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Nitric oxide debilitates the neuropathogenic s
schistosome Trichobilharzia regenti in mice,
partly by inhibiting its vital peptidases
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Abstract

Background: Avian schistosomes, the causative agents of human cercarial dermatitis (or swimmer’s itch), die in
mammals but the mechanisms responsible for parasite elimination are unknown. Here we examined the role of reac-
tive nitrogen species, nitric oxide (NO) and peroxynitrite, in the immune response of mice experimentally infected
with Trichobilharzia regenti, a model species of avian schistosomes remarkable for its neuropathogenicity.

Methods: Inducible NO synthase (iNOS) was localized by immunohistochemistry in the skin and the spinal cord of
mice infected by T. regenti. The impact of iNOS inhibition by aminoguanidine on parasite burden and growth was then
evaluated in vivo. The vulnerability of T regenti schistosomula to NO and peroxynitrite was assessed in vitro by viability
assays and electron microscopy. Additionally, the effect of NO on the activity of T. regenti peptidases was tested using

a fluorogenic substrate.

Trichobilharzia

Results: iNOS was detected around the parasites in the epidermis 8 h post-infection and also in the spinal cord 3
days post-infection (dpi). Inhibition of INOS resulted in slower parasite growth 3 dpi, but the opposite effect was
observed 7 dpi. At the latter time point, moderately increased parasite burden was also noticed in the spinal cord.
In vitro, NO did not impair the parasites, but inhibited the activity of T. regenti cathepsins B1.1 and B2, the peptidases
essential for parasite migration and digestion. Peroxynitrite severely damaged the surface tequment of the parasites
and decreased their viability in vitro, but rather did not participate in parasite clearance in vivo.

Conclusions: Reactive nitrogen species, specifically NO, do not directly kill 7. regenti in mice. NO promotes the para-
site growth soon after penetration (3 dpi), but prevents it later (7 dpi) when also suspends the parasite migration in
the CNS. NO-related disruption of the parasite proteolytic machinery is partly responsible for this effect.
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Background

Reactive nitrogen species (RNS), such as nitric oxide
(NO) or peroxynitrite (ONOO™), are essential antimi-
crobial molecules of the innate immunity [1, 2]. Upon
stimulus, inducible NO synthase (iNOS) is activated and

*Correspondence: tomas.machacek@natur.cuni.cz

! Department of Parasitology, Faculty of Science, Charles University,
Prague, Czechia

Full list of author information is available at the end of the article

B BMC

produces NO. It can bind to thiol groups of cysteines
thus diminishing the function and stability of the affected
proteins [3]. Furthermore, NO can couple with super-
oxide giving rise to ONOO™ which is a strong oxidizing
and nitrating compound [4]. Formation of 3-nitrotyros-
ine (3-NT) is a general molecular marker of the nitrosa-
tive stress associated with RNS actions [5]. Besides amino
acids, RNS also react with nucleic acids, unsaturated
lipids or transition metal cations in Fe-S or Zn-S clusters,
which impairs their physiological roles [6]. By targeting
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many diverse biomolecules, cytotoxic effects of RNS con-
tribute to the control of both prokaryotic and eukaryotic
pathogens [1, 2].

RNS-mediated host immune response is indispensable
in fighting many parasitic agents. Apart from the well-
known antimicrobial effects on parasitic protists, e.g.
Leishmania, Toxoplasma, Giardia or Trypanosoma cruzi
[7-10], RNS also participate in the control of infections
caused by multicellular helminths, like schistosomes
(blood flukes). One of the human species with major
importance, Schistosoma mansoni, is prone to be dam-
aged by NO which disrupts mitochondrial ultrastructure
and causes lethal inhibition of aerobic energy metabolism
[11-14]. Accordingly, only the life stages relying mostly
on the mitochondrial respiration (skin and post-lung
schistosomula) are affected by NO in vitro [11, 13, 15,
16]. The protective effect of NO, leading to lower parasite
burden (i.e. number of parasites), was also demonstrated
in control mice in comparison to those with pharmaco-
logical inhibition or gene knockout of iNOS [17, 18]. In
rats, non-permissive hosts of Schistosoma japonicum,
the high innate expression of iNOS was recently shown
to block parasite growth, development of reproductive
organs and egg formation, identifying NO as a key factor
of the inherent resistance [14]. NO was also proposed to
be co-responsible for host protection in mice vaccinated
by S. japonicum calpain [19]. Considering the antipara-
sitic capacity of NO, novel antischistosomal therapeutics
combining the traditional drug praziquantel with NO-
releasing compounds were developed [20].

