
Functional Expression of IgG-Fc Receptors in Human
Airway Smooth Muscle Cells

YuXiu C. Xia1, Michael Schuliga1, Malcolm Shepherd2, Maree Powell3, Trudi Harris1, Shenna Y. Langenbach1,
Peck Szee Tan3, William T. Gerthoffer4, P. Mark Hogarth3, Alastair G. Stewart1, and Graham A. Mackay1

1Department of Pharmacology, University of Melbourne, Parkville, Victoria, Australia; 2Division of Immunology, Infection, and Inflammation,

University of Glasgow, Glasgow, United Kingdom; 3Burnet Institute, Alfred Medical Research and Education Precinct (AMREP) Campus, Prahran,
Victoria, Australia; and 4Department of Biochemistry and Molecular Biology, University of South Alabama, Mobile, Alabama

IgE-Fc receptors and IgG-Fc receptors are expressed on hematopoi-
etic cells, but some evidence suggests that these receptors are also
found on nonhematopoietic cells, including human airway smooth
muscle (hASM)cells.Our studycharacterizes theexpressionof IgE-Fc
receptors (FceRI/CD23) and IgG-Fc receptors (FcgRs-I, -II, and -III) in
culturedhASMcellsbyflowcytometry andWesternblotting,and the
functional activity of receptors was determined through quantifica-
tion of cell proliferation and released cytokines. Expression of Fc
receptor–linked intracellular signaling proteins and phosphoryla-
tion of the mitogen-activated protein kinases (MAPKs) extracellular
signal–regulated kinase 1/2 and p38MAPK in hASM cells was exam-
ined by Western blotting. Expression of FceRI and CD23 was not
detectable in hASM cells. However, FcgRI and FcgRII were shown to
be expressed on these cells. Specific antibodies, validated using
transfected cell lines, revealed that the inhibitory IgG receptor,
FcgRIIb, was the most abundant Fc receptor subtype expressed.
Althoughcross-linkingFcgR withheat-aggregated g globulin (HAGG)
did not induce detectable cell stimulation, pretreating hASM cells
with HAGGsignificantly inhibited IL-1a–induced increases in cytokine
levels and basic fibroblast growth factor-induced cell proliferation.
This inhibitoryeffectofHAGGwasabrogatedbypreincubationofcells
with an anti-FcgRIIb antigen-binding fragment (Fab). Expression of
proteins involved in the canonical FcgRIIb inhibitory signaling path-
way was established in hASM cells. Pretreatment of hASM cells with
HAGG significantly inhibited IL-1a– and basic fibroblast growth
factor-induced extracellular signal–regulated kinase 1/2 and p38MAPK

phosphorylation. This study identifies functional expression of
FcgRIIb in hASM cells, with the potential to suppress their remodeling
and immunomodulatory roles.
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Ig-Fc receptor activation contributes to the initiation and
exacerbation of airway inflammation (1). In allergic asthma,
there is aberrant production of both antigen-specific IgE (2) and
IgG (3). The role of IgE in the activation of inflammatory cells
is well established, but the potential roles of IgG in asthma have
not been extensively examined.

IgE can bind to both high-affinity IgE-Fc receptors (FceRI)
on mast cells and basophils and low-affinity receptors (CD23)
on monocytes and B-cells (2). Allergen exposure activates these

receptors to trigger release of a host of mediators, leading to
immediate airway obstruction, persistent inflammation, and the
manifestation of clinical asthma (2, 4).

IgG-Fc receptors (FcgR) include FcgRI, FcgRII (a and b),
and FcgRIII, which are expressed primarily on macrophages,
neutrophils, and dendritic cells (5). FcgR activation leads to
responses such as phagocytosis, antibody-mediated cellular cyto-
toxicity, and the release of a range of inflammatory mediators.
FcgRI, FcgRIIa, and FcgRIII, like FceRI, signal using an
immunoreceptor tyrosine–based activation motif (ITAM).
FcgRIIb contains an immunoreceptor tyrosine–based inhibitory
motif (ITIM), which is able to inhibit antigen-driven cell signaling
in hematopoietic cells, such as B lymphocytes and mast cells (6).

Current knowledge of the functional effects of IgG in
allergic asthma is somewhat limited. Several studies have shown
an IgG deficiency in asthma, with low levels of IgG being
associated with the severity of the asthmatic symptoms (7, 8).
This may reflect diminished capacity to neutralize allergens,
thus enabling more effective IgE/FceR activation (1). The
protective effects of IgG could also be mediated through
immune complex binding to FcgRIIb on B lymphocytes, mast
cells, and basophils (6). However, IgG immune complexes can
also activate eosinophils (9) and mast cells (10), which might
exacerbate airway inflammation.

The traditional view of human airway smooth muscle
(hASM) is as a regulator of bronchomotor tone. In individuals
with asthma, hyperplasia and hypertrophy of hASM is a feature
of the airway remodeling (11). However, hASM is also now well
defined as an immunomodulatory cell type that is capable of
both constitutive and induced secretion of numerous cytokines
(12). Thus, hASM can actively participate in inflammatory
mechanisms that might also enhance the airway hyperrespon-
siveness and airway remodeling present in asthma (13).

