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1. INTRODUCTION
1.1 Bovine besnoitiosis

Bovine besnoitiosis is a protozoan disease caused by the tissue cyst-forming apicomplexan
parasite Besnoitia besnoiti [1-4]. Infections predominantly affects cattle, resulting in chronic
and debilitating clinical manifestations that significantly compromise animal health and
welfare, particularly in endemic regions [1,2,5]. Clinically, the disease is characterized by an
initial acute febrile phase, which progresses into a chronic stage, defined by typical
dermatological lesions, infertility, and a gradual decline in overall health and productivity [6,7].
Bovine besnoitiosis has been widely reported across Sub-Saharan Africa, Asia, and Europe
[8,9]. In Europe, it is a reemerging disease, exhibiting both an expansion in its geographical
distribution and a rise in the incidence of clinical cases. The disease is associated with
substantial economic losses, primarily attributed to reduced fertility rates and prolonged

calving intervals in suckler cow herds [10].
1.1.1 Geographical distribution of bovine besnoitiosis

The first cases of bovine besnoitiosis were documented in the French Pyrenees by Besnoit and
Robin, and in Portugal by Franco and Borges, during the early 20" century [11,12]. Few
decades later, multiple cases on infected cattle imported from Angola to Portugal were reported
[1]. Since the 1980s, the disease has become widely distributed across various Sub-Saharan
African countries, including Angola, Kenya, Tanzania, Botswana, Namibia, Zimbabwe,
Uganda, Sudan, Cameroon, and Nigeria [4,13,14]. In the same time period, cases of
besnoitiosis were also reported in Asia, Venezuela, and Israel [15].

It was not until the 1990s and early 2000s that new cases of bovine besnoitiosis were recorded
in Europe, notably in Portugal, Spain, and France [10,16,17], where the disease is now
considered endemic. In Germany, a significant outbreak of besnoitiosis occurred after
importation of cattle from France into a beef cattle herd in Bavaria, where almost all animals
of the herd were affected [18]. Subsequent case reports have documented the re-emergence and
spread of bovine besnoitiosis across Central Europe. Reports from Hungary, Ireland, Italy,
Belgium, Portugal, Spain, France, and Switzerland underscore the ongoing geographic
expansion of this disease [19-27]. Recent findings further emphasize its re-emergence, with

notable reports from Central Europe [3].



1.1.2 Epidemiological features, clinical signs and lesions

The severity of clinical signs varies significantly among infected individuals. Most animals
(80% to 95%) remain asymptomatic after infections, and those that present symptoms exhibit
varying degrees of clinical signs. The ratio of symptomatic to asymptomatic cases may vary
depending on the level of enzootic occurrence of the disease in a given geographic area
[4,28,29]. Moreover, epidemiological data on prevalence and incidence in Europe and Africa
are scattered. Hence, individual and herd seroprevalence data vary greatly, depending on
whether the study area is endemic or non-endemic for bovine besnoitiosis [30—32]. In Europe,
for instance, a study in southwestern France documented an increase in seroprevalence on a
dairy cattle farm from 30% in March 2008 to 89.5% in May 2009, with the highest number of
seroconversions occurring during spring [32]. In Northern Italy, the prevalence of bovine
besnoitiosis in breeding bulls reached 36.5%, with an incidence of 39.6% [31]. Similarly, a
large beef cattle farm in Portugal recently reported an overall prevalence of 16.89%, with
significant differences between calves under one year of age (4.8%) and adult cattle (19.67%)
[30].

In symptomatic animals, factors like parasite load transmitted by vectors, host resistance, and
differences in virulence between strains contribute to the individual variation of clinical signs
presentation [1,33]. The disease progresses through an incubation period of up to 13 days,
followed by two clinical phases: the acute febrile and anasarca phase and the chronic
scleroderma phase. The acute febrile phase is characterized by the presence of tachyzoites in
endothelial cells, leading to vasculitis, hyperplasia, thrombosis, and necrosis of venules and
arterioles [3]. This phase manifests with fever reaching up to 40°C and typically lasts between
two and ten days, although it may extend up to two months. Clinical signs include photophobia,
epiphora, ocular and nasal discharge, anorexia, cessation of rumination, increased heart and
respiratory rates, and, in some cases, abortion [5,15,34]. Due to the nonspecific nature of these
signs, diagnosis during this stage is challenging and related differential diagnoses may include
diseases like bluetongue or malignant catarrhal fever [9].

Early consequences of increased vascular permeability in the acute phase include the
development of oedema. Initially localized at the head and neck, oedema may expand to limbs
and ventral regions, including the jowl, breast, and scrotum. Scrotal oedema can become
severe, potentially resulting in necrotizing orchitis, azoospermia, and permanent bull infertility
[35,36]. Limb and joint oedema often cause significant pain, reluctance to move, and in severe

cases, laminitis, leading to lameness. Respiratory complications, including alveolar and
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interstitial oedema, may arise in severe cases. This phase of infection typically lasts between
one and four weeks, during which specific antibodies become detectable 15-18 days post-
infection [1,15]. Furthermore, a recent publication evaluated the implication of naturally
acquired acute, subacute, and chronic besnoitiosis on hematologic, biochemical, and enzymatic
parameters [37]. In acute and subacute stages, leukopenia, anemia, hypoalbuminemia,
hypocalcemia, and elevated aspartate transaminase and creatine kinase activities reflected
systemic inflammation and tissue damage, whereas chronic infection was characterized by
persistent alterations in erythrocyte parameters and marked hyperglobulinemia. These results
indicated that besnoitiosis induces stage-dependent alterations blood biochemical parameters,
consistent with acute inflammatory responses and chronic inflammatory disease [37].

The subsequent chronic scleroderma phase is characterized by the formation of numerous
tissue cysts containing bradyzoites. These cysts are commonly found in the dermis, upper
respiratory tract, connective tissues, scleral conjunctiva, muscles, and the mucosa of the vulva,
and less frequently in the spleen, liver, and heart muscle [3,15,34]. Some cysts are surrounded
by granulomatous inflammatory infiltrates. Pathognomonic scleral cysts are found 6—7 weeks
post-infection and, along with cysts in the vulvar region and nasal mucosa, are visible during
clinical examination. Additionally, cutaneous changes during the chronic phase include
thickened skin with hyperkeratosis and alopecia, particularly on the face, neck, udder, teats,
perineal area, and scrotum. Both the acute and chronic phases of the disease can be fatal, and
affected animals often have to be culled due to their poor economic value stemming from

severe deterioration in health [1,15,34,38].

1.1.3 Diagnosis, treatment and control

Laboratory diagnosis may confirm suspicion of besnoitiosis based on epidemiological history
and clinical examination. Several diagnostic techniques are available for B. besnoiti infection,
either based on the detection of the parasite via microscopic examination of biopsies, parasitic
DNA via PCR, or specific antibodies via ELISA [39—42]. Diagnosis during the acute phase of
infection includes PCR using peripheral blood samples considering the short-lasting
parasitaemia, and serological tests that detect parasite-specific immunoglobulins G and M (IgG
and IgM) by ELISA [43,44]. To detect tissue cysts in the chronic phase, direct diagnosis on
skin biopsies from the base tail (regio femoris), histology or immunohistochemistry and
molecular biology techniques (PCR) proved useful [45]. Additionally, serological techniques

detecting anti-B. besnoiti antibodies in biopsies can confirm the diagnosis [46]. However,



cross-reactivity with closely related parasites, such as Neospora caninum and Sarcocystis spp.,
has been observed in several tests, including immunofluorescence assays and ELISAs [47,48].
For high-value animals, it is strongly recommended to confirm negative results [42,49].
Currently, there are no therapeutics available in Europe to treat bovine besnoitiosis.
Experimental in vivo treatments of naturally or experimentally infected animals applying
sulfonamides, toltrazuril, oxytetracycline, and parvaquone yielded inconclusive outcomes due
to poorly reproducible in vivo models [3]. However, in vitro studies have demonstrated the
efficacy of novel compounds in the preclinical stage, such as bumped kinase inhibitors (BKIs)
[50]. Moreover, other promising but not yet commercially available compounds, such as
decoquinate, diclazuril [S1], thiazolides [52], arylimidamides [53], naphto-quinone
buparvaquone [54] and endochine like quinolones (ELQs) [55] have been reported, showing
positive effects related to parasite growth control and tachyzoite ultrastructure impairment.
Since there are no therapeutics or vaccines available and registered in Europe for bovine
besnoitiosis, disease control currently relies on bioexclusion and biocontainment measures. For
non-infected farms, bioexclusion strategies include thorough clinical and serological
monitoring of newly introduced animals during quarantine, avoidance of communal pastures
or bulls, pre-breeding clinical examinations - including bull sperm quality control -, and
application of repellents and ectoparasiticides both indoors and outdoors. In infected herds,
biocontainment measures should complement bioexclusion. These control measures include
the rapid culling of clinically affected animals, of sterile/infertile bulls, and of qPCR-positive
seropositive animals; regular serological testing to segregate seropositive from seronegative
animals; restocking exclusively with seronegative cattle; and restricting natural mating on
negative bulls for seronegative cows while applying artificial insemination for seropositive

animals [3].

1.2 Besnoitia besnoiti

The causative agent of bovine besnoitiosis, Besnoitia besnoiti, is an obligate intracellular
protozoan parasite belonging to the genus Besnoitia, within the family Sarcocystidae and the
phylum Apicomplexa. Besnoitia spp. are closely related to other fast proliferating coccidia like
Neospora caninum and Toxoplasma gondii [18,56]. Members of the genus Besnoitia parasitize
a wide range of hosts, including cattle, goats, equids, reindeer, caribou, opossums, rabbits,
rodents, and lizards [57]. To date, ten species have been described: Besnoitia bennetti,

Besnoitia jellisoni, Besnoitia wallacei, Besnoitia tarandi, Besnoitia darlingi, Besnoitia caprae,



Besnoitia besnoiti, Besnoitia oryctofelisi, Besnoitia akodoni, and Besnoitia neotomofelis [58].
A putative novel Besnoitia species was recently reported in a southern black-eared opossum
from Argentina based on /85 rRNA and ITSI sequence identity [59]. In the case of the
18S rRNA region sequence, 100% identity with B. darlingi and B. oryctofelisi was observed.
However, analysis of the complete ITS1 sequence revealed 99.2% identity with B. oryctofelisi
and 97.7% with B. darlingi suggesting that this Besnoitia sp. indeed differs from B. darlingi,
while being closely related to B. oryctofelisi. B. besnoiti tachyzoites represent the proliferative
stage responsible for the acute phase of the disease. These stages measure approximately 7 x 3
um [60] and can be cultivated in vifro using various mammalian cell types, such as Madin-
Darby bovine kidney cells (MDBK) and bovine umbilical vein endothelial cells (BUVEC)
[18,53,61,62]. When analyzing B. besnoiti tachyzoites via electron microscopy (TEM),
classical hallmarks of apicomplexan parasites are observed, including the presence of
micronemes, rhoptries, the conoid, and a microtubular cytoskeleton underlying the pellicle [5].
B. besnoiti tachyzoites typically invade host cells by their apical end, a process facilitated by
actin, myosin, and tubulin motor proteins. Once inside, tachyzoites form a specialized
intracellular compartment known as the parasitophorous vacuole, which is surrounded by a
parasitophorous vacuole membrane. Within this vacuole, tachyzoites undergo endodygeny, a
process of continuous intracellular division [5,18,60].

During the chronic phase of besnoitiosis, large tissue cysts containing thousands to millions of
B. besnoiti bradyzoites are found in the skin and mucosa. Bradyzoites are thinner and longer
than thachyzoites, measuring around 8 x 2 um and proliferating within unseptated cysts with a
diameter up to 600 um [58]. The thick cyst walls are characterized by three distinct layers: an
outer layer of host-derived connective tissue, an intermediate layer derived from the infected
host cell, and an inner parasite-derived cyst wall lining the luminal side of the PVM, which
encloses the bradyzoites [8]. Moreover, the analysis of 77 cutaneous locations in four
chronically infected cattle by real-time PCR revealed a non-uniform distribution of Besnoitia
besnoiti tissue cysts within the skin, with the highest concentrations of parasite DNA
consistently being detected in the rump, distal parts of the hindlegs, and forelegs. Consequently,
the rump region (Regio femoris) was identified as the optimal site for collecting skin biopsies
for diagnostic purposes [45].

A recent study using AP-SMALDI MSI on bovine skin cysts reported significant compositional
changes in 467 lipids and glycolytic metabolites when comparing samples from infected

animals with non-infected controls [63]. This highlights the extensive metabolic alterations



induced by infection, which are crucial for understanding the host-parasite interactions during
chronic infection.

The molecular triggers of B. besnoiti stage conversion (tachyzoite to bradyzoite and vice versa)
remain unknown. Genomic and proteomic studies strongly suggest that the differentiation
process from tachyzoites to bradyzoites involves pathways similar to the well-
characterized and close related apicomplexan parasite Toxoplasma gondii [64,65]. In T. gondiii,
several studies have shown that tachyzoite-to-bradyzoite conversion is triggered by diverse
stressors, such as alkaline pH, nutrient deprivation, immune mediators, heat shock,
endoplasmic reticulum (ER) stress, and metabolic inhibitors [66—73]. These stimuli activate
parasite signalling pathways, including cAMP/cGMP-dependent kinases and elF2a
phosphorylation, leading to preferential translation of stress-responsive regulators like apetala
2 (AP2) factors and the master regulator bradyzoite-formation deficient 1 (BFD1) [74-76]. In
vivo, different factors like immune pressure, febrile responses, and host cell type - particularly

neurons and skeletal muscle - act as critical modulators of tissue cyst formation [77].

1.2.1 Life cycle and transmission

The life cycle of B. besnoiti has not yet been fully elucidated, and its definitive host remains
unidentified (Fig. 1). This is also the case for B. benneti, B. caprae, and B. tarandi, which infect
ungulates as intermediate hosts as well. In case of B. besnoiti, cattle serve as the primary
intermediate host for both asexual stages, i. e. tachyzoites and bradyzoites [1]. A carnivorous
definitive host is hypothesized for B. besnoiti. Thus, it is presumed that, similar to other
Besnoitia species (B. darlingi, B. wallacei, B. oryctofelisi, and B. neotomofelis), a felid -
particularly a wild felid - may serve as the definitive host of B. besnoiti [1,9,78]. To identity
potential definitive and intermediate hosts for B. besnoiti, several animal species (domestic
dogs, cats, rabbits, guinea pigs, gerbils, common voles, and NMRI mice) were experimentally
inoculated with B. besnoiti isolates obtained from naturally infected German cattle [79]. While
no shedding of B. besnoiti oocysts was observed at all, serological analyses evidenced that cats
might act as intermediate hosts for B. besnoiti [79]. Another study assessed the potential role
of free-roaming carnivores as definitive hosts of B. besnoiti in Spain. Sera from 205 individuals
across 10 species, including wolves, foxes, martens, badgers, genets, mongooses, wildcats, and
feral cats, were analysed by indirect fluorescent antibody test (IFAT) and western immunoblots

using tachyzoite and bradyzoite antigens. Twelve animals, mainly cats, showed seroconversion



by at least one assay, although none proved positive in both tests [80]. Moreover, the precise

role of wild ruminants and rodents in the life cycle of B. besnoiti remains to be elucidated.
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Figure 1. Life cycle of Besnoitia besnoiti. The full life cycle of the parasite remains unresolved. It is presumed
that B. besnoiti follows a heteroxenous life cycle. The definitive host has not been identified so far, although it is
suspected to be a carnivorous species, like in other Besnoitia species. Within intermediate hosts (bovids, cervids),
two asexual stages develop: fast-replicating tachyzoites and slowly dividing bradyzoites, the latter of which
assemble into macroscopic tissue cysts, e.g., located in subcutaneous connective or mucosal tissues. Besnoitia
besnoiti can be transmitted horizontally between intermediate hosts, either through the bites of hematophagous
arthropod vectors or by direct contact between infected and healthy animals. In case of horizontal transmission,
bradyzoites located inside tissue cysts could be the infective stage since they are able to penetrate mucous
membranes [1,3].

B. besnoiti was shown to be transmitted horizontally between intermediate hosts, either through
the bites of hematophagous arthropod vectors or via direct contact between infected and healthy
animals [1]. Bradyzoites within tissue cysts are here considered the infective stage, as they are
capable of penetrating mucous membranes [1]. Outbreaks of bovine besnoitiosis
predominantly occur during seasons when biting flies are active. Several biting insects,
including tsetse flies (Glossina brevipalpis), tabanids (Atylotus nigromaculatus, Tabanocella
denticornis, Haematopota albihirta), and stable flies (Stomoxys calcitrans), seem capable of
mechanical transmission of the parasite [5,81]. The fact, that tachyzoite stages were detected
in lacrimal secretions [17], opens the possibility that non-biting flies like Musca autumnalis

and Musca domestica might also contribute to mechanical transmission. Additionally, another

7



potential transmission route, though still scientifically unproven, involves direct animal-to-
animal contact, e.g., during natural mating or by mucosal contact through licking [31,47]. Of
note, neither venereal transmission nor transplacental transmission has been demonstrated so

far and thus is currently considered unlikely [82].

1.3 Immune system

The immune system includes a coordinated network of cells, tissues, and organs in which
innate and adaptive components interact to protect the host from pathogenic microorganisms.
Innate immunity, an ancient form of host defence, has evolved to protect organisms against a
wide range of infectious agents, including bacteria, fungi, viruses, and parasites [83]. The
different components of the innate immune system comprise physical and anatomical barriers
(e.g., skin, mucous membranes, endothelial cells from blood vessels), as well as humoral (e.g.,
the complement system) and cellular players. Endothelial cells represent a highly
immunoreactive cell type, which - upon activation - initiate a cascade of proinflammatory
responses, including the expression of adhesion molecules, cytokines, and chemokines. This
activation mediates the recruitment of immune cells and orchestrates an acute inflammatory
response [84]. Among the recruited cellular components, professional phagocytes, such as
PMN, monocytes and macrophages, play pivotal roles in both parasite elimination (e.g., via
phagocytosis) and the orchestration of inflammatory processes [83]. Conversely, adaptive
immunity represents a highly specific, memory-based defence system that provides tailored
protection against specific pathogens. It is mediated by lymphocytes, with T cells targeting
infected cells directly and B cells producing antibodies that eventually neutralize extracellular
pathogens. Together, these cell-mediated and humoral responses enable the host to mount a
faster and more robust reaction upon re-exposure, thereby conferring long-term protective

immunity [85].

The current work focuses on PMN-derived immune responses. Consequently, this cell type and

its parasite-driven responses are here described in more detail.

1.3.1 Polymorphonuclear neutrophils (PMN) biology: overview

PMN are highly abundant leukocytes in bovine peripheral blood, reaching about ~30% of the
total cell count [86—89]. They act as primary responders against invading pathogens including
bacteria, fungi, and protozoa, particularly during acute inflammatory responses [90]. PMN

originate from a myeloid progenitor cells in the bone marrow, being stimulated by a subset of



growth factors including granulocyte-macrophage colony stimulating factor in a process
known as granulopoiesis [91]. PMN develop from mitotically active (promyelocytes,
myelocytes) and postmitotic progenitor cells or immature neutrophils (metamyelocytes and
banded neutrophils) into mature PMN, which circulate in the peripheral blood and migrate into
tissues [92]. Mature PMN are characterized by their segmented nuclei, a diameter of
approximately 7-10 um in diameter, and a rather short life span of 12-14 h, which is
significantly prolonged by cell activation. The cytoplasm of PMN is enriched with specific
granules (see 1.3.1.1) and secretory vesicles that contribute to their antimicrobial functions
[91,93].

In the past, PMN were considered as a uniform, finally differentiated cell population of the
innate immune system with a pure pro-inflammatory function. Of note, recent studies
elucidated that the total PMN population of a host is indeed characterized by a significant
heterogeneity [94]. Strikingly, besides a maturation-related diversity of PMN, a regulatory,
mainly immunosuppressive PMN subset is currently described in addition to classical pro-
inflammatory PMN [92,94,95]. Thus, it has been proven for the murine and human system that
PMN act beyond their classical function of direct pathogen abatement, thereby being actively
involved in eliciting and shaping adaptive immune responses, e.g., by inhibiting lymphocyte
functions like IFNy production and T cell proliferation. Recent studies also characterized
peripheral blood PMN as a heterogenous population exhibiting multiple phenotypes and
functional capabilities [90,94]. Moreover, PMN aging is associated with distinct phenotypic
and functional properties that vary with the circadian rhythm, influencing their responsiveness
and clearance from circulation [96,97]. Hence, both neutrophil superoxide production and
bacterial phagocytic activity display diurnal variations and are more pronounced during
daylight hours [98].

In general, PMN are recruited from blood circulation into tissues (Fig. 2), mediated by
endothelial cells in response to inflammatory cytokines and pathogen-derived molecules. This
extravasation process is mediated by adhesion molecules (e.g., E- and P-selectins, VCAM1)
on the endothelial luminal surface promoting PMN tethering, rolling and subsequent adhesion
[90]. Upon adhesion, PMN flatten and polarize to transmigrate across the endothelial barrier
(diapedesis), either via intercellular junctions or directly through endothelial cells. Once the
endothelial cell barrier has been traversed, PMN migrates along chemotactic gradients towards
the site of inflammation, guided by host-released cytokines [e.g., interleukin (IL)-8] and

pathogen-derived chemoattractants. During this process, PMN release extracellular matrix-



degrading proteins, facilitating tissue infiltration. After reaching areas of high chemoattractant
concentration, PMN assemble their oxidative burst machinery, a hallmark of PMN activation,
and execute classical effector mechanisms like phagocytosis, reactive oxygen species (ROS)
release, degranulation and neutrophil extracellular traps (NET) formation to fight pathogens
[99-103].

Diapedesis Adhesion Rolling
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Figure 2. Neutrophil effector mechanisms. In response to chemokines being released by tissues suffering from
unphysiological conditions (e.g., in case of tumor growth, inflammation, or acute injury), circulating PMN are
attracted and migrate to affected sites performing sequential steps of tethering, rolling, adhesion, and
transmigration. Once recruited, PMN recognize (mainly foreign) proteins and carbohydrates via pathogen
recognition receptors, ranging from Toll-like receptors to specialized opsonized-molecules receptors and execute
a wide array of antimicrobial mechanisms, thereby exposing pathogens to antimicrobial molecules like
myeloperoxidase, neutrophil elastase, or reactive oxygen species. Moreover, other effector mechanisms include
direct actions to immobilize or kill pathogens, like phagocytosis, neutrophil extracellular trap formation and
degranulation [90].

