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Abstract

Trichobilharzia regenti is an avian schistosome extraordinary for its neurotropism. Besides infecting its
final hosts, waterfowl, it can also infect mammals where the immune response quickly kills the
parasite. Yet, the mechanisms are still unclear. Therefore, the main objective of this thesis was to
describe the dynamics of the myeloid part of the immune system in the central nervous system (CNS)
part of the infection. Our results showed that the main cells responding to the presence of T. regenti
in the CNS of mice were eosinophils. Their numbers peaked at 14 days post infection when many of
the migrating schistosomula are damaged or destroyed suggesting that eosinophils might play a role
in parasite clearance. At the same time point the markers of M2 polarization of microglia/macrophages
culminated. The most upregulated molecules were those inducing oligodendrogenesis and neuron
regeneration. Based on the polarization of microglia/macrophages and their close proximity to

schistosomula, they seem to be important for tissue repair after the infection.

Eosinophils, like neutrophils, can produce extracellular traps formed from DNA and contents of
granules. These traps can capture and damage various nematodes and they might be effective against
other parasites too. Therefore, we aimed to test whether these traps might be effective against T.
regenti. Indeed, we observed increased in vitro trap formation after stimulating eosinophils with T.
regenti schistosomula homogenate together with higher eosinophil apoptosis rate. However, whether

the traps are effective against live schistosomula, especially in in vivo setting, remains to be tested.

Finally, we tested whether the M2 polarization, which is present in the whole CNS regardless of
presence of the parasite in the CNS segment, is strong enough to counteract the inflammation induced
by experimental autoimmune encephalomyelitis, a model of multiple sclerosis. Unfortunately, that is
not the case as the T. regenti infection did not alleviate the clinical symptoms. However, we were able
to uncover a novel interaction between IFN-y and eosinophils which could diminish the M2 healing

properties.

Taken together, this thesis presents a complex insight into the myeloid cell response during the T.
regenti infection of CNS of mice, supports the importance of M2-polarized cells during and after
neuroinfection or neuroinflammation, widens the range of parasites which can be fought using
eosinophil extracellular traps and finally adds to the pool of immunomodulatory helminths unsuitable
for treatment of autoimmune disease but helpful in understanding the immune pathways of some

pathologies.

Key words
Trichobilharzia regenti; myeloid cells; microglia; macrophages; eosinophils; eosinophil extracellular

traps; multiple sclerosis; experimental autoimmune encephalomyelitis



Abstrakt

Trichobilharzia regenti je ptaci motolice, kterd je vyjimecna svym neurotropismem. Kromé definitivnich
hostitelll, vodniho ptactva, dokaZe nakazit i savce, ve kterych ji imunitni odpovéd’ brzy znici. Pfesné
mechanismy této odpovédi jsou vsak stdle neznamé. Proto bylo hlavnim cilem této prace popsat
dynamiku myeloidni ¢asti imunitni odpovédi béhem infekce probihajici v centrdlni nervové soustavé
(CNS). Nase vysledky ukazaly, ze eosinofily byly hlavnimi burikami infiltrujici CNS, ve které se nachazela
schistosomula T. regenti. Nejvice eosinofilll se v CNS nachazelo 14 dpi po infekci, kdy je vétSina
schistosomul ¢asteéné nebo Uplné znicena. To ukazuje na mozZnou roli eosinofilll pfi boji s T. regenti.
Ve stejnou dobu byla i transkripce markert M2-polarizovanych mikroglii/makrofagl nejvyssi. Nejvice
byly upregulované molekuly, které podporuji oligodendrogenezi a regeneraci neuron(l. Diky tomu a
blizkosti mikroglii/makrofagl ke schistosomulim se zda, Ze M2 mikroglie/makrofagy jsou dilezité pro

opravu tkané poskozené infekci.

Eosinofily, stejné jako neutrofily, umi produkovat extraceluldrni pasti z DNA a obsahu granul. Tyto pasti
mohou uvéznit a poskodit rlznd nematoda a je mozné, Ze jsou Ucinné i proti jinym parazitiim.
Otestovali jsme tedy, jestli mohou byt pasti U¢inné i proti T. regenti. Eosinofily skute¢né produkovaly
extracelularni pasti po stimulaci T. regenti antigenem v in vitro a mira apoptdzy byla u téchto eosinofil{

vyssi. Efektivitu téchto pasti proti Zivym schistosomuliim je nicméné potfeba dale prozkoumat.

Na zavér jsme otestovali, jestli M2 polarizace pfitomna ve vSech ¢astech CNS bez ohledu na to, jestli
v segmentu byla schistosomula nebo ne, miZe soupefit se zanétem vyvolanym experimentalni
autoimunitni encefalomyelitidou (model roztrousené sklerdzy). Zda se, Ze to tak bohuzel neni, protoze
jsme nepozorovali zménu v klinickych symptomech po nakaze mysi T. regenti. Popsali jsme nicméné

novou interakci mezi IFN-y a eosinofily, kterd mohla omezit ozdravné efekty M2 molekul.

Tato prdace poskytuje komplexni vhled do odpovédi myeloidnich bunék na nakazu CNS mysi T. regenti,
podporuje vyznam M2-polarizovanych bunék béhem infekce nebo zanétu CNS a po nich, zvySuje
mnozstvi parazitQ, proti kterym mohou byt ucinné extraceluldrni pasti eosinofilll a na zavér rozsiruje
mnoZzinu parazitd nevhodnych pro lécbu zanétlivé autoimunitni choroby CNS, ktefi ale pomohli

porozumét imunologii zpUsobujici nékteré patologie.

Klicova slova
Trichobilharzia regenti; myeloidni bunky; mikroglie; makrofagy; eosinofily; eosinofilické extracelularni

pasti; roztrou$ena sklerdza; experimentdlni autoimmunitni encefalomyelitida
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1. Introduction

Although avian schistosomes are globally distributed, their biology is still not well described. However,
the little we know shows they deserve more attention. Besides infecting their final avian hosts, they
can also infect mammals. In humans, it leads to cercarial dermatitis, a very unpleasant allergic skin
reaction. In mice, they can serve as a safe laboratory models for studying the immune response to not
only avian, but also human schistosomes as they have very similar migratory routes (Hordk et al., 2024).
Furthermore, Trichobilharzia regenti, an avian schistosome unique for its neurotropism, can be used
to study the immune response to other, less available, neuropathogens and uncover mechanisms
which could be used in treatment of both neuroinfections and chronic inflammatory diseases of the

central nervous system (CNS).

Therefore, in the theoretical part of this thesis, | shortly introduce avian schistosomes and cercarial
dermatitis to give way to thorough description of the immune response in the CNS of mice infected
with T. regenti. The topic of nervous tissue then carries through the rest of the introduction as the
myeloid part of the immune response to other neurotropic helminths, then multiple sclerosis and the

possibility of treatment using parasitic helminths are described.

1.1.Avian schistosomes and cercarial dermatitis

Besides the infamous human schistosomes, the family Schistosomatidae (Digenea) includes 13 genera
of flukes using waterbirds as their final hosts (Hordk et al., 2024). Although they do not cause such
severe disease as human schistosomes, they should still be of concern to the researchers due to their
worldwide distribution (Lashaki et al., 2020; Loker et al., 2022; Valero and Bargues, 2008) and their

ability of at least five of them to cause cercarial dermatitis (CD) in humans (Horak et al., 2024).

CD or “swimmer’s itch” is an allergic reaction to the cercariae of (mostly) avian schistosomes
penetrating the human skin (Kolarova et al., 2013; Koufrilova et al., 2004a; Machacek et al., 2018).
Although the disease is not life threatening as the mammalian immune system is effective against the
parasite (Koufilova et al., 2004b; Lichtenbergova and Horak, 2012; Lichtenbergova et al., 2011), it can
cause significant economic losses to the owners of or the vendors near the affected waterbodies as
the areas need to be closed until the causative agents are gone. Due to the recent increase in CD
outbreaks in various parts of the world (Al-Jubury et al., 2021; Bispo et al., 2024; Gohardehi et al.,
2013; Horak et al., 2015; Kerr et al., 2024; Skirnisson et al., 2009; Soldanova et al., 2013), it becomes

more and more important to understand the biology of avian schistosomes to adjust the preventive



and protective measures in the critical areas. So far, the measures have been rather ineffective,

difficult or with high ecological impact (Soldanova et al., 2013)

In most outbreaks, trematodes of the genus Trichobilharzia are responsible for CD (Bispo et al., 2024;
Horak et al., 2015; Kolafova, 2007). In the Czech Republic, three species stand out: T. regenti, T. franki
and T. szidati (Pokrupova, 2021). While T. szidati and T. franki adults are found in the blood vessels of
peritoneal organs, namely intestine (T. szidati, Neuhaus, 1952) and liver (T. franki, Miller and Kimmig,
1994), T. regenti is extraordinal for its neurotropism (Horak et al., 1999). The facts that T. regenti is
safe to work with, its life cycle can be maintained in the laboratory, and it prefers nervous tissue, make
it an interesting and useful laboratory model for studying neuroimmunology or neuropathology, and

the main star of this thesis.

1.2.Immunity against Trichobilharzia regenti in the CNS of mice

Trichobilharzia regenti was first described in both its intermediate host, water snail Radix peregra, and
the nasal cavity of the final host, duck Anas platyrhynchos, in 1998 (Hordk et al., 1998). Since then, it
has been a subject of many experiments in respect to both final and accidental mammalian hosts
(Bulantova et al., 2016; Horak et al., 1999; Hradkova and Hordk, 2002; Kolarova et al., 2001; Leontovy¢
et al., 2016; Lichtenbergova and Hordk, 2012; Lichtenbergova et al., 2011; Machadek et al., 2016, 2020;
Turjanicova et al., 2015). Already in 1999, it was shown that in the accidental host, such as mice, T.
regentiis unable to finish the cycle as it is eliminated in the spinal cord at the latest (Hordk et al., 1999).

Yet, the exact reason for T. regenti being eliminated in mice remains unknown.

When T. regenti penetrates the skin of mice, it prompts skin inflammation (Koufilova et al., 2004a).
The skin response is so strong that only 3-10% of the penetrating cercariae manage to transform into
schistosomula and find the nervous tissue (Hradkova and Horak, 2002; Koufilova et al., 2004b). The
successful schistosomula are very quick to find the peripheral nerves and get to the spinal cord as they
were found there as soon as 2-3 days post infection (dpi) regardless of the mouse strain used (Horak

et al., 1999; Hradkova and Horak, 2002; Koufilova et al., 2004b; Lichtenbergova et al., 2011).

However, soon afterwards the results begin to depend on the mouse strain. In BALB/c mice, the highest
number of schistosomula in the CNS was recorded at 6 dpi and a few schistosomula managed to reach
cerebellum, even hemispheres (Horak et al., 1999; Koufilova et al., 2004b; Lichtenbergova et al., 2011).
On the other hand, in hr/hr strains the peak of infection occurred at 3 dpi already and no schistosomula
reached the brain (Koufilova et al., 2004b). Furthermore, the course of infection in immunodeficient
mice is different from both mentioned immunocompetent mouse strains. In immunodeficient mice,

more schistosomula escape the skin and migrate further in the CNS than in immunocompetent mice



(Hradkova and Horak, 2002; Koufilova et al., 2004b; Lichtenbergova et al., 2011). The end of the
infection brings all the strains together as the spinal cord is basically parasite free by day 24 post

infection (Koufilova et al., 2004b).

The different course of infection between the mouse strains suggests the involvement of the immune
system in the parasite elimination. Given the generally insufficient immune responses in
immunodeficient mice, only immunocompetent mice will be discussed further. Although the CNS of
both mouse strains (BALB/c and hr/hr) was infiltrated by immune cells, the composition of the infiltrate
was different (Kolarova et al., 2001; Koufilova et al., 2004b; Lichtenbergova et al., 2011). Koufilova et
al. (2004b) described massive clusters of granulocytes, mainly neutrophils, around schistosomula in
hr/hr mice. The white matter was also infiltrated by eosinophils, lymphocytes and plasma cells.
Sometimes, even hemorrhages occurred (Kourilova et al., 2004b). Kolarova et al. (2001) detected
similar immune response in BALB/c mice, furthermore observing macrophages, plasma cells and so-
called “giant cells”. The immune reaction was accompanied by dystrophy of surrounding neurons
(Kolarova et al., 2001) which supported previously described neuromotor damage (Horak et al., 1999).
However, when similar experiments were performed with BALB/c mice later, the results were very
different. Suddenly, microglia, not granulocytes, were the predominant cells in the infiltrate around T.
regenti schistosomula. They were accompanied by macrophages and CD3* lymphocytes and small
amount of granulocytes. As for the neurodamage, mild demyelinization and glial scars were observed
(Lichtenbergova et al., 2011) but not neuronal damage or hemorrhages. The discrepancy between the
BALB/c results can be, to some extent, explained by different staining techniques — Kourilova et al.
(2004b) and Kolarova et al. (2001) used non-specific histological staining whereas Lichtenbergova et
al. (2011) used also more specific immunohistochemistry. However, to ultimately decipher the

composition of observed clusters more experiments need to be conducted.

Looking closer at microglia, the resident macrophages in the CNS, which are accumulating around the
schistosomula (Lichtenbergova et al., 2011), they provenly play a big role in regulating the
neuroinflammation. In simple terms, microglia can protect the nervous tissue in two ways depending
on their polarization which leads to different cytokine production. Either they fight the pathogen (M1
polarization, production of nitric oxide (NO) and cytokines IL-1B, TNF-a or IL-6) or repair the damaged
tissue (M2 polarization, production of tissue repairing factors such as arginase 1, Ym1 and others)
(Kwon and Koh, 2020). Due to their ability to fight pathogens (Rock et al., 2004) and their amount
around the damaged T. regenti schistosomula, they were suggested as the cells responsible for T.
regenticlearance (Lichtenbergova et al., 2011). Therefore, their response to various T. regenti antigens

was tested. In in vitro settings, microglia produced NO and cytokines IL-6 and TNF-a after stimulation



with schistosomula homogenate (Machacek et al., 2016), all of which are connected with M1

polarization. Together these results support the hypothesis of microglia being the anti-T. regenti cells.

Given the antiparasitic potential of NO (Alonso-Trujillo et al., 2007; Bogdan, 2001) even in infection
with closely related Schistosoma japonicum (Shen et al., 2017), the in vitro effect was tested in vivo as
well. In the early phase of T. regenti infection (3 dpi), inducible NO synthase, enzyme producing NO
during infections, was detected in the tissue surrounding the schistosomula. However, later (7 and 14
dpi) only 3-nitrotyrosine, the result of NO presence, was detected in the CNS (Machacek et al., 2020).
Therefore, the hypothesis of the importance of microglial NO production in fighting T. regenti infection
was supported only for the early phase. The question of the immune response later in the infection is

yet to be answered.

Together the data show that T. regenti attracts eosinophils, microglia, macrophages, lymphocytes,
plasma cells and others to its location in the CNS. However, there is not a consensus on the composition
of the immune cell infiltrate and the role of the attracted cells in parasite clearance. Although a
hypothesis suggesting that microglia are the main cells fighting the infection, further experiments
supported this only for the early phase of the infection. Therefore, to unravel which parts of the

immune system damage T. regenti in the CNS, more experiments need to be performed.

1.3.Immune response to other neurotropic helminths

The affinity to nervous tissue is far from unique amongst helminths. Just in humans, there have been
documented Schistosoma spp. eggs, Paragonimus spp. juveniles, Echinococcus spp. or Taenia solium
hexacanths, or Angiostrongylus spp., Baylisascaris spp., Gnathostoma spp., Spirometra mansoni,
Toxocara spp. and Trichinella spp. larvae in the CNS (Finsterer and Auer, 2013; Katchanov and Nawa,
2010; Lv et al.,, 2010). However, only few of them have been further studied and can provide insight
into the involvement of myeloid cells in response to helminths in the CNS. Therefore, this chapter
includes only Angiostrongylus cantonensis, Taenia solium and Toxocara spp. Lastly, Schistosoma spp.
is included as it is a close relative of T. regenti and probably induces similar immune response. The

helminths are organized alphabetically in this chapter.

Angiostrongylus cantonensis

Angiostrongylus cantonensis is mostly known as the causative agent of eosinophilic meningitis in
humans, a disease endemic to Southeast Asia and the Pacific Basin (Alicata, 1991; Gosnell and Kramer,
2013; Wang et al., 2012). As the larvae migrate through the CNS, they induce an inflammatory
response, which can then lead to neuron damage, in some cases even to death. As the range of

intermediate hosts widens because of introduction of new species, and the incidence is rising (Cowie,



2017; Eamsobhana, 2014; Lv et al., 2010), the understanding of the immune response in the CNS of

infected individuals is essential.

As the name of the disease indicates, eosinophils are the main cells attracted to the A. cantonensis
larvae in the CNS (Gosnell and Kramer, 2013; Martins et al., 2015). Research on mice has shown than
upon larvae entering the CNS, inflammasome is formed (Lam et al., 2020) and eosinophil-attracting
cytokines and chemokines, such as IL-5, IL-13, IL-33, Ym1 or eotaxin, are produced (Li et al., 2012; Peng
et al., 2013; Sugaya et al., 1997; Wei et al., 2015; Zhao et al., 2013) leading to eosinophilia in the CNS.
For a strong eosinophilic response, IL-5 and CCR3 receptor on the surface of eosinophils are

indispensable (Chuang et al., 2010, 2014; Sugaya et al., 1997).

The role of eosinophils in the infected CNS is still discussed. Although Sugaya et al. (1997) suggested
that eosinophils are directly responsible for killing the parasite, their proposition was based on in vitro
data and has never been confirmed in vivo. Results from both human and rodent samples show
eosinophils as a main part of granulomas around damaged or dead larvae, leaving the live larvae free
(Li et al., 2012; Martins et al., 2015). However, eosinophils can also participate in tissue remodelling
and repair by releasing neurotrophins or immune regulation by producing IL-12 and IFN-y, which
muffle the Th2 response happening in A. cantonensis-infected CNS (Gosnell and Kramer, 2013). This

hypothesis, nevertheless, remains unchallenged.

Other cells responding to A. cantonensis infection are microglia, monocytes, plasma cells and T
lymphocytes (Chuang et al., 2014; Gosnell and Kramer, 2013; Martins et al., 2015; Wei et al., 2015;
Zhao et al., 2013). Of those, only microglia have been further studied. Comparing the cell infiltrate in
mice, permissive hosts, and rats, less susceptible hosts, revealed the importance of microglial
activation for starting the eosinophil infiltration during the infection (Wei et al., 2015). In mice, it was
described that microglia produce Ym1, an eosinophilic chemoattractant. Blocking the activation of
microglia limited the eosinophil infiltration and subsequently the symptoms of meningitis (Zhao et al.,
2013). Furthermore, microglia produce pro-inflammatory cytokines which loosen the blood-brain

barrier and promote general inflammation of the CNS (Wei et al., 2015).

Summarizing the aforementioned studies, it seems that the presence of A. cantonensis larvae in the
CNS activates microglia which in turn produce Ym1 and pro-inflammatory cytokines. Ym1 then attracts
large number of eosinophils which accumulate around damaged or dead larvae, probably to repair the
tissue and modulate the ongoing inflammation of the CNS. Even if the repairing hypothesis is
confirmed, the inflammation is still so strong that no number of eosinophils can control it and patients

develop eosinophilic meningitis.



Schistosoma spp.

Schistosoma spp. is widely known as the causative agent of human schistosomosis. According to WHO,
more than 200 million people are at risk and the majority of them are infected (WHO, 2024 [online]).
In the endemic areas, autopsy revealed schistosome eggs in up to 28% of examined brains (Vale et al.,
2012). However, the number of diagnosed cases is usually around 5% (Berkowitz et al., 2015; Ferrari
and Moreira, 2011). Be it as it may, the fact is that the disease is still underrecognized (Dastoli et al.,

2023; Ferrari et al., 2008) and the underlying immunopathology is not well studied.

While S. japonicum is usually found the brain, S. haematobium and S. mansoni are more common in
other parts of the CNS (Pittella, 1997). Based on the location of the schistosome eggs, the symptoms
range from no symptoms to encephalitis or stroke-like symptoms to motor impairment, which is
caused by hemorrhage and necrosis of the spinal cord (Ferrari and Moreira, 2011; Ferrari et al., 2008;
Vale et al., 2012). The infection can also manifest as slow-expanding lesions imitating tumor growth

(Ferrari and Moreira, 2011).

As there is not a good laboratory model for studying neuroschistosomosis, it is difficult to study the
immune response to the infection in the CNS. However, it seems to be similar to the immune reaction
in the peripheral organs where schistosome eggs are mostly found. In particular, schistosome eggs
stimulate granuloma formation by CD4* cells regardless of the tissue (Ferrari et al., 2008). The
granulomas are also populated by eosinophils, microglia/macrophages, lymphocytes and plasma cells
(Pittella, 1997). Immune cells are also present in the cerebrospinal fluid (CSF) of patients with

eosinophils and lymphocytes forming most of the infiltrate (Dastoli et al., 2023; Ferrari et al., 2008).

Furthermore, the CSF is used for confirming the infection (Dastoli et al., 2023; Ferrari and Moreira,
2011; Vale et al., 2012) and for measuring cytokines. If schistosome eggs are present in the CNS, IL-4,
IL-6, IL-10 and IL-13 are elevated while TNF-a and IFN-y are detected in much lower levels (Ferrari et
al., 2006; Sousa-Pereira et al., 2006). The situation was similar in the sera suggesting that the infection
influences the whole immune system. Moreover, eotaxins were detectable in the sera (Ferrari et al.,

2006; Sousa-Pereira et al., 2006) explaining the influx of eosinophils into the CNS.

Taken together, Schistosoma spp. is another helminth capable of infecting the CNS causing eosinophilia
in the brain and the CSF. Furthermore, it decreases the levels of inflammatory cytokines TNF-a and
IFN-y. However, without a suitable model, the immune response and more targeted therapy cannot

be described.

Taenia solium

From all helminths found in the CNS, Taenia solium is the most common one (Coyle and Tanowitz,

2009; Qi et al., 2011). Its hexacanths are often disseminated into the CNS where they develop into
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cysts and cause neurocysticercosis. The symptoms can include seizures and epilepsy. In the endemic
areas, neurocysticercosis is the leading cause of epilepsy being responsible for over 30% of cases, in

high-risk communities the number can go as high as 70% (WHO, 2024 [online]).

Given the incidence of neurocysticercosis, it is understandable it is widely studied and well described
(reviewed p.e. in Coyle and Tanowitz, 2009; Fleury et al., 2016; Garcia et al., 2020; Prabhakaran et al.,
2010; Qi et al., 2011). Looking at the overall picture, the immune response to viable cysts consists
mainly of macrophages and microglia, neutrophils, eosinophils, lymphocytes, plasma cells and the
quickly changes from mixed Th1/Th2 to Th2 (Chavarria et al., 2003; Fleury et al., 2016; Toenjes and
Kuhn, 2003). Once the cysts start to degenerate, a strong Thl immune response is induced with
involvement of NK cells, macrophages and T cells. The dead cysts are then surrounded by plasma cells,
B and T lymphocytes, macrophages and mast cells. At this point, the immune response is mixed

Th1/Th2 (Fleury et al., 2016; Garcia et al., 2014).

