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ARTICLE INFO ABSTRACT

Keywords: In the present study, a quantitative proteomic approach to study changes in saliva proteins associated with
Biomarkers canine leishmaniosis (CanL) was performed. For this, canine salivary proteins were analysed and compared
Saliva between dogs before (T0) and after (T1) experimental infection with Leishmania infantum by high-throughput
]];‘Zi;hmani“is label-based quantitative LC-MS/MS proteomic approach and bioinformatic analysis of the in silico inferred in-

Gel-free proteomics
Tandem mass tag

teractome protein network was created from the initial list of differential proteins. More than 2000 proteins were
identified, and of the 90 differentially expressed proteins between TO and T1, 12 were down-regulated with log2

fold change lower than —0.5849, and 19 were up-regulated with log2 fold change greater than 0.5849. This
study provides evidence of changes in salivary proteome that can occur in canine leishmaniosis and revealed
biological pathways in saliva modulated in canine leishmaniosis with potential for further targeted research.

1. Introduction

Vector-borne diseases are considered a major threat to human and
animal health (Kules et al., 2016a). Among them, visceral leishmaniosis
is a major global zoonosis caused by the protozoan Leishmania infantum
(Martinez-Subiela et al., 2017) that can be potentially fatal to humans
and dogs (Solano-Gallego et al., 2011), which are the main reservoir of
infection (Gramiccia and Gradoni, 2005). Canine leishmaniosis (CanL)
is presented almost worldwide and considered endemic in more than 70
countries, with increasing cases in non-endemic areas (Solano-Gallego
et al., 2011).

CanL can have clinical presentations, ranging from subclinical to
fatal illness. There are many different signs that a sick dog can manifest,
being the most frequent enlargement of lymph nodes and skin lesions
(Solano-Gallego et al., 2011). In any case, CanL may potentially involve
any organ, tissue, or body fluid, producing a wide range of nonspecific
clinical signs that make the diagnosis of CanL challenging (Solano-
Gallego et al., 2011).

Saliva sampling is non-invasive, painless, easy to perform, and well
tolerated by dog patients and owners compared to traditional

diagnostic methods such as biopsy or vein puncture (Parra et al., 2005;
Yoshizawa et al., 2013). In the last years, saliva has proved to be a
promising tool in the diagnosis of human visceral leishmaniasis since
saliva-based diagnostic test are demonstrated to be equally sensitive as
serum-based ones, specifically a rk39 antibody detection test
(Mohapatra et al., 2016; Vaish et al., 2012). In a recent report, anti-
bodies against L. infantum have been detected and quantified in the
saliva of infected dogs, proposing this specimen as a promising tool in
the diagnosis of CanL (Cantos-Barreda et al., 2017). However, to the
authors’ best knowledge, there are no studies about changes of salivary
proteome in canine leishmaniosis. The knowledge of these possible
changes could help to better understand the physiopathology of the
disease and identify biomarkers that could be of clinical use. Currently,
there are established guidelines for the diagnosis of canine leishma-
niosis based on clinical signs, serology, and laboratory findings (Solano-
Gallego et al., 2011). However, in some cases, the diagnosis can be
difficult and the interpretation controversial, needing to be adapted for
each patient (i.e. dogs with no clinical signs can have high antibody
titters) (Martinez-Subiela et al., 2017). In addition, the samples em-
ployed for the molecular diagnosis of canL consists in invasive methods
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Table 1

Main clinicopathological findings in dogs with clinical CanL and clinical stagesbased on LeishVet guidelines at the moment of T1 (Solano-Gallego et al., 2011).

Clinical stage (Leishvet)

Laboratory abnormalities

External examination

Gender / age in years

IIa

Hypoalbuminemia Hyperglobulinemia Increased CRP and ferritine

Lymphadenomegaly Cutaneous lesions (exfoliative and ulcerative dermatitis)Ocular lesions
(blepharoconjunctivitis)

Male/ 1

1

ITa

Hypoalbuminemia Hyperglobulinemia Increased CRP and ferritine

Lymphadenomegaly Cutaneous lesions (exfoliative and ulcerative dermatitis)Ocular lesions
(blepharoconjunctivitis)

Male/1

2

IIa

Hyperglobulinemia Increased CRP and ferritine

Lymphadenomegaly Ocular lesions (blepharitis)

Lymphadenomegaly

Female /1

3
4

IIa

Normocytic hypochromic anemia Hypoalbuminemia Hyperglobulinemia Increased CRP,

ferritine, ALP, AST and ALT

Female/ 6
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such as bone marrow and popliteal lymph node aspirations, skin
biopsies and peripheral blood (Corpas-Lépez et al., 2016). These in-
vasive approaches, besides requiring technical expertise, carry the risk
of pain, bleeding and bacterial or fungal infections (Taslimi et al.,
2017). Thus, non-invasive diagnostic procedures are of high interest
nowadays, as stated for humans patients (Taslimi et al., 2017), and the
efficacy of a set of non-invasive samples such as oral, conjunctival or
vulvar swab and urine have been evaluated for the diagnosis and
follow-up of CanL experimental infection through qPCR (Hernandez
et al., 2015).

