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Sialic acid–binding immunoglobulin-like lectin (Siglec)–F, an inhib-
itory receptor on mouse eosinophils, preferentially recognizes the
glycan ligand 69-sulfated sialyl Lewis X, but little is known about the
requirements for its lung expression. RT-PCR and immunohisto-
chemistry were used to detect and localize the sulfotransferase
keratin sulfate galactose6-O sulfotransferase (KSGal6ST, also known
as carbohydrate sulfotransferase 1; gene name, Chst1) that is
putatively required for 69-sulfated Sialyl Lewis X synthesis. RT-PCR
detected the greatest constitutive expression of Chst1 in lung, liver,
andspleentissue. Immunohistochemistry localizedtheexpressionof
KSGal6ST in lung tissue primarily to airway epithelium. Siglec-F–Ig
fusion protein selectively bound in a similar pattern, and was
unaffected in lung tissue treated with methanol or deficient in Type
2 a2,3 sialyltransferase (St3gal2), but was eliminated by proteinase
K or sialidase, and was absent in tissue deficient in the Type 3 a2,3
sialyltransferase (St3gal3). Binding of the Siglec-F–Ig fusion protein
was similar in pattern to, and completely blocked by, a plant lectin
recognizing a2,3-linked sialic acid. Thus, a2,3-linked sialic acid–
containing glycoprotein Siglec-F ligands and the enzymes required
for their synthesis are constitutively expressed in murine lungs,
especially by airway epithelium. St3gal3, but not St3gal2, is required
for constitutive Siglec-F ligand synthesis. The survival of eosinophils
entering the lung may be shortened by encountering these Siglec-F
sialoside ligands.
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Sialic acid–binding immunoglobulin-like lectin (Siglec)–8, simul-
taneously discovered by two separate laboratories (1, 2), is a
member of the CD33 subset of the Siglec family (3–6). It is a
single-pass cell surface receptor found only on human mast cells,
eosinophils, and basophils key effector cells of allergic inflam-
mation (1, 6). This transmembrane protein has an extracellular
binding domain that recognizes specific complex glycans, and an
intracellular immunoreceptor tyrosine–based inhibition motif
(ITIM) that putatively transduces receptor binding into immune
suppression (1, 2). Although no exact murine orthologue exists,
strong data support the conclusion that murine Siglec-F and

human Siglec-8 are close, functionally convergent paralogues (6–
8). Mouse Siglec-F is also a CD33-related siglec that contains
multiple immunoglobulin-like extracellular domains, including
an N-terminal carbohydrate-binding domain, a transmembrane
domain, and a cytoplasmic tail that, like Siglec-8, contains
a putative ITIM (8, 9). Siglec-F is expressed predominantly in
murine eosinophils, but unlike Siglec-8, it is found on other cells
such as alveolar macrophages (7, 8, 10, 11).

Until recently, the functions of Siglec-8 and Siglec-F were
unknown. The incubation of human eosinophils with specific
Siglec-8 monoclonal antibodies (mAbs) or polyclonal anti–Siglec-8
antibodies was reported to cause rapid caspase-dependent and
reactive oxygen species (ROS)-dependent apoptosis (12–15).
Additional studies revealed that Siglec-F engagement on mu-
rine eosinophils by antibodies also induced their apoptosis
in vitro, and the administration of Siglec-F antibodies to eosino-
philic mice reduced their circulating and tissue eosinophil con-
centrations (16–18). Studies of Siglec-F–deficient mice show
that in the baseline state, normal eosinophil levels occur in the
blood, bone marrow, and lungs. After sensitization and challenge
with ovalbumin, these mice manifest a twofold elevation of
eosinophils in their lungs, peripheral blood, and bone marrow,
along with a delay in resolution of this eosinophilic inflammation
(17). Song and colleagues demonstrated that the administration
of Siglec-F antibody in a chronic mouse asthma model caused
improvements in airway remodeling (19). These data suggest that
Siglec-F is involved in regulating eosinophilic inflammation in the
lung. Although the natural Siglec-F ligand is not known, using a
Siglec-F–Ig fusion protein, predominant airway epithelial and
mononuclear cell staining of lung sections was evident (17, 19).
These findings are consistent with the hypothesis that epithelial-
derived glycans help limit lung eosinophilic inflammation (6).