The interesting things about the course of the immune reaction are the changes in the polarization of
the immune response. The correlation between the presence of viable cysts and generally less
devastating Th2 response, which was also experimentally confirmed (Tharmalingam et al., 2016),

points to an involvement of immunoregulatory molecules produced by the parasite.

In neurocysticercosis, M2 microglia are essential for the immune switch and maintaining the Th2
response (Chauhan et al., 2015; Rodriguez-Sosa et al., 2002; Sun et al., 2014). To this end, the parasites
produces molecules that limit release of Ca?* stored in microglia, thus indirectly downregulating the
pathways leading to production of inflammatory cytokines (Sun et al., 2014). At the same time,
parasitic glycans induce the M2 polarization of microglia and macrophages, which then in turn clear
the CNS of neutrophils and limit the overall inflammatory response (Quenum Zangbede et al., 2018).
M2 polarized cells can also limit the neuropathology and disease severity (Gundra et al., 2011; Mishra

et al., 2009; Quenum Zangbede et al., 2018).

Taken together, parasitic stimulation of M2 response in microglia and macrophages is important for
the survival of the parasite and the host. If the parasite discontinues the immunomodulation, the
immune response returns to the inflammatory response which then can manifest as

neurodegenerative symptoms or epilepsy.

Toxocara spp.

Larvae of Toxocara canis and T. cati, which normally infect cats and dogs, respectively, can use humans
as paratenic hosts (Strube et al., 2013). When that happens, the larvae migrate to organs like liver,
lungs or eyes. They can also pass through the blood brain barrier to the brain where they cause

neurotoxocarosis (Finsterer and Auer, 2013). As the infections are usually asymptomatic, the
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epidemiological data are not very precise (Nicoletti, 2016; Rostami et al., 2019). Supposedly, there
were only 47 reported cases of neurotoxocarosis in 50 years (Eberhardt et al., 2005), which is a very
low number given the widespread occurrence of Toxocara spp. Nevertheless, when the symptoms
appear, they vary from headaches or encephalitis to vision impairment, epilepsy or dementia
depending on the site affected by the migrating larvae (Fan et al., 2015; Finsterer and Auer, 2013;
Nicoletti, 2016; Rostami et al., 2019). With the low reported number of cases and variability of
symptoms, Toxocara spp. is often omitted as a source of the symptoms, therefore, compared to Taenia

solium, human data on Toxocara spp. are rare.

In rodents, the CNS infection with Toxocara spp. is better understood. Similarly to T. regenti, larvae of
Toxocara spp. migrate to the CNS within days (Janecek et al., 2014; Resende et al., 2015). Larvae of T.
cati accumulate mostly in the cerebellum, while T. canis larvae prefer the hemispheres (Waindok and
Strube, 2019). The immune response itself then depends on the mouse strain (Cox and Holland, 2001).
In humans, the parasite often causes eosinophilia (Mohammad et al., 2019). However, the only strain
where mild influx of eosinophils in form of perivascular cuffs was observed is C57BL6/J (Springer et al.,

2019).

Directly in the brain, Toxocara spp. infection inhibits expression of pro-inflammatory cytokines such as
IFN-y, TNF-q, IL-17 or IL-6 (Waindok and Strube, 2019). Especially TNF-a and IL-6 are necessary for
inducing inflammatory and demyelinating processes via microglia (Tian et al., 2012). The immune
milieu is further shifted by overexpression of Th2-related cytokines IL-4 and IL-5 (Waindok and Strube,
2019). In such environment microglia take on a scavenging role and slowly change into phagocytic

gitter cells (Janecek et al., 2014; Springer et al., 2019).

The cytokine situation is mirrored in the periphery as well (Resende et al., 2015). Together these results
support the hypothesis of immunomodulatory, even immune evading Toxocara spp (Maizels, 2013).
Indeed, Toxocara excretory-secretory products contain molecules affecting both innate and adaptive
immure response on many levels and are promising candidates for allergy or rheumatoid arthritis

treatment (Abou-El-Naga and Mogahed, 2023).

Taken together, Toxocara spp. is an underrecognized causative agent of many neurological problems.
However, studying the immune response is complicated as the mouse models mostly do not develop
eosinophilia which is very common in human neurotoxocarosis. Nevertheless, the results highlight

microglia as scavengers and Toxocara spp. as an immunomodulator.

To summarize, this subchapter provides an insight into the many roles of eosinophils and microglia

during the helminth infection of the CNS. Where during angiostrongylosis microglia are essential for



attracting eosinophils and driving the inflammation to counteract the parasite-killing Th2 response, in
neurocysticercosis and neurotoxocarosis the M2 polarization of microglia/macrophages is necessary.
While in angiostrongylosis eosinophils might have tissue-repairing qualities, in neurotoxocarosis
microglial scavenging is more important. However, in all presented diseases the parasite can modulate

the immune response to its advantage and limit the neuropathology.

1.4.Multiple sclerosis

Helminths are well known for theirimmunomodulatory properties and the previous subchapter shows
that neurotropic helminths are no exception. However, parasites dwelling in other organs are more
studied and in some cases, researchers managed to characterize and test molecules with
immunomodulatory potential (Maizels et al., 2018). Some of these molecules were even tested as a
treatment of various chronic inflammatory diseases (Arai and Lopes, 2022; Helmby, 2015; Khan and

Fallon, 2013; Trujillo-Vargas et al., 2007).

This area is widely studied and reviewed (e.g. in Dixit et al. (2017), Finlay et al. (2016) or Khan and
Fallon (2013). Therefore, given the neurotropism of my model organism, only multiple sclerosis and

most researched helminths changing the course of the disease are further described in this chapter.

Multiple sclerosis and its laboratory model

Multiple sclerosis (MS) is an autoimmune neuroinflammatory disease with rising incidence worldwide.
Its onset usually appears in 30-40 years old patients, mostly women (Walton et al.,, 2020). The
symptoms are variable — it can manifest as sensory or motor impairment, dysfunction of digestive or
secretory system, psychological disorders or cognitive deficits and other neurological problems
(Compston and Coles, 2008). However, they are all the result of the ongoing inflammation in the CNS
leading to demyelinated lesions, neuronal damage and gliosis (Frischer et al., 2009). The first immune
cells in the lesions leading the inflammatory attack are autoreactive Thl and Th17 lymphocytes (Liu et
al., 2022). The latter, together with M1 macrophages, can damage the oligodendrocytes revealing the
otherwise hidden antigens to which the Th1 lymphocytes respond (Dendrou et al., 2015; Larochelle et
al., 2021).

Other cells infiltrating the CNS during MS are CD8* T cells, B cells and plasma cells where B cells are
other important cells driving the neurodamage (Lassmann, 2013). B cells have various ways of
supporting the disease progression. Firstly and most importantly, they present the antigens and
produce pro-inflammatory cytokines (Miyazaki and Niino, 2022). Next, they produce factors and

autoantibodies supporting the damage of myelin sheath and neurons (Comi et al., 2021). Last, they



can serve as a reservoir for Epstein-Barr virus (Tracy et al., 2012) which in recent years becomes more

evidently involved in the onset of MS (Bjornevik et al., 2022; Handel et al., 2010; Vietzen et al., 2023).

However, MS is a multifactorial disease. Other risk factors include (epi)genetics, vitamin D deficiency,
gut microbiome composition, smoking and obesity (Liu et al., 2022). Given the variability of triggers
and symptoms, MS is very difficult to treat. At this moment, most treatments are based on IFN-p or B
cell depletion (Annibali et al., 2015; Greenfield and Hauser, 2018). Although B cell targeting therapy is
in many cases more effective than IFN-B treatment (Hauser et al., 2017), both treatment regimes
influence the whole immune system, which can increase the risk of infection (Luna et al., 2020) or even
malignancies (Miyazaki and Niino, 2022). Therefore, the quest for finding more targeted treatment is

still ongoing.

To research this topic, a laboratory model of MS called experimental autoimmune encephalomyelitis
(EAE) is used. The model has many variations of used animals (e.g. mice, rats, guinea pigs or
marmosets) and stimulus leading to the disease development. It can either be induced by injection of
MOG (myelin oligodendrocyte glycoprotein) or PLP (proteolipid protein) peptide, the antigens to which
the cells react in human MS, accompanied by a strong adjuvans like complete Freund’s adjuvans and
supported by pertussis toxin. Alternative option is transfer of autoreactive T cells sometimes coupled
with autoantibodies transfer (Hart, 2019; Lassmann and Bradl, 2017). EAE most resembling MS is the
one standing on MOG (Lassmann and Bradl, 2017), which is also the EAE induction mechanism used

later in this thesis.

In MOG-induced EAE, the immunopathology happens due to autoreactive CD4* T cells and
autoantibodies (Linington et al., 1988) similarly to human MS. The resulting lesions mimic the humans’
in the demyelination with neurodamage and infiltration by Th17 cells (Aranami and Yamamura, 2008;
Lassmann and Bradl, 2017). However, in many animals the lesions start with axonal damage and follow
with demyelination, whereas in MS it is the opposite (Lassmann and Bradl, 2017). Furthermore, in EAE
the signature cytokine is IFN-y while IL-17A reigns in MS (Becher et al., 2003; Hart, 2019). Nevertheless,
regardless of the differences between MS and EAE (summarized in Table 1), the main immune
mechanisms work in both models: Thl and Th17 cells drive the neuropathology with support from B
cells, while Treg proliferation and activation ameliorates the symptoms (Hart, 2019; Lassmann and
Bradl, 2017). When keeping in mind the differences, EAE is nowadays still the best model for studying
MS.
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Table 1: Comparison of multiple sclerosis and experimental autoimmune encephalomyelitis, its

laboratory model. Adapted from Hart (2019) and Lassmann (2013).

EXPERIMENTAL AUTOIMMUNE

MULTIPLE SCLEROSIS ENCEPHALOMYELITIS

DIFFERENCES

Unknown (EBV infection, genetic

TRIGGER Injecti f M ti
GG predisposition) njection of MOG peptide
DEVELOPMENT Spontaneous Induced
SIGNATURE CYTOKINE IFN-y IL-17A
LESIONS Primary demyelination Primary axonal loss

SIMILARITIES

Th1, Th17 = pathology, symptoms

Treg = milder inflammation

Recently, the importance of myeloid cells in EAE onset and progression has come to light. In the
presence of Th17 cells, macrophages support the inflammation, lesion formation and tissue damage
(Larochelle et al., 2021). On the other hand, M2-polarized macrophages produce Th2-related cytokines
(Shapouri-Moghaddam et al.,, 2018), therefore dampen the pathological Th1/Th17 response.
Furthermore, they can produce molecules driving oligodendrogenesis and neuron growth supporting

the tissue renewal (Miron and Franklin, 2014; Shapouri-Moghaddam et al., 2018).

The possibility of reducing the inflammation and pathology via induction of M2 polarization is already
being tested. Che et al. (2022) found a molecule that stood out among many others for its ability to
induce a strong M2 response in vitro. Administering this molecule to the EAE model in vivo led to milder
symptoms and reduced demyelination. On the cellular level, the M2 polarization was adamant but

Th1/17 response was diminished (Che et al., 2022).

The cababilities of M2 macrophages were also shown when their adoptive transfer alleviated the
symptoms of EAE (Chu et al., 2021) or when mice with imbalanced M1/M2 polarization in favor of M1
showed more extensive demyelination, stronger inflammation and longer recovery time (Mazzon et
al., 2016). Taken together, M2 stimulation seems to be a rising uportunity for new treatments of EAE

and MS.
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Helminth immunomodulation as a treatment

Given the complexity of the disease, various helminths have been tested, a few of them even got to
clinical trials. However, as this topic is beyond the scope of this thesis and is nicely reviewed in Dixit et
al. (2017), this subchapter includes only well studied Fasciola hepatica, Heligmosomoides polygyrus
and Schistosoma spp., which is, moreover, related to T. regenti. They are, again, organized

alphabetically.

Fasciola hepatica

In 2009, Walsh et al. began the story of treating EAE with Fasciola hepatica. They discovered that
infecting mice with F. hepatica metacercariae stimulated macrophages to produce IL-10 and TGF-B
which then induces the production of immunosuppressive Treg cells that in turn limit the production
of IFN-y in mice. This mechanism worked during EAE as well and it significantly decreased the
symptoms of the disease. Looking for the part most efficient in the improvement of the symptoms,
they discovered that TGF-B is the molecule driving the Treg production which then ameliorates the

symptoms (Walsh et al., 2009).

In the next step, the group started looking for the immunomodulatory molecules and started with the
excretory-secretory products (FhESP). Administering FhESP had similar effect as the infection itself — it
promoted IL-10 and TGF-B production, diminished the production of IFN-y and IL-17 and attenuated
the symptoms. Furthermore, after FRESP administration, the CNS was heavily infiltrated by eosinophils
and the production of IL-5 and IL-33 rocketed. While untangling the processes, they discovered that
FhESP stimulate IL-33 production which then induces IL-5 resulting in eosinophilia and protection. In
this study, IL-5 was the cytokine driving the protection by attracting eosinophils into the CNS (Finlay et
al., 2016).

Diving further in, they tested whether F. hepatica total extract (FHTE) directly changes the ability of IL-
17-producing cells (namely y6 T cells and CD4 cells) as they are crucial for EAE-related neuropathology
(McGinley et al., 2018). They discovered that not only did FHTE diminish IL-17A and IFN-y production
in vitro, but also that injecting MOG-reactive T cells treated with FHTE into naive mice induced milder
EAE symptoms than injecting untreated MOG-reactive T cells. Moreover, injecting FHTE-treated MOG-
reactive T cells mitigated the migration of IL-17 producing cells into the CNS further supporting the

immunomodulatory potential of F. hepatica products (Quinn et al., 2019).

After the discovery of family of F. hepatica helminth defence molecules (FRHDM) and their ability to
modulate innate cell responses (Robinson et al., 2011), one of them was tested as EAE treatment.
Injecting mice with FnHDM-1 also led to milder symptoms but the underlying mechanism was very

different. In this study, the CNS was less inflamed and demyelinated after FhRHDM-1 treatment, but the
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levels of IL-17, IFN-y and IL-10 remained unchanged. Instead, FRHDM-1 inhibited M1 polarization of
macrophages. The authors suggested that this inhibition limited the activation of Th1/Th17 response
which damages the tissue the most (Lund et al., 2016). Their results clearly support the importance of

macrophages in the disease outcome.

Taken together, these results show that although the treatment with the parasite, its excretory-
secretory products or one molecule all lead to less severe symptoms of the disease, the underlying
pathways may vary. Furthermore, the fact that the first 3 studies were performed on C57BL6/j mice
while in the third study they used BALB/c mice, shows the importance of the genetic background in

the immune reaction and the disease outcome.

Heligmosomoides polygyrus

One of the first studies testing the effect of H. polygyrus on the course of EAE (Donskow-tysoniewska
et al.,, 2012) brought two novelties. Not only did the researchers introduce the parasite after the
symptoms appeared, they also looked on the other side and studied how the disease influences the
number of parasites providing complex insight into the events in the hosts. Furthermore, they used
not only classic EAE scoring system but also diarrhea score which develops in EAE mice days before the
traditional neurologic symptoms. In both scoring systems, infecting the mice with H. polygyrus
significantly decreased the score. On the other hand, the number of retrieved parasites after the
experiment was much lower in mice suffering from EAE. Considering the immunomodulatory
properties of the parasite, the infection reduced the concentration of inflammatory cytokines IL-2, IL-
17, IL-12 and TNF-a but increased the levels of anti-inflammatory cytokines TGF-B, IL-10 and IL-6
suggesting the H. polygyrus-driven protection against severe symptoms lies in its ability to stimulate

Treg response (Donskow-tysoniewska et al., 2012).

Thanks to the role of TGF-B in EAE amelioration following H. polygyrus infection, the discovery of
HpTGM, a TGF-B mimic from the excretory-secretory products of H. polygyrus (Johnston et al., 2017),
offered a great opportunity to test whether one molecule can substitute an infection. In a study by
White et al. (2020) they did just that. First, they confirmed that the infection reduces symptoms via
Treg stimulation. Second, they tested the effect of HoTGM and of the excretory-secretory products as
a whole. Unfortunately, in this case, the molecule itself was not able to reduce the symptoms of the
disease and the excretory-secretory products only slightly delayed the onset without the subsequent
decrease in clinical score. Taken together, these results show that in this case, the whole parasite

stimulates the immunomodulation in a way that a set of molecules cannot (White et al., 2020).

Nevertheless, the team studied the immunomodulatory mechanisms of the disease further and

discovered that H. polygyrus is most potent as the tissue-invading stages when they induce a spike in
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IL-4 levels and increased Th2 polarization. It is therefore a parasite that in any case has to be used as a
treatment, not as prevention. Furthermore, they uncover the importance of IL-4 signalling, especially

on the side of IL-4R, in the H. polygyrus-stimulated EAE-healing mechanism (White et al., 2020).

Taken together, H. polygyrus is a strong immunomodulator that is most efficient in its active phase
making it a great option for treating EAE. However, it is unclear how this infection could work in
humans during MS as it is a specific parasite of mice. In this case, it would be even more helpful if the
H. polygyrus-derived immunomodulatory molecules had the same effect on the disease symptoms.
Unfortunately, the most promising molecule capable of mimicking TGF- B cannot do this. Fortunately,
there are more H. polygyrus-derived molecules with proven effects in other diseases (Maizels et al.,

2018); it is therefore just a question of testing them in EAE.

Schistosoma spp.

The story of Schistosoma spp. and EAE begins with a finding that a preexisting S. mansoni infection
decreases incidence of EAE and delays the onset of symptoms. S. mansoni induces production of Th2-
related IL-4 and IL-5 which stays high even after EAE induction. On the other hand, the levels of pro-
inflammatory IFN y, TNF-a and IL-12 were much lower in infected mice with EAE than in non-infected
mice with EAE. Furthermore, the immune cell infiltrate in the CNS was smaller in infected EAE mice
than in those with just EAE. This study, therefore, showed that S. mansoni-stimulated Th2 response

was strong enough to alleviate the symptoms of EAE (La Flamme et al., 2003).

However, S. mansoni infection also brings many side effects to the “treatment”. Therefore, looking for
a safer life stage or, better yet, a molecule is much needed. Sewell et al. (2003) preconditioned mice
with S. mansoni ova, induced EAE and later observed much lower clinical score in preconditioned mice
compared to the only EAE group. Looking at the immune response, the situation was very similar to
that described above. EAE mice preconditioned with ova showed reduced inflammatory cell
recruitment to the CNS and the ratio of Th1:Th2 cells was shifted in favour of Th2 compared to non-
treated EAE mice. Moreover, macrophages from preconditioned EAE mice produced less IL-12 than
non-treated EAE mice (Sewell et al., 2003). IL-12 is a cytokine inducing IFN-y production and is essential
for differentiation of Th1 cells (Trinchieri, 2003). Therefore, reduction of its level confirms the strength

of S. mansoni-induced Th2 response.

In 1999, a very potent set of immunomodulatory molecules capable of Th2 induction was discovered
in the soluble egg antigen (SEA) (Okano et al., 1999). It was therefore only logical to test this set as the
next step of researching schistosomes as a possible MS treatment. Zheng et al. (2008) took SEA from
S. japonicum, tested its effect on the course of EAE in both pre- and post-induction phase of the disease

and discovered that in both cases the treatment reduced the severity of the disease and delayed the
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disease onset. Furthermore, they confirmed SEA also stimulated IL-4 but decreased the levels of IFN-y.
Finally, SEA preconditioning protected the nervous tissue from demyelination and nerve damage
(Zheng et al., 2008). Therefore, it is safe to assume that S. japonicum SEA have similar
immunomodulatory properties as S. mansoni infection or ova administration. However, given the
complex composition of SEA, it is very difficult to isolate and test the unique molecules and it is likely

one of the reasons why this research has not been extended.

Taken together, the schistosome story shows that although various life stages and parasite-derived
molecules can present similarly in modulating the immune response during EAE, the severe side effects
and complexity of the antigens might stop at showing the underlying mechanisms and the importance

of Th2 in reducing the severity of the disease.

To summarize, this subchapter shows that the mechanisms in relieving the EAE symptoms are many
and they depend not only on the parasite but also on the life stage or specific molecule. Furthermore,
the genetic background of the mouse plays a part as well. On top of all that, most of research
conducted on this topic uses parasites and their products as a prevention, before the disease onset.
Given that MS symptoms often go unnoticed until they are severe, the understudied model of
introducing parasites after the symptom onset is much more important. At this moment, the research
brings much needed understanding of the immune pathways behind the symptom improvement.
However, for translation into treatment, research using infections after the symptom onset is

necessary.
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2. Aims

This thesis aims at describing the immune response to the avian schistosome Trichobilharzia regentiin
the central nervous system (CNS) of mice with focus on myeloid cells, uncovering the involvement of
eosinophils in parasite clearance and testing whether T. regenti-induced immunomodulation could
relieve mice suffering from experimental autoimmune encephalomyelitis (EAE), laboratory model of
multiple sclerosis. Its benefits for the science community lie in taking a step towards recognizing
mechanisms of eosinophil defence against neurotropic helminths and testing a schistosome with
immunomodulatory properties residing in the CNS against EAE, where other researchers use helminths

localized elsewhere.

The specific aims were to:

e Describe which myeloid cells infiltrate the CNS of T. regenti infected mice and what is the cell
dynamics during the course of infection.

e Characterize the polarization of macrophages/microglia responding to T. regenti schistosomula
in the CNS at different timepoints.

e Unravel whether and how T. regenti schistosomula stimulate extracellular trap formation in
eosinophils.

o Test the efficacy of the immunomodulatory properties of T. regenti in the CNS of mice with

induced EAE.
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Abstract

Helminth neuroinfections represent serious medical conditions, but the diversity of the host-
parasite interplay within the nervous tissue often remains poorly understood, partially due to
the lack of laboratory models. Here, we investigated the neuroinvasion of the mouse spinal
cord by Trichobilharzia regenti (Schistosomatidae). Active migration of T. regenti schistoso-
mula through the mouse spinal cord induced motor deficits in hindlimbs but did not affect the
general locomotion or working memory. Histological examination of the infected spinal cord
revealed eosinophilic meningomyelitis with eosinophil-rich infiltrates entrapping the schisto-
somula. Flow cytometry and transcriptomic analysis of the spinal cord confirmed massive
activation of the host immune response. Of note, we recorded striking upregulation of the
major histocompatibility complex |l pathway and M2-associated markers, such as arginase
or chitinase-like 3. Arginase also dominated the proteins found in the microdissected tissue
from the close vicinity of the migrating schistosomula, which unselectively fed on the host
nervous tissue. Next, we evaluated the pathological sequelae of T. regenti neuroinvasion.
While no demyelination or blood-brain barrier alterations were noticed, our transcriptomic
data revealed a remarkable disruption of neurophysiological functions not yet recorded in
helminth neuroinfections. We also detected DNA fragmentation at the host-schistosomulum
interface, but schistosomula antigens did not affect the viability of neurons and glial cells in
vitro. Collectively, altered locomotion, significant disruption of neurophysiological functions,
and strong M2 polarization were the most prominent features of T. regenti neuroinvasion,
making it a promising candidate for further neuroinfection research. Indeed, understanding
the diversity of pathogen-related neuroinflammatory processes is a prerequisite for develop-
ing better protective measures, treatment strategies, and diagnostic tools.
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Author summary

Infections of the human central nervous system by parasitic worms, such as pork tape-
worm or rat lungworm, are a health threat, especially in communities with poor hygiene
and sanitation. Understanding the diversity of host-parasite interactions, possibly leading
to development of effective treatment or vaccine, requires suitable animal models. Our
study deeply characterized the neuroinvasion of the mouse spinal cord by the neuropatho-
genic flatworm Trichobilharzia regenti. Its behavior within the nervous tissue (active
migration, eager feeding) and clinical outcome of the infection (weight loss, motor dys-
functions, strong neuroinflammation) resemble those observed in human diseases. Using
an integrative approach, we elucidated how the mice fight against the parasites and which
mechanisms could be responsible for the pathological sequelae. Moreover, we identified
pathways potentially involved in the reparation of the injured nervous tissue. All these fea-
tures make T. regenti in mice a promising candidate for further research in parasitology,
and neuroimmunology.

