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Summary

Background The hypertrophy/hyperplasia of airway smooth muscle (ASM) cells is one of the
characteristic features of bronchial asthma. This structural change leads to the thickening of airway
walls resulting in the amplification of airway narrowing. However, the pathogenesis of this structural
change has not yet been determined. Eosinophils, which play a pathogenic role in asthma, have been
demonstrated to have proliferative effects on fibroblasts and vascular smooth muscle cells.
Objective  We attempted to investigate the potential of eosinophils to induce the proliferation of
ASM cells.

Methods We examined the effect of lysates of eosinophils purified from peripheral blood of healthy
donors on cultured human ASM cell proliferation.

Results  Eosinophil lysates significantly induced ASM cell proliferation in time- and dose-
dependent manners, reaching a maximum on day 6 at 50% of eosinophil lysates (6.0 +0.7 x 10*
[mean + SD]/well, n=5 vs. 4.5 + 1.1 x 10%well, n=>5; P<0.05). This proliferative activity was heat-
sensitive and recovered in the soluble fraction of the eosinophil lysates. Furthermore, the molecular
weight of the mitogenic activity in the soluble fraction was identified as lower than 10kDa. The
inhibitory activity to ASM cell proliferation was also found in the insoluble fraction of the lysates.
Conclusion These results indicate that circulating eosinophils store mitogenic activity for ASM
cells, suggesting that eosinophils might contribute to the development of the hyperplasia of ASM
cells in asthmatics through the release of the stored mitogenic activity upon stimulation at the site of
inflammation.
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Introduction

One of the histological features of the airways of patients with
bronchial asthma is hypertrophy/hyperplasia of airway smooth
muscle (ASM) cells [1]. The structural change of ASM, together
with subepithelial fibrosis and hypertrophy/hyperplasia of sub-
mucosal glands, leads to the thickening of airway walls,
resulting in the aggravation of the chronicity and severity of
bronchial asthma by amplifying airway narrowing [2]. How-
ever, the pathogenesis of hypertrophy/hyperplasia of ASM cells
in bronchial asthma has not yet been determined.

Studies using cultured ASM cells from animals and human
have demonstrated the induction of ASM cell proliferation by
growth factors and cytokines such as epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), insulin-like
growth factor (IGF)-I, IGF-II, TGF-B,, endothelin, TNF-a
and IL-6. ASM cells themselves are capable of synthesizing
some of these factors including PDGF, TGF-B,, IGF-II
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and IL-6, and enhancing their proliferation in an autocrine/
paracrine fashion. Inflammatory mediators in asthmatic
airways such as histamine, thrombin, substance P and leuko-
triene (LT)D,4 were shown to have the potential to promote
ASM cell proliferation [3,4]. Anti-inflammatory mediators
such as IL-4 [5], vasoactive intestinal peptide (VIP) [6], prosta-
glandin (PG)E, [7] and corticosteroids [8] inhibit the prolifer-
ation of ASM cells. Cell-cell interaction mediated by integrins
was reported to also be important for inducing the ASM cell
proliferation. Lazaar et al. reported that T lymphocytes could
induce DNA synthesis of ASM cells in culture by adhering to
ASM cells via integrins and CD44 [9].

Eosinophils are a prominent infiltrate in asthmatic airways
and, upon activation at the site of inflammation, release inflam-
matory mediators including major basic protein (MBP), eosino-
phil cationic protein (ECP), LTs and platelet-activating factor
(PAF) [10]. These mediators contribute to the development and
maintenance of airway inflammation and hyper-responsiveness
which are fundamental features of asthma [11-13]. ASM cells
have been demonstrated to synthesize and release cytokines and
chemokines such as IL-5 [14], granulocyte/macrophage-colony
stimulating factor (GM-CSF) [15], eotaxin [16], RANTES [17]
and monocyte chemotactic proteins (MCPs) [18] which play an
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important role in the accumulation and activation of inflamma-
tory cells including eosinophils in asthmatic airways.

Eosinophils have recently been reported to have the potential,
without any further activation, to induce the mitogenesis
of mesenchymal cells. It has been demonstrated that DNA
synthesis of fibroblasts was increased under culture with ex-
tracts of eosinophils purified from peripheral blood [19,20].
Nolan et al. cultured vascular smooth muscle cells of rats with
a conditioned medium of eosinophils without stimulation, in
which DNA synthesis of the cells was shown to be increased by
the presence of the conditioned medium in a dose-dependent
manner [21].

