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Serum proteome profiling 
of naturally acquired Babesia rossi 
infection in dogs
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Babesiosis is a disease of significant medically and veterinary importance with worldwide distribution. 
It is caused by intra-erythrocyte protozoal parasites, with Babesia rossi causing the most severe 
clinical signs of all the large Babesia parasites infecting dogs. The disease can be clinically classified 
into uncomplicated and complicated forms with a wide range of clinical presentations from a 
mild, subclinical illness to complicated forms and death. The aim of this study was to assess serum 
proteomic profiles from dogs with babesiosis and healthy dogs using a label-based proteomics 
approach. Altogether 32 dogs naturally infected with B. rossi (subdivided into 18 uncomplicated cases 
and 14 complicated cases of babesiosis) and 20 healthy dogs were included. There were 78 proteins 
with significantly different abundances between the three groups of dogs. Elucidation of proteins and 
pathways involved in canine babesiosis caused by B. rossi have revealed key differences associated 
with haemostasis, innate immune system, lipid metabolism and inflammation. Shotgun proteomic 
profiling allowed identification of potential serum biomarkers for differentiation of disease severity 
in canine babesiosis caused by B. rossi. These findings may be applicable to the study of host-parasite 
interactions and the development of novel therapeutic targets.

Babesiosis is a widespread haemoprotozoan disease that can infect various vertebrate hosts, including humans. 
In dogs, babesiosis is an emerging tick-borne disease caused by distinct Babesia species. The Babesia parasites 
that most commonly infect dogs are B. rossi, B. canis and B. vogeli1–3. The life cycle of Babesia includes asexual 
multiplication in vertebrate blood cells, sexual reproduction in the vector and the production of sporozoites in 
the salivary glands of the vector4. After the injection of sporozoites with saliva during the tick bite, sporozoites 
penetrate directly into the erythrocyte and all the parasitic stages develop in erythrocytes. The parasite produces 
merozoites, which invade a new erythrocyte after erythrocyte lysis.

Babesia rossi, endemic in tropical and sub-tropical sub-Saharan Africa, is known to cause the most severe 
disease of all the Babesia species infecting dogs. Numerous studies of B. rossi infections in dogs have led to clini-
cal and pathological descriptions of the disease5,6. Laboratory findings and clinical signs are used to classify the 
disease as uncomplicated or complicated, the latter being marked by the development of systemic inflammatory 
response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS)5,7,8.

At presentation, dogs show various clinical signs including fever, lethargy, weakness, pale mucous mem-
branes, icterus, splenomegaly and, more rarely, shock or central nervous system signs9,10. Because the clinical 
signs are common to other diseases, infection has to be diagnosed using a stained peripheral blood smear and 
confirmed by PCR.

The trademark manifestation of infection with B. rossi is haemolytic anaemia. Resulting decrease in oxygen-
carrying capacity of the blood can lead to tissue hypoxia and subsequent organ dysfunction, impacting the overall 
severity and prognosis of the infection. This results in a range of clinical signs and complications, including 
lethargy, weakness, pale mucous membranes, icterus, and in severe cases, shock and organ dysfunction, such as 
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acute kidney injury (AKI), cerebral babesiosis, acute respiratory distress syndrome (ARDS), pancreatitis, rhab-
domyolysis, a consumptive coagulopathy, excessive pro-inflammatory response and myocardial dysfunction. 
These complications are associated with high morbidity and mortality6,11–16.

Host-parasite interactions are critical for invasion and for establishment of intracellular niches for parasite 
replication, differentiation, and persistence, as well as directly linked to pathogenicity and virulence which 
characterize symptomatic infections with this protozoan haemoparasites17–19. Early detection of complicated 
babesiosis is of importance in clinical practice for developing a therapeutic protocol as well as establishing a 
prognosis. Therefore, protein profiling in babesiosis is useful for understanding disease pathogenesis and the host 
immune response. New high-throughput omics technologies offer cutting-edge approaches to the discovery of a 
number of new potential disease-related biomarkers in canine babesiosis. Using a gel-based proteomic approach 
we previously identified several differentially expressed serum proteins in dogs with babesiosis due to B. canis 
infection. Identified proteins were associated with an inflammation-mediated acute phase response, complement 
and coagulation cascades, apolipoprotein and the vitamin D metabolism pathway20,21. To the authors’ knowl-
edge, there are no proteomic studies that have examined dogs infected with B. rossi. The aim of this study was to 
compare the serum proteomes in healthy dogs and dogs with uncomplicated and complicated babesiosis caused 
by B. rossi using a label-based high-throughput proteomics approach. Bioinformatics tools were employed to 
elucidate altered biological pathways in babesiosis, and several candidate markers were validated by western blot.

Results
Proteomic profiling between the control group, uncomplicated and complicated babesio-
sis.  In this study, 128 proteins were identified and quantified by a label-based quantitative proteomic approach 
according to set criteria (at least 2 unique peptides and 1% FDR). In total, after excluding proteins having more 
than 50% missing values, there were 78  proteins with significantly different abundances between the control 
group, uncomplicated and complicated babesiosis, as accessed by the Kruskal–Wallis test (Supplementary 
Table 1). A principal component analysis (PCA) plot showed very clear discrimination of the groups (Fig. 1). 
The clusters were separated based on the principal component 1 (PC1), which captured 30.26% of the variance in 
the dataset, while PC2 captured 8.29% of the variance. Hierarchical cluster analysis (HCA) based on the proteins 
with significantly differential abundances between groups is presented as a heat map (Fig. 2).

Figure 1.   Principal component analysis (PCA) score plot showing the distribution of samples from control 
group (red dots), uncomplicated babesiosis (green dots) and complicated babesiosis (blue dots) group.
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The top 20 gene ontology (GO) terms with the lowest FDR value are shown for every GO aspect for the genes 
encoding proteins whose abundance was significantly different between the three groups (Fig. 3). Based on fold 
enrichment (percentage of genes from the list belonging to a pathway divided by the corresponding percentage in 
the background) as a measure of effect size, the most overrepresented biological process terms were fibrinolysis, 
negative regulation of blood coagulation, negative regulation of hemostasis, complement activation and regula-
tion of blood coagulation, while terms which included the highest number of genes were immune response, 
proteolysis, response to external stimulus and positive regulation of external stimulus (Fig. 3A).

The most overrepresented molecular function terms were phosphatidylcholine-sterol O-acyltransferase acti-
vator activity and cholesterol transfer activity, while the majority of genes encoding proteins were included in 
molecular function regulation, signaling receptor binding and enzyme regulator activity (Fig. 3B). GO terms 
for the cellular component revealed that the majority of genes belonged to the extracellular region and space, 

Figure 2.   Hierarchical cluster analysis (HCA) based on the proteins with significantly differential abundances 
between control group (green panel), uncomplicated babesiosis (blue panel) and complicated babesiosis (red 
panel) using Euclidean as a distance measure and ward as a clustering algorithm. Each colored cell on the map 
corresponds to the abundance, with the red color meaning an increased, and blue a decreased abundance. Full 
protein names for accession IDs can be found in the Supplementary Table 1.
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while the most overrepresented were membrane attack complex, fibrinogen complex and low-density lipoprotein 
particle (Fig. 3C). The network view of the most enriched terms is presented as Fig. 3D.

Reactome pathway enrichment analysis revealed that most differentially expressed genes were associated 
with the immune system, innate immune system, complement cascade and haemostasis, while the most over-
represented pathways were linked to complement, e.g. activation of C3 and C5, terminal pathway of complement 
and alternative complement activation (Fig. 4).

Proteomic profiling between uncomplicated and complicated babesiosis.  When comparing 
complicated and uncomplicated babesiosis, 21 proteins showed a difference in abundance between the two 
groups; 12 had a higher abundance in the complicated group compared to uncomplicated and 9 showed a lower 
abundance in complicated babesiosis (Table 1).

GO enrichment comparing complicated and uncomplicated cases revealed a distinctive set of terms in com-
parison with the analysis of all proteins, with the most overrepresented biological process terms being acute phase 
response and complement activation, and for molecular function, overrepresented biological processes were 
vitamin transmembrane transporter activity and proteoglycan binding (Fig. 5). Reactome pathway enrichment 
analysis showed a similar profile as shown in the analyses for all the groups investigated, with pathways related 
to complement being the most overrepresented and the immune system pathway having the highest number of 
genes represented (Fig. 6).

