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FceRIl-mediated amphiregulin production by
human mast cells increases mucin gene
expression in epithelial cells

Shigeru Okumura, DDS, PhD,?* Hironori Sagara, MD, PhD,? Takeshi Fukuda, MD,
PhD,¢ Hirohisa Saito, MD, PhD,?® and Yoshimichi Okayama, MD, PhD? Yokohama,

Tokyo, Chiba, and Tochigi, Japan

Background: Topical application of a glucocorticoid is now
widely recognized as the first-line therapy for bronchial
asthma. However, glucocorticoid treatment is largely
ineffective in relation to overproduction of sputum and lung
tissue remodeling.

Objective: The purpose of the current study was to identify
human mast cell (MC) products that are related to goblet cell
hyperplasia.

Methods: The FceRI-mediated gene expression profile of MCs
was examined by using high-density oligonucleotide probe
arrays and RT-PCR. Secretion of a protein, amphiregulin, by
the MCs was measured by ELISA. Upregulation of mucin genes
in NCI-H292 cells by amphiregulin was evaluated by real-time
RT-PCR. The expression levels of amphiregulin on histological
sections obtained from 40 subjects with asthma and 6 healthy
control subjects were estimated by immunohistochemical
staining, and the correlation with the number of goblet cells
was studied.

Results: Amphiregulin was secreted by human MCs after
aggregation of FceRlI, and its expression was not inhibited by
a glucocorticoid (dexamethasone). Amphiregulin upregulated
mucin gene expression in airway epithelial cells. Upregulation
of amphiregulin expression was observed in MCs of patients
with asthma, but not normal control subjects. Furthermore,
upregulation of amphiregulin in MCs significantly correlated
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with the extent of goblet cell hyperplasia in the mucosa of
patients with bronchial asthma.

Conclusion: These results suggest that after exposure to
antigens, human MCs may induce sputum production via
release of amphiregulin. Therefore, amphiregulin may be a new
target molecule for treatment of overproduction of sputum in
bronchial asthma. (J Allergy Clin Immunol 2005;115:

272-9.)

Key words: Mast cells, amphiregulin, bronchial asthma, goblet cell
hyperplasia, dexamethasone

Bronchial asthma is characterized physiologically by
variable airflow obstruction and airway hyperresponsive-
ness. Goblet cell hyperplasia has been established as a
pathologic characteristic of mild, moderate, and severe
asthma.' Abnormalities in goblet cell numbers are accom-
panied by changes in stored and secreted mucin.! Mucus
hypersecretion is often a marked feature, particularly in
status asthmaticus. The presence of mucus hypersecretion
was associated with a significantly greater decline in
FEV,.? Topical application of a glucocorticoid is now
widely recognized as the first-line therapy for bronchial
asthma. Although treatment with steroids has been
reported to prevent the development of allergen-induced
goblet cell hyperplasia in animal models,” it has less effect
once goblet cell hyperplasia has been established.*
Furthermore, in human beings, treatment with a cortico-
steroid is largely ineffective in relation to tissue remodel-
ing and mucus production, both pathologically5 and
clinically. Currently, there are no drugs that exert a specific
action on mucus production.

Sensitized and allergen-exposed animals develop
marked goblet cell hyperplasia.*® The pathogenesis un-
derlying allergen-induced goblet cell hyperplasia in mice
is thought to involve a variety of mediators, including IL-
4,7 1L-13,%2 1L-9,'° the epidermal growth factor (EGF)
system,'' a disintegrin and metalloprotease family,12 and
ion channels such as gob-5'* (h\CLCAI in human be-
ings'*), probably by upregulating the expression of mucin
genes. The major effector cell is thought to be the T2
subtype of CD4" lymphocytes. However, allergen-chal-
lenge high-affinity receptors for IgE (FceRI)-knockout
mice showed less airway inflammation, less goblet cell
hyperplasia, and lower levels of IL-13 in lung homoge-
nates compared with the controls. 15 Furthermore, IL-9 but
not IL-4 or IL-13 increased mucin gene expression in
a human airway epithelial cell culture system.'® We
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EGF: Epidermal growth factor
EGFR: Epidermal growth factor receptor
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MNC: Mononuclear cell
rh: Recombinant human
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therefore hypothesized that after aggregation of FceRlI,
human mast cells (MCs) produce molecules that induce
goblet cell hyperplasia, and that the expression of these
molecules is not inhibited by glucocorticoids.