These findings led us to hypothesize that eosinophils play a
role in the induction of hypertrophy/hyperplasia of ASM cells
in airways of asthmatics. To evaluate this hypothesis, we inves-
tigated the effect of lysates of eosinophils purified from periph-
eral blood on the proliferation of ASM cells in culture.

Materials and methods

Preparation of ASM cells

Human tracheal autopsy tissues were taken from three patients
(68years, male, acute myocardial infarction, 53years, female,
chronic renal failure and 80years, female, acute myocardial
infarction). ASM cells were obtained from these tissues as pre-
viously described with some modifications [22]. Small strips of
the tracheal muscle were dissected from the epithelium and
connective tissues under sterile conditions, and minced into
approximately 1mm?> pieces. After washing several times at
4°C with modified Krebs-Ringer-Henseleit (KRH) solution
[(in mM) 115 NaCl (Wako Pure Chemical Industries, Osaka,
Japan), 5 KCI (Wako), 2 CaCl, (Wako), 1 KH,PO, (Wako),
1 MgSO,4 (Wako), 15 glucose (Wako), 25 N-2-hydroxethyl-
piperazine-N-2-ethanesulphonic acid (HEPES) (Wako), and
10pg/mL phenol red (Wako), pH7.4] containing 100 U/mL of
penicillin G (Meiji Seika Co., Tokyo, Japan), 100pug/mL of
streptmycin (Meiji) and 0.5pg/mL amphotericin B (Bristol-
Myers Squibb Co., Tokyo, Japan: PSA), the minced muscle
pieces were resuspended in 10mL of KRH solution, as men-
tioned above except for 0.2mm CaCl,, containing PSA, 6400U
collagenase (Sigma Chemical Co., St Louis, MO, USA), 10mg
soybean trypsin inhibitor (Sigma) and 100U elastase (Sigma).
The suspension of muscle pieces was then stirred gently for 90
min at 37°C. The cell suspension was filtered through 100pm
nylon meshes (Cell Strainer; Becton Dickinson Labware,
Franklin Lakes, NJ, USA), and centrifuged at 150g for 10
min. Cells were resuspended in Ham’s F-12 (Gibco BRL,
Grand Island, NY, USA) containing 10% fetal bovine serum
(FBS; Cansers International Inc., Toronto, Canada) and PSA,
seeded at a density of 1x10%cm? in 25cm? culture flasks
(Becton Dickinson Labware) and cultured in a humidified at-
mosphere at 37°C in 95% air — 5% CO, (v/v). The medium was
replaced every 2days. After 5-7days when the cells grew to
confluence, they were subcultured by removal from flasks with
0.25% trypsin (Difco Laboratories, Detroit, MI, USA) and
0.01% EDTA (Dojindo, Kumamoto, Japan). These cell prepar-
ations were identified as ASM cells by a characteristic ‘hill and
valley’ appearance and by immunocytochemical staining with
anti-o. smooth muscle actin monoclonal antibodies (Sigma)
detected by the alkaline phosphatase anti-alkaline phosphatase

method as previously described [23]. Cells at passage numbers
5-10 were used for the following experiments.