In collaboration with the Consortium for Functional Glyco-
mics (www.functionalglycomics.org), we previously screened for
ligands using Siglec-8–Ig fusion protein, and identified a single,
unique candidate glycan ligand, namely, NeuAca2–3(6-O-
sulfo)Galb1–4[Fuca1–3]GlcNAc, also referred to as 69-sulfated
Sialyl Lewis X or 69-su-sLex (20). This ligand was also found to
bind Siglec-F and cause its internalization (7, 21). Therefore, the
engagement of Siglec-8 (or Siglec-F) through its natural glycan
ligand, or through mAbs or glycomimetic agonists, was pro-
posed as a novel means toward the specific inhibition or
depletion of eosinophils and mast cells (6, 22, 23).

CLINICAL RELEVANCE

The epithelial glycoprotein ligand studied here is believed
to engage Siglec–F selectively on mouse eosinophils to
induce their apoptosis. Therefore, understanding the path-
ways that control the expression of this sialylated structure,
including its posttranslational modifications, may be critical
to our understanding of asthma and other disorders asso-
ciated with lung eosinophilia.
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The discovery that Siglec-F and Siglec-8 recognize the same
unique glycan ligand, 69-su-sLex, raises questions about its bio-
synthesis, which is essentially unknown. The synthesis of 69-su-sLex

is predicted to require the activity of specific sialyltransferases and
sulfotransferases, most likely found in the Golgi complex of cells
capable of synthesizing this glycan. Based on the known family of
human Golgi complex–associated sulfotransferases (GSTs) (24),
KSGal6ST (also known as carbohydrate sulfotransferase 1; gene
name, Chst1), an enzyme known to sulfate galactose residues
linked to N-acetyl glucosamine, is predicted to be involved. In
addition, sialyltransferases, which are responsible for sialylating
glycolipid and glycoprotein carbohydrate groups, are classified into
four families according to the carbohydrate linkages they synthe-
size. At least 15 different sialyltransferases exist in mice, including
those that add sialic acids in terminal positions at an a2–3, a2–6, or
a2–8 linkage. Among the a223 sialyltransferases potentially
involved in generating 69-su-sLex, St3gal2, St3gal3, St3gal4, and
St3gal5 were found in the lungs of mice (25).

Here, the tissue expression of Siglec-F ligand, and of
putatively required biosynthetic enzymes including sialyltrans-
ferases and KSGal6ST, was explored at the mRNA and protein
levels under basal conditions, using normal murine tissue. Bind-
ing patterns were compared with those seen with plant lectins
known to recognize differing sialic acid confirmations. The
specificity of Siglec-F binding was explored using competing
plant lectins, sialidase, and other tissue treatments, whereas
mice lacking specific sialyltransferases were used to determine
their requirement for constitutive Siglec-F ligand expression.

MATERIALS AND METHODS

Animal Protocols

All mice were of a normal C57BL/6 strain, and were housed in cages
with microfilters in a specific pathogen–free environment. All pro-
cedures performed on mice were in accordance with the National
Institutes of Health guidelines for the humane treatment of animals,
and were approved by our local Institutional Animal Use and Care
Committees. Breeding sets of mice deficient in St3 gal2 or St3 gal3,
generated as previously described (26), were kindly provided by Dr.
Jamey Marth of the University of California at San Diego.

Nonquantitative RT-PCR

Total cellular RNA from lungs or other tissues was obtained using
Trizol reagent, as described elsewhere (27). In RT-PCR assays, RNA
samples were reverse-transcribed, and gene-specific primers were used
to amplify selected regions of each target moiety. For each gene, the
optimal numbers of cycles that produce a quantity of cytokine product
that is directly proportional to the quantity of input mRNA were
determined experimentally. To verify that equal amounts of unde-
graded RNA were added in each RT-PCR reaction, b-actin was used
as an internal standard. PCR of actin: 27 cycles, with annealing at 608C;
PCR of CHST1: 27 cycles, with annealing at 598C. Primers included
CCT GCT GAG GAG CCT TTA TG for KSGal6ST (forward), and
GGC CAG GTC CTC ATA ACG TA for KSGal6ST (backward).