The low-affinity IgE-Fc receptor, CD23, which is structurally
unrelated to the other Fc receptors, has been detected in hASM
(14–16). More recently, it has been reported that FceRI exists
on hASM cells, and can produce cell activation (17–19).
However, the reported expression of FceRI on hASM is not
consistent with an earlier study (15). Although all three major
subclasses of FcgR have been detected in hASM (15), the
precise nature of the receptor expression, and their role in
regulating hASM function, has not been investigated.

The present study aims to clearly determine the expression
and functional activities of both FceR and FcgR in nonasth-
matic cultured hASM cells, and further establish whether
remodeling and immunomodulatory roles of hASM cells can
be directly regulated by antigen and/or immune complexes.

MATERIALS AND METHODS

Cell Culture

hASM was dissected from bronchi obtained during lung resection
surgery (kindly provided by the Alfred and Royal Melbourne Hospi-
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tals, Melbourne, VIC, Australia), as approved by the University of
Melbourne human ethics committee. hASM cells were prepared as
described previously (20), and then maintained in Dulbecco’s modified
Eagles medium (Invitrogen, Mulgrave, Australia) supplemented with
10% vol/vol heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml
penicillin G, 100 mg/ml streptomycin (Sigma-Aldrich, Castle Hill,
Australia), 16 mM Hepes, 0.2% vol/vol sodium bicarbonate, and 1%
vol/vol nonessential amino acids (Sigma-Aldrich). Cells at passages
between numbers 3 and 17 were used. A total of 17 separate specimens
were obtained for this study from donors of 38–77 years of age (11
male, 5 female, 1 information not available). The indications for
resection/diagnoses of the donors were: bronchial carcinoma (3);
pulmonary hypertension (1); bronchiectasis (2); and pulmonary em-
physema (1). Information regarding diagnoses was not available for the
other donors. Telomerase-immortalized hASM cell lines (21) were
cultured identically to the primary hASM cells. hASM cells were,
unless stated, serum starved for between 24 and 48 hours (medium as
above, but with 0.25% wt/vol BSA replacing the FBS) before use.
Monomed A (SAFC Biosciences, Brooklyn, Australia), composed of
insulin, transferrin, and selenium, was added to all serum-starved cells
(1% vol/vol) during this period.

Human mast cell line (HMC)–1 cells (22) (kindly provided by Dr.
Joseph Butterfield, Mayo Clinic) transfected with the human FceRI a

chain (HMC-1a) (Y.C.X. and G.A.M., unpublished data) were cultured as
a positive control for expression of FceR and intracellular signaling
proteins. HMC-1a cells were cultured in Iscove’s modified Dulbecco’s
medium (SAFC Biosciences), supplemented with 10% vol/vol FBS,
4.0 mM glutamine, 500 U/ml penicillin, 500 mg/ml streptomycin, and
0.01% vol/vol a-thioglycerol (Sigma-Aldrich), and 125 mg/ml G418
(Invitrogen).

The mouse B cell line IIA1.6 transfected with human FcgRIIa or
FcgRIIb (23) were cultured as positive control cells for FcgRIIa or
FcgRIIb expression, and were also used to verify the specificity/
selectivity of the antibodies used. IIA1.6 cells were cultured in RPMI
medium (Invitrogen), supplemented with 5% vol/vol FBS, 40 mM
glutamine, 500 U/ml penicillin, 500 mg/ml streptomycin, and 10 mg/ml
puromycin (Sigma-Aldrich).

FACS

hASM cells were grown to approximately 80% confluence, and then
incubated with or without human 4-hydroxy-3-nitro-5-iodo-phenylacetyl
(NIP)–specific IgE (hIgE) (clone JW8; 2 mg/ml) and/or IL-4 (10 ng/ml)
for 48 hours. Staining methods were performed on ice with two washes in
FACS buffer (PBS/0.2% wt/vol BSA) between each step. hASM cells,
HMC-1a cells, and IIA1.6 cells were labeled with various mouse mono-
clonal antibodies (mAbs) (10 mg/ml) or hIgE (2 mg/ml) for 1 hour. The
mAb clones used were 3B4 (FceRIa), MHM6 (CD23; Dako, Campbell-
field, Australia), 32.2 (FcgRI), 8.7 (FcgRII), IV.3 (FcgRIIa selective),
4F5 (FcgRIIb, a gift from Dr. Robert Kimberly, University of Alabama,
Birmingham), 3G8 (FcgRIII), AK7 (CD49b; Dako), mopc21 (IgG1
isotype control; Sigma-Aldrich), and PY20 (IgG2b isotype control;
Sigma-Aldrich). When not attributed, mAbs were generated in house.
Cells were then incubated with either biotinylated anti-mouse IgG
(Jackson Immunoresearch Laboratories, West Grove, PA) or biotiny-
lated anti-human IgE (Vector Laboratories, Burlingame, CA) for 1 hour,
and then incubated with streptavidin-phycoerythrin (BD Biosciences,
North Ryde, Australia) for an additional hour. Samples were analyzed by
flow cytometry (FACScalibur; BD Biosciences) using Cellquest software
(BD Biosciences). The fluorescence associated with 5,000–10,000 cells
was measured.