Utilization of novel techniques such as “-omics” is bringing more
light and comprehension in disease mechanisms, that could allow more
accurate diagnostics tools (Guillemin et al., 2006). Proteomics offers an
integrative view of proteomes in healthy and unhealthy animals, as well
as in different physiological states, with the aim to identify candidate
disease-related biomarkers in biological fluids (Li et al., 2011; Ruiz-
Romero and Blanco, 2010). Thus, different studies have been published
addressing 2D-PAGE serum proteomics studies in canine diseases such
as babesiosis (Kules et al., 2014), glomerular disease (Nabity et al.,
2011), and leishmaniosis (Escribano et al., 2016), allowing the identi-
fication of novel diagnostic biomarkers. Recently, the apparition of
quantitative gel-free proteomics using isobaric labelling reagents such
as Tandem Mass Tags (TMT®; Proteome Sciences) has emerged as a very
sensitive and reproducible analytical technique (Baeumlisberger et al.,
2010; Dayon et al.,, 2011; Giron et al., 2011). Through TMT-based
techniques, multiplexed quantification and identification of proteins
from up to ten different samples can be performed in the same run,
since each tag corresponds to a characteristic fragment ion in the MS/
MS spectrum. In a recent study addressing CanL, gel-free TMT-based
quantification allowed the identification of 20 additional serum pro-
teins differentially represented when compared to the data obtained by
the 2D-PAGE analysis of the same samples (Martinez-Subiela et al.,
2017). However, to the authors’ best knowledge, although TMT tech-
nology has been used in canine salivary proteome study for identifi-
cation of proteome changes in canine parvovirosis (Franco-Martinez
et al., 2018), it has not been yet applied to study salivary proteome
changes in Canl.

In the present study, we hypothesised that changes in salivary
proteome can occur in dogs with clinical leishmaniosis. To test this
hypothesis, saliva samples were collected from a group of dogs ex-
perimentally infected with L. infantum before the infection (T0) and
when clinical signs of the disease were observed (T1). Salivary proteins
were analysed and compared between the two groups by using TMT-
based technology for potential protein biomarker identification and
quantification.

2. Material and methods
2.1. Animals

A total of 4 beagle dogs from the University of Murcia (south-
eastern Spain) were involved in this study. All dogs were negative to the
presence of L. infantum (tested by ELISA and real-time PCR of lymph
node and bone marrow aspirates) and Dirofilaria immitis, Anaplasma
Phagocytophylum, Borrelia Burgdorferi, and Ehrlichia Canis antibodies
using SNAP test Canine SNAP 4Dx (IDEXX laboratories, IDEXX Europe
B.V., Hoofddorp, The Netherlands).

2.2. Study design

Pre-infection specimens (T0) were obtained immediately before the
experimental infection through intravenous injection with 1 x 10°
stationary-phase infective L. infantum (MCAN/BR/00/BA262) proma-
tigotes. L. infantum parasites (amastigotes form) were isolated from
spleen of an experimentally infected hamster and cultured in
Schneider’s Drosophila medium (Biowest) supplemented with 10% of
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inactivated fetal bovine serum (iFBS) and 50 pg/ml gentamicin at 26 °C.
Promastigotes derived from the splenic amastigotes were cultured in
modified RPMI-1640 medium supplemented with 20% of iFBS, and
50 ug/ml gentamicin at 26 °C. Parasite shape and motility was ex-
amined by microscopic examination. With the aim of avoiding re-in-
fections by L. infantum during the study, all dogs were externally de-
wormed with an anti-sandfly activity insecticide (permethrin 500 mg/
ml and imidacloprid 100 mg/ml, Advantix pipettes, Bayer®) every three
weeks and internally dewormed (50 mg praziquantel, 50 mg pyrantel
and 150 mg febantel; Prazitel tablets, Ecuphar®) every three months, in
accordance with manufacturer’s instructions. In order to reduce pos-
sible variations due to the use of drugs, deworming was performed at
least three weeks before each sampling time.

Post-infection specimens (T1) were collected subsequently to the
onset of haematological and/or clinical signs compatible with CanL,
which were observed between 6-8 months post infection and are shown
in Table 1. At T1, all dogs were classified as “Moderate disease, Stage
ITa” according to the LeishVet guidelines (Solano-Gallego et al., 2011).
This stage includes medium to high positive antibody levels and clin-
icopathological abnormalities that may include mild non-regenerative
anemia, hypoalbuminemia, hyperglobulinemia, and a normal renal
profile with creatinine < 1.4 mg/dl and non-proteinuric profile with
UPC < 0.5. Among the external clinical signs, dogs in clinical stage II
may present peripheral lymphadenomegaly, cutaneous lesions, anor-
exia, weight loss, fever, or epistaxis —among other signs-, and present
good to guarded prognosis.

