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1. INTRODUCTION 

1.1. Host parasite interactions 

Parasites are organisms that live in a close association with another organism, often related to 

relevant infectious diseases in veterinary and human medicine, worldwide. In this sense, by 

studying the close and complex interaction between parasites and their hosts, it is possible to 

discover new and fascinating insights into parasitic relationships (da Silva and Langoni 2009; 

Hermosilla et al. 2012; Thomson et al. 2017). Several mechanisms are involved in final 

endogenous location, life cycle, pathogenesis, immunology and host homeostasis driven by 

parasitic infections, including not only mechanical or physiological effects, but also metabolic 

disorders, cellular detriment and immunological changes among others (da Silva and Langoni 

2009; Thomson et al. 2017). 

Veterinary parasitology embraces several parasitic groups, being subdivided in two 

subkingdoms: the Protozoa (unicellular parasites) and Metazoa (multicellular parasites). In 

general, the life cycle of parasites will develop within a suitable host, where they have 

established their microhabitat to ensure their developments and perpetuating their life cycles�

(Poulin 2014). Likewise, depending on the species, migration through host tissues and/or organs 

might occur. Consistently, remarkable examples of this feature can be seen in protozoan 

Toxoplasma gondii and metazoan Ascaris suum. T. gondii is a globally spread cyst-forming 

coccidian parasite, having as intermediate hosts all warm-blooded terrestrial as well as marine 

animals (Tenter et al. 2000; Villagra-Blanco et al. 2019) and as definitive hosts members of the 

family Felidae (Dubey 2008). After oral ingestion of T. gondii-sporulated oocysts (containing 

sporozoites) or tissue cyst (containing bradyzoites), the parasite will rapidly multiply in the 

intestine of the final- or facultative intermediate host. After this, they migrate to form tissue 

cysts, having a high affinity for muscular and neural tissues (Tenter et al. 2000). Consistently, 

A. suum is one of the most frequent nematodes of pig industry and having a relevant economic 

impact in the field. After oral ingestion of eggs containing the infective larvae 3 (L3), hatched 

L3 will migrate from the small intestine into the liver of final host, via portal system, thereafter 

reaching lungs to finally colonize small intestine lumen. Regarding endogenous migration 

routes, several stages of taxonomically different parasites will develop in the 

cardiovascular/lymphatic system, generating a critical situation, considering the close 

interaction between the different cells of the host innate immune system, including 

endothelium/epithelial cells, complement factors and different leukocytes (Muñoz Caro et al. 

2014; Hermosilla et al. 2014; Muñoz-Caro et al. 2018; Zhou et al. 2019; Peixoto et al. 2021). 
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1.1.1. Phylum Euglenozoa 

Systematically the euglonozoan parasite Trypanosoma brucei brucei belongs to the class 

Kinetoplastea (subphylum Kinetoplasta). It is a member of the order Trypanosomatida 

belonging to the family Trypanosomatidae (trypanon:drill; soma:body). In mammalian hosts, 

trypanosomatids can develop freely in blood and body fluids, while some species of this family, 

such as Trypanosoma cruzi, requires to infect host cells in order to complete its life cycle 

(Molinari and Moreno 2018). Morphologically, T. b. brucei are curved elongated parasites that 

depending on their life cycle stage, have a range from 12 to 35 �m in length and 1.5 to 3.5 �m 

in width (Hoare 1972). As an extracellular parasite, T. b. brucei possess one flagellum 

originating at the basal body that emerges from the so called “flagellar pocket”, extending for 

the entire length of the trypanosome starting at the anterior part of it (see Figure 1). Remarkably, 

all members of this order have kinetoplasts, a unique form of mitochondrial DNA that has a 

disc-shaped form, where the flagellar pocket is established as an invagination of plasma 

membrane (MacLean et al. 2013). Mechanistically, the flagella movement, also named flagella 

wave, cause a forward parasite movement and simultaneous rotations around its axis. This 

movement permits trypanosomes to swim by producing a “travelling wave” that cross along the 

flagellum, pushing the surrounding liquid in one direction and generating a propulsion force 

into opposite direction (Krüger and Engstler 2018). 

Figure 1. Schematic representation of a T. b. brucei trypomastigote morphology. Adapted from 

MacLean et al 2013 
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Parasitic Trypanosoma species are classified in two categories according to their life cycles: 

Salivaria and Stercoraria. In the first group, Trypanosoma spp. develop in the anterior digestive 

tract of invertebrate vectors (insects) and transmitted via insect saliva whereas in the second 

group they develop in the posterior part of the insect gut and transmitted via insect faeces 

(Desquesnes et al. 2013). Among the members of the Salivaria, T. brucei includes sub-species 

such as T. b. gambiense, T. b. rhodesiense and T. b. brucei. The overall importance of T. b. 

gambiense and T. b. rhodesiense is due to its participation as causal agents of the human African 

trypanosomiasis (HAT), also known as sleeping sickness. Epidemiologically, these species are 

extended in sub-Saharan Africa countries (between 14°N and 20°S) due to the habitat of their 

vectors, the tsetse fly (Glossina spp.) (Brun et al. 2010; Malvy and Chappuis 2011; Radwanska 

et al. 2018). Additionally, HAT is classified into East African- and West African disease 

depending on the species, i. e. T. b. rhodesiense and T. b. gambiense, respectively (Simarro et 

al. 2011). Both HAT infections are differentiated by their incubation period, where T. b. 

rhodesiense shows a more rapid and progressive replication when compared to T. b. gambiense 

(Kennedy 2006; Simarro et al. 2011). Nevertheless, in both cases the disease can be fatal if 

untreated (Kennedy 2006). Noteworthy, humans living in endemic areas are capable to 

overcome infection and neutralize the functions of trypanosome lytic factor 1 (TLF1) and 

trypanosome lytic factor 2 (TLF2), both known to be relevant in pathogenesis of HAT. Both, 

TLF1 and TLF2 are high-density lipoproteins (HDL) and their efficient neutralization provides 

innate immune protection to humans against T. b. brucei infections in endemic areas (Ponte-Sucre 

2016). Fortunatetly, extended sanitary efforts in Africa have controlled HAT between 1949 and 

1965 with only few new registered cases per year. Nowadays, an increase in the incidence has 

been observed needing further monitoring efforts (Kennedy 2006).  

1.1.1.1. T. b. brucei infection of cattle 

Contrastingly to HAT, T. b. brucei infection of cattle is largely less controlled. This last aspect, 

takes special relevance since bovines have pivotal role as natural host reservoirs allowing 

perpetuation of this parasite among diverse African ecosystems. In the case of cattle, the disease 

caused by T. b. brucei is locally named as `Nagana' (“powerless/useless” in the Zulu language), 

thereby restricting agricultural development and significantly contributing to poverty in 

affected areas (Steverding 2008; Radwanska et al. 2018). The disease often affects animals if a 

proper early diagnosis is not performed (Maudlin 2006). The relevance of Nagana is ancient, 

since evidence reveals the presence of African animal trypanosomiasis (AAT) in ancient Egypt, 

where a veterinary papyrus from Kahun Papyri (dating from the 2nd millennium BC) exhibits 
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information of a cattle with a disease which resembles Nagana (Steverding 2008).  In 1895, the 

Scottish pathologist and microbiologist David Bruce (1855–1931) officially identified T. b. 

brucei as etiological cause of Nagana (Steverding 2008). Clinically, AAT symptoms are 

considered as non-specific, including body condition detriment, pale mucous membranes, 

change of feces consistence and abnormal body temperature. Therefore, AAT is considered as 

a wasting disease, in which there is a slow progressive loss of health condition accompanied by 

increasing anaemia and weakness to the point of extreme emaciation, collapse and even death 

(Uilenberg 1998). Initially, T. b. brucei-infected animals will show variable appetite, tending 

to leave their herds, looking for protection from sun and standing with ears and tail hanging and 

ignoring insects. Increased lacrimation is also seen in T. b. brucei-infected animals (Uilenberg 

1998). Overall, the infection becomes evident 7-10 days after tsetse bites, with a raise in body 

temperature and an increase of heart and respiratory rates (Uilenberg 1998). 

The economic importance of T. b. brucei-infection in endemic areas is large, having negative 

implications in the development of Sub-Saharan African countries. In this context, livestock 

production plays a fundamental role in economic and socio-cultural role of rural or small 

households, acting as food and nutrition supply, source of power for farm work and capital 

accumulation (Alsan 2015; Abro et al. 2021). It is estimated that AAT can cause 3 million 

deaths of cattle with an annual direct economic loss of US$ 1–1.2 billion in Sub-Saharan 

African production systems (Uilenberg 1998). Furthermore, considering indirect economical 

losses, these countries can lose up to 4.75 billion USD per year due to Nagana (Uilenberg 1998; 

Abro et al. 2021). Mitigation strategies includes sale of agricultural products (64%); search 

assistance from family and friends (54%); sale/lease of family belongings (22%); credit 

acquirement (22%) and use of personal savings (17%) (Bukachi et al. 2017), highlighting the 

economic impact of AAT. 

1.1.1.2. T. b. brucei life cycle and host-parasite interactions 

In the vertebrate host, motile extracellular stages of T. b. brucei, known as trypomastigotes, live 

and proliferate freely within blood circulation and multiply asexually by longitudinal fission-

driven replication, being thereafter taken by female tsetse (Glossina) flies during their blood 

meals (see Figure 2). The critical role of Glossina spp. flies becomes evident in AAT ecology 

and epidemiology as AAT is strictly limited to the African continent where genus Glossina 

occurs in different biomes. 
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Figure 2. Schematic T. b brucei life cycle. Adapted from Deplazes 2016. 

Taxonomically, tsetse flies of the genus Glossina belong to the family Glossinidae (Glossa: 

tongue) within the order Diptera. The members of this family are dark-brown, with a piercing 

apparatus (i. e. proboscis) directed forward which surpasses by far the head (caput) of all 

Glossina spp. Additionally, the fold of the two wings exhibit in resting position a ‘tongue-like’ 

structure, representing a typical feature of tsetse flies and allowing to differentiate them from 

other dipteran genera. African Glossina flies are grouped in three different species, i. e. 

Glossina palpalis, Glossina fusca and Glossina morsitans, being the last one the most important 

for Nagana transmission (Krafsur and Maudlin 2018). Biologically, adult female Glossina flies 

are obligate hematophagous (non-parasitic tsetse males feed on nectar) and have a life span of 

2 and 5 months. Differing to other dipteran flies, female tsetse flies mate and thereafter generate 

only one egg which is carried within a uterine-like organ, where the larvae will develop from 

L1 into L3 over 7 to 10 days (Demirbas-Uzel 2018). Thereafter, it will be deposited in sheltered 

places where they immediately pupate. It must be noticed that larval development requires 7-

10 days; nevertheless, the pupal period requires approximately 30 days at a temperature of 25 

°C (Tobe 1978; Demirbas-Uzel 2018).  
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The tsetse flies are infected by non-dividing stumpy forms of the parasite (shorter form, 12 to 

26 �m) present in the host bloodstream. The slender or long trypomastigotes (30 to 40 �m) are 

the previous stages which proliferate asexually in the bloodstream (please refer to Figure 2) 

(Tyler et al. 1997). After insect ingestion, slender forms are killed rapidly when compared to  

stumpy forms which survive longer within tsetse intermediary hosts (Silvester et al. 2017), 

differentiating into the next stage. In the fly, T. b. brucei stumpy forms transform into 

epimastigote stages within midgut and salivary glands. This process requires approximately 3 

to 5 weeks (Brun et al. 2010). Once T. b. brucei-infected tsetse fly will have another blood 

meal, injected epimastigotes through proboscis will develop into metacyclic trypanosomes and 

an inflammatory reaction within dermal connective tissue will occur, generating a characteristic 

lesion named “chancre”, followed by draining from the lymphatic and bloodstream system 

(Hope-Rapp et al. 2009). The overall description of life cycle stages refers mainly to 

morphological features identified by the shape, kinetoplast position in relation to nucleus and 

the extent of the flagellar apparatus. As such, trypomastigotes have a nuclear kinetoplast and 

body-attached flagellum, while epimastigotes have a prenuclear kinetoplast (Cavalcanti and de 

Souza 2018). It is necessary to highlight, that unlike other members of the genus Trypanosoma 

(i.e. T. cruzi), T. b. brucei does not have amastigote stages (Tyler et al. 2003). 

Epidemiologically, it has been established that the completion of the life cycle of T. b. brucei, 

requires the presence of domestic- and wild animals (Rotureau and Van Den Abbeele 2013). 

Additionally, the existence of natural reservoir hosts in Africa allows the perpetuation of T. b. 

brucei life cycle with ease, and will add a challenge for disease control or eradication programs 

(Rotureau and Van Den Abbeele 2013). 

One of the most dangerous complications of T. b. brucei-induced trypanosomiasis is that 

parasites can infect brain parenchyma and cerebrospinal fluid (Malvy and Chappuis 2011). This 

is due to the capacity of this blood-dwelling parasite to migrate through the blood-brain-barrier 

(BBB). Moreover, T. b. brucei is able to survive within the bloodstream, evading the adaptive 

immune response through efficient and constant antigenic variation (Malvy and Chappuis 

2011). This antigenic variation is driven by the presence of so-called variable surface 

glycoproteins (VSG), which consist of a layer of complex proteins on the surface of these 

parasites, which are anchored to their membranes by glycosylphosphatidylinositol (GPI) 

molecules, allowing survival and maintenance over time of parasite infection (Matthews 2005; 

Moreno et al. 2019). GPI-anchored glycoproteins are extremely abundant on the surface of 

trypomastigotes, having approximately 107 copies covering the whole cell plasma membrane 



1. Introduction 

7�
�

(Mugnier et al. 2016). Moreover, VSG molecules coating trypanosomes can function in a 

selective way by removing specific antibodies from the surface of the cell, allowing to damper 

the host antibody response (Engstler et al. 2007). In this sense, VSG proteins can be described 

as a barrier based on surface proteins on which host antibodies will attach, being thereafter 

selectively removed by an endocytic process that occurs in the parasite flagellar pocket 

allocated in the posterior cell pole (Engstler et al. 2007; Mugnier et al. 2016). This process is 

highly linked to activation of humoral adaptive immune response, where immunoglobulin M 

(IgM) is the first antibody isotype to be detected after T. b. brucei infection, and being cleared 

more quickly than other isotypes such as IgG from the parasite surface (Mugnier et al. 2016). 

Interestingly, it has been shown that clearance of IgG from trypomastigotes cell surface is 

directional and very fast, i. e. within 30 to 60 s. All of these immune complexes will be sorted 

out to the posterior part of T. b. brucei trypomastigotes, where they will accumulate. Thereafter, 

endocytic uptake of accumulated antibody-antigen complexes will occur, as stated above via 

parasitic flagellar pocket (Engstler et al. 2007). This last evasion strategy dramatically limits 

the development of vaccines against AAT by conventional humoral-based systems, being 

nowadays unfeasible due to the participation of VSG and endocytosis capacities of T. brucei 

trypomastigotes (Mugnier et al. 2016).  

1.1.1.3. Diagnosis of AAT 

One characteristic of AAT is its highly fluctuating parasitaemia within affected hosts. This 

parasiteamia is normally high in the early phase of infection and lower in the chronic phase. 

This situation generates a challenging scenario for proper diagnosis as many times during 

chronic infection less extracellular stages will be detected in the blood (Desquesnes et al. 2022). 

In general terms, there are three main established diagnostic strategies: microcopy-, DNA- and 

antibody-based detection (Desquesnes et al. 2022). The parasite detection/diagnosis is normally 

based on microscopic examination of fresh blood, Giemsa-staining of blood smears, hematocrit 

concentration and buffy coat methods (Woo 1970; Murray et al. 1977). The advantage of 

microscope-based techniques relays on the use of standard equipment and low cost for AAT 

diagnosis in rather poorer countries of Africa. In the case of the hematocrit concentration, it has 

been stablished that it is better suited when large number of animals will be assessed for 

occurrence of AAT. Moreover,�hematocrit concentration- and buffy coat methods are able to 

provide the packed cell volume, which allows to estimate the level of anemia of T. b. brucei-

infected animals, being one of the most critical indicators of clinical manifested Nagana 

(Desquesnes et al. 2022). Additionally, several primer pairs have been designed for the 
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amplification of T. b. brucei-specific DNA, based on highly repetitive satellite DNA probes 

(Health 2021). The advantage of these molecular diagnostic techniques relay on their 

specificity, allowing not only differentiation to subgenus-, subspecies- or even to genotype 

levels depending on the primer set here used, but also to detect infections in the insect vector 

as well as wildlife animals as reported elsewhere (Masiga et al. 1996).  

Serological-based diagnostic methods are valuable epidemiological tools to analyze large 

numbers of animals for presence, emergence, re-emergence or even spread of AAT into 

previously non-endemic geographic areas, considering the persistence of specific antibodies 

raised against T. b. brucei circulating in the blood even after parasite elimination. Despite of 

other multiple diagnostic techniques standardized for Nagana detection [e. g. indirect 

fluorescent antibody test (IFAT), antibody detection, ELISA, Westerblots], the most 

standardized technique used in Africa is the so-called ‘Card Agglutination Test for 

Trypanosomes’ (CATT) (Desquesnes et al. 2022).�This test is based on the detection of specific 

IgM antibodies, and is suitable for detection of early. T. b brucei-infections (Asonganyi et al. 

1990; Desquesnes et al. 2022). Importantly, CATT can be performed in not specialized 

laboratories as frequently reported for rural African areas (Desquesnes et al. 2022). 

Nevertheless, the specificity of this technique in animals has not been totally determined, 

showing strong cross-reactions between T. b. brucei and other salivarian trypanosomes such as 

T. b. congolense (Asonganyi et al. 1990; Desquesnes et al. 2022). 

1.1.1.4. Treatment and control of AAT 

FAO (United Nations)- recommendations still represent the best international guidelines for 

suitable chemotherapy, chemoprophylaxis, control and eradication of Nagana. Chemotherapy 

include various ‘trypanocides’, a group of drugs which work by killing or inhibiting the 

development of these parasites within the host (Keating et al. 2015; Seangseerattanakulchai and 

Piratae 2021). Since T. b. brucei can avoid the host immune system by VSG-driven 

mechanisms, the use of certain trypanocides permits to hamper parasitic multiplication, 

allowing the host immune system to overcome and control the infection (Keating et al. 2015; 

Seangseerattanakulchai and Piratae 2021). Historically, different attempts of animal treatments 

were performed in the twentieth century, including tartar emetic (antimony potassium tartate) 

treatments which resulted in successful therapy of affected animals. Nevertheless, this treatment 

generated irritation in the area of injection and required multiples doses to achieve therapeutic 

effects, thereby limiting its use. Nowadays, the mostly used drugs in the last 35 years are 

diminazene aceturate-, homidium salt- and isometadium chloride-based trypanocides (Keating 
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et al. 2015; Seangseerattanakulchai and Piratae 2021). Diminazene aceturate is a yellow 

powder/solution that is administrated intramuscularly and tissues at the site of injection will be 

stained by the drug for a period of 14 days, dramatically limiting the commercial value of animal 

meat (Keating et al. 2015; Seangseerattanakulchai and Piratae 2021). Additionally, homidium 

salt derivatives includes homidium bromide (HB) and homidium chloride (HC) and exclusively 

to be applied via intramuscular routes. Skin irritations have frequently been reported for HB- 

and HC intramuscular application. At therapeutic dosages, no toxicity problems have been 

observed in treated animals, but drug resistance development to both drugs is an emerging 

problem in numerous African countries. Likewise, since both HB and HC salts have 

carcinogenic properties for humans, the use of gloves by operators is imperative, limiting their 

use in poorly equipped African farms. Finally, all above mentioned chemotherapies have to be 

administrated by intramuscular injection resulting in severe skin irritations which might be 

considered as serious disadvantage for certain ethnic animal farmers (e. g. Massai) where cattle 

possess an enormous value. Moreover, these drugs have a known little margin of safety 

regarding their therapeutic doses. Nonetheless, some of these compounds can be used either as 

curative or as prophylactic drugs, depending on the dosage administrated (curative dose: 0.25–

0.5 mg/kg; prophylactic dose: 0.5–1 mg/kg) (Latif et al. 2019). 

Since pharmacological control of the disease has several limitations in endemic areas, vector 

control is the most available and reliable strategy for disease control. Several control methods 

has been stablished for tsetse flies within their natural habitats. Bush clearing of the vegetation 

used by these flies has been the oldest way to control their populations, and is still performed 

by local farmers, but is limited due to the vegetation reappearance with following fly 

reestablishment. Additionally, elimination of wild host animals can be feasible, based on the 

fact that tsetse flies need to feed blood regularly as there is no diapause during the life cycle; 

thereby reducing bites of wild mammal hosts will limit their survival strategies. Nevertheless, 

this method is often discarded considering ecological implications of this approach (Latif et al. 

2019). Historically, control of tsetse fly populations was achieved by spraying with insecticides 

on surfaces and air (i. e. aerial spraying) of endemic regions. This strategy relays on the fact 

that ground spraying will affect places where tsetse flies rest and breed. Moreover, aerial 

spraying can be considered the more safely strategy as side effects against other insect species 

are less severe (Perkins 2004). Nevertheless, the use of aerosol spray will depend on the terrain 

where it will be performed and, the possibility of resistance development against insecticides 

cannot be discarded (Perkins 2004). Alternatively, WHO recommends the use of impregnated 

traps with insecticides either for sampling or for efficient vector control, being imbued with 
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pyrethroids (in general) in order to increase efficiency (Organization 2013; Latif et al. 2019). 

Black- and blue textile fabrics are the ones used to construct these tsetse traps, considering the 

fact that blue is the more attractive colour for these vectors whereas black encourage tsetse flies 

to land. For this reason, the black part is normally found covering the inside of recommended 

tsetse traps. Furthermore, WHO recommends that the blue fabric consists of a polyester-cotton 

mix, because this will help to fight degradation of material in tropical conditions (Organization 

2013).  

Another technique is the use of olfactory baits for these flies. They are developed by applying 

urine in designed dispensers close to the animals. Normally aged urine from cows is here used, 

as it is widely available and free (Hassanali et al. 1986). Lastly, animals sprayed with 

insecticides can be used as “live baits” as well. For “live baits” the insecticide has to be applied 

either as spray or as pour-on solution; the last ones will be efficient if the necessary number of 

animals is treated. Also, application of insecticides close to the belly and/or legs of cattle at 2-

week intervals can kill tsetse flies just as effectively as spraying the whole animal body every 

month. Sadly, these alternative applications are too expensive for most farmers in many poor 

African countries (Torr et al. 2007). 

