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ABSTRACT Eosinophils have been associated with fibro-
sis. To investigate their direct role in fibrosis, human periph-
eral blood eosinophil sonicate was added to human lung or
dermal fibroblasts, and proliferation ([3H]thymidine) and
collagen synthesis ([3H]proline) were evaluated. Proliferation
was enhanced significantly in the monolayers in a dose-
dependent manner. The activity of the eosinophil fibrogenic
factor(s) remained unaltered when heated (56°C, 30 min).
Supernatants of cultured eosinophils (20 min or 18 hr) also
enhanced lung fibroblast proliferation, indicating that the
preformed mitogenic factor(s) can be released both promptly
and with a long kinetic. Eosinophils significantly decreased
collagen production in lung fibroblasts while increasing it in
dermal fibroblasts. However, eosinophils containing matrix
metalloproteinase 9 (zymography) in latent form and tissue
inhibitors of metalloproteinases 1 and 2 (reverse zymography)
did not inf luence either fibroblast matrix metalloproteinases
or tissue inhibitors of metalloproteinases. Eosinophil sonicate
added to skin and lung fibroblasts in tridimensional collagen
lattices significantly enhanced lattice contraction. Transform-
ing growth factor b (TGF-b) is a major fibrogenic cytokine
produced by eosinophils. Therefore, to assess its role, eosin-
ophil sonicate was preincubated with anti-TGF-b neutralizing
antibodies. This treatment partially inhibited proliferation of
lung and collagen synthesis of dermal fibroblasts and sup-
pressed the stimulation of lattice contraction, indicating the
fibrogenic role of eosinophil-associated TGF-b. In conclusion,
we have shown that eosinophils act as direct modulatory cells
in fibroblast proliferation, collagen synthesis, and lattice
contraction, in part, through TGF-b. These data corroborate
the importance of eosinophils in skin and lung fibrosis.

The relationship between inflammatory cells and fibroblasts in
areas of repair and early fibrosis has been observed for some
time. Recently, attention has focused on the possibility that
inflammatory cells can regulate fibroblast functions and vice
versa, especially after the discovery that both these cell types
are producers of pleiotropic cytokines (1–3). In addition,
current theories implicate inflammation as the driving force
that leads to fibrosis independently of the etiopathology of the
specific disease.

Eosinophils are blood granulocytes that infiltrate the tissues
in various pathological situations, such as allergic inflamma-
tion, parasitic infections, and neoplastic diseases (2). Eosino-
phils long have been associated with fibrotic conditions of
different etiopathology, including endomyocardial fibrosis,
scleroderma and scleroderma like-conditions, idiopathic pul-

monary and retroperitoneal fibrosis, asbestos-induced lung
fibrosis, wound repair, and tissue remodeling (4). More re-
cently, eosinophils have been implicated both in the damaging
of epithelial cells and in fibrosis of the subepithelium in chronic
asthma (5, 6). Eosinophils possess prominent cytoplasmic
granules that, among noneosinophil-specific mediators, con-
tain characteristically preformed basic proteins such as eosin-
ophil peroxidase (EPO), eosinophil-derived neurotoxin
(EDN), major basic protein (MBP), and eosinophil cationic
protein (ECP) (2, 4). In addition, their secretory granules
contain preformed cytokines such as granulocyte–macro-
phage colony-stimulating factor, IL-2, IL-6, IL-4, IL-5, trans-
forming growth factor b (TGF-b), and tumor necrosis factor
a (TNF-a) (1, 2).

Some of the eosinophil mediators such as TGF-b, IL-4, IL-6,
TNF-a, ECP, and MBP can be fibrogenic (7–13), whereas
others such as IL-2, IFN-g, and collagenase have antifibrotic
properties (14–16). Consequently, it is difficult to predict the
role of eosinophils in fibrosis. Moreover, the functional het-
erogeneity of the fibroblast population in different anatomical
locations and even from the same tissue must be considered as
well (17).

Fibrosis is characterized by an excessive deposition of con-
nective tissue, the hallmarks of which are fibroblast prolifer-
ation andyor enhanced synthesis of extracellular matrix com-
ponents, mainly collagen (18). The degradation of extracellu-
lar matrix also might decrease in fibrosis (19), suggesting an
alteration of matrix metalloproteinase (MMP) or tissue inhib-
itor of metalloproteinase (TIMP) expression or regulation.
Fibroblasts from fibrotic areas also exert increased contraction
forces on collagen lattices (20).