1.3.1.1 Neutrophil granules and degranulation

PMN granules are membranous vesicles formed during PMN maturation, which carry a rich
variety of enzymes, antimicrobial proteins, and signaling molecules that play a pivotal role in

pathogen killing (Fig. 3A) [99]. There are three fundamental types of granules, classified by
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their resident cargo: azurophilic granules (primary granules), specific granules (secondary
granules), and gelatinase granules (tertiary granules) [99,104]. Azurophilic granules contain
myeloperoxidase (MPO), lysozyme, and different serine proteases like neutrophil elastase
(NE), proteinase 3 (PR3), and cathepsin G (CTSG). Neutrophil specific granules contain the
iron-binding proteins lactoferrin and lipocalin-2, but, more importantly, are also characterized
by the presence of the gp917#°* and p22P"°~ heterodimer, a main component of the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase complex [99,105,106]. Gelatinase granules
serve to store metalloproteases like gelatinase and leukolysin [107,108]. MPO is critical for the
oxidative burst process since it catalyzes the production of hypochlorous acid, thereby
increasing the antimicrobial activity of ROS, such as superoxide free radical, produced by
NADPH oxidase [109]. Along with NE, these enzymes are principal components of NET
structures [110]. When PMN progress through the activation process, granules are mobilized
and fuse either with phagosomes or the plasma membrane. Degranulation of primary and
secondary granules facilitates the generation of an antimicrobial milieu at the inflammatory

site and produces an adverse environment for invading pathogens [111,112].
1.3.1.2 Reactive oxygen species (ROS)

Activated neutrophils represent one of the most relevant producers of superoxide radicals. ROS
are synthesized by the NADPH oxidase, an enzymatic core complex constituted by both
membrane-bound and soluble subunits (Fig. 3B) [106,113,114]. Its catalytic core consists of
the transmembrane heterodimers gp917#* and p22#°* (phox stand for phagocyte oxidase) and
its soluble trimeric core is assembled by p477%°* p677#* and p40P** [106,115]. NADPH
oxidase activation is a tightly regulated process, triggered by specific receptors upon binding
of microorganism-derived molecules, and soluble inflammatory mediators, leading to a
downstream activation of distinct kinases like the protein kinase C (PKC), ERK1/2, MAPK,
and phosphoinositide 3-kinase (PI3K). Activated kinases phosphorylate all cytosolic NADPH
oxidase subunits, allowing the core to assemble with the plasma membrane and the phagocytic
vacuole membrane, thereby forming the phagosome [113]. Besides this pathway,
phagocytosis-mediated NADPH oxidase activation also takes place upon activation of
phagocytic receptors [e.g., FcyR for immunoglobulin G (IgG) and the B2 integrin CR3], leading
to downstream kinase activation, NADPH oxidase subunit phosphorylation and activation of
the enzyme complex within the phagosome, even before it is fully sealed [114]. The

transmembrane subunit gp9177* chemically reduces NADPH from the cytosol to form NADP*
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and superoxide (O2"), contributing to generate ROS. Then, ROS are released either into the
extracellular environment or into the phagosome [116]. The ROS entity includes several
oxygen species. Apart from Oz, the most relevant reactive oxygen species are hydrogen
peroxide (H202) and hypochlorous acid (HOCI), being HOCI production catalyzed by MPO
[117]. Other ROS molecules are chloramines (R-NHCI), hypothiocyanite (OSCN"), and
organic radicals [116]. All these oxidants show antimicrobial activities by lipid peroxidation
and protein / DNA damage, with HOCI being the fastest acting and most potent antimicrobial
oxidant produced by PMN.

1.3.1.3 Phagocytosis

Phagocytosis is a cellular effector mechanism for ingesting and eliminating particles, including
foreign substances, microorganisms, and apoptotic cells (Fig. 3C) [118-120]. This process is
fulfilled by the coordination of neutrophil granules and phagosome fusion alongside with
enhanced ROS production by NADPH oxidase [119]. PMN recognize pathogen associated
molecular patterns (PAMPs) and opsonized molecules via phagocytic receptors like C-type
lectins (CRL), scavenger receptors, complement receptors (CR) and Fc receptors (FcR)
[121,122], thereby triggering a cascade of signals, changes in lipids composition in the cell
membrane and the reorganization of actin cytoskeleton to expand the plasmatic membrane
around the particle to be ingested [118]. After phagosome formation, phagosomes mature by
sequential fusion steps, starting by the fusion of a new phagosome with azurofilic and specific
granules, and, at the latest step, with lysosomes [123]. In the resulting phagolysosome, ingested
microorganisms are finally degraded by both oxidative and non-oxidative mechanisms
including acidification by V-ATPase (pumps hydrogen ions into the phagosome) and
hydrolytic enzymes (e.g., from PMN granules) [119]. Recently, phagocytosis has been
proposed to function as a kind of “sensor” for microbial size since, if phagocytosis fails,
neutrophils switch to other mechanisms [124,125]. Thus, extracellular ROS production, PMN
recruitment, and NET formation are typically performed in response to large pathogens, such
as Candida albicans hyphae [124,126]. Whenever PMN encounter large pathogens, a lack of
phagosome formation allows NE and MPO to be released into the neutrophil cytosol. This
enables their translocation to the nucleus, where they drive chromatin decondensation - a key
step in NET formation [124]. Moreover, NADPH oxidase assembles on the plasma membrane,
leading to the extracellular release of ROS. In parallel, NF-kB activation amplifies IL-1

expression, promoting further neutrophil recruitment and clustering, which are essential for the
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clearance of large pathogens [126]. These findings indicate that phagocytosis is a central

regulator of the microbe size-dependent choice of neutrophil responses [110,125,127,128].
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Figure 3. Neutrophil effector mechanisms: granule content, NADPH oxidase activation and phagocytic
mechanisms. (A) Neutrophil granules and vesicles are categorized into azurophilic (primary), specific
(secondary) and gelatinase (tertiary) granules, each containing distinct antimicrobial proteins such as
myeloperoxidase (MPO), neutrophil elastase (NE), and lactoferrin. Upon activation, granules are mobilized and
fuse with the plasma membrane or phagosomes, facilitating microbial killing and contributing to ROS production.
(B) NADPH oxidase activation involves assembly of the transmembrane subunits gp917"°* and p22”"** with the
cytosolic components p47”*, p677"*, and p40”"**. Upon receptor-mediated activation, all subunits are
phosphorylated and translocate to the membrane, forming the active enzyme complex that generates reactive
oxygen species (ROS), including superoxide (O-") and hypochlorous acid (HOCI). These ROS exert antimicrobial
activity within the phagosome and in the extracellular space. (C) Phagocytosis is initiated by the recognition of
opsonized particles or pathogen-associated molecular patterns (PAMPs) via phagocytic receptors, triggering actin
remodeling and membrane extension. Following internalization, phagosomes undergo sequential fusion with
granules and lysosomes, forming phagolysosomes where pathogens are degraded through oxidative and non-
oxidative mechanisms [99,106,112,113,118,120].

Albumin

13



1.3.1.4 Neutrophil extracellular traps (NETs)

NETs are large extracellular web-like structures composed of neutrophil antimicrobial
cytosolic and granule proteins assembled on a scaffold of decondensed chromatin [129]. NETs
have been described as a defense mechanism capable of entrapping, neutralizing and eventually
killing bacteria, fungi, viruses and parasites [129—132]. NET formation occurs via two distinct
pathways: (1) NADPH oxidase-dependent NETosis, which critically involves ROS production,
and (2) NADPH oxidase-independent NETosis, in which mitochondrial ROS (mtROS) [133]
and peptidylarginine deiminase 4 (PAD4) play a crucial role in chromatin decondensation
[110,128,134,135]. Originally, NET formation was considered as a cell death process.
However, recent studies additionally described a fast (5-60 min), non-lytic fashion of NET
formation where chromatin or mitochondrial DNA (mtDNA) is extruded from PMN without
causing cell death, allowing neutrophils to remain functional on the level of phagocytic activity
and locomotion [136—140].

NET formation is induced by several pro-inflammatory stimuli, including pathogen-associated
molecular patterns (PAMPs) from bacteria, fungi, viruses, and parasites [e.g.,
lipopolysaccharides (LPS) or N-formylated peptides like fMLP]. Additionally, damage-
associated molecular patterns (DAMPs), released by stressed or dying cells, also foster NET
formation. PMN recognize these signals via pattern recognition receptors (PRRs), such as Toll-
like receptors (TLRs), NOD-like receptors, and C-type lectin receptors and initiate signalling
cascades leading to NET formation [141,142].

The best characterized pathway leading to NET formation - the lytic pathway - involves ROS
production via NADPH oxidase (Fig. 4). Following NADPH oxidase activation, enhanced
ROS levels trigger MPO-mediated oxidative activation of NE. Subsequently, NE degrades
cytoplasmic actin cytoskeleton to block phagocytosis [124,125]. Once in the nucleus, NE
cleaves histones, facilitating chromatin decondensation and DNA release [110,143]. Chromatin
decondensation is also promoted by MPO, PR3 and CTSG binding (so-called azurosome),
along with the activation of PAD4, which catalyzes citrullination of histones H3, H4 and H2A.
This process converts arginine groups to citrulline, thereby neutralizing positive-charged
histones and weakening DNA-histone interactions. As a result, chromatin expands, leading to
nuclear membrane disruption. Then, chromatin is released into the cytosol, where it is
decorated with a variety of granular and cytosolic proteins, and finally is extruded into the

extracellular environment to perform anti-microbial functions [109,110,129,143,144].
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Moreover, calcium is a crucial intracellular signaling molecule involved in NET formation
(Fig. 4). A rise in cytosolic calcium concentration (originating from the endoplasmic
reticulum), enhances PAD4 activity via calcium binding-induced conformational changes.
Additionally, calcium promotes mitochondrial ROS production by facilitating the opening of
the non-selective mitochondrial permeability transition pore (mPTP) and activating the small-
conductance calcium-activated potassium channel SK3 (SK3). This process is implicated in

NADPH oxidase-independent NET formation [127,134,145].

NADPHx- dependent Stimuli NADPHx- independent
Receptors

’// '// '// :7 '/; mtROS
\ \\» iR

Histone cleavage
and chromatin
decondensation

Figure 4. Mechanisms of neutrophil extracellular traps formation. Two main pathways of NET formation
have been described: the NADPH oxidase-dependent and the NADPH oxidase-independent pathways. The
NADPH oxidase-dependent mechanism, triggered by stimuli such as phorbol 12-myristate 13-acetate (PMA) and
lipopolysaccharide (LPS), activates intracellular signaling cascades that lead to reactive oxygen species (ROS)-
dependent release of myeloperoxidase (MPO) and neutrophil elastase (NE) from azurophilic granules. These
enzymes mediate nuclear envelope disintegration, chromatin decondensation, and subsequent rupture of the
plasma membrane. In addition, NE inhibits phagocytosis by degrading components of the cytoplasmic actin
cytoskeleton. In contrast, the NADPH oxidase-independent pathway is initiated by cytokines such as interleukin
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(IL)-6, IL-8, or tumor necrosis factor-alpha (TNF-a), as well as by calcium ionophores such as ionomycin. These
stimuli promote an increase in cytoplasmic calcium concentration via mobilization from the endoplasmic
reticulum (ER) and activation of the small-conductance calcium-activated potassium channel 3 (SK3), followed
by mitochondrial ROS production. This, in turn, induces translocation of peptidylarginine deiminase 4 (PAD4) to
the nucleus, where it catalyses histone citrullination. Both pathways converge on histone cleavage and chromatin
decondensation, ultimately resulting in neutrophil cell death. [146-148].

1.3.2 Intrinsic and extrinsic regulators of PMN activation
1.3.2.1 ATP and purinergic receptors

The purinome of cells describes the entity of different representatives of purinergic receptors,
which, together with membrane-bound ectonucleotidases, coordinate a complex network of
reactions in response to extracellular ATP and adenosine levels, thereby regulating the
purinergic signaling-based activation of effector functions. Purinergic cascades not only
influence PMN phagocytosis, NETosis and ROS production, but also regulate neutrophil
chemotaxis. In principle, PMN own various P>X, PoY and P; adenosine (ADO) receptors
[149,150]. Obviously, intracellular ATP serves as the primary energy source driving almost all
cellular functions. However, ATP also plays a key role in purinergic signaling. In mammalian
cells, ATP is mainly synthesized by glycolysis or by oxidative phosphorylation and stored at a
high intracellular concentration of ~ 5 mM. Under physiological conditions, extracellular ATP
levels remain low (~10 nM) due to the continuous hydrolysis of ATP to ADP, AMP and
adenosine (ADO) by plasma membrane-anchored ectonucleotidases like CD39 (ectonucleoside
triphosphate diphosphohydrolase, E-NTPDasel) and CD73(ecto-5'-nucleotidase) [151,152].
Under pathological conditions, such as trauma, ischemia, and infection, extracellular ATP
concentrations rise dramatically and act as danger-associated molecular pattern (DAMP) and
“find me” signal, thereby guiding the migration of purinergic receptor-expressing leukocytes,

such as PMN [150].

Purinergic receptors are classified into three major families based on their signal transduction
mechanism and structural properties. P2X receptors (P2Xi17R) function as ATP-sensitive
trimeric ion channels, facilitating the influx of sodium, potassium, and calcium. P2Y receptors
(P2Y 1214/611-14R) represent G protein-coupled receptors (GPCRs) that recognize ATP and
several other nucleotides including ADP, UTP and UDP. Activation of P2Y receptors triggers
the phospholipase C/inositol trisphosphate/diacylglycerol pathway, leading to an endoplasmic
reticulum-dependent rise in intracellular calcium (Fig. 5A). Moreover, P receptors
(A1/A2A/A2B/A3R) are also GPCRs but specifically recognize ADO [150,153—155]. Indeed,

P2R- and PiR-mediated purinergic signaling often exerts opposing effects on immune cell
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functions [150]. Specifically, ATP-mediated P2R signaling predominantly enhances immune
cell activation, while ADO-mediated PR signaling generally suppresses immune responses
[156,157].

Purinergic signaling regulates diverse neutrophil activities like chemotaxis, rolling, adhesion,
transmigration, ROS generation, NETosis, and apoptosis [158—164]. Recent studies on
protozoa-driven PMN activation underlined an essential role of purinergic signaling in
Neospora caninum-driven NET formation since tachyzoite-mediated NETosis was
significantly blocked by a P2Y> receptor inhibitor [165]. Additionally, P2X; receptor blockage
by the purinergic inhibitor NF449 significantly decreased NET formation induced by

Trypanosoma brucei brucei trypomastigotes [166].

1.3.2.2 AMPK and autophagy

The main metabolic sensor in eukaryotic cells is the AMP-activated kinase (AMPK). It is a
serine/threonine protein kinase consisting of three heterogenic subunits: a catalytic a-subunit
as well as regulatory B- and y-subunits, capable to directly bind AMP, ADP and ATP in a
competitive manner [167]. AMPK is activated by phosphorylation in response to energetic
stress after sensing a rise in AMP:ATP and ADP:ATP ratios. The AMPK-based regulatory
system enables energy balance restoration by inhibiting anabolic processes, while promoting
catabolic processes [168]. Moreover, AMPK activity is tightly regulated by upstream signals,
including liver-kinase-B1 (LKB1), which responds to energetic stress [169], and
calcium/calmodulin-dependent kinase kinase 2 (CAMKK?2), which is activated by an increase
in intracellular calcium levels (Fig. 5B) [170]. Thus, AMPK serves as a critical metabolic
control system, allowing cells to dynamically adjust their energy metabolism in response to
physiological demands [171]. This response can be triggered either by a reduction of ATP
production (e.g., by hypoxia, glucose deprivation, heat shock or a reduced mitochondrial
oxidative phosphorylation), or by an increased ATP consumption, as occurring during exercise
or in cases of cellular metabolism upregulation [172]. Consequently, AMPK enhances energy-
generating processes, including glucose uptake, glycolysis, fatty acid oxidation, and
autophagy, while suppressing non-essential ATP-consuming pathways [167]. There is
increasing evidence that AMPK participates in modulating acute inflammatory reactions and
plays a major role in regulating PMN functions [172,173]. In mice, AMPK activation enhances
PMN chemotaxis and bacterial killing in vitro and in vivo and counteracts chemotaxis

inhibition induced by LPS (> 30 ng/mL). Accordingly, chemical blockage of AMPK activation
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diminishes neutrophil chemotaxis [174]. On a mechanistic level, the pharmacological
activation of AMPK by aminoimidazole carboxamide ribonucleotide (AICAR) drives actin
polymerization, formation of PMN edges, phagocytosis, and bacterial killing in murine PMN
[172,174,175]. Conversely, in human PMN, AMPK shows inhibitory effects on fMLP- and
phorbol 12-myristate 13-acetate (PMA)-induced ROS production [176].

Autophagy represents a conserved intracellular degradation process that facilitates the
recycling of cellular components, including proteins and organelles, and plays a crucial role in
cellular responses to stress conditions [177]. At physiological states, the constitutive level of
autophagic activity is usually low; however, it is markedly up-regulated in response to
oxidative stress, nutrient starvation, and various other stimuli including pathogens [177].
During autophagy, cytosolic constituents are enclosed in double-membrane vesicles, called
autophagosomes, and subsequently delivered to lysosomes for degradation (autolysosomes)
[178]. Autophagy is primarily regulated by AMPK activation, which consequently leads to the
inactivation of the mechanistic target of rapamycin (mTOR) [179]. Under nutritional or energy
starvation, intracellular ATP levels decrease, resulting in AMPK activation which promotes
autophagy by direct activation via the phosphorylation of regulatory kinases, such as unc51-
like autophagy activating kinase 1 (ULK1) or Beclin 1, among others [171]. This process
inhibits mTOR, thereby facilitating the recruitment of the activated ULK1 complex to nascent
autophagosomal structures, driving the growth, elongation, and curvature of the forming
autophagosome [177,180]. In general, neutrophil autophagy is linked to several PMN
functions and can prime these innate immune cells to perform phagocytosis, ROS production
and NET formation [62,177,181,182].

1.3.2.3 Extracellular vesicles

A broad range of different organisms and cells, including parasites, ECs and PMN, release
extracellular vesicles (EVs) for communication purposes (Fig. 5C) [183—185]. In general, EVs
comprise apoptotic bodies (50 nm — 5 um), microvesicles (50 nm — 1 um) and exosomes (30-
150 nm), all containing a complex mixture of DNA, RNA, lipids, metabolites and proteins,

with pivotal importance in cell to-cell communication [186].

EVs are nanoscaled, double-membraned vesicles that are constitutively generated from
endosomes. Late endosomes accumulate intraluminal vesicles (ILVs) by inward budding their

membranes, subsequently transforming into multivesicular bodies (MVBs). Throughout this
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process, proteins commonly associated with EV biogenesis and secretion, such as Rab GTPases
(Rab7, Rabl1, Rab27a/b, Rab35), heat shock proteins, tetraspanins (CD9, CD63, CD81), and
components of the endosomal sorting complex required for transport (ESCRT), are integrated
into the invaginating membrane. Simultaneously, cell-specific cytosolic components, such as
major histocompatibility complex class II (MHC-II) molecules - particularly in antigen-
presenting cells - are encapsulated within the ILVs. Upon fusion of MVBs with the plasma
membrane, the ILVs are released into the extracellular space, at which point they are classified
as exosomes [187,188]. EV-based intercellular communication depends on effective delivery
of genetic material, which can be achieved by receptor-ligand interactions, direct fusion of

membranes, or internalization via endocytosis [189].

Emerging evidence indicates that EVs also modulate neutrophil effector functions [141].
Hence, it was reported that EV-driven reciprocal communication between platelets and PMN
is enabled by neutrophil EV-based transfer of arachidonic acid to platelets, which is
enzymatically converted into thromboxane A2 (TxA2). TxA2 release from platelets then
propagates ICAM-1 upregulation on PMN, which binds to the EC surface and enables PMN
extravasation to the site of inflammation [185]. Other studies have demonstrated that EVs from
resting human PMN reduced ROS levels and IL-8 secretion in PMN isolated from venous
blood. In contrast, EVs from PMN activated by opsonized particles enhanced ROS and IL-8
secretion in PMN and ECs, promoting antibacterial and proinflammatory responses [190,191].
These results highlight opposing EV effects, depending on the neutrophil activation state before
their release. Furthermore, platelets secrete EVs after incubation with Dengue virus, LPS, and
thrombin, activating the CLEC5A/TLR2 heterocomplex in human PMN, thereby enhancing
NET formation and inducing the release of IL-1p and other proinflammatory cytokines from

macrophages [192].

Notably, parasite-derived EVs can transfer virulence factors, drug-resistance genes and
differentiation factors between parasites. Moreover, parasite-derived EVs modulate host
immune responses by stimulating the release of anti-inflammatory cytokines, which may then

assist parasites in evading the immune system [184—186,193—198].
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Figure 5. Summary of intrinsic and extrinsic regulators of NET formation evaluated in this study. (A) ATP
and its metabolites released under pathological conditions like infection or tissue damage act as a danger-
associated molecular pattern (DAMP) and signal via purinergic receptors. PoX and P,Y receptors promote PMN
activation via a rise in intracellular calcium levels leading to enhanced chemotaxis, ROS production, and NET
formation [150]. (B) AMPK serves as a central energy sensor being activated by metabolic stress and subsequent,
CAMKK-mediated calcium influx. AMPK-mediated signaling suppresses anabolic processes while promoting
catabolic pathways, including autophagy. In PMN, AMPK activation regulates chemotaxis, phagocytosis, ROS
production, and bacterial killing, thereby highlighting its dual role in both metabolic adaptation and immune
regulation [171,174]. (C) EVs released by PMN, ECs or parasites propagate intercellular communication by
transferring proteins, lipids, and nucleic acids. Depending on their molecular content, EVs can enhance
inflammatory and antimicrobial responses, or conversely, dampen immune activity [141,186].

1.4 Besnoitia besnoiti-driven innate immune cell responses

So far, relatively little is known on innate or adaptive immune responses during acute or chronic

besnoitiosis. In B. besnoiti-infected animals, histological studies revealed the formation of
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tissue cyst containing bradyzoites mainly in the skin, eye, tendons, and testicle during chronic
besnoitiosis. In cysts-bearing tissues, immune cell infiltration was documented, characterized
by the presence of macrophages, eosinophils, and scattered lymphocytes, thereby indicating a

systemic activation of both, the innate and adaptive immune system [24,35,36,199].

In intermediate hosts like cattle, B. besnoiti tachyzoites predominantly infect host endothelial
cells in various organs and blood vessels, replicating intracellularly via endodyogeny [45].