Isolation of eosinophils

Eosinophils were isolated from peripheral blood of healthy
donors by immunomagnetic negative selection as previously
described [24] with some modifications. Donors were 35 volun-
teers who visited Miyagi Red Cross Blood Center (Sendai,
Japan) to provide peripheral blood for blood transfusion.
They did not suffer from atopic and/or infectious diseases.
Four-hundredmL of blood was taken from each donor. The
suspension of white blood cells anti-coagulated with 85mm
sodium citrate, 42m™ citrate and 2.2% (w/v) glucose was
obtained after partially removing red blood cells, platelets and
plasma. The percentage of eosinophils in the suspension was
3-7%. The suspension was mixed with 0.2 vol. of 3% dextran
(Pharmacia, Uppsala, Sweden) in 0.01Mm phosphate-buffered
saline (PBS, pH7.4) (Takara Shuzo Co., Otsu, Japan) and
allowed to sediment for 40min at room temperature
(23-25°C). The leucocyte-rich plasma was washed twice with
Hank’s balanced salt solution without Ca>* and Mg>* (HBSS)
(Life Technology Inc., Grand Island, NY, USA). The pellet
suspended in HBSS was overlaid onto 1.080g/mL of Percoll
(Pharmacia) solution and centrifuged at 600g for 25min at
4°C. The second layer consisting of granulocytes and red
blood cells were collected and subjected to a hypotonic shock
with sterile endotoxin-free water to remove any remaining
erythrocytes. Following a wash with HBSS, the granulocytes
were suspended with culture medium, RPMI 1640 (Gibco)
containing 10% FBS, of 3G8 cells [25] (obtained from Cancer
Cell Repository, Institute of Development, Ageing and Cancer,
Tohoku University, Sendai, Japan) which are B cell hybridoma
cells secreting anti-CD16 mouse monoclonal IgG, antibodies.
The suspension was gently agitated for 30min at 4°C followed
by centrifugation. The pellet was resuspended in HBSS contain-
ing immunomagnetic beads coated with sheep anti-mouse IgG
(Dynabeads M-450; Dynal AS, Oslo, Norway) and gently agi-
tated for 20min at 4°C. The tubes containing the cell suspension
were then attached to a magnet (Dynal MPC-1; Dynal AS), so
that immunomagnetically labelled neutrophils were retained in
the magnetic field and eosinophils were allowed to be collected
as a suspension. After centrifugation, eosinophils were resus-
pended in Ham’s F-12 medium. The purity of eosinophils,
which was determined by light microscopic examination of
cytospin preparations stained by Diff-Quick (International
Chemical Ltd, Osaka, Japan), was higher than 99%. The viabil-
ity assessed by trypan blue dye exclusion was higher than
99%. The number of eosinophils recovered from each donor
was approximately 10million. The final concentration of
eosinophils was adjusted to 10%mL and stored at —20°C.
The eosinophil suspension was not pooled but stored in each
donor.

Preparation of eosinophil lysates

Eosinophils stored at —20°C as mentioned above were sub-
jected to freeze-thaw and sonicated at 100 W for 1min [19]. To
remove cellular debris, the lysates were centrifuged at 1200g for
10min at 4°C, and the supernatants were used as eosinophil
(Eo) lysates. In some experiments, Eo lysates were further cen-
trifuged at 100000g for 1h at 4°C. The supernatants were
collected as the soluble fraction. The pellet was resuspended in
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the same volume of Ham’s F-12 medium and used as the insol-
uble fraction. The soluble fraction was further separated to two
parts with Microcon-10 (Amicon, Inc., Beverly, MA, USA) the
molecular weight cut-off of which was 10kDa, according to the
manufacturer’s protocol. The volume of each part was adjusted
with Ham’s F-12 medium to that of the original soluble frac-
tion.

Culture of ASM cells

ASM cells in Ham’s F-12 containing 10% FBS and PSA
were seeded at a density of 2 x 1041 mL/well in 24-well micro-
plates (Becton Dickinson Labware) in triplicate. After post-
incubation for 24h, ASM cells were further incubated with
Ham’s F-12 without FBS for 24h. The culture medium was
then replaced with Ham’s F-12 containing various concentra-
tion of FBS (2.5, 5 or 10%) with or without 50% of Eo lysates.
The culture medium was changed on the 3rd day and the
cell number was counted every 2 days or on the 6th day. Cell
numbers were determined by counting released nuclei from the
cells. The nuclei were released by gentle pipetting of the
cells following the incubation with 0.1M citric acid (Wako)
containing 0.1% crystal violet (Sigma) in culture wells at
room temperature for 15min [26]. To examine the dose-
dependent effect of Eo lysates, ASM cells were cultured with
various concentration of Eo lysates [1, 2.5, 5, 7.5, 10, 25, 50
and 75%] at 2.5% FBS. The culture medium was changed on
the 3rd day and the cell number was counted on the 6th day.
To characterize the growth-enhancing activity of Eo lysates,
ASM cells were cultured at 2.5% FBS with Eo lysates pre-
incubated at 4 or 85°C for 15min, with the soluble or insoluble
fraction of Eo lysates or with the solution prepared with
Microcon-10 as mentioned above. The culture medium was
changed on the 3rd day and the cell number was counted on
the 6th day.