Only three studies dealt with the effects of eosinophils on
fibroblast properties. They indicated that human eosinophils
stimulate DNA synthesis and matrix production of dermal
fibroblasts (21, 22) and that guinea pig peritoneal eosinophils
enhance the replication of fetal lung fibroblasts (23).

To study the role of eosinophils in fibrotic processes that can
take place in the skin and lung, we adopted the following in
vitro approach. Human peripheral blood eosinophil sonicate
was added to human lung and skin fibroblasts. Fibroblast
proliferation and collagen synthesis, MMP and TIMP expres-
sion and activation, and tridimensional lattice contraction were
evaluated. TGF-b has potent fibrogenic effects (5–8), and its
secretion by eosinophils, a rich source of this cytokine (1, 2, 5,
6, 24–28), into the circulation or at sites of injury might play
an important role in the development of fibrosis. Therefore, we
specifically investigated the role of TGF-b in the eosinophil
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fibrogenic effects. Our findings suggest that eosinophils can
play a direct modulatory role in lung and skin fibrosis and,
therefore, are active contributors to the etiopathogenesis of
eosinophil-associated fibrotic diseases.

MATERIALS AND METHODS

The following materials were obtained as follows: DMEM,
L-glutamine, streptomycin, penicillin, FCS, and Hanks’ bal-
anced salt solution were obtained from Biological Industries,
Beit Haemek, Israel; trichloroacetic acid was from Merck;
ascorbic acid, b-aminopropionitrile, collagenase, N-ethylma-
leimide, low- and high-molecular-weight markers and brij 35
were from Sigma; purified human TGF-b1 and mouse anti-
human TGF-b1-b2-b3 mAbs were from Genzyme Diagnostics;
mouse anti-human CD3 mAb were from Ortho Pharmaceu-
ticals; IgG-purified fraction from rabbit anti-human TGF-b1-
b2-b3 serum and nonimmune rabbit IgG were from Sigma;
SDS and Triton X-100 were from BDH; Temed and Coomassie
G 250 brilliant blue were from Bio-Rad; 3H-labeled proline
and thymidine were from DuPontyNEN; control MMPs were
from Valbiotech, Paris; and TIMP-1 was from Calbiochem.
TIMP-2 was a generous gift of H. Nagase (Kansas University,
Kansas City). Other reagents and chemicals were obtained
from Frutarom Chemicals (Haifa, Israel) or Prolabo (Paris)
and were of analytical grade or of the best grade available.
Sterile tissue culture plasticware was obtained from Falcon
and Nunc.

Eosinophil Purification. Eosinophils were purified from the
human peripheral blood of 11 mildly atopic volunteers (eo-
sinophilia, ,10%), not taking any oral treatment for their
condition, by the MACS method as described previously (29).
Written informed consent was obtained from the volunteers
according to guidelines established by the Hadassah–Hebrew
University Human Experimentation Helsinki Committee. Eo-
sinophils (purity, 98–100%, Kimura staining; viability, 99%,
Trypan blue staining) were resuspended in DMEM.

Preparation of Eosinophil Sonicate and Supernatants. Eo-
sinophil sonicate was obtained by bath sonication (1 min, 0°C;
Heat SystemsyUltrasonics W 380, duty cycle 5 s; output power,
50%) of a cell suspension containing 107 eosinophilsyml
DMEM. Sonicate then was microcentrifuged for 5 min at 4°C,
and debris-free sonicate supernatant (‘‘sonicate’’) was col-
lected into aliquots and stored at 280°C. For supernatant
preparation, eosinophils (5 3 105yml) were cultured in
DMEM with 2 mM L-glutaminey100 units/ml penicilliny100
mg/ml streptomycin (supplemented DMEM), containing 2%
heat-inactivated FCS, in 24-well tissue culture plates, for 20
min or 18 hr (37°C, 5% CO2). The cells then were centrifuged
(5 min, 120 3 g) and supernatants were collected and stored
in aliquots at 280°C.

In heat-stability experiments, eosinophil sonicate was
heated to 56°C for 30 min.

