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Abstract

Background: The immunoinhibitory receptor Siglec-8 on the surface of human eosinophils and
mast cells binds to sialic acid-containing ligands in the local milieu resulting in eosinophil
apoptosis, inhibition of mast cell degranulation and suppression of inflammation. Siglec-8 ligands
were found on postmortem human trachea and bronchi and on upper airways in two
compartments, cartilage and submucosal glands, but were surprisingly absent from the epithelium.
We hypothesized that Siglec-8 ligands in submucosal glands and ducts are normally transported to
the airway mucus layer, which was lost during tissue preparation.

Objective: Identify the major Siglec-8 sialoglycan ligand on the mucus layer of human airways.

Methods: Human upper airway mucus layer proteins were recovered during presurgical nasal
lavage of sinus clinic patients. Proteins were resolved by gel electrophoresis, blotted, and Siglec-8
ligands detected. Ligands were purified by size exclusion and affinity chromatography, identified
by proteomic mass spectrometry, and validated by electrophoretic and histochemical co-
localization. The affinity of Siglec-8 binding to purified human airway ligand was determined by
glycan binding inhibition.
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Results: A Siglec-8-ligand of ~1,000 kDa was found in all patient nasal lavage samples.
Purification and identification revealed DMBT1 (GP340, SALSA), a large glycoprotein with
multiple O-glycosylation repeats. Immunoblotting, immunohistochemistry and enzyme treatments
confirmed that Siglec-8 ligand on the human airway mucus layer is an isoform of DMBT1
carrying O-linked sialylated keratan sulfate chains (DMBT158). Quantitative inhibition revealed
DMBT158 has picomolar affinity for Siglec-8.

Conclusion: A distinct DMBT1 isoform, DMBT158, is the major high-avidity ligand for
Siglec-8 on human airways.

Capsule Summary:
An isoform of the glycoprotein DMBT1 that is post-translationally decorated with sialylated

keratan sulfate is the major ligand on the human airway mucus layer for Siglec-8, an anti-
inflammatory receptor on eosinophils and mast cells.

Keywords

Siglec-8; upper airway; mucus layer; nasal lavage; DMBT1; GP340; SALSA, sialic acid; keratan
sulfate; submucosal gland

INTRODUCTION

Under optimal conditions, airway inflammation is tuned to maximize clearance of pathogens
and limit host tissue damage.> Among the leukocyte cell surface receptors that down-
regulate and resolve ongoing inflammatory responses are Siglecs, sialic acid binding
immunoglobulin-like lectins, a family of 14 human proteins, most of which are expressed on
overlapping subsets of immune cells and most of which carry intracellular immunoreceptor
tyrosine-based inhibitory motifs.2 Among these, Siglec-8, which is expressed selectively on
human eosinophils, mast cells, and basophils,3 4 can significantly down-regulate allergic
inflammation and is under investigation as a therapeutic target in eosinophil- and mast cell-
mediated diseases.> 6 Siglecs bind to sialic acid-containing glycans (sialoglycans) on cell
surfaces or secreted into the local cellular milieu of inflammatory target tissues. Molecular
recognition between Siglec-8 and its endogenous sialoglycan ligands induces immune
inhibition.2 7

Siglec-8 is highly specific in its structural specificity for sialoglycan binding, requiring the
precise juxtaposition of a sialic acid and a sulfate carried on the same sub-terminal
galactose.® Although this binding specificity is well established by structural analysis of
Siglec-8 bound to a synthetic glycan, the site affinity (Kp = 0.2 mM) is far too low to be
functional. Finding a high-affinity endogenous ligand can provide the context in which the
binding determinant engages Sigelc-8 in vivo.

Siglec-8 ligands are found on large human airways (trachea, bronchus) of postmortem
human lung,® and on upper airways.10 On airway tissue sections, Siglec-8 ligands were
found in two compartments, cartilage and submucosal glands, but were surprisingly absent
from the epithelium. Since Siglec-8 ligands appeared in submucosal gland cells (primarily
serous cells) and ducts, we hypothesized that a secreted form of the Siglec-8 ligand is
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transported to the airway mucus layer, which was lost during tissue preparation. To
experimentally address this hypothesis, the human airway mucus layer from patient upper
airways was collected during clinical preparation for sinus surgery and tested for the
presence of Siglec-8 ligands. This revealed a single previously unidentified major high-
affinity Siglec-8 ligand on human airways described here.

Human tissues and fluids

Postmortem unfixed human trachea and bronchus were obtained from four organ donors via
the National Disease Research Interchange (Philadelphia, PA) within 24 h of removal. Donor
airway disease status, cross referenced to the data in each figure, are listed in Table E1.
Trachea and bronchus were dissected, transferred to ice cold RPMI-1640 containing
antibiotics (100 U/ml penicillin, 100 ug/ml streptomycin), and further processed. One
trachea was opened longitudinally and the mucosa/submucosa were blunt dissected from the
underlying cartilage and adventitia. A portion of each tissue was flash frozen for subsequent
biochemical studies, and a portion was fixed in neutral 4% paraformaldehyde in Dulbecco’s
phosphate-buffered saline (PBS) at 4°C for 16 h, embedded in paraffin, sectioned to 5 um
and captured on glass slides for histochemical studies.

