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ARTICLE INFO ABSTRACT

Keywords: Canine leishmaniosis is frequently associated with the development of renal disease. Its pathogenesis is complex
Lfﬁhfna"ia infantum and not fully understood. For this reason, this study aimed to describe the urinary proteome, and identify
Kidney . possible new biomarkers in dogs with kidney disease secondary to leishmaniosis. Urine samples were collected
E;?;Zomws from 20 dogs, 5 from healthy dogs, and 15 from stages Leishvet III and IV. Urine samples were analyzed by
Biomarker UHPLC-MS/MS. The data are available via ProteomeXchange with identifier PXD029165. A total of 951 proteins

were obtained. After bioinformatic analysis, 93 urinary proteins were altered in the study group. Enrichment
analysis performed on these proteins showed an overrepresentation of the complement activation pathway, among
others. Finally, 12 discriminant variables were found in dogs with renal disease secondary to leishmaniosis,
highlighting C4a anaphylatoxin, apolipoprotein A-I, haptoglobin, leucine-rich alpha-2-glycoprotein 1, and beta-2-
microglobulin. This study is the first to describe the urinary proteomics of dogs with renal disease caused by
leishmaniosis, and it provides new possible biomarkers for the diagnosis and monitoring of this disease.

1. Introduction

Canine leishmaniosis (CanL) is a vector disease caused by the pro-
tozoan Leishmania infantum, which presents a complex pathogenesis.
This disease is responsible for a wide variety of clinical presentations in
dogs, highlighting among them the lessons in the kidney (Alvar et al.,
2004; Costa et al., 2003; Koutinas and Koutinas, 2014; Roura et al.,
2021).

CanL at the renal level produces glomerular damage mainly due to
immunocomplex deposition, after which it can spread to the tubu-
lointerstitial area to a greater or lesser degree, causing dysfunction
(Benderitter et al., 1988; Costa et al., 2003; Koutinas and Koutinas,
2014; Roura et al., 2021; Zatelli et al., 2003). On many occasions, the

disease culminates with the appearance of advanced glomerulonephritis
(GN)(Alvar et al., 2004; Benderitter et al., 1988; Costa et al., 2003;
Koutinas and Koutinas, 2014; Roura et al., 2021; Zatelli et al., 2003),
and in some cases, dogs develop nephrotic syndrome (NS) in both sce-
narios with fatal consequences (Félix et al., 2008; Font and Closa, 1997;
Koutinas and Koutinas, 2014). Despite advances in the knowledge of
CanL and the high prevalence of the disease in some areas, due to the
subclinical course of both leishmaniosis and the associated kidney dis-
ease, as well as the use of late biomarkers for the diagnosis and moni-
toring of kidney disease, many dogs are diagnosed in advanced stages of
the disease. Frequently, these dogs are euthanized without a correct
understanding of their kidney disease at the time of diagnosis. However,
sometimes we may find a partially reversible condition compatible with
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an adequate quality of life (Roura et al., 2021).

In damage at the level of the nephron, the appearance of proteinuria
stands out, which can be present in the initial stages and markedly
worsening as the disease progresses (Roura et al., 2021, 2013). There-
fore, urine becomes a valuable biofluid that contains a proteome of great
potential for the diagnosis and monitoring of different pathologies that
affect the kidney, even better than blood (Gao, 2015). However, routine
analysis methods have great limitations in regard to providing infor-
mation about the diagnosis and follow-up of renal patients with chronic
kidney disease (CKD)(Fassett et al., 2011).

In recent decades, the evolution of molecular fluid analysis tech-
niques has made possible, together with the development of bioinfor-
matics, a large-scale evaluation of urine and other biological samples
through proteomic methods. This allows us to qualitatively and quan-
titatively evaluate the concentration of proteins, identify their structure
and function, and understand their clinical application (Laborde et al.,
2011); in conclusion, providing a better knowledge of renal physiology
and pathogenesis of its diseases. To date, the canine urinary proteome
(CUP) has already been characterized (Brandt et al., 2014), and it has
also described in dogs with CKD (Ferlizza et al., 2020; Pelander et al.,
2019), as well as in infectious processes with renal repercussions such as
babesiosis (Winiarczyk et al., 2019) and dirofilariasis (Hormaeche et al.,
2014). These studies have revealed several biomarkers with great clin-
ical potential. Furthermore, CUP has been compared with the human
urinary proteome (HUP), considering dogs as a suitable model for the
study of renal pathologies (Brandt et al., 2014). In the case of leishma-
niosis, there are publications that have evaluated the proteome in
various biological fluids of dogs, such as serum (Britti et al., 2010;
Franco-Martinez et al., 2020) or saliva (Franco-Martinez et al., 2019),
but none of them have evaluated the urinary proteome of dogs with
CanL and renal disease.

Therefore, the objectives of this study were: 1) to characterize the
urinary proteome of dogs with advanced stages of CanL, and 2) to
identify possible biomarkers for the diagnosis and monitoring of renal
disease in dogs with advanced stages of CanL.

