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Abstract

We used isobaric mass tagging (iTRAQ) and lectin affinity capture mass spectrometry (MS)-based
workflows for global analyses of parotid saliva (PS) and whole saliva (WS) samples obtained
from patients diagnosed with primary Sjégren’s Syndrome (pSS) who were enrolled in the
Sjogren’s International Collaborative Clinical Alliance (SICCA) as compared with two control
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groups. The iTRAQ analyses revealed up- and down-regulation of numerous proteins that could be
involved in the disease process (e.g., histones) or attempts to mitigate the ensuing damage (e.g.,
bactericidal/permeability increasing fold containing family (BPIF) members). An immunoblot
approach applied to independent sample sets confirmed the pSS associated up-regulation of
B2-microglobulin (in PS) and down-regulation of carbonic anhydrase VI (in WS) and BPIFB2
(in PS). Beyond the proteome, we profiled the A-glycosites of pSS and control samples. They
were enriched for glycopeptides using lectins Aleuria aurantia and wheat germ agglutinin, which
recognize fucose and sialic acid/N-acetyl glucosamine, respectively. MS analyses showed that
pSS is associated with increased A-glycosylation of numerous salivary glycoproteins in PS and
WS. The observed alterations of the salivary proteome and A-glycome could be used as pSS
biomarkers enabling easier and earlier detection of this syndrome while lending potential new
insights into the disease process.
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INTRODUCTION

Sjogren’s syndrome (SS) is a chronic, multisystem autoimmune disease that predominantly
affects salivary and lacrimal function with the potential to cause substantial morbidity..
Estimates of disease prevalence range from 0.5 to 1.5% worldwide, and, like most
autoimmune diseases, SS predominantly affects women.23 SS may occur either as a primary
disease process (pSS) or in the context of a connective tissue disease (typically rheumatoid
arthritis (RA) or systemic lupus erythematosus (SLE)), commonly referred to as secondary
SS. Overall, pSS is characterized by progressive destruction of the exocrine glands, with
subsequent mucosal and conjunctival dryness.> However, extraglandular manifestations
are frequently present, particularly autoantibody production. New classification criteria for
pSS, based on the weighted sum of five objective tests, have recently been approved by
both the American College of Rheumatology (ACR) and the European League Against
Rheumatism (EULAR).8 The objective tests considered in the criteria have been used in
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previous criteria sets and include serology to detect anti-SSA (Ro), a labial salivary gland
(LSG) biopsy to assess and quantify focal lymphocytic sialadenitis, ocular staining and a
Schirmer test to quantify dryness of the eye, and a salivary function test.”8 Classification
criteria are used to determine entry into clinical trials and studies. However, diagnosis of
pSS is still problematic because it requires involvement of different clinical specialties and
often is made with clinicians relying on nonspecific signs and symptoms, the most prevalent
of which is salivary hypofunction resulting in severe xerostomia (patient reported dry
mouth) and conjunctival dryness. This reflects the fact that there are no specific biomarkers
for diagnosing SS. Despite being commonly found in sera and saliva of SS patients,
autoantibodies to SSA/Ro and SSB/La are not a unique characteristic of the disease.%:10
Likewise, antibodies in saliva against a-fodrin, which are present in the majority of SS
cases, are also observed in patients diagnosed with other autoimmune diseases (e.g., SLE,
RA, and multiple sclerosist). Furthermore, anti-a-fodrin antibodies are neither sensitive nor
specific serum biomarkers of pSS.12 For these reasons, a diagnostic test that uses whole
saliva as the sample would be ideal because it could be ordered by any clinician among

the three clinical specialties (rheumatology, oral medicine, and ophthalmology) involved

in the diagnosis and management of SS patients. Furthermore, oral medicine clinicians
with expertise in performing the LSG biopsy with a minimal incision and oral pathologists
with the expertise in interpreting the biopsy slide in the presence of focal lymphocytic
sialadenitis are not available in certain regions, which is another reason why salivary
biomarkers would be very attractive in diagnosing pSS in clinical practice. Because salivary
gland hypofunction is a primary manifestation of SS, it stands to reason that saliva can be
considered a potential noninvasive source of biomarkers for this disease. Comprehensive
proteomic analyses of the salivary proteomel3 provide a starting point for investigating the
consequences of disease processes that include salivary gland pathologies, of which SS is
an interesting example.14 We think that the salivary gland pathologies that are the hallmark
of this disease will be reflected in changes in salivary protein composition and that these
alterations can be exploited to eventually develop a noninvasive test for this condition that
significantly reduces the ambiguities associated with current diagnostic criteria.

Historically, quantitative salivary research at the proteome level has relied heavily on two-
dimensional gel electrophoresis (2DE) often combined with mass spectrometry (MS)-based
methods. Global untargeted proteomics studies have been performed on human saliva with
the goal of discovering putative protein biomarkers of pSS (reviewed in refs 15-17).
Typically, samples from 6 to 12 pSS patients were evaluated (sample number range 2—

