S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Clinica Chimica Acta 537 (2022) 26-37

Contents lists available at ScienceDirect

CLINIC,
CHIMIC,
ACTASS

Clinica Chimica Acta

ELSEVIER journal homepage: www.elsevier.com/locate/cca

t.)

Check for

Salivary proteomic analysis in asymptomatic and symptomatic SARS-CoV-2 &
infection: Innate immunity, taste perception and FABP5 proteins make
the difference

Ada Aita™', Ilaria Battisti *“', Nicole Contran®', Serena Furlan®, Andrea Padoan?,
Cinzia Franchin ™, Francesco Barbaro ¢, Anna Maria Cattelan ¢, Carlo-Federico Zambon?,
Mario Plebani “, Daniela Basso® , Giorgio Arrigoni “°

@ Department of Medicine, University of Padova, Padova, Italy

b Department of Agronomy, Food, Natural Resources, Animals and Environment, University of Padova, Padova, Italy
¢ Proteomic Center of Padova University and Azienda Ospedaliera di Padova, Padova, Italy

9 Tropical and Infectious Diseases Unit, University Hospital of Padova, Padova, Italy

€ Department of Biomedical Sciences, University of Padova, Padova, Italy

ARTICLE INFO ABSTRACT

Keywords: Background and aim: SARS-CoV-2 infection spawns from an asymptomatic condition to a fatal disease. Age,
SARS-CoV-2 comorbidities, and several blood biomarkers are associated with infection outcome. We searched for biomarkers
Saliva

by untargeted and targeted proteomic analysis of saliva, a source of viral particles and host proteins.

g;zs:rmkicrspmﬁ“ng Methods: Saliva samples from 19 asymptomatic and 16 symptomatic SARS-CoV-2 infected subjects, and 20
CA6 controls were analyzed by LC-MS/MS for untargeted peptidomic (flow through of 10 kDa filter) and proteomic

FABDP5 (trypsin digestion of filter retained proteins) profiling.

Results: Peptides from 53 salivary proteins were identified. ADF was detected only in controls, while IL1RA only
in infected subjects. PRPs, DSC2, FABPS5, his-1, IL1RA, PRH1, STATH, SMR3B, ANXA1, MUC7, ACTN4, IGKV1-33
and TGM3 were significantly different between asymptomatic and symptomatic subjects. Retained proteins were
117, being 11 highly different between asymptomatic and symptomatic (fold change >2 or <-—2). After vali-
dation by LC-MS/MS-SRM (selected reaction monitoring analysis), the most significant discriminant proteins at
PCA were IL1RA, CYSTB, S100A8, S100A9, CA6, and FABP5.

Conclusions: The differentially abundant proteins involved in innate immunity (S100 proteins), taste (CA6 and
cystatins), and viral binding to the host (FABP5), appear to be of interest for use as potential biomarkers and
drugs targets.

1. Introduction emergency worldwide [1,2]. The clinical presentation of SARS-CoV-2
infection ranges from asymptomatic or pauci-symptomatic infection

Within a few months of its inception, the novel coronavirus Severe (50-75 % of subjects) with mild, transitory symptoms to severe disease
Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) causing (25-50 %). The mortality rate in patients with severe disease is in the
serious coronavirus disease 2019 (COVID-19) became a health region of 25 %, and in patients on mechanical ventilation in intensive
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Basic salivary proline-rich proteins; (C), Controls; (COVID-19), coronavirus disease 2019; (DSC2), Desmocollin-2; (FDR), False discovery rate; (FABP5), Fatty acid
binding protein 5; (FC), Fold change; (GN), Gene name; (his-1), Histatin 1; (IGKV1-33), Immunoglobulin kappa variable 1-33; (IL1RA), Interleukin 1 receptor
antagonist; (MUC7), Mucin 7; (NPS), Naso-pharyngeal swab; (PCA), Principal component analyses; (TGM3), Protein-glutamine gamma-glutamyltransferase E;
(PRH1), Salivary acidic proline rich phosphoprotein '2; (SRM), Selected reaction monitoring; (SARS-CoV-2), Severe Acute Respiratory Syndrome Coronavirus-2;
(STATH), Statherin; (SMR3B), Submaxillary gland androgen regulated protein 3B; (S), Symptomatic COVID-19 inpatients.
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care, the overall case-fatality rate ranges from 3 to 15 % depending upon
the age of the patient and the presence of co-morbidity (e.g. diabetes,
cardiovascular diseases, hypertension and cancer) [3-7]. The mass
vaccination program together with the emergence of SARS-CoV-2 vari-
ants have modified the clinical pattern, asymptomatic or pauci-
symptomatic infection occurring in the vast majority of cases. Howev-
er even actually in the course of the fifth wave, severe diseases and
mortality continues to occur [8]. Although considerable progress has
been made detecting of SARS-CoV-2 infection and understanding its
pathogenesis and host response, and despite currently available routine
laboratory tests which make an important contribution to its diagnosis,
it remains difficult to predict the host response to infection and to
establish the disease prognosis. Proteomics appears a promising tool for
screening markers of disease occurrence and progression through the
differential expression of proteins.

Proteomic profiling has been used to differentiate COVID-19 patients
from healthy subjects and/or to understand the host response to SARS-
CoV-2 infection in urine samples [9] and naso-pharyngeal swabs (NPS)
[10]. Furthermore, a mass spectrometry-based approach has been
employed to predict the severity of COVID-19 in peripheral blood
plasma [11]. Blood and urine samples are frequently used to search for
new biomarkers since they are non-invasive and easy to collect. Studies
using NPS, the standard sampling method for diagnosing COVID-19,
should be considered since they might evidence first line defense
against pathogens.