Apart from schistosomes, the important role of NO
was suggested also in the control of other helminths such
as Trichinella spiralis [21-23], Brugia malayi [24, 25],
Strongyloides venezuelensis [26, 27] and Taenia crassiceps
[28]. However, particular effector mechanisms of NO/
RNS antiparasitic actions remain rather unexplored.

The avian schistosome Trichobilharzia regenti, used
in this study, is closely related to the human blood fluke
species. It infects anatid birds as definitive hosts but also
penetrates the skin of mammals [29]. In humans, cercar-
ial dermatitis (or swimmer’s itch) represents a neglected
allergic condition which develops after repeated expo-
sure to avian schistosomes [30, 31]. Being regarded as
an emerging disease, cercarial dermatitis has substantial
health and economic consequences, especially if out-
breaks afflict recreational bathing areas [32—35].

The host immune response in the skin, the entrance
gate of T regenti, is crucial for halting the invasion.
Cysteine peptidases, such as histolytic 7. regenti cath-
epsin B2 (TrCB2), facilitate penetration of the skin [36].
Within 24 hours post-infection (hpi), neutrophils, eosin-
ophils and macrophages are recruited and entrap the
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parasites [37]. In mice, this reaction eliminates 90% of
the newly transformed schistosomula [37, 38]. The early
phase of the infection is associated with a mixed Type 1/
Type 2 immune response which peaks 7 days post-infec-
tion (dpi) [38, 39].

Interestingly, 10% of schistosomula manage to escape
the initial immune response in the skin and move along
the peripheral nerves towards the spinal cord [40]. They
migrate mostly through the white matter and injure
axons by feeding on neuronal myelin sheaths [41, 42].
The intestinal cysteine peptidases of T. regenti, such as
cathepsin B1.1 (TrCB1.1), degrade myelin basic protein
(MBP), a prevailing constituent of parasite diet [43-45].
The highest parasite burden in the CNS is observed
around 7 dpi when schistosomula are localized mostly
in the thoracic and cervical spinal cord [40, 41]. Neutro-
phils, macrophages and microglia accumulate around the
schistosomula and presumably participate in their killing.
In vitro, microglia and astrocytes were shown to produce
NO after exposure to T. regenti antigens [46]. The neuro-
inflammation peaks 14 dpi and no living schistosomula
are detected in the spinal cord 21 dpi [37, 41]. Taken
together, mammals can effectively control the infection
both in the skin and the spinal cord, but particular effec-
tor immune mechanisms responsible for 7. regenti elimi-
nation are not fully understood.

Here we examined the role of NO in the immune
response of mice infected with 7. regenti. First, we
assessed systemic NO production by analysis of serum
nitrites/nitrates and localized iNOS and 3-NT in the
infected skin and spinal cord. Then we evaluated the
effect of iNOS inhibition on the parasite burden and tis-
sue pathology. To complete our in vivo observations,
we tested the effect of NO and ONOO™ on viability and
ultrastructure of 7. regenti schistosomula and on the
activity of their vital cysteine peptidases, TrCB1.1 and
TrCB2, in vitro. Our results suggest the antiparasitic role
of NO based on the continuous debilitation of the para-
sites rather than on acute cytotoxicity.

Methods

Parasites

The life-cycle of Trichobilharzia regenti is maintained
at the Department of Parasitology, Charles University
(Prague, Czechia) using domestic ducks (Anas platyrhyn-
chos f. domestica) and freshwater lymnaeid snails Radix
lagotis as definitive and intermediate hosts, respec-
tively [29]. The snails were illuminated for 1 h to trigger
the shedding of cercariae, which were then collected,
counted and used for infection of mice or in vitro trans-
formation to schistosomula.
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Infection of mice and collection of tissue samples

Two ways of infection were used to get samples of
infected mouse pinnae or spinal cords for further immu-
nohistochemical analyses.