2. Materials and methods
2.1. Animal handling

All handling protocols of the studied dogs and the collection of
samples were reviewed and approved by the Ethics Committee of the
Ministry of the Environment and Rural, Agrarian Policies and Territory,
as well as Animal Health (Extremadura, Spain). In this study, dogs
treated at the Veterinary Clinical Hospital of the University of Extrem-
adura (Céaceres, Spain) between 2019 and 2020 were used, with a range
of ages from 1 to 10 years, vaccinated and dewormed, that had not
suffered from any other pathology, and that had not received any
treatment before the beginning of the study. The dogs in this study were
divided into two groups: a control group (n = 5; two females and three
males) comprised of healthy dogs, and a study group (n = 15; five fe-
males and ten males) with dogs naturally infected by Leishmania infan-
tum in advanced stages of the disease (stages III and IV), previously
described in LeishVet guidelines in 2011 (Solano-Gallego et al., 2011).
All dogs underwent blood hematology and biochemistry, urinalysis,
urine protein/creatinine ratio (UP/C ratio), urine culture, abdominal
ultrasound, and a 4DX SNAP® test (IDEXX Laboratories, Westbrook,
Maine, USA) for the detection of vector diseases (antigen against
D. immitis and antibodies against E. canis, Anaplasma spp. and
B. burgdorferi), and they were tested for the detection of antibodies
against Leishamania infantum with a commercial kit based on immuno-
chromatography (Uranotest Leishmania, Urano®vet Inc.). The dog was
considered healthy when all of the tests performed were within normal
values, and the general physical examination and abdominal ultrasound
did not show any alteration. In study group, all dogs showed clinico-
pathological alterations compatible with renal disease, and they were
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positive for Leishmania infantum by a commercial kit. This was
confirmed by a semiquantitative ELISA technique for the determination
of antibodies against the total soluble antigen (SLA) of Leishmania
infantum (Belinchon-Lorenzo et al., 2013). Finally, dogs in the study
group were sorted into stages III and IV of the Leishvet classification
(Solano-Gallego et al., 2011).

2.2. Urine collection

All samples were collected from fasting dogs. Five milliliters of urine
was collected from each dog by cystocentesis. It was immediately
separated for urinalysis and urine culture. The remaining volume was
centrifuged for 5 min at 200g. Later, the supernatant was frozen in 1 mL
aliquots at —20 °C and then at —80 °C until subsequent analysis 12
months after collection.

2.3. Protein quantification

The pyrogallol red colorimetric method (gernon, RAL®, Barcelona,
Spain) in the Saturno 100 automatic analyzer (Crony® instruments,
Roma, Italy) was used for quantification of the protein concentration in
the analyzed samples.

2.4. Tryptic digestion

Based on the quantification results, an aliquot containing 100 pg of
protein was taken from each sample and adjusted with type I grade
water to a final volume equal to the volume of the less concentrated
urine sample. After that, 25 pL of 0.1 M of sodium bicarbonate
(NaHCO3) and 1.5 pL of 0.2 M of dithiothreitol (DTT) were added to
each sample and incubated for 20’ at 56 °C to reduce the sample pro-
teins. After cooling down to room temperature, 3 pL of 0.2 M iodoace-
tamide were added, and samples were incubated for 45’ at room
temperature in the dark to achieve the alkylation of the proteins. Then,
1 pL of 0.2 M DTT was added to each sample and incubated for another
30’ at room temperature in the dark, neutralizing the possible excess of
iodoacetamide. After verifying the pH (7-9) with indicator paper, 2 pL of
porcine Trypsin Gold, Mass Spectrometry Grade (Promega) (trypsin
solution: 1 pg/pL in 1 mM of hydrochloric acid, HCI) was added, and the
samples were incubated overnight at 37 °C. To stop the digestion, 1 pL of
0.1% formic acid was added to the solution. Then, the samples were
centrifuged at 6272g for 5/, and the supernatant was transferred to a new
tube. After that, the tubes were placed in a centrifugal vacuum
concentrator (HyperVAC-LITE, Gyrozen, Rep. of Korea) and left to
evaporate at 100 mbar at 2000 rpm for 3 h at 37 °C. Once desiccated, the
samples were reconstituted with 20 pL of a solution containing water,
acetonitrile and formic acid (94.9/5/0.1).

