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Abstract
Human ductal saliva contributes over a thousand unique proteins to whole saliva. The mechanism
by which most of these proteins are secreted by salivary glands remains to be determined. The present
study used a mass spectrometry-based, shotgun proteomics approach to explore the possibility that
many of the proteins found in saliva are derived from exosomes, membrane-bound vesicles of
endosomal origin within multivesicular endosomes. Using MudPIT (multidimensional protein
identification technology) mass spectrometry, we catalogued 491 proteins in the exosome fraction
of human parotid saliva. Many of these proteins were previously observed in ductal saliva from
parotid glands (265 proteins). Furthermore, 72 of the proteins in parotid exosomes overlap with those
previously identified as urinary exosome proteins, proteins which are also frequently associated with
exosomes from other tissues and cell types. Gene Ontology (GO) and KEGG pathway analyses found
that cytosolic proteins comprise the largest category of proteins in parotid exosomes (43%), involved
in such processes as phosphatidylinositol signaling system, calcium signaling pathway, inositol
metabolism, protein export, and signal transduction among others; whereas the integral plasma
membrane proteins and associated/peripheral plasma membrane proteins (26%) were associated with
extracellular matrix-receptor interaction, epithelial cell signaling, T-cell and B-cell receptor
signaling, cytokine receptor interaction, and antigen processing and presentation among other
biological functions. In addition, exosomal proteins were linked to specific diseases (e.g.
neurodegenerative disorders, prion disease, cancers, type I and II diabetes). Consequently, parotid
glands secrete exosomes that reflect the metabolic and functional status of the gland and may also
carry informative protein markers useful in the diagnosis and treatment of systemic diseases.
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Introduction
Salivary glands secrete proteins with numerous functions; e.g. digestion of starches and lipids,
anti-viral and anti-bacterial activities, lubrication, and tooth mineralization 1–5. These varied
and numerous tasks suggest that saliva contains a large number of unique proteins. Indeed,
high-throughput, proteomic analysis of saliva revealed a surprisingly diverse collection of more
than a thousand different proteins 2, 6, 7. A relatively few number of abundant proteins
packaged primarily in large secretory granules make up more than 90% of the total protein
content (about 40 major proteins, e.g. amylase, mucin, histatin, statherin, cystatin, and the
acidic, basic, and glycosylated proline-rich proteins) 3, 5. The origins for the majority of the
less abundant proteins are unknown; however, the many different classes of proteins found in
saliva suggest that multiple secretion pathways are involved.

The apical portions of the cells of a salivary gland acinus, also known as the secretory endpiece,
contain densely packed, large secretory granules 8, 9. This secretion pathway, termed the
major-regulated pathway, is primarily regulated by β-adrenergic stimulation which increases
the intracellular cAMP content leading to activation of protein kinase A 8–10. Secretion of the
abundant salivary proteins, and consequently most of the total protein found in saliva, is
mediated by exocytosis of the granules in the major-regulated pathway. Although generally
found in low abundance, approximately one third of the different proteins found in saliva are
also common to blood serum 2 suggesting that the acinar secretory apparatus may be more
“leaky” than previously appreciated 11, 12, and/or that salivary gland cells possess specialized
receptors that facilitate transcellular movement of many proteins, as is well-known for IgA
13, 14. In addition to the major-regulated pathway, two other membrane-bound pathways have
been described, the constitutive-like and the minor-regulated pathways. These latter two
pathways secrete relatively small amounts of the total secretory protein compared to the major
regulated pathway 8, 15. As the name implies, the constitutive-like pathway secretes
continuously and does not appear to be subject to acute regulation 8, 15. In contrast, the minor
regulated pathway is activated by either low-level cholinergic or β-adrenergic stimulation,
considerably lower than that needed to stimulate the major regulated pathway. Together, the
constitutive-like and the minor-regulated pathways are most responsible for the resting salivary
secretion of proteins 16 associated with basal parasympathetic stimulation 17. The major-
regulated pathway on the other hand, provides most of the salivary proteins during eating 16.

In addition to the above secretion pathways, it appears that most cell types also secrete two
varieties of membrane-bound vesicles, exosomes and apoptotic blebs 18, 19. Exosomes were
first described as exfoliated membrane vesicles released by different cell lines 20. Morphologic
analysis showed that these exosomes have a diameter of 30–100 nm with a rounded shape
19, 21–24. Exosomes are created by the inward budding of the limiting membrane of
endosomes; a process that produces intraluminal vesicles (ILVs) 23, 25–30, traps cytosolic
material 25, 28, 31–34 and generates multivesicular endosomes (MVEs) 19, 23, 26, 31.
Exosomes accumulate within MVEs (also known as multivesicular bodies) and are
constitutively released upon fusion of the MVE membrane with the plasma membrane 18,
19, 23, 26–30, 32–35. Fusion of the MVE with the plasma membrane releases the intact
membrane-bound exosomes, a distinct exocytosis mechanism. In contrast to exosomes,
apoptotic blebs are heterogeneous vesicles which bud directly from the plasma membrane after
apoptotic cell death 19, 36. These vesicles contain mainly nuclear and endoplasmic reticulum
proteins that are not observed in exosomes 19, 35.

Exosomes are released by a variety of specialized cells including reticulocytes, B-lymphocytes,
dendritic cells, T-lymphocytes, mast cells, platelets, intestinal epithelial cells, neuroglial cells,
and tumor cells 18, 19, 21, 22, 24, 27, 37–40. In addition, exosomes are present in different
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physiological fluids such as urine 25, 28, 33, 41, blood 31, pleural effusions 21 and malignant
ascites 42.