L. infantum infection was confirmed by a commercial ELISA test
(Leiscan® Leishmania ELISA Test, Esteve Veterinaria, Laboratorios Dr.
Esteve SA, Barcelona, Spain) and time resolved-immunofluorometric
assays (TR-IFMAs).

2.3. Saliva sampling

Saliva specimens were collected as described previously (Contreras-
Aguilar et al., 2017). Briefly, a small sponge was placed around the
mouth until it was thoroughly moist and then placed in collection de-
vices (Salivette, Sarstedt, Aktiengesellschaft & Co, Niimbrecht, Ger-
many), centrifuged (3000g for 10 min at 4 °C), and the supernatant was
stored at —80 °C until analysis (Contreras-Aguilar et al., 2017).

All the procedures were approved by University of Murcia Animal
Ethics Committee (protocol number: 276/2016) and the Regional
government of Murcia (identification code number: A13151002), and
were performed in compliance with the law RD53/2013 about animal
experimentation in Spain.

2.4. Proteomic study of saliva samples from CanlL infected dogs and
LC-MS/MS analysis

Protein concentration was determined by Bradford assay and 100 ug
of proteins from each sample was precipitated by adding six volumes of
ice-cold acetone (VWR, Pennsylvania, USA) and storing at —20°C
overnight. The precipitate was collected by centrifugation and subse-
quently resuspended in 100 pl of 100 mM TEAB (pH 8.5) containing 1%
SDS and protein concentration was determined by Bradford assay.

From each sample, 35ug of acetone-precipitated proteins were
subjected to reduction, alkylation, digestion and labelled using 6-plex
Tandem Mass Tag reagents according to manufacturer’s instructions
(Thermo Scientific) with some modification, as described elsewhere
(Franco-Martinez et al., 2018; Martinez-Subiela et al., 2017). Briefly,
35 g of each sample and internal standards were reduced with 200 mM
DTT (Sigma-Aldrich), alkylated with 375 mM iodoacetamide (Sigma-
Aldrich) and precipitated with ice-cold acetone overnight. The next
day, the samples were centrifuged and acetone was decanted. Then, the
pellets were resuspended with 50 uL. of 100 mM TEAB buffer and di-
gested with trypsin (Promega) overnight at 37 °C. TMT labelling re-
agents were equilibrated at room temperature, resuspended in
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anhydrous acetonitrile (Thermo Scientific, LC-MS grade) and added to
each sample. Labelling reaction was incubated for 1h at room tem-
perature and then quenched by adding 5% hydroxylamine (Thermo
Scientific) for 15 min. Samples were then combined at equal amounts
and 5 pg of each mixed sample set was placed in a new tube, vacuum-
dried and stored at —20 °C before further LC-MS/MS analysis.

The LC-MS/MS analysis was performed on Dionex Ultimate 3000
RSLS nanoflow system (Dionex, Camberley, UK) and Q Exactive Plus
mass spectrometer (Thermo Fisher Scientific) as described elsewhere
(Franco-Martinez et al., 2018).

2.5. Statistical analysis

In order to compare the abundances of peptides detected in pro-
teomic analysis between TO and T1, data were normalized by loga-
rithmic transformation and Student’s t-test (one-tailed, paired) was
performed. In all cases, values of P < 0.05 were considered to be
significant. Fold changes (FC) have been calculated as follows
FC = log2 (Group 1 / Group 2). Statistics was performed using RStudio
(v1.0.143) (“RStudio Team. RStudio: Integrated Development
Environment for R [Internet]. Boston, MA: RStudio, Inc.; 2015. Avail-
able from: http://www.rstudio.com/,” 2015).

2.6. Bioinformatics and GO pathways

A Heatmap were generated using the web tool for visualizing mul-
tivariate data (ClustVis) (Metsalu and Vilo, 2015) in order to evaluate
similarities and differences in the salivary proteomic profile of each
animal and time point. The data obtained in the proteomic study were
used for the Gene Ontology (GO) analysis. Canine genes encoding
proteins differentially expressed were converted to their human or-
thologs using the Ensembl orthologs database and its BioMart tool for
data mining (www.ensembl.org). Obtained genes were used to de-
termine the GO terms over-represented after the development of CanlL,
by the utilization of the Cytoscape (v3.6.1) plug-in ClueGO (v2.5.0)
(Bindea et al., 2009; Shannon et al., 2003) on the Homo sapiens GO-
biological process (22/01/2018). GO terms over-represented in T1 were
submitted to analysis by REVIGO (allowed similarity = 0.7, SimRel) to
remove redundant GO terms and groups related GO terms based on
their functional description (Supek et al., 2011). Finally, pathways in-
teractomes were designed in Cytoscape using the radial layout.