Overall, one of largest problems related with the effectiveness of products to combat Nagana 

efficiently, are still related to the missing access of these products by local farmers and their 

high economic costs. The local market is rather uncertain, non-controlled and not very 

profitable for these products throughout African countries (Bauer et al. 1995).  

1.1.2. Phylum Alveolata, subphylum Apicomplexa 

Aplicomplexa is a subphylum including exclusively obligate unicellular parasites of numerous 

vertebrate- and invertebrate hosts (Votýpka et al., 2017), including major parasite species of 

medical and veterinary relevance such as Plasmodium spp. causing malaria and Toxoplasma 

gondii causing toxoplasmosis. Moreover, they are complex organisms with a variety of 

morphological shapes, depending on the species, the genus and the life cycle, and being 

surrounded by a three-layered membranous structure, called pellicle, forming the characteristic 

banana-shape of apicomplexans (Šlapeta 2013). Three classes of apicomplexan parasites are 

known: hematozoa, gregarine and coccidian, being the last one organized in two families: 

Eimeriidae and Sarcocystidae (Votýpka et al., 2017; Lindsay and Dubey, 2020). 

The mechanism of pathogenesis of Eimeriidae and Sarcocystidae is a consequence of its 

obligate intracellular life cycle, which culminates with the lysis of infected host cell as these 



1. Introduction 

11�
�

parasites replicate (Black and Boothroyd, 2000). Both families have similar features regarding 

their life cycles, being divided into sexual- and asexual cycles. Asexual cycles present one or 

more merogonic proliferation, which will develop in the intermediary and/or in the definitive 

host. Sexual cycle is known as gametogonic proliferation (i. e. gamogony), which will occur 

only in the definitive host by the development of microgamonts and macrogamonts and, as a 

consequence, the formation of sporozoites contained in a structure named oocyst (Votýpka et 

al., 2017; Lindsay and Dubey, 2020). The family Sarcocystidae includes various relevant 

coccidian genera, e. g. Toxoplasma, Besnoitia, Sarcocystis, Hammondia and Neospora, which 

all will form tissue cysts containing bradyzoites within different intermediate hosts according 

to their life cycles. In all members of family Sarcocystidae, the gamogony, i. e. the sexual 

replication, will exclusively occur in definitive hosts, mainly in carnivorous or omnivorous 

species. 

Knowledge on the general survival mechanisms of apicomplexan parasites has improved in the 

last decades, and has allowed to explore in detail host-parasite interactions, host immune 

reactions (Hermosilla et al., 2012; Taubert et al., 2010), host cell modulation (Taubert et al., 

2010; Velásquez et al., 2021), parasite metabolism among others (Silva et al., 2021; Larrazabal 

et al., 2021), all of which is of great importance for the development of control strategies and 

better understanding of the apicomplexan diseases. 

1.1.2.1. Besnoitia besnoiti 

B. besnoiti is a cyst-forming coccidian parasite and the causal agent of bovine besnoitiosis. The 

first report related with this disease was in 1884 by Cadéac who described bovine besnoitiosis 

as a skin disease in cattle. In 1912, the French parasitologists Besnoit and Robin found that the 

disease was caused by an apicomplexan parasite (Cortes et al. 2014). Bovine besnoitiosis has 

been spreading during the last year on a larger scale, and being reported endemically in 

Portugal, Spain, France, Hungary, Germany and Italy. Mortality rate is less than 1% where only 

few B. besnoiti-infected animals will develop clinical symptoms (Alvarez-García et al. 2013).  

The complete life cycle of B. besnoiti has not been clarified, but most likely to be heteroxenic 

with carnivores (e. g. felids) acting as definitive hosts and cattle as intermediate hosts (Basso et 

al. 2011), where they alternate tachyzoites and bradyzoites stages in intermediate hosts, which 

gather into macroscopic cysts located inside cells of subcutaneous connective tissue (Alvarez-

García et al. 2013; Cortes et al. 2014). The disease has two phases: the acute phase, occurring 

within 11-13 days after infection, and the chronic phase, developing while affected animal’s 

recovers (Alvarez-García et al. 2013; Cortes et al. 2014). Acute phase is characterized by fever, 
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respiratory disorders, serous nasal- and ocular discharges, anorexia and generalized edema of 

the skin, as a consequence of fast replicating tachyzoites in macrophages, monocytes, 

polymorphonuclear neutrophils (PMN) and endothelial cells within the blood/lymph vessel of 

the host (Basso et al. 2011; Muñoz-Caro et al., 2015). Chronic phase of bovine besnoitiosis will 

manifest with strong skin alterations as a consequence of cutaneous and subcutaneous skin-

cysts of up to 0.5 mm in diameter, hyperkeratosis, hyperpigmentation, alopecia and infertility 

in bulls due to orchitis (Basso et al. 2011; Alvarez-García et al. 2013). 

1.1.2.2. Neospora caninum 

N. caninum is a cyst-forming coccidian protozoa and being a major cause of abortion in cattle, 

small ruminants (Benavides et al. 2022) and causal agent of neurological disorders in young 

dogs. The first description of the parasite was performed in 1984 in dogs of Norway but the 

genus and species identification was completed in 1988 (Dubey et al. 1988). N. caninum 

infections have been reported worldwide, including Australia, New Zealand, Europe, Korea, 

Japan and Americas. Quantitative studies have demonstrated that between 12 to 42% of aborted 

fetuses in cattle industry of USA, New Zealand, Netherlands and Germany are a consequence 

of bovine neosporosis (Dubey 2003).  

Canids have been described to act as intermediate- as well as definitive host of N. caninum 

(Lindsay et al. 2001; Dubey 2003). Life cycle has three different infectious intracellular stages, 

including tachyzoites, bradyzoites and sporozoites. Overall, intracellular tachyzoites represent 

a minor infection source in comparison to bradyzoites, which are enclosed in thin-walled tissue 

cysts (0.3-1.0 �m). Vertical- or diaplacental transmission in dairy cattle is the main infective 

route for bovine neosporosis but also environmental sporulated oocysts shed by N. caninum-

infected dogs can initiate infections. As stated above, N. caninum can be transmitted 

transplacental/vertically and postnatally. Postnatal transmission will occur after the ingestion 

of infected tissues with tachyzoites and/or ingestion of tissue/organs containing cysts (Dubey 

2003). Patent canids (i. e. domestic dogs, wolves, coyotes) have been described as important 

risk factors of bovine neosporosis by excreting millions of un-sporulated N. caninum-oocysts 

into the environment. Exogenous oocysts will then sporulate within 24-48 h if environmental 

conditions are optimal (i. e. adequate humidity, temperature and oxygen concentrations), and 

thereby contaminating premises of farms for many months with these highly resistant stages 

(Dubeyi 2003; Almería 2013). 

Clinical symptoms in cattle relay mainly in abortion, from 3 months of gestation to term. N. 

caninum-infected fetuses will die inside the uterus or being reabsorbed, mummified and/or 
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autolyzed. Additionally, either asymptomatic neonatal calves or with clinical signs can be born 

(Dubey 2003). Affected calves will manifest mainly neurologic signs, underweight, with limbs 

flexed or hyperextended (Dubey 2003). 

1.1.3. Phylum Nemathelminthes 

The phylum Nemathelminthes represents a large and diverse group of non-segmented round 

worms, capable to inhabit water and different type of soils, and having a high number of species 

(> 20.000 species) within this metazoan phylum (Dorris et al. 1999; Seesao et al. 2017). They 

can be classified in several superfamilies, including Strongyloidea, Ancylostomatoidea, 

Trichonstrongyloidea and Metastrongyloidea among others. This last superfamily includes the 

family Angiostrongylidae with numerous parasites of high veterinary- and human medicine 

relevance. The nematodes of Angiostrongylidae family are parasites inhabiting blood vessels 

and lungs of various host species (i. e. carnivores, marsupials, rodents). Males have a well-

developed bursa, while females have a vulva on their caudal position. Angiostrongylus species 

have an indirect life cycle requiring the presence of mollusks (terrestrial and aquatic species) 

acting as obligate intermediate hosts, in order to fulfill their biology (Ferdushy and Hasan 2010; 

Schnyder et al. 2017). 

1.1.3.1. Angiostrongylus vasorum: the French heartworm 

A. vasorum is a cardiopulmonary parasite that belongs to the class Nematoda (superfamily 

Metastrongyloidea) and having mainly canids, including domestic and wild ones (e. g. foxes, 

wolves) as final hosts (Ferdushy and Hasan 2010; Schug et al. 2018; Silva et al. 2021). The first 

certified description of this parasite was probably made in 1853 by Serres, in the city of 

Toulouse in the south-western of France, where a hunting dog with non-specific signs such as 

apathy and loss of appetite was treated. After a few days the animal was found dead and 

necropsy revealed an increased volume of the right ventricle containing a huge number of 

“worms” of approximately 15 mm of length. These heartworms were found not only in the right 

ventricle but also in the right auriculum and described as A. vasorum (Schnyder et al. 2017). 

Morphologically, A. vasorum is a slender nematode, with a length of 18-25 mm for females 

while the males are shorter and reaching only 14-18 mm, with a bursa copulatrix. In addition, 

female nematodes of A. vasorum have two morphological features: i) the white uteri/ovaries 

are coiled around the intestine, and ii) additionally by having the vulva opening at the posterior 

part of their bodies (Ferdushy and Hasan 2010). 
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A. vasorum is worldwide distributed (Ferdushy and Hasan 2010; Schnyder et al. 2017) and has 

been found during the last years in previously considered non-endemic geographic areas. Thus, 

canine angiostrongylosis is now being considered as an emerging disease in Europe, North- and 

South America (Helm et al. 2015; Penagos-Tabares et al. 2019). In Europe the distribution of 

the parasite is variable, having hyperendemic regions of A. vasorum-positive animals with 

surrounding areas which can show much lower prevalences (Schug et al. 2018).  Recent 

geographical studies show that A. vasorum-infected dogs are expanding from Southwest 

Germany to Northeastern parts (Maksimov et al. 2017). 

1.1.3.2. Life cycle and symptomatology of canine angiostrongylosis 

The life cycle of A. vasorum is heteroxenous, requiring presence of terrestrial gastropods as 

obligate intermediate hosts. Adults live in the pulmonary artery and right heart of the host, the 

eggs, unsegmented 70 to 80 by 40 to 50 μm, are transported to the capillary from the lungs, 

where L1, first stage larvae with a size of 310 to 400 μm, will develop (Morgan et al. 2005). 

Larvae will travel to the alveoli, where they will be ingested and thereafter released to the 

environment with the feces. After this, L1 must be ingested by terrestrial mollusks (e. g. snails, 

semi-slugs and slugs) to continue developing the cycle. Inside of them, L1 will develop into L3 

in approximately 3 weeks. Several gastropod species have been recognized as suitable 

intermediate hosts, accordingly to the part of Europe where the life cycle is developing: in 

central Europa Arion rufus, Arion lusitanicus, Arion ater and also Limax maximus represent the 

main intermediate host species. It has been also reported that frogs can act as intermediate 

and/or paratenic hosts (Helm et al. 2015). Ingested larvae 3 (L3) through gastropod uptake will 

break through the intestinal wall and travel by using the lymphatic system to lymph nodes and 

thereafter to right heart and lung arteries of final hosts. The period of prepatency for A. vasorum 

is between 6 - 8 weeks and the patency period can be up to 5 years (Morgan et al. 2005).  

Symptoms of canine angiostrongylosis include dry cough, dyspnea, exercise intolerance, 

weight loss, vomitus, abdominal pain, lumbar pain, neurological signs, heart failure, bleeding 

diatheses and sudden death. Canine angiostrongylosis can be classified in an early- and late 

phase (Morgan et al. 2005). In recent A. vasorum-infected dogs it was reported that resting 

animals might show no evident clinical signs; nevertheless, considering the already stablished 

presence of the parasite within right heart and arteria pulmonaris, tachycardia, tachypnea and 

heavy productive coughing can be observed. Additionally, sputum containing blood have been 

reported. On the other hand, in long stablished A. vasorum-infections the symptoms just 

described above can also be seen even in resting dogs. In chronic canine angiostrongylosis 
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cases, all above mentioned signs can be accompanied with reduced appetite, anemia and ascites 

(Ferdushy and Hasan 2010; Schnyder et al. 2017). 

1.1.3.3. Diagnosis and other insights of A. vasorum-infections 

The diagnosis of the infection is performed by searching for the presence of L1 in feces and 

sputum by using either the Baermann funnel technique or the bronchial lavage (BAL). The 

recovery of larvae from the feces or BAL is exclusively possible in the intermittent patency 

period of the infection (Bolt et al. 1994). Serological and molecular techniques (e. g. Western 

blot, ELISA, PCR) for diagnosis have been developed and considered to be highly sensitive 

methods for the diagnosis (Lunn et al. 2003; Morgan et al. 2005; Schnyder et al., 2017). The 

main goal of all these techniques is to generate detailed epidemiological data on occurrence of 

canine angiostrongylosis in domestic dog populations and also in wildlife (e. g. foxes, wolves) 

from different countries where only traditional post mortem studies are routinely performed, 

aiming to better understand parasite transmission and spread of disease (Morgan et al. 2005). 

The treatment recommended for A. vasorum-infected dogs include benzimidazole, such as 

mebendazole and febendazole. Benzimidazole-based drugs have been described to bind to 

microtubulin and causing disruption of microtubule polymerization as primary anthelmintic 

mechanism (Schmidt 1998). Also, levamisole and macrocyclic lactones have been used against 

this lungworm species (Ferdushy and Hasan 2010; Schnyder et al. 2017).  

Clinically, Schnyder et al. reported in 2010 that an indicator of chronic inflammation in A. 

vasorum-infected dogs, are leukocytosis and neutrophilia; likewise, mediators of the immune 

system -strongly related to inflammatory processes- will be increased as consequence of 

damage of vasculature, situation that have been proved in cases of manifested canine 

angiostrongylosis (Schnyder et al. 2017). Interestingly, another heartworm that affect canids, 

Dirofilaria immitis, has also been shown to increase the activation of endothelium in vivo and 

in vitro (Mupanomunda et al. 1997). Activation of endothelial cells might lead to vessel 

hypertrophy that will suffer parasitized arteries as a consequence of A. vasorum-induced 

activation (Glaus et al. 2010). Due to its marked angiotropism, studies on endothelium 

activation and endothelium-derived pro-inflammation might help to clarify the pathogenesis of 

bleeding disorders observed in certain A. vasorum-infected dogs (Schnyder et al., 2017). 

1.2. Polymorphonuclear neutrophils (PMN) and PMN-derived innate immune responses  

PMN are able to react against several pathogen organisms -including virus, bacteria, fungi 

and/or parasites- due to the fact that they are capable to invade the normal homeostatic 
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environment of the host (Brinkmann et al. 2004; Papayannopoulos 2018; Mozzini and Girelli 

2020). All invasive foreign pathogens will be exposed to different components of the innate 

immune system, including endothelial/epithelial barriers, circulating leukocytes [i. e. PMN, 

monocytes, macrophages], dendritic cells (DCs) and natural killer (NK) cells (Brinkmann and 

Zychlinsky 2012; Hermosilla et al. 2014). An important attribute of circulating leukocytes 

relays on the ability to stick on the surface of activated endothelium as a consequence of 

stimulation with several inflammatory mediators (i. e. histamines, bradykines, chemokines, 

cytokines) that are released from sentinel leukocytes when they are able to sense the presence 

of pathogens, and being able to migrate to the site of infection (Kolaczkowska and Kubes 2013). 

In this context, PMN are the first leukocytes to arrive to the site of infection, playing a 

fundamental role in the control against foreign pathogens (Brinkmann et al. 2004; Muñoz Caro 

et al. 2014; Papayannopoulos 2018; Mozzini and Girelli 2020). PMN are characterized by 

having a polymorphic-segmented nucleus and various types of cytoplasmic granules (Paape et 

al. 2003; Kobayashi et al. 2017). They are classified as short-lived cells, having a half-life of 

8.9 h in the bovine and 8 h in the human system. PMN are produced in large numbers in the 

bone narrow from hematopoietic precursor cells, where granulocyte colony-stimulating factor 

(G-CSF) commit PMN generation and turning them into myeloblasts. Following a maturation 

process which includes promyelocytes, myelocytes, metamyelocytes, band cells and finally 

PMN (Rosales 2018). Senescent PMN are cleared from circulation in the liver, spleen and bone 

narrow, by sensing the CXC-chemokine receptor 4 (CXCR4) expressed in these aged PMN. A 

negative regulation of the release of new developed PMN from the bone narrow is also possible. 

For instance, clearance of apoptotic PMN is performed mainly by Kupffer cells or DCs, mainly 

regulated by interleukin-23 (IL-23)/IL-17/G-CSF cytokine axis (Kolaczkowska and Kubes 

2013). In case of bovines, it is important to highlight that unlike many animal species where 

PMN comprise the majority of leukocytes circulating in blood, bovine PMN corresponds to 

only 25% of total counts (Paape et al. 2003) conforming less than half of total leukocytes 

(Bassel and Caswell 2018). 

1.2.1. PMN recruitment cascade 

The multi-lobulated nucleus allows PMN to line the nuclear lobes in a straight line, allowing 

rapid migration between activated endothelial cells, and thereby being the first ones to arrive to 

the site of infection or inflammation (Paape et al. 2003). As above stated, in most tissues and 

organs PMN migrate driven by chemoattractant signals (Metzemaekers et al. 2020) and this 

process has five recognized steps: tethering, rolling, adhesion, crawling and transmigration 
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(Kolaczkowska and Kubes 2013; Wang and Chen 2018). Recruitment of PMN is initiated with 

initial changes on endothelium surface which occur upon stimulation by inflammatory 

mediators or activation of patter-recognition receptors (PRR) interacting with infective agents. 

Thereafter, PMN-tethering and -rolling will occur, mediated by various selectins (i. e. E-

selectin, P-selectin); these two selectins have a partially overlapping function to maximize PMN 

recruitment (Kolaczkowska and Kubes 2013). On endothelial cells, interactions of ligands 

present on PMN surface (i. e. P-selectin glycoprotein ligand 1 [PSGL1]) will occur, triggering 

a strong adhesion to receptors of the integrin family such as CD11b and CD18 (Kolaczkowska 

and Kubes 2013; Choudhury et al. 2019). The complete activation is a two-steps process, 

requiring the priming to specific pro-inflammatory cytokines (i. e. TNF�) or exposure of PRR 

to pathogen-associated molecular patterns (PAMPs) (Summers et al. 2010). Then, PMN 

normally transmigrate using endothelial cell-to-cell junctions, considering that they are able to 

actively crawl between cell components and relaying on interactions between receptors and 

ligands (Phillipson et al. 2006). Finally, in order to leave the vasculature, PMN cross the 

endothelium and thereafter the basal membrane. Migration through endothelial barrier can be 

paracellular (between endothelial cells) or transcellular (through endothelial cells), being the 

first one the most commonly performed by activated PMN, since transcellular migration is 

slower (20-30 min) (Phillipson et al. 2008; Woodfin et al. 2011). Worthwhile to mention is the 

fact that PMN recruitment might occur without participation of selectins and/or integrins, since 

PMN lacking these molecules are also capable to adhere to blood vessels of lungs as reported 

elsewhere (Kolaczkowska and Kubes 2013). 

1.2.2. Microbicide activity of PMN 

Mechanistically, antimicrobial functions include phagocytosis, degranulation, production of 

reactive oxygen species (ROS) and and release of neutrophil extracellular traps (NETs) (see 

Figure 3) (Brinkmann et al. 2004; Fuchs et al. 2007; Rosales 2018; Pérez-Figueroa et al. 2021). 

Phagocytosis is a process that involves the ingestion of microorganisms into a phagocytic 

vacuole, where after maturation becomes a phagolysosome where the microorganism is 

destroyed by the action of low pH and degrading enzymes (Rosales 2018). In addition, mature 

PMN granules and secretory vesicles are sequentially developed in PMN differentiation: 

primary granules (azurophilic) are found at the promyelocyte stages and known to be 

myeloperoxidase (MPO)-positive and lysozyme-positive; secondary granules (specific) can be 

observed in myelocytic stages containing high levels of lactoferrin and finally, tertiary granules 

(gelatinase) containing the majority of antimicrobial proteins  (Paape et al. 2003; Sheshachalam 
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et al. 2014; Rosales 2018). The three types of granules can be found in bovine PMN where 

tertiary granules tend to be larger than azurophilic- and secondary granules.  

Figure 3. Schematic representation of the main efector mechanisms in PMN. Adapted from 

Kolaczkowska et al 2013   

The formation of ROS, produced by oxidative burst activities, is a characteristic property of all 

mammalian PMN and critical for fulfilling appropriate host defense since impaired ROS 

production is associated with an increase susceptibility to infections (Hampton et al. 1998). 

This mechanism is mediated by nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase (NOX), a multi subunit enzyme responsible of shuttling electrons, using O2 as final 

acceptor generating superoxide anion (O2-) as final product and thereafter used as substrate for 

hydrogen peroxide (H2O2) by enzymatic dismutation through superoxide dismutase (Rinaldi et 

al. 2007). Overall, PMN-mediated ROS production can be either NOX-dependent or NOX-

independent; nevertheless, since both events can occur simultaneously, is unlikely to ignore the 

interaction that both elements might have during their antimicrobial responses (Nauseef 2004; 

Rinaldi et al. 2007; Moghadam et al. 2021). Accordingly, MPO contained in azurophilic 
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granules has a fundamental role catalyzing the conversion of hydrogen peroxide into more toxic 

hypohalous acids (e. g. HClO) thereby increasing PMN bactericidal activity (Rinaldi et al. 2007; 

Moghadam et al. 2021). The overall generation of ROS can occur intra- or extracellularly, 

considering NOX location on the cellular membrane. As such, NOX internalization into 

phagosome will develop in generation of intracellular ROS (Hampton et al. 1998). Formation 

of extracellular ROS will occur either by production from NOX located on PMN cell membrane 

or escape of ROS molecules from early phagosomes that were not completely sealed (Hampton 

et al. 1998; Rinaldi et al. 2007). 