2.5. UHPLC-MS/MS analysis

Once the urine samples were prepared in the previous stage, an
Agilent 1290 Infinity II Series Ultra High-Performance Liquid Chroma-
tography (UHPLC) (Agilent Technologies, Santa Clara, CA, USA)
equipped with an automated multisampler module and a high-speed
binary pump coupled to an Agilent 6550 Quadrupole Time of Flight
(Q-TOF) Mass Spectrometry (MS) (Agilent Technologies, Santa Clara,
CA, USA) using an Agilent Jet Stream Dual Electrospray Ionization (AJS-
Dual ESI) interface was used to analyze them. Control of the UHPLC and
Q-TOF was performed by MassHunter Workstation Data Acquisition
software (Agilent Technologies, Rev. B.06.01). First, in an Agilent
AdvanceBio Peptide Mapping UHPLC column (2.7 pm, 150 x 2.1 mm,
Agilent Technologies) thermostatted at 55 °C, a urine sample was
injected at a flow rate of 0.4 mL/min. A starting value of 2% B (buffer B:
water/acetonitrile/formic acid, 10: 89.9: 0.1) was used in the gradient
program; then, it remained in isocratic mode, then it increased linearly
to 45% of B, then to 95% of B, and finally, it remained constant; the time
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in each stage was 5 min, 40 min, 15 min and 5 min, respectively.
Therefore, the analysis cycle of each sample was carried out in a total
time of 65 min. In addition, 5 min were necessary between cycles to
prepare and return the column to the initial conditions before the next
analysis. Parameters established in the mass spectrometer operating in
positive mode were as follows: a nebulizer gas pressure of 35 psi, a
sheath gas flow of 12 1/min and a temperature of 300 °C, a drying gas
flow of 10 1/min and a temperature of 250 °C. The set voltages were
3500 V for the capillary spray, 340 V for the fragmentor and 750 V for
the octopole RF Vpp. Data acquisition was achieved with a dynamic
extended range between 50 and 1700 m/z for both scans, MS and MS/
MS scan; rate scans were 8 spectra/s and 3 spectra/s, respectively. Ion
scans twice consecutively were turned down for subsequent evaluations.
Data selection was performed using Auto MS/MS mode following these
criteria: slope of 3.6 for the ramped collision energy and — 4.8 for the
offset. Precursors were selected by abundance and 20 per cycle
maximum. All samples were analyzed in duplicate.

2.6. Data processing

Relative quantification, and peptide and protein identification of the
results obtained by MS were performed using Spectrum Mill MS Prote-
omics Workbench software (Rev B.04.01, Agilent Technologies, Santa
Clara, CA, USA). For extracting the raw data, the following nonfixed
modifications were preset for Agilent: [MH] + 50-10,000 m/z;
maximum precursor charge +5; retention time and m/z tolerance +60 s;
and 12C signals were found with a minimum signal-to-noise MS (S/N)
25. UniProt (https://www.uniprot.org/), specifying the dog condition,
was the protein database consulted to perform the MS/MS search. It was
carried out using nonfixed modifications and carbamidomethylated
cysteines, and 5 maximum missed cleavages for tryptic digestion were
established as variable modifications.

The ESI-Q-TOF instrument had a minimum matched peak intensity
of 50%, maximum ambiguous precursor charge +5, monoisotopic
masses, peptide precursor mass tolerance 20 ppm, product ion mass
tolerance 50 ppm, and the calculation of reversed database scores. An
autothreshold was used for the autovalidation process, and its auto-
matically optimized peptide score was used for a target protein % false
discovery rate (FDR) (1.2%). After that, we used an FDR (0%) to enlarge
the sequence coverage of the validated results.

2.7. Bioinformatics

2.7.1. Variance filtering and principal component analysis (PCA)

Bioinformatic analysis software Qlucore Omics Explorer version 3.6
Lund Sweden (https://qlucore.com) was used. After normalization and
logarithmic conversion of the data, variables with a low variance were
discarded, reducing the influence of noise. For a more objective visu-
alization of these data, they were represented by a PCA in 3D. The
projection score was used to establish the optimal filtering threshold
(Bourgon et al., 2010; Fontes and Soneson, 2011). After that, for a better
understanding of the relationship between dogs and their patterns of
urinary protein expression, data were represented by a heatmap and
hierarchical clustering (Eisen et al., 1998).

2.7.2. Identification of discriminating variables

The most significant differences between variables in the two groups
(control and study groups) were evaluated by Qlucore Omics Explorer
(https://qlucore.com) using the Benjamini—Hochberg method (Tam-
hane et al., 1996; Viskoper et al., 1989). Variables with adjusted p values
<0.1 were considered statistically significant.

2.7.3. Enrichment analysis

This analysis was carried out using the g:Profiler web server (htt
ps://biit.cs.ut.ee/gprofiler/) (Raudvere et al., 2019) on the 93 altered
proteins. Before the analysis, a series of preset data sources were selected
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as Gene Ontology (GO) (http://geneontology.org/) (Mi et al., 2019)
annotations, pathways stored in the Kyoto Encyclopedia of Genes and
Genome (KEGG) (https://www.genome.jp/kegg/) (Kanehisa, 2000) and
Human Phenotype Ontology (HP) files (https://hpo.jax.org/app/)
(Kohler et al., 2021). Only the annotations with strong evidence, using a
threshold g:SCS P < 0.01, were considered valid.

2.8. Validation

Results obtained in the proteomic analysis were validated by
measuring the urinary concentration of retinol-binding protein (RBP),
and Tamm-Horsfall protein (THP). RBP concentration was quantified
using a quantitative sandwich-type ELISA (Canine Retinol-binding
protein 4 ELISA Kit; MyBioSource, Inc.; San Diego, California, U.S.A.;
No MBS1602566). The same type of ELISA was employed to measure
THP concentration (Canine T-H Glycoprotein ELISA Kit; MyBioSource,
Inc.; San Diego, California, U.S.A; No MBS010151.). All samples were
analyzed in duplicate, and following the manufacturer's instructions.
The statistical analysis was performed using the Shapiro-Wilk test to
study normality, and the results between groups were compared by a
one-way analysis of variance in ranks using the Holm-Sidak method. A
statistically significant difference was considered with P < 0.001.

