
Endogenous airway mucins carry glycans that bind Siglec-F
and induce eosinophil apoptosis
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Background: Sialic acid–binding, immunoglobulin-like lectin
(Siglec) F is a glycan-binding protein selectively expressed on
mouse eosinophils. Its engagement induces apoptosis, suggesting
a pathway for ameliorating eosinophilia in the setting of asthma
and other eosinophil-associated diseases. Siglec-F recognizes
sialylated sulfated glycans in glycan-binding assays, but the
identities of endogenous sialoside ligands and their glycoprotein
carriers in vivo are unknown.
Objectives: To use mouse lung-derived materials to isolate,
biochemically identify, and biologically characterize naturally
occurring endogenous glycan ligands for Siglec-F.
Methods: Lungs from normal and mucin-deficient mice, as well
as mouse tracheal epithelial cells, were investigated in vitro and
in vivo for the expression of Siglec-F ligands. Western blotting
and cytochemistry used Siglec-F-Fc as a probe for directed
purification, followed by liquid chromatography–tandem mass
spectrometry of recognized glycoproteins. Purified components
were tested in mouse eosinophil-binding assays and flow
cytometry–based cell death assays.
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Results: We detected mouse lung glycoproteins that bound to
Siglec-F; binding was sialic acid dependent. Proteomic analysis
of Siglec-F binding material identified Muc5b and Muc4. Cross-
affinity enrichment and histochemical analysis of lungs from
mucin-deficient mice assigned and validated the identity of
Muc5b as one glycoprotein ligand for Siglec-F. Purified mucin
preparations carried sialylated and sulfated glycans, bound to
eosinophils and induced their death in vitro. Mice conditionally
deficient in Muc5b displayed exaggerated eosinophilic
inflammation in response to intratracheal installation of IL-13.
Conclusions: These data identify a previously unrecognized
endogenous anti-inflammatory property of airway mucins by
which their glycans can control lung eosinophilia through
engagement of Siglec-F. (J Allergy Clin Immunol 2014;nnn:nnn-
nnn.)
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Asthma is a chronic inflammatory disease characterized by
bronchial hyperreactivity and reversible airway obstruction.1

Current asthma therapies, such as corticosteroids, target these in-
flammatory processes. Antagonists of cytokines (eg, IL-4, IL-5,
and IL-13) are in various stages of clinical trials.2 Either directly
or indirectly, these agents can reduce numbers of eosinophils,
which are leukocytes linked to asthma pathogenesis and exacer-
bations in a sizable subset of asthmatic endotypes and pheno-
types.3 Although many previous studies have focused on
identifying pathways that initiate or promote inflammation in
the setting of asthma, relatively few have targeted mechanisms
for resolving the underlying eosinophilia.4 Efforts to selectively
target eosinophils, both in animal models and in clinical trials,
have yielded promising results in a number of airway inflamma-
tory diseases.5 Therefore novel therapeutic opportunities might
arise from understanding the cellular and molecular processes
that limit lung eosinophilia in asthmatic patients.

Toward this goal, we have investigated the functions of the
sialic acid–binding, immunoglobulin-like lectin (Siglec) family
of innate immune receptors in patients with lung inflammatory
diseases. Siglecs are cell-surface proteins found predominantly
on leukocytes.6 Human Siglec-8 is selectively expressed on eosin-
ophils and mast cells, and its closest functional paralog in the
mouse is Siglec-F, which is specifically expressed by eosinophils
and alveolar macrophages but is absent from mast cells in the
mouse.7,8 Glycan array screening demonstrated that both
Siglec-8 and Siglec-F preferentially bind sialoside glycans 69-
sulfo-sialyl-Lewis X (69-S-Sialyl-Lex) and 69-sulfo-sialyl-N-
acetyl-D-lactosamine (69-S-Sialyl-LacNAc).9 Although human
Siglec-8 shows high selectivity for these sulfated and sialylated
glycans, mouse Siglec-F is somewhat more promiscuous,
recognizing other nonsulfated, multivalent, sialylated LacNAc
1
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Abbreviations used
BALF: B
ronchoalveolar lavage fluid
mTEC: M
ouse tracheal epithelial cell
mTEMuc: m
TEC mucin
NSI-MSn: N
anospray ionization mass spectrometry
PI: P
ropidium iodide
69-S-Sialyl-LacNAc: 6
9-Sulfo-sialyl-N-acetyl-D-lactosamine
69-S-Sialyl-Lex: 6
9-Sulfo-sialyl-Lewis X

Siglec: S
ialic acid–binding, immunoglobulin-like lectin
structures (Fig 1). Engagement of Siglec-8 or Siglec-F with stim-
ulatory antibodies or with synthetic glycan ligands that carry
binding epitopes causes eosinophil death in vitro.7 Furthermore,
administration of anti–Siglec-F antibodies in mouse models of
eosinophilia, allergic asthma, and eosinophilic gastroenteritis
normalizes eosinophil numbers and abrogates tissue remodeling.7

Siglec-F–deficient mice, as well as mice deficient in a key enzyme
required to synthesize its a3-sialylated glycan ligands, namely
the a2-3 sialyltransferase St3gal3 gene product a2,3 sialyltrans-
ferase type 3 (ST3Gal-III), display a selective enhancement of
allergic eosinophilic inflammation.9-12

It is well established that glycan sialylation is critical for
Siglec-F and Siglec-8 binding, but the importance of sulfation and
the identity of the glycoprotein carriers that present glycan
ligands in vivo are currently unknown. In fact, recent data indicate
that mice lacking either or both of the best candidate sulfotrans-
ferase enzymes for production of 69-S-Sialyl-Lex or 69-S-Sialyl-
LacNAc (namely chondroitin 6-O-sulfotransferase [C6ST1] and
keratin sulfate galactose 6-O-sulfotransferase [KSGal6ST])
exhibit no reduction in the expression of Siglec-F ligands in the
lung and exhibit no change in eosinophilia in response to parasitic
infestation, bringing into question the importance of endogenous
glycan sulfation for Siglec-F engagement.13 Additional studies
have demonstrated the existence of inflammation and cytokine-
inducible, protease-sensitive, high-molecular-weight material in
the mouse airway that bind Siglec-F in a sialic acid–dependent
manner.11-15 By applying a series of cellular, molecular, and gly-
coproteomic approaches, we report the identification ofMuc5b as
a sialic acid–dependent, lung-derived, death-inducing glycopro-
tein that binds Siglec-F expressed on eosinophils.
METHODS

Mice
Eight- to 12-week-old C57BL/6 wild-type mice, IL-5 transgenic mice, and

IL-5 transgenic mice x Siglec-F null mice (IL-5 transgenic x Siglec-F2/2)

were used in our experiments. IL-5 transgenic x Siglec-F2/2micewere gener-

ated by breeding of IL-5 transgenic animals ([CD3d-IL5]NJ.1638Nal trans-

genic mice,16 which were kindly provided by Drs James and Nancy Lee,

Mayo Clinic, Scottsdale, Ariz) with Siglec-F2/2 mice10 (kindly provided by

Dr Ajit Varki, University of California SanDiego, San Diego, Calif). Breeding

sets of St3gal32/2mice were kindly provided by Dr JameyMarth (University

of California, San Diego), as previously described,17 but because of breeding

limitations, St3gal31/2 heterozygous mice were used in these studies. Tissues

fromMuc5b nullmice18 were used, as well as tissues fromMuc5ac null19 x IL-

13 transgenic mice20 given doxycycline at 625 ppm in chow (Teklad Lab Diet;