Nasal lavage aspirates were collected from 27 patients at the time of sinus surgery as part of
a prospective cross-sectional study approved by the Johns Hopkins University School of
Medicine Institutional Review Board. The decision to undergo surgery and all clinical
interventions were obtained during the course of clinical care and not part of the study
protocol. Patient airway disease annotations, correlated with the data in each figure, are
listed in Table E1. Nasal lavage was collected according to previously described methods.11
Lavage was completed with sterile saline solution warmed to 37°C. With the patient’s head
in the recumbent position, 10 ml of saline was instilled into each nasal cavity with a syringe
while simultaneously suctioning the irrigant using a straight 8-0 suction and mucous
collection trap. The lavage aspirates were centrifuged at 3,000 x g for 15 min and frozen at
-80°C.

Human airway lectin (Siglec-8) overlay histochemistry and immunohistochemistry

Siglec-8 ligands were detected on airway sections by overlay with an expressed chimera
consisting of the entire Siglec-8 extracellular domain in frame with the human Fc domain of
IgG1 prepared as described.®: 10 Briefly, airway tissue sections were deparaffinized, heated
in 10 mM sodium citrate (pH 6.0) for antigen retrieval, incubated at ambient temperature in
endogenous enzyme Blocking Reagent (Dako North America, Carpinteria, CA) for 10 min,
and then in Fc Receptor Blocker (Innovex Biosciences, Richmond, CA) for 30 min.
Siglec-8-Fc (20 ug/ml) was pre-conjugated to secondary antibody (2 pg/ml of AP-
conjugated goat anti-human 1gG Fc-specific, 109-055-008, Jackson Immunoresearch, West
Grove, PA) in PBS containing 0.1% Triton X-100 (PBST) supplement with 10 mg/ml bovine
serum albumin (BSA) for 30 min. Blocked slides were washed in PBST and overlaid with
the precomplexed Siglec-8-Fc solution for 2 h. Slides were washed with PBST and
equilibrated in 100 mM Tris-HCI pH 8.3 containing 0.1% Tween-20 before detection of
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bound lectin with Vector Red AP substrate (MVector Laboratories, Burlingame, CA). Slides
were counterstained with Hematoxylin QS (Vector Laboratories), dehydrated, mounted in
Krystalon (MilliporeSigma, Burlington, MA) and imaged using a Nikon Eclipse 90i
microscope (Nikon Instruments, Melville, NY). As indicated, prior to Siglec-8-Fc
histochemistry, selected tissue sections were incubated for 2.5 h at 37°C with PBS (control)
or PBS containing 100 mU/mL V/ cholerae sialidase.1?

Fluorescent aggrecan immunohistochemistry was performed after enzymatic pre-treatment
of deparaffinized blocked tissue sections with 0.25 U/ml of chondroitinase ABC (R vulgaris,
Amsbio, Cambridge, MA) in 100 mM Tris-HCI, 100 mM sodium acetate, pH 8.0 overnight
at 37°C. Slides were washed and overlaid with 10 pg/ml rabbit polyclonal anti-aggrecan
(G3, Thermo Fisher Scientific, Waltham, MA) in PBST with 10 mg/ml BSA overnight at
4°C followed by washing and overlaying with 5 pg/ml Alexa Fluor 488 goat anti-rabbit 1gG
(111-546-144, Jackson ImmunoResearch, West Grove, PA) in the same buffer for 2 h at
ambient temperature. After washing and mounting, images were collected as above.

For double label immunofluorescence staining with anti-DMBT1 and Siglec-8-Fc, the
deparaffinized, blocked tissue section was overlaid with anti-DMBT1 antibody (HYB
213-06-02, Thermo Fisher) at 1:1000 in PBST supplemented with 10 mg/ml bovine serum
albumin (BSA). The slide was incubated for 2 h at room temperature. During the incubation,
Siglec-8-Fc was preconjugated with Alexa Fluor 594 labeled goat anti-human Fc
(109-585-098, Jackson ImmunoResearch) as follows. To Siglec-8-Fc (20 pg/ml) in
PBST/BSA was added secondary antibody at 7 ug/ml. After 30 min on ice anti-DMBT1
(1:1000) was added. The solution on the slide was removed and replaced with the
precomplexed Siglec-8-Fc/anti-DMBT1 mixture. After overnight incubation at 4°C, the slide
was washed with PBST and the tissue section overlaid with Alexa Fluor 488 labeled donkey
anti-mouse 1gG (A32766, Thermo Fisher) in the same buffer for 1 h and washed in PSBT for
DMBT1 detection. Tissue was exposed to DAPI stain (MVector Laboratories) at 1:1000
dilution, then the slides were washed, dried, mounted, and imaged as above.