Recent advances in mass spectrometry 43 have made the field of clinical proteomics
increasingly important in the identification of biomarkers for early disease diagnosis and in
the development of new treatments 22, 25, 28, 41, 43. Proteomic analysis has demonstrated
that certain proteins are common to all exosomes, regardless of their cell origin, although others
are cell-type specific, making them potentially attractive biomarker targets 18, 19, 21–23, 25,
27, 31, 34, 35, 37, 39, 44. Human saliva is an ideal biological fluid for this purpose because
its collection is non-invasive, low-cost, safe and simple; and, it contains proteins useful for
disease detection 45–47. The association between salivary proteins and diseases such as
periodontal disease, HIV-immunodeficiency and autoimmune diseases has been demonstrated
48–52. To date, exosome analysis of salivary gland cells and saliva has been restricted to non-
neoplastic human salivary gland cell lines 18 and whole saliva 53. Therefore, the aim of the
present study was an initial step to identify proteins secreted as human parotid gland exosomes
in vivo in order to gain insight into their biological functions related to health and disease
processes.

Materials and Methods
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO), or as indicated in the text,
with the following exceptions: Tris base (Promega Co., Madison, WI), ε-Amino-n-caproic acid
(Calbiochem/EMD Biosciences Inc., LaJolla, CA), ethylene diamine tetraacetic acid (EDTA;
J.T. Baker, Phillipsburg, NJ), leupeptin (Bachem Inc., Torrance, CA), and trypsin and lysine
C (Roche Applied Science, Indianapolis, IN). The protocol for the collection of human saliva
was approved by the University of Rochester Institutional Review Board.

Saliva collection
To avoid the contamination inherent to the collection of whole saliva (a combination of saliva,
bacteria and their metabolic products, mucosal cell sloughing, nasal discharge, gingival
crevicular fluid and food debris), ductal parotid saliva was obtained from a single, healthy,
non-medicated and non-smoking Caucasian male donor (48 years old). Saliva collection was
performed under standard conditions, at the University of Rochester, Center for Oral Biology
after overnight fasting 2. Briefly, the subject was asked not to eat, drink, or perform any oral
hygiene measures at least one hour before salivary collection. Saliva samples were collected
between 8:00 a.m. and 10:00 a.m. under stimulation conditions (0.4% citric acid) on ice using
a Lashley collector device 54. During salivary collection, a 1/20 volume of protease inhibitor
cocktail (0.1 M Tris-HCl (pH7.4,) 0.1 M epsilon amino caproic acid, 0.05 M sodium EDTA,
25 mg/L of pepstatin A, 0.025 M benzamidine-HCl, 0.25 mg/L of leupeptin and 0.5 M
phenylmethylsulfonyl fluoride) and a 1/20 volume of 10x PBS were added simultaneously to
ensure the preservation of the exosomal proteins and to minimize any potential osmotic
pressure differences on cells and vesicles in the hypotonic ductal saliva.

Isolation of parotid exosomes
Isolation of exosomes was accomplished following the protocol of Pisitkun et al 28 with the
following minor modifications. Parotid saliva (~30 ml) was centrifuged at 300g for 10 minutes
at 4 °C using an SH3000 rotor (Sorvall RC-5C centrifuge; DuPont; Newtown, CT) to remove
whole cells and debris. The clear supernatant was centrifuged again at 10,000g at 4 °C for 30
minutes using an SS34 rotor (Sorvall; Newtown, CT) to remove large membrane fragments.
The resultant supernatant was dispensed in 5 different SW 50.5 centrifuge tubes and centrifuged
at 200,000g for 60 minutes on a Beckman Optima™ XL-100K ultracentrifuge (Beckman
Coulter Inc.; Fullerton, CA) to obtain the low-density, exosome-rich pellet. Total exosomal
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protein was calculated at ~80 μg in the 30 ml of collected saliva (BCA Protein Assay Kit,
Pierce; Rockford, IL).

Sample preparation for proteomic analysis
Protein pellets were re-suspended in digestion buffer (8 M urea, 100 mM Tris-HCl; pH 8.5).
The mixture was brought to 5 mM Tris[2-carboxyethyl] phosphine (TCEP) and incubated at
room temperature for 15 min. Iodoacetamide was then added to a final concentration of 10 mM
and the resultant mixture was incubated at room temperature for 20 min in the dark, when Lys-
C was added at 1:50 (enzyme to substrate ratio) followed by incubation at 37 °C for 4 hr. The
digest was then diluted to achieve a final concentration of 2 M urea with 100 mM Tris-HCl;
pH 8.5 and trypsin digestion (1:50 protease to protein ratio) was carried out at 37 °C overnight.
Protein digestion was stopped by the addition of formic acid at 4% final concentration. Digested
samples were stored at −80 °C without further treatment until mass spectrometry analysis.

Multidimensional chromatography coupled tandem mass spectrometry
Digested peptide mixtures were pressure-loaded onto a fused silica capillary column packed
with a 3 cm 5-μm Partisphere strong cation exchanger (SCX, Whatman, Clifton, NJ) and a 3
cm 5-μm Aqua C18 material (RP, Phenomenex, Ventura, CA), with a 2 μm filtered union
(UpChurch Scientific, Oak Harbor, WA) attached to the SCX end. The column was washed
with buffer containing 95% water, 5% acetonitrile, and 0.1% formic acid. After desalting, a
100-μm i.d. capillary with a 5-μm pulled tip packed with 10 cm 3-μm Aqua C18 material was
attached to the filter union, and the entire split-column was placed inline with an Agilent 1100
quaternary HPLC (Agilent, Palo Alto, CA) and analyzed using a modified 6-step separation
described previously 55. Three buffer solutions were used: 5% acetonitrile/0.1% formic acid
(buffer A); 80% acetonitrile/0.1% formic acid (buffer B), and 500 mM ammonium acetate/5%
acetonitrile/0.1% formic acid (buffer C). The first step consisted of a 50 min gradient from 0
to 100% buffer B. Steps 2–6 had the following profile: 3 min of 100% buffer A, 5 min of X%
buffer C, a 10 min gradient from 0 to 10% buffer B, and a 70 min gradient from 10 to 45%
buffer B. The 5 min buffer C percentages (X) were 10, 30, 55, 70 and 100%, respectively, for
the 2–6 step analysis. As peptides were eluted from the microcapillary column, they were
electrosprayed directly into an LTQ linear ion trap mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) with the application of a distal 2.5 kV spray voltage. A cycle of one
full-scan mass spectrum (400–1400 m/z) followed by 6 data-dependent tandem mass (MS/MS)
spectra at a 35% normalized collision energy was repeated continuously throughout each step
of the multidimensional separation. Application of mass spectrometer scan functions and
HPLC solvent gradients was controlled by the Xcalibur data system (Thermo Fisher Scientific,
San Jose, CA).