Recently we and others proposed saliva, considered the main vehicle
of viral spread, as a valid and attractive alternative to NPS in SARS-CoV-
2 detection, since it is self-collected at home with an easy and stan-
dardized procedure that provides a pure sample, which is easy to handle
in the laboratory [12-15]. Furthermore, as it is a plasma ultrafiltrate,
saliva can be considered a viable alternative to blood for the measure-
ment of protein markers. As yet, however, no systematic investigation
has been undertaken into salivary proteomic alterations due to SARS-
CoV-2 infection. The resident microbiome and proteases might affect
saliva sample stability causing protein degradation during collection
and within few hours after sample collection [16]. An integrated
approach aiming to evaluate both peptides and proteins in saliva might
therefore be conducive to discovering new potential biomarkers, and
new molecular pathways involved in disease pathogenesis and outcome
[16].

The aim of the present study was to analyse the saliva peptidome and
proteome in asymptomatic and symptomatic COVID-19 patients using
high throughput proteomics techniques, MS profiling, untargeted and
targeted LC-MS/MS approaches in order to identify putative biomarkers
implicated in different host responses to the virus.

2. Study population

This retrospective study was conducted on a total of 55 saliva sam-
ples collected from August to November 2020. Twenty samples were
from outpatients screened for suspected SARS-CoV-2 (i.e. contact with a
SARS-CoV-2 positive subject or with typical symptoms) and resulted
negative at molecular testing (controls group: C), while 35 were from
SARS-CoV-2 positive subjects. Infected subjects were subdivided in two
groups: A) asymptomatic group including 19 (7F, 12M; age range,
25-62 years) University employees participating in an active surveil-
lance program based on saliva molecular testing with a RT-PCR positive
result on saliva, confirmed on NPS molecular testing the subsequent day.
All of them were asymptomatic or pauci-symptomatic; S) symptomatic
group including the remaining 16 subjects (5F, 11M; age range, 28-88
years) who were COVID-19 inpatients hospitalized in the Tropical and
Infectious Disease Unit at the University-Hospital of Padova.

After giving their fully informed consent in writing (Local Ethic
Committee Nr. 27444), each patient was asked to collect a morning
saliva sample (Salivette device, SARSTEDT AG & Co, Niimbrecht, Ger-
many) as previously detailed [12].
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3. Sample collection and analysis

Saliva, collected after overnight fasting using a standardized pro-
cedure by a barcoded Salivette®, was centrifuged at 4000 g for 5 min.

3.1. Molecular testing

SARS-CoV-2 RNA was obtained from 200 pL of saliva by automated
nucleic acid extraction, using the Roche MagNA Pure 96 Instrument
with the MagNA Pure 96 DNA and Viral NA Small Volume Kit (pathogen
universal 200 protocol). RNA was amplified by QuantStudio™ five Real-
Time PCR Systems (Applied Biosystems, USA) using TaqPath COVID-19
CE-IVD RT-PCR kit (Life Technology, Applied Biosystems, USA) as
described elsewhere [17]. The TagPath COVID-19 RT-PCR kit has CE-
IVD certification for the usage of salivary samples. All 35 saliva sam-
ples obtained from infected (asymptomatic and symptomatic) subjects
were positive at rRT-PCR analysis for SARS-CoV-2.

3.2. Sample preparation, TMT-labelling and SCX

Salivary samples were stored at —80 °C within 24 h from collection.
Protein quantification was performed using the Bradford method on all
saliva samples and an average protein concentration of ~1 ug/uL (Mean
+ SE =1.01 £ 0.05) was detected. To standardize the analysis, the same
volume of each sample was used. We chose to use an isovolumetric
approach rather than a method based on the same protein quantity
because the variations in protein content were limited and a protein
content approach might mask differences between subjects that could be
of relevance in clinical translation, a setting where it would be much
more convenient to prepare the samples by simply measuring a certain
volume of saliva rather than measuring first the protein concentration
and then, based on the results, the adequate sample volume for the
analysis.

Briefly, 30 uL of each saliva sample were diluted in 200 uL with the
washing buffer (WB, Urea 8 M, Tris-HCl 100 mM, pH 8.5) and loaded
into a Vivacon 500 filter (Sartorius, Germany) with a molecular cut-off
of 10 kDa to perform a FASP (Filter Aided Sample Preparation) protocol
for protein digestion. Three washes with WB and subsequent centrifu-
gation at 18,600x g were performed. The flow-through was collected to
recover salivary endogenous peptides which were then desalted using
C18 cartridges (Sep-Pak, Waters, USA), dried under vacuum and stored
at —20 °C for further analysis. Proteins retained in the filter were
reduced with 50 mM dithiothreitol (Fluka) in WB (incubation at 55 °C
for 30 min) and alkylated with 50 mM iodoacetamide (Sigma, Italy) in
WB (incubation 20 min at room temperature and in the dark). Proteins
were washed twice with WB, once with NH4HCO3 100 mM and once
with NH4HCO3 50 mM, as previously described [18]. Protein digestion
was performed overnight at 37 °C adding 0.6 ug of sequencing grade
modified trypsin (Promega, USA). Three extraction steps performed by
washing with 50 mM NH4HCOj3 and centrifuging at 18,600xg for 10
min, allowed to collect peptides that were finally acidified to pH 3 with
formic acid, dried under vacuum and stored at —20 °C.

Untargeted peptidomic and proteomic studies described below were
performed not on individual samples but using samples pools. Dried
samples of endogenous peptides were suspended in 9 pL of 10 %
acetonitrile (ACN)/0.1 % formic acid (FA) and then diluted with 0.1 %
FA to a final volume of 36 pL. Four to five individual saliva samples from
each study group (controls, asymptomatic and symptomatic) were
randomly selected and mixed, creating four pools of 15 pL each
(Table 1). Tryptic peptides were suspended in 30 pL of water, and mixed
according to the scheme reported in Table 1 to create pools of 40 pL.
These were then diluted with 0.1 % FA to a final volume of 1 mL,
desalted with C18 cartridges (Sep-Pak, Waters) and dried under vacuum.

Pools of tryptic peptides were suspended in 50 pL of 100 mM triethyl
ammonium bicarbonate (TEAB, Sigma) and labelled with Tandem Mass
Tags (TMT, Thermo Fisher Scientific) following manufacturer’s
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Table 1

Pool preparation. The table describes how individual samples were mixed to
prepare the different pools of saliva samples belonging to the three groups of
control (pools C1-C4), asymptomatic (pools A1-A4) and symptomatic (pools
S1-54) subjects.