Mast cells play pivotal roles in immediate-type and
inflammatory allergic reactions that can result in asthma.
Cross-linking of the FceRI on MCs activates a signaling
pathway that leads to degranulation, de novo synthesis of
arachidonic acid metabolites, and production of various
cytokines/chemokines.'” We recently reported that human
MCs express epiregulin as one FceRI-mediated specific
gene.'® The EGF family consists of EGF, amphiregulin,
heparin-binding—EGF, TGF-a, betacellulin, epiregulin, and
neuregulins. Amphiregulin was originally purified from
conditioned medium of 12-O-tetradecanoylphorbol-13-ac-
etate—treated MCF-7 human breast carcinoma cells.'” The
carboxyl terminal half of the amphiregulin molecule
exhibits striking homology of with EGF, and it can
therefore be classified as a member of the EGF family.
Like EGF and TGF-a, amphiregulin plays important roles
in cell proliferation,zo’21 survival,?? and differentiation.?!
Amphiregulin is synthesized in the form of a transmem-
brane precursor, with the secreted final protein released by
proteolytic cleavage.

We examined the FceRI-mediated gene expression
profile by using high-density oligonucleotide probe arrays
and performed clustering analysis depending on the effect
of a glucocorticoid on FceRI-mediated gene expression in
human MCs. We found remodeling-related molecules in
the cluster genes whose expression was not inhibited by
dexamethasone. Furthermore, MC-specific molecules
were selected by comparison with the gene expression
profiles of human blood mononuclear cells, eosinophils,
and neutrophils, and amphiregulin was included in the
subset of genes upregulated by aggregation of FceRI but
not downregulated by pretreatment with dexamethasone.
Thus, we examined the effect of amphiregulin on mucin
gene expression in human epithelial cells in vitro and
in vivo.

METHODS
Cytokines and antibodies

Recombinant human (rh) IL-3 was purchased from Intergen
(Purchase, NY). RhIL-6 and rh stem cell factor (SCF) were purchased
from PeproTech EC Ltd (London, England). Rh amphiregulin, thEGF,
and mouse antihuman amphiregulin mAb were purchased from
Genzyme Techne (Minneapolis, Minn). Mouse antihuman tryptase
mAD (clone AA1) was purchased from Dako Ltd (Carpinteria, Calif).
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Generation of cord blood-derived MCs and
adult peripheral blood-derived MCs

All human subjects in this study provided written informed consent,
and the study was approved by the ethical review board of each
hospital. Human cord blood mononuclear cells (MNCs) and peripheral
blood MNCs were isolated by centrifugation on a Ficoll-Isopaque
density gradient (Nycomed, Oslo, Norway). Lineage-negative MNCs
were selected from the cord blood MNCs and peripheral blood MNCs
and then cultured in serum-free Iscove methylcellulose medium (Stem
Cell Technologies, Vancouver, British Columbia, Canada) and Iscove
modified Dulbecco medium containing SCF at 200 ng/mL, IL-6 at 50
ng/mL, and IL-3 at 1 ng/mL, as previously described.'® On day 42 of
culture, methylcellulose was dissolved in PBS, and the cells were
resuspended and cultured in Iscove modified Dulbecco medium
containing SCF at 100 ng/mL and IL-6 at 50 ng/mL with 2% FCS.

Purification of leukocytes

Granulocytes and mononuclear cells were separated from venous
blood of normal volunteers. Eosinophils were isolated by Percoll
(1.090 g/mL) density centrifugation and then further purified by
negative selection with anti-CD16-bound micromagnetic beads, as de-
scribed previously.”® After this negative selection, neutrophils were
isolated by Percoll (1.085 g/mL) density centrifugation. The neutro-
phils were further purified by negative selection with anti-CD81
antibody for eliminating contaminating eosinophils.

Activation of human MCs

For activation of human MCs by aggregation of their surface
FceRI, MCs were first sensitized with 1 pg/mL human myeloma IgE
(CosmoBio Tokyo, Japan) at 37°C for 24 hours. After washing, the
cells were challenged with either rabbit antihuman IgE Ab (Dako Ltd)
or the culture medium alone at 37°C for the indicated period. To
investigate the effect of dexamethasone (a glucocorticoid; PeproTech
EC Ltd) on the IgE-mediated gene expression profile and amphir-
egulin production by MCs, MCs were pretreated with 10~® mol/L
dexamethasone for 24 hours before activation. In all conditions, the
cells were suspended in the complete Iscove modified Dulbecco
medium containing SCF and IL-6. The treatment of MCs with 10™°
mol/L. dexamethasone and/or IgE/anti-IgE did not significantly
change the cell viability or cell number.

