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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 7. 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 (L), 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 (Muiloz Caro et al.

2014; Hermosilla et al. 2014; Mufioz-Caro et al. 2018; Zhou et al. 2019; Peixoto et al. 2021).
1



1. Introduction

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, 7. b. brucei are curved elongated parasites that
depending on their life cycle stage, have a range from 12 to 35 pm in length and 1.5 to 3.5 pm
in width (Hoare 1972). As an extracellular parasite, 7. 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 (Kriiger and Engstler 2018).

anterior posterior
trypomastigote
Flagellum flagellar
pocket
undulating
membrane
glycosome I \3)

|

kinetoplast

mitochondrion

transport
nucleus vescicule

Figure 1. Schematic representation of a 7. 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 facces
(Desquesnes et al. 2013). Among the members of the Salivaria, 7. brucei includes sub-species
such as 7. b. gambiense, T. b. rhodesiense and T. b. brucei. The overall importance of 7. 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. . T. b. rhodesiense and T. b. gambiense, respectively (Simarro et
al. 2011). Both HAT infections are differentiated by their incubation period, where 7. b.
rhodesiense shows a more rapid and progressive replication when compared to 7. 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 7. 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 7. 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 2™ 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 7. 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, 7. 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 7. 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 7. 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 7. 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.



1. Introduction

3 - Metacyclic Trypomastigote
_— _—
Epimastoste trypomastigote enter bloodstream
Procyclic Proliferation
trypomastigote . within host
3 Mamalian by binary fission
Tsetse flie host yioinaLy
Trypomastigote 7 Trypomastigote
enter tsetse gut short stage

Figure 2. Schematic 7. 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
Liinto 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 um) present in the host bloodstream. The slender or long trypomastigotes (30 to 40 um) 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, 7. 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 7. 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 7. 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 7. 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, 7. 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
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(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 7. 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 7. 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 7. 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 7. 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 7. 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. 7. 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 7. 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 Pirataec 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 Piratac 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 (Votypka 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 (Slapeta 2013). Three classes of apicomplexan parasites are
known: hematozoa, gregarine and coccidian, being the last one organized in two families:

Eimeriidae and Sarcocystidae (Votypka 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
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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 (Votypka 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; Velasquez 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-Garcia 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-
Garcia 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-Garcia 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; Mufioz-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-Garcia 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 pm). 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; Almeria 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
12



1. Introduction

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, 4. 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 4. vasorum-positive animals with
surrounding areas which can show much lower prevalences (Schug et al. 2018). Recent
geographical studies show that 4. 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 um, are transported to the capillary from the lungs,
where Li, first stage larvae with a size 0of 310 to 400 um, 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 (Ls) 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 4. 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 4. 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 Li 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 4.
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; Mufioz 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. TNFa) 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.

phagocytosis degranulation NETSs release

Figure 3. Schematic representation of the main efector mechanisms in PMN. Adapted from
Kolaczkowska ef 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 Oz as final
acceptor generating superoxide anion (O2") as final product and thereafter used as substrate for
hydrogen peroxide (H202) 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
18



1. Introduction

granules has a fundamental role catalyzing the conversion of hydrogen peroxide into more toxic
hypohalous acids (e. g. HCIO) 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-y-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 pm diameter. Diffused NETs
(diffNETs) are described as a complex of extracellular decondensed chromatin with a diameter
of 15-20 um. Lastly, aggregated NETs (aggNETs) are usually described as “a ball of yarn”,
with a diameter of 20 um 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 (Mufioz-Caro et al., 2015¢; Muiloz-Caro
et al., 2018), thereby permitting to orchestrate and establish the resolution of inflammatory
mediators and/or large parasites (Mufioz-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 10° cells/cm?). 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 aggNETSs
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; Alarcén 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. 20006).

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; Guimardes-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; Mufioz-Caro
et al. 2014, 2015¢c, 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 7. 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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This chapter is based on the following publish paper:
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Trypanosoma brucei brucei trypomastigotes are classical blood parasites of cattle, these
stages might become potential targets for circulating polymorphonuclear neutrophils
(PMN). We here investigated NETs extrusion and related oxygen consumption in bovine
PMN exposed to motile T. b. bruceri trypomastigotes in vitro. Parasite exposure induced
PMN activation as detected by enhanced oxygen consumption rates (OCR), extracellular
acidification rates (ECAR), and production of total and extracellular reactive oxygen
species (ROS). Scanning electron microscopy (SEM) showed that co-cultivation of bovine
PMN with motile trypomastigotes resulted in NETs formation within 120 min of exposure.
T. b. brucei-induced NETs were confirmed by confocal microscopy demonstrating
co-localization of extruded DNA with neutrophil elastase (NE) and nuclear histones.
Immunofluorescence analyses demonstrated that trypomastigotes induced different
phenotypes of NETs in bovine PMN, such as aggregated NETs (aggNETs), spread NETs
(sprNETs), and diffuse NETs (diffNETs) with aggNETs being the most abundant ones.
Furthermore, live cell 3D-holotomographic microscopy unveiled detailed morphological
changes during the NETotic process. Quantification of T. b. brucei-induced NETs
formation was estimated by DNA and nuclear area analysis (DANA) and confirmed
enhanced NETs formation in response to trypomastigote stages. Formation of NETs
does not result in a decrease of T. b. brucei viability, but a decrease of 26% in the
number of motile parasites. Referring the involved signaling pathways, trypomastigote-
induced NETs formation seems to be purinergic-dependent, since inhibition via NF449
treatment resulted in a significant reduction of T. b. brucei-triggered DNA extrusion.
Overall, future studies will have to analyze whether the formation of aggNETs indeed
plays a role in the outcome of clinical disease and bovine African trypanosomiasis-
related immunopathological disorders, such as increased intravascular coagulopathy and
vascular permeability, often reported to occur in this disease.

Keywords: Trypanosoma brucei brucei, NETs formation, PMN, aggNETs, purinergic receptors
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INTRODUCTION

Animal African trypanosomiasis (AAT), also known as Nagana,
has been recognized as a devastating and still neglected cattle
disease in sub-Saharan Africa for centuries (1). The causal
agent of AAT is the haemoflagellate parasite Trypanosoma
brucei brucei, being transmitted by blood-meal bites of female
tsetse flies (Glossina spp.). It is still considered as a major
cause of mortality and morbidity in domestic cattle, sheep,
goats, and horses. Pathogenesis of AAT is complex and
starts with primary, localized inflammatory lesions at the
site of T. b. brucei inoculation after successful tsetse bites,
followed by intensive local asexual parasite multiplication
and dissemination of the trypomastigote stage via lymphatic
and blood vessels to regional lymph nodes, internal organs,
central nervous system, cerebellum, and spinal cord (2-
4). Consequently, clinical manifestations of AAT include
generalized lymphadenopathy, splenomegaly, increased vascular
permeability, edema, haemostasis, intravascular coagulopathies,
anemia, tissue hypoxia, formation of immune complexes,
glomerulonephritis, severe immunosuppression, and sudden
death. T. b. brucei-infected cattle with or without clinical
symptoms are considered as the main parasite reservoirs for AAT
in Africa (5).

In the sub-Saharan African region, AAT in domestic livestock
causes reduction of meat and milk production, restraining the
labor function of T. b. brucei-infected animals, thereby causing
high economic losses. Accordingly, economic benefits of tsetse
fly elimination programs have been estimated for up to US$ 4.5
billion per year by avoiding the death of 3 million cattle per
year, as well as sheep, horses, and goats. In terms of zoonotic
potential, the closely related species T. brucei gambiense and T.
brucei rhodesiense are the causative agents of human African
trypanosomiasis (HAT) or sleeping sickness, which is lethal if
untreated and classified as well as a neglected tropical disease by
the World Health Organization (WHO) (6).

In vivo, direct contact of T. b. brucei stages with leukocytes
of the host innate immune system occurs during the parasite-
endogenous replication phase, for example, (i) after initial
tsetse bite-mediated inoculation of procyclic trypomastigotes
into the skin, (ii) when metacyclic trypomastigotes enter
the lymphatic/blood vessels, and (iii) when metacyclic
trypomastigotes replicate in diverse organs. Polymorphonuclear
neutrophils (PMN) are the most abundant leukocyte population
in lymph and bloodstream and rapidly recruited from circulation
to sites of infection (7-9). In this context, local pro-inflammatory
responses in skin lesions in AAT, resulting in focal edema,
were associated with PMN recruitment and granuloma
formation surrounding T. b. brucei replication sites (10).
PMN reacts against protozoan and metazoan parasites by
different effector mechanisms which include the release of
immunomodulatory molecules [e.g., cytokines, chemokines
(CXCL1, CXCL8, CXCL10) (11, 12)], phagocytosis, production
of reactive oxygen species (ROS), and release of neutrophil
extracellular traps (NETs) (11, 13, 14). So far, different parasite
species were identified to induce either nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX)-dependent or
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NOX-independent NETs formation (15, 16). During parasite-
triggered NETs release, nuclear chromatin decondensation is
facilitated by protein arginine deiminase 4 (PAD4)-mediated
citrullination of histones (16-18). NETs-related enzymes, such
as neutrophil elastase (NE) and myeloperoxidase (MPO),
translocate to the nucleus and fuse with chromatin (19). Finally,
PMN membrane disintegration is mediated either by enhanced
ROS production (20) or by actions of lytic proteins, such
as gasdermin-D, mediating membrane pore formation and
subsequent NETs extrusion into the extracellular matrix (21).
NETs release is a regulated molecular process which depends on
energy metabolism (22, 23), activation of NOX and generation of
ROS and Ca''-influx as second messengers among others (9).
Overall, the NETotic process can occur in a NOX-dependent and
a NOX-independent mode, being classified as suicidal NETosis,
vital NETosis or vesicular NETosis, respectively (24). Suicidal
NETosis includes the stimulation of PMN, translocation of
NE and MPO into nucleus resulting in degradation of nuclear
histones and PAD4-mediated chromatin decondensation after
the disintegration of the nuclear membrane and final PMN death
(7,19, 20, 24). In contrast, vital NETosis is described as a process
in which PMN not necessarily will die. Here, PMN release NETs
from mitochondrial origin without losing cell vitality, being
nowadays addressed as non-lytic NETs (16, 24-26).

Zoonotic relevant euglenozoan parasites, such as Leishmania
spp. and Trypanosoma cruzi, were recently described to trigger
NETs release in different hosts, such as humans, mice, opossums
and dogs, evidencing NETs formation as an ancient and
evolutionary well-conserved innate effector mechanism among
mammalian species (4, 11, 13, 14, 16, 27-30). So far, data on the
role of NETs against highly motile T. b. brucei trypomastigotes
are entirely lacking.

Data on metabolic requirements of PMN during parasite-
triggered NETs formation are limited (31). Nevertheless, it
is known that extracellular adenosine 5’ -triphospate (ATP)
availability and activation of P2 purinergic receptors play
fundamental roles in PMN activation (31). Thus, P2-mediated
purinergic signaling pathways are involved in the regulation of
essential functions of PMN, such as chemotaxis, phagocytosis,
oxidative burst, degranulation (31). Consistently, P2-mediated
purinergic pathways seem crucial in Neospora caninum- and
Besnoitia besnoiti-mediated NETosis (15, 23). Considering these
data, we here aimed to evaluate the role of purinergic signaling in
T. b. brucei triggered NETs formation.

In the current work, PMN activation was estimated by analysis
of oxygen consumption rates (OCR), extracellular acidification
rates (ECAR), and ROS production. Also, we observed by
using scanning electron microscopy (SEM), confocal- and
live cell three-dimensional (3D) holotomographic microscopy
that exposure of bovine PMN with trypomastigotes resulted
in the formation of different phenotypes of NETs in vitro.
Quantification of T. b. brucei-triggered NETs release was
performed by DNA and nuclear area expansion (NAE) [“DNA
area and NETosis analysis” (DANA)| analysis; T. b. brucei-
triggered NETs formation also revealed as purinergic-dependent,
since PMN treatment with the inhibitor NF449 decreases the
release of extracellular DNA.
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MATERIALS 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 (Regierungsprasidium Giessen;
A9/2012; JLU-No.521_AZ) and in accordance to European
Animal Welfare Legislation: ART13TFEU and current applicable
German Animal Protection Laws.

Parasites

Trypanosoma brucei brucei trypomastigotes of the strain 427
(32) were grown on plastic T-25 cm? tissue culture flasks
(Greiner) in SDM-79 cell culture medium (General Electric
Health) supplemented with 10% fetal calf serum (FCS; Greiner)
for parasite proliferation. The medium was changed every 4 days,
as described by Cross and Manning (33).

Isolation of Bovine PMN

Healthy adult dairy cows (n = 9) served as blood donors.
Blood was obtained by puncture of the jugular vein and
30ml was collected in 12 ml heparinized sterile plastic tubes
(Kabe Labortechnik). Then, 20ml of heparinized blood was
diluted in 20ml sterile phosphate-buffered saline (PBS) with
0.02% ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich),
layered on top of 12 ml Biocoll® separating solution (density =
1.077 g/l; Biochrom AG) and centrifuged (800 x g, 45 min). After
the removal of plasma and peripheral blood mononuclear cells
(PBMC), cells were suspended in sterile 25 ml bi-distilled water
and gently mixed during 40s to lyse erythrocytes. Osmolarity
was rapidly restored by adding 4ml of 10x Hanks balanced
salt solution (HBSS; Biochrom AG). For complete erythrocyte
lysis, this step was repeated twice and bovine PMN were later
suspended in sterile RPMI 1640 cell culture medium (Sigma-
Aldrich). PMN were counted in a Neubauer haemocytometer.
Finally, freshly isolated bovine PMN were allowed to rest at 37°C
and 5% carbon dioxide (CO») atmosphere for 30 min before
experimental use.

Quantification of Oxygen Consumption
Rates and Extracellular Acidification Rates
in T. b. brucei-Exposed Polymorphonuclear
Neutrophils

Activation of bovine PMN was monitored using Seahorse XF®
analyzer (Agilent). Briefly, 1 x 106 PMN from three donors
were pelleted at 500 x g for 10min at room temperature
(RT). After removal of the supernatant, cells were re-suspended
in 0.5ml of XF® assay medium (Agilent) supplemented with
2mM of p-glutamine, 1mM pyruvate, and 10mM glucose.
1 x 10° cells, corresponding to 50 ul of the cell solution,
were gently placed in each well of an eight-well XF®' analyzer
plate (Agilent) pre-coated for 30 min with 0.001% poly- -lysine
(Sigma-Aldrich). Then, 50 wl of XF® assay medium (Agilent)
were added to blank wells (= no cell-controls). Finally, 130
ul of XF assay medium (Agilent) was added to all wells (180
nl total volume) and cells were incubated at 37°C without

Frontiers in Immunology | www.frontiersin.org

29

CO; supplementation for 45 min before Seahorse XF® analyzer
measurement. When rotenone/antimycin A was used to inhibit
mitochondrial complexes I and III, a 5 LM solution was added
to the respective port and injected previously to the addition of
T. b. brucei trypomastigotes (final concentration 0.5LM). On
the other hand, T. b. brucei trypomastigotes were suspended
in XF assay medium (Agilent, 300,000 parasites/20 pl) and
placed in one of the four injection ports of the instrument. For
PMN controls, only 20 pl of XF® assay medium (Agilent) was
dispensed. The metabolic assay included basal measurement of
three readings followed by injection of vital trypomastigotes or
medium and 30 readings over time. The total assay duration was
240 min. Background subtraction, determination of OCR, ECAR,
and the area under the curve (AUC) of obtained registries were
performed by using Wave® software (Desktop Version, Agilent).