Cell Stimulation and Cytokine ELISA

hASM cells were grown to approximately 80% confluence in multiwell
plates and sensitized with or without 1 mg/ml hIgE for 24 hours or
2 mg/ml hIgE for 4 days. IL-4 (10 ng/ml) was also added in some cases.
Cells were then washed with PBS, fresh, serum-free medium added,
and challenged with or without antigen (NIP-BSA; 10 or 100 ng/ml) for
a further 24 hours. Cell stimulation with IL-1a (1 ng/ml) was used as
a positive control.

Heat-aggregated g globulin (HAGG) was generated as previously
described, and preparations used were shown to trigger cell activation
in FcgRIIa transfected IIA1.6 cells (23). After 24-hour starvation,

hASM cells were stimulated with various concentrations of HAGG for
a further 24 hours. To test possible inhibitory actions, cells were
pretreated with or without HAGG (3 mg/ml) for 30 minutes, and then
incubated with or without IL-1a (0.01 ng/ml) for 24 hours. In studies
designed to examine the receptor responsible for HAGG activity, cells
were treated with or without antigen-binding fragments (Fab) of either
the anti-FcgRIIb–specific mAb X63 or anti-FcgRIIa–specific mAb
IV.3 before HAGG treatment. Both antibodies have been shown to
block IgG interactions with their respective receptors.

Supernatants were harvested and assayed for IL-8, eotaxin, and IL-6
levels using commercially available ELISA kits (OptEIA; BD Bioscience)
according to the manufacturer’s instructions, and absorbance measured
using a plate reader (Multiskan Ascent; Thermo, Hudson, NH).

Measurement of Cell Proliferation

hASM cells were grown to approximately 60% confluence in 12-well
plates, pretreated with or without HAGG for 30 minutes, and then
incubated with or without basic fibroblast growth factor (bFGF)
(300 pM) for 30 hours. Cells were detached from the culture plate using
trypsin-EDTA (Invitrogen), and neutralized with 10% FBS. Cells
were kept on ice, incubated with trypan blue (0.2%), and counted in
a hemocytometer chamber.

Western Blot Analysis

Receptor and signaling protein expression. hASM cells were
grown to approximately 80% confluence and washed twice with ice-
cold PBS, followed by cell lysis in reducing SDS sample buffer (0.05 M
Tris-HCL, 0.1% wt/vol SDS, 10% vol/vol glycerol, 50 mM dithiother-
itol [DTT]). Lysates were separated by 10% SDS-PAGE, and resolved
proteins transferred onto nitrocellulose or polyvinylidene fluoride
(PVDF) membranes (GE Healthcare, Rydalmere, Australia). The
membranes were blocked in 5% (wt/vol) skimmed milk protein in
TBS/0.05% Tween20 for 1 hour, and then probed with anti-FcgRIIa
(tail specific), anti-FcgRIIb–specific mAb 4F5, anti-downstream of
tyrosine kinase (Dok)-1 (gift from Dr. Peter Lock, University of
Melbourne), mouse mAb anti-spleen tyrosine kinase (Syk) (Abcam,
Cambridge, UK), anti-Lyn (a Src family tyro sine kinase), anti–Src
homology (SH) 2–containing inositol phosphatase (SHIP)–1, or anti–
protein tyrosine phosphatase SHP–1 (all rabbit polyclonals from Dr.
Margaret Hibbs, Ludwig Institute, Melbourne) overnight at 48C. Sub-
sequently, membranes were washed in TBS with 0.05% Tween20 and
incubated with the appropriate horseradish peroxidase–conjugated
secondary antibodies (Millipore, North Ryde, Australia) at room
temperature for 2 hours. Immunoreactive proteins were visualized by
enhanced chemiluminescence (ECL; GE Healthcare) using an Image-
Quant 350 imager (GE Healthcare).

Mitogen-Activated Protein Kinase Phosphorylation

hASM cells were pre-treated with or without HAGG for 30 minutes
and then stimulated with either bFGF (300 pM) or IL-1a (0.01 ng/ml)
for 2 hours. Cells were washed twice with ice-cold PBS, and then lysed
with lysis buffer (1% vol/vol Brij-96, 150 mM NaCl, 10 mM Tris-HCl
[pH 7.5], pervanadate [1 mM], and protease inhibitor cocktail [Sigma]).
The lysate was collected and clarified by centrifugation before addition
of reducing SDS sample buffer, and processing as above. The mem-
branes were probed with either anti–phospho–extracellular signal–
regulated kinase (ERK) 1/2 (Thr202/Tyr204) or anti–phospho-p38
mitogen-activated protein kinase (MAPK) (Thr180/Tyr182) (Cell
Signaling Technology, Danvers, MA), then visualized as described
previously here. Blots were then stripped (1.5% wt/vol glycine, 0.1%
wt/vol SDS, 1% vol/vol Tween20 [pH 2.2]), and reprobed with either
anti-p38MAPK or anti-ERK1/2 antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA), and visualized again. Band intensities were quantified
by densitometry using the Image J program (National Institutes of
Health, Bethesda, MD).

mRNA Extraction and Quantitative PCR

mRNA was extracted from hASM cells and peripheral blood leuko-
cytes (PBLs) using an RNeasy Mini Kit (Qiagen, Doncaster, Aus-
tralia), according to the manufacturer’s protocol. Reverse transcription
and quantitative PCR were performed as described previously (24).
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18S ribosomal RNA was used as a housekeeping gene. The primer
sequences (Table E1) were designed using Primer Express software
(Applied Biosystems, Mulgrave, Australia). The mRNA expression
level was expressed as 1/(threshold cycle determined for each gene 2

threshold cycle of 18S ribosomal RNA) (1/DCt).