1.2.3. Neutrophil extracellular traps (NETs)  

It has been demonstrated that upon stimulation of PMN, the nucleus will start to lose its normal 

shape. Following this, the nuclear envelope and the granule membranes will disintegrate, 

allowing the mixture of decondensed chromatin with protein granules that will be then released 

to bind and kill microorganism. This complex and delicate mechanism is known as the 

formation of neutrophil extracellular traps (NETs). Since its first description in 2004 by 

Brinkman et al. (Brinkmann et al. 2004), it has become a relevant topic of PMN physiology, 

changing our understanding on how these cells efficiently kill and trap pathogens far beyond 

their life span (Hermosilla et al., 2014). Detailed NETs-related studies have consistently 

supported that NETs are mainly composed of nuclear DNA decorated with different histones, 

antimicrobial peptides and proteins derived from different granules present in PMN cytoplasm, 

including NE, MPO, pentraxin, lactoferrin and gelatinase (Brinkmann et al. 2004; Hahn et al. 

2013). Thus, released NETs provide a high local concentration of antimicrobial molecules that 

can entrap and kill microbes, providing an effective mechanism to avoid foreign pathogen 

spread, minimizing simultaneously the damage to surrounding tissues (Fuchs et al. 2007; Hahn 

et al. 2013). 

Within PMN physiology, phorbol 12-myristate 13-acetate (PMA) stimulation unleash a fast and 

consistent activation of mammalian PMN. In the case of PMA-triggered NET formation, the 

release of decondensed chromatin decorated with histones, nuclear swelling and membrane 

perforation of PMN will inevitably occur (Brinkmann et al. 2004; Yipp and Kubes 2013; 

Masuda et al. 2016). NET formation, also known as NETosis, was initially thought as a 

mandatory cellular death process different from apoptosis or necrosis (Fuchs et al., 2007; 

Steinberg and Grinstein 2007). However, recent evidence has shown that PMN do not 

necessarily undergo cell death after NET formation (Clark et al. 2007). In this sense, NET 

formation can additionally occur with the conservation of normal PMN functions, including 
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phagocytosis, crawling and chemotaxis, known nowadays as vital NETsosis. Currently, NET 

formation can be classified in literature as suicidal- or vital NETosis, respectively. Suicidal 

NETosis requires activation of Raf-MERK-ERK pathways and NOX-dependent production of 

ROS (Yipp and Kubes 2013; Masuda et al. 2016). This pathway includes also peptidylarginine 

deiminase 4 (PAD4)-dependent citrullination of histones (i. e. H1, H2A/H2B, H3, H4), 

necessary for DNA decondensation, which will result in mixture of extracellular DNA with 

citrullinated histones as well as granular components. In 2007, Fuchs et al. proved that the 

process of NET formation is triggered PMA and Staphiloccocus aureus after a period of 3 h, 

where PMN developed very significant morphological changes as result of large quantities of 

oxidants produced by NOX activity (Fuchs et al. 2007). The NOX-dependent process is 

initiated by PMN losing their normal nuclei segmentation and their characteristic lobular forms. 

Likewise, granular membranes disappear and the granular components are thereafter mixed. 

The cell death process finishes with the release of unfolded chromatin to the extracellular space 

within 3 h to conduct their antimicrobial functions extracellularly (Fuchs et al. 2007). However, 

INF-�-primed eosinophils can also extrude DNA against specific stimuli, in a fast and non-lytic 

process. In this case, DNA-conforming eosinophil extracellular traps (EET) can be released 

from mitochondria (Yousefi et al. 2008; Pilsczek et al. 2010). Interestingly, the same group 

reported that when PMN were primed with GM-CSF and thereafter stimulated with LPS, DNA 

extrusion occurred from the same source (Yousefi et al. 2008). In mammalian-derived vital 

NETosis, PMN can as well release DNA of mitochondrial origin without losing nuclei 

components and continuing performing other functions. In line, vital NETosis was recently 

reported to occur against apicomplexan Besnoitia besnoiti. Activation of bovine PMN occurred 

within 5 to 30 min after co-culture, unveiling the formation of pseudopods and fast migration 

of PMN towards B. besnoiti bradyzoites (Zhou et al. 2020b). Observation of an elongated 

structure tossed out quickly from activated PMN after 30 min of co-culture with tachyzoites 

was also documented. The early time point of its occurrence and the non-lytic PMN phenotype 

casting this “tongue-like” structure confirmed B. besnoiti-mediated vital NETosis in bovine 

PMN (Zhou et al. 2020b). This last pathway allows the coexistence of NETs release and 

conventional PMN host defense (Yipp and Kubes 2013). Moreover, vital NETosis requires 

vesicular mobilization of DNA from inside the nuclei into the extracellular space. These 

vesicles will travel and fuse with the nuclear membrane, passing through the cytoplasm, 

allowing NETs to be delivered outside the cell without rupture of plasma membrane and, 

consequently, not destroying the cell. This process has been described as ROS-independent and 
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reported as a fast defense process (� 30 min) when compared to suicidal NETosis (Yipp and 

Kubes 2013; Masuda et al. 2016).  

Remarkably, PMN have been proved to be abundant in colostrum, the most important protective 

nutrient for neonates considering pivotal role of passive transmission of maternal immunity (i. 

e. antibodies, leukocytes) to the newborn in marine and terrestrial mammals, (Gonzalez and 

Dus Santos 2017). It is known that colostral PMN will distribute through neonates body after 

intestinal absorption, allowing to suspect a primordial role in the development of newborn 

innate immune response and defense against neonatal infective agents (Williams, 1993), 

including apicomplexan parasites such as Cryptosporidium parvum, T. gondii and N. caninum 

(Demattio et al. 2022). 

 Concerning NETs types, there are at least three NETs phenotypes based on their sizes and 

forms. Specifically, spread NETs (sprNETs) are consisted as smooth and elongated web-like 

structures, being composed exclusively of thin fibers of 15-17 μm diameter. Diffused NETs 

(diffNETs) are described as a complex of extracellular decondensed chromatin with a diameter 

of 15-20 μm. Lastly, aggregated NETs (aggNETs) are usually described as “a ball of yarn”, 

with a diameter of 20 μm or more. Due to participating of numerous PMN undergoing 

simultaneously NETs, aggNETs have been the focus of recent investigations. For instance, 

aggNETs can have anti-inflammatory properties through degradation of pro-inflammatory 

cytokines in human gout (Schauer et al., 2014). Conversely, in uncontrolled aggNETs release 

these extracellular structures might have pathophysiological implications through either anti- 

or pro-inflammatory properties (Schauer et al. 2014; Sil et al. 2017; Hidalgo et al. 2019). 

Accumulation of aggNET can actively prevent dissemination of large and highly motile 

Haemonchus contortus- and Dirofilaria immitis larvae (Muñoz-Caro et al., 2015c; Muñoz-Caro 

et al., 2018), thereby permitting to orchestrate and establish the resolution of inflammatory 

mediators and/or large parasites (Muñoz-Caro et al., 2018; Knopf et al. 2019; Hahn et al. 2019; 

Mahajan et al. 2019). Potent aggNETs inducers are monosodium urate (MSU) crystals 

produced during the course metabolic gout in the human- and mouse systems (Schauer et al., 

2014). PMN are able to ingest MSU crystals and respond initially by releasing inflammatory 

mediators to the environment and also by forming aggNETs (Schauer et al. 2014).  

Additionally, it has been reported that release of inflammatory mediators by activated PMN can 

be high at intermediate cell densities (20-40 x 106 cells/cm3). Above these densities, mediator 

release by normal PMN is overcome by aggNETs-proteolytic degradation properties. 

Therefore, proteolysis of pro-inflammatory mediators primarily will depend on PMN densities 
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and not necessarily on the size of aggregates (Hahn et al. 2019). Interestingly, Schauer et al. 

(2014) reported that within 10 min of incubation with MSU crystals (10 mg/mL) PMN are able 

to induce formation of aggNETs in humans (Schauer et al. 2014). Similarly, formation of 

aggNETs acting in a dose-dependent manner after MSU crystal exposure, suggested that this 

phenotype could also occur in vivo during pro-inflammatory gout disease (Schauer et al., 2014; 

Hahn et al., 2019).  Since surrounding PMN are continuously recruited to the site of aggNETs 

after formation of the crystalline core, the final size of these aggregates can increase 

significantly (Hahn et al. 2019). Nevertheless, the mechanism underlying rapid control and 

termination of MSU-triggered inflammation by aggNETs still remains unclear (Schauer et al. 

2014). 

1.2.4. Role of ATP purinergic signaling in NET formation 

PMN have a major role during early stages of the inflammatory response, associated to a quick 

reaction against environment disturbances. Nucleotides, especially ATP, and nucleosides 

(ADO) are fundamental metabolites in energy metabolism. In healthy tissues, ATP is 

synthesized by anaerobic glycolysis or oxidative phosphorylation and intracellularly stored, 

being almost undetectable extracellularly (Kolaczkowska and Kubes 2013; Wang and Chen 

2018). On the other hand, ADO is generated from hydrolysis of AMP by 5-nucleotidase or by 

hydrolysis of S-adenosyl-homocysteine, being released from multiple cell types and considered 

for their ubiquitous presence of equilibrate nucleoside transporters (ENTs) (Wang and Chen 

2018). Interestingly, when its presence is detected extracellularly, for example released by cells 

undergoing lysis, it can be sensed as an important pro-inflammatory modulator, acting as a 

damage associated molecular pattern (DAMP) or “dangerous signal”/”find me signal” (Dosch 

et al. 2018; Rubenich et al. 2021). Mechanistically, ATP and ADO are detected by P2- and P1 

purinergic receptors, respectively, modulating several cell functions (Antonioli et al. 2013). P1 

receptors belong to the G-protein-coupled metabotropic receptors, and are localized in PMN, 

where they play an important role in PMN migration (Antonioli et al. 2013). Conversely, P2 

receptors are divided in two types: ionotropic (P2XRs) and metabotropic (P2YRs). P2XRs are 

ATP-gated trimeric ion channels becoming permeable to Na+, K+ and Ca++ after ATP binding 

while P2YRs belong to the G-protein-coupled receptors classification. These receptors have 

seven characteristic hydrophobic transmembrane regions (Idzko et al. 2014). The coordination 

between the two types of purinergic receptors play an important role in PMN activation during 

bacterial infection and against apicomplexan C. parvum (Kolaczkowska and Kubes 2013; 

Antonioli et al. 2013; Alarcón et al. 2020; Hasheminasab et al. 2022).  P2Y receptors have been 
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described to have a mayor influence on PMN activation, where release of IL-8 is enhanced by 

P2 receptors; even so, P2Y6 induces IL-8 secretion in the case of human monocytes, thereby 

modulating in a paracrine manner the in vitro PMN migration (Kukulski et al. 2007). 

Remarkably, extracellular release of ATP represents also an autocrine messenger for PMN, 

amplifying the chemotaxis gradient through P2Y2R activation, acting as a positive feedback 

for PMN gradient sensing (Chen et al. 2006).  

Interestingly, purinergic signaling plays essential role in mediating PMN chemotaxis as well 

(Chen et al., 2006). Extracellular ATP and positive stimulation via the P2Y2R receptor of PMN 

is able to activate a mechanism that is required for PMN gradient sensing, thus a process directly 

involved in PMN chemotaxis (Chen et al. 2006). Released ATP will be hydrolyzed to ADO by 

nucleotidases expressed on PMN membrane, activating signaling mechanisms related to the 

migration speed of activated PMN (Chen et al. 2006; Wang and Chen 2018). In this line, 

activation of P2X1R receptor by extracellular ATP fails to induce PMN directional chemotaxis, 

but it increases random PMN migration (Wang et al. 2017). Additionally, it has been reported 

that P2X1 signaling may participate in PMN recruitment cascade by promoting PMN 

transmigration but neither rolling nor adhesion, directly affecting the process of PMN 

recruitment cascade (Kolaczkowska and Kubes 2013). Related to NETs release, it has been 

shown that� UDP itself is not able to initiate NET formation in human-derived PMN. 

Nonetheless, UDP has a direct effect on P2Y6 receptor in studies performed with MSU crystals 

as potent NETs inductors (Sil et al. 2017; Wang and Chen 2018). Lastly, P2Y2R has been 

classified as an activator of ROS production in PMN and directly involved with various PMN 

anti-microbial functions (Fuchs et al. 2007; Brinkmann and Zychlinsky 2007; Branzk and 

Papayannopoulos 2013).  

1.3. Parasite-induced NET formation 

In general terms, NETs are structures released from PMN involved in several physio- 

pathological processes and as a pivotal innate defense mechanism against several pathogens, 

including also protozoan- and metazoan parasites (Fuchs et al. 2007; Brinkmann and 

Zychlinsky 2007; Hermosilla et al. 2014; Papayannopoulos 2018; Villagra-Blanco et al. 2019).  

In the case of parasites, NETs have been a relevant topic of research since the first publications 

of human-, mouse- and bovine PMN casting NETs against Plasmodium falciparum, Leishmania 

amazonensis and Eimeria bovis published in 2008, 2009 and 2010, respectively (Baker et al. 

2008; Guimarães-Costa et al. 2009; Behrendt et al. 2010). The conserved nature of NETs 

against various parasite species has been observed from apicomplexan protozoans until large 
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sized nematodes and trematodes (Behrendt et al. 2010; Bonne-Année et al. 2014; Muñoz-Caro 

et al. 2014, 2015c, 2016; Maksimov et al. 2016; Mendez et al. 2018; Peixoto et al. 2021).  

Parasite-infected endothelial cells support the recruitment of PMN, this last process related to 

changes in endothelial morphology and adhesion molecule expression (Hermosilla et al. 2006; 

Taubert et al. 2006). It triggers chemokine production resulting in a pro-inflammatory 

environment which will finally mediate PMN mobilization to parasite-affected endothelium 

area (Hermosilla et al. 2012; Dehghani and Panitch 2020). The role of NET-derived adverse 

effects against parasite-infected endothelial cells in vivo and in vitro is still a matter of study, 

particularly for apicomplexan parasites infecting endothelium (Conejeros et al. 2019).  

As previously mentioned, the role of intake of colostrum containing PMN in mammalian 

neonates is essential for increasing defense against invasive agents. Thus, it has been 

demonstrated that ingestion of colostrum plays a fundamental role during the first 24 h for the 

healthy development of newborns (Inoue and Tsukahara 2021). The predominant cell type in 

colostrum are PMN (41-84%) (Lee and Outteridge 1981). Conversely, milk secreted 48�h post 

deliver and/or formula milk without bioactive components (i. e. PMN) cannot replace colostrum 

(Inoue and Tsukahara 2021). After the intake, leukocytes will distribute through the body of 

the neonate, where they will develop an immune-regulatory function, considering the known 

tropism they show to affected tissues (Williams 1993). Yet, little is known on colostrum-

derived NETosis, which could potentially influence newborn calf development (Demattio et al. 

2022).  

Taking into consideration the biological differences among parasite species, the evaluation on 

how PMN and endothelial/epithelial cells are modulated by taxonomically different parasites 

becomes a key element to better understand the pathophysiological implications driven by host 

infection or even the outcome of parasitic diseases affecting vessel endothelium (Maksimov et 

al. 2016), intestinal-, pulmonary- or even reproductive epithelium (Brazil et al., 2013; 

Szturmowicz and Demkow, 2021; Zambrano et al., 2022). Extraordinarily, marine mammals (i. 

e. pinnipeds and cetaceans) cast suicidal leukocyte extracellular traps against the presence of 

the apicomplexan parasites T. gondii and N. caninum –as seen for terrestrial mammals-, thus 

being able to entrap and immobilize these parasites, demonstrating that this cell death process 

is an ancient and well-conserved host innate defense mechanism (Villagra-Blanco et al. 2019). 

The main objectives of this doctoral thesis were to conduct comparative evaluation studies on 

NETs formation triggered by evolutionary divergent groups of parasites such the euglenozoan 

extracellular living haemoflagelate T. b. brucei, the angiotropic nematode A. vasorum, the 
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intracellular apicomplexan N. caninum and the mite species Sarcoptes scabiei. Also, first 

investigations on canine colostrum-derived PMN reactions, including NETosis and 

phagocytosis, were assessed. Comparative studies presented here will permit to generate 

comprehensive understanding regarding various signaling pathways, NET-derived endothelium 

damage, PRR, PAMP, phenotypes of NETs and also provide novel data on the extension and 

limitations of NETs formation as innate response against intracellular, extracellular dwelling 

parasites as well as large-sized and highly motile parasites (i. e. nematodes, trematodes and 

mites).
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2.4. NEOSPORA CANINUM-INDUCED NETOSIS IN CANINE COLOSTRAL 

POLYMORPHONUCLEAR NEUTROPHILS 

 

 

This chapter is based on the following publish paper: 

 

 

Demattio, L., Conejeros, I., Grob, D., Gärtner, U., Taubert, A., Hermosilla, C., Wehrend, A. 

Neospora caninum-induced NETosis in canine colostral polymorphonuclear neutrophils. 

Journal of Reproductive Immunology 154, 103749. 

 

Eigener Anteil in der Publikation: 

 

Projektplannung    20 %, zusammen mit Ko-Autoren und Betreuern 

Durchführung des Versuches   20 %, weitestgehend selbständig 

Auswertung der Experimente   50 %, weitestgehend selbständig 

Erstellung der Publikation   10 %, weitestgehend selbständig 
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2.5. TRYPANOSOMA BRUCEI BRUCEI-INDUCED AGGREGATED NETS (aggNETS) 

ARE DEPENDENT ON PURINERGIC RECEPTORS P2X1 AND P2Y6 

 

 

 

This chapter is based on the following unpublished paper 

 

Grob D., Larrazabal C., Vellmer T., Janzen C. J., Gärtner U., Taubert A, Hermosilla, C., 

Conejeros I. 2022. Trypanosoma brucei brucei-induced aggregated NETs (aggNETs) are 

dependent on purinergic receptors P2X1 and P2Y6 (manuscript in preparation) 

 

 

 

Eigener Anteil in der Publikation: 

 

Projektplannung     65 %, zusammen mit Ko-Autoren und Betreuern 

Durchführung des Versuches    60 %, weitestgehend selbständig 

Auswertung der Experimente   80 %, weitestgehend selbständig 

Erstellung der Publikation    70 %, weitestgehend selbständig 
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ABSTRACT 

T. b. brucei is an important parasite that affects both, animal and human health. At acute 

infection bloodstream trypomastigotes will interact with innate immune cells. 

Polymorphonuclear neutrophils (PMN) are the most abundant leukocyte in the bloodstream, 

eliciting several mechanisms in order to control and confront the insulting agent. In the present 

study, we investigated the induction of aggNETs induced by T. b. brucei-bloodstream 

metacyclic trypomastigotes and the role of purinergic signaling in aggNETs formation. NETs 

were studied by scanning electron microscopy (SEM) and immunofluorescence unveiled that 

co-culture of freshly isolated bovine PMN with T. b. brucei bloodstream metacyclic 

trypomastigotes was able to trigger the formation of aggNETs within 4 h. For comparison and 

as positive controls, we also observed that bovine PMN form aggNETs upon stimulation with 

ionomycin or monosodium urate (MSU) crystals. These results were complemented with live-

cell 3D-holotomographic microscopy, allowing to study in better detail the conformation and 

volume of aggNETs. PMN activation also increased the oxygen consumption rate (OCR). 

Pretreatment of the cells with the inhibitor of P2X1, NF449, and the inhibitor of P2Y6, 

MRS2578, showed a decrease in both OCR and ECAR. This inhibition was also observed when 

the aggNETs phenotype induced by T. b. brucei was studied by immunofluorescence.  
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Introduction 

Animal African trypanosomiasis, also known as Nagana in Zulu (“powerless/useless”) is a 

neglected tropical disease (NTD) that affects sub-Saharan African countries (1,2). The causal 

agent is the euglenozoan parasite, Trypanosoma brucei brucei, able to infect cattle and camels, 

suidae and antelopes (3). To complete his life cycle, T. b. brucei requires an intermediate host 

and vector. In this case is the tsetse fly (Glossina spp.) (3). Once the host becomes infected, the 

parasite multiply and disseminate trough the blood/lymphatic system along different internal 

organs of the host (4,5). Clinically, symptoms of infection are considered as rather non-specific, 

including a general body condition detriment, pale mucous membranes, alterations of the 

consistency of feces and atypical body temperature (6). The overall clinical development of the 

disease, usually ends with sudden death. T. b. brucei-infected cattle the biggest reservoir of the 

parasite in endemic areas (7).  

Since the parasite develops in the blood, the bloodstream metacyclic trypomastigotes interacts 

with physical barriers of the of the innate immune system and different cell types, as 

polymorphonuclear neutrophils (PMN) (8). PMN are the most abundant leukocyte in the blood 

circulation, that migrates quickly to the site on infection.  PMN react against foreign pathogens 

by executing different effector mechanisms, such reactive oxygen species (ROS) production, 

phagocytosis, release of immunomodulatory molecules [cytokines, chemokines (CXCL1, 

CXCL8, CXCL10)] (9,10) and release of neutrophil extracellular traps (NETs) (10,11,12). NET 

formation is an important defense mechanism against a wide range of parasites as B. besnoiti, 

N. caninum, T. cruzi, L. infantum, D. immitis, A. vasorum and H. contortus 

(10,11,24,37,41,42,58). Nonetheless, molecular determinants of protozoan and metazoan 

parasites-induced NETs are not fully characterized.  

The NETotic process includes well defined steps. Notablythe first correspondsto the 

decondensation of nuclear chromatin driven by protein arginine deiminase 4 (PAD4)-mediated 

citrullination of histones (13,14). Then, enzymes that are contained in PMN granules as 

neutrophil elastase (NE) and myeloperoxidase (MPO) translocate to the nucleus and fuse with 

the chromatin (15). Finally, the PMN membrane disintegrates as a consequence of the higher 

ROS concentration and the activity of lytic proteins like gasdermin-D. This enzymatic step 

produces the formation of pores on the membrane, permitting the NETs extrusion into the 

extracellular matrix (16,17). Classification of NETs is dependent on different criteria. For 

example, considering the time and speed involved in the process and the dependency with the 
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activation of NOX, they could be categorized as suicidal o vital NETosis (18). Regarding the 

NETs phenotype, NETs are classified into three phenotypes: (i) spread NETs (sprNETs) 

consisting of an smooth and elongated web-like structure of decondensed chromatin, with a 

diameter of 15-17 μm, (ii) diffuse NETs (diffNETs) which are formed by a complex of 

extracellular decondensed chromatin decorated with antimicrobial proteins, having a size 

between 15-20 μm and (iii) aggregated NETs (aggNETs), described as a “big ball of yarn” and 

a size of more than 20 μm (10,19,20).  