Interpretation of tandem mass spectra data sets
SEQUEST 56 was used for MS/MS database search. The validity of peptide/spectrum matches
was assessed using SEQUEST-defined parameters, the cross-correlation score (XCorr) and
normalized difference in cross-correlation scores (ΔCn). Distribution of XCorr and (ΔCn) values
for direct and decoy database hits was obtained, and the two subsets were separated by quadratic
discriminant analysis. Full separation of the direct and decoy subsets is not generally possible.
Therefore, the discriminant score was set such that a false-positive rate of 5% at the protein
level was determined based on the number of accepted decoy proteins. This procedure was
independently done on data subsets for charge states +1, +2, and +3. DTASelect 57 was used
to select and sort peptide/spectrum matches passing this set of criteria. The human protein
database used was the EBI International Protein Index (IPI) protein database version 3.24
(December 1, 2006). The reverse protein sequences of the IPI database were used as the decoy
database. Proteins were considered detected if they were identified by at least two peptides.
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All the parotid exosome proteins that were inferred by the same set of peptides (equivalent
protein identifications) were clustered by using the DTASelect program 57. DTASelect
assembles identified peptides into proteins and protein groups by using a parsimony principle
in which the minimum set of proteins accounts for all the observed peptides.

Data centralization and analysis
A human parotid exosome database was created at The Scripps Research Institute to serve as
the central repository for the parotid exosome proteome. Access online to this repository is
provided for the research community at
http://fields.scripps.edu/public/project/saliva_exosome/. Protein function annotation using the
Gene Ontology (GO) was carried out using the GoMiner software available at:
http://discover.nci.nih.gov/gominer/. To reveal which pathways are significantly represented
by the identified proteins, pathway analysis was performed using KEGG (Kyoto Encyclopedia
of Genes and Genomes) database available at: http://www.genome.jp/kegg/pathway.html.

Transmembrane domain prediction
The prediction of transmembrane helices of the identified parotid exosome proteins was carried
out using the TMHMM 2.0 web-based program available at
http://www.cbs.dtu.dk/services/TMHMM-2.0/ 58.

Comparison of the human parotid exosomes to the human salivary proteome and urinary
exosomes

The database corresponding to the human parotid salivary proteome (914 proteins) was
downloaded from the central repository hosted at the http://www.hspp.ucla.edu, while the
urinary exosome database (304 proteins) was downloaded from the National Heart, Lung and
Blood Institute http://dir.nhlbi.nih.gov/papers/lkem/exosome/ 28. This urinary exosome
protein database was mapped to the IPI v.3.24 for comparison purposes with the human parotid
salivary and exosome proteomes.

Immunoelectron Microscopy
Parotid saliva exosomes mixed 1:1 with 4% paraformaldehyde, were diluted with 10 mM Tris-
maleate buffer, pH 7.4, applied to a Formvar-carbon coated specimen grid, and stained with
2% ammonium molybdate or 2% uranyl acetate. The preparations were examined and
photographed in a Philips CM10 transmission electron microscope (TEM; Philips, Eindhoven,
The Netherlands) at 80 kV. Developed negatives were scanned at 1200 pixels/inch on an Epson
Perfection V750 Pro scanner (Epson, Long Beach, CA), and levels and contrast were adjusted
in Adobe Photoshop CS2 (version 9.0.2). Exosome diameters were measured using the public
domain software, ImageJ (version 1.38x), and a histogram constructed in Microsoft Excel 2004
(version 11.3.7).

For immunogold labeling, exosomes were applied to Formvar-carbon coated nickel grids,
treated with 1% bovine serum albumin/5% normal goat serum to block non-specific binding,
and incubated with anti-TSG101 diluted 1:20 in blocking solution. The grids were then rinsed
with phosphate buffered saline (PBS) and incubated with 10 nm gold-labeled goat anti-mouse
IgG (Amersham/GE Healthcare Life Sciences, Piscataway, NJ). After rinsing with PBS and
distilled water, the grids were negatively stained with uranyl acetate and examined in the TEM.

Gel electrophoresis and Western blot
Ten μg of parotid exosome protein was heated at 70 °C for 10 minutes prior to separation in
NuPAGE® Novex 4–12% Bis-Tris polyacrylamide gradient gels or in a NativePAGE™
Novex® 4–16 % Bis-Tris gel (Invitrogen, Carlsbad, CA). Protein was transferred onto
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polyvinylidene (PVDF) membranes (Invitrogen, Carlsbad, CA) for 1 hr using 1x NuPAGE
transfer buffer. Membranes were blocked overnight at 4 °C with 5% non-fat dry milk in 25
mM Tris-HCl pH 7.5, 150 mM NaCl (TBS) and then incubated with rabbit polyclonal antibody
raised against the mouse/rat AQP5 C-terminal peptide sequence (LL639, residues 243–265)
59, mouse polyclonal antibody against the exosome-specific protein AIP1/ALIX (residues
375–580) (BD Transduction Laboratories; BD Biosciences Pharmigen Biotechnology Inc.;
San Diego, CA), mouse monoclonal [1D6] against the exosomal protein marker TAPA1/CD81,
or mouse monoclonal [MEM-259] against the exosomal protein marker CD63 (Abcam Inc.,
Cambridge, MA); 1:1,000; 1:250; 1:1,000; 1:800 dilutions, respectively in 2.5% non-fat dry
milk solution at 4 °C overnight. After washing with TBS containing 0.1% Tween-20 (TBST),
the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG
secondary antibody (Pierce) at a dilution of 1:2,500 or with goat anti-mouse IgG H&L (HRP)
antibody (Bio-Rad; Hercules, CA) at a dilution of 1:3,000 in TBST/2.5% non-fat dry milk for
1 hr at room temperature. Labeled proteins were visualized using enhanced chemiluminescence
(ECL detection kit, GE/Amersham Biosciences; Piscataway, NJ).