PoolC  Control Pool Asymptomatic PoolS  Symptomatic
Samples A Samples Samples
number number number
Pool 114, 133, 155, Pool 2,7,10, 15,17 Pool 34, 51, 92, 95
C1 160, 163 Al S1

Pool 115, 136, 156, Pool 1,3,9,18, 20 Pool 64, 99, 124,
c2 61, 189 A2 S2 211

Pool 116, 139, 157, Pool 4,6,11, 13,19 Pool 60, 72, 195,
Cc3 188, 190 A3 S3 219

Pool 134, 137, 158, Pool 5,12,14,16 Pool 67,79, 145,
Cc4 159, 191 A4 S4 210

instructions. Briefly, 8 pL of each TMT label (0.8 mg in 40 pL of ACN)
was added to each sample and the reaction was allowed to proceed at
room temperature for 1 h and then quenched by the addition of 8 pL of 5
% (w/v) NH20H. To assess the completeness of the labeling, individual
samples were analyzed by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) as detailed below. Data were searched with the
Mascot search engine setting TMT labeling as variable modification: all
identified peptides were correctly modified at the N-terminus and each
lysine residue, thus confirming the efficiency of the labelling procedure.
Labelled samples were mixed (C1, C4, A2, A3, S1, S3 for replicate 1 and
C2, C3, Al, A4, S2, S4 for replicate 2) and the excess of tags was removed
by strong cation exchange chromatography (SCX) using a single elution
step with 350 mM KCl, as described elsewhere [18]. Samples were
finally desalted (C18, Sep-Pak), dried under vacuum and stored at
—20 °C until LC-MS analysis was performed.

3.3. Untargeted proteomic analysis

Untargeted peptidomic and proteomic analyses were performed by
LC-MS/MS with an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher
Scientific, USA) coupled online with a nano-HPLC Ultimate 3000 (Dio-
nex — Thermo Fisher Scientific, USA).

The analysis of endogenous peptides was carried out with a label-free
approach. Peptides were separated in a 10 cm pico-frit column (75 pm L.
D., New Objectives), packed in-house with C18 material (Aeris Peptide
3.6 pm XB-C18, Phenomenex) using a flow rate of 250 nL/min and a
linear gradient of ACN from 3 % to 40 % in 40 min. A Topl0 data
dependent acquisition method was applied, consisting in a full MS scan
in the range 300-1700 m/z in the Orbitrap (60,000 nominal resolution)
followed by MS/MS scans in the linear trap (CID fragmentation) of the
ten most intense ions. Two technical replicates were acquired for each
sample with a randomized approach.

Raw files were analyzed with the MaxQuant — Andromeda search
engine [19] against the Human section of Uniprot Database (version
Sept2020) [20] to which protein sequences of SARS-CoV-2 were added.
An unrestricted search was performed (no enzyme), setting as variable
modification the oxidation of methionine residues. False discovery rate
(FDR) was set at 0.01, both at the peptide and protein level. Only pro-
teins identified with at least 2 peptides were considered. Protein in-
tensities, as calculated by the software, were used to highlight
significant differences between groups (p-value < 0.001, Supplementary
Table 1).

TMT-labelled peptides were separated under the same conditions
specified above but using a linear gradient of ACN from 3 % to 50 % in
90 min and a different acquisition method. A full MS scan in the range
300-1700 m/z in the Orbitrap (30,000 nominal resolution) was followed
by three MS/MS scans acquired both in the linear trap (CID fragmen-
tation for identification purposes) and in the Orbitrap (HCD fragmen-
tation, 7500 nominal resolution, for quantification purposes). All
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peptides identified with high confidence (as detailed below) were used
to generate a static exclusion list and samples were analyzed a second
time under identical chromatographic and instrumental conditions but
for the application of the exclusion list.

Raw files were analyzed with the software package Proteome
Discoverer (version 1.4, Thermo Fisher Scientific) interfaced to a Mascot
search engine (version 2.2.4, Matrix Science) against the same database
specified above. A MudPIT protocol was applied with the following
search parameters: trypsin as digesting enzyme with up to 2 missed
cleavages allowed; 10 ppm and 0.6 Da for peptide and fragment toler-
ance, respectively; carbamidomethylation of cysteines and TMT-6plex
(N-term and K) were set as fixed modifications, while methionine
oxidation as variable modification. The algorithm Percolator was used
to assess the FDR which was set at 0.01 both for peptides and proteins.
Only proteins identified with at least 2 unique peptides were further
considered. TMT reporter ion intensities were used to quantify proteins
and highlight significant differences between groups (p-value < 0.001,
Supplementary Table 2).

3.4. Targeted proteomic analysis

The targeted proteomic analysis was carried out by LC-MS/MS using
a triple quadrupole (TSQ Quantiva, Thermo Fisher Scientific, USA)
coupled to a UHPLC Ultimate 3000 (Dionex - Thermo Fisher Scientific,
USA), on the asymptomatic and symptomatic individual samples used to
prepare pools in the untargeted proteomic analysis.

Peptides were separated by reverse-phase chromatography with a
C18 column (Brownlee SPP Peptide ES C18, 100 mm x 2.1 mm i.d., 2.7
um particle size, Perkin Elmer), maintained at 30 °C. Peptides separation
occurred with a 45 min gradient, using 0.1 % formic acid in aqueous
solution (A) and 0.1 % formic acid in acetonitrile (B) as mobile phases.
The gradient started at 2.5 % B and increased up to 50 % B in 34 min.
Flow rate was set to 0.200 mL/min and the injection volume was 11 pL.
Two technical replicates were acquired for each sample. The mass
spectrometer operated in selected reaction monitoring (SRM) mode,
with the following parameters: positive ionization mode, spray voltage
at 3000 V, ion transfer tube and vaporizer temperature at 325 °C, CID
argon pressure at 1.5 mTorr, sheath gas 25 (Arb), auxiliary gas 10 (Arb),
sweep gas 0 (Arb), Q1 and Q3 resolution 0.7 (FWMH). Proteotypic
peptides of selected proteins were predicted with Skyline MS software v.
21.1 [21] and shortlisted when necessary, giving priority to the peptides
that were actually identified in the untargeted analysis. The SRM tran-
sitions were downloaded from SRMAtlas database [22] and experi-
mentally optimized. The complete list of optimized transitions is
reported in Supplementary Table 3.