Molecular analyses of human fluids and tissues

Nasal lavage samples were thawed and centrifuged in aliquots at 21,000 x g for 20 min. For
most samples the clear supernatants were stored at —20°C and the small pellets discarded. In
some samples, centrifugation resulted in clear supernatant above a highly viscous pellet. In
those cases, the clear supernatant was collected and to the viscous pellet was added an equal
volume of 1 mg/ml DNAse | (MilliporeSigma) and 1:100 dilution each of protease inhibitor
cocktail (P8340, MilliporeSigma) and penicillin-streptomycin solution (15140163,
ThermoFisher). After incubation overnight at 4°C with end-over-end mixing, two volumes
of guanidinium hydrochloride (GuHCI) extraction buffer (6 M GuHCI, 20 mM sodium
phosphate pH 6.5, 5 mM EDTA, 1:100 protease inhibitor cocktail, and 100 mM
dithiothreitol) were added and the mixture incubated overnight as above. Samples were then
centrifuged (3,000 x g, 1 h) and the clear supernatant collected. An aliquot was dialyzed
against urea buffer (1 M urea, 20 mM sodium phosphate pH 7.4) for electrophoresis and the
remaining extract was stored at —20°C.
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Prior to electrophoresis, as indicated, some nasal lavage samples were treated with
hydrolytic enzymes to identify functional binding determinants. To equal aliquots were
added buffer alone (control), 7 mU/ml keratanase | (Pseudomonas sp., Amsbio), 7 mU/ml
keratanase Il (B. circulans expressed in E. coli) prepared as described,13 0.25 U/ml
chondroitinase ABC, 0.25 U/ml heparinase (H3917, MilliporeSigma) or 76 mU/ml sialidase
(V. cholerae expressed in E. coli as described).12 Samples were incubated at 37°C for 20 h
(except sialidase, 1.5 h) prior to electrophoresis.

Siglec ligands were extracted from human postmortem tracheal tissues as described
previously.1* Briefly, tissues were pulverized under liquid nitrogen, weighed, and incubated
with 10 ml/g of GUHCI extraction buffer. Extracts were clarified by centrifugation, and
aliquots dialyzed against urea buffer for analysis.

For electrophoresis and blotting, nasal lavage supernatants were mixed 1:1 with NUPAGE
LDS Sample Buffer (Thermo Fisher). Equal sample volumes were resolved on custom
prepared composite acrylamide (2%) and agarose (1.5%) gels for 2 h at 100 V, conditions
that resolve proteins in the 200-4,000 kDa molecular weight range.10: 15 A custom
molecular weight marker was prepared by mixing 1 mg/ml human IgM (ThermoFisher) with
2.5 mM bis(sulfosuccinimidyl)suberate (ThermoFisher) in PBS for 20 min, followed by
addition of 90 mM Tris-HCI. The marker was stained using Visio real-time stain (Advansta,
San Jose, CA) resulting in bands visible under white light or 800 nm IR at ~950 kDa
(pentamer) and occasionally 1.9 MDa (decamer). Resolved proteins were transferred to
polyvinylidene difluoride membranes via iBlot dry transfer (ThermoFisher). Membranes
were blocked with 5% nonfat dry milk in PBST for 30 min. During blocking, Siglec-8-Fc
was precomplexed with secondary antibody in PBST containing 20 pg/ml of Siglec-8-Fc and
14 ug/ml horseradish peroxidase-conjugated goat anti-human 1gG Fc-specific (A0170,
MilliporeSigma). After incubation on ice for 30 min, the solution was diluted 40-fold with
PBST. Blots were overlaid with precomplexed Siglec-8-Fc solution, incubated 16 h at 4°C,
washed with PBST, and developed using enhanced chemiluminescence (ECL Prime, GE
Life Sciences, Marlborough, MA). Highly sulfated keratan sulfate chains were detected on
blots using mouse monoclonal antibody 5D4 (270427-CS, Amsbio) at 1:200 in PBST
detected with peroxidase-conjugated horse anti-mouse 1gG (7076, Cell Signaling
Technology, Danvers, MA) at 1:2000 and detected by ECL. Images were captured using a
Syngene PXi (Syngene, Frederick, MD) and band intensities quantified using ImageJ.16

For near-infrared fluorescent double-labeling blocked blots were incubated at ambient
temperature with rabbit polyclonal anti-DMBT1 (ARP42352_P050, Aviva Systems Biology,
San Diego, CA, 1:1000) in PBST containing 1% nonfat dry milk for 2 h, after which
precomplexed Siglec-8-Fc was added (1 pg/ml Siglec-8-Fc in PBST incubated for 30 min at
0°C with 0.7 ug/ml unconjugated goat anti-human 1gG, Fc-specific (12136, Millipore
Sigma)). After further incubation for 16 h at 4°C, the blot was washed 3 times with PBST,
then overlaid with PBST containing IRDye 680RD donkey anti-rabbit 1gG (926-68071, LI-
COR Biosciences, Lincoln, NE, 1:2000) to detect anti-DMBT1 and IRDye 800CW donkey
anti-goat 1gG (926-32214, LI-COR, 1:4000) to detect Siglec-8-Fc precomplex. After 1 h at
room temperature blots were washed with PBST and scanned with an Odyssey CLx infrared
imager (LI-COR).
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Siglec-8 ligand purification

Screened nasal lavage samples with high Siglec-8 binding intensity (by lectin overlay
blotting) were combined, 2 volumes of GUHCI extraction buffer added, and the mixture was
incubated at 4°C overnight with mixing. The solution was then buffer exchanged with size
exclusion buffer (4 M GuHCI, 20 mM sodium phosphate pH 7.0) by ultrafiltration
(UFC910024, MilliporeSigma). The sample was concentrated ~10-fold and loaded onto a
HiPrep 26/60 Sephacryl S-500 HR size exclusion column (GE Healthcare) and eluted using
an AKTA chromatography system (GE Healthcare) at a flow rate of 1.0 ml/min collecting 2-
ml fractions. A small aliquot of each fraction was dialyzed against urea buffer (Slide-A-
Lyzer, ThermoFisher), electrophoresed, blotted and Siglec-8 ligands detected by lectin
overlay. Fractions containing Siglec-8 ligand were combined, buffer exchanged to urea
buffer, and concentrated by ultrafiltration.

