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Abstract

Siglec-F is a pro-apoptotic receptor on mouse eosinophils that recognizes 6′-sulfated sialyl Lewis

X and 6′-sulfated sialyl N-acetyl-lactosamine as well as multivalent sialyl N-acetyl-lactosamine

structures on glycan arrays. We hypothesized that attenuation of the carbohydrate sulfotransfer-

ase 1 (CHST1) gene encoding keratan sulfate galactose 6-O-sulfotransferase, an enzyme likely

required for 6′-sulfation of some of these putative Siglec-F glycan ligands, would result in

decreased Siglec-F lung ligand levels and enhanced allergic eosinophilic airway inflammation.

Tissue analysis detected CHST1 expression predominantly not only in parenchymal cells but not

in airway epithelium, the latter being a location where Siglec-F ligands are located. Western blot-

ting of lung extracts with Siglec-F–Fc fusion proteins detected ≈500 kDa and ≈200 kDa candidate

Siglec-F ligands that were not appreciably altered in CHST1−/− lungs compared with normal

mouse lungs. Characterization of the O-linked glycans of lung tissue and bronchoalveolar lavage

fluid detected altered sialylation but minimal change in sulfation. Eosinophilic airway inflamma-

tion was induced in wild-type (WT) and CHST1−/− mice via sensitization to ovalbumin (OVA) and

repeated airway challenge. After OVA sensitization and challenge, Siglec-F ligands on airway cells,

and numbers of eosinophils and neutrophils accumulating in the airways, both increased to a

similar degree in WT and CHST1−/− mouse lungs, while macrophages and lymphocytes increased

significantly more in CHST1−/− mouse airway compared with normal mouse lungs. Therefore,
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keratan sulfate galactose 6-O-sulfotransferase does not contribute to the synthesis of glycan

ligands for Siglec-F in the airways, although its absence results in exaggerated accumulation of

airway macrophages and lymphocytes.
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Introduction

Both mouse Siglec-F and its closest functional paralog, human Siglec-8,
are single-pass transmembrane cell surface proteins primarily expressed
on the surface of eosinophils (Bochner 2009). Based on glycan array
screening, Siglec-F and Siglec-8 recognize the same sialylated glycan
ligands, namely 6′-sulfated sialyl Lewis X and 6′-sulfated sialyl N-acetyl-
lactosamine (6′-su-sLex and 6′-su-LacNAc, respectively); Siglec-F,
unlike Siglec-8, is also able to recognize nonsulfated, sialylated, multi-
antennary, complex N-linked glycans (Bochner et al. 2005; Tateno
et al. 2005; Kiwamoto et al. 2014). Because engagement of Siglec-F or
Siglec-8 induces eosinophil apoptosis (Nutku et al. 2003, 2005; Zhang
et al. 2007; Nutku-Bilir et al. 2008; Zimmermann et al. 2008; Na et al.
2012), understanding their endogenous natural ligands and what con-
trols their synthesis may shed light on how eosinophilic inflammation
is regulated and controlled within tissues (Kiwamoto et al. 2013).
Taking into account the candidate ligands identified so far, including
specific sialylated mucins (Kiwamoto et al. 2015), their structures sug-
gest that specific sulfotransferases and sialyltransferases will be neces-
sary to generate ligands for Siglec-F and Siglec-8 in vivo (Patnode,
Cheng et al. 2013; Kiwamoto et al. 2013, 2015). To date, studies have
identified constitutive and Th2 cytokine-inducible lung epithelial
ligands for Siglec-F that contain α2,3-linked terminal sialic acid residues
and require the α2,3 sialyltransferase ST3Gal-III for their synthesis
(Zhang et al. 2007; Cho et al. 2010; Guo et al. 2011; Suzukawa et al.
2013; Kiwamoto et al. 2014). Given the high-avidity binding of Siglec-
F and Siglec-8 to arrayed glycans carrying 6′-sulfate (6′-su-sLex and 6′-
su-LacNAc; Bochner et al. 2005; Tateno et al. 2005; Kiwamoto et al.
2014), a likely candidate for production of endogenous ligands is kera-
tan sulfate galactose 6-O-sulfotransferase, encoded by the carbohydrate
sulfotransferase 1 gene CHST1 (Patnode, Cheng et al. 2013). We there-
fore, hypothesized that deletion of the CHST1 gene would decrease
Siglec-F airway ligand levels and selectively enhance eosinophilic air-
way inflammation. However, our results demonstrate that this enzyme
is dispensable for generating Siglec-F ligands in mouse lung, a result
previously reported in the same mouse model (Patnode, Cheng et al.
2013). In addition, we now demonstrate that the absence of the
enzyme has no impact on allergic eosinophilic lung inflammation, fur-
ther supporting earlier observations that endogenous lung ligands for
Siglec-F may not contain 6′-sulfated sialoside structures, such as
6′-su-sLex and 6′-su-LacNAc, as previously assumed (Patnode, Cheng
et al. 2013; Kiwamoto et al. 2015). Finally, we demonstrate that loss
of CHST1 was accompanied by collateral changes in glycoprotein
O-glycosylation and in the cellularity of the airways in inflammation.