As for the pinnae, mice were subtly anaesthetized using
ketamine (100 mg/kg) and xylazine (10 mg/kg) and their
pinnae were immersed into a microtube with 500 cercar-
iae in dechlorinated tap water for 30 min. At given time
points (8, 24 and 48 hpi), mice were sacrificed by cervical
dislocation, the infected pinnae were cut off and fixed in
4% (w/v) freshly depolymerized paraformaldehyde (PFA)
in 0.1 M phosphate-buffered saline (PBS; pH 7.4) over-
night at 4 °C.

To obtain the spinal cords, mice were infected by expo-
sure to 2000 cercariae in a 50 ml water bath for 1 h. At
the desired time points (3, 7, 14 and 21 dpi), mice were
anaesthetized by inhalation of isoflurane, transcardially
bled out and perfused by heparinized (10 IU/ml) PBS
and 4% PFA. The spinal cord was carefully extracted and
post-fixed in 4% PFA overnight at 4 °C.

In both cases, 8-week-old females of C57BL/6JOlaHsd
mice (Envigo, Venray, Netherlands) were infected and
uninfected individuals of the same age were used as a
control group (referred to as “0 hpi” or “0 dpi”).

Measurement of serum nitrites/nitrates

The blood was collected prior to the perfusion right
after cutting the right atrium. The undiluted serum sam-
ples obtained after centrifugation of clotted blood were
deproteinized by filtration through the Amicon Ultra-0.5
Centrifugal Filter Unit, 10 kDa (Merck Millipore, Burl-
ington, USA). The concentration of nitrites/nitrates,
degradation products of NO, was measured by Nitrate/
Nitrite Colorimetric Assay Kit (Cayman Chemicals, Ann
Arbor, USA) according to the manufacturer’s instruc-
tions. Briefly, the samples were treated by nitrate reduc-
tase for 3 h and then the Griess reagent was added. After
10 min, the absorbance was read at 550 nm. The analyte
concentration was calculated according to the standard
curve.

Immunohistochemistry

After fixation, the pinnae and spinal cords were washed
with PBS, gradually saturated by 10, 20 and 30% (w/v)
sucrose in PBS and embedded in Tissue Freezing
Medium (Leica Biosystems, Nussloch, Germany). Ten-
micrometre sections were prepared (Leica Biosystems
CM3050S cryostat) and used for immunohistochemical
detection of iNOS and 3-NT. After rinsing with PBS, the
sections were treated by 0.1% (v/v) Triton X-100 and 1%
(w/v) bovine serum albumin (BSA) in PBS for 60 min.
Antigen retrieval was performed by 1% sucrose in PBS
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treatment for 24 h at 4 °C [47]. After washing, the sec-
tions were incubated with primary antibodies (rabbit
anti-mouse iNOS, polyclonal, 1:500, Thermo Fisher Sci-
entific, Waltham, USA; mouse anti-3-NT, clone 39B6,
1:200, Abcam, Cambridge, UK) diluted in 0.1% Triton
X-100 and 1% BSA in PBS overnight at 4 °C. Correspond-
ing fluorescently labelled secondary antibodies were
added for 1 h (goat anti-rabbit Alexa Fluor 594, donkey
anti-mouse Alexa Fluor 488; both 1:1000, Thermo Fisher
Scientific). Finally, the sections were washed with PBS,
mounted in VectaShield with DAPI (Vectors Labs, Burl-
ingame, USA) and observed by a fluorescence microscope
(BX51, Olympus, Tokyo, Japan). Quick Photo Micro 3.0
and GNU Image Manipulation Program v.2.8. were used
to acquire and process the images.

Aminoguanidine treatment
Aminoguanidine hydrochloride (AG; Sigma-Aldrich, St.
Louis, USA), the inhibitor of iNOS, was intraperitoneally
administered to mice (60 mg/kg in 100 pl of sterile saline
solution) daily starting on the day preceding the infection
and finishing a day before the desired time points (see
below). The dose causes 85% inhibition of the lipopol-
ysaccharide-induced increase in total plasma nitrite/
nitrate concentration and is safe for mice [48]. Control
mice received the sterile saline solution only and were
infected in the same manner. At the desired time points
(18 hpi for pinnae samples, 3 and 7 dpi for CNS samples),
both control and AG-treated mice were anaesthetized by
isoflurane and bled out. Individual pinnae or spinal cords
and cerebella were extracted and separately torn apart by
sharp forceps in the PBS. Schistosomula were then col-
lected under a stereomicroscope, counted, fixed with hot
water and measured (Quick Photo Micro 3.0).
Additionally, the effect of AG treatment on the nerv-
ous tissue myelination was examined 0 and 7 dpi. Spinal
cords of control and AG treated mice were processed for
immunohistochemistry following the aforementioned
protocol. Rabbit anti-mouse MBP polyclonal antibody
(1:1000, Thermo Fisher Scientific) was used and sucrose
antigen retrieval was not performed for this staining.