Previous studies have shown that tachyzoites are also able to invade monocytes and PMN, and
are also present extracellularly in blood smears of infected animals [18,58]. Maksimov et al.
(2016) reported that B. besnoiti infections drive an upregulation of the endothelial transcription
of key genes associated with endothelial cell adhesion and leukocyte recruitment, such as P-
selectin, intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1
(VCAM-1), as well as chemokines (CXCL1, CXCL8, CCL5), IL-6, and COX-2. Moreover, B.
besnoiti infection promotes PMN rolling and adhesion to bovine endothelial cell layers [200].
In general, chemokines like CXCL1 and CXCLS, as well as adhesion molecules like ICAM-1
and VCAM-1 are known to play crucial roles in PMN recruitment and migration to the site of
inflammation [90]. Consequently, their upregulation seems pivotal for the development of an

appropriate and effective innate immune response.

1.4.1 The state of art of NET formation induced by protozoan parasites

Immune cells such as monocytes, macrophages and PMN are considered to be the first line of
defence against pathogen invasion [201,202]. The early recruitment of neutrophils to the site
of tissue invasion typically helps reduce the initial burden of protozoan parasites [201,202].
PMN effector mechanisms against protozoan parasites include degranulation, phagocytosis,
ROS production, and, ultimately, NET formation [203]. Nevertheless, we have little knowledge
on the molecular pathways involved in NET formation induced by protozoan parasites, and

how these pathways can differ between different parasites.

Recent reports on Leishmania amazonensis (phylum Sarcomastigophora) promastigote-
exposed PMN describe that inhibition of NE and PAD4 reduced the amount of NET formation
[204]. L. amazonensis promastigotes caused an increase in H202 levels in PMN, and ROS were
generated by both the NADPH oxidase complex and the mitochondrial respiratory chain.
Nevertheless, only ROS derived from the NADPH oxidase complex appeared to be necessary
for NET formation, as inhibition of other ROS sources did not affect NET release [204].
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Moreover, a rapid NET formation was induced by promastigotes (within 10 minutes of
stimulation), which depended on NE activity but was independent of NADPH oxidase-derived
ROS and PAD4 activity, indicating that different pathways converge in the NET release
triggered by the same stimulus [204]. In other studies, it has been demonstrated that L.
amazonensis can induce NET formation through both NADPH oxidase-dependent and -
independent pathways, depending on which PI3K subunit is activated [205]. The NADPH
oxidase-dependent pathway involves the activation of PI3K-y, which activates ERK via
MAPK; subsequently, ERK activates PKC, and ROS are generated by NADPH oxidase [205].
On the other hand, NADPH oxidase-independent NETosis triggered by this parasite activates

PI3K-6, which leads to an increase in calcium mobilization [205].

In a different study that examined the interaction between PMN and Trypanosoma cruzi
(phylum Sarcomastigophora), 7. cruzi trypomastigotes and their soluble extracts were shown
to induce NET formation in a dose-dependent manner [206]. This mechanism appears to be
triggered by sensing via TLR2/4, phosphorylation of p47”"°* in a p38 MAPK-dependent
manner, and involves ROS production and histone citrullination [206,207]. Furthermore, PMN
possess Transient Receptor Potential Melastatin 2 (TRPM2) channels that can be activated by
H20: produced through ROS generation under physiological conditions, allowing the flow of
ions such as calcium, sodium, and magnesium [208]. This calcium influx through the TRPM2
channels may trigger the activation of PAD4, which leads to chromatin decondensation. Other
studies have described that PMN are able to phagocytize both trypomastigote and amastigote
forms of 7. cruzi [209,210], killing the parasites in the phagolysosomal vacuole through a
mechanism dependent on H.O. [209,211]. It is unknown whether TRPM2 channels are
activated during 7. cruzi—neutrophil interaction; nonetheless, it could explain why neutrophils
undergo NET formation [206,207], even when they are able to phagocytize trypanosomes
[209,210,212].

Several publications describe NET formation as a key innate immune response against different
developmental stages of protozoan parasites in the phylum Apicomplexa, such as Eimeria
bovis, Neospora caninum, Toxoplasma gondii, Cryptosporidium parvum, Plasmodium

falciparum, and B. besnoiti, with both shared and parasite- or host-specific characteristics.

In E. bovis-stimulated PMN, NET formation is NADPH oxidase-dependent, faster and stronger

than PMA, requiring viable sporozoites and exhibiting time- and dose-dependent kinetics
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[213]. NETs immobilize sporozoites and hamper them from host cell invasion [213]. The NET
response is mediated by CD11b upregulation, ERK1/2 and p38 MAPK phosphorylation, and
Ca?" influx via store-operated calcium entry (SOCE), along with the presence of extracellular
DNA co-localizing with histones and NE as demonstrated in both in vifro and in vivo studies
[213-215].

N. caninum tachyzoites induce NET formation in PMN from various hosts in a time- and dose-
dependent manner, characterized by DNA filaments co-localizing with NE, histones H3, and
MPO. While canine PMN require ERK1/2, p38 MAPK, and SOCE, bovine PMN undergo NET
formation in a dose-dependent manner, independent of NADPH oxidase, NE, MPO, PAD4,
and key signalling pathways, suggesting species-specific regulatory mechanisms

[165,216,217].

T. gondii induces NET release across multiple host species, exhibiting common NET
characteristic and signalling pathways as E. bovis and N. caninum. In murine PMN, intranasal
infection triggers fast PMN recruitment and NET formation, with reduced infectivity in
tachyzoites recovered from lavage fluid [130]. Canine PMN respond with NET formation
against 7. gondii in vitro, but tachyzoites degrade zymosan-induced NETs, suggesting an
evasion strategy [218]. Human and caprine PMN exhibit classical and rapid NET formation,
with mechanisms involving Ca®" signalling, PI3K, and NADPH oxidase-dependent ROS
production, modulated by p38 MAPK and ERK1/2 [219,220]. Additionally, TLR 2/4 signalling

and neutrophil glycolysis regulate this response in goats [219].

In Cryptosporidium parvum-stimulated PMN, NET formation occurs in a time- and dose-
dependent manner, characterized by the release of extracellular DNA decorated with NE, MPO,
and histones [221]. The process is calcium-dependent, requiring intracellular calcium influx
and activation of the ERK1/2 and p38 MAPK signalling pathways for optimal activation [221].
C. parvum-induced NET formation immobilizes sporozoites and inhibits their excystation,
preventing parasite invasion of host cells from both neonatal and adult PMN donors [162,222].
Moreover, inhibition of P2X1 receptors using specific antagonists, or blocking NE or MPO,
results in a significant reduction in NET formation [162,222]. Additionally, the process was
observed under both physiological (5% O:) and hyperoxic (21% O:) conditions, confirming

that NET formation occurs regardless of oxygen levels [162].
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A 2019 study describes the role of NET formation in the pathogenesis of malaria, a disease
caused by Plasmodium falciparum [223]. The study shows that heme molecules from infected
erythrocytes (a known malaria DAMP released during parasite egress) induce NET formation
in a mitochondrial ROS-dependent manner, as PMN from granulomatous disease patients (who
carry NADPH oxidase mutations) exhibit similar NET formation levels in comparison with
PMN from control patients [223]. This result was later confirmed with a scavenger of
mitochondrial ROS. In addition, heme-triggered NETSs required the activity of protein kinase
C (PKC), cyclin-dependent kinase 6 (CDK6), and NE/Proteinase 3 (PR3), but were
independent of peptidyl arginine deiminase 4 (PAD4)-mediated citrullination [223]. These
results were genetically confirmed by isolating peritoneal PMN from NE single-knockout and
NE/PR3 double-knockout mice. NE/PR3—/— PMN failed to release extracellular chromatin,
whereas NE—/— cells displayed a partial deficiency, demonstrating that these proteases have an
essential nonredundant function in decondensing chromatin [223]. In contrast, there was no

difference in NET formation between PAD4—/— and control PMN [223].

Recent studies have elucidated multiple aspects of Besnoitia besnoiti-induced NET formation.
Both B. besnoiti tachyzoites and bradyzoites induce NET formation in a time- and dose-
dependent manner, associated with increased NE and MPO activity, as well as enhanced ROS
production [224,225]. This response occurs regardless of tachyzoite viability, but varies in
amplitude [224]. Vital tachyzoites exhibit reduced endothelial infectivity after PMN
interaction, an effect reversed by DNase treatment, highlighting the mechanistic role of NETs
[224]. The metabolic requirements of B. besnoiti-induced NET formation rely on pyruvate-
and lactate-mediated catabolic pathways [226]. Under physiological flow conditions, B.
besnoiti-infected endothelial cells upregulate adhesion molecules (VCAM-1, P-selectin,
ICAM-1, and E-selectin), promoting PMN adhesion. This interaction leads to endothelial
damage via NET formation, with histone 2A identified as a key NET component. Interestingly,
B. besnoiti-infected endothelium itself also induces NET release [62,227]. Furthermore, recent
studies link autophagy and NET formation as bradyzoites-exposed PMN showed positive
staining for microtubule-associated protein 1A/1B-light chain 3 (LC3), a key protein of
autophagosome formation. Additionally, tachyzoite-exposed PMN release NET, featuring
activation of calcium/calmodulin-dependent protein kinase kinase 2 / AMP-activated protein

kinase (CAMKK/AMPK) pathway [225,228].
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Collectively, while NET formation is a conserved response among Apicomplexan parasites,

distinct regulatory pathways highlight host-specific variations in NET induction and efficacy.

1.5 Aims of the current dissertation

NET formation represents an essential component of the innate immune defense against
pathogens. While the principal capacity of protozoan parasites like Besnoitia besnoiti to trigger
NETs release has already been proven, the molecular mechanisms orchestrating this process
remain only partially understood. In particular, the roles of distinct signaling pathways (e.g.,
purinergic signaling), metabolic regulators including AMPK, and parasite-host communication

via extracellular vesicles have scarcely been addressed, so far.

This dissertation therefore aimed to add new data on the current understanding of the cellular
and molecular mechanisms underlying B. besnoiti-induced NET formation in bovine PMN by

focusing on the following topics:

Aim 1: To investigate the role of purinergic signaling and ATP as a master regulator of B.
besnoiti-induced NET formation, addressed in Chapter 1: B. besnoiti-induced PMN clustering

and NET formation depend on P2X1 purinergic receptor signaling

Aim 2: To elucidate the relevance of the AMPK -related signaling pathway as an early regulator
of B. besnoiti / T. gondii tachyzoite-mediated PMN activation and NET formation, addressed
in Chapter 2: The CAMKK/AMPK pathway activation participates in early events of B.
besnoiti- and T. gondii-triggered NET formation in PMN

Aim 3: To evaluate the role of extracellular vesicles from different cellular origin (B. besnoiti
tachyzoites, infected host cells and B. besnoiti-exposed PMN) in parasite-driven NET
formation, addressed in Chapter 3: PMN responses to EVs released by B. besnoiti tachyzoites

and B. besnoiti-infected host cells
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2. MATERIAL AND METHODS
2.1 Primary bovine umbilical vein endothelial cell isolation and maintenance

Primary bovine umbilical vein endothelial cells (BUVEC) were isolated from umbilical veins
obtained from calves born by sectio caesarea at the Justus Liebig University Giessen.
Therefore, umbilical cords were stored at 4 °C in 0.9% Hank’s balanced salt solution (HBSS)—
HEPES buffer (H1641, Sigma-Aldrich; H4034, Sigma-Aldrich; pH 7.4) supplemented with
1% penicillin/streptomycin (P4333, Sigma-Aldrich) for a maximum of 16 h before use. For
endothelial cells isolation, 0.025% collagenase type II (LS004174, Worthington Biochemical
Corporation) suspended in Puck’s solution (137 mM NacCl, 5.37 mM KCIl, 1.08 mM CaCls,
0.617 mM MgSOy4, 2.83 mM NaH,;HPO4, 1.10 mM KH,PO4, 6.11 mM Glucose, pH 7.4) was
infused into the lumen of ligated umbilical veins and incubated for 20 min at 37 °C/5% CO»
atmosphere. Cells were collected in cell culture medium supplemented with 1 ml fetal calf
serum (FCS, N4637, Sigma-Aldrich) to inactivate collagenase. After two washes (350 x g,
12 min, 20 °C), cells were re-suspended in complete endothelial cell growth medium (ECGM,
C-22010, PromoCell) supplemented with 10% FCS. Then, cells were plated in 25 cm? tissue
plastic culture flasks (C6481, Greiner) and cultured at 37 °C / 5% CO; atmosphere in modified
ECGM medium (diluted at 30% in M199 medium, 2154, Sigma-Aldrich) supplemented with
5% fetal bovine serum (FBS, 10270-106, Gibco) and 1% penicillin/streptomycin. Medium was
replaced every 2-3 days. BUVEC cell layers were used for infection after three passages in

vitro [229].
2.2 Host cell culture, B. besnoiti and T. gondii tachyzoite maintenance

All experiments of the current study were performed with tachyzoite stages of the
apicomplexan parasite B. besnoiti (Bb-Evora04 strain) and Toxoplasma gondii (RH strain).
Madin-Darby bovine kidney (MDBK) and human foreskin fibroblasts (HFF) cells were used
as host cells for B. besnoiti and T. gondii tachyzoite in vitro production, respectively. Host cell
layers were cultured in 75 cm? plastic tissue culture flasks (C7231, Greiner) at 37°C/5%
CO; atmosphere using RPMI 1640 medium (R0883, Sigma-Aldrich) or Dulbecco's modified
Eagle medium (DMEM)-GlutaMAX (10566016, Gibco) supplemented with 5% fetal bovine
serum and 1% penicillin/streptomycin for MDBK or HFF cells, respectively. Host cell layers
were infected at 80% confluency with 2.4x107 tachyzoites. For tachyzoite harvest, infected

host cells were scraped, cells and supernatants collected and filtered through a 5 um syringe
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filter (SLSVO025LS, Merck), washed, and pelleted (400xg, 12 min) prior to re-suspension in
supplemented RPMI 1640 cell culture medium. Tachyzoite numbers were determined in a
Neubauer chamber (0640030, Marienfeld), and parasite stages were placed at 37 °C/5% CO.

atmosphere for further experimental use [228-231].
2.3 Bovine PMN isolation

Healthy adult dairy cows served as blood donors. Animals were bled by puncture of the jugular
vein and peripheral blood was collected in heparinized sterile plastic tubes (041551, Kabe
Labortechnik). Heparinized blood was re-suspended at 1:1 ratio in 20 ml sterile PBS (D1408,
Sigma-Aldrich) with 0.02% EDTA (8043.2, CarlRoth), carefully layered on top of 12 ml
Histopaque-1077 separating solution (density = 1.077 g/l; 10771, Sigma-Aldrich) and
centrifuged (800xg, 45 min) without brake. After removal of plasma and peripheral blood
mononuclear cells, the volume of the cell suspension was adjusted to 10 ml with ice-cold HBSS
(14065-049, Gibco). Then, 20 ml of lysis buffer (5.5 mM NaH2PO4, 10.8 mM KH>PO4, pH
7.2) were added and the sample was gently mixed for 60 s to lyse erythrocytes. Osmolarity was
rapidly restored by addition of 10 ml hypertonic buffer (462 mM NaCl, 5.5 mM NaH»POs, 10.8
mM KH>POg4, pH 7.2) and 10 ml HBSS. The lysis step was repeated twice. PMN were then
suspended in 5 ml HBSS, counted in a Neubauer chamber and allowed to rest on ice for 30

minutes prior to any experimental use [228-231].
2.4 Extracellular vesicle (EV) isolation and characterization

To isolate EVs from B. besnoiti-infected BUVEC, 8 x 10° BUVEC (biological replicates = 3)
in 75 cm? plastic tissue culture flasks were infected with tachyzoites (ratio: 1:6) in modified
ECGM medium for 4 h (37 °C, 5% COy). After washing with sterile PBS, cells were
resuspended in vesicle-depleted modified ECGM medium (EV medium) and incubated for 24
h. Equal numbers of plain tachyzoites and non-infected BUVEC were equally treated for
controls. For isolation of EVs from tachyzoite-exposed PMN (n = 3), 5 x 107 PMN were
exposed to tachyzoites (ratio 1:6) in EV medium for 4 h. Equal numbers of plain PMN and of
zymosan-stimulated PMN (0.1 mg/ml, Z4250, Sigma-Aldrich) were used as controls. After
incubation, EV-containing supernatants were collected and pooled per experimental condition
and differentially centrifuged (300xg for 5 min, 2,000xg for 10 min and 10,000xg for 30 min)
to eliminate cell debris. Supernatants were concentrated using Amicon Ultra-15 100 kDa

MWCO filter devices (UFC9100, Millipore) to a final volume of 500 pul. Then, EV isolation
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was performed by size-exclusion chromatography (SEC) with an Automatic Fraction Collector
V2 (AFC-V2, Izon) using a qEV sepharose column (ICO-70, qEVoriginal/70 nm, Izon)
according to IZON's protocol. The columns were equilibrated with filtered (0.22 pm) PBS, pH
7.4, before loading EV samples (500 pl). After discarding 2.9 ml eluate, 0.5 ml fractions were
collected into 2 ml eppendorf tubes. EV fractions were concentrated using Amicon Ultra-15
100 kDa MWCO filter devices to a final volume of 100-150 pl. EV samples were stored at
—20°C until further use. For characterization of EV size and concentration, Nano-flow
cytometry was conducted using a Flow NanoAnalyzer (NanoFCM Co., Ltd, Nottingham, UK)
equipped with a 488 nm and a 638 nm laser at the Core Facility Extracellular Vesicles, Center
for Tumor Biology and Immunology, Philipps University of Marburg, Germany. The
instrument was calibrated using 200 nm polystyrene beads (NanoFCM Co. Ltd.) at a defined
concentration of 2.08 x 10% particles/ml, serving as reference for particle concentration.
Monodispersed silica beads (NanoFCM Co., Ltd) of four different diameters (68 nm, 91 nm,
113 nm and 155 nm) were utilized as size reference standards. Measurements of freshly filtered
(0.1 pm) plain 1x TE buffer pH 7.4 (Lonza, Basel, Switzerland) were defined as background
signals; consequently, respective values were subtracted from all other measurements. Particle
concentration and size distribution of EV samples (diluted in 0.1 um pore size-filtered 1x TE
buffer) were calculated using NanoFCM software (NF Profession V2.0), based on data

collected for one minute under a sample pressure of 1.0 kPa [229].
2.5 Scanning electron microscopy (SEM)

Bovine PMN were co-cultured with B. besnoiti tachyzoites at 1:4 ratio at 37°C and 5% CO»
for 60 min on 10 mm coverslips (0111500, Marienfeld) pre-coated with 0.01% poly-L-lysine
(P8920, Sigma-Aldrich). After incubation, cells were fixed in 2.5% glutaraldehyde (G5882,
Merck), post-fixed in 1% osmium tetroxide (75632, Merck), washed in distilled water,
dehydrated, critical point dried by CO»-treatment and sputtered with gold. Finally, all samples
were analysed via a Philips XL30 scanning electron microscope at the Institute of Anatomy

and Cell Biology, Justus Liebig University Giessen, Germany [231].
2.6 NET detection by immunofluorescence microscopy

Bovine PMN were co-cultured with B. besnoiti tachyzoites (1:6 ratio) for 4 h (37 °C, 5% CO>
atmosphere) on fibronectin- (2.5 ug/ml, F1141, Sigma-Aldrich) or poly-L-lysine-pretreated
coverslips (15 mm diameter, 0111550, Marienfeld), fixed in 4% paraformaldehyde (158127,
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Merck), and stored at 4 °C. To assess the effect of AMPK activation, B. besnoiti tachyzoite- or
T. gondii tachyzoites-exposed PMN were stimulated with 1 mM of AICAR (A9978, Sigma-
Aldrich). In an independent experiment, 2 x 10° PMN were co-cultured with BUVEC- and B.
besnoiti tachyzoite-derived EVs (1 x 10% particles). Fixed samples were washed three times
with blocking/permeabilization solution [PBS containing 3% BSA (A9418, Sigma-Aldrich),
0.3% Triton X-100 (X100, Sigma-Aldrich)]. For NET visualization samples were incubated in
primary antibody solution diluted in blocking/permeabilization (overnight, 4 °C) applying anti-
histone (1:1000, clone TNT-1, MAB3864, Merck) and anti-NE (1:1000, AB68672, Abcam) to
stain DNA and respective proteins in NET structures. An in-house hyperimmune serum raised
against B. besnoiti was used (1:100) to stain tachyzoites. In an independent experiment,
primary antibody anti-histone (1:300, clone H11-4, MAB3422, Merck) were used. After three
washings in PBS, samples were incubated for 1 h at RT in secondary antibody solution
containing Alexa Fluor 488 goat anti-rabbit IgG (1:500, A11008, Life Technologies), Alexa
Fluor 647 goat anti-mouse IgG (1:500, A21235, Life Technologies), or TRITC-conjugated
anti-bovine (1:500, A18756, Invitrogen) antibodies. Occasionally, Alexa Fluor 594 goat anti-
mouse IgG (1:500, A11005, Life Technologies) were used instead of Alexa Fluor 647. Finally,
samples were washed three times in PBS, mounted in anti-fading buffer with 4',6-diamidin-2-
phenylindol (DAPI, 495952, Fluoromount G, Thermo Fisher), and sealed with coverslip
sealant (23005-1, Biotium). Images were acquired by a Nikon Eclipse Ti2-A inverted
microscope equipped with a white LED epifluorescence lamp, a ReScan confocal microscopic
instrumentation (RCM 1.1 Visible, Confocal.nl) and a motorized z-stage (DI1500) controlled
by the NIS-Elements v 5.11 software. Measurements of defined parameters (e.g., area,
integrated density, and number) were performed with Fiji/Image J software (version: 1.53c)
[232]. Histone-DNA and DAPI signals were acquired at the same time point for each image.
A manual threshold was applied to each channel using the clustering algorithm of Otsu [233].
Sharpness of the images was adjusted and the percentage of cells releasing NETs for each
experimental condition was assessed as described elsewhere [234] by determining the number
of cells positive in the DNA-HI1 channel relative to the total number of cells in the DAPI
channel. Cells positive for DNA-H1 and showing an expanded non-multilobulated nucleus
(>80 um?) were defined as NETotic. For EV-exposed PMN, image acquisition was achieved
by a BZ-X800 microscope (Keyence), thereby applying identical brightness and contrast
conditions within the datasets of each biological experiment. Percentages of NET-forming
PMN were calculated semi-automatically by dividing the events counted in the histone channel