Concentrated combined size exclusion fractions were precleared by mixing overnight at 4°C
with 200 pl of Protein G magnetic beads (28967070, GE Healthcare) loaded with 250 pg of
human 1gG-Fc (AG714, MilliporeSigma). The beads were removed and the cleared
supernatant was mixed as above with Protein G magnetic beads loaded with 250 ug of
Siglec-8-Fc to capture Siglec-8 ligands. Unbound material in the supernatant was collected,
and the beads washed multiply (0.5 ml each) with wash buffer (1 M urea, 150 mM NaCl, 20
mM sodium phosphate, pH 7.4), then ligand eluted by consecutive incubations (0.25 ml
each) with the same buffer containing 1M NaCl in wash buffer. For binding inhibition assays
(see below), the purified ligand was buffer exchanged to PBS by ultrafiltration as above.

Proteomic Mass Spectrometry

Purified Siglec-8 ligand from human nasal lavage was subjected to proteomic mass
spectrometry as detailed previously.1* Briefly, the sample was desalted by ultrafiltration,
reduced with dithiothreitol and carbamidomethylated with iodoacetamide prior to digestion
with Lys-C and trypsin. The resulting peptides were bulk purified using C18 Tips (Thermo
Fisher) then subjected to liquid chromatography-mass spectrometry using an Orbitrap
Fusion Lumos tribrid mass spectrometer (ThermoFisher) equipped with UltiMate3000
RSLCnano liquid chromatograph using a C18 analytical column. Peptides were fragmented
using higher energy collisional dissociation, electron transfer dissociation, and collision-
induced dissociation. Full scan mass spectra were acquired in the positive ion mode over the
range m/z = 400 to 1600 using the Orbitrap mass analyzer in profile format with a mass
resolution setting of 60,000. MS2 scans were collected in the quadrupole or ion trap for the
most intense ions. Data were processed using Proteome Discoverer (version 2.4, Thermo
Fisher).

Inhibition Assay

A synthetic glycolipid bearing the Siglec-8 binding determinant (NeuSAca 2-3[6S]Galp1-
4GlcNAc) and a control glycolipid with an isomer that doesn’t bind Siglec-8 (NeuSAca.2—
3Galp1-4[6S]GIcNAc) were synthesized as described.? The glycolipids were adsorbed to
96-well polystyrene microwells at 25 pmol/well as a monolayer with phosphatidylcholine
(25 pmol/well) and cholesterol (100 pmol/well).? After adsorption, plates were washed and
blocked with 1 mg/ml BSA in PBS for 45 min. Siglec-8-Fc (40 pg/ml) was premixed with
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alkaline phosphatase-labeled anti-human Fc antibody (109-055-008, Jackson
ImmunoResearch, 20 pug/ml) for 30 min at 37°C, diluted 10-fold in 2 mg/ml BSA in PBS,
then diluted 1:1 with PBS or purified Siglec-8 ligands at different concentrations in PBS as
potential inhibitors. After further incubation (37°C, 30 min) 50 pl were added to glycolipid-
adsorbed wells. After incubation for 90 min at ambient temperature, the wells were washed
and Siglec-8-Fc detected as phosphatase activity using p-nitrophenylphosphate.

To test whether inhibition was via sialoglycan binding, aliquots of purified Siglec-8 ligand
were pretreated with or without beads carrying covalently immobilized sialidase
(GAL-132100, Axxora, Farmingdale, NY). Ligand was mixed with 50 mU/ml of sialidase
beads at 37°C for 1 h, the beads removed by centrifugation (3,000 x g, 3 min) and the
supernatant retrieved.

A previously unidentified Siglec-8 ligand is synthesized by human airway submucosal
gland cells and secreted onto airways

Siglec-8 ligands are found on large human airways (trachea, bronchus) of postmortem
human lung,® and on upper airways.10 As published previously,® on postmortem human
trachea and bronchus sections, Siglec-8 ligands were found in two compartments, cartilage
and submucosal glands, but were surprisingly absent from the epithelium (and see Fig 1 and
Fig E1). The specificity of Siglec-8 ligand detection by Siglec-8-Fc overlay histochemistry
was determined by pretreatment with sialidase, which completely eliminated binding (Fig
E1). Airway from donors with (Fig 1) and without (Fig E1) airway disease displayed the
same selective expression of Siglec-8 ligands in submucosal glands and ducts. Likewise,
submucosal gland acini are the site of Siglec-8 ligand expression on fixed human upper
airway (nasal turbinate) sections.10

Since Siglec-8 ligands appeared in submucosal gland cells (primarily serous cells) and were
seen in some submucosal ducts, we hypothesized that a secreted form of the Siglec-8 ligand
is transported to the airway mucus layer, which was lost during tissue preparation. Evidence
to support this hypothesis came from occasional bronchus sections (Fig 1, B, arrowhead) in
which elongated structures full of densely stained Siglec-8 ligand were seen, presumably in
route to the airway mucus layer. Since we previously purified Siglec-8 ligand from
postmortem human trachea and identified the sialoglycan carrier as an isoform (glycoform)
of the extracellular matrix protein aggrecan (aggrecanS8), we analyzed whether aggrecan in
any isoform was produced in submucosal glands. Fluorescent immunohistochemistry
indicated that submucosal gland acini are devoid of aggrecan (Fig 1, C & D). Together, these
data support the hypothesis that human airway submucosal glands synthesize and secrete a
unique Siglec-8 ligand that is transported to the airway mucus layer to moderate allergic
inflammation.