Validation.  Three selected proteins, namely apolipoprotein E (apoE), beta actin and lactotransferrin (LTF), 
were validated by western blotting using total protein load after Ponceau S staining as a normalization reference. 
Results of the Kruskal–Wallis test showed significant differences in relative abundances of all three proteins, 
although post-hoc testing showed slight differences compared to the proteomics data. Relative abundance for 
LTF was significantly different between the control group and complicated babesiosis (P = 0.003), apoE was 
significantly different between control and uncomplicated babesiosis (P < 0.001), as well as between control and 
complicated babesiosis (P < 0.001), while beta actin showed significant difference between control and compli-
cated babesiosis (P < 0.001) and between uncomplicated and complicated babesiosis (P = 0.004) (Fig. 7). Full 
(uncropped) western blot images are shown in Supplementary Fig. 1.

Figure 3.   The lollipop charts with top 20 gene ontology (GO) terms with the lowest FDR value are shown 
for every GO aspect for the proteins with differential abundance between control group, uncomplicated and 
complicated babesiosis: (A) Biological Process; (B) Molecular function; (C) Cellular component. Terms are 
sorted by fold enrichment, color corresponds to − log10(FDR) calculated based on nominal P value from the 
hypergeometric test, and size of circle corresponds to the number of genes belonging to the specific term. (D) 
Network view of the most enriched terms. Two terms (nodes) are connected if they share 20% or more genes, 
darker nodes are more significantly enriched gene sets, bigger nodes represent larger gene sets and thicker edges 
represent more overlapped genes.
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Discussion
A high-throughput label-based proteomic approach was employed for evaluating changes in the proteome in dogs 
infected with B. rossi. To the authors’ knowledge, this is the first time the serum proteome has been evaluated in 
this complex and multisystemic disease. Compared with the disease caused by other canine Babesia parasites, 
B. rossi is clinically the most severe. Previous proteomics studies have used a gel-based proteomic approach20,21, 

Figure 4.   Reactome pathways enriched from proteins with differential abundance between control group, 
uncomplicated and complicated babesiosis. Pathways are sorted by fold enrichment, color corresponds to 
− log10(FDR) calculated based on nominal P value from the hypergeometric test, and size of circle corresponds 
to the number of genes belonging to the specific pathway.

Table 1.   Proteins with the significantly differential abundances between dogs with uncomplicated and dogs 
with complicated babesiosis identified and quantified using tandem mass tags (TMT) proteomics approach.

Accession Gene ID Description P value FDR log2FC

Proteins with higher abundance in complicated babesiosis compared to uncomplicated babesiosis

 A0A1S7J0A8 CD14 Monocyte differentiation antigen CD14 9.9319E−07 1.26504E−06 0.18

 H9GWY3 ITIH4 Inter-alpha-trypsin inhibitor heavy chain 4 8.60294E−09 6.18737E−08 0.51

 P18649 APOE Apolipoprotein E 9.89135E−08 1.60347E−07 0.43

 A0A5F4C477 FBLN1 Fibulin-1 4.59563E−05 2.27636E−05 0.39

 F6Y713 ORM1 Alpha-1-acid glycoprotein 4.03797E−08 9.00062E−08 0.38

 F1PBL4 FGA Fibrinogen alpha chain 1.72643E−05 1.18406E−05 0.35

 A0A5S6CY29 ACTB Actin, cytoplasmic 1 2.07126E−05 1.23905E−05 0.34

 F1PW10 TGFBI Transforming growth factor-beta-induced protein ig-h3 2.30594E−05 1.26797E−05 0.31

 A0A5F4C7X1 CFI Complement factor I 2.21083E−06 2.07492E−06 0.30

 E2RH18 CFP Complement factor properdin 1.88842E−06 1.98084E−06 0.27

 F6XKC0 C8G Complement C8 gamma chain 1.21139E−05 8.64061E−06 0.20

 E2RS79 C2 C3/C5 convertase 5.08565E−06 4.15247E−06 0.19

Proteins with lower abundance in complicated babesiosis compared to uncomplicated babesiosis

 J9NSF9 F2 Activation peptide fragment 1 1.22996E−06 1.37078E−06 − 0.08

 J9P430 TF Beta-1 metal-binding globulin 2.25484E−05 1.26797E−05 − 0.09

 A0A5F4BW32 FN1 Fibronectin 2.08E−08 6.18737E−08 − 0.10

 F1PG39 ITIH2 Inter-alpha-trypsin inhibitor heavy chain 2 2.02952E−05 1.23905E−05 − 0.17

 F1P841 GC Gc-globulin 9.18069E−06 7.11782E−06 − 0.20

 F1PYX9 SERPING1 Serpin family G member 1 2.05778E−06 2.03857E−06 − 0.20

 E2QZQ1 TF Transferrin 6.69568E−05 3.14203E−05 − 0.25

 A0A5F4D8W3 PROS1 Vitamin K-dependent protein S 0.000251835 0.000112268 − 0.26

 A0A5F4CED7 RBP4 Plasma retinol-binding protein 3.08639E−08 7.86234E−08 − 0.28
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Figure 5.   The lollipop charts with top 20 gene ontology (GO) terms with the lowest FDR value are shown 
for every GO aspect for the proteins with differential abundance between uncomplicated and complicated 
babesiosis: (A) Biological Process; (B) Molecular function; (C) Cellular component. Terms are sorted by fold 
enrichment, color corresponds to − log10(FDR) calculated based on nominal P value from the hypergeometric 
test, and size of circle corresponds to the number of genes belonging to the specific term. (D) Network view of 
the most enriched terms. Two terms (nodes) are connected if they share 20% or more genes, darker nodes are 
more significantly enriched gene sets, bigger nodes represent larger gene sets and thicker edges represent more 
overlapped genes.

Figure 6.   Reactome pathways enriched from proteins with differential abundance between uncomplicated and 
complicated babesiosis. Pathways are sorted by fold enrichment, color corresponds to − log10(FDR) calculated 
based on nominal P value from the hypergeometric test, and size of circle corresponds to the number of genes 
belonging to the specific pathway.
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while a gel-free TMT-based approach enable more comprehensive identification of proteins and pathways asso-
ciated with disease pathogenesis and severity. This was a retrospective clinical study and therefore it was not 
possible to fully adjust for factors such as age, sex, breed and clinical manifestations.

Proteomic profiling between control group, uncomplicated and complicated babesio-
sis.  There were 78 proteins with significantly differential abundances between the three groups (control, 
uncomplicated and complicated babesiosis). The top 20 most significantly enriched pathways revealed key dif-
ferences associated with complement, the innate immune system, haemostasis and lipid metabolism. These 
pathways reflect and highlight the known pathogenic mechanisms of canine babesiosis such as haemolysis, host 
response to the inflammation and coagulation22–24.

Haemostasis and immune system responses are tightly interrelated pathophysiologic processes with extensive 
crosstalk25. The presence of haemostatic alterations are well documented in canine babesiosis, and further con-
firmed in this study by significant affected pathways: haemostasis, gamma-carboxylation of protein precursors, 
transport of gamma-carboxylated protein precursors from the endoplasmic reticulum, common and intrinsic 
pathway of fibrin clot formation and clotting cascade pathway. Identified proteins involved in these pathways 
were coagulation factors (F2, F5, F10, F12), serine protease inhibitors (SERPINC1 (antithrombin III), SERPINA5, 
SERPING1), components of fibrinolysis (FCN1, FGA, FGG) and others. One of the most common and consistent 
haematological hallmarks of canine babesiosis is thrombocytopenia. Mechanisms for this are still unclear but 
evidence that platelets play an important role in disease mechanism is growing23,26,27. Our work further strength-
ens this by highlighting platelet-associated pathways, namely platelet degranulation, response to elevated platelet 
cytosolic Ca2+, and platelet activation, signalling and aggregation enriched pathways.