Fibroblasts. Human foreskin fibroblasts (HSG8, CRL 1635)
and human fetal lung fibroblasts (FHS 738, HTB-157) were
obtained from American Type Culture Collection (Manassas,
VA) and cultured in supplemented DMEMy10% FCS.

Adult dermal fibroblasts were obtained from biopsies of
normal skin from informed-consent volunteers who under-
went minor skin surgery. The biopsies were put as explants,
and fibroblasts were obtained and cultured as described (30).
Because no differences were found in the foreskin and adult
skin fibroblasts, the studies were carried out with either one.

Fibroblast Proliferation. Proliferation of subconfluent fi-
broblasts was assessed by using the [3H]thymidine-incorpora-
tion assay. Fibroblasts were seeded in 96-well plates (6–8 3
103ywell) in 200 ml of supplemented DMEMy10% FCS. After
overnight, wells were washed twice with supplemented
DMEMy2% FCS. Eosinophil sonicate (103–106 cellsy200 ml)
or supernatant (0.5 3 106 cellsy200 ml) was added for 24 hr.

[3H]Thymidine was added as a final 24-hr pulse (1 mCiywell),
and cells were washed (PBS), fixed with methanol, precipitated
(5% TCA), lysed (0.1% NaOH), transferred to scintillation
vials, and counted in a beta-counter (LKB 1211 Rackbeta).

In a few experiments, fibroblast proliferation was evaluated
by counting the fibroblasts, after trypsinization of the wells, in
a hemocytometer. Data from [3H]thymidine incorporation
assay are expressed either as cpmywell or percentage of
increase of proliferation after the addition of eosinophil
products compared with medium alone.

Collagen Production. Collagen production of confluent
fibroblast monolayers was assessed by [3H]proline incorpora-
tion into collagenous proteins (31). Fibroblasts were seeded in
24-well tissue culture plates (104ywell) in 1 ml of supplemented
DMEMy10% FCS until confluence. Eosinophil sonicate (3 3
104–3 3 106 cells per well) in 0.5 ml of DMEM, containing 5%
FCSy50 mg/ml b-aminopropionitriley50 mg/ml ascorbic acid
(modified DMEM) was added, and the cultures were incu-
bated for 24 hr. Then [3H]proline (10 mCiywell) was added for
24 hr and samples were processed as described previously (31).
Data are expressed either as cpm of [3H]proline incorporation
in 104 fibroblasts or as percent increase or decrease of collagen
production in cultures incubated with eosinophil sonicate in
comparison with cultures incubated with medium alone.

Tridimensional Collagen Lattice Contraction. Tri-
dimensional lattice cultures were performed in collagen ma-
trices as described (32). Briefly, type I collagen from rat tail
tendon (2 mgyml in 18 mM acetic acid) was added to 35-mm
dishes containing DMEM medium with 10% FCS and 0.1 M
NaOH. Fibroblasts (105) were added just after collagen solu-
tion, alone or with eosinophil sonicate, before fibrillation and
lattice formation. Lattice diameter was measured every day by
placing the dishes on a graduated rule placed on a black
surface. Cells were counted with a Malassez device after lattice
digestion by clostridial collagenase (2 mgyml in PBS contain-
ing 2.5 mM CaCl2 at 37°C).

Gelatin Zymography and Reverse Zymography. SDS-
substrateyPAGE was performed as described (33). Gels for
zymography comprised 0.1% gelatin and 10% polyacrylamide
and, for reverse zymography, comprised 0.1% gelatin, 15%
polyacrylamide, and 20 ngyml purified, activated MMP-2.
Revealed inhibitory activity, which appeared as blue zones,
demonstrating inhibition of lysis of gelatinase activity, was
measured by automated image analysis. Linear range of en-
zymatic activities was assessed by using purified MMP-2 as
standard. Linearity was between 10 and 200 pg of enzyme.

Addition of TGF-b1 and of Neutralizing Anti-TGF-b Anti-
bodies to Fibroblast Cultures. TGF-b1 (2 and 20 ngyml) was
added to fibroblast cultures, and its effects on proliferation and
collagen synthesis were evaluated as described. Eosinophil
Sonicate was preincubated with anti-TGF-b mAbs (0.3, 3, and
30 mgyml) or isotype control mAbs (anti-human CD3) for 30
min at 37°C before addition of the fibroblasts to evaluate their
blocking effect on fibroblast proliferation and collagen syn-
thesis. Data are expressed as percentage of inhibition. In
lattice-contraction experiments, the neutralizing antibodies
were rabbit anti-human (50 mgyml) and the control antibodies
were nonimmune rabbit IgG.