Harlan Laboratories, Denver, Colo) ad libitum for 7 days. In addition, to study

changes in induced eosinophilic inflammation in Muc5b-deficient mice, con-

ditional knockout mice were generated by crossing Muc5blox/lox mice with

Tg(SFTPC-Cre) mice.21 The resulting Muc5bD/D mice had no immunohisto-

chemically detectable Muc5b protein in the lower airways (see Fig E1 in
this article’s Online Repository at www.jacionline.org). Trachea, frozen

lung tissue sections, mouse whole-lung extracts, and bronchoalveolar lavage

fluid (BALF) samples were harvested to detect natural tissue ligands. In

some experiments, micewere intraperitoneally sensitizedwith 500mg of oval-

bumin in 1 mg of alum on days 0 and 14 and then challenged intranasally with

200 mg of ovalbumin on days 17, 19, and 21 to induce eosinophilic airway

inflammation, as previously described.9 In addition, Muc5bD/D and wild-

type littermate control mice were treated with either 25 mL of PBS or 5 mg

of IL-13 in 25 mL of PBS intratracheally by using a Hamilton glass syringe

and a gavage needle. Muc5bD/D and wild-type control animals were started

on antibiotic diets 1 week before challenge to reduce the effects of bacterial

infection in the airways of Muc5b-deficient mice.18 All animal procedures

were approved by the Johns Hopkins University and the University of Colo-

rado School of Medicine Institutional Animal Care and Use Committees.
Cell cultures and whole-lung extracts
Primary mouse tracheal epithelial cells (mTEC) were harvested from

mouse trachea, as previously described.22 Collected nonadherent cells were

resuspended and then incubated in the upper chambers of cell-culture insert

membranes (0.4 mm pore size; Becton-Dickinson Labware, Franklin Lakes,

NJ) precoated with 50 mg/mL filter-sterilized type I rat tail collagen (BD Bio-

sciences, Bedford, Mass) in 0.02 N acetic acid under submerged conditions.

After reaching sufficient levels of transmembrane resistance, medium was

removed from the upper chamber to establish an air-liquid interface for 2

weeks. In some experiments, air-liquid interface cells were stimulated with

either IL-4 (50 ng/mL) or IL-13 (50 ng/mL; both from PeproTech, Rocky

Hill, NJ) for 4 or 24 hours and then harvested and analyzed. Whole-lung ex-

tracts were harvested, as previously described.9 In some experiments lung ex-

tracts were generated after performing bronchoalveolar lavage to remove

airway luminal material so as to determine lung cell–associated Siglec-F

ligand levels independent of airway secretions.
Western blotting
Expression levels of Siglec-F–binding proteins and Muc5b were assayed

by means of Western blotting with standard separation and transfer

techniques. For detection of Siglec-F–binding proteins, the blots were

incubated with the Siglec-F–human IgG1 Fc chimera (Siglec-F-Fc, 0.5 mg/

mL; R&D Systems, Minneapolis, Minn), which was precomplexed with

ECL anti-human IgG and horseradish peroxidase–linked whole antibody

(from sheep, 1:2500; GE Healthcare, Little Chalfont, United Kingdom) in

blocking solution (4% BSA in Tris-buffered saline containing 0.1% Tween-

20) at room temperature for 1 hour. Anti-Muc5b goat polyclonal antibody

I-12 (1:300; Santa Cruz Biotechnology, Santa Cruz, Calif) was diluted in

blocking solution. Binding of Siglec-F or antibody probes was detected by

means of chemiluminescence with either the ECLWestern blotting detection

system (GE Healthcare UK) or the SuperSignalWest Pico Chemiluminescent

substrate (ThermoScientific,Waltham,Mass). Siglec-F-Fc and antibody bind-

ing was quantified bymeans of scanning densitometry with National Institutes

of Health ImageJ software. Some samples were pretreated with sialidase

(Clostridium perfringens, 1.6 mU/mL for 2 hours at 378C [Sigma-Aldrich,

St Louis, Mo], or Vibrio cholera, 100 mU/mL for 1 hour at 378C [kindly pro-

vided by Dr Ronald Schnaar, Johns Hopkins University School of Medicine,

Baltimore, Md]) to confirm sialidase sensitivity.
Flow cytometric analyses for cellular phenotyping
Cell-surface expression of Siglec-F was measured by using direct immu-

nofluorescence, as previously described.23 Cell-surface and intracellular

expression levels of Siglec-F ligands were determined with or without perme-

abilization. Harvested mTEC single-cell suspensions were fixed in 1% parafor-

maldehyde (for 5minutes at room temperature). To permeabilize, sampleswere

incubated in PBS-S (0.1%BSAplus 0.1% saponin plus 1mmol/LCa11Mg11/

PBS) for 10 minutes at 48C before labeling with Siglec-F-Fc or an irrelevant

humanized monoclonal IgG1 (omalizumab; Genentech, South San Francisco,

Calif) as a negative control (each at 30 mg/mL for 1 hour). After washing,

http://www.jacionline.org


FIG 1. Glycans recognized by Siglec-8 and Siglec-F. The 4 most potent

glycan structures demonstrated to bind Siglec-F-Fc, as determined by using

glycan microarray analysis, are shown. Graphic representations of glycan

structures in this and all other figures are in accordance with the guidelines

proposed and generally accepted by the glycomics community: blue

squares, N-acetylglucosamine (GlcNAc); green circles, mannose (Man); yel-

low circles, galactose (Gal); red triangles, fucose (Fuc); pink diamonds,

sialic acid as N-acetylneuraminic acid; light blue diamonds, sialic acid as

N-glycolylneuraminic acid; S inside open circle, sulfate.
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the samples were incubated with an appropriate fluorochrome-conjugated sec-

ondary antibody and then analyzed using flow cytometry.
Cytochemistry and histochemistry
Disaggregated mTECs were loaded into cuvettes (1 3 105 cells per slide)

and then centrifuged (600 rpm for 4 minutes at room temperature). After

centrifugation, samples were fixed for 1 minute in methanol at room temper-

ature. Ligand expression was studied bymeans of incubation with Siglec-F-Fc

or irrelevant humanizedmonoclonal IgG1 (each at 1mg/mL for 1 hour at 378C)
followed by incubation with secondary biotinylated polyclonal anti-human

IgG antibody. Samples were then washed and incubated with a streptavidin/

alkaline phosphatase linker, followed by visualization with Vector red chro-

mogen (Vector Laboratories, Burlingame, Calif). In some experiments, sam-

ples were pretreated with or without C perfringens sialidase (10 mU/mL for

24 hours at 378C, Sigma-Aldrich). Samples were boiled in 10 mmol/L sodium

citrate buffer (pH 6.0), followed by 10 minutes at 958C before staining to per-

meabilize cells. Biotinylated Maackia amurensis lectin (specific for a2,3-

linked sialic acid) and Sambucus nigra lectin (specific for a2,6-linked sialic

acid), each at 10 mg/mL (EY Laboratories, San Mateo, Calif), were also

used in some experiments, as previously described.14

Tissue distribution and localization of potential Siglec-F ligand was studied

by using histochemistry with Siglec-F-Fc (1 mg/mL for 1 hour at 378C, R&D

Systems) detectedwith alkaline phosphatase imaging, as previously described.14
Siglec affinity enrichment
Siglec-F–binding proteins were isolated at the analytic scale by means of

incubationwith Siglec-F-Fc (R&D systems). Aliquots of mTEC lysate, mTEC

culture media, mouse lung lysate, or BALF were split into 2 parts and

incubated with or without sialidase from V cholera at 378C for 1 hour. The

samples were precleared by means of incubation with Protein A/G agarose

beads (Thermo Scientific) for 30 minutes. After centrifugation, the superna-

tants were transferred to new tubes and incubated overnight at 48C with Pro-

tein A/G agarose beads, which had been precomplexed with Siglec-F-Fc. The

beads were washed with TBS/0.1% TritonX-100 (pH 7.4) 3 times and boiled

for 3 minutes in 23 SDS-PAGE sample buffer. Eluted proteins were subjected

to SDS-PAGE, and the resulting gels were used for silver staining or Western

blotting with Siglec-F-Fc or anti-Muc5b (I-12) antibody.
Proteomic analysis of Siglec-F–binding proteins
SDS-PAGE gels were silver stained, and regions of interest were excised

for subsequent analysis based on the known migration of Siglec-F-Fc–

binding proteins detected in parallel experiments. Gel regions were cut into

pieces and destained with Pierce Silver Stain Kit for Mass Spectrometry

reagents (Thermo Scientific). After destaining, gel pieces were washed

sequentially with 40 mmol/L ammonium bicarbonate and acetonitrile,

followed by reduction with 10 mmol/L dithiothreitol for 1 hour at 558C
and carboxyamidomethylation with 55 mmol/L iodoacetamide in the dark