Introduction

Parasitic helminths often invade the central nervous system (CNS) of mammals, including
humans. Invasion of the CNS is either a natural part of their somatic migration or represents an
unwanted, ectopic localization [1]. The clinical manifestation of helminth neuroinfections ranges
from mostly asymptomatic to very severe, leading to sensory or cognitive deficits and seizures or
epilepsy [2-4]. Many factors, such as parasite burden or localization within the CNS, influence
the course and outcome of the neuroinfection [5]. Moreover, the host immune response affects
helminth growth and survival but might also participate in the pathogenesis or behavioral alter-
ations [6,7]. Therefore, a deep understanding of host-parasite immune interactions is required to
develop better protective measures, treatment strategies, and diagnostic tools.

The availability of suitable laboratory models dictates the primary orientation of the hel-
minth neuroinfection research. Neurocysticercosis, cerebral angiostrongylosis, and neurotoxo-
carosis are hence in focus as their models have been established [8-13]. On the contrary, a
valid model representing, e.g., the neurological form of schistosomosis or echinococcosis is
lacking [14-16]. Novel model species for studying helminth neuroinfections are thus needed
to reveal the diversity of host-parasite interactions and (immuno-)pathological sequelae. Even
if they do not fully mirror any specific human disease, investigating their interactions with the
host could bring valuable insights. This is also the case of some filarial or intestinal model hel-
minths that only partially reflect the human diseases but are useful after integrating the experi-
mental findings [17,18]. Regarding the neurotropic helminths, the species naturally invading
the CNS should be considered as no artificial manipulations, such as injections of parasites
into the CNS [12,16], are required.

Trichobilharzia regenti is a schistosome that naturally migrates through the CNS of birds
and mammals (birds are the definitive hosts, whereas mammals represent the accidental
hosts). After penetration of the host skin, the newly transformed schistosomula find the
peripheral nerves via which they enter the spinal cord [19,20]. Here they eagerly feed on the
nervous tissue, but no significant demyelination is observed [21-23]. However, leg paralysis is
often reported in ducks and immunocompromised mice due to a higher schistosomula burden
and/or their prolonged persistence within the CNS [21,22]. On the contrary, immunocompe-
tent mice effectively control T. regenti neuroinvasion. Indeed, recruited peripheral leukocytes
entrap and destroy the schistosomula in the spinal cord 7-14 days post infection (dpi) [22,24].
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Fig 1. Summary of experimental procedures. C57BL/6] female mice were infected with T. regenti cercariae and examined at desired time points
(indicated by filled red dots). Uninfected mice were used as controls; particular age-matching is shown for each analysis (filled blue dots). Empty
dot means that the analysis was not performed at the respective time point.

https://doi.org/10.1371/journal.ppat.1010302.g001

The CNS-resident microglia are also activated [22] but do not seem to harm the living schisto-
somula, e.g., by the production of nitric oxide [25,26]. Even though living schistosomula are
rarely found after 21 dpi [22,24], the host effector immune mechanisms remain unclear.

Here we employed a complex approach, ranging from behavioral testing to ‘omics’ analyses
(Fig 1), to explore mechanisms of the host immune response and helminth-induced pathology
in the CNS of mice infected with T. regenti. Our comprehensive insight allows us to compare T.
regenti- neuroinvasion with other medically important helminth neuroinfections and uncover
the diversity of host-parasite interactions within the nervous tissue. In this regard, the remark-
able disruption of neurophysiological functions (not observed in other helminths yet) and a
strong M2 polarization in T. regenti-infected spinal cords should be of particular interest.

Results

T. regenti triggered peripheral immunity and invaded the CNS, especially
the spinal cord

First, we briefly characterized general features of T. regenti infection to establish the model and
validate its reproducibility in C57BL/6] mice 7, 14, 21, and 28 dpi. The infection did not alter
mouse survival, but the infected individuals exhibited a decreased gain in body weight (Fig 2A;
p(7 dpi) = 0.0022; p(14 dpi) = 0.0024; p(28 dpi) = 0.0009) despite having the same feed con-
sumption rate as the uninfected group. The infected mice produced both parasite-specific
IgG1 and IgG2a as soon as 7 dpi. Levels of Th2-associated IgG1 rose continuously and pre-
vailed over Th1-associated IgG2a (Fig 2B), especially 28 dpi (p < 0.0001). These observations
of antibody response corroborate with the previous studies [27-29], which demonstrates
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Fig 2. General features of T. regenti infection in C57BL/6J mice. (A) Infected mice exhibited a lower gain in body
weight than age-matched uninfected controls. (B) The levels of T. regenti-specific IgG1 and IgG2a detected in mouse
sera rose steadily throughout the infection. Th2-associated IgG1 dominated over Th1-associated 1gG2a, especially 28
dpi. (C) Blood eosinophil counts have increased in infected mice 7-21 dpi. (D) Spleen enlargement was observed in
infected mice 7-21 dpi. (E) Within the CNS, most viable schistosomula were found 7 dpi being localized
predominantly in the spinal cord. The amount of released schistosomula remarkably decreased at later time points. (F)
Contrary to those from hemispheres, T. regenti DNA was detected in most of the spinal cord tissue samples 7-21 dpi.
In each graph, points show data from individual mice. Pooled data from 2-3 independent experiments are shown.
Data were evaluated by 2-way ANOVA for repeated measures and Sid4k’s test (A), ordinary 2-way ANOVA and
Sidak’s test (B, F), Kruskal-Wallis and Dunn’s test (C), or ordinary 1-way ANOVA and Dunnett’s test (D); *p<0.05,
*p<0.01, ***p<0.001.

https://doi.org/10.1371/journal.ppat.1010302.9002

reproducibility of the host immune reaction. The number of blood eosinophils peaked 7 dpi
and remained elevated 14 and 21 dpi (Fig 2C; p(7 dpi) < 0.0001; p(14 dpi) = 0.0017; p(21 dpi)
=0.0053). A similar trend was observed in the case of spleen enlargement (Fig 2D; p(7 dpi) =
0.0007; p(14 dpi) = 0.0019; p(21 dpi) = 0.0456), which correlates with already reported
increased numbers of splenic CD4+ and CD8+ T cells 7 and 14 dpi [29].

Due to T. regenti neurotropism, we further examined the distribution of schistosomula
within the CNS, which has not been thoroughly done in C57BL/6] mice. The highest number
of viable schistosomula was extracted 7 dpi (27.3 £ 9.8 per mouse, n = 10). They predomi-
nantly invaded the spinal cord (Fig 2E) but were also localized in the brain stem or the cerebel-
lum. However, only 3 out of 10 mice harbored 1-2 schistosomula in the hemispheres.
Markedly fewer schistosomula were released from the entire CNS 14 dpi (3.0 £ 2.1 per mouse,
n = 10) and 21 dpi (4 schistosomula isolated from 2 mice out of 10); no schistosomula were
recorded 28 dpi. Such migration pattern agrees with the historical records (obtained from
other mouse strains) showing accumulation of schistosomula in the spinal cord and the high-
est burden within the CNS around 7 dpi [20,21]. To complement the data on schistosomula
distribution, we also analyzed T. regenti DNA content in the spinal cord and hemisphere tissue
samples. The parasite DNA was present in the spinal cords of all mice 7 and 14 dpi, and most
of the mice 21 dpi (Fig 2F; p(7, 14, and 21 dpi) < 0.0001). On the contrary, the hemispheres
seldom contained the parasite DNA; less than half of the samples were positive 14 and 21 dpi.

Collectively, our data demonstrated early activation of the peripheral immune response
against T. regenti, which successfully invaded the CNS, especially the spinal cord, by 7 dpi.
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Fig 3. Effects of T. regenti infection on mouse behavior 7 dpi. (A) Beam walking on wide and narrow beams, impaired
motor coordination in infected mice. (B) Grid test, worse endurance, and strength of the forelimbs and hindlimbs of
infected mice. (C) Footprint analysis of forelimbs and hindlimbs, altered posture and gait in infected mice. (D) Bar
holding, normal endurance, and strength of the forelimbs in both groups. (E) Open field, unaffected locomotor activity,
and anxiety in both groups. (F) Novelty-induced hypophagia, higher amount of eaten oat flakes caused by stronger
appetitive motivation, rather than increased anxiety of infected mice. In each graph, points show data from individual
mice. Pooled data from 3 independent experiments are presented. Data were evaluated by Mann-Whitney test (A, B, F—
eating) or unpaired t-test (C, D, E, F—feces); *p<0.05, **p<0.01, ***p<0.001.

https://doi.org/10.1371/journal.ppat.1010302.9003

Motor function deficits affected the lower body of T. regenti-infected mice

The highest schistosomula burden was detected in the spinal cord 7 dpi. At this moment, we
assessed the impact of neuroinvasion on various aspects of mouse behavior. Most importantly,
the infected mice showed a deficit in motor functions. They made more errors when traversing
a wide (p = 0.0006) or narrow (p < 0.0001) beam (Fig 3A and S1 Video), exhibited lower
endurance when hanging upside-down on a grid (Fig 3B; p = 0.0313), and made shorter steps
(Fig 3C; p(forelimbs) = 0.0027; p(hindlimbs) = 0.0059). Visual observations also showed
altered tail posture in the infected mice (tail dragging, reduced tail motility). We suggest that
motor functions of the lower body were affected as the performance in the bar holding task,
depending predominantly on forelimb strength, was unaltered (Fig 3D), and step width was
decreased in hindlimbs only (Fig 3C; p(forelimbs) = 0.2545; p(hindlimbs) = 0.001). However,
general locomotor activity in the open field (Fig 3E), plus maze or Y-maze was normal, as well
as spatial working memory in the Y-maze (S1 Fig). In the test of novelty-induced hypophagia,
the infected mice ate more (p = 0.0094) and defecated less (p = 0.0117) than controls (Fig 3F).
This behavior is more likely related to a stronger appetitive motivation than altered emotional-
ity as we detected no signs of elevated anxiety (Fig 3E) or depression-like behavior in several
other tests (S1 Fig). Collectively, our experiments showed that deficits in motor functions were
the most evident behavioral sequelae of T. regenti neuroinvasion.

Eosinophil-rich infiltrates entrapped and eliminated schistosomula in the
spinal cord

After assessing the general impact of T. regenti infection on mice, we performed a histological
examination of the spinal cord to elucidate the course of the infection in the most affected
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Fig 4. Histological examination of the T. regenti-infected spinal cord. (A) In the uninfected spinal cord, no
leukocyte infiltration was apparent. (B) The intact schistosomulum in the white matter 7 dpi. No inflammatory cells
surrounded the schistosomulum, but eosinophil extravasation was recorded in the adjacent areas (inset, eosinophils
marked by white arrowheads). (C) The “rocket-tail” leukocyte cluster behind the schistosomulum 14 dpi. Eosinophils
and mononuclear cells prevailed in the cluster (gray arrowhead and inset). (D) The inflammatory lesion around the
destroyed schistosomulum 14 dpi. The adjoining leptomeningeal spaces (gray asterisks) were thickened and heavily
inflamed. (E) The schistosomulum remnants within the fading inflammatory lesion 21 dpi. (F) The spinal cord tissue
28 dpi, no schistosomula residues or inflammatory foci were evident. Representative images from 2 independent
experiments (each with 2-3 mice) per time point are shown. Scale bar (large image) = 50 pum, scale bar (inset) = 10 pm.

https://doi.org/10.1371/journal.ppat.1010302.9004

segment of the CNS. Only intact schistosomula were observed 7 dpi being localized predomi-
nantly in the white matter (Fig 4B). Flattened cells with squeezed nuclei surrounded some of
the schistosomula, while some were followed by “rocket-tail” leukocyte clusters (see below).
Extravasation of leukocytes, mainly eosinophils (Fig 4B, inset), was recorded in the areas close
to migrating schistosomula. The neuroinflammation culminated 14 dpi when no schistoso-
mula were left unnoticed by the host immune cells. Of note, striking “rocket-tail” leukocyte
clusters, consisting mainly of eosinophils and mononuclear cells (Fig 4C, inset), formed
behind schistosomula (Fig 4C). Some parasites were still compact but had a thinner body wall
and vacuolized internal tissues with condensed nuclei. However, some schistosomula were
already damaged, and eosinophils, neutrophils, monocytes, and lymphocytes extensively infil-
trated the lesions (Fig 4D). The adjacent leptomeningeal spaces were also thickened and
heavily inflamed. The inflammatory foci around hardly distinguishable schistosomula or their
remnants were still apparent 21 dpi (Fig 4E), but the leukocyte infiltration was fading away.
Neither schistosomula residues nor inflammatory foci were detected 28 dpi (Fig 4F). Taken
together, T. regenti neuroinvasion caused eosinophilic meningomyelitis with a peak 14 dpi.
The cellular infiltrate was presumably essential for parasite elimination.

Eosinophils were the most numerous cells infiltrating the entire CNS
during T. regenti infection

Based on histological findings, we employed flow cytometry to quantify the immune cells infil-
trating the infected nervous tissue to see the dynamics of the cellular immune response. Apart
from the spinal cord, we also examined the brain stem, the cerebellum, and the hemispheres,
which can also be invaded by schistosomula, however, to a much lesser extent (Fig 2E). The
spinal cord and hemispheres were infiltrated mainly by eosinophils, lymphoid cells, and mac-
rophages/monocytes with a peak 14 dpi (Fig 5A and 5D). A similar situation was observed in
the brain stem (Fig 5B), where a significant increase was also noticed in microglia and neutro-
phil counts 7 dpi. In the cerebellum, eosinophil counts spiked 14 dpi (Fig 5C), but neutrophil,
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Fig 5. Dynamics of major immune cell populations in the mouse CNS during T. regenti infection. (A-D) Microglia,
neutrophils, eosinophils, macrophages/monocyte, and lymphoid cells were analyzed by flow cytometry in the spinal cord (A),
the brain stem (B), the cerebellum (C), and the hemisphere (D). In all examined segments, the most prominent increase was
observed in eosinophil counts 14 dpi. Gating strategies are shown in S2 Text. Data (n = 5 per each time point) were evaluated
by ordinary 1-way or Welch’s ANOVA followed by Dunnett’s test; *p<0.05, **p<0.01, ***p<0.001. (E-H) The relative
proportion of the examined immune cell populations in the spinal cord (E), the brain stem (F), the cerebellum (G), and the
hemisphere (H). Massive infiltration of peripheral leukocytes caused an apparent decrease in the proportion of microglia.
Representative data from 1 out of 2 independent experiments are shown.

https://doi.org/10.1371/journal.ppat.1010302.9005

macrophage/monocyte, and lymphoid cell counts reached climax already 7 dpi. The microglia
counts remained unchanged in all segments, except for the brain stem 7 dpi (see above). How-
ever, their relative representation stooped in favor of infiltrating leukocytes, especially eosino-
phils (Fig 5E-5H). Taken together, T. regenti neuroinvasion led to striking infiltration of the

CNS with peripheral leukocytes. Eosinophils undoubtedly prevailed in all examined segments
having a peak 14 dpi.
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Infected spinal cords displayed transcriptional upregulation of immune
system pathways and disruption of neurophysiological functions

To get a complex insight into the processes ongoing in the infected spinal cords, transcrip-
tomic analysis of the whole tissue was performed 7, 14, and 21 dpi using respective age-
matched uninfected controls. In total, 24 transcriptomes were sequenced with an average
number of 43,115 + 2,276 transcripts (Fig 6A). RNA-seq read data are available for download
via the NCBI sequence read archive (BioProject ID: PRINA716607). Differential expression
analysis showed the highest number of differentially expressed transcripts (DETs) 7 dpi when
more transcripts were downregulated (6,943) than upregulated (4,128). The number of DET's
decreased 14 and 21 dpi, and upregulated transcripts prevailed over downregulated ones (Fig
6B and S1 Table).

Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate DET's
to get a general overview of the up-/downregulated processes. In total 2,225, 1,536, and 1,248
upregulated KEGG-IDs were identified 7, 14, and 21 dpi, respectively (Fig 6C), and repre-
sented 27 (7 dpi), 47 (14 dpi), and 27 (21 dpi) significantly enriched biological pathways (S1
Table). The most enriched pathways were linked to the immune system at all time points (Fig
6D). For example, chemokine signaling and leukocyte transendothelial migration pathways
were significantly enriched 7 and 14 dpi when the spinal cord infiltration by peripheral leuko-
cytes was on the rise (Fig 5A). A detailed analysis revealed the upregulation of several chemo-
kines (Ccl2, Ccl5, Ccl7, Ccl8, Ccl24, Cxcl9, Cxcl16) and their receptors (Fig 7A and 7B) which
facilitate the recruitment of leukocytes into the CNS. Throughout the infection, remarkable
enrichment was also noticed in the Toll-like receptor signaling pathway, which participates in
recognizing pathogen-associated molecular patterns. Namely, TIr8, Tlr11, and Tir12 exhibited
the highest upregulation (Fig 7C). Pathways associated with antigen processing were also
enriched, especially 7 dpi. Indeed, cathepsin S (Ctss), a lysosomal enzyme critical for antigen
presentation, was found among the top 20 upregulated DET's 7 dpi (Fig 6F) and retained the
markedly elevated expression also 14 and 21 dpi (log,fold change = 15 and 11, respectively).
Accordingly, Th1/Th2/Th17 cell differentiation and B cell receptor signaling pathways were
upregulated as soon as 7 dpi, suggesting early adaptive response activation. These transcrip-
tomic data correspond to our experimental results demonstrating the production of parasite-
specific antibodies (Fig 2B) or mixed Th1/Th2/Th17 splenic phenotype [29] 7 dpi. Interest-
ingly, complement and coagulation cascades and the C-type lectin receptor pathway were
mostly enriched 14 dpi when the highest eosinophil infiltration and first injured schistosomula
were found in the spinal cord (Fig 4C and 4D).

The infection of the mouse spinal cord was also linked with significant downregulation of
transcription. Overall, 2,492, 827, and 857 downregulated KEGG-IDs were identified 7, 14,
and 21 dpi, respectively (Fig 6C), and represented 33 (7 dpi), 18 (14 dpi), and 9 (21 dpi)
enriched pathways (S1 Table). They were mostly associated with signal transduction, synaptic
transmission, and axonal development (Fig 6E). Accordingly, we observed enormous downre-
gulation of kinesin family members Kifla and Kif1b, essential players in the axonal transport
of synaptic vesicles and mitochondria [30,31], and cytosolic carboxypeptidase 1 (Agtpbp1, also
known as Cep) deficiency of which causes coordination deficits [32]. They all were even
among the top 20 downregulated DETs at all time points (Fig 6F). On the contrary, the expres-
sion of structural neurofilaments remained almost unchanged except for nestin (Nes, Fig 7D)
required for glial scar formation [33,34]. Of myelin-associated transcripts, only proteolipid
protein 1 (Plp1) was strikingly upregulated 7 dpi (Fig 7E), which might boost the activation of
microglia [35]. Importantly, no transcriptional evidence was found for demyelinating pro-
cesses (Fig 7E), which accords with previous histopathological studies [22,26]. However,
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Fig 6. Transcriptomic analysis of the spinal cord of T. regenti-infected mice. (A) The number of transcripts identified in
the spinal cords of infected or age-matched uninfected (control) mice 7, 14, and 21 dpi. The transcriptomic analysis was
performed with a group of mice (n = 4 per each time point) infected independently from other experiments presented herein.
Data were evaluated by ordinary 2-way ANOVA and Sidak’s test; *p<0.05. (B) The number of differentially expressed
transcripts 7, 14, and 21 dpi based on log,fold change (FC; upregulated >2, downregulated <-2). (C) Differentially expressed
transcripts with Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation and their exclusive/shared occurrence in
the infected spinal cord 7, 14, and 21 dpi. (D) Enriched immune system pathways of upregulated transcripts according to
KEGG annotation. (E) Enriched pathways of downregulated transcripts linked with the nervous system and development
and regeneration according to KEGG annotation. (F) Top 20 up-/downregulated transcripts (based on log,FC) 7, 14, and 21
dpi. Abbreviated gene names are shown, gray background marks genes found among the “top 20” at all time points.

https://doi.org/10.1371/journal.ppat.1010302.9006

massive upregulation was observed in the case of the amyloid precursor protein (App, Fig 7F)
at all time points, which is likely linked to axonal injury caused by migrating schistosomula

[22].

Altogether, the transcriptional analysis of T. regenti-infected spinal cords substantially elu-
cidated general features of the host-parasite relationship. Most importantly, we demonstrated
upregulation of immune processes and downregulation of neurophysiological pathways. Based
on the transcriptomic data, we further examined several aspects of T. regenti neuroinvasion.
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Fig 7. Expression of immune and neural markers in the spinal cord of T. regenti-infected mice. (A-F) The
heatmaps show log,fold change (FC) in the expression of chemokines (A), chemokine receptors (B), Toll-like receptors
(C), neurofilaments (D), myelin-associated markers (E), and pathology-associated markers (F). Genes/transcripts with
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mice were analyzed at each time point.

https://doi.org/10.1371/journal.ppat.1010302.9007

Arginase-1 dominated among the proteins found exclusively around the
migrating schistosomula, which unselectively fed on the nervous tissue

To better understand the biological processes in the close vicinity of the migrating schistoso-
mula, we microdissected the surrounding tissue within 100 um from the schistosomula (Fig
8A) and subjected it to the mass spectrometry (MS) analysis. Infected spinal cords were ana-
lyzed only 7 dpi as the highest number of schistosomula can be found at this time point and it
is possible to properly distinguish the schistosomula-host tissue interface (Figs 6B and 8B).
Also, most DET's were found at this time point. Initially, microdissects from three spinal cord
segments (sacral, lumbar, thoracic) were analyzed separately. As no significant differences
were found in the protein composition of microdissects from different segments (S2 Table,
sheets F-H), the subsequent data analysis was performed on merged datasets from all three
segments.