3. Results
3.1. High resolution quantitative proteomic analysis

The high-resolution quantitative proteomic analysis allowed the
identification with high confidence of 2218 canine proteins from eight
non-depleted canine saliva samples. For the comparison of TO and T1,
47 unique proteins were differentially expressed (Table 2 and Fig. 1).

Of the 47 differentially expressed proteins between TO and T1, 12
were down-regulated with log2 fold change lower than —0.5849, and
19 were up-regulated showing a log2 fold change greater than 0.5849.
When isoforms were grouped, the proteins that were more down-
regulated corresponded to thymosin beta-10 and beta-4, haemoglobin,
carbonic anhydrase 2, apolipoprotein A-I, and glucose-6-phospate iso-
merase. On the other hand, the isoforms of most up-regulated proteins
corresponded to immunoglobulins, olfactomedin-4, unnamed protein
product, ceruloplasmin-like, allergen Fel d-4-like, L-amino -acid oxi-
dase-like protein, Apo glutamine synthetase, and glutamine synthetase.

3.2. Bioinformatics
These 47 differentially expressed proteins were used as a starting

point for creating protein interacting networks using Cytoscape/Clue-
Pedia application and enriched according to data interaction deposited
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Table 2
Proteins in saliva with significantly differentially abundances between before (T0) and after (T1) the development of clinical signs of CanL identified using TMT-
based proteomic analysis.