Babesia rossi induces a profoundly inflammatory disease with much of the induced pathology associated with 
a host immune-mediated systemic inflammation5,28. Immune system was the single set of pathway that showed 
the biggest number of differently abundant proteins between all three groups of dogs, including components of 
complement cascade, acute phase proteins, oxidative stress markers, and components of extracellular matrix. 
Here we further implicate the central role of host inflammation by showing enriched pathways associated with 
the immune system, namely the innate immune system, complement cascade, regulation of complement cascade, 
activation of C3 and C5, terminal pathway of complement and alternative complement activation. Immunohis-
tochemical studies of the pathology of various organs in dogs naturally infected with B. rossi have demonstrated 
a macrophage (a crucial player in the innate immune response) dominated inflammation29.

The most overrepresented pathways were related to complement, a major player in the innate immune sys-
tem. This cascade of soluble proteins, receptors and regulators is activated immediately after encountering the 
pathogen30. Complement is also a well described mediator of haemolysis31. Changes in the abundance were 
found for components of both the classical and alternative pathway (C2, C3, C5, C6, C7, C8A, C8G, C9, CLU, 
CFP, CPB2, CPN2, SERPING1, CFP, VTN) which lead to the opsonisation and triggering of an inflammatory 
response. The identification of complement related proteins in the serum of dogs with babesiosis supports the 
role of this protein complex in the innate immune response to the pathogen.

Acute phase proteins, such as lipopolysaccharide-binding protein (LBP), leucine rich alpha-2-glycoprotein 
(LRG1), LTF, paraoxonase (PON3), clusterin (CLU), histidine rich glycoprotein (HRG), ceruloplasmin (CP), 
alpha-1-acid glycoprotein (ORM1), inter-alpha-trypsin inhibitor heavy chain 2 and 4 (ITIH2, ITIH4), were also 
identified in this study. Most of them have already been previously reported in canine babesiosis32. This is how-
ever the first time that lactotransferrin has been reported in this disease. Lactotransferrin is an iron-binding gly-
coprotein of the transferrin family and a major component of the secondary granules of neutrophils. It functions 

Figure 7.   Validation of the proteomics dana. Representative western blot images and relative abundance 
comparison of (A) lactotransferrin (LTF), (B) apolipoprotein E (apoE), and (C) beta actin between control 
group, uncomplicated and complicated babesiosis are shown. The abundance of the protein of interest was 
normalized to the total amount of protein in each lane determined with Ponceau S and quantified using ImageJ 
software. ** P < 0.01, *** P < 0.001.
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as an iron scavenger and modulator of signaling pathways, leading to the moderation of pro-inflammatory 
pathway activation during sepsis, thus playing a role in reducing tissue damage33,34. Cell-free haemoglobin (a 
major source of iron) has been shown to play an important role in the pathogenesis and outcome in a canine 
model of sepsis35. Scavenging the free iron that results from haemolysis would thus be an important host protec-
tive response36. Due to its ability to sequester iron, LTF exhibits a direct antimicrobial activity by destabilizing 
pathogen membranes and limiting their proliferation and adhesion37,38. Its antimicrobial activity was previously 
evaluated and it was shown to have an inhibitory effect on the in vitro growth of B. caballi and B. equi (presently 
reclassified as Theileria equi)39. The interaction between LTF, red cells and macrophages has been shown to 
inhibit various intracellular pathogens such as Toxoplasma, Plasmodium, Leishmania, Trypanosoma, and Myco-
bacterium40. In our study, LTF was significantly more abundant in uncomplicated babesiosis compared to the 
control group as assessed by proteomic approach, while higher abundance was found in complicated babesiosis 
compared to control group when assessed by western blotting. One of proposed mechanisms of modulation of 
the host immune response is by attenuation of the LPS-stimulated TLR-4 signaling pathway by binding to LPS 
and CD-1441. It also activates TLR-4 signaling pathway through NF-kappa-B activation and subsequently induces 
pro-inflammatory cytokine production42. Our data also demonstrated an increased abundances of LBP and 
CD-14 in babesiosis, underlining the importance of the host inflammatory response and a possible modulating 
effect of LTF. Lactotransferrin is also a useful biomarker for clinical use due to its resistance to proteolysis and 
multiple freeze–thaw cycles43. The many beneficial roles this protein plays at a molecular and cellular level during 
infection provides motive to evaluate the role it may play during B. rossi infection more closely.

Other significantly affected pathways were related to lipid metabolism, and included proteins such as apoli-
poproteins (apoA-I, apoA-IV, apoB, apoE, apoM, apoH) and plasma retinol-binding protein (RBP4). A link 
between babesiosis and lipid metabolism in the host has already been documented by transcriptomics, proteom-
ics, and metabolomics studies20,44,45. The importance of lipid metabolism in babesiosis is suggested to be related 
to the catabolic reaction during the acute phase response in the host. Haemoparasites are unable to synthesize 
their own lipids and thus rely on uptake from the host46. A recent study showed that dogs infected with B. canis 
developed dyslipidemia with altered lipoprotein concentrations and profile, supporting a decreased reverse cho-
lesterol transport from tissues to the liver47. The main protein component of high density lipoproteins (HDL), 
apolipoprotein A-I (apoA-I) participates in the reverse cholesterol transport by promoting cholesterol efflux 
from tissues. We demonstrated a decreased abundance of apoA-I in complicated and uncomplicated babesiosis 
compared to control group. This is contrary to previously reported levels in babesiosis caused by B. canis, how-
ever these studies used gel-based proteomics and radioimmunoassay20,47 and hence differences might be present 
for methodological reasons. In other studies, including canine leishmaniosis48 and dogs with sepsis49, signifi-
cantly decreased apoA-I were found. Another lipoprotein of interest was apoE which associates with chylomi-
crons, chylomicron remnants, very low density lipoproteins (VLDL), intermediate density lipoproteins (IDL), 
and HDL50. This molecule plays a key role in reverse cholesterol transport51. Higher abundances of apoE were 
found in complicated compared to uncomplicated babesiosis, as well as in uncomplicated compared to control 
group, and in complicated babesiosis compared to controls, as confirmed by western blotting. Lipoproteins are 
involved in innate and adaptive immune response, the regulation of oxidative pathways and as intermediates in 
the production of inflammatory mediators52–54. Our findings supported interplay between inflammation and 
lipid metabolism in canine babesiosis, and justify further investigation into different lipoproteins as potential 
biomarkers and therapeutic targets55.

One of the most enriched pathways that emerged in our work was regulation of insulin-like growth factor 
(IGF) transport and uptake by IGF. This pathway has numerous roles and its expression in the vasculature is 
affected by interactions with growth factors, cytokines, lipoproteins, reactive oxygen species and haemodynamic 
forces56. A role of this pathway and the proteins involved in it, such as angiotensin (AGT), apoB, thrombin, 
ITIH2, antithrombin III, fibronectin (FN1), and others, suggested a role for the vascular bed in the pathogenesis 
of canine babesiosis.

Proteomic profiling between uncomplicated and complicated babesiosis.  The comparison of 
complicated with uncomplicated babesiosis revealed 21 proteins with difference in abundance between the 
groups. Twelve had higher abundance in the complicated babesiosis group compared to uncomplicated and nine 
had lower abundance in complicated babesiosis. The most overrepresented GO terms were acute phase response 
and complement activation, in contrast with fibrinolysis and regulation of coagulation, which were the most 
overrepresented when all proteins with differential abundance between three groups were included. This clearly 
highlights the role of the immune response component with an increase in disease severity. All significantly 
enriched pathways were related to immune response and haemostasis.

The pathways MAPK2 and MAPK (mitogen-activated protein kinases) activation, which emerged in this 
comparison, are signal transduction pathways involved in cytokine production, endocytosis, reorganization 
of the cytoskeleton, gene expression, mitosis, metabolism, motility, survival, apoptosis, and differentiation57,58. 
These serine/threonine kinases convert extracellular stimuli into diverse intracellular responses. Components 
of the extracellular matrix, such as fibronectin, fibulin-1, vitronectin and actin identified in this study, are also 
part of this pathway.