Estimation of Extracellular and Total
Reactive Oxygen Species Production

Estimation of total ROS production was achieved as described for
bovine PMN by (34). Briefly, 2 x 10° PMN were stimulated with
3 x 10° T. b. brucei trypomastigotes in the presence of 500 jLm
of luminol for total ROS production and 100 pM of isoluminol
in the presence of 4 U/ml horseradish peroxidase (HRP) to
evaluate extracellular superoxide production. After stimulation,
luminescence was monitored every 30 min for 120 min using a
luminometer (Promega Glomax). Data are presented as relative
chemiluminescence units (RLU).

Scanning Electron Microscopy (SEM)
Analysis

Bovine PMN (n = 3) were co-cultured with vital T. b. brucei
trypomastigotes (ratio 1:3) for 120 min on coverslips (10 mm of
diameter; Thermo Fisher Scientific) pre-coated with 0.01% poly-
1-lysine (Sigma-Aldrich) at 37°C and 5% CO,. After incubation,
cells were fixed in 2.5% glutaraldehyde (Merck), post-fixed in 1%
osmium tetroxide (Merck), washed in distilled water, dehydrated,
critical point dried by CO,-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 T. b. brucei
trypomastigotes (ratio 1:3) for 120min (37°C and 5% CO,
atmosphere) on coverslips (15mm diameter, Thermo Fischer
Scientific) pre-treated with 0.01% poly-1 -lysine (Sigma-Aldrich).
After corresponding incubation time, the cells were fixed
in 4% paraformaldehyde (Merck) and stored at 4°C until
further use. To visualize NETs structures, Sytox Orange®
(1:1,000, Life Technologies) was used to stain extracellular
DNA, anti-histones (H1, H2A/H2B, H3, and H4, 1:500,
Merck #MAB3422) and anti-neutrophil elastase (NE) (1:500,
Abcam #ab68672) antibodies were used to detect NETs-specific
components/proteins. Therefore, fixed samples were washed
three times with sterile PBS and blocked (60 min, RT) in 2%
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bovine serum albumin (BSA; Sigma-Aldrich) containing 0.3%
Triton X-100 (Thermo Fischer Scientific) and incubated in
primary antibody solutions for 120 min at RT. After incubation,
three washing steps were performed with sterile PBS and
incubated in secondary antibody solutions (Alexa 488 goat anti-
mouse IgG #A110011, Alexa 405 goat anti-rabbit IgG #A31556,
1:500, Invitrogen) for 120min at RT in complete 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) or by applying confocal
microscopy (Zeiss LSM 710®).

Analysis of Neutrophil Extracellular Traps

Phenotypes

For quantification of different NETs phenotypes [i.e., spread
NETs (sprNETs), diffuse NETs (diff NETs), and aggregated NETs
(aggNETs)] we followed the description by (35, 36). Briefly,
bovine PMN (n 3) were seeded (2 x 10°/sample, in
duplicates) on 0.01% poly-| -lysine (Sigma-Aldrich) pre-coated
coverslips (Thermo Fischer Scientific) and exposed to T. b.
brucei trypomastigotes (6 x 10°, 1:3 PMN: parasite ratio) for
120min (37°C, 5% CO;). Afterwards, samples were fixed in
2% paraformaldehyde (Merck) and stored at 4°C until further
analysis. The phenotypes sprNETs, diff NETs, and aggNETs were
visualized by staining extracellular DNA with Sytox Orange®
(5nM, Life Technologies), anti-NE (1:500, Abcam #ab68672),
and anti-histones (H1, H2A/H2B, H3, and H4; 1:500, Merck
#MAB3422) antibodies as previously described (37, 38). 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
typical morphological characteristics according to Mufioz-Caro
etal. (36).

T. b. brucei Motility Assays

Motility evaluation of alive T. b. brucei trypomastigotes co-
cultured with bovine PMN (n = 3; ratio 1:3) for 2h at 37°C
and 5% CO; controlled-atmosphere on a 12-well transparent
bottom microplate (Falcon). After the incubation time, motility
was scored by direct observation using an inverted IX81® phase-
contrast microscope (Olympus®). After counting, the results are
shown as a percentage of motile trypomastigotes.

T. b. brucei Viability Measurement by
Trypan Blue Staining

Viability evaluation of alive T. b. brucei trypomastigotes co-
cultured with bovine PMN (n = 3; ratio 1:3) for 2h at 37°C
and 5% CO; controlled-atmosphere was performed on a 12-
well transparent bottom microplate (Falcon). After incubation,
Trypan blue staining (Sigma Aldrich) was added to the medium
in a 1:10 dilution. After 2 min, viability was evaluated by visual
observation using an inverted IX81® microscope (Olympus).
The results are expressed as a percentage of alive trypomastigotes.
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Nuclear Area Expansion-Based
Quantification of Neutrophil Extracellular
Traps-Formation Using DNA Area and
NETosis Analysis Software

For NAE-based quantification of T. b. brucei-induced NETs
formation, DANA I/II software was used following developers
recommendations (39). In brief, bovine PMN (n = 3) were left
in plain medium (RPMI 1640, Sigma-Aldrich) for 30 min and
then exposed to T. b. brucei trypomastigotes for 120 min at a
1:3 ratio. PMN were then fixed in 2% paraformaldehyde (Merck)
and stained with 5uM Sytox Orange® (Life Technologies)
for 30min at RT. Five images were randomly taken for each
condition using an inverted microscope (Olympus IX 81®)
and NAE was analyzed using DANA I- and II-software. Cells
presenting a decondensed nucleus and exceeding the threshold of
90 pum? of the nuclear area were considered as PMN undergoing
NETs formation.

Live Cell Imaging of T. b. brucei-Induced
Neutrophil Extracellular Traps Release
Using 3D-Holotomographic Microscopy

In total, 1 x 10° isolated bovine PMN were pelleted (300 x
g 10min, RT). The supernatant was carefully discarded and
cells were suspended in 2ml imaging medium containing
0.1% BSA (Sigma-Aldrich), 2 M 1,5-bis{[2-(di-methylamino)
ethyllamino}-4,8-dihydroxyanthracene-9,10-dione ~ (DRAQS)
(Thermo Scientific), and 0.5uM Sytox Green® (Life
Technologies). One ml of this cell solution was seeded in
an Ibidi® plastic cell plate (35 mm? diameter with low profile)
and placed in a top stage incubation chamber (Ibidi) at 5%
CO; and 37°C. Resting time of 30 min was used to let PMN
settle down in the plastic cell plate. Then, 1.5 x 10° motile T. b.
brucei trypomastigotes were added to the center of the plastic
cell plate. Image acquisition was set for refractive index (RI;
3D tomography), for 4,6-diamidino-2-phenylindole (DAPI)
channel (blue) for DRAQ5 and fluorescein channel (green) for
Sytox Green® (Life Technologies) detection, applying time-lapse
settings (image acquisition every minute over 180 min) using
a Nanolive Fluo-3D Cell Explorer@\’ (Nanolive). At the end of
the experiment, each channel was exported separately using
Steve® software v.2.6 (Nanolive) and managed with Image 1®
software (Fiji version 1.7, NIH). In addition, digital staining was
performed based on the values of refractive index (RI) of the
obtained images.

Pharmacological Inhibition of Purinergic
Receptors and Mitochondrial Activity

Bovine PMN (n = 3) were suspended in sterile HBSS buffer
(Sigma-Aldrich) at a final concentration of 1 x 10 cells/ml. Sytox
Green® (5uM; Life Technologies) was added and cells were
seeded (1 x 10° cells in 50 l/well) in a 96-well plate transparent
bottom microplate (Greiner). The plate was warmed for 30 min at
37°C and thereafter inhibitors were added at a final concentration
of 100 M for NF449 (inhibitor of the purinergic receptors,
Tocris, #7038), 1 mM for N-(Methoxysuccinyl)-Ala-Ala-Pro-
Val-chloromethyl ketone (CMK; neutrophil elastase inhibitor,
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Sigma-Aldrich, #M0398), rotenone/antimycin A (inhibitor of
complexes 1 and III, 5uM, Agilent), and phenylhydrazone
(FCCP, disruptor of mitochondrial membrane potential, 0,5 LM,
Agilent). Meanwhile, the parasites were pelleted and suspended
in sterile HBSS at a concentration of 3 x 10° specimen/50 pl. The
kinetic of NETs formation was followed by spectrofluorometric
analysis at an excitation wavelength of 504 nm and an emission
wavelength of 523nm by using an automated multiplate
monochrome reader (Varioskan Flash®; Thermo Scientific) and
registered every 2min for a total of 120 min. Furthermore, for
NF449 inhibition studies, bovine PMN, and trypomastigotes
were seeded on 0.01% poly-L-lysine pre-coated coverslips
(Greiner) as previously described. After 120 min of exposure,
cells were fixed in 2% paraformaldehyde (Roth) and stained
with Sytox Orange® (Life Technologies) for 30min at RT.
Five power vision field images were randomly taken for each
condition using an inverted epifluorescence IX81% microscope
(Olympus) equipped with a XM 109 digital camera (Olympus)
for further analysis.

Assessment of the Influence of Motility in
T. b. brucei-Induced DNA Release

Bovine PMN (n = 3) were suspended in sterile HBSS buffer
(Sigma-Aldrich) at a final concentration of 1 x 10° cells/ml.
Sytox Green® (5uM; Life Technologies) was added and
cells were seeded (1 x 10° cells in 50 pl/well) in a 96-
well plate transparent bottom microplate (Greiner). The plate
was warmed for 30min at 37°C. Meanwhile, the parasites
were heat-inactivated by treatment of 1h at 50°C, using a
Thermomixer 5436 (Eppendorf). After this, alive and heat-
inactivated trypomastigotes were pelleted and suspended in
sterile HBSS at a concentration of 3 x 10° parasites/50 ul. The
kinetic of NETs formation was followed as described previously.

Statistical Analysis

For all experiments in the current study, except for NAE
estimation and inhibitor experiments, statistical significance was
defined by a p-value of < 0.05 by applying non-parametric
analyses: Mann-Whitney test when two experimental conditions
were compared and Kruskal-Wallis test followed by Dunn’s
post-hoc test for multiple comparisons. Shapiro-Wilk normality
test was performed on the data of inhibitors. Differences were
estimated by ANOVA. All graphs (mean £ D), AUC calculations
and statistical analyses were performed using Graph Pad® Prism
software (v.7.03).

RESULTS

T. b. brucei Trypomastigotes Induce
Activation of Bovine Polymorphonuclear
Neutrophils

To evaluate the activation of PMN exposed to T. b. brucei
trypomastigotes, we performed a series of experiments using
Seahorse instrumentation (Agilent). As illustrated in Figure 1,
after obtaining basal OCR and proton efflux rates (PER) of plain
PMN, live parasites induced a fast and sustained increase in OCR
(Figure 1A) and PER (Figure 1C). As shown in Figures 1B,D,
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analysis of the area under the curve (AUC) revealed a significant
increase (p < 0.05) in OCR upon parasite exposure. Also,
significantly enhanced PER findings (p < 0.01) were detected in
parasite-exposed PMN when compared to un-stimulated PMN
controls. Observed OCR increase was not prevented by rotenone
treatment (Figures 1E,F); indicating a contribution of both,
NOX and mitochondrial activity, in the increase of OCR in the
activation of PMN induced by T. b. brucei trypomastigotes. To
evaluate if the OCR was linked to ROS production, total ROS, and
extracellular ROS production were evaluated in PMN exposed to
T. b. brucei. Current data shows that T. b. brucei induces total and
extracellular ROS (Figures 1G,J); however, this increase does not
achieve statistical significance when neither AUC (Figures 1H,K)
nor the final luminescence value at 120 min (Figures 1LL) of
the obtained registries are analyzed most probably due to inter-
individual variation.

T. b. brucei Trypomastigotes Induce
Neutrophil Extracellular Traps Formation in
Bovine Polymorphonuclear Neutrophils

SEM analysis unveiled that exposure of bovine PMN to T.
b. brucei trypomastigotes (asterisks Figures 2A-D) for 120 min
induced the formation of both, thick and fine chromatin strands
of fibers released from dead PMN (arrows Figures 2A-D).
This observation was confirmed as NETS structures since using
confocal microscopy, the co-localization of extracellular DNA
with histones and NE allowed to confirm the presence of these
typical NETs proteins associated with the chromatin released
from PMN (Figures 2E-H).

T. b. brucei Trypomastigotes Trigger
Different Phenotypes of Neutrophil
Extracellular Traps

Different NETs phenotypes were detected in trypomastigote-
exposed PMN. These NETs phenotypes have previously been
described for other parasite species capable to induce NETs
[(35, 36, 40); Figure3 and Supplementary Figures 2, 3].
Correspondingly, diff NETs were identified as a complex of
extracellular decondensed chromatin with a size of 15-20 pm
diameter, sprNETs consisted of smooth and elongated web-like
structures being composed exclusively of thin fibers with a
diameter of 15-17 pm and aggNETs were characterized by a
“ball of yarn” shape and sizes of more than 20 pum. Interestingly,
interactions of T. b. brucei trypomastigotes with PMN mainly
triggered aggNETs after 2h of co-cultivation. Besides, also
diff NETs and sprNETs were detected but at a minor proportion
(Figure 3M).

Bovine Neutrophil Extracellular Traps
Slightly Decrease the Motility of T. b. brucei
Trypomastigotes Without Affecting the
Viability of the Parasite

To evaluate and quantify the effect of bovine PMN against the
parasite, we evaluated the motility of T. b. brucei after 2h of
co-cultivation with PMN. Figure 3N depicts the motility of the
parasite after co-cultivation with bovine PMN demonstrating
that 50.17% of the parasites are motile against 66.24% of the
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FIGURE 1| T b. brucei-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 COp and then alive T. b. brucer
trypomastigotes or vehicle was injected at the time point indicated by arows.
The increase in OCR (A) and PER (C) was monitored for 232 min. The area
under the curve (AUC) was calculated for all registries and plotted as mean +
8D (B,D; n = 3) showing the increase in both parameters for activated PMN
In a slightly different set-up, rotenone/antimycin A was injected before the
addition of T. b. brucef to inhibit mitochondrial activity (E,F; n = 5) *p > 0.01,
***p > 0.001 compared with injection of vehicle. Also, total ROS production
(G) and extracellular superoxide (J) was evaluated by the use of luminol and
isoluminol, respectively. Both reactive oxygen species increased during the
experiment, and the AUC was calculated and represented as mean £ SD. In
this case, statistical analysis shows no differences when compared with the
control condition (H,K; n = 3). A similar result is obtained when the
lumingscence values at 120 min (final reading) are analyzed (I,L).
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I. b. brucei-Induced NETs

Anti-histone

Anti-NE

FIGURE 2 | T. b. brucei-induced neutrophil extracellular traps (NETs)
formation, analyzed via scanning electron microscopy (SEM) and confocal
microscopy. Co-culture of bovine polymorphonuclear neutrophils with T. b.
brucei were PFA-fixed and analyzed by SEM analysis. Co-culture, reveals
NETs-like delicate PMN-derived filaroid structures indicated by arrows on
(A-C). The presence of the parasite is marked with *. (D) Depicts the
interactions of NETs derived from one PMN with the T. b. brucei flagellum.
Confocal microscopy demonstrates co-localization of DNA (G; red), histones
(H1, H2A/H2B, H3, H4) (E; green), and neutrophil elastase (NE) (F, blue)in T. b.
brucei induced NETS structures. (H) Corresponds to the merge of the three
channels

trypomastigotes in the PMN-free condition. Also, in the same
set-up, the viability of the trypomastigotes was evaluated. As is
depicted in Figure 30, activated bovine PMN are not able to kill
T. b. brucei trypomastigotes, indicating that NETs can entrap in a
non-lethal way a small number of parasites.