Results
Proteomic analysis of parotid exosomes

Multidimensional protein identification technology (MudPIT) was used to identify the protein
composition of parotid exosomes based on its robust sensitivity for analyzing complex protein
mixtures 60, 61. Database searches of the MS/MS data by SEQUEST 56 followed by
DTASelect analysis 57 identified a total of 3044 peptides which matched to 875 redundant
proteins present in parotid exosomes. Clustering analysis of equivalent protein identifications
by DTASelect yielded a total of 491 unique parotid exosome clusters with a minimum of two
peptides for each identified protein (Supplemental table #1).

Protein annotation analysis
Parotid exosome proteins were annotated according to the UniProtKB/Swiss-Prot
http://www.expasy.ch/sprot/sprot_details.html, European Bioinformatics Institute (EBI)
http://www.ebi.ac.uk/ or UniProtKB/TrEMBL http://www.ebi.ac.uk/trembl/ knowledgebases.
Results demonstrated that of the 491 proteins detected in parotid exosomes 43% were of
cytosolic origin, followed by integral plasma membrane proteins and associated/peripheral
plasma membrane proteins (26%; 13% in each category), extracellular matrix/extracellular
region proteins (16%), secreted (10%) and hypothetical proteins (5%) [Fig #1].

As expected for membrane-bound compartments, parotid exosomes contained 110 integral
membrane proteins (IMP) and 65 peripheral membrane proteins associated with the membrane
of the multivesicular endosomes, while a large number of cytosolic proteins were engulfed in
the intraluminal vesicles lumen during exosome formation 28, 34. In regards to the IMPs
present in parotid exosomes, these can be further sub-divided into two groups according to
their subcellular localization: a) plasma membrane proteins (58%) and b) membrane proteins
expressed in organelles (42%). Integral plasma membrane proteins were annotated according
to their function: pumps (2%), channel proteins (5%), solute carriers (14%), antigen presenting/
defense (5%), enzyme regulator/catalytic activities (14%), calcium binding/ion transport (2%),
unknown function (6%), receptor activity (22%), cell differentiation (6%), signaling pathway/
cytokines (13%), and cell adhesion/cell motility (11%) [Fig #2A]. Meanwhile, analysis of the
peripheral membrane proteins showed that 26% of these proteins are involved in signaling
pathways, 17% are implicated in catalytic activities, 15% are engaged in assembly/self
association, 14% are linked to endocytosis/exocytosis/vesicle trafficking, 9% are involved in
calcium binding, 6% are associated with antigen presenting/defense, 6% are related with cell
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adhesion, 3% are linked to cell motility, 2% are involved in ion binding/transport and the
remaining 2% are implicated in actin binding [Fig #2B].

The 210 cytosolic proteins found in parotid exosomes were classified as proteins with:
catalytic/binding activity (34%), structural molecular activity (14%), unknown function (5%),
chaperone regulator activity (2%), enzyme regulator activity (4%), binding/protein binding
activity (10%), calcium ion binding activity (4%), transcription regulator activity (2%), enzyme
regulator activity/kinase regulator activity (3%), antioxidant activity (2%), transporter activity/
catalytic activity (4%), cell differentiation (3%), motor activity (2%), nucleic acid binding
(3%), signal transducer activity (1%), carbohydrate binding (2%), translation regulator activity
(1%), protease inhibitor activity (0.5%) and actin binding (3%) [Fig #2C]. Extracellular matrix/
extracellular region proteins and secreted molecules (129 proteins in total) were also found to
be associated with parotid exosomes. Some of these proteins have been identified by mass
spectrometry in the exosomes of other tissues 21, 27, 28. Annotation of the extracellular matrix/
extracellular region proteins and secreted molecules showed that they are involved in different
functions such as catalytic activity (12%), structural molecule activity (13%), lipid binding
(4%), immune activity (16%), cytokine activity (3%), antigen processing and presentation
(2%). Complete and descriptive information regarding the annotation of parotid exosome
proteins by gene, function and prediction of transmembrane helices is provided in
[Supplemental Table #2].

Proteins involved in exosome biogenesis
MudPIT analysis identified numerous proteins in parotid exosomes that are thought to be
involved in exosome formation and exocytosis into the external milieu. Proteins such as
PDCD6IP protein (Alix), ubiquitin activating enzyme E1 (UBA1), vacuolar protein sorting-
associated protein 28 (VPS28) and vacuolar protein sorting-associating protein 4A (VPS4A)
are involved in the endosomal sorting complex required for transport (ESCRT). Chaperone
proteins like heat shock 70 kDa protein 1 (HSPA1A) and heat shock protein 90 (HSP90B1)
participate in membrane translocation, processing and transport of secreted proteins. Annexins
(ANXA4), clathrin heavy chain 1 (CLTC), and Rab proteins (RaB5C) are engaged in transport
and fusion. In addition, during the formation of the ILVs major components of the cytosolic
compartment are trapped in parotid exosomes such as enzymes (dipeptidyl-peptidase 1,
glucose-6 phosphate isomerase, pyruvate kinase 3 isoform 1), elongation factors (elongation
factor 1-alpha 1, elongation factor 2), adaptors and signaling proteins (14-3-3 β, ε, γ, η, δ, ζ
proteins), actins and tubulins. These proteins are common exosomal components, having been
observed in all exosomes regardless of their cell origin 27, 34.