Fibulin-1, a calcium-binding glycoprotein, is a member of recently recognized family of extracellular matrix 
proteins59. It has been shown that fibulin-1 has a role in cell adhesion and motility by suppressing the motility 
promoting activity of fibronectin60. It also has a role in haemostasis as it has the ability to bind fibrinogen, pro-
mote platelet adhesion and incorporate them into clots61. Furthermore, higher fibulin-1 levels were associated 
with higher soluble urokinase plasminogen activator receptor (suPAR) levels demonstrating its role in vascular 
dysfunction and extracellular matrix turnover62. The vascular endothelium plays a key role in canine babesiosis, 
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with the fibrinolytic system regulating vascular function, local inflammation and tissue remodelling63,64. It was 
also shown that dogs with babesiosis have a higher suPAR concentration compared to healthy dogs65. All these 
findings support cross-talk between the fibrinolytic pathway, processes within the extracellular matrix and 
inflammation in canine babesiosis. Given its increase in abundance with increase of severity of babesiosis, 
fibulin-1 could be a potential biomarker for monitoring the disease.

Actin is another protein whose abundance increased with severity of babesiosis. Increase is a result of release 
into systemic circulation due to vascular and endothelial dysfunction. Increased concentrations were confirmed 
by both, proteomics and western blotting. A role for this protein has also been proposed during the invasion of 
the parasite in B. bovis infection66, as adhesion and motility modulation of B. bovis merozoites were driven by 
fibulin-1 and actin regulation. Vitamin D binding protein (also known as Gc-globulin) binds to actin and has 
been recognized widely as a protein with markedly decreased concentrations in inflammatory and necrotising 
diseases, including MODS in canine babesiosis21,67. Lower abundance of vitamin D binding protein were associ-
ated with the increase of disease severity in the complicated group as confirmed in this study.

Other identified proteins that differentiated uncomplicated from complicated babesiosis were various comple-
ment cascade components (CFI, CFP, C2, SERPING1, C8G), extracellular matrix components (TGFBI), acute 
phase proteins (ORM1, ITIH2, ITIH4, FGA, TF, RBP4) and lipoproteins (apoE). Taken together our findings 
here demonstrate the association between disease severity and inflammation is central to disease pathogenesis 
in canine babesiosis. There is also a special accent on derangements in extracellular matrix remodelling.

Limitations.  The most obvious limitation of this study was the fact that it was a retrospective clinical evalu-
ation of a single time point. There was no control of the length of time for which each dog had been sick or for 
the possibility of clinically silent co-morbidities that may have influenced the outcome. Despite these limitations, 
the effect of the infection was strong enough to create a clear picture of the proteins and processes dominant in 
the disease.

Furthermore, to determine whether there are differences in proteomic profiles in response to different Babesia 
species or different tick-borne parasites, it would be useful to include an additional group of dogs infected with 
different tick-borne parasites. This approach would provide information on the specificity of the host response, 
so we propose this as the next step in the investigation.

Conclusions.  The availability of novel omics approaches will accelerate our knowledge of host-parasite 
interactions and enable progress towards therapeutic tools. Experimental canine sepsis has long been appreci-
ated as a better model than rodent one68. The model potential of this canine parasite induced multisystemic 
inflammatory disease dominated by haemolysis should also be appreciated. It is clear from what we have been 
able to show that innate immune system activation, haemolysis, haemostasis, lipid metabolism and vessel func-
tion are key mechanisms in disease pathogenesis. Elucidation of proteins and pathways involved in canine babe-
siosis caused by B. rossi have established important hallmarks of disease pathogenesis which have the potential 
to lead to a means of determining disease severity early enough to prevent patient deterioration and could lead 
to novel therapeutic targets.

Materials and methods
Animals.  The study was approved by the University of Pretoria Ethics Committee (V0034-14). Informed 
owner consent was acquired for each case and all procedures were performed in accordance with the approved 
protocol. The study and all methods were performed in accordance with ARRIVE guidelines69. Dogs included 
were classified into three groups. Healthy dogs were examined at the Clinic as part of a routine examination, and 
dogs suffering from babesiosis were admitted as patients. The healthy (control) group consisted of 20 dogs with a 
median age of 21 months (range 12–120 months), 6 females and 14 males. Routine haematologic and biochemi-
cal analyses with urinalysis were performed to ensure the health status of the animals, and additionally, none 
of them had histories of recent illness. The mono-infection with B. rossi was confirmed by means of PCR and 
reverse line blot (PCR RLB) screening for Babesia, Theileria, Hepatozoon and Ehrlichia/Anaplasma species70.

Dogs with babesiosis (N = 32) presented clinically ill and had the infection initially diagnosed on a stained 
peripheral blood smear. The mono-infection with B. rossi was confirmed by PCR RLB. The infected dogs were 
divided into dogs with uncomplicated babesiosis (N = 18) and dogs with complicated babesiosis (N = 14) as 
previously described5. Most of the dogs in this group were mixed breed (N = 5). Other breeds included were Jack 
Russel Terrier (N = 5), German Shepard (N = 4), and Boerboel (N = 3). The median age was 28 months (range 
6–120 months). There were 9 females (3 spayed) and 23 males (4 castrated) altogether, with 5 females (1 spayed) 
and 13 males (4 castrated) in the uncomplicated group and 4 females (2 spayed) and 10 males in complicated 
disease group.

Dogs were classified as having complicated babesiosis on the basis of clinical signs and clinical pathology. 
Clinical signs included: clinical signs of collapse, signs of cerebral disease (seizures, coma) or death within 24 h 
of admission. Babesiosis was also classified as complicated if one of the following criteria regarding clinical 
pathology was met: haematocrit less than 0.15 L/L or above 0.5 L/L; urea above 13 mmol/L (reference range: 
2.3–8.9 mmol/L); creatinine above 120 µmol/L (reference range: 59–109 µmol/L); total bilirubin above 30 µmol/L 
(reference range: 1–6.8 µmol/L); blood glucose below 3.3 mmol/L (reference range: 3.3–5.5 mmol/L); lactate 
above 5 mmol/L (reference range: < 2 mmol/L) or band cell count above 1.5 × 109/L. There were statistically sig-
nificant differences (P < 0.05) between the medians for all these variables between the groups (data not shown, 
making use of the Mann Whitney U test, SPSS ver. 25). Dogs with uncomplicated disease did not meet any of 
the above mentioned criteria.
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All dogs received standard treatment for canine babesiosis, which included the antibabesial drug diminazene 
aceturate (3.5 mg/kg intramuscularly). Any complications were treated according to the attending clinician’s dis-
cretion. The most commonly provided supportive treatments included packed red cell transfusion, intravenous 
fluid and electrolyte support and an antiemetic.

Sample collection and analysis for clinical pathology.  Venous blood samples (EDTA and serum) 
were collected in Vacutainer tubes from the jugular or cephalic veins. Blood gas samples were collected anaero-
bically into a commercially prepared heparinized syringe (BD A-Line, arterial blood collection syringe, Becton, 
Dickinson and Company, UK) from the femoral artery. This sample was analysed immediately (Rapidpoint 405, 
Siemens). Blood glucose was determined on a hand held patient side device (WellionVet GLUCO CALEA Blood 
Glucose Meter, Germany). The EDTA samples were used for a complete blood count (ADVIA 2120, Siemens, 
Munich, Germany). Differential white cell counts were performed manually. EDTA anticoagulated blood was 
also used for DNA extraction for parasite identification by PCR and RLB. Serum was used immediately for 
serum biochemistry determinations on an automated analyser (Cobas Integra 400 plus, Roche, Basel, Switzer-
land). Remaining serum samples were archived at − 80 °C in cryovials until used in the proteomic analysis.

Sample preparation for proteome analysis.  Serum proteome analysis was carried out by label-based 
quantitative approach as described previously, with minor modifications71. BCA assay (Thermo Scientific, Rock-
ford, USA) was used for determination of protein concentrations of serum samples. Afterwards, samples (35 µg) 
and internal standards (a pool of equal protein amount from all samples) were reduced (200 mM dithiothreitol 
(Sigma-Aldrich, St. Louis, MO, USA), 1 h, 56 °C), alkylated (375 mM iodoacetamide (Sigma-Aldrich, St. Louis, 
MO, USA), 30 min, in dark) and precipitated with ice-cold acetone (VWR, Radnor, PA, USA) overnight. Protein 
pellets were subsequently collected by centrifugation (9000 × g, 4 °C), dissolved in 0.1 M triethyl ammonium 
bicarbonate (Thermo Scientific, Rockford, USA) and digested using 1 μL of trypsin (1 mg/mL, Promega, Madi-
son, USA; trypsin-to-protein ratio 1:35, at 37 °C overnight). TMT sixplex reagents (Thermo Scientific, Rock-
ford, IL, USA) were prepared according to manufacturer’s procedure. An amount of 19 μl of specific TMT label 
was added to each sample for labelling (60 min, room temperature). The internal standard was labelled with 
TMT m/z 126, while other samples were randomized within TMT sixplex. The reaction was quenched using 5% 
hydroxylamine (Sigma-Aldrich, St. Louis, MO, USA). Five TMT-modified samples were randomly combined 
with the internal standard, aliquoted, dried and evaluated by liquid chromatography coupled with tandem mass 
spectrometry (LC–MS/MS) analysis.