41). The studies differed in a number of aspects, including specimen types (whole saliva,
glandular secretions, gland biopsies; pooled vs individual samples), methods of sample
collection (stimulated vs nonstimulated), as well as workflows used for the proteomics
analyses. Except for a study that evaluated the effects of pilocarpine treatment on salivary
peptides/proteins in pSS patients that employed high-performance liquid chromatography
(HPLC) separation,18 a MudPit analysis of parotid saliva,® and analysis of intact salivary
proteins?? and endogenous salivary peptides?! by matrix-assisted laser desorption time-of-
flight mass spectrometry, all other studies employed 2DE for protein separation and relative
quantification.22-29
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As a body fluid, saliva is notable for the number of highly glycosylated proteins it

contains and the complexity of its carbohydrate posttranslational modifications.3%-32 Several
studies have shown that the exocrinopathy of SS impacts the glycosylation of salivary

or blood proteins. In this regard, the majority of investigators have relied on assays that
employ either antibodies or lectins that react with specific elements of oligosaccharide
structures. Staining tissue sections of labial salivary glands with a panel of lectins that
recognize the basic building blocks of oligosaccharide structures—wheat germ agglutinin
(WGA: [GIcNACcSL-4],_5, NeuSAca2-3ManBl-4GIcNAcSL-4GlacNAc), Sambucus nigra
agglutinin (SNA: Neu5Aca2-6Gal/GalNAc), and Concanavalin A (Con A: branched A-
linked saccharides)—demonstrated an SS-associated decrease in sialylation.18 Interestingly,
immunoblotting showed that the cell surface receptor for advanced glycation end products
(RAGE) was overexpressed in labial salivary glands of SS patients relative to control
samples,33 with the opposite pattern observed in serum.3* In addition, serum levels of

the soluble (s) forms of highly glycosylated adhesion molecules, sSICAM-1, sE-selectin,
neopterin, and sL-selectin, were significantly elevated in SS patients as compared with

a control group.35:36 Recently, it was reported that the concentration of MUC5B and
MUC?7 in whole saliva were similar between pSS patients and healthy individuals.
Nevertheless, immunoblotting and glycan staining revealed a pSS-associated reduction in
mucin glycosylation that was particularly prominent in association with MUC7.37

The Sjogren’s International Collaborative Clinical Alliance (SICCA) comprised a
longitudinal multisite study that recruited and enrolled a large cohort of individuals who
had already been diagnosed with SS or had signs and symptoms that may be suggestive

of the disease.>38 In addition to the standardized collection of relevant clinical, laboratory,
and histological information, a set of biospecimens relevant to this study was also obtained
from the participants including unstimulated whole saliva (WS) and parotid saliva (PS)
samples and LSG biopsies. Here we present the results of an MS-based effort to discover
and verify pSS-associated changes in salivary protein abundance, or glycosylation using
the well-characterized SICCA PS and WS samples. We chose to analyze PS because SS
primarily attacks serous (not mucous) salivary glands. Because the parotid was composed
primarily of serous glands, we reasoned that there might be greater evidence of disease
than in WS, which is a product of both mucous and serous glands. Specifically, we used
an isobaric mass-tagging (iTRAQ) approach, at the peptide level, to discover salivary
proteins that were differentially expressed between disease and control samples obtained
from the SICCA biorepository as well as saliva obtained from healthy individuals who
were not SICCA participants. Validation by immunoblotting was performed on a second
set of SICCA saliva samples. In addition, we used lectins, carbohydrate-binding proteins
that recognized specific carbohydrate structures, as affinity matrices for capturing the A-
glycome, which was also profiled in the same sample sets. The results showed interesting
differences at the level of protein abundance and glycosylation, which lend insights into the
disease process and could be exploited as biomarkers of this difficult-to-diagnose condition.
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MATERIAL AND METHODS

Saliva Samples

Reagents

For the iTRAQ and lectin affinity capture experiments, PS and WS samples were obtained
from the SICCA biospecimen repository maintained at the University of California, San
Francisco (http://sicca-online.ucsf.edu). To reduce heterogeneity, we focused on samples
obtained from a subset of individuals: premenopausal, Caucasian women. Saliva samples
(PS and WS) from pSS patients (n7= 15) were obtained from individuals who were SSA- or
SSB-positive, had focal lymphocytic sialadenitis based on LSG biopsy (i.e., >1 foci/4 mm?),
and had keratoconjunctivitis sicca established by ocular staining (i.e., ocular staining score
>3).8 SICCA control (SC) samples (7= 15) were acquired from individuals who had no
objective evidence of pSS at the time of collection based on the aforementioned (and other)
objective tests. Although gathered at multiple sites, the SICCA saliva samples were collected
using a vetted standard operating procedure (SOP, available at http://sicca-online.ucsf.edu)
to ensure uniformity of sample quality and storage. A third set of PS and WS samples (#

= 14) was obtained from an independent bank maintained in the laboratory of Dr. Susan
Fisher. These salivas, designated healthy control (HC) samples, were collected from healthy
premenopausal Caucasian women who were not part of the SICCA study. Immunoblot
validation studies were performed on a second cohort of PS and WS samples obtained from
the SICCA and independent banks (/7= 5/group). All saliva samples were stored at —80 °C
until they were analyzed.

All standard reagents were obtained from Fisher Scientific unless otherwise specified.

Protein Concentration Determinations

The protein concentration of all saliva samples was determined by using the Micro
Bicinchoninic Acid (4BCA) assay (Pierce). Each sample was assayed in triplicate at two
different dilutions. For samples that showed a coefficient of variation (CV) > 20% the assay
was repeated.