Altogether, 1,690 proteins were identified in infected and uninfected (control) spinal cords.
In total, 752 proteins were recorded in at least 3 out of 4 replicates and therefore were consid-
ered reliably identified. The vast majority (705) of proteins were common to microdissects
from infected and control spinal cords, but 15 of them were differentially abundant in infected
(8) or control (7) ones (Fig 8C, dashed line outline and S2 Table, sheet C). Fifteen proteins
were exclusively found in the microdissects from infected spinal cords (Fig 8C, thick red out-
line and S2 Table, sheet A), including those presumably involved in the host immune response:
arginase (a marker of alternatively activated M2 microglia/macrophages), integrin beta 1 (leu-
kocyte adhesion molecule), or interferon-induced guanylate-binding protein 2 (enigmatic pro-
tein with antiparasitic activity; [36]). On the contrary, 35 proteins were exclusively found in
uninfected mice (Fig 8C, thick blue lines and S2 Table, sheet B). They were linked mainly with
the cytoskeleton and cell signaling, but no specific pathway/pattern was recognized. Corrobo-
rating with the proteomic data, most exclusive and differentially abundant proteins were
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Fig 8. Proteomic analysis of the spinal cord tissue around T. regenti schistosomula. (A) A schematic representation of the region
of interest. The area within 100 um from the schistosomulum was microdissected as well as the schistosomulum digestive tract
(marked by an asterisk; for intestinal results see the main text). (B) A real image from the microscope, labeling is consistent with
(A)-i.e., the already microdissected area is outlined in red. Scale bar = 100 um. (C) A summary of the proteomic analysis of the
microdissected nervous tissue. Proteins exclusively found (thick line) or more abundant (dashed line) in uninfected (blue) or T.
regenti-infected (red) spinal cords are shown. The up/down arrows indicate a log,fold change (FC) in the expression of the protein
mRNA as revealed by the transcriptomic analysis (see Fig 6). More arrows per one protein mean that more isoforms were detected
in the transcriptome. If no arrow is shown, the log,FC was negligible (-1; +1) or not significant. The proteomic analysis was
performed with samples obtained from a group of mice (n = 3-4, see Materials and Methods for details) infected independently
from other experiments presented herein.

https://doi.org/10.1371/journal.ppat.1010302.9g008

identified as differentially expressed (either up- or downregulated) in the “7 dpi” transcrip-
tome. Some of them were represented by multiple transcription variants differing in the level
of expression (Fig 8C, up/down arrows and S2 Table, sheet E).

Additionally, the protein composition of the schistosomula digestive tract was analyzed by
MS to reveal the parasite diet. A better understanding of T. regenti eating habits might help to
unveil the host-parasite interactions. Out of 237 reliably identified proteins, 179 were anno-
tated as mouse proteins, 39 as T. regenti, and 19 shared homology with both organisms (52
Table, sheet I). The most abundant among mouse proteins were those associated with myelin,
such as myelin basic protein, myelin proteolipid protein, 2,3-cyclic-nucleotide 3-phosphodies-
terase, and myelin-oligodendrocyte glycoprotein. Furthermore, neuronal and astrocytic inter-
mediate filaments were present (neurofilament light and medium polypeptides, glial fibrillary
acidic protein, vimentin) as well as the CNS extracellular matrix glycoprotein periostin. Inter-
estingly, the schistosomula digestive tract also contained proteins related to the host immune
system like lysozyme C-1, arginase, or eosinophil cationic protein 1. Endogenous T. regenti
proteins were represented mainly by digestive peptidases (cathepsins B1.6, B1.3, B1.4, C, and
leucine aminopeptidase), detoxification enzymes (thioredoxin, peroxiredoxin, and glutathione
S-transferase), and metabolic enzymes (lactate dehydrogenase A and glyceraldehyde 3-phos-
phate dehydrogenase). Proteins homologous to both mouse and T. regenti included highly
conserved proteins such as actin, tubulin, calmodulin, and histones.

Collectively, the proteomic analysis of tissue microdissects demonstrated that markers sug-
gesting activation of the host immune response were present around the schistosomula already
7 dpi. Arginase was the most abundant exclusive protein indicating the presence of microglia/
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macrophages with the M2 phenotype. We also found that migrating schistosomula are not
selective in the diet as a mixture of proteins associated with the nervous tissue and the host
immune system was detected in their digestive tract.

T. regenti infection induced M2 polarization of microglia/macrophages
which accumulated around the migrating schistosomula

Polarization of activated microglia/macrophages, either pro-inflammatory M1 or anti-inflam-
matory M2, largely determines their role in the host immune response. Marked upregulation
of AifI (also known as Ibal), the marker of microglia/macrophages [37,38], indicated activa-
tion of the cells in response to the spinal cord invasion by T. regenti (Fig 9A). Initially, Iba-1
was mostly detected in the schistosomula migratory tracks (7 dpi), but later, it accumulated
around schistosomula (14 dpi) or even within their damaged bodies (Fig 9D). As this observa-
tion suggested the active participation of microglia/macrophages in the schistosomula elimina-
tion, we further examined the expression of markers related to M1/M2 polarization. Despite
upregulation of M1-promoting cytokines (Ifng, I11b) throughout the infection, inducible NO
synthase (Nos2), the effector molecule of M1 polarization, exhibited none or negligible changes
in expression (Fig 9B). It corroborates our previous immunohistochemical data demonstrating
the lack of inducible NO synthase in the infected spinal cord [26].
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Fig 9. M1/M2 polarization in the spinal cord of T. regenti-infected mice. (A-C) The heatmaps show log,fold change (FC)
in the expression of markers associated with microglia (A), M1 (B), and M2 (C) polarization. Genes/transcripts with log,FC
>2 were considered upregulated, and only genes with a significant log,FC are shown unless indicated otherwise (crossed
cells). Spinal cords of 4 infected and 4 uninfected age-matched mice were analyzed at each time point. (D-E)
Immunolocalization of IL-4+Iba-1 (D), and Arg-1 (E). Representative images are shown, the white line indicates the space
occupied by the schistosomulum. Scale bar = 50 pum.

https://doi.org/10.1371/journal.ppat.1010302.9009
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On the other hand, we recorded striking upregulation of M2-associated markers, such as
arginase (Argl) and chitinase-like 3 (Chil3, also known as Ym1). Accordingly, M2-triggering
cytokines (114, 1110, 1113, Tgfb) were upregulated 7 and/or 14 dpi along with M2-promoting
galectin-3 (Lgals3) [39] (Fig 9C). To validate the transcriptomic data, we proceeded with the
immunohistochemical detection of IL-4, which drives M2 polarization and the production of
arginase [40]. IL-4 colocalized with Iba-1 in the schistosomula migratory tracks 7 dpi but
diminished 14 dpi (Fig 9D). However, a strong IL-4 signal was detected in the area of the
destroyed schistosomula 21 dpi. On the contrary, arginase (Arg-1) closely surrounded the
schistosomula 7 dpi (Fig 9E), which agreed with the previously shown microdissection data
(Fig 8C). At 14 dpi, the Arg-1 signal spread further into the tissue but accumulated mostly
within the damaged schistosomula 21 dpi.

Collectively, transcriptomic and immunohistochemical data confirmed a strong M2 polari-
zation of microglia/macrophages in the infected spinal cord, especially in the close vicinity of
the schistosomula.

3D-imaging revealed the expansion of MHC II+ cells during T. regenti
neuroinvasion

Expression of major histocompatibility complex (MHC) II, either by professional antigen pre-
senting or other cells, mirrors the activation status of the host immune response. In T. regenti-
infected spinal cords, we recorded striking upregulation of Cd74, H2-Aa, H2-Abl, and other
members of the MHC II pathway throughout the infection (Fig 10A). Immunohistochemistry
revealed accumulation of MHC II+ cells around the schistosomula and partial colocalization
of MHC II with Iba-1, the marker of microglia/macrophages (Fig 10B). Thanks to the availabil-
ity of a suitable model (MHC II-EGFP mice), we employed light-sheet fluorescence micros-
copy (LSFM), which allowed us to display a 3D tissue context and visualize MHC II
distribution in toto 7 and 14 dpi. High levels of background autofluorescence impeded analysis
of the gray matter, so we examined white matter regions of the thoracic spinal cord, which is
preferred by the schistosomula anyway [41].

Seven dpi, the MHC II+ cells were scattered in the parenchyma, but some of them already
contacted the schistosomula (Fig 10C and S2 and S3 Videos). Massive MHC I+ clusters formed
around the schistosomula 14 dpi when the MHC II signal often copied the shape of parenchy-
mal blood vessels and anterior or posterior median sulci (Fig 10C and S4 Video). These observa-
tions correlated with data from the volumetric analysis of the MHC II signal, which rocketed 14
dpi (p < 0.0001). Indeed, a 1000-fold increase was recorded in comparison to uninfected mice
(Fig 10D). We also attempted to count the exact amount of MHC II+ cells, but the clusters were
so dense that single nuclei were hardly recognizable, which hampered the analysis. Nevertheless,
the large-scale optical sectioning provided us with a robust insight into the intensity of the
immune reaction (seen as MHC II accumulation) around individual schistosomula. We estab-
lished three categories of the immune reaction (Fig 10E): “mild” (+) with very few MHC II
+ cells around/behind (“rocket tail”) the intact schistosomula; “moderate” (++) with noticeable
infiltration of MHC II+ cells enclosing the intact schistosomula (but no MHC II signal within
the schistosomula); “severe” (+++) with massive clusters enclosing the damaged schistosomula
(MHC 1I signal present also inside the schistosomula). While mild and moderate reactions pre-
vailed 7 dpi, severe reactions dominated 14 dpi (Fig 10F; p = 0.0009).

Altogether, transcriptomic analysis and 2D/3D imaging demonstrated a strong upregula-
tion of the MHC II pathway in T. regenti-infected spinal cords. Interestingly, the MHC II
occurred not only around the migrating schistosomula but also along the blood vessels and
within the meningeal areas indicating extensive neuroinflammation.
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Fig 10. Major histocompatibility complex (MHC) II in the spinal cord of T. regenti-infected mice. (A) The
heatmaps show log,fold change (FC) in the expression of markers associated with the MHC II pathway. Genes/
transcripts with log,FC >2 were considered upregulated, and only genes with a significant log,FC are shown unless
indicated otherwise (crossed cells). Spinal cords of 4 infected and 4 uninfected age-matched mice were analyzed at
each time point. (B) Immunolocalization of MHC II and Iba-1. Representative images are shown, the white line
indicates the space occupied by the schistosomulum. Scale bar = 50 pm. (C) 3D images obtained by light-sheet
fluorescence microscopy (LSFM) showing MHC II+ cells in the spinal cord. Schistosomula are marked with grey
arrowheads. (D) Quantification of MHC II+ volume around schistosomula. It was computed in the virtual box around
the schistosomula (400x800x110 pm, S5 Video) or six randomly chosen areas in healthy mice. (E) Patterns of MHC II
accumulation and its relation to schistosomula damage. Three categories were recognized: (+) very few MHC II+ cells
around/behind intact schistosomula, (++) noticeable infiltration of MHC II+ cells enclosing intact schistosomula (but
no MHC II signal within the schistosomula), (+++) massive clusters enclosing damaged schistosomula (MHC II signal
present also inside the schistosomula). 2D images were obtained by LSFM and created from five stitched planes in the
z-axis (1.4 pm each). Scale bar = 50 pm. (F) Quantification of MHC II accumulation and schistosomula damage using
the categories from (E). Thirteen schistosomula out of two mice were examined at each time point. Data were
evaluated by Kruskal-Wallis and Dunn’s test (D) and Fisher’s exact test (F); ***p<0.001.

https://doi.org/10.1371/journal.ppat.1010302.9010

T. regenti infection affected vascular permeability, blood-brain barrier
integrity and triggered reactive astrogliosis

Schistosomula migration within the CNS might cause severe pathology. First, we focused on
changes in vascular permeability and integrity of the blood-brain barrier, which are critical for
maintaining CNS homeostasis. Among markers of vascular permeability, aquaporin-4 (Agp4),
the water channel localized to astrocyte endfeet, was strikingly upregulated 7 dpi (Fig 11A).
Expression of E-cadherin (Cdhl) and occludin (Ocln), proteins responsible for tightness of the
blood-brain barrier [42], was also increased, especially 7 dpi (Fig 11B). On the contrary,
remarkable downregulation was noticed in tight junction protein 1 (TjpI, also known as Zo1),
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Fig 11. Pathology associated with T. regenti migration within the mouse spinal cord. (A-C) The heatmaps show log,fold
change (FC) in the expression of markers associated with vascular permeability (A), blood-brain barrier tightness (B), and
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uninfected age-matched mice were analyzed at each time point. (D) Immunolocalization of astrocytic glial fibrillary acidic
protein (GFAP) and astrogliosis-promoting IL-6 demonstrated the most prominent astrocyte hypertrophy 21 dpi.
Representative images are shown, the white line indicates the space occupied by the schistosomulum. Scale bar = 50 um.

https://doi.org/10.1371/journal.ppat.1010302.g011

a scaffold protein anchoring tight junctions to the actin fibers [42]. Although our transcrip-
tomic data suggested that vascular permeability and blood-brain barrier integrity were mildly
altered 7 dpi, we did not observe any significant increase in extravasation of Evans blue into
the nervous tissue (52 Fig).

Second, we examined the tissue injury associated with schistosomula migration. Astrocytic
glial acidic fibrillary protein (Gfap) was upregulated 14 and 21 dpi (Fig 11C), which pointed to
the initiation of reactive astrogliosis and formation of glial scar [43]. While GFAP showed nor-
mal distribution within the nervous tissue 7 dpi, it accumulated around schistosomula lesions
and in their migratory tracks at later time points (Fig 11D). Astrocyte hypertrophy was most
prominent 21 dpi when astrocyte processes enclosed the schistosomula or even grew through
the space occupied by them. To support the observation of astrocyte activation, we also immu-
nolocalized IL-6, which promotes astrogliosis and glial scar formation [44]. IL-6 was detected
in the schistosomula migratory tracks 7 dpi and in the area of the damaged schistosomula and
their surroundings 14 and 21 dpi (Fig 11D). These data indicated that reactive astrogliosis and
glial scar, presumably driven by IL-6, developed to repair the tissue injured by schistosomula
migration.
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Fig 12. Apoptosis in the spinal cord of T. regenti-infected mice. (A) The heatmaps show log,fold change (FC) in the
expression of pro- and anti-apoptotic markers. Genes/transcripts with log,FC >2 or <-2 were considered as
upregulated or downregulated, respectively. Only genes with a significant log,FC are shown if not indicated otherwise
(crossed cells). Spinal cords of 4 infected and 4 uninfected age-matched mice were analyzed at each time point. (B)
Detection of DNA fragmentation (TUNEL+ cells) in the spinal cord cryosections. Representative images are shown,
the white line indicates the space occupied by the schistosomulum. Scale bar = 50 um. (C) Quantification of TUNEL+
cells in the spinal cord cryosections shown in (B). The frequency of TUNEL+ cells is shown among all cells or
separately for the host nervous tissue and T. regenti tissue. (D) Detection of apoptotic populations in Neuro2a and
mixed glial cultures treated by T. regenti schistosomula homogenate (TrSH) for 48 hours; staurosporine was used as a
positive control. Pooled data from 4 experiments are shown. Data (C, D) were evaluated by Kruskal-Wallis and Dunn’s
test; “p<0.05, **p<0.01, ***p<0.001.

https://doi.org/10.1371/journal.ppat.1010302.9012

DNA fragmentation occurred at the host-schistosomulum interface, but
schistosomula antigens did not trigger apoptosis in neurons or glial cells

Apoptosis plays an important role in host-parasite interactions as it can be responsible for tis-
sue pathology or help parasites evade the host immune system. In T. regenti-infected spinal
cords, we observed upregulation of pro-apoptotic genes Gzmb and Prf coding for granzyme B
and perforin-1, respectively (Fig 12A). They are expressed by cytotoxic T lymphocytes and nat-
ural killer cells which employ them to induce apoptosis in target cells [45]. Therefore, we
stained fragmented DNA, a hallmark of apoptosis, by the TUNEL assay to localize the apopto-
tic cells within the infected spinal cord. While no TUNEL+ cells were found in the uninfected
spinal cord, their frequency increased 7 and 14 dpi, both in host and schistosomula tissues (Fig
12B and 12C). The TUNEL+ cells were localized especially at the host-parasite interface, but
some were also recorded in the schistosomula migratory tracks. To assess the possibility that
schistosomula-derived molecules directly induce apoptosis of the host neural cells, we stimu-
lated mouse Neuro2a and primary mixed glial cultures with a soluble fraction of schistosomula
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homogenate. However, the treatment did not alter the frequency of apoptotic populations (Fig
12D). These data suggested that apoptosis was not a major feature of T. regenti neuroinvasion
and was not responsible for tissue pathogenesis.

Discussion

Apart from being a causative agent of human cercarial dermatitis [46,47], T. regenti invades
the CNS of experimentally infected mice [19,20]. However, neuroinvasion by this species has
not been reported from humans. Here we thoroughly investigated the invasion of the mouse
CNS by T. regenti to better understand the diversity of host-parasite interactions during neu-
roinfections. Although T. regenti does not fully recapitulate any human neuroinfection, it rep-
resents a well-characterized and easily trackable system, providing novel insights into the
diversity of pathogen-related neuroinflammation.

Of the mouse CNS, T. regenti predominantly affects the spinal cord to where it migrates
from the skin via peripheral nerves [19-22,41]. Such a route is extraordinary among neuro-
tropic helminths, which mostly rely on hematogenous spread into the CNS [48]. Indeed, T.
regenti intraneural pathway rather resembles that of the neuropathogenic amoeba Naegleria
fowleri [49]. Corroborating with the previous studies [19-22], we observed the highest schisto-
somula burden in the spinal cord 7 dpi. In addition, we detected T. regenti DNA in some of
the hemisphere samples 14-21 dpi, but we assume that it originated from a few and most likely
already damaged schistosomula since viable parasites were only rarely isolated even 7 dpi.
Largely restricted access of schistosomula to the brain could explain the lack of working mem-
ory deficit, anxiety, or depression-like behavior, which stem from dysfunction of hemisphere
centers [50-52].

By affecting mostly the spinal cord, T. regenti differs from other neurotropic helminths,
such as Angiostrongylus cantonensis, Toxocara spp., or Taenia solium, which primarily invade
the brain and impair cognitive functions or cause seizures [9,53-56]. Nevertheless, T. regenti
resembles the neurotropic larvae of A. cantonensis and Toxocara spp. regarding size and active
migration within the nervous tissue [9,54]. On the contrary, passive dissemination of schisto-
some eggs into the spinal cord induces human neuroschistosomosis, which often manifests as
myelitis [57]. Despite sharing some histopathological or clinical features, such as myelitis and
motor dysfunction of lower/hind limbs [58], T. regenti neuroinvasion cannot be directly com-
pared to neuroschistosomosis, mainly due to the different nature of the causative agents
(migrating schistosomula vs. disseminated eggs). As a whole, T. regenti neuroinvasion repre-
sents a unique biological phenomenon, but in particular regards, it can be compared to other
neurotropic helminths. Regarding the general features, such as size and behavior, T. regenti
represents a relevant comparative model especially for studying the pathology related to the
migration of neurotropic helminths such as A. cantonensis or Toxocara spp.

Our complex approach revealed a serious impact of T. regenti neuroinvasion on the well-
being of mice. They manifested with the reduced gain in body weight despite unchanged feed
consumption or locomotion. We speculate that this could be explained by increased energy
demands related to fighting the infection [59-61]. Of note, a decreased body weight was
observed at all time points. It indicates that the peripheral immune response, with a peak 7 dpi
[29], and the later neuroinflammation could have affected the weight gain. Reduction of body
weight accompanies mouse infections with A. cantonensis and Toxocara spp. as well and often
correlates with impaired neurological scores [55,62,63]. These observations highlight the sys-
temic impacts of helminth neuroinfections, however, direct evidence linking the weight loss
with presumably increased energy consumption related to the host immune reaction is
missing.
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Extensive behavioral testing revealed deficits in lower body motor functions in T. regenti-
infected mice. Up to now, mainly ducks (definitive hosts) and immunocompromised mice
were reported to suffer from neuromotor disorders related to T. regenti neuroinvasion [19].
This fact was explained by the higher schistosomula burden in such hosts and hence more fre-
quent axonal injury [21,22]. Similar neuromotor abnormalities are also often present in mice
infected with A. cantonensis and Toxocara spp. [53,62,64,65]. Dysregulated expression of mye-
lin-associated genes, extensive tissue demyelination, and neuronal apoptosis are believed to be
the pathological basis of such behavioral changes [63,65-68]. However, we detected no
remarkable apoptosis or downregulation of myelin-associated genes in T. regenti-infected spi-
nal cords. Also, no loss of myelin was seen in previous histological studies [22,26]. On the con-
trary, our transcriptomic data unveiled a massive downregulation of neuronal signal
transduction, synaptic transmission, and axonal development. For example, we noticed strik-
ing downregulation of kinesin superfamily motor proteins Kifla and Kif1b, which are essential
for anterograde axonal transport [30,31]. Their effect is evident in Kifla- and Kiflb-knockout
mice, which exhibit reduced motor activity, abnormal limb movements, and impaired balance
[69,70]. Therefore, we suggest that the disruption of neurophysiological functions in the spinal
cord was responsible for the observed motor deficits. Such wide-range downregulation of neu-
ronal functions has so far not been noticed in other transcriptomic studies focusing on hel-
minth neuroinfection [65,66] but was recently reported from mouse brains infected with
Toxoplasma gondii [7]. Specifically, Boillat et al. propose that behavioral alterations caused by
T. gondii reflect side effects of neuroinflammation, i.e., the neuro-immune response plays a
major role in modulating host behavior [7]. Therefore, we suggest that impairment of neuro-
physiological functions, potentially triggered by neuroinflammation, might be a novel patho-
logical mechanism also in helminth neuroinfections.

Contrary to ducks, mice as accidental (dead-end) hosts efficiently control T. regenti neu-
roinvasion. This makes them apt species for studying the protective immune response. More-
over, the lack of well-defined duck strains and a suitable toolbox (mainly antibodies) markedly
limits the immunological studies on T. regenti in ducks anyway. Our complex data strongly
support the view that rapid activation of the mouse immune response leads to the elimination
of schistosomula within 2-3 weeks post infection. It agrees with historical records of schistoso-
mula suspended growth and reduced survival in immunocompetent mice [21,22,71]. Such
immune-mediated host incompatibility is also observed in the case of A. cantonensis—it flour-
ishes in rats but is retarded in mice. The latter develop much stronger neuroinflammation
than rats, which is pronounced after the death of migrating larvae [9,11,72,73]. On the con-
trary, mice are suitable paratenic hosts for Toxocara spp., which are well adapted to survival in
their tissues, including the CNS [74]. Similarly, viable cysticerci of T. solium actively evade the
human immune response and cause no or mild inflammation [56]. Hence, T. regenti in mice is
a perfect model enabling us to study natural mechanisms leading to helminth elimination
within the CNS.