LC–MS/MS analysis.  High resolution LC–MS/MS analysis of TMT-labelled peptides was carried out using 
an Dionex UltiMate 3000 RSLCnano system (Thermo Fisher Scientific, Gemering, Germany) coupled to a Q 
Exactive Plus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Mobile phase A consisted of 
0.1% formic acid in water, and mobile phase B was 0.1% formic acid in 80% ACN. Peptides were dissolved in 
loading solvent (2% acetonitrile (ACN), 0.1% formic acid) and loaded onto the trap column (C18 PepMap100, 
5 μm, 100A, 300 μm × 5 mm), before separation on the analytical column (PepMap™ RSLC C18, 50 cm × 75 μm) 
using a linear gradient of 5–55% mobile phase B over 120 min, 55–95% for 1 min, held at 95% for 2 min and 
re-equilibrated at 5% B for 20 min at the flow rate of 300 nL/min. Ionisation was achieved using nanospray Flex 
ion source (Thermo Fisher Scientific, Bremen, Germany) containing a 10 μm-inner diameter SilicaTip emitter 
(New Objective, Littleton, MA, USA). The MS operated in positive ion mode using DDA Top8 method. The MS 
setting was acquired with source voltage of + 2.00 kV, sheath gas of 0 (arbitrary units), auxiliary gas of 0 (arbitrary 
units), and capillary temperature of 275 °C. S-lens RF level was 60.0 (arbitrary units). Full scan MS spectra were 
acquired in range from m/z 350.0 to m/z 1800.0 with a resolution of 70,000, 120 ms injection time, AGC target 
1 × 106, a ± 2.0 Da isolation window and the dynamic exclusion 30 s. HCD fragmentation was performed at step 
collision energy (29% and 35% NCE) with a resolution of 17,500 and AGC target of 2 × 105. Precursor ions with 
unassigned charge state, as well as charge states of + 1 and more than + 7 were excluded from fragmentation.

Acquired MS/MS spectra were analysed using the SEQUEST algorithm implemented into Proteome Discov-
erer (version 2.3., ThermoFisher Scientific) to obtain protein identification and quantification. Database search 
against Canis lupus FASTA files (downloaded from Uniprot database on October 14th, 2021, 49,889 sequences) 
was performed according to the following parameters: two trypsin missed cleavage sites, precursor and fragment 
mass tolerances of 10 ppm and 0.02 Da; carbamidomethyl (C) was set as fixed peptide modification; and oxida-
tion (M), and TMT sixplex (K, peptide N-terminus) as dynamic modifications. The false discovery rate (FDR) for 
peptide identification was calculated using the Percolator algorithm based on the search results against a decoy 
database. At least two unique peptides and 1% FDR were required for reporting confidently identified proteins.

Statistics and bioinformatics.  Statistics was performed using R v4.1.2.72. Proteins with more than 50% 
missing values were excluded from the subsequent statistical analysis. As the majority of the identified pro-
teins did not follow a normal distribution (as determined by Shapiro–Wilk test), the Kruskal–Wallis test was 
used to examine the differences in protein abundance between groups, with post-hoc test for pairwise multiple 
comparisons. Benjamini–Hochberg false discovery rate (FDR) P values correction was applied, and proteins 
were considered statistically significant for FDR < 0.05. Fold change between two groups was calculated as mean 
(Group2)/mean(Group1) and expressed on log2 scale. Principal component analysis were designed using R 
package ggplot2 v3.1.173. Hierarchical cluster analysis with dendrograms of the proteins with significantly dif-
ferential abundances between groups was created using Euclidean as a distance measure and ward as a clustering 
algorithm, in an open source processing tool MetaboAnalyst74.
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For bioinformatics analysis, protein accession numbers were first converted into the official gene symbol by 
UniProtKB ID mapping tool75. Enriched gene ontology (GO) classification was performed using ShinyGO tool76. 
REACTOME pathway enrichment analysis using human genome as background was performed and pathways 
with FDR adjusted P value < 0.05 were extracted as significant77.

Validation.  Validation of proteomics results was performed by western blotting. For this, the samples (25 μg 
of total protein) were boiled for 8 min at 95 °C in Laemmli sample buffer and beta-mercaptoethanol and loaded 
on 12-well Mini-Protean® TGX™ precast polyacrylamide (4–15%) gels (Bio-Rad, Hercules, USA). After elec-
trophoresis (5 min at 50 V, then 70 min at 120 V), proteins were transferred to nitrocellulose membranes on 
Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, USA) using a pre-programmed three-minute protocol 
for Mini-Protean® TGX™ gels. Following transfer, the membranes were stained with Ponceau S and membrane 
images were obtained on Odyssey Fc imager (LI-COR, Bad Homburg, Germany) using a 600 nm channel. Mem-
branes were washed 3 × 5 min with PBS buffer and blocked for 1 h at room temperature with shaking in blocking 
buffer (Abcam, Cambridge, UK). Subsequently, the membranes were incubated overnight at 4  °C with HRP 
conjugated primary antibodies for: apolipoprotein E (ApoE) (1:750 in blocking buffer; MyBioSource, San Diego, 
California, USA, MBS2046336), beta-actin (1:25 000 in blocking buffer; Abcam, Cambridge, UK, AB49900), 
and lactoferrin (1:750 in blocking buffer; MyBioSource, San Diego, California, USA, MBS2047255). Membranes 
were then washed 3 × 5 min with TBST buffer and proteins were visualized by chemiluminescence using HRP-
chemiluminescence blotting substrate (Radiance Plus, Azure Biosystems, USA) on Odyssey Fc (LI-COR, Bad 
Homburg, Germany). After visualisation, membranes were washed again 3 × 5 min with TBST and then stripped 
with WesternSure® ECL Stripping Buffer (LI-COR, Bad Homburg, Germany). The stripped membranes were 
then incubated with the following primary antibody. The abundance of the protein of interest was normalized to 
the total amount of protein in each lane determined with Ponceau S. Western blots were quantified using ImageJ 
software (National Institutes of Health, Bethesda, Maryland, USA). Differences between groups were assessed by 
Kruskal–Wallis and corresponding post-hoc test, with P value < 0.05 considered as statistically significant, using 
GraphPad Prism version 5 software (San Diego, California USA).

Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the 
PRIDE78 partner repository with the dataset identifier PXD039022 (https://​www.​ebi.​ac.​uk/​pride/​archi​ve).

Received: 7 March 2023; Accepted: 20 June 2023

References
	 1.	 Schetters, T., Kleuskens, J., Scholtes, N., Moubri, K. & Gorenflot, A. Different Babesia canis isolates, different diseases. Parasitology 

115, 485–493 (2007).
	 2.	 Irwin, P. J. Canine babesiosis: From molecular taxonomy to control. Parasit. Vectors 2, S4. https://​doi.​org/​10.​1186/​1756-​3305-2-​

s1-​s4 (2009).
	 3.	 Uilenberg, G. Babesia–a historical overview. Vet. Parasitol. 138, 3–10. https://​doi.​org/​10.​1016/j.​vetpar.​2006.​01.​035 (2006).
	 4.	 Chauvin, A., Moreau, E., Bonnet, S., Plantard, O. & Malandrin, L. Babesia and its hosts: Adaptation to long-lasting interactions as 

a way to achieve efficient transmission. Vet. Res. 40, 37. https://​doi.​org/​10.​1051/​vetres/​20090​20 (2009).
	 5.	 Leisewitz, A. L. et al. A clinical and pathological description of 320 cases of naturally acquired Babesia rossi infection in dogs. Vet. 