3. Results
3.1. Influence of CKD by CanlL on the urinary proteome

A total of 20 dogs were studied, and 40 urine samples were analyzed
in this study; 10 belonged to the control group (5 dogs), and 30 belonged
to the study group (15 dogs). After completing the analysis, 951 proteins
were identified and quantified. The Mass Spectrometry proteomics data
have been deposited at the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository with the assigned iden-
tifier PXD029165.

The initial bioinformatic analysis of the peptide patterns revealed a
total of 752 proteins. These data were represented by a volcano plot
(Fig. 1), and their distribution showed decreases and increases in various
proteins in sick dogs with respect to the control group. To quantify the
total number of proteins altered in disease relative to the condition of a
healthy dog, the results were represented using a Venn diagram (Fig. 2),
and within the total group of proteins, 93 proteins showed a marked
difference in the group of dogs with renal disease secondary to leish-
maniosis, while the remaining 659 proteins were not altered. A fold
change of 3.8 was used for the analysis with p = 0.047 and q = 0.019.

Subsequently, the results were subjected to a comparative analysis
between the two groups defined in the study: control group and study
group; the final result was represented graphically for better visualiza-
tion through a heatmap (Fig. 3). The heatmap shows the relationship
between the results obtained for the samples of the different dogs. The
colour assigned for the dogs in the control group is gray, all of which are
represented in the right area of the image, and red for the study group,
which is exclusively represented in the left zone. In this way, we can
observe that most of the dogs who present with kidney disease sec-
ondary to leishmaniosis have an increase in almost all of the 93 proteins
obtained, except in the levels of 3 of them; that is, they present very
similar patterns in the urinary proteome. This is clearly observed when
analyzing the vertical distribution of the table, which refers to the hi-
erarchical grouping of the proteins analyzed. Certain dogs, especially in
the study group, show an increase in some families, not being patent in
others, despite presenting the disease. This finding may have patho-
physiological connotations that may be useful in the diagnosis, classi-
fication and prognosis of the disease. The results obtained from proteins
with a marked alteration in the disease are also presented in a 3D PCA
(Fig. 4), with the aim of a clear and objective interpretation of the
number of proteins that decreased or increased with respect to the
control group. It is evident that there is a group of 3 proteins that
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Fig. 1. Volcano plot representing changes in the canine urinary proteome secondary to renal disease caused by leishmaniosis. For sick dogs, less abundant proteins in
urine samples are presented on the left-hand side of the graph, and the most abundant proteins are presented on the right-hand side of the volcano plot. The dif-
ference in protein content (log2-fold change) was depicted against the significance of the difference — log10(p) in this graph.

B proteins
B Disease

Proteins Disease

Fig. 2. Venn diagram showing changes in the canine urinary proteome between the control and study groups. This diagram depicts significantly different amounts of
proteins, both decreased and increased. In the middle, the number of proteins with significantly different amounts in the study group compared to the control group.

protein, beta-2-microglobulin, immunoglobulin-like domain-containing pro-
teins, fetuin-B, apolipoproteins I, II, IV and E, antithrombin III, haptoglobin or
leucine rich alpha-2-glycoprotein 1 among others, already indicated by the

decreased (uromodulin, junctional adhesion molecule 1 and myelin protein
zero like 1) and a larger group of proteins that increased, among which
we can find cystatin domain-containing proteins, plasma retinol-binding
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Fig. 3. Heatmap showing the influence of renal disease secondary to leishmaniosis in the canine urinary proteome. Proteins are classified following hierarchical
clustering. The control group samples correspond to the gray marks, and the study group samples are indicated with red marks. The heatmap code is presented, with a
lesser amount of protein in green areas and greater amounts of protein in red areas. Proteins were normalized and filtered by a fold change >3.8 with p = 0.047 and q
= 0.019. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2 (12 %)

1 (61 %)

3 (6 %)

Fig. 4. 3D principal component analysis (PCA) of the variables influenced by
renal disease secondary to leishmaniosis. Two groups are well differentiated:
the black group shows proteins in which amounts decrease in renal disease, and
the other group (green, yellow, orange, and red) shows proteins in which
amounts increase. Variables were prefiltered by a standard deviation (S/Smax)
of 0.71 and were then normalized and filtered by a fold change >3.8 with p =
0.047 and q = 0.019. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

heatmap. For this, the same statistical values established in the previous
analysis were used (Figs. 3 and 4).

3.2. Validation of proteomic results

RBP and THP were measured in the urine of the 5 dogs in the control
group and in 10 of the dogs with CKD secondary to CanL. The results
were expressed as mean =+ standard deviation. RBP (mg/L) showed a
statistically significant increase (P < 0.001) when comparing the group
of sick dogs concerning the control group (0.07 + 0.02, and 0.03 + 0.01,
respectively). Differences were also observed in the case of THP (pg/mL)
(P < 0.001), but in this case, its value in the sick group was lower than in
the control group (34.87 + 4.01, and 45.76 + 2.99, respectively).