Accession Description Fold T1/T0  p value
208342206 Immunoglobulin heavy chain variable region, partial [Canis lupus familiaris] 1.27 0.016
208342228 Immunoglobulin heavy chain variable region, partial [Canis lupus familiaris] 1.25 0.031
208342279  Immunoglobulin heavy chain variable region, partial [Canis lupus familiaris] 1.25 0.031
164430480 Immunoglobulin lambda light chain variable region, partial [Canis lupus familiaris] 1.07 0.043
164430516 Immunoglobulin lambda light chain variable region, partial [Canis lupus familiaris] 1.06 0.031
123774 RecName: Full = Ig heavy chain V region MOO 0.88 0.038
208342048 Immunoglobulin heavy chain variable region, partial [Canis lupus familiaris] 0.80 0.038
545538003  PREDICTED: olfactomedin-4 [Canis lupus familiaris] 0.76 0.039
928124865 PREDICTED: LOW QUALITY PROTEIN: IgGFc-binding protein [Canis lupus familiaris] 0.73 0.044
16607663 Unnamed protein product [Canis lupus familiaris] 0.67 0.042
345788999  PREDICTED: ceruloplasmin-like [Canis lupus familiaris] 0.66 0.038
16607718 Unnamed protein product [Canis lupus familiaris] 0.64 0.045
16607675 Unnamed protein product [Canis lupus familiaris] 0.62 0.047
73971966 PREDICTED: allergen Fel d 4-like isoform X1 [Canis lupus familiaris] 0.62 0.002
545524998  PREDICTED: L-amino-acid oxidase-like [Canis lupus familiaris] 0.60 0.043
928186502  PREDICTED: uncharacterized protein LOC608320, partial [Canis lupus familiaris] 0.60 0.004
648216199  Glutamine synthetase isoform 1 [Canis lupus familiaris] 0.59 0.009
55976526 RecName: Full = Glutamine synthetase; Short = GS; AltName: Full = Glutamate decarboxylase; AltName: Full = Glutamate-ammonia 0.59 0.009
ligase
158430857  Chain G, Crystal Structure Of Apo Glutamine Synthetase From Dog (Canis Familiaris) 0.59 0.009
74000476 PREDICTED: peptidyl-prolyl cis-trans isomerase B [Canis lupus familiaris] 0.57 0.042
P23284 Peptidyl-prolyl cis-trans isomerase B 0.55 0.049
P27797 Calreticulin 0.53 0.039
345787749  PREDICTED: calreticulin [Canis lupus familiaris] 0.53 0.039
P61626 Lysozyme c 0.53 0.049
24021298 Glutamine synthetase, partial [Canis lupus familiaris] 0.52 0.011
158936956  Protease inhibitor [Canis lupus familiaris] 0.47 0.019
164499359  Secretory leukocyte peptidase inhibitor, partial [Canis lupus familiaris] 0.46 0.018
345806460  PREDICTED: lymphocyte antigen 6D [Canis lupus familiaris] 0.45 0.013
928172856  PREDICTED: immunoglobulin lambda-like polypeptide 5 isoform X44 [Canis lupus familiaris] 0.45 0.005
P01766 Ig heavy chain V-III region BRO 0.45 0.049
545546410  PREDICTED: ovostatin homolog 2-like [Canis lupus familiaris] 0.44 0.044
Q6YHK3-2  Isoform 2 of CD109 antigen 0.42 0.011
Q6YHK3-4  Isoform 4 of CD109 antigen 0.42 0.011
Q6YHK3-1 CD109 antigen 0.42 0.011
345782613  PREDICTED: LOW QUALITY PROTEIN: extracellular matrix protein 1 [Canis lupus familiaris] 0.42 0.011
P35527 Keratin, type I cytoskeletal 9 0.40 0.022
Q6YHK3-3  Isoform 3 of CD109 antigen 0.30 0.050
57092971 PREDICTED: malate dehydrogenase, cytoplasmic isoform X1 [Canis lupus familiaris] 0.28 0.009
356461044  Peroxiredoxin-1 [Canis lupus familiaris] 0.26 0.023
Q06830 Peroxiredoxin-1 0.26 0.031
50950209 Desmoglein-3 precursor [Canis lupus familiaris] 0.22 0.032
345800677  PREDICTED: LOW QUALITY PROTEIN: alpha-enolase [Canis lupus familiaris] 0.21 0.042
928183828  PREDICTED: LOW QUALITY PROTEIN: ubiquitin-like modifier-activating enzyme 1 [Canis lupus familiaris] 0.17 0.042
P40925 Malate dehydrogenase, cytoplasmic 0.17 0.039
P40925-3 Isoform 3 of Malate dehydrogenase, cytoplasmic 0.17 0.039
P22314 Ubiquitin-like modifier-activating enzyme 1 0.15 0.048
P22314-2 Isoform 2 of Ubiquitin-like modifier-activating enzyme 1 0.15 0.048
1272412 Fibronectin, partial [Canis lupus familiaris] —0.08 0.029
Q01518-1 Adenylyl cyclase-associated protein 1 -0.20 0.050
1272414 Fibronectin, partial [Canis lupus familiaris] -0.20 0.038
Q01518-2 Isoform 2 of Adenylyl cyclase-associated protein 1 -0.27 0.011
558757359  Ezrin [Canis lupus familiaris] -0.31 0.015
4103761 GDP dissociation inhibitor isoform 1 [Canis lupus familiaris] -0.32 0.044
P15311 Ezrin —-0.35 0.008
928122728  PREDICTED: ezrin isoform X1 [Canis lupus familiaris] -0.37 0.006
928167632  PREDICTED: serotransferrin [Canis lupus familiaris] -0.38 0.021
14331125 Carboxylesterase D1 [Canis lupus familiaris] -0.39 0.020
545524893  PREDICTED: fibrinogen beta chain [Canis lupus familiaris] —0.40 0.031
545546412  PREDICTED: alpha-2-macroglobulin-like isoform X1 [Canis lupus familiaris] -0.40 0.015
545546414  PREDICTED: alpha-2-macroglobulin-like isoform X2 [Canis lupus familiaris] —0.40 0.015
545492085  PREDICTED: F-actin-capping protein subunit beta isoform X4 [Canis lupus familiaris] -0.41 0.002
P47756-1 F-actin-capping protein subunit beta -0.41 0.002
928128987  PREDICTED: F-actin-capping protein subunit beta isoform X2 [Canis lupus familiaris] -0.41 0.002
928128985  PREDICTED: F-actin-capping protein subunit beta isoform X1 [Canis lupus familiaris] -0.41 0.002
P47756-2 Isoform 2 of F-actin-capping protein subunit beta -0.41 0.002
545492083  PREDICTED: F-actin-capping protein subunit beta isoform X3 [Canis lupus familiaris] -0.41 0.002
545492087  PREDICTED: F-actin-capping protein subunit beta isoform X5 [Canis lupus familiaris] -0.41 0.002
P02774-2 Isoform 2 of Vitamin D-binding protein -0.43 0.037
P02774-3 Isoform 3 of Vitamin D-binding protein —0.44 0.047
P02774 Vitamin D-binding protein —0.44 0.047
545507351  PREDICTED: L-lactate dehydrogenase A chain-like [Canis lupus familiaris] -0.44 0.050
345798353  PREDICTED: protein S100-P [Canis lupus familiaris] —0.45 0.007