Immunohistochemistry

Parraffin-embedded blocks of human lung tissue or bronchi were
sectioned at a thickness of 5 mm on a microtome (LKB Historange;
LKB Instruments, Bromma, Sweden), stretched on a water bath, and
then collected on 3-aminoprophyl silane (8%)–precoated microscope
slides. The slides were dried overnight, deparaffinized in histolene, and
rehydrated through a descending alcohol series. After two 5-minute
washes in PBS, the slides were incubated with 1.5% normal horse
serum for 20 minutes at room temperature, and then incubated with
mAb 8.7, mAb anti–smooth muscle a-actin, or mouse IgG1 isotype
control (Dako overnight at 48C. After two 5-minute washes in PBS, the
slides were exposed to a biotinylated horse anti-mouse IgG secondary
antibody for 30 minutes at room temperature. The endogenous
peroxidase activity was blocked by immersion in methanol containing
0.4% hydrogen peroxide for 10 minutes. After another two washes with
PBS, the slides were incubated for 30 minutes with avidin-biotinylated
horseradish peroxidase complex (Vectastain Elite ABC kit; Vector
Laboratories). Immunoreactivity was visualized by addition of the
metal enhanced diaminobenzidine (immunoPure metalenhanced DAB
substrate kit; Thermo Fisher Scientific, Scoresby, Australia). Slides
were then counterstained with hematoxylin, and visualized by light
microscopy.

Statistical Analysis

Data from ELISA and FACS analysis are expressed as the mean
(6SEM), and reported n values represent the number of independent
primary hASM cell cultures used or number of experiments repeated
using the immortalized hASM cell cultures. For ELISA data and
Western blotting data, differences between treatment groups were
tested using one-way repeated measures ANOVA and Bonferroni’s
post hoc test for multiple comparisons. A two-tailed, paired Student’s t
test and linear regression analysis was also used to compare certain
groups of ELISA data. A P value less than 0.05 was considered
significant. Statistical analysis was performed using GraphPad Prism
for Windows (version 5.00; GraphPad Software, La Jolla, CA).

RESULTS

Absence of Detectable IgE-Fc Receptor Expression in

hASM Cells

Cell surface expression of FceR was examined by FACS
analysis. hASM cells were studied under both serum-depleted
and serum-complete culture conditions. In addition, in an
attempt to partly mimic conditions occurring in the asthmatic
airway, and to potentially up-regulate any expression of FceR,
some cells were also incubated in the presence of both hIgE
(2 mg/ml) and IL-4 (10 ng/ml). As expected, hASM cells
strongly expressed the a2b1-integrin CD49b (Figure 1C). How-
ever, although FceRI and CD23 were detected on HMC-1a cells
(Figures 1A and 1B), no expression of these receptors was
shown on hASM cells using specific mAbs (Figures 1D and 1E),
or hIgE (Figure 1F). Identical results were obtained when
hASM cells were cultured in serum-free (Figure 1) or serum-
complete media, or when hASM cells were treated with hIgE
and IL-4 for 2 days (data not shown). Two independent cultures
of telomerase-immortalized hASM cells were also analyzed,
and, likewise, no surface expression of FceRI (Figure E1A in
the online supplement) or CD23 (Figure E1B) was detected.
Moreover, we were unable to detect the FceRIa subunit using
Western blotting (n 5 6; data not shown).

The IgE Fc receptor expression was further investigated at
the mRNA level by quantitative PCR. mRNA from PBLs was

used as a positive control. Although mRNA for FceRI a, b, and
g subunits and CD23 were readily detected in PBLs, no
expression of mRNA for FceRI a or b subunits was detected
in hASM cells. However, a low-level expression of mRNA for
the Fc receptor common g subunit (FcRg) and CD23 was
detected in hASM cells (n 5 6; Figure 1G).

We also tested whether IgE/antigen treatment of hASM cells
could elicit cytokine production from these cells. Whereas IL-
1a produced robust release of IL-8 and eotaxin from hASM
cells, IgE/antigen produced no significant change in either IL-8
or eotaxin release (n 5 5), even when cells were sensitized with
hIgE and IL-4 for 4 days (n 5 3; Figure E2).