Trypsin Digestion and Isobaric Mass Tag (iTRAQ) Labeling

The PS and WS samples (15 pSS, 15 SC, and 14 HC) were individually digested with
trypsin and labeled with iTRAQ reagents. An aliquot of each saliva sample corresponding
to 25 ug total protein was diluted with 1 M triethylammonium bicarbonate (TEAB) to

a final protein concentration of 0.625 pg/4l. Proteins were denatured with 0.1% sodium
dodecyl sulfate (SDS), and cysteine residues were reduced using 5 mM aqueous tris(2-
carboxyethyl)phosphine (TCEP) and alkylated with aqueous 200 mM iodoacetamide in the
dark for 10 min. Sequencing-grade trypsin (porcine, Promega) was added at an enzyme/
substrate ratio of 1:50, and samples were incubated overnight at 37 °C. Immediately
following digestion, samples were labeled with iTRAQ-reagents corresponding to a
randomly assigned unique reporter ion m/zvalue (e.g., m/z=113, 114, 115, 116, 118,
119, or 121). The iTRAQ reagents were removed from the freezer and allowed to warm to
ambient temperature. Then, 50 zL of 2-propanol was added to each reagent vial, followed
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by thorough mixing. Next, the entire iTRAQ reagent mixture was added to the digested
samples, followed by a 2 h incubation at room temperature. The labeling reaction was
quenched by adding 1 s of 1 M Tris-HCI, pH 8. Next, the digested and labeled samples
were randomly distributed among seven 8-plexes. Each 8-plex contained seven digested
saliva samples and one reference pool aliquot (see below). Desalting and SDS removal from
each 8-plex was performed by using Detergent Removal Spin Columns (Pierce) according to
the protocol provided by manufacturer. The detergent and salt-free samples were eluted in
50 mM TEAB and stored at —80 °C.

Reference Pool Generation and Distribution Among the 8-Plexes

The reference pool was created by combining aliquots corresponding to 25 zg of protein
from each HC saliva sample. Then, the protein concentration of the pool was determined by
UBCA assay. The pooled sample was reduced, alkylated, digested with trypsin, and labeled
with iTRAQ reagent (/m/z= 117), as described above. An aliquot corresponding to 25 /g of
protein from the digested pool was added to each 8-plex, thus ensuring an identical reference
for each sample.

Offline High pH iTRAQ-Labeled Peptide Fractionation

To maximize the number of identified proteins, each 8-plex was subjected to extensive
fractionation by using reversed-phase high-performance liquid chromatography (RP HPLC)
performed at pH 10. An aliquot of each 8-plex tryptic digest was vacuum concentrated and
resuspended in aqueous 0.1% NH,4OH. Fractionation of the iTRAQ-labeled tryptic peptides
was carried out by using a Paradigm MS4 HPLC System (Michrom BioResources) equipped
with a binary pump. UV detection was performed at 230 nm. Peptides were separated on

a Zorbax Extend-C18 column, 4.6 x 100 mm, 3.5 um particle size (Agilent Technologies)
by using mobile phase A (aqueous 0.1% NH4OH) and mobile phase B (0.1% NH4OH in
acetonitrile/water, 80:20, v/v) paired in a stepwise linear gradient: 6% B for 10 min, 6-32%
B over 30 min, 32-100% B over 6 min, 100% B for 2 min, followed by a 10 min of
re-equilibration of the column at 6% B. The overall flow rate was 0.7 mL/min. A total of

18 1.4 mL fractions were collected. The fractions collected at the beginning and end of

the gradient were combined, which resulted in 10 fractions per 8-plex, that is, a total of 70
samples for LC-MS analysis. The samples were vacuum-dried and reconstituted in aqueous
0.1% formic acid prior to storage at —80 °C.

Mass Spectrometry Analysis of iTRAQ-Labeled Peptides

Each high pH fraction was analyzed by RP HPLC MS/MS using a nanoL.C Ultra system
(Eksigent Technologies) interfaced with a 5600 TripleTOF mass spectrometer (SCIEX).
Peptides were separated using an Acclaim PepMap100 C18 column (75 4mi.d. x 15 cm,

3 um particle size, 100 A pores) using mobile phase A (aqueous 0.1% formic acid) and
mobile phase B (acetonitrile/water, 98:2, v/v, 0.1% formic acid) in conjunction with a linear
gradient of 2-40% B over 60 min. The flow rate was 300 nL/min. The 5600 TripleTOF

was operated in independent data acquisition (IDA) ion selection mode for MS/MS data
collection. An initial survey scan was acquired (/m/z 400-1600) for 250 ms, followed by
MS/MS spectra (/1/z 100-1600) for 150 ms in unit mode for the 20 most abundant precursor
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ions with an exclusion time of 15 s. Rolling collision energy was used while activating the
with iTRAQ option.

iTRAQ Data Analyses

For protein identification and quantification, the data files generated by the Analyst TF 1.6
software, were submitted to database searching using ProteinPilot v4.5 (SCIEX). For each
iTRAQ 8-plex, the MS data from the 10 fractions were analyzed together as one sample.
The data were searched against the human subset of the SwissProt database (2014/01/22),
which contained protein isoforms. Search parameters included sample type: iTRAQ 8-plex
(peptide labeled), cysteine alkylation: iodoacetamide, digestion enzyme: trypsin, instrument:
TripleTOF 5600, ID focus: Biological modification and Thorough search effort. The false
discovery rate (FDR) was assessed by concomitant searching a decoy database of reversed
protein sequences that was automatically generated by the ProteinPilot software. Reported
proteins were identified with a local FDR of <5%. Protein Alignment Template v2.001
(SCIEX)39 was used to align the ProteinPilot generated protein summaries across the seven
iTRAQ 8-plexes.

Immunoblotting

Saliva samples (20 1qg) were electrophoretically separated on 10-20% Tris-glycine gels

(1.5 mm thick, Novex by Life Technologies) and transferred to nitrocellulose membranes,
followed by blocking for 1 h with 5% nonfat powdered milk in PBS-Tween before
incubating overnight at 4 °C with the primary antibodies. Primary antibodies used were
anti-BPIFA2 (Novus Biologicals), anti-i2 M (Santa Cruz Biotechnology), and anti-CAH6
(Abcam). Then, the membranes were washed three times in PBS-Tween and incubated with
a secondary antibody (Peroxidase AffiPure Donkey Anti-Rabbit 1gG or Peroxidase AffiPure
Donkey Anti-Mouse IgG from Jackson ImmunoResearch) at a 1:5000 dilution for 1 h.
Protein bands were detected with ECL 2 Western Blotting Substrate (Thermo Scientific,
Pierce) and ECL high-performance chemiluminescence film (Amersham, GE Healthcare).