Statistical Analysis. The experiments were carried out in
triplicate or quadruplicate. Data are expressed as mean 6
SEM. Statistical analysis was performed by Student’s paired t
test with P values of ,0.05 being considered significant.

RESULTS

Effect of Eosinophil Sonicate on Fibroblast Proliferation.
To evaluate the effect of eosinophils on fibroblast prolifera-
tion, human lung subconfluent fibroblast monolayers were
incubated with increasing concentrations of human peripheral
blood eosinophil sonicate (103–106ywell). Proliferative re-
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sponse was evaluated both by [H3]thymidine incorporation and
by fibroblast counting. In both cases eosinophil sonicate
caused a concentration-dependent increase in fibroblast pro-
liferation, which started to be significant at 104 eosinophils per
well (30%, P , 0.05, and 20%, P , 0.02, respectively, n 5 3).
Maximal increase was observed after the addition of 1 3 106

eosinophils per well. The increase in fibroblast number in this
case was 54% (P , 0.001), and the increase of [3H]thymidine
incorporation was 144% (P , 0.02).

In subsequent experiments the effects of increasing concen-
trations of eosinophil sonicate (103–106ywell) on human der-
mal fibroblast proliferation were evaluated by [3H]thymidine-
incorporation assay.

In this case, eosinophils induced a concentration-dependent
increase in proliferation starting at 104 eosinophils per well
(33%, P , 0.05, n 5 3) and showing a maximal increase (182%,
P , 0.008) at the highest sonicate concentration (106 eosino-
phils per well). Interestingly, eosinophil sonicate induced a
comparable concentration-dependent increase of proliferation
on mouse embryonic 3T3 fibroblasts (not shown). To deter-
mine whether the effect of the eosinophil sonicate is specific,
increasing concentrations of human skin fibroblasts sonicate
(103–106) were added to dermal fibroblast monolayers. None
of these sonicate concentrations influenced fibroblast prolif-
eration. In fact, even the highest concentration of sonicate (106

cells) induced [3H]thymidine incorporation similar to that
observed in fibroblasts incubated with culture medium alone
(435 6 38 vs. 383 6 57 cpmywell). Next, to evaluate heat
stability of the mitogenic mediator(s), heated (56°C) eosino-
phil sonicate was added to lung or dermal fibroblasts. Under
this condition, fibroblast proliferation did not differ from that
obtained after addition of untreated eosinophil sonicate. In
fact, lung fibroblasts incorporated 807 6 81 cpm [3H]thymi-
dine when incubated with untreated sonicate vs. 835 6 35 cpm
when incubated with heat-treated sonicate (n 5 3). In dermal
fibroblasts, incorporation was 1,629 6 335 cpm with heat
treated vs. 1,378 6 95 with untreated sonicate (n 5 2). This
indicates that the mitogenic mediator(s) is heat-stable.

Effect of Eosinophil Supernatants on Fibroblast Prolifer-
ation. From the previous experiments, we concluded that
eosinophil mediator(s) contained in the eosinophil sonicate
enhance fibroblast proliferation. To evaluate whether eosin-
ophils also could release this mediator(s), supernatants of
eosinophils cultured in medium for either 20 min or 18 hr were
added to lung fibroblasts. Eosinophil supernatant obtained
after 20 min of incubation induced a significant increment in
lung fibroblast proliferation (860 6 161 cpm, n 5 7, P , 0.05)
compared with medium alone (403 6 50 cpm). This mitogenic
response was similar to the one obtained by the addition of
sonicate from freshly isolated eosinophils (1,083 6 85 cpm, n 5
7, P , 0.0001), indicating that the preformed mediator(s)
responsible for this activity is released rapidly. In addition, the
eosinophil supernatants recovered after 18 hr also stimulated
lung fibroblast proliferation (650 6 125 cpm vs. 403 6 50 cpm,
n 5 7, P , 0.05).