for 45 minutes. After reduction and alkylation, the gel pieces were

sequentially washed with 40 mmol/L ammonium bicarbonate and acetoni-

trile. The washed gel pieces were rehydrated in 0.1 mol/L Tris-HCl buffer

(pH 8.2) and 1 mmol/L CaCl2 containing Sequence Grade Modified Trypsin

(Promega, Madison, Wis) and incubated at 378C for 16 hours. The resulting

peptides were extracted by means of sequential incubation with 20%, 50%,

and 80% acetonitrile in 5% formic acid. Wash samples were combined,

dried, and then further purified with a C18 silica MicroSpin Column (The

Nest Group, Southborough, Mass) by eluting with 50% acetonitrile in

0.1% formic acid. After drying, peptides were reconstituted in 20 mL of

mobile phase A (0.1% formic acid in water) and loaded offline onto a nano-

spray tapered capillary column/emitter (360 mm 3 75 mm 3 15 mm) packed

with C18 resin. After loading, the column emitters were connected in-line

to a gradient pump and separated by using a 160-minute linear gradient

of increasing mobile phase B (80% acetonitrile and 0.1% formic acid in

water) at a flow rate of approximately 400 nL/min directly into the mass

spectrometer.

Liquid chromatography–tandem mass spectrometry was performed with an

LTQ-Orbitrap Discovery mass spectrometer (Thermo Scientific) equipped with

a nanospray ionization source. The data-dependent workflow implemented

during the liquid chromatography–tandem mass spectrometry run included the

acquisition of full Fourier transform mass spectrometry spectra in the Orbitrap

from 300 to 2000 m/z. Based on the Fourier transform mass spectrometry

spectrum, the 6most intense peaks (top 6)were selected for fragmentation in the

linear ion trap mass spectrometry by means of collision-induced dissociation

before the acquisition of the next full MS spectrum. The resulting data were

searched against the mouse proteome database (Uniprot, retrieved on June

2012) by using the SEQUEST algorithm (Proteome Discoverer 1.1, Thermo

Scientific). SEQUEST parameters were set to allow 50.0 ppm of precursor ion

mass tolerance and 0.8 Da of fragment ion tolerancewith monoisotopic masses.

Tryptic peptides were allowed with up to 2 missed internal cleavage sites, and

differential modifications were allowed for carboxyamidomethylation of

cysteine and oxidation of methionine. The resulting peptide data were filtered

with the charge versus cross correlation to result in a stringent false discovery

rate (>0.01).
Purification of mTEC mucins from culture media
Mucins were purified from mTEC media based on their ability to be

recognized by Siglec-F-Fc on Western blots. Pooled mTEC culture medium

was adjusted to pH 7.4 by the addition of 1 mol/L Tris-HCl buffer.

The crude protein solution was applied to an anion exchange column

(Q-Sepharose resin, Sigma-Aldrich; inner diameter, 3 cm 3 4 cm length),

and the column was washed with 0.1 mol/L sodium chloride in 20 mmol/L

Tris-HCl (pH 7.4). After the low-salt wash, Siglec-F-Fc–binding proteins

were eluted with 2 mol/L sodium chloride in 20 mmol/L Tris-HCl (pH 7.4).

Elution was monitored by subjecting aliquots of each fraction to SDS-PAGE

and Siglec-F-Fc Western blotting. Fractions showing Siglec-F-Fc binding at

around 500 kDa were pooled, concentrated, and subjected to gel filtration

(Sepharose CL-4B, Sigma-Aldrich; inner diameter, 1.5 cm 3 92 cm length).

Gel filtration was performed in 4 mol/L guanidinium hydrochloride in 20

mmol/L Tris-HCl (pH 7.4), with a flow rate of approximately 12 mL/h. Gel

filtration fractions exhibiting Siglec-F-Fc binding by means of Western

blotting were combined and concentrated by using a 100 kDa cutoff

membrane filter device (Millipore, Temecula, Calif) to remove residual low-

molecular-weight contaminants. The resulting preparation of purified mTEC

mucins was designated mTEMucs.
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O-linked glycan analysis
O-linked glycans were analyzed as previously described.24 Permethyla-

tion for released glycans was performed by using the standard dimethyl sulf-

oxide–NaOH method of Anumula and Taylor.25 After neutralizing the

permethylation reaction with acetic acid, permethylated glycans were parti-

tioned with water/dichloromethane at a ratio of 1:1. Sulfated O-glycans

were quantitatively recovered from the aqueous phase, whereas neutral

and sialylated glycans remained in the dichloromethane phase. Sulfated gly-

cans in the water phase were further purified by using the C18 column

before analysis. Permethylated glycans in both phases were analyzed by

means of nanospray ionization mass spectrometry (NSI-MSn) on an

LTQ-Orbitrap instrument (Thermo Scientific). Glycan representations in fig-

ures and tables are in accordance with the guidelines generally accepted and

in use by the glycomics community (Fig 1).26
Solvolysis for desulfation
mTEMucs were desulfated by means of solvolysis in methanolic hydro-

chloride, as previously described.24 The conditions used for solvolysis were

validated to completely remove sulfate from standard synthetic glycans,

including 39-sulfo-Lewisa trisaccharide (Prozyme, San Leandro, Calif), 69-
sulfo-LacNAc (provided by James Paulson and Corwyn Nicholat, Scripps

Research Institute, La Jolla, Calif), and sulfatide (Matreya, Pleasant Gap,

Pa). The extent of standard desulfation was verified by means of NSI-MS of

permethylated derivatives, which also demonstrated quantitative recovery of

the expected desulfation products.
Mucin binding assay
A portion of the material was biotinylated to detect binding activity of

mTEMucs to eosinophils. Purified mTEMucs (equivalent to 300 mg) were

dialyzed against 50 mmol/L NaHCO3/1 mmol/L dithiothreitol and then

incubated with 40 mmol/L sulfo-NHS-LC-biotin (G-Biosciences, St Louis,

Mo) for 2 hours at room temperature in the dark. After adding 50 mL of 1

mol/L Tris-HCl (pH 7.4), the biotinylated mTEMucs were dialyzed against

50 mmol/L NaHCO3/1 mmol/L dithiothreitol. Successful biotinylation of

the mTEMucs was confirmed by means of Western blotting with horse-

radish peroxidase–conjugated streptavidin (Jackson ImmunoResearch,

West Grove, Pa) and Siglec-F-Fc, respectively. For some experiments,

binding of 100 mg/mL biotinylated mTEMucs to mouse eosinophils (pre-

treated with or without sialidase to remove endogenous cis Siglec-F

ligands, as previously reported27) was detected by using phycoerythrin-

conjugated streptavidin.
Apoptosis assay
Peripheral blood eosinophils were obtained from IL-5 transgenic and IL-5

transgenic x Siglec-F2/2mice. After hypotonically lysing erythrocytes, immu-

nomagnetic negative selectionwas performed to generate eosinophils of greater

than 96% purity by depletingmononuclear cells with a mixture of CD90.2- and

CD45R-coated beads (Miltenyi Biotec, Auburn, Calif), as previously

described.28 After pretreatment with sialidase (C perfringens, 0.01 U/mL, for

45 minutes at 378C; Sigma-Aldrich), eosinophils (106 cells/mL) were cultured

in RPMI 1640, 10% FBS, and 1% penicillin-streptomycin for 24 hours at 378C
in the presence of IL-5 (30 ng/mL, R&D Systems) together with apoptosis-

inducing antibodies (rat anti-mouse Siglec-F, rat anti-mouse FAS, and appro-

priate isotype-matched nonbinding controls) or 100 mg/mL purified mouse

mTECMucs for 24 hours. Eosinophil apoptosis was then assessed by using

flow cytometry after labelingwith propidium iodide (PI) andAnnexin V, as pre-

viously described.23
Statistical analysis
Data are expressed as means6 SEMs. Data were evaluated by using either

the 2-tailedWelch t test or the 1-tailed t test, and P values of less than .05 were

considered significant.
RESULTS

mTECs express constitutive, cytokine-inducible,

and allergic inflammation–inducible ligands for

Siglec-F
Previous studies have detected mouse lung epithelial and

submucosal gland ligands for Siglec-F and successfully used
primary mTECs cultured under air-liquid interface conditions
to recapitulate, at least in part, the presence of surface ligands
for Siglec-F.9-12 By using histochemistry, some material
recognized by Siglec-F-Fc appears on the surface of intact
mTEC cells, but a large pool is also detected intracellularly
after permeabilization of unstimulated cells (see Fig E2, A-
C, in this article’s Online Repository at www.jacionline.org),
suggesting the existence of a reservoir of Siglec-F ligand
ready for secretion or externalization. This sialidase-
sensitive Siglec-F binding material contains predominantly,
if not exclusively, a3-linked sialic acid rather than a6-
linked sialic acid based on affinity for the specific plant lec-
tins M amurensis versus S nigra (see Fig E2, D), which is
also consistent with previous reports of Siglec-F–binding
specificity.11,14,15