(multiplied by 100) by the events counted in the DAPI channel [228-231].
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2.7 Extracellular DNA quantification

Bovine PMN (2 x 10°) suspended in RPMI 1640 medium without phenol red were confronted
with B. besnoiti tachyzoites for 4 h (37°C, 5% CO») at a 1:6 ratio in the presence of non-
modified ATP (0.05-50 uM, P1132, Promega), or non-hydrolyzable ATP (ATPyS; 0.05-50
uM; 4080, Tocris). Moreover, specific purinergic receptor antagonists were utilized to
investigate receptor-mediated signalling pathways. The selective P2Y receptor antagonist
MRS 2179 (0900, Tocris) and the P2Y¢ receptor antagonist MRS 2578 (2146, Tocris) were
employed for the inhibition of P2Y-type receptors. For P2X receptor inhibition, NF449 (1391,
Tocris) was used as a selective P2X antagonist, 5-BDBD (3579, Tocris) as a P2X4 antagonist,
and AZ10606120 (3323, Tocris) as a P»X7 antagonist. All antagonists were prepared at a
concentration range of 0.1-100 uM. To investigate the role of EVs on NET release, bovine
PMN (2 x 10%) suspended in RPMI 1640 were confronted with 1 x 103 EV particles from all
cellular sources (see 2.4) for 4 h (37°C, 5% CO,). Independently, 2 x 10° bovine PMN were
co-cultured with 7. gondii (1:4) in RPMI 1640 medium but pretreated with the MAPK inhibitor
UO0126 (50 uM, 30 min; Sigma-Aldrich), the PI3K inhibitor LY294002 (1 pM, 30 min; CST)
or the SOCE inhibitor 2-APB (50 uM, 30 min; Sigma) before exposure to 7. gondii. To prove
that the source of the fluorescence signal is extruded DNA from PMN, DNase I (90 U/sample,
Roche Diagnostics) treatment was included as control. After incubation, sample supernatants
were analysed for “cell-free” NETs. The remaining cells at the well bottoms were estimated
for “anchored” NETS, as described elsewhere [235]. Therefore, picogreen [P7581, Invitrogen,
1:200 dilution in 10 mM Tris base (4855.2, Carl Roth)] buffered with 1 mM EDTA (50 pl/well)
was added to each supernatant or pellet sample. Extracellular DNA was quantified by
picogreen-derived fluorescence intensities using an automated multiplate reader (Varioskan,

Thermo Scientific) at 480 nm excitation/ 520 nm emission [229-231].
2.8 Quantification of ROS production by EV-stimulated PMN

Total ROS measurement was performed by a chemiluminescence-based assay using luminol
(A4685, Sigma-Aldrich). Therefore, 1 x107 PMN were suspended in 1 ml of HBSS; 100 pl (1
x 10° PMN) were transferred per well to a white 96-well plate. Then, 90 ul luminol (80 uM
final concentration) were added per well. For negative controls, non-stimulated PMN were
used. After 30 readings accounting for 12 minutes, 10 pl of 1 x10® EVs isolated from BUVEC
controls, B. besnoiti-infected BUVEC, B. besnoiti tachyzoites or zymosan were added to PMN.
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Chemiluminescence was measured for 3 h in a Luminometer (Luminoskan, Thermo Scientific)

[229].
2.9 Flow cytometry-based measurement of neutrophil intracellular calcium concentration

1 x 107 PMN/mL were stained with 1 pM FLUO-4 AM (Invitrogen, UK) for 30 min at 37°C
and 5% COa. Then, FLUO-4-loaded PMN were washed twice in HBSS and suspended at a
concentration of 1 x 107 PMN/mL. For each assay, 5 x 10° PMN (50 uL PMN suspension)
were dispensed in flow cytometry tubes (352052, Falcon, Corning) adjusting the volume to
400 pL with HBSS. After recording a baseline for 15 s, PMN were exposed to 7. gondii
tachyzoites (1:4) or stimulated with the calcium ionophore A23187 (25 uM, C9400, Sigma-
Aldrich), thereby immediately registering changes in fluorescence intensity in the FL-1
channel. All calcium influx related experiments were performed in a BD Accuri C6 plus flow
cytometer (BD Biosciences, Heidelberg, Germany) equipped with a non-pressurized peristaltic
pump, allowing to add 7. gondii tachyzoites without interrupting sampling. After
experimentation, the mean intensity of fluorescence (MFI) after 5 min of stimulation was

determined and graphed [230].

2.10 Quantification of PMN oxygen consumption rates (OCR) and extracellular
acidification rates (ECAR)

Metabolic activation of bovine PMN was monitored using the Seahorse XF analyzer (Agilent).
Briefly, 1 x 10° PMN from three blood donors were pelleted [S00 x g, 10 min, room
temperature (RT)]. PMN were re-suspended in 0.25 ml of XF RPMI assay medium (103576,
Agilent) supplemented with 2 mM r-glutamine (103579, Agilent), 1 mM pyruvate (103578,
Agilent), and 10 mM glucose (103577, Agilent). 2 x 10° cells were gently placed in each well
of an eight-well XF analyzer plate (Agilent) pre-coated for 30 min with 0.001% poly-i-lysine.
Then, XF RPMI assay medium was adjusted to 180 pl total volume per well and cells were
incubated at 37°C without CO» supplementation for 45 min before Seahorse measurements. To
evaluate the role of ATP (0.05-50 pM), ATPyS (0.05-50 uM), AICAR (10 mM), 1 x 108 EVs
and B. besnoiti tachyzoites (1.2 x 10%/well) on PMN activation, stimuli were suspended in XF
RPMI assay medium and supplemented to PMN via instrument-own injection ports after
baseline measurements. The total assay duration was 240 min (160 min in the case of EVs-

exposed PMN). Background subtraction and determination of OCR/ECAR registries were
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performed by using Seahorse Agilent analytics platform

(https://seahorseanalytics.agilent.com) [228,229,231].

2.11 Measurement of total neutrophil and extracellular ATP concentration

1x10° bovine PMN were confronted with B. besnoiti tachyzoites (1:6 ratio) in HBSS and
incubated at 37 °C/5% CO; for 15 s and 15 min. For positive controls, cells were stimulated
with a combination of PMA (100 nM, P1585, Sigma-Aldrich) and ionomycin (5 pM, 10634,
Sigma-Aldrich) in HBSS supplemented with 1 M NaCl. After incubation on ice for 5 min, cells
were pelleted (600 x g, 5 min) and supernatants were recovered for extracellular ATP
quantification using an ATP Determination kit (A22066; Invitrogen) according to
manufacturer’s instructions. For the estimation of neutrophil total ATP concentration, cell
pellets were analysed by the CellTiter-Glo luminescent Cell viability assay (G7571, Promega)
following manufacturer’s instructions. All samples were analysed by luminometry using an

automated reader (Luminoskan Flash) [231].
2.12 Analysis of PMN apoptosis and necrosis by flow cytometry

In order to determine potential NF449-driven effects on PMN apoptosis and necrosis rates,
PMN suspensions (2x10%/200 ul HBSS) were placed into 5 mL polystyrene round-bottom
tubes (352052, Falcon, Corning) and treated with NF449 (10-100 pM) for 4 hours at
37°C/5%COz. In a separate set of experiment, apoptosis and necrosis rates in AICAR (1 mM)-
and compound-C (10 uM , ab144821, Abcam)-treated PMN were determined after 4 h of
incubation. PMN were then pelleted (600 x g, 8 min), stained by Annexin V-FITC/ propidium
iodide (PI) double staining apoptosis detection kit (ab14085, Abcam) following the
manufacturer’s instructions and analysed by a BD Accuri C6 Plus Flow Cytometer (BD, USA).

FlowJo v10.8.1 software was used to determine apoptosis and necrosis rates [228,231].
2.13 Immunoblotting

Proteins from B. besnoiti or T. gondii tachyzoite-exposed and non-exposed bovine PMN (5 x
10°), or PMN treated with AICAR (1 mM) and compound C (10 pM) were extracted in RIPA
buffer (50 mM Tris-HCI, pH 7.4; 1% NP-40; 0.5% Na-deoxycholate; 0.1% SDS; 150 mM
NaCl; 2 mM EDTA; 50 mM NaF; CarlRoth) supplemented with a protease inhibitor cocktail
(Sigma-P8340, Aldrich), 1 mM sodium orthovanadate tyrosine phosphatase inhibitor
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(ab120386, Abcam) and 1 mM phenylmethylsulphonyl fluoride (ab141032, Abcam) after 30
min of incubation. Protein extracts were sonicated for five cycles of 20 s with 20 s resting in
between. Then, the samples were centrifuged (10,000 x g, 10 min, 4 °C) to sediment intact
cells and nuclei. Supernatants were collected and their protein content was quantified via the
Pierce™ Bradford Plus Protein Assay Kit (23236, Thermo Scientific) according to the
manufacturer’s instructions. For immunoblotting, samples were supplemented with 6 M urea.
After boiling (95 °C, 5 min), 40 pg of total protein was electrophoresed per slot in 12% or 15%
polyacrylamide gels (100 V, 90 min) using a Mini-PROTEAN Tetra Cell system (Biorad).
Proteins were then transferred (300 mA, 2 h) to polyvinylidene difluoride (PVDF) membranes
(IPVHO08100, Merck) using a wet-tank tranfer system (Biorad). The blots were first incubated
in blocking solution [3% BSA in TBS (50 mM Tris-Cl, pH 7.6; 150 mM NaCl containing 0.1%
Tween 20; P9416, Sigma-Aldrich) for 1 h at RT], and then reacted with primary antibodies
overnight at 4 °C. Primary antibodies were anti-AMPKa (1:1000, 50081, Cell Signaling), anti-
AMPKa Thr172 (1:1000, 5831, Cell Signaling), anti-pAMPKa (1:1000, 2795, Cell Signaling),
anti-pAMPKf1 (1:1000, 4178, Cell Signaling), anti-pAMPKy1 (1:1000, 4187, Cell Signaling),
anti-CAMKK (1:1000, ab96531, Abcam), anti-pCAMKK (1:1000, abPA5-64569, Thermo
Fischer), anti-Beclin-1 (1:1000, 3495, Cell Signaling), anti-p-Beclin-1 (1:1000, 14717, Cell
Signaling), and anti-ULK1 (1:1000, 8054, Cell Signaling) diluted in blocking solution. The
detection of vinculin (1:1000, sc-73614, Santa Cruz) was used for normalization of the
samples. Signal detection was accomplished by incubation for 30 min at RT in the
corresponding secondary antibodies conjugated with peroxidase (1:40000, 31430; and
1:40000, 31460, Pierce) and then applying an enhanced chemiluminescence detection system
(ECL® plus kit, RPN2132, GE Healthcare). Protein signals were recorded in a ChemoCam
Imager® (Biorad, Feldkirchen, Germany). Protein masses were controlled by a protein ladder
(PageRuler®plus pre-stained protein ladder covering ~10-250 kDa, 26619, Thermo Fisher
Scientific). Quantification of protein band intensities was performed by Image J® software (Fiji

version) using the gel analyzer plugin [228,230].

In an independent experimental setup for EV protein characterization, the protein concentration
of each EV isolate was estimated by the absorbance at 562 nm using the micro BCA protein
assay kit (23235, Thermo Scientific) following manufacturer's protocol. EV-derived protein
samples were supplemented with Laemmli-B-mercaptoethanol loading buffer (I1x final
concentration, 1610747, BioRad). Commercially available human EV-derived proteins (EV
pos, EXOAB-POS-1, System Biosciences) and B. besnoiti tachyzoite protein extracts were
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used as positive controls. After boiling (95 °C) for 5 min, proteins (20 pg/slot) were separated
in 4-20% polyacrylamide gels (4561095, BioRad) via electrophoresis (120 V constant for 1 h,
tetra system BioRad) and then transferred to 0.2 pm PVDF membranes (trans-blot turbo,
1704156, 2.5 A constant, up to 25 V, 7 min, BioRad). Samples were blocked in blocking
solution, and then reacted with primary antibodies diluted in blocking solution (overnight, 4
°C). Primary antibodies were anti-CD9 (1:500, MA1-19301, ThermoFisher), anti-CD81
(1:500, MAS5-28419, ThermoFisher) and anti-Vinculin (1:500). Vinculin was included as
sample loading control. Following three washes in TBS-Tween 0.1% buffer, blots were
incubated with secondary antibody solutions (dilution in blocking solution, 30 min, RT).
Secondary antibodies included anti-mouse (1:40000, 31430, Pierce) and anti-rabbit (1:40000,
31466, Pierce) antibodies. After three further washes in TBS-Tween (0.1%) buffer, signal
detection was accomplished by an enhanced chemiluminescence detection system (Clarity Max
Western ECL substrate, 1705062, BioRad) and recorded using a ChemiDOC Imager (BioRad).
Protein masses were controlled by a protein ladder (PageRuler Plus Prestained Protein Ladder

~10-180 kDa, 26616, Thermo Fisher Scientific) [229].
2.14 Transmission electron microscopy (TEM) of EVs

TEM analysis was performed on 1 x 10'° EVs derived from infected BUVEC and B. besnoiti
tachyzoites. EV samples (10 pl) were fixed in a drop of 0.1 M cacodylate buffer (J60344,
Sigma-Aldrich) containing 4 % formaldehyde and 1.5 % glutaraldehyde. Specimen
suspensions were absorbed immediately after fixation on formvar-coated grids (TEM-
FCF200CU50, Sigma-Aldrich) and stained with 1% ammonium molybdate (277908, Sigma-
Aldrich). Negatively stained samples were inspected in a transmission electron microscope
(EM 902N, Zeiss, Oberkochen, Germany) equipped with a slow-scan 2K CCD camera (TRS,

Trondle, Moorenweis, Germany) [229].
2.15 EV labelling with far red

1 x 10° EVs isolated from non-infected BUVEC, B. besnoiti-infected BUVEC and B. besnoiti
tachyzoites were stained by far red (CellTrace™ far red, C34564, ThermoFisher) as described
elsewhere [236]. Briefly, EVs (1 x 10%/15 ul) in PBS were mixed with 15 pl far red dye solution
(40 pM) and incubated for 2 h at 37 °C. To remove unbound dye, EVs were loaded on a qEV
sepharose column (qEVoriginal/70 nm, [zon) and processed as described before (see 2.4). Cell

Trace far red dye without EVs was used as dye control [229].
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2.16 Analysis of neutrophil EV uptake

1 x 10°PMN were exposed to 1 x 10° far red-labelled EVs derived from non-infected BUVEC,
B. besnoiti-infected BUVEC and B. besnoiti tachyzoites in RPMI-1640 medium (without
phenol red) at 37 °C for 6 h. Far red dye without EVs was used as dye control,
unstimulated/unstained PMN were used as negative controls and PMN directly stained with
Far red dye were used as positive control. Samples were mixed by gently pipetting every hour.
Cells were washed twice with PBS before analysis. Confocal microscopy was performed on
0.5 x 10° EV-stimulated PMN seeded in 24-well plates containing poly-L-lysine (0.01%, 20
min, RT and subsequent washing with PBS) -pretreated 15 mm coverslips. After allowing PMN
to sediment for 30 min, cells were fixed in 4% paraformaldehyde and mounted in anti-fading
buffer with DAPI (Fluoromount G). Images were acquired by a Nikon Eclipse Ti2-A inverted
microscope equipped with ReScan confocal microscopic instrumentation (RCM 1.1 Visible,
Confocal.nl) and a motorized z-stage (DI1500). Two channels were recorded for signal
detection: DAPI/405 nm and far red dye/640 nm. Images were acquired by a SCMOS camera
(PCO edge) using a CFI Plan Apochromat X20 and x60 lambda-immersion oil objective (NA
1.4/0.13; Nikon) controlled by NIS-Elements v 5.11 (Nikon, Tokyo, Japan) software. Identical
brightness and contrast conditions were applied for each data set within one experiment using

Fiji software [229].
2.17 IL-1p, IL-6 and CXCLS quantification in PMN and BUVEC supernatants

1 x 10°PMN or BUVEC plated in 12 well plates were exposed to 1 x 108 EVs derived from
non-infected BUVEC, B. besnoiti-infected BUVEC and B. besnoiti tachyzoites for 4 h (PMN)
or 24 h (BUVEC) at 37°C, 5% COz. PMN stimulation with LPS (1 pg/ml, L2630, Sigma-
Adrich) and PMA/ionomycin (100 nM/5 pM) or BUVEC stimulation with LPS (0.01 pg/ml)
were used for positive controls. After incubation, aliquots (100 pl) of cell supernatants (each:
n = 3) were analysed for the presence of IL-1f (bovine IL-18 ELISA Kit, ESS0027, Thermo
Fisher Scientific), IL-6 (ESS0029, Thermo Fisher Scientific) and CXCLS8 (IL-8, bovine IL-8
ELISA kit, ABIN6957183, Antibodies Online), following the manufacturer’s instructions. In
the case of IL-1f and IL-6 ELISA Kkits, high affinity binding 96 well plates (655061, Greiner
bio one) were used. The samples were analyzed at 450 nm and 550 nm in an automated

Varioskan Flash Reader (Thermo Fisher Scientific, MA, USA). Standard curves and sample
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concentrations of IL-1pB, IL-6 and CXCL8 were calculated using GraphPad PRISM® V10.3.0
software package (GraphPad software, USA) [229].

2.18 Statistical analysis

All experiments were repeated at least three times. Statistical significance was defined by

a p value < 0.05. The p values were determined by applying the following analyses:

2.18.1 Statistical settings for Chapter 1: B. besnoiti-induced PMN clustering and NET

Jformation depend on P,X; purinergic receptor signalling

Unpaired two-way t-tests were used for Seahorse-based metabolic measurements. Unpaired
two-way t-tests and one-way ANOVA followed by Tukey’s multiple comparison was applied
on ATP quantification experiments. One-way ANOVA followed by a Dunnett’s multiple
comparison was used to analyse extracellular DNA quantification experiments. Kruskal
Wallis’s followed by a Dunn’s multiple comparison was applied on extracellular DNA
quantification assays using purinergic receptors inhibitors. One-way ANOVA followed by a
Tukey’s multiple comparison was used to analyse clustering experiments. Bars graphs
represent the mean + SD, and statistical analyses were generated using Graph Pad PRISM®

V7.03) [231].

2.18.2 Statistical settings for Chapter 2: The CAMKK/AMPK pathway activation participate
in early events of B. besnoiti- and T. gondii-triggered NET formation in PMN

In the Western blot experiments, the p-values were calculated via unpaired, two-tailed #-tests,
comparing control PMN vs. PMN exposed to B. besnoiti tachyzoites at each time point, and
via paired, two-tailed t-tests, comparing control PMN vs. PMN incubated with 7. gondii. For
Seahorse-based metabolic measurements, the p-values were calculated using the Mann—
Whitney test. Kruskal-Wallis followed by Dunn’s multiple comparisons tests were applied to
NET quantification results. ANOVA followed by Dunnet multiple comparisons tests were
applied to calcium influx and DNA release data. Bar graphs represent the mean + SD, and

statistical analysis was performed by GraphPad software (v. 7.03) [228,230].
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2.18.3 Statistical settings for Chapter 3: PMN responses to EVs released by B. besnoiti

tachyzoites and B. besnoiti-infected host cells

One-way ANOVA followed by a Dunnett’s multiple comparison test, with single pooled
variance were applied on every experiment of this result section. Bars graphs represent the

mean + SD, and statistical analyses were generated using GraphPad PRISM® V10.3.0 [229].
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3. RESULTS

3.1 Chapter 1: B. besnoiti-induced PMN clustering and NET formation depend on P:X;

purinergic receptor signalling

Intracellular ATP not only serves as the main source of cellular energy but also acts as a key
signaling molecule. Under stress conditions, cells release ATP as a danger signal that attracts
purinergic receptor-expressing leukocytes like PMN. In PMN, purinergic signaling modulates
essential functions through paracrine and autocrine mechanisms, thereby regulating processes
like chemotaxis, adhesion, transmigration, ROS production, NET formation, and apoptosis
[158-164]. This chapter studies the role of purinergic signaling and the metabolic state of PMN
in B. besnoiti tachyzoite-induced NET formation. Related data have been published in Espinosa

etal., 2023.