Figure 1. No detectable IgE-Fc receptor (FceR) I and CD23 expression

on primary human airway smooth muscle (hASM) cells. Positive control
human mast cell line (HMC)–1a cells showed expression of FceRI (A)

and low expression of CD23 (B ). Whereas CD49b was strongly

expressed in hASM cells (C), no expression of FceRI (D) or CD23 (E )

was observed, which was confirmed by hIgE labeling (F ). Results shown
are representative of experiments conducted using eight different

primary hASM cell cultures. (G ) The mRNA of the three subunits of

FceRI (abg) and CD23 were detected in peripheral blood leukocytes
(PBLs), whereas a low-level expression of mRNA for FcRg and CD23,

but not FceRI a or b subunits, was detected in hASM cells (n 5 6).
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Expression of FcgRI and FcgRIIb in hASM Cells

We next examined cell surface expression of the IgG receptors,
FcgRI, FcgRII, and FcgRIII, in hASM cells by FACS analysis.
Whereas FcgRIII could not be detected (Figure 2C), there was
moderate expression of FcgRII (Figure 2B), and a low expres-
sion level of FcgRI (Figure 2A) in these cells.

Identifying which isoform of FcgRII was expressed on
hASM cells is important, as activation of these receptors can
lead to different functional consequences (5). The extracellular
regions of FcgRIIa and FcgRIIb are highly homologous. To
distinguish between them, we used an anti-FcgRIIa–selective
mAb IV.3 (25) and the recently developed anti-FcgRIIb–
specific mAb 4F5 (26) and X63 (P.S.T. and P.M.H., unpublished
data). IIA1.6 cells that had been transfected with either human
FcgRIIa or FcgRIIb were used to validate the specificity and
selectivity of the antibodies used (Figure E3). Using these
antibodies, we could show that it is the inhibitory receptor,
FcgRIIb, that is expressed on hASM cells (Figure 2E), with
cells having no detectable FcgRIIa expression (Figure 2D).

The selective expression of FcgRIIb, but not FcgRIIa, in
hASM cells was confirmed by Western blotting using an anti-
FcgRIIa intracellular tail-specific polyclonal antibody and mAb
4F5. Whereas FcgRIIa (Figure 2F, lane 2) and FcgRIIb (Figure
2F, lane 1) were selectively expressed in FcgRIIa- and FcgRIIb-
transfected cells, respectively, FcgRIIb, but not FcgRIIa, was
observed in protein extracts from five independent primary
hASM cultures (Figure 2F, lanes 3–7). The expression of FcgRI
(Figure E4A), FcgRII (Figure E4B), and the lack of detectable
FcgRIII expression (Figure E4C) was also shown in the
immortalized hASM cell lines by FACS analysis. Using the
anti-FcgRIIa–selective mAb IV.3 and anti-FcgRIIb–specific
mA b4F5, FcgRIIb (Figure E4E), but not FcgRIIa (Figure

E4D), was again shown to be the FcgRII isoform expressed.
FcgRII expression in ASM was examined in situ using tissue
from normal human lung or bronchi. Consistent with our
findings in cultured hASM cells, FcgRII expression was shown
in ASM tissue by immunostaining using mAb 8.7 (Figure 3C).
ASM bundles were clearly identified by anti–smooth muscle
a-actin immunostaining (Figure 3B), and no observable staining
was found with the isotype control antibody (Figure 3A).

Activation of FcgRIIb Inhibits IL-1a–Induced Cytokine

Production and bFGF-Induced hASM Cell Proliferation

In light of the expression of the stimulatory FcgRI and the
classically inhibitory FcgRIIb receptors on hASM cells, we
assessed whether engagement of these receptors by HAGG
resulted in stimulation or inhibition of hASM function.

First, hASM cells were treated with HAGG under condi-
tions known to stimulate hematopoietic cells (23). Although IL-
1a produced robust cytokine release from hASM cells and
bFGF induced a significant mitogenic response, treatment of
hASM cells with HAGG did not evoke any cytokine secretion
(n 5 5), or induce cell proliferation (n 5 4) (Figure E5).

We next sought to determine whether inhibitory actions of
FcgR were evident in hASM cells. Interestingly, HAGG
treatment significantly inhibited IL-1a–induced IL-8 and IL-
6, but not eotaxin production from hASM cells (Figure 4A).
HAGG treatment also significantly inhibited bFGF-induced
hASM cell proliferation (Figure 4B). As HAGG is a poly-
clonal antibody preparation, our results might be confounded
by other effects of the antibody preparation, such as neutral-
ization of released cytokines (IL-8, IL-6, or eotaxin) or the
cytokine stimuli (IL-1a and bFGF). However, using a series of
ELISA assays, there was no evidence of significant HAGG-

Figure 2. Expression of FcgRI

and FcgRIIb in hASM cells.

There was low expression of
FcgRI (A), moderate expres-

sion of FcgRII (B), and no de-

tectable FcgRIII (C ) on hASM

cells. Using the anti-FcgRIIa–
selective monoclonal anti-

bodies (mAb) IV.3 (D) and

anti-FcgRIIb–specific mAb 4F5

(E), FcgRIIb was shown to be
the FcgRII isoform expressed.

This expression pattern was

confirmed by Western blotting
(F ). Results shown are repre-

sentative of experiments con-

ducted using five to eight

different hASM cell cultures.

Figure 3. Expression of FcgRII in ASM in situ by immu-
nohistochemistry. FcgRII immunoreactivity was observed

in the smooth muscle cells of human airway sections (C ).

An anti–smooth muscle a-actin mAb was used to clearly
identify the ASM (B ), whereas the isotype control mAb

showed no immunostaining (A). The findings are repre-

sentative of results generated from three donors without

asthma.
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mediated neutralization of any of these cytokines (data not
shown).