Western blotting with Siglec-F-Fc of cell lysates and culture
supernatants from mTECs, as well as whole mouse lung
extracts and BALF, detected several sialidase-sensitive ligands
(Fig 2, A), including particularly prominent recognition of ma-
terial migrating at approximately 200 and 500 kDa. The largest
component of this material barely moves into the gel, which is
consistent with the known behavior of gel-forming mucin pro-
teins on SDS-PAGE.29 For ease of presentation, we will refer to
this material as approximately 500 kDa, but this label is not
meant to imply a specific molecular weight. By means of
Siglec-F-Fc Western blotting, the material migrating at approx-
imately 200 kDa was detected in tissue lysates but not in mTEC
cell lysates or mTEC culture media, and only faintly in BALF.
Tissue extracts were treated with either PNGase-F, which re-
moves N-linked glycans, or sialidase, which removes sialic
acid (both N-acetylneuraminic acid and N-glycolylneuraminic
acid) to explore the glycan dependence of Siglec-F binding to
endogenous lung ligands. As expected, sialidase treatment
eliminated Siglec-F-Fc binding. PNGase-F treatment did not
affect Siglec-F-Fc labeling intensity but slightly reduced the
apparent molecular weight of the approximately 200 kDa
band (Fig 2, B), indicating that N-linked glycans on endoge-
nous airway ligands do not contribute appreciably to Siglec-
F-Fc binding and further validating previous proposals that
the glycans recognized by Siglec-F are sialylated O-linked
structures.12,13

The importance of a3-sialylation for Siglec-F binding was
reinforced by assessing the expression and diversity of endog-
enous ligands induced by ovalbumin challenge in wild-type
mice and in mice heterozygous for loss of the St3gal3 gene.
Although the amount of Siglec-F ligand detected in extracts of
whole lungs harvested from mice subjected to ovalbumin-
induced allergic inflammation was greatly increased in wild-
type mice, the increase was dramatically attenuated in mice
lacking one copy of the St3gal3 gene (Fig 2, C). Note that data
in Fig 2, C, were generated by using mouse lungs after BAL.
Because BALF appears to be enriched in the approximately
500-kDa material relative to the approximately 200-kDa mate-
rial (Fig 2, A), the reduced abundance of the approximately
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FIG 2. Detection of high-molecular-weight glycoprotein ligands for Siglec-F derived from mTECs and from

normal and St3gal31/2 mouse lungs with and without allergic inflammation. A, Western blotting with

Siglec-F-Fc fusion protein of mouse airway and lung samples reveals at least 2 major binding materials

(approximately 200 and 500 kDa) in mTEC lysates, mTEC culture supernatants, and tissue lysates. Results

are representative of 3 separate experiments. B, Sialidase, but not PNGaseF, eliminated binding to the

approximately 500-kDa material, whereas PNGaseF treatment slightly increased the SDS-PAGE mobility

of the approximately 200-kDa material without altering the intensity of Siglec-F-Fc binding. C, Ovalbumin

(OVA) sensitization and challenge of wild-type and ST3gal31/2 mice results in increased levels of

sialidase-sensitive Siglec-F ligands, but the sensitization response is attenuated in the ST3gal31/2 mice. Re-

sults are representative of 3 separate experiments.
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500-kDa material seen in Fig 2, C, likely reflects loss of intralu-
minal ligand during lavage and suggests that the highest-
molecular-weight ligands are not necessarily integral membrane
proteins. Taken together, these biochemical and cytological data
demonstrate that mouse lung tissue and mTECs are useful sour-
ces for the analysis and purification of endogenous Siglec-F
binding material.
Proteomic, biochemical, and histochemical

analyses of mouse lungs and lung-derived Siglec-F

binding material identify Muc5b and Muc4 as

endogenous ligands
Given the robust detection of sialidase-sensitive material of

approximately 500 kDa inmTEC lysates and culture supernatants
and in ovalbumin-sensitized and challenged mouse lung extracts
and BALF (Fig 2), these samples were subjected to affinity
enrichment with Siglec-F-Fc to select for endogenous ligand can-
didates. Each sample was incubated with or without prior siali-
dase treatment to assess the glycan specificity of the affinity
precipitation. Material migrating in the approximately 500-kDa
range was subjected to in-gel tryptic digestion and subsequent
liquid chromatography–tandem mass spectrometric analyses.
High-confidence assignments identified fragments of Muc5b
and Muc4 in all non–sialidase-treated sources (see Tables E1
and E2 in this article’s Online Repository at www.jacionline.
org). The detected peptides from the approximately 500-kDa
range proteins mapped to the cysteine-rich domains that separate
the highly glycosylated mucin repeat domains in Muc5b and to
the extracellular regions of Muc4 (see Fig E3 in this article’s
Online Repository at www.jacionline.org). The Muc4 mucin is
encoded by a single transcript, the translation product of which

http://www.jacionline.org
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FIG 3. Affinity enrichment and Western blotting confirms Muc5b as a

candidate ligand for Siglec-F. A, Whole-lung extracts probed with Siglec-

F-Fc or anti-Muc5b antibody produced similar recognition patterns for the

approximately 500-kDa binding material. The approximately 200-kDa

binding material was not recognized by anti-Muc5b antibody, which is

consistent with proteomic analysis indicating that the approximately

200-kDa binding material is derived from Muc4. B, The approximately

500-kDa material enriched by Siglec-F-Fc is recognized by the anti-

Muc5b antibody I-12.
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is cleaved, leading to the formation of a noncovalently associated
transmembrane spanning complex comprised of a completely
extracellular b-subunit and a transmembrane a-subunit.30 Prote-
omic analysis of the Siglec-F binding material that migrates at
approximately 200 kDa after enrichment from lung lysates iden-
tified the Muc4 a-subunit (see Tables E1 and E2 and Fig E3).

To further validate Muc5b as an endogenous Siglec-F ligand,
ovalbumin-sensitized and challenged mouse lung extracts were
probed by means of Western blotting with Siglec-F-Fc or
anti-Muc5b antibody I-12, yielding bands of similar molecular
weight in the approximately 500-kDa range (Fig 3, A). Further-
more, anti-Muc5b Western blots of material enriched from
mTEC media by Siglec-F-Fc detected a sialidase-sensitive band
of approximately 500 kDa (Fig 3, B). Interestingly, the band
from mTEC media enriched by Siglec-F-Fc, which is also recog-
nized by means of Western blotting with anti-Muc5b, appears to
be a subset of the profile of bands directly recognized by means of
Western blotting with Siglec-F-Fc (compare Fig 3, B, with Fig 2,
A), indicating that Muc5b by itself does not account for all of the
endogenous receptor activity, an observation that is consistent
with the proteomic identification of Muc4 as another endogenous
receptor. Based on its availability and simplicity compared with
tissue lysates, pooled mTEC medium was used as a source to
generate enriched material for further biochemical and functional
analyses. Through anion exchange chromatography and subse-
quent gel filtration under denaturing conditions, fractions en-
riched in Siglec-F-Fc–binding activity were generated and
pooled for maximum purity (see Fig E4 in this article’s Online
Repository at www.jacionline.org). Proteomic analysis of the pu-
rified Siglec-F-Fc binding material demonstrated the presence of
Muc5b and Muc4 (see Table E1). These purified mTEMuc prep-
arations were used for the glycomic and functional analyses
described below.