3.1.1 B. besnoiti tachyzoite-exposed bovine PMN release NETs entrapping tachyzoites

To first re-confirm the functional capacity of B. besnoiti tachyzoites to induce NET formation
in bovine PMN, we analyzed parasite-confronted PMN for NET formation by SEM and
immunofluorescence analysis. SEM showed that B. besnoiti tachyzoite-exposed PMN indeed
released NETs (Fig. 6C, D, white arrows) in comparison to unstimulated PMN (Fig. 6A) with
several tachyzoites being firmly entrapped by these structures. Of note, the aberrant
morphology of entrapped tachyzoites (Fig. 6D) strongly suggested that these stages were dead.
To confirm NET identity, classical proteins of NETs were visualized by immunostaining. Here,
co-localization of extracellular DNA with histone (i. e. H1) and NE was verified for B. besnoiti
tachyzoite-driven NETs. Some of these NET fibers were in direct contact with B. besnoiti

tachyzoites, potentially entrapping the parasites (Fig. 6E, F) [231].
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Figure 6. B. besnoiti tachyzoites are trapped in released NETs. (A) Unstimulated PMN and (B) activated PMN.
NETs, defined as extracellular chromatin filaments containing NE and histone H1, were released and formed a
network in contact with B. besnoiti tachyzoites, as visualized via SEM (C, D) and immunostaining (E, F). White
arrows indicate entrapped B. besnoiti tachyzoites. Co-localization of DNA (DAPI, blue); B. besnoiti tachyzoites
(red); Histone H1 (clone TNT-1, pink) and NE (green) [231]
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3.1.2 Exposure to B. besnoiti tachyzoites induces oxidative responses in bovine PMN

To explore parasite-driven changes in the energetic status and oxidative responses of B.
besnoiti tachyzoite-confronted PMN, we analyzed neutrophil metabolic parameters by means
of oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) (Fig. 7).
B. besnoiti tachyzoite supplementation to PMN induced a significant increase in OCR (p <
0.01), whilst ECAR was not affected (Fig. 7A, B). Given that ATP is involved in both
neutrophil metabolic reactions and purinergic signaling responses, the effect of non-modified
ATP supplementation was evaluated at increasing concentrations. Overall, ATP
supplementation failed to change oxidative responses (OCR) (Fig. 7C) but led to a significant
(p <0.05) increase in ECAR at a concentration of 50 uM (Fig. 7D) [231]. Based on these data,
the influence of ATP on B. besnoiti tachyzoite-induced activation of PMN was evaluated on
the level of additive effects. Therefore, PMN were pre-treated with ATP (50 pM) and then
exposed to B. besnoiti tachyzoites (PMN:tachyzoites, 1:6). However, ATP pretreatments
neither changed the parasite-driven increase in OCR nor ECAR levels (Fig. 8A, B). As
expected, a rapid increase in ECAR after ATP supplementation (Fig. 8B, unfilled circles) was
observed when compared to plain XF RPMI medium (Fig. 8B, filled black circles, p < 0.05).
Energetic mapping indicated that B. besnoiti tachyzoite exposure induced a shift towards
aerobic metabolism in PMN, whilst ATP supplementation rather shifted PMN into a glycolytic
status (Fig. 8C). When the non-hydrolyzable variant of ATP (ATPyS; Fig. 8D, E) was used, a
modest but significant increase in neutrophil OCR and ECAR was observed, indicating that
PMN were activated and shifted to an energetic status. Again, addition of ATPyS did not alter
the response to B. besnoiti tachyzoites (Fig. 8D, E). Overall, the tachyzoite-induced OCR
increase was neither changed by ATP nor by ATPyS supplementation, thereby suggesting a

pivotal role of oxygen consumption in parasite-driven activation of bovine PMN [231].
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Figure 7. Exposure to B. besnoiti tachyzoites induces oxygen consumption in bovine PMN. In the absence of
COz, 2 x 10° PMN were incubated in XF RPMI media for 45 min. Four basal measurements were performed and
then either B. besnoiti tachyzoites (A, B) or ATP (0.05-50 pM; C, D) was supplemented at the time point indicated
by a vertical line. OCR (A, C) and ECAR (B, D) values were obtained by Seahorse technology and plotted over
time (n = 3, for each condition). All data are shown as mean + SD; p-values were calculated by unpaired two-

tailed 7 - test analysis (n = 3) [231].
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Figure 8. Exposure to B. besnoiti tachyzoites induces a metabolic shift towards aerobic carbohydrate
catabolism in bovine PMN. After basal measurements, PMN were treated with ATP, ATPyS (both 50 uM), or
vehicle, followed by supplementation of B. besnoiti tachyzoites as indicated by vertical lines. Differences in OCR
and ECAR from means in the same curve and sharing boxes of the same colour were calculated (A, B, D, E).
Energetic maps (C, F) were generated by presenting OCR (Y -axis) and ECAR (X-axis) as means of the different
measurements over time. All data are shown as mean + SD; p-values were calculated by unpaired 7 - test (A, B, n
=6;D,En=3)[231].

3.1.3 B. besnoiti tachyzoite exposure does not affect total ATP concentration in bovine PMN

To investigate a potential change in extracellular ATP and in total neutrophil ATP levels after
tachyzoite exposure, ATP concentrations were analysed at 15 seconds or 15 minutes of
confrontation by luminometry (Fig. 9). For positive controls, stimulations of PMN with
hypersaline buffer and PMA/ionomycin were used. Exogenous ATP levels were measured in
supernatants of PMN treated with a hypertonic buffer for 15 seconds. Here, indeed a significant
rise (p <0.001) in extracellular ATP were detected (Fig. 9A). Furthermore, total ATP levels of
bovine PMN were estimated in PMN stimulated with PMA and ionomycin for 15 and 60 min
and revealed a continuous drop in ATP levels signifying ATP consumption over time (p <
0.0001) (Fig. 9B). However, when PMN were exposed to B. besnoiti tachyzoites, neither
changes in extracellular ATP concentration nor in total neutrophil ATP levels were detected

(Fig. 9C-E) [231].

3.1.4 Non-hydrolyzable ATP (ATPyS) boosts B. besnoiti tachyzoite-induced anchored NET

formation

Given that a high extracellular ATP concentration signifies a danger signal and may foster
general PMN effector mechanisms, we here studied effects of exogenous ATP on parasite-
driven NET formation. NET quantification based on picogreen-derived fluorescence intensities
was performed, allowing for “cell-free” and “anchored” NETs differentiation, thereby
reflecting the late phase of NET formation. Here, PMN were pre-stimulated with non-modified
ATP or ATPYS in a dose-dependent manner and then confronted with B. besnoiti tachyzoites
(Fig. 10). As expected, parasite-exposed PMN showed a significant increase in anchored NET
formation (p < 0.05) compared to medium-stimulated controls (Fig. 10D). Dose-dependent
treatments with exogenous non-modified ATP treatment neither affected basal nor tachyzoite-
induced NET formation (Fig. 10A-D). In contrast, ATPyS treatments resulted in a significant
increase of basal anchored (p < 0.0001) and cell-free (p < 0.01) NET formation in plain PMN

at 50 pM concentration (Fig. 10E, G). Interestingly, in case of B. besnoiti tachyzoite-exposed
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PMN, ATPyS treatments exclusively induced an increased in the release of anchored but not

of cell-free NET formation (p < 0.01; Fig. 10H) [231].
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Figure 9. Total neutrophil ATP and extracellular ATP concentration in B. besnoiti tachyzoite-PMN co-
cultures. (A) For positive control of ATP release, PMN were treated for 15 s with a hypertonic buffer (HBSS
supplemented with 1 M sodium chloride). ***p < 0.001. (B) For positive control for neutrophil ATP consumption,
PMN were stimulated with PMA/ionomycin (100 nM/5 uM) for 15 and 60 min. **p < 0.01; ****p < 0.0001. (C—
E) To assess parasite-driven effects on neutrophil ATP release and consumption, bovine PMN were confronted
with B. besnoiti tachyzoites (1:6) for 15 s and 15 min. ATP in PMN (total ATP) or supernatants (extracellular
ATP) was measured by a commercial kit. All data are shown as mean + SD; p-values were calculated by unpaired
two-way t-test (A), or one-way ANOVA followed by Tukey s multiple comparison (B-E) analysis (A, B, n = 3;
D,n=4;C,n=6)[231].

44



ATPYS [§M]

ATPYS [uM]

45

o
o - g % m“ -
o & M
HeA bl : i e\l
£ ° “o »* m ¥
- o, * L < *
0 x ‘o *
%,
,w_Q.Q M o o IT %QQ m
+ + *
Z * z *
M 1, g 4 m -, z
o J “, > =
T T T [ T T T T r T T 1
«© o~ Lo © - o~ @ o -~ o o s o o
(sens| ¥NQ onieRy) (sjeAd] YNQ 2ARE[RY) L (SIoA] YNQ 2ABefeY) (sjens] YNQ oAeRy)
m S13N Paioyouy ()] SN paloyouy S| 3N paloyouy T S13N paloyouy
o 2}
&@ - o & < o = %
o o ° =
= &
% = o % L z
o M m K m
W o [e] h{Q | «OW
¢ m B o . X +m %
g k 5 %
o 2 - &
me % - o ¢ o b v @ g 5
R : m :
4 -4, -
% | K % B L3
I T T T T T 1 I T [ T T 1
™ [3Y] - o © ~ o~ (=] (] o - o © < (3] o
< (s1eA®] YNQ eAnelRY) O (sjens] WNQ aAneley) L (s[oA8] YNQ aAneRY) 0) (sleA®] YNQ Anefey)
SL3AN ®ay-eD SL3N 884|190 SL3N 924120 S13N 24|20



Figure 10. ATPyS supplementation induces NET release and boosts B. besnoiti tachyzoite-driven anchored
NET formation. Bovine PMN were pretreated with increasing concentrations of non-modified ATP or non-
hydrolyzable ATPyS (0.05-50 uM) for 10 min. Then, PMN were incubated for 4 h in plain medium (A, B, E, F)
or exposed to B. besnoiti tachyzoites (C, D, G, H). After incubation, extracellular DNA was detected and
quantified via picogreen-derived fluorescence intensities using a multi-plate reader at 480 nm excitation/520 nm
emission wavelengths. All data are shown as mean + SD; p-values were calculated by one-way ANOVA followed
by Dunnett's multiple comparison test. *p < 0.05; **p < 0.01; ***¥p < 0.0001. [231].

3.1.5 P2X; inhibition by its antagonist NF449 blocks B. besnoiti tachyzoite-induced anchored
NET formation

Since exogenous ATP seemed to play a role in NET induction, we further investigated the
relevance of purinergic signaling pathways in B. besnoiti tachyzoite-induced NET formation.
To monitor the role of different purinergic receptors, PMN were pre-treated with receptor
antagonists of different P>X (P2Xi, P2X4 and P>X7) and P.Y (PoY: and P2Ys) receptors at
different concentrations and then confronted with parasite stages (Fig. 11). In antagonist-free
controls, PMN confrontation with B. besnoiti tachyzoites resulted in a significant increase (p <
0.05) of anchored NET formation when compared to controls (Fig. 9B, D, H, J). In line with
previous data [226], NF449 pre-treatments targeting the purinergic P2X; receptor, resulted in a
significant decrease of B. besnoiti tachyzoite-triggered anchored NETs (p < 0.05) when
compared to non-treated PMN (Fig. 11J). However, all other treatments (pharmacological
inhibition of P2X4, P2X7, P2Y1 and P2Y receptors) failed to affect parasite-triggered anchored
or cell-free NET formation (Fig. 11A-H). Besides antagonist pre-treatments, the inhibitors
were also added 40 min after B. besnoiti tachyzoite exposure to determine if any of the
antagonist was capable to revert parasite-induced NET formation, previously described as a
“point of no return” and defined as a consumption of intracellular ATP by PMN after 30-40
min of activation [237]. In this experimental setting, a selective efficacy of NF449 was
confirmed since exclusively this treatments significantly decreased B. besnoiti tachyzoite-
triggered anchored (p < 0.01) and cell-free (p < 0.05) NETs (Fig. 12C, D). The sum of these
data indicated that tachyzoite-induced NET formation selectively depends on P>X;-mediated

signaling [231].
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Figure 11. Effects of purinergic receptor antagonist pre-exposure treatments on B. besnoiti-tachyzoite
driven NET formation. Bovine PMN were pre-treated for 10 min with increasing concentrations of MRS2179,
MRS2578, NF449, 5-BDBD, and AZ10606120 (0.1-100 uM) targeting P>Yi, P2Ys, P2Xi, P2X4, and P2X5
receptors, respectively, and then exposed to B. besnoiti tachyzoites for 4 h. Thereafter, cell-free (A, C, E, G, I)
and anchored (B, D, F, H, J) NET formation was analyzed. For both NET types, extracellular DNA was detected
and quantified via picogreen-derived fluorescence intensities using a multi-plate reader at 480 nm excitation/520
nm emission wavelengths. All data are shown as mean + SD; p-values were calculated by Kruskal-Wallis test
followed by Dunn'’s multiple comparison test (n = 6). *p < 0.05; **p < 0.01. [231].
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Figure 12. Effects of purinergic receptor antagonist post-exposure treatments on B. besnoiti tachyzoite-
triggered NET formation. Bovine PMN were first exposed to B. besnoiti tachyzoites for 40 min and then treated
with 100 uM of MRS2179, MRS2578, NF449, and 5-BDBD targeting P,Y 1, P2 Y, P2X1, P2X4, and P, X5 receptors,
respectively. After 4 h of incubation, cell-free (A, C) and anchored (B, D) NET formation was analysed. For both
NET types, extracellular DNA was detected and quantified via picogreen-derived fluorescence intensities using a
multi-plate reader at 480 nm excitation/520 nm emission wavelengths. All data are shown as mean + SD; p-values
were calculated by an ordinary one-way ANOVA with Dunnett s multiple comparison analysis. (n =3). *p < 0.05;
**p <0.01; ¥**p < 0.001. [231].
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3.1.6 NF449 blocks B. besnoiti tachyzoite-induced NET formation in a dose-dependent manner
and without affecting cell viability

Since NF449 was the only inhibitor that consistently reduced B. besnoiti tachyzoite-induced
NET formation, we further studied the dose dependency of this reactions in addition to eventual
ATP-driven changes, but also controlled potential effects of this P»Xi antagonist on PMN
necrosis and apoptosis by propidium iodide and Annexin V-FITC/PI staining, respectively
(Fig. 13). Overall, the combination of exogenous ATP or ATPyS (50 pM) supplementation and
B. besnoiti tachyzoite exposure did not change the consistent significant decrease (p < 0.01) of
anchored and cell-free NET formation driven by NF449 pre-treatments (Fig. 13A, B). As
revealed by propidium iodide and Annexin V-based assays, NF449 treatments (10 uM and 100
uM) had no effect on neutrophil necrosis or apoptosis, since the proportions of vital PMN

remained equal (88.4% and 86.1% respectively) compared to non-treated controls (87.4%)
(Fig. 13C). Analyses on NF449-related dose dependence revealed an ICso of 1.27 uM for B.
besnoiti tachyzoite-induced NET formation (Fig. 13D). In summary, NF449-mediated
inhibition of B. besnoiti tachyzoite-induced NET formation was dose-dependent and occurred

without affecting PMN viability [231].

3.1.7 B. besnoiti tachyzoite exposure induces a P2X1-dependent clustering of bovine PMN

During co-culture experiments, we noticed that the presence of B. besnoiti tachyzoites seemed
to drive PMN clustering. To follow this impression and to study whether this finding depended
on purinergic signaling, we here analyzed parasite-mediated PMN cluster formation in
presence and absence of the P>X; antagonist NF449 (Fig. 14). Indeed, an increase (p < 0.05) in
PMN numbers participating in clusters was verified for B. besnoiti tachyzoite-confronted PMN
after 4 h of incubation when compared to parasite-free controls (Fig. 14B). Notably, the number
of PMN participating in clusters decreased to basal levels (p < 0.01) when PMN were pre-
treated with the P>X; inhibitor NF449 at a concentration of 100 uM (Fig. 14B), thereby

confirming the critical role of purinergic signalling in the clustering process [231].
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Figure 13. NF449 does not affect PMN viability and inhibits B. besnoiti-driven NET formation in an ATP-
independent but dose-dependent manner. (A, B) Bovine PMN were pre-treated with NF449 (100 uM) in the
presence or absence of ATP/ATPyS and then confronted with B. besnoiti tachyzoites. After 4 h of incubation,
extracellular DNA was detected and quantified via picogreen-derived fluorescence intensities. (C) Annexin V-
FITC and propidium iodide staining of PMN treated with NF449 for 4 h. (D) NF449-based dose-response-
inhibition of B. besnoiti tachyzoite-induced NET formation. The ICso was calculated by a nonlinear regression
analysis. All data are shown as mean % SD; p-values were calculated by one-way ANOVA with Dunnett’s multiple
comparison analysis. (n = 3). ¥*p < 0.01; ***p < 0.001; ****p < 0.0001. [231].
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Figure 14. B. besnoiti tachyzoite-induced clustering of bovine PMN depends on P2X1-based purinergic
signaling. PMN were co-cultured with tachyzoites for 4 h in the presence or absence of NF449 (100 uM). (A)
Exemplary illustrations of tachyzoite-PMN co-cultures stained for DNA (DAPI, blue) and parasite stages (red).
(B) DANA-based quantification of cluster formation. All values are presented as mean + SD, and p-values were
calculated using one-way ANOVA followed by Tukey s multiple comparisons. (n = 4). *p < 0.05; **p < 0.01.
[231].
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3.2 Chapter 2: CAMKK/AMPK pathway activation participates in early events of B. besnoiti-
and T. gondii-triggered NET formation

Calcium is a key mediator of NET formation, since a rise in intracellular calcium
concentrations triggers PAD4 activation, chromatin decondensation, and subsequent NET
release. Calcium-related downstream signaling events include the activation of several kinases
forming part of the CAMKK/AMPK pathway, and which have been implicated in NET
formation. Within this cascade, CAMKK functions upstream of AMPK, whereas ULK-1 and
Beclin-1 act downstream as central regulators of autophagy. Notably, AMPK activation has
emerged as a pivotal regulator of PMN functions, linking metabolic sensing with effector
activities, such as chemotaxis, bacterial killing, ROS generation, and autophagy. This suggests
that calcium- and AMPK-driven pathways converge to coordinate neutrophil responses and
parasite-triggered NET formation [181,238-240]. The current chapter aimed to investigate the
role of CAMKK/AMPK pathway activation and modulation of distinct autophagic proteins
(ULK-1 and Beclin-1) in B. besnoiti tachyzoite-exposed PMN. For a comparative approach,
similar experiments were performed also performed with 7. gondii tachyzoite-exposed PMN,
considering that both parasites are closely related members of the Apicomplexa. Respective
data on B. besnoiti and T. gondii have been published in Conejeros et al., 2024 and 2025,

respectively.

3.2.1 PMN exposure to B. besnoiti tachyzoites induces neutrophil AMPK phosphorylation

A previous report demonstrated AMPK phosphorylation as an early event of PMN—parasite
interactions since it occurred already 10 min after exposure while being sustained for up to 30
min of co-incubation of bovine PMN with B. besnoiti tachyzoites [62]. Here, we confirmed
this observation on the level of Western blotting-based analyses of protein extracts originating
from B. besnoiti-exposed PMN (Fig. 15A). Hence, phosphorylated AMPK (p-AMPK) but not
AMPK showed a significantly enhanced expression at 30 min of co-culture (Fig. 15B, parasite-
exposed PMN vs. negative control condition: p = 0.025). Moreover, the catalytic subunit
AMPKal was moderately but statistically insignificantly (p= 0.110) upregulated in
tachyzoite-exposed PMN (Fig. 16A, B). Overall, no changes were observed for the regulatory
subunits AMPK 1 and AMPKy1 (Fig. 16A, B) [228].
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Figure 15. B. besnoiti tachyzoite exposure induces AMPK phosphorylation in bovine PMN. Bovine PMN
were exposed to B. besnoiti tachyzoites at a 1:6 ratio. After 30 min of co-incubation, protein extracts were
generated from PMN and tested for AMPK and p-AMPK expression by Western blotting. The expression of
vinculin was used as an internal reference protein. (A) Western blot. (B) Densitometric analysis of protein bands
for AMPK and p-AMPK. Bars in the graph represent mean + SD. p-values were calculated by applying the Mann-
Whitney test. (n = 6). [228].
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Figure 16. Analysis of the catalytic and regulatory subunits of AMPK in B. besnoiti-exposed bovine PMN.
Bovine PMN were exposed to B. besnoiti tachyzoites at a 1:6 ratio. At 0-30 min of incubation, protein extracts
were prepared from PMN and tested for AMPKal, AMPK1, and AMPKyl expression by Western blotting.
Vinculin was used as an internal reference protein. (A) Western blot. (B) Densitometric analysis of protein bands
for AMPKal, AMPKBI1, and AMPKy1 at 0, 5, 15, and 30 min of PMN-tachyzoite coincubation. Bars in the graphs
represent mean + SD. p-values were calculated by unpaired, two-tailed #-tests, comparing control PMN vs. PMN

incubated with B. besnoiti tachyzoites at each time point. ns means not significant. (n = 4). [228].
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3.2.2 B. besnoiti tachyzoite exposure drives CAMKK upregulation and phosphorylation in
PMN

Considering that AMPK activity is mainly regulated upstream by CAMKK (besides other
regulators and signalling pathways), we evaluated the expression and phosphorylation status
of CAMKK at 5, 15, and 30 min of PMN exposure to B. besnoiti tachyzoites (Fig. 17).
Densitometric analysis of respective protein bands in Western blots (Fig. 17A) indicated that
both non-phosphorylated (Fig. 17B) and phosphorylated (Fig. 17C) CAMKK were
significantly upregulated in PMN immediately after tachyzoite encounter (from 5 min of
exposure onwards; stimulated vs. control PMN at 5, 15, and 30 min: all p < 0.05), thereby
indicating a highly sustained activation of CAMKK [228].
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Figure 17. B. besnoiti tachyzoite exposure induces CAMKK expression and phosphorylation in bovine
PMN. Bovine PMN were exposed to B. besnoiti tachyzoites at a 1:6 ratio. At 0-30 min of co-culture, protein
extracts were generated from PMN and tested for CAMKK and p-CAMKK expression by Western blotting. The
expression of vinculin was used as an internal reference protein. (A) Exemplary Western blot. (B-C)
Densitometric analysis of protein bands for CAMKK (B) and p-CAMKK (C) at 0, 5, 15, and 30 min of PMN-
tachyzoite co-culture. Bars in the graph represent mean + SD. p-values were calculated by unpaired, two-tailed 7-
tests, comparing control PMN vs. PMN incubated with B. besnoiti tachyzoites at each time point. (n = 3). [228].
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3.2.3 PMN exposure to T. gondii tachyzoites induces a rise in neutrophil intracellular calcium

concentration in addition to AMPK and CAMKK phosphorylation

When the same experimental approach (see 3.2.2) was applied to 7. gondii-exposed PMN, the
overall responses mirrored those observed with B. besnoiti. After confrontation of PMN with
T. gondii, a rapid increase in neutrophil intracellular calcium concentration [Ca®']; was
observed, being represented by fluorescence changes after 5 min of co-incubation (Fig. 18A).
On a statistical level, this reaction proved significant when compared to negative controls (Fig.
18A). As expected, stimulation of bovine PMN with the calcium ionophore A23187 (5 uM)
caused a stronger and sustained increase in [Ca®']; (Fig. 18A), thereby proving as reliable
positive control in the bovine system. Based on previous B. besnoiti-based data,
CAMKK/AMPK phosphorylation was studied at 30 min of PMN-parasite-interaction in 7.
gondii-exposed PMN (Fig. 18B). A high variability between the biological replicates was
observed. The overall effect of parasite exposure was that pAMPKa, but not total AMPKa,
revealed a significantly enhanced expression after 30 min of co-culture (Fig. 18C). When we
also evaluated the expression and phosphorylation status of CAMKK at 30 min of PMN
exposure to 7. gondii (Fig. 18B), densitometric analysis of respective protein bands in WB
(Fig. 18D) indicated that both phosphorylated and non-phosphorylated CAMKK was

upregulated in 7. gondii-confronted PMN at 30 min of co-incubation, thereby again indicating

a sustained activation of CAMKK [230].