Parasitol. 271, 22–30. https://​doi.​org/​10.​1016/j.​vetpar.​2019.​06.​005 (2019).
	 6.	 Jacobson, L. S. The South African form of severe and complicated canine babesiosis: Clinical advances 1994–2004. Vet. Parasitol. 

138, 126–139. https://​doi.​org/​10.​1016/j.​vetpar.​2006.​01.​047 (2006).
	 7.	 Matijatko, V., Torti, M. & Schetters, T. P. Canine babesiosis in Europe: How many diseases?. Trends Parasitol. 28, 99–105. https://​

doi.​org/​10.​1016/j.​pt.​2011.​11.​003 (2012).
	 8.	 Welzl, C., Leisewitz, A. L., Jacobson, L. S., Vaughan-Scott, T. & Myburgh, E. Systemic inflammatory response syndrome and 

multiple-organ damage/dysfunction in complicated canine babesiosis. J. S. Afr. Vet. Assoc. 72, 158–162. https://​doi.​org/​10.​4102/​
jsava.​v72i3.​640 (2001).

	 9.	 Schoeman, J. P. Canine babesiosis: Tick-borne diseases. Onderstepoort J. Vet. Res. 76, 59–66 (2009).
	10.	 Koster, L. S., Lobetti, R. G. & Kelly, P. Canine babesiosis: A perspective on clinical complications, biomarkers, and treatment. Vet. 

Med. Res. Rep. 6, 119–128 (2015).
	11.	 Jacobson, L. S. & Clark, I. A. The pathophysiology of canine babesiosis: New approaches to an old puzzle. J. S. Afr. Vet. Assoc. 65, 

134–145 (1994).
	12.	 Lobetti, R. G. & Jacobson, L. S. Renal involvement in dogs with babesiosis. J. S. Afr. Vet. Assoc. 72, 23–28 (2001).
	13.	 Reyers, F. et al. Canine babesiosis in South Africa: More than one disease. Does this serve as a model for falciparum malaria?. Ann. 

Trop. Med. Parasitol. 92, 503–511 (1998).
	14.	 Goddard, A., Leisewitz, A. L., Kjelgaard-Hansen, M., Kristensen, A. T. & Schoeman, J. P. Excessive pro-inflammatory serum 

cytokine concentrations in virulent canine babesiosis. PLoS ONE 11, e0150113. https://​doi.​org/​10.​1371/​journ​al.​pone.​01501​13 
(2016).

	15.	 Collett, M. G. Survey of canine babesiosis in South Africa. J. S. Afr. Vet. Assoc. https://​doi.​org/​10.​4102/​jsava.​v71i3.​710 (2000).
	16.	 Botha, H. The cerebral form of babesiosis in dogs. J. S. Afr. Vet. Assoc. 35, 27–28 (1964).
	17.	 Goldberg, D. E. & Cowman, A. F. Moving in and renovating: exporting proteins from Plasmodium into host erythrocytes. Nat. 

Rev. Microbiol. 8, 617–621. https://​doi.​org/​10.​1038/​nrmic​ro2420 (2010).
	18.	 Hutchings, C. L. et al. New insights into the altered adhesive and mechanical properties of red blood cells parasitized by Babesia 

bovis. Mol. Microbiol. 65, 1092–1105. https://​doi.​org/​10.​1111/j.​1365-​2958.​2007.​05850.x (2007).
	19.	 Lobo, C. A., Rodriguez, M. & Cursino-Santos, J. R. Babesia and red cell invasion. Curr. Opin. Hematol. 19, 170–175. https://​doi.​

org/​10.​1097/​MOH.​0b013​e3283​52245a (2012).
	20.	 Kuleš, J. et al. Identification of serum biomarkers in dogs naturally infected with Babesia canis canis using a proteomic approach. 

BMC Vet. Res. 10, 111. https://​doi.​org/​10.​1186/​1746-​6148-​10-​111 (2014).
	21.	 Kuleš, J. et al. Plasma biomarkers of SIRS and MODS associated with canine babesiosis. Res. Vet. Sci. 105, 222–228. https://​doi.​

org/​10.​1016/j.​rvsc.​2016.​02.​011 (2016).

https://www.ebi.ac.uk/pride/archive
https://doi.org/10.1186/1756-3305-2-s1-s4
https://doi.org/10.1186/1756-3305-2-s1-s4
https://doi.org/10.1016/j.vetpar.2006.01.035
https://doi.org/10.1051/vetres/2009020
https://doi.org/10.1016/j.vetpar.2019.06.005
https://doi.org/10.1016/j.vetpar.2006.01.047
https://doi.org/10.1016/j.pt.2011.11.003
https://doi.org/10.1016/j.pt.2011.11.003
https://doi.org/10.4102/jsava.v72i3.640
https://doi.org/10.4102/jsava.v72i3.640
https://doi.org/10.1371/journal.pone.0150113
https://doi.org/10.4102/jsava.v71i3.710
https://doi.org/10.1038/nrmicro2420
https://doi.org/10.1111/j.1365-2958.2007.05850.x
https://doi.org/10.1097/MOH.0b013e328352245a
https://doi.org/10.1097/MOH.0b013e328352245a
https://doi.org/10.1186/1746-6148-10-111
https://doi.org/10.1016/j.rvsc.2016.02.011
https://doi.org/10.1016/j.rvsc.2016.02.011


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10249  | https://doi.org/10.1038/s41598-023-37312-9

www.nature.com/scientificreports/

	22.	 Liebenberg, C. et al. Hemostatic abnormalities in uncomplicated babesiosis (Babesia rossi) in dogs. J. Vet. Intern. Med. 27, 150–156. 
https://​doi.​org/​10.​1111/​jvim.​12016 (2013).

	23.	 Goddard, A., Leisewitz, A. L., Kristensen, A. T. & Schoeman, J. P. Platelet activation and platelet-leukocyte interaction in dogs 
naturally infected with Babesia rossi. Vet. J. 205, 387–392. https://​doi.​org/​10.​1016/j.​tvjl.​2015.​05.​008 (2015).

	24.	 Goddard, A., Wiinberg, B., Schoeman, J. P., Kristensen, A. T. & Kjelgaard-Hansen, M. Mortality in virulent canine babesiosis is 
associated with a consumptive coagulopathy. Vet. J. 196, 213–217. https://​doi.​org/​10.​1016/j.​tvjl.​2012.​09.​009 (2013).

	25.	 Margetic, S. Inflammation and haemostasis. Biochem. Med. 22, 49–62 (2012).
	26.	 Goddard, A., Leisewitz, A. L., Kristensen, A. T. & Schoeman, J. P. Platelet indices in dogs with Babesia rossi infection. Vet. Clin. 

Pathol. 44, 493–497. https://​doi.​org/​10.​1111/​vcp.​12306 (2015).
	27.	 Zvorc, Z., Rafaj, R. B., Kules, J. & Mrljak, V. Erythrocyte and platelet indices in babesiosis of dogs/Promjene u broju eritrocita i 

trombocita pokazatelji su babezioze u pasa. Vet. Arh. 80, 259 (2010).
	28.	 Leisewitz, A. et al. Disease severity and blood cytokine concentrations in dogs with natural Babesia rossi infection. Parasite Immu-

nol. 41, e12630. https://​doi.​org/​10.​1111/​pim.​12630 (2019).
	29.	 Henning, A., Clift, S. J. & Leisewitz, A. L. The pathology of the spleen in lethal canine babesiosis caused by Babesia rossi. Parasite 

Immunol. 42, e12706. https://​doi.​org/​10.​1111/​pim.​12706 (2020).
	30.	 Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V. & Roumenina, L. T. Complement system part II: Role in 

immunity. Front. Immunol. https://​doi.​org/​10.​3389/​fimmu.​2015.​00257 (2015).
	31.	 Hernandez, D. M., Goggs, R. & Behling-Kelly, E. In vitro inhibition of canine complement-mediated hemolysis. J. Vet. Intern. Med. 