Numerous examples of cell type specific proteins have been identified 28, 31, 34, 38, 40. Data
obtained from mass spectrometry analysis demonstrated the presence of unique parotid
exosomal proteins involved in processes such as: a) exosome biogenesis, endocytosis,
exocytosis, vesicular trafficking and fusion (RaB27B, Rab22A, TWF2, SLC9A3R1,
TINAGL1, MYO1B, VTA1, S100A6), b) proteins associated with the salivary secretion
mechanism (Aqp5, ATPase; 62), c) proteins related to epithelial-specific markers
(cytokeratins; 18), d) antigen presenting molecules (HLA-DRA, HLA-B, HLA-A) among
others. These proteins may reflect the unique characteristics of the exosomes secreted by
parotid cells.

Gene Ontology (GO) analysis
In order to obtain a functional overview of parotid exosome proteins, we further analyzed the
parotid exosome proteome using the GoMiner program by searching against gene ontology
databases (version January, 2008). The results showed that 336 proteins mapped to specific
biological processes, 375 were associated with diverse cellular components and 377 proteins
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had other molecular functions [Supplemental tables #3, #4, and #5 respectively]. In regards to
“biological process”, proteins were classified according to different categories. The highest
number mapped to proteins involved in cellular process (261 proteins), followed by proteins
associated with metabolic process (171 proteins), localization (102 proteins), developmental
process (101 proteins), multicellular organismal process (95 proteins), biological regulation
(93 proteins), response to stimulus (88 proteins), establishment of localization (82 proteins),
immune system process (40 proteins), biological adhesion (36 proteins), gene expression (18
proteins), and 46 proteins associated with other processes (e.g. reproduction, multi-organism
process, locomotion, growth, maintenance of localization, pigmentation, viral reproduction
and cell killing) [Fig #3A]. With regard to “cellular component”, the majority of the proteins
were assigned to the cell and cell part (306 proteins in each category), while 176 proteins
mapped to organelle, 120 proteins to the extracellular region, 108 proteins to organelle part,
54 proteins to macromolecular complex, 48 to extracellular region part, 24 to extracellular
matrix, 21 to membrane-enclosed lumen, 10 to extracellular matrix part, and 7 to the envelope
[Fig #3B]. Based on the “molecular function”, the highest distribution was associated with
binding (311 proteins) and catalytic activity (151 proteins). The remaining proteins were linked
to different activities such as structural molecule activity (53 proteins), molecular transducer
activity (40 proteins), transporter activity (32 proteins), enzyme regulator activity (23 proteins),
antioxidant activity (8 proteins), motor activity and transcription regulator activity (5 proteins
each), translation regulator activity (3 proteins) and chaperone regulator activity and auxiliary
transport protein activity (1 protein each) [Fig #3C].

Analysis of the hypothetical proteins
A total of 23 hypothetical proteins were identified, representing 5% of the total human parotid
exosome proteome. Annotation on UniProtKB/Swiss-Prot, EBI and UniProtKB/TrEMBL
databases suggests that 5 proteins (1%) carry out different functions such as immune activity,
glycolysis, carbohydrate binding, protease enzyme activity and assembly (1 protein per each
category). The functions of the remaining 18 proteins (4%) are unknown.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
KEGG pathway analysis (version September, 2007) was performed on the identified parotid
exosome proteins to evaluate which pathways were significantly represented. One hundred and
ten different pathways were linked to the parotid exosomes. Proteins were involved in processes
such as cell junction (30 proteins), N-glycan biosynthesis (11 proteins), glycan structures-
biosynthesis (18 proteins), cholera-infection (9 proteins), pathogenic Escherichia coli infection
(10 proteins), epithelial cell signaling in Helicobacter pylori infection (11 proteins), ECM-
receptor interaction (12 proteins), glycolysis/gluconeogenesis (9 proteins), glycosphingolipid
biosynthesis-Neo-Lactose series (5 proteins) among others (p ≤ 0.001). This analysis implicates
exosomes in the regulation of numerous diverse biological functions such as cell-cell
interactions/communication 63, 64, invasion and migration 65, transference of luminal
antigenic information 40, and transmission of pathogens 66. It is interesting to note that some
parotid exosome proteins were implicated in pathways associated with systemic diseases, for
instance, proteins involved in Alzheimer’s disease, neurodegenerative disorders, Parkinson’s
disease, cholera infection, Huntington’s disease, long-term depression, Prion disease,
Dentatorubropallidoluysian atrophy (DRPLA), glioma, type I and II diabetes, and different
types of carcinomas (renal cell carcinoma, pancreatic carcinoma, prostate cancer, small cell
lung cancer, bladder cancer, melanoma) making exosomes an attractive source for exploring
biomarkers (Supplemental table #6). Although not statistically significant (p>0.05), parotid
exosomes also contained proteins involved in immunological pathways such as Toll-like
receptor signaling pathway, T-cell receptor signaling pathway, B-cell receptor signaling
pathway, cytokine-cytokine receptor interaction, natural killer cell mediated-cytotoxicity
consistent with a role for exosomes in the regulation of immune response 67, 68.
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Comparison of human parotid exosome with human parotid saliva proteomes
To gain a better understanding of the relationship of parotid exosomal proteins to those proteins
detected in parotid ductal saliva, we compared the parotid exosome proteome with the 914
proteins from the parotid salivary proteome 2. Not surprisingly, the results demonstrated that
265 proteins found in the parotid exosome were also detected in the parotid salivary proteome
[Supplemental table #7 and Fig #4A]. The vast majority of the 265 exosomal proteins detected
in parotid saliva were expressed in low or medium abundance in the parotid proteome,
suggesting that the origin of many of these proteins in ductal saliva may be exosomal.
Consistent with this proposal, these overlapping proteins were generally the most abundant
proteins detected in the parotid exosomal proteome. Moreover, the majority of the proteins
found in low abundance in parotid exosomes were not detected in parotid saliva, indicating
that the exosome isolation procedure had enriched for proteins not detectable in parotid ductal
saliva. Importantly, the considerable overlap between the parotid ductal saliva proteome and
the parotid exosomal proteome confirms the robust and sensitive nature of MudPIT analysis,
and furthermore, suggests that it may not be necessary to perform the labor intensive process
of isolating exosomes to monitor the expression of many of the clinically relevant biomarkers
secreted as exosomes. To eliminate subject variation, we also compared data generated by The
Scripps Research Institute (TSRI) from parotid saliva collected from the same donor as used
in the parotid exosome experiments. Results showed that 232 proteins (25%) were common
to both proteomes (supplemental table #8) while 456 were unique for the salivary proteome
and 259 to parotid exosomes [Fig #4B]. Parotid ductal saliva from the same donor used in this
study contained 232 overlapping exosomal proteins, similar to the overlapping number of
exosomal proteins (265) found in a population of subjects 2.