Culture of ASM cells with neutrophil lysates

Neutrophils were isolated from peripheral blood with
dextran sedimentation and Percoll solution as mentioned
above. The granulocyte population from the second layer of
the Percoll density gradient was used as neutrophils. Both
the purity and viability were higher than 99%. Neutrophil (N)
lysates were prepared in the same way as Eo lysates. After
being seeded and incubated in 24-well microplates as
mentioned above, the ASM cells were cultured with 50% of
N lysates at 2.5% FBS. The culture medium was changed
on the 3rd day, and the cell numbers were counted on the 6th
day.

Statistical analysis

Cell numbers are expressed as those in a culture well or as
a percentage of control. Values are presented as mean + SD.
Mann-Whitney U-test was used to compare the differences
between the values, except for the values in the time-course
experiments in which the differences were estimated with one-
way analysis of variance and Fisher’s PLSD method. These
analyses were performed using StatView 4.11 (Abacus
Concepts, Berkeley, CA, USA) for Macintosh. The level of
significance was taken at P<0.05. The » in each figure repre-
sents the number of times an experiment was repeated using
eosinophils from different donors.
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Results

The effect of Eo lysates on the growth of ASM cells

The effect of Eo lysates on ASM cell proliferation was examined
at 2.5, 5 or 10% FBS on day 6 (Fig. 1). The presence of 50% of
Eo lysates significantly enhanced the proliferation of ASM cells
at2.5(179.5 4+ 18.6%, n=>5; P<0.05) and 5 (157.5 + 4.7%, n=>5;
P<0.05%FBS, compared to the absence of Eo lysates.
However, there was no significant difference in the number of
the cells between the presence (95 + 13.7%, n=5) and absence of
Eo lysates at 10% of FBS. On the other hand, without FBS, 50%
of Eo lysates had no mitogenic effect on ASM cells (93, 80 and
75% compared to the absence of Eo lysates).

The effect of Eo lysates was time-dependent (Fig. 2). The
numbers of cells cultured with 50% of Eo lysates at 2.5% FBS
were significantly higher than those without Eo lysates on days
4and 6 (5.9 + 1.1x10*vs. 4.5+ 1.1x10*, n=5; P<0.05 and 6.0
+0.7x10%vs. 4.5 + 1.1 x 10*, n=5; P<0.05, respectively).

The effect of Eo lysates was also dose-dependent (Fig. 3). The
numbers of cells cultured with 10, 25, 50 or 75% of Eo lysates at
2.5% FBS on day 6 were significantly higher than those without
Eo lysates (135.4 4+ 26.8%, n=38; P<0.05, 137.3 + 27.1%, n=7,
P<0.05,170.3 + 27.1%, n=8; P<0.001 or 147.2 + 29.9%, n=6;
P<0.01, respectively). The numbers of cells cultured with 1, 2.5,
5 or 7.5% of Eo lysates at 2.5% FBS on day 6 were not signifi-
cantly different from those without Eo lysates.

Characterization of the growth-enhancing activity of Eo
lysates

To examine the heat-stability of the growth-enhancing activity
of Eo lysates, ASM cells were cultured with 50% of Eo lysates
pretreated with or without heating. In contrast to non-treated
Eo lysates (150 + 29.1%, n=4), heat-treated Eo lysates induced
no significant increase in the number of cells at 2.5% FBS on day
6 (100 + 13.1%, n=4), compared to the number of cells cultured
without Eo lysates (Fig. 4).