Peptidase activity of recombinant T. regenti cathepsins B
after treatment by NO/ONOO™ donors

The lyophilized recombinant T. regenti cathepsin Bl.1
and B2 (rTrCB1.1 and rTrCB2, respectively), produced
in Pichia pastoris and purified as already published [36,
43], were received from H. Dvordkovad and L. Mike$
(Department of Parasitology, Charles University, Prague,
Czechia). After reconstitution in 0.1 M acetate buffer (pH
5.0), the concentration of the cathepsins was measured
by Quant-iT Protein Assay Kit (Thermo Fisher Scientific).
Their peptidase activity was then examined by hydrolysis
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of the synthetic fluorogenic substrate Z-Phe-Arg-AMC
(Bachem, Bubendorf, Switzerland) as described before
(36, 43, 44].

In particular, 0.3 pg of the cathepsin in 0.1 M acetate
buffer (pH 5.0) was mixed with 100 pl of the substrate
(final concentration 25 pM) to form the total reaction
mix volume of 200 pl. To examine the effect of NO and
ONOO™ on cathepsin peptidase activity, the cathepsins
were preincubated with NOR-3 (10, 1 and 0.1 uM; Cay-
man Chemical) and SIN-1 (10, 1 and 0.1 uM; Cayman
Chemical), both dissolved in dimethyl sulfoxide (DMSO),
for 30 min prior to addition of the substrate. As a posi-
tive control of cathepsin peptidase activity inhibition, the
samples were pre-treated by 20 pM E-64 (an irrevers-
ible inhibitor of papain-like cysteine peptidases; Sigma-
Aldrich) for 30 min. Mock controls (DMSO instead of the
donor) and background controls (acetate buffer instead
of the enzyme) were also included.

The experiment was performed in 96-well black flat-
bottom plates (Nunc, Thermo Fisher Scientific) at room
temperature. The release of fluorogenic AMC from the
substrate was measured by Infinite M200 fluorometer
(Tecan, Miannedorf, Switzerland) at 24 °C in a 30 min
kinetic cycle (2-min intervals). The increase of rela-
tive fluorescence units (RFU) in time (ARFU/min) was
assessed and the activity of each sample was expressed in
relation to the untreated group [44].

In vitro preparation of schistosomula and treatment by NO/
ONOO™ donors

Schistosomula were prepared by mechanical in vitro
transformation as described before [46, 49]. Briefly,
freshly collected cercariae were concentrated on
ice, washed with sterile PBS and passed through the
23G-syringe needle 20 times to detach the tails. After
washing, the parasites were grown in the schistosome
cultivation medium (SCM; prepared according to Basch
[50], using 1% (w/v) BSA instead of serum) for 18 h at 37
°C and 5% CO, and proceeded for treatment by NO or
ONOO™ donors.

Schistosomula were treated by NOR-5 (0.1 and 0.5 mM;
Enzo Life Sciences, Farmingdale, USA) and SIN-1 (1.5
and 3 mM), which release NO and ONOOT, respectively.
Thirty schistosomula per well were treated in a 24-well
plate with 0.5 ml of the medium for 48 h. NOR-5-treated
schistosomula were cultivated in SCM, but for those
exposed to SIN-1, the medium was changed to M199
(Thermo Fisher Scientific) supplemented by 0.1% (w/v)
glucose, 1% (w/v) BSA and antibiotic-antimycotic solution
(100 U/ml penicillin, 0.1 mg/ml streptomycin, 0.25 pg/
ml amphotericin B; Sigma-Aldrich). This was necessary
to prevent unwanted production of hydrogen peroxide
resulting from the interaction between HEPES (present in
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SCM) and SIN-1 [51]. Both NOR-5 and SIN-1 were dis-
solved directly in the respective medium. Untreated schis-
tosomula were used as a negative control group.