Immunohistochemistry and Western Blotting

Mice were killed with injections of ketamine (2 mg/ml) and xylazine (0.4
mg/ml), a median sternotomy was performed, and pulmonary vas-
culature perfusion was achieved with calcium and magnesium-free PBS
to clear the intravascular space. Lungs were inflated with 4% formalde-
hyde (Sigma-Aldrich, St. Louis, MO), removed, and fixed overnight in
4% formaldehyde, rinsed with PBS, cryoprotected in 18% sucrose in
PBS, embedded in OCT medium (VWR Scientific, West Chester, PA),
frozen, and sectioned at 10 mm.

Frozen tissue sections were rehydrated and treated with PBS or
sialidase (10 mU/ml, for 24 hours, at 378C; Roche Biomedical Labs,
Raritan, NJ). Paraffin-embedded sections were rehydrated and treated
with either proteinase K (400 mg/ml; Dako Cytomation, Carpenteria,

CA) for 6 minutes at room temperature to remove proteins, or with
100% methanol for 10 minutes at room temperature to remove lipids
(28). Sections were washed three times with PBS and incubated as
appropriate for 1 hour at 378C with 1 mg/ml of Siglec-F–Ig fusion pro-
tein (human IgG1 Fc; R&D Systems, Minneapolis, MN), Siglec-10–Ig
fusion protein (human IgG1 Fc, generated as previously described for
Siglec-8–Ig fusion protein (1) and generously provided by John White
at Glaxo SmithKline), or an isotype-matched, humanized IgG1 mono-
clonal antibody used as an IgG1 control (Omalizumab; Genentech,
South San Francisco, CA); and 1 mg/ml of control preimmune sheep or
rabbit polyclonal IgG, a commercially available polyclonal sheep IgG
antibody (R&D Systems), or a newly generated and purified KSGal6ST
rabbit polyclonal IgG antibody created for us (Invitrogen Corp.,
Carlsbad, CA), using a 15 amino-acid peptide unique to KSGal6ST
and shared by both mouse and human proteins (CILASRSETFRD-
TYR). The specificity of binding of the two KSGal6ST polyclonal
antibodies was compared in Western blot assays of whole normal
mouse lung extracts. Whole mouse lungs were placed in 1% Triton lysis
buffer plus a complete mini-protease inhibitor cocktail (Roche, Indian-
apolis, IN). A single-cell suspension was created using scissors and
a mortar and pestle. Cells were lysed for 5 minutes on ice, centrifuged
at 14,000 3 g to remove debris, and protein concentrations were
determined using the BCA protein assay reagent (Pierce Chemical
Co., Rockford, IL). Samples were boiled for 6 minutes in 4 3 SDS
sample buffer (0.5 M Tris, pH 6.8, 16% glycerol, 3% SDS, 8%
2-mercaptoethanol, and 2 mg bromophenol blue), and 20 mg of protein
were loaded onto a 12% tris-glycine SDS–polyacrylamide gel. After
electrophoresis, proteins were transferred to Sequi-Blot PVDF mem-
branes (Bio-Rad, Hercules, CA), using a mini two-gel device and mini
tank electroblotter (Continential Laboratory Products, San Diego,
CA). After transfer, membranes were stained with amido black stain
(Bio-Rad), destained, washed in PBST (20 mM Tris, 137 mM sodium
chloride, and 0.2% Tween-20; Bio-Rad), and incubated overnight at
48C with 5% BSA (Fisher Scientific, Pittsburgh, PA) in PBST to block
nonspecific binding sites. Membranes were then incubated 1 hour at
room temperature with the novel polyclonal rabbit anti-KSGal6ST
antibody at a 1:1,000 dilution, or a polyclonal sheep anti-KSGal6ST
antibody (R&D Systems) at a 1:1,000 dilution. Membranes were
subsequently washed twice for 5 minutes each with PBST and in-
cubated with horseradish peroxidase–linked polyclonal donkey anti-
rabbit IgG (GE Healthcare, Piscataway, NJ) or rabbit anti-sheep IgG
(Pierce Chemical Co.), each at a 1:2,500 dilution for 45 minutes at room
temperature. Blots were then washed four times for 10 minutes each
with PBST. Bands were visualized using the ECL Western Blotting
Detection System (GE Healthcare).