Moreover, since different cell-type specific exosomal proteomes have both unique and
common proteins 21, 22, 27, 28, 31, 69, we compared the parotid exosome proteome with the
parotid saliva proteome 2 and the urinary proteome 28. Only 46 proteins which have been
associated with exosomes were present in the three different proteomes 18, 19, 22, 24, 27,
28, 30, 31, 33–36, 38, 39, 44 [Supplemental table #9 and supplemental Fig #1]. Additionally,
MudPIT analysis was run on urinary exosomes obtained from the same saliva donor used in
the present study (data not shown). We detected 146 proteins in the urinary exosome that
overlapped with those previously reported 28 confirming the reproducibility of the exosome
fractionation procedure.

To further validate our MudPIT data, immunoelectron microscopy and western blotting
analyses were performed on parotid exosome samples. The electron microscopy results
depicted in the left panel of Fig #5A show the negative stained image of uniformly rounded
exosomes with a mean size of 81.58 nm (SE=2.17 nm) and a median size of 69.45 nm, as
summarized in the corresponding histogram (Fig #5B). These results are in agreement with
previous reports 22, 28, 31, 34, 53. Additionally, immunogold labeling with anti-TSG101
antibody revealed the presence of the tumor-susceptibility gene 101 protein in parotid
exosomes [Fig #5A; right panel]. The role of this protein in the transport of membrane proteins
in the endocytic pathway is well established 24, 27, 29, 33–36, implicating this protein in the
sorting of exosomal proteins during parotid exosome formation as well. In addition, western
blots performed on parotid exosome samples (n=3 different preparations) confirmed the
presence of representative proteins identified by MudPIT. Apical plasma membrane proteins
are sequestered during exosome formation 28, 33, 34. Therefore, as expected for salivary gland
exosomes, Fig #6B shows a band of ~ 27 kDa that corresponds to the estimated molecular mass
of Aquaporin 5 (AQP5), a relatively abundant water channel present in the apical plasma
membrane of salivary gland acinar cells 70. Fig #6A shows that the mouse polyclonal antibody
against the exosome-specific AIP1/Alix recognized a band of the predicted size for this protein
at ~ 105 kDa. AIP1/Alix forms part of the ESCRT endosomal sorting complex necessary for
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ILV (pro-exosomes) formation 33. Note that the band intensities for AIP1/Alix and AQP5 were
comparable in the three individual exosomal preparations. Further verification of the
endosomal origin of parotid exosomes was achieved by immonodetection of TAPA1/CD81
and CD63 exosomal markers [Figs #6C and 6D, respectively]. These proteins belong to the
tetraspanin family and are highly enriched in exosomes where they are involved in the
formation of membrane microdomains and large protein networks associated with the
endocytic pathway 27, 29, 31, 44.

Discussion
In the past two decades, major advances in mass spectrometric ionization techniques have made
possible the identification of macromolecules and protein complexes in health and disease
processes, revolutionizing the biomarker research field 43. To achieve sensitive and accurate
detection of biomarkers in biological fluids, multiple fractionation steps have been proposed
to reduce sample complexity 43, 71–75. One strategy that has been utilized with success is
MudPIT 55, a shotgun proteomic approach to identify with great sensitivity and accuracy
medium and low abundant proteins from complex protein mixtures by using a combination of
strong cation exchange chromatography with reverse phase separations 61. Our data showed
an improved mass accuracy, resolution and sensitivity with MudPIT technology for identifying
parotid exosome proteins with great coverage. Furthermore, these data provide for the first
time a comprehensive analysis of the secretion of exosomes in parotid ductal saliva. Exosomes
represent an important pathway by which salivary gland cells secrete proteins in saliva, both
in a constitutive 18, 19, 35 and regulated manner 76. Of the total 914 proteins identified in the
parotid salivary proteome 2, 265 (23% overlapping) were common to the parotid exosomal
proteome. The presence of these proteins in exosomes likely explains the existence of cellular
proteins like plasma membrane (polymeric-immunoglobulin receptor precursor, 4F2 cell-
surface antigen heavy chain), and cytosolic proteins (Ras GTPase-activating-like protein
IQGAP1, 14-3-3 protein zeta/delta, clathrin heavy chain 1, peroxiredoxin-2, syntenin-1 and
syntenin-3, annexin-A1, glucose-6-phosphate isomerase, actins, tubulins, keratins etc.) in
ductal saliva. For example, the exosomal proteins found were of integral plasma membrane
origin (16 proteins; 2%), from peripheral plasma membrane (27 proteins; 3%), and 118
cytoplasmic proteins (13%). Additionally, using immunoelectron microscopy and
immunoblotting techniques the origin of five proteins (TSG101, Aquaporin-5, Alix, CD81 and
CD63) identified by MudPIT were confirmed as proteins associated with endomembrane
vesicles. Morphological analyses performed on exosomes derived either from cell lines 18,
19, 37 or body fluids such as urine 25, 28, blood 31, malignant pleural effusions 21 and amniotic
fluid 25, as well as our electron microscopy findings reveal that mammalian exosomes have
common characteristics such as structure (membranes with lipid bilayer), shape (round-
shaped), size (30–100 nm), and density 19, 31, 35.