Effect of Eosinophil Sonicate on Fibroblast Collagen Syn-
thesis. As shown in Fig. 1A, addition of the eosinophil sonicate
at the highest concentration (3 3 106ywell) decreased signif-
icantly collagen production of lung fibroblasts (50%, P , 0.03),
whereas no significant effect was observed at lower sonicate
concentrations. In contrast, dermal fibroblasts incubated with
eosinophil sonicate responded with an increase in collagen
production. This increase was highly significant at the highest
sonicate concentration (73% increase, P , 0.007; Fig. 1B).

Effect of Eosinophil Sonicate on Fibroblast MMP and
TIMP Activities. Eosinophil sonicate was found by zymogra-
phy analysis to contain pro-MMP-9 and a high-molecular-
weight band that may correspond to a complex with some
inhibitors (Fig. 2I). Lung fibroblasts displayed pro-MMP-9,
pro-MMP-2, and MMP-2 activities (Fig. 2II, lane B). Dermal

fibroblasts displayed pro-MMP-2 and MMP-2 activities (Fig.
2II, lane D). Addition of eosinophil sonicate did not influence
either lung (lane C) or dermal (lane E) gelatinase activities or
pattern. Eosinophil sonicate also was shown by reverse zy-
mography to contain TIMP-1 and TIMP-2 (Fig. 3). Its addition
to fibroblast cultures did not alter TIMP expression by the
cells.

Effect of Eosinophils on Collagen Lattice Contraction.
Addition of increasing concentrations of eosinophil sonicate
(10–105 per lattice) to dermal and lung fibroblasts embedded
in collagen lattice enhanced significantly their contraction
(1.25- to 1.4-fold, P , 0.05). This was particularly visible on
days 1 and 2 and was evident even at a concentration as low as
10 eosinophils per lattice (not shown). Interestingly, eosinophil
presence in the lattice did not increase fibroblast proliferation.
In fact, the number of fibroblasts in the medium-incubated
lattices and in the lattices cultured with eosinophil sonicate was
comparable on the first day and last days of the experiment
(90,830 6 3,000 vs. 88,700 6 2,450 for lung; 85,500 6 2,500 vs.
83,750 6 1,250 for dermal fibroblasts, respectively, n 5 4).

The Role of TGF-b in the Fibrogenic Responses of Eosin-
ophils. TGF-b is a fibrogenic cytokine (7, 8) and is heat-stable
(34). TGF-b1 has been shown to be expressed by human
eosinophils (1, 2, 5, 6, 24–28) and is the isoform particularly
involved in fibrosis development (35). Therefore, dermal and
lung fibroblasts were incubated with TGF-b1 and their pro-
liferation and collagen synthesis were evaluated. At the two
concentrations tested (2 ngyml and 20 ngyml), TGF-b1 in-
creased the proliferation of lung fibroblasts significantly (50
and 74% increase, P , 0.0001 and P , 0.02, respectively, n 5
3) but had no significant effect on dermal fibroblast prolifer-
ation (10 and 20% increase respectively, P , 0.07). Collagen
production was increased significantly by TGF-b1 (2 ngyml
and 20 ngyml) in both the fibroblasts: 27 and 129%, P , 0.003

FIG. 1. Different effects of eosinophils on collagen synthesis in
human lung and dermal fibroblasts. Confluent monolayers of lung (A)
and dermal (B) fibroblasts were incubated with different concentra-
tions of eosinophil sonicate for 24 hr, and collagen production was
evaluated by [3H]proline incorporation. Data are the mean 6 SEM of
three experiments performed in triplicate or quadruplicate.
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and P , 0.04 for lung; 732 and 1,475%, P , 0.007 and P , 0.03
for dermal fibroblasts, respectively.

Recently, human nasal polyp eosinophils have been shown
to express the three TGF-b isoforms (36, 37). Consequently, to
assess the role of TGF-b in our systems, eosinophil sonicate
was preincubated with neutralizing antibodies to TGF-b1,2,3
and added to lung fibroblasts. As shown in Table 1, preincu-
bation of eosinophil sonicate with anti-TGF-b antibodies
reduced their proliferative potential significantly, with varia-
tions between the different eosinophil donors. At concentra-
tions of 0.3, 3, and 30 mgyml, the antibodies decreased
eosinophil-induced proliferation by 35% (P , 0.005), 30%
(P , 0.05), and 25% (P , 0.03), respectively.