To further characterize the activity of Eo lysates, ASM
cells were cultured with the soluble or insoluble fraction of Eo
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Fig. 1. The effect of Eo lysates on ASM cell proliferation at the different
concentrations of FBS. ASM cells were cultured at 2.5, 5 or 10% FBS
with or without 50% of Eo lysates (n=5). The number of cells was counted
and expressed as percentages of that without Eo lysates as a control.
*P < 0.05.
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Fig. 2. The time-dependent effect of Eo lysates on ASM cell proliferation.
ASM cells were cultured at 2.5% FBS with (closed circles) or without
(open circles) 50% of Eo lysates (n=5). The number of cells was counted

and expressed as indicated in Materials and methods. *P < 0.05
compared to the number of cells cultured without Eo lysates.
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Fig. 3. The dose-dependent effect of Eo lysates on ASM cell proliferation.
ASM cells were cultured at 2.5% FBS with or without various
concentrations of Eo lysates (n=6-8). The number of cells was counted
and expressed as percentages of that without Eo lysates as a control.
*P < 0.05, **P < 0.01, ***P < 0.001.

lysates. The number of cells cultured with the soluble fraction at
2.5% FBS on day 6 (119.4 + 8.6%, n=8; P<0.05), which was
similar to that with unfractionated Eo lysates (117.6 &+ 10.4%,
n=23), was significantly increased compared to that without Eo
lysates. In contrast, the number of cells cultured with the insol-
uble fraction (69.0 + 18.0%, n=8; P<0.01) was significantly
decreased compared to that without Eo lysates (Fig. 5). The
growth-enhancing activity in the soluble fraction of Eo lysates
(139.7 + 16.8%, n=5) was recovered in factors in which the
molecular weight was lower than 10kDa (148.8 + 24.1%, n=5),
butnotinthosehigherthan 10kDa(104.4 + 27.7%,n=5)(Fig.6).
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Fig.4. The effect of heat treatment on the growth-enhancing activity of Eo
lysates. ASM cells were cultured at 2.5% FBS in the absence or presence
of 50% of Eo lysates pretreated with (hatched column) or without (closed
column) heating (n=4). The number of cells was counted and expressed
as percentages of that without Eo lysates as a control. **P < 0.01, NS; not
significant.
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Fig.5. The effect of soluble and insoluble fractions of Eo lysates on ASM
cell proliferation. ASM cells were cultured at 2.5% FBS in the absence or
presence of unfractionated (closed column) or fractionated (soluble
(checked column) and insoluble (hatched column) fraction) Eo lysates
(n=8). The number of cells was counted and expressed as percentages of
that without Eo lysates as a control. *P < 0.05, **P < 0.01.

The effect of N lysates on the growth of ASM cells

The effect of N lysates on ASM cell proliferation was examined
at 2.5% FBS on day 6. There was no significant difference in the
number of cells between in the presence (111.0 + 11.3%, n=4)
and in the absence (as a control) of 50% of N lysates.

Discussion

This is the first report demonstrating that eosinophils have an
ability to enhance the proliferation of human ASM cells. There
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Fig.6. The molecular weight of the growth-enhancing activity in the
soluble fraction of Eo lysates. ASM cells were cultured in the absence or
presence (checked column) of soluble fraction. The soluble fraction was
further separated based on molecular weight (higher than 10kDa:
hatched column or lower than 10kDa: open column). The number of cells
was counted and expressed as percentages of that without Eo lysates as
a control. **P < 0.01.

has been some evidence showing that eosinophils have mito-
genic activity for mesenchymal cells. Pincus et al. demonstrated
that lysates of eosinophils from normal subjects induced the
proliferation of fibroblasts, suggesting the localization of the
mitogenic activity in the granule compartment [19]. It has been
reported that a conditioned medium of eosinophils cultured
without any stimulation had a stimulatory effect on the prolifer-
ation of fibroblasts [20] and DNA synthesis in vascular smooth
muscle cells [21]. However, the factors responsible for these
activities in eosinophils have not been identified yet.

In this study, the contamination in the purified eosinophil
population was neutrophils, constituting less than 1%.
However, the growth-enhancing activity of Eo lysates was un-
likely to be due to the neutrophil contamination because N
lysates had no effect on the proliferation of ASM cells. The
activity of Eo lysates was abolished by heat treatment.
Furthermore, the proliferative activity in unfractionated lysates
was recovered in the soluble fraction. Together with the results
of the further characterization based on molecular weight, our
findings suggest that eosinophil-derived mitogenic factor(s) are
likely to be stored, heat-labile soluble protein(s) with a molecu-
lar weight lower than 10kDa. Since Eo lysates did not induce
the ASM cell proliferation in the absence of FBS, the activity in
the lysates could be due to a comitogen. It is also assumed that,
because they are comitogenic, Eo lysates were not observed to
further increase the number of ASM cells in the presence of 10%
FBS in which ASM cells grew confluent. Since the procedures to
prepare Eo lysates in this study were the same as in a previous
study by Pincus et al. [19], our preparation would include eosi-
nophilic granule protein, which could be recovered in the sol-
uble fraction. MBP, ECP, eosinophil-derived neurotoxin
(EDN) and eosinophil peroxidase (EPO), major components
in eosinophilic granules [27], have not been reported to have
mitogenic activities for ASM cells. B-hexosaminidase, which is
one of the molecules stored in the granules, was reported to
be increased in bronchoalveolar lavage fluids of asthmatics
after antigen challenge [28]. This molecule has been shown to