A distinct Siglec-8 ligand on the human airway mucus layer is recovered by saline lavage

To test the hypothesis that a novel soluble Siglec-8 ligand is secreted onto the airway, but
lost during tissue processing, human airway mucus layer proteins were collected from

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez-Gil et al.

Page 8

patients by routine saline lavage prior to sinus surgery. After centrifugation, most samples
contained a small pellet of debris (which was discarded) and a clear supernatant.
Electrophoresis of aliquots of clarified nasal lavage on agarose-acrylamide composite gels to
separate large molecular weight proteins, followed by blotting and overlay with Siglec-8-Fc
to reveal Siglec-8 ligands, indicated one major species at ~1,000 kDa (1 MDa) molecular
weight in all samples (Fig 2, A). Less intense binding to larger molecular weight species (2—
4 MDa) was variably detected. Whereas most lavage samples were a single aqueous phase
(donor 65, Fig. 2, B) upon centrifugation, some samples (donors 64 & 66, Fig. 2, B)
separated into a clear aqueous supernatant above a viscous pellet. Solubilization of the pellet
revealed the same major molecular species. Testing of a second saline installation from one
patient (donor 64, Fig. 2, B) revealed that the initial nasal lavage efficiently removed
essentially all of the Siglec-8 ligand from the airway, consistent with its absence from the
epithelium of washed tissue sections. Since we had previously found that all Siglec-8 ligands
revealed by airway tissue section overlay, on both cartilage and submucosal glands, were
carried on keratan sulfate glycan chains,4 nasal lavage samples were resolved and blotted in
duplicate and tested for the presence of Siglec-8 ligands and keratan sulfate, the later using
an antibody to highly sulfated KS. The major KS proteoglycans in human lavage overlapped
but were not congruent with Siglec-8 ligand (Fig 2, B), consistent with the conclusion that
not all KS proteoglycans are Siglec-8 ligands. Nevertheless, quantitative assessment
revealed a high correlation (p = 0.86) between the presence of Siglec-8 ligand and highly
sulfated KS among >20 independent human nasal lavage samples (Fig 2, C).

The nasal lavage Siglec-8 ligand is a sialylated keratan sulfate proteoglycan secreted from
submucosal glands

Based on prior findings,® 1914 we hypothesized that the human airway lavage ligand is
composed of sialylated keratan sulfate chains carried on a large polypeptide backbone. To
test this hypothesis, samples were treated in the absence or presence of sialidase, keratanase
| or keratanase Il prior to electrophoresis and blotting (Fig 3). Treatment with each enzyme
reduced or eliminated Siglec-8 binding, confirming sialylated KS chains as the glycan
element required for Siglec-8 binding. The difference between the two keratanases may
reflect their differential sensitivity to sulfation and/or fucosylation on extended KS chains.1’

To test for the presence of other proteoglycan chains on the ligand, a lavage sample was
treated with heparinase or chondroitinase, neither of which altered Siglec-8 binding or
electrophoretic mobility (Fig E2). We conclude that a distinct sialylated KS proteoglycan is
secreted onto the human airway where it engages Siglec-8 on immune cells.

Tissue overlay with Siglec-8-Fc (Fig 1, A) suggested that the source of the airway lavage
ligand is the submucosal gland. To test this, the mucosa/submucosa were blunt dissected
from the underlying cartilage/adventitia from postmortem human trachea, resulting in
reasonable separation of the tissue compartments (Fig E3, A & B). Extraction of the
cartilage/adventitia separately from the mucosa/submucosa revealed distinct molecular
species in the two compartments (Fig E3, C). Whereas the cartilage-containing tissue
yielded three molecular weight Siglec-8 binding species that we previously identified as
isoforms of aggrecan,4 the submucosa-containing tissue revealed two species, one at ~1
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MDa and another at much higher molecular weight. Consistent with immunohistochemical
data in Fig. 1, the mucosa/submucosa extract was essentially devoid of aggrecan (Fig E3,
D). The ~1 MDa mucosa/submucosa extract species migrated similarly to the airway lavage
ligands (Fig E3, E), consistent with submucosal glands as the source of the Siglec-8 ligand
recovered by airway lavage.

Purification and identification of the human airway Siglec-8 ligand

Nasal lavage samples from multiple donors were combined, concentrated, and subjected to
size exclusion chromatography in GUHCI solution to ensure separation of large molecular
weight proteoglycans (Fig 4, A & B). Aliquots of each fraction were resolved by
electrophoresis, blotted, and probed with Siglec-8-Fc, revealing that the ligand eluted as a
single peak (Fig 4, A) ahead of (larger than) the major lavage proteins (Fig 4, B). Fractions
containing the ligand were combined, concentrated and incubated with magnetic beads
carrying Siglec-8-Fc, resulting in capture of a portion of the total Siglec-8 ligand (Fig 4, C).
After washing, bound ligand was efficiently eluted with high salt and subjected to proteomic
mass spectrometry.