3.3. Enrichment analysis

For a better understanding of the biological processes and metabolic
pathways in which the proteins obtained are involved, as well as their
origin and hierarchical classification, an enrichment analysis was car-
ried out using the g profiler data sources established by the platform and
mentioned previously, namely GO, KEGG and HP (P < 0.01) (Fig. 5).

3.3.1. GO terms

The overrepresented GO pathways were classified according to their
categorization criteria, that is, GO Cellular Component (GO:CC), GO
Molecular Function (GO:MF), and GO Biological Process (GO:BP).

3.3.1.1. GO Cellular Component (GO:CC). Regarding the cellular com-
ponents among which the origin of the identified proteins is located,
three stand out: the first with a very abundant enrichment in the
extracellular region, followed by the extracellular space, and finally, with a
very high significance as well, but less than the above, the circulating
immunoglobulin complex (Fig. 5).
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3.3.1.2. GO Molecular Function (GO:MF). The molecular functions
overrepresented in the CUP in renal disease secondary to leishmaniosis
with the established level of significance were mainly enzyme inhibitor
activity, endopeptidase inhibitor and regulator activities, peptidase inhibitor
and regulator activities, and immunoglobulin receptor binding (Fig. 5).

3.3.1.3. GO Biological Process (GO:BP). Processes involved in a signif-
icant way are related to the humoral immune response, highlighting that
mediated by circulating immunoglobulins, the immune effector process,
negative regulation of enzymatic activity and finally, the most marked
enrichment was shown by activation of the complement (Fig. 5).

3.3.2. Kyoto Encyclopedia of Genes and Genome pathways (KEGG)

The most abundant proteins in the urinary proteome analyzed are
those related to the complement activation pathways and the cascade of
coagulation (Fig. 5).

3.3.3. Human Phenotype Ontology (HP)

After a cross-species phenotype matching algorithm was applied, the
canine phenotypes filtered out were related to different human diseases,
such as nephritis, altered hematopoiesis, amyloidosis and increased inflam-
matory response (Fig. 5).

3.4. Analysis of discriminating variables

Finally, the proteins identified as altered in the study group (93
proteins) were subjected to a more exhaustive statistical analysis with a
discriminative purpose, increasing the fold change to 710, with p = 6 x
1071 and q=5x 10714,

With these statistical settings, 12 urinary proteins stood out for their
increase with respect to the control group dogs. Therefore, renal disease
secondary to leishmaniosis induced a marked presence of proteins such
as C4a anaphylatoxin, apolipoprotein-A1, haptoglobin, an uncharacterized
protein similar to immunoglobulin gamma-1 heavy chain in humans (70,3%
identity), an immunoglobulin-like domain-containing protein, amyloid beta
precursor protein binding family B member, fetuin B, leucine rich alpha-2-
glycoprotein 1, an uncharacterized protein similar to immunoglobulin
lambda fractions in humans (86,7% identity), an immunoglobulin-like
domain-containing protein, beta-2-microglobulin and peptidase S1 domain-
containing protein (Fig. 6).

4. Discussion

In this study, a total of 951 proteins were identified in the CUP of
dogs with kidney disease secondary to CanL. When we compare these
results with literature of dogs with renal disease (Brandt et al., 2014;
Ferlizza et al., 2020; Forterre et al., 2004; Hormaeche et al., 2014;
Nabity et al., 2011; Palviainen et al., 2012; Pelander et al., 2019;
Winiarczyk et al., 2019), this study has identified the highest number of
proteins, due to protein separation by UHPLC coupled to ESI-TOF-MS
analysis, one of the methods considered as the gold standard for the
study of the urinary proteome (Sanchez-Juanes et al., 2013), in a com-
plementary way to Capillary Electrophoresis-Mass Spectrometry (CE-
MS) (Klein et al., 2014), which allows for a larger scale analysis of the
urine (Klein et al., 2014; Sanchez-Juanes et al., 2013; Thongboonkerd,
2007). Moreover, this is the first study in which CUP was evaluated in
natural CanL and renal disease by this method.

Regarding the origin of these proteins, when taking into account the
results in the GO:CC category, as a result of its filtration or its local
production, there was an overrepresentation of proteins of extracellular
origin, which agrees with the previous literature on CKD in human
medicine (Good et al., 2010; Kalantari et al., 2013), and dogs (Pelander
et al., 2019), and proteins related with circulating immunoglobulin com-
plex, fact already demonstrated in urine from gammopathies such as
CanL (Solano-Gallego et al., 2003; Todoli et al., 2009), or human lupus



M.A. Gonzadlez et al.