Interestingly, the first description of aggNETs was achieved by the stimulation of PMN with 

monosodium urate crystals (MSU) (59). MSU crystals drives to a resolution of inflammation in 

gout, most likely by the degradation of inflammatory cytokines (21,22) and sequestration of 

inflammatory mediators in the aggNETs and thus, modulatinh the recruitment of new 

leukocytes (21). After co-incubation of PMN with MSU crystals, PMN will try to phagocytose 

the MSU crystals, then will produce ROS, release granular proteins and produce NETs 

(11,23,24,60). Notably, MSU crystals induce ETs in neutrophils, eosinophils and basophils, but 

not in mononuclear cells (61); also, a potential function of MSU-induced NETs in this context 

is the immobilization of the MSU crystals (62).  

A second important aspect of the MSU crystals-induced NETs research is the fact that PMN 

density present in aggNETs plays a critical role in the observed biological effects. In this 

context, it has been demonstrated that an increase in PMN density is correlated with a rise in 

the release of NE (22,25). The increase in NE concentration allows the degradation of proteins 

of the extracellular matrix (26). In addition, it is known that PMN release proteases that have 

an effect classified as pro- and anti-inflammatory; while in the acute state enzymes trigger a 

pro-inflammatory/tissue damaging effect, enzymes will have a regulatory function in the 

resolution of inflammation and stimulation of tissue repair in the chronic inflammation (25). 

The role of aggNETs in the physio-pathological aspects of the Nagana disease in cattle is 

unknown. 

Adenosine nucleotides as ATP and adenosin nucleosides (ADO) are known to have a crucial 

role in energy metabolism. In addition, these molecules can act as signal molecules associated 

with danger or tissue damage, modulating the proinflammatory response (27). ATP and ADO 

activates the purinergic signaling, by interaction with specific purinergic receptors (28). 

Purinergic signaling is among the most conserved transduction signal in evolution. In humans, 

proteins and molecules belonging to the purinergic signaling pathway are expressed in all 



2.5 Trypanosoma brucei brucei-induced aggregated NETs (aggNETs) are 
dependent on purinergic receptors P2X1 and P2Y6 

�

94�
�

tissues and cell types (28,30). Purinergic receptors are classified in two families: receptors for 

ATP (P2 receptors) and receptors for ADO (P1 receptors). P2 receptors are sub-classified into 

ionotropic P2X and metabotropic P2Y (28,29). The P2X receptor is a trimeric ion channel 

activated exclusively by ATP (28,31). Following the binding of ATP, P2X becomes permeable 

to Na+, K+ and Ca++ (28). In the case of P2Y, is a G-protein-coupled receptor and is triggered 

by ATP, adenosine diphosphate (ADP), and non-ADO nucleotides as uridine triphosphate 

(UTP) and uridine diphosphate (UDP) (29). In PMN the participation of P2 and P1 

(respectively) modulates critical functions such as migration, degranulation, and ROS 

production (27,28,32). Recent data shows that MSU crystals activate the purinergic receptor 

P2Y6 in THP1 macrophages and human keratinocytes (33). Also, P2Y6 receptor, that has a 

high affinity to UDP, modulates IL-8–mediated chemotaxis of leukocytes (34,35). MRS2578, 

a potent antagonist of P2Y6 receptor, inhibits IL-8 and IL-6 release in human PMN (36). So 

far, the participation of the purinergic signaling in bovine PMN has been demonstrated for 

protozoan parasites as B. besnoiti and C. parvum, since the preincubation of the cells with 

NF449, an inhibitor of P2X1, reduces the release of DNA and NET formation (20,37). This 

inhibitory effect is also observed when the cells are activated with non-esterified fatty acids as 

oleic and linoleic acids (38), indicating a conserved role of the purinergic signaling in bovine 

PMN. Finally, we observed recently that T. b brucei procyclic trypomastigotes triggers 

predominantly the formation of the aggNETs phenotype and that NF449 reduces DNA release, 

nuclear area expansion (NAE) and NET formation, suggesting a pivotal role of P2X1 in T. b. 

brucei-mediated PMN activation.  

In the present report, we study the NET formation in bovine PMN induced by the bloodstream 

metacyclic trypomastigote stage of T. b. brucei via scanning electron microscopy (SEM), 

immunofluorescence analyses and three-dimensional (3D) holotomographic microscopy. As 

comparison and positive controls, we used ionomycin and MSU crystals, as a known purinergic 

signaling activator of PMN and P2R-mediated NET release. Also, the influence of time and 

PMN density was evaluated. In addition, PMN activation was also estimated by Seahorse 

technology determining the oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR). Current data shows that T. b. brucei-triggered aggNETs seems to be related as 

purinergic-dependent process, considering that PMN treatment with the purinergic signaling 

inhibitors NF449 (P2X1) and MRS2578 (P2Y6) decreases the formation aggNETs and reduce 

the OCR in bovine PMN confronted with T. b. brucei.  
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MATERIAL AND METHODS 

 

Ethics statements 

This study was conducted following the Justus Liebig University Giessen (JLU) Animal Care 

Committee Guidelines. Protocols were approved by Ethics Commission for Experimental 

Animal Studies of Federal State of Hesse (Regierungspräsidium Giessen; A9/2012; JLU-

No.521_AZ) and in accordance to European Animal Welfare Legislation: ART13TFEU and 

current applicable German Animal Protection Laws. 

 

T. b. brucei bloodstream metacyclic trypomastigote form culture 

T. b. brucei bloodstream metacyclic trypomastigotes (strain Lister 427, antigenic type MITat 

1.2 clone 221a) were cultured in HMI-9 medium (PAN-Biotech; Germany) supplemented with 

10% heat-inactivated fetal calf serum (FCS) at 37°C and 5% CO2, as previously described (39).  

 

Isolation of bovine PMN 

Healthy adult dairy cows served as blood donors. Animals were bled by puncture of jugular 

vein and 30 ml peripheral blood were collected in 12 ml heparinized sterile plastic tubes (Kabe 

Labortechnik). Then, 20 ml of heparinized blood were diluted in 20 ml sterile PBS with 0.02% 

EDTA (Sigma-Aldrich), layered on top of 12 ml Histopaque-1077 separating solution 

(density�=�1.077 g/l; Sigma Aldrich) and centrifuged (800 × g, 45 min). The plasma and the 

buffy coat were carefully aspirated, and the remaining red blood cells (RBC) and pellet at the 

bottom of the tube were suspended in Hank’s balanced salt solution (HBSS). RBC were 

removed by a flash hypotonic lysis performed with 1 volume of ice-cold phosphate buffered 

water solution containing 5.5 mM NaH2PO4, 8.4 mM HK2PO4 at pH 7.2. After 1 min of RBC 

lysis, 2 volumes of hypertonic phosphate buffer containing 5.5 mM NaH2PO4, 0.46 M NaCl 

and pH 7.2 were added to recover the isotonicity; after this, the tubes were centrifuged at 600 

x g for 10 min at 20°C. The neutrophil pellet was washed with HBSS 3 times. After this, PMN 

were suspended in 5 ml of HBSS and counted in a Neubauer haemocytometer. Finally, freshly 

isolated bovine PMN were allowed to rest at 37 °C and 5% CO2 atmosphere for 30 min before 

experimental use. 



2.5 Trypanosoma brucei brucei-induced aggregated NETs (aggNETs) are 
dependent on purinergic receptors P2X1 and P2Y6 

�

96�
�

Scanning electron microscopy (SEM) analysis 

Bovine PMN (n = 3) were co-cultured with vital T. b. brucei bloodstream metacyclic 

trypomastigotes (ratio of 1:1, 1.2 x 106) for 4h on 12-well plates (Greiner) containing 10 mm-

coverslips (Thermo Fisher Scientific) pre-coated with 0.01% poly-L-lysine (Sigma-Aldrich) at 

37 °C and 5% CO2. After incubation, cells were fixed in a medium containing 2.5% 

glutaraldehyde (Merck), 2.5% paraformaldehyde (Merck) and 300 mM Hepes (Carl Roth), 

post-fixed in 1% osmium tetroxide (Merck), washed in distilled water, dehydrated, critical point 

dried by CO2-treatment and sputtered with gold particles. Finally, all samples were visualized 

via a Philips XL30® scanning electron microscope at the Institute of Anatomy and Cell 

Biology, JLU Giessen, Germany. 

 

T. b. brucei-triggered NETs visualized by immunofluorescence analysis 

Bovine PMN (n = 3) were co-cultured with vital T. b. brucei bloodstream metacyclic 

trypomastigotes (ratios of 1:1, 1.2 x 106) for 4 h and 18 h on coverslips (10 mm of diameter; 

Thermo Fisher Scientific) pre-coated with 0.01% poly-L-lysine (Sigma-Aldrich) at 37°C and 

5% CO2. After corresponding incubation time, the cells were fixed in 4% paraformaldehyde 

(Merck) and stored at 4 °C until further use. To visualize NETs structures, DAPI staining (4�,6-

diamidino-2-phenylindole, Thermo Fisher) was used to stain total DNA, anti-histone (H1, 

H2A/H2B, H3 and H4, 1:200, Merck #MAB3422) and anti-neutrophil elastase (NE) (1:200, 

Abcam #ab68672) antibodies were used to detect NET-specific components/proteins. The 

samples were incubated for 1 h (RT) with blocking buffer, containing 3% bovine serum albumin 

(BSA; Sigma-Aldrich) and 0.3% Triton X-100 (Thermo Fischer Scientific). Then, the samples 

were incubated in primary antibody solutions for 3 h at RT followed by three washing steps 

with sterile PBS, and incubated in secondary antibody solutions (Alexa 594 goat anti-mouse 

IgG #A110005, Alexa 488 goat anti-rabbit IgG #A11008, 1:500, Invitrogen) for 30 min at RT 

in darkness. Finally, the samples were washed three times with sterile PBS and mounted upside-

down with Fluoromount G (Thermo Fischer Scientific). Visualization of NETs formation was 

achieved using an inverted IX81 epifluorescence microscope equipped with an XM 10 digital 

camera (both Olympus). 
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3D holotomographic microscopy and image analysis 

3D holotomographic images were obtained from coverslips prepared for immunofluorescence, 

as previously mentioned. Images were obtained by using a 3D Cell Explorer-fluo microscope 

(Nanolive®) equipped with 60× magnification (��=�520�nm, sample exposure 0.2�mW/mm2 and 

a depth of field of 30��m) and a fluorescence unit (CoolLED pE-300ultra) (40). Images were 

analyzed using STEVE software (Nanolive®) to obtain refractive index-based z-stacks. In 

addition, the raw data was analyzed using Digital staining of subcellular structures was 

performed based on generated RI data. 

 

Blockage of purinergic signaling in PMN stimulated with T. b. brucei bloodstream 

metacyclic trypomastigotes 

Bovine PMN (n = 3) were suspended in sterile HBSS buffer (Sigma-Aldrich) at a final density 

of 1.2 x 106 cells. For NF449 (P2X1 inhibitor, 100 and 10 �M, Tocris, #7038) and MRS2578 

(P2Y6 inhibitor, 10 μM; Biozol) inhibition studies, PMN and the parasite were seeded on 0.01% 

poly-L-lysine pre-coated coverslips (Greiner). After 4h or 18h of exposure, cells were fixed in 

2% paraformaldehyde (Roth) and stained for immunofluorescence analyses, as previously 

described. After this, five power vision field images were randomly taken for each condition 

using an inverted epifluorescence IX81® microscope (Olympus) equipped with a XM 10® 

digital camera (Olympus) for further analysis. 

 

Quantification of oxygen consumption rates and extracellular acidification rates in T. b. 

brucei bloodstream metacyclic trypomastigotes-exposed PMN 

Activation of PMN was performed by using Seahorse XFp analyzer (Agilent). Briefly, 1 x 106 

PMN from three different donors were pelleted (500 x g for 10 min, RT). Then, the supernatant 

was discarded and cells were suspended in 0.5 ml of RPMI XF assay medium (Agilent), 

supplemented with 2mM of l-glutamine, 1mM pyruvate and 10mM glucose. Then, 1 x 105 cells 

(50μl of cell solution) were gently placed in each well of an eight-well XFp analyzer plate 

(Agilent) pre-coated for 30 min with 0.001% poly-L- lysine (Sigma Aldrich). After this, 50 μl 

of XF assay medium (Agilent) were added to blank wells (=no cell-control). Finally, 130 μl of 

XF assay medium (Agilent) was added to all wells (180 μl total volume) and cells were 
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incubated at 37° without CO2 supplementation for 45 min before Seahorse measurements. 

When NF449 was used to inhibit the function of the P2X1, a 10 μM solution was used as a pre-

treatment of the PMN; when MRS2578 was used to inhibit the function of the purinergic 

receptor P2Y6, a 10 μM solution was used as a pre-treatment. On the other hand, T. b. brucei 

bloodstream metacyclic trypomastigotes were suspended in RPMI XF assay medium (Agilent, 

300.000 parasites/20 μl) and placed in one of the four injection ports of the instrument. For 

PMN controls, only 20 μl of XF® assay medium (Agilent) was dispensed. The assay included 

basal measurements of three readings, followed by the injection of the vital T. b. brucei 

bloodstream metacyclic trypomastigotes or medium and 30 reading cycles. The total duration 

of the assay was 213 min. Background subtraction, determination of oxygen consumption rate 

(OCR), extracellular acidification rate (ECAR) and area under the curve was performed using 

Wave® software (Desktop Version, Agilent). 

 

Analysis of aggNET phenotype 

For quantification of aggNETs phenotype, we followed the description given by (19,20,41,42). 

Briefly, two PMN (n = 3) densities were used and 1.2 x 106 PMN were seeded on 0.01% poly-

L-lysine (Sigma-Aldrich) pre-coated coverslips (Thermo Fischer Scientific) and exposed to T. 

b. brucei bloodstream metacyclic trypomastigotes (1:1 ratio, 1.2 x 106) for 4 h and 18 h (37 °C, 

5% CO2). Considering previous reports (25,43), ionomycin (5μg/mL) and monosodium urate 

crystals (MSU) (1mg/ml) were used as positive controls for the formation of aggNETs. 

Afterwards, samples were fixed in 2% paraformaldehyde (Merck) and stored at 4 °C until 

further analysis. The presence of aggNETs was quantified by visualization and staining of 

extracellular DNA with DAPI staining (4�,6-diamidino-2-phenylindole, Thermo Fisher), anti-

NE (1:200, Abcam #ab68672) and anti-histone (H1, H2A/H2B, H3 and H4, 1:200, Merck 

#MAB3422) antibodies as previously described (20). For visual quantification, five random 

power vision pictures were taken from each experimental condition using an inverted IX81® 

fluorescence microscope equipped with an XM 10® digital camera (both Olympus) and 

analyzed microscopically based on previously described typical morphological characteristics 

(20). To quantify PMN forming NETs, aggNETs and the number of cells forming the 

aggregated the images were exported using CellSens® imaging software (Olympus) and 

analyzed using Image J® software (Fiji version 1.7, NIH). The percentage of cell doing NETs 

and the percentage of aggNETs were calculated.  
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Statistical Analysis 

For all experiments in the current study, an �=0.05 was defined to assume a p-value considered 

significant. The data was analyzed applying non-parametric analyses: Mann-Whitney test when 

two experimental conditions were compared and Kruskal-Wallis test followed by Dunn’s 

posthoc test for multiple comparisons. Shapiro-Wilk normality test was performed on the data 

of inhibitors. In this case, differences between treatments were estimated by ANOVA. All 

graphs (mean ± SD), AUC calculations and statistical analyses were performed using Graph 

Pad® Prism software (v.7.03). 
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RESULTS 

T. b. brucei bloodstream metacyclic trypomastigotes are able to induce NETs and 

aggNETs formation at 4 and 18 h post incubation.  

SEM analysis unveiled that exposure of bovine PMN to T. b. brucei bloodstream metacyclic 

trypomastigotes (Fig. 1) for 4h induced the formation of aggNET (arrows Fig. 1B-1E). In 

addition, co-culture of PMN with ionomycin and MSU crystals was performed as positive 

control, confirming the formation of this phenotype (Fig. 1C-1D-1F-1G).  

By knowing this, immunofluorescence analyses were performed, confirming presence of NETs 

formation by the co-localization of classical components: extracellular DNA decorated with 

histones and neutrophil elastase (NE) (Fig. 4, Fig. 5). Here we performed co-culture with two 

different time points: 4 h and 18 h of incubation, ratio of 1:1 (bovine PMN: parasite). Regarding 

the differences between both time points, we could see that bovine PMN were able to react 

against the presence of the stimuli here evaluated, with the consequent activation and formation 

of aggNETs (Fig. 4H, 4L, 4P; Fig. 5H, 5L, 5P). 

In addition, pretreatment of bovine PMN was performed by using purinergic inhibitor NF449 

(inhibitor of the P2X1 receptor) and MRS2578 (inhibitor of the P2Y6 receptor), that allowed 

us to unveil a strong decrease on formations of NETs and aggNETs in both time points here 

studied. 

 

3D-holotomographic imaging of T. b. brucei-mediated NETs  

Using a 3D-holotomographic cell-based imaging system, we here studied how does the volume 

of bovine PMN changes after 4h of stimulation with T. b. brucei bloodstream metacyclic 

trypomastigotes. As is depicted in Fig. 2A, classical morphology of bovine PMN can be 

observed after performing digital staining, revealing round shape of the cell, with multi-

lobulated nuclei. After stimulation, Fig. 2A shows the decondensation of the nuclei achieved as 

consequence of the presence of the parasite, triggering the formation of aggNETs. Interestingly, 

when the analysis of images was performed, we were able to obtain the refractive index (RI) of 

them. This info is directly related with the size of the nuclei from the cells, allowing us to 

estimate the volume that control and stimulated cell have. As Fig. 2B shows, we here observed 
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that control PMN had an RI with a mean of 4298.7 μm3/field compared with the stimulated one 

having 6587.52 μm3/field. 

T. b. brucei-induced PMN activation seems to be dependent on purinergic signaling 

As previously mentioned, we studied the role of the purinergic signaling pathway regarding T. 

b. brucei-triggered NETs release, aggNETs formation and bovine PMN activation, knowing 

that is an energy and ATP-dependent process (28,29). Therefore, NF449 (inhibitor of the P2X1 

receptor) and MRS2578 (inhibitor of the receptor P2Y6) were tested evaluating the effect on 

activation of the cells by using Seahorse XF® analyzer (Agilent). As illustrated in Fig. 5, after 

obtaining the basal OCR and ECAR of non-stimulated PMN, live bloodstream metacyclic 

trypomastigotes stage of T. b. brucei were injected and able to trigger a sustained increase in 

time in OCR and ECAR. As Fig. 8 depicts, analysis of the area under the curve (AUC) revealed 

an increase in OCR in the control group within the three treatments.  

Also, a transitory enhancement of ECAR was observed in the treated PMN exposed T. b. brucei; 

as has been previously reported by our group (20). Interestingly, the observed increase in OCR 

of the stimulated cells was prevented by the pre-treatment with MRS2578 (10 μM) (Fig. 3A, 

Fig. 3C), allowing us to suspect an involvement of P2Y6 receptors in the process. As is shown 

in Fig. 3B and Fig. 3D, area under the curve analysis (AUC) revealed a significant increase (p 

> 0,05) when we compared treated cells against non-treated, in the case of OCR and ECAR.  

Surprisingly, when the same conditions were evaluated with the treatment of 10 μM of NF449, 

inhibitor of P2X1 receptor, results differ. As can be seen in Fig. 3E – Fig. 3G, results shown to 

us a non-sustained effect in time in OCR and ECAR, situation confirmed with the AUC 

analysis. 

 

Purinergic receptors P2Y6 and P2X1 are involved in aggNET–formation 

To complement the results obtained by immunofluorescence microscopy in fixed cells, 

observer-based quantification of cell number casting NETs and aggNETs formation was 

performed, revealing that bovine PMN were able to react to the presence of the different stages 

of the parasite and different stimuli, as observed in Fig. 4 and Fig. 5. We here quantified the 

percentage of bovine PMN performing NETs in the time points previously mentioned, where 

we observe that with 4h of co-culture, the stimulated cells casted 11.22% of NETs, whereas the 
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treated cells with NF449 casted 3.9% and 11.13% (100 μM and 10 μM, respectively). In the 

case of MRS2578, the percentage achieved corresponds to 8.53% (Fig. 6A). 18 h of incubation 

showed to us that 12.35% from the bovine stimulated PMN were forming NETs, alike as our 

other incubation time. Also, NF449 treatments decreased the NETs formation to 2.83% (100 

μM), while NF449 and MRS2578 (10 μM) remained equal (11.13% and 8.53%, respectively) 

(Fig. 6C). Finally, the positive controls were also quantified, obtaining a 13.78% for ionomycin 

and 9.77% for MSU crystals in the 4h time point, against 8.09% and 19.12% at 18h, respectively 

(Fig. 6B, Fig. 6D). 

 Fig. 6E and Fig. 6G shows the effect of the purinergic inhibitors in both time points, regarding 

the formation of aggNETs. With co-culture of 4 h, we obtained a total of 24.81% of aggNETs 

formation with the presence of the T. b. brucei bloodstream metacyclic trypomastigotes; 

interestingly with the treatment of NF449 (100 μM), this was completely abolished in contrast 

with the concentration of 10 μM of the same inhibitor, where we were able to quantify a total 

of 18.09% of this phenotype. Interestingly, in the case of MRS2578 (10 μM), a 1.66% of 

aggNETs could be measured, unveiling to us the strong effect of this inhibitor in this process 

(Fig. 6E), when compared with NF449 (10 μM). In the condition of 4 h of co-culture, we 

observe that the amount of aggNETs formed by the presence of the parasite was practically 

alike, showing a total of 22.65% of aggNETs formation. Related to the effect of the inhibitors 

a similar situation occurred by knowing that NF449 (100 μM) and MRS2578 (10 μM) 

completely ended the aggNETs-formation and, also, NF449 (10 μM) decreased the formation 

of this phenotype to 11.61% (Fig. 6G), when compared with the controls.  

Lastly, we quantified the formation of aggNETs triggered by ionomycin and MSU crystals at 

4h and 18h of incubation, observing similar percentage in both time points with ionomycin 

(18.49% and 22.87%, respectively) and MSU crystals (17.24% and 18.09%, respectively) (Fig. 