Proteomic analysis revealed that the top polypeptide identified in the affinity-purified
Siglec-8 ligand was DMBT1 (deleted in malignant brain tumors 1). This protein, also known
as salivary scavenger and agglutinin (SALSA), salivary agglutinin (SAG), GP340, and
muclin, is a well-known secreted protein involved in inflammation and immunity.18: 19 |t is
very large (2,413 amino acids) and carries an abundance of sialylated O-linked glycans.20
Proteomic mass spectrometry of the purified Siglec-8 ligand found six unique high
confidence peptides attributed to DMBT1 (Table E2). Because DMBT1 contains repeat
sequences, the six peptides cover 22% of the entire polypeptide, distributed over the N-
terminal three quarters of the large protein (Fig 5). The only other proteins confidently
identified in the screen (those with more than one attributed peptide) were contaminants of
affinity purification and handling (Siglec-8, human Fc, keratin), making DMBT1 the most
likely candidate as Siglec-8 ligand (Table E3).

It should be emphasized that DMBT1 itself is not the Siglec-8 ligand. Instead, an isoform
(glycoform) of DMBT1 that carries the precise sialoglycan structure required for Siglec-8
binding appears to the be major Siglec-8 ligand on human airways. Repeated affinity
clearance of Siglec-8 ligand from partially purified (size-excluded) nasal lavage sample
eventually cleared all of the Siglec-8 binding material but left the majority of the DMBT1
(data not shown). We conclude that most DMBT1 isoforms are not post-translationally
glycosylated to carry Siglec-8-binding glycans. Consistent with proposed nomenclature for
functional glycoforms,2! we designate the Siglec-8 binding isoform as DMBT158 to
distinguish it from other isoforms of DMBT1 that lack the Siglec-8 binding determinant.

Primary sequence analysis of DMBT1 reveals repeat sequences rich in prolines, serines and
threonines that are predicted to be rich in O-glycosylation using the predictive tool
NetOGlyc4.0 (Fig 5).22 These regions are dispersed among but not overlapping the peptides
discovered by proteomic mass spectrometry. These data are consistent with O-glycosylation
in these regions resulting in loss of bioinformatic detection of the predicted naked peptide
masses. Additional data supporting O-linked sialylated keratan sulfate chains as Siglec-8
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ligands on DMBT1 was obtained by treating the purified ligand with PNGaseF to remove N-
linked glycans. No decrease in Siglec-8 binding was detected (data not shown). There is no
comparable enzyme to remove O-linked glycans, and chemical de-O-glycosylation resulted
in partial protein degradation precluding more definitive glycan linkage characterization.

Validation of DMBT158 as the major Siglec-8 ligand from human airways was via
electrophoretic co-migration (Fig 6). Double-labeled staining of resolved unprocessed nasal
lavage proteins with Siglec-8-Fc and anti-DMBT1 revealed nearly precise co-migration of
the major molecular species at ~1 MDa. Notably, the minor (and variable) high molecular
weight Siglec-8 ligand failed to stain for DMBTL1. The ratio of Siglec-8-Fc binding (Siglec-8
ligand quantification) and a-DMBT1 antibody binding across a larger number of patient
nasal lavage samples varied, indicating differential regulation of DMBT158 expression (data
not shown).

Further evidence consistent with posttranslational modification of DMBT1 with Siglec-8
binding glycans in airway submucosal glands came from double-label lectin- (Siglec-8-Fc)
and immuno- (anti-DMBT1) histochemistry (Fig 7). Consistent with prior experiments (and
Fig 1, A), postmortem human tracheal tissue staining with Siglec-8-Fc revealed Siglec-8
ligand in submucosal glands and cartilage (Fig 7, A). Notably, anti-DMBT1 failed to stain
cartilage, but stained the same submucosal acini as Siglec-8-Fc (Fig 7, B-F). These data are
consistent with the recent report of DMBT1 on human airway submucosal glands and ducts
but not respiratory epithelium,?3 as previously reported for Siglec-8 ligands.® Likewise,
single-cell transcriptomics revealed that DMBT1 gene expression in human lungs and
airways is remarkably restricted to submucosal gland cells.24 These data, along with the data
in Fig 1, indicate that while an isoform of aggrecan in cartilage carries Siglec-8 ligands,14
the major Siglec-8 ligand in submucosal glands and secreted onto the human airway is
DMBT1S8,

DMBT1S8 is a high-affinity Siglec-8 ligand

We hypothesized that DMBT158 is a high-affinity Siglec-8 ligand because we were unable
to detect it with sensitive protein stains on electrophoretic blots despite high-intensity
Siglec-8-Fc binding to the same blots. To directly measure DMBT1S8 affinity for Siglec-8,
we used a competitive binding inhibition assay (Fig 8). The protein concentration of a
DMBT158 preparation was estimated using anti-DMBT1 immunoblot intensity compared to
a preparation of DMBT1 isoforms of similar size, isolated during purification, that did not
bind to the Siglec-8 affinity beads or Siglec-8-Fc but were sufficiently abundant to determine
protein concentration by protein staining (data not shown). Siglec-8-Fc was mixed with a
series of concentrations of DMBT158, and the mixture was added to microwells adsorbed
with a synthetic Siglec-8-binding glycan.? After incubation, the inhibitory effect of
DMBT158 on Siglec-8-Fc binding was quantified.

Inhibition was concentration dependent with a half-maximal inhibitory concentration of
<100 pM (Fig 8, A). To establish that the inhibition was due to ligand binding via the
Siglec-8 sialoglycan binding site, a portion of the DMBT158 was pre-treated with covalently
immobilized sialidase, which completely reversed its inhibition (Fig 8, B). We conclude that
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DMBT158 is secreted at low concentration onto the airway mucus layer, and has high
affinity for engaging Siglec-8.