3.2.4 ULK1 expression is upregulated in B. besnoiti tachyzoite-exposed PMN

Since PMN exposure to B. besnoiti tachyzoites induced LC3B-II expression in bovine PMN
[62] and both parasites induced and increased p-AMPK levels in PMN after 30 min
confrontation, we also studied early autophagic processes induced by tachyzoite encounter in
more detail (Fig. 19). Therefore, early expression profiles of the autophagy-related molecules
Beclin-1, p-Beclin-1, and ULK1 were analysed at 5, 15, and 30 min in B. besnoiti- and T.
gondii-exposed PMN (Fig. 19A). Overall, only PMN confronted with B. besnoiti showed a
selective upregulation of ULK-1 levels after 30 min of co-incubation (Fig. 19B; ULK-1 on B.
besnoiti-exposed PMN vs. non-exposed controls: p = 0.05), thereby indicating that parasite
exposure indeed induces autophagosome biogenesis in bovine PMN [228]. In line, the early
expression profiles for ULK-1 equally showed the same trend of upregulation after 30 min of
co-incubation in case of 7. gondii-exposed PMN, however, this trend failed to reach statistical
significance (Fig. 19B) [230].
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Figure 18. T. gondii tachyzoite exposure induces cytoplasmic calcium increase, AMPK and CAMKK
phosphorylation in bovine PMN. Fluo-4 AM-loaded bovine PMN (A) (n = 3) were confronted with 7. gondii or
stimulated with the calcium ionophore A23187 for positive control. Fluo 4-AM derived fluorescence was
measured by a flow cytometer and the mean of the fluorescence intensity after 5 min of co-incubation was
represented as bar graph (A). Bovine PMN isolated from peripheral blood of 6 different animals (n = 6) were
exposed to 7. gondii at 1:4 PMN: T. gondii ratio. After 30 min of coincubation, protein extracts were generated
from PMN and tested for AMPKa, p-AMPKa, CAMKK and p-CAMKK expression by Western blotting. The
expression of vinculin was used as internal reference protein. (B) Representative Western blot and (C)
densitometric analysis of protein bands for AMPK, p-AMPK. (D) Densitometric analysis for CAMKK and p-
CAMKK. Bars in the graph represent the mean + SD. p values were calculated by applying a Mann—Whitney test
[230].
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Figure 19. B. besnoiti tachyzoite exposure induces ULK-1 expression in bovine PMN. Bovine PMN were
exposed to B. besnoiti or T. gondii tachyzoites at a 1:6 or 1:4 ratio respectively. After 0-30 min of incubation,
protein extracts were generated from PMN and tested for Beclin-1, p-Beclin-1, and ULK 1 expression by Western
blotting. The expression of vinculin was used as an internal reference protein. (A) Western blot. (B) Densitometric
analysis of protein bands for Beclin-1, p-Beclin-1, and ULK1 at 0, 5, 15, and 30 min of PMN-tachyzoite
incubation. Bars in the graph represent mean + SD. p-values were calculated by unpaired, two-tailed #-tests,
comparing control PMN vs. PMN incubated with B. besnoiti tachyzoites at each time point. ns means not
significant. (n = 3) [228,230].
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3.2.5 AICAR treatments trigger AMPK phosphorylation in bovine PMN

So far, no data were available on the metabolic efficacy of pharmacological AMPK activators
(e.g., AICAR) or inhibitors (e.g., compound C; CC) in the bovine system. Therefore, based on
published compound concentrations, we first tested the principal effects of 1 mM AICAR and
10 uM CC treatments on AMPK phosphorylation in bovine PMN (Fig. 20). As expected,
AICAR treatments induced AMPK phosphorylation in bovine PMN (Fig. 20A, B; treated vs.
control PMN: p = 0.05). Moreover, 10 uM CC treatments significantly reduced both AMPKa
and p-AMPKa expression in bovine PMN (Fig. 20C, D; treated vs. control PMN: p =0.03). At
the neutrophil functional level, AICAR treatments significantly affected neutrophil effector
mechanisms by upregulating NET formation at 4 h of treatment (Fig. 20E, F), thereby once
more underlining the key role of AMPK phosphorylation for effective NET formation.
Moreover, CC treatments - leading to downregulation of AMPK phosphorylation - failed to
affect NET formation. Importantly, neither AICAR nor CC treatments significantly affected
PMN viability since the proportion of PMN experiencing apoptosis or necrosis was not

changed by these treatments (Fig. 20G) [228].

3.2.6 AICAR treatments induce metabolic responses in bovine PMN but do not synergize with

B. besnoiti-induced OCR and ECAR

Considering that AMPK regulates the energetic status of a cell by sensing intracellular AMP
concentrations and by adapting ATP synthesis in response to current cellular needs, we
furthermore evaluated the effects of AICAR treatments on oxygen consumption rates
(OCR; Fig. 21A, B). OCR reflects neutrophil oxidative responses due to oxidative burst
activity by assessing NADPH oxidase-related oxygen consumption, but also mirrors
respiratory mitochondrial activity. Besides OCR, extracellular acidification rates (ECAR) were
evaluated in AICAR-treated bovine PMN (Fig. 21C, D). In general, ECAR levels are increased
when cells shift to a glycolytic state, based on the production and release of lactate as a product
of glycolysis. Current analyses revealed that plain AICAR treatments induced a significant rise
in both OCR and ECAR in bovine PMN (Fig. 21B, D, see the timeframe of 24-53 min).
However, AICAR treatments failed to alter B. besnoiti tachyzoite-driven metabolic PMN
responses (Fig. 21A, C, white circles) and instead maintained the metabolic active status of
PMN. The effect of AICAR alone on bovine PMN was analysed after AICAR injection but
before B. besnoiti tachyzoite supplementation (Fig. 21B, D). The AUC analyses showed that
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OCR (treated vs. untreated PMN: p = 0.0099) and ECAR (treated vs. untreated PMN: p =

0.0197) were significantly increased in AICAR-treated bovine PMN [228].
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Figure 20. AICAR treatments drive AMPK phosphorylation and NET formation in bovine PMN. (A-D)
Bovine PMN were treated with AICAR (10 mM) or CC (10 uM) for 30 min. Thereafter, protein extracts were
generated from PMN and tested for AMPKa and p-AMPKa expression by Western blotting. The expression of
vinculin was used as an internal reference protein. (A, C) Western blot of AICAR-treated (A) or CC-treated (C)
PMN. (B, D) Densitometric analysis of protein bands for AMPKa and p-AMPKa at 30 min of AICAR (B) or CC
(D) treatments. Bars in the graph represents mean + SD. p-values were calculated by applying the Mann—Whitney
test. (E, F) Immunofluorescence images showing DNA (DAPI, blue), neutrophil elastase (NE, green), and DNA-
histone complexes (magenta) in AICAR-treated bovine PMN (E). The percentage of NET-releasing PMN was
calculated by a semi-automatic quantification method via image analysis (Image J, Fiji version) and is represented
as a bar graph, showing mean + SD (F). Viability of AICAR- and CC-treated bovine PMN, as evaluated by flow
cytometry based on Annexin-V and propidium-iodide-positive staining. The percentages of live, apoptotic, and
necrotic PMN are presented in the bar graphs (G). Bars in the graph represent mean + SD. (n = 4). [228].
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Figure 21. AICAR treatments induce oxygen consumption (OCR) and extracellular acidification (ECAR)
rates in bovine PMN. Bovine PMN were pretreated with AICAR or vehicle and then exposed
to B. besnoiti tachyzoites at a 1:6 ratio at 54 min. The effects of 10 mM AICAR treatments on tachyzoite-induced
PMN responses were evaluated by Seahorse technology. AICAR treatments (white circles registry) induced both
OCR (A, B) and ECAR (C, D), but failed to change B. besnoiti-induced OCR (B, D). The AUC of the registries
after the baseline and before B. besnoiti tachyzoite supplementation was calculated to evaluate the effect of
AICAR alone on OCR and ECAR. The bars represent mean + SD. p-values were calculated by the Mann-Whitney
test. (n = 4). [228].
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3.2.7 Pharmacological AMPK activation enhances B. besnoiti and T. gondii tachyzoite-
induced NET formation

To further confirm the role of AMPK in the process of early NET formation, we assessed
additive effect of AICAR pre-treatments on B. besnoiti and T. gondii tachyzoite-driven NET
formation (Fig. 22A, C und B, D, respectively). Therefore, bovine PMN were either exposed
to tachyzoites or additionally treated with AICAR. NET formation was evaluated by
immunofluorescence and posterior image analyses using a semi-automatic method for NET
quantification (Fig. 22C, D) [234]. Current data showed that AICAR treatments had additive
effects on tachyzoite-induced NETosis since NET formation was significantly enhanced by
additional AICAR supplementation when compared to tachyzoite exposure alone (Fig. 22C,

D) and to non-exposed bovine PMN [228,230].
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Figure 22. AICAR treatments enhance B. besnoiti and T. gondii tachyzoite-induced NET formation. Here,
2.5 x 10° bovine PMN were pretreated with 1 mM of AICAR or plain medium for 30 min before exposure for 4
h to B. besnoiti or T. gondii tachyzoites. (A, B) Fixed samples were immunostained for NE (green) and DNA-
histone complex (magenta). DNA was stained with DAPIL. (C, D) The percentage of NET-releasing cells was
determined by a semi-automatic quantification method via image analysis (Image J, Fiji version). Bars in the
graph represent mean + SD. p-values were calculated by applying the Kruskal-Wallis test. (n = 3) [228,230].

3.2.8 T. gondii tachyzoite-induced DNA release depends on MAPK- and SOCE-related
pathways

To further expand and complement the results on the relevance of the AMPK pathway in 7.
gondii-exposed PMN, we also evaluated the effects of chemical inhibitors targeting related
signaling pathways (Fig. 23). UO126, an inhibitor of MEK1/2 in the MAPK pathway, blocks
the downstream phosphorylation and activation of ERK1/2. LY294002, a PI3K inhibitor,
inhibits akt activation. 2-Aminoethoxydiphenyl borate (2-APB), an inhibitor of store-operated
calcium entry (SOCE), acts on IP3 receptor and blocks calcium channels in the plasma
membrane that are essential for Ca?* influx after ER store depletion. Current data confirmed
that 7. gondii exposure indeed induces DNA release from bovine PMN and that this DNA
release is dependent on both, the MAPK pathway and SOCE (Fig. 23). Moreover, we
confirmed DNA as the main component of 7. gondii-induced NETs by DNAse I treatments,
which significantly diminished extracellular DNA levels (Fig. 23; PMN + 7. gondii vs PMN +
T. gondii + DNAse I) [230].
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Figure 23. Toxoplasma gondii-induced DNA release in bovine PMN depends on ERK- and SOCE-related
signaling pathways. Bovine PMN (n = 3) were pre-treated for 30 min with UO126 (50 uM), LY294002 (1 uM)
or 2-APB (50 uM) before the addition of 7. gondii stages (1:4 PMN: tachyzoites ratio). After 4 h of co-incubation,
the Picogreen-derived fluorescence, corresponding to extracellular DNA amount, was determined in a plate
reader. DNAse I (90 U) was added after the 4 h of incubation in the corresponding experiments to confirm the
DNA nature of the emitted fluorescence. Bars represent the mean + SD. p-values were calculated by applying an
ANOVA test followed by a Dunnet multiple comparison test [230].

3.3 Chapter 3: PMN responses to EVs released by B. besnoiti tachyzoites and B. besnoiti-
infected host cells

EVs are nano-sized membrane-bound structures released by various cell types and parasites,
serving as mediators of intercellular communication. Reciprocal EV-driven interactions
between PMN and endothelial cells promote PMN extravasation to infection sites, while EV's
also influence PMN effector functions, including NET formation [141,185]. In addition,
parasite-derived EVs can transfer virulence and resistance factors and modulate host immune
responses, thereby contributing to immune evasion [141,183-186,194]. Therefore, the aim of
this chapter was to determine effects of EVs of differential cell origin on both host cell and

PMN functions. Related data have been published in Espinosa et al., 2024.
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3.3.1 Isolation and characterization of EVs

EVs were isolated by size exclusion chromatography (SEC) from non-infected BUVEC,
B. besnoiti-infected BUVEC, non-stimulated PMN, zymosan-stimulated PMN, tachyzoite-
exposed PMN and B. besnoiti tachyzoites using qEV/70 nm Original (IZON) columns, which
are optimized for both high recovery of EVs (70-1000 nm optimum recovery range) and low
lipoprotein overlap. EV numbers and sizes from pooled fractions were assessed by Nano-Flow
cytometry. EV-specific markers were detected by Western blotting and EV morphology was
illustrated by TEM (Fig. 24). In all cases, EVs peaked in size around 60-80 nm (Fig. 24A).
Overall, mean EV sizes of 73.47 + 33 nm from control BUVEC, 77.82 + 32.6 nm from B.
besnoiti-infected BUVEC, 74.96 + 18.52 nm from PMN, 72.84 + 17.34 nm from B. besnoiti-
confronted PMN, 75.58 £+ 21.43 nm from zymosan-stimulated PMN, and 71.51 £ 22-91 nm
from B. besnoiti tachyzoites were detected (Fig. 24B). Consequently, current particle sizes
fitted well to literature data describing a general size of 30-120 nm for small EVs [241]. The
mean concentration of particles per cell after 24 h incubation showed comparable EV secretion
from BUVECS, regardless of infection (Fig. 24C). In contrast, EV secretion experienced a 3-
fold increment when PMN were exposed for 4 hours to B. besnoiti tachyzoites in comparison
to plain PMN or zymosan-stimulated PMN (Fig. 24D). Western blot analyses confirmed the
EV nature of the particles since the samples proved positive for CD9 and showed weak signals
for CD81 (besides vinculin as loading control), both representing typical EV markers (Fig.
24E). TEM analyses illustrated for the first time B. besnoiti tachyzoite-derived and B. besnoiti-
infected BUVEC-derived EVs by confirming the typical EV morphology (Fig. 24F) [229].

3.3.2 Exposure of PMN to EVs from different cellular sources does not affect neutrophil

oxidative and glycolytic responses

To explore if exposure of unprimed PMN to EVs of different cellular sources changed their
energetic status and oxidative responses, we here analysed the neutrophil metabolic parameters
of oxygen consumption (OCR) and extracellular acidification rates (ECAR) via Seahorse
analytics (Fig. 25). Overall, encounter with EVs neither affected oxidative nor glycolytic

responses of bovine PMN, irrespective of the EV source (Fig. 25) [229].
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Figure 24. Characterization of BUVEC-, PMN- and B. besnoiti tachyzoite-derived EVs. Extracellular vesicles
(EVs) were isolated from non-infected BUVEC (n.i. BUVEC), B. besnoiti-infected BUVEC (Infected BUVEC),
non-exposed PMN (Plain PMN), B. besnoiti tachyzoite-exposed PMN (B. b.-exposed PMN) and from plain B.
besnoiti tachyzoites (Tachyzoite). (A) Exemplary histograms on EV size distribution, (B) particle concentration
and (C, D) particle release per cell as assessed by Nano-Flow cytometry. Zymosan-stimulated PMN served as
positive control for PMN-derived EV production. Mean particle diameters of EVs showed values around 70 nm.
(E) Western blot analysis of BUVEC-, PMN- and B. besnoiti tachyzoite-derived EV samples probed with anti-
CD?Y, anti-CD81 and anti-vinculin antibodies. Commercially available human EV-derived proteins (EV pos) and
B. besnoiti protein extract were used as controls. (F) B. besnoiti tachyzoite-derived and infected BUVEC-derived
EVs were studied by TEM (black arrows) and showed a typical EV morphology (scale bars indicate 100 nm)
[229].
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Figure 25. Exposure to EVs does not affect oxidative and glycolytic responses in bovine PMN. In absence of
CO,, PMN were incubated in XF RPMI media for 45 min. Four basal measurements were performed and then
PMN-derived EVs (A) or BUVEC-derived EVs (B) were supplemented to bovine PMN at the time point indicated
by a vertical line. OCR and ECAR values were obtained by Seahorse technology and plotted over time (n = 3 for
each condition). All data are shown as mean = SD [229]
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3.3.3 Exposure of PMN to BUVEC- and B. besnoiti tachyzoite-derived EVs induce extracellular

DNA release in a ROS-independent manner

To address if EV exposure has an impact on neutrophil effector mechanisms, we here first
focused on NET formation. Bovine PMN were exposed to EVs derived from non-infected
BUVEC, B. besnoiti-infected BUVEC, non-stimulated PMN, tachyzoite-exposed PMN and
B. besnoiti tachyzoites (Fig. 26). Extracellular DNA quantification based on picogreen-derived
fluorescence intensities was performed at 4 hours of incubation, thereby rather reflecting a late
phase of NET formation. Relative DNA level analysis showed a significant increase of
extracellular DNA release only for PMN stimulated with EVs derived from BUVEC (p <
0.001) and from B. besnoiti tachyzoites (p < 0.05) when compared to medium controls (Fig.
26A). In the former case, EV-driven NET formation revealed independent of the infection
status of BUVEC since EVs from non-infected and B. besnoiti-infected BUVEC equally
induced NET formation. In contrast, PMN-derived EVs failed to induce extracellular DNA
release, irrespective of PMN stimulation (Fig. 26A). Therefore, we focused further
experimentation on BUVEC- and B. besnoiti tachyzoite-derived EVs. To confirm typical
characteristics of NET formation, classical NET markers (NE and histone-DNA) were
visualized by immunostaining (Fig. 26B), applying a semi-automated image analysis for NET
quantification (Fig. 26C). Here, the presence of extracellular DNA concomitant with histones
and NE was confirmed for NET structures from PMN stimulated with BUVEC- and tachyzoite-
derived EVs at 4 h (Fig. 26B). Further analysis revealed an increase in the percentage of PMN
extruding NETs in case of tachyzoite-derived EVs (11.41 + 4.38%), B. besnoiti-infected
BUVEC-derived EVs (18.8 + 5.62%), non-infected BUVEC-derived EVs (11.49 £+ 5.16%),
and B. besnoiti tachyzoite-derived EVs (12.68 + 5.14%) in comparison with controls (6.48 +
0.98%) (Fig. 26C). To study, if extracellular DNA release coincided with neutrophil ROS
production, total ROS production was measured in PMN stimulated with BUVEC- and
tachyzoite-derived EVs (Fig. 26D, E). However, current data revealed that EVs from all tested
sources failed to affect PMN-derived total ROS production (Fig. 26E). In contrast, stimulation
of PMN with zymosan, serving as positive control for ROS synthesis, indeed triggered

significant ROS production [229].

68



3.3.4 PMN take up EVs from different cellular sources

To study PMN-EV-interactions on the level of EV internalization, bovine PMN were co-
cultured for 6 hours with far red-labelled EVs derived from non-infected BUVEC, B. besnoiti-
infected BUVEC and B. besnoiti tachyzoite (Fig. 27). PMN-mediated EV uptake was assessed
by confocal microscopy (Fig. 27A) illustrating a rather globular staining within the PMN
cytoplasm, most likely reflecting an endosomal localization of internalized EVs, as also
described in literature [242] (Fig. 27B). Semi-automated microscopic quantification revealed
a significant increase in PMN-derived far red signals upon EV encounter (Fig. 27C). Thus,
almost equal fractions of PMN with far red signals were detected in case of EVs from
tachyzoites (7.43 £ 1.01%, p = 0.0011), B. besnoiti-infected BUVEC (7.58 + 1.18%, p =
0.0009) and non-infected BUVEC (6.70 + 2.17%, p = 0.0026) (Fig. 27C) [229].

3.3.5 EV exposure to PMN selectively induces the release of IL-1 and IL-6 but not of CXCL8

Since EVs are well-documented for their role in intercellular communication, we here explored
their capacity to induce inflammatory responses in PMN and BUVEC by assessing the release
of IL-1B, IL-6 and CXCL8. These pro-inflammatory molecules were quantified via
commercially available ELISAs in supernatants from both PMN and BUVEC being exposed
to EVs from BUVEC and B. besnoiti tachyzoites (Fig. 28). At 4 and 24 hours of exposure for
PMN and BUVEC, respectively, only trace amounts of IL-1p, IL-6 and CXCLS8 were detected
in supernatants of PMN (Fig. 28A, C, D) and BUVEC (Fig. 28B, D, F). Nevertheless,
neutrophil-derived IL-1f and IL-6 release was significantly increased after PMN exposure to
EVs derived from B. besnoiti-infected BUVEC (p = <0.0001 and p = <0.0001, respectively,
Fig. 28C, E). In contrast, EVs failed to induce CXCLS8 secretion in PMN (Fig. 28A). BUVEC
stimulation with EVs of different origin all failed to affect endothelial IL-1f, IL-6 and CXCLS8
release (Fig. 28B, D, F). Interestingly, PMN showed differential cytokine secretion depending
on the stimuli initially used for positive controls. Thus, LPS (1 pg/ml) induced an increase in
IL-1B secretion whilst stimulation with PMA/ionomycin (100 nM/5 pM) enhanced IL-6
release. Furthermore, LPS (0.01 pg/ml) functioned as a positive stimulus for BUVEC by
inducing an enhanced secretion of both IL-1f and IL-6 [229].
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Figure 26. Exposure of bovine PMN to BUVEC- and B. besnoiti tachyzoite-derived EVs induced NET
formation in a ROS-independent manner. (A) Bovine PMN were stimulated with EVs derived from non-
infected BUVEC (n.i. BUVEC), B. besnoiti-infected BUVEC (Infected BUVEC), unstimulated PMN (Plain
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PMN), B. besnoiti tachyzoite-exposed PMN (B. b.-exposed PMN) and from plain B. besnoiti tachyzoites
(Tachyzoite) for 4 h After incubation, extracellular DNA was quantified via picogreen-derived fluorescence
intensities. All data are shown as mean £ SD; p-values were calculated by one-way ANOVA followed by
Dunnett's multiple comparison test. *p < 0.05; **p < 0.01; ***p < 0.001. (B) Exemplary immunofluorescence
images showing DNA (blue), NE (green) and DNA-histone complexes (magenta) in EVs-exposed PMN. (C) The
percentage of NET-releasing PMN was calculated via image analysis (Image J, Fiji version); bars represent mean
+ SD. (D, E). Representative kinetic and total ROS production of EV-exposed PMN, evaluated by luminol-based
assays. Zymosan served as positive control. (n = 3). Scale bar = 30 pm [229].
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Figure 27. PMN-mediated uptake of far red-labeled EVs. Bovine PMN were exposed to far red-labelled EVs
for 6 h, fixed and mounted with fluoromount G (DAPI). (A, B) Representative microscopic images depict PMN
(nuclei, blue) with internalized EVs (magenta). (C) Semi-automated quantitative analysis of EV internalization
showing that PMN equally internalized EVs from all cellular sources. All data are shown as mean + SD; p-values
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were calculated by one-way ANOVA followed by Dunnett’s multiple comparison test. *
Scale bar in A =20 um. (n = 3) [229].
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Figure 28. Selected EV exposure induced IL-1b and IL-6 release in bovine PMN. Bovine PMN or BUVEC

were exposed to EVs from different cellular sources for 4 h (PMN) and 24 h (BUVEC).