A strong eosinophilic meningomyelitis was the most prominent histopathological hallmark
of T. regenti neuroinvasion. Comparison of peaks in eosinophil counts in the peripheral blood
(7 dpi) and the spinal cord (14 dpi) demonstrated spatiotemporal separation of the eosinophil-
based immune response in the periphery and within the CNS. A similar distinction was also
observed in mice infected with A. cantonensis [73]. Recruitment of eosinophils into the T.
regenti-infected spinal cords, found in our study, was presumably mediated mainly by eotaxin-
2 coded by Ccl24 [75], which displayed 180- and 700-fold increased expression 7 and 14 dpi,
respectively. However, participation of other eosinophil-attracting chemokines upregulated at
these time points (Ccl5, Ccl7, Ccl8) cannot be excluded and is even likely. Moreover, elevated
expression of Chil3 could have boosted maintenance of the tissue eosinophilia [76], especially
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14 dpi. It was suggested for A. cantonensis-infected mice that Chil3 aggravates eosinophilic
meningitis via a positive feedback loop mediated by IL-13 [73] which was also markedly upre-
gulated in our samples. Our data collectively demonstrate a significant infiltration of eosino-
phils into the T. regenti-infected spinal cords, suggesting their prospective role in eliminating
schistosomula.

Eosinophils harm helminths by antibody- and/or complement-induced secretion of toxic
granule proteins and reactive oxygen species [77]. The role of eosinophils in limiting the para-
site burden was demonstrated in murine neurocysticercosis [78], but specific effector mecha-
nisms employed to combat helminths have not been defined. As our dissection and
histological data indicated elimination of schistosomula around 14 dpi, we searched the tran-
scriptomic datasets for pathways related to eosinophil effector functions upregulated/enriched
mostly at this time point. Interestingly, we found that the complement and coagulation cas-
cades were enriched. Specifically, components of C1 complex and C2, C3, C4, and C5 comple-
ment components were significantly upregulated (log,fold change >2), suggesting activation
of the classical complement pathway initiated by antigen-antibody complexes. This mecha-
nism is known to trigger eosinophil degranulation leading to killing schistosomula of S. man-
soni [79] and we propose that it harms T. regenti schistosomula within the CNS in the same
manner.

Eosinophil extracellular DNA traps (EETSs) represent another component of the antimicro-
bial arsenal. Being released in the C-lectin-dependent manner, the EETs can immobilize hel-
minths and facilitate their further clearance, as recently demonstrated in the case of nematode
microfilariae [80]. In T. regenti-infected spinal cords, the C-lectin receptor signaling pathway
was mostly enriched 14 dpi and, e.g., dectin-1 was upregulated (log,fold change >5) even at all
time points. Of note, dectin-1 is a C-type lectin functioning as a transmembrane pattern-rec-
ognition receptor [81] mediating the release of eosinophil extracellular DNA traps [80]. Our
observation raises an exciting question to be further tested of whether EETs are released in T.
regenti-infected spinal cords and if they can halt the actively moving helminths in the CNS.

Microglia, the CNS-resident macrophage-like cells, are vital players in the CNS innate
immunity as they sense and eliminate invading pathogens [82]. Therefore, they were impli-
cated as the cells initiating the neuroinflammation in A. cantonensis- or T. regenti-infected
mice [25,83]. Our transcriptomic and 2D/3D imaging data confirmed upregulation of micro-
glia/macrophage markers in the infected spinal cord and continuous accumulation, even very
intimate, of Iba-1+ MHC II+ cells around the schistosomula as soon as 7 dpi. At this time
point, we noticed upregulation of TIr2, Tlr6, Tlr8, and Tlr12, which can be expressed by micro-
glia [84]. Of them, the heterodimer of TLR2/TLR6 might participate in recognition of the T.
regenti infection similarly to murine neurocysticercosis [85]. However, the role of TLR8 and
TLR12 in the initial schistosomula recognition is expected to be relatively minor as they both
are intracellular receptors, and mouse TLR8 is even nonfunctional in terms of immune recog-
nition [86]. Moreover, a C-type lectin-dependent pathway, including dectin-1 as a receptor
[87,88], might be involved in detecting glycans, which are abundant on the surface and in the
excretory-secretory products of the parasites [89,90]. Phagocytosis by mononuclear cells of
glycan-rich material was shown in murine neurocysticercosis and promoted the infiltration of
immune cells into the CNS [8,91]. Thus, we conclude that microglia might serve as sensors for
T. regenti in the spinal cord using diverse and complementary recognition pathways.

Beyond recognition, Lichtenbergova et al. proposed that activated microglia/macrophages
play the main role in destroying T. regenti schistosomula in the nervous tissue [22]. However,
our data show that a strong type 2 cytokine milieu, driven by upregulated Il4 and I/13, was
established in the infected spinal cords suggesting induction of the alternatively activated M2
microglia/macrophage [40,92-94]. The transcriptomic M2 signature was confirmed by the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010302 February 4, 2022 19/34


https://doi.org/10.1371/journal.ppat.1010302

PLOS PATHOGENS

Schistosome neuroinvasion in mice: Immune response and pathology

detection of arginase, a hallmark of alternatively activated microglia/macrophages, on the pro-
tein level. Induction of such environment is typical also for other helminth neuroinfections
[95-97] and can be interpreted as helminth-induced prevention of M1 polarization, which is
associated with the production of detrimental nitric oxide. Corroborating with this assump-
tion, T. regenti schistosomula were shown not to trigger nitric oxide production in vitro or the
spinal cord [25,26]. The role of microglia/macrophages in killing T. regenti schistosomula thus
needs to be significantly reconsidered. We propose that activated microglia/macrophages
phagocytose the tissue debris in the schistosomula migratory tracks—similarly to the gitter cells
in Toxocara-infected brains [54,68]. Later, they might also clean the opsonized remnants of
the already damaged schistosomula. Localization of Iba-1+ and/or MHC I+ cells, revealed by
2D/3D imaging techniques, and enriched FcyR-mediated phagocytosis pathway underpins the
novel hypothesis on microglia/macrophage functions in T. regenti-infected spinal cords.

Finally, we suggest that the M2 polarization promotes repair of the injured nervous tissue.
Astrocyte-mediated IL-6-driven formation of the glial scar, which we observed 14-21 dpi, is
commonly considered the primary mechanism of the nervous tissue repair, also known from
other helminth neuroinfections [22,98,99]. However, M2 microglia/macrophages promote tis-
sue regeneration and remyelination by driving differentiation of oligodendrocytes [100,101].
Chil3, expressed and secreted by M2 cells, promotes oligodendrogenesis [102] and arginase
helps axon regeneration by synthesizing polyamines, such as spermidine [103,104]. Both Chil3
and Argl were massively upregulated in T. regenti-infected spinal cords, and arginase was even
the most abundant protein found in the close proximity to the schistosomula. At the same
time, no signs of demyelination or remarkable tissue pathology were noticed. Thus, we con-
clude that induction of M2 polarization within the infected spinal cord limits extensive pathol-
ogy potentially associated with T. regenti neuroinvasion. Identification of the parasite
molecules responsible for this effect is warranted as they might represent suitable, tissue-spe-
cific immunomodulators applicable against autoimmune or neurodegenerative diseases.

In summary, we present a comprehensive, transcriptome-driven study of the schistosome
invasion into the mouse spinal cord. We revealed a remarkable downregulation of neurophysi-
ological functions, which contribute to motor deficits observed in infected mice. The host
immune response is dominated by eosinophilic inflammation, which eliminates the infection.
A strong M2 polarization evidenced, i.a., by substantial production of arginase, presumably
prevents extensive tissue damage. Due to parasitological, immunological, or pathological simi-
larities with human neuropathogens, T. regenti represents a suitable model for further research
of neuroinfections.

Materials and methods
Ethics statement

Animal experiments were conducted in compliance with the European and Czech legislation
(EU Directive 2010/63/EU, Act No 246/1992). Animal welfare committees of the Faculty of
Science, Charles University, and the Ministry of Education, Youth and Sports of the Czech
Republic approved all experimental procedures (MSMT-33740/2017-2, MSMT-37946/2020-
3). Isoflurane anesthesia followed by transcardial perfusion (exsanguination) were employed
to sacrifice the mice as indicated below.

Animals

C57BL/6JOlaHsd mice (Envigo, Venray, Netherlands) were housed in the Centre for Experi-
mental Biomodels (First Faculty of Medicine, Charles University) or the animal housing facil-
ity (Faculty of Science, Charles University). The mice were kept in groups of 4-10 individuals/
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cage (if not stated otherwise) and provided with food and water ad libitum; food consumption
was monitored on a weekly basis. Infection with T. regenti cercariae was performed at the age
of 8 weeks. Mixed glial cultures were prepared from newborn pups of both sexes, no older
than 48 hours. Light-sheet fluorescence microscopy imaging was performed on organ samples
from MHC II-EGFP C57BL/6] knock-in mice provided by Prof. Jan Cerny (Department of
Cell Biology, Faculty of Science, Charles University).

Parasites and infection of mice

A complete life cycle of T. regenti is kept at the Department of Parasitology, Faculty of Science,
Charles University. Freshwater snails (Radix lagotis) and domestic ducks (Anas platyrhynchos
f. domestica) are used as intermediate and definitive hosts, respectively [19]. Percutaneous
infection of female mice was done according to the well-established “water bath” protocol
using the infection dose of 2000 freshly collected cercariae [22,26,29,41].

Experimental design

A comprehensive investigation was carried out to examine the effects of T. regenti infection on
mice, emphasizing the host immune response and pathology in the CNS (Fig 1). To character-
ize the general/systemic impact of the infection, body and spleen weights were monitored as
well as levels of T. regenti-specific serum antibodies, blood eosinophil counts, and behavioral
alterations of infected mice. Host-parasite interactions in the CNS, especially in the spinal
cord, were then broadly explored by several approaches summarized in Fig 1. Uninfected mice
were always used as a control group, and specific age-matching is shown in Fig 1. The time
points at which the analyses were performed represent distinct phases of the infection [22].

ELISA

T. regenti-specific IgG1 and IgG2a were analyzed in the serum samples (diluted 1:80) of mice
according to [29]. The cut-off value was calculated according to [105] for a 99.9% confidence
level.

Parasite burden in the CNS

Two complementary methods were used to assess T. regenti burden in the CNS. First, we
directly quantified T. regenti schistosomula actively released from the spinal cord, brain stem,
cerebellum, and hemispheres after the organs were torn into 1-2 mm pieces by sharp forceps
in phosphate-buffered saline (pH 7.4; PBS) [26]. The organ suspensions were independently
inspected by three people within 6 hours which is enough for viable schistosomula to leave the
tissue.

Second, we detected schistosomula DNA by a quantitative real-time polymerase chain reac-
tion (PCR) in the spinal cord and hemisphere samples intended for flow cytometry. Specifi-
cally, we used the material remaining in the cell strainers after filtration of the cell suspensions
(~10 mg, see “Flow cytometry” for details). Total DNA was isolated by Exgene Tissue SV
(plus!) (GeneAll; Lisbon, Portugal) using 100 pl of the elution buffer and stored at -20°C.
qPCR was then carried out in iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad)
employing iQ SYBR Green Supermix (Bio-Rad; Hercules, California, USA). Trichobilharzia-
specific Sau3A repetitive sequence was selected as the molecular target, 5-GTGACTTGCTA-
CAGGTTGG-3’ (forward) and 5-GGCAAGCTCGTATACCATTC-3’ (reverse) primers were
used [106] to amplify the PCR product of the expected size of 200 bp. Five pul of eluted DNA
were added into an individual reaction, and each sample was run in a triplicate. UltraPure
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DNase/RNase-free dH,O (Invitrogen; Waltham, Massachusetts, USA) was included as a nega-
tive control, while 10 ng of DNA isolated from T. regenti cercariae (corresponding to the highest
standard, see below) served as a positive control in each run. qPCR amplification was performed
as follows: 3 min at 95°C, 40 cycles of 15 s at 95°C, 15 s at 57°C, 15 s at 72°C, and 1 min at 72°C.
Quantitative cycle values were obtained, and the final parasite DNA calculation was done
according to the standard curve ranging from 10 ng to 1 {g (a series of 10-fold dilution). Melting
curves were always checked to ensure the specificity of the reaction. The cut-off value was calcu-
lated as the mean plus three standard deviations of samples from uninfected mice.

Behavioral tests

Several tests were performed and evaluated by blinded researchers to explore various aspects
of mice behavior (see Table 1 for details). A detailed description of task procedures can be
found in S1 Text. Mice intended for behavioral tests were housed individually. In all the tests,
the apparatuses were cleaned with 70% ethanol and dried after each session.

Histology

Spinal cords were carefully extracted from isoflurane-anesthetized mice perfused by heparin-
ized (10 IU/ml) PBS and 4% paraformaldehyde (PFA). The tissue was post-fixed in 4% PFA
overnight at 4°C, dehydrated, and embedded in paraffin blocks. Five pm thick sections were
prepared and routinely stained with hematoxylin-eosin.

Flow cytometry

Flow cytometry was employed to characterize peripheral and CNS-infiltrating leukocytes in
infected mice. Uninfected mice age-matched to 7 and 28 dpi were used as controls to prevent a
potential age-related bias, especially in the infiltration of the CNS. As no differences were
found (S2 Text), only uninfected mice age-matched to 7 dpi are shown in the main text. The
blood samples were processed individually, but three mice were pooled to obtain adequate and
robust amounts of leukocytes in the CNS samples.

First, the blood was collected from the right atrium of isoflurane-anesthetized mice and
mixed with an equal volume of 10 mM EDTA in PBS on ice. Erythrocytes were lysed with

Table 1. Behavioral testing battery. The tests are listed by their temporal order.

Test

Elevated plus maze

Open field
Beam walking
Bar holding

Marble burying

Novelty-induced
hypophagia

Y-maze
Grid test

Tail suspension
Forced swimming

Footprint analysis

Behavior assessed Parameters analyzed Ref.
anxiety; activity time spent in the open arms; risk assessment behavior; total number of arm visits; [107,108]
total distance walked; looking down behavior
locomotor activity; anxiety total distance walked; time spent in the center of the arena [108-112]
motor coordination time to traverse the beam; error score [109,110,112]
endurance and strength of the tightrope hang time [111]
forelimbs
anxiety proportion of marbles buried to 2/3 [113]
anxiety amount of eaten oat flakes; number of feces; latency to first tasting [108]
spatial working memory; activity proportion of correct triads to all triads (alternation); total number of arm entrances; | [114]
total distance walked
endurance and strength of the time to jump/fall [112,115,116]
forelimbs and hindlimbs
depressive-like behavior immobility duration [112,117]
depressive-like behavior immobility duration [117]

posture and gait characteristics

https://doi.org/10.1371/journal.ppat.1010302.t001

forelimb and hindlimb step length and step width

[116]
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ACK buffer [29] and the remaining cells were processed for flow cytometry. Following the
blood collection, the mice were transcardially perfused with PBS, and the spinal cord, the
brain stem, the cerebellum, and the left hemisphere were extracted and further processed on
ice. The tissues were gently mechanically homogenized, filtered through a 70 pum cell strainer,
and the leukocytes were separated from myelin using 30/70% Percoll (GE Healthcare; Chicago,
Illinois, USA) gradient centrifugation [118]. Specifically, the cells were carefully collected from
the 30/70% Percoll interphase and processed for flow cytometry.

After cell suspensions were prepared, anti-CD16/CD32 antibody (1:100; eBioscience; San
Diego, California, USA; clone 93) was added for 10 minutes, being followed by a mixture of
surface marker antibodies: APC-eFluor 780 anti-CD45 (1:100; eBioscience; clone 30F11);
PE-Cy7 anti-CD11b (1:120; BioLegend; San Diego, California, USA; clone M1/70); FITC anti-
F4/80 (1:100; BioLegend; clone BM8); PE anti-SiglecF (1:80; BioLegend; clone S17007L); APC
anti-Ly6G (1:150; BioLegend; clone 1A8). The cells were stained for 30 minutes at 4°C in the
dark, and Hoechst 33258 (1:22,500; Sigma Aldrich; St. Louis, Missouri, USA) was added 10
minutes before measurement to exclude dead cells. The samples were measured by CytoFLEX
S (Beckman Coulter; Brea, California, USA; BC) using CytExpert (BC) and analyzed in Flow]o
(v. 10.7.1). FMO controls were used for all markers; in the case of F4/80, isotype control was
also included. The gating strategy for each tissue is shown in S2 Text. Cell populations of inter-
est were characterized as follows: microglia: CD45™¢ CD11b*, macrophages/monocytes:
CD45* CD11b* F4/80" Ly6G™ SiglecF™, eosinophils: CD45" CD11b* F4/80* Ly6G~ SiglecF*,
neutrophils: CD45* CD11b* F4/80" Ly6G" SiglecF**™"™4, lymphoid cells: CD45" CD11b".

Transcriptomic analysis

RNA isolation, library preparation, and sequencing. Total RNA was isolated from the
whole dissected spinal cords of infected and age-matched control mice using TRIzol (Invitro-
gen). Four biological replicates per group were processed for each time point. Residual DNA
was removed by TURBO DNA-free Kit (Invitrogen), and the quality and integrity of RNA
were inspected by Bioanalyzer 2100 (Agilent; Santa Clara, California, USA). Pair-end (2x100
bp) sequencing was performed on the BGISEQ-500 platform.

Bioinformatic analysis. Raw reads were inspected for sequencing quality by FastQC (v.
0.11.5) [119], and low-quality nucleotides (Phred quality score <20) were removed using
Trimmomatic (v. 0.39) [120]. Trimmed reads were mapped to transcriptome inferred from
the reference genome (v. GRCm38) using RSEM (v. 1.3.3) [121], and transcripts with mapping
rate >10 expected counts were considered as transcribed. Differential gene expression between
the infected samples and the respective age-matched controls was calculated using DESeq2--
package (v. 1.12.3) [122] in R (v. 3.5.2) at each time point. Transcripts with log,fold change
(log,FC) >2 or <-2 and false discovery rate (FDR) of < = 0.05 were recorded as the differen-
tially expressed. For a global overview of protein classes and metabolic pathways enriched at
each time point, the reference transcriptome was translated using Transdecoder (v. 3.0.1)
[123] and annotated by GhostKOALA (v. 2.2) [124] to KEGG database [125]. Upregulated
(log,FC >2) and downregulated (log,FC <-2) transcripts with KEGG annotation were sub-
mitted to KEGG Mapper online tool to reconstruct metabolic pathways. Enriched metabolic
pathways for each time point were identified by Fisher’s exact test (adjusted p-value <0.05) in
R (v.3.5.2).

Laser capture microdissection and proteomic analysis

Embedding, cryosectioning, and laser microdissection. Cervical, thoracic, and lumbar
spinal cord segments were extracted from mice previously perfused by heparinized (10 IU/ml)
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PBS and 4% PFA. The segments were post-fixed in 4% PFA for 5 hours at room temperature
(RT), washed in PBS for 3x5 min, immersed in Tissue Freezing Medium (Leica; Wetzlar, Ger-
many) for 30 min at RT, and frozen at -80°C. Ten-micrometer sections (CM3050 S Research
Cryostat, Leica) were mounted onto membrane frame slides (MMI; Ecching, Germany) and
stored at -80°C until use.

Laser microdissection was carried out using the MMI SmartCut system (Olympus CKX41
inverted microscope; Olympus SmartCut Plus software). Areas of interest were isolated from
each spinal cord segment with a final volume of 7.5x10° um® [126]. Specifically, the area of
interest was the white matter of each spinal cord segment within up to 100 um around the
schistosomula. The randomly selected white matter of appropriate segments from uninfected
mice was taken as a control sample. The microdissects were stored at -80°C until MS analysis.
It was performed on either merged (cervical, thoracic, and lumbar all together, 7.5x10° um® of
each, n = 4, i.e., 22.5x10° um” of microdissects per a replicate) or separated (n = 3, 7.5x10°
um’ of microdissects per an individual segment replicate) spinal cord segments.

Additionally, the intestinal content of T. regenti schistosomula was also microdissected and
analyzed. The intestinal content of schistosomula from 4 mice was pooled for one sample, and
the experiment was performed in a triplicate. Due to a low yield of the microdissected material,
only 1.3x10° um” of the intestinal content was microdissected per sample.

MS analysis and data evaluation. Microdissects were processed for nanoflow liquid chro-
matography-MS analysis according to [126]. Briefly, proteins were denatured, reduced, and
alkylated in one step using the In-StageTips method [127]. Raw data were processed and quan-
tified with the MaxQuant software (v. 1.6.10.43) with a built-in Andromeda search engine
against the protein databases of M. musculus (downloaded in June 2020 from www.uniprot.
org) and T. regenti (trichobilharzia_regenti.PRJEB4662.WBPS14.protein) downloaded from
the WormBase (parasite.wormbase.org) with parameter settings according to [126]. Quantifi-
cation was performed using the label-free algorithm [128]. Further data analysis was done by
Perseus software (v. 1.6.14.0) [129], where Student’s t-tests with permutation-based FDR cal-
culation (250 randomizations) (FDR = 0.05, SO = 0.1) were performed. Proteins considered to
be reliably identifiable were further annotated and classified into protein groups according to
the KEGG database [125].

Immunohistochemistry

Ten-micrometer cryosections of spinal cords were prepared as already published [26] and
stored at —80°C before use. After tempering, they were washed with PBS, permeabilized with
0.1% (v/v) Triton X-100 in PBS, blocked with 0.1% Triton X-100 1% (w/v) bovine serum albu-
min (BSA) in PBS, and incubated overnight at 4°C with primary antibodies: monoclonal rat
anti-IL-4 (1:40; Abcam; Cambridge, UK; clone BVD4-1D11), monoclonal rat anti-IL-6 (1:200;
Acris antibodies; Herford, Germany; clone MP5-20F3), monoclonal rat anti-MHC II (1:150;
Abcam; clone NIMR-4), polyclonal rabbit anti-arginase-1 (Arg-1) (1:1000; Thermo Fisher Sci-
entific; Waltham, Massachusetts, USA), polyclonal rabbit anti-glial fibrillary acidic protein
(GFAP) (1:1000; Dako; Santa Clara, California, USA), polyclonal rabbit anti-ionized calcium-
binding adaptor molecule 1 (Iba-1) (1:1000; Synaptic Systems; Gottingen, Germany). Negative
rabbit serum was used as a control for Arg-1, GFAP, and Iba-1. The following day, the slides
were washed with PBS, incubated with corresponding secondary antibodies (goat anti-rabbit
F(ab’)2 AlexaFluor 594, goat anti-rabbit F(ab’)2 AlexaFluor 488, goat anti-rabbit Alexa Fluor
488 - all 1:1000; Cell Signaling Technology; Danvers, Massachusetts, USA; and goat anti-rat
Alexa Fluor 568; 1:1000; Abcam) for 60 minutes at RT, washed with PBS and mounted in
Fluoroshield with DAPI (Sigma Aldrich). Slides with detection of Arg-1 were captured by
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NIKON TiE 2 and processed in Image] (v. 1.8). Other slides were captured by Olympus BX51
equipped with Olympus DP-2 camera and processed in Quick Photo Micro (v. 3.0) and Gimp
(v. 2.10.22). Per each time point, 4 mice were used, and at least 3 schistosomula-positive slides
per mouse per antibody combination were analyzed. The mice used for this analysis were
infected independently from other experiments presented herein.