The presence of detectable Siglec-F–binding activity was
assayed in mucin-deficient mouse strains to determine whether
endogenous airway mucins carry glycans recognized by Siglec-F.
Siglec-F-Fc histochemistry demonstrated the presence of Siglec-
F ligands in the airway epithelium and tracheal submucosal
glands of Muc5ac-deficient mice, and Western blot analysis with
Siglec-F-Fc also detected undiminished binding in lung lysates,
excluding this mucin as a major ligand (see Fig E5 in this article’s
Online Repository at www.jacionline.org). In contrast, Siglec-F-
Fc Western blot analysis of lung lysates harvested from Muc5b-
deficient mice showed changes in Siglec-F-Fc binding that were
variable from mouse to mouse. Although 2 of the 4 Muc5b2/2

mice tested showed significant decreases in Siglec-F-Fc binding,
the other 2 were not readily distinguishable from normal when
normalized to b-actin levels (Fig 4, A). Quantification of
Siglec-F-Fc binding by means of densitometry indicated a trend
toward reduced binding when normalized to the actin loading
control, but this difference did not reach statistical significance
(Fig 4, B). Siglec-F-Fc histochemistry demonstrated an intriguing
dichotomy in the same samples. Lung epithelial expression of
Siglec-F ligands along ciliated surfaces was generally minimally
affected, but submucosal gland expression was eliminated or
reduced in all 4 Muc5b2/2 mice (Fig 4, C). Indeed, 2 observers
blinded to the identity of these stained tissues were able to identify
with 100% accuracy those from the wild-type versus Muc5b2/2

mice. Glands have mixtures of serous and mucous cells within
them, and gland ducts have mixed ciliated and nonciliated se-
rous/mucous cell populations. The mixed pattern of labeling is
consistent with this heterogeneity, but these results also suggest
that glycoproteins other than Muc5b possess Siglec-F ligands
and could also present them in a compensatory fashion when
Muc5b expression is lost.

To assess which proteins might be presenting Siglec-F
ligands in the absence of Muc5b, we performed proteomic
analysis on approximately 500-kDa material enriched by Siglec-
F-Fc from wild-type mice and from 2 Muc5b2/2 mice, one of
which showed decreased Siglec-F ligand (12-week-old mouse
493) and one of which showed robust Siglec-F ligand expres-
sion (12-week-old mouse 494) by means of Western blotting
and histochemistry (see Table E1). Muc5b and Muc4 peptides
were detected in wild-type mice, which is consistent with the
expression of Siglec-F–recognized glycans on both mucins.
Muc5b peptides were not identified in either of the Muc5b2/2

mice, but Muc4 peptides were detected in mouse 494, which
showed robust residual ligands by using Western blotting and
histochemical analysis. Muc4 peptides were not detected in
Muc5b2/2 mouse 493, which exhibited reduced Western blot
and histochemical Siglec-F-Fc binding. These results suggest
that Muc5b and other glycoproteins, such as Muc4, can present
glycans recognized by Siglec-F. In the absence of Muc5b, vari-
ability in the upregulation of expression or glycosylation of
other mucins likely reflects the unique inflammatory state of
individual mice.
mTEMucs carry sialylated and sulfated glycans
The O-linked glycans carried by Siglec-F–binding mTEMucs

were released by means of reductive b-elimination and analyzed
by means of NSI-MSn as their permethylated derivatives (Fig 5,
A). A diverse set of core 1, core 2, and core 3 glycans were de-
tected, ranging in complexity from the minimal defining core
structures (core 1, Galb3GalNAc; core 2, Galb3[GlcNAcb6]Gal-
NAc; and core 3, GlcNAcb3GalNAc) to branched and extended
glycans carrying between 1 and 3 LacNAc (-4Galb4GlcNAcb-)
repeats capped with single sialic acids or with sialic acid dimers
(N-acetylneuraminic acid or N-glycolylneuraminic acid in a2-8
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FIG 5. mTEMucs carry sialylated and sulfated glycans. A, A representative full MS spectrum of the O-linked

glycans released from mTEMucs demonstrates the relative abundance of the various core structures. B,

Sulfated core 2 and core 3 glycans were detected with the sulfate linked to the GlcNAc residue but not

the Gal residue of the LacNAc motif. C, Removal of sulfate from mTEMucs by using solvolysis did not

diminish Siglec-F-Fc binding but did slightly retard the SDS-PAGE mobility of the mTEMuc preparation.

FIG 4. Detection and localization of Siglec-F ligands in lung tissues of wild-type (WT) andMuc5b2/2mice. A,

As determined by means of Western blotting, Siglec-F-Fc binding decreased in some, but not all,Muc5b2/2

mice. Data are from samples obtained at 12 months (sample numbers designated as 800 series) and 12

weeks (sample numbers designated as 400 series) of age and are representative of 2 separate experiments.

B, Quantification of Siglec-F-Fc binding normalized to actin indicates a trend toward reduced binding in

Muc5b2/2 mice, but the difference does not reach statistical significance. ns, Not significant (P > .2). C, Li-

gands are detected in tracheal epithelium and submucosal tracheal glands in wild-typemice, whereas stain-

ing is diminished or absent in similar tissues from Muc5b2/2 mice. Numbers refer to individual mice.

Results are representative of 2 experiments in which the genotype of the samples was blinded.
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linkage). Sulfation was detected on the GlcNAc residue of core 2
and core 3 structures, which is consistent with the presentation of
6-sulfo-sialyl-LacNAc (6-S-Sialyl-LacNAc), but not 69-S-Sialyl-
LacNAc, on mTEMucs that bind Siglec-F (Fig 5, B, and see Fig
E6 in this article’s Online Repository at www.jacionline.org).
Removal of sulfate from mTEMucs by means of solvolysis did
not reduce Siglec-F-Fc binding but slightly altered its SDS-
PAGE migration (Fig 5, C), indicating that the sulfates detected
as 6-sulfo-sialyl-LacNAc do not appreciably contribute to
recognition.
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FIG 6. Purified mTEMucs bind to mouse eosinophils through Siglec-F and induce their death. A, Surface

expression of Siglec-F was determined by means of direct immunofluorescence and flow cytometry with

eosinophils from IL-5 transgenic (tg) mice and IL-5 transgenic x Siglec-F2/2 mice. B, Binding of biotinylated

mTEMucs (100 mg/mL) to eosinophils from IL-5 transgenic mice and IL-5 transgenic x Siglec-F2/2 mice was

determined in the presence or absence of the indicated materials, as well as phycoerythrin-conjugated

streptavidin. Results are representative of 3 separate experiments. C, Sialidase-pretreated cells isolated

from IL-5 transgenic mice were incubated with the indicated antibodies or mTEMucs (the latter at 100 mg/

mL) and then analyzed for apoptosis versus necrosis by using flow cytometry. The ‘‘no treatment control

viability’’ in the absence of any added antibodies or mTEMucs was 77%6 2%. Data are from 4 to 5 separate

experiments.
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Purified mTEMuc material binds to mouse

eosinophils through Siglec-F and induces their

death
Given the proteomic identification of mTEMucs as Siglec-F

ligands, subsequent experiments were performed to test whether
this material could bind to mouse eosinophils through Siglec-F
and cause any detectable biological activity. Previous studies
demonstrated that 69-S-Sialyl-Lex displayed on a polyacrylamide
polymer bound Siglec-F on mouse eosinophils, but this binding
was masked by interactions between Siglec-F and sialylated gly-
cans on the same cell surface; removal of these sialylated cis li-
gands from the eosinophil surface revealed latent binding
activity for ligands presented in trans.27 Therefore mouse eosino-
phils were isolated from IL-5 transgenic mice and IL-5 transgenic
x Siglec-F2/2 mice and tested for Siglec-F surface expression by
means of direct immunofluorescence and flow cytometry. As ex-
pected, eosinophils from IL-5 transgenic, but not IL-5 transgenic
x Siglec-F2/2, mice expressed Siglec-F on their surfaces, and
antibody binding was unaffected by sialidase treatment of eosin-
ophils (Fig 6, A). Next, biotinylated purified mTEMucs were
tested for eosinophil-binding activity in a similar manner (Fig
6, B). Eosinophils from IL-5 transgenic mice bound biotinylated
mTEMucs but only after pretreating eosinophils with sialidase.
Binding was completely eliminated by pretreating the eosinophils
with an anti–Siglec-F blocking mAb. In contrast, binding of
biotinylated mTEMucs to eosinophils from IL-5 transgenic x
Siglec-F2/2 mice was negligible. These data demonstrate that
mTEMucs, containing both Muc5b and Muc4, are selective
ligands for Siglec-F and that sialylated cis ligands on the eosino-
phil surface compete for mTEMuc binding.