Thereafter, CXCL8 (A,

B), IL-1b (C, D), and IL-6 (E, F) was quantified via commercially available ELISAs in co-culture-derived
supernatants. Stimulation with LPS and PMA/ionomycin was used for positive controls. All data are shown as
mean + SD; p-values were calculated by one-way ANOVA followed by Dunnett s multiple comparison test. (n =

3). ##p < 0.01; **% p < 0.001; **** p < 0.0001 [229].
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4. DISCUSSION

With the present study, novel data were added on the role of: i) ATP and purinergic receptor
signaling [231], ii) CAMKK/AMPK signalling [228,230], and iii) EVs from differential
cellular origin [229], in B. besnoiti (and T. gondii) tachyzoite-induced bovine PMN activation.
Since the discovery of NETs in 2004 [129], there is accumulating evidence that NET formation
represents a conserved mechanism among multiple kingdoms [243-245]. Referring to
protozoan parasites, NET formation is induced by both extra- and intracellular parasites, such
asT. b.  brucei,T. gondii, E. bovis, C. parvum, N. caninum, and B.

besnoiti [62,130,162,165,166,201,217,221,225,226,246-248].

Meanwhile, several aspects of B. besnoiti-driven NET formation have been elucidated: Hence,
B. besnoiti tachyzoites induce bovine NET formation in a time- and dose-dependent manner;
it is accompanied by increased NE and MPO activities in addition to enhanced ROS production
[224]. In the case of vital tachyzoites, NETs did not kill these stages but impaired their capacity
to infect endothelial host cells, an effect that was restored by DNAse treatment [224]. Notably,
primary bovine monocytes also formed extracellular traps (METs) when exposed to B.
besnoiti tachyzoites, thereby emphasizing the general capacity of these parasitic stages to
induce this innate effector mechanism [249]. Moreover, under physiological flow conditions,
PMN induced damage of B. besnoiti-infected endothelium, an effect which was attributed to
NET formation and to the presence of histone 2A (H2A) as one of the main NET components
[227]. Notably, B. besnoiti-infected endothelium induced NETs as well [62]. Furthermore, B.
besnoiti-driven NET formation proved stage-independent since bradyzoites, recovered from
skin cysts of infected animals, also induced NETs [225]. Moreover, metabolic requirements
of B. besnoiti-induced NET formation were shown to mainly rely on pyruvate- and lactate-
mediated catabolic pathways and ATP availability [226]. In addition, B. besnoiti tachyzoites
induced both NET formation and LC3B-associated autophagosome formation in parallel,
statistically being correlated with one another [62]. However, pharmacological intervention
with rapamycin or wortmannin did not alter these responses, and isolated NETs did not trigger
autophagy, indicating that these processes eventually occur independently [62]. The finding of
early AMPKao phosphorylation upon tachyzoite exposure in bovine PMN further supports a
parallel activation of autophagy and NET formation [62].

Since several molecular aspects of B. besnoiti tachyzoite-driven NET formation are still not

entirely elucidated and due to the importance of B. besnoiti infection in cattle, we here intended
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to fill some further gaps by adding new findings to the fundamental understanding of the

parasite-driven NETotic process.

4.1 Chapter 1: B. besnoiti-induced PMN clustering and NET formation depend on P:X;

purinergic receptor signalling

PMN are considered as highly glycolytic cells and glycolysis is active when PMN produce
ROS or perform phagocytosis [250,251]. Recently, both gluconeogenesis and glycogenesis
were demonstrated as critical for the neutrophil lifespan and function, indicating a complex
and context-dependent PMN catabolism to fulfill killing functions [252]. In general, PMN-
derived oxidative responses (here: OCR) are mainly derived from NOX-based ROS
production, with little or no mitochondrial contribution [253,254]. In the present study, the
carly activation of bovine PMN seemed to be related to ROS production without the
involvement of glycolysis. Thus, PMN oxidative activity increased at 5-10 min post B.
besnoiti tachyzoite exposure, as detected by a continuous increment of OCR values most likely
reflecting PMN oxidative burst. This is in line with previous observations using DCFH-DA to
measure B. besnoiti tachyzoite-induced ROS in PMN [224]. These data, even though measured
by different techniques, confirmed a consistent role of ROS production, accompanied by
oxygen consumption in parasite-induced NETosis as also driven by 7. gondii [246], E.
bovis [158], and trypomastigote stages of 7. b. brucei [166]. Overall, B. besnoiti tachyzoite-
induced oxygen consumption was not influenced by the addition of exogenous ATP or ATPyS,
thereby denying a priming effect of ATP. Intriguingly, B. besnoiti tachyzoite-induced NET
formation was recently proven as mitochondrial ATP synthase-dependent since it was
significantly dampened by oligomycin treatments [226], thereby indicating a potential later
relevance (i. e., after 30 min of confrontation) of the mitochondrial activity or mitochondrial
ROS to sustain B. besnoiti tachyzoite-induced NET formation. Given that ECAR enhancement
mirrors the extracellular accumulation of lactate [254], the current lack of tachyzoite-driven
ECAR increment may indicate that immediate bovine PMN reactions to parasite stages may
not rely on glycolytic responses. On the other hand, ATP/ATPYS supplementation led to an
acute (within a few minutes) increase in neutrophil ECAR. However, when referring to later
effector phases by analyzing NET formation after 6 h of co-culture, metabolic signatures of B.
besnoiti heat-inactivated tachyzoite-exposed bovine PMN showed a significant increase in
glucose and serine consumption and glutamate release in addition to a decrease in glutamine

release during NET formation, thereby suggesting a switch in parasite-driven metabolic
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responses towards glycolysis [226]. These differences may rely on the use of heat-inactivated
tachyzoites, the presence of cytochalasin to block phagocytosis - likely altering PMN
catabolism - and on the later time point compared to current data (40 min vs 6 h), highlighting
the time- and context-dependent nature of PMN responses upon activation [252]. In line, recent
findings on PMN-specific immunometabolism revealed that this innate “differentiated” cell
type can indeed selectively induce different metabolic pathways after activation, depending on
the effector mechanism to be performed (e.g., chemotaxis, ROS production, NET formation or
degranulation) [255]. Overall, in the case of NET formation, there is a consensus that glycolysis
seems to be the main neutrophil mechanism of energy generation. However, referring
to B. besnoiti tachyzoite-driven NETosis, the blockage of glycolysis via FDG treatments did
not directly affect NET formation [226]. Nevertheless, a key role of pyruvate- and lactate-
mediated metabolic pathways for effective tachyzoite-driven NET formation was demonstrated
since chemical inhibition of lactate release via oxamate and dichloroacetate and blockage of
pyruvate dehydrogenase, a-ketoglutarate dehydrogenase, and transketolase via oxythiamine
significantly dampened B. besnoiti tachyzoite-driven NET formation [226]. Comparable NET-
related findings were reported for the closely related apicomplexan parasite E. bovis. Here, E.
bovis-triggered NET formation was also not affected by FDG treatments, but by oxamate,
oligomycin, and MCT inhibitors [158]. Altogether, these data may indicate a pivotal role of
secondary metabolites of the carbohydrate catabolism rather than of glycolysis itself in
apicomplexan parasite-induced NET formation at times later than 40 min of activation

[158,226,231].

In general, ATP is either synthesized by mitochondrial respiration or by glycolysis.
Importantly, ATP not only represents the key energy source but also actively participates in
the activation of PMN effector functions via purinergic signaling. During differential
pathological conditions like inflammation or ischemia, several cell types release cellular ATP
as a danger and “find me” signal fueling inside-out signaling mechanisms that regulate the
activation and function of PMN. Under physiological conditions, the released ATP boosts
PMN effector functions like chemotaxis, degranulation, phagocytosis, and NET formation via
autocrine feedback mechanisms which involve ATP and adenosine receptors [150,256]. These
purinergic signaling mechanisms regulate calcium influx and additional downstream signaling
pathways that are required for proper PMN functionality. Overall, a complex network of
metabolic pathways regulates ATP release and purinergic signaling mechanisms. This network

involves mitochondria which produce ATP fueling purinergic signaling in an autocrine or
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paracrine manner. Thus, mitochondria represent the link between metabolic and calcium
signaling events and the purinergic signaling mechanisms that regulate immune cell functions.
In line, pre-treatments of bovine PMN with oligomycin (blocking mitochondrial ATP synthase)
entirely abolished B. besnoiti tachyzoite-induced cell-free NET formation, thereby underlining
the relevant role of mitochondrial ATP production and purinergic signaling for effective
parasite-driven NET formation [226]. To study the paracrine effects of ATP, we here quantified
both extracellular and total ATP concentrations in cultures of B. besnoiti tachyzoite-confronted
PMN. In supernatants of unstimulated control PMN, an extracellular ATP concentration
([ATP]) of 37.3 nM and 22.6 nM was detected after 15 s and 15 min, respectively. Moreover,
a total cellular [ATP] of 334.2 nM (334 fmol/cell) was measured in untreated bovine PMN. In
human PMN, the reported intracellular [ATP] is 1.9 fmol/cell [250]. In contrast, under
physiological conditions, extracellular [ATP] is typically low (< 1 uM) [257,258]. Whilst
current data on extracellular [ATP] match typical basal concentrations, current total cellular
[ATP] values seemed rather high; however detailed reference data for bovine PMN are
currently missing in literature. Interestingly, recent data showed that PMN express Cx43 and
Panx1 hemi-channels mediating ATP release linked to autocrine purinergic signaling which
finally regulates PMN chemotaxis [150]. In this context, supplementation of exogenous non-
hydrolyzable ATP (ATPyS), but not of non-modified ATP, significantly induced cell-free and
anchored NET formation in the current work. Moreover, ATPyS supplementation enhanced
anchored NET formation in B. besnoiti tachyzoite-exposed PMN. In general, ATP levels of the
extracellular environment are tightly controlled and eventually lowered by conversion via
different cell types that express plasma membrane ectonucleotidases, such as nucleoside
triphosphate diphosphohydrolase 1 (CD39, converts ATP/ADP to AMP) and ecto-5'-
nucleotidase (CD73, converts AMP to ADO). Notably, CD39 and CD73 are both expressed in
PMN [259]. Thus, these ectonucleotidase activities of bovine PMN may explain both the
current failure of non-modified ATP supplementation to induce NETs and the capacity of
ATPyS (which cannot be hydrolyzed by ectonucleotidases) to successfully trigger this effector

mechanism [231].

Recent studies have highlighted the critical role of autocrine purinergic signaling in different
PMN-derived effector mechanisms. Two main classes of membrane receptors mediate the
effects of extracellular ATP: metabotropic G protein-coupled P>Y receptors and ionotropic P2X
receptors acting as ligand-gated non-selective cation channels. For P.Y receptors, eight

subtypes (P2Y1/2/4/6/11/12/13/14) are known, while for P>X receptors, seven subtypes (P2Xi-7)
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were recorded [149,259]. Based on data from mRNA, protein, and functional assays, PMN
were reported to express P2X1, P2X7, P2Y2, and P2Y 14, as well as all four ADO receptors [150].
In this context, Panx1 hemi-channels rapidly release ATP during PMN chemotaxis from
pseudopod protrusions, amplifying chemotactic signals through activation of P>Y2-mediated
mTOR signaling at the leading edge [260-262]. Furthermore, stimulation with LPS enhanced
phagocytosis of Escherichia coli in human PMN, and these effects were abolished when the
P2X purinergic receptor was blocked [263]. Moreover, an antagonist of P2Ys suppressed
monosodium urate crystal-induced neutrophil oxidative burst [154,264] and aggregated NET
formation [264]. In the current dissertation, the effects of inhibit different P>X and P2Y receptor
(P2Y1, P2Ys, P2Xi, P2X4, and P2X7) on tachyzoite-driven NET formation were explored. We
showed that exclusively pre-treatments of PMN with the P2X antagonist NF449 resulted in a
significant reduction of parasite-induced anchored NET formation whilst all other antagonists
failed to affect NET formation. Similar results were obtained when applying post-exposure
treatments. The NF449-related data in principle confirmed recent findings of Zhou et al. (2020)
stating the relevance of P>X;-mediated purinergic signaling in B. besnoiti tachyzoite-mediated
NET formation. We here furthermore proved that NF449 treatments neither induced apoptotic
nor necrotic PMN cell death and elucidated dose-dependent effects of NF449 by estimating an
ICso of 1.27 pM. Given that NF449 treatments also inhibited NET formation induced by other
protozoan parasites like 7. b. brucei [166] and C. parvum [162], a conserved P>X;-related
mechanism in parasite-driven NET formation may be proposed. As an additional and
interesting finding, P>Xi-mediated signaling also seemed involved in B. besnoiti tachyzoite-
mediated clustering of bovine PMN. Hence, during PMN-tachyzoite-co-cultures, we
consistently observed that PMN tend to form clusters, which most probably result from
chemotactic and migratory actions. Notably, pre-treatments of PMN with NF449 significantly
diminished the number of PMN forming clusters. Therefore, the current work adds new data
on the role of PX;-mediated purinergic signaling in parasite-PMN interactions and expands
the relevance of this specific receptor to further PMN-derived effector mechanisms besides

NET formation [231].
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4.2 Chapter 2: The CAMKK/AMPK pathway activation participate in early events of B.
besnoiti and T. gondii tachyzoite-triggered NET formation in PMN

The intracellular calcium concentration ([Ca®'];) controls several bovine PMN functions like
ROS production, degranulation and NETosis [265,266]. In the current study, exposure of
bovine PMN to T. gondii tachyzoites indeed induced a rapid increase in [Ca?'];in PMN, which
was later accompanied by an activation of both CAMKK and AMPK, with the former being
commonly reported as Ca®*-dependent. Hence, CAMKK is able to activate AMPK in response
to a rise in [Ca®'];, independent of the AMP/ATP ratio [267]. One of the underlying main
mechanisms that mediates a transient, fast rise in [Ca?']iin PMN, is the so-called store-operated
calcium entry (SOCE). SOCE, in turn, is well-documented to control ROS production,
chemotaxis, degranulation and NET formation [265,268,269]. The blockage of T. gondii
tachyzoite-induced DNA release by the SOCE inhibitor 2-APB is in line with former data on
parasite-driven NET formation using stages of the related parasites E. bovis [265] and C.
parvum [270], thereby indicating a conserved role of SOCE in protozoa-induced NETosis
[230].

One of the targets of free cytosolic Ca*"is the CAMK family of enzymes. In PMN, CAMK
activities have been associated with neutrophil development and maturation [271], superoxide
production [272], phagocytosis, migration, and adhesion. When referring to the AMPK-related
signaling pathway, CAMKK is a prominent enzyme located upstream of AMPK
phosphorylation. CAMKK in PMN is activated by a [Ca®']; rise, by IL-8 [273], fMLP and
platelet activating factor (PAF) but not by phorbol 12-myristate-13-acetate (PMA) [274] and
regulates functions via an ERK-MAP kinase-dependent mechanism [273]. It is expressed in
human PMN and participates in the regulation of neutrophil respiratory burst and
chemoattractant-induced PMN migration [275]. However, there is almost no information on
CAMKK expression or phosphorylation in bovine neutrophils. One report studied CAMKK
responses at the transcriptomic level in PMN of cows experiencing subclinical hypocalcemia
and found that calcium binding- and calcium-signaling-related proteins showed decreased
expression in this scenario [276]. Current data showed that both CAMKK expression and
phosphorylation were highly upregulated in bovine PMN (> 6-fold increase) after exposure
to B. besnoiti tachyzoites. Considering that this response was uniform in all PMN donors,
occurred in a fast manner, as early as 5 min post-interaction as shown in B. besnoiti-exposed

PMN, and remained sustained over 30 min, it was most probably linked to and consistent with
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the parasite-driven AMPK activation [228,230]. In a comparative approach, this observation
was confirmed for another coccidian parasite by increased levels of CAMKK and p-CAMKK
present in 7. gondii-exposed PMN after 30 min of confrontation [228,230].

AMPKa is a metabolic master regulator in eukaryotes with a high impact on several important
cellular mechanisms. AMPKa activation is initiated by changes in the metabolic status, mainly
resulting from the inhibition of ATP generation during hypoxia, glucose deprivation, or
increased ATP consumption [172]. Previous observations in PMN showed AMPK activation
to diminish PMA-mediated ROS production in human PMN [176], but to enhance PMN
chemotaxis, bacterial killing, MMP-8 secretion, and phagocytosis [174,277]. In the bovine
system, neutrophil AMPK is activated by B-hydroxybutyrate and hydroxycarboxylic acid
receptor 2 (HCA2) agonists [278]. Moreover, AMPK proved related to increased autophagy in
estrogen (17B-estradiol, E2)-treated PMN in low-glucose (2.5 mM) settings, leading to
increased LC3, ATGS, and Beclin-1 expression [279]. Furthermore, AMPK induction
promoted autophagy by directly activating ULK1 - which is an enzyme downstream of mTOR
- during autophagosome formation [280]. In line, bovine PMN exposure to B. besnoiti and T.
gondii tachyzoites was shown to induce AMPK phosphorylation after 30 min of PMN-
tachyzoite-co-culture and, as previously reported, a positive correlation with LC3B expression

was observed in B. besnoiti-exposed PMN [62].

In the current work, expression profiles of specific AMPK subunits and downstream
autophagy-related proteins, such as Beclin-1 and ULK-1, were studied. The current data
showed that exposure of PMN to B. besnoiti tachyzoites indeed induced AMPKa activation in
a time-dependent manner, occurring as early as 5 min after exposure resulting in a sustained
activation. During the first 30 min of interaction, there were no changes in the regulatory
subunits AMPKf} and AMPKYy. However, one limitation of the current study is that we did not
include the AMPKo2 subunit, which was also demonstrated to be upregulated in activated
PMN, especially in a hypoxia-related inflammation context [281]. Interestingly, AMPK is also
involved in fluorine-induced ROS and NETs in carps, an effect that is inhibited by compound
C [282], indicating that AMPK-controlled NET release is an ancient and conserved mechanism
[228].

Autophagy is a physiological process, which maintains homeostasis or normal cell function by
protein degradation and turnover of destroyed cell organelles for new cell formation, especially

in response to cellular stress [283]. Furthermore, autophagy plays a pivotal role in regulating
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early innate leukocyte-associated effector mechanisms against pathogens, such as phagocytosis
[284], cytokine secretion [285], and NET formation [239]. Inflammatory inducers of autophagy
include PAMPs, TLRs, TLR adaptors, ROS, NOD-like receptors, and AMPK [62,239,284]. In
this regard, AMPK-related signaling plays a key role in NET formation via the regulation of
autophagy pathways [62,181,239]. AMPK promotes autophagy, amongst other signaling
cascades, by directly activating the pre-initiation complex ULK1 via phosphorylation [286]. In
the current work, B. besnoiti tachyzoite exposure to bovine PMN induced a modest but
statistically significant neutrophil ULK-1 upregulation, thereby temporally coinciding with
AMPK activation. Interestingly, 7. gondii-exposed PMN equally showed an upregulation trend
for ULK-1, which failed to reach statistical significance. In principle, current results indicated
that autophagy-related activation occurs more pronounced in B. besnoiti tachzoite-confronted
bovine PMN than in case of 7. gondii stages. However, it remains currently entirely unclear,
which specific parasite-derived factors may trigger these differences on autophagy-dependent
mechanisms [228,230]. In contrast to ULK-1, no changes were observed for Beclin-1 protein
expression, indicating that, eventually, a Beclin-1-independent autophagy pathway operates
in B. besnoiti and T. gondii tachzoite-exposed PMN. Since ULK-1 but not Beclin-1 was shown
to be involved in phagocytosis-related autophagy, current data may indicate a similar
mechanism to be driven by B. besnoiti tachyzoite exposure [62,287]. Thus, these responses
seem directly linked and complementary, which is in line with a previous report on the presence
of increased numbers of LC3B-positive autophagosomes in B. besnoiti-exposed PMN [62].
Since LC3B induction was also reported to be associated with enhanced phagocytosis [288],
both effector mechanisms are most probably related and interconnected in B. besnoiti-exposed

PMN [228].

As mentioned above, AMPK and related signaling is involved in differential neutrophil effector
mechanism activation. Hence, it was reported that treatments with a pharmacological AMPK
activator (AICAR) improved bacterial killing and phagocytosis [174] but inhibited PMN
apoptosis [289]. In literature, compound C is used as an AMPK inhibitor, but considered as
unspecific. In bone marrow-derived neutrophil-like cells, compound C inhibited chemotaxis in
a dose-dependent manner [174]. In human PMN, compound C blocked the MMP-8 release
induced by conditioned media from monocytes infected with Mycobacterium
tuberculosis [277]. To our knowledge, the current work includes the first report on the use of
compound C for bovine PMN treatments, showing an inhibition of both AMPK and p-AMPK
protein expression, without affecting the viability of PMN. Unexpectedly, compound C

80



treatments failed to significantly affect NET formation in the current work [228]. To further
study the role of AMPK activity in B. besnoiti-induced PMN activation, we showed that
AICAR treatments indeed worked in the bovine system and promoted AMPK phosphorylation
in bovine PMN. This is coherent with data in human PMN [176]. In addition, we here
demonstrated that plain AICAR treatments induced NET formation and triggered both
mitochondrial and glycolytic responses in bovine PMN. Moreover, AICAR induced moderate
oxidative responses in PMN, which may support the idea of NOX-dependent NET formation
for the bovine system. In contrast to current data, AICAR treatments reduced PMN-derived
ROS production in response to PMA stimulation and failed to induce H>O; production in the
human system, even though this effect proved dependent on the incubation time [176].
Considering that no additional mitochondrial or NADPHOX inhibitors were used in current
experiments, it remains unclear if current AICAR-driven oxidative responses in bovine PMN
correspond to NADPHOX-related ROS production or to mitochondrial activities. Moreover, it
remains to be elucidated if these differences indeed mirror host species-specific reactions,
especially since it is well documented that bovine PMN differ significantly from human PMN
in their ROS-based responses to general stimulants [290]. In this regard, the differences and
similarities of both host systems were recently reviewed [86] and call for more detailed
analyses in the bovine system [228].

Furthermore, current AICAR treatments resulted in additive effects referring to B. besnoiti
tachyzoite-driven NET formation. This result was confirmed in a comparative approach by
PMN treatments of 7. gondii-exposed PMN with AICAR showing the same effects in NET
formation. In contrast to above mentioned findings, AICAR treatments led to diminished ROS
production in PMA-activated human PMN, suggesting an overall stimulus-dependent
response. In the human system, 7. gondii -induced NET formation showed to be ROS- and
glycolysis-dependent with the participation of gasdermin D and NE [246]. Interestingly, the
percentage of PMN performing NETosis in response to parasite encounter was higher
(approximately 20%) in human neutrophils [246] than in bovine ones (10%), indicating host
species-specific effects, besides the potential impact of differential experimental settings

[228,230].

