior, R. M., J. S. Huang, G. L. Griffin, and T. F. Denel. 1985. Dissocia-
tion ofthe chemotactic and mitogenic activities ofplatelet-derived growth factor
by human neutrophil elastase. J. Cell Biol. 100:351-356.

45. Senior, R. M., G. L. Griffin, H. D. Perez, and R. 0. Webster. 1988.

Human C5a and COa des arg exhibit chemotactic activity for fibroblasts. J. Im-
munol. 141:3570-3574.

46. Antoni, G., R. Presentini, F. Perin, A. Tagliabue, P. Ghiara, S. Censin, G.
Volpini, L. Villa, and D. Dorashi. 1986. A short synthetic peptide fragment B of
human interleukin-I with autostimulatory but not inflammatory activity. J. Im-
munol. 137:3201-3204.

47. Eden, S., J. L. Kastyo, and J. Schwartz. 1982. Ability ofgrowth hormone
fragments to compete with 125I-iodinated human growth hormone for specific
binding to isolated adiopcytes of hypophyectomized rats. Biochim. Biophys.
Acta. 721:489-491.

48. Postlethwaite, A. E., G. N. Smith, Jr., L. B. Lachman, R. 0. Endres, H. M.
Poppleton, K. A. Hasty, J. M. Seyer, and A. H. Kang. 1989. Stimulation of
glycosaminoglycan synthesis in cultured human dermal fibroblasts by interleu-
kin-i . Induction of hyaluronic acid synthesis by natural and recombinant inter-
leukin-l and synthetic interleuldn-ljB peptide 163-171. J. Clin. Invest. 83:629-
636.

49. Noma, Y., P. Sideras, T. Naito, S. Bergstedt-Lindqvist, C. Azuma, E.
Severinson, T. Tanabe, T. Kinashi, F. Matsuda, Y. Yaoita, and T. Honjo. 1986.
Cloning ofcDNA encoding the murine IgGl induction fiactor by a novel strategy
using SP6 promoter. Nature (Lond.). 319:640-646.

2152 A. E. Postlethwaite and J. M. Seyer