Raw MS data were analyzed with Skyline and a relative quantifica-
tion between A and S patients was obtained comparing the average area
of the most intense transition for each monitored peptide.

3.5. Bioinformatic and statistical analysis

To highlight physical/functional interactions between proteins
identified by the untargeted proteomic analyses and enriched pathways
and biological functions the tools STRING [23], g:GOST of g:Profiler
[24] and Revigo [25] were used. All other analyses were performed
using R for statistical computing (R Foundation for Statistical
Computing, Vienna, Austria). Since peptide levels were highly skewed,
data were firstly scaled and centered before analyses. Visual correlation
matrix was used for identifying associations between variables, using
the complete clustering as agglomeration method. Two dimensional and
three-dimensional principal component analyses (PCA) were performed
using the function “PCA”, with ggplot as a graphical engine. Heatmap
analysis was performed using “canberra” as distance function and
“Ward.D2” as clustering method of the R function “heatmap”. Logistic
regression was performed using groups as class independent variables
and scaled peptides levels as covariates.
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4. Results

Table 2 reports the demographical and clinical features of the con-
trols, asymptomatic and symptomatic subjects.

In order to identify disease associated salivary peptides/proteins, in
the first stage of the study, four or five individual saliva samples from
each study group were randomly selected and pooled using an iso-
volumetric strategy (Table 1).

Endogenous peptides, derived from the spontaneous or protease-
dependent degradation of saliva proteins, were isolated by filtration
with a 10 kDa membrane, as described in the methods section. An
untargeted label-free LC-MS/MS approach was applied to compare the
abundance of peptides in the four saliva pools obtained for each study
group. LC-MS/MS analyses were performed in technical duplicate, i.e.
each sample was analyzed twice, under the same instrumental and
chromatographic conditions. A high correlation was found between the
signal intensities obtained from the duplicated measurements of each
pool (mean correlation: r = 0.99 for Control, r = 0.98 for Asymptomatic
and r = 0.99 for Symptomatic), thus showing that results were techni-
cally sound and highly reproducible.

Raw data files were analyzed with the software MaxQuant interfaced
to the Andromeda search engine, using an unrestricted search setting
(no enzyme). Identified peptides were referred to their original proteins
when at least two unique peptides were identified with high confidence
(FDR < 0.01). Using this approach, a total of 53 proteins were identified,
their fold changes and statistical significance being reported in Sup-
plementary Table 1. Two proteins characterized SARS-CoV-2 infection:
1) Actin-depolymerizing factor (ADF) detected in controls but not in
infected subjects, and 2) Interleukin-1 receptor antagonist protein
(IL1RA), which had an opposite behavior, i.e. absent in controls but
present in infected subjects. For the majority of proteins, no significant
differences were found between asymptomatic and symptomatic groups,
with some highly significant exceptions, including basic salivary
proline-rich proteins (PRPs), desmocollin-2 (DSC2), fatty acid binding
protein 5 (FABP5), histatin 1 (his-1), salivary acidic proline rich phos-
phoprotein % (PRH1), statherin (STATH), submaxillary gland androgen
regulated protein 3B (SMR3B), annexin Al (ANXA1), mucin 7 (MUC7),
alpha-actinin-4 (ACTN4), immunoglobulin kappa variable 1-33 (IGKV1-
33), protein-glutamine gamma-glutamyltransferase E (TGM3) and the

Table 2
Demographic and clinical features of the studied subjects, including control,
asymptomatic and symptomatic SARS-CoV-2 positive subjects.

Control Asymptomatic Symptomatic p-
n=20 n=19 n=16 value”
Age, (mean + SD, 47.0 £ 44.6 + 14.6 62.2 + 20.0* 0.007

yIs) 16.1

Gender, n F/M (%F) 12/8 (60 7/12 (37 %) 5/11 (31 %) 0.199
%)
Pneumonia, n (%) - 0 (0.0 %) 8 (50.0 %) <0.001
Fever, n (%) - 7 (36.8 %) 12 (75.0 %) 0.027
Anosmia, n (%) - 3(15.8 %) 0 (0.0 %) 0.148
Ageusia, n (%) - 1 (5.3 %) 0 (0.0 %) 0.543
Asthenia, n (%) - 4 (21.1 %) 1 (6.3 %) 0.347
Cough, n (%) - 4 (21.1 %) 4 (25.0 %) 0.548
Headache, n (%) - 1 (5.3 %) 1 (6.3 %) 0.713
GI, n (%) - 0 (0.0 %) 5 (31.3 %) 0.013
Arthralgia, n (%) - 1(5.3%) 2 (12.5 %) 0.434
Myalgia, n (%) - 2(10.5 %) 1 (6.3 %) 0.566
Dyspnea, n (%) — 2 (10.5 %) 4 (25.0 %) 0.379
Rhinitis, n (%) - 5(26.3 %) 0 (0.0 %) 0.036
Nausea, n (%) - 0 (0.0 %) 0 (0.0 %) 1.000
Pharyngodynia, n - 0 (0.0 %) 3(18.8 %) 0.086

(%)

GI: Gastrointestinal symptoms. *Statistical analysis was made by One-way
Anova for age, and by the Chi-square test for all the remaining variables.
*Bonferroni’s test for pairwise comparisons: p < 0.05 with respect to Control
and Asymptomatic subjects. Significant p-values are in bold.

Clinica Chimica Acta 537 (2022) 26-37

collagen alpha 1(VIII) chain (COL8A1) (Supplementary Table 1).