32, 142–146. https://​doi.​org/​10.​1111/​jvim.​14871 (2018).
	32.	 Bilić, P. et al. Serum and urine profiling by high-throughput TMT-based proteomics for the investigation of renal dysfunction in 

canine babesiosis. J. Proteomics 270, 104735. https://​doi.​org/​10.​1016/j.​jprot.​2022.​104735 (2023).
	33.	 Siqueiros-Cendón, T. et al. Immunomodulatory effects of lactoferrin. Acta Pharmacol. Sin. 35, 557–566. https://​doi.​org/​10.​1038/​

aps.​2013.​200 (2014).
	34.	 Baveye, S., Elass, E., Mazurier, J., Spik, G. & Legrand, D. Lactoferrin: A multifunctional glycoprotein involved in the modulation 

of the inflammatory process. Clin. Chem. Lab. Med. 37, 281–286. https://​doi.​org/​10.​1515/​cclm.​1999.​049 (1999).
	35.	 Wang, J. et al. Mechanistic insights into cell-free hemoglobin-induced injury during septic shock. Am. J. Physiol. Heart Circ. Physiol. 

320, H2385-h2400. https://​doi.​org/​10.​1152/​ajphe​art.​00092.​2021 (2021).
	36.	 Remy, K. E. et al. Haptoglobin therapy has differential effects depending on severity of canine septic shock and cell-free hemoglobin 

level. Transfusion 59, 3628–3638. https://​doi.​org/​10.​1111/​trf.​15567 (2019).
	37.	 Valenti, P. & Antonini, G. Lactoferrin: An important host defence against microbial and viral attack. Cell Mol. Life Sci. 62, 2576–

2587. https://​doi.​org/​10.​1007/​s00018-​005-​5372-0 (2005).
	38.	 Legrand, D. et al. Lactoferrin structure and functions. Adv. Exp. Med. Biol. 606, 163–194. https://​doi.​org/​10.​1007/​978-0-​387-​74087-

4_6 (2008).
	39.	 Ikadai, H. et al. Inhibitory effect of lactoferrin on in vitro growth of Babesia caballi. Am. J. Trop. Med. Hyg. 73, 710–712 (2005).
	40.	 Anand, N. et al. Effect of lactoferrin protein on red blood cells and macrophages: Mechanism of parasite-host interaction. Drug 

Des. Dev. Ther. 9, 3821–3835. https://​doi.​org/​10.​2147/​dddt.​S77860 (2015).
	41.	 Lu, Y. C., Yeh, W. C. & Ohashi, P. S. LPS/TLR4 signal transduction pathway. Cytokine 42, 145–151. https://​doi.​org/​10.​1016/j.​cyto.​

2008.​01.​006 (2008).
	42.	 Ando, K. et al. Human lactoferrin activates NF-kappaB through the Toll-like receptor 4 pathway while it interferes with the 

lipopolysaccharide-stimulated TLR4 signaling. FEBS J. 277, 2051–2066. https://​doi.​org/​10.​1111/j.​1742-​4658.​2010.​07620.x (2010).
	43.	 Angriman, I. et al. Enzymes in feces: Useful markers of chronic inflammatory bowel disease. Clin. Chim. Acta 381, 63–68. https://​

doi.​org/​10.​1016/j.​cca.​2007.​02.​025 (2007).
	44.	 Smith, R. L. et al. Experimental Babesia rossi infection induces hemolytic, metabolic, and viral response pathways in the canine 

host. BMC Genomics 22, 619. https://​doi.​org/​10.​1186/​s12864-​021-​07889-4 (2021).
	45.	 Kuleš, J. et al. Combined untargeted and targeted metabolomics approaches reveal urinary changes of amino acids and energy 

metabolism in canine babesiosis with different levels of kidney function. Front. Microbiol. 12, 715701. https://​doi.​org/​10.​3389/​
fmicb.​2021.​715701 (2021).

	46.	 Valentin, A. et al. Lipid trafficking between high density lipoproteins and Babesia divergens-infected human erythrocytes. Biol. 
Cell 73, 63–70. https://​doi.​org/​10.​1016/​0248-​4900(91)​90010-k (1991).

	47.	 Milanović, Z. et al. Association of acute Babesia canis infection and serum lipid, lipoprotein, and apoprotein concentrations in 
dogs. J. Vet. Intern. Med. 33, 1686–1694. https://​doi.​org/​10.​1111/​jvim.​15537 (2019).

	48.	 Escribano, D. et al. Serum apolipoprotein-A1 as a possible biomarker for monitoring treatment of canine leishmaniosis. Comp. 
Immunol. Microbiol. Infect. Dis. 49, 82–87. https://​doi.​org/​10.​1016/j.​cimid.​2016.​10.​002 (2016).

	49.	 Giunti, M., Grossi, G., Troía, R., Fracassi, F. & Dondi, F. Evaluation of serum apolipoprotein A1 in canine sepsis. Front. Vet. Sci. 7, 
263. https://​doi.​org/​10.​3389/​fvets.​2020.​00263 (2020).

	50.	 Marcel, Y. L., Vezina, C. & Milne, R. W. Cholesteryl ester and apolipoprotein E transfer between human high density lipoproteins 
and chylomicrons. Biochim. Biophys. Acta 750, 411–417. https://​doi.​org/​10.​1016/​0005-​2760(83)​90047-4 (1983).

	51.	 Mahley, R. W., Huang, Y. & Weisgraber, K. H. Putting cholesterol in its place: apoE and reverse cholesterol transport. J. Clin. Invest. 
116, 1226–1229. https://​doi.​org/​10.​1172/​jci28​632 (2006).

	52.	 Marik, P. E. Dyslipidemia in the critically ill. Crit. Care Clin. 22, 151–159. https://​doi.​org/​10.​1016/j.​ccc.​2005.​08.​008 (2006).
	53.	 Behling-Kelly, E. et al. Acute phase protein response and changes in lipoprotein particle size in dogs with systemic inflammatory 

response syndrome. J. Vet. Intern. Med. 36, 993–1004. https://​doi.​org/​10.​1111/​jvim.​16420 (2022).
	54.	 Khovidhunkit, W. et al. Effects of infection and inflammation on lipid and lipoprotein metabolism: Mechanisms and consequences 

to the host. J. Lipid Res. 45, 1169–1196. https://​doi.​org/​10.​1194/​jlr.​R3000​19-​JLR200 (2004).
	55.	 Rosenson, R. S., Brewer, H. B. & Rader, D. J. Lipoproteins as biomarkers and therapeutic targets in the setting of acute coronary 

syndrome. Circ. Res. 114, 1880–1889. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​114.​302805 (2014).
	56.	 Delafontaine, P., Song, Y.-H. & Li, Y. Expression, regulation, and function of IGF-1, IGF-1R, and IGF-1 binding proteins in blood 

vessels. Arterioscler. Thromb. Vasc. Biol. 24, 435–444. https://​doi.​org/​10.​1161/​01.​ATV.​00001​05902.​89459.​09 (2004).
	57.	 Cargnello, M. & Roux, P. P. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases. 

Microbiol. Mol. Biol. Rev. 75, 50–83. https://​doi.​org/​10.​1128/​mmbr.​00031-​10 (2011).
	58.	 Widmann, C., Gibson, S., Jarpe, M. B. & Johnson, G. L. Mitogen-activated protein kinase: Conservation of a three-kinase module 

from yeast to human. Physiol. Rev. 79, 143–180. https://​doi.​org/​10.​1152/​physr​ev.​1999.​79.1.​143 (1999).
	59.	 Timpl, R., Sasaki, T., Kostka, G. & Chu, M.-L. Fibulins: A versatile family of extracellular matrix proteins. Nat. Rev. Mol. Cell Biol. 