6F, Fig. 6H). 
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Discussion 

In this study, we show that the bloodstream metacyclic trypomastigote stage from the 

euglenozoan parasite T. b. brucei triggers aggNETs formation in a process dependent of the 

purinergic receptors P2X1 and P2Y6. Previous reports have demonstrated and characterized 

differences between phenotypes of NETs triggered by several types of parasites, such S. 

stercoralis, H. contortus, A. vasorum, D. immitis, T. brevior, B. malayi and T. b. brucei 

procyclic trypomastigotes (10,19,20,41,42,44,45). In this sense, this work represents first report 

that confirms T. b. brucei-induces aggNETs is stage independent (20). Previous study from our 

group showed that PMN are able to cast a 28.3% of NETs against T. b. brucei procyclic 

trypomastigotes, having aggNETs as main phenotype (20). Here we observed that bloodstream 

metacyclic trypomastigotes cast the formation of aggNETs independently of the time point here 

analyzed (4 h and 18 h). In addition, we report for the first time RI-based acquisitions of 

aggNETs by holotomographic microscopy. This technique allowed us to monitor 3D 

holotomographic signals to characterize the appearance of the aggNETs at 4 h of stimulation. 

In previous reports, we achieved to perform RI-based digital staining values of cell structures 

(20,40). Here, applying the same technique, we were able to estimate, for the first time, the 

volume that aggNETs can have after co culture with T. b. brucei bloodstream metacyclic 

trypomastigotes, confirming the loss of normal shape of PMN during the NETs formation (12).  

Overall, aggNETs can be induced by different molecules such Ca++ ionophores and crystalized 

structures (46). Given that, we explored ionomycin and MSU crystals as inductors in bovine 

PMN, due to the fact that release of NETs will occur by the Ca++ permeabilization with 

ionomycin and direct contact between PMN and MSU crystals (25,43,47). In our experimental 

setting, we observed that ionomycin has stronger effect triggering aggNETs at 4 h compared 

with 18 h. This finding resembles a prior work, where they observed that the formation of 

aggNETs in human PMN, after incubation with MSU crystals, was able to fill the circumference 

of the well, whereas the aggregated formed by ionomycin were smaller and often dispersed 

over the well (25). A possible explanation to this could be the fact that Ca++ mobilizing effect 

will be already stabilized at 18 h of stimulation. In this sense, Ca++ ionophores have been 

considered as triggers for the formation of NETs in PMN (48–51), being ionomycin described 

as cause aggNETs inductor (25,43,47). Additionally, the mechanism underlying MSU-driven 

NETs formation are possibly linked to the physical contact between both components, which 

can be imperative to trigger the NET formation (25,43,47). Moreover, to confirm if this was 
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also extended to bovine PMN, we here co-cultured freshly isolated PMN with MSU crystal and 

quantify the formation of NETs and aggNETs. Interestingly, here we observed that at 4 h and 

18 h was an increase of the aggNETs. Nevertheless, it must be highlighted that here we 

observed bigger accumulation of aggNETs at 4 h of incubation. Prior works suggests that, 

aggNETs driven by MSU crystals could be affected by the attraction with surrounding cells 

generating a swarming-like effect, generating a dynamic process that facilitates the formation 

of aggregated (25). However, one of the mechanisms that is considered to be related with the 

process, is the direct effect of the crystal against the membrane of the cell, leading to ion fluxes 

and the initiation of NET release (33,43). In this context, one alternative mechanism possibly 

involved on the process of MSU crystal-induced NETs, is the participation of purinergic 

receptors. NETs formation has been previously described as a process accompanied by the 

release of ectonucleotides to the cellular environment, being them bended to purinergic 

receptors and, consequently, regulating the immune signaling and response (43,52). It has been 

already demonstrated that purinergic signaling plays an important role in PMN functions, that 

includes ROS, signaling pathways (53) and migration as a consequence of chemotaxis to sites 

of cell damage (43). In this study we evaluated participation of P2X1 and P2Y6 present in PMN 

ROS production and NETs formation. Related to ROS production by PMN, it is known that 

seems to be essential for the release of NETs, being associated with an increase in OCR (16,17), 

and with an enhancement of the ECAR to fulfill the proper NET formation (20,54). By knowing 

this, we here demonstrate how OCR and ECAR are strongly enhanced in PMN after the 

injection of vital and motile T. b. brucei bloodstream metacyclic trypomastigotes. More 

interestingly, after the pre-treatment of PMN with NF449 and MRS2578, independently, we 

here see how both processes are strongly affected, allowing to confirm the involvement of both. 

This result may reflect the critical role of extracellular nucleotides and nucleosides as signaling 

molecules in the activation process of the PMN. 

Another interesting aspect of PMN relays in the sensing capacity they have to recognize size 

and movement of the stimuli, that have been already proved against bacteria and fungi (55,56); 

nonetheless, little is known regarding the parasite movement. Due to the strong and continue 

motility that T. b brucei has, activation of PMN after the first contact with this parasite will 

occur, situation that must be considered as a relevant aspect on the formation of this aggregated, 

similar to the previously described with MSU crystals. In this context, T. b. brucei motility is 

best described as a dragging movement of the flagellum (57) and due to the location of the 

parasite in the host, is feasible to presume that endothelial damage caused by NETs will occur, 
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as has been reports with other parasites (41,48). Further studies measuring the damage of 

aggNETs in endothelial cells will been performed.  

The overall relevance of aggNETs accumulation driven by T. b. brucei, relies on the role that 

this phenotype has in the anti-inflammatory stage of inflammation, evidence have proved that 

it can regulate the process by releasing proteases, playing a fundamental part in the resolution 

and helping to the stimulation of tissue repair (22,25) being extremely relevant in the case of 

Nagana, considering the location of the parasite inside of the host. The fundamental role of 

purinergic-signaling must be addressed in future studies, since as we here demonstrate, they are 

involved and participate in the T. b. brucei NETs and aggNETs release.  
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FIGURES 

Fig. 1. T. b. brucei bloodstream metacyclic trypomastigotes are able to induce aggNETs 

formation, analyzed via scanning electron microscopy (SEM). Bovine polymorphonuclear 

neutrophils were exposed for 4h to T. b. brucei bloodstream metacyclic trypomastigotes and 

fixed for posterior SEM analyzes. Co-culture reveals aggNETs formation indicated by arrows 

(B - E). Exposure of bovine PMN against ionomycin and MSU crystals resulted in aggNETs 

formation (1C – 1D – 1F – 1G). 

Fig. 2. 3D-holotomograpich microscopy of bovine PMN co-incubated with T. b. brucei 

metacyclic bloodstream trypomastigotes.  Refractive index and fluorescent signal-based 

images of bovine PMN stimulated with T. b. brucei bloodstream metacyclic trypomastigotes, 

were obtained at 4h, bovine PMN alone were used as controls (A). B illustrate the 

measurements of refractive index volume of the control and stimulated PMN. 

Fig. 3. T. b. brucei bloodstream metacyclic trypomastigotes-induced metabolic changes in 

exposed bovine PMN. Activation of PMN was monitored by an extracellular flux analyzer 

(Seahorse) for oxygen consumption rate (OCR) proton efflux rate (PER). PMN were incubated 

in XF RPMI media for 45 min without CO2 and pre-treated with MRS2578 (10μM), then alive 

T. b. brucei bloodstream metacyclic trypomastigotes were injected at the time point indicated 

by arrows. The increase in OCR (A) and PER (C) was monitored for 213 min. The area under 

the curve (AUC) was calculated for all registries and plotted as mean ± SD (B, D; n = 3) 

showing the increase in both parameters for activated PMN. 

Fig. 4. Immunofluorescence analyses of T. b. brucei bloodstream metacyclic 

trypomastigotes-induced aggNETs formation after 4h of co-culture. Bovine PMN (n = 3) 

were incubated with T. b. brucei bloodstream metacyclic trypomastigotes (1,2 x 106). Presence 

of DNA (C, G, K, O, S, W, 1; blue), neutrophil elastase (B, F, J, N, R, V, Z; green), and histones 

(H1, H2A/H2B, H3, H4) (A, E, I, M, Q, U, Y; red) in T. b. brucei bloodstream metacyclic 

trypomastigotes induced NETs. (D, H, L, P, T, X, 2; merge) shows the merge of the three 

channels. 

Fig. 5. Immunofluorescence analyses of T. b. brucei bloodstream metacyclic 

trypomastigotes-induced aggNETs formation after 18h of co-culture. Bovine PMN (n = 3) 

were incubated with T. b. brucei bloodstream metacyclic trypomastigotes (1,2 x 106). Presence 

of DNA (C, G, K, O, S, W, 1; blue), neutrophil elastase (B, F, J, N, R, V, Z; green), and histones 
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(H1, H2A/H2B, H3, H4) (A, E, I, M, Q, U, Y; red) in T. b. brucei bloodstream metacyclic 

trypomastigotes induced NETs. (D, H, L, P, T, X, 2; merge) shows the merge of the three 

channels. 

Fig. 6. Quantification by percentage of NETs and aggNETs formation. 

Immunofluorescence pictures where used to manually count the number of cells casting NETs 

and formation of aggNETs. After 4h of incubation, a total of 11,22% of bovine PMN were 

casting NETs; nevertheless, after treatments with the purinergic inhibitors NF449 (100 and 

10μM) and MRS2578 (10μM) the percentage was decreased to 3,9%, 11,13% and 8,53%, 

respectively (A). Ionomycin was able to trigger 13,78% of the cells and MSU crystals 9,77% 

(B). Interestingly, at the 18h of incubation, the total amount of cells casting NETs was increased 

to 12,35% (C). After the previously mentioned treatments, the percentage changed to 2,83%, 

only in the case of NF449 100μM (C). Variation of ionomycin (8,09%) and MSU crystals 

(19,12%) was observed (D). Regarding the formation of aggNETs, in 4h of co-culture, a total 

of 24,81% was achieved. Cells treated with NF449 (10μM) were able to cast a 18,09% and with 

MRS2578 a 1,66%. Ionomycin had a percentage of 18,49 and MSU crystals of 17,24 (E). In 

the case of 18h of co-culture, the amount of aggNETs was 22,65%; with NF449 (10μM) the 

percentage changed to 11,61. NF449 (100μM) and MRS2578 (10 μM) were able to abolish the 

process in this time point (E, G). Ionomycin and MSU crystals also demonstrated changes (F, 

G). 
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Figure 1
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 Figure 2 
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 Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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2.6. SARCOPTES SCABIEI SOLUBLE ANTIGEN INCREASES INTRACELLULAR 

CALCIUM CONCENTRATION, ROS PRODUCTION AND EVOKES WEAK NET 

RELEASE IN BOVINE POLYMORPHONUCLEAR NEUTROPHILS 
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ABSTRACT 

Sarcoptes scabiei is an astigmatan ectoparasite and the causal agent of the sarcoptic mange in 

humans and animals. The life cycle of this skin mite has four stages that will develop in the 

stratum corneum of the host. Infections will occur when close contact with an infected host 

exist. Clinical symptoms of S. scabiei-mange include severe dermatitis, pruritus, hyperkeratosis 

and exudation. Polymorphonuclear neutrophils (PMN) are the most abundant leukocyte 

population in the bloodstream and being important in most inflammatory conditions of the skin. 

PMN are able to produce reactive oxygen species (ROS), to conduct degranulation and to cast 

neutrophil extracellular traps (NETs) as early host innate defense mechanisms. NETs are 

structures formed by chromatin and enzymes that can capture and kill foreign pathogens. 

Likewise, during the early activation of the PMN, Ca++ signaling has a pivotal role in PMN 

functions such reactive oxygen species (ROS) production, chemotaxis and granule secretion. In 

this report, we analyzed the interaction between bovine PMN against S. scabiei mites and the 

PMN function when stimulated with S. scabiei antigen (ScAg). Functional parameters that were 

studied includes NET formation, ROS formation and intracellular Ca++ concentration ([Ca++]i). 

Current data shows that S. scabiei induces a low quantity of NETs but this effect was not 

observed when the corresponding soluble antigen (ScAg) was used as activator. However, ScAg 

induces ROS and increased [Ca++]i on bovine PMN.  
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INTRODUCTION 

Sarcoptic mange or scabiosis is an infectious disease skin in mammals, caused by the astigmata 

mite Sarcoptes scabiei. In general, S. scabiei has been morphologically characterized by 

tortoise-like body (idiosoma) with cuticular spines and short legs, which in the case of pair III 

and IV does not extend the idiosoma representing an feature of the Sarcoptidae family (Arlian 

and Morgan, 2017). Biologically, S. scabei infection is limited to superficial layers of the host 

skin, where shortly after the host invasion, mites borrow under the stratus corneum, fulfilling 

its nutrients requirements by host lymph acquisition, finishing thereafter the life cycle after in 

15-20 days by laying borrowed eggs (Arlian and Morgan, 2017). Clinically, scabiosis is 

characterized by a dermatitis accompanied by severe pruritus and a matted hair coat and 

thickened hyperkeratotic hyperpigmented skin, generating discomfort in the affected animals 

compromising food conversion and animal welfare (Rentería-Solís et al., 2014). The 

development of a vaccine against S. scabei faced several difficulties as lack of an in vitro culture 

system, the inconsistent immune response driven by its antigens, among others (Casais et al., 

2016; Shen et al., 2020; Zhang et al., 2012) suggest a complex interaction between the mite 

infestation and the host immune response. 

Clinical manifestations of S. scabei infection occurs after 4-6 weeks of the infection (Arlian 

and Morgan, 2017). Transcriptomic analysis during the early stage of S. scabiei infection in 

porcine skin shows a down regulation of the chemoattractant CXCL8, Toll-like receptors (TLR) 

and its downstream signaling proteins during the first week post infection (Bhat et al., 2020). 

In line, in vitro studies have shown that S. scabei antigen (ScAg) interferes with the production 

of pro inflammatory modulators such as IL-8 or G-CSF in human dermal fibroblasts and 

keratinocytes (Morgan and Arlian, 2010; Mullins et al., 2009). Furthermore, the exposition to 

ScAg down regulate adhesion molecules such ICAM-1 and E-selectin in endothelial cells (Elder 

et al., 2009). Overall, this represents a divergence from other parasitic mites such Psoroptes 

spp., where clinical evidence of the immune response onset appears shortly after the infection 

(Chen et al., 2021; Sarre et al., 2015), while pro inflammatory cytokines such CXCL-6, CXCL-

8 and TNF-� are up regulated at 24 h post infection (Burgess et al., 2010). Given that, it has 

been proposed that S. scabiei modulates the host-immune response, activating an inflammatory 

response only after an inflammatory threshold is overpassed (Mounsey et al., 2013). Due to the 

mite location at the intercellular phase in epidermis, antigenic and vasoactive substances 

originated by S. scabei as saliva, molting hormones and feaces diffuse and interact with 
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surrounding cells (Arlian and Morgan, 2017). Once the mite population exceed a tolerance 

threshold, a marked immune response characterized by eosinophilia, and eosinophilic 

recruitment within the infected area occurs (Bhat et al., 2017). The importance of eosinophil-

driven responses to modulate S. scabei infection is unclear (Bhat et al., 2017). In line, the 

administration of drug Cyclosporine A in ovine reduces Psoroptes ovis mite burden is possible 

that allergic immune responses are indeed necessary for establishment of the parasite into host 

skin (Huntley et al., 2005). Furthermore, during the clinical stage of scabiosis other immune 

cells are recruited into the skin (Bhat et al., 2017). This immune recruitment includes different 

cell types such lymphocytes, eosinophils and polimorphonuclear neutrophils (PMN) (Bhat et 

al., 2017).  

PMN are the most abundant leukocyte in blood and the first ones to arrive to the site of the 

infection (Brinkmann et al., 2004; Fuchs et al., 2007; Kolaczkowska and Kubes, 2013; 

Papayannopoulos, 2018). Despite the neglected role that this phagocyte has in scabiosis, 

transcriptomic analyses indicates significant up regulation of chemoattractant substances 

involved in PMN recruitment at 8 weeks post infection in pigs (Bhat et al., 2020). Likewise, 

independent reports indicate a PMN accumulation after infection in different host animals (Bhat 

et al., 2017; Dagleish et al., 2007; Swe et al., 2017). In humans, a retrospective study in skin 

samples infected with S. scabiei, shown that 52% of samples have an increased number of PMN 

on the skin (Elwood et al., 2015), suggesting an innate immune response during the early stages 

of S. scabei infection. PMN have different effector mechanisms with microbicidal effect 

including phagocytosis, degranulation and reactive oxygen species (ROS) production (Fuchs et 

al., 2007). Interestingly, serine protease paralogs (SMIPPs) and serine protease inhibitors 

(scabies mite serpins, SMS) from S. scabiei are capable interfere with the complement system 

and opsonisation (Mika et al., 2012). Specifically opsonized Staphylococcus aureus 

phagocytosis by PMN is reduced after SMSB4  treatment, reducing bacterial killing and 

permitting pyoderma-obtained isolates proliferation in vitro (Swe and Fischer, 2014). Notably, 

bacterial contamination with S. aureus represents one of the more significant complications of 

scabiosis in human and animals (Bhat et al., 2017; Dagleish et al., 2007; Swe et al., 2017), 

suggesting that the PMN modulation by S. scabei can influence the disease outcome.  

Beyond the canonical killing strategies carried out by PMN, cumulated evidence have shown 

that this granulocyte is capable to release its nuclear DNA content into a fine and delicate 

extracellular structures named neutrophil extracellular traps (NETs) (Brinkmann et al., 2004). 
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NETs are composed by decondensed chromatin, decorated with antimicrobial components, 

which include MPO, neutrophil elastase (NE), lactoferrin, calprotein, LL37, pentraxin, 

proteinase 3, cathepsin G, among others (Papayannopoulos et al., 2010; Urban et al., 2009). 

This composition permits killing of microorganisms by NETs (Brinkmann et al., 2004). NET 

formation is particularly important as a response against larger pathogens that could not been 

removed by other antimicrobial responses such phagocytosis (Branzk et al., 2014; Muñoz-Caro 

et al., 2018, 2015). In this context, PMN are capable to release NETs against parasitic 

nematodes such as Haemonchus contortus, Strongyloides stercoralis, Ostertagia ostertagi, 

Brugia malayi and Angiostrongylus vasorum L3 (Bonne-Année et al., 2014; Grob et al., 2021; 

McCoy et al., 2017; Mendez et al., 2018; Muñoz-Caro et al., 2018, 2015), while Fasciola 

hepatica juvenile stage and soluble antigen only induced a weak NET release (Peixoto et al., 

2021), suggesting that its release can be influenced by the parasite specie. So far, no evidence 

exist regarding the role of NETs release against parasitic mites. 

The aim of this work is to characterize for the first time the response of isolated PMN against 

the parasitic mite S. scabei and the corresponding antigen ScAg.  
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MATHERIALS AND METHODS 

Ethic statements 

This study was conducted in accordance to Justus Liebig University Giessen (JLU) Animal 

Care Committee Guidelines. Protocols were approved by Ethic Commission for Experimental 

Animal Studies of Federal State of Hesse (Regierungspräsidium Giessen; A9/2012; JLU-

No.521_AZ) and in accordance to European Animal Welfare Legislation: ART13TFEU and 

current applicable German Animal Protection Laws. 

Isolation of bovine PMN 

Healthy adult dairy cows (n = 4) served as blood donors. Animals were bled by puncture of the 

jugular vein and 30 ml peripheral blood were collected in 12 ml heparinized sterile plastic tubes 

(Kabe Labortechnik). Then, 20 ml of heparinized blood were diluted in 20 ml sterile PBS with 

0.02% EDTA (Sigma-Aldrich), layered on top of 12 ml Histopaque®-1077 separating solution 

(density�=�1.077 g/l; Sigma Aldrich) and centrifuged (800 × g, 45 min). The plasma and the 

buffy coat were carefully aspirated, and the remaining red blood cells (RBC) and pellet at the 

bottom of the tube were suspended in Hank’s balanced salt solution (HBSS). RBC were 

removed by a flash hypotonic lysis performed with 1 volume of cold phosphate buffered water 

solution containing 5.5 mM NaH2PO4, 8.4 mM HK2PO4 at pH 7.2. After 1 min of RBC lysis, 2 

volumes of hypertonic phosphate buffer containing 5.5 mM NaH2PO4, 0.46 M NaCl and pH 

7.2 were added to recover the isotonicity; after this, the tubes were centrifuged at 600 g for 10 

min at 20°C. The neutrophil pellet was washed with HBSS 3 times. PMN were re-suspended in 

5 ml of HBSS and counted in a Neubauer haemocytometer. Finally, freshly isolated bovine 

PMN were allowed to rest at 37 °C and 5% CO2 atmosphere for 30 min before experimental 

use. 

S. scabiei isolation and soluble antigen (ScAg) preparation 

Samples were obtained from infected cows with clinical symptoms. Hair was clipped on the 

affected area and scrapping was performed by using a sharp spoon. The collected scraped 

material was stored in a vessel at 4°C for further use. Then, the samples were placed in a conical 

test tube and 6 ml of 10% potassium hydroxide (KOH) solution was added. After this, digestion 

was performed by boiling the sample with a Bunsen burner for periods of 15 sec each, until the 

hair structure disappear. Next, the sample was centrifuged at 600 x g for 3 min (RT). The 



2.6 Sarcoptes scabiei soluble antigen increases intracellular calcium 
concentration, ROS production and evokes weak NET release in bovine 

polymorphonuclear neutrophils 
�

128�
�

supernatant was decanted into a new tube, on which 8 ml of concentrated sugar solution with a 

density of 1.3 gr/mL (550g of Sugar, 443 ml of Tap-water, 7 ml Formaldehyde 37%) were 

added and vigorously shacked. Thereafter, samples were centrifuged at 600 x g for 3 min (RT). 

Finally, two drops of the liquid surface were placed in a cover glass to check and confirm the 

presence of the parasite. For the ScAg elaboration, S. scabiei mites obtained after the digestion 

were suspended in 300 μl sterile phosphate-buffered saline (PBS) followed by a sonication step 

consisting of  five cycles of 15 sec in an ice bath (Sonorex RK31® bath-type sonicator; 

Bandelin, Berlin, Germany). The sonicated material was centrifuged at 10.000 x g for 20 min 

at 4° to separate solid debris from the solution. The protein concentration of the ScAg was 

determined using the method of Bradford. ScAg solutions were stored at -20°C until further 

use. 

Live cell interaction between bovine PMN and digested S. scabiei  

Freshly  isolated bovine PMN (2 x 105; n = 3) were centrifuged at 300 x g for 10 min RT, cells 

were thereafter suspended in 1 ml of RPMI 1640 cell culture medium without phenol red 

(Sigma-Aldrich) with Sytox Green® (1:1000; Thermo Fischer) for the extracellular DNA 

staining. Three isolated S. scabiei mites were allowed to settle down for 10 min to the bottom 

of a plastic 8 μ-Slide well (Ibidi®) before stained bovine PMN were added to the center of the 

well. The plate was incubated for 60 min, taking pictures every 10 min using an inverted 

Olympus IX81® fluorescence microscope. At the end of the experiment, images were exported 

using CellSens® imaging software (Olympus). The pictures were analyzed using Image J® 

software (Fiji version 1.7, NIH).  