Results

The CHST1 gene is strongly expressed in lung

parenchyma but not in airway epithelium

We obtained heterozygous mice carrying a CHST1 knockout allele
from the NIH Knockout Mouse Project at the University of
California, Davis. In the targeted allele of these mice, the entire

CHST1 coding sequence has been replaced by an Escherichia coli
beta-galactosidase reporter and a neomycin selection cassette
(Patnode, Yu et al. 2013). Therefore, we mapped the distribution of
CHST1 gene expression by X-Gal staining in lung and trachea of
genotyped animals. Strong staining of lung parenchyma was seen in
CHST1−/− mice samples, but not in WT lung (Figure 1A and B),
consistent with previous reports (Patnode, Cheng et al. 2013). There
was no detectable staining of airway epithelium in CHST1−/− mice
(Figure 1B), in contrast to previous studies using a polyclonal anti-
CHST1 antibody and immunohistochemistry that resulted in airway
epithelial staining (Guo et al. 2011). Staining was also observed in
both WT and CHST1−/− mouse trachea and tracheal submucosal
glands (Figure 1A and C) suggesting, at least in these tissues, that
staining with X-gal was nonspecific.

Loss of CHST1 induces changes in the O-glycome

of lung and bronchoalveolar lavage fluid

To assess the diversity of O-linked glycan structures expressed in the
airway of WT and CHST1−/− mice, total glycoproteins were harvested
from lung tissue (including epithelium and parenchyma) and from
bronchoalveolar lavage (BAL) fluid. O-glycans were subsequently
released from the harvested glycoproteins by reductive β-elimination,
derivatized by permethylation and analyzed by nanospray ionization-
multidimensional mass spectrometry (NSI-MSn). Quantification of the
full MS profiles of O-glycans released from WT and CHST1−/− mouse
lung tissues revealed grossly similar profiles, although a modest
trend toward increased sialylation of core 1 disaccharide was
detected. The CHST1−/− mouse lung expressed decreased levels of
monosialyl- and increased levels of disialyl core 1 disaccharide com-
pared with WT, while the abundances of asialo-core 1 disaccharide
and asialo-core 2 trisaccharide were slightly decreased in the
CHST1−/− lung (Figure 2).

Previous characterization of endogenous airway ligands for
Siglec-F identified a secreted mucin, Muc5B, as a major counter-
receptor that carried glycans recognized by Siglec-F (Kiwamoto
et al. 2015). Therefore, we assessed the glycan diversity in BAL fluid
harvested from WT and CHST1−/− mice to further determine
whether CHST1 might be responsible for generating glycan ligands
for Siglec-F. O-glycans released from BAL fluid glycoproteins were
separated into nonsulfated and sulfated species by phase partition
following permethylation and analyzed separately by NSI-MSn. Full
MS profiles revealed changes in nonsulfated O-glycan sialylation
(Figure 3). While neutral core 1 and core 2 structures, as well as
monosialylated core 2 structures, were unchanged in abundance
between WT and CHST1−/− BAL fluid, a substantial decrease in
mono- and disialyl core 1 disaccharide was detected in CHST1−/−

BAL fluid compared with WT (Figure 4).
The most abundant sulfated, sialylated O-glycans in WT and

CHST1−/− BAL fluid were identified as a minimally extended core 2
glycan (Su1NeuAc1Hex2HexNAc2, detected at m/z = 1386) and as
the same core structure extended by an additional LacNAc

407Airway O-glycome and inflammatory response in CHST1−/− mice

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/28/6/406/4963489 by guest on 23 April 2024