Isolation of RNA, RT-PCR, real-time
quantitative RT-PCR, and GeneChip
expression analysis

This information can be found at http://www.nch.go.jp/imal/
GeneChip/AREG.htm and in the Journal’s Online Repository at
www.mosby.com/jaci.

Effect of amphiregulin or MC supernatants
on mucin gene expression in NCI-H292 cells

Mast cells were sensitized with myeloma IgE, washed, and then
challenged with or without 1.5 wg/mL anti-IgE for 24 hours. The
supernatants were harvested. The confluent serum-depleted NCI-
H292 cells (American Type Culture Collection, Rockville, Md) were
treated with either 10 pwg/mL neutralizing antiamphiregulin mAb or
isotype control mIgG1 for 20 minutes before MC supernatants were
added. Total RNA was then extracted for quantitative real-time PCR
analysis of MUC2 and MUCS5A expression.

ELISA for amphiregulin

Human amphiregulin was measured with an ELISA kit purchased
from R&D Systems (Minneapolis, Minn). The sensitivity of the
assays of human amphiregulin was 5 pg/mL.
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FIG 1. Representation of mRNA expression levels in control MCs,
anti-lgE-stimulated MCs, and anti-IgE plus dexamethasone (DEX)-
stimulated MCs. Human MCs were precultured with IgE in the
presence or absence of dexamethasone and then activated with
anti-IgE for 6 hours. Each row of colored bars represents 1 gene,
and each column represents 1 stimulus. Colored bars show the
magnitude of the response for each gene, according to the scale
shown. /indicates a set of genes that were upregulated by anti-IgE
stimulation but decreased by pretreatment with dexamethasone
after activation with anti-IgE. // indicates a set of genes that were
upregulated by anti-IgE-stimulation but not affected by dexameth-
asone pretreatment after activation with anti-IgE. /ll indicates a set
of genes that were not affected by anti-IgE stimulation but were
downregulated by dexamethasone treatment before activation
with anti-IgE. IV indicates a set of genes were not affected by
anti-IgE stimulation but were upregulated by dexamethasone
pretreatment. Cont, Control.

Subjects

Forty subjects with asthma whose disease severity was defined
by using a combination of the asthma symptom grade and the
frequency of symptoms on the basis of the criteria of the Japanese
Society of Allergology®* and 6 normal control subjects without
asthma were studied (Table E1 in the Journal’s Online Repository
at www.mosby.com/jaci). None of the subjects was a current
smoker, and none had smoked during the previous 2 years. No
subjects had any bronchial or respiratory tract infections during the
month preceding the test. The study was approved by the ethics
committee of Dokkyo University School of Medicine, and all
subjects provided written informed consent. The thickness of the
total basement membrane in each asthmatic and control subject
was assessed as previously described.>> Airway responsiveness
was measured as the minimal cumulative dose of acetylcholine at
which respiratory resistance began to increase during continuous
inhalation of acetylcholine in stepwise incremental concentra-
tions.?®

Bronchial biopsy

Tissue samples of patients with asthma were taken from the
subcarina between the right lower lobe and middle lower lobe bronchi
(the origin of right B6 bronchus) by using a standard forceps during
fiberoptic bronchoscopic examination, as previously described.”
Each biopsy specimen was immediately placed in OCT medium,
snap-frozen in liquid nitrogen, and stored at —80°C until cryostat
sectioning.