The same saliva pools, obtained as described above, were then sub-
jected to a label-based quantitative proteomic approach (Tandem Mass
Tags, TMT) to identify salivary proteins with different abundance be-
tween groups. After removal of the endogenous peptides, proteins were
reduced, alkylated and trypsin digested using a filter aided sample
preparation protocol (FASP), as detailed in the methods section. Tryptic
peptides from the different pools were then labeled with TMT reagents
and mixed. LC-MS/MS analysis and protein identification and quantifi-
cation was performed as described in the methods section. A total of 117
proteins were identified and quantified (Supplementary Table 2). The
abundance of six proteins (BPI fold-containing family A member 2,
Histone H3 (Fragment), Histone H4, Integrin alpha-M, Small proline-
rich protein 3 (Fragment), Keratin, type II cytoskeletal 1) was lower
among SARS-CoV-2 positive subjects with respect to controls, while the
opposite pattern was observed for another series of four proteins
(Galectin-3-binding protein, Immunoglobulin J chain (Fragment),
Interleukin-1 receptor antagonist protein, Polymeric immunoglobulin
receptor). For 80 of the 117 proteins reported in Supplementary Table 2,
significant differences in abundance levels were found between
asymptomatic and symptomatic SARS-CoV-2 subjects, 11 proteins
showing a fold change (FC) 2, or <—2 (Table 3).

We then focused on infected subjects to search biomarkers of disease
severity. First the 80 significantly differentially abundant proteins be-
tween asymptomatic and symptomatic subjects were selected to perform
a String Network Analysis [23] and g:GOST functional profiling [24].
The String Network Analysis highlights how these 80 proteins are
physically/functionally highly interconnected (Fig. 1), and g:GOST
functional profiling, allowed the identification of 12 highly enriched
significant pathways, mainly encompassing the host response to infec-
tion (Fig. 2).

The 117 proteins identified by the label-based approach were then
compared to the 53 proteins identified with the analysis of endogenous

Table 3

Significantly differentially abundant proteins between Symptomatic (S) and
Asymptomatic (A) groups. Only proteins with a Fold Change (FC) >2 or <—2 are
reported. For comparison, the pattern of any protein in S and A groups with
respect to Controls (C) is reported as FC, which might be non significant (ns) or
significant (*).

Protein ID Description Gene FC
Name
S/A S/C A/C
P31949 Protein S100-A11 S100A11 —2.55 1.17 3.18*
ns
Q6P5S2 Protein LEG1 LEG1 —2.54 —1.48 1.37 ns
homolog ns
P05109 Protein S100-A8 S100A8 -251 -1.29 2.06*
ns
F8VV32 1,4-beta-N- LYZ —-2.35 —-1.03 3.21*
acetylmuramidase ns
C
AOAOAOMSS51 Actin- GSN —-2.15 1.45 2.96*
depolymerizing ns
factor
Q02413 Desmoglein-1 DSG1 —2.13 -1.27 1.67 ns
ns
A8K2UO Alpha-2- A2ML1 -2.00 1.17 2.39%
macroglobulin-like ns
protein 1
P01876 Immunoglobulin IGHA1 -2.00 1.32 2.44*
heavy constant ns
alpha 1
B9A064 Immunoglobulin IGLL5 —-2.04 1.65 3.46*
lambda-like ns
polypeptide 5
P09228 Cystatin-SA CST2 2.24 1.17 —1.22 ns
ns
P23280 Carbonic CA6 251 —1.46 —2.91*
anhydrase 6 ns
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Fig. 1. String Network Analysis of the proteins identified as significantly different between asymptomatic and symptomatic groups. Lines connecting the different
nodes represent functional and/or physical interactions. Red and blue nodes represent proteins involved in the immune system and in the innate immune system,

respectively.

peptides; this allowed the identification of a total of 26 common proteins
(Supplementary Table 4).

To validate the results obtained with saliva pools and rule out
possible biases due to the way the different patient samples were mixed,
a LC-MS/MS Selected Reaction Monitoring (SRM) analysis was per-
formed on all individual patient samples using a triple quadrupole mass
spectrometer interfaced to an HUPLC system, as detailed in the methods
section. This targeted approach was carried out on a subset of the most
interesting proteins identified with the untargeted proteomic ap-
proaches described above. In particular, the following ten proteins were
selected among the 26 commonly identified by the label-free peptidome
analysis and the label-based proteome analysis (Supplementary
Table 4): IL1RA, S100A8, SI00A9, CRNN (Cornulin), CYST-SA, CYSTB,
CA6, GAPDH (G3PD), FABP5, DSC2. These proteins were considered as
the most relevant based on the data obtained from the untargeted ap-
proaches and on the scrutiny of the literature, for their involvement in
the processes of inflammation, metabolism and cellular adhesion. Pro-
teins were first trypsin digested and the abundance of the derived

30

proteotypic peptides were monitored by a LC-MS/MS-SRM method. For
each protein 3 to 4 proteotypic peptides were selected (with the
exception of DSC2 protein for which only 2 peptides were considered)
and for each peptide 4 different transitions were monitored. The com-
plete list of optimized transitions is reported in Supplementary Table 3.
Two technical replicates were collected for each sample. For each pep-
tide the most intense transition was used for quantification. Duplicate
data were averaged, and a final data matrix was built for the subsequent
statistical analysis, which always included age as covariate.

Peptide data were highly skewed. Each peptide level was logl0
transformed and results are shown in Fig. 3. Data were then scaled and
centered before bioinformatic analyses. Age was included in the
analyses.

Fig. 4 shows the hierarchical clustered correlation matrix, which
indicates that, as expected, peptides derived from the same protein
cluster together. The most significant correlations between peptides
were reported in red (positive) and violet (negative). Inverse correla-
tions between S100A8/S100A9 and carbonic anhydrase 6 are clearly
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Fig. 2. Manhattan plot reporting the enrichment analysis of GO terms associated to the proteins identified as differently abundant in asymptomatic and symptomatic

groups. The top twelve most significant GO-terms are listed.

depicted in Fig. 4 (violet area, bottom right).