Light-sheet fluorescence microscopy

MHC II-EGFP C57BL/6] knock-in mice were perfused by ice-cold heparinized PBS and 4%
PFA (pH 7.4), and their spinal cords were post-fixed in the PFA overnight at 4°C. The tissue
was cleared in CUBIC-1 solution [25% (w/v) urea, 25% (w/v) Quadrol, 15% (v/v) Triton X-100
(all Sigma-Aldrich) in dH,O] for at least 5 days (or until the tissue was transparent) in the
dark, orbital shaking at 37°C. Afterwards, the tissue was washed [0.5% (w/v) BSA, 0.01% (w/v)
sodium azide, 0.1% (v/v) Triton X-100 in PBS)] in the dark, orbital shaking at 37°C for 5
hours. Washed samples were stained with DRAQ5 (Thermo Fisher Scientific) (1:7500) for 2
days in the dark, rocking at 4°C. Finally, the tissue was incubated in CUBIC-2 solution [22.5%
(w/v) urea, 9% (v/v) triethanolamine (Sigma-Aldrich), 45% (w/v) sucrose, 0.1% (v/v) Triton
X-100 in dH,O; refractive index = 1.47)] at least for 5 days in the dark, orbital shaking at 37°C.
The tissue clearing protocol was adapted from [130] and modified by Jaromir Novak and Jan
Pacles (Department of Cell Biology, Faculty of Science, Charles University). Samples were
mounted in 1% (w/v) low-melt agarose and processed on Zeiss Lightsheet Z.1 using 10x illu-
mination and 20x detection objectives. Data were analyzed and processed in ZEN (black edi-
tion) (v. 9.2.8.54; Zeiss), Arivis (v. 3.1.3; Arivis), and DaVinci Resolve (v. 16.2.7.010;
Blackmagic design). The mice used for this analysis were infected independently from other
experiments presented herein.

Evaluation of the blood-brain barrier integrity

The integrity of the blood-brain barrier was evaluated by the extravasation of Evans blue into
the nervous tissue [131]. The mice were subtly anesthetized (100 mg/kg ketamine, 10 mg/kg
xylazine), and 200 ul of 2% (w/v) Evans blue were injected into a lateral tail vein. After 1 h, the
mouse was transcardially perfused by 40 ml of heparinized (10 IU/ml) PBS and the spinal
cord, brain stem, cerebellum, and hemispheres were isolated and weighed. The tissue was then
mechanically homogenized in 50% of trichloroacetic acid (spinal cords, brain stems, and cere-
bella in 100 pl, hemispheres in 300 ul), centrifuged (20 min, 10,000xg) and the supernatant
was diluted 4-fold with ethanol. The fluorescence intensity was measured at 620/680 nm and
converted to the amount of Evans blue using a standard curve. The mice used for this analysis
were infected independently from other experiments presented herein.

Apoptosis assays

DNA fragmentation, a hallmark of apoptotic cells, was detected on cryosections of the spinal
cords (see “Immunohistochemistry” for preparation) by Click-iT Plus TUNEL Assay with
Alexa Fluor 488 dye (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Then the slides were mounted in VectaShield with DAPI to stain all nuclei and examined by a
fluorescence microscope (Olympus BX51). The images were processed in Image]J, by which
the proportion of TUNEL+ nuclei around and within the schistosomula was calculated and
compared to uninfected mice. Per each time point, 4 mice were used, and at least 2 schistoso-
mula-positive slides per mouse were analyzed. The mice used for this analysis were infected
independently from other experiments presented herein.
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Apoptotic effects of T. regenti antigens were tested in vitro on Neuro2a cell line and primary
mixed glial cultures. Neuro2a were obtained from Ondfej Honc (Department of Physiology,
Faculty of Science, Charles University) and grown in Dulbecco’s modified Eagle’s medium
supplemented by 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin (all from
Lonza; Basel, Switzerland). Mixed glial cultures were prepared from newborn mouse pups and
grown as already described [25]. The cells were seeded into 12-well plates and treated with a
soluble fraction of schistosomula homogenate (5 and 50 pg/ml; see [25] for a detailed prepara-
tion) for 48 hours. Staurosporine (final concentration 0.1 M) was used as a positive control.
Next, the cells were washed by PBS, trypsinized, and stained by Dead Cell Apoptosis Kit with
annexin V-Alexa Fluor 488 and propidium iodide (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The samples were measured by LSR II flow cytometer using Diva
(Becton Dickinson; Franklin Lakes, New Jersey, USA) and analyzed in FlowJo (v. 10.7.1).

Statistical analyses

Statistical analyses and data visualization were conducted in GraphPad Prism (v. 9) if not
already stated otherwise. Particular tests applied are indicated in the figure legends, p-values
<0.05 were considered significant and are indicated as follows: *p<0.05, **p<0.01,
“**p<0.001. The exact p-value is also shown if it was 0.05-0.10. Individual data are presented
within the graphs, or “n” is clearly stated if summary statistics (mean * standard deviation)
were used for better graphical representation.

Supporting information

S1 Table. Spinal cord transcriptomic data.
(XLSX)

S2 Table. Microdissection proteomic data.
(XLSX)

S1 Text. Detailed description of behavioral tests.
(DOCX)

$2 Text. Gating strategies and flow cytometry data not presented in the main text.
(DOCX)

S1 Fig. Behavioral data not presented in the main text.
(TIF)

S2 Fig. Evaluation of the blood-brain barrier integrity by Evans blue in uninfected (0 dpi)
and infected (7 dpi) mice. (A) Representative images of extracted spinal cords and brains. (B)
Quantification of Evans blue in the nervous tissue. Data were evaluated by unpaired t-test, p
values are shown.

(TTF)

S1 Video. Beam walking, uninfected and infected (7 dpi) mice.
(MP4)

$2 Video. Light-sheet fluorescence microscopy, the uninfected mouse (0 dpi).
(MP4)

$3 Video. Light-sheet fluorescence microscopy, the infected mouse (7 dpi).
(MP4)
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$4 Video. Light-sheet fluorescence microscopy, the infected mouse (14 dpi).
(MP4)

§5 Video. Visualization of the virtual box used for quantification of MHC II+ volume
around schistosomula.
(MP4)
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ABSTRACT

The neuropathogenic avian schistosome Trichobilharzia regenti is known to attract large numbers of
eosinophils while being quickly eliminated from mice, its accidental hosts. Therefore, a hypothesis of
eosinophils being the ones responsible for parasite clearance came to life. Eosinophils have, besides
other effects, the ability to form extracellular DNA traps (during a process called ETosis) that were
proven to capture and kill various pathogens. In this project, we tested the reactivity of eosinophils to
T. regenti homogenate (TrAg) and confirmed that adding TrAg to bone marrow-derived eosinophil
culture leads to apoptosis and eosinophil maturation. We have then shown that although apoptosis
occurs, eosinophils also form DNA traps. This suggests that either both trap formation and apoptosis
are induced or both pathways leading to DNA trap formation are stimulated. Moreover, TrAg triggered
mitochondrial ROS production in eosinophils, which could indicate that TrAg induces ETosis via the
well characterized calcium-dependent pathway. Together the presented data form an important first
step in unraveling the interaction between eosinophils and T. regenti.

KEY WORDS
Eosinophil extracellular traps; EETosis; eosinophils; Trichobilharzia regenti
INTRODUCTION

Trichobilharzia regenti is a neuropathogenic avian schistosome usually circulating between water
snails of the genus Radix and waterfowl. However, it can accidentally infect mice where it migrates to
the central nervous system (CNS) and is eliminated within 21 days (Horak et al., 1999; Machacek et al.,
2022). While the parasite itself barely damages the neural structure and functions (Machacek et al.,
2022), it attracts immune cells at large. The infected CNS is predominantly infiltrated with eosinophils
that are hypothesized to be the main player in parasite clearance (Machacek et al., 2022). However,
the possible defensive mechanism of eosinophils during the parasite elimination has not been
established yet.

Eosinophils, like neutrophils, are capable of forming extracellular DNA traps upon encountering various
stimuli. These DNA traps are formed during a process called ETosis, which is a type of cell death. These
traps are not only released in response to bacteria or fungi (Mukherjee et al., 2018; Muniz et al., 2018;
Yousefi et al., 2012), but also against parasites such as Haemonchus contortus and Strongyloides ratti
larvae (Mufioz-Caro et al., 2015; Ehrens et al., 2021b) or Litomosomoides sigmodontis and Dirofilaria
immitis microfilariae (Ehrens et al.,, 2021a). So far, little is known about ETosis in response to
schistosome. While two publications show that the eggs of Schistosoma japonicum, a human
schistosome parasite, can induce neutrophil ETosis (Chuah et al., 2014, Liao et al., 2023), there is only
little data on eosinophils ETosis in response to the adult schistosomes. Extracellular DNA with
eosinophil cationic protein were also observed around Schistosoma sp. (Yousefi et al., 2008) but it has
not been further studied yet. Even though the effect seems to be conserved in the nematode world,
very little is known about other parasites.

The eosinophil extracellular DNA traps can be formed either from nuclear or mitochondrial DNA in
response to different stimuli (Yousefi et al., 2012). During chronic eosinophilic diseases, rather lytic
eosinophils with DNA together with nuclear histone H1 were detected (Ueki et al., 2013, 2016). This
pathway can be stimulated by immunoglobulins, some cytokines or phorbol myristate acetate (PMA),



which then leads to ROS production by NADPH oxidase, nuclear DNA trap formation and ultimately to
cell death (Ueki et al., 2013). This pathway is dependent on NADPH oxidase.

In contrast, when eosinophils encounter bacteria such as Spirocheta sp., they are likely to shoot traps
formed from mitochondrial DNA, which do not necessarily decrease their viability (Mukherjee et al.,
2018; Yousefi et al., 2008). The underlying mechanism has been described only in neutrophils but
empirical evidence shows that the pathways are mostly similar for all granulocytes. For this much faster
DNA trap formation, calcium is needed. The pathway, which can be activated for example by a calcium
ionophore ionomycin, then leads to mitochondrial ROS production and is referred to as calcium-
dependent ETosis pathway (Douda et al., 2015).

The origin of eosinophil DNA traps in response to nematodes has so far only been described for
L. sigmodontis microfilariae where the stimulated eosinophils form mainly mitochondrial DNA traps
(Ehrens et al., 2021a). As for the other parasites, the trap origin is yet unknown. Therefore, here we
tested whether eosinophils undergo ETosis upon stimulation with T. regenti in vitro and if so, which
pathway is responsible for the trap formation.

MATERIALS AND METHODS
Animal housing

C57BL/6J mice originally obtained from Janvier Labs were housed at the animal facilities of the Institute
for Medical Microbiology, Immunology and Parasitology, University Hospital Bonn. Animals were kept
in individually ventilated cages with food and water ad libitum and their wellbeing was checked daily.

Ethics statement

Animal experiments were conducted according to the Directive 2010/63/EU and animal protocols were
approved by the local authorities (Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen register no. 84-02.04.2014.A327).

Experimental setup

Eosinophils were derived from the bone marrow of naive mice. Eosinophils were stimulated with
T. regenti antigen and trap formation was analyzed by florescence microscopy and by DNA
concentration in the supernatant. In addition, the production of mitochondrial reactive oxygen species
(ROS) was measured.

Trichobilharzia regenti antigen (TrAg) preparation

The life cycle of T. regenti is routinely maintained at the Laboratory of Helminthology, Department of
Parasitology, Faculty of Science, Charles University. To prepare the T. regenti schistosomula antigen,
cercariae were collected, transformed to schistosomula and homogenized as described in Machacek
et al., 2016. Briefly, the snails were illuminated to stimulate the cercariae emergence. Cercariae were
then collected, mechanically transformed by passing through a syringe needle and kept in the
schistosome culture medium (prepared according to Machacek et al. (2016)) at 37 °C with 5% CO, for
3 days. After that, the schistosomulum-like stages were homogenized by a sonicator and centrifuged
to remove debris. In the end, protein concentration was determined. Samples were stored at -80 °C
until further use.



Eosinophil culture preparation

Eosinophils were generated from the bone marrow obtained from the hind legs as described in Ehrens
et al. (2021). Briefly, mice were euthanized, the hind legs were removed and bone marrow was
harvested from femurs and tibias. Then, the red blood cells were lysed, the remaining cells were
counted and cultured in eosinophil medium (RPMI 1640, 20% FBS, 1% penicillin/streptomycin, 0.1%
gentamycin, 2.5% HEPES and 1% Glutamax) supplemented with 100 ng/ml stem cell factor (SCF,
Peprotech) and 100 ng/ml FMS-like tyrosine kinase 3 ligand at first (FLT3L, Peprotech). Cell culture
medium was exchanged every other day. After 4 days of culture, eosinophils medium was
supplemented with 20 ng/ml IL-5 (Peprotech) instead of FLT3L and SCF. On day 13 or 14, the eosinophil
purity was checked using flow cytometry. For this, the cells were stained with anti-SiglecF-PE (BD
Bioscences), measured using CytoFLEX flow cytometer and analyzed in CytExpert software v2.5. The
culture was used for experiments if the purity was above 92%.

Immunocytochemistry

To maximize the number of cells incubated with TrAg, polyethylenimine-coated slides were used. Both
slide preparation and staining protocol were adapted from Ehrens et al., 2021 and adjusted. Round
glass slides (170 £5 um) were incubated in a 24-well plate with 400 pl of 0.1% polyethylenimine in
water for 1 hour at 37 °C, washed with dH,O three times for 5 minutes, left to air-dry and finally
sterilized under UV light for 30 min. Then, 2.5x10° cells in 50 pl of Advanced RPMI 1640 medium
containing 1% penicillin, 1% streptomycin (Pen/Strep, Gibco), 0.1% gentamycin (Gibco), 1% L-
glutamine (Gibco), 1% GlutaMAX (Gibco), 2.5% FBS (PAN Biotech) and 20 ng/ml of murine recombinant
IL-5 (Peprotech) (2.5% Eosinophil medium) were added and left to attach for 20 min at room
temperature. After that, 310 pl of 2.5% Eosinophil medium was added and the cells were incubated
for 30 min at 37 °C and 5% COa,. Finally, TrAg (50 pug/ml) was added for 24 hours. lonomycin (1 pg/ml,
Merck) and phorbol-12-myristate-13-acetate (PMA, 50 ng/ml, Invivogen) were used as positive
controls, PBS as a negative control.

After the incubation, the plates were centrifuged (400 g, 10 min, 4 °C), the supernatant was removed
and the samples were fixed with 4% paraformaldehyde (Sigma Aldrich) in PBS for 20 min at room
temperature. Then, the plates were centrifuged and washed with dH;O. Finally, the slides were stained
with 1 um Sytox Orange (Invitrogen) in 0.3 M NaCl, 0.03 M sodium citrate (pH 7) buffer for 20 min in
the dark at room temperature, washed with dH,0 and mounted using Mowiol (Carl Roth) containing
ProLong Live Antifade Reagent (1/50, Invitrogen). Slides were examined and captured using the Axio
Observer 7 from Zeiss. Pictures were analyzed in Fiji (Imagel).

DNA quantification

In a 96-well plate, 1x10° cells were cultured in Advanced RPMI 1640 medium containing 1% penicillin,
1% streptomycin (Pen/Strep, Gibco), 0.1% gentamycin (Gibco), 1% L-glutamine (Gibco), 1% GlutaMAX
(Gibco), 5% FBS (PAN Biotech) and 20 ng/ml of murine recombinant IL-5 (Peprotech) (5% Eosinophil
medium) and stimulated with TrAg (50 ug/ml), ionomycin (1 pg/ml, Merck), PMA (50 ng/ml, Invivogen)
or PBS for 24 hours. The samples were then processed for DNA quantification as described in Ehrens
et al. (2021). Briefly, micrococcal nuclease was added to each well to detach DNA traps from the well.
After 15 min of incubation at 37°C, EDTA was added to stop the nuclease activity. The plates were
centrifuged at 400g, 4°C for 10min and the supernatant containing the DNA traps was collected. The
DNA in the supernatant was immediately quantified using DNA Quant-iT dsDNA Assay Kit, high



sensitivity (Invitrogen) according to the manufacturer’s protocol. The absorbance was measured with
the Tecan Infinite 200 Pro plate reader using excitation/emission wavelengths of 485/535 nm. DNA
was quantified by generating a standard curve using the absorbance values from the standard.

Apoptosis detection

After the supernatant was taken for DNA quantification, the pellets were resuspended in 100 ul of Fc
block (PBS with 1% BSA and 1/1000 diluted rat IgG (ThermoFischer)) and incubated at 4 °C for 30 min.
Then, the plate was centrifuged (400 g, 10 min, 4 °C), the pellets were resuspended in 100 ul anti-
SiglecF-BV421 (1:400, Biolegend) and anti-CD86-PE-Cy7 (1:400, BD Bioscience) in PBS and incubated
for 30 min in the dark at 4 °C. The plate was centrifuged again, supernatant was removed and cells
were stained using FITC Annexin V Apoptosis Detection Kit with Pl (BioLegend) according to the
manufacturer’s protocol. Finally, the cells were measured at LSR Fortessa (BD Bioscience) and the data
were analyzed using FlowlJo v.10.1. Gating strategy is shown in Fig. S1.

MitoSOX assay

For the MitoSOX assay, 1.5x10° cells in 75 pl of 5% Eosinophil medium were plated in black F-bottom
plates. Cells were incubated with 75 pl of MitoSOX (1:500, Invitrogen) in 5% Eosinophil medium for 15
min at 37 °C and 5% CO,. The cells were then washed two times by centrifugation (400 g, 10 min, 4 °C)
and resuspended in 100 pl HBSS (Gibco). Finally, TrAg (50 pg/ml), ionomycin (1 pg/ml, Merck), PMA
(50 ng/ml, Invivogen) or PBS were added, and the recording of the undergoing processes started
immediately using the Tecan Infinite 200 Pro plate reader at 37 °C using bottom read at
excitation/emission wavelengths of 510/600 nm. The signal was recorded every 10 min for 2 hours.

Statistical analysis

One-way ANOVA followed by Dunnett’s test for each treated group against the unstimulated control
was used and the analyses were performed in GraphPad Prism (version 10). P-values <0.05 were
considered significant. The graphs show means with standard deviations or individual values with
medians.

RESULTS
T. regenti antigen stimulates eosinophil activation and apoptosis

Flow cytometry analysis of eosinophils revealed two distinct populations (FSC-low and FSC-high
eosinophils) in the cultures (Fig. 1A). The ratio of these populations changed depending on the stimuli
added. After adding the different stimuli, the relative representation shifted significantly in favor of
“FSC-low” subpopulation (Fig. 1B) with TrAg showing the highest proportion of the FSC-low population.
Both populations were analyzed for their relative expression of CD86, which is a marker of eosinophil
activation (MacKenzie et al., 2001). While FSC-low eosinophils showed an increase in CD86 expression
upon stimulation, the FSC-high subpopulation did not show any significant changes in MFI of CD86
after treatment (Fig. 1C), suggesting that the FSC-low eosinophils are more mature then the FSC-high
cells. FSC-low eosinophils were mostly apoptotic after all treatments; however, significantly more cells
were late apoptotic after treatment with TrAg and PMA. In the case of TrAg, this difference also led to
significantly lower ratio of early apoptotic cells suggesting that TrAg is even more potent in inducing
apoptosis than positive controls compared to untreated cells (Fig. 1C). Progenitors were, on the other



hand, mostly alive. However, adding TrAg to the culture induced early apoptosis in a significant number
of eosinophils after stimulation with TrAg compared to untreated control (Fig. 1C).

In summary, the results show that TrAg induces eosinophil maturation and eosinophil cell death.
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Fig. 1: A: Representative flow cytometry dotplot showing two distinct populations of eosinophils.
B: Relative representation of FSC low and FSC high populations in eosinophil cultures after treatment
with TrAg. PMA and ionomycine were used as positive controls, untreated eosinophils as a negative
control. Graph shows results from 2 experiments. Statistics: separate one-way ANOVAs of mature
eosinophils and progenitors (*** P < 0.001). C: Median fluorescence intensity (MFI) of CD86 and
relative representation of live, early apoptotic, late apoptotic and necrotic cells in FSC low (left
column) and FSC high (right column) after treatment with TrAg. PMA and ionomycine were used as
positive controls, untreated eosinophils as a negative control. Graph shows results from 2
experiments. Statistics: MFl: one-way ANOVA (** P « 0.01), apoptosis: separate one-way ANOVAs of
each cell state (* P < 0.05, ** P =< 0.01, *** P = 0.001).




T. regenti antigen stimulates eosinophil trap formation and mitochondrial ROS production

To investigate if TrAg triggers more than apoptosis, its effect on stimulating ETosis was investigated.
Using fluorescent microscopy, we observed DNA traps released by eosinophils in response to PMA and
TrAg. While PMA, a positive control, induced the release of fibrous DNA traps, the traps in response to
TrAg appeared to be more cloud-like. Untreated cells remained circular with DNA distributed in an
eosinophil-characteristic way (Fig. 2A). To quantify the trap formation, we measured the concentration
of free DNA in the culture medium after adding TrAg or the positive controls PMA and ionomycin.
Consistent with the microscopy data, all treatments stimulated a significant DNA release from the
eosinophils compared to the untreated cells (Fig. 2B).

Furthermore, we used a MitoSOX assay to detect mitochondrial ROS production in response to TrAg,
as mitochondrial ROS is an essential step during the calcium-dependent ETosis pathway. While
ionomycin is known for inducing the Ca?*-dependent ETosis pathway, which involves high amounts of
mitochondrial ROS (Douda et al., 2015), PMA rather triggers the NADPH-dependent pathway with
minimal involvement of mitochondrial ROS formation (Ueki et al., 2016). The results show that TrAg,
PMA and ionomycin induce an increase in mitochondrial ROS in eosinophils in comparison to untreated
cells. In particular, ionomycin induced the highest amount with significantly higher levels of
mitochondrial ROS in eosinophils after 80 min of incubation compared to untreated cells. TrAg also
significantly increased MFI in the beginning and the end of the measurement compared to untreated
cells and the change in MFI was smaller compared to ionomycin. Thus, TrAg may stimulate the Ca?*-
dependent ETosis.
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Fig. 2: A: Representative pictures of eosinophil extracellular traps induced by Trichabilharzia regenti
antigen (TrAg). PMA-treated and untreated cells were used as a positive and negative controls,
respectively. Scale bar: 10 um B: Amount of DNA released into culture medium after 24 hour long
cultivation of eosinophils with TrAg. PMA and ionomycine were used as a positive control,
unstimulated cells as a negative control. Graph shows results of 4 independent experiments, each
performed on 5 wells per treatment. Statistics: one-way ANOVA (*** P < 0.001). C: Mean
fluorescence intensity of Mito50X-stained eosinophils cultivated with TrAg measured during 2 hours.
PMA and ionomycine were used as a positive control, unstimulated cells as a negative control. Graph
shows results of 1 experiment. Statistics: two-way ANOVA (* P < 0.05, ** P <0.01, *** P < 0.001).