3D-Holotomographic Live-Cell Imaging of
T. b. brucei-Mediated Neutrophil
Extracellular Traps

To be as close as possible to the in vivo situation, we performed

®

3D-holotomographic live-cell imaging (3D Cell Explorer®,
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Nanolive) to visualize the interactions between bovine PMN
and T. b. brucei trypomastigotes. The morphology of a non-
activated bovine PMN is illustrated in Figure 4A, complemented
with 3D rendering and digital staining based on refractive index
(RI) (Figures 4A,B), thereby allowing for the differentiation of
some classical structures of these cells, such as a segmented
nucleus (purple), granular cytosol, and plasmatic membrane
(green). Additionally, Figure4B illustrates an interaction of
PMN and parasites.

To complement the results obtained by immunofluorescence
microscopy in fixed cells, a live cell microscopy experiment
was here performed, allowing a closer look to interactions
and morphological changes. Figure4C shows single
images of the time-lapse experiment. The complete video
of the live-cell imaging experiment can be found on the
Supplementary Video 1. As depicted in Figure 4C, an increase
on Sytox Green® signal (= extracellular DNA release; green) was
observed after 120 min of co-culture. This signal was correlated
with a change in nuclear shape as illustrated by DRAQ5 staining
(blue). This finding confirms that T. b. brucei trypomastigotes
indeed trigger DNA release. 3D-digital staining allowed for
illustration of distinct morphological changes as protrusion and
bubbling of bovine PMN membrane (Figure 4C; lower panel).
Also, bovine PMN during confrontation with highly motile T.
b. brucei shows nuclear expansion during the time and further
lysis. Thus, especially cytoplasmic expansion and changes in
nuclear shape were observed after 154 min whilst within the
first 24 min of exposure, hardly any morphological change could
be noted. The complete video registry of the 3D rendering of a
unique cell is shown in Supplementary Video 2. Finally, after
180 min, we were able to detect the considerable expansion of
PMN nuclei, thereby obviously reflecting the initiation of the
NETotic process.

Quantification of Neutrophil Extracellular
Traps Formation via Nuclear Area
Expansion-Based DNA Area and NETosis
Analysis

Nuclear area expansion (NAE) and chromatin decondensation is
an early event of the NETs formation as described by (19). For
this reason, we analyzed T. b. brucei-triggered NAE in PMN and
estimated the percentage of cells undergoing NETs release using
the software tool “DNA area and NETosis analysis” (DANA)
as reported before (39) to guarantee an observer-independent
estimation. To evaluate if exposure to T. b. brucei trypomastigotes
indeed affected the DNA area of PMN nuclei after exposure,
a total of 201 cells were analyzed for each experimental
condition and the data were illustrated as frequency histograms
(Figure 5C). However, we were unable to detect significant
changes in mean values of the nuclear area within interactions
between motile T. b. brucei and bovine PMN (Figure 5C) most
probably resulting from high inter-donor variations, which are
often reported for non-syngeneic beings. On the other hand,
when the percentage of cells forming NETs was calculated by
DANA, this approach documented induction of NETs formation
by the parasites. Thus, 28.3% =+ 3.57 of PMN released NETs
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upon trypomastigote exposure, compared to 6.25% =+ 2.62 in
non-exposed control cells (Figure 5D).

T. b. brucei-Induced Neutrophil
Extracellular Traps Formation Seems to Be

Dependent on Purinergic Signaling

We also investigated the role of the purinergic signaling pathway
to study whether T. b. brucei-triggered NETs release is an
energy and ATP-dependent process. Therefore, bovine PMN
were pre-treated with different inhibitors: 100 WM of NF449
as an inhibitor of purinergic receptors and CMK 1mM as
neutrophil elastase inhibitor. As an interesting finding, the pre-
treatment of PMN with NF449 almost completely abolished
parasite-triggered NETs formation when compared to non-
treated controls (Figures 6A-D). However, blocking NE activity
with CMK did not affect parasite-triggered NETs formation.
These data indicate that T. b. brucei-induced NETs formation
seems to be dependent on purinergic-mediated ATP binding but
is seemingly independent of NE activity. Also, other inhibitors
of key signaling pathways in NETs formation were tested.
Interestingly, NADPHOX inhibitor (DPI); glycolysis inhibitor
(2-deoxy-D-glucose) and PAD-4 inhibitor (Cl-amide) have no
effect over NETs formation -measured as DNA extrusion-
on bovine PMN confronted to T. b. brucei trypomastigotes
(Supplementary Figure 4). It is important to mention that,
as a limitation of our study the lack of positive controls in
our inhibition experiments makes impossible to know if the
inhibitors worked properly in our experimental settings.

Evaluation of Mitochondrial Activity
Inhibitors on T. b. brucei-Mediated NETosis
To evaluate if the mitochondrial activity is involved on
the NETotic process, experiments were performed using the
inhibitors rotenone mixed with rotenone/antimycin A (inhibitor
of complex I and III, Agilent) and phenylhydrazone (FCCP,
disruptor of mitochondrial membrane potential, Agilent). The
treatment with rotenone/antimycin A resulted in partial, but no
significant inhibition of the parasite triggered-NETs formation
(Figure 6E).

Heat Inactivation Does Not Hamper T. b.
brucei-Triggered Neutrophil Extracellular
Traps Release

To determine the influence on NETs formation of alive T.
b. brucei trypomastigotes against immotile parasites we used
heat-inactivated trypomastigotes. After 2h of co-cultivation, we
confirmed that alive trypomastigotes induced an increase in
NETs release and the release of NETs by heat-inactivated parasites
showed a non-significant decrease in comparison with live non-
treated parasites (Figure 6F).

DISCUSSION

This study shows for the first time that bovine PMN cast NETs
in response to motile T. b. brucei trypomastigotes in vitro. After
the first description of NETs formation as pivotal innate immune
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FIGURE 3 | Immunofluorescence analyses of T, b. brucei-induced neutrophil extracellular traps (NETs) formation. Presence of DNA (C,G,K: red), histones (A,E,l;
green), and neutrophil elastase (B,F,J; blue) in T. b. brucei induced NETs. (D,H,L) Depicts the merges of the threx annels. (M) Demonstrates the cumulative

frequency of the different phenotypes of observed NETs (i.e., diffNETs, sprNETs, and aggNETs) that were identified microscopically (7 = 3). For more imac
the different NETs phenotypes please see Supplementary Figures 2, 3. Also, the percentage of motile and viable parasites was estimated (N,0) after 2h of

showing

co-cultivation with PMN

effector mechanism against invasive bacteria in 2004 (7), several  far, only two studies report on T. ¢ruzi-induced NETosis in
reports have confirmed the relevance of this ancient defense  human- (28), opossum- and canine-derived PMN (13). In the
mechanism not only against bacteria but also against several case of human PMN, it has been described that T. cruzi-mediated
protozoan and metazoan parasites (16, 30, 37). However, little ~ NETosis is triggered via TLRs, specifically by TLR 2 and TLR
is known on NETs triggered by the genus Trypanosoma. So 4 (28).
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FIGURE 4 | Live-cell 3D-holotomographic microscopy of PMN co-incubated with 7. b. brucel. PMN were co-incubated with live parasites or vehicle in a conditioned
imaging media. (A,B) Shows the 3D- holotomography image, 3D-rendering and -digital staining of bovine PMN alone or co-incubated with parasites, respectively. The
digital staining is obtained based on refractive index (RI) values of the cell structures. In purple the segmented nuclei is depicted and in green vesicles and
membrane-containing cell components are observed (A,B). (C) Represents a time-lapse of stained PMN with Sytox green (green) and DRAQS (blue). 3D-digital
staining shows representative morphological changes suffered by parasite-exposed PMN at 24, 154, and 180 min, respectively.
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In contrast to T. cruzi, T. b. brucei includes obligate
extracellular stages (41) meaning that endogenous parasites
are permanently exposed to leukocytes either present in
blood/lymphatic stream or being attracted to T. b. brucei-infected
tissues/organs in vivo (42, 43). Nonetheless, trypanosomes are
well-known to effectively escape host cell immune responses.
Consistently, T. b. brucei trypomastigotes are reported to
constantly remodel their cell surface via viable surface antigens
(VSA), explaining their ability to evade adverse immune
reactions (42).

PMN display different effector mechanisms to combat
parasites, such as phagocytosis, ROS production and NETosis
(11, 16). Of note, ROS production seems essential for NETs
extrusion (20, 21, 44). This process is linked to both, an increase
in OCR and enhancement of proton efflux rates (PER) (45) which
are necessary for proper NETs formation (22). Consistently,
OCR and PER were found rapidly enhanced in bovine PMN
after incubation with motile T. b. brucei trypomastigotes. These
notorious increases were sustained for more than 240 min of
stimulation, thereby suggesting considerable ROS production
and induction of PMN-derived metabolic activities. We observed
a fast increasing tendency in PMN confronted with T. b. brucei
trypomastigotes in both, total ROS and extracellular superoxide.
This tendency does not show statistical significance, mainly due
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FIGURE 5 | Interactions between bovine PMN + T. b. brucei triggered NETosis analyzed by nuclear expansion (NAE)-based quantification. Bovine PMN were
incubated in cell medium alone or exposed to T. b, brucei on coverslips. (A) Comresponds to PMN alone (zoom) and (B) represents the co-cultivation of PMN + T b.
brucei. After fixation and staining of DNA with Sytox Orange (red), the NAE of 200-300 cells per condition were analyzed by ImageJ and DANA software (G); the

slis defined as PMN with values of nuclear area =90 um? was determined (D). Statistical significance was defined by a p < 0.05 in the

to the low number of animals studied and inter-donor variation
(38, 46). The OCR consumption was also increased in the
presence of rotenone/antimycin A mixture, as an indirect way
to measure the contribution of NADPHOX and mitochondrial
complexes in the observed increase. Our results show that
the mitochondrial activity, critical for other PMN functions as
chemotaxis, phagocytosis, and respiratory burst (47) has a partial
involvement also in extracellular DNA release from bovine PMN.

To measure morphological changes during the early phase
of the NETotic process, we performed DANA, as described
before (39). DANA-based analysis of NAE in exposed PMN is
accepted as an indicator of early NETs formation process as
demonstrated previously (19, 48, 49). In this study, we used
DANA to better characterize interactions of PMN and T. b.
brucei trypomastigotes. This approach allowed NETs-forming
PMN quantification. However, in contrast to other reports, we
did not find significant differences among the nuclear area after
undergoing cytoplasmic changes at 2 h of parasite confrontation.
This discrepancy may be because PMN in our study have been
stimulated with vital parasites and not by classical NETSs inducer
molecules, such as phorbol myristate acetate (PMA), zymosan,
ionophores, cytokines/chemokines, or lipopolysaccharide (LPS)
(15, 50, 51). By using the default threshold of DANA for the
nuclear area of 90 pm?, we were able to detect a significant
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FIGURE 6 | T. b. brucei-induced NETs in bovine PMN is depending of purinergic signaling. Bovine PMN (0 = 4) were pre-treated for 30 min with NF449 (100 M) and
the NE inhibitor Suc-Ala-Ala-Pro-Val chloromethyl ketone (CMK: 1 mM) and then T. b. brucei trypomastigotes were added. (A=C) Shows microscopy images of cells
stained with Sytox Orange (red). Besides, the release of DNA from bovine PMN was quantified using media that contains Sytox Green (D). Additional experiments
using mitochondrial inhibitors rotenone/antimycin A 5 WM and FGGP 0.5 M were performed showing a partial non-significant inhibition of DNA release (E; n = 3).
Finally, the DNA release induced by heat-inactivated (nen-motile) trypomastigotes was evaluated, showing a decrease of nearly 26% on the quantity of released DNA,
however, this tendency was non-statistically significant (F; n = 6). All values are represented as fold over the control. p-values indicated in the graphs (mean & SD)
were calculated using a non-parametric Kruskal-Wallis followed by Dunn's post-hoc test.

increase in the percentage of NETs-forming cells triggered by . of 3D rendering and digital staining-based images of PMN
b. brucei trypomastigotes (Figure 5) corresponding well toresults  in different activation stages and activities, i.e., resting PMN,
obtained by direct visualization. Also, it must be noted that  activated ones, PMN in close contact to trypomastigotes-,
DANA was used successfully in the human and murine system,  and/or cells casting NETs. Classical morphological features of
with the present report being the first attempt to quantify NETs  bovine PMN were obtained, such as the abundant presence of
formation by DANA in bovine PMN. cytoplasmic granules, polymorphic nuclei, attachment activity,

To confirm our observations in living cells, we additionally  and laminopod formation (52-54). Overall, co-culture of bovine
performed live-cell imaging using a 3D Cell Explorer®  PMN and trypomastigotes induced an increase of nuclear
microscope (Nanolive) and an Ibidi® top-stage chamber (Ibidi)  size after 120 min post-incubation strongly suggesting NETotic
to keep the temperature and CO; atmosphere conditions stable.  process. Moreover, we were able to detect nuclear degeneration
Overall this technical approach allowed for the generation  after 180min post-parasite exposure by 3D-digital staining,
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which may indicate a late NETotic process, as previously
reported (19).

Interestingly, T. b. brucei-induced NETs formation resulted
in different phenotypes of NETs, which is in accordance to
other reports on parasite-induced NETosis (12, 35, 36). Thus,
T. b. brucei-stimulated PMN predominantly cast aggNETs and
sprNETs; diff NETs were also extruded but to a minor extent,
corresponding well to previous findings on large-sized D. immitis
larvae-induced NETs (36). Immunopathological implications
of this observations are related to the fact that aggNETs are
proposed to have anti-inflammatory effects via sequestration and
detoxification of histones (55) and the proteolysis of cytokines
and chemokines (56) whereas sprNETs and diff NETs are pro-
inflammatory in the early phase of the immune response
(57). In this context, loss of the continuity of the blood-
brain barrier is necessary for the increased leukocyte counts in
cerebrospinal fluid (CSF) and the presence of T. b. brucei in
the CSF of affected animals (58). Considering this, NETs induce
endothelial damage by the presence of histones (43, 59, 60)
and provides a scaffold for the alternative complement pathway
(61). Moreover, it was reported that aggNETs involve a higher
number of PMN, suggesting a rather marked PMN attraction
and activation after the first contact with these rather large and
motile haemoflagellates. Interestingly, PMN can distinguish the
sizes of pathogens and selectively release NETs in response to
them (62). Taking PMN sensing capacities into account, we
here hypothesize that not only size but also movements might
influence in T. b. brucei-triggered NETs, based in observations
of tiny and immotile bacteria or viruses. Interestingly, previous
reports showed that movement in flagellated bacteria (63) and
also on parasites (36) is important for NETs release. Even so,
viability and motility experiments were performed, showing that
in our experimental conditions triggered NETS did not promote
the killing of this parasitical stage, helping us to hypothesize that
NETs have a role on immobilization than the viability of the
parasite (12, 36).

Purinergic receptors are involved in several activities of PMN,
such as chemotaxis, phagocytosis, oxidative burst, apoptosis,
and degranulation (31, 64). In line, it was recently reported
that extracellular ATP regulates PMN chemotaxis via P2Y;
receptors and that P2Y receptors are involved in PMN adhesion
to the endothelium (31). Even so, studies have demonstrated
that T. cruzi can induce calcium intake using the Pannexin-1
channel, which allows cells to release ATP to the environment.
This could help to trigger the PMN activation, considering the
chemotactic effect (65). In this study, we found that purinergic
receptors indeed play a role in T. b. brucei-induced NETs
formation, since the inhibition of this receptors by using NF449
decreased NETs formation to a considerable extent, which
is in accordance to previous parasite-based reports (23, 66).
However, since we used a concentration 10-100 times higher that
some of these previous reports, we cannot discard an influence
of G protein-coupled receptors (GPCRs). Further experiments
will be performed to establish which purinergic receptors are
involved in the activation of bovine PMN. On the other hand,
treatments with rotenone/antimycin A and FCCP, both inhibitors
of mitochondrial function, partially reduced the NETs formation,
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suggesting a partial role of mitochondrial activity in T. b.
brucei induced NETs release. Interestingly, a critical role for
the mitochondrial function of bovine PMN in response to
platelet-activating factor (PAF) was recently demonstrated (64).
In addition, no inhibition was observed when the other inhibitors
as CMK (elastase inhibitor), DPI (NADPHOX inhibitor), Cl-
amide (PAD4 inhibitor) were used. Since we did not demonstrate
the activity of our inhibitors by the use of positive controls, we
cannot do conclusive statements on this regard. Moreover, the
possibility of that PAD4 and elastase have redundant functions
on NETs formation induced by T. b. brucei cannot be discarded.