Principal component analysis (PCA) was used to evaluate whether
the asymptomatic and symptomatic groups could be differentiated by
peptides abundances (Fig. 5). The first dimension of PCA (panel A) was
mainly explained by IL1RA and CYSTB; the second dimension (panel B)
was associated mainly to SI00A8 and S100A9. The bidimensional plot
after PCA with superimposed ellipses (which contain approximately 95
% of data) shows that groups partially overlap (panel C). A further
analysis, made by a tridimensional plot (panel D), resulted in a better
discrimination between groups. Panel E shows that the third dimension
is mainly associated to CA6, age and FABP5.

A further analysis was made by means of heatmaps using Canberra
distances and Ward clustering (Fig. 6). The results obtained showed two
main clusters of subjects, each of which could be further divided into
two subgroups. The horizontal clustering shows that asymptomatic (A)
and symptomatic (S) subjects presented heterogeneous levels of pep-
tides. However, within the first sub-clustered group, the further division
identified asymptomatic (A) and symptomatic (S) subjects more homo-
genously. The vertical clustering shows that peptides are correctly
clustered together.

Due to the effective discrimination between asymptomatic and
symptomatic groups obtained with the heatmap, a series of univariate
logistic regressions analyses were performed using the groups as
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outcome, and peptides as explanatory variables. P-values were adjusted
for multiple comparisons by the Benjamini-Hochberg procedure. Results
reported in Table 4, show that significant association to symptomatic
COVID-19 were obtainable for peptides derived from S100A8, S100A9,
CYST-SA and CA6, whereas the covariate variable age was not signifi-
cantly associated to SARS-CoV-2 presence or absence of symptoms.

To evaluate whether the studied proteins were correlated with the
disease severity, we considered the group of symptomatic patients (S). In
this group clinical (age, gender, pneumonia, time from onset), hema-
tological and biochemical data (reported in Supplementary Table 5)
were correlated with the abundance of any peptide monitored by LC-
MS/MS-SRM as reported in Table 4. Peptide abundances do not corre-
late with clinical and biochemical data, while hematological data
correlated with the estimated abundance of two proteins, CA6 and
S100A8. Platelets count correlated with CA6 (r = 0.5324, p = 0.0338; r
= 0.4706, p = 0.0658; r = 0.5794, p = 0.0187 for the three analyzed
peptides sequentially reported in Table 4). SI00A8 correlated with
lymphocytes (r = 0.5147, p = 0.0413; r = 0.4618, p = 0.0718; r =
0.4706, p = 0.0658), and monocytes count (r = 0.4492, p = 0.0809; r =
0.5552, p = 0.0256; r = 0.4374, p = 0.0902). S100A9 behaved similarly
to S100A8, although correlations did not reach statistical significance.
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Fig. 3. Boxplots with individual data points (dots) of log;( transformed peptide levels, subdivided by patients’ groups (A = Asymptomatic and S = Symptomatic).

5. Discussion and conclusions

The present study was undertaken to identify new potential salivary
biomarkers of COVID-19 disease. Saliva was chosen because SARS-CoV-
2 is reported to infect salivary glands which, in turn, might become a
reservoir for the virus [26,27]. Being non-invasive, saliva collection is
tolerated by patients more than sera collection; moreover, this biofluid
requires less pre-analytical handling before proteomic analysis since it is
less enriched than plasma in abundant proteins, such as albumin [28].
The clinical spectrum of SARS-CoV-2 infection ranges from the complete
absence of symptoms to severe disease. The outcome of the infection is
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unpredictable, although more severe disease is reported mainly among
older subjects and immunocompromised patients [5,7]. We retrospec-
tively selected and compared saliva samples obtained from controls and
two groups of SARS-CoV-2 positive subjects: asymptomatic (group A)
and inpatients with COVID-19 disease (symptomatic group-S). In order
to minimize potential comparison bias between the two SARS-CoV-2
groups, they shared the: 1) enrollment period and geographic area to
limit SARS-CoV-2 variant-related differences; 2) Ct values of molecular
testing to avoid extremes with very high (Ct < 20) or very low (Ct > 30)
viral loads; 3) absence of any previous vaccination since they were
enrolled before the beginning of the vaccine campaign.



A. Aita et al.

NYPENTYYSNFISHLANIK..CA6
VESNFPNQEYTLGSEFQFYLHK..CA6
age
EQIVGGVNYFFDIEVGR..CystSA.
ALHFVISEYNK..CystSA
IIEGGIYDADLNDER..CystSA.
SQVVAGTNYFIK..CystB
VHVGDEDFVHLR..CystB
VFQSLPHENKPLTLSNYQTNK..CystB
IDVWPIEPHALFLGIHGGK..IL1RA.
LQLEAVNITDLSENR..IL1RA.
FYFQEDE.IL1RA
NNQLVAGYLQGPNVNLEEK..IL1RA
LTDPTGWVTIDENTGSIK..DSC2
ELGVGIALR..FABP5
TQTVCNFTDGALVQHQEWDGK..FABP5S
TTQFSCTLGEK..FAB5
FEETTADGR..FABP5
LVINGNPITIFQER..G3PD
LISWYDNEFGYSNR..G3PD
VGVNGFGR..G3PD
GALQNIIPASTGAAK..G3PD
GADVWFK..S100A8
ALNSIIDVYHK..S100A8
LGHPDTLNQGEFK..S100A9
NIETIINTFHQYSVK..S100A9
GNFHAVYR..S100A8
LTWASHEK..S100A9
LLDEDHTGTVEFK..Cornulin
LLEQEFADVIVKPHDPATVDEVLR..Cornulin .

Clinica Chimica Acta 537 (2022) 26-37

Corr

05
0.0
-0.5

-1.0

© @ D O B D O O O O g5 P O B : R R RS SRS SRS
SFSITITSSF S?Q .C?Qoéqoéz <<‘§ ‘S@«‘&& N \v\%%%qyoé f of o*"@c;\"@c;\e’@ Q’«f&&%@
R P NN S S RS Pl S SISO NN
EF S I E L EER FHCIEE S EISESRS a5
v%‘*oooo@S‘éq\"\éé’(oA@Q\ﬁﬂ&VGw\@f@\@\ & E &
G LREFTPROF O EFE FLEIE S CSERIF L EL LS
ST E LS O O EEFTTLF S HFELST OIS I
§ A KL . & SF FESLE L v L«
> 2N [CAENS P S0 \932‘ & N & &
\65\{( V$& S o Q/@ QA <~
& K\ &

Fig. 4. Hierarchical clustered correlation matrix of all studied peptides, including age.