Biotinylated Maackia amurensis (MAA) lectin (specific for a2,3-
linked sialic acid) and Sambucus nigra (SNA) lectin (specific for a2,6-
linked sialic acid), each at 10 mg/ml (EY Laboratories, Inc., San Mateo,
CA) were also used for histochemistry and in blocking experiments.
Tissue sections were washed, and nonspecific binding sites were
blocked with dual endogenous block (Dako) for 10 minutes at room
temperature. Sections were washed with PBS and incubated as appro-
priate, with either a biotinylated goat anti-human IgG or biotinylated
goat anti-rabbit IgG (1:100 dilution; Vector Laboratories, Burlingame,
CA). Sections were again washed with PBS, and then streptavidin/
alkaline phosphatase linker ABC (Vector Laboratories) was added,
and staining was visualized using Vector Red Chromagen (Vector
Laboratories). Sections were washed with deionized water, counter-
stained with hematoxylin (Fisher Scientific, Pittsburgh, PA), dehydrated,
and coverslipped with a permanent mounting medium (Richard-Allan
Scientific, Kalamazoo, MI). In some experiments, tissues were preincu-
bated with the KSGal6ST immunogen peptide CILASRSETFRDTYR
already mentioned (30 mg/ml for 18 hours at 48C), and MAA or SNA
(10 mg/ml, EY Laboratories, Inc.) for 1 hour at 378C, and then incubated
with Siglec-F–Ig fusion protein and other reagents as already described.

RESULTS

Localization of KSGal6ST Expression

Based on the known family of GSTs, KSGal6ST (expressed by
the Chst1 gene) is the only mammalian enzyme known to be
capable of transferring sulfate to galactose residues linked to N-
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acetylglucosamine in the 69 position. Given this unique property
and its putative requirement for the synthesis of 69-su-sLex,
initial experiments were performed to determine which tissues
expressed this enzyme. As shown in Figure 1, the RT-PCR
analysis of normal mouse tissues readily detected Chst1 gene
expression in lung, liver, and spleen, with less in heart, kidney,
and skin, and none in intestine. This finding complements
a previous report detecting Chst1 gene expression in brain
tissue (29). Given our interest in allergic diseases, including
asthma, subsequent experiments focused on murine lungs.

To localize the expression of KSGal6ST, a new polyclonal
antibody was generated. This was ultimately compared with
a commercial antibody that subsequently became available.
Verification of specificity was confirmed by Western blotting,
using normal whole mouse lung extracts. As shown in Figure
2A, both our new polyclonal rabbit antibody and the commer-
cially available sheep antibody uniquely recognized an approx-
imately 45-kD band, consistent with the predicted molecular
weight of KSGal6ST. We next used our new rabbit antibody in
immunohistochemistry. As seen in Figure 2B, these experi-
ments revealed that prominent staining of the airway epithelium
and some alveolar cells was completely blocked by preincuba-
tion with the KSGal6ST peptide used as the immunogen. Taken
together, these data localize constitutive KSGal6ST protein
expression primarily to the airway epithelium.

Localization and Characterization of Siglec-F

Ligand Expression

In subsequent experiments to localize lung ligands for Siglec-F,
histochemical analyses were performed using various Siglec–Ig
fusion proteins, as well as a human IgG isotype control. Figure 3
compares the binding characteristics in normal murine lung of
Siglec-F–Ig fusion protein to that of two different controls,
namely, Omalizumab (humanized anti-IgE antibody, IgG1, and
IgG control) and Siglec-10-Ig, another Siglec-Ig fusion protein
with different glycan-binding characteristics (Figure 3A). Dis-
tinct staining occurs with Siglec-F–Ig fusion protein in airway
epithelium as well as alveolar structural cells. No staining is evi-
dent with the IgG control, nor is any staining evident using
Siglec-10–Ig, a Siglec with very different glycan-binding char-
acteristics that prefers a2,6-linked sialic acid and does not
include recognition of 69-su-sLex (3, 30) (see http://www.
functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp).
After treatment with sialidase (Figure 3B), Siglec-F–Ig fusion
protein staining was completely abolished. These data suggest
that a sialic acid-containing ligand selective for Siglec-F is con-
stitutively expressed in normal lungs by airway epithelium and
other cells, and that this pattern of expression resembles that of
KSGal6ST.