The level of inhibition that we observed with HAGG varied
depending upon the hASM culture used, as did the expression
level of FcgRIIb determined by FACS. When FcgRIIb expres-
sion level was compared with the level of inhibition of cytokine
production and cell proliferation, a positive correlation was
evident, providing strong evidence that engagement of FcgRIIb
underlies the inhibitory effect of HAGG (Figure 4C).

To further demonstrate that HAGG engagement of FcgRIIb
was responsible for the inhibitory effects, we used the specific anti-
FcgRIIb mAb X63 that is known to block IgG binding to the
receptor (P.S.T. and P.M.H., unpublished data). mAb X63 Fab
fragments, but not Fab fragments generated from the anti-
FcgRIIa–specific mAb IV.3, significantly reduced HAGG-
mediated inhibition of IL-1a–induced IL-8 production (Figure 5).

Expression of FcgRIIb-Associated Signaling Proteins in

hASM Cells

FcgRIIb is a receptor classically expressed in hematopoietic cells,
and its intracellular signaling properties have been largely
examined in this context. However, it is not clear whether the
key FcgRIIb-associated signaling proteins are expressed in
mesenchymal cells, such as hASM. Western blot analysis (Figure
6) showed that the Src-kinase, Lyn (53/56 kD), the inhibitory
adapter protein, Dok-1 (62 kD), SHIP-1 (145 kD), and SHP-1
(65 kD) are present in hASM cells. Syk (72 kD) was also present
in the hASM cells; however, large quantities of a likely 50-kD
proteolytic fragment dominated in the majority of cultures. This
might be due to Syk (72 kD) being highly susceptible to
proteolysis, as shown in previous works (27). HMC-1a cells were
used as control cells throughout, and, as expected, showed
expression of all the above proteins (Figure 6, lane1).

Activation of FcgRIIb Inhibits IL-1a–Induced or bFGF-Induced

MAPK Phosphorylation in hASM Cells

Given the importance of MAPK pathways in regulating cytokine
production and mitogenic responses in hASM (28), we examined
whether engagement of FcgRIIb by HAGG would affect the

activation of ERK1/2 and p38MAPK in these cells. As expected,
both bFGF and IL-1a were able to induce p38MAPK and ERK1/2
phosphorylation in hASM cells (Figure 7). Importantly, pre-
treatment of hASM cells with HAGG significantly inhibited
bFGF-induced p38MAPK (Figure 7A) and ERK1/2 phosphoryla-
tion (Figure 7C), and also inhibited IL-1a–induced ERK1/2
(Figure 7D), but not p38MAPK phosphorylation (Figure 7B).

DISCUSSION

Increasing evidence suggests that hASM cells are not only
involved in airway obstruction, but can also participate in
inflammatory mechanisms that lead to the airway hyperrespon-
siveness and airway remodeling present in asthma (12). Anti-
bodies are capable of inducing potent pro- or anti-inflammatory
responses via their interaction with specific cell surface Fc

Figure 4. FcgR aggregation inhibits stimulus-

induced hASM cell activation. Treatment of hASM

cells with heat-aggregated g globulin (HAGG)
inhibits IL-1a–induced IL-8 and IL-6 release (A),

and basic fibroblast growth factor (bFGF)-induced

cell proliferation (B). Cytokine level or cell num-

bers are normalized to the mean percentage
(6SEM) of the IL-1a–only responses (IL-8, 71.5 6

21.2 ng/ml; IL-6, 12.0 6 3.4 ng/ml; eotaxin,

409.8 6 66.8 pg/ml), or bFGF-only cell number
per milliliter (1.4 3 105 6 0.1 3 105 cells).

Student’s t test was used to compare the HAGG

pretreated groups to the IL-1a– or bFGF-only

group (**P , 0.01; ***P , 0.001). Using linear
regression analysis, the inhibitory effects were

directly correlated to the cell expression of

FcgRIIb (C ) (*P , 0.05; n 5 6–7).

Figure 5. Blockade of FcgRIIb inhibits HAGG activity on IL-1a–induced

responses in hASM cells. Treating hASM cells with antigen-binding
fragment (Fab) X63, Fab IV.3, and/or HAGG did not change the basal

IL-8 production. Whereas HAGG significantly inhibited IL-1a–induced

response, pretreating the cells with Fab X63, but not Fab IV.3, blocked

this inhibitory effect. Experiments were conducted using one immor-
talized hASM cell line (and repeated three times), and on one primary

hASM cell culture. IL-8 level is normalized to the mean percentage

(6SEM) of the IL-1a–only responses (62.8 6 19.1 ng/ml). Differences

were identified using one-way repeated measurement ANOVA and
Bonferroni’s multiple comparison test (**P , 0.01 compared with IL-1a

treatment alone; ##P , 0.01 compared with HAGG 1 IL-1a treatment).
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receptors (29). FceR and FcgR, classically expressed on immune
cells, have also been detected on hASM cells (14, 15, 17), raising
the possibility that these cells could be directly modulated by

antigen and/or immune complexes. The present study aimed to
confirm FceR and FcgR expression, and to determine the
functional activities of these receptors.