DISCUSSION

The Siglec family of immune cell surface receptors and the extracellular sialoglycans to
which they bind provide receptor-ligand interactions that modulate immune responses.?
Although much has been learned about Siglecs and their potential as drug targets,> 25 less is
known about their endogenous sialoglycan ligands. Nature typically builds glycans into
multivalent arrays that enhance site affinity by clustering glycans on protein carriers that
engage receptors with high avidity to initiate physiological outcomes.”: 26 Isolation and
characterization of Siglec ligands promises to provide structural information about the
glycan determinants and their molecular context that will reveal natural pathways of immune
regulation and inform therapeutic development. Siglec-8 is expressed selectively on
eosinophils and mast cells on human inflamed airways, where crosslinking induces
eosinophil apoptosis and inhibits mast cells, providing motivation to identify endogenous
human Siglec-8 ligands.

Our data indicate that on the surface of human airways there is a single major endogenous
Siglec-8 ligand, ~1 MDa, recovered by saline lavage. Our finding that the protein carrier is
DMBT1 is not particularly surprising, since it was originally isolated (as gp-340) from
human bronchoalveolar lavage.2” DMBT1 is a common secreted protein with multiple
domains for O-glycosylation. When a particular cell type, in this case submucosal gland
cells, expresses the suite of glycosyltransferases and sulfotransferases required to synthesize
the Siglec-8 binding determinant on keratan sulfate chains, that particular sialoglycan
structure is built on nascent DMBT1 to convert it to DMBT158. DBMTT1 is like a canvas on
which Siglec-8 binding determinants are painted. In nasal lavage most DMBT1, a
multifunctional protein, does not carry the Siglec-8 binding determinant, is likely decorated
with other glycans, and supports other functions on the airway surface.18: 1° DMBT1 is
expressed on many human tissues,23 most abundantly on intestine and salivary gland, where
it may not carry Siglec-8 ligands (preliminary data not shown).

The conclusion that submucosal gland cells are programed to synthesize and secrete
DMBT158 is supported by the finding that extracts of dissected tracheal mucosa/submucosa
tissue contain a molecule with the properties of that in nasal lavage. We hypothesize that
DMBT158 is secreted onto the airway mucus layer as a mechanism to engage activated
eosinophils, which are uniquely sensitive to Siglec-8 crosslinking,” and resolve ongoing
eosinophilic inflammation. Whether DMBT1 conversion to DMBT158 s regulated in
response to eosinophilic or mast cell mediated inflammation is worthy of investigation.
Knowledge of the genes responsible for building DMBT158 and their regulation may
provide useful information about resolution pathways of eosinophilic and mast cell
inflammation in health and disease.

The observation that chondrocytes in cartilage express the enzymes required to convert
aggrecan to aggrecans8 raises the question of why there is an immune modulatory glycan
decorating a subpopulation of this major cartilage proteoglycan. Whether the presence of the
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Siglec-8-binding structural determinant on aggrecan plays another role in cartilage, or is
involved in modulating inflammation, has yet to be determined.

The remarkably high apparent affinity of DMBT158 for Siglec-8, <10710 M, is notable, in
that the site affinity for the minimal glycan binding determinant, Neu5Aca2-3[6S]Galp1-
4GIcNAc, is >10™* M. Whether DMBT158 carries additional binding motifs that engage
Siglec-8 to enhance affinity, or expresses precisely spaced multiple binding determinants
that account for the higher avidity, has yet to be determined. With purified DMBT158 from
the human airway mucus layer in hand, structure-function studies to address these questions
can begin.
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Key Messages:

. An isoform of the secreted protein DMBT1 that binds the immunoinhibitory
eosinophil and mast cell surface receptor Siglec-8 (DMBT158) is produced in
human airway submucosal glands and secreted onto the airway mucus layer.

. DMBT158 has picomolar avidity for Siglec-8.

. We hypothesize that DMBT158, the major Siglec-8 ligand on human airways,
is an endogenous regulator of eosinophilic and mast cell airway inflammation.
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FIG 1.
Siglec-8 ligand is abundant in human postmortem submucosal glands and ducts, and is

distinct from the cartilage ligand aggrecanS®. Bronchial tissue sections from an asthmatic
donor were stained for Siglec-8 ligand by Siglec-8-Fc overlay histochemistry (A, B).
Consistent with prior reports, airway cartilage (*) and submucosal glands (arrow) were
labeled. A higher power image (B) shows abundant Siglec-8 ligand remaining in a structure
consistent with transport of secreted material to the airway, although Siglec-8 ligand is
absent from the airway epithelium on postmortem tissue sections.® Fluorescent
immunohistochemistry of human trachea from an asthmatic donor (C, D) reveals aggrecan
in the cartilage (*) but absent from the submucosal glands (arrow). Scale bars: 100 pm (A,C)
and 50 um (B, D).
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FIG 2.
The major Siglec-8 ligand on the human airway is ~1 MDa and co-migrates with keratan