Many common exosomal proteins found in other tissues were identified in parotid exosomes
like heat shock proteins (HSP90 and HSP70), cytoskeletal components (actins, cofilin-1,
tubulins), proteins implicated in translation (elongation factor 1α1, elongation initiation
factor-4A), proteins involved in signal transduction (14-3-3, syntenin, G- proteins), proteins
associated with intracellular membrane fusion and transport (annexins, small GTPases, ADP-
ribosylation factor 1 and Rab family members), enzymes implicated in different metabolic
processes 19, 27, 35 as well as membrane bound proteins that belong to the tetraspanin family
(C9, CD82, CD81) 19, 29, 31, 34, 44. In addition, we found that parotid exosomes lacked
endoplasmic reticulum or nuclear resident proteins, distinguishing them from apoptotic bodies
or shed membranes 19, 22, 31. However, some of the identified proteins were associated with
pro- apoptotic or anti-apoptotic activities such as 14-3-3, galectin-3, galectin-7,
peroxiredoxin-2, and thioredoxin domain containing protein 5 precursor, suggesting their
possible cell-protector role.
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Cumulative evidence suggests a role of the ESCRT family in protein sorting associated with
MVE generation 24, 28, 29, 34, 35. These multimeric protein complexes direct specific protein-
protein and protein-lipid interactions causing a deformity in the endosomal-limiting membrane,
and thus promoting the inward budding of the ILVs 76, 77. In the present study, we also
identified proteins implicated in the endosomal sorting complex required for transport, e.g.
ESCRT-I (VPS28) and ESCRT-III (VPS4A), in addition to VTA1 (trafficking of
multivesicular bodies) and Alix (necessary for the targeting of endosomes) 28, 33–35, 76.
Moreover, proteins consistent with an alternative pathway for sorting cargo in the MVEs
completely independent of the ESCRT machinery 30 were also detected such as UDP-glucose
ceramide glucosyltransferase-like 1 isoform 1, UDP-Gal:betaGlcNAc beta 1,4-
galactosyltransferase 1 membrane-bound form, Phosphatidylethanolamine-binding protein 1.
This latter mechanism depends on raft-based microdomains in which the cone-shaped lipid
ceramide induces a spontaneous negative curvature on the MVE membrane by creating an area
difference between the membrane leaflets and merging small microdomains into larger
domains, thus promoting domain-induced budding. During this process, interaction with
tetraspanins and GPI-anchored proteins is necessary for ILV formation 24, 26, 63. Little is
known about the exosome biogenesis pathway in epithelial cells; however the detection of
proteins associated with these two mechanisms of exosome formation in parotid exosomes
suggests that cell-type- and cargo-specific differences may be present in parotid gland cells
76.

Besides the proteins implicated in the process of exosome formation, we detected proteins
involved in many other biological functions including proteins exposed on the exosomal
surface involved in cell-adhesion (Von Willebrand factor A domain-related protein isoform 1,
MFGE8, LAMB2, LAMC1), suggesting another cell-communication mechanism for exosome
targeting to effector molecules, cell fusion and exchange of antigenic information 18, 19.
Parotid exosomes also exhibited unique molecular signatures. These proteins included:
Aquaporin 5, an apical plasma membrane channel involved in water regulation during salivary
secretion 59; different solute carrier molecules involved in transporter activities during
salivation (SLC12A2, SLC9A1) 62, 78, 79; CD59 and Decay-accelerating factor splicing
variant 4, co-stimulatory molecules of the immune system 80, 81; cytokeratins, specific
epithelial markers 18; cytokines (TNFSF10, TNFSF13), implicated in tumor growth regulation
and in mediation of immunological process 23; and MUC1 and CD44, involved in cell-
adhesion and cell-cell interactions 82. These findings are in agreement with previous reports
where exosomal proteins vary according to their cell origin 19, 22, 24, 37, 69. Furthermore,
MudPIT analysis revealed the presence of both exclusive and common salivary gland protein
markers indicating the possible origin of parotid exosomes from ductal (SLC5A583, Duox2
84, galectin 385), acinar (AQP5 59, TMEM16A 86) or both cell types (desmoglein 287, DPP
IV88).

Given that parotid exosomes contain numerous cytokines and antigen presenting proteins, it
may be worthwhile to explore their potential role in autoimmune diseases such as Sjögren’s
syndrome. To date, one study conducted on human non-neoplastic salivary gland epithelial
cells (SGECs) by Kapsogeorgou et al 18 has demonstrated that salivary gland epithelial cell
exosomes contain autoantigenic Ro/SSA, La/SSB and Sm RNPs (ribonucleoproteins), proteins
associated with Sjögren’s syndrome. Exosomes are known to mediate antigen presentation
either through their surface receptors (major histocompatibility complex, antigenic-peptide
complexes, and co-stimulatory molecules) or by antigenic transfer to antigen presenting cells
(APCs) 29, 68. Thus, it may prove important to define the immunological role of exosomes in
Sjögren’s syndrome disease and progression.

Some extracellular component proteins were detected at low levels in the parotid exosomal
preparation such as immunoglobulins (IgGs; 21, 28), complement proteins, cystatin D,
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carbonic anhydrase 6 and alpha-amylase 28. These extracellular secreted proteins are highly
expressed in human parotid saliva, suggesting that incorporation of these proteins may have
occurred during exosome formation. Alternatively, some minor contamination may have
occurred during the isolation procedure of the exosomes. Taking into consideration the high
sensitivity of MudPIT analysis and the high abundance of these salivary proteins, it is not that
surprising to detect them. Furthermore, Bard et al 21 also found several IgGs and complement
proteins in human malignant pleural effusions suggesting the presence of both cellular and
humoral immunity and the possible trapping of these proteins during the ultracentrifugation
step. Nevertheless, we can not discard the possibility of a cell-cell interaction taking place
between the exosome plasma membrane antigen presenting-defense and mediators of
immunological process molecules with the immunoglobulins per se or the possible generation
of these proteins (IgGs and complement proteins) from locally stimulated B-lymphocytes 89,
consistent with the biological role of exosomes in regulation of the immune response 35, 44,
67, 68.