(continued on next page)
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Table 2 (continued)
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Accession Description Fold T1/TO  p value
645985803  Chain B, Crystal Structure Of A Dog Lipocalin Allergen —0.46 0.030
P61158 Actin-related protein 3 —0.52 0.017
345784150  PREDICTED: actin-related protein 3 [Canis lupus familiaris] —0.52 0.017
Q56UQ5 TPT1-like protein —0.52 0.047
57088159 PREDICTED: glutathione S-transferase Mu 3 [Canis lupus familiaris] -0.53 0.013
345778725  PREDICTED: lactoylglutathione lyase [Canis lupus familiaris] -0.53 0.030
73947982 PREDICTED: glucose-6-phosphate isomerase [Canis lupus familiaris] -0.83 0.030
P68871 Hemoglobin subunit beta -0.95 0.019
928133662  PREDICTED: apolipoprotein A-I [Canis lupus familiaris] -1.03 0.039
3915607 RecName: Full = Apolipoprotein A-I -1.04 0.045
P00918 Carbonic anhydrase 2 -1.07 0.005
103484123  Globin, partial [Canis lupus familiaris] -1.16 0.018
227343817  Chain B, Crystal Structure Of Dog (Canis Familiaris) Hemoglobin -1.20 0.033
399567834  Hemoglobin subunit beta-like [Canis lupus familiaris] -1.20 0.029
P02042 Hemoglobin subunit delta -1.23 0.035
73980925 PREDICTED: thymosin beta-10 [Canis lupus familiaris] -1.34 0.012
545557464  PREDICTED: thymosin beta-4 [Canis lupus familiaris] -1.34 0.012
345784463  PREDICTED: thymosin beta-4 [Canis lupus familiaris] —-1.34 0.012

* Accession number from NCBI protein database for Canis Lupus familiaris.

LT
LT
ILe
0LV
OLT
oL

Fig. 1. Heatmap showing the relative abundance (color) and relationship
(dendrogram) of salivary proteins before (T0) and after (T1) the experimental
infection with L. infantum and the appearance of clinical signs.

in IntAct, STRING, Reactome, and Apid databases (Fig. 2). The per-
formed analysis indicates that most of the identified proteins were
present in the extracellular compartment and had crossroads between
them.

Further GO analysis done with Cytoscape plugin ClueGO identified
115 GO terms differing between conditions TO and T1, which were
filtered for redundancies into 62 terms and then grouped into 18 main
groups using REVIGO. The groups included pyruvate metabolism,
regulated exocytosis, supramolecular fiber organization, regulation of
body fluid levels, response to wounding, drug metabolisms, response to
toxic substance, generation of precursor metabolites and energy, low-
density lipoprotein receptor particle metabolism, antigen processing
and presentation of exogenous peptide antigen, cofactor metabolism,
regulation of small GTPase mediated signal transduction, carbohydrate
metabolism, regulation of plasma lipoprotein particle levels, low-den-
sity lipoprotein particle clearance, receptor metabolism, negative reg-
ulation of cell killing and indolakylamine metabolism (Fig. 3).

Finally, the GO terms most represented in this study after being
filtered by REVIGO and depicted by Cytoscape are shown in Fig. 4,
together with proteins at the crossroad between at least 2 GO terms.
When the network was analysed, carbohydrate metabolic process
showed a central role in the development of the disease since it is
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related to the most of represented GO terms and proteins.

4. Discussion

This paper was focused on the identification of the differentially
expressed proteins in saliva, as well as in describing the biological
processes affected due to CanL. This high-resolution quantitative pro-
teomic analysis performed for the first time in saliva of dogs with CanL
allowed the identification of more than two thousands of salivary
proteins, 47 of which showed significantly different abundance after
the experimental infection with L. infantum and the appearance of
clinical symtoms. Overall the variations in salivary proteins expression
in the same dogs before and after the infection and development of
canine leishmaniosis detected by high-resolution quantitative pro-
teomics, indicate that there are physiopathological changes in saliva
ocurring during the development of CanL.

The proteins that showed to be the most down-regulated after the
development of clinical signs of CanL were thymosin beta-10 and beta-
4, haemoglobin, carbonic anhydrase 2, apolipoprotein A-I, and glucose-
6-phospate isomerase. Beta-thymosins are a versatile family of small
peptides (5kDa) related to a variety of functions such as cardiac pro-
tection, wound healing stimulation or angiogenesis (Bosello et al.,
2016). In humans, TMSB10 has been reported to be overexpressed in
carcinogenesis; while thymosin beta 4 increased abundance has been
reported in the presence of oxidative stress due to its potential sca-
venger properties (De Santis et al., 2011). In mice infected with
Leishmania, MALDI MS analysis of liver suggested an important role of
thymosin beta-4 levels in acute infection stage and development of the
disease, being proposed as a potential key biomarker of leishmaniosis
(Jaegger et al., 2017). Hemoglobins are presented in almost all verte-
brates’ red blood cells, playing a key role in iron-containing oxygen
transport, among other functions. Outside red blood cells, haemoglobin
acts as antioxidant and regulates iron metabolism. Inflammation, as the
caused by CanL, may cause anaemia and prevent the body from using
stored iron reservoirs, causing a decrease in hemoglobin. Acordingly,
blood hemoglobin was decreased in beagles after the intravenous in-
fection with Leishmania chagasi (Paranhos-Silva et al., 2003). In pre-
vious studies, haemoglobin subunit beta was found to be down-regu-
lated in serum of dogs after anti-leishmania treatment (Escribano et al.,
2016; Martinez-Subiela et al., 2017). In canine saliva, carbonic anhy-
drases have been shown to have antimicrobial properties by binding to
Staphylococcus aureus (Torres et al., 2018) and contributes maintaining
oral pH homeostasis (Delius et al., 2017). Carbonic anhydrases in-
hibitors have been proposed as new targets with biomedical applica-
tion, including treatments against Leishmania carbonic anhydrases
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Fig. 2. Interactome of significant deregulated proteins in saliva of dogs after the development of CanL enriched with the best interactors visualized by Cytoscape/
ClueGO (CEREBRAL layout), and organized by cell compartment. Deregulated proteins used to generate this network are highlighted in red.