Detection of Extracellular DNA and Protein Markers of NETs by Fluorescence 

Microscopy 

Bovine PMN (n = 3, 2 × 105/sample) were co-cultured with S. scabiei  or with antigen in 

concentrations ranging from 10μg to 100μg for 120 min (37°C and 5% CO2 atmosphere) on 

coverslips (15 mm diameter, Thermo Fischer Scientific) pre-treated with 0.01% poly-L-lysine 

(Sigma-Aldrich). After the incubation time, cells were fixed in 4% paraformaldehyde (Merck) 

and stored at 4 °C until further use. To visualize NET structures, DAPI staining (4�,6-diamidino-

2-phenylindole, Thermo Fisher) was used to stain total DNA. Anti-histone (H1, H2A/H2B, H3 

and H4, 1:200, Merck #MAB3422) and anti-neutrophil elastase (NE) (1:200, Abcam #ab68672) 

antibodies were used to detect NET-specific components/proteins. First, the samples were 
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incubated for 60 min (RT) with blocking buffer, containing 3% bovine serum albumin (BSA; 

Sigma-Aldrich) and 0.3% Triton X-100 (Thermo Fischer Scientific). After this, the samples 

were incubated in primary antibody solutions for 180 min at RT followed by three washing 

steps with sterile PBS, and incubated in secondary antibody solutions (Alexa 594 goat anti-

mouse IgG #A110005, Alexa 488 goat anti-rabbit IgG #A11008, 1:500, Invitrogen) for 30 min 

at RT in darkness. Finally, the samples were washed three times with sterile PBS and mounted 

upside-down with Fluoromount G® without DAPI (Thermo Fischer Scientific). Visualization 

of the specimens was achieved using an inverted IX81® epifluorescence microscope equipped 

with an XM 10® digital camera (both Olympus) or by applying confocal microscopy (Zeiss 

LSM 710®). 

Assessment of different phenotypes of NETs 

To perform the quantification of the different phenotypes of NETs [i.e., spread NETs 

(sprNETs), diffuse NETs (diffNETs) and aggregated NETs (aggNETs)], freshly isolated bovine 

PMN (n = 3, 2 × 105/sample) were seeded on 0,01% poly-L-lisine (Sigma Aldrich) pre-treated 

coversplis (Thermo Fischer Scientific) and exposed to the presence of ScAg (10μg and 100μg) 

for 120 min. After this, samples were fixated in 2% paraformaldehyde (Merck) and stored at 

4°C until further analysis. The assessment of the different phenotypes was performed by 

visualization by immunofluorescence staining, as previously described. For visual 

quantification, random power vision photos were taken from each experimental condition using 

an inverted IX81® fluorescence microscope, equipped with an XM10® camera (Olympus) and 

analyzed bases on the classical morphology characteristics, as has been already published (Grob 

et al., 2020; Peixoto et al., 2021). 

Tracking of intracellular Ca++ fluxes 

Calcium intracellular concentration was estimated by fluorescence using the Ca++-sensitive dye 

Fluo-4-AM (Invitrogen®). Freshly isolated PMNs were loaded with the dye as described 

elsewhere (Conejeros et al., 2012). Briefly, bovine PMN were incubated 30 min in HBSS at 37 

°C with media containing Fluo-4-AM 2.5 μM, thereafter dye excess was removed by washing 

with HBSS. The Ca++ flux measurement over time was performed in a 96 well plate in a 

concentration of 5 x 106 PMN/ml. Experimental conditions included ScAg or A23187 at 5 μM 

(Sigma). The Ca++ flux over time was estimated by calculation of the area under the curve 
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(AUC) of the obtained registries, using the first 50 sec prior stimuli exposure as basal line, in a 

total time of 540s of record. 

Live holotomographic microscopy 

Intracellular Ca++ fluxes were visualized by the Ca++-sensitive dye fluo-4 AM (Invitrogen) 

following the manufacturer recommendations. Briefly, 1x105 Fluo-4 loaded PMN were seeded 

in a Ibidi plate and then recorded with a 3D cell-explorer-Fluo microscope (Nanolive®) 

equipped with a 60x magnification (��=�520�nm, sample exposure 0.2�mW/mm2 and a depth of 

field of 30�μm) equipped with a fluorescence unit (CoolLED pE-300ultra), as described by 

(Larrazabal et al., 2021). Images were acquired every 6 sec in both, refractive index (RI) and 

FITC fluorescence channel. The obtained raw data was analyzed using STEVE software 

(Nanolive®) to obtain a refractive index (RI)-based z-stack. Using the RI data, digital staining 

of cellular structures was performed on the PMN during the ScAg induction. Post-processing 

analysis was achieved by using Image J software (Fiji version 1.7, NIH). Holotomographic z-

stacks with the average intensity of the images as a projection output were obtaining using Z 

Project plugin. Confirmation of Ca++ flux in PMN exposed to ScAg was performed on Fluo-4 

derived fluorescence images represented as pseudo color for better visualization. 

Estimation of Extracellular and Total Reactive Oxygen Species Production 

To assess the effect ScAg on bovine PMN oxidative response, we used the luminol-

chemiluminescence assay, as described previously (Rinaldi et al., 2007). Briefly, 1 × 106 PMNs 

were suspended in HBSS and placed in a 96-well plate at 37°C and then 50 �M of luminol 

(Sigma) was added and gently mixed. The cells were stimulated with ScAg at 10 �g/ml. Finally, 

basal ROS production was during 120 sec prior ScAg exposure followed by an induced ROS 

production registry over 1900 sec using a Luminoskan microplate reader (Thermo Scientific, 

MA, USA). 

Phagocytosis Assay 

Phagocytic activity was determined by cellular uptake of pH-sensitive rhodamine-conjugated 

E. coli particles (pHrodo™ Phagocytosis Particle Labeling Kit for Flow Cytometry, Invitrogen, 

Carlsbad, CA). Briefly, to 100μl of whole blood 20�l of pHrodo™ dye-labeled E. coli was 

added. in uptake buffer. The samples were incubated at 37°C and 4°C (negative phagocytosis 

control) for 15 min, following the manufacturer recommendations. The rate of phagocytosis 



2.6 Sarcoptes scabiei soluble antigen increases intracellular calcium 
concentration, ROS production and evokes weak NET release in bovine 

polymorphonuclear neutrophils 
�

131�
�

was determined by flow cytometry at an excitation wavelength of 560 and emission wavelength 

of 585 nm respectively using a BD Accuri™ C6 Plus flow cytometer (BD Bioscience, 

Heidelberg, Germany). 

Statistical analyses 

Statistical analyses were performed in GraphPad® Prism 8 (version 8.4.3) software. Data 

description was carried out by presenting arithmetic mean�±�standard deviation. The non-

parametric statistical test Mann-Whitney for comparison of two experimental conditions was 

applied. In cases of three or more conditions, Kruskal-Wallis test was used. Whenever global 

comparison by Kruskal-Wallis test indicated significance, post hoc multiple comparison tests 

were carried out by Dunn tests to compare test with control conditions. Outcomes of statistical 

tests were considered to indicate significant differences when p���0.05 (significance level). 
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RESULTS 

S. scabiei mites and antigen (ScAg) are weak inducers of bovine NETosis 

In this study, we intended to analyze whether different parasite stages or ScAg are capable of 

induce an early bovine NETs release. As depicted on Fig. 1, S. scabiei mites have the capacity 

to activate bovine PMN after an exposure of 60 min in a co-cultured medium, nevertheless 

weak NETs formation was observed. After 20 min of co-culture, we were able to discover that 

some bovine PMN were attached to the surface of Sarcoptes scabiei mites, moreover, in the 

live cell fluorescence imaging we were able to observe that no extracellular filaments extruded 

from the bovine PMN were released (Fig. 1A–1C). Even so, to confirm these observations, 

same technique was applied with the different stages of the parasite (adult, ninfa and egg), 

allowing us to corroborate that no NETs release was triggered by the presence of the parasite 

(Fig. 1A – 1I). 

Then, immunofluorescence analyses were performed to detect the classical components of 

NETs (NE, histones and DNA) in ScAg-confronted PMN. The isolated bovine PMN were co-

cultured with ScAg 10 μg and 100 μg. After 2 h of co-culture, ScAg is able to induce a weak 

process of NET release from bovine PMN, but only in the concentration of 10 μg ScAg (Fig. 

2E-2L). This, since in the case of the bovine PMN stimulated with 100 μg ScAg, we were able 

to observe a rather cytotoxic effect from the antigen (Fig. 2A-2L). Regarding the generation of 

different phenotypes of NETs, after 120 min of co-culture of bovine PMN with ScAg (10μg 

and 100 μg), we were able to observe NET formation, mainly sprNETs, which consist of a 

smooth and elongated web-like structures of decondensed chromatin and antimicrobial 

proteins, having a diameter of 15-17μm (Fig. 2N-2O).  

ScAg induces a fast and sustained Ca++ flux in bovine PMNs. 

Intracellular Ca++ flux measurements shows that PMN stimulated with 10 μg of ScAg have an 

increase in the intracellular Ca++ concentration over time (Fig. 3A). Kinetically, the antigen 

induced Ca++ flux was constant over time, having and enhancement of it slope after 250 sec 

post induction (Fig. 3A). Quantitatively, the AUC analysis shows that ScAg induce a significant 

increase of the Ca++ signal over time (p= 0.002) (Fig. 3B), but 2.2 fold smaller than the 

generated by A23187 (Fig. 3B). The Ca++ flux induced by ScAg was corroborated by live cell 

holotomographic fluorescence microscopy analysis (Fig. 3C). As observed in Fig. 3C ScAg, 
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induces an increase in the Ca++ driven signal, maintaining a high signal during the registry 

within the PMN cytoplasm, without any evident morphological changes over time (0sec, 6sec, 

12sec, 18sec) (Fig. 3D).   

ScAg evokes oxidative response in bovine PMN 

ScAg at 10 �g/ml induces a fast and sustained increase in the ROS-dependent luminescence, 

reaching a peak at 240 s post stimulation and slowly declining over time until basal levels after 

900-100 s post induction (Fig. 4A). The AUC analysis revealed a significant increase (p= 

0.0079) of ROS production over time (Fig. 4B). 

ScAg does not affect bovine PMN phagocytosis 

Phagocytic capacity of bovine PMN was assessed by FACS using pHrodo™ labeled 

bioparticles as suitable for phagocytosis assays. As illustrated in Fig. 5, our data shows an 

average of 69.2 ± 15.64% PMN performed phagocytosis, without any observable effect driven 

by ScAg pre-treatment since the percentage on this condition was similar (76,52 ± 15.41%) .  
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DISCUSSION 

Sarcoptic mange is a globally extended infectious skin disease of mammals caused by the 

borrowing astigmatide mite infection S. scabiei. Given the life cycle of this parasite, a close 

interaction between the S. scabiei stage and the innate immune response will occur during its 

infestation (Arlian and Morgan, 2017; Bhat et al., 2017). Likewise, other skin related 

inflammatory processes are characterized by endothelial activation, leading to vascular 

permeability and rapid flux of PMN to the tissue for control of foreign pathogens (Lin et al., 

2011). In the case of S. scabiei and other mites infection, an increase of PMN have been reported 

in blood and tissue in humans and different mammal species (Dagleish et al., 2007; Elwood et 

al., 2015; Little et al., 1998; Löwenstein et al., 1996; Skerratt, 2003). Furthermore, S. scabiei 

infection is largely associated to immunomodulatory phenomena, clinically mirrored by a late 

manifestation of infections signs (>4 weeks) (Arlian and Morgan, 2017; Bhat et al., 2017). In 

this context, we firstly explored the interaction of PMN against S. scabiei stages. We found that 

co-culture of bovine PMN with S. scabiei exoskeleton did not induced a significant 

accumulation of PMN on parasite structure, suggesting that isolated PMN are not capable to 

recognize or effectively attach to its chitin exoskeleton. Interestingly, histologic skin biopsies 

shows that PMN infiltrate is mainly localized in the perivascular area of dermic layer during S. 

scabiei infestation (Elwood et al., 2015). The fact that PMN do not migrate nor attach to S. 

scabiei surface suggest that the antigenic composition of the parasite has not been recognized 

by PMN. This observation resembles a recent study on F. hepatica juveniles, were only a 

limited attachment to live trematode was reported (Peixoto et al., 2021). On the other hand, 

the skin microenvironment modulates the innate immune response and thus, skin-associated 

factors could be critical to elicit a different response (Kabashima et al., 2019) 

PMN combat pathogen invasion by different strategies (Fuchs et al., 2007; Nathan, 2006). 

However, in the case of metazoan infection, effector responses such as phagocytosis are limited, 

since PMN are unable to engulf large pathogens (Grob et al., 2021; Muñoz-Caro et al., 2015). 

Considering this, nematodes have been confirmed as NET formation inductors in different 

animal species, such as Haemonchus contortus, Strongyloides stercoralis, Ostertagia ostertagi, 

Brugia malayi and more recently Angiostrongylus vasorum L3 (Bonne-Année et al., 2014; Grob 

et al., 2021; Mendez et al., 2018; Muñoz-Caro et al., 2018, 2015). Our results reveals that S. 

scabiei stages are not capable to effectively induce NET release in bovine PMN. This last is in 

line with our findings regarding the attachment, and suggest a low reactivity of the PMN against 
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the presence of S. scabiei exoskeleton. Overall, PMN as other immune cells can recognize 

foreigner structures by PRRs receptors, such as TLR or Dectin 1 (Thomas and Schroder, 2013). 

Likewise, the participation of PRR as NET inductors have been consistently reported against 

different pathogens, including parasites (Muñoz-Caro et al., 2021; Thomas and Schroder, 

2013). In principle, the large chitin composition in S. scabiei exoskeleton can be recognized by 

the immune system (Elieh Ali Komi et al., 2018). Indeed, a recent report demonstrated that 

chitinase-like protein present in S. scabiei evokes immune reaction and permits protection 

against scabeosis in rabbits (Shen et al., 2018). However, our results were not conclusive in 

these terms. To study the immunogenic capacity of S. scabiei antigen we also used different 

concentrations of ScAg to stimulate PMN. In contrast with the “whole mite” results, we found 

that bovine PMN stimulated with 10μg of ScAg-achieve a weak NET formation. NET identity 

was confirmed by the co-localization of NE, histones and extracellular DNA. Moreover, ScAg-

induced NET formation resulted mainly in one specific NET phenotype, characterized by the 

presence of sprNETs after the exposure to the ScAg. Regarding to the other phenotypes, it has 

been described that diffNETs correspond to a complex of extracellular decondensed chromatin, 

having a size of 15-20μm. aggNETs are defined by having a ball of yarn-like structure, with a 

size of more than 20μm, which were not able to observe in this study.  

 Weak NET release was also observed in F. hepatica juveniles-confronted PMN (Peixoto et al., 

2021), suggesting that parasite specific features can determine the outcome of NET formation. 

By knowing that species such as Sarcoptes spp. feed from lymph of host, the intake of immune 

components such as antibody or antimicrobial peptides is largely accepted as defense 

mechanism (Arlian and Morgan, 2017; Bhat et al., 2017; Liu et al., 2014; Shen et al., 2020). It 

has been suggested that inflammation permits an increase in nutrients delivered to parasites, 

generating a paradoxical role in terms of immune response (Huntley et al., 2005).  

Ca++ flux is necessary for PMN effector mechanisms, such degranulation, ROS and 

subsequently NET release (Burgos et al., 2011; Hann et al., 2020), by considering that PMN 

antimicrobial performance is largely associated to oxidative responses such ROS production 

capable of protect against pathogens (Nguyen et al., 2017).   Accordingly, we evaluated the 

outcome of ScAg stimulation in bovine PMN Ca++ homeostasis. Current data shows that ScAg 

evokes a fast and sustained Ca++ flux in bovine PMN. Ca++ fluxes in PMN are evoked by 

chemoattractant molecules (i.e. CXCL8, PAF or LTB4), adhesion molecules (L-selectin or 

CD11b) and Fc-receptors (Futosi et al., 2013). In the case of pathogen-derived molecules, 
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evidence of a Ca++ dependent activation in PMN is unclear. In this context, human PMN 

stimulated by zymosan mobilizes intracellular Ca++ stores (Schwab et al., 1992). While, Lucilia 

sericata-derived excretion/secretion molecules modulate PMN oxidative and non-oxidative 

responses independently of Ca++ signaling (van der Plas et al., 2007). Despite that, analysis of 

different synthetic TLR agonists revealed that only TLR 2/1 chemical activation evokes Ca++ 

flux bovine PMN by a store opened Ca++ entry (Conejeros et al., 2015). This divergent findings 

indicates that pathogen derived molecules can induce Ca++ fluxes in PMN by other routes than 

the canonic PRR activation.  

Since, NET formation is downstream signalized by other antimicrobial events such ROS 

production (Fuchs et al., 2007), we evaluated the capacity of ScAg to evoke oxidative burst in 

bovine PMN. Here, we found that ScAg exposure evocates a fast and sustained ROS production, 

confirming the capacity of ScAg as oxidative inductor bovine PMN. In general, ROS production 

in PMN is linked to NADPH complex activation (Fuchs et al., 2007). This enzymatic complex 

catalyzes the conversion of O2 molecules into superoxide (O2-). These molecules will suffer 

enzymatic dismutation to hydrogen peroxide (H2O2), continuing with the conversion of 

hydrogen peroxidase into hypochlorus acid (HOCl) thanks to the role of myeloperoxidase 

(MPO), generating a highly oxidative environment capable of destroy microorganisms (Nguyen 

et al., 2017). In the case of arthropods-driven innate immune response, this represents the first 

report regarding oxidative responses of PMN against S. scabiei. Interestingly, prior reports 

showed that S. scabiei infected dogs presents a disturbed oxidant/antioxidant balance 

(Camkerten et al., 2009; Singh et al., 2011). Considering this, is possible to speculate that during 

S. scabei infection, skin PMN could contribute to oxidative stress in the host.    

 During S. scabiei infection, the immunomodulation driven by the parasite delays the immune 

response against the infection. Likewise, commensal bacteria like S. aureus often colonize the 

skin during severe cases of scabiosis (Bhat et al., 2017; Dagleish et al., 2007; Swe et al., 2017), 

indicating a reduced effect of PMN-driven antimicrobial response. Given that, to confirm the 

effect of ScAg on bovine PMN, we evaluated its effect on phagocytic activity. We found that 

ScAg at concentrations capable of trigger bovine PMN responses fail to effectively affect the 

phagocytic activity of bovine PMN. Overall, this finding disagree with a prior report that shows 

that the recombinant serpim SMSB4 from S. scabei is capable to interfere with the complement 

system, reducing the phagocytosis capacity of the PMN (Swe and Fischer, 2014). Intriguingly, 

the immunomodulatory role of serpins is extended to other parasitic arachnids such as 
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Amblyomma americanum, Ixodes ricinus or Rhipicephalus micropilus, where the secretion 

from salivary glands facilitates a delay on the immune response, ensuring the tick feeding 

(Chlastáková et al., 2021; Coutinho et al., 2020; Tirloni et al., 2019). In that context, is possible 

to speculate that effect of serpins on PMN phagocytic activity could be limited to complement 

facilitated phagocytosis, without affecting opsonization independent phagocytosis in isolated 

PMN.    

In summary, we found that S. scabiei antigen evokes Ca++ flux and ROS production and weak 

NETs release in bovine PMN, without affecting the phagocytic activity. Nevertheless, since S. 

scabiei exosqueleton did not activated isolated PMN, is possible that the antigenic composition 

of this parasite influence the recognition of PMN. 
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FIGURES 

Fig. 1. PMN adhesion to S. scabei is stage-dependent. Bovine polymorphonuclear neutrophils 

(PMN, 2 x 105) were exposed for 60 min to S. scabiei adults, which did not adhered completely 

to the surface of S. scabiei adults (Fig. 1A – 1C), visualized by staining extracellular DNA 

(Sytox Green®), (Fig. 1B) Exposure of bovine PMN with S. scabiei ninfa (60 min) resulted in 

weak PMN adhesion, same situation in (D, E, F) the co-culture with S. scabiei eggs (G, H, I). 

Fig. 2. Immunofluorescence analyses of S. scabiei-induced weak NET formation. Bovine 

PMN (n = 3) were incubated with ScAv (10 or 100 μg/ml). Presence of DNA (A, E, I; blue), 

neutrophil elastase (B, F, J; green), and histones (H1, H2A/H2B, H3, H4) (C, G, K; red) in 

ScAg induced NETs. (D, H, L; merge) shows the merge of the three channels. (M) reveals the 

percentage of ScAg triggered NETosis. (N-O) demonstrate the presence of spread NETs 

(sprNETs). 

Fig. 3. ScAg-induced calcium flux. Bovine neutrophils were loaded with Fluo4-AM (2.5 μM) 

in HBSS/Ca++ buffer and then stimulated with 10 μg ScAg. The Ca++ ionophore A23187 served 

as a positive control. (A) Demonstrate the changes upon the calcium entry. (B) Depicts area 

under the curve (AUC). (C) Represents a time-lapse of stained PMN with Fluo4-AM, 

demonstrating the changes suffered by the stimulated PMN. (D) Depicts the concordant frames 

of figure (C), representing the refractive index of this video.  

Fig. 4. ROS production in ScAg-exposed bovine PMN. ROS production evaluated by the use 

of luminol (Fig. 4). Reactive oxygen species were increased during the stimulation of bovine 

PMN (Fig. 4A). AUC was calculated and represented as mean ± SD (Fig. 4B). 

Fig. 5. PMN phagocytosis of pHrodo-E. coli bioparticles is not affected by ScAg in bovine 

PMN. Bovine PMN were exposed to E. coli- bioparticles conjugated with the pH sensitive 

probe pHrodo. Representative diagrams of the gating strategy and analysis is shown in (A). The 

percentage of phagocytosis in the untreated and ScAg-exposed PMN was determined by flow 

cytometry (B). PMN without pHrodo bioparticles served as a negative control. 