sulfate proteoglycans. A, Nasal lavage proteins were resolved by composite agarose-
acrylamide electrophoresis, blotted, and Siglec-8 ligands detected by overlay with Siglec-8-
Fc. Three patient lavage samples were compared at equal volumes loaded. B, Nasal lavage
proteins from three patients were resolved and blotted as in Panel A. As with most samples,
donor 65 lavage was a single aqueous phase upon centrifugation, whereas two other samples
(donors 64 & 66) separated into a clear solution (64S, 66S) and a viscous pellet that was
extracted with GUHCI (64P, 66P). One of these patients was re-instilled and the second
lavage solution analyzed as a separate sample (641). Replicate blots were probed with
Siglec-8-Fc and anti-keratan sulfate antibody as indicated. C, Staining intensities of lavage
samples from 23 donors were resolved, blotted for Siglec-8-Fc binding and anti-keratan
sulfate immunostaining, and staining intensities determined by image analysis as indicated
on the axes. See Table E1 for donor airway disease status.
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FIG 3.
Enzymatic characterization of nasal lavage Siglec-8 ligand. Aliquots of nasal lavage

supernatant were incubated with PBS (incubated, no enzyme) or with the indicated
glycolytic enzymes (sialidase, keratanase I, or keratanase I1). Equal amounts of each
reaction were resolved by electrophoresis, blotted and Siglec-8-Fc binding determined by
lectin overlay.

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gonzalez-Gil et al.

Page 19

kDa
950 —

0

40

30

20

Azgp (MAU)

10

washes elutions

H kDa
» —950

0 50 100 150 200 250 300 350

Elution volume (ml)

FIG 4.
Purification of Siglec-8 ligand from human nasal lavage. A, Combined nasal lavage samples

in GUHCI solution were concentrated and resolved by size exclusion chromatography.
Aliguots of fractions were resolved on composite agarose-acrylamide gels, blotted, and
Siglec-8 ligand detected by Siglec-8-Fc lectin overlay. The two gels with consecutive
fractions containing Siglec-8 ligand are shown. Fractions combined for further purification
are designated by a horizontal line. B, The protein elution profile (A,gg) from two
consecutive size exclusion chromatographic runs are overlaid. Fractions containing Siglec-8
ligand that were combined for further purification are designated by a horizontal line. C,
Combined and concentrated size exclusion fractions with Siglec-8 ligand were loaded onto a
Siglec-8-Fc affinity resin which was washed with buffer and then Siglec-8 ligand eluted
using the same solution with increased salt. Comparison of the “load” and “unbound” lanes
reveal that only a portion of the Siglec-8 ligand was bound. Subsequent reloading of the

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gonzalez-Gil et al.

Page 20

unbound fraction resulted in eventual capture and elution of all Siglec-8 ligand in the sample
(data not shown).
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FIG 5.
DMBT1 protein map. The amino acid sequence of DMBT1 (UniProt QQUGM3.2) is

presented below a linear map of the 2413-amino acid polypeptide. Peptide sequences that
were detected by proteomic mass spectrometry are highlighted in green. Interspersed
sequences predicted to be O-glycosylated are highlighted in blue.

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 April 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez-Gil et al.

Page 22

kDa
950

FIG 6.
Double label co-migration of Siglec-8 ligand (via Siglec-8-Fc lectin overlay) and DMBT1

(via immunoblot). Nasal lavage rich in Siglec-8 ligand was resolved and double labeled with
Siglec-8-Fc and anti-DMBT1 antibody using near IR tagged secondary antibodies.
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A

FIG 7.
Postmortem human trachea sections double-stained for Siglec-8 ligand and DMBT1. A

section of trachea containing submucosal glands (arrow) and cartilage (*) was prepared from
donor without airway disease. The section was co-stained for (A, D) Siglec-8 ligands using
Siglec-8-Fc lectin overlay (Alexa Fluor 594, red) and (B, E) DMBT1 using anti-DMBT1
antibody (Alex Fluor 488, green). Overlay of the color images (C, F) indicate co-
localization in the submucosal glands and absence of DMBTL in the cartilage. Scale bars: A-
C, 200 pm; D-F, 100 pm.
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FIG 8.

DMBT1%8 is a high affinity Siglec-8 ligand. A, Siglec-8-Fc precomplexed with secondary
antibody was preincubated in PBS alone or PBS containing the indicated molar
concentrations of purified DMBT158, The mixtures were pipetted into microwells pre-
adsorbed with a synthetic glycolipid bearing the Siglec-8 ligand NeuSAca2-3[6S]Galp1-
4GIcNAc. As a control Siglec-8-Fc preincubated in PBS was pipetted into microwells pre-
adsorbed with control synthetic glycolipid that does not bind Siglec-8 (NeuSAca2-3Galp1-
4[6S]GIcNAc, data not shown). After incubation, bound Siglec-8-Fc was determined. In five
experiments the signal:background averaged >20-fold. Binding data were background-
subtracted and binding relative to the PBS alone condition are plotted as the mean percent +
SEM for 3-16 replicate wells. The SEM for PBS alone wells is shown as error bars from
100% on the Y-axis. *, p < 0.005 compared to PBS alone. B, An experiment was performed
as in (A) with DMBT158 (140 pM) preincubated with (or without) sialidase-derivatized
beads. Lane 1, no DMBT158 added; Lane 2, DMBT158 preincubated with PBS; Lane 3,
DMBT158 preincubated with sialidase beads. Background subtracted binding is presented
relative to no inhibitor added as mean percent + SEM. Signal:noise, >60. *, p < 107>
compared to no inhibitor or preincubation with sialidase.
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