Anti–Siglec-F antibodies cause eosinophil death.7 To deter-
mine whether mTEMucs could also induce eosinophil death,
sialidase-pretreated eosinophils from IL-5 transgenic mice
were cultured with mTEMucs, as well as under other control
conditions, and assayed for apoptosis and necrosis by using
flow cytometry. As shown in Fig 6, C, anti–Siglec-F and anti-
FAS mAbs, which were used as positive proapoptotic controls,
caused a significant degree of cell death. Purified mTEMucs
also induced a significant degree of cell death that was 50%
to 60% as effective as the antibodies. Interestingly, when the
type of cell death was examined after exposure to anti–
Siglec-F, anti-FAS mAb, or mTEMucs, in each case about
80% of the dead cells were dual Annexin V1/PI1 (data not
shown), indicating that all 3 conditions induced a similar
type of cell death.

Lastly, to determine whether mucin-mediated eosinophil death
could regulate eosinophilic airway inflammation in vivo, lung-
specific Muc5b conditional knockout (Muc5bD/D) mice were



FIG 7. Lung-specific conditionalMuc5bD/D mice display enhanced BALF eosinophilia and decreased rates of

eosinophil apoptosis after intratracheal IL-13. Total numbers of BALF eosinophils were determined (A), and

percentages of eosinophils positive or negative for PI and Annexin V labeling (B) were enumerated in BALF

48 hours after intratracheal. instillation of a single dose of 5 mg of IL-13. Data are means6 SDs from a single

experiment with 4 to 5 mice in each group. WT, Wild-type.
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treated with IL-13 (5mg administered intratracheally). Leukocyte
recruitment and survival were measured in BALF 48 hours later.
Only eosinophil numbers increased in wild-type mice (Fig 7, A),
whereas both eosinophil and neutrophil numbers increased signif-
icantly (>4-fold) inMuc5bD/D compared with wild-type mice (Fig
7, A, and see Fig E7,A, in this article’s Online Repository at www.
jacionline.org). There were also smaller but statistically signifi-
cant increases after IL-13 in lymphocyte and macrophage
numbers in Muc5bD/D compared with wild-type mice (see Fig
E7, A). Because the absence of Muc5b impairs mucociliary clear-
ance,18 some or all of these increases could have been due to an
accumulation of both live and dead cells. However, Muc5bD/D

mice showed a selective and significant reduction in the propor-
tions of eosinophils that were Annexin V1/PI2 (Fig 7, B).
Although there were insufficient numbers of lymphocytes to
accurately assess apoptosis, this difference in rates of BALF
cell apoptosis was not seen with other BALF leukocytes (see
Fig E7, B), including neutrophils, which do not express Siglec-
F, and alveolar macrophages, which express Siglec-F abundantly
but are resistant to apoptosis.31 In contrast, eosinophils, like all
other BALF cell types, underwent necrotic cell death (PI1 cells)
at rates that were not different between wild-type and Muc5bD/D

mice (compare Fig 7, B, with Fig E7, B). Thus the increase in
BALF eosinophil numbers in the Muc5bD/D mice was associated
with a reduced rate of apoptosis that was specific and unique to
this cell type and specific to the Muc5b-deficient status. These
data are consistent with the concept that Muc5bmediates a signif-
icant proapoptotic pathway in vivo for resolving eosinophilic
inflammation.
DISCUSSION
Until now, direct identification of endogenous glycans and

glycoproteins that carry relevant structures recognized by Siglec-
F had not been accomplished. Proteomic, histochemical, and
biochemical data together support our assignment ofMuc5b as an
active component in mTEMucs. Further studies are required to
fully validate Muc4 in a similar manner, but both Muc5b and
Muc4 were detected by means of affinity enrichment with Siglec-
F-Fc from multiple biological sources, including lung lysates and
mTEC cells. Muc5b-deficient mice exhibited decreased Siglec-
F-Fc binding, most consistently in the submucosal glands, but
Muc4 was still detectable in Siglec-F affinity enrichments from
Muc5b-deficient lungs. The variable amount of residual Siglec-F
binding detected in the Muc5b-deficient mice suggests the
existence of a dynamic regulatory mechanism that compensates
for loss of one mucin glycan carrier by altered glycosylation or
increased expression of another.

MUC5AC and MUC5B, among the 5 secreted human gel-
forming mucins, are the only ones produced in considerable
amounts in the airways.32 Although MUC5B and Muc5b are the
principal gel-forming mucins expressed constitutively in the air-
ways of human subjects and mice, respectively,33,34 MUC5AC
and Muc5ac are the principal gel-forming mucins upregulated
in allergic airways.32,35 Importantly, in many asthmatic patients,
MUC5B expression decreases by 90% or more, and this is asso-
ciated with increased airway eosinophil numbers and potenti-
ated airway hyperreactivity.36,37 Diseases associated with
tissue eosinophilia and increased expression of MUC5B also
include chronic obstructive pulmonary disease38 and chronic
rhinosinusitis,39 although levels might be decreased in patients
with cystic fibrosis.36 Recent reports have identified a common
promoter polymorphism in MUC5B that causes greater than
30-fold changes in its expression. Although associated with
interstitial lung diseases,40 its high prevalence in the population
(approximately 20% in white subjects) suggests that it could
affect the pathobiology of more common diseases, such as
asthma.

In contrast to the gel-forming soluble mucins, much of the
literature on MUC4 and other membrane-bound mucins, such as
MUC1 and MUC16, focuses on their role in controlling cancer
cell growth and mucociliary function.41,42 Muc4 is displayed on
the surfaces of airway epithelial cells and epithelial cancer cells,
including those derived from the breast and pancreas and gastro-
intestinal cells,43 and expression of Muc4 on airway epithelial
cells is enhanced by IL-4 and IL-9.44,45 The finding that both
Muc5b and Muc4 can carry glycan ligands for Siglec-F suggests
that their expression within the airway can modulate the activity
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of infiltrating cells that express Siglec-F. In the mouse the cells
predominantly expressing Siglec-F are eosinophils and alveolar
macrophages.7 Unlike mouse eosinophils, alveolar macrophages
do not appear to undergo apoptosis when Siglec-F is engaged.46

Although human eosinophils express the closest functional pa-
ralog of Siglec-F, namely Siglec-8, human alveolar macrophages
do not.7 On the basis of these observations, we propose that
constitutive and inducible mucins derived from the airway epithe-
lium and glands play a previously unappreciated role in damp-
ening eosinophilic inflammation through Siglec-sialoside
interactions. This hypothesis is consistent with reports showing
that other mucins bind other Siglec family members. For
example, tumor cell–derived mucins can bind B cells through
CD22 (Siglec-2) and dendritic cells through Siglec-9 and inhibit
their function.47,48More specifically,MUC1 glycans can bind sia-
loadhesin (Siglec-1), Siglec-4a, and Siglec-9 and can alter cell
adhesion, growth, and survival.49-52 MUC2 glycans reportedly
can bind to CD33 (Siglec-3) on monocytes and dendritic cells
and induce apoptosis,53 whereas glycans on MUC16 are recog-
nized by natural killer cells and monocytes through Siglec-
9.54,55 In comparison with the work reported here, the glycan
structures carried by these other Siglec-binding mucins remain
poorly characterized, and none were derived from the lung.
Although currently and previously reported studies support an
emerging theme, namely the functional importance of mucin
glycan-Siglec interactions, the tissue- and cell type–specific regu-
lation of mucin glycosylation must be considered carefully in
defining functionally relevant Siglec ligands.