  



2.6 Sarcoptes scabiei soluble antigen increases intracellular calcium 
concentration, ROS production and evokes weak NET release in bovine 

polymorphonuclear neutrophils �

147�
�

 

Figure 1 

  



2.6 Sarcoptes scabiei soluble antigen increases intracellular calcium 
concentration, ROS production and evokes weak NET release in bovine 

polymorphonuclear neutrophils 
�

148�
�

 

Figure 2 
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Figure 3 
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3. DISCUSSION 

Faced with daily exposure to various pathogens, mammalians rely heavily on the innate immune 

system as a first responder to intruders (Hermoislla et al., 2014, Silva et al., 2016). PMN are 

the most abundant and fastest responding innate immune effector cells (Brinkmann et al., 2004, 

Brinkmann and Zychlinski, 2012). Thus, these leukocytes play a pivotal role in early innate 

immune reactions by acting when inflammation occurs and then subside. When pathogens 

invade the mammalian body, PMN kill them through three major strategies, i. e. phagocytosis, 

degranulation and the extrusion of NETs (Chen et al. 2021). 

The current work focuses on PMN-derived NET formation as early host innate effector 

mechanism against different parasitic stages and species. More specifically spoken, the focus 

of this doctoral thesis relays on comparative analysis of T. b. brucei stages, such as procyclic 

trypomastigotes (chapter 2.1) and bloodstream stages, such as bloodstream metacyclic 

trypomastigotes (chapter 2.5) in their capacities as NET-inducers in bovine PMN, which is also 

the main definitive host in Africa. Additionally, parasite-dependent NETs phenotypes were 

analyzed in more detail. Consequently, the formation of aggNETs induced by T. b. brucei was 

studied in more detail. Likewise, new insights regarding purinergic signaling involved on 

parasite-triggered NETosis were here analyzed.   

Also, we described for the first time the capacity of angiotropic A. vasorum as potent inductor 

of canine-derived NETs as well as activation of primary canine aortic endothelial cells (CAEC) 

(chapter 2.2). Finally, the response of bovine PMN including oxidative activity and calcium 

signaling against S. scabiei stages and antigens were also analyzed (chapter 2.6). Overall, the 

content of this work permits a more complete understanding of how innate immune system 

interact with extracellular/intracellular protozoan-, nematode- and arthropod parasites located 

in different tissues such as endothelium, blood and skin and providing novel insights into 

signaling pathways. 

NETs release is a conserved phenomenon within animal kingdom (Villagra-Blanco et al. 2019). 

For instance, NET formation has been described so far in humans, mice, dolphins, seals, horses, 

donkeys, felids and canids among others (Baker et al. 2008; Abi Abdallah et al. 2012; Reichel 

et al. 2013; Muñoz-Caro et al. 2015; Imlau et al. 2020; Yánez-Ortiz et al. 2021; Li et al. 2022). 

In ruminants, NET formation has been observed in goats, sheep and bovines (Behrendt et al. 

2010; Muñoz Caro et al. 2014; Silva et al. 2014; Muñoz-Caro et al. 2015b, c, 2016; Villagra-

Blanco et al. 2017b; Worku et al. 2021). This effector mechanism is not only limited 
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to vertebrates, since innate immune cells from invertebrates such as earthworms and insects, 

can also release NET-like structures (Homa et al. 2016; Carrau et al. 2021). Similarly, 

gastropod-derived haemocytes have also been demonstrated to cast extracellular-like structures 

against the lungworm Angiostrongylus vasorum (Lange et al., 2017). These gastropod-derived 

ETs, abbreviated nowadays as invertebrate extracellular phagocyte traps (InEPTs) resulted in 

different phenotypes (sprInEPTs and aggInEPTs) against larvae of A. vasorum as reported for 

canine NETosis (chapter 2.2), evidencing an extended and conserved innate immune 

mechanism between invertebrate and vertebrate species (Lange et al. 2017; Penagos-Tabares et 

al. 2018; Villagra-Blanco et al. 2019). It is expected that the list of species which are able to 

cast ETs will increase in the following years.  

Regarding the capacity of euglonozoan parasite T. b. brucei as NET inductor, current data 

shows that both stages, procyclic trypomastigotes and metacyclic (bloodstream) 

trypomastigotes induce NETs in a stage-independent manner and producing as a result different 

NETs phenotype (chapter 2.1 and 2.5). Interestingly, the magnitude of the response was similar 

despite of the stages and strains used in these experiments. During its life cycle, T. b. brucei 

deeply changes its phenotype over time and the parasite stage might influence the response of 

the host immune system. Regarding NET formation dynamics, we found that procyclic- and 

bloodstream metacyclic trypomastigotes are capable to evoke NET release in bovine PMN at 

different time points of confrontation. In detail, our studies revealed that 28.3% of exposed 

bovine PMN released NETs upon procyclic trypomastigote stimulation after 2 h (chapter 2.1). 

Similar observations were obtained using bloodstream metacyclic trypomastigotes, since when 

T. b. brucei-confronted PMN were analyzed at 4 h and 18 h, the magnitude of the response was 

similar, i. e. 11.22% and 12.35% of NET formation, for procyclic- and for bloodstream 

trypomastigote stages, respectively, indicating that NETs induced by T. b. brucei occured 

before 4 h (chapter 2.5). These results must be interpreted in the context of the in vivo infection 

route of T. b. brucei. Here, firstly T. b. brucei procyclic trypomastigotes must migrate from the 

Glossina salivary glands into the insect proboscis and from there, after skin penetration and 

deposition, into skin-draining lymph nodes and finally into bloodstream vessels. This migration 

implies morphological and metabolic changes from procyclic- into metacyclic trypomastigotes 

stages (Van Den Abbeele et al. 2010; Alfituri et al. 2020).  

One of the most characteristic features of euglenozoan T. b. brucei trypomastigotes is its ability 

to effectively evade adaptive host immune response via continuous changes of VSG (Pinger et 

al. 2017). This VSG switching starts very early during host infection permitting an effective 
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evasion of protective adaptive host immune response. Scientific evidence shows that full VSG 

coat replacement requires only ~4.5 days in T. b. brucei; nonetheless, switched cells are able to 

reach 7.6% and 1.3% initial VSG levels after 17.1 and 28.8 h, respectively (Pinger et al. 2017). 

Taking this into account, it seems possible to speculate that humoral response is a less effective 

defense mechanism to control T. b. brucei infections not only due to constant antigen variation, 

but also due to late appearance of neutralizing antibodies (Tizard 2013). This might suggest that 

early host innate immune responses conducted by PMN could represent fast and reliable 

reactions for parasitaemia reduction. In this sense, differential immune performance has been 

reported between trypanotolerant and trypanosusceptible breeds, where specifically rustic 

trypanotolerant N’Dama and the short horn Baoulé and Lagune breeds shows a higher tolerance 

not only against T. b. brucei infections when compared with Zebu, but also to helminthes and 

ectoparasites (Mattioli et al. 2000), indicating a relevant genetic component in terms of innate 

immune response. Trypanotolerance corresponds to the heritable ability of the host to suffer 

less or no harm despite the infection. So far, this phenomenon is unclear; nonetheless, studies 

have demonstrated pivotal of higher PRR expression, such as Toll/interleukin-1 receptor and 

CXCR4 in these trypanotolerant cattle breeds and all data pointing on stronger innate immune 

reactions when compared to susceptible breeds (Berthier et al. 2016). 

One of the main cell types involved in early host innate immune responses are circulating PMN. 

The overall microbicidal role of PMN relays on the control and removal of foreign pathogens, 

through different effector mechanisms including generation of ROS (Segal and Levi 1973, 

Segal 2005, Nguyen et al. 2017). This process relies on the protein complex NADPHOX or 

NOX. Accumulated evidence of PMN physiology have consistently shown the crucial 

participation of NOX as early signal for the NETotic process (Rinaldi et al. 2007; Nguyen et al. 

2017). Consequently, NOX-driven NET formation is one of the main effector mechanisms 

against a wide range of intracellular apicomplexan parasites, including E. bovis, E. arloingi, E. 

ninokohlyakimovae B. besnoiti, N. caninum and C. parvum (Behrendt et al. 2008; Muñoz Caro 

et al. 2014; Silva et al. 2014; Muñoz-Caro et al. 2014; Villagra-Blanco et al. 2017; Zhou et al. 

2019; Pérez et al. 2021; Hasheminasab et al. 2022). Thus, present work on T. b. brucei-induced 

NETosis adds valuable information for comparative purposes to apicomplexan-triggered 

NETosis as a euglenozoan extracellular dwelling parasite. We showed that T. b. brucei 

procyclic trypomastigotes triggered a fast and sustained oxidative response in exposed bovine 

PMN (chapter 2.1). ROS production is directly linked with an increase in mitochondrial oxygen 

consumption rates (OCR) and extracellular acidification rates (ECAR) (Fink et al. 2012). 

Because of dramatic increase of OCR in this process it is also described as “respiratory burst” 
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(Segal 2005; Nathan 2006). OCR and ECAR permit to analyze the bioenergetics signature of 

activated PMN, allowing to unveil the energetic source by sequential inhibition of different 

cellular metabolic pathways as well as metabolites and enzymes (Fink et al. 2012; Shah-

Simpson et al. 2016). Notably, in PMN it seems possible to use this metabolic technology to 

evaluate the activation of NOX due to the increased OCR (Pelletier et al. 2014). Live T. b. 

brucei procyclic trypomastigotes and bloodstream metacyclic trypomastigotes are able to 

induce a fast and sustained increase in mitochondrial OCR and ECAR in bovine PMN (chapter 

2.1 and 2.5), suggesting that ROS production and induction of PMN-derived metabolic 

activities are elicited as anti-parasitic responses. This finding does not correlate with the 

observation on C. parvum-induced NETs, where the addition of live parasites did not result in 

changes of OCR and ECAR values (Hasheminasab et al. 2022). Interestingly, when PMN were 

pretreated with rotenone/antimycin A and stimulated later on with live T. b. brucei procyclic 

trypomastigotes, T. b. brucei triggered-NET formation was partially inhibited (chapter 2.1). 

Regarding mitochondrial activity, when phenylhydrazone (FCCP, disruptor of mitochondrial 

membrane potential) was evaluated, a reduction in NET formation was also observed (chapter 

2.1). The participation of ROS during NETs formation permits to classify this process as 

suicidal or vital NETosis (Yipp and Kubes 2013). Suicidal NETosis is a ROS-related 

mechanism, concluding with NET release by plasma membrane rupture and cell lysis, not 

allowing PMN to continue with their normal functions (Takei et al. 1996; Yipp and Kubes 

2013). In contrast, vital NETosis has been recognized as a mechanism where NETs release and 

normal function of PMN can coexist, being initiated without NOX activation and being faster 

than suicidal NETosis (120 - 180 min) (Pilsczek et al. 2010; Yipp et al. 2012; Villagra-Blanco 

et al. 2019). Apicomplexan parasites such as T. gondii, N. caninum, B. besnoiti and C. parvum 

have been proved as suicidal NETs triggers (Villagra-Blanco et al. 2019; Zhou et al. 2020b; 

Hasheminasab et al. 2022). These results are inconsistent with the ones from Zhou et al., where 

bovine PMN cast rapid vital NETosis after stimulation for 30 min with B. besnoiti-bradyzoites 

(Zhou et al. 2020b), showing that these processes are not mutually exclusive. Current data show 

that bovine PMN cast suicidal NETs against T. b. brucei procyclic trypomastigotes (chapter 

2.1). This observation is based on SEM analyses that show an evident compromise of PMN 

membrane structure. This is accompanied by increased ROS production. Indeed, 

pharmacological blockage of NOX with diphenyleneiodonium (DPI) was not able to inhibit this 

enzyme indicating that NOX activation is a landmark event of T. b. brucei-driven PMN 

activation (chapter 2.1).  
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There are several techniques and methods to analyze NET formation based on scanning electron 

microscopy (SEM)- and fluorescence microscopy image-based analyses, flow cytometry 

(FACS), ELISA and extracellular DNA quantification (Brinkmann et al. 2012; Gonzalez et al. 

2014; Mohanty et al. 2017; Rebernick et al. 2018). From a critical point of view, several 

techniques must be used in parallel in order to study NET formation properly. In this study, 

NET structures where visualized with several microscopy techniques such as SEM, laser 

scanning confocal microscopy- (LSCM), and live cell 3D-holotomographic microscopy-

analyses. NETs were assessed as fine networks of grosser and thinner strands of DNA origin, 

able to attach to T. b. brucei stages unveiled in SEM- and LSCM analyses (chapters 2.1 and 

2.5). These findings are in line with previous euglonozoan-triggered NETs release (Hermosilla 

et al. 2014; Villagra-Blanco et al. 2017a, 2019; Pereira et al. 2019). Immunofluorescence 

analyses of classical NETs-components were also performed, observing co-localization of pan 

histones (i. e. H1, H2A/H2B, H3, H4), NE and MPO in T. b. brucei-triggered NETs (chapter 

2.1 and chapter 2.5). In addition, recent studies have analyzed the host cell parasite interaction 

by live-cell 3D holotomographic microscopy (Larrazabal et al. 2021c, a, b; Conejeros et al. 

2022; Lopez-Osorio et al. 2022), allowing a technical approach by generation of 3D renders 

and digital staining based on the refractive index (RI) of cellular components. This technique 

showed to be useful to visualize classical components of bovine PMN such as cytoplasmic 

granules, multi-lobulated nuclei and pseudopod formation (Larrazabal et al. 2021c, a, b; 

Conejeros et al. 2022; Zhou et al., 2020b).  

During early NET formation, ROS production and mediators evokes morphological changes in 

PMN, as the expansion of nuclear area (NAE) driven by chromatin decondensation 

(Papayannopoulos et al. 2010). Co-culture of bovine PMN with procyclic trypomastigotes 

caused an increase in the nuclear area of stimulated cells after 2 h of co-culture, unveiling a 

strong NETotic process (chapter 2.1). Additionally, detection of nuclear degeneration of bovine 

PMN was achieved, indicating a late NETotic process after 3 h of parasite-exposure 

(Papayannopoulos et al. 2010). Analysis of fluorescence microscopy-derived images permits 

semi-automatic quantification of NET formation, requiring one or two fluorescent markers 

(Brinkmann et al. 2012; Gonzalez et al. 2014; Mohanty et al. 2017; Rebernick et al. 2018). 

Nonetheless, all protocols have been established for human/mice models, limiting the use of 

PMN originating from other species. In the case of ‘DNA area and NETosis analysis’ (i. e. 

DANA), this method showed capability to perform a suitable quantification of the total amount 

of PMN and NAE in bovine- and canine-derived PMN (chapter 2.1 and 2.2) (Rebernick et al. 

2018). By using the default threshold of 90 �m2 for NAE, detection of a significant increase in 
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the percentage of T. b. brucei procyclic trypomastigote-triggered NET formation was detected. 

As described in chapter 2.5, when bovine PMN were stimulated with T. b. brucei bloodstream 

metacyclic trypomastigotes, the presence of PMN-derived NETs aggregation (i. e. aggNETs) 

against these parasitic stages was also observed. On this regard, the aggregation limited the 

usefulness of the software package, being necessary to explore other methodological 

approaches to investigate in more detail T. b. brucei-triggered aggNETs. 

NETs phenotype categorization was also possible to achieve. As already stated, NETs can be 

classified in three categories: i) sprNETs ii) diffNETs and iii) aggNETs (Schauer et al. 2014; 

Muñoz-Caro et al. 2015c, 2018; Lange et al. 2017; Zhou et al., 2020b). These phenotypes have 

been reported to occur in PMN of different mammalian species such as humans, mice, bovines, 

canines, dolphins and notably also in terrestrial gastropods (i. e. snails and slugs) (Schauer et 

al. 2014; Lange et al. 2017; Muñoz-Caro et al. 2018; Villagra-Blanco et al., 2019; Hahn et al. 

2019; Hasheminasab et al. 2022).  

In the case of T. b. brucei, procyclic- and metacyclic trypomastigotes triggered aggNETs 

formation at 2, 4 and 18 h and at different PMN : parasite ratios (chapter 2.1 and 2.5). The 

specific role of aggNETs in parasite infection is not fully understood; nevertheless, they have 

become an interesting research topic due to the role they play in controlling inflammatory 

diseases like human gout (Schauer et al. 2014; Sil et al. 2017; Hahn et al. 2019). Human gout 

is an aseptic inflammatory disease that affects the joints, caused by strong immune responses 

against MSU crystals deposition within the synovial space. Due to the chemical identity and 

the microscopically pointed shape they exhibit, MSU crystals cause mechanical damage by 

shearing and tearing surrounding tissues causing macroscopic lesions, thereby alerting and 

activating surrounding PMN (Schauer et al. 2014; Sil et al. 2017; Li et al. 2018). Recent studies 

have found that PMN ingest MSU crystals and that these crystals accumulate inside the cell as 

high-density structures (Hahn et al., 2019). Interestingly, MSU crystals are well-known to 

induce strong aggNETs (Schauer et al., 2014), with a concomitant release of cytokines and 

chemokines such as TNF-�, IL-6, IL-8. Regarding other chemicals capable to trigger strong 

aggNETs, ionomycin, a calcium iophonore, has also been described (Hahn et al. 2019). 

Mechanisms involved in MSU crystal-triggered aggNETs remains unclear and the same holds 

true for H. contortus- and D. immitis-induced aggNETs. A possible mechanism is the formation 

of pores within PMN membrane, as a consequence of MSU crystals shapes, causing ion fluxes 

and subsequent enhanced NET formation (Dalbeth et al. 2016). It has also been suggested that 

physical contact between PMN and MSU crystals is mandatory for NETs and aggNET 
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formation. (Hahn et al. 2019). Bovine PMN are able to trigger as well aggNETs when 

stimulated with MSU crystals and ionomycin, proving that both stimuli have the same outcome 

in a different species (chapter 2.5). Direct contact between bovine PMN and MSU crystals 

resulted in aggNETs formation, after 4 h and 18 h of co-culture, suggesting similar mechanisms 

as reported for human PMN (chapter 2.5). In this sense, aggNETs could have a fundamental 

anti-inflammatory role in Nagana but further studies are needed to clarify this point.  

Considering the inflammatory microenvironment, PMN are exposed to multiple and 

heterogeneous molecules that modulate their directed antimicrobial responses. The capacity of 

PMN to react in the presence of extracellular nucleotides and nucleosides, such as ATP and 

ADO, is largely associated to the activation of P2 and P1 purinergic receptors, respectively 

(Rubenich et al. 2021). In bovines, the role of purinergic signaling in PMN activation has been 

clearly demonstrated (Alarcón et al. 2020). In this sense, the current study found that both 

NF449, a purinergic inhibitor of P2X1 receptor, and MRS2578, an inhibitor of P2Y6 receptor, 

played a fundamental role in activation of bovine PMN and aggNETs induced by procyclic 

trypomastigotes and bloodstream metacyclic trypomastigotes (chapter 2.1 and 2.5). Previous 

reports have demonstrated decreased NET formation, after treatment with 100 μM of NF449 

with other parasites, including apicomplexan N. caninum, C. parvum and B. besnoiti, without 

specific effects on parasite-induced NETs phenotypes (Villagra-Blanco et al. 2017b; Zhou et 

al. 2020a; Hasheminasab et al. 2022). Equal concentration of NF449 was able to decrease 

formation of NETs and aggNETs in bovine PMN confronted to vital T. b. brucei (chapter 2.1 

and 2.5). This data must be interpreted with caution, considering that the high concentration of 

NF449 does not permit to exclude an influence of other G-protein-coupled receptors, in 

comparison to others reports in bovine PMN (Alarcón et al. 2020). Therefore, it is not possible 

to exclude other off target pharmacological effects in experiments developed with procyclic 

trypomastigotes (chapter 2.1). This last aspect was studied further using NF449 at 100 μM and 

10 μM, showing that even at lower concentrations the inhibitory effect was achieved indicating 

a specific -at least for the pharmacological data- and crucial role P2X1 in T. b. brucei-mediated 

NETosis (chapter 2.5). Regarding the role of P2Y6 receptor, MRS2578 inhibited aggNETs 

formation (chapter 2.5). The mechanisms by which MRS2578 blocks purinergic receptor P2Y6 

has not been elicited yet but suspecting to be related with regulation of IL-8-mediated signaling 

in case of human PMN (Jacob et al. 2013; Sil et al. 2017).  

Beyond extended knowledge regarding NET release against unicellular pathogens, major 

knowledge gaps are still present in favor of this transversal innate immune response against 
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more complex metazoan parasites. Large-sized metazoan parasites such as S. japonicum, S. 

stercoralis, H. contortus, A. vasorum, D. immitis, Troglostrongylus brevior, Brugia malayi have 

been described as potent NETs inductors, showing that this defense mechanism could be 

extended to A. vasorum L3 and even to zoonotic-relevant mite S. scabiei (chapter 2.2 and 2.6 

respectively) (Bonne-Année et al. 2014; Muñoz-Caro et al. 2015c; McCoy et al. 2017; Lange 

et al. 2017; Muñoz-Caro et al. 2018; Peixoto et al., 2021; Wang et al. 2022). Conversely, only 

weak NETosis, OCR and ROS production were reported for Fasciola hepatica-stimulated 

bovine PMN (Peixoto et al., 2021). Former authors showed that neither metacercariae, newly 

excysted juveniles (NEJ) nor soluble antigens of F. hepatica induced strong PMN reactions 

(Peixoto et al., 2021). 

Following infection of the canid definitive host, A. vasorum is constantly exposed to 

components of the innate immune system, including cell barriers and cells of the innate immune 

system. Previous studies showed that metazoan parasites triggered NET, InEPT and EET 

formation (Muñoz-Caro et al. 2015c, 2018; Lange et al. 2017; Penagos-Tabares et al. 2018). 

When canine PMN where confronted with vital A. vasorum L3, NET formation of exposed 

canine PMN was achieved after 3 h (chapter 2.2). This was further confirmed by labeling NETs-

canonical components, analyzed with SEM- and IF-imaging, confirming A. vasorum-induced 

NETs (Lange et al. 2017; Muñoz-Caro et al. 2018; Penagos-Tabares et al. 2018). In this case, 

DANA default threshold of 90 μm2 for NAE was also tested in canine PMN, showing an 

expansion of NAE values (chapter 2.2). Regarding A. vasorum-triggered phenotypes, sprNETs 

were the most abundant ones (chapter 2.2). This in in concordance with previous reports of 

canine PMN co-cultured with D. immitis microfilariae and vital L3 (Muñoz-Caro et al. 2018) 

thereby showing parasite species- and stage-independent NETs release. 

Endothelial cells of blood and lymph vessels play a relevant role in host defense against foreign 

microorganisms, creating a mechanical barrier that separates vascular space from other tissues. 