Research in Veterinary Science 149 (2022) 108-118

40 .18

35 .19

30
—~ 25
g
ET-; ) 1 O1 ’ 21

g
N & ¢ ¢ % 15@51‘5 6 @ ®
10 4 @ 20
. 3
5 25
s o
O | D N
CQ%Q %o 2 G%Cr ’reccm e &)
5) 0s) 75) )
ID Source Term ID K] Term Name Padj (query_1)
1 GO:MF G0:0004866 endopeptidase inhibitor activity 1.278x10° 14
2 GO:MF GO:0004857 enzyme inhibitor activity 4.834x10°13
3 GO:MF GO:0030414 peptidase inhibitor activity 2.654x10714
4 GO:MF GO:0034987 immunoglobulin receptor binding 457x 107
5 GO:MF G0:0061135 endopeptidase regulator activity 3.247x1071
6 GO:MF GO:0061134 peptidase regulator activity 2.952x10°13
7 GO:BP G0:0002252 immune effector process 2.519x10°12
8 GO:BP G0:0002376 immune system process 1.944x10°10
9 GO:BP G0:0002455 humoral immune response mediated by circulatin... 1.985x10°11
10 GO:BP GO:0006955 immune response 8.581x10°11
n GO:BP G0:0006958 complement activation, classical pathway 6.794x10713
12 GO:BP GO:0006959 humoral immune response 1.845x10°13
13 GO:BP GO:0006956 complement activation 9.071x10°1°
14 GO:BP GO:0010466 negative regulation of peptidase activity 4317x10°12
15 GO:BP GO:0010951 negative regulation of endopeptidase activity 3.337x10712
16 GO:BP GO:0043086 negative regulation of catalytic activity 7.479x10°11
17 GO:BP G0:0051346 negative regulation of hydrolase activity 9.770x10°13
18 GO:CC GO:0005576 extracellular region 1.578x1039
19 GO:CC G0:0005615 extracellular space 6
20 GO:CC GO:0042571 immunoglobulin complex, circulating |
21 KEGG KEGG:04610 Complement and coagulation cascades 2.102x10°15
22 HP HP:0000123 Nephritis
23 HP HP:0001871 Abnormality of blood and blood-forming tissues
24 HP HP:0011034 Amyloidosis
25 HP HP:0012649 Increased inflammatory response
4 >

version e104_eg51_p15_3922dba el
date 23/8/2021 13:59:23 g:Profiler
organism clfamiliaris

Fig. 5. g: GOST multiquery Manhattan plot representing enrichment analysis of proteins present in greater amounts in the study group. The urinary proteome was
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indicated on the left of the image on the y axis. Information about the highlighted results is provided in the table below the graph. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

nephritis (LN) (Morell et al., 2021), among others.

In the GO:MF category, we found proteins with a great abundance
within the catalytic activity family, being the most abundant those
grouped as endopeptidase inhibitor and regulator activities and peptidase
inhibitor and regulator activities. In human, this increasement has been
related with progression of kidney disease, because inhibition or mod-
ulation of proteases promotes protein deposition in the renal extracel-
lular matrix, and consequently, fibrosis (Catania et al., 2007; Genovese
et al., 2014). Finally, there were abundant proteins related to immuno-
globulin receptor binding term, fact probably associated with the pro-
duction and regulation of immunoglobulins.

Regarding the biological processes of GO, we observed numerous
terms with very high significance, some of which were related to
immunological functions and were classified into the immune effector
process, immune system process and immune response, humoral immune
response, and complement activation (classical pathway) groups, a fact
already published in the HUP of healthy patients (Adachi et al., 2006).
For this reason, diseased urine is considered to have more immune ac-
tivity than normal urine because the same results were not found in
healthy dogs (Brandt et al., 2014). In addition, we also found proteins
belonging to the humoral immune response mediated by circulating
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immunoglobulin terms only detected in this study, which can be justified
by the information provided in the previous sections on circulating
immunoglobulins and their origin. Complement activation was the most
abundant process. This finding has also been associated with renal injury
in human medicine in proteinuria (Morita et al., 2000), polycystic kid-
ney disease (Bakun et al., 2012), and medullary sponge kidney disease
(Bruschi et al., 2019). Until now, its increase has not been found in
natural CUP (Brandt et al., 2014), unlike HUP (Adachi et al., 2006), and
dogs with kidney disease (Nabity et al., 2011). The rest of the proteins
belonging to prominent biological processes were defined as negative
regulators of catalytic, hydrolytic, endopeptidase, and peptidase activities,
proteins not present in CUP. However, they were observed in natural
HUP (Adachi et al., 2006), as well as in CKD (Good et al., 2010).

In the KEGG, the most overrepresented group of molecules is asso-
ciated with the biological pathway of complement activation and coagu-
lation cascades. It was described in blood samples in a study of acute
kidney injury (AKI) in a mouse model (Chen et al., 2020), and urine of
patients with IgA nephropathy (Kalantari et al., 2013).

When comparing the results obtained with the HP database, co-
incidences have been found between the phenotypic pattern expressed
by CUP studied in CanL, and those cataloged for certain pathological
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processes in humans, highlighting nephritis, abnormality of blood and
blood forming tissues, amyloidosis, and increased inflammatory response, all
of which are related to CKD. Therefore, dogs may be a good candidate
for the study of kidney disease secondary to immunocomplex deposition
by leishmaniosis, and other renal diseases with similar pathogenic
mechanisms.