Assessment of schistosomula viability after treatment

by NO/ONOO™ donors

Two approaches, methylene blue staining [52] and quan-
tification of lactate production [53], were employed to
concurrently evaluate the viability of schistosomula after
NOR-5 or SIN-1 treatment.

Medium samples (100 pl) were collected and filtered
through the Amicon Ultra-0.5 Centrifugal Filter Unit,
10 kDa (Merck Millipore). The concentration of lactate
in the deproteinized samples (diluted 1:49 in the lactate
assay buffer) was measured by fluorometric L-Lactate
Assay Kit (Abcam) according to the manufacturer’s
instructions. The experiment was performed in 96-well
black flat-bottom plates (Thermo Fisher Scientific) and
the fluorescence release was measured by Infinite M200
fluorometer (Tecan) using 535/590 nm excitation/emis-
sion filters. The concentration of lactate was calculated
according to the standard curve.

Schistosomula remaining in the wells were rinsed in
PBS and stained 10 min by 0.15% (w/v) methylene blue,
which was added 1:1 (final concentration 0.075%). After
washing in PBS, the schistosomula were examined under
the stereomicroscope. Schistosomula with more than half
of the body stained in blue were considered dead.

Additionally, motility of NOR-5-treated schistosomula
was analyzed by the open-source Image]J plugin wrMTrck
(www.phage.dk/plugins/wrmtrck.html, [54, 55]). Specifi-
cally, the number of individual schistosomula body con-
tractions was enumerated in 30-s movies captured by the
camera (DP70, Olympus, Tokyo, Japan) attached to the
inverted microscope (IX50, Olympus, Tokyo, Japan).

Examination of NO/ONOO™-treated schistosomula

by electron microscopy

Schistosomula dedicated to examination by scanning
(SEM) or transmission (TEM) electron microscopy
were rinsed 3 times for 10 min in 50 mM HEPES wash-
ing buffer (pH 7.0, osmolality 280 mOsm/kg adjusted
by NaCl), fixed in 2.5% glutaraldehyde in HEPES wash-
ing buffer overnight at 4 °C and then post-fixed with 4%
osmium tetroxide in HEPES washing buffer in 1:1 ratio
(final concentration 2%) for 1 h at room temperature.
After excessive washing 3 times for 10 min by HEPES
washing buffer, the schistosomula were dehydrated in
the increasing ethanol series (30, 50, 70 and 80% ethanol,
each step for 10 min; 90, 96 and 3x 100% ethanol, each
step for 5 min). Dehydration was terminated by 100%
acetone 3 times for 5 min.
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In the end, schistosomula for SEM were dried by criti-
cal point dryer (CPD 030, Bal-Tec, Pfiffikon, Switzer-
land), coated with gold using a sputter coater (SCD 050,
Bal-Tec, Pfiffikon, Switzerland) and observed by SEM
JEOL 6380 LV. Schistosomula for TEM were embedded
into Spurr epoxy resin (Sigma-Aldrich) through increas-
ing acetone:Spurr solution series (3:1 for 2 h, 1:1 for 4 h,
1:3 overnight, pure Spurr for 12 h) and after final centrif-
ugation in Beem capsules, the samples were polymerized
in fresh Spurr for 48 h in 60 °C. Afterwards, thin sections
(60-70 nm) were prepared onto standard copper elec-
tron microscopy grids and observed by TEM (JEOL 1011,
JEOL, Tokyo, Japan).

Statistical analyses

Mann-Whitney test was used to evaluate differences
between two groups, while one-way analysis of variance
(ANOVA) followed by Siddk’s or Dunnett’s test was
applied for comparison of more than two groups. Brown-
Forsythe ANOVA and Dunnett’s T3 test were employed
for comparison of groups with unequal standard devia-
tions and Kruskal-Wallis test was applied if data were not
distributed normally. To examine the effects of both time
and treatment, two-way ANOVA followed by Sidak’s test
was used. Categorical data were assessed by Fisher’s exact
test. The analyses were performed in GraphPad Prism
(version 8.3) and P-values < 0.05 were considered signifi-
cant. Whiskers in box-and-whisker plots indicate mini-
mum/maximum values.