DISCUSSION

Although eosinophils are important in eliminating many parasitic infections (Ehrens et al., 2022; Mitre
and Klion, 2021), little is known about their effector mechanisms during parasite clearance. However,
after discovering that eosinophils are also capable of producing extracellular DNA traps (Yousefi et al.,
2008), the research on the effect of these traps on parasites has begun. So far, the effect has been
described for various nematodes (Ehrens et al., 2021b, 2021a; Mufioz-Caro et al., 2015) and once it
was mentioned in case of Schistosoma sp. (Yousefi et al., 2008). Nevertheless, Trichobilharzia regenti,
a schistosome attracting large numbers of eosinophils while being quickly eliminated (Machacek et al.,
2022), therefore an ideal model for studying the effector mechanisms of eosinophils, has been
overlooked.

In this study, we have confirmed with both fluorescent microscopy and free DNA quantification that
T. regenti antigen (TrAg) triggers DNA trap formation in eosinophils. Given that this was already



described for nematodes (Ehrens et al., 2021b, 2021a; Mufioz-Caro et al., 2015), it suggests that the
eosinophil extracellular trap formation is a conserved mechanisms. Similarly, in neutrophils,
extracellular traps have been described for both uni- and multicellular parasites not only in mice and
men, but also in dogs, opposums, pinnipeds and cetaceans (Ehrens et al., 2021b; Guimardes-Costa et
al.,, 2012; Koh et al., 2023; Villagra-Blanco et al.,, 2019). We, however, realize that to prove the
eosinophil extracellular DNA traps capture T. regenti in vivo, we need to perform in vitro experiments
with T. regenti schistosomula and confirm them in an in vivo system.

Under the microscope, the stimulus for the eosinophil trap formation can be distinguished by either
cloud-like appearance (ionomycine) or fiber-like structures (PMA) (Ehrens et al, unpublished data). This
correlates with the different trap formation pathways after using either stimulus (Douda et al., 2015;
Ueki et al., 2016). Given that TrAg triggers rather cloudy trap formation which correlates with Ca%-
dependent pathway triggered by ionomycine (Douda et al., 2015), we decided to further analyze the
pathway stimulated by TrAg.

As afirst step in testing which trap-forming pathway is TrAg-triggered, we performed a MitoSOX assay
detecting mitochondrial superoxides. TrAg, similarly to ionomycin, led to an MFI increase over time
suggesting that TrAg-induced traps might be of mitochondrial origin like those induced by
L. sigmodontis (Ehrens et al., 2021a). However, in case of L. sigmodontis, the DNA origin was studied
as a ratio of nuclear/mitochondrial DNA markers using PCR and by histone citrullination staining
(Ehrens et al., 2021a), which we believe would be necessary to perform in further experiments as well.

If TrAg-induced traps were indeed of mitochondrial origin, eosinophils should remain viable
afterwards, according to literature (Douda et al., 2015; Yousefi et al., 2008). However, our data show
that TrAg induces eosinophil apoptosis. There could be two explanations for this — 1) TrAg triggers
apoptosis in trap-unrelated pathway as we have previously described TrAg induces apoptosis in
fibroblasts and neurons (Parohova et al., unpublished data), or 2) TrAg stimulates both mitochondrial
and nuclear DNA trap formation. Second explanation is supported by lesser MFI change in TrAg-
stimulated eosinophils than in the cells stimulated by ionomycin-stimulated ones where the traps are
of mitochondrial origin (Douda et al., 2015). Furthermore, L. sigmodontis was shown to also induce
both DNA traps (Ehrens et al., 2021a). However, more experiment need to be conducted to determine
the origin.

Taken together, this study presents a promising starting point for evaluating the role of eosinophils in
eliminating T. regenti infection as it shows that TrAg stimulates eosinophil extracellular DNA trap
formation. Further studies need to be conducted to determine the origin of the traps and to test the
effect of the formed traps on the parasite itself both in vitro and in vivo.
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Abstract

The incidences of multiple sclerosis have risen worldwide, yet neither the trigger nor efficient
treatment is known. Some research is dedicated to looking for treatment by parasites, mainly
by helminths. However, little is known about the effect of helminths that infect the nervous
system. Therefore, we chose the neurotropic avian schistosome Trichobilharzia regenti,
which strongly promotes M2 polarization and tissue repair in the central nervous system,
and we tested its effect on the course of experimental autoimmune encephalomyelitis
(EAE) in mice. Surprisingly, the symptoms of EAE tended to worsen after the infection
with T. regenti. The infection did not stimulate tissue repair, as indicated by the similar
level of demyelination. Eosinophils heavily infiltrated the infected tissue, and the microglia
number increased as well. Furthermore, splenocytes from T. regenti-infected EAE mice pro-
duced more interferon (IFN)-y than splenocytes from EAE mice after stimulation with myelin
oligodendrocyte glycoprotein. Our research indicates that the combination of increased
eosinophil numbers and production of IFN-y tends to worsen the EAE symptoms.
Moreover, the data highlight the importance of considering the direct effect of the parasite
on the tissue, as the migrating parasite may further tissue damage and make tissue repair
even more difficult.

Introduction

Multiple sclerosis (MS) is a lifestyle autoimmune disease of the central nervous system (CNS)
with rising incidence and usual onset at the age of 30-40 years (Walton et al, 2020).
Neuroinflammation and neuronal damage are driven chiefly by autoreactive antibodies and
cytotoxic CD8" T cells in human MS or by T helper cells (Thl and Th17) in experimental
autoimmune encephalomyelitis (EAE), the mouse model of the disease (Dendrou et al.,
2015; Attfield et al., 2022). As the cause of MS remains to be definitely determined, the treat-
ment is primarily symptomatic. Considering the autoimmune nature of MS, targeting the
immunopathological processes seems to be a prospective way of mitigating the disease out-
come (Tintore et al, 2019; Hauser and Cree, 2020; Wiendl et al., 2021). While searching
for novel MS treatments, the importance of alternatively activated (M2) macrophages has
been discovered as they may counteract neuroinflammation and promote tissue recovery
(Miron et al,, 2013). For example, lenalidomide, one of the candidate MS drugs, directly pro-
motes M2 polarization, which leads to reduced CNS infiltration by Thl and Thl7 and
decreased tissue demyelination (Weng et al., 2018). Other M2-promoting drugs also proved
efficient against EAE (Che et al., 2022). The beneficial effects of M2 polarization were also
confirmed by the adoptive transfer of M2 macrophages (Chu et al., 2021), indisputably iden-
tifying the M2 pathway as a promising treatment candidate.

To enable survival in the host and reduce tissue pathology, parasitic helminths induce anti-
inflammatory (Th2/M2) or regulatory (Treg) host immune milieu (Maizels et al., 2018).
Hence, their interaction and possible protective effects against MS have been explored in
the mouse EAE model. For example, infection of mice with Heligmosomoides polygyrus,
Taenia crassiceps or Schistosoma mansoni mitigated the course and severity of EAE by promot-
ing the Th2 response counteracting the neuroinflammatory processes (Dixit et al., 2017;
Charabati et al., 2020). Moreover, Finlay et al. (2016) demonstrated the protective effect
mediated by interleukin (IL)-5 and eosinophils in EAE mice treated with excretory-secretory
products of Fasciola hepatica. A similar observation, supporting the role of IL-5 in alleviating
EAE symptoms and inducing CNS-protective Treg cells, comes from mice infected with
Nippostrongylus brasiliensis (Tran et al., 2017). Importantly, although not strong, certain posi-
tive therapeutic effects were also reported from human MS patients infected with hookworms
(Tanasescu et al., 2020). These observations indicate that helminths may initiate various
mechanisms that could improve the course of MS/EAE.

To explore the diversity of helminth-host interactions under the EAE conditions, we
selected the neurotropic avian schistosome Trichobilharzia regenti. Contrary to human
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schistosomes, it migrates through the CNS, being well-adapted to
survive in the nervous tissue (Leontovy¢ et al., 2016). In the inci-
dental murine host, it causes mild, non-fatal pathology and is
eliminated within 21 days post-infection (Hordk et al, 1999;
Machacek et al, 2022). In the spinal cord of experimentally
infected mice, the migrating parasites induce an influx of eosino-
phils and trigger a short-term M1 polarization (Machdicek et al.,
2020). The latter is, however, overwhelmed by massive upregula-
tion of M2 markers no later than 7 days post-infection (Machacek
et al, 2022). Indeed, M2-canonical IL-4 and arginase are pro-
duced in the vicinity of the parasites, with arginase being the
most abundant protein in the parasite-surrounding host tissue.
For such M2-promoting properties, lasting at least up to 21
days post-infection (Machécek et al., 2022), we chose T. regenti
as a suitable candidate for testing its effects on the course of
EAE in mice.

Materials and methods
Animal housing

Female C57BL/6JOlaHsd (ENVIGO) mice were housed in the
Centre for Experimental Biomodels (Charles University, First
Faculty of Medicine) under specific pathogen-free conditions
according to the recommendations of the Federation of
European Laboratory Animal Science Associations. Mice had
unlimited access to food and water.

Experimental design

Eight-week-old mice were randomly divided into 4 groups and
subjected to EAE induction and/or T. regenti (Tr) infection
(Fig. 1). The number of mice per group was n=7 for groups
‘EAE Tr and ‘EAE’; n=3 for groups ‘Ir’ and ‘healthy’. The
mice were weighed during the whole experiment, and the clinical
score was recorded according to Hooke Laboratories (n.d.) (short
version is given in Table 1). If a mouse scored ‘4’ for 2 consecutive
days, it was euthanized for ethical reasons and scored ‘5’ for the
rest of the experiment. This was necessary to perform with 2
‘EAE’ mice and 1 ‘EAE Tr’ mouse in the long-term (LT) experi-
ment with 1000 cercariae and with 2 ‘EAE Tr’ mice and 1 EAE
mouse in the persisting effect (PE) experiment. The samples
were harvested on days 36, when the residuals of the parasites
are still present in the spinal cord, or 49, when the spinal cord
is completely cleared, to examine the LT infection or PE possibly
lingering after parasite clearance, respectively.

EAE induction

EAE was induced in ‘EAE’ and ‘EAE Tr’ mice according to Novak
et al. (2022) on day 0. Briefly, myelin oligodendrocyte
glycoprotein-derived 35-55 amino acid peptide (MOG; 400 pg
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Table 1. Scoring table of clinical symptoms of EAE

Score Clinical observations

0.0 No obvious changes in motor function compared to
non-immunized mice.

0.5 Tip of the tail is limp.

1.0 Limp tail.

15 Limp tail and hind leg inhibition.

2.0 Limp tail and weakness of hind legs.

2.5 Limp tail and dragging of hind legs.

3.0 Limp tail and complete paralysis of hind legs.

35 Limp tail and complete paralysis of hind legs. Mouse is moving
around the cage, but when placed on its side, is unable to right
itself.

4.0 Limp tail, complete hind leg and partial front leg paralysis.

45 Complete hind and partial front leg paralysis, no movement
around the cage.

5.0 Death.

Adapted from Hooke Laboratories (n.d.).

per mouse; APIGENEX, Prague, Czechia) was mixed with com-
plete Freund’s adjuvant containing 1 mgmL™" Mycobacterium
tuberculosis (Sigma Aldrich, St. Louis, USA) in a 1:1 ratio and
injected s.c. in 2 places just above the hip joints near the spine.
Pertussis toxin (500 ng per mouse; Institute of Microbiology,
Czech Academy of Sciences) was injected i.p. on days 0 and 2
of the experiment.

Trichobilharzia regenti infection

With the first symptoms of EAE on day 15, “Ir’ and ‘EAE Tr
mice were infected with T. regenti according to a protocol rou-
tinely used in our laboratory (Machacek et al., 2022). Briefly, cer-
cariae shedding from Radix sp. snails were collected and counted,
and mice were exposed to either 400 or 1000 cercariae in 50 mL of
water in the dark for 1h.

Flow cytometry of the CNS

Mice were anaesthetized with Isoflurin (Vetpharma Animal
Health, Barcelona, Spain) and transcardially perfused with
phosphate-buffered saline (PBS). Cell suspension from the entire
CNS was prepared according to Machacek et al. (2022). Briefly,
the tissue was extracted, gently mechanically homogenized and
filtered through a 70 pum cell strainer. Myelin was separated
from the cells using 30/70% Percoll (GE Healthcare, Chicago,
USA) gradient centrifugation and the cells were collected from
the 30/70% interphase. They were washed with PBS, treated

EAE onset L
I v/a l /A | /A 1
0 15 36 49
Healthy - - Weight, score Weight, score
Tr - Inf. CNS: FC, histology CNS: FC
EAE Ind. - Splenocytes: cytokines Splenocytes: cytokines
EAETr Ind. Inf. Sera: cytokines, 1gG Sera: cytokines,lgG

Figure 1. Experimental design. LT, long-term effect; PE, persisting effect; Tr, Trichobilharzia regenti; Inf., infection; Ind., induction; FC, flow cytometry.
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with anti-CD16/32 antibody for 10 min, transferred to 96-well
U-bottom plates and incubated with a mixture of antibodies against
surface markers (CD4, CD11b, F4/80, Ly6G, SiglecF, CD45) at 4°C
in the dark for 30 min. The cells were washed with PBS, fixed with
a True-Nuclear Transcription Factor Buffer Set (BioLegend, San
Diego, USA) and incubated with a mixture of anti-transcription
factor antibodies (T-bet, RORyT, FoxP3) for 30 min in the dark.
Redundant antibodies were washed with PBS and the cells were
acquired with BC CytoFLEX (Beckman Coulter, Brea, USA).
Data were analysed in FlowJo (v10.8.1, BD Biosciences, San Jose,
USA). Fluorescence minus one controls were used for CD11b,
T-bet and RORyT. The gating strategy is presented in Fig. SI.
Clones and dilutions of the used antibodies are shown in Table S1.

Histological staining

Mice were anaesthetized with Isoflurin and transcardially per-
fused with heparinized PBS (10 IU mL™") and ice-cold 4% for-
maldehyde. The spinal cord was isolated, post-fixed in 4%
formaldehyde, dehydrated and embedded in paraffin. Five micro-
metre slices were prepared and stained with haematoxylin—eosin
and Luxol fast blue as follows. First, slides were hydrated with
xylene and decreasing alcohol series (100, 96, 75%) and kept
for 2h in 0.1% Luxol fast blue (Solvent Blue 38, Sigma Aldrich)
in 96% ethanol with 0.5% glacial acetic acid warmed to 50°C.
After cooling, slides were washed with distilled water, differen-
tiated in 0.05% lithium carbonate in distilled water and washed
again with distilled water. Then they were stained with Ehrlich’s
haematoxylin, washed with water, differentiated in acid alcohol
(0.2% hydrochloric acid in 70% ethanol) and kept in eosin

Barbora Smidova et al.

Y. Finally, slides were washed with water, hydrated in increasing
alcohol series (75, 96, 100%) and xylene and mounted with
Canada balsam (Sigma Aldrich). Slides were then scanned using
Zeiss Axioscan Z1 and analysed in QuPath 0.4.4. Pixel classifica-
tion was used to determine the dyes, while object classification
was used to detect nuclei in the white matter. Both tools were
trained specifically for this dataset. Slides used for analysis were
then observed and captured using an Olympus BX51 with a cam-
era Olympus DP-2 and processed in GIMP 2.10.36.

Splenocyte cultivation and cytokine measurement

Mice were anaesthetized with Isoflurin and transcardially per-
fused with PBS. Spleen was dissected, and splenocyte suspension
was prepared according to Majer et al. (2020). Briefly, the spleen
was homogenized, filtered through a 70 um cell strainer and got
rid of red blood cells with an ACK lysis buffer. Splenocytes
were counted using the Countess Automated Cell Counter
(ThermoFisher Scientific, Waltham, USA). Two million spleno-
cytes per well (2 million cells mL™!) were cultivated in RPMI
1640 supplemented as described in Majer et al. (2020) in 12-well
plates and stimulated with either MOG (10 or 50 ug mL™), conca-
navalin A (1.25 ug mL™) or left untreated for 72 h. Concentrations
of interferon (IFN)-y, IL-17, IL-18, IL-4, IL-5 and IL-10 were
measured in the culture supernatants using ELISA MAX
Standard kits (BioLegend) according to the manufacturer’s proto-
col. The concentration of transforming growth factor (TGF)-f
was measured in the culture media using Mouse TGF-beta 1
DuoSet ELISA (R&D Systems, Minneapolis, USA) according to
the manufacturer’s protocol.
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Figure 2. Probability of survival (left column) and clinical score (right column) of experimental mice during long-term infection with either 400 (‘400 LT’, A) or 1000

T. regenti cercariae (‘1000 LT’, B) or during persisting effect of the infection with 1000 T.

regenti cercariae (‘1000 PE’, C). Yellow triangles indicate when and how

many migrating parasites can be found in the spinal cord. EAE was induced on day 0 in groups EAE Tr (n =7) and EAE (n =7); EAE Tr and Tr (n = 3) mice were infected
with T. regenti on day 15 (indicated by arrows). Healthy mice (n=3) were used as a control. All mice were scored daily. If a mouse was withdrawn from the experi-
ment for scoring ‘4’ for 2 consecutive days, it was scored 5 for the rest of the experiment. Statistics: Kaplan-Meier survival analysis (left column), mixed effects

model of 2-way ANOVA (right column) (**P<0.01).
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Serum analyses

Sera were prepared from blood obtained after anaesthesia with
Isoflurin (prior perfusion) and used for cytokine measurement
and detection of anti-MOG immunoglobulin G (IgG).

Cytokines IL-4, IL-5, IL-10, IL-17 and IFN-y were measured
by Cytokine Bead Array (BD Biosciences) according to the man-
ufacturer’s protocol using BD LSR II (BD Biosciences) and ana-
lysed in FlowJo (v10.8.1, BD Biosciences).

Anti-MOG IgG levels were detected using an Anti-MOG
(35-55) IgG ELISA Kit (Creative Diagnostics, New York City,
USA) according to the manufacturer’s protocol.
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Statistical analysis

According to the number of factors analysed, either 1- or 2-way
analysis of variance (ANOVA) followed by Dunnett’s or Sidak’s
test was used; when the data did not have normal distribution,
the Kruskal-Wallis test was used. The survival rate was calculated
via Kaplan-Meier survival analysis. The analyses were performed
in GraphPad Prism (versions 9 and 10), and P values <0.05 were
considered significant. Data are shown as means with standard
deviations or individual values with medians. If not stated other-
wise, only significance between the EAE and EAE Tr groups are
shown in the graphs.
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v [
0.000-
T T T T
Control Tr EAE EAE Tr

Figure 3. (A) Demyelination and number of nuclei per um? of white matter in the spinal cord of 1000 LT mice. Pixel and object classification was performed on
images of spinal cord sections stained with haematoxylin-eosin and Luxol fast blue. EAE was induced in EAE Tr and EAE mice, groups EAE Tr and Tr were infected
with T. regenti. 1000 LT, long-term infection with 1000 cercariae. Statistics: 1-way ANOVA (*P<0.05, **P<0.01). All significant comparisons are shown for myelin
coverage (left graph). (B) Representative photos of the stained sections used for the analysis. Myelin is stained blue. Scale bars: 50 um. EAE was induced in

EAE Tr and EAE mice, groups EAE Tr and Tr were infected with T. regenti.
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Results

Infection with T. regenti tended to worsen the symptoms of
EAE in mice

Infecting EAE mice with T. regenti (EAE Tr) significantly wor-
sened the clinical score of mice in long-term infections with
400 cercariae (400 LT) compared to EAE mice (Fig. 2A). The
trend was similar when using 1000 cercariae (1000 LT)
(Fig. 2B) and the effect persisted for up to 5 weeks post-infection
(Fig. 2C). EAE Tr mice also tended to have a lower probability of
survival than EAE mice studied for persisting effect of the infec-
tion (1000 PE). On a systemic degree, levels of anti-MOG IgG in
sera were slightly elevated only in the EAE group in 1000 PE
(Fig. S2). The relative weight of EAE Tr vs EAE mice did not
change in any experiment (data not shown), and neither did
the weight ratio of CNS:body nor spleen:body (Fig. S3).

Given that T. regenti is found mostly in the white matter up to
21 days post-infection (Machacek et al., 2020, 2022), we quanti-
fied its myelination and cell infiltration in 1000 LT mice as pos-
sible factors contributing to pathology. Representative photos of
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the spinal cord sections are shown in Fig. 3. A similar level of
demyelination was observed in Tr mice as well as in both EAE
and EAE Tr mice. However, nuclei density in the white matter
was significantly higher in the EAE group compared to the
EAE Tr group (Fig. 3), suggesting that the cellular infiltration is
stronger in the white matter of the EAE group than in the same
tissue of the EAE Tr group.

Trichobilharzia regenti infection increased microglia and
eosinophil numbers in the CNS and eosinophil-related IL-5
levels in the serum of EAE Tr mice

To further describe the infiltrating immune cells, we performed
flow cytometry analysis of the CNS. In timepoints when T. regenti
is still present in the CNS (Machécek et al, 2022), i.e. in 400 LT
and 1000 LT experiments, the numbers of total leucocytes and
microglia, the resident immune cells, were significantly higher
in EAE Tr mice (Fig. 4). However, the relative representation of
microglia was decreased in both EAE and EAE Tr mice in all
experiments, mainly in favour of T «cells or eosinophils
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Figure 4. Flow cytometry analysis of overall number of CD45" cells in the CNS (top-left corner), further focused on myeloid cells (left column) and T-lymphocytes
(right column). EAE was induced in EAE Tr and EAE mice, groups EAE Tr and Tr were infected with T. regenti. Microglia were described as CD45med CD11b*; mono-
cytes/macrophages as CD45" CD11b" F4/80"; eosinophils as CD45" CD11b" SiglecF*; CD4" as CD45" CD4"; Th1 lymphocytes as CD45" CD4" Tbet" and Th17 lympho-
cytes as CD45" CD4" RORyT". 400 LT, long-term infection with 400 cercariae; 1000 LT, long-term infection with 1000 cercariae; 1000 PE, persisting effect of infection

with 1000 cercariae. Statistics: 1-way ANOVA (*P<0.05, **P<0.01, ***P <0.001).
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(Fig. S4). Eosinophils were the non-resident myeloid cells that
most infiltrated the EAE Tr CNS compared to EAE CNS. Their
numbers were rather dependent on the initial infection dose
than the duration of the infection/EAE, as revealed by the com-
parison of 1000 LT and 1000 PE groups (Fig. 4). The eosinophil
influx in EAE Tr mice was accompanied by an increase in serum
IL-5, the cytokine important for eosinophil activation, during
long-term infections (Fig. 5). Moreover, splenocytes obtained
from EAE Tr mice produced more IL-5 after stimulation with
MOG when compared with splenocytes from EAE mice
(Fig. 6). Taken together, the data pointed to the importance of
eosinophils infiltrating the CNS in EAE Tr mice.