The glycans identified bymeans of array screening as the most
potent ligands for Siglec-F present certain problems considering
the known specificities of the enzymes that are most likely to be
responsible for their biosynthesis. Sulfation and sialylation on
the terminal Gal of the LacNAc or Lex core are mutually exclu-
sive and have not previously been detected in biological mate-
rials, including mouse lung tissue.13,56 In the current analysis
we were also unable to detect 69-sulfation of sialylated glycans
on our mTEMuc preparations. Furthermore, desulfation did
not eliminate binding, calling into question the importance of
sulfate for Siglec-F binding in the airway. Our result is consistent
with a recent report in which Siglec-F binding was detected in
the lungs of mice deficient for sulfotransferases, which are
known to be capable of adding sulfate to Gal residues.13 In
fact, the most recent glycan array binding data for Siglec-F
demonstrate that although the 69-S-Sialyl-Lex and 69-S-Sialyl-
LacNAc glycans are high-affinity ligands, reasonable binding
is also achieved to nonsulfated glycans that carry at least 1
sialyl-LacNAc moiety.27 The O-linked glycan diversity we
have detected on mTEMuc encompasses multiple glycans with
between 1 and 3 LacNAc repeats capped by sialylation,
including sialic acid in a2-8 linkage to another sialic acid resi-
due. Mucins are, through their molecular structure, capable of
presenting glycans in arrays of very high valency. This presenta-
tion might enhance the binding of Siglec-F to glycans that
possess lower avidity in vitro but greater biological relevance
in vivo. The library of mTEMuc glycan structures described
here is an important major step toward themore technically chal-
lenging goal of identifying active glycans and assessing whether
these structures are found at specific sites on mucin glycoprotein
backbones.

These studies raise interesting questions relating to the in vivo
biology of Muc5b in mice. We used a single dose of 5 mg of
intratracheal IL-13 to initiate a modest TH2-like inflammatory
response that would allow for the detection of an augmented
cellular response in Muc5bD/D mice. The cellular pattern elicited
included increases in eosinophil numbers as expected but also an
increase in neutrophil, lymphocyte, and macrophage numbers.
Muc5b-deficient mice have defects in mucociliary clearance
that affect the inflammatory milieu by increasing the total
amounts of cellular debris and microbial antigens that are nor-
mally eliminated by Muc5b-rich mucus, which likely explains
the broader inflammatory cell influx. Also, the inflammatory pat-
terns seen after intratracheal IL-13 do not necessarily mean that
the same patterns would be seen after allergen sensitization and
challenge. The simpler IL-13 model was chosen because inter-
preting experiments with mucin-deficient animals and airway-
delivered stimuli is complicated by the fact that there is
augmented retention in the lungs of this material given the
reduced airways mucosal clearance seen in thesemice. This could
affect both the deposition and retention of allergens delivered to
the airways, as well as the enhanced accumulation of inflamma-
tory cells in the airways, and will always be a limitation associ-
ated with these models. Regardless, the increased airway
eosinophilia associated with reduced rates of apoptosis observed
here after IL-13 administration is consistent with the underlying
hypothesis that Muc5b selectively influences eosinophil accumu-
lation and death in the mouse airway. Previously published find-
ings of a small but significant increase in eosinophil numbers in
the lungs of both naive and Staphylococcus species–infected
Muc5b2/2 mice are also consistent with this hypothesis, espe-
cially given the fact that circulating levels of eosinophils are
unaffected.18

Other interesting questions arise from the detection of resid-
ual Siglec-F-Fc–binding glycoproteins in Muc5b2/2 mice. The
first question of interest is the identity of these additional bind-
ing proteins. Proteomic analysis clearly identified Muc4 as one
binding component in Muc5b2/2 mice. Although Muc4 and
Muc5b were also detected as ligands in normal mouse airway
samples and although Siglec-F-Fc labeling was detected in the
ciliary space of the epithelium in Muc5b2/2 mice (an expected
location for transmembrane mucins), the possibility still re-
mains that additional mucin and nonmucin glycoproteins might
present Siglec-F ligands in the airway. Complete identification
of all Siglec-F ligands will require additional experiments,
including analyses of lung material from mice lacking Muc4
or lacking both Muc5b and Muc4. Nonetheless, the individual-
to-individual variability in the level of residual binding in
Muc5b2/2 mice indicates that the regulatory network underly-
ing the production of Siglec-F ligands must be flexible enough
to ensure the placement of appropriate glycans on more than a
single core protein. In fact, carrier protein diversity might facil-
itate the presentation of active glycans within different airway
domains (eg, glands, epithelial surfaces, and ciliary spaces),
providing additional opportunities for targeting immune cell
responses.

The repertoire of glycans found on glycoproteins reflects
poorly understood and complex interactions between many cell-
signaling pathways and other environmental cues. Changes in
cytokine and growth factor stimulation affect the type of glycan
structures presented at many cell surfaces.57,58 Furthermore,
genome-wide association studies are increasingly identifying
the glycomic consequences of human genetic diversity and the
novel associations between glycosylation and disease.59 Thus
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the functional role of mucin glycosylation in regulating eosino-
philia proposed here suggests that asthmatic severity among hu-
man subjects might derive, in part, from intrinsic differences in
the glycan biosynthetic machinery of susceptible subjects. Devel-
oping strategies to regulate cellular glycosylation pathways or to
provide exogenous effector glycans that might be missing in asth-
matic patients might provide novel and highly effective therapeu-
tic targets.
We thank Drs James and Nancy Lee, Ajit Varki, and Jamey Marth for

providing mice used in our experiments and Drs James Paulson, Corwyn

Nicholat, and Ronald Schnaar for providing critical reagents.

Key messages

d This is the first report characterizing candidate endoge-
nous lung-derived ligands for Siglec-F on mouse
eosinophils.

d Identified Siglec-F binding material included sialylated
glycans displayed on the airway mucins Muc5b and
Muc4 and confirmed that Muc5b can bind to eosinophils
and induce their death in vitro.

d Mice conditionally deficient in Muc5b displayed exagger-
ated lung eosinophilic inflammation in response to intra-
tracheal IL-13, which was associated with reduced rates
of eosinophil apoptosis.

d These data support the concept that airway mucins,
through their sialylated glycan ligands for Siglec-F, repre-
sent an important innate pathway for controlling lung
eosinophilia.
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FIG E1. Detection and localization of Muc5b in airway epithelium of wild-type and Muc5bD/D mice using

Muc5b immunohistochemistry.
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FIG E2. Cytochemical analysis of lung epithelial glycan ligands for Siglec-F. A, Immunocytochemistry of

mTECs with Siglec-F-Fc reveals surface staining (a) and augmented staining after permeabilization (b)

compared with IgG1 controls (d-f). Staining was eliminated with sialidase pretreatment (c). Data are repre-

sentative of 3 separate experiments (original magnification 3400). B and C, Detection of cell-surface and

intracellular Siglec-F ligands in mTECs by means of flow cytometry. Both permeabilized and nonpermeabi-

lized mTECs were labeled with Siglec-F-Fc. Mean fluorescence intensity (MFI) of permeabilized cells was

significantly higher than that of nonpermeabilized cells (n5 7). D, Binding characteristics ofMaackia amur-

ensis (MAA) lectin and Sambucus nigra (SNA) lectin to mTECs. MAA lectin (a), but not SNA lectin (c), binds

to permeabilized mTECs in a sialidase-dependent manner (b versus d). Data are representative of 3 separate

experiments (original magnification 3400).
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FIG E3. Coverage map from Muc5b and Muc4 peptides identified by using liquid chromatography-tandem

mass spectrometry (LC-MS/MS). The positions of the peptides detected by using LC-MS/MS are mapped

across the domain structure of mouse Muc5b (top) and Muc4 (bottom). The mucin-type domains (shown

in purple) are highly glycosylated and recalcitrant to trypsinization, greatly reducing peptide detection

across Ser/Thr-rich portions of the protein. Detailed presentation of the detected peptides can be found

in Table E1 (Muc5b) and Table E2 (Muc4). AMOP, Adhesion associated domain; EGF, epidermal growth

factor.
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FIG E4. Purification of mTEMucs. Culture medium obtained frommTEC cultures was adjusted to pH 7.4 and

loaded onto an anion exchange column, which was then washed with low salt. High salt was subsequently

used to elute Siglec-F-Fc binding material, which was concentrated and applied to the Sepharose CL-4B gel

filtration column. Fractions were collected and probed for Siglec-F-Fc–binding activity. A representative

purification is shown. A, Silver stain. B, Siglec-F-Fc Western blot analysis of the same fractions shown in Fig