Preparation of Saliva Samples for Lectin Affinity Enrichment

Aliquots of PS and WS from the three groups (pSS, SC, HC; n= 15/groups) were mixed

to form six pools containing 500 /g protein each. Replicate pools were prepared for each
saliva type (six pools total). The saliva samples were denatured with 6 M urea, reduced with
20 mM DTT (30 min at 37 °C), alkylated with 50 mM iodoacetamide (30 min at RT), and
incubated overnight at 37 °C with sequencing grade trypsin (Promega, Madison, WI) added
at a 1:50 (w/w) enzyme/substrate ratio. Following digestion, the samples were acidified
with formic acid and desalted using HLB Oasis SPE cartridges (Waters, Milford, MA) that
were prepared by washing with 80% acetonitrile in 1% formic acid prior to equilibration
with 0.1% formic acid. Samples were eluted with 80% acetonitrile in 0.1% formic acid,
neutralized by the addition of 0.5 M ammonium bicarbonate, and concentrated by vacuum
centrifugation. Peptides were stored at =80 °C until use.

J Proteome Res. Author manuscript; available in PMC 2022 November 16.
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Lectin Column Preparation

Lectin columns were prepared according to our previously published method.#? In brief,
WGA and Aleuria aurantia lectin (AAL) were purchased from Vector Laboratories
(Burlingame, CA). Lectins (1.5-6 mg) were suspended at 10-20 mg/mL in PBS. One
hundred mg POROS-AL beads (Applied Biosystems, Foster City, CA) was washed two
times in 1 mL of PBS before the addition of the lectin solution. Sodium cyanoborohydride
was added to a final concentration of 50 mM, and the sample was tumbled overnight at
room temperature. The beads were washed once with 1 mL of 1 M Tris—HCI, pH 7.4.

The remaining aldehydes were blocked by incubation for 30 min at room temperature

in the same buffer containing 50 mM sodium cyanoborohydride. Unconjugated protein
was removed by washing the beads (5 x 1 mL of 1 M sodium chloride). Then, the lectin-
conjugated beads, ~300 L, were packed into 4.6 x 50 mm PEEK HPLC columns and
stored in PBS with 0.02% sodium azide at 4 °C. Prior to use, the lectin columns were
assessed, according to our previously published protocol, for their capacity to bind A-linked
glycopeptides using human lactoferrin and bovine fetuin as standards for AAL and WGA,
respectively.40

Lectin Chromatography

A Paradigm MG4 HPLC system equipped with a CTC PAL robot configured as an
autosampler and fraction collector (Michrom BioResources) was employed using mobile
phase A: 25 mM Tris, pH 7.4, 10 mM calcium chloride, 10 mM magnesium chloride and
mobile phase B: 0.5 M acetic acid. Lectin chromatography was performed on AAL and
WGA columns prepared as described above. Each saliva tryptic digest was diluted into
mobile phase A containing 50 mM sodium chloride. Then, the entire digest was applied to
the lectin column and separated by using a three-step gradient: (1) collection of the unbound
fraction, mobile phase A for 9.0 min at 50 gL/min; (2) elution, mobile phase B for 4.8

min at 500 gA/min; and (3) re-equilibration, mobile phase A for 6.0 min at 3000 zA/min.
The bound fraction was desalted by using Oasis HLB cartridges as described above. Eluted
samples were neutralized by the addition of 0.5 M ammonium bicarbonate and concentrated
to <100 gL by vacuum centrifugation. A-Linked glycopeptides in the bound fractions were
deglycosylated by treatment with PNGase F (glycerol-free, New England Biolabs, Ipswich,
MA). A few microliters were used to estimate pH. If outside the desired range of 7.0 to

8.0, the pH was adjusted with 50 mM ammonium bicarbonate. Five microliters (2500 U)

of glycosidase was added to each sample in a volume of 50-100 £ prior to incubation
overnight at 37 °C. Following deglycosylation, samples were desalted and concentrated by
using C18 Zip-Tips (Millipore, Billerica, MA).

Mass Spectrometry Analysis of PNGase F-Treated Samples

The PNGase-F-treated samples were analyzed by RP HPLC MS/MS using a nanoLC Ultra
system (Eksigent Technologies) interfaced with a LTQ Orbitap Velos mass spectrometer
(ThermoFisher Scientific). Peptides were separated by using an Acclaim PepMap100 C18
column (75 zm i.d. x 15 cm, 3 um particle size, 100 A pores) using mobile phase A

(0.1% formic acid) and mobile phase B (acetonitrile/water, 98:2, v/v, 0.1% formic acid) in
conjunction with a step gradient of 0-40% B (40 min), 40% B (10 min), 40-80% B (5 min),

J Proteome Res. Author manuscript; available in PMC 2022 November 16.
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and 80% B (10 min). The flow rate was 500 nL/min. The LTQ Orbitrap Velos was operated
in a data-dependent acquisition mode for MS and MS/MS data collection. An initial survey
scan was acquired (/m/z 350-1500) in the Orbitrap analyzer at mass resolution 30 000,
followed by collision-induced dissociation of precursor ions in the ion trap to produce
MS/MS spectra for the 20 most abundant precursor ions. The instrument was operated with
an isolation width of 1.0, a normalized collision energy of 35, an Act Q of 0.25, and an
MS/MS acquisition time of 30 ms.