(Su1NeuAc1Hex3HexNAc3, detected at m/z = 1835). The abun-
dance of the sulfated, minimally extended glycan (m/z = 1386) was
only mildly affected in the CHST1−/− BAL fluid (Figure 5). However,
the LacNAc-extended form of this sulfated glycan (m/z = 1835) was
substantially reduced in the CHST1−/− BAL fluid compared with WT
(Figure 5). Each of these sulfated glycan compositions exists as isomeric
forms of the same mass (isobaric structures) that differ based on their
sites of sialylation and sulfation. collision-induced dissociation (CID)-
MS/MS was used to resolve the relative abundance of these isobaric
species. Fragmentation of the m/z = 1386 precursor in WT and
CHST1−/− BAL fluid produces identical MS2/MS3 spectra and support
the presence of both 6-su-sLacNAc and 6-su-LacNAc arms on this core
2 glycan (Figure 6). Quantification of diagnostic fragments indicates
that the relative abundance of the isobaric species is not different in
WT and CHST1−/−. Likewise, fragmentation of the m/z = 1835 precur-
sor detects similar relative abundances of the isobaric forms of sulfated
and sialylated glycans in the WT and CHST1−/− BAL fluid (Figure 7).
For both of the major sulfated, sialylated O-glycan compositions
detected in WT and CHST1−/− BAL fluid (m/z = 1386 and m/z =
1835), MS3 fragmentation did not support the presence of 6′-su-
sLacNAc motifs, the highest avidity Siglec-F ligand detected by in vitro

glycan arrays (Yu et al. 2017). Rather, if the Gal residue of a LacNAc
was sulfated, it was not also sialylated. And, if the Gal residue of a
LacNAc was sialylated, sulfate was detected on the GlcNAc not the
Gal, forming 6-su-sLacNAc.

Loss of CHST1 does not affect the abundance of siglec-

F ligands in lung or BAL fluid

The abundance of Siglec-F ligands in the lung and trachea of WT
and CHST1−/− mice was directly interrogated by probing blotted tis-
sue lysates with Siglec-F–Fc. As previously reported (Kiwamoto
et al. 2014, 2015), Siglec-F–Fc binding bands were detected at
≈500 kDa and ≈200 kDa in normal whole lung and trachea
extracts. In lung and trachea of CHST1−/− mice, Siglec-F–Fc binding
was comparable or increased compared with WT (Figure 8). In BAL
fluid harvested from WT and CHST1−/− mice, Siglec-F–Fc binding
was also not decreased in the CHST1−/− mice compared with WT
and OVA challenge generated increased ligand expression at
≈500 kDa (Figure 8). The direct detection of Siglec-F ligands by
Siglec-F–Fc blotting indicates that loss of CHST1 does not decrease
constitutive or OVA-induced synthesis of Siglec-F lung ligands.

Fig. 1. Localization of keratan sulfate galactose 6-O-sulfotransferase (CHST1) expression in mouse lung and trachea. Tissues from WT and CHST1−/− mice were

analyzed for β-galactosidase activity using X-Gal (blue staining) and revealed diffuse expression in lung parenchyma (Panel A) but not in epithelial cells (Panel

B). Similar analysis of trachea and tracheal submucosal glands revealed diffuse staining of glands in both WT and CHST1−/− mice (Panel C) suggesting the pres-

ence of endogenous β-galactosidase activity in both strains of mice. Scale bars correspond to 100 μm for images at 40× magnification and 10 μm for images at

400× magnification in panels B and C.
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Loss of CHST1 does not affect the tissue distribution

of siglec-F ligands in mouse lung

We next determined the localization of endogenous Siglec-F tissue
ligands in the airway in WT and CHST1−/− mice using immuno-
chemistry by probing with Siglec-F–Fc. As previously reported (Guo
et al. 2011; Patnode, Cheng et al. 2013; Kiwamoto et al. 2014,
2015; Yu et al. 2017), expression of Siglec-F ligands was observed
in airway epithelium in both OVA-challenged and phosphate-
buffered saline (PBS)-challenged WT mice (Figure 9A). Furthermore,
there were no obvious differences in patterns or intensity of Siglec-F
ligand expression in airway epithelium in OVA-challenged and PBS-
challenged WT and CHST1−/− mice. We also examined Siglec-F lig-
and expression in tracheal submucosal glands, and again saw no
obvious differences in patterns or intensity of Siglec-F ligand expres-
sion before or after OVA challenge between WT mice and CHST1−/−

mice (Figure 9B). These results indicate that both constitutive and
allergen-induced production of lung ligands for Siglec-F by airway
epithelium and in tracheal submucosal glands are independent of ker-
atan sulfate galactose 6-O-sulfotransferase.