Immunohistochemistry

Three-micrometer consecutive serial sections of respiratory
mucosa from patients with asthma and control subjects were stained
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with monoclonal antiamphiregulin mAb and antitryptase mAb by
using ABC kits (Vector Laboratories, Burlingame, Calif). Briefly,
slides were quenched in 3% H,O, for 10 minutes to block
endogenous peroxidase and washed in PBS. Sections were next
incubated with the primary antibody for 1 hour and then with
biotinylated secondary antibody, followed by the ABC reagents.
Color development was achieved by incubating with diaminoben-
zidine as a substrate. Slides were counterstained with Mayer’s
hematoxylin. Preincubation of the primary antibody with specific
blocking peptides or substitution of the primary antibody with an
irrelevant IgG served as negative controls. Amphiregulin®™ cells
were counted in at least 6 high-power fields in each sample by 3
independent observers. Hansel’s stain (Torii Pharmaceutical Co,
Ltd, Tokyo, Japan) was used to identify eosinophils. Sequential
Alcian blue and periodic acid—Schiff staining of airway tissue
sections allowed clear visualization of mucins in secretory cells.
The intracellular mucus glycoproteins of the epithelial secretory
cells were recognized as purple oval disks of varying size. To
analyze secretory responses of goblet cells, a mucus score was
determined from the histologic sections by grading the amount of
mucus in each secretory cell as follows.?” For grade 1, the vertical
distance of the stained area was within 1/3 of the epithelial layer,
measured from basement membrane to cell apices. For grade 2, the
vertical distance of the stained area exceeded 1/3 of the epithelial
layer.

Stained areas were graded in 20 consecutive high-power fields
along the 2 walls of the trachea. In each donor, mucus score was
calculated asn; + 2n,, where n; and n, were the total number of cells
for grade 1 and grade 2, respectively.

The average score assigned to each sample by each investigator
was first calculated, and then the average score for each sample by 3
investigators was calculated and recorded as data.

Statistical analysis
Differences between 2 paired groups were analyzed by the

unpaired Student ¢ test and considered significant at P < .05.
Values are expressed as the means = SEMs.

RESULTS

Clustering analysis of dexamethasone-
regulated gene expression by human MCs

To identify genes upregulated by aggregation of FceRI
but not downregulated by pretreatment with dexametha-
sone, the gene expression profile in human MCs was
explored by using high-density oligonucleotide probe
arrays (GeneChip; see our Web site at http://www.
nch.go.jp/imal/GeneChip/AREG.htm). We first divided
the genes into the following 4 sets. The first sets contains
genes (1) whose expression changed by at least 2-fold
(activation program) after aggregation of FceRI and (2)
whose increased gene expression changed by less than
0.5-fold after dexamethasone pretreatment (Fig 1, [;
referred to as set I). The second set includes genes (1)
whose expression changed by at least 2-fold after
aggregation of FceRI and (2) whose increased gene
expression changed by more than 0.5-fold after dexa-
methasone pretreatment (Fig 1, II; set II). The third set
consists of genes (1) whose expression changed by less
than 2-fold after aggregation of FceRI and (2) whose
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TABLE I. Complete list of anti-lgE-upregulated, glucocorticoid-insensitive, MC-specific transcripts

GeneBank Product McC1C MC1a MC1da Mc2C MC2a MC2da Eo MNC Ne Specif
HG1437-HT1437 Trk oncogene 74 P 203 P 150 P 121 P 338 P 143 P 00 0.1 0.0 2483
AL050090 Hypothetical protein 13p 36 P 25 P 15 P 35 P 19 P00 01 00 553
U5169%4 Phosphodiesterase 04 P 11 P 35 P 07 P 21 P 43 POl 00 00 489
4D interacting protein
X03541 Trk oncogene 68 P 186 P 157 P 138 P 354 P 146 P 0.7 04 08 434
AB002341 Neuronal cell 05 P 14 P 13 P 06 P 42 P 27 P00 02 00 223
adhesion molecule
X60957 Receptor tyrosine kinase 16 P 50 P 43 P 13 P 51 P 18 POl 02 03 147
M30704 Ampbhiregulin 00 A 05P 37 P 01 A 80 P 7.1 P08 00 0.0 10.1
U88629 RNA polymerase II 20 P 36 P 28 P 08 P 32 P 14 P04 02 04 80
elongation factor ELL2
X66363 Serine/threonine protein kinase 05 P 05 P 00 P 10 P 25 P 20 P03 00 00 79
X54232 Glypican 00 A 08P 14 P 05 A 19 P 17 PO0O 02 00 78
AF102803 aE-catenin 12 P 43 P 25 P 18 P 45 P 20 PO0O 06 03 75
D31887 KIAAO0062 protein 15 p 33 P 68 P 30 P 71 P 82 P04 12 07 71
AF038660 B-1,4- Galactosyltransferase 10 p 30P 23 P 16 P 26 P 22 POl 05 04 6.1
ABO11105 KIAAO0533 protein 04 P 09 P 15 P 09 P 20 P 23 P00 02 04 55
X52015 IL-1R antagonist 75 P 184 P 144 P 331 P 800 P 376 P 58 35 149 54
123805 al(E)-catenin 1.5 P 269 P 166 P 139 P 278 P 127 P 05 54 36 52
AL022310 OX40L 20 P 58 P 57 P 10 A 55 P 25 P03 12 00 50