Our study does not support previous suggestions that non-
asthmatic hASM cells express either CD23 or FceRI. We were
unable to detect the IgE-binding FceRIa subunit in nonasth-
matic hASM cells at either the mRNA or the protein level.
These results are consistent with the study of Hakonarson and
colleagues (15), who also failed to detect FceRI expression in
either asthmatic or nonasthmatic hASM tissue by RT-PCR, and
could also not detect CD23 in nonasthmatic hASM tissue by
Western blotting. However, the authors did show CD23 expres-
sion by RT-PCR and FACS analysis in asthmatic hASM and
nonasthmatic hASM cells after treatment with human serum
(15). We also detected mRNA for CD23 in hASM cells.
However, we were not able to show CD23 expression by flow
cytometry. Although the different antibody clones used in the
studies may possibly account for some of the disparity in results,
we could not measure binding of the endogenous ligand IgE
either. Other studies have also found that treatment of hASM
cells with hIgE or atopic asthmatic serum was able to induce
cytokine production (15, 17, 19), and that the cell activation
could be inhibited using a monoclonal anti-IgE antibody (19) or
monoclonal anti-CD23 blocking antibody (15). However, we
could not measure functional activation of hASM through IgE
receptors. This lack of response did not relate to poor-quality
IgE or ineffective antigen, as both the hIgE and antigen used
was capable of inducing marked cytokine release from HMC-1a

cells (data not shown).
A potential reason for the inconsistencies between studies

examining IgE receptor expression in hASM might relate to
phenotypic differences between the cells, the culture serum
used, or the passage number of hASM cells. The study of
Hakonarson and colleagues (15) used asthmatic hASM or
nonasthmatic hASM treated with control or allergic human
serum. hASM cells taken from patients with asthma exhibit

Figure 6. Expression of FcgRIIb-associated signaling proteins in hASM

cells. Lysates of positive control HMC-1a cells (lane 1) and hASM

cultures were analyzed by Western blotting after 24-hour serum

starvation. To avoid possible ambiguity introduced by repetitive
stripping and reprobing of blots, results from the Src tyrosine kinase

Lyn, spleen tyrosine kinase (Syk), and downstream of tyrosine kinase

(Dok)-1 were generated on separate blots. In addition, Lyn and Dok-1
results are a composite of two separate experiments. Results shown for

Src homology (SH)2–containing inositol phosphatase (SHIP)–1 and pro-

tein tyrosine phosphatase SHP–1 are from the same immunoblot. The

expression of b-actin was used as a loading control throughout, with all
immunoblots showing equivalent protein loading. The blot for b-actin

shown was generated after reprobing of the SHIP-1/SHP-1 blot. Repre-

sentative results of five (from a total of eight) independent hASM cultures

are shown.

Figure 7. FcgR aggregation
inhibits stimulus-induced

mitogen-activated protein ki-

nase (MAPK) phosphorylation

in hASM cells. Pretreating hASM
cells with HAGG significantly

inhibited bFGF (300 pM)-

induced p38MAPK (A) and

extracellular signal–regulated
kinase (ERK) 1/2 phosphoryla-

tion (C ), and also inhibited

IL-1a (0.01 ng/ml)–induced
ERK1/2 (D), but not p38MAPK

phosphorylation (B). Differences

were identified using one-way

repeated measurement ANOVA
and Bonferroni’s multiple com-

parison test (*P , 0.05; **P ,

0.01; ***P , 0.001 compared

with IL-1a treatment alone or
bFGF treatment alone).
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increased synthetic function and mitogenesis, and subsequently
produce more proinflammatory factors and express different
surface proteins when compared with cells taken from donors
without asthma (30). Moreover, expression of CD23 on non-
asthmatic hASM cells is up-regulated in response to allergic
serum (15) and cytokines that are present therein, such as IL-4
and granulocyte/macrophage colony–stimulating factor (14).
Thus, an asthmatic airway wall environment might be necessary
for effective IgE receptor expression in hASM. In partial
support of this, in addition to mRNA for CD23, we also
detected the mRNA of the common FcRg subunit in hASM
cells, which is essential for FceRIa surface expression. How-
ever, our attempts to partially recreate ‘‘asthmatic’’ conditions,
through sensitizing hASM cells with hIgE to stabilize FceR
expression, and by treatment with IL-4, did not have any
measurable effect on FceR expression. Therefore, if hASM
does express FceRI, likely multiple factors are required, per-
haps including IL-13, which has also been shown to induce
FceRIa subunit gene expression in hASM cells (31).

In some Fc receptor expression studies, we have used hASM
cells from later passages compared with those used in other
published works. To ensure that receptor expression was not
dependent upon passage number, surface levels of FceR and
FcgR were measured repeatedly by flow cytometry in hASM
cultures over a range of passages. In these studies, there was no
detectable relationship between passage number and expression
of either IgE or IgG Fc receptors (Figure E6)

Previous studies have shown that all three major isoforms of
FcgR can be expressed on hASM cells (15), and, likewise,
expression has also been shown in other mesenchymal cells,
including vascular smooth muscle (32) and endothelium (33).
We found that both FcgRI and FcgRII, but not FcgRIII, was
expressed on hASM cells. Importantly, by immunohistochem-
istry, we also observed FcgRII expression in situ in the ASM in
nonasthmatic lung specimens. Combined, these findings raise
the possibility that hASM cells could respond directly to IgG
immune complexes. These immune complexes might be formed
by classical antibody/antigen interactions, or perhaps through
nonspecific aggregation of IgG (34) brought about by the
heightened oxidative environment in asthmatic airways (35).
Moreover, FcgR may act as receptors for the pentraxin acute-
phase proteins, such as C-reactive protein (36), which is at an
elevated concentration in patients with severe asthma (37).