N-Glycopeptide Assignment

Deglycosylated peptides were identified as previously described0 on the basis of several
criteria, including the consensus motif NxS/T, x # proline, in which Asn was converted to
Asp (reported by the search engine as Asn deamidation), and the presence of at least one
fragment ion encompassing the glycosite. To ensure inclusion of glycosites containing Lys
or Arg in the X position (e.g., NKT), which were likely to have been cleaved by trypsin,
the amino-acid residue following the carboxy-terminal cleavage site was also considered.
Peptides containing the motif NGS or NGT were excluded due to the fact that asparagine
residues in that sequence are prone to chemical deamidation during overnight trypsin
digestion.4!

RESULTS AND DISCUSSION
iTRAQ Analysis

We analyzed banked PS and WS samples from three groups of donors. The first group
consisted of SICCA participants who were diagnosed with pSS according to classification
criteria defined by the American College of Rheumatology.® The second group was
individuals who were evaluated for possible pSS at the SICCA clinic but had no objective
signs of the disease at the time of enrollment. The third group was healthy individuals, with
no signs of autoimmune disease, who were not part of the SICCA study.

The iTRAQ workflow yielded two types of data. First, we identified and quantified the
salivary proteomes of WS (345 proteins) and PS (230 proteins) across all 8-plexes at an
FDR of 5% (Table S-1). Eighty-four percent of PS proteins and 89% of proteins in WS were
identified in all of the 8-plexes. Second, the quantification results allowed for comparisons
among the donor groups (pSS vs HC, pSS vs SC, and SC vs HC) and saliva types (PS

and WS). Table 1 lists the number of up- and down-regulated proteins (p < 0.05) for each
comparison. For both saliva types, the greatest number of differentially expressed (DE)
proteins was observed between the pSS vs HC samples (44 PS, 49 WS) with pSS vs

SC (20 PS, 21 WS) and SC vs HC (27 PS, 17 WS) having substantially lower numbers.
This observation is despite the fact that relatively equal numbers of DE proteins were
identified between PS and WS, regardless of which two donor groups were compared.
Figure 1 illustrates the data according to saliva types and the number of shared and unique
identifications. When the pSS vs HC group was compared to the pSS vs SC group, both PS
and WS showed approximately equal numbers of shared identifications (12 vs 13 for PS and
WS, respectively) and similar or identical numbers of unique identifications (32 vs 36 and 8
vs 8 for PS and WS, respectively). When the pSS vs HC group was compared to the SC vs
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HC group, the shared identifications diverged (19 vs 10, for PS and WS, respectively). Only
in the pSS vs HC comparison were more unique identifications made in WS vs PS. Finally,
when the pSS vs SC group was compared with the SC vs HC group, few shard proteins
were identified. The bulk of the identifications were unique. Table S-2 lists the differentially
expressed proteins for all comparisons (p < 0.05).

Table 2a contains the 13 most highly DE proteins from the pSS vs HC comparison for

both saliva types. The identification, in WS, of several histones was unanticipated due

to the fact that they are nuclear proteins rather than secretory products. We took this

as evidence of the disease process, which involves B-cell-induced apoptosis of salivary
(and lacrimal) glandular epithelium.#2 Moreover, antihistone autoantibodies are detected,
by protein array, in whole saliva from women diagnosed with pSS and at significantly
higher levels as compared with saliva samples obtained from patients with systemic lupus
erythematosus (SLE) and healthy individuals.#3 The presence of histones in the salivary
extracellular compartment of pSS patients, as indicated by their detection in WS, is likely a
key component of the process by which the antihistone autoantibodies are generated.

B-2-Microglobulin (82m) has also been reported to be up-regulated in saliva from
individuals diagnosed with pSS.28:44:45 This nonglycosylated protein, the light-chain
component of the major histocompatibility class | heterodimer, is present on the surface

of all nucleated cells. In this location, it plays a major role in immune responses. Salivary
levels of S2m correlate with the extent of lymphocytic infiltration of the salivary glands in
pSS patients.*6 Therefore, our results corroborate previous observations, adding strength to
our novel protein identifications.

Carbonic anhydrase VI (CAH6), a glycoprotein, is produced and secreted by all

salivary glands. This zinc-containing metalloenzyme is responsible for regulating pH,*” a
particularly important function in the oral cavity because tooth enamel erodes under acidic
conditions. Accordingly, by binding to the enamel pellicle of salivary proteins that coat the
tooth surface, CAH6 catalyzes the conversion of salivary bicarbonate and bacteria produced
acids to carbon dioxide and water, thus preventing demineralization of the underlying
surface hydroxyapatite.#8 Significant down-regulation of CAHG in the saliva of pSS patients
relative to healthy individuals, which has been reported in multiple studies, 222849 was
confirmed by our results. Thus reduced levels of CAHG in the context of hyposalivation, a
hallmark of pSS, creates a chronically acidic environment in the oral cavity of pSS patients,
which likely contributes to the pathologies that are associated with this syndrome, including
caries and other infections.

Annexin A1 (ANXA1) plays an important role in the innate immune response as an effector
of glucocorticoid-mediated processes.® It also regulates inflammation by suppressing
phospholipase A2 production.5> ANXA1 is a known salivary protein and was detected,
along with other annexin isoforms, as a major component of microvesicles isolated from
WS.52 With regard to autoimmune diseases, antiannexin A1 antibodies have been found in
association with SLE, RA, and cutaneous lupus erythematosus.>3 In addition, in vitro studies
suggest that ANXAL has antiviral properties, for example, inhibition of cytomegalovirus
infection of human foreskin fibroblasts.>* Our observation that ANXA1 was up-regulated in
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pSS WS adds to the growing body of evidence that this protein plays an important role in the
pathology of several autoimmune diseases. Given its role in repair of epithelial barriers,>>
we speculate that salivary ANXAL expression is up-regulated in an attempt to compensate
for disease-related ulcerations that occur in the oral mucosa.