MC1(2)c, Untreated control MCs used in experiment 1(2); MC1(2)a, anti-IgE—stimulated MCs used in experiment 1(2); MC1(2)d, MCs treated with anti-IgE and
dexamethasone used in experiment 1(2); Eo, eosinophils; Ne, neutrophils; Specif, MC specificity (ratio to other leukocytes).

increased gene expression changed by less than 0.5-fold A B 00

after dexarr}ethasone pretreatment (Fig 1, 711 ;.set III). The iHEe E Eg wz “i '

last group includes genes (1) whose expression changed GAPDH 8 aigh -t +
-

by less than 2-fold after aggregation of FceRI and (2)
whose increased gene expression changed by more than
0.5-fold after dexamethasone pretreatment (Fig 1, IV; set
IV). Furthermore, we selected MC-specific genes on the C_ 10 D = 120

basis of comparison with the gene expression profiles of E %

human PBMCs, eosinophils, and neutrophils. Data were § 80 g %

considered MC-specific when the expression level in MCs g, g .

was at least 5 times higher than the maximal expression 6 24 36 01 05 458 5

levels of human PBMCs, eosinophils, and neutrophils, as Time {h) a-gE (ng/mi)
described in the Methods section. Twenty-four genes were FIG 2. Expression of amphiregulin (AREG) by human MCs. A,
thus identified as MC-specific in set I, and these were  Upregulation of AREG expression in human MCs by FceRIl-medi-
NFkB pathway members such as cytokines (IL-5 and GM- ated activation. Human MCs with (+) and without (—) pretreatment

CSF) and chemokines (MCP-1 and 1-309; Table E2 in the w!th dexamethasope (DEX) were cultured with IgE then activated
Online Repository at www.mosby.com/jaci). Seventeen with 1.5 pg/mL anti-IgE. Intracellular mRNA for AREG and GAPDH
A . i . s . X it was amplified by RT-PCR. B, AREG secretion from MCs after anti-
MC-specific genes identified in set IT include amphiregulin IgE (1.5 pg/mL) stimulation with (+) or without (—) dexamethasone
and adhesion molecules such as «al-(E) catenin and pretreatment. Cell supernatants were harvested at 24 hours for
neuronal cell adhesion molecule (Table I). In set III, 22 ELISA pf AREG (n=3 dongrs). C, Time course of A_REG production
genes were identified as MC-speciﬁc and included cathep- by anti-IgE (1.5 pg/mL)-stimulated human MCs with (gray bar) or
. . X without (closed bars) dexamethasone pretreatment. Control cells
sin G’ chymasg and metalloprote]nase 9 (T.ab!e E3 in the were incubated with IgE in the presence (hatched bars) or absence
Online Repository at www.mosby.com/jaci; see our (open bars) of dexamethasone, but anti-lgE was omitted. D,
Web site at http://www.nch.go.jp/imal/GeneChip/AREG. C_Joncentration—response study of ant.i—IgE—induce.d AREG produc-
htm). Last, 236 genes were selected as MC—SpeCiﬁC in tIOI'.\ by hurpan MCs. MCs were prelncgbated with IgE and then
set IV. and they included tryptase major basic protein activated with 0.1, 0.5, 1.5 or 5 wg/mL anti-IgE for 24 hours. ND, Not
’ i ’ detected.
PGD2 synthase, and c-kit (Table E4 in the Online Re-
pository at www.mosby.com/jaci; see our Web site at http://
www.nch.go.jp/imal/GeneChip/AREG.htm). Because am-
phiregulin is a cytokine of the EGF family, we focusedon ~ human MCs
amphiregulin among the MC-specific genes that are By using mRNA extracted from resting and IgE/
upregulated by aggregation of FceRI but not downregulated anti-IgE—activated human MCs with or without dexa-
by dexamethasone pretreatment. methasone pretreatment, we examined the expression of