NETs are mainly composed of decondensed chromatin
alongside with citrullinated nuclear histones and enzymatic
granular components, such as NE, MPO, lactoferrin, calprotectin,
LL37, pentraxin, proteinase 3 (P3) and cathepsin G (CG)
among others (19, 67). Current co-localization experiments
on PMN-derived DNA being decorated with histones and NE
on T. b. brucei-triggered extracellular structures proved that
NETs are induced by trypomastigotes. PMN activation and
extrusion of nuclear DNA was also documented by live cell
3D-holotomographic microscopy indicating that NETs indeed
are formed as a response to large and motile pathogens when
compared to virus, bacteria or fungi. Furthermore, our data
showed that almost a third of PMN (28.3% =+ 3.57) being
confronted with T. b. brucei stages released NETs.

Overall, we here present novel data on PMN-derived NETs
formation against highly motile and rather large extracellular
T. b. brucei trypomastigotes (compared to bacteria, fungi or
virus) as part of the host innate immune responses in vitro.
Considering blood/lymph localization of T. b. brucei in vivo,
parasite entanglement via NETs release could be of particular
importance since immobilized trypomastigotes might become
potential targets for other leukocytes being attracted to sites of
parasite entrapment or intravascular NETs release. The pivotal
role of purinergic-dependent signaling is also postulated but
needs further investigation since other members of this receptor
family might as well-participate in T. b. brucei-mediated NETs
release. However, the complete role of NETs-derived effects on
these euglenozoan parasites as well as possible NETs-derived
damage on exposed endothelium (60) of lymph/blood vessels in
vivo is not yet clear and will be addressed in the near future. The
same holds for the possible role of T. b. brucei-triggered NETs
release in the immunopathology of AAT such as intravascular
coagulopathies or vascular permeabilization.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by
Regierungsprisidium Giessen; 147 A9/2012; JLU-No.521_AZ
(Ethic Commission for 146 Experimental Animal Studies of
Federal State of Hesse).

October 2020 | Volume 11 | Article 559561



2.1 Trypanosoma brucei brucei induces polymorphonuclear neutrophil
activation and neutrophil extracellular traps release

Grob et al

T. b. brucei-Induced NETs

AUTHOR CONTRIBUTIONS

AT, CH, and IC conceptualization and supervision. DG
investigation (PMN isolation, T. b. brucei cell culture,
immunofluorescence, DANA  analyses, and inhibition
experiments), formal analyses, data visualization, and wrote
the original draft. IC carried out the investigation (SEM,
Nanolive, Seahorse) and data visualization. ZV obtained
confocal microscopy images, performed Nanolive video analysis,
and data visualization. CP provided the T. b. brucei cell culture
for this study. RB and PA conceptualization of inhibition
experiments. IC, PA, RB, AT, and CH reviewed the manuscript.
CH and AT funding acquisition. All authors contributed to the
article and approved the submitted version.

FUNDING

DG was funded by the Chilean Scholarship Program Doctorado
Becas Chile Number /2019-72200437 from the National Agency
for Research and Development. The publication fees were

REFERENCES

. Kennedy PG. Human African trypanosomiasis-neurological aspects. ] Neurol.
(2006) 253:411-6. doi: 10.1007/500415-006-0093-3

partially funded by the Open Access Publication Fund from
JLU Giessen.

ACKNOWLEDGMENTS

We are deeply thankful to Prof. Dr. Albrecht Bindereif for
providing us with the T. b. brucei, forming part of the
LOEWE-Center DRUID (Novel Drug Targets against Poverty-
Related and Neglected Tropical Infectious Diseases). The
authors would like to acknowledge Anika Seipp, Institute of
Anatomy and Cell Biology, JLU Giessen, Germany, for her
technical support in SEM analyses. We further thank all
staff members of JLU Giessen teaching and research station
Oberer Hardthof.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.559561/full#supplementary-material

in granulocytes isolated from dogs and common opossums, natural reservoir
hosts. Front Microbiol. (2018) 9:966. doi: 10.3389/fmich.2018.00966

. Percira MA, Alexandre-Pires G, Camara M, Santos M, Martins C, Rodrigues
A, etal. Canine neutrophils cooperate with macrophages in the early stages of

=

2. Connor RJ. The impact of nagana. Onderstepoort ] Vet Res. (1994) 61:379-83. Leishmania infantum in vitro infection. Parasite Immunol. (2019) 41:e12617.
3. Kennedy PGE. Clinical features, diagnosis, and treatment of human doi: 10.1111/pim.12617
African trypanosomiasis (sleeping sickness). Lancet Neurol. (2013) 12:186-94. 15. Villagra-Blanco R, Silva LMR, Gartner U, Wagner H, Failing K,
doi: 10.1016/51474-4422(12)70296-x Wehrend A, et al. Molecular analyses on Neospora caninum-triggered
4. Ponte-Sucre A. An overview of Trypanosoma brucei infections: an NETosis in the caprine system. Dev Comp Immunol. (2017) 72:119-27.
intense host-parasite interaction. Front Microbiol. (2016) 7:2126. doi: 10.1016/j.dci.2017.02.020
doi: 10.3389/fmicb.2016.02126 16. Villagra-Blanco R, Silva LMR, Conejeros I, Taubert A, Hermosilla C.
5. Stijlemans B, Leng L, Brys L, Sparkes A, Vansintian L, Caljon Pinniped- and cetacean-derived ETosis contributes to combating emerging
G, et al. MIF contributes to T brucei  associated api parasites (Toxople gondii, Neospora caninum) circulating
immunopathogenicity development. PLoS Pathog. (2014) 10:1004414. in marine environments. Biology. (2019) 8:12. doi: 10.3390/biology8010012
doi: 10.1371/journal.ppat.1004414 17. Li P Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential
6. World Health Organization and WHO Expert Committee on the Control and for antibacterial innate immunity mediated by neutrophil extracellular traps.
Surveillance of Human African Trypanosomiasis. Control and Surveillance 1 Exp Med. (2010) 207:1853-62. doi: 10.1084/jem.20100239
of Human African Trypanosomiasis: Report of @ WHO Expert Committee. 18, Leshner M, Wang S, Lewis C, Zheng H, Chen XA, Santy L, ct al
Geneva: World Health Organization (2013). Available online at: https://apps. PAD4 mediated histone hypercitrullination induces ~heterochromatin
who.int/iris/handle/10665/95732 (accessed August, 2020). decondensation and  chromatin  unfolding to  form  neutrophil
7. Brinkmann V; Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, extracellular  trap-like structures. Front Immunol. (2012) 3:307.
et al. Neutrophil extracellular traps kill bacteria. Science. (2004) 303:1532-5. doi: 10.3389/fimmu.2012.00307
doi: 10.1126/science.1092385 19. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil
8. Urban CE, Reichard U, Brinkmann V, Zychlinsky A. ) hil Il clastase and myeloperoxidase regulate the formation of neutrophil
traps capture and kill Candida albicans yeast and hyphal forms. Cell Microbiol. extracellular traps. J Cell Biol. (2010) 191:677-91. doi: 10.1083/jcb.201006052
(2006) 8:668-76. doi: 10.1111/j.1462-5822.2005.00659.x 20. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel
9. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease. cell death program leads to neutrophil extracellular traps. | Cell Biol. (2007)
Nat Rey Immunol. (2018) 18:134-47. doi: 10.1038/nri.2017.105 176:231-41. doi: 10.1083/jcb.200606027
10. Caljon G, Mabille D, Stijlemans B, De Trez C, Mazzone M, Tacchini-Cottier F, 21. Ravindran M, Khan MA, Palaniyar N. Nemmphll extracellular trap
et al. Neutrophils enhance early Trypanosoma brucei infection onset. Sci Rep. formation: phy , pathology, and pharmacolog (2019)
(2018) 8:11203. doi: 10.1038/541598-018-29527-y 9:365. doi: 10. 3390/bmm9080365
11. Hermosilla C, Caro TM, Silva LM, Ruiz A, Taubert A. The intriguing  22. Azevedo EP, Rochael NC, Guimaraes-Costa AB, de Souza-Vieira TS, Ganilho
host innate immune response: novel anti-parasitic defence by ), Saraiva EM, et al. A metabolic shift toward pentose phosphate pathway
neutrophil  extracellular traps. Parasitology. (2014}  141:1489-98. is necessary for amyloid fibril- and phorbol 12-myristate 13-acetate-induced
doi: 10.1017/S0031182014000316 neutrophil extracellular trap (NET) formation. ] Biol Chein. (2015) 290:22174—
12. Muiioz-Caro T, Rubio RM, Silva LM, Magdowsli G, Gartner U, McNeilly TN, 83. doi: 10.1074/jbc.M115.640094
et al. Leucocyte-derived extracellular trap formation significantly contributes  23. Zhou E, Conejeros 1, Gartner U, Mazurek S, Hermosilla C, Taubert A.
to Haemonchus contorfus larval entrapment. Parasit Vect. (2015) 8:607. Metabolic requirements of Besnoitia besnoiti tachyzoite-triggered NETosis.
doi: 10.1186/513071-015-1219-1 Parasitol Res. (2020) 119:545-57. doi: 10.1007/500436-019-06543-z
13. de Buhr N, Bonilla MC, Jimenez-Soto M, von Kockritz-Blickwede M, Dolz 24. Yipp BG, Kubes P. NETosis: how vital is it? Blood. (2013) 122:2784-94.
G. Extracellular trap formation in response to Trypanosoma cruzi infection doi: 10.1182/blood-2013-04-457671
Frontiers in Immunology | www.frontiersin.org 13 October 2020 | Volume 11 | Article 559561

39



2.1 Trypanosoma brucei brucei induces polymorphonuclear neutrophil
activation and neutrophil extracellular traps release

Grob et al

T. b. brucei-Induced NETs

=
N

o
-3

83.

w
-~

w
&

=
=3

41.

. Muioz-Caro T, Machado Ribeiro da Silva L,

Yousefi §, Gold JA, Andina N, Lee JJ, Kelly AM, Kozlowski E, et al. Catapult-
like release of mitochondrial DNA by eosinophils contributes to antibacterial
defense. Nat Med. (2008) 14:949-53. doi: 10.1038/nm. 1855

Pilsczek FH, Salina Dy Poon KK, Fahey G, Yipp BG, Sibley CD, et al. A
novel mechanism of rapid nuclear neutrophil extracellular trap formation
in response to Staphylococcus aureus. ] Immunol. (2010) 185:7413-25.
doi: 10.4049/jimmunol. 1000675

. Thalhofer CJ, Chen Y, Sudan B, Love-Homan L, Wilson ME. Leukocytes

infiltrate the skin and draining lymph nodes in response to the
protozoan Leishmania infantum chagasi. Tnfect Immun, (2011) 79:108-17.
doi: 10.1128/1A1.00338-10

. Sousa-Rocha D, Thomaz-Tobias M, Diniz LE, Souza PS, Pinge-Filho P,

Toledo KA. Trypanosoma cruzi and its soluble antigens induce NET
release by stimulating toll-like receptors. PLoS ONE. (2015) 10:c0139569.
doi: 10.1371/journal. pone.0139569

. de Menezes JP, Saraiva EM, da Rocha-Azevedo B. The site of the

bite: Leishmania interaction with macrophages, neutrophils and the
extracellular matrix in the dermis. Parasit Vectors. (2016) 9:264.
doi: 10.1186/513071-016-1540-3

. Silva LM, Munoz-Caro T, Burgos RA, Hidalgo MA, Taubert A, Hermosilla C.

Far beyond phagocytosis: phagocyte-derived extracellular traps act efficiently
against protozoan parasites in vitro and in vivo. Mediators Inflamm. (2016}
2016:5898074. doi: 10.1155/2016/5898074

. Wang X, Chen D. Purinergic regulation of neutrophil function. Front

Immunol. (2018) 9:399. doi: 10.3389/fimmu.2018.00399

. Palfi Z, Jae N, Preusser C, Kaminska KH, Bujnicki JM, Lee JH, et al. SMN-

assisted assembly of snRNP-specific Sm cores in trypanosomes. Gertes Dev.
(2009) 23:1650-64. doi: 10.1101/gad.526109

Cross GA, Manning JC. Cultivation of Trypanosoma brucei sspp.
in semi-defined and defined media. Parasitology. (1973) 67:315-31.
doi: 10.1017/s0031182000046540

Rinaldi M, Moroni P, Paape M], Bannerman DD. Evaluation of Assays for
the measurement of bovine neutrophil reactive oxygen species. Vet Immunol
Immunopathel. (2007) 115:107-25. doi: 10.1016/j.vetimm.2006.09.009

. Lange MK, Penagos-Tabares E Munoz-Caro T, Gartner U, Mejer H,

Schaper R, et al. Gastropod-derived haemocyte extracellular traps emrap
loid larval stages of A lus vasorum, Ael,

abstrusus and Troglostrongylus brevior. Parasit Vectors. (2017) 10:50.
doi: 10.1186/s13071-016-1961-%

Muiioz-Caro T, Congjeros I, Zhou E, Pikhovych A, Gartner U, Hermosilla C,
et al. Dirofilaria immitis microfilariae and third-stage larvae induce canine
NETosis resulting in different types of neutraphil extracellular traps. Front
Immunol. (2018) 9:968. doi: 10.3389/fimmu.2018.00968

Renterfa-Solis Z, Taubert
A, Hermosilla C. Neutrophil extracellular traps in the intestinal mucosa
of Eimeria-infected animals. Asian Pacific ] Trop Biomed. (2016) 6:301-7.
doi: 10.1016/j.apjtb.2016,01.001

. Zhou E, Conejeros I, Velasquez ZD, Munoz-Caro T, Gartner U, Hermosilla C,

et al. Simultaneous and positively correlated NET formation and autophagy
in Besnoitia  besnoiti tachyzoite-exposed  bovine  polymorphonuclear
neutrophils. Front Immunol. (2019) 10:1131. doi: 10.3389/fimmu.2019.

01131

. Rebernick R, Fahmy L, Glover C, Bawadekar M, Shim D, Holmes CL, et al.

DNA Area and NETosis Analysis (DANA): a high-throughput method to
quantify Llular traps in fluorescent microscope images. Biol
Proced Online. (2018) 20:7. doi: 10.1186/s12575-018-0072-y

. Schauer €, Janko C, Munoz LE, Zhao Y, Kienhofer D, Frey B, ct al. Aggregated

neutrophil extracellular traps limit inflammation by degrading cytokines and
chemokines. Nat Med. (2014) 20:511-7. doi: 10.1038/nm.3547

Brun R, Blum ], Chappuis F Buri C. Human African
trypanosomiasis. Lancet. (2010) 375:148-59. doi: 10.1016/S0140-6736(09)
60829-1

. Stijlemans B, Caljon G, Van Den Abbeele ], Van Ginderachter JA, Magez

§, De Trez C. Immune evasion strategics of Trypanosoma brucei within the
lian host: prog Front Immunol. (2016) 7:233.
doi: 10.3389/fimmu.2016.00233

to path

. Silvester E, Ivens A, Matthews KR A gene expression comparison of

Trypanosoma brucei and Trypanosoma congolense in the bloodstream

Frontiers in Immunology | www.frontiersin.org

40

49.

©

w

w
&

w
2

v
&

@
)

@

. Paape MJ, Bannerman DD, Zhao X, Lee JW.