FcgRI associates with homodimers of the FcRg subunit,
which contains an ITAM motif that triggers cell activation.
FcgRII has two major isoforms, which, in immune cells, are
generally considered to produce opposing effects. FcgRIIa has an
integral ITAM in its cytoplasmic portion, whereas FcgRIIb
contains an ITIM motif that causes inhibitory actions (best
described in B lymphocytes, mast cells, and basophils [6]) when
coengaged with ITAM-containing receptors. Our study demon-
strates expression of the latter receptor in hASM. Consistent with
the dominant expression of FcgRIIb in hASM cells, and the
known negative regulatory roles of FcgRIIb, HAGG was shown
to inhibit the proinflammatory or mitogenic effects of IL-1a and
bFGF, with the extent of inhibition noted in individual hASM
cultures being strongly correlated with the levels of FcgRIIb
expressed on the cells. The inhibitory effect of HAGG was also
attenuated by a specific anti-FcgRIIb antibody Fab fragment.

The mechanism through which HAGG can produce inhibi-
tion of IL-1a and bFGF has been examined in this study. In
hematopoietic cells, the inhibitory actions of FcgRIIb are best
characterized when coaggregated with an ITAM-containing
receptor. In this situation, coaggregation leads to Src-kinase–
mediated phosphorylation of the FcgRIIb ITIM and subsequent
recruitment of inhibitory signaling proteins, such as Dok-1,

SHIP-1, and SHP-1, thereby inhibiting the ITAM-mediated
signaling (5, 6). We have shown expression of the Src-kinase,
Lyn, Dok-1, SHIP, and SHP-1 in hASM cells. Others have also
recently reported expression of some of these signaling proteins
in hASM cells (31, 38). Thus, the canonical FcgRIIb signaling
pathways demonstrated in hematopoietic cells could also oper-
ate in hASM cells. These negative signaling molecules have
broad inhibitory actions on the MAPK pathways that are
known to underlie hASM cell proliferation and cytokine pro-
duction in response to bFGF and IL-1a respectively (39–41).
The best-studied MAPKs in hASM cells are ERK1/2 and
p38MAPK (28). The proliferation responses of bFGF in hASM
cells have been extensively characterized by our laboratory
(42), and we have previously shown bFGF-induced cell pro-
liferation via ERK1/2 and p38MAPK pathways (41). Interest-
ingly, our data demonstrate that activation of FcgRIIb with
HAGG strongly inhibited bFGF-induced p38MAPK and ERK1/2
phosphorylation. However, HAGG only partially inhibited IL-
1a–induced ERK1/2 phosphorylation, a finding that may ex-
plain the modest inhibitory effects of HAGG on IL-1a–induced
cytokine production by comparison with the marked reduction
in hASM cell proliferation.

But what is the initial ITAM–ITIM interaction that evokes
this inhibitory effect? It is possible that coengagement of
FcgRIIb with FcgRI provides enough of a trigger to activate
FcgRIIb pathways, leading to inhibition of IL-1a and bFGF
signaling through ‘‘bystander’’ activity. An alternative FcgRIIb
inhibitory signaling pathway has, however, also been shown in B
cells (43). This pathway is activated solely through FcgRIIb
cross-linking, and it may also contribute to the FcgRIIb-
mediated inhibitory effects that we observed. A clearer un-
derstanding of the FcgRIIb inhibitory mechanism in hASM
cells could lead to novel therapeutic strategies that mimic or
amplify the FcgRIIb pathway that could be useful for the
treatment of asthma and other airway disorders.

The broad inhibitory actions of FcgRIIb in hASM are
consistent with a role for this receptor in the beneficial effects
of FcgR ligands implied by association of asthma severity and low
IgG levels (7, 8). It is unclear whether FcgR expression is
disrupted in disorders such as asthma. However, changes in FcgR
expression in B cells and monocytes have been observed in
chronic inflammatory conditions, such as lupus and rheumatoid
arthritis (26, 44). Although a previous study showed that expres-
sion of FcgR was similar between nonasthmatic and asthmatic
hASM (15), relatively few samples were analyzed in that study,
and the isoform of FcgRII expressed was not determined.
Further study of FcgR expression in asthma is thus warranted.

In conclusion, we could not detect protein expression of either
FceRI or CD23 in cultured hASM cells derived from individuals
without asthma. However, we found that FcgRIIb and FcgRI
were expressed in hASM cells, and that the activation of FcgRIIb
inhibited pleiotropic cytokine–induced hASM cell activities,
which have strong relevance to asthma. This places FcgRIIb as
a novel regulator of hASM cell function that has a potentially
important role in maintaining appropriate airway function in the
presence of immune complexes or other FcgR ligands.
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