4, 479–489. https://​doi.​org/​10.​1038/​nrm11​30 (2003).
	60.	 Twal, W. O. et al. Fibulin-1 suppression of fibronectin-regulated cell adhesion and motility. J. Cell Sci. 114, 4587–4598. https://​doi.​

org/​10.​1242/​jcs.​114.​24.​4587 (2001).
	61.	 Godyna, S., Diaz-Ricart, M. & Argraves, W. Fibulin-1 mediates platelet adhesion via a bridge of fibrinogen. Blood 88, 2569–2577. 

https://​doi.​org/​10.​1182/​blood.​V88.7.​2569.​blood​journ​al887​2569 (1996).
	62.	 Kruger, R. et al. Extracellular matrix biomarker, fibulin-1, is closely related to NT-proBNP and soluble urokinase plasminogen 

activator receptor in patients with aortic valve stenosis (The SEAS Study). PLoS ONE 9, e101522. https://​doi.​org/​10.​1371/​journ​al.​
pone.​01015​22 (2014).

https://doi.org/10.1111/jvim.12016
https://doi.org/10.1016/j.tvjl.2015.05.008
https://doi.org/10.1016/j.tvjl.2012.09.009
https://doi.org/10.1111/vcp.12306
https://doi.org/10.1111/pim.12630
https://doi.org/10.1111/pim.12706
https://doi.org/10.3389/fimmu.2015.00257
https://doi.org/10.1111/jvim.14871
https://doi.org/10.1016/j.jprot.2022.104735
https://doi.org/10.1038/aps.2013.200
https://doi.org/10.1038/aps.2013.200
https://doi.org/10.1515/cclm.1999.049
https://doi.org/10.1152/ajpheart.00092.2021
https://doi.org/10.1111/trf.15567
https://doi.org/10.1007/s00018-005-5372-0
https://doi.org/10.1007/978-0-387-74087-4_6
https://doi.org/10.1007/978-0-387-74087-4_6
https://doi.org/10.2147/dddt.S77860
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1111/j.1742-4658.2010.07620.x
https://doi.org/10.1016/j.cca.2007.02.025
https://doi.org/10.1016/j.cca.2007.02.025
https://doi.org/10.1186/s12864-021-07889-4
https://doi.org/10.3389/fmicb.2021.715701
https://doi.org/10.3389/fmicb.2021.715701
https://doi.org/10.1016/0248-4900(91)90010-k
https://doi.org/10.1111/jvim.15537
https://doi.org/10.1016/j.cimid.2016.10.002
https://doi.org/10.3389/fvets.2020.00263
https://doi.org/10.1016/0005-2760(83)90047-4
https://doi.org/10.1172/jci28632
https://doi.org/10.1016/j.ccc.2005.08.008
https://doi.org/10.1111/jvim.16420
https://doi.org/10.1194/jlr.R300019-JLR200
https://doi.org/10.1161/CIRCRESAHA.114.302805
https://doi.org/10.1161/01.ATV.0000105902.89459.09
https://doi.org/10.1128/mmbr.00031-10
https://doi.org/10.1152/physrev.1999.79.1.143
https://doi.org/10.1038/nrm1130
https://doi.org/10.1242/jcs.114.24.4587
https://doi.org/10.1242/jcs.114.24.4587
https://doi.org/10.1182/blood.V88.7.2569.bloodjournal8872569
https://doi.org/10.1371/journal.pone.0101522
https://doi.org/10.1371/journal.pone.0101522


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10249  | https://doi.org/10.1038/s41598-023-37312-9

www.nature.com/scientificreports/

	63.	 Barić Rafaj, R. et al. Markers of coagulation activation, endothelial stimulation, and inflammation in dogs with babesiosis. J. Vet. 
Intern. Med. 27, 1172–1178. https://​doi.​org/​10.​1111/​jvim.​12146 (2013).

	64.	 Collen, D. The plasminogen (fibrinolytic) system. Thromb. Haemost. 82, 259–270 (1999).
	65.	 Kuleš, J., Gotić, J., Mrljak, V. & Barić Rafaj, R. Blood markers of fibrinolysis and endothelial activation in canine babesiosis. BMC 

Vet. Res. 13, 82. https://​doi.​org/​10.​1186/​s12917-​017-​0995-6 (2017).
	66.	 Asada, M. et al. Gliding motility of Babesia bovis merozoites visualized by time-lapse video microscopy. PLoS ONE 7, e35227. 

https://​doi.​org/​10.​1371/​journ​al.​pone.​00352​27 (2012).
	67.	 Dahl, B. et al. Plasma concentration of Gc-globulin is associated with organ dysfunction and sepsis after injury. Crit. Care Med. 

31, 152–156. https://​doi.​org/​10.​1097/​00003​246-​20030​1000-​00024 (2003).
	68.	 Minneci, P. C. et al. A canine model of septic shock: Balancing animal welfare and scientific relevance. Am. J. Physiol. Heart Circ. 

Physiol. 293, H2487-2500. https://​doi.​org/​10.​1152/​ajphe​art.​00589.​2007 (2007).
	69.	 Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 18, e3000410. 

https://​doi.​org/​10.​1371/​journ​al.​pbio.​30004​10 (2020).
	70.	 Matjila, P. T., Leisewitz, A. L., Jongejan, F. & Penzhorn, B. L. Molecular detection of tick-borne protozoal and ehrlichial infections 

in domestic dogs in South Africa. Vet. Parasitol. 155, 152–157. https://​doi.​org/​10.​1016/j.​vetpar.​2008.​04.​012 (2008).
	71.	 Horvatić, A. et al. Quantitative proteomics using tandem mass tags in relation to the acute phase protein response in chicken 

challenged with Escherichia coli lipopolysaccharide endotoxin. J. Proteomics 192, 64–77. https://​doi.​org/​10.​1016/j.​jprot.​2018.​08.​
009 (2019).

	72.	 R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, Austria, 2020).
	73.	 Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, 2016).
	74.	 Chong, J., Wishart, D. S. & Xia, J. Using MetaboAnalyst 4.0 for comprehensive and integrative metabolomics data analysis. Curr. 

Protoc. Bioinform. 68, e86. https://​doi.​org/​10.​1002/​cpbi.​86 (2019).
	75.	 The UniProt Consortium. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 49, D480–D489. https://​doi.​

org/​10.​1093/​nar/​gkaa1​100 (2020).
	76.	 Ge, S. X., Jung, D. & Yao, R. ShinyGO: A graphical gene-set enrichment tool for animals and plants. Bioinformatics 36, 2628–2629. 

https://​doi.​org/​10.​1093/​bioin​forma​tics/​btz931 (2019).
	77.	 Gillespie, M. et al. The reactome pathway knowledgebase 2022. Nucleic Acids Res. 50, D687–D692. https://​doi.​org/​10.​1093/​nar/​

gkab1​028 (2021).
	78.	 Perez-Riverol, Y. et al. The PRIDE database resources in 2022: A hub for mass spectrometry-based proteomics evidences. Nucleic 

Acids Res. 50, D543–D552. https://​doi.​org/​10.​1093/​nar/​gkab1​038 (2022).

Author contributions
Conceived and designed the experiments: V.M., A.L.L., J.K., D.E. Performed the experiments: J.K., I.R., V.F., 
R.B.R., J.G. Analysed the data: J.K., I.R., M.C. Contributed materials tools: R.B.R., V.F., J.G., M.C., R.B., D.E. 
Wrote the manuscript: J.K., A.L.L., V.M. All authors have review and approved the final version.

Funding
This work was supported by a grant from the European Regional Development Fund (Grant Agreement 
KK.01.1.1.04.0086).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​37312-9.

Correspondence and requests for materials should be addressed to V.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1111/jvim.12146
https://doi.org/10.1186/s12917-017-0995-6
https://doi.org/10.1371/journal.pone.0035227
https://doi.org/10.1097/00003246-200301000-00024
https://doi.org/10.1152/ajpheart.00589.2007
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1016/j.vetpar.2008.04.012
https://doi.org/10.1016/j.jprot.2018.08.009
https://doi.org/10.1016/j.jprot.2018.08.009
https://doi.org/10.1002/cpbi.86
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/nar/gkab1028
https://doi.org/10.1093/nar/gkab1028
https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1038/s41598-023-37312-9
https://doi.org/10.1038/s41598-023-37312-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Serum proteome profiling of naturally acquired Babesia rossi infection in dogs
	Results
	Proteomic profiling between the control group, uncomplicated and complicated babesiosis. 
	Proteomic profiling between uncomplicated and complicated babesiosis. 
	Validation. 

	Discussion
	Proteomic profiling between control group, uncomplicated and complicated babesiosis. 
	Proteomic profiling between uncomplicated and complicated babesiosis. 
	Limitations. 
	Conclusions. 

	Materials and methods
	Animals. 
	Sample collection and analysis for clinical pathology. 
	Sample preparation for proteome analysis. 
	LC–MSMS analysis. 
	Statistics and bioinformatics. 
	Validation. 

	References