To determine if the Siglec-F ligand was a glycoprotein or
glycolipid, lung sections were pretreated with either proteinase K
or methanol to remove proteins or lipids, respectively, and then
tested for Siglec-F-Ig fusion protein staining. As shown in Figure
4, constitutive Siglec-F ligand expression (Figure 4A) was com-
pletely eliminated by treatment with proteinase K (Figure 4B),
whereas methanol treatment exerted no effect (data not shown).

Contribution of Sialyltransferases to Siglec-F

Ligand Expression

To explore which ST3Gal enzymes were responsible for the con-
stitutive expression of Siglec-F ligands, lungs were obtained from
mice deficient in St3gal2 or St3gal3. Lungs from St3gal22/2 mice
displayed staining patterns identical to those of wild-type mice,
whereas the staining of lungs from St3gal32/2 mice was nearly
devoid of Siglec-F–Ig fusion protein staining (Figure 5), demon-
strating that St3gal3, but not St3gal2, is critically important for

constitutive lung Siglec-F ligand expression. A contribution by
St3gal4 or St3gal5 cannot be excluded.

Contribution of a2,3-Linked Sialic Acids to Siglec-F

Ligand Binding

To explore further the sialic acid dependency of Siglec-F
binding, we used two different lectins, namely, MAA, recog-
nizing a2,3-linked sialic acid, and SNA, whose binding is
preferential for a2,6-linked sialic acid. Staining patterns for
MAA were found to be sialidase-sensitive (Figure 6A), and
were predominantly localized to the airway epitheium, similar
to the staining observed with the Siglec-F–Ig fusion protein
(compare with Figures 3–5,). In contrast, staining with SNA
occurred predominantly along the basal layer of the epithelium,
and was also sialidase-sensitive (Figure 6A). Finally, preincu-
bation of tissue sections with MAA completely blocked the
binding of the Siglec-F–Ig fusion protein, whereas preincuba-
tion with SNA did not (Figure 6B). These data indicate that the
ligands recognized by the Siglec-F–Ig fusion protein contain
a2,3-linked terminal sialic acids.

DISCUSSION

Previous studies highlighted the importance of Siglec-F in regu-
lating eosinophil accumulation and survival (16–19). Several
studies also shed light on the presence of a potential endoge-
nous, inducible, sialylated lung ligand for Siglec-F (17, 19).
Additional studies identified a candidate ligand for Siglec-F,
namely, 69-su-sLex, which is the same glycan recognized by its
human paralogue, Siglec-8 (7, 20). We therefore thought it im-
portant to explore the requirements for expression of such lung
ligands, and as an initial effort, it was reasonable to assume that
such a ligand would contain 69-su-sLex.

The expression of 69-su-sLex in tissues putatively requires
the presence of galactose-specific sulfotransferases in the Golgi
apparatus of cells. Based on the known family of human GSTs
(24), KSGal6ST (gene name, Chst1) would most likely be
involved in the synthesis of 69-su-sLex. The gene is located on
chromosome 11p11.1–11.2, and initial studies reported rather
broad human tissue distribution (29, 31). Using RT-PCR rather
than Northern blotting, as previously used by others (29), we
detected constitutive Chst1 gene expression in mouse lung,
liver, and spleen tissue, with less in heart, kidney, and skin.
Using immunochemical staining with Siglec-F–Ig fusion protein
and a novel rabbit polyclonal antibody to KSGal6ST, we
demonstrated that a Siglec-F ligand and its putatively required
synthetic enzyme KSGal6ST colocalize to airway epithelium
and some alveolar structural cells. To prove formally that
KSGal6ST is necessary for synthesis of the Siglec-F ligand,

Figure 1. Constitutive expression of keratin sulfate galactose 6-O-

sulfotransferase (KSGal6ST) gene Chst1 was detected using RT-PCR in
wild-type C57BL/6 mouse tissues. L, lung; H, heart; Li, liver; K, kidney;

Sk, skin; I, intestine; Spl, spleen, with DNA ladder also shown at left.

Results from one of two experiments with similar findings are shown.
The amplified KSGal6ST fragment consisted of 553 base pairs, whereas

the b-actin fragment consisted of 192 base pairs.
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Chst1-null mice are under construction at the National In-
stitutes of Health–funded Knockout Mouse Project (KOMP)
repository, and studies are planned to examine this hypothesis
after such mice become available. Without neutralization of its
activity, the role of KSGal6ST in generating Siglec-F lung
ligands remains speculative. Until such data are generated, it
is also possible that additional sulfated and nonsulfated ligands
exist for Siglec-F.