After bioinformatic analysis, among the proteins obtained as possible
renal biomarkers for dogs with CKD secondary to CanL, we found some
proteins previously studied, for example, Tamm-Horsfall protein (THP),
and retinol-binding protein (RBP). The behavior of these two urinary
biomarkers was previously evaluated in dogs with kidney disease
(Chacar et al., 2017; Forterre et al., 2004), and CanL (Pardo-Marin et al.,
2016), and their results coincide with the data obtained for the validated
proteins in the urine of dogs with CanL and renal disease, exactly, uri-
nary RBP increases and urinary THP decreases. These findings provide
greater consistency to the results of this study.

After a discriminant analysis of the studied variables, those proteins
that maintained a very high level of significance, concerning the control
group, were selected. In this filtered set, 12 proteins were obtained, all of
which were increased in dogs with kidney disease secondary to leish-
maniosis. These are potential candidates to become biomarkers for the
diagnosis, classification, and monitoring of this disease. First, among
these biomarkers is beta-2 microglobulin (B2M), a glycoprotein present in
all nucleated cells, which is filtered by kidney (Hall et al., 1982; Verroust
et al., 2002). B2M has been found in HUP (Adachi et al., 2006), and, it
has shown its usefulness as part of a pattern of biomarkers in AKI
(Metzger et al., 2010), as well as in CKD (Good et al., 2010). Addition-
ally, in dogs, the results obtained, suggests that B2M may be an earlier
urinary biomarker in X-linked hereditary nephropathy (XLHN) as a
model for CKD (Nabity et al., 2011). Furthermore, B2M was one of the
increased proteins in the proteomic analysis of the urine of dogs with
AKI secondary to Vipera berus berus bite (Palviainen et al., 2012), along
with fetuin B (FB), a cysteine-type endopeptidase inhibitor increased in
this study as well.

C4a or anaphylatoxin is another protein increased in dogs with CanL.
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It is involved in activation of the lectin pathway of complement system
in response to parasites, among other agents (Sarma and Ward, 2011). In
a study on human anti-glomerular basement membrane disease, an in-
crease was shown in 100% of the patients studied, but it could not be
clinically correlated (Ma et al., 2013). In addition, an increase in urinary
levels of C4a, among other complement proteins, was found in patients
with active LN (Mejia-Vilet et al., 2021) and focal segmental glomer-
ulosclerosis (FSGS), where it is unknown whether its increase is due only
to an increase in the activation of the complement system and its
glomerular filtration or its activation in the lumen of the renal system
(Thurman et al., 2015).

Haptoglobin (HP) is an acute-phase plasma protein synthesized in the
liver, which participates in iron metabolism (Fagoonee et al., 2005; Ngai
et al., 2007), and prevents the oxidative damage that hemoglobin causes
at the tubular level (Schaer et al., 2014). A study suggested in situ
production of urinary haptoglobin in a rat model of human membranous
nephropathy for renoprotective purposes (Ngai et al., 2007), which was
subsequently demonstrated in an AKI model in rats (Zager et al., 2012b).
Moreover, its usefulness as a biomarker has also been demonstrated after
the study of urinary proteomics in patients with LN (Aggarwal et al.,
2017), and DN (Liao et al., 2018) in human medicine. In dogs, blood
haptoglobin is increased with leishmaniosis according to proteomic
analysis (Britti et al., 2010; Franco-Martinez et al., 2020), which pro-
motes greater filtration in the context of a damaged filtration barrier. At
the urinary level, proteomics has justified its use as a biomarker in dogs
with AKI and babesiosis (Winiarczyk et al., 2019), and dogs with XLHN
(Nabity et al., 2011).

Apolipoprotein-A1 (APOA-I) is the main high-density lipoprotein
(HDL) (Clark et al., 2019; Goek et al., 2012). This is filtered at the
glomerular level and mostly reabsorbed in the proximal tubule (Clark
et al., 2019). APOA-I is present in the HUP (Adachi et al., 2006), but not
in the CUP (Brandt et al., 2014) in a natural way. In the HUP, its increase
has been associated with CKD, proteinuria and glomerular damage
(Gomo, 1991; Good et al., 2010). Furthermore, APOA-I has demon-
strated its utility as renal biomarker in IgA nephropathy (Kalantari et al.,
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2013; Prikryl et al., 2017); and FSGS and in diseases of the proximal
tubule in children (Clark et al., 2019), among others. In dogs, APOA-I
was one of the urinary biomarkers increased in heartworm disease
(Hormaeche et al., 2014), and male dogs with XLHN, in the latter, even
before azotemia (Nabity et al., 2011).

Among the rest, we also found amyloid-beta precursor (ABP), which
had an 80.1% of similarity with hemopexin (HPX). This has already
involved as ABP in the fibrillogenesis of certain forms of amyloidosis
(Ohta et al., 2018), something not previously reported in dogs. In
addition, HPX precursor is present in the HUP (Adachi et al., 2006), but
not in natural CUP (Brandt et al., 2014). However, HPX appear in nat-
ural CUP (Brandt et al., 2014), and dogs with XLHN, in azotemic stage
(Nabity et al., 2011). HPX has a renoprotective function in proteinuric
patients against oxidative damage caused by hemoglobin (Schaer et al.,
2014; Zager et al., 2012a), which is observed in our study, however HPX
is not among increased proteins. As a possible hypothesis, in the group of
sick dogs, HPX, through an unknown mechanism, could lead to the
production of ABP involved in the pathogenesis of renal damage.