Loss of CHST1 alters cellular inflammatory responses

in the airway

OVA sensitization and repeated intranasal challenge were performed
on WT and CHST1−/− mice. Challenge of WT mice with OVA

promoted an increase in total BAL cells that was attributable to
increased neutrophil and eosinophil abundance (Figure 10, open
bars). Challenge of CHST1−/− mice with OVA also promoted an
increase in total BAL cells (Figure 10, black bars) and this increase
was significantly greater than in OVA-challenged WT mice.
Eosinophils and neutrophils also increased in the OVA-challenged
CHST1−/− mice, but to the same degree as in the WT mice chal-
lenged with OVA. Instead, the greater increase in total BAL cells
after OVA challenge in CHST1−/− mice compared with WT mice
was due to a significant increase in macrophages and lymphocytes.
These results indicate that absence of CHST1 does not result in an
alteration of allergen-driven accumulation of eosinophils (or neutro-
phils) into the mouse airway, but does result in enhanced accumula-
tion of macrophages and lymphocytes.

Discussion

The binding of Siglec-F to glycan arrays demonstrated that sulfated
sialyl LacNAc (su-sLacNAc) is a potent ligand for this anti-
inflammatory receptor (Yu et al. 2017). More specifically, sulfation
at the 6-position of the LacNAc Gal residue (6′-su-sLacNAc) gener-
ated a ligand for Siglec-F of the highest avidity. Therefore, the iden-
tification of a sulfotransferase capable of generating this high-avidity
structure would produce a useful target for understanding the bio-
synthesis of anti-inflammatory glycans and for manipulating immu-
nomodulatory glycan expression in lung disorders such as asthma
(Kiwamoto et al. 2013). Keratan sulfate galactose 6-O-sulfotransferase
(CHST1) is a reasonable candidate for production of the high-avidity
6′-su-sLacNAc ligands for Siglec-F. Therefore, we investigated whether
this enzyme was necessary for the production of Siglec-F ligands in
mice and whether a lack of 6′-su-sLacNAc might lead to enhanced
allergic inflammatory responses in the lung.

Using CHST1 homozygous deficient mice (CHST1−/−) we inves-
tigated whether, as in mice lacking St3gal3−/− (Kiwamoto et al.
2014), loss of CHST1 resulted in a more intense allergic eosinophilic
airway inflammatory reaction and concomitant decrease in the pro-
duction of high molecular weight Siglec-F ligands in their airways.
Contrary to this hypothesis, CHST1−/− mice exhibit unaltered base-
line and allergen-induced levels of Siglec-F ligands, consistent with a
previous report that investigated parasite-induced lung inflammation
using the same strain of CHST1−/− mice (Patnode, Cheng et al.
2013). A key implication of the findings reported here for OVA-
induced inflammation and of the previously reported parasite-
induced inflammation model is that endogenous lung ligands for
Siglec-F may not contain 6′-su-sLex and 6′-su-LacNAc and that sul-
fation is not critical for Siglec-F binding. This observation is further
supported by the fact that endogenous airway ligands for Siglec-F
have been shown to be solvolysis-resistant on mucins, in particular
Muc5b and Muc4, and that sialylated, multivalent LacNAc termi-
nated glycans lacking sulfate are also potent ligands for Siglec-F
based on glycan array screening (Kiwamoto et al. 2015). Furthermore,
as demonstrated by Propster et al. (2016), amino acid residues within
the lectin binding domain of Siglec-8, the human paralog of Siglec-F,
necessary for 6′-sulfate recognition are conserved among primate
siglecs but are not present in Siglec-F, consistent with our finding that
sulfation is dispensable for Siglec-F ligand recognition in the airway.

While we detected a relatively minor decrease in one of the
major sulfated core 2 O-glycans in CHST1−/− BAL fluid, MSn frag-
mentation demonstrated that the sulfation position of this glycan
and of the other sulfated glycans detected in BAL fluid were not 6′-
sulfated Gal of a su-sLacNAc structure. Despite relatively unaltered

Fig. 2. O-glycans of wild-type and CHST1−/− lung tissue. Following release

from lung proteins by reductive β-elimination, permethylated O-glycans

were analyzed by NSI-MS (LTQ Orbitrap) and quantified relative to standard

glycans of known amount. Compared with WT, the CHST1−/− mouse lung O-

glycan profile is modestly enriched in more highly sialylated forms of the

core 1 disaccharide. Graphical representation of monosaccharide residues

are as shown in the boxed legend and are consistent with the Symbol

Nomenclature for Glycans (SNFG). The presented profile is representative of

two independent analyses of three pooled lungs for each genotype.
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mucin-type O-glycan sulfation in CHST1−/− mouse BAL fluid, sialy-
lation of core 1 O-glycans was altered. The abundance of disialyl
core 1 was reduced in CHST1−/− mouse BAL fluid, indicating that
CHST1 deficiency generates a collateral change in glycosylation that
results in undersialylation of the secreted mucins found in BAL fluid.
However, disialyl core 1 glycan is not a known ligand for Siglec-F.