Galectin-3-binding protein (LG3BP), which promotes integrin-mediated cell adhesion,

is a powerful stimulator of host immune defense.56:57 |ts physical association with
galectin-3, another immune modulator, is carbohydrate-mediated.>® Furthermore, LG3BP
is up-regulated in microparticles isolated from platelet-poor plasma of SLE patients®® and
synovial tissues from individuals diagnosed with RA.5% As with ANXAL, higher levels in
the saliva of pSS patients may indicate a heightened response to oral infections, which are
more common in these individuals.

Several members of bactericidal/permeability increasing fold containing family (BPIF)
proteins were down-regulated in PS and WS of pSS patients as compared with HC saliva
samples. The BPIF family is encoded by nine genes located on chromosome 20, and myriad
members are detected in secretions recovered from the upper airways, nose, and mouth.60-62
They are key players in the systemic innate immune response to Gram-negative bacteria.53
BPIF A member 2 (BPIFA2), also known as parotid secretory protein, which is produced
by serous cells of the parotid, submandibular, and sublingual glands,52 is unique to the

oral cavity, where it has bactericidal effects on Pseudomonas aeruginosa, as shown in a
colony-forming assay.54 As with CAHBS, it stands to reason that hyposalivation in pSS
patients results in decreased levels of salivary BPIFA2 such that bacteria can proliferate

in the oral cavity, thus stimulating a host of secondary infections. In line with this theory,
BPIFA2 was reduced in saliva samples of individuals diagnosed with periodontal disease.5°

Table 2b lists the 13 most highly DE proteins from the pSS vs SC comparison for both saliva
types. Again, CAH6 and BPIFA2 were significantly down-regulated in PS and WS, as was
observed in the pSS vs HC comparison, suggesting that reduced levels of these two proteins
severely impact the ecology of the oral cavity of pSS patients. In addition, histone H2A type
2-A and histone H4 were among the most highly up-regulated proteins detected in WS (also
mirroring the pSS vs HC results), possibly reflecting the nature of the pSS disease process
with respect to B-cell-induced apoptosis of salivary (and lacrimal) glandular epithelium.

Envolplakin and involucrin were up-regulated in the pSS vs SC saliva samples. These
proteins along with periplakin comprise the protein scaffold of the cornified envelope that
forms the outermost layers of the epidermis.66:67 The cornified envelope is composed of
corneocytes (dead keratinocytes). Normal skin physiology entails controlled shedding of the
cornified layers. The observation that both envolplakin and involucrin were significantly up-
regulated in pSS WS and PS, respectively, might be indicative of an abnormal, accelerated
breakdown of the cornified layers of the oral epidermis in the pSS patients compared with
the SC individuals. In a possibly related phenomenon, the up-regulation of chitinase-3-like
protein 2 could be related to abnormal fibrosis.®8

Histatin-1 is a histidine-rich polypeptide secreted by the parotid salivary gland and is known
to play a role in regulating hydroxyapatite crystal growth on the enamel pellicle of teeth.59.70
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It is also a component of the microbial/fungal host defense system of the oral cavity in

that it inhibits the growth of Candida albicans.®® In addition, it has recently been shown

that histatin-1 promotes cell-substrate and cell-cell adhesion.”? Significant down-regulation
of histatin-1 was observed in pSS vs SC WS and PS saliva samples and could be due

to reduced secretion secondary to parotid gland damage. Perhaps the up-regulation of
myeloperoxidase plays a compensatory role because it has known antimicrobial properties.’2
In addition, myeloperoxidase activity was found to be elevated in plasma isolated from

pSS patients compared with gender- and age-matched controls.”3 Finally, 14—3-3 zeta/delta
levels were shown to be altered in crevicular fluid in the setting of chronic periodontitis.’*

Kallikrein-1 is a member of a family of serine proteases secreted by the parotid and
submandibular salivary glands.”® Kallikriens cleave kininogen to release active kinins and
have also been shown to play a role in the initiation and maintenance of the inflammatory
response.’8.77 Tissue kallikriens were up-regulated in salivary glands isolated from a mouse
model of SS78 and in saliva isolated from whole SS patients.”9:80 We observed kallikrein-1
to be down-regulated in pSS WS and PS compared with SC. The reason for the discrepancy
between our results and the previously published findings was not obvious but could be

due to species differences, the use of different diagnostic criteria, or the patients being at
different stages in the disease process.

Validation of iTRAQ DE Proteins

Immunoblot analyses were performed on sets of PS and WS samples (n7=5) that were

not used in the iTRAQ experiments. Figure 2 shows the results obtained for f2m, CAHS,
and BPIFB2. Lanes 1-5 and 6-10 were pSS and HC samples, respectively (refer to Figure
S-1 for images of the entire immunoblot). On average, significantly higher levels of g2m
were detected in the five PS samples from pSS patients (Figure 2a) as compared with those
from HCs, thus confirming the up-regulation that was observed in the iTRAQ experiment.
pSS-associated down-regulation of CAHG6 in PS (Figure 2b) and BPIFB2 in WS (Figure
2c) was also confirmed. CAH6 and BPIFB2 had higher estimated molecular weights than
predicted by their amino sequences, most likely due to glycosylation.81:82