To evaluate the contribution of TGF-b in enhancement of
collagen synthesis, dermal fibroblasts were incubated with the
eosinophil sonicate from four different donors, preincubated
with an optimal concentration of anti-TGF-b antibodies (3
mgyml). Also in this case, the presence of anti-TGF-b anti-
bodies decreased from 18 to 68% (P , 0.05, n 5 3) the
enhancing effect of the eosinophils on collagen production
(not shown). The proliferation and collagen-stimulating ef-
fects of the eosinophil sonicate incubated with the control
antibody anti-CD3 remained unaltered. The role of TGF-b in
eosinophil-induced dermal and lung fibroblast lattice contrac-

tion was evaluated because it is well established that TGF-b
induces tridimensional gel retraction (38). Eosinophil sonicate
preincubated with neutralizing antibodies to TGF-b was added
together with the dermal fibroblast to collagen lattices (Fig. 4).
Anti-TGF-b antibodies totally suppressed the increase of
lattice contraction induced by the eosinophil sonicate.

DISCUSSION

In this paper we have shown that human eosinophils have the
capacity to directly affect human lung and dermal fibroblast
proliferation, collagen synthesis, and lattice contraction. A
large part of these effects are mediated by eosinophil-
associated TGF-b.

FIG. 3. Eosinophils contain TIMP-1 and TIMP-2 but do not
stimulate TIMP production by dermal fibroblasts. Eosinophil sonicate
(lanes: A, 0; B, 10; C, 100; D, 1,000; E, 10,000; or F, 100,000
eosinophils) was added to the lattices containing 100,000 dermal
fibroblasts in DMEM containing 10% FCS. On day 7, culture medium
was changed in DMEM containing 0.1% BSA and the lattices were
incubated further for 48 hr. Culture medium then was collected and
analyzed by reverse zymography. Eosinophil sonicate (100,000) was
analyzed on the same gel (lane G). The migration positions of control
TIMP-1 and TIMP-2 are indicated.

FIG. 4. Anti-TGF-b antibodies suppress the stimulation of colla-
gen lattice contraction induced by the eosinophil. Dermal fibroblasts
were seeded in collagen lattices (100,000 cells per lattice) and incu-
bated in DMEM 1 0.5% FCS alone (solid lozenges) or supplemented
with the eosinophil sonicate (10 eosinophils per lattice, ■) or with the
eosinophil sonicate preincubated with rabbit anti-TGF-b antibodies
(crosses). Open triangles are controls consisting of the eosinophil
sonicate preincubated with nonimmune rabbit IgG. Each set of data
is the mean of four experiments. SDs were less than 10% of the mean
value in every case and were not reported as error bars on the graph
for better clarity.

FIG. 2. Eosinophils contain MMPs but do not affect human lung or dermal fibroblast MMP production. Eosinophil sonicate was added to wells
without fibroblasts (I) or to fibroblast cultures (II) at concentrations of 3 3 106 cells per well in DMEM containing 0.1% BSA for 48 hr. The culture
supernatants were collected and analyzed by gelatin zymography. (I) Eosinophil sonicate obtained from eosinophils of four different patients was
analyzed (lanes A–D). As controls on the same gel, the supernatant of HT1080 cells (lane E) and commercially available pro-MMP-2 were analyzed
(lane F). Molecular weight (MW) standards of high-MW range (lane G) and low-MW range (lane H) also were run. (II) Eosinophil sonicate of
a fifth patient (lane A), lung fibroblasts (lane B), or dermal fibroblasts (lane D) was incubated alone or eosinophil sonicate was added to either
lung fibroblasts (lane C) or dermal fibroblasts (lane E).
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It has been recognized increasingly that eosinophils are
involved in physiologic and pathologic connective tissue dep-
osition and turnover. The association between eosinophils and
pathologic fibrosis is supported by numerous observations. For
example, eosinophil infiltration of affected tissues and the
presence of ECP or MBP is prominent in diffuse or localized
fibrotic conditions such as L-tryptophan-associated eosinophil-
ia-myalgia syndrome (39), nodular sclerosing Hodgkin’s dis-
ease (40), systemic sclerosis (41), pulmonary fibrosis (42), and
severe asthma (5, 6).