Siglec-F lung ligands can be found on or in airway epithelium
and submucosal glands, the latter found in the upper trachea (Guo
et al. 2011; Patnode, Cheng et al. 2013; Kiwamoto et al. 2014, 2015;
Yu et al. 2017). The lack of X-Gal labeling of airway epithelium is

consistent with the lack of effect of deletion of CHST1 on levels and
localization of Siglec-F ligands in the lung reported here and elsewhere
(Patnode, Cheng et al. 2013). Since we had previously reported that
mouse airway epithelium stained with a polyclonal antiserum against
keratan sulfate galactose 6-O-sulfotransferase (Guo et al. 2011), we
can now only conclude that this staining was due to cross-reactivity of
the antiserum with other proteins.

Eosinophilic and neutrophilic inflammation in the OVA model,
like Siglec-F ligand expression, was also unaffected in CHST1−/−

mice. Mouse neutrophils express Siglec-E rather than Siglec-F and

Fig. 3. Full MS profiles of O-glycans released from wild-type and CHST1−/− BAL fluid. Proteins were harvested from BAL fluid by acetone precipitation.

Following release by reductive β-elimination, BAL fluid glycans were purified and fractionated on graphitized carbon columns, resulting in the generation of two

fractions: GCC 1 containing primarily the neutral glycans that elute with 25% acetonitrile and GCC 2 containing the sialyalted and sulfated glycans that elute

with 25% acetonitrile plus 0.05% trifluoroacetic acid (GCC 1 and GCC 2). The fractionated O-glycans were permethylated and analyzed by NSI-MS (LTQ Orbitrap)

in positive ion mode. Full MS profiles present the relative abundance of major O-glycans in WT (Panel A) and CHST1−/− (Panel B) BAL fluid. O-Glycans were

detected as their sodiated species and primarily as singly charged ions, m/z = (m + Na)+. The mass peaks corresponding to the quantification standards (per-

methylated maltotriose and maltotetraose; m/z = 714.5 and 927.7, respectively) are shaded red. The same amount of quantification standard was added to each

sample.
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Siglec-E recognizes 6-su-sLex but not 6′-su-sLex. The lack of impact
of CHST1 deficiency on neutrophil accumulation suggests that gen-
eration of Siglec-E ligands may be unaffected in this strain of mice
as well. Such a conclusion is consistent with the finding that L-selectin-
dependent trafficking of lymphocytes is normal in CHST1−/− mice,
even though this enzyme is required to generate some 6-sulfated gly-
cans (Patnode, Cheng et al. 2013).

An entirely unanticipated finding of this study was the enhanced
accumulation of macrophages and lymphocytes after OVA challenge
in CHST1−/− mice compared with WT mice. Whether distinct sub-
sets of macrophages and lymphocytes were responsible for the
increased accumulation remains to be determined. The underlying
cause of macrophage and lymphocyte accumulation are not cur-
rently understood, but are unlikely to be due to Siglec-F because
mouse lymphocytes have very little, if any, Siglec-F surface expres-
sion even during allergic inflammation responses (Zhang et al.
2007), and also because a deficiency of Siglec-F or Siglec-F ligands
does not affect macrophage accumulation or survival in lung inflam-
mation models (Zhang et al. 2007; Cho et al. 2010; Suzukawa et al.
2013; Kiwamoto et al. 2014). An intriguing hypothesis to be tested
is whether the altered O-glycan sialylation that we detected in BAL
fluid of CHST1−/− mice influences the anti-inflammatory activity of
other Siglec receptors, especially those expressed on lymphocytes or
macrophages. In this regard, the major Siglec of macrophages,
Siglec-1/sialoadhesin, binds sialylated O-glycans on mucins.

In summary, CHST1−/− mice have similar amounts and patterns
of distribution of Siglec-F ligands in their airways compared with
WT mice. After OVA sensitization and challenge, CHST1−/− mice
also have similar patterns of allergic granulocytic airway inflamma-
tion compared with WT mice, although the absence of CHST1
results in exaggerated accumulation of airway macrophages and
lymphocytes. Unlike the requirement for ST3Gal-III, keratan sulfate
galactose 6-O-sulfotransferase neither contribute to the synthesis of
glycan ligands for Siglec-F nor to the interaction between glycan
ligands and Siglec-F in the airways. This finding is consistent with
the concept that sialylated LacNAc structures presented as multiva-
lent determinants, rather than 6′-su-sLex and 6′-su-LacNAc, act as
the most biologically relevant, endogenous Siglec-F lung ligands. In
addition, loss of CHST1 impacts other glycosylation pathways such
that secreted mucin proteins in BAL fluid exhibit altered O-glycan
sialylation.