. Behrendt JH, Hermosilla C,

of the mamm host reveals species-specific adaptations to density-
dependent development. PLoS Negl Trop Dis. (2018) 12:¢0006863.
doi: 10.1371/journal.pntd.0006863

. Poirier AC, Schmitt P, Rosa RD, Vanhove AS, Kieffer-Jaquinod §,

Rubio TP, et al. Antimicrobial histones and DNA traps in invertebrate
immunity: evidences in Crassostrea gigas. ] Biol Chem. (2014) 289:24821-31.
doi: 10.1074/jbc.M114.576546

. Chacko BK, Kramer PA, Ravi 8, Johnson MS, Hardy RW, Ballinger SW, et al.

Methods for defining distinct bioenergetic profiles in platelets, lymphocytes,
monocytes, and neutrophils, and the oxidative burst from human blood. Lab
Invest. (2013) 93:690-700. doi: 10.1038/labinvest.2013.53

. Hoffmann JH, Schackel K, Gaiser MR, Enk AH, Hadaschik EN.

Interindividual variation of NETosis in healthy donors: introduction
and application of a refined method for extracellular trap quantification. Exp
Dermatol. (2016) 25:895-900. doi: 10.1111/exd.13125

. Fossati G, Moulding DA, Spiller DG, Moots RJ, White MRH, Edwards

SW. The mitochondrial network of human neutrophils: role in chemotaxis,
phagocytosis, respiratory burst activation, and commitment to apoptesis. J
Immunal. (2003) 170:1964-72. doi: 10.4049/jimmunol.170.4.1964

. Giusti D, Bini E, Terryn C, Didier K, Le Jan S, Gatouillat G, et al

NET formation in bullous pemphigoid patients with relapse is
modulated by IL-17 and IL-23 interplay. Front Immunol. (2019) 10:701.
doi: 10.3389/fimmu.2019.00701

van Breda SV, Vokalova L, Neugebauer C, Rossi SW, Hahn S, Hasler P.
Computational methodologies for the in vitro and in sifu quantification
of neutrophil extracellular ~traps. (2019) 10:1562.
doi: 10.3389/fimmu.2019.01562

Front  Immunol.

. Kirchner T, Moller 8, Klinger M, Solbach W, Laskay T, Behnen M. The impact

of various reactive oxygen species on the formation of neutrophil extracellular
traps. Mediators Inflamm. (2012) 2012:849136. doi: 10.1155/2012/849136

. Mufioz Caro T, Hermosilla C, Silva LM, Cortes H, Taubert A. Neutrophil

extracellular traps as innate immune reaction against the emerging
apicomplexan parasite Besnoitia besnoiti. PLoS ONE. (2014) 9:¢91415.
doi: 10.1371/journal.pone.0091415

The bovine neutrophil:
structure and function in blood and milk. Vet Res. (2003) 34:597-627.
doi: 10.1051/vetres:2003024

Hardt M, Failing K, Zahner H, Taubert A.
PMN-mediated immune reactions against Eimeria bovis, Vet Parasitol. (2008)
151:97-109. doi: 10.1016/j.vetpar.2007.11.013

. Bassel LL, Caswell JL. Bovine neutrophils in health and disease. Cell Tissue Res.

(2018) 371:617-37. doi: 10.1007/500441-018-2789-y

. Knopf ], Leppkes M, Schett G, Herrmann M, Mufioz LE. Aggregated NETS

sequester and detoxify extracellular histones. Front Immunol. (2019) 10:2176.
doi: 10.3389/fimmu.2019.02176

. Hahn J, Schaver C, Cregley C, Kling L, Petru I, Schmid B, et al. Aggregated

neutrophil traps resolve i byp: feytokines
and chemokines and protection from antiproteases. FASEB J. (2019) 33:1401-
14, doi: 10.1096/f}.201800752R

. Mahajan A, Griineboom A, Petru L, Podolska MJ, Kling L, Maueroder C,

et al. Frontline science: Aggregated neutrophil extracellular traps prevent
inflammation on the neutrophil-rich ocular surface. J Leukocyte Biol. (2019)
105:1087-98. doi: 10.1002/7LB.HI0718-249RR

. Masake RA, Nantulya VM, Akol GW, Musoke AJ. Cerebral trypanosomiasis

in cattle with mixed Trypanosoma congolense and T. brucei brucei infections.
Acta Trop. (1984) 41:237-46.

. Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska SP,

et al. Neutrophil extracellular traps directly induce epithelial and endothelial
cell death: a predominant role of histones. PLOS ONE. (2012) 7:¢32366.
doi: 10.1371/journal. pone.0032366

. Conejeros I, Velasquez ZD, Grob D, Zhou E, Salecker H, Hermosilla C, et al.

Histone H2A and bovine neutrophil extracellular traps induce damage of
Besnoitia besnoiti-infected host endothelial cells but fail to affect total parasite
proliferation. Biology. (2019) 8:78. doi: 10.3390/biology8040078

. Schreiber A, Rousselle A, Becker JU, von Mssenhausen A, Linkermann A,

Kettritz R. Necroptosis controls NET generation and mediates complement
activation, endothelial damage, and autoimmune vasculitis. Proc Natl Acad
Sci USA. (2017) 114:E9618-25. doi: 10.1073/pnas. 1708247114

October 2020 | Volume 11 | Article

o
a

9:

@
&



2.1 Trypanosoma brucei brucei induces polymorphonuclear neutrophil
activation and neutrophil extracellular traps release

Grob et al

T. b. brucei-Induced NETs

62, Branzk N, Lubojemska A, Hardison SE, Wang Q, Gutierrez MG, Brown
GD, et al. Neutrophils sense microbe size and selectively release neutrophil
extracellular traps in response to large pathogens. Nat Immunol. (2014)

15:1017-25. doi: 10.1038/ni.2987

63. Floyd M, Winn M, Cullen C. Swimming motility mediates the formation of
neutrophil extracellular traps induced by flagellated Pseudomonas aeruginosa.
PLoS Pathog. (2016) 12:1005987. doi: 10.1371/journal. ppat.1005987

64. Quiroga ], Alarcon P, Manosalva C, Taubert A, Hermosilla C, Hidalgo
MA, et al. Glycolysis and mitochondrial function regulate the radical
oxygen species production induced by platelet-activating factor in bovine

Tmmunopathol. (2020)

polymorphonuclear leukocytes. Vet Immunol
226:110074. doi: 10.1016/j.vetimm.2020.110074

65. Barria I, Giiiza ], Cifuentes E Zamorano P, Siez JC, Gonzilez J, et al.
Trypanosoma cruzi infection induces pannexin-1 channel opening in cardiac
myocytes. Am ] Trop Med Hygiene. (2018) 98:105-12. doi: 10.4269/ajtmh.17-

0293

o

Bovine polymorphonuclear phil

cast

6, Villagra-Blanco R, Silva LMR, Munoz-Caro T, Yang Z, Li ], Gartner U, et al.

Frontiers in Immunology | www.frontiersin.org

xtracellular traps

41

against the abortive parasite Neospora caninum. Front Immunol. (2017) 8:606.
doi: 10.3389/fimmu.2017.00606

67. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W,
et al. Neutrophil extracellular traps contain calprotectin, a cytosolic protein
complex involved in host defense against Candida albicans. PLoS Pathog.
(2009) 5:¢1000639. doi: 10.1371/journal. ppat. 1000639

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Grob, Conejeros, Veldsquez, Preufler, Gartner, Alarcén, Burgos,
Hermosilla and Taubert. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

October 2020 | Volume 11 | Article 559561



2.2. CANINE ANGIOSTRONGYLUS VASORUM-INDUCED EARLY INNATE
IMMUNE REACTIONS BASED ON NETS FORMATION AND CANINE VASCULAR
ENDOTHELIAL CELL ACTIVATION IN VITRO

This chapter is based on the following publish paper:

Grob, D., Conejeros, 1., Lopez-Osorio, S., Velasquez, Z. D., Segeritz, L., Girtner, U., Schaper,
R., Hermosilla, C., & Taubert, A. (2021). Canine Angiostrongylus vasorum-Induced Early
Innate Immune Reactions Based on NETs Formation and Canine Vascular Endothelial Cell

Activation In Vitro. Biology, 10(5), 427.

Eigener Anteil in der Publikation:

Projektplannung 50 %, zusammen mit Ko-Autoren und Betreuern
Durchfiihrung des Versuches 50 %, weitestgehend selbstindig
Auswertung der Experimente 50 %, weitestgehend selbstindig
Erstellung der Publikation 60 %, weitestgehend selbstindig

42



2.2 Canine Angiostrongylus vasorum-induced early innate immune reactions
based on NETs formation and canine vascular endothelial cell activation in

vitro.

. biology

Article

Canine Angiostrongylus vasorum-Induced Early Innate Immune
Reactions Based on NETs Formation and Canine Vascular
Endothelial Cell Activation In Vitro

Daniela Grob **, Ivin Conejeros '
Ulrich Girtner 3, Roland Schaper #(®, Carlos Hermosilla *

check for

updates
Citation: Grob, D.; Conejeros, 1;
Lépez-Osorio, S.; Veldsquez, Z.D.;
Segeritz, L; Girtner, U; Schaper, R.;
Hermosilla, C.; Taubert, A. Canine
Angiostrongylus vasorum-Induced
Early Innate Immune Reactions Based
on NETs Formation and Canine
Vascular Endothelial Cell Activation
In Vitro. Biology 2021, 10, 427.
https:/ /doi.org/10.3390/
Diology10050427

Academic Editor:

Francesca Mancianti

Received: 29 March 2021
Accepted: § May 2021
Published: 12 May 2021

Publisher’s Note: MDP! stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons,org/ licenses /by /

4.0/).

, Sara Lépez-Osorio 2(, Zahady D. Veldsquez '@, Lisa Segeritz *,

and Anja Taubert *

Institute for Parasitology, Justus Liebig University Giessen, 35392 Giessen, Germany;
Ivan.Conejeros@vetmed.uni-giessen.de (L.C.); sara.lopezo@udea.edu.co (S.L.-O.);
zahady.velasquez@vetmed.uni-giessen.de (Z.D.V)); Lisa.C Segeritz@vetmed.uni-giessen.de (L.S.);
Carlos.R. Hermosilla@vetmed.uni-giessen.de (C.H.); Anja. Taubert@vetmed.uni-giessen.de (A.T.)

2 Grupo de Investigacion CTBAV, Universidad de Antioquia UdeA, Medellin 050034, Colombia
Institute of Anatomy and Cell Biology, Justus Liebig University Giessen, 35392 Giessen, Germany;
ulrich.gaert: ie.med.uni-giessen.d

Elanco Animal Health, 40789 Monheim, Germany; roland .schaper@elancoah.com
Correspondence: Daniela. Grob@vetmed.uni-giessen.de

+ Equally contributed.

Simple Summary: Angiostrongylus vasorum is a cardiopulmonary nematode that affects canids,
residing in the pulmonary artery and right atrium/ventricle. Due to its location, the parasite will
have a close interaction with the different components of the innate immune system, including
endothelial cells and polymorphonuclear neutrophils (PMN). Here we evaluated the expression of
adhesion molecules of canine aortic endothelial cells (CAEC), and NETs formation by co-culture of
freshly isolated canine PMN with A. zasorum 13. Overall, we found distinct inter-donor variations in
adhesion molecule expression among CAEC isolates. Additionally, PMN and A. zasorum co-culture
induced NET release without affecting larval viability.

Abstract: Due to its localization in the canine blood stream, Angiostrongylus vasorum is exposed
to circulating polymorphonuclear neutrophils (PMN) and the endothelial cells of vessels. NETs
release of canine PMN exposed to A. vasorum infective stages (third stage larvae, L3) and early
pro-inflammatory immune reactions of primary canine aortic endothelial cells (CAEC) stimulated
with A. vasorum L3-derived soluble antigens (AvAg) were analyzed. Expression profiles of the
pro-inflammatory adhesion molecules ICAM-1, VCAM-1, P-selectin and E-selectin were analyzed
in AvAg-stimulated CAEC. Immunofluorescence analyses demonstrated that motile A. vasorum L3
triggered different NETs phenotypes, with spread NETs (sprNETs) as the most abundant. Scanning
electron microscopy confirmed that the co-culture of canine PMN with A. vasorum L3 resulted in
significant larval entanglement. Distinct inter-donor variations of P-selectin, E-selectin, ICAM-1 and
VCAM-1 gene transcription and protein expression were observed in CAEC isolates which might
contribute to the high individual variability of pathological findings in severe canine angiostrongylo-
sis. Even though canine NETs did not result in larval killing, the entanglement of L3 might facilitate
further leukocyte attraction to their surface. Since NETs have already been documented as involved
in both thrombosis and endothelium damage events, we speculate that A. vasoruni-triggered NETs
might play a critical role in disease outcome in vivo.

Keywords: Angiostrongylus vasorum; canine PMN; NETs formation; primary canine aortic endothelial
cells; adhesion molecules
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1. Introduction

Angiostrongylus vasorum is a metastrongyloid nematode causing cardiopulmonary
disorders in domestic dogs [1-3]. In vivo, A. vasorum resides in pulmonary arteries and
the right side of the heart of domestic dogs and other carnivores [4-6]. The life cycle is
heteroxenous and various terrestrial gastropod genera act as obligate intermediate hosts.
They become infected by the consumption of first-stage larvae (L1) released into the envi-
ronment by feces of A. vasorum-infected canids [7-9]. In gastropods, A. vasorum L1 develop
into infective third-stage larvae (L3) which are ingested by definitive hosts to achieve the
life cycle [10]. Over the last decades, canine angiostrongylosis has geographically spread
into previously non-endemic areas and life-threatening cases have increasingly been re-
ported [11-14]. Nowadays, canine angiostrongylosis is considered an emerging disease
not only in Europe but also in North and South America [9,13,15-17]. A. vasorum-infected
dogs show a wide range of clinical signs from mild coughing to neurological disorders,
along with the presence of respiratory symptoms, coagulopathies (e.g., vascular throm-
bosis, diathesis, hemorrhages), gastrointestinal disorders, leukophilia and hypercalcemia
representing common findings [18-20].

Based on its life cycle and migratory routes in the final host, direct contacts of different
A. vasorum stages (i.e., L3, pre-adults and adults) with both canine polymorphonuclear neu-
trophils (PMN) and vascular endothelial cells will indeed occur in vivo. PMN are the most
abundant leukocytes and represent the first line of defense in mammalian hosts [21-23].
PMN are recruited immediately after pathogen invasion and exhibit different effector
mechanisms: degranulation of immunomodulatory molecules, generation of reactive oxy-
gen species (ROS), phagocytosis and NETosis (release of neutrophil extracellular traps,
NETs). NETs are delicate extracellular structures formed by decondensed chromatin,
mainly via PAD4-mediated citrullination, and adorned with antimicrobial components,
such as myeloperoxidase (MPO), neutrophil elastase (NE), lactoferrin, calprotein, LL37,
pentraxin, proteinase 3 or cathepsin G [21,24,25]. Meanwhile, different NET phenotypes
were reported, including diffuse (diff NETs), spread (sprNETs), aggregated (aggNETs), cell
free and anchored NETs [26-28]. diff NETs consist of globular and compact forms with
sizes of 15-20 nm diameter whilst sprNETs are smooth and elongated web-like structures
with extremely thin fibers of 15-17 nm diameter [29,30]. aggNETs are large conglomer-
ates with sizes >50 um in diameter and released by a high number of PMN undergoing
NETosis [29-32].

So far, canine PMN have been shown to cast NETs in response to LPS, PMA [33],
sodium arsenic [34], platelet activating factor (PAF) [35], Neospora caninum [36] and the
heartworm Dirofilaria immitis [30]. Even though NETs in general were proven effective
against nematode stages of Haemonchus contortus, Strongyloides stercoralis, Ostertagia ostertagi
and Brugia malayi [30,37-40], nothing is currently known on canine NETosis against
A. vasorum. So far, only one study has reported on A. vasorum-triggered phagocyte-derived
extracellular traps (ETs) formation in the gastropod immune system [8].