Pathway Analysis

To gain additional insights into the possible roles of the observed DE proteins in pSS
disease etiology, we employed Ingenuity Pathway Analysis (IPA, Ingenuity Systems,
www.ingenuity.com). The list of salivary DE proteins was uploaded to IPA, which linked
them via their known physical and functional interactions. Interestingly, an initial analysis
revealed a relationship with networks that were implicated in another autoimmune disease,
psoriasis. It is not uncommon for pSS patients to also present with psoriasis, and reports
suggest that the two conditions have similar disease etiologies.83-8% Accordingly, IPA was
used to create network diagrams that highlighted DE salivary proteins that are involved

in psoriasis and their direct connections to proteins that have been implicated in pSS. HC
and SC data, which were used for comparison purposes, yielded nearly identical networks.
Figure 3 maps the pSS vs HC data for WS and PS. The results suggested that many of

the observed alterations in the pSS salivary protein repertoire were networked with pivotal
immune and signaling pathways that are also implicated in the disease etiology of psoriasis.
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In addition, we performed an IPA that included top genes from pSS genome-wide
association studies8® and the DE genes implicated in pSS and psoriasis, as described above
and shown in Figure 3. The most significant pathways that emerged from this analysis were
antigen signaling and dendritic cell maturation; dendritic cells process antigens and present
them on the cell surface to T lymphocytes (data not shown). These pathways included

B2 M (described above), IGHG1 (immunoglobulin heavy constant gamma 1), and several
HLA genes. IGHG1 binds with Fc-gamma receptors on the surface of effector cells such as
macrophages, monocytes, and natural Killer cells, which then triggers antibody-dependent
cell-mediated cytotoxicity.

Glycosylation

A lectin affinity capture workflow developed in our laboratory was utilized to study the
impact of pSS on A-glycosylation of salivary proteins. WGA and AAL lectins were
employed to selectively enrich for glycopeptides carrying carbohydrate motifs to which
they specifically bind: [GIcNAcS1-4],_s, NeuSAca2-3Mang1-4GIcNAcSL-4GlacNAc for
WGA and fucose linked to a-(1,6)-GIcNAc and a-(1,3)-GIcNAc for AAL. These lectins
were chosen based on a previous screen done by our laboratory, which demonstrated that
WGA and AAL reacted with the largest number of salivary proteins spanning the greatest
molecular weight range.8” We note that Sondej et al. observed poor reactivity of WGA
with WS glycoproteins as compared with other lectins.®8 However, WGA reacted strongly
with both WS and PS samples in our previous study.8” This discrepancy could be due to
differences in immunoblotting procedures used by both laboratories. Table 3 lists the entire
set of glycoproteins that was detected according to the lectin that was used for separation
and the saliva type. Of the 28 glycoproteins that were identified, 26 (93%) were also
detected in the iTRAQ experiments. In addition, 89% of the 29 proteins were identified in
WS, and this number decreased to 46% in PS. This is consistent with the fact that WS is

a mixture of mucous and serous secretions; PS is primarily the product of serous glands.
Furthermore, mucin-5B was only detected in WS because it is not secreted by the parotid
gland.

In all, 52 A-glycosites were detected in this analysis. Figure 4 subsets this number by the
lectin used for separation, saliva type, and disease or control status. In both the AAL and

the WGA separations, the highest number of A-glycosites was identified in the pSS samples.
The HC group had the lowest, with SCs generally at an intermediate level. This was true

for both saliva types with the exception of the WGA-bound fraction from WS, in which the
number of SC identifications was less than the HC group. This observation suggested that
the salivary proteins of women diagnosed with pSS were A-glycosylated to a greater extent
compared with those from the two control groups. To our knowledge, this is the first time
this phenomenon has been reported in an unbiased global analysis.

In addition, our experimental workflow identified individual A-glycosites, the asparagine
residue to which a carbohydrate structure was attached in the context of a tryptic peptide that
was sequenced to identify the modified protein. Examples of the data obtained are shown in
Table 4, which lists the glycoproteins and A-glycosites, which were identified in the WGA
bound fraction of PS from each donor group. Nineteen identifications were made in the
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pSS samples as compared with 11 and 4, in the SC and the HC groups, respectively. With
the exception noted above, the same phenomenon was observed in all of the other samples
(Tables S-3-S-5). Overall, the differences, which were greatest in PS, were less dramatic in
WS.

Several published reports support our observations. First, a recent study analyzed IgG and
IgA isolated from parotid gland salivary biopsies following somatic hypermutation in the
context of pSS. The results showed that this process is accompanied by the acquisition

of substantial numbers of new A-glycosylation sites that were not detected in comparable
samples from control individuals.89 This observation led the authors to suggest that B

cell hyperproliferation within the diseased glands of pSS patients may be the result of
antigen-independent interactions such as those between these new A-glycosites and lectins
within the microenvironment of the oral cavity.8% Second, lectin blotting with Sambucus
nigra agglutinin (SNA) and an ELISA showed hyper-sialylation of serum IgA; involving
N-linked versus O-linked saccharides in patients diagnosed with pSS.%° Finally, using an
immunoblot approach, the receptor for advanced glycation end products (RAGE) was shown
to be expressed at 100-fold greater levels in labial salivary glands of pSS patients compared
with control tissue.33 This overexpression could be a pathological response to increased
N-glycosylation of salivary glycoproteins, which our data suggest is part of the pSS disease
process.