Materials and methods

Animals, ovalbumin sensitization and airway challenge

Mice employed in these experiments were 8–10 weeks old and
included C57BL/6 mice (wild-type, WT) and CHST1−/− mice, the lat-
ter also on the C57BL/6 background and provided by the University
of California, Davis via the Knock Out Mouse Project (www.komp.
org). PCR-based genotyping was used to confirm homozygosity of
the knockout mice. Mice were sensitized intraperitoneally with 50 μg
of ovalbumin (OVA, Sigma-Aldrich, St. Louis, MO) in 1mg alum on
Days 1 and 8, then challenged intranasally with 20 μg OVA on Days
17, 19 and 21 to induce allergic airway inflammation. All mice were
sacrificed 24 h after the final challenge. Control mice were injected
and challenged with PBS. All procedures performed on mice were in
accordance with the National Institute of Health guidelines for
humane treatment and approved by the Johns Hopkins University
Institutional Animal Use and Care Committee.

Fig. 4. O-glycans of wild-type and CHST1−/− BAL fluid. Released, permethylated

O-glycans harvested from BAL fluid were quantified relative to standard glycans

of known amount (Panel A). Compared with WT, the CHST1−/− mouse BAL fluid

O-glycan profile is reduced in more highly sialylated forms of the core 1 disac-

charide. This difference is also apparent when the abundance of each glycan is

presented relative to the total glycan profile (% Total Profile, Panel B), indicating

that a subset of glycans is impacted more than others by loss of CHST1.
Quantification of the relative abundance of all monosialylated or disialylated gly-

cans reveals that disialyl core 1 O-glycans are reduced by 67% in CHST1−/− BAL

fluid compared with WT (Panel C). Unshaded diamonds in Panel C denote all

forms of sialic acid (NeuAc and NeuGc). Quantification of released glycans is

derived from a single BAL fluid sample harvested from each genotype.
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Nomenclature

Graphical representation of monosaccharide residues are as shown
in the boxed legend for Figure 2 and are consistent with the Symbol
Nomenclature for Glycans (SNFG), which has been broadly adopted
by the glycomics community (Varki et al. 2015).

X-gal staining

Tissue distribution of CHST1 was studied by immunohistochemistry
with X-Gal staining because the deletion of the coding region of
CHST1 was accomplished by insertion of the LacZ and neomycin
phosphotransferase genes (Patnode, Cheng et al. 2013; Patnode, Yu

Fig. 5. Sulfo-glycans in BAL fluid. Sulfated glycans are extracted into an aqueous phase following permethylation. This enrichment enhances detection of sul-

fated glycans that are of low abundance compared with nonsulfated glycans in BAL fluid. Total ion mapping profiles generated in negative ion mode and fil-

tered for MS2 glycan fragment ions that underwent neutral loss of a sialic acid reveal the presence of two major sulfated, sialylated O-glycans. One of these, at

m/z = 1386 is only slightly reduced in abundance in CHST1−/− BAL fluid compared with WT. The other, at m/z = 1835, is more substantially reduced.

Fig. 6. Fragmentation of sulfated, sialylated glycan at m/z = 1386 detected in BAL fluid. The sulfated sialylated O-glycan at m/z = 1386 was accumulated in the

ion trap of the LTQ Orbitrap mass spectrometer operating in negative ion mode and fragmented by CID. The MS2 fragment ion at m/z = 1011.5, corresponding

to loss of a terminal sialic acid residue, was selected for further fragmentation to assess isomeric complexity in the precursor peak. The MS3 fragment profile

was identical for WT (Panel A) and CHST1−/− (Panel B) glycans, indicating that the distribution of sulfated glycan isobars at this mass is unchanged in the

absence of the enzyme. Fragmentation did not produce ions consistent with sulfation on the Gal residue of a sialylated LacNAc moiety (6′-su-sLacNAc).

Quantification of the relative abundance of signature ions (shown in red in Panels A, B and in fragmentation diagram at lower right) for the dominant isobaric

species indicates that CHST1 is not responsible for production of the detected sulfation isomers (Panel C). The grayed diamond in the fragmentation diagram is

meant to indicate that the sialic acid residue was lost in MS2 prior to MS3.
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Fig. 7. Fragmentation of sulfated, sialylated glycan at m/z = 1835 detected in BAL fluid. The sulfated sialylated O-glycan at m/z = 1835 was accumulated in the

ion trap of the LTQ Orbitrap instrument operating in negative ion mode and fragmented by CID. The MS2 fragment ion at m/z = 1460.9, corresponding to loss of

a terminal sialic acid residue, was selected for further fragmentation to assess isomeric complexity in the precursor peak. The MS3 fragment profile was identi-

cal for WT (Panel A) and CHST1−/− (Panel B), indicating that the distribution of sulfated glycan isobars at this mass is unchanged in the absence of the enzyme.