(Vermelho et al., 2017). The low levels of carbonic anhydrase found in
our study could be due to the response of the organism against the
parasite by decreasing antioxidant compounds. Apolipoprotein A-I is
the major protein component of high-density lipoproteins in most
mammals (Huang et al., 2014) and it is considered as a negative marker
of inflammation in humans (Li et al., 2011). Our results showed de-
creased abundance of apolipoprotein A-I in saliva after the develop-
ment of CanL. Previous reports also described decreases in apolipo-
protein A-I in serum of dogs with CanL (Escribano et al., 2016;
Martinez-Subiela et al.,, 2017), canine idiopathic dilated

Fig. 3. Over-represented GO terms grouped by REVIGO, based on their description.
highest proportion of genes with the enriched network.
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cardiomyopathy (Bili¢ et al., 2018), or in saliva of dogs with canine
parvovirosis (Franco-Martinez et al., 2018).

On the other hand, among the most up-regulated proteins in saliva
from dogs with CanL were immunoglobulins, olfactomedin-4, and cer-
uloplasmin-like protein. Higher abundance of immunoglobulins in
saliva were expected since increases in immunoglobulins in CanL were
reported previously both in serum and in saliva (Britti et al., 2010;
Cantos-Barreda et al., 2017). In this recent study, IgG2 has shown
higher increases than IgA in saliva and has been proposed as a potential
biomarker of diagnosis (Cantos-Barreda et al., 2017). Olfactomedin-4 is

Leading GO term (N = 18) for each group was defined as the one charring the
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Fig. 4. In silico inferred interactome network of identified GO terms over-re-
presented in canine leishmaniosis. Differentially expressed proteins interacting
with at least 1 term were added. Radial layout was applied and the GO group
leader terms are in dark blue text. Nodes colours represent the group of GO
terms (determined by ReviGO).

a glycoprotein which is highly expressed in small intestine, colon, and
prostate, being up-regulated in several digestive diseases such as Heli-
cobacter pylori infections, inflammatory bowel disease or cancer (Wang
et al., 2018). Although the relationship between olfactomedin-4 and
Canl is unclear, CanL is known to be able to cause digestive disorders
(Solano-Gallego et al., 2011), which could explain the rise of olfacto-
medin-4. Glutamine synthetases catalyze ATP-dependent conversion of
glutamate and ammonia to glutamine, being required for endothelial
cell migration during vascular development (Nilsson et al., 2009). Al-
though there is a lack of information regarding the increase of gluta-
mine synthetases in saliva of dogs with CanL, this pathway in the
Leishmania has been proposed as possible candidate for the develop-
ment of novel anti-leishmania treatments (Kumar et al., 2017). In dogs,
ceruloplasmins are considered as moderate acute phase proteins, acting
as major preventive antioxidants as well. In agreement with our results,
ceruloplasmin was increased in serum of dogs with CanL (Burillo et al.,
1994; Solter et al., 1991), although others reported serum decrease in
this protein (Bildik et al., 2004).

In addition to these proteins, other proteins were also significantly
differentially expressed in saliva after the experimental infection and
development of CanL. when compared to pre-infection specimens, but
their fold change were smaller than + 0.5849. However, we would like
to point out some of these proteins due to their importance in this
disease. For example, vitamin D binding proteins decreases in saliva
after the development of CanL. This protein is a passive carrier and
active facilitator of the cellular uptake of vitamin D and its metabolites,
belonging to the albumin superfamily of binding proteins (Chun et al.,
2008). The decrease in vitamin D binding protein observed is in
agreement with other reports in dogs with inflammatory and necrotic
disease such as ehrlichiosis or babesiosis, making this decrease in-
dicative of poorer patient outcome (Escribano et al., 2017; Kules et al.,
2016b, 2014). Additionally, increases in vitamin D binding protein
have been observed in serum after an effective leishmaniosis treatment
(Escribano et al., 2016). Similarly, the decreases in salivary sero-
transferrin after the apparition of clinical signs observed in the present
study are compatible with the decrease described in serum in dogs with
CanL (Burillo et al., 1994; Martinez-Subiela et al., 2017; Silvestrini
et al., 2014).