A potential bias and limitation of our study might depend on the
differences between asymptomatic and symptomatic groups in the
duration of infection, which could not be determined for asymptomatic
subjects. Moreover, another potential limitation might be represented
by a previous history of oral condition that would affect the composition
of saliva. In order to make the proteomic analysis as comprehensive as
possible, both the intact protein fraction and the endogenous peptides
fraction were analyzed. Peptides in saliva might result from post-
collection proteolytic degradation, but they might also be representa-
tive of oral physiology as described for PRPs deriving from the pre- and
post-secretion proteolytic processing of the basic and acidic Proline-Rich
Proteins. PRPs might exert anti-microbial but also detoxifying effects
[29]. PRPs were significantly lower in both asymptomatic and symp-
tomatic SARS-CoV-2 subjects with respect to controls, the reduction
being more pronounced in the asymptomatic than in the symptomatic
group subjects (Supplementary Table 1). This finding suggests that PRPs
might be involved in the host defense to SARS-CoV-2 orally, possibly
contributing to limiting viral spread. A similar pattern was observed for
peptides derived from the most abundant salivary proteins (i.e., basic
and acidic Proline-Rich Proteins, statherin, and histatin-1).

On the contrary, Desmocollin-2 (DSC2), Fatty acid-binding protein 5
(FABP5) and Interleukin-1 receptor antagonist protein (IL1RA) derived
peptides tended to increase mainly in asymptomatic subjects with
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respect to controls, and this was associated with a significant reduction
in abundance among symptomatic subjects as compared to the asymp-
tomatic ones. DSC2 members of the cadherin superfamily mediate
adhesion to desmosomes [20,30], and currently no data are present in
the literature regarding its role in COVID-19. FABP5 is involved in long
chain fatty acid intracellular transport, being able to bind linoleic acid
(LA) [20]. Interestingly, it has been recently reported that SARS-CoV-2
spike (S) glycoprotein has a receptor-binding domain that tightly
binds LA in three composite binding pockets. This binding stabilizes a
locked S conformation, resulting in a reduction in both angiotensin-
converting enzyme 2 (ACE2) interaction in vitro and SARS-CoV-2
replication [31]. The significantly reduced levels of FABP5 peptides
among symptomatic patients was correlated with increased levels of the
intact protein, suggesting that a reduced fragmentation of the protein
might reduce free LA availability in the mouth, thus favoring the
unlocked S protein conformation and ACE2 receptor binding and
dissemination. IL1RA peptides and protein were reduced in symptom-
atic patients, in line with the effect of this antagonist on IL1, a cytokine
that is primarily involved in COVID-19 pathogenesis [32]. Any absence
of a counterbalance might favor inflammation and disease.

The label-based proteomic analysis showed that many of the differ-
entially abundant proteins between A and S groups were mainly repre-
sentative of the innate immune response to infections (Figs. 1 and 2).
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Fig. 5. Principal Component Analysis (PCA) results, obtained using scaled data of all the studied proteotypic peptides and patients’ age. Panels A and B report the
contribution of the 8 most important variables in explaining Dimensions 1 and 2, respectively. Panel C reports the bidimensional plot of PCA, with individual patients
divided by asymptomatic (A) and symptomatic (S) and with superimposed the two ellipsoids (each including 95% of individuals); Panel D reports the contribution of

Prieto et al. [37]. Both proteins are involved in taste perception

the 8 most important variables in explaining Dimensions 3. Panel E shows the three-dimensional plot of PCA, with the superimposed the two ellipsoids
respect to controls, in agreement with the recent findings from Munoz-

These are generally significantly lower in the symptomatic patients as
compared to the asymptomatic subjects. This finding suggests that
SARS-CoV-2 evolving towards a more severe disease is probably due, at
least in part, not only to an impaired systemic innate immunity but also
to an impaired innate immunity at the portal entry of the virus: the
mouth. Of the innate immunity proteins belonging to the S100 family,
S100A11 significantly increased in asymptomatic, but not in symp-
tomatic subjects with respect to controls and a similar, although less
significant pattern, was observed for SI00A8 and S100A9. Increased
levels of these calcium binding proteins were also found in asymptom-

[20,38,39]. These findings are in line with the SARS-CoV-2 correlated

ageusia, although in our series this clinical manifestation was extremely

rare. From the untargeted peptidomic and proteomic analyses two
further proteins are worth mentioning: Alpha-actinin-4 and actin
depolymerization factor. Both proteins were reduced in symptomatic
COVID-19 patients and both are involved in cytoskeletal remodeling,
cell motility but also in virus entry into the host cells [40].

Proteomic and peptidomic results discussed so far were obtained
from analyses of pooled samples. To validate our results, a representa-
tive series of the most interesting proteins identified with the untargeted

approaches was quantified in single samples by LC-MS/MS-SRM
significant  variations could be found for

atic with respect to symptomatic patients. To explain the discrepancy
between this finding and data previously collected on serum [33-35] it
is important to consider the complexity of S100 biology: these proteins
might have opposite effects (e.g., pro- or anti-inflammatory) depending
on the target tissue or organ and on the cellular status [36]. It is
therefore possible that at the systemic level they might amplify the in-

flammatory response with severe clinical consequences, while at the oral
mucosa they might induce an inflammatory reaction able to limit viral

spread.