Fragmentation did not produce ions consistent with sulfation on the Gal residue of a sialylated LacNAc moiety (6′-su-sLacNAc). Quantification of the relative

abundance of signature ions (shown in red in Panels A, B and in fragmentation diagram at lower right) for the dominant isobaric species indicates that CHST1 is

not responsible for production of the detected sulfation isomers (Panel C). The grayed diamond in the fragmentation diagram is meant to indicate that the sialic

acid residue was lost in MS2 prior to MS3.

Fig. 8. Constitutive and OVA-induced expression of Siglec-F glycoprotein ligands detected by Siglec-F–Fc overlay. Equal amounts of lung (Panel A), trachea

(Panel B) or BAL fluid (Panel C) protein harvested from WT or CHST1−/− mice were resolved by SDS-PAGE. The resulting gels were stained with Coomassie

Blue (CBB) to assess protein equivalence or transferred to membranes and probed with Siglec-F–Fc (Siglec-F) to detect counter-receptor proteins that carry gly-

can ligands for Siglec-F. In all three biological materials, Siglec-F recognizes predominantly high molecular weight proteins previously identified as mucins, pri-

marily Muc5b and Muc4. Loss of CHST1 did not reduce Siglec-F binding in lung, trachea (Panels A, B), or BAL fluid, either at baseline or after OVA-induced

airway inflammation (Panel C). The blots presented are representative of 2 (CHST1−/−) and 3 WT independently-prepared tissue extracts.
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et al. 2013). Mouse lung and tracheal tissues were fixed, washed
and stained overnight with X-Gal staining solutions (Millipore,
Billerica, MA) according to the manufacturer’s instructions. Stained
tissues were incubated in 18% sucrose overnight then embedded in
optimal cutting temperature compound (Sakura Finetek USA,
Torrance, CA) and sectioned at 10 μm thickness.

Preparation of protein-enriched powder from lung and

BAL fluid

For lung tissue, three whole lungs were combined prior to homogen-
ization for each glycomic analysis. Two separate sets of three lungs
were pooled from each genotype for replicate analysis. For BAL
fluid, between 1.0 and 1.5 mL of fluid was harvested from each
mouse and the entire volume from each mouse was used for glyco-
mic analysis. Single samples of BAL fluid were obtained from each
genotype for glycomic analysis. For both lung tissue and BAL fluid,
protein-enriched powder was generated for glycan analysis as
described previously (Aoki et al. 2007, 2008; Aoki and Tiemeyer

2010). Briefly, lungs were homogenized on ice in cold 50% metha-
nol. The lysate was then adjusted to a ratio of chloroform:methanol:
water::30:60:8 (v/v/v) and incubated at room temperature with agi-
tation for at least 2 h. For BAL fluid, proteins were collected by acet-
one precipitation and the resulting pellet was resuspended in cold
50% methanol and subsequently extracted by adjusting the solvent
mixture to chloroform:methanol:water::30:60:8 (v/v/v). Following
centrifugation of lung or BAL fluid extracts at 2000 ×g for 15min
at 4°C, the resulting protein pellets were dried under a nitrogen
stream and stored at −20°C until use.

Preparation of O-glycans

O-glycans were released from 5–7mg of protein powder by reduc-
tive β-elimination as previously described (Aoki et al. 2008). Briefly,
protein powder was incubated in 100mM NaOH containing 1M
sodium borohydride for 18 h at 45°C. The reaction was then neutra-
lized with 10% acetic acid on ice and desalted on a column of
Dowex 50WX8 (H+ form). Released O-glycans were eluted with

Fig. 9. Siglec-F ligand expression in the airways and tracheal submucosal glands of WT and CHST−/− mice. Representative photomicrographs of Siglec-F–Fc and

human IgG control histochemistry of mouse airways demonstrating the specificity of the probe and the epithelial staining in the airway (Panel A), unlike the

expression of CHST1 (see Figure 1). Loss of CHST1 did not eliminate Siglec-F binding in tracheal epithelium or in submucosal glands with or without OVA-

induced airway inflammation (Panel B).
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5% acetic acid and lyophilized. Borate was removed by azeotrope
with methanol; 10% acetic acid in methanol was added and the
solution was dried under nitrogen stream, repeated three times.
After borate removal, impurities were removed from the O-glycans
by C18 column chromatography. Glycans eluted from the C18 col-
umn were lyophilized and dissolved in water. The dissolved O-gly-
cans were applied to a pre-equilibrated graphitized carbon column.
After washing with water, O-glycans were eluted in two steps, first
with 25% acetonitrile (ACN; Fraction GCC 1) followed by 25%
ACN containing 0.05% trifluoroacetic acid (Fraction GCC 2). The
two fractions were lyophilized separately and stored at −80°C until
permethylated prior to analysis.