CONCLUSIONS

We used untargeted (iTRAQ) and targeted (lectin affinity capture) MS-based workflows
for global analyses of PS and WS samples from patients diagnosed with pSS as compared
with two control groups—individuals with no evidence of disease who were examined in
the SICCA clinic and donors with no history or symptoms of this condition. The iTRAQ
analyses and subsequent validation experiments revealed the up- and down-regulation of
numerous proteins that could be involved in the disease process (e.g., histone) or attempts
to mitigate the ensuing damage (e.g., BPIF family members). An immunoblot approach
applied to independent sample sets was used to confirm the pSS associated up-regulation of
B2-microglobulin (in PS) and down-regulation of CAHG6 (in WS) and BPIFB2 (in PS). The
lectin affinity capture workflow we used to profile A~glycosylation sites in pSS vs control
samples showed that this disease is associated with increased glycosylation of numerous
salivary glycoproteins in PS and WS. The differentially expressed proteins or the changes
in A-glycosylation could be biomarkers of pSS, enabling easier and earlier detection. The
results of this study also lend potential new insights into the disease process, which suggest
evidence of A~glycan up-regulation on glycoproteins present in the saliva of pSS patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(b) Whole Saliva
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Many of the differentially expressed salivary proteins in saliva samples from pSS patients
and control individuals were unique to the donor group. Shown is the number of shared and
unique proteins among the groups: pSS vs HC, pSS vs SC, and SC vs HC. Data are shown
for both saliva types PS (a) and WS (b) that were analyzed.
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Figure 2.
Validation of the proteins identified as differentially expressed in the iTRAQ experiments.

Immunoblotting was used to verify the iTRAQ results in an independent cohort of PS and
WS samples collected from pSS and HC donors (7= 5 per group). Overall, significantly
higher amounts of S2-microglobulin were observed in pSS PS salivas as compared with

HC samples (a), thus verifying the up-regulation detected in the iTRAQ experiment. Down-
regulation of carbonic anhydrase V1 in PS (b) and BPI fold-containing family B member 2
in WS was also confirmed. Lanes 1-5: pSS; lanes 6-10: HC. Refer to Figure S-1 for images
of the entire immunoblot.
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Figure 3.
Ingenuity Pathway Analysis showed that the proteins, which were DE in Sjogren’s

Syndrome pSS vs HC for PS and WS samples, were networked with proteins that are
involved in this disease and in psoriasis, another autoimmune condition. (1) Salivary

DE proteins (red, up-regulated; blue down-regulated) identified in the iTRAQ analyses
that are involved with psoriasis; (2) proteins associated with Sjogren’s Syndrome (purple
outline); (3) direct (physical £ functional; solid lines) or indirect (functional; dashed lines)
interactions; and (4) shapes outlining the protein names denote the family to which they
belong (refer to Table S-6 for shape definitions). The results suggested that many of the
observed alterations were networked with pivotal immune and signaling pathway that also
implicated in the disease etiology of psoriasis.

J Proteome Res. Author manuscript; available in PMC 2022 November 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hall et al.

(a)
100
80
60
40
20
0

Percent of Total N-Glycosites

AAL (b)
100

Page 24

WGA

|

80

PS WS

Figure 4.

PS

WS

pSS is associated with increased A-glycosylation of salivary proteins. Shown is the

percent of total A-glycosites observed in pSS, SC, and HC pooled PS and WS samples.
Chromatography on AAL (a) or WGA (b) captured the highest number of A-glycosites from
pSS (blue) samples as compared with the SC (red) and HC (green) salivas. Overall, the

HC group had the lowest number with SCs at an intermediate level. An exception was the
WGA-bound fraction from WS in which the number of A-glycosites observed in the HC

group was greater than the SC group.
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Numbers of Differentially Expressed (p < 0.05) Proteins Observed in Disease (pSS), SICCA Control (SC), and
Healthy Control (HC) Salivas

saliva type pSSvsHC pSSvsSC SCvsHC
parotid total 44 20 27
1 23 11 14
{ 21 9 13
whole 49 21 17
1 21 10 3
{ 28 11 14
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iTRAQ-Based Comparison of Relative Abundances of Proteins Observed in PS and WS from pSS Patients
versus (a) Healthy Individuals and (b) SICCA Controls

UniProt accession number protein name salivatype  pvalue  fold change
(a) Healthy Individuals
P62805 histone H4 WS 1.1x1072 19.6
Q6FI13 histone H2A type 2-A WS 1.8x 1072 18.4
Q5QNW6 histone H2B type 2-F WS 6.3x 1074 16.7
Q71DI3 histone H3.2 WS 4.3 x1072 141
P61769 beta-2-microglobulin PS 1.5x 1072 t4.1
P04083 annexin Al WA 1.1x 1072 137
Q08380 galectin-3-binding protein PS 1.0x 1074 128
Q96DR5 BPI fold-containing family A member PS 6.9x 1074 16.7
P23280-2 isoform 2 of carbonic anhydrase 6 WA 1.1x1073 V7.7
P23280 carbonic anhydrase 6 PS 7.6 x1074 183
Q96DR5 BPI fold-containing family A member 2 WS 7.7 %1074 191
Q8N4F0 BPI fold-containing family B member 2 WS 29x 105 110
Q8TDL5 BPI fold-containing family B member 1 WS 1.2x10°5 14
(b) SICCA Controls
Q6FI13 histone H2A type 2-A ws 8.0 x 1073 110
P01857 g gamma-1 chain C region PS 1.6 x 104 195
Q92817 envoplakin WS 2.6 x 1072 179
P62805 histone H4 WS 2.4 x 1072 16.7
Q15782 chitinase-3-like protein 2 PS 2.7 x1072 157
P07476 involucrin PS 3.4 %1072 143
P63104 14-3—3 protein zeta/delta PS 3.6 x1072 142
P05164 myeloperoxidase WS 3.5 x 1072 134
P06870 kallikrein-1 WS 1.9 x 1072 140
PS 1.5x 1072 141
P01877 1g alpha-2 chain C region WS 5.3x 1073 143
Q96DR5 BPI fold-containing family A member 2 WS 3.4x1073 V7.1
P23280 carbonic anhydrase 6 PS 1.1x 1072 138
P23280-2 isoform 2 of carbonic anhydrase 6 WS 48 x 1074 V7.7
P15515 histatin-1 PS 1.1x1072 138
WS 52x10™ 183
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