Analysis of amphiregulin expression in
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FIG 3. Effect of amphiregulin (AREG) on MUC2 and MUC5AC
expression in NCI-H292 cells. NCI-H292 cells were incubated with
0.01 to 10 ng/mL rhAREG or 0.1 to 10 ng/mL rhEGF for 24 horus.
Total RNA was extracted from the cells, and quantitative real-time
RT-PCR analysis was used to determine the amounts of MUCZ2 (A)
and MUC5AC (B) mRNA. The results were expressed as the fold
change (mean = SEM) in the mucin mRNA level of AREG-treated or
EGF-treated cells compared with AREG-untreated or EGF-un-
treated cells (n = 3). *P < .05 compared with cells not treated with
AREG or EGF.

amphiregulin. Amphiregulin mRNA was clearly detected
in the IgE/anti-IgE activated MCs (Fig 2, A). Amphiregulin
mRNA appeared to be upregulated by dexamethasone
pretreatment of MCs after FceRI aggregation (Fig 2, A). To
demonstrate the secretion of amphiregulin, we used ELISA
kit to supernatants of activated MCs and confirmed the
presence of amphiregulin. Dexamethasone pretreatment
appeared to upregulate IgE-mediated release of amphir-
egulin, but it was not significant (Fig 2, B). Fig 2, C, shows
the time course of amphiregulin production by MCs after
FceRI aggregation. The production continued to increase
until at least 36 hours after cross-linking of FceRL
Dexamethasone alone resulted in almost the same level as
with the medium alone. Amphiregulin production appeared
to be upregulated by dexamethasone pretreatment of MCs
36 hours after FceRI cross-linking (Fig 2, C). As can be
seen from Fig 2, D, amphiregulin was released by anti-IgE
in a concentration-dependent manner.

Amphiregulin upregulates MUC2 and
MUC5AC expression

It was reported that MUC2 and MUCS5AC were 2 tar-
get genes of EGF receptor (EGFR) ligands in a human
pulmonary mucoepidermoid carcinoma cell line, NCI-
H292 cells. We hypothesized that amphiregulin might
upregulate expression of mRNA for MUC2 and MUC5AC
in NCI-H292 cells. As can be seen in Fig 3, amphiregulin
increased MUC2 and MUCS5AC gene expression in NCI-
H292 cells dose-dependently. At 10 ng/mL, amphiregulin
increased MUC2 and MUCS5AC gene expression 3-fold
and 13-fold, respectively. The increase in MUC2 and
MUCSAC induced by amphiregulin is almost same as that
by EGF. Next, we confirmed that the anti-IgE—activated
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MC supernatant increased both MUC2 and MUC5AC
gene expression in NCI-H292 cells. These increases were
partially but significantly blocked by neutralizing anti-
body against amphiregulin (Fig 4).

Amphiregulin expression in bronchial MCs
of patients with asthma

To determine whether amphiregulin is expressed in
bronchial MCs of patients with asthma, we performed
immunohistochemical analysis by using bronchial muco-
sal biopsy specimens obtained from 40 patients with
asthma and 6 healthy control subjects (Table EI in the
Online Repository at www.mosby.com/jaci). To identify
amphiregulin-positive (amphiregulin®) cells as being
MCs, we used sequential sections and stained one section
with antitryptase mAb and the other section with anti-
amphiregulin mAb. Bronchial biopsy samples derived
from the healthy control subjects showed little immuno-
reactivity for amphiregulin (data not shown). In contrast,
biopsy samples derived from the subjects with asthma
showed clearly positive immunoreactivity for amphiregu-
lin in bronchial MCs (Fig 5, A). We next counted the
number of amphiregulin® cells in tryptase-positive
(tryptase ™) cells. The mean percentages of amphiregulin
MCs were 35%, 52.8%, and 52% in mild, moderate, and
severe asthma, respectively (data not shown). We counted
the number of amphiregulin™® cells in square millimeters
of the bronchial mucosa (amphiregulin™® cells/mm?) of
subjects with asthma and control subjects (Fig 5, B). The
number of amphiregulin® cells/mm?® was significantly
increased in subjects with asthma compared with control
subjects (P < .01). Airway epithelial cells of both subjects
with asthma and normal subjects exhibited little immu-
noreactivity for amphiregulin. To clarify this, we next
counted the number of amphiregulin * tryptase * /mm? (Fig
5, C). Furthermore, the percentages of amphiregulin™
epithelial cells, eosinophils, and others among total
amphiregulin® cells in normal and asthmatic lung sam-
ples were counted. The results showed that less than 10%
of the total amphiregulin™ cells were epithelial cells and
eosinophils (Fig 5, D). Other cells accounted for less than
1 % (data not shown). Thus, the number of amphiregulin™®
cells was almost the same as the total number of
amphiregulin® MCs. We next investigated the relation-
ship between the number of amphiregulin® MCs and the
mucus score (see Methods). The results revealed a signif-
icant correlation between these 2 numbers (Fig 5, E; P <
.005; r=0.54), suggesting that amphiregulin induces
goblet cell hyperplasia.