By analysing the over-represented cellular pathways defined by

50

Veterinary Parasitology 272 (2019) 44-52

differentially expressed proteins, it could be observed that they are
involved in different physiopathological pathways such as antioxidant
activity, binding, catalytic activity, structural molecule activity and
transporter activity. Of those, the majority of the differentially ex-
pressed genes belong to proteins related to catalytic activity (42.9%)
and binding (35.7%). These results are similar to our previous study
regarding differentially expressed proteins in saliva of healthy dogs
versus dogs with canine parvovirosis, in which more of the 85% of the
genes differentially expressed belonged to catalytic activity and binding
(Franco-Martinez et al., 2018).

The bioinformatics analysis of the in silico inferred proteins network
allowed the generation of more information from the experimental
results, including data of intracellular pathways. This information re-
vealed the impact of CanL on proteins related to processes such as
pyruvate metabolism, regulated exocytosis, supramolecular fiber or-
ganization and regulation of body fluid levels, among others.
Bioinformatics allowed several pathways and proteins to be high-
lighted. In this sense, the network created by comparison of TO and T1
revealed that carbohydrate metabolic process could play an important
role in the development of the disease since it is a central node which is
related to multiple GO terms and proteins. In the network created, this
central node is directly related to 20 proteins, 5 of which (glucose-6-
phosphate isomerase (GPI), lactoylglutathione lyase (GLO1), L-lactate
dehydrogenase (LDHA), alpha-enolase (ENO1), and malate dehy-
drogenase (MDH1)) were differentially expressed in the present study.
GPI, GLO1, and LDHA were shown to be down-regulated in saliva after
the development of CanL, while ENO1 and MDH1 were shown to be up-
regulated. Therefore, according to our results and in agreement with
previous reports in serum (Saunders et al., 2010), these proteins in-
cluded in carbohydrate metabolic process could play important roles in
the development of CanL and should be considered for further studies.

Due to ethical reasons, the sample size is relatively small, although
is higher than the minimum of three biological replicates recommended
for proteomic studies (Westermeier et al., 2008). This sample size could
have influenced on the potential to identify proteins that are sig-
nificantly modulated in concentration after the infection with L. in-
fantum due to the biological inter-individual variations. Although each
dog has its own control sample before the experimental infection, in
order to minimize inter-individual variation, ideally, an additional
control group with the same conditions of the experimental group but
injected with saline solution could have been used in order to confirm
that the changes observed would be related to the development of CanL
and not as an effect of age or other factors. However, the use of this
control group will have a higher component of inter-individual varia-
tion. In addition, no significant changes in hematological and bio-
chemical analytes in dogs in the interval of ages of our study have been
reported previously (Brenten et al., 2016; Harper et al., 2003), there-
fore, it could be postulated that age is not a major source of variation of
analytes during our study. Finally, treatments were made always at the
same time (3 weeks) before samplings in order to minimize the possible
variability of their effect. To minimize the inter-individual variation in
our study, only proteins identified in all eight samples were selected for
subsequent statistical evaluation and bioinformatics analyses.

For clinical interpretation, it should be taken into consideration that
the salivary proteome could differ depending on the clinical stage of the
sickness and also between experimental or natural infections of L. in-
fantum. Thus, further studies of the salivary proteome using high-re-
solution quantitative proteomic analysis such as TMT-based ones, in
dogs naturally infected at different clinical stages according to the
Leishvet guidelines and at different time points will answer these
questions. In addition, further large-scale studies would be required to
evaluate whether these proteins could be included in routine clinical
practice as non-invasive biomarkers of diagnosis or response to treat-
ment in canine leishmaniosis.
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5. Conclusions

TMT-based proteomic approach allowed the identification of pro-
teins in saliva that change in concentrations in of Leishmania infantum
infected dogs. Proteins such as immunoglobulins, olfactomedin-4, and
ceruloplasmin-like protein were up-regulated in saliva after the devel-
opment of CanL, while others such as thymosin beta-10 and beta-4,
haemoglobin, carbonic anhydrase 2, apolipoprotein A-I, and glucose-6-
phosphate isomerase were down-regulated. Some of these proteins such
as thymosin beta-10 and beta-4, apolipoprotein A-1, olfactomedin-4, or
ceruloplasmin —among others- have been firstly identified in saliva of
dogs with CanL in the present study. Finally, bioinformatic analysis
revealed that proteins related to carbohydrate metabolic process could
play important roles in the development of CanlL.
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