New proteomic methods have revealed the protein complexity of exosomal vesicles, including
cell surface proteins, cytosolic proteins as well as the intracellular machinery that is responsible
for exosome formation and extracellular release 24, 28, 30, 33, 34, 69. These previous studies
have demonstrated that endomembrane vesicles are secreted in the urine, blood, plasma,
amniotic fluid and malignant pleural effusions. Here we show that these vesicles are also
secreted in parotid saliva. This process may be regulated by an increase in the intracellular
calcium concentration 90 which stimulates exosome release in epithelial cells 76. Numerous
proteins participate during exosomal secretion such as dynein and kinesin which mediate the
movement of endosomes 91, RHO-A, different RAB proteins, GTPases and syntaxin proteins
(syntaxin-binding protein 2) 40 which interact at the apical membrane site of parotid acinar
cells 8, 76 to promote exocytosis through the V0 sectors of the V-ATPase (ATP6V0A4) by
forming a proteolipid pore during exocytic fusion of the MVEs with the plasma membrane
76. Furthermore, Valadi et al 92 demonstrated that in addition to proteins, exosomes from
mouse mast cell line (MC/9), human mast cell line (HMC-1) as well as bone marrow-derived
mouse mast cells (BMMC) contain a variety of mRNA and microRNA molecules. These results
suggest that exosomes may be involved in a novel mechanism of cell-cell interaction and
communication in mammalian cells 63, 64. This process may be important in
neurodegenerative diseases (Prion diseases, Alzheimer’s disease) and HIV-transmissible
disease since the severity of these diseases is related to cell-to-cell uptake mechanism 24, 35,
93. Of possible significance is the KEGG analysis finding that parotid exosome proteins were
associated with different disease conditions (e.g. neurodegenerative diseases, cancers).

In summary, MudPIT technology generated an in-depth analysis of the parotid exosome
proteome by achieving efficient on-line peptide separation, high mass accuracy and analytical
sensitivity. Our proteomic analysis provides a first step in analyzing a large set of parotid
exosome proteins that may be important in future studies. The protein composition of the
parotid exosome revealed important insights into the generation and physiology of these
membrane vesicles. Future studies are needed to elucidate the biological functions of exosomes
in healthy and disease subjects. Variables such as gender, age and ethnicity will need to be
taken into account when exploring the use of exosomal proteins as biomarkers for diagnostic
and disease progression purposes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Annotation of identified parotid exosome proteins by subcellular location
Protein classification was obtained by using UniProtKB/Swiss-Prot, EBI and UniProtKB/
TrEMBL databases. The majority of exosomal proteins were allocated to the cytosolic
compartment, whereas the smallest number was identified as hypothetical.
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Figure 2. Protein annotation using UniProtKB/Swiss-Prot, EBI and UniProtKB/TrEMBL
databases
A. Annotation of identified parotid exosome integral plasma membrane proteins by
function. Twenty-two % of the proteins identified were receptors and the minority (2%) was
represented by pumps and/or calcium binding/ion transport proteins. B. Annotation of
identified parotid exosome peripheral membrane proteins by function. The bulk of parotid
exosomal proteins was associated with proteins involved in signaling pathways, while lesser
amounts of proteins were linked to ion binding/transport and actin binding activities. C.
Annotation of identified parotid exosome cytosolic proteins by function. Thirty-four % of
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the cytosolic proteins were associated with catalytic activities whilst only 0.5% with protease
inhibitor activity.
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Figure 3. Gene Ontology annotation of parotid exosome proteins
A. GO annotation by biological process. Allocation of parotid exosome proteins by biological
process showed that the greatest number of these proteins (261) was allocated to cellular
process and the smallest (1) to cell killing. B. GO annotation by cellular component.
Allocation of parotid exosome proteins by cell component demonstrated that the majority
belonged to the cell part and cell (306 each), while the minority resided in the envelope (7).
C. GO annotation by molecular function. Allocation of parotid exosome proteins by
molecular function confirmed that the highest number of proteins (311) was associated with
binding activities and the lowest (1 each) with auxiliary transport protein activity and chaperone
regulator activity.
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Figure 4. Comparisons between parotid exosome and parotid salivary proteomes
A. Venn diagram showing the overlap of proteins between the parotid exosome and the
parotid salivary proteomes. Twenty-three % of the proteins were found in both proteomes,
whereas 20% were unique parotid exosome proteins and 57% were unique to the parotid saliva.
B. Venn diagram showing the overlap of proteins between the parotid exosome and the
parotid salivary proteomes from the same donor. Twenty-five % proteins were found in
both proteomes, whereas 27% were unique parotid exosome proteins and 48% were unique to
the parotid saliva.
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Figure 5. Immunoelectron microscopy of parotid exosomes
A. Electron microscopy of parotid exosomes. Left panel, ammonium molybdate negative stain;
right panel, immunogold labeling with anti-TSG101 (50 μg/ml). The arrowhead indicates a
labeled exosome. B. Frequency distribution of parotid exosomes by diameter. A total of 318
exosomes were measured.
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Figure 6. Western blot analyses of parotid exosome proteins isolated from human parotid saliva
Panel A: AIP1/Alix parotid exosome protein (n=3) was detected using an anti AIP1/Alix
polyclonal antibody from Abcam (Cambridge, MA). The expected molecular weight of this
protein was around ~ 105 kDa. Panel B: Aquaporin-5 parotid exosomal protein (n=3) was
detected with a polyclonal antibody kindly provided by Dr. Anil Menon (Department of
Molecular Genetics, Biochemistry and Microbiology; University of Cincinnati, OH). This
antibody recognized a protein of ~27 kDa. Panel C: TAPA1/CD81 and Panel D: CD63 (non-
reducing condition) parotid-exosome proteins involved in biogenesis process were detected
using monoclonal antibodies from Abcam (Cambridge, MA). The corresponding molecular
weights of these proteins were ~ 26 kDa and ~ 47 kDa respectively.
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