The expression of the Siglec-F ligand was lost after treat-
ment with sialidase or protease. Further studies characterizing
constitutive levels of Siglec-F ligand, using plant lectins and
strains of mice deficient in various glycosyltransferases, verified
the requirement for a2,3 sialic acids and St3gal3, but not
St3gal2. The present work is limited because we still do not
know exactly if, when, or how these various enzymes are regu-
lated and therefore contribute to the constitutive or regulated
synthesis of the Siglec-F ligand. Nevertheless, based on these
findings, we speculate that St3 gal32/2 mice, because of a loss in

ability to synthesize Siglec-F ligands, should exhibit exaggerated
pulmonary eosinophilic inflammation, as seen with Siglec-F2/2

mice (17). Unfortunately, because these mice develop a neuro-
degenerative disease at an early age, our attempts to study
induced lung eosinophilic inflammation (which we predict will
be exaggerated) have not yet been successful.

In conclusion, a2,3-linked sialic acid–containing Siglec-F
glycoprotein ligands, and enzymes required for 69-su-sLeX

synthesis (Chst1 and St3gal3 gene products), are constitutively
expressed in the murine lung, especially in the epithelium.
Although the exact role and importance of each of these
enzymes will require further exploration, our observations lead
us to predict that Siglec-F ligation on the surface of eosinophils
by its natural ligand is a mechanism for the tissue-based
downregulation of allergic inflammatory responses. Presumably,
natural ligands for Siglec-F expressed in tissues such as airway
epithelium would engage Siglec-F on recruited eosinophils, and
dampen their inflammatory potential by inducing apoptosis.

Figure 2. Localization of KSGal6ST protein expression in normal mouse

lung. (A) Two separate whole mouse lung extracts were run on gels in
paired lanes (lanes 1–4) and probed with two different polyclonal

antibodies recognizing KSGal6ST (Gel #1, probed with the rabbit

antibody, lanes 1 and 2; Gel #2, probed with the sheep antibody, lanes

3 and 4). A single band occurred at approximately 45 kD. (B) Immuno-
histochemical localization of KSGal6ST protein in tissue sections of

normal mouse lungs, using rabbit polyclonal antibody. Epithelial staining

is particularly pronounced, but staining is also evident in some alveolar

structural cells. Staining is blocked by preincubation with the KSGal6ST
peptide used to create the polyclonal antibody. Results are shown from

one of four experiments with identical findings. Original magnification, 3

100. Original magnification, 3250 for insets.

Figure 3. Binding characteristics of control human IgG (Omalizumab),
Siglec–F–Ig fusion protein, and Siglec-10–Ig fusion protein in normal

murine lungs without (A) or with (B) sialidase treatment. Staining is

predominantly epithelial, with some alveolar cell labeling, and is

eliminated by treatment with sialidase. Results are shown from one of
three experiments with identical findings. Original magnification, 3100.

Original magnification, 3200 for inset in A for Siglec-F–Ig binding, to

provide greater details of cellular staining patterns.

Figure 4. Binding of Siglec-F–Ig fusion protein to normal mouse lung

without (A) or with (B) proteinase K treatment. Staining in both models
was completely eliminated by protease treatment. Results are shown

from one of three experiments with similar results. Original magnifica-

tion, 3100.

Figure 5. Contributions of Type 2 a2,3 sialyltransferase (St3gal2) and

Type 3 a2,3 sialyltransferase (St3gal3) to the binding of Siglec-F–Ig

fusion protein in murine lungs. C57BL/6 wild-type, St3gal22/2, and
St3gal32/2 murine lungs were examined as in Figure 4. (A) IgG control

staining. (B) Siglec-F–Ig fusion protein staining. Staining intensity and

pattern in wild-type and St3gal22/2 mice were identical, whereas

St3gal32/2 murine lungs were nearly devoid of staining. Results are
shown from one of three experiments with similar results. Original

magnification, 3100.
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Knowledge of the natural cellular or tissue ligands of Siglec-F
and Siglec-8, as well as the regulation of their synthesis, will
afford insights into the regulation of these allergic effector cells,
and may provide novel therapeutic targets.
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