Multiple corresponding immunoglobulin-like domain-containing pro-
teins can be found, immunoglobulins or fractions of them, that may be
present due to glomerular filtration or local production, among others.
Furthermore, an uncharacterized protein stands out when compared to
the human database, due to its similarity with lambda-type immuno-
globulins (86,7%); specifically, immunoglobulin lambda-1 light chain, an
immunoglobulin fraction related to CKD progression in human medicine
(Fenton et al., 2018). Free light-chain proteinuria is also a recognized
amyloid precursor in both, humans (Dember, 2006) and dogs (Kadota
et al., 2020); in the latter, it has been associated with the appearance of
other molecules, such as APOA-I, and apolipoproteins E and A-VI in CKD
with amyloidosis (Kadota et al., 2020), precisely, these apolipoproteins
were increased in this study as well. Nevertheless, in CanL, this kind of
proteinuria has also been proven with no apparent association with
kidney disease (Bonfanti et al., 2004).

Another of the most abundant proteins was a peptidase S1 domain-
containing protein, which shares an identity of 98.8% with the cationic
trypsin of the dog and it may be an isoform of this protein. When
compared to humans, it is only 74% similar. Pigs have an identity of
80.5%, so they cannot be considered cross-contamination with the re-
agent used in tryptic digestion. Its presence had never before been
described in the CUP.

Finally, a protein with greater significance was leucine-rich alpha-2-
glycoprotein 1 (LRG1), an acute phase plasma protein produced mainly
in the liver and neutrophils, but it can also be induced in many other
tissues as part of its inflammasome (Jiang et al., 2020; Lee et al., 2018).
This glycoprotein has already been found to be increased in other dis-
eases, such as those associated with tubular damage (Lee et al., 2018),
IgA nephropathy (Kalantari et al., 2013), and DN in type II (Liu et al.,
2017), acquiring an important role in the early diagnosis of kidney pa-
thologies. This biomarker could have a great potential, especially in the
evaluation at the tubular level, where it is believed that its synthesis is
induced, as well as a possible therapeutic intervention point to slow the
progression of the disease associated with inflammation.

Regarding the limitations of our study, they may be a consequence of
the small sample size, as well as the possible variability associated with
intra- and interindividual diversity that molecular tests may have
(Thongboonkerd, 2007). To reduce its impact, the results were obtained
from the comparison between a control group, healthy dogs, and a study
group, dogs with kidney disease and CanL, exactly, Leishvet stages III
and IV (Solano-Gallego et al., 2011), to find altered biomarkers as a
consequence of kidney damage secondary to CanL as a whole, not being
compared with a group with kidney disease to eliminate the variability
present in its etiology, as has already been done in much of the previous
literature consulted (Hormaeche et al., 2014; Palviainen et al., 2012;
Winiarczyk et al., 2019), because this would lead to unreliable results. In
addition, due to the way in which the results generated in MS are
interpreted, and the kidney disease condition is shared between both
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groups, the unmodified variables would not stand out, and many of them
would only do so due to their involvement in CanL, not being the
objective of this study.

These twelve new biomarkers present marked differences, and when
we look at the heatmap (Fig. 3), they distinguish very well between the
healthy and sick conditions, even some, such as LRG1, FB, B2M, and
C4a, completely differentiate these conditions. Something of great in-
terest in kidney disease, in this case, secondary to CanL, because 26.7%
of dogs (4/15) did not present azotemia. Therefore, these biomarkers
may be useful in the early and they are in advanced diagnosis of CanL
with kidney disease. Moreover, their involvement in such important
mechanisms in kidney damage as complement activation and humoral
response, may make them potential therapeutic targets in the future or
biomarkers of therapeutic response as a reflection of the modification of
the pathway in which they are involved. In addition, these biomarkers
can also be useful in the study of kidney pathologies with the same
pathogenesis. For all these reasons, studies in previous stages and post-
treatment periods are necessary to clarify its implication in these
contexts.

5. Conclusion

This study provides new and valuable information about the possible
pathogenic mechanisms of this renal disease, revealing the important
relationship with pathways associated with the activation of complement
and the circulating immunoglobulin complex. In addition, the results pro-
pose several proteins that could be candidate biomarkers for future
research; exactly, leucine-rich alpha-2-glycoprotein 1 and C4a or anaphy-
latoxin that have not been described thus far, and others have scarcely
been studied, such as apolipoprotein A-1, fetuin B, beta-2 microglobulin,
and haptoglobin, all of them in dogs whit leishmaniosis and kidney
damage. This provides greater knowledge about the diagnosis and
possible points of therapeutic interventions in kidney disease due to
CanL. Future studies will be necessary to determine the role of these
potential candidates.
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