In order to place the AMPK-related findings into a broader signaling framework, we included
additional inhibitors targeting pathways with known relevance in immune cell activation.
Referring to the inhibition of 7. gondii-driven extracellular DNA release by treatments with

both the SOCE inhibitor 2-APB and the MAPK pathway inhibitor UO126, current findings are
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in line with observations on bovine PMN confronted with other coccidian stages, such as E.
bovis sporozoites and N. caninum tachyzoites [165,214]. The observed lack of effect by the
PI3K inhibitor LY294002 may be due to the small sample size. Thus, more biological replicates
or microscopic analyses of NET formation are necessary to propose more precise conclusions.
Altogether, these results suggest a conserved nature of these canonical activation pathways in
bovine PMN driven by encounter with different apicomplexan parasites species and stages.
Notably, another protozoan but non-related parasite, Leishmania donovani, induces autophagy
in human PMN, depending on ROS production, AMPK activation and PI3K/Akt and
ERK/MAPK signaling pathways [205]. The authors were able to demonstrate that augmented
autophagy was a prerequisite for the subsequent macrophage-mediated uptake of infected

PMN, thus promoting L. donovani infection [205,291].

Altogether, current findings highlighted the complex interplay between protozoan parasites and
host-dependent innate immune responses. Overall, current data are consistent with the
hypothesis that B. besnoiti and T. gondii encounter activates bovine PMN via a CAMKK-
/AMPK-/ /NETosis-dependent mechanism [228,230]

4.3 Chapter 3: Bovine PMN responses to EVs released by B. besnoiti tachyzoites and B.

besnoiti-infected host cells

In the field of parasitology, EVs have come into interest based on their principle ability to
mediate communication between cells, but also between parasites and cells [292]. EVs contain
proteins, RNA/DNA, lipids and metabolites and EV-derived molecules were shown to be
involved in drug resistance, cell growth regulation and immune cell modulation [196]. EVs are
of a complex nature, therefore a plethora of protocols and guidelines on their isolation and
characterization exist using differential centrifugation/ultracentrifugation, affinity-based
capture (such as antibody-coated magnetic beads or resins), ultrafiltration, size-exclusion
chromatography and Nano-Flow cytometry, amongst others [293,294]. In the current work, we
used differential centrifugation at low-speed to eliminate high molecular contaminants,
ultrafiltration to eliminate proteins and to enrich EVs and size-exclusion chromatography to
purify and recover EVs. The latter process was performed with the help of an automated
collector (IZON), thereby achieving an improved reproducibility, speed and simplicity of EV
isolation. In the current work, EVs from different cellular sources (BUVEC, PMN, tachyzoites)

and stimulation status (unstimulated vs tachyzoite-exposed or -infected) were isolated. EV
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characterization was performed following MISEV 2018 guidelines [294], considering the
parameters EV size, concentration, membrane protein biomarkers and morphology. Overall,
particles from all cellular sources showed a mean size of 70 nm, thereby fitting well to size
ranges described for small EVs in literature (30-150 nm;[186,295]. For further
characterization, all EV samples were tested for the presence of the tetraspanins CD9 and CD81
used as EV markers. Western blot analyses proved BUVEC- and PMN-derived EVs as positive
for both CD9 and CD81 proteins. Moreover, the expected size and morphology of EVs from
selected sources were verified by TEM, thereby illustrating for the first time B.
besnoiti tachyzoite-derived EVs. Taken together, these results confirmed that the particles
isolated from BUVEC-, PMN- and B. besnoiti tachyzoite-derived supernatants were indeed

EVs in terms of size, morphology, and protein components [229].

Host-parasite-communication via EVs has extensively been analyzed in the last decade [184—
186,193,195,196,198]. In general, pathogen encounter seems to foster EV release by effector
cells. Thus, infections with Plasmodium stimulated EV release from endothelial cells, platelets,
and red blood cells (RBCs). In agreement, exposure of PMN to B. besnoiti tachyzoites led to a
rise in neutrophil EV release in the current work. Interestingly, enhanced EV levels correlated
with severe illness both in rodent malaria model and in malaria patients since EVs originating
from parasite-infected RBCs activated the innate immune response via pro- and anti-
inflammatory cytokines in P. falciparum and P. berghei infections [296,297]. These EVs may
also play a role in vascular activation and dysfunction, thereby facilitating parasite
sequestration  and  associated  pathology  [296,297].  Moreover, Cryptosporidium
parvum infection of human cells lines (H69 and 603B cells) induced an increment of luminal
EV release from biliary and intestinal epithelium. These EVs carried antimicrobial peptides
from epithelial cell origin (e.g., beta-defensin 2), aiding to decrease sporozoite viability and
infectivity both in vitro and ex vivo [298]. In general, the extent of EV production and/or nature
of content may vary depending on the cell type and activation status. In line with current results
denying any infection-driven increase of endothelial EV release, treatments of HUVEC with
TNF-a did not affect the production, size or morphology of EVs [299]. In a another study,
unstimulated human PMN secreted lower EV quantities than PMN exposed to different classes
of physiological stimuli, such as fMLP, LPS and TNF-a [300]. Given that GM-CSF and IFNy

failed to induce EV release, stimuli-specific reactions were suggested [300].
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After having confirmed EV numbers and characteristics, EVs from BUVEC, PMN and B.
besnoiti tachyzoites were here studied for their effects on glycolytic and oxidative responses,
NET formation, ROS production and chemokine/cytokine secretion in unstimulated PMN.
Unexpectedly, current findings revealed that EVs from all cellular sources failed to affect
neutrophil metabolic (glycolytic and oxidative) responses and ROS production. However, we
here aimed to characterize immediate reactions of resting bovine PMN and therefore worked
with non-activated cells. In line, EVs from both unstimulated human PMN and opsonized
particle-activated PMN failed to affect ROS production in resting PMN [190,301]. By contrast,
EV treatments decreased ROS production in PMA-pre-activated PMN [190]. In contrast to
current data, EVs derived from human PMN stimulated with another protozoa (Entamoeba
histolytica) triggered a significant increase of neutrophil ROS production [301]. However,
when PMN were pre-stimulated with PMA or E. histolytica trophozoites and then exposed to
EVs from unstimulated or E. histolytica-stimulated PMN, a significant decrease or no change
in ROS production was observed, respectively [301]. The sum of these data indicates that
several factors like the pre-stimulus status of donor or receiver PMN and the type of stimulus
highly matter in EV-mediated PMN reactions. Current data showed that resting bovine PMN
failed to respond to EVs of different cellular sources on the level of ROS or metabolic changes.
In addition, stimulation of PMN with EVs from both B. besnoiti-exposed PMN and
unstimulated PMN also failed to significantly drive extracellular DNA release. Nevertheless,
in case of NET formation, exposure of resting PMN to EV samples showed a differential
reaction pattern compared to ROS-related responses. Here, BUVEC- and tachyzoite-derived
EVs indeed fostered NET release. The fact, that PMN-derived EVs failed to drive NET
formation in the current experimental setting is in line with former data on E. histolytica, stating
that unstimulated PMN-derived EVs and EVs from parasite-stimulated PMN did not induce
NET formation in resting PMN [301], thereby highlighting again the importance of the
neutrophil priming state.

Of note, endothelial cells are well-known as effective producers of EVs, thereby
communicating with all kinds of cells [183,299,302]. In the current work, BUVEC-derived
EVs triggered NET formation in resting bovine PMN, independent of the infection status of
BUVEC, but being accompanied by a lack of ROS production, thereby indicating NOX-
independent NET formation. NOX-independent NET formation was recently described to be
triggered by an increase in calcium and mitochondrial ROS, activating PAD4 and histone
citrullination, concomitant with ERK1/2 and JNK pathway activation [128]. In that context,

EVs were described to carry miRNAs and other signaling molecules, which are able to activate
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the JNK and ERK1/2 signaling pathway [303-305]. Furthermore, EVs may also transport trace
amounts of ROS from their progenitor cell [301]. However, the potential mechanisms being
involved in NOX-independent NET formation triggered by BUVEC- andB.
besnoiti tachyzoite-derived EVs await further investigation [229].

EVs participate in immune signaling due to their capacity to transport both pro-inflammatory
and anti-inflammatory cytokines to designated target cells, in addition to their ability to induce
cytokine secretion in recipient cells [306]. Current data showed that bovine PMN upregulated
IL-1B and IL-6 secretion in a stimulus-dependent manner since exclusively EVs from B.
besnoiti-infected BUVEC fostered the release of these cytokines. Meanwhile, BUVEC failed
to react by IL-1p, IL-6 or CXCLS8 release after exposure to EVs, independent of the cellular
source. Referring to PMN, this finding correlates with data on other innate immune cells like
macrophages, monocytes or dendritic cells. Hence, 7. gondii-derived EVs were shown to drive
resting macrophage activation by inducing IL-12, TNFo and INFy secretion [307].
Moreover, Leishmania donovani promastigote-derived EVs modulated the cytokine response
of monocytes by enhancing IL-10 expression but suppressing TNFa synthesis, while EV-
exposed monocyte-derived dendritic cells (DCs) showed diminished levels of IL-10, IL-12p70,
TNFa [308]. Moreover, in vivo administration of EVs from 7. gondii antigen-stimulated DCs
led to an increased release of Thl cytokines (including IL-2 and IFN-y) with concurrent
diminishment of Th2 cytokines (e.g., IL-4, IL-5, and IL-10) [309]. Furthermore, IL-6 deficient
mice were found more susceptible to 7. gondii infection, allowing for increased parasite growth
[310]. Additionally, 7. gondii is able to suppress IL-1p production from human PMN as an
evasion mechanism of host defense [311]. These reports indicated that IL-1f and IL-6 mediate
host protection against parasites infection, activating inflammatory responses. It is important
to highlight that this EV-cytokine-communication is bidirectional. Hence, neutrophil EV
production can also be induced by CXCLS8 and TNF-a [312]. Of note, several host molecules
and proinflamatory cytokines induce or boost NET formation [127,313]. Hence, both
macrophage-derived and plasmacytoid dendritic cells (pDCs)-derived type I IFNs promote
NET release [127]. Additionally, proinflammatory cytokines, such as tumor necrosis factor
(TNF), IL-1B, and IL-12, which are secreted by leukocytes during inflammation, have been
shown to enhance NET formation [127]. Furthermore, patients with systemic inflammatory
response syndrome possess higher plasma levels of IL-8, IL-1f, and TNF-a, which induce NET
formation in PMN from healthy individuals [314]. These findings underscore the critical role

of cytokines in modulating NET formation, particularly in inflammatory conditions [229].
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To fulfill their function in cell-to-cell communication, EVs interact with target cells through
receptor-ligand binding mechanisms or by internalization via different endocytic mechanisms,
which include clathrin-dependent endocytosis and clathrin-independent routes like caveolin-
mediated uptake, macropinocytosis, phagocytosis, and lipid raft-mediated internalization
[315]. Therefore, we here tested if EVs from the different cellular sources are taken up by
resting bovine PMN. Indeed, confocal microscopy confirmed that BUVEC- and B. besnoiti
tachyzoite-derived far red-labeled EVs were internalized by PMN resulting in a globular
cytoplasmic localization in exposed PMN, suggesting EVs were internalized by endocytic
mechanisms. As expected, PMN-derived EV uptake occurred irrespective of the EV source. In
principle, these data match with findings on human PMN or other innate immune cell types.
Thus, E. histolytica-derived EVs fused with neutrophil cell membranes and were internalized
into the cytoplasm by human PMN [301]. Moreover, cytoplasmic internalization of immature
DC-derived EVs was described for unstimulated DCs [316] and 7. gondii-derived EVs were
taken up into the cytoplasm of RAW264.7 macrophages [307].

To summarize, we here showed that bovine PMN enhanced their EV production when being
confronted to B. besnoiti stages. Bovine PMN showed no ROS production or
glycolytic/oxidative responses when being exposed to EVs from differential cellular origin.
Importantly, NET formation and neutrophil IL-1B/IL-6 secretion were upregulated by B.
besnoiti infected-endothelium- and B. besnoiti tachyzoite-derived EVs [229] indicating a

potential role of EVs in innate intercellular or parasite-driven communication.
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5. ZUSAMMENFASSUNG

Studien der letzten Jahre haben unser Versténdnis der bovinen neutrophilen Reaktionen auf
Besnoitia besnoiti, einen apikomplexen Parasiten und Erreger der wiederaufkommenden
Rinderkrankheit Bovine Besnoitiose, wesentlich, jedoch nicht abschlieBend erweitert. Im
Mittelpunkt der vorliegenden Arbeit stand die Aufklarung bestimmter molekularer
Mechanismen, die der Bildung neutrophiler extrazelluldrer Fallen (NETs), einer zentralen
Abwehrstrategie des angeborenen Immunsystems, zugrunde liegen. Entsprechend wurde zum
einen die Rolle der purinergen Signaliibertragung analysiert und gezeigt, dass Tachyzoiten von
B. besnoiti eine starke NETs-Bildung in bovinen polymorphkernigen neutrophile Granulozyten
(PMN) induzieren, ohne allerdings die intra- oder extrazelluliren ATP-Konzentrationen zu
verdandern. Dennoch fiihrte die extrazellulire Zugabe von ATPyS, einem nicht-
hydrolysierbaren ATP-Analogon, zu einer signifikanten Verstarkung der NETs-Freisetzung —
insbesondere von verankerten NETs —, wihrend natives ATP keinen solchen Effekt zeigte.
Dieser Prozess erwies sich als abhidngig vom purinergen Rezeptor P2X1, da der spezifische
Antagonist NF449 (ICso = 1,27 uM) sowohl die NET-Bildung als auch die auffillige PMN-
Clusterbildung nach Tachyzoitenexposition hemmte. Im Gegensatz dazu hatte die
pharmakologische Blockade anderer purinerger Rezeptoren (P2Y2, P2Y6, P2X4, P2X7)
keinen Einfluss auf die parasiten-induzierte NETose, was auf eine selektive Rolle des P2X1-
Rezeptors hinwies. Weiterfithrende Stoffwechselanalysen mittels Seahorse-Technologie
zeigten eine erhohte Sauerstoffverbrauchsrate (OCR) in PMN nach Exposition gegeniiber
Tachyzoiten, wihrend ATPyS die extrazellulire Ansduerungsrate (ECAR) steigerte, was auf
eine mitochondriale Beteiligung bzw. metabolische Anpassung wihrend der frithen Phase der
NETose hindeutet.

Eine zweite Studie ergénzte die oben genannten Befunde, indem sie sich auf die
Calcium/Calmodulin-abhéngige Proteinkinase-Kinase 2 (CAMKK)/AMPK-Signalkaskade
und deren Verbindung zur Autophagie konzentrierte. Die Exposition boviner PMN gegeniiber
B. besnoiti- und Toxoplasma gondii-Tachyzoiten fiihrte innerhalb von 30 Minuten zu einer
schnellen Phosphorylierung von AMPK, was auch durch Behandlungen mit dem AMPK-
Aktivator AICAR nachgeahmt wurde. Im Hinblick auf die Signaltransduktion korrelierte die
AMPK-Phosphorylierung mit der Aktivierung des Upstream-Regulators CAMKK in B.
besnoiti- und T. gondii-exponierten PMN sowie mit der Hochregulierung des
autophagieassoziierten Proteins ULK-1 (aber nicht Beclin-1) im Fall von B. besnoiti-

exponierten PMN, was auf eine selektive autophagische Signatur hinweist.
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Bemerkenswerterweise fithrten AICAR-Behandlungen allein zu einer verstirkten NETs-
Bildung, ohne die Lebensfahigkeit der PMN zu beeintrachtigen. In B. besnoiti-exponierten
PMN zeigten AICAR-Kombinationsbehandlungen jedoch keinen Einfluss auf die oxidative
Antwort. Dartiber hinaus induzierten AICAR-Kombinationsbehandlungen additive Effekte auf
die durch Tachyzoiten ausgeloste NETs-Bildung. Im Fall von 7. gondii war diese NETs-
Reaktion zusitzlich abhingig von MAPK- und Store-operated calcium entry (SOCE)-
Signalwegen, was durch eine verminderte DNA-Freisetzung nach Inhibition von MAPK und
SOCE bestitigt wurde. Diese Ergebnisse deuten darauf hin, dass Autophagie und AMPK-
Signale parallele, ROS-unabhingige Signalwege darstellen, die die durch B. besnoiti induzierte
NETs-Bildung unterstiitzen.

Eine dritte Untersuchungsreihe widmete sich der Rolle extrazelluldrer Vesikel (EVs) als
potenzielle Modulatoren neutrophiler Reaktionen. Fiir die Experimente wurden EVs
unterschiedlicher Quellen analysiert. Entsprechend wurden EVs aus Uberstinden von B.
besnoiti-Tachyzoiten, von B. besnoiti-infizierten und nicht-infizierten bovinen Nabelvenen-
Endothelzellen (BUVEC) sowie von Tachyzoiten-exponierten PMN gewonnen. Thre Identitéit
wurde tiber Nano-Flow-Zytometrie, die Detektion der EV-Marker CD9 und CD81 sowie durch
Transmissionselektronenmikroskopie bestitigt. Die Exposition boviner PMN mit diesen EVs,
insbesondere jenen von Tachyzoiten und infizierten BUVEC, fiihrte zu einer signifikanten
NET-Freisetzung. Mikroskopisch konnte diese durch die Anwesenheit extrazelluldrer DNA -
Strukturen mit Histonen und neutrophiler Elastase — typische Merkmale klassischer NETs —
bestitigt werden. Interessanterweise induzierten EVs von PMN selbst keine NETose, und
keiner der EV-Typen verdnderte das metabolische Profil (oxidative und glykolytische
Reaktionen) oder die ROS-Produktion der exponierten Zellen, wie durch Seahorse-Analysen
bzw. Chemilumineszenz-Assays gezeigt wurde. Dies weist auf einen NADPH-Oxidase
(NOX)-unabhéngigen Mechanismus der EV-induzierten NET-Bildung hin. Dariiber hinaus
zeigten Zytokinanalysen (IL-6 und IL-1B), dass EVs von B. besnoiti-infizierten BUVECs
selektiv die Sekretion von IL-1p und IL-6 in PMN erhéhten, ohne die Produktion von CXCL8
zu beeinflussen und lieferten dariiber einen Hinweis auf eine gezielte, zellursprungsabhingige

Entziindungsantwort.
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6. SUMMARY

Recent studies have collectively advanced our understanding of bovine neutrophil responses
against tachyzoite stages of Besnoitia besnoiti, an apicomplexan parasite responsible for the
re-emerging cattle disease bovine besnoitiosis. A central focus of the current work was to fill
some gaps on the molecular mechanisms underlying the parasite-driven formation of neutrophil
extracellular traps (NETs), a key innate effector mechanism. Therefore, in a first investigation,
the role of neutrophil purinergic signalling was studied, revealing that B. besnoiti tachyzoites
significantly induce NET formation without altering intracellular or extracellular ATP
concentrations in bovine PMN. Despite this finding, extracellular supplementation with
ATPyS, a non-hydrolyzable ATP analog, significantly enhanced NET release - specifically
anchored NETs - whilst native ATP failed to do so. This response depended on the P2X1
purinergic receptor since treatments with the specific antagonist NF449 (ICso = 1.27 uM)
inhibited both NET formation and PMN clustering triggered by tachyzoite exposure. In
contrast, pharmacological blockade of other purinergic receptors (P2Y2, P2Y6, P2X4, P2X7)
did not affect NET formation, thereby highlighting a selective role for the P2X1 puringergic
receptor in B. besnoiti tachyzoite-driven NET formation. Metabolic assays using Seahorse
technology further revealed increased oxygen consumption rates (OCR) in tachyzoite-exposed
PMN, while ATPyS treatment led to enhanced extracellular acidification rates (ECAR),
suggesting mitochondrial involvement and metabolic adaptation during the early steps of the
NETotic process.

A second study complemented above-mentioned findings by focusing on the
calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK)/AMPK signalling axis and
its link to autophagy. B. besnoiti and Toxoplasma gondii tachyzoite exposure induced rapid
phosphorylation of AMPK in bovine PMN within 30 minutes, a response mirrored by the
AMPK activator AICAR. Referring to signalling pathways, AMPK phosphorylation correlated
with an activation of the upstream regulator CAMKK in both B. besnoiti and T. gondii-exposed
PMN and upregulation of the downstream autophagy-related protein ULK-1 (but not Beclin-
1) in the case of B. besnoiti-exposed PMN, indicating a selective autophagic signature. Notably,
AICAR treatments alone led to enhanced NET formation without compromising PMN
viability. However, in B. besnoiti tachyzoite-exposed PMN, AICAR co-treatments failed to
affect oxidative response. Moreover, AICAR co-treatments induced additive effects on
tachyzoite-induced NET formation. In the case of 7. gondii, this NET formation response

further depended on MAPK and store-operated calcium entry (SOCE) pathways, as shown by
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reduced DNA release upon MAPK- and SOCE inhibition. These findings suggest that
autophagy and AMPK signaling signify parallel, ROS-independent pathways involved in the
support of B. besnoiti-driven NET formation.

A third line of investigation explored the role of extracellular vesicles (EVs) as potential
modulators of B. besnoiti-driven bovine neutrophil responses. To obtain EVs from differential
sources, EVs were isolated from B. besnoiti tachyzoites, infected and non-infected bovine
umbilical vein endothelial cells (BUVEC), and tachyzoite-exposed PMN. Their identity was
confirmed via nano-flow cytometry, by EV markers like CD9 and CD81, and morphologically
by transmission electron microscopy. When bovine PMN were exposed to differential EVs,
particularly those derived from tachyzoites and infected BUVECs induced a significant NET
release. This was validated microscopically by the presence of extracellular DNA structures
adorned with histones and neutrophil elastase - hallmarks of classical NETs. Interestingly,
PMN-derived EVs failed to trigger NET formation. Moreover, none of the different EV types
drove changes in the neutrophil metabolic profile (oxidative and glycolytic responses) or ROS
production in exposed bovine neutrophils, as assessed by Seahorse analysis and
chemiluminescence assays, respectively. These findings indicated a NADPH oxidase (NOX)-
independent mechanism of EV-induced NET formation. Furthermore, cytokine analyses
revealed that EVs from infected BUVECs selectively induced IL-1p and IL-6 secretion in
PMN, without influencing CXCLS production, thereby pointing towards a tailored

inflammatory response modulated by EVs of distinct cellular origin.
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