© 2002 Blackwell Science Ltd, Clinical and Experimental Allergy, 32:595-601

induce the proliferation of ASM cells in vitro [29]. However,
B-hexosaminidase is present in not only eosinophils but also
neutrophils [30] the lysates of which did not enhance ASM cell
proliferation. Therefore, the mitogenic activity of eosinophils
does not seem to be due to B-hexosaminidase. IL-6 is preformed
and stored in the specific granules of eosinophils [31,32] and has
the potential to induce ASM cell proliferation [33]. However, its
molecular weight is higher than 10kDa [34]. Eosinophils are
capable to synthesize PDGF-BB [23], TGF-f, [35,36] and TNF-
o [37] which have the potential to induce ASM cell proliferation
[3.,4]. However, PDGF-BB is a full mitogen, able to induce the
proliferation of ASM cells in the absence of FBS [38], and
the molecular weight of these molecules is higher than 10kDa
[39-41]. Therefore, they are unlikely to be candidate molecules
for the activity in Eo lysates. It would be interesting to further
characterize the mitogenic activity of Eo lysates by focus-
ing on granule proteins. Lazaar et al. reported that T lympho-
cytes induced the proliferation of airway smooth muscle cells
in culture through the adherence to VCAM-1 and ICAM-
1 on ASM cells via VLA-4 and LFA-1, respectively [9]. These
integrins are also expressed on eosinophils [42]. Therefore, it
is possible that these integrins recovered in the soluble frac-
tion induced the proliferation of ASM cells in the present
study.

The fractionation of Eo lysates also made apparent the pres-
ence of an anti-proliferative activity in eosinophils. IL-4 [5] and
PGE; [7] have been shown to inhibit ASM cell proliferation.
Although circulating eosinophils have been demonstrated to
store IL-4 in the secondary granules [43], the anti-proliferative
activity in eosinophils was not further characterized in this
study.

The pathogenesis of hyperplasia of ASM cells in asthmatics
has not been determined yet. This study was performed in vitro
with cultured ASM cells and Eo lysates which were prepared
from circulating eosinophils. Increased numbers of eosinophils
have been recognized in smooth muscle in asthmatics [44].
Activated and degranulated eosinophils are observed in asth-
matic airways [12,13]. Therefore, it is possible that, in asthmat-
ics, eosinophils migrate from the circulation to the smooth
muscle area and then release the stored mitogenic activity for
ASM cells upon stimulation with cytokines and inflammatory
mediators such as GM-CSF and PAF. Eosinophils have also
been demonstrated to express PDGF-BB [23] and TGF-, [45]
in asthmatic airways. Eosinophils in circulation have been
shown not to store but to synthesize these molecules upon
stimulation with IL-5 or GM-CSF [46]. Accordingly, together
with the present study, it is suggested that eosinophils contrib-
ute to the development of hyperplasia of ASM cells through
the release of both the stored and newly synthesized mitogenic
factors such as PDGF-BB and TGF-f,; at the site of inflam-
mation. This possibility is supported by the observation
that massive eosinophilic infiltration of airways and interst-
itial spaces in Toxicara canis-infected lungs of rats was accom-
panied by smooth muscle hyperplasia in blood vessels and
airways [47].

Further studies will be needed to characterize the mitogenic
activity in Eo lysates and to clarify the mechanisms by which Eo
lysates induce the proliferation of ASM cells. It would also be of
interest to investigate the mitogenic activity in eosinophils from
asthmatic/allergic donors, which was not determined in this
study.
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