CD4" cells infiltrating the CNS of EAE Tr mice were mostly Thl
and Thi7

Given that T lymphocytes cause the pathology of EAE, we focused
on their numbers and phenotype in the CNS, and we also mon-
itored the systemic cytokine profile represented by
MOG-stimulated splenocytes. Flow cytometry analysis of the
CNS revealed a slightly higher influx of CD4" T cells into the
CNS of EAE Tr mice in the 400 LT and 1000 PE groups when
compared to EAE mice. Most of them were either Th1 (Tbet")
or Th17 (RORyT"). A significant difference in Th1 lymphocytes
between EAE Tr and EAE was observed in 400 LT (Fig. 4), and
at the same time, the serum levels of Thl-related cytokines,
namely IFN-y and TNF, were significantly higher in EAE Tr
than in EAE (Fig. 5). Furthermore, EAE Tr splenocytes produced
significantly more IFN-y than EAE splenocytes when stimulated
with MOG in all experiments (Fig. 6).

As for Th17 cells, they infiltrated the EAE Tr CNS significantly
more than the EAE CNS in 400 LT, but the trend was similar in
other experiments as well (Fig. 4). Serum levels of IL-17, the
prominent Th17-related cytokine, were not significantly different
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(data not shown). However, in the 1000 PE experiment, EAE Tr
splenocytes produced significantly more IL-17 than EAE spleno-
cytes after MOG stimulation (Fig. 6).

Treg cells were also detected via flow cytometry of the CNS,
but their numbers were similar in all groups in all experiments
(data not shown). However, we detected a decrease in serum
IL-10 in EAE Tr when compared to EAE in 1000 LT (Fig. 5).
Moreover, TGF-f, another Treg-related cytokine, was produced
less by EAE Tr splenocytes than EAE after MOG stimulation in
1000 PE (Fig. 6). Together the data suggest an important role
of IFN-y and propose slight downregulation of Treg response dur-
ing the infection of EAE mice.

Discussion

As MS is a disease without an effective definitive cure, the
research broadened into studying the possibilities of hel-
minthotherapy. However, most studied helminths do not directly
contact the inflamed CNS. Furthermore, in most cases the para-
site is introduced before or together with EAE meaning only
their prophylactic effect is tested (Dixit et al, 2017). Therefore,
we focused on the therapeutic effect of T. regenti, the neuropatho-
genic schistosome capable of inducing a strong M2 response and
tissue regenerating process in the CNS (Machacek et al,, 2022).
Although the data overall did not reveal a positive impact of the
T. regenti infection on the course of the disease, we managed to
uncover T. regenti-specific relationships between the parasite
and the disease.

The general status of EAE mice (mainly the probability of sur-
vival) tended to worsen with the infection and the length of the
experiment. However, statistical significance was recorded only
in EAE mice infected with a lower infection dose, suggesting a
dose-dependent effect. Presumably, the low number of parasites
reaching the CNS induced only the early-phase inflammation
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Figure. 5. Cytokines measured in sera using cytokine bead assay for flow cytometry. EAE was induced in EAE Tr and EAE mice, groups EAE Tr and Tr were infected
with T. regenti. 400 LT, long-term infection with 400 cercariae; 1000 LT, long-term infection with 1000 cercariae; 1000 PE, persisting effect of infection with 1000

cercariae. Statistics: 1-way ANOVA (*P<0.05, **P<0.01, ***P<0.001).
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Figure 6. Cytokines measured using ELISA in splenocyte culture media after 72 h stimulation with MOG. EAE was induced in EAE Tr and EAE mice, groups EAE Tr
and Tr were infected with T. regenti. 400 LT, long-term infection with 400 cercariae; 1000 LT, long-term infection with 1000 cercariae; 1000 PE, persisting effect of

infection with 1000 cercariae. Statistics: 1-way ANOVA (*P<0.05, **P<0.01, ***P<0.001).

(further described in Machacek et al., 2020) but only a few larvae
remained in the nervous tissue later in the infection when they
induce M2 switch (Machacek et al., 2022). On the contrary, a
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higher infection dose would lead to more larvae and the stimula-
tion of the M2 polarization would be sufficient for counteracting
the inflammatory processes. In general, the dose effect is known,
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e.g. for F. hepatica excretory-secretory products (Finlay et al,
2016, Lund et al., 2016), T. crassiceps larvae (Reyes et al., 2011)
and Trichuris muris which triggers Thl in low-dose infections,
but Th2 in high-dose infections (Hayes and Grencis, 2021).

Another explanation of the observed mild worsening of the
symptoms might be provided by IFN-, a cytokine generally asso-
ciated with inflammation, which was produced in large quantities
by splenocytes incubated with MOG peptide. This cytokine sup-
ports EAE development (Arellano et al, 2015) and can reduce
microglial activation under the EAE conditions (Tichauer et al,
2023). On the contrary, during the later symptomatic phase of
EAE, IFN-y mitigates the disease manifestations (Arellano et al.,
2015) by supporting TGF-f production by microglia (Tichauer
et al., 2023) and depriving the inflammatory response to further
promote Treg function (Furlan et al, 2001). Therefore, during
the longer-term experiments (such as those presented here), the
presence of IFN-y could even be beneficial for the host as it
could prevent chronic EAE exacerbation. Further experiments
using IFN-y-depleted mice would be necessary to test this
hypothesis.

However, the nervous tissue was also infiltrated by many eosi-
nophils which polarize to ‘type 1’ cells when stimulated by IFN-y
(Dolitzky et al., 2021, 2022). These cells have markers similar to
those of M1 macrophages, such as Cd86, Cd53 and Cd36
(Dolitzky et al, 2021). Type 1 eosinophils can produce other
inflammatory cytokines (Sakkal et al., 2016; Dolitzky et al,
2021), and their ability to repair the tissue and stimulate M2
polarization is allayed (Dolitzky et al, 2021, 2022).
Furthermore, eosinophils can forge even more IFN-y (Lucarini
et al, 2017) and create a stimulatory loop and inflammatory
milieu.

Surprisingly, when the parasite products incite the influx of
eosinophils but not the rise of the IFN-y levels, the symptoms
of EAE are milder, especially in short-term settings. This effect
was observed in EAE mice treated with F. hepatica excretory-
secretory products (Finlay et al, 2016). This brings up 2 ques-
tions: (1) Why do eosinophils and IFN-y relieve the EAE symp-
toms separately but not together, which needs to be further
addressed experimentally, and (2) why does T. regenti, but not
F. hepatica, instigate IFN-y production?

To answer the second question, we should consider the tissue
damage caused by the parasite migration. For example, the nema-
tode Toxocara canis, like T. regenti, migrates through the nervous
tissue and otherwise has protective immunomodulatory effects
(Maizels, 2013), but when combined with EAE, it leads to high
levels of IFN-y in the sera and significantly worse symptoms
(Novak et al, 2022). Indeed, there were also other similarities
between these 2 neuropathogens - they both increased the
amount of CD4" cells in the CNS, albeit T. regenti-triggered
increase was not significant. However, in the case of neurotropic
unicellular protists (not causing significant tissue damage), such
as Toxoplasma gondii, the results are opposing. Toxoplasma gon-
dii ameliorates the disease symptoms and decreases the levels of
inflammatory cytokines (Ham et al., 2021), similarly to F. hepat-
ica and other non-CNS-resident parasites (Dixit et al, 2017).
Therefore, we might hypothesize that for experimental EAE hel-
minthotherapy, rather remote immunomodulatory effects asso-
ciated with non-neurotropic helminths would be beneficial as
the neurotropic helminths further damage the nervous tissue
and promote inflammation.

To summarize, the data described above lead us to the follow-
ing hypothesis: when T. regenti enters the spinal cord in the
symptomatic EAE mice, the early pro-inflammatory response to
the parasite (further described in Machacek et al., 2020) combines
with the ongoing EAE-related neuroinflammation. This is further
supported by IFN-y and tissue-infiltrating eosinophils, and the
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parasite-induced immunomodulatory M2-stimulating properties
are not strong enough to overcome this, especially in shorter
and low-dose infections. Furthermore, our research highlights
the necessity of considering the effect of the migrating parasite
itself, especially in a tissue as delicate as the CNS, and supports
the strategy of utilizing the immunomodulatory properties of
the parasite rather on a systemic level.
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4. Discussion

Although T. regenti is known and studied for over 30 years, the mechanism of parasite clearance in the
spinal cord of mice has not been fully unraveled yet despite the parasite being a good candidate for
parasite neuropathology model. In his dissertation thesis, Majer (2023) presented the findings mainly
on lymphoid cells, almost omitting the myeloid cells. Therefore, this thesis is aimed at describing the
role of selected myeloid cells in the elimination of T. regenti schistosomula and tissue repair
mechanisms afterwards. It even takes the topic one step further — it explores the effect of the T. regenti
stimulated cells on the course of multiple sclerosis, an inflammatory disease of the nervous tissue. The
results are presented in 2 publications and 1 manuscript, me being the first author of the manuscript

and one publication. This chapter brings the results together and concludes the findings.

Eosinophils, the parasite killers

The description of the immune response to T. regenti in the spinal cord of mice has so far been scarce
and sometimes contradictory (see Introduction). Yet, they have one thing in common — all studies
(Kolarova et al., 2001; Kourilova et al., 2004; Lichtenbergova et al., 2011) describing the composition
of the immune cell infiltrate in the spinal cord speak of eosinophils. In these studies, eosinophils were
histologically observed between 9 and 14 dpi. In this respect, our complex study (Machacek et al., 2022
= Publication #1) not only quantitatively confirms this data but points to a much bigger importance of
these cells. Following the example of the previous studies, we have performed histological staining of
spinal cord sections containing the migrating parasite. We were able to further describe the process
of eosinophil infiltration of the infected spinal cord. At 7 dpi, the eosinophils were slowly getting to the
tissue. Already at 14 dpi, the cells were reaching and encapsulating schistosomula. The encapsulated
schistosomula were damaged and as the infection went on, at 21 dpi only the remnants of the parasite

were found and the immune cell infiltrate was already fading, being gone by 28 dpi.

To characterize the immune response in all segments of the CNS more specifically, we performed flow
cytometry analysis of the tissue. The results were in accordance with histological pictures but provided
further insight. They showed that the eosinophils are not only around the parasite but the whole CNS
is heavily infiltrated by eosinophils. Comparing the ratio of eosinophils to other immune cells revealed
that after the infection, eosinophils can form more than 50% of the overall immune cell population in

the CNS (Machacek et al., 2022).

The importance of eosinophils in defending the host against a helminthic infection has been shown
over and over again. Sometimes the eosinophils have a necessary supporting role in parasite clearance

(Gazzinelli-Guimaraes et al., 2019; Masure et al., 2013; O’Connell et al., 2011; Svensson et al., 2011),
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in many nematode infection the eosinophils themselves are the killers (Cadman et al., 2014; Ehrens et

al., 2021b, 2021a; Frohberger et al., 2019; Mufoz-Caro et al., 2015; Yasuda et al., 2012).

Eosinophils are mostly known for releasing granules containing various proteins, cytokines and
chemokines. In context of helminthoses, it is important to note that the granule contents can damage
the parasite, induce M2 polarization in macrophages, smooth muscle contraction or mucus production
all of which are a useful host defense (Inclan-Rico and Siracusa, 2018). Granule release occurs in three
ways — piecemeal degranulation, which is usually connected with cytokine release; exocytosis and
eosinophil extracellular trap formation (EETosis), where protein components are more important
(Fettrelet et al., 2021; Inclan-Rico and Siracusa, 2018). Usually, when eosinophil importance is

established for fighting helminths, the specific way of defense is unknown.

However, for H. contortus, L. sigmodontis, D. immitis and S. ratti it was proven that the EETosis is the
effector mechanism (Ehrens et al., 2021b, 2021a; Mufioz-Caro et al., 2015). Yousefi et al. (2008) have
observed the protein connected to eosinophil trap formation around Schistosoma spp. as well but it
has not been further studied. The flukes are generally ommited in the research of EETosis even though
two major model flukes, Schistosoma spp. and F. hepatica, attract eosinophils at large and can be
damaged by them (Escamilla et al., 2016; Frigerio et al., 2020; Malta et al., 2022; Moqgbel et al., 1983;
de Oliveira et al., 2022). Therefore, we decided to test whether the EETosis could be the eosinophil
effector pathway of defense against T. regenti schistosomula, a fluke quickly entrapped by a large

number of eosinophils (Machacek et al., 2022).

In in vitro settings, the bone marrow-derived eosinophils produced extracellular traps upon stimulation
with T. regenti schistosomula homogenate (TrAg) (Smidova et al., unpublished = Manuscript #1)
suggesting the traps could indeed capture and damage the parasite in the CNS. Unfortunately, to
confirm this and compare the results with the published data, we would need experiments with live

schistosomula followed by in vivo experiments.

Furthermore, stimulating eosinophils with TrAg triggered their apoptosis. TrAg-induced apoptosis was
already described in fibroblasts and neurons (Parohova, 2020) but it has not been described why it
happened. For eosinophil apoptosis, two explanations are possible. Either it is the result of a nuclear
DNA trap formation as was described in L. sigmodontis (Ehrens et al., 2021a) or it is an active immune
evasion mechanism of T. regenti similarly to F. hepatica (Escamilla et al., 2016). As our preliminary data
point to a mitochondrial, but not nuclear, DNA trap formation and apoptosis of antigen presenting
cells and T lymphocytes was described for closely related S. mansoni (Chen et al., 2002; Cook et al.,
2011; Prendergast et al., 2015), apoptosis as a T. regenti immune evasion is more plausible. After all,
neuron apoptosis, which might be induced by T. regenti (Machacek et al., 2022), can diminish the

immune response as well as neurons are an important player in innate immunity induction (Deng et
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al., 2024; Saraiva-Santos et al., 2024). Nevertheless, more experiments studying T. regenti-induced

eosinophil apoptosis are necessary to decide the reason for it.

Taken together, we have shown that eosinophils are the main cells infiltrating the CNS after T. regenti
infection, they form the largest part of the inflammatory loci around the schistosomula and that their
appearance in the vicinity of the migrating schistosomula correlate with parasite damage (Machacek
et al.,, 2022 = Publication #1). Therefore, eosinophils likely take on the protective role which was
previously assigned to microglia (Lichtenbergova et al., 2011). Next, we took the first steps in exploring
the possibility of eosinophil extracellular traps being responsible for parasite elimination by proving
TrAg stimulates trap formation in bone marrow-derived eosinophils (Smidova et al., 2024, unpublished
= Manuscript #1). Although the trap part still leaves a lot to explore, it provides a promising preliminary

data pointing to a possible T. regenti-clearing mechanism.

Trichobilharzia regenti as a treatment for multiple sclerosis

Multiple sclerosis, an inflammatory disease of the CNS with rising incidence worldwide, greatly
worsens the quality of life of patients with this diagnosis (WHO). Although there are treatment regimes
available, they are not suitable for all patients and influence the immune system as a whole allowing
a variety of side effects (Miyazaki and Niino, 2022). Therefore, the immunology of the disease is heavily
studied using experimental immune encephalomyelitis (EAE), a laboratory model of multiple sclerosis

(Robinson et al., 2014).

According to recent studies, M2-polarized macrophages are very potent in diminishing the
neuroinflammation and symptoms of EAE (Che et al., 2022; Chu et al., 2021; Mazzon et al., 2016; Sun
et al., 2023). There are already several compounds inducing M2 polarization tested for EAE treatment
with promising results (Che et al., 2022; Wang et al., 2022; Weng et al., 2018). The improvement is
likely due to two effects of M2 macrophages: production of Th2-related cytokines and their tissue
remodeling capacities (Shapouri-Moghaddam et al., 2018). M2 macrophages/microglia produce two
molecules that are very important for regenerating the nervous tissue. Arg-1, a molecule associated
with M2 response the most, induces axon regeneration (Zhang et al., 2020), while Ym1 supports
oligodendrogenesis resulting in the remyelination of the neurons (Starossom et al., 2019). M2-driven
oligodendrogenesis is even provenly the mechanism behind the symptom relief in EAE (Miron et al.,

2013).

In our study presented here as Publication #1, we have shown that Trichobilharzia regenti induces a
strong M2 response in the CNS of mice from 7 dpi onwards. This was first observed on a transcriptomic
level where we detected an upregulation in genes like Arg-1, Chil3I3, /-4 or Tgfb. The expression of

Arg-1 and Chil313, the tissue repairing molecules, peaked at 14 dpi when most of the schistosomula
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are damaged or dead (Koufilova et al., 2004b; Lichtenbergova et al., 2011) and the regeneration

processes can start (Machacek et al., 2022).

The production of Arg-1 and IL-4 was also confirmed immunohistochemically directly in the infected
tissue. Both molecules were detected in close vicinity of the parasite and collocalized with
microglia/macrophage signal. Eventually, all proteins were detected where there once was a
schistosomulum. Moreover, according to proteomics, Arg-1 was the most abundant protein in the
tissue surrounding the T. regenti schistosomulum. Taken together, these data suggest that T. regenti
migrating through the spinal cord supports the M2 polarization and associated tissue regeneration

(Machacek et al., 2022).

Although T. regenti is rarely found in other CNS parts than the spinal cord (see Introduction), the flow
cytometry analysis of the CNS revealed that the immune cell infiltration is similar in all of the segments
(Machacek et al., 2022) suggesting the tissue-repairing molecules are spread through the whole CNS
as well. Taken together, the facts that T. regenti eagerly migrates through the CNS but does not cause
significant damage, quite the opposite, and promotes M2 response efficient in relieving EAE symptoms
and repairing the damage caused by neuroinflammation, made T. regenti a promising candidate for

improving the symptoms of EAE mice via immunomodulation.

Usually, when testing the effect of helminths on the course of EAE, the infection occurs before or
simultaneously with EAE induction (see Introduction). However, MS is rarely diagnosed before the
symptom onset. Therefore, we infected mice with T. regenti on the first day of EAE symptoms to better
simulate patient conditions. Furthermore, to the best of our knowledge, we were only the second team
(the first being Novak et al., 2022) testing the immunomodulatory potential of a neurotropic helminth
which can influence the immune response directly at the site of the disease (Smidova et al., 2024 =

Publication #2).

Contrary to our hypothesis, T. regenti did not decrease the symptom score in EAE mice. Infection with
lower dose of 400 cercariae even significantly worsened the score (Smidova et al., 2024). Similar effect,
only statistically significant in all settings, was also observed in experiments testing the effect of T.
canis on the course of EAE (Novak et al., 2022) but never after the infection with any other tested
helminth residing in the organs of the peritoneum (Donskow-tysoniewska et al., 2012; Finlay et al.,
2016; La Flamme et al., 2003; Wilson et al., 2010). Further experiments are necessary to establish
whether the negative effect is caused only by T. canis and T. regenti or if the infection with neurotropic

helminths is unsuitable for EAE treatment in general.

Nevertheless, tissue analyses provided a valuable insight into the underlying mechanisms. Flow

cytometry analysis of the CNS revealed a significant influx of eosinophil and multiplication of microglia
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after the T. regenti infection of EAE mice. Eosinophilia correlated with IL-5 levels in the sera and in the
culture media of splenocytes stimulated with MOG, the EAE-causing antigen (Smidova et al., 2024).
This was comparable with the effect of F. hepatica infection on the course of EAE where, contrary to

our results, it correlated with milder symptoms after the infection (Finlay et al., 2016).

Similarly, we observed an increase in IFN-y levels in the splenocyte cultures in EAE mice infected with
T. regenti (Smidova et al., 2024) where F. hepatica did not have such effect (Finlay et al., 2016. IFN-y is
a hallmark cytokine of M1 response and in context of eosinophils, it can cause a stimulatory loop
resulting in eosinophils producing IFN-y (Lucarini et al., 2017) and other pro-inflammatory cytokines
(Dolitzky et al., 2022; Sakkal et al., 2016). Furthermore, due to the high IFN-y levels but almost no
difference in M2 cytokines between only EAE mice and EAE mice infected with T. regenti, the high
numbers of microglia were most likely M1-polarized. These then in turn cannot produce
neuroregenerative moleculers Arg-1 and Chil3I3. Lack of these molecules was also supported by
demyelination score which showed no differences between EAE mice and EAE-T. regenti mice. Taken
together, the results suggest that the immunomodulatory properties of T. regenti were not strong
enough to overcome the EAE-related inflammation but accidentally supported the inflammation by

attracting eosinophils and increasing the levels of IFN-y.

To summarize, we have shown a strong M2 response to T. regenti migrating through the spinal cord
from 7 dpi onward. The highlight of this was Arg-1 which was the most differentially expressed gene
from those M2 related while being the most abundant in the proteomic analysis of the tissue
surrounding the schistosomulum. Immunohistochemistry then provided collocalization of Arg-1 with
microglia/macrophages and their invasion of the space occupied by the parasite pointing to a possible
neuroregenerative role of M2 microglia/macrophages (Machacek et al., 2022 = Publication #1). This
hypothesis was then put to test in the setting of a chronic neuroinflammatory disease in mice and was
unfortunately disproven. Nevertheless, the project testing the effect of T. regenti infection on the
course of EAE still provided an important insight into the immune response to the interwined disease

and helminth infection (Smidova et al., 2024 = Publication #2).
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5. Summary

This thesis uncovers the role of myeloid cells in the spinal cord phase of T. regenti infection in mice
while adding more evidence to the importance of eosinophils during neurohelminthoses, in this case
to fight the migrating schistosomula. It also broadens the spectrum of parasites inducing EETosis and
suggests it as a mechanism leading to T. regenti clearance from the CNS of mice. Furthermore, it proves
that M2-polarized microglia/macrophages have crucial role in repairing a damaged nervous tissue.
Finally, the thesis suggests a neurodamaging interplay of IFN-y and eosinophils, and a possible dual

role of eosinophils in the CNS depending on the cytokine milieu.

Specifically, the most important findings of this thesis are:

e Microglia/macrophages in the spinal cord of mice infected with T. regenti are M2 polarized,
therefore the former hypothesis of their involvement in parasite clearance is invalid. Instead,
they seem to play a big part in the tissue regeneration process by producing molecules like
arginase 1 or chitinase 3-like protein which induce neuron regeneration and
oligodendrogenesis, respectively.

e Eosinophils form the biggest part of the immune cell infiltrate in the CNS of mice infected with
T. regenti. Their numbers peak at 14 days post infection when the damaged schistosomula are
usually observed suggesting their involvement in the parasite clearance.

e Eosinophils respond to T. regenti schistosomula homogenate by forming extracellular traps
which are provenly efficient in damaging various nematodes. However, whether this
mechanism is effective against T. regenti as well, remains to be tested.

e T regenti schistosomula homogenate also induce eosinophil apoptosis which could be their
form of immune evasion. Unfortunately, this hypothesis also remains to be examined.

e Mouse infection with T. regenti does not improve the symptoms of experimental autoimmune
encephalomyelitis, the laboratory model of multiple sclerosis. However, the results suggest an
important interplay between eosinophils and IFN-y and point to the importance of considering
the tissue damage caused by the migrating parasite when looking for a parasite capable of

reversing the chronic inflammatory diseases.
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