E4, A. C, silver staining of pooled fractions collectively designated as mTEMucs. Purification of mTEMucs

was performed more than 5 times with similar results.
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FIG E5. Detection and localization of Siglec-F ligands in lung tissues of wild-type and Muc5ac2/2 mice by

using Siglec-F-Fc histochemistry and Western blotting. Western blotting (A) and histochemistry (B) reveal

the presence of similar amounts of Siglec-F-Fc bindingmaterial from lung-specific IL-13 transgenic (tg)mice

and IL-13 transgenic x Muc5ac2/2 mice. Data are representative of 2 separate experiments.
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FIG E6. Sulfate is detected on the 6-position, but not 69-position, of core 2 O-linked glycans released from

mTEMucs. MS/MS (MS2) and MS3 fragmentation in positive (A) and negative (B) ion modes produce frag-

ments that place the sulfate on the branching HexNAc (GlcNAc) residue of the core 2 glycan. When the

parent ion (m/z5 1432 in positivemode and 1386 in negative mode) is fragmented, amajor ion corresponds

to loss of sialic acid (m/z 5 1057 and 1011 in positive and negative modes, respectively). MS3 of these ions

produces fragments that isolate the sulfate. For the positive mode, the m/z 560 and 821 ions limit the sulfate

to the LacNAc arm linked to the reducing terminal GalNAc residue. In combinationwith these fragments, the

m/z 835 ion places the sulfate unambiguously on the GlcNAc (6-position), but not the Gal (69-position), of the
LacNAc. Likewise, for the negative mode, the m/z 514 and 775 ions place the sulfate on the LacNAc, and the

m/z 789 ion locates the sulfate to the GlcNAc.
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FIG E7. Lung-specific conditional Muc5bD/D mice display enhanced BALF macrophages, lymphocytes, and

neutrophils but similar rates of apoptosis after intratracheal IL-13. Total numbers of BALF macrophages,

lymphocytes, and neutrophils were determined (A), and the percentages of cells that were positive or nega-

tive for PI and Annexin V labeling (B) were enumerated in BALF 48 hours after intratracheal instillation of a

single dose of 5 mg of IL-13. Data are means6 SDs from a single experiment with 4 to 5 mice in each group.
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TABLE E1. Muc5B peptide sequences identified in mTEC cell lysates, mTEC media, and lung tissue lysates

Sample

Without sialidase treatment With sialidase treatment

Muc5b peptide sequence

Position in Muc5B protein

sequence (Q8K1G6) Domain*

No. of times

detected Xcorr range Peptide sequence

mTEC lysate WINVDYPSSSINGGDIETYENIR 3052-3074 Cys7 2 4.98-4.78 Not detected

WIDVDYPSSSINGGDIETYENIR 1578-1600 Cys2 1 4.98

1874-1896 Cys3

2170-2192 Cys4

2484-2506 Cys5

3366-3388 Cys8

NTYEDPCSYSVENENFAR 606-623 VWFD, N-term 1 4.61

VGQVVSCNLETGLVCK 3660-3675 Cys9 2 4.57-4.20

WTEWFDVDSPTSGSVK 3607-3622 Cys9 1 4.09

WTEWFDADYPNPGPR 3761-3775 Cys10 1 3.88

WINVDYPSSSINGGDIETYENIR 3052-3074 Cys7 1 3.82

mTEC media LGQEVVCNVDFGLICR 2724-2739 Cys6 1 4.88 Not detected

DQGGTFKMCYNYLIK 3120-3134 Cys7 9 4.85-3.48

Lung lysate DQGGTFKMCYNYLIK 3120-3134 Cys7 8 4.86-3.89 Not detected

LGQEVVCNVDFGLICR 2724-2739 Cys6 2 4.60-4.23

DQGGTFQMCYNYLIK 1646-1660 Cys2 4 4.37-4.01

1942-1956 Cys3

2552-2566 Cys5

3434-3448 Cys8

CDVSSGLVCYNK 1634-1645 Cys2 2 3.64-3.61

1930-1941 Cys3

2226-2237 Cys4

2540-2551 Cys5

GGDFEVYAVFR 2776-2786 Cys6 1 3.34

3775-3785 Cys10

IVTENVPCGTTGTTCSK 942-958 VWFD, N-term 1 3.24

GLEGSRPTVTYVLLR 125-139 VWFD, N-term 1 2.97

AENYPAVSIDK 3649-3659 Cys9 3 2.91-2.57

VVEQGPSGDPPYK 978-990 VWFD, N-term 1 2.74

VYSDSISSSTR 45-55 N-terminal 1 2.72

EVGYIFCDQPK 3787-3797 Cys10 4 2.71-2.38

DPCIANPYR 1075-1083 VWFD, N-term 1 2.66

FSPSCPDAPVPK 1063-1074 VWFD, N-term 1 2.58

AQGVCTNWR 4369-4377 VWFD, C-term 2 2.44-2.37

ICEKPQDIR 1606-1614 Cys2 1 2.33

1902-1910 Cys3

2198-2206 Cys4

2512-2520 Cys5

3080-3088 Cys7

3397-3405 Cys8

Cys, Cysteine-rich domain; N-term, N-terminal domain; VWFD, von Willebrand factor type D; Xcorr, cross correlation.

*Domains are as indicated in Fig E3.
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TABLE E2. Muc4 peptide sequences identified in mTEC cell lysates, mTEC media, and lung tissue lysates

Sample Muc4 peptide sequence

Position in Muc4 protein

sequence (Q8JZM8) Subunit* Domain*

No. of times

detected

Xcorr

range

mTEC lysate GGVCCSYGAWGEFR 2648-2661 a AMOP 2 3.94-3.23

AFFSNSLVELIR 3234-3245 b und 3 3.37-2.97

mTEC media VTWVNVPAYTAQESFGTNTYQAILSTDGSR 2485-2514 a NIDO 3 6.62-4.94

EVETLINDFTSSWGYR 2463-2478 a NIDO 3 4.99-4.19

VAMVAPFWADADFSSSR 2426-2442 a NIDO 1 3.99

SYALFLYQNSGMR 2515-2527 a NIDO 2 3.27-2.95

GGVCCSYGAWGEFR 2648-2661 a AMOP 1 2.95

ILIGFPLGSSLR 2378-2389 a und 2 2.82-2.81

Lung lysate� (z500 kDa in gel) VTWVNVPAYTAQESFGTNTYQAILSTDGSR 2485-2514 a NIDO 6 7.07-4.30

SYALFLYQNSGMR 2515-2527 a NIDO 4 4.53-3.75

EVETLINDFTSSWGYR 2463-2478 a NIDO 3 4.45-3.37

VAMVAPFWADADFSSSR 2426-2442 a NIDO 3 4.15-3.02

GGVCCSYGAWGEFR 2648-2661 a AMOP 2 3.87-3.75

ILIGFPLGSSLR 2378-2389 a und 8 2.81-2.23

TVDFNSPIFK 2368-2377 a und 2 2.62-2.35

Lung lysate� (z200 kDa in gel) SPITVQWFLEPSDK 2780-2793 b VWFD 3 3.51-3.30

AFFSNSLVELIR 3234-3245 b und 3 3.41-2.95

GQTVTTEITSNSK 2997-3009 b und 2 3.39-3.18

AMOP, Adhesion associated domain; NIDO, nidogen; und, undefined domain, intervening sequence; Xcorr, cross correlation.

*Subunits and domains are as indicated in Fig E3.

�Muc4 peptides were detected in the approximately 500- and approximately 200-kDa material immunoprecipitated by Siglec-F-Fc from wild-type and Muc5b2/2 mouse lung

lysates.
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