Endothelial cells are highly immunoreactive and rapidly produce a broad range
of molecules (e.g., adhesion molecules, cytokines, chemokines) upon activation, thereby
triggering pro-inflammatory responses [41,42]. Interestingly, tight interactions between acti-
vated endothelium and NETs, but also adverse effects of NETs on endothelial integrity, were
reported [14,43]. As indication of chronic inflammation, leukocytosis and neutrophilia have
already been described in A. vasorum-infected animals [20]. Likewise, immune-mediated
inflammation and damage of lung vasculature were also reported for A. vasorum infections
in dogs [20,44]. However, detailed analysis of endothelial activation during A. vasorum
infection in dogs is scarce. Interestingly, the closely related nematode Angiostrongylus
cantonensis induces an increase in the blood-brain barrier via metalloproteinase 9 upregula-
tion [45], thereby suggesting endothelial cell activation. In this context, related to the case
of another heartworm that affect canids, D. immitis, it is well-known that its presence in the
blood stream of the host causes endothelial cell activation and inflammation, a situation
demonstrated in vivo and in vitro [46], situation attributed to progressive pulmonary en-
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darteritis and muscular hypertrophy of arteriole walls [44,47]. Activated endothelial cells
not only trigger leukocyte recruitment and adhesion but also secrete von Willebrand factor
(VWE), a large multifunctional glycoprotein with strong adhesive properties mediating
adhesion of platelets at the site of the vascular damage [48-51]. As an indirect evidence of
infection-induced endothelial cell activation, increased vWF concentrations were found in
32% of A. vasorum-infected dogs suffering bleeding disorders [12].

To our best knowledge, we here show for the first time that motile axenic A. vasorum
L3 and soluble A. vasorum L3 antigens (AvAg) induce both significant NET formation
and canine endothelial cell activation, and suggest that these reactions may contribute to
individual disease outcome.

2. Materials and Methods
2.1. Gastropod Maintenance and Isolation of Axenic Angiostrongylus vasorum Third-Stage
Larvae (L3)

Terrestrial leopard slugs (Limax maximus) were bred and maintained in fully-automated
climate incubators (model ECPO1E; Snijders Scientific B.V. Tilburg, the Netherlands) accord-
ing to [8]. Briefly, breeding and maintenance was performed under controlled conditions:
50% humidity, 10 h of dark/10 h of illumination corresponding to circadian cycles, plus 2 h
for dusk and dawn each, temperature ranging from 10 to 16 °C (night/day). L. maximus
were kept on wet paper towels in plastic boxes equipped with Petri dishes for food supply
and a plastic dim housing area (Techniplast, Hohenpeissenberg, Germany) for slug retreat.

A. vasorum first-stage larvae (L1) were isolated via the Baermann funnel technique
from feces of experimentally infected dogs (kindly provided by the Institute of Parasitol-
ogy, University of Veterinary Medicine of Hannover, Hannover, Germany) as described
elsewhere [8]. Approximately 10 mL of sediment containing migrated L1 were collected
and pelleted (800 g, 5 min, 20 °C). The supernatant was discarded and larval numbers
were determined microscopically (Olympus CX41). Three leopard slugs (L. maximus) were
orally infected with 2000 vital larvae each and according to [8,17].

2.2. Isolation of Canine PMN

Blood samples were collected from healthy adult Beagle dogs (1 = 7; Marshall BioRe-
sources, kept at Elanco Animal Health, Monheim, Germany) and used for canine PMN
isolation. Heparinized blood was diluted in an equal volume of sterile PBS with 0.02%
EDTA (Sigma-Aldrich, Darmstadt, Germany) and placed on Biocoll Separating Solution®
(Biochrom AG, Berlin, Germany). The samples were centrifuged at 800x g for 45 min
at RT. The cell pellet was gently re-suspended, diluted in 27 mL of distillated water and
shaken for 20 s to lyse erythrocytes according to [30]. Then, osmolarity was adjusted by
adding 3 mL of 10x Hanks Salt Solution (HBSS, Biochrom AG, Berlin, Germany). Canine
PMN were washed twice (400x g, 10 min, RT), re-suspended in sterile RPMI 1640 medium
(Sigma-Aldrich, Darmstadt, Germany), counted in a Neubauer hemocytometer chamber
and incubated at 37 °C with 5% CO; for 30 min before experimental use.

2.3. Seanning Electron Microscopy (SEM) Analysis

Canine PMN were co-cultured with axenic vital A. vasorum L3 (6 larvae/sample) on
poly-g -lysine (Sigma-Aldrich, Darmstadt, Germany) pre-coated coverslips (60 min, RT).
After incubation, the samples were fixed in HEPES solution (Sigma-Aldrich; 0.3 M, pH 7.35)
containing 1.5% paraformaldehyde and glutaraldehyde (both Merck, Darmstadt, Germany)
(60 min, RT), post-fixed in 1% osmium tetroxide (Merck, Darmstadt, Germany), washed
in sterile distilled water, dehydrated, critical point dried by CO, treatment and sprayed
with gold. Thereafter, samples were analyzed with a Philips XL30® scanning electron
microscope at the Institute of Anatomy and Cell Biology, Justus Liebig University Giessen,
Giessen, Germany.
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2.4. NET Visualization by Immunofluorescence

Canine PMN (4.2 x 10°/400 uL) were seeded on 15 mm diameter poly--lysine
treated coverslip glasses (Nunc, Schwerte, Germany) and placed in a 12 well plate (Greiner,
Frickenhausen, Germany) in sterile RPMI 1640 medium (without phenol red, supple-
mented with 1% penicillin/streptomycin, Sigma-Aldrich, Darmstadt, Germany). Co-
culture of axenic A. vasorum L3 with canine PMN was performed for 90 min (2 x 10° PMN
were stimulated with 10 larvae/well, 37 °C, 5% CO,). Thereafter, samples were fixed
in 4% paraformaldehyde (Merck, Darmstadt, Germany) and kept at 4 °C until further
analysis. Canine NET structures were visualized by staining extracellular DNA with DAPI
@ J6-diamidino-2-phenylindole, Thermo Fisher Scientific, Langenaselbold, Germany). For
the detection of histones and NE decorating NETs structures, the following primary anti-
bodies were used: anti-global histone (H1, H2A /H2B, H3, H4) (clone H11-4, 1:500; Merck
Millipore cat #MAB3422) and anti-NE (cat # Ab68672, 1:500, Abcam, Berlin, Germany).
Briefly, samples were washed with sterile PBS, blocked in 3% bovine serum albumin (BSA)
(Sigma-Aldrich; 60 min, RT) + 0.3% Triton X-100 (Thermo Fischer Scientific, Langensel-
bold, Germany) for 60 min at RT and then incubated with respective primary antibodies
for 3 h at RT. Then, samples were washed three times with sterile PBS and incubated
in secondary antibody solutions (Alexa 594 goat anti-mouse IgG H&L #A11005, Alexa
488 goat anti-rabbit IgG #A11008, 1:500, RT). Finally, samples were washed three times
with sterile PBS and mounted upside-down with Fluoromount G® with DAPI (Thermo
Fischer Scientific). Visualization of NETs was achieved using an inverted IX81 fluorescence
microscope equipped with an XM10 digital camera (both Olympus, Hamburg, Germany).
Five random pictures were taken from each experimental condition to analyze the presence
of NETs and NET phenotypes.

2.5. Assessment of Different NET Phenotypes

NET phenotypes were quantified by immunofluorescence microscopy as previously
described elsewhere [27]. Therefore, five randomly taken pictures were analyzed by manual
counting, based on morphological and morphometric characteristics for each phenotype of
canine NETs, as previously described [8,30].

2.6. Nuclear Decondensation-Based Quantification Using DANA Software

To further confirm parasite-induced NET induction and to evaluate effects within the
dynamic NETotic process, we additionally analyzed A. vasorum L3-triggered nuclear area
expansion (NAE) in canine PMN. Nuclear expansion-based quantification of NETs relied
on the method described by [25] and the software DANA I and DANA II was applied
according to the developer’s recommendations. In brief, freshly isolated canine PMN
(n =7 donors, 2 x 10° PMN/well) were left in plain medium (RPMI 1640, Sigma-Aldrich,
Darmstadt, Germany) for 30 min and then exposed to 10 L3/well for 90 min. After
incubation, samples were fixed using 2% paraformaldehyde (Merck, Darmstadt, Germany)
and stained with DAPI (Thermo Fischer Scientific, Langenselbold, Germany) for 30 min
RT. Five microscopic images were randomly taken for each condition using an inverted
microscope (Olympus IX 81), having a total of 203 PMN in the control and 178 in the
stimulated group. Nuclear areas of PMN were analyzed using DANA software.

2.7. Isolation of Primary Canine Aortic Endothelial Cells (CAEC)

Four aortic arteries from four adult healthy male Beagle dogs were donated from
Elanco Animal Health, Monheim, Germany. Arteries were kept at4 °C in sterile 0.9% HBSS-
HEPES buffer (pH 7.4; Gibco) supplemented with 1% penicillin (500 U/mL; Sigma-Aldrich)
and streptomycin (500 ug/mL; Sigma-Aldrich, Darmstadt, Germany). For isolation of
aortic endothelial cells, 0.025% collagenase type II (Worthington Biochemical Corporation,
Lakewood, NJ, USA) was infused into the vessel lumen, the aorta was ligated with clamps
and incubated for 20 min at 37 °C in 5% CO, atmosphere. After gently massaging aortas,
infused collagenase Il-cell suspension was collected and immediately supplemented with
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1 mL sterile fetal calf serum (FCS; Gibco, Langenselbold, Germany) to inactivate collagenase
1I. After two washing steps (400x g, 10 min, 4 °C), the cells were suspended in endothelium
cell growth medium (ECGM; PromoCell, Heidelberg, Germany), plated in 25 cm? plastic
culture flasks (Nunc, Roskilde, Denmark) and kept at 37 °C in 5% CO, atmosphere until
reaching confluent cell layers. Culture medium was changed every 2-3 days.

2.8. Preparation of Angiostrongylus vasorum L3 Soluble Antigen (AvAg)

Twenty A. vasorum L3 were used for soluble antigen preparation (AvAg). There-
fore, larval stages were frozen in liquid nitrogen and thereafter grounded in 300 uL
sterile phosphate-buffered saline (PBS; 1x) in a previously UV-sterilized and cooled
mortar (—80 °C for 1 h). The resulting suspension was sonicated in an ice bath with a
Sonorex Super RK31® bath-type sonicator (Bandelin, five cycles of 15 s) and centrifuged
(10,000 x g, 20 min, 4 °C). Final protein concentration of PBS-soluble supernatants was es-
timated via Coomassie Plus (Bradford, UK) Assay Kit® (Thermo Scientific). AvAg was

2.9. Total RNA Isolation and qRT-PCR

CAEC were seeded in 6-well plastic plates (Greiner, Frickenhausen, Germany) until
confluence (37 °C and 5% CQO,). Thereafter, CAEC monolayers were exposed to 1 ng/mL
of soluble AvAg and incubated at 37 °C with 5% COa. At 3, 6, 12 and 24 h post stimulation,
total RNA was harvested by applying RTL lysis buffer (Qiagen, Hilden, Germany) directly
on the well. RNA isolation was performed with RNeasy kit (Qiagen, Hilden, Germany)
according to manufacturer instructions and followed by a DNAse (Thermo Scientific,
Langenselbold, Germany) digestion (37 °C, 30 min) to remove genomic contamination.
DNAse was then inactivated by heating (65 °C, 10 min). Efficiency of DNA digestion
was confirmed by including no-RT-controls in each qRT-PCR experiment. In total, 1 ug of
DNAse-treated total RNA was reversely transcribed with SuperScript IV enzyme (Thermo
Scientific, Langenselbold, Germany), according to manufacturer instructions. cDNA syn-
thesis was performed for 10 min at 23 °C, then 10 min at 50 °C. The enzyme was then
inactivated by heating (80 °C) for 10 min.

Probes were labelled at the 5'-end with the reporter dye FAM (6-carboxyfluorescein)
and at the 3’ -end with the quencher dye TAMRA (6-carboxytetramethyl-rhodamine) (refer
to Table 1). PCR amplification was performed in an automated fluorometer Rotor-GeneQ
cycler (Qiagen, Hilden, Germany) using a 96-well optical plates (Greiner, Frickenhausen,
Germany). Samples were analyzed in duplicate. For PCR, 2 uL. cDNA (corresponding
to 25 ng total RNA) were used in a 10 ul PCR reaction mixture containing 5 uL PerfeCTa
FastMix IT (QuantaBio, Beverly, MA, USA), 400 nM of each primer and 200 nM probe.
Amplification conditions were the same for all targets assayed: one cycle at 95 °C for 5 min,
one cycle at 94 °C for 15 min and one cycle at 60 °C for 60 min. Semiquantitative analyses
used comparative C; method (AAC; method, [52] and reported as n-fold differences in
comparison to one of the samples arbitrarily chosen as calibrator). Canine ribosomal
protein L.32 (RPL32), ribosomal protein S19 (RPS19) and hypoxanthine phosphoribosyl-
transferase (HPRT) genes were used as housekeeper genes. TNF« (10 ng/mL for 24 h,
Serotec) was used a positive control.
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Table 1. Sequences of canine probes and primers used for gqRT-PCR experiments

Primers
Target Forward/Reverse Tm
5"-TGGCTTCAGAGGTCTCAGGT-3

Canis lupus E-selectin 5-TCAAAGCACTGCACTCAACC-3/ 60°c
Canis lupms P-selectin 5'-CAAAAAGCCTCTCACCGAAG-3' 60°C
P 5'-ATGCATTCTCCTTGCTTGCT-3'
o 5-CAGGGTTGCCAGGTACAGTT-3' .
Canis lipus ICAM-1 5.AGTATGGGCTCAGTGGGTTG-Y 60°C
) 5'-TCCATCGTGGAGGAAGGTAG-3' .
Coanis lupus VCAM-1 5'-CAGCCTGGTTAATCCCTTCA-3 60°C
) 5/-CCTCAGACCTCTGGTGAAGC-3! )
Canis-upus RPL32 5'-TCAAGCTCCTTGACGTTGTG-3" 60°C
. 5 - TGTCAAGGCTACCTCGGAGT-3 é
Conis lupus RES19 5'-GCCTTCAGCCTCCTTCTTCT-3' 60°¢C
o 5-AAGCTTGCTGGTGAAAAGGA-3' .
Caris hipas HERT 5-CAATGGGACTCCAGATGCTT-3/ 60°C
Probes
Canis lupus E-selectin 5 -TTTGTCAGCTGTGACAAGGG-3' 60°C
Canis lupus P-selectin 5/-GCTATACAGCCTCCTGCCAG-3" 60°C
Canis lupus ICAM-1 5-CATTGGCTAAGCTGCTTTCC-3' 60°C
Canis lupus VCAM-1 5-GAGCAGGCGGCTAAGTAATG-3/ 60°C
Canis lupus RPL32 5-GGCACCAGTCAGACCGATAT-3/ 60 °C
Canis Iupus RPS19 5'-CAGTCACCCAGCAGATTGTG-3' 60°C
Canis lupus HPRT 5'-CCCCTCGAAGTGTTGGCTAT-3' 60°C

2.10. Protein Isolation and Western Blot Analyses

CAEC were seeded in 6-well plastic plates (Greiner, Frickenhausen, Germany) until
confluence at 37 °C and 5% CO; atmosphere. Then, CAEC layers where stimulated with
1ng/mL AvAg for 3, 6,12 and 24 h (37 °C, 5% CO,). Thereafter, samples were subjected
to protein isolation: proteins from CAEC were extracted by cell sonication (20's, 5 cycles)
in RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% NP-40; 0.5% Na-deoxycholate; 0.1% SDS;
150 mM NaCl; 2 mM EDTA; 50 mM NaF, all Roth) supplemented with a protease inhibitor
cocktail (1:200, Sigma-Aldrich). Cell homogenates were centrifuged (10,000x g, 10 min,
4 °C) to sediment intact cells and nuclei. The RIPA buffer-soluble protein content of
supernatants was quantified via Coomassie Plus (Bradford) Assay Kit® (Thermo Scientific,
Langenselbold, Germany) following the manufacturer’s instructions.