DISCUSSION

In this article, we identified 17 MC-specific, IgE/anti-
IgE—inducible but dexamethasone-insensitive genes in
human MCs by using GeneChip, and we found amphir-
egulin in 1 subset of those genes (Fig 1 and Table I).
Secretion of amphiregulin was upregulated by FceRI
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FIG 4. Activated MC supernatants increase MUC2 and MUC5AC
gene expression mediated by amphiregulin (AREG). Confluent,
serum-depleted NCI-H292 cells were pretreated with 1 pg/mL anti-
AREG neutralizing antibody or 1 pg/mL mouse IgG1, and then
incubated with unstimulated MC supernatant (Unsti MC SN) or
activated MC supernatant (Stim MC SN) for 24 hours. Total RNA
was extracted from the NCI-H292 cells, and quantitative real-time
RT-PCR analysis was used to determine the amounts of MUC2 (A)
and MUC5AC (B) mRNA. The results were expressed as the fold
change (mean = SEM) in the mucin mRNA level of anti-AREG mAb
or mlgG,-treated cells incubated with activated MC supernatant
compared with cells incubated with unstimulated MC supernatant
(n=3). *P < .05, **P < .01 compared between cells treated with
anti-AREG neutralizing antibody and treated with migG1.

cross-linking (Fig 2). We further demonstrated that
amphiregulin induces MUC2 and MUCS5AC expression
by NCI-H292 cells (Fig 3). Activated MC supernatants
further increased the MUC2 and MUCSAC gene expres-
sion mediated by amphiregulin (Fig 4). We compared
amphiregulin expression in bronchial MCs from 40
subjects with asthma and 6 normal subjects by immuno-
histochemical analysis using bronchial mucosal biopsy
specimens (Table EI in the Online Repository at
www.mosby.com/jaci). MCs from the subjects with
asthma expressed amphiregulin, but MCs from the normal
donors showed minimal expression (Fig 5, C). We further
demonstrated that upregulation of amphiregulin in the
MCs significantly correlated with the incidence of goblet
cell hyperplasia in the mucosa of patients with bronchial
asthma (Fig 5, E). Because amphiregulin seems to induce
goblet cell hyperplasia, it can be surmised that in asthma
MCs function not only to induce inflammation by pro-
duction of proinflammatory cytokines such as TNF-a but
also to regulate remodeling by production of amphiregulin.

By using GeneChip, we identified MC-specific tran-
scripts by comparing the gene expression levels with the
criteria described in the Methods section. We found that
17 genes were MC-specific, IgE/anti-IgE—inducible, and
dexamethasone-insensitive. Amphiregulin is included in
that subset of genes. We focused on amphiregulin for the
following reasons: (1) amphiregulin is involved in the
process of lung branching morphogenesis in mice,”® (2)
MUC2 and MUCSAC proteins were induced by EGF in
mucoepidermoid NCI-H292 cells,”® (3) Human airway
trypsin-like protease increased mucin expression in NCI-
H292 cells through release of amphiregu]in,30 and (4)
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FIG 5. Correlation of the number of amphiregulin (AREG)"
tryptase™ cells with the extent of goblet cell hyperplasia in the
airways of asthmatic subjects. A, Colocalization of AREG in
tryptase™ MCs. Two sequential 3-um sections of bronchial biopsy
specimens from subjects with asthma were immunostained for
tryptase (left panel) and AREG (right panel). B, The number of
AREG™ cells in 1 mm? bronchial mucosa of normal control subjects
(Control) and subjects with asthma (Asthma). AREG™ cells were
counted in at least 6 high-power fields in each sample by three
independent observers. **P < .01 compared between the number
of AREG™ cells in control subjects and subjects with asthma. C, The
number of AREGtryptase™ cells in 1 mm? bronchial mucosa of
normal control subjects (Control) and subjects with asthma
(Asthma). **P < .01 compared between the number of AREG™
tryptase“cells in control subjects and subjects with asthma. D,
Percentages of AREG™ epithelial cells and eosinophils among total
AREG™ cells in normal (open bar) and asthmatic lung (closed bar)
samples. *P < .05 for the percentages of AREG™" epithelial cells in
control subjects and subjects with asthma. E, Correlation of
expression of AREG in MCs with the extent of goblet cell
hyperplasia in patients with asthma. The extent of goblet cell
hyperplasia was scored as described in the Methods section; its
correlation with the number of AREG'tryptase® cells in the
airways of patients with asthma was analyzed.