However, the precise role of eosinophils in fibrosis has not
been clarified. In fact, increased numbers of eosinophils or
eosinophil-derived products in the fibrotic tissues can be
circumstantial or just indicative of a role for these cells in
causing or modulating other pathological changes.

In this study, we investigated the unique and direct contri-
bution of the eosinophils to tissue remodeling. Therefore, we
adopted an in vitro system in which human eosinophil sonicate
was incubated with human lung and dermal fibroblasts, and
some hallmarks of fibrosis, namely, fibroblast proliferation,
collagen synthesis, and collagen lattice contraction, were eval-
uated. In addition, the presence of MMPs and TIMPs in
eosinophils and their effects on fibroblast MMPs and TIMPs
also were assessed. Eosinophil sonicate caused a dose-
dependent increase in proliferation in the tested fibroblasts,
similar to results reported previously (22, 23). Based on our
findings, the question was raised whether the mediator(s) that
caused enhancement of fibroblast proliferation could be re-
leased and, if so, what the kinetics of the release were. We
found that the factors involved are both preformed, rapidly
released, as demonstrated also by Pincus et al. (21), and
released at longer time points.

Collagen production also was influenced by the eosinophil
sonicate. Interestingly, whereas dermal fibroblasts produced
significantly more collagen when incubated with eosinophil
sonicate as reported previously with eosinophils supernatants
(22), lung fibroblasts decreased significantly their collagen
synthesis. The different response of dermal and lung fibro-
blasts to eosinophils is very important because it supports the
notion of fibroblast heterogeneity and tissue-specific fibro-
blasts (17). It also may indicate the diverse role of eosinophils
in fibrosis development in various anatomical locations and
tissues.

We found that eosinophils enhanced retraction of both
dermal and lung fibroblasts cultured in tridimensional collagen
gels. Interestingly, the enhanced retraction capacity is a char-
acteristic feature of fibrotic tissue fibroblasts (32). In lattices,
eosinophils did not increase fibroblast proliferation as they did
in monolayers. It is well established that fibroblasts respond
poorly to mitotic factors when seeded in collagen lattices.

It has been shown that eosinophils infiltrating fibrotic lesions
(25, 28) and circulating eosinophils (26) express elevated levels
of TGF-b1 mRNA. In addition, eosinophils in chronically
inflamed tissue of upper airway and in airway fibrosis in
chronic asthma express TGF-b1 mRNA and immunoreactivity
(5, 6, 27).

TGF-b is a potent fibrogenic cytokine that stimulates ex-
tracellular matrix formation, inhibits its degradation, and acts
as a chemoattractant for fibroblasts (7, 8, 43). There are three
principal isoforms of TGF-b, namely, TGFb1, b2, and b3, with
similar biologic activities (44, 45). TGF-b1 seems to be the
main isoform involved in fibrosis. For example, Coker et al.
(35) demonstrated that although TGF-b isoform gene expres-
sion is controlled in a different way during experimental
pulmonary fibrosis, TGF-b1 is the predominant isoform ex-
pressed during fibrosis development whereas the expression of
the two other isoforms essentially is unchanged. Therefore, to
investigate the role of TGF-b in our system we incubated lung
and dermal fibroblasts with TGF-b1. This cytokine enhanced
both the proliferation and collagen synthesis of the fibroblasts.
As mentioned earlier, human eosinophils in nasal polyps have
been shown to express the three TGF-b isoforms (36, 37).
Accordingly, to evaluate the role of TGF-b in the eosinophil
effects and accounting for possible isoform-specific differ-
ences in both target-tissue responsiveness and mode of action
(45), we preincubated the eosinophil sonicate with anti-TGF-b
neutralizing antibodies against the three isoforms. Eosinophil-
mediated stimulation of lung fibroblast proliferation and der-
mal fibroblast collagen synthesis was blocked partially by the
addition of anti-TGF-b antibodies. Anti-TGF-b completely
suppressed the stimulation of collagen lattice contraction
induced by eosinophil sonicate. Altogether, these data indicate
a major role for TGF-b in the eosinophil fibrogenic effect.
However, because some of the eosinophil fibrogenic activity
could not be blocked by anti-TGF-b antibodies, it is probable
that other preformed mediators along with TGF-b are respon-
sible for this effect. For example, IL-6 is known to be a
fibrogenic factor (10). IL-4 stimulates collagen synthesis of
human dermal fibroblasts (9), whereas IL-2 (45) inhibits
fibroblast proliferation (14). Granulocyte–macrophage colo-
ny-stimulating factor, a prominent cytokine produced by eo-
sinophils that has pleiotropic effects on these cells (47), is
potentially very important in our system. In fact, recent
evidence supports a major role for granulocyte–macrophage
colony-stimulating factor in the development of fibrotic
changes both in the skin (48, 49) and in the lung (50, 51). ECP
and MBP also influence fibroblast behavior: ECP inhibits
proteoglycan degradation and increases glycosaminoglycan
intracellular accumulation (12), and MBP interacts in syner-
gistic fashion with IL-1 and TGF-b to increase IL-6 production
by fibroblasts (13).