For immunoblotting, samples were supplemented with 6 M urea protein loading
buffer. After boiling (95 °C) for 5 min, proteins (20 ug/slot) were separated in 12% or
15% polyacrylamide gels via electrophoresis (100 V, 1.5 h; tefra system, BioRad, Dreieich,
Germany). Proteins were then transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore) (300 mA, 2 h at 4 °C). Blots were blocked in 3% BSA in TBS (50 mM Tris-Cl, pH
7.6; 150 mM NaCl containing 0.1% Tween (blocking solution); Sigma-Aldrich (Darmstadt,
Germany) for 1 h at RT and then incubated overnight at 4 °C in primary antibodies against
vinculin (1:1000, #sc-73,614, Santa Cruz), E-selectin (1:500, #TA318934, OriGene, Herford,
Germany), P-selectin (1:500, #TA318936, OriGene, Herford, Germany) and VCAM-1 (1:500,
#TAS502391, OriGene, Herford, Germany) diluted in blocking solution. Vinculin detection
was used as loading control for sample normalization. Following three washings in TBS-
Tween 0.1% buffer (Sigma-Aldrich, Darmstadt, Germany), blots were incubated for 30 min
at RT with secondary antibodies (goat anti-mouse IgG peroxidase-conjugated (1:40,000,
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#31,430, Pierce, Langenselbold, Germany); goat anti-rabbit IgG peroxidase-conjugated
(1:40,000, #31,460, Pierce, Langenselbold, Germany) diluted in blocking solution. After
three further washings in TBS-Tween 0.1% buffer, signal detection was accomplished
by an enhanced chemo-luminescence detection system (ECL® plus kit, GE Healthcare)
and recorded using a ChemoCam® Imager (Intas Science Imaging, Gottingen, Germany).
Protein sizes were controlled by a protein ladder (PageRuler Plus® Prestained Protein
Ladder ~10-250 kDa, Thermo Fisher Scientific, Langenselbold, Germany). Protein band
intensities were quantified by Image J® (NTH), Fiji Gel Analyzer plugin.

2.11. Statistical Analysis

For all analyses except for NAE analysis in which ANOVA was applied, statistical
significance was defined by a p value < 0.05 determined by non-parametric analyses:
Mann-Whitney test when two experimental conditions were compared and Kruskal-Wallis

test followed by Dunn’s post-hoc test for multiple comparisons. All graphs (mean + SD)
and e (v.7.03).

analyses were perf ng Graph Pad® sof

3. Results
3.1. Angiostrongylus vasorum L3 Trigger NET Formation in Canine PMN and Led to Differential
NET Phenotype Formation

SEM analysis demonstrated that co-culture of canine PMN with live A. vasorum L3
induced the formation of NET-like thick and fine DNA fibers originating from dead PMN
attached to L3 stages (Figure 1, arrows). As such, robust PMN-derived structures contacted
and firmly entrapped A. vasorum L3. However, not all canine PMN participated in NETs
release after exposure to highly motile larval stages. As such, a large number of PMN
did not show morphological changes and a small number of non-NETotic PMN were also
found to be firmly attached to the parasite’s cuticle (Figure 1A-C).

Figure 1. Angiostrongylus vasorum L3-induced neutrophil extracellular traps (NETs) analyzed via
scanning electron microscopy (SEM) analysis. Fine spread NETs (sprNETs) entrapping the L3 (A-C)
and robust aggregated NETs (aggNETs) (D) were the most predominant phenotypes of NETs. Arrows
point to NET-like delicate PMN-derived structures in co-culture assays.
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To prove that these A. vasorum L3-triggered structures were, indeed, NETs, immunoflu-
orescence analyses were performed to detect classical NETs components. DAPI staining con-
firmed the DNA nature of extracellular NET-like structures extruding from ruptured canine
PMN after exposure to A. vasorum L3 larvae (Figure 2D,H). Additionally, co-localization
analyses revealed the simultaneous presence of NE (Figure 2B-F) and global histones
(Figure 2A-E) in DNA-positive (Figure 2C-G) canine NETs (Figure 2D-H).
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Figure 2. Inmunofluorescence analyses of Angiostrongylus vasorum L3-induced neutrophil extracellu-
lar trap (NET) formation. Co-localization analyses on extracellular DNA, histones, and neutrophil
elastase were performed. Presence of extracellular DNA (C,G; blue), anti-histone (A,E; red) and
anti-NE (B,F; green) was confirmed. (D,H) depicts the merging of the three channels. (I) reveals
the percentage of A. vasorum L3-triggered NETosis. (J-L) demonstrate the presence of spread NETs
(sprNETs).
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When considering different NET phenotypes, vital A. vasorum L3 mainly triggered
the formation of sprNETs (Figure 2J), consisting of smooth and elongated web-like struc-
tures of decondensed chromatin and antimicrobial proteins with a diameter of 15-17 pm
(Figure 2K-L). To a lesser extent, the formation of diff NET- and aggNET-phenotypes was
induced. Whilst the former were composed of extracellular chromatin complexes covering
a larger area and decorated with antimicrobial proteins of globular and compact form,
aggNETs were much larger in size (> 50 um) and originated from groups of NETotic PMN.
Overall, mainly aggNETs appeared rigid enough to immobilize these large and highly
motile larval stages.

Observer-based estimation of cell numbers of performing NETs revealed that 13.2% of
PMN released NETs when confronted with vital A. vasorum L3 (Figure 2I). In comparison,
only 5.3% of the total PMN population reacted in this manner in control conditions (un-
stimulated PMN). Figure 3A depicts the normal structure of a canine PMN and its nucleus.
When canine PMN were exposed to A. vasorum L3 stages, we observed a mean expansion
of the NAE of 102.1 = 35.64 um? in control cells, whilst in parasite-encountering cells this
area increased to 146.9 + 39.11 um? (controls vs. A. vasoruim: p = 0.02; Figure 3B-D).

Canine PMN Canine PMN + A. vasorumL3

DAPI (Extracellular DNA)

Nuclear Area Expansion of Canine PMN + A. vasorum L3

Canine PMN [

Canine PVN + A. vasorum L3 .

NAE

Figure 3. Nuclear expansion (NAE)-based quantification of A. vasorum L3-triggered NETs. Canine PMN were incubated in
cell medium alone or exposed to A. vasorum L3. (A) depicts canine PMN alone; (B,C) illustrates co-cultivation of canine
PMN + A. vasoruni. Box placed on the left bottom depicts an isolated magnification of canine PMN alone and canine PMN
co-cultured with axenic A. vasorum L3. NAE was analyzed by Image]® and DANA software. (D) shows the nuclear area
increase of NETotic cells after co-cultures.
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3.2. AvAg Induces Canine Endothelial Cell Activation and Donor-Dependent Adhesion
Molecule Expression

CAEC were stimulated with AvAg (PBS-soluble L3 protein extract) and samples were
analysed via a kinetic approach (3, 6, 12 and 24 h after stimulation). To monitor endothelial
cell activation, the expression of the adhesion molecules P-selectin, E-selectin, VCAM-1
and ICAM-1 was assessed. To achieve this, qRT-PCR and Western blotting were performed
to quantify mRNA abundance and to estimate protein expression, respectively. In this
context, ICAM-1 was not estimated, considering that the commercially available primary
antibodies did not work reliably for the canine samples. In all cases, results showed highly
variable responses depending on individual canine endothelial cell donors/CAEC isolates
(Figures 4 and 5). Referring to mRNA expression, we observed one “non-respondent”
CAEC (isolate 2) during the experiments, which hampered significance (based on animal
trial restrictions, we could not enhance the number of CAEC isolates), but which might also
reflect the true in vivo situation in individual dogs suffering canine angiostrongylosis. Nev-
ertheless, the other two isolates (isolates 1 and 3) reacted upon AvAg stimulation, thereby
indicating endothelial cell activation, but followed different reaction patterns (Figure 4).
Interestingly, AvAg-stimulated CAEC isolate 1 showed a rather high level of E-selectin,
P-selectin and VCAM-1 gene transcripts (Figure 4) when compared to the other isolates.
At 12 h post incubation, a peak of E-selectin mRNA expression was observed (Figure 4A)
in 2/3 isolates. For P-selectin, a more or less constantly high mRNA abundance was
detected but only in isolate 1, whereas ICAM-1 seemed to increase at 6 h post stimulation
in 2/3 isolates (Figure 4C). A further increase in 1/3 isolates was observed for ICAM-1
24 h post incubation (Figure 4C). VCAM-1 mRNA expression showed the most variable
results with no coincidence between the three isolates (Figure 4D). For positive controls,
CAEC isolates were stimulated with TNF-« for 24 h. Given that these data revealed a
high variability between CAEC donors for all adhesion molecules tested, this might also
indicate an extraordinary individual reactiveness of canine endothelial cell isolates, even in
response to such a potent stimulant (Figure 4).

Considering protein expression, adhesion molecule-related results in principle mir-
rored the reactivities observed in mRNA-based experiments, and revealed highly variable
inter-animal responses (Figure 5). Overall, the distinct adhesion molecule regulation in
each CAEC isolate reflected an AvAg-driven endothelial cell activation. E-selectin expres-
sion increased at 6 h post incubation in 2/3 isolates. In 1/3 isolates this peak already
occurred at 3 h post incubation (or earlier). In 1/3 isolates a > 3-fold increase of E-selectin
expression when compared to control was observed at 24 h of incubation (Figure 5B).
P-selectin protein expression also showed a peak of around two-fold at 6 h post AvAg
stimulation in 2/3 isolates, decreasing at 12 h for 2/3 isolates and with a further increase at
24 h (Figure 5C). The latter increase was more pronounced in 1/3 isolates with a four-fold
up-regulation of P-selectin protein expression compared to control conditions (Figure 5C).
Finally, in line with mRNA expression data, VCAM-1 abundance showed the most variable
results in stimulated CAEC (Figure 5D). Thus, a first peak of expression was observed at 3 h
post incubation in 1/3 isolates and a second, less pronounced peak at 12 h. In 1/3 isolates
the peak occurred at 6 h, but at a much lower level than in isolate 2. Overall, we observed
an increased expression of E-selectin, P-selectin and VCAM-1 at protein level in the three
different CAEC isolates stimulated with soluble AvAg, which indeed reflected an antigen-
driven activation of these endothelial cells. However, regarding the quantity or kinetics of
protein expression, the pattern remains inconclusive due to high inter-isolate variations.
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Figure 4. Adhesion molecule gene transcription in A. vasorum antigen (AvAg)-stimulated canine endothelial cells. CAEC
were stimulated with soluble A. vasorum L3 antigen (AvAg; 1 ng/mL) and after 3, 6, 12 and 24 h of incubation total RNA was
isolated, reverse transcribed and assayed for E-selectin (A), P-selectin (B), ICAM-1 (C) and VCAM-1 (D) gene transcription
via gPCR. Data are expressed as #-fold of controls (non-stimulated CAEC). TNF-« stimulation was used as positive control.
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Figure 5. Adhesion molecule protein expression in A. vasorum antigen (AvAg)-stimulated canine
endothelial cells. CAEC cells were stimulated with A. vasorum L3 antigen (AvAg; 1 ng/mL) and after
3, 6,12 and 24 h of incubation, total protein was extracted. Non-stimulated CAEC served as negative
controls. The expression of E-selectin (B), P-selectin (C) and VCAM-1 (D) was studied by Western
blotting (A); representative illustration of one CAEC isolate and densitometric analysis of protein
bands. TNF-« was used as positive control of CAEC stimulation. The detection of vinculin was used
as loading control for sample normalization. Complete Western Blot acquisitions from E-selectin,

P-selectin, VCAM-1 and vinculin is depicted in the Supplementary Figure S1.

4. Discussion

After ingestion by the definitive host, A. vasorum 13 larval stages must first migrate
through the intestinal wall to reach mesenteric lymph nodules where they moult into
L4 within the first four days post infection (p.i.), and then invade lymph/blood vessels,
and later on the pulmonary arteries, ventricle, atrium and auricle of the right section
of heart [1,5,53,54]. Following the definitive host infection, A. vasorum are constantly
exposed to the definitive host innate immune environment, mainly composed of cell
barriers [e.g., digestive mucosa (epithelial cells), endothelium], cells of the innate immune
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system (e.g., PMN), complementary factors, antimicrobial peptides, cytokines /chemokines,
among others. However, studies on early innate canine immune reactions against A. vasorumt
stages are scarce. Given that PMN infiltration is common in A. vasorum-infected dogs [54-56]
and that NETs formation was recently reported as an effective PMN-derived defense mech-
anism against nematode stages [30,32,37,39,40], we here analysed A. vasorum L3-induced
NETosis as part of early innate immune responses in the canine system. Considering
that A. vasorum circulating antigens are in direct contact with highly immunoreactive host
endothelial cells of vessels in vivo, vasculitis, perivasculitis and thrombosis are consis-
tently reported for canine angiostrongylosis [54,56]. Therefore, we further studied canine
endothelium-derived responses to soluble AvAg. Overall, we here provide first evidence
of A. vasorum-induced formation of different NET phenotypes, NET-mediated larval entan-
glement and activation of canine endothelial cells (based on pro-inflammatory adhesion
molecule up-regulation).

NETs are composed of decondensed chromatin decorated with histones and gran-
ular components, such as calprotein, NE, MPO, cathepsin G, proteinase 3, lactoferrin,
LL37, pentraxin and gelatinase, among others [21,57]. Consistently, typical NET-associated
components were here confirmed for A. vasorum L3-induced NETs by demonstrating co-
localization of NE and histones on DNA-rich extracellular fibres being released from canine
PMN. In line with other reports on parasites triggering NETosis [8,27,30,58], the induction
of different NET phenotypes was here observed. In principle, all types (sprNETs, diffNETs,
aggNETs) were detected upon contact of canine PMN with A. vasorum L3; however, the
most abundant were sprNETs, which is consistent with findings on D. immitis-triggered
NETosis [30]. Referring to functionality of different NET phenotypes, aggNETs are reported
to have anti-inflammatory properties via sequestration and detoxification of global histones
and proteolysis of pro-inflammatory chemokines and cytokines [29,59,60], whilst sprNETs
and diff NETs exhibit pro-inflammatory effects in the early phase of innate response [61]. In
the current study, A. vasorum-triggered NET formation was quantified via NAE-based esti-
mations using DANA, thereby reflecting early reactions during the NETotic process. This
technique was recently demonstrated as useful and reliable in identifying early NETotic
cells during parasite encounter [62]. In the current study, an increase in NAE in A, vasorum
L3-confronted canine PMN confirmed the parasite-triggered induction of NETotic cells
and these data corresponded well to observer-based microscopic observations of NETs.
Worth noting, DANA has already been successfully performed before in human, murine
and bovine systems [25,27,63,64], with the current report representing the first application
for canine PMN.