Two proteins, Carbonic anhydrase 6 (CA6) and Cystatin-SA (CYST-
SA), were highly expressed by COVID-19 symptomatic inpatients with
respect to asymptomatic subjects, although both were reduced with

approach. No
Glyceraldehyde-3-phosphate dehydrogenase (G3PD), while CYST-SA
and CA6 have a significantly increased abundance in symptomatic

with respect to asymptomatic subjects. All these results confirmed those
obtained with the untargeted approach using saliva pools. Differences in
CA6 and CYST-SA expression in COVID-19 patients with respect to a
control group were recently reported also by Munoz-Prieto et al. [37],

thus suggesting that the dysregulation of CA6 and CYST-SA can result in

taste and smell perception perturbation caused by COVID-19

34
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Fig. 6. Hierarchical clustered heatmap analysis, performed including peptides, age and patients’ groups.

The results obtained by the quantification of FABP5 deserve
consideration, since a wide data distribution was observed, with median
levels that tended to be lower among symptomatic than asymptomatic
subjects; this finding is not in line with the increased levels found by the
untargeted proteomic analysis, but it is in line with the findings of the
untargeted peptidomic analysis. We might hypothesize that an increased
fragmentation of FABP5 might occur in symptomatic subjects causing
reduced levels of the intact protein as detected by targeted SRM analysis.
Furthermore, this discrepancy might also depend on the differences
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between the two analytical approaches: untargeted peptidomic and
proteomic analyses were performed on pooled saliva samples, while
individual samples were analyzed by the targeted SRM approach.
Therefore, the differences observed when pools were analyzed might be
due to the high levels present in some patients, which affect the overall
levels of the pooled samples.

PCA and hierarchical clustering were performed to identify potential
diagnostic clusters of proteins able to distinguish between asymptomatic
and symptomatic subjects. First and second PCA dimensions did not
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Univariate logistic regression analyses. Asymptomatic and Symptomatic groups were outcome variables, LC-MS/MS-SRM peptides were explanatory variables and age
was covariate. P-values and Benjamini & Hochberg adjusted (BH) p-values were reported.

Protein Peptide name (included in the model) Coefficients unadjusted BH
p-value p-value
IL1IRA NNQLVAGYLQGPNVNLEEK.IL1RA 0.126 0.126 0.245
LQLEAVNITDLSENR.ILIRA 0.381 0.381 0.493
IDVVPIEPHALFLGIHGGK.IL1RA 0.314 0.314 0.438
FYFQEDE.ILIRA 0.313 0.313 0.438
Cornulin LLEQEFADVIVKPHDPATVDEVLR.Cornulin 0.053 0.053 0.109
GQNRPGVQTQGQATGSAWVSSYDR.Cornulin 0.019 0.019 0.052
LLDEDHTGTVEFK.Cornulin 0.026 0.026 0.063
CA6 VVESNFPNQEYTLGSEFQFYLHK.CA6 0.004 0.004 0.041
NYPENTYYSNFISHLANIK.CA6 0.006 0.006 0.041
LENSLLDHR.CA6 0.004 0.004 0.041
FABP5 TQTVCNFTDGALVQHQEWDGK.FABP5 0.913 0.913 0.913
TTQFSCTLGEK.FABP5 0.894 0.894 0.913
ELGVGIALR.FABP5 0.730 0.730 0.838
FEETTADGR.FABP5 0.325 0.325 0.438
CYST-SA IIEGGIYDADLNDER.CYST-SA 0.006 0.006 0.041
ALHFVISEYNK. CYST-SA. 0.016 0.016 0.052
EQIVGGVNYFFDIEVGR. CYST-SA 0.036 0.036 0.080
S100A8 ALNSIIDVYHK.S100A8 0.015 0.015 0.052
GNFHAVYR.S100A8 0.008 0.008 0.041
GADVWFK.S100A8 0.017 0.017 0.052
DSC2 LTDPTGWVTIDENTGSIK.DSC2 0.269 0.269 0.416
CYSTB VHVGDEDFVHLR.CYSTB 0.202 0.202 0.329
SQVVAGTNYFIK. CYSTB 0.154 0.154 0.266
VFQSLPHENKPLTLSNYQTNK. CYSTB 0.144 0.144 0.262
G3PD LISWYDNEFGYSNR.G3PD 0.546 0.546 0.651
VGVNGFGR.G3PD 0.862 0.862 0.913
LVINGNPITIFQER.G3PD 0.788 0.788 0.873
GALQNIIPASTGAAK.G3PD 0.413 0.413 0.513
S100A9 LGHPDTLNQGEFK.S100A9 0.020 0.020 0.052
LTWASHEK.S100A9 0.008 0.008 0.041
NIETIINTFHQYSVK.S100A9 0.014 0.014 0.052

Significant p-values are in bold.

enable a distinction between the two groups since the two ellipsoids
overlapped. However, a clearer distinction between groups was ach-
ieved with third dimension PCA. In this analysis, major determinants
were age, CA6 and FABP5. Hierarchical clustering clearly showed the
prevalence of reduced protein levels distinguishing between asymp-
tomatic and symptomatic subjects. Four main protein clusters emerged:
1) S100A8 and S100A9; 2) CYST-SA and CA6; 3) DSC2 and FABP5; 4)
CYSTB, Cornulin, IL1RA and G3PD. On the other hand, two main patient
arms were clustered, each cluster further comprising two subgroups.
Protein clusters 1 and 4 were associated with asymptomatic group
whereas protein clusters 2 and 3 were associated with symptomatic
group. At logistic regression analysis, proteins significantly correlated
with group S were CA6, S1I00A8, SI00A9 and CYST-SA. Notably CA6
and S100A8 variations in this group of patients were correlated with
thrombocytopenia and lymphopenia, two well-known hallmarks of
SARS-CoV-2 infection [41].

In conclusion, our findings suggest that salivary proteins are not only
associated with SARS-CoV-2 infection but might also be a valid tool in
detecting the presence of a more severe disease form. Due to their sig-
nificance in pathogenesis, the differentially abundant proteins involved
in innate immunity (e.g., S100 proteins), in taste (e.g., CA6 and cys-
tatins), and those potentially involved in modifying viral binding to the
host receptor (e.g., FABP5), appear to be of interest for use as potential
biomarkers, and as possible targets for the development of new drugs.
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