They have been stablished as highly immune-reactive, producing adhesion molecules, 

cytokines/chemokines and initiating pro-inflammatory responses (DiStasi and Ley 2009). More 

importantly, a clear link between inflammation, innate immunity, endothelium and NETs has 

been established for the pathogenesis of numerous diseases, including autoimmune and 

metabolic disorders.  Patients with type 1 and 2 diabetes tend to release NETs, affecting directly 

endothelial cells (Wong et al. 2015). Under diabetic conditions, PMN are able to produce an 

increased amount of cytokines and superoxide components which then activate endothelium 

thereby facilitating vascular microenvironments which supports more NETs release. Western 
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blotting revealed an upregulation of PAD4 in PMN from individuals with diabetes when 

compared to healthy controls, supporting chromatin decondensation (Wong et al. 2015). NETs 

have also been detected in atherosclerotic lesions and arterial thrombi (Döring et al. 2017). In 

pathogenesis of atherosclerosis lipid-driven inflammatory disease of endothelial arteries has 

been demonstrated, where once again endothelial cell activation facilitates the retention of 

proteins that will cause endothelial damage and triggering recruitment of leukocytes, 

specifically PMN, leading to vessel occlusion and consequent ischemia and/or thrombosis 

(Döring et al. 2017). Vascular-derived activation of PMN might also be participating in certain 

parasitoses where endothelium is parasitized (i. e. sarcocystiosis and besnoitiosis). B. besnoiti 

infects in vivo host endothelial cells during acute phase of bovine besnoitiosis, replicating fast 

intracellularly within lymph/blood endothelium up-regulating expression of adhesion 

molecules on the surface of these cells. Consistently, primary bovine umbilical vein endothelial 

cells (BUVEC) are directly affected by B. besnoiti-tachyzoites during intracellular replication, 

causing endothelial cell activation and damage and up-regulation of adhesion molecules, such 

P-selectin, E-selection, VCAM-1 and ICAM-1 after 12 and 24 h p. i.. These molecules are 

responsible of triggering the recruitment cascade of PMN within vessels (Kolaczkowska and 

Kubes 2013). In order to assess NETs release by activated endothelium, BUVEC monolayers 

were infected B. besnoiti tachyzoites.  B. besnoiti-BUVEC monolayers where tested in static 

and dynamic conditions for spontaneous release of NETs as reported elsewhere (Maksimov et 

al. 2017). Similarly, VCAM-1, P-selectin, ICAM-1 and E-selectin were shown to be increased 

in B. besnoiti-infected BUVEC at 12 h p. i., followed by PMN adhesion and NET release under 

physiological flow conditions (chapter 2.3). These findings confirmed prior reports of B. 

besnoiti up-regulating P-selectin and ICAM-1 in vitro, where a significant increase of PMN 

adhesion on to B. besnoiti-infected BUVEC monolayers were observed (Maksimov et al. 2017). 

In general, expression of adhesion molecules is related with the migration process of leukocytes 

to the site of inflammation, where they will support development of an effective immune 

response (Maksimov et al. 2016). Moreover, similar up-regulation patterns occurred during 

other coccidian in vitro infections, where specifically T. gondii, N. caninum and E. bovis 

exhibited an effective chemoattractant endothelial activation, thereby enhancing the migration 

of PMN intro the infection site, indicating that endothelial cells were involved in early innate 

defense against coccidian infections (Taubert et al. 2006; Hermosilla et al., 2006; Maksimov et 

al. 2016). Interestingly, endothelial activation could represent a relevant feature in other 

parasitic infections. In the case of canine angiostrongylosis a close interaction between the 

aortic, heart and pulmonary endothelial cells and adult nematodes is implicit due to their 
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location within the canine host (Schnyder et al. 2017). Given that, A. vasorum soluble antigen 

AvAg released by the parasite are in close contact with endothelial cells of the host, pro-

inflammation of vessels are commonly reported in naturally A. vasorum-infected animals 

(Rinaldi et al. 2014). Overall, after stimulation with A. vasorum L3 and AvAg, activation of 

canine aortic endothelial cells (CAEC) was achieved (chapter 2.2), specifically showing 

classical adhesion molecule expression, such P-selectin, E-selectin, VCAM-1 and ICAM-1. 

However, inter donor variations were observed in these in vitro CAEC assays, and which might 

indicate an individual susceptibility to the clinical disease (chapter 2.2). This last, takes special 

relevance since high variability in clinical manifestations and intensity between infected 

animals is the rule in clinical set up (Chapman et al. 2004).  

In addition to Maksimov et al. (2017), for the first time B. besnoiti tachyzoite-triggered NETs 

were investigated on their capacities to induce endothelial cell damage and subsequently 

influence intracellular proliferation of tachyzoites in BUVEC monolayers (chapter 2.3). In more 

detail, we evaluated host endothelial cell damage triggered by H2A and B. besnoiti tachyzoite-

triggered NET preparations and estimated effects of non-attached PMN over B. besnoiti-

infected BUVEC-monolayers under physiological flow conditions (chapter 2.3). Overall, all 

treatments (H2A, B. besnoiti-triggered NETs and floating PMN) induced damage of 

endothelium. Nonetheless, host endothelial cell damage fail to significantly influence the 

intracellular parasite replication in terms of PV diameter and abundance of intracellular 

parasites. Therefore, these findings deny any direct adverse effects of NETs on intracellular B. 

besnoiti replication (chapter 2.3), suggesting the independency of NETs as immune strategy 

against intracellular stages of B. besnoiti.   

Within the same mammalian species, namely domestic dogs, for the first time in literature 

colostrum-derived PMN were exposed to N. caninum tachyzoites and thereafter assessed on 

NETs release and phagocytic activities (chapter 2.4). Herein, we reported that canine colostral 

PMN cast NETs against vital and dead tachyzoites of N. caninum. These findings show the 

relevance of colostrum uptake for the health status of neonates and suggesting that intestinal 

absorbed colostral PMN will display anti-parasitic functions within neonates body (chapter 

2.4). Isolation of canine colostrum-derived PMN differs strongly when compared to PMN 

isolation from peripheral blood. Main limitations of proper isolation are for instance the 

colostrum volume and the very high fat content of this milk (Segawa et al. 2011). This last trait 

could explain different reactions of canine colostral PMN when compared to previous results 

of peripheral blood-derived PMN (chapter 2.2). Phenotypes of NETs were also assessed in 
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canine colostrum-derived PMN, but in contrast to previous studies, no clear tendencies towards 

a specific type were detected. In detail, N. caninum-triggered colostral aggNETs and diffNETs 

demonstrated almost equal occurrences, and sprNETs being almost not present (chapter 2.4). 

This differs with previous reports, in which sprNETs where classified as the most abundant 

phenotype of canine PMN stimulated with large and motile A. vasorum L3 (chapter 2.2) as well 

as D. immitis microfilaria/larvae (Muñoz-Caro et al. 2018). Some colostral PMN did not lose 

their integrity after N. caninum-tachyzoite stimulation thereby indicating vital NETosis as 

already reported to closely-related B. besnoiti (Zhou et al. 2020). In summary, first 

investigations on canine colostral PMN support the relevance of these cells in neonates, adding 

new insights in newborn immunological mechanisms of defense (chapter 2.4). Lastly, 

phagocytosis was also evaluated, observing that colostrum PMN are able to perform their 

phagocytic function in neonates (chapter 2.4), confirming the conserved efficiency of all these 

ancient effector mechanisms. 

Beyond the canonical response that endoparasites triggers in innate immune cells, the 

interaction between ectoparasites and PMN have largely been neglected. This last, takes special 

relevance in mites infestation in mammals since the close interaction with the parasite and the 

epidermal tissue is characterized by the trigger of massive migration of immune cells into the 

different components of the dermis (Hoffmann and Enk 2016). Overall, sarcoptic mange is a 

relevant zoonotic dermal disease caused by obligate parasitic S. scabiei mites (Roncalli 1987). 

In general, S. scabiei-infestations are delimited to superficial layers of the host skin. After 

infestation, migration of mites to the stratum corneum will occur in order to fulfill their nutrient 

requirements (Arlian and Morgan 2017). Epithelial cells act not only as mechanical barrier 

against infections/infestations but also as innate immune cells (Hoffmann and Enk 2016). In 

vitro studies have proved that S. scabiei antigens (ScAg) in human keratinocytes are able to 

interfere with production of IL-8 and G-CSF, both important pro-inflammatory modulators 

(Morgan and Arlian 2010). Here, for the first time stimulation of isolated bovine PMN with 

either S. scabiei stages (adults, nymphs, larvae and eggs) and soluble ScAg were performed. 

After co-culture, slight attachment of PMN to the exoskeleton of S. scabiei was observed; 

nonetheless, stimulation with 10 μM ScAg resulted in weak NETs production (chapter 2.6). 

Similar findings were recently described after stimulation of bovine PMN with F. hepatica 

juvenile stages (NEJ), metacercariae and eggs (Peixoto et al. 2021). Assessment of S. scabiei-

induced NETs phenotypes was performed and sprNETs were the most abundant ones to be 

extruded against different mite stages. Effector mechanisms activated by ScAg were also tested 

thereby confirming that ScAg is not capable of affect the phagocytic capacity of bovine PMN. 
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Nonetheless, stimulation with 10 μM ScAg evokes a fast and sustained Ca++ flux in bovine 

PMN most likely indicating participation of store-operated calcium entry (SOCE) as previously 

shown for various apicomplexan protozoa-induced NETosis, including the species E. bovis 

(Muñoz-Caro et al., 2015) and C. parvum (Muñoz-Caro et al., 2016) (chapter 2.6). 

The contents presented in this doctoral thesis provides a better understanding of PMN activation 

during NETotic process, novel insights into NETs phenotypes and purinergic signaling 

pathways involved in T. b. brucei-induced NETosis. Additionally, new knowledge regarding 

parasite-host interactions and consequences related with endothelium activation were here 

achieved, leading to better understanding of parasite adverse effects in the hosts. Despite the 

promising results here shown, questions regarding the specific mechanisms undelaying parasite 

recognition, parasite antigens inducing NET formation and the modulatory capacity of all these 

parasites to either stimulate, modulate or even to hamper PMN activities as seen for S. scabiei, 

are still unclear and demanding more investigations. Likewise, the interaction of endothelial 

system as component of the innate immune system and released NETs with pro-inflammatory 

molecules, must be assessed in further studies. Particularly, the role of ‘anchored NETs’ and/or 

‘cell-free NETs’ on endothelium activation should be continued in the near future. As such, 

activation of endothelial pro-MMP2 and impairment in vasorelaxation by NETs through 

externalization of PMN-derived MMP9 have been reported (Fernandez-Patron et al. 2001; 

Alves-Filho et al. 2021). 

Overall, the realization of this doctoral thesis allowed to generate new knowledge regarding 

immune responses against two T. b. brucei stages in the bovine system and A. vasorum stages 

in canine immune system, being extremely relevant to the immense economic consequences 

that AAT has in African cattle industry and canine angiostrongylosis for domestic and wild 

canids. The data here presented will also be a starting point for further studies on host pathogen 

recognition, PMN-leukocyte (e. g. monocytes, eosinophils) interactions and the role of NETosis 

and endothelium in the onset of protective host innate immune responses against intracellular, 

extracellular as well as metazoan parasites.  
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4. ZUSAMMENFASSUNG 

Polymorphkernige Neutrophile (PMN) sind die am häufigsten vorkommenden Leukozyten in 

Lymphe sowie im Blut. Sie werden schnell aus dem Blutkreislauf an Infektionsstellen 

rekrutiert, um dort Krankheitserreger zu bekämpfen. So reagieren PMN auf protozoäre und 

metazoische Parasiten durch folgende Effektormechanismen: Freisetzung von 

immunmodulatorischen Molekülen (d. h. Zytokinen und Chemokinen), Phagozytose, 

Produktion von reaktiven Sauerstoffspezies (ROS) und der Freisetzung von neutrophilen 

extrazellulären Traps (NETs). NETs wurden als feine extrazelluläre Strukturen beschrieben, die 

aus dekondensiertem Chromatin bestehen und mit antimikrobiellen Komponenten wie 

Myeloperoxidase (MPO), Neutrophiler Elastase (NE), Lactoferrin, Calprotein, LL37, 

Pentraxin, Proteinase 3 oder Cathepsin G vesehen sind. Es wurden bereits mehrere 

Parasitenarten als Induktoren von NETs beschrieben, darunter unter anderem Besnoitia 

besnoiti, Neospora caninum und Dirofilaria immitis. Die vorliegende Dissertation thematisiert 

weitere relevante Parasiten, wie z.B. die Blutstromparasiten Trypanosoma brucei brucei und 

Angiostrongylus vasorum. Dabei sind folgende Ergebnisse besonders hervorzuheben: 

Die Kokultur von Rinder-PMN mit T. b. brucei-Stadien, d.h. prozyklische Trypomastigoten 

und metazyklische Blutkreislauf-Trypomastigoten, führten zu einer starken NET-Freisetzung 

und PMN-Aktivierung. Dieser Prozess war unabhängig von Zeitpunkt und Parasitenstadium. 

Bei Konfrontation von vitalen T. b. brucei-Stadien mit Rinder-PMN wurde eine schnelle und 

anhaltende Erhöhung der Sauerstoffverbrauchsrate (OCR) und der extrazellulären 

Ansäuerungsrate (ECAR) erreicht, was auf eine Produktion von ROS als Reaktion auf den 

Parasiten hindeutet. Des Weiteren wurden NET-Strukturen durch SEM-Bilder, konfokale 

Laserscanmikroskopie und holotomographische 3D-Mikroskopie-Analysen lebender Zellen 

visualisiert. Diese zeigen die Ko-Lokalisierung von DNA mit antimikrobiellen Molekülen, die 

im PMN-Kern und -Granula vorhanden sind. Dabei konnten Histone (H1, H2A/H2B, H3, H4) 

und Neutrophile Elastase als klassische Komponenten der extrazellulären Abwehrstrukturen 

dargestellt werden. Darüber hinaus wurden morphologische Veränderungen in der Ausdehnung 

des Kernbereichs von Rinder-PMN als Folge der Chromatin-Dekondensation beobachtet. Hier 

wurde eine Analyse von Fluoreszenzmikroskopie-Bildern durchgeführt, wobei eine 

halbautomatische Quantifizierung der NETs-Bildung angewendet wurde, die als „DNA-

Bereichs- und NETosis-Analyse“ (DANA) bezeichnet wird.

Darüber hinaus wurde eine Bewertung verschiedener Phänotypen von NETs durchgeführt, die 

zeigte, dass die Bildung von aggNETs der am häufigsten vorkommende Phänotyp war, wenn
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 Rinder-PMN mit T. b. brucei prozyklische Trypomastigoten und metazyklische 

Trypomastigoten konfrontiert wurden. Dieses Ergebnis war unabhängig vom Zeitpunkt und von 

dem PMN/Parasiten-Verhältnis. 

Um die Beteiligung purinerger Rezeptoren an der Aktivierung von Rinder-PMN und an der 

Bildung von aggNETs zu untersuchen, wurden die purinergen Inhibitoren NF449 (Antagonist 

des P2X1-Rezeptors) und MRS2578 (Antagonist des P2Y6-Rezeptors) getestet. In diesem 

Zusammenhang enthüllte NF449 bei 100 μM und 10 μM eine inhibitorische Wirkung, was die 

spezifische Rolle von P2X1 in T. b brucei-vermittelter NETose widerspiegelt. Die Wirkung 

von MRS2578 wurde bei 10 μM bestätigt, was eine Rolle von P2Y6 in diesem Prozess beweist. 

Diese Ergebnisse wurden erzielt, indem die Hemmung der Bildung von aggNETs mit 

Bildanalysen und OCR-Messungen in Rinder-PMN untersucht wurde. 

Hunde-PMN wurden mit vitalen A. vasorum-L3 stimuliert und die Veränderungen in der NAE 

der Zellen und der NET-Bildung analysiert. Dabei war sprNETs der am häufigsten 

vorkommende Phänotyp. Nach der Stimulation von Endothelzellen der Aorta des Hundes 

(CAEC) durch lösliches Antigen von A. vasorum (AvAg) wurde deren Aktivierung durch 

Messungen klassischer Adhäsionsmoleküle, einschließlich P-Selectin, E-Selectin, VCAM-1 

und ICAM-1, bestätigt. 

Zusätzlich konnte eine Endothelzellschädigung beim Wirt nachgewiesen werden, die durch 

NETs und H2A durch Aktivierung von B. besnoiti-Tachyzoiten, ausgelöst wurde. Dies bestätigt 

die von NETs stammenden schädlichen Wirkungen auf mit B. besnoiti infizierte BUVEC-

Monolayer unter physiologischen Bedingungen. 

Es wurden hier Experimente mit Kolostrum-PMN von Hündinnen durchgeführt, wobei 

beobachtet wurde, dass Hunde-Kolostral-PMN in der Lage sind, NETs gegen vitale sowie tote 

N. caninum-Tachyzoiten zu bilden. Des Weiteren konnte die phagozytische Funktion von 

Kolostral-PMN bei Neugeborenen gezeigt werden. 

Schließlich wurden Experimente mit Rinder-PMN gegen S. scabiei-Stadien (Adulte, Nymphen, 

Larven und Eier) sowie lösliches S. scabiei-Antigen (ScAg) durchgeführt. Dabei konnte eine 

leichte Anheftung von PMN an das Exoskelett von S. scabiei-Stadien beobachtet werden. Es 

wurde jedoch nach Stimulation von Rinder-PMN mit 10 μM ScAg nur eine schwache NET-

Produktion erreicht. Phagozytose, ROS-Produktion und Ca++-Flüsse konnten nach der 

Stimulierung mit 10 μM ScAg beobachtet werden. Insgesamt belegen die präsentierten Daten, 

dass nicht alle Parasiten NETose in gleicher Art und Weise induzieren können, weshalb 
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zukünftige Arbeiten im Bereich Modulations- sowie Evasionsstrategien des angeborenen 

Immunsystems auf Parasiten erforderlich sind.
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5. SUMMARY 

Polymorphonuclear neutrophils (PMN) have been described as the most abundant leukocyte in 

lymph and bloodstream, being rapidly recruited from circulation to sites of infection to fight 

against foreign pathogens. PMN reacts against protozoan and metazoan parasites by different 

effector mechanisms, including the release of immunomodulatory molecules (i. e. cytokines 

and chemokines), phagocytosis, production of reactive oxygen species (ROS), and release of 

neutrophil extracellular traps (NETs). NETs have been described as a delicate extracellular 

structure formed by decondensed chromatin and adorned with antimicrobial components, such 

as myeloperoxidase (MPO), neutrophil elastase (NE), lactoferrin, calprotein, LL37, pentraxin, 

proteinase 3 or cathepsin G. In this sense, several protozoan and metazoan parasite species have 

been described as inducers of NETs, including Besnoitia besnoiti, Neospora caninum and 

Dirofilaria immitis, among others. A close interaction between members of these groups were 

here studied, specifically in the case of the bloodstream parasites Trypanosoma brucei brucei 

and Angiostrongylus vasorum. In this sense, the main findings in the current work are: 

Co-culture of bovine PMN with T. b. brucei stages, i. e. procyclic trypomastigotes and 

bloodstream metacyclic trypomastigotes, resulted in strong NETs release and PMN activation, 

independent of the time-point and parasitic stage. A fast and sustained increase in time of 

oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) was achieved, 

when live T. b. brucei stages were confronted with bovine PMN, suggesting that ROS 

production might be caused as a response against the parasite. NET structures where visualized 

by SEM pictures, laser scanning confocal microscopy and live cell 3D-holotomographic 

microscopy analyzes, unveiling the co-localization of DNA with antimicrobial molecules 

present in PMN nucleus and granules, such as histones (H1, H2A/H2B, H3, H4) and neutrophil 

elastase, confirming the classical components of these extracellular defense structures. 

Moreover, morphological changes in expansion of nuclear area from bovine PMN were 

observed, as a consequence of chromatin decondensation. Analysis of fluorescence 

microscopy-derived images was here performed, applying a semi-automatic quantification of 

NETs formation called ‘DNA area and NETosis analysis’ (DANA). 

Assessment of different phenotypes of NETs was performed, proving that the formation of 

aggNETs was the most abundant phenotype present, when bovine PMN where stimulated with 

T. b. brucei procyclic trypomastigotes and metacyclic trypomastigotes, independent of the time-

point and PMN : parasite ratio. 
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Regarding the participation of purinergic receptors in activation of bovine PMN and aggNETs 

formation, the purinergic inhibitors NF449 (antagonist of P2X1 receptor) and MRS2578 

(antagonist of P2Y6 receptor) were tested. In this context, NF449 at 100 μM and 10 μM 

unveiled the inhibitory effect, proving a specific role for the P2X1 in T. b. brucei-mediated 

NETosis. Thus, the effect of MRS2578 at 10 μM was confirmed, verifying a role of the P2Y6 

in this process. These results were achieved by confirming the inhibition of aggNETs formation 

with images analyzes and measurements of OCR in bovine PMN. 

Canine PMN were stimulated with vital A. vasorum L3, observing changes in the NAE of the 

cells and NETs formation, being sprNETs the most abundant phenotype. Interestingly, after 

stimulation with A. vasorum soluble antigen (AvAg), activation of canine aortic endothelial 

cells (CAEC) was confirmed, by measurements of classical adhesion molecules, including P-

selectin, E-selectin, VCAM-1 and ICAM-1. In this line, host endothelial cell damage triggered 

by B. besnoiti tachyzoites isolated NETs and H2A was demonstrated, confirming NETs-derived 

adverse effects against BUVEC-monolayers infected with B. besnoiti, under physiological flow 

conditions.  

Remarkably, experiments with colostrum PMN from bitches were here performed, observing 

that canine colostral PMN are able to cast NET against vital and dead N. caninum tachyzoites. 

Even so, the ability of colostral PMN to perform its phagocytic function in neonates was also 

here achieved. 

Lastly, experiments of bovine PMN against S. scabiei stages (adults, nymphs, larvae and eggs) 

and soluble S. scabiei antigen (ScAg) were performed, proving a slight attachment of PMN to 

the exoskeleton of S. scabiei stages. However, after stimulation of bovine PMN with 10 μM 

ScAg, a weak NETs production was achieved. Notably, phagocytosis, ROS production and Ca++ 

fluxes were observed, after stimulation with 10 μM ScAg. Overall, presented data evidence that 

not all parasites can induce NETosis and therefore demanding future work on modulation or 

evasion strategies of this innate effector process by parasites. 
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