amphiregulin acted as a potent mitogen for a vascular
smooth muscle cell line.> These findings strongly suggest
that amphiregulin produced by human MCs is involved in
lung tissue remodeling. As can be seen from Figs 2, 3, and
4, after aggregation of FceRI, MCs secrete amphiregulin,
which induces upregulation of mucin gene expression. In
human cell culture studies, increased MUC2 and
MUCS5AC mRNA levels also accompanied cell differen-
tiation, with increased mucin secretion coinciding with
altered morphology of human airway epithelial cells.>' In
our current study, bronchial MCs from patients with
asthma expressed amphiregulin, and upregulation of
amphiregulin correlated with an increase in goblet cell
hyperplasia. In the bronchial mucosa of patients with
asthma, amphiregulin-immunopositve cells were MCs
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(Fig 5, B and C) and airway epithelial cells, but epithelial
cells showed very weak immunoreactivity (Fig 5, D). This
is in agreement with the recent finding®” that airway
epithelial cells of naive animals exhibited little immuno-
reactivity for amphiregulin, whereas staining of MCs in
the peritracheal connective tissues showed prominent
amphiregulin immunoreactivity. After antigenic challenge
of sensitized, chronically exposed mice, there was tran-
siently increased expression of amphiregulin in the
cytoplasm of epithelial cells, but no evidence of staining
in other cells such as eosinophils. /n vitro, the levels of
amphiregulin produced by MCs were much higher than
those produced by epithelial cells.*® These results indicate
that MCs store amphiregulin in their cytoplasm, and IgE-
mediated activation of MCs directly induces mucus
production in the human airway.

Antiamphiregulin mAb partially but significantly in-
hibited mucin gene expression induced by MC super-
natants. This may be a result of contributions of other
molecules that induce mucin gene expression. Exposure of
NCI-H292 cells to TNF-a* or IL-1B increased MUC2
expression. In our limited investigation of the expression
of the EGF family by human MCs by using GeneChip,
MCs expressed epiregulin after cross-linking of FceRI
Ectodomain shedding of EGFR ligands and EGFR phos-
phorylation by metalloproteinases such as ADAMI17
are implicated in mucin production in airway epithelial
cells.'*3**% MCs upregulated the expression of TNF-a,
IL-1B, and ADAM17 after aggregation of FceRI (data
not shown). These data further support our hypothesis
that IgE-mediated MC activation induces mucin produc-
tion by epithelial cells.

The effect of glucocorticoids on MUCS5AC expression
in human epithelial cells in vitro is controversial.
Dexamethasone was reported to attenuate steady-state
mRNA levels of MUCSAC,?® whereas it was reported to
upregulate MUCSAC expression.37 Thus, we examined
the effect of 10~® mol/L and 10”7 mol/L dexamethasone
on steady-state mRNA for MUCS5AC in NCI-H292 cells by
using real-time PCR. We found that these concentrations
of dexamethasone did not have a significant effect on
steady-state mRNA in MUCS5AC (data not shown).
Furthermore, IL-13-induced MUCSAC overexpression
and goblet cell hyperplasia are resistant to glucocorti-
coid.?® Treatment of patients with asthma with glucocorti-
coids has not been significantly effective in relation to
overproduction of sputum. Because mucus hypersecretion
is an important cause of morbidity and mortality in patients
with asthma and no specific treatments are avail-
able, further clinical targets and therapeutic strategies are
urgently needed. Elucidation of the molecular mechanisms
of goblet cell hyperplasia induced by human MC amphir-
egulin should provide new targets for novel therapeutic
interventions.
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