The regulation of extracellular matrix protein production by
eosinophils may also depend on their or fibroblast production
of MMPs and of inhibition of these enzymes by TIMPs (52, 53).
It has been shown that peritoneal cavity guinea pig eosinophils
and probably human blood eosinophils from idiopathic hy-
pereosinophilic syndrome patients possess a metalloproteinase
that degrades types I and III collagens (16, 54). More recently,
an MMP-9 activity in supernatants of human peripheral
eosinophils (55) and in asthmatic airway eosinophils also has
been demonstrated (56). In this study we also detected in
peripheral blood eosinophils MMP-9 together with a higher

Table 1. Inhibitory effect of anti-TGF-b antibodies on eosinophil-mediated lung fibroblast proliferation

Patient
Culture medium,

cpmywell*
Eosinophil sonicate,

cpmywell

Eosinophil sonicate 1
anti-TGF-b (0.3

mgyml) cpmywell (%)†

Eosinophil sonicate 1
anti-TGF-b (3 mgyml)

cpmywell (%)

Eosinophil sonicate 1
anti-TGF-b (30

mgyml) cpmywell (%)

1 648.6 6 86.5 2,686.0 6 85.4 2,049.0 6 212.4 (18.2) 2,214.6 6 131.4 (13.8) 1,931.0 6 624.2 (22.5)
2 886.3 6 30.5 3,297.0 6 653.7 1,913.7 6 332.5 (44.7) 1,728.0 6 216.7 (12.0) 3,168 6 290.9 (6.3)
3 504.3 6 60.0 2,810.0 6 187.3 2,258.0 6 158.9 (20.5) 1,090.6 6 257.5 (74.0) 1,877.0 6 465.8 (38.2)
4 807.5 6 51.9 3,383.0 6 177.8 2,684.0 6 187.8 (28.9) 3,076.6 6 284.3 (16.7) 2,607.0 6 196.4 (36.4)
5 610.7 6 60.4 2,118.0 6 502.7 1,225.7 6 131.9 (61.7) 1,501.3 6 156.7 (33.7) 1,915.0 6 104.3 (18.7)

Fibroblast proliferation was assessed by [3H]thymidine incorporation.
*Data are the mean 6 SEM of three experiments performed in triplicate.
†Percent inhibition as: eosinophil sonicate 1 anti-TGF-byeosinophil sonicate.
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band that might correspond to a complex with an inhibitor. In
addition, we have found that eosinophils possess TIMP-1 and
TIMP-2 activities. However, addition of the eosinophil soni-
cate to the lung and dermal fibroblast monolayers did not
affect their pattern of MMP and TIMP activity. This indicates
that at least in our in vitro system, eosinophil products do not
modulate extracellular matrix macromolecule degradation.

In conclusion, we have demonstrated a direct role for
eosinophils in regulating fibroblast activity by showing that
eosinophils increase proliferation, collagen production, and
lattice retraction in dermal fibroblasts whereas they increase
proliferation and lattice contraction but decrease collagen
production in lung fibroblasts. Eosinophil fibrogenic effects
are mediated partly by preformed TGF-b. Based on our
observations, we can conclude that eosinophils play an impor-
tant, direct, modulatory role in the pathophysiology of lung
and skin fibrotic processes. Consequently, the immunophar-
macological modulation of their mediators may have a ther-
apeutic role in fibrotic conditions.
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