Studies on helminth-triggered NETosis documented the efficiency and strength of deli-
cate extracellular fibers in capturing these large-sized parasites [8,32,37,39,62,65]. Strikingly,
mammalian PMN seem able to recognize or sense large-sized parasites [66] and to rapidly
cast NETs in response, in order to immobilize these pathogens [67]. On a mechanistic level,
NE is slowly released into the cytosol after PMN encounter a pathogen via a route that does
not involve membrane fusion, thereby facilitating NE translocation into the nucleus, which
finally results in chromatin decondensation and NETs release [66]. Considering the high
motility of A. vasorum L3, attachment of these larvae onto coverslips is revealed as problem-
atic, even when applying adhesion-promoting compounds, such as poly-y -lysine [8,32,62].
Irrespective of coverslip treatments, vital A. vasorum L3 were consistently moving away
from PMN to areas of coverslips where PMN were less abundant. Despite these efforts
of escape, PMN successfully captured several larvae as visualized by SEM; nevertheless,
future studies are required to confirm the importance of this observation in vivo. Cur-
rent observations mainly indicated suicidal NETs formation, which corresponds well to
previous NET-related reports on motile protozoan and metazoan parasites [8,27,30,38,62].

Given that PMN are highly present in the blood circulation, complex interactions
between this innate immune cell type and activated endothelial cells of blood and lym-
phatic vessels have been described and also play a fundamental role in the pathogenesis of
various parasite infections [42,68-70]. Thus, changes in the permeability of endothelium
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upon inflammation or parasite infection are common [42,71]. Analyses of the expression
of typical adhesion molecules serve as indicator of endothelial cell activation. Therefore,
we here monitored expression profiles of P-selectin, E-selectin, VCAM-1 and ICAM-1
in parasite antigen-stimulated canine primary endothelial cells. Even though adhesion
molecule-related reactions proved highly variable between time points and isolates, they re-
flected AvAg-driven endothelial activation, thus forming part of early host innate immune
response against A. vasorum. This variation in endothelium-derived pro-inflammatory
reactions were also confirmed between the different CAEC donors used. Therefore, in-
dividual variations concerning host innate reactions might be linked to different clinical
manifestations during canine angiostrongylosis as previously reported [18]. In line with the
current data, several studies on canine angiostrongylosis reported on pathological findings
which are in the long term necessarily linked to endothelial cell activation. Thus, formation
and endothelial adhesion of antigen-antibody-complexes, thrombus formation and vessel
inflammation lead to altered endothelial physiology and integrity [54-56]. An indirect
evidence of endothelial alteration in canine angiostrongylosis comes from vWF-related
findings. vWF is considered as a typical marker of activated endothelial cells. It captures
circulating platelets to the site of vascular injury and mediates subsequent platelet acti-
vation and aggregation [72,73]. Interestingly, vWF serum levels were consistently found
elevated in naturally A. vasorum-infected dogs [12,74], thereby most likely reflecting en-
dothelial cell activation. Multimers of vWE, released from activated endothelium, were
recorded as spontaneously recruiting excessive circulating platelets and PMN, thereby
promoting intravascular thrombosis [72], which is commonly observed in severe cases of
canine angiostrongylosis [54,56]. Of note, the metalloprotease ADAMTS13, which is also
present in PMN granules [75], specifically cleaves vVWF-A2 domains to regulate the size
and activity of vWF multimers [76,77], thereby hampering thrombus formation [73,78].
Linking these events, several studies showed that NETs are also involved in venous and
arterial thrombus formation [73]. Moreover, NETs directly interact via electrostatic forces
and by DNA or H2A with endothelium [42,76] and eventually directly affect endothe-
lial physiology. Taking into account that both vVWF and NETs own pro-thrombotic and
pro-inflammatory properties, it seems plausible to speculate that interactions between A.
vasorum-induced NETs and vWF might promote the development of coagulopathies and
bleeding disorders in clinical canine angiostrongylosis [12]. Moreover, future studies are
necessary to link both processes in order to better understand the whole complex cascade
of A. vasorum-induced coagulopathies and bleeding disorders in vivo.

5. Conclusions

Overall, we here demonstrated for the first time that exposure of primary canine
endothelial cells to soluble AvAg resulted in pro-inflammatory activation as part of early
host innate immune response against axenic A. vasorum L3. Finally, A. vasorum 13 was
able to strongly induce NETosis in canine PMN and sprNETs being the most abundant
phenotype observed.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biology 10050427 /51, Figure S1: Complete Western Blot acquisitions from E-Selectin, P-
Selectin, VCAM-1 and Vinculin.
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Abstract: Besnoitia besnoiti tachyzoites infect and develop in bovine endothelial cells in vivo and trigger
the release of neutrophil extracellular traps (NETs) from bovine polymorphonuclear neutrophils
(PMN). The purpose of this study was to analyze if pure B. besnoiti tachyzoite-triggered NETs
would damage endothelial host cells and subsequently influence intracellular development and
proliferation of B. besnoiti tachyzoites in primary bovine endothelial cells. For comparison purposes,
isolated A23187-induced NETs were also used. Thus, we here evaluated endothelial host cell damage
triggered by histone 2A (H2A) and B. besnoiti tachyzoite-induced NET preparations and furthermore
estimated the effects of PMN floating over B. besnoiti-infected endothelium under physiological
flow conditions on endothelial host cell viability. Overall, all treatments (H2A, B. besnoiti-triggered
NETs and floating PMN) induced endothelial cell death of B. besnoiti-infected host cells. However,
though host cell damage led to significantly altered intracellular parasite development with respect to
parasitophorous vacuole diameter and numbers, the total proliferation of the parasite over time was
not significantly affected by these treatments thereby denying any direct effect of NETs on intracellular
B. besnoiti replication.

Keywords: NETs; BUVEC; PMN; endothelium; innate; DNA; histones; Besnoitia

1. Introduction

The obligate intracellular parasite Besnoitia besnoiti (B. besnoiti) replicates in vivo in endothelium
and represents the causal agent of besnoitiosis in cattle. Bovine besnoitiosis has a high impact on
animal welfare and cattle production. Since 2010, bovine besnoitiosis has been classified as an emerging
disease by the European Food Safety Authority (EFSA). Within the life cycle of B. besnoiti, cattle act as
intermediate hosts whilst the definitive host, shedding oocysts, is still unknown [1-3].

Polymorphonuclear neutrophils (PMN) and endothelium are key players of host innate immune
responses both interacting with B. besnoiti stages during acute infection [4]. In addition to classical
effector mechanisms, such as reactive oxygen species (ROS) production, phagocytosis and degranulation,
PMN are able to extrude chromatin structures decorated with granular proteins that are able to ensnare
and eventually kill pathogens. These structures were first reported by Brinkmann et al. [5] and named
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neutrophil extracellular traps (NETs). They are involved in several physiopathological processes and
are described as a defense mechanism that is directed against pathogens (bactetia, fungi, parasites) but
also induced by soluble mediators (for review on NET inducers and respective mechanisms please refer
to [6,7]). In case of apicomplexan parasites, NETs were reported to be released by PMN of different
donor origin in response to stages of B. besnoiti [4], Neospora caninum [8,9], Toxoplasma gondii [10,11],
Eimeria bovis [12,13], Plasmodium falciparum [14], and Cryptosporidium parvum [15], thereby highlighting
the conserved nature of NETs formation throughout parasite and host species. Specifically regarding
B. besnoiti-triggered NET formation the process is correlated with a simultaneous increase in autophagy,
a process that involves AMPK phosphorylation indicating some insights about the controlling
mechanisms in B. besnoiti-triggered NETs formation [16].

Direct interactions of PMN or NETs with endothelium at physiological conditions have already been
reported [17-19] and indicated a critical role of PMN in the pathophysiology of endothelium impairment.
Nonetheless, few data are still available with respect to NET-derived effects on parasite-infected
endothelium in vitro and in vivo. In general, endothelial cells react upon parasite infections by a broad
spectrum of immune-related reactions, such as upregulation of adhesion molecules (e.g., ICAM-1,
VCAM-1, P-selectin, E-selectin), chemokines and PMN adhesion onto activated endothelium [12,20-24].
With this regard, our previous data showed that B. besnoiti infections induced the following early
innate immune reactions in primary bovine umbilical endothelial cells (BUVEC): i) Increased gene
transcription of adhesion and inflammatory molecules (ICAM-1, CXCL1, CXCL8, CCL5, and COX-2),
ii) augmented PMN adhesion to BUVEC layers and iii) release of NETs under physiological flow
conditions [20].

PMN-derived NETs affect endothelium by increasing endothelial cell (EC) layer permeability and
directly damaging single endothelial cells [25,26]. Additionally, NETs induce the expression of leukocyte
adhesion molecules in activated ECs and, consequently, enhance local inflammatory responses [27].
EC damage is mainly explained by transiently increased abundance of proteases/proteins in the
microenvironment of vessels. Major NET components that were already proven as inducers of EC
damage include histone 2A (H2A) [26]. Core histones are the most abundant proteins on NETs (70%
of all NET-associated proteins) and H2A represents the 26.9% of the total NETs protein content [28].
Moreover, differences in cytotoxicity are dependent of the histone type, being H2A, H2B, and H4
individually more cytotoxic than a mixture of histones [29]. In addition, a critical role of histone H4 in
lytic cell death of smooth muscle cells and endothelial cells in a mice model of atherosclerosis was
reported recently [30]. Altogether, this evidence highlights the importance of NET-derived histones in
tissue damage originated by NET-releasing neutrophils.

The aim of the current study was to determine whether bovine PMN and especially B. besnoiti
tachyzoite-triggered NETs in addition to a major single NET component, such as H2A [27], induce
cytotoxicity and damage in ECs and further alter intracellular B. besnoiti tachyzoite development in
endothelial host cells. The current methods included fluorescence- and confocal microscopy applying
static or physiological flow conditions on B. besnoiti-infected and non-infected primary bovine umbilical
vein endothelial cells (BUVEC). Respective analyses were performed on BUVEC treated with H2A
and NET preparations triggered by B. besnoiti tachyzoites. For comparison purposes, NETs were also
induced by the calcium ionophore and PMN activator A23187 [31-35]. This compound has been
successfully used to stimulate PMN and isolate NETs from humans [36].

Current data revealed that B. besnoiti-triggered NETs and H2A induced cytotoxicity and damage
in B. besnoiti-infected bovine endothelial cells. With respect to parasite intracellular development,
B. besnoiti parasitophorous vacuole (PV) diameter and number per host cell were found diminished in
treated BUVEC. However, total tachyzoite proliferation over time was not significantly affected by
NET-derived treatments, thereby denying a direct effect of NETs on intracellular B. besnoiti replication.
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neutrophil extracellular traps (NETs). They are involved in several physiopathological processes and
are described as a defense mechanism that is directed against pathogens (bacteria, fungi, parasites) but
also induced by soluble mediators (for review on NET inducers and respective mechanisms please refer
to [6,7]). In case of apicomplexan parasites, NETs were reported to be released by PMN of different
donor origin in response to stages of B. besnoiti [4], Neospora caninum [8,9], Toxoplasma gondii [10,11],
Eimeria bovis [12,13], Plasmodium falciparum [14], and Cryptosporidium parvum [15], thereby highlighting
the conserved nature of NETs formation throughout parasite and host species. Specifically regarding
B. besnoiti-triggered NET formation the process is correlated with a simultaneous increase in autophagy,
a process that involves AMPK phosphorylation indicating some insights about the controlling
mechanisms in B. besnoiti-triggered NETs formation [16].

Directinteractions of PMN or NETs with endothelium at physiological conditions have already been
reported [17-19] and indicated a critical role of PMN in the pathophysiology of endothelium impairment.
Nonetheless, few data are still available with respect to NET-derived effects on parasite-infected
endothelium in vitro and in vivo. In general, endothelial cells react upon parasite infections by a broad
spectrum of immune-related reactions, such as upregulation of adhesion molecules (e.g., ICAM-1,
VCAM-1, P-selectin, E-selectin), chemokines and PMN adhesion onto activated endothelium [12,20-24].
With this regard, our previous data showed that B. besnoiti infections induced the following early
innate immune reactions in primary bovine umbilical endothelial cells (BUVEC): i) Increased gene
transcription of adhesion and inflammatory molecules (ICAM-1, CXCL1, CXCL8, CCL5, and COX-2),
ii) augmented PMN adhesion to BUVEC layers and iii) release of NETs under physiological flow
conditions [20].

PMN-derived NETs affect endothelium by increasing endothelial cell (EC) layer permeability and
directly damaging single endothelial cells [25,26]. Additionally, NETs induce the expression of leukocyte
adhesion molecules in activated ECs and, consequently, enhance local inflammatory responses [27].
EC damage is mainly explained by transiently increased abundance of proteases/proteins in the
microenvironment of vessels. Major NET components that were already proven as inducers of EC
damage include histone 2A (H2A) [26]. Core histones are the most abundant proteins on NETs (70%
of all NET-associated proteins) and H2A represents the 26.9% of the total NETs protein content [28].
Moreover, differences in cytotoxicity are dependent of the histone type, being H2A, H2B, and H4
individually more cytotoxic than a mixture of histones [29]. In addition, a critical role of histone H4 in
lytic cell death of smooth muscle cells and endothelial cells in a mice model of atherosclerosis was
reported recently [30]. Altogether, this evidence highlights the importance of NET-derived histones in
tissue damage originated by NET-releasing neutrophils.

The aim of the current study was to determine whether bovine PMN and especially B. besnoiti
tachyzoite-triggered NETs in addition to a major single NET component, such as H2A [27], induce
cytotoxicity and damage in ECs and further alter intracellular B. besnoiti tachyzoite development in
endothelial host cells. The current methods included fluorescence- and confocal microscopy applying
static or physiological flow conditions on B. besnoiti-infected and non-infected primary bovine umbilical
vein endothelial cells (BUVEC). Respective analyses were performed on BUVEC treated with H2A
and NET preparations triggered by B. besnoiti tachyzoites. For comparison purposes, NETs were also
induced by the calcium ionophore and PMN activator A23187 [31-35]. This compound has been
successfully used to stimulate PMN and isolate NETs from humans [36].

Current data revealed that B. besnoiti-triggered NETs and H2A induced cytotoxicity and damage
in B. besnoiti-infected bovine endothelial cells. With respect to parasite intracellular development,
B. besnoiti parasitophorous vacuole (PV) diameter and number per host cell were found diminished in
treated BUVEC. However, total tachyzoite proliferation over time was not significantly affected by
NET-derived treatments, thereby denying a direct effect of NETs on intracellular B. besnoiti replication.
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vital tachyzoites of B. besnoiti. Harvesting of B. besnoiti tachyzoites was performed as described
previously [4].

2.5. Detection of Extracellular DNA and Protein Markers of NETs by Confocal and Fluorescence Microscopy

Bovine PMN were co-cultured with B. besnoiti tachyzoites (ratio 1:4) for 3 h (37 °C and 5% CO,
atmosphere) on 0.01% poly- -lysine pretreated coverslips (15 mm diameter, Thermo Fisher Scientific,
Braunschweig, Germany), fixed by adding 4% paraformaldehyde (Merck) in PBS and stored at 4 °C
until further staining.

For NETSs visualization, 4’,6-Diamidine-2"-phenylindole (DAPI) was used to stain DNA and
anti-histone (clone H11-4, 1:200; Merck Millipore (Darmstadt, Germany), #MAB3422) and anti-NE
(AB68672, 1:200, Abcam, Cambridge, UK) antibodies were used to stain specific proteins on ETs
structures. Therefore, fixed samples were washed three times with PBS, incubated with permeabilization
solution (3% BSA, 0.3% Triton X-100 in PBS) for 60 min at room temperature (RT) and incubated
with corresponding primary antibodies diluted in permeabilization solution for overnight at 4 °C.
Thereafter, samples were washed thrice with PBS and incubated in secondary antibody solutions
(Alexa Fluor 488 goat anti-rabbit IgG #A-11008 or Alexa Fluor 594 goat anti-mouse IgG, #A-11005;
both Life Technologies (Eugene, Oregon, USA) 30 min, 1:500 in permeabilization solution, RT). Finally,
samples were washed thrice in PBS and mounted in DAPI-containing mounting media 