Glycan permethylation

Released glycans were permethylated with methyliodide prior to MS
analysis according to the method of Anumula and Taylor (1992).
Known amounts of malto-series oligosaccharide standards (malto-
triose and maltotetraose, dp3 and dp4, respectively) were permethy-
lated with tri-deuterated CD3I for use as external reference
standards for quantification (Mehta et al. 2016).

Glycan mass spectrometry

Glycan samples were permethylated and analyzed by NSI-MS. For
the detection and characterization of neutral and sialylated glycans

laking sulfate, the permethylated glycans were reconstituted in 50%
methanol containing 1mM NaOH for infusion in positive ion mode
and injected into a linear ion trap mass spectrometer with an orbital
trap mass analyzer (LTQ Orbitrap; Thermo Fisher). For the detec-
tion and characterization of sulfated glycans, the permethylated gly-
cans were reconstituted in methanol/2–propanol/1-propanol/13mM
aqueous ammonium acetate (16:3:3:2 by volume) for infusion in
negative ion mode (Vukelic et al. 2005). The nanoelectrospray
source was run at a syringe flow rate of 0.50 μL/min and capillary
temperature set to 210°C (Aoki et al. 2007).

The LTQ Orbitrap instrument was tuned with a permethylated
oligosaccharide standard in positive ion mode. For fragmentation by
CID (in MS2 and MSn), normalized collision energy of 45% was
applied. Most permethylated O-glycan components were identified
as singly or doubly charged, sodiated species [M + Na] in positive
mode. The intensities of dp oligosaccharide standards were used for
quantification of individual glycans. Peaks for all charge states were
deconvoluted by the charge state and summed for quantification. All
spectra were manually interpreted and annotated. Permethylated
glycans released from multiple biological preparations of protein
powder were analyzed. The explicit identity of individual monosac-
charide residues has been assigned based on the known biosynthetic
pathways for mucin-type O-linked glycans in vertebrates. The MS-
based glycomics data generated in these analyses and the associated
annotations are presented in accordance with the MIRAGE

Fig. 10. BAL cell counts and differential in PBS and OVA-sensitized and challenged WT and CHST1−/− mice. BAL cells were obtained and analyzed 24 h after PBS

or OVA final challenge. Total BAL cell number was increased in both WT and CHST1−/− mice that were OVA-sensitized and challenged compared with PBS con-

trol (Panel A). However, the increase in total cell number in the OVA-sensitized and challenged CHST1−/− mice was greater than in WT. This increased response

in the CHST1−/− mice was attributable to greater numbers of macrophages and lymphocytes (Panels B, C). Increases in granulocytes were also detected in OVA-

sensitized and challenged mice, but no difference was detected in the magnitude of the increase between WT and CHST1−/− mice (Panels D, E). n = 9–10, P-
values are shown for changes of significance with P < 0.05.
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standards and the Athens Guidelines (Wells et al. 2013; York et al.
2014).

Siglec-F ligand expression

Detection of Siglec-F glycan ligands in lung-derived samples was
determined by western blotting using a 4–15% polyacrylamide gel
(Bio-Rad, Hercules, CA) as previously reported (Kiwamoto et al.
2014, 2015). Tissue distribution of Siglec-F glycan ligands was stud-
ied by immunohistochemistry with Siglec-F–Fc or isotype-matched
humanized IgG1 monoclonal antibody and detected using an alka-
line phosphatase imaging method as described previously (Guo et al.
2011; Kiwamoto et al. 2014, 2015).

Bronchoalveolar lavage cell enumeration

Mouse lungs were lavaged by repeated instillations of saline through
a tracheal cannula. Cells in the lavage were enumerated exactly as
done previously (Kiwamoto et al. 2014, 2015). Data are shown as
means ± SEM. Statistical significance between groups was evaluated
by analysis of variance and Tukey’s multiple comparison test. P-values
<0.05 were considered statistically significant.
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6-sulfated N-acetyl-lactosamine; BAL, bronchoalveolar lavage; CHST1,
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saline; WT, wild type; NSI, nanospray ionization; MS/MS or MS2, tandem
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