Results

Trichobilharzia regenti triggered NO production in the skin
and 3-NT formation in the spinal cord

We first assessed the presence of iNOS and 3-NT in the
skin and the spinal cord which are affected by T. regenti
migration. The parasite successfully entered the skin and
schistosomula were detected in the upper layers of epi-
dermis 8 hpi. A strong iNOS signal was observed in the
epidermal cells around 80% of schistosomula and also in
the adjacent skin superficial area (Fig. 1). Later, schistoso-
mula moved to the dermis and were surrounded by mas-
sive clusters of infiltrating leukocytes 24 and 48 hpi, but
no iNOS signal was detected (Fig. 1). Considering 3-NT,
no signal was noticed in the skin at any of the examined
time points.

In the spinal cord, the iNOS signal was localized in
the vicinity of 60% of schistosomula 3 dpi. However,
it was slightly weaker than in the skin and it vanished
before 7 dpi (Fig. 2). On the contrary, the 3-NT sig-
nal started to appear in the nervous tissue close to
schistosomula 7 dpi and was most prominent in 90%
of the samples from 14 and 21 dpi. It exhibited (peri)
nuclear distribution within the cells surrounding the
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schistosomula (Fig. 2). Furthermore, a rising propor-
tion of 3-NT-positive schistosomula was observed as
the infection proceeded. Specifically, 14% and 44% of
schistosomula contained 3-NT signal 7 and 21 dpi,
respectively. A summary and statistical evaluation of
iNOS and 3-NT signal frequencies at different time
points is provided in Additional file 1: Table S1.

The concentration of serum nitrites/nitrates did not
change significantly throughout the infection (Addi-
tional file 2: Figure S1).

iNOS inhibition moderately increased T. regenti burden

in the spinal cord 7 dpi and ambiguously affected parasite
growth

To evaluate the role of NO in control of T. regenti infec-
tion, we inhibited iNOS by AG and examined the mice
18 hpi, 3 and 7 dpi. Early after the infection, control
and AG-treated mice had similar parasite burden (i.e.
number of schistosomula) in the pinnae 18 hpi (Fig. 3a)
and spinal cords or cerebella 3 dpi (Fig. 3b). Later, 7 dpi,
most of the schistosomula were localized in the spinal
cord in control mice and only a few of them reached
the cerebellum (Fig. 3c, blue boxplots). However, mod-
erately increased parasite burden was observed in the
spinal cord of AG-treated mice (Siddk’s multiple com-
parisons test: P = 0.0521) but the effect was absent in
the cerebellum (Fig. 3¢, red boxplots).

Considering the size, schistosomula from AG-treated
mice were comparable to those from control mice 18 hpi,
but were surpassed by the latter 3 dpi (Siddk’s multiple
comparisons test, length: P = 0.0046, width: P < 0.0001)
(Fig. 3d, e). On the contrary, significantly larger (Sidak’s
multiple comparisons test, length: P < 0.0001, width: P =
0.0003) schistosomula were found in AG-treated mice 7
dpi (Fig. 34, e).

AG treatment did not alter schistosomula localization
within the spinal cord tissue, their distribution in spinal
cord segments or demyelination of adjacent nervous tis-
sue (Additional file 3: Figure S2).

NO decreased activity of T. regenti essential peptidases in
vitro

As the previous results indicated different parasite bur-
den and schistosomula size in AG-treated mice, we tested
the effect of NO and ONOO™ on the activity of rTrCB1.1
and rTrCB2, essential histolytic and digestive peptidases
of T. regenti.

Incubation with 10 pM NOR-3, the NO donor, sig-
nificantly decreased the peptidase activity of rTrCB1.1
and rTrCB2 to 15.8 + 10.5% and 26.1 + 6.6% (both
Dunnett’s T3 multiple comparisons tests: P < 0.0001),
respectively (Fig. 4, orange boxplots). In both cases, the
peptidase activity negatively associated with the actual



Machacek et al. Parasites Vectors (2020) 13:426

Page 6 of 14

DAPI

INOS 3-NT

Fig. 1 Immunolocalization of inducible nitric oxide synthase (iNOS) a 3-nitrotyrosine (3-NT) in pinnae of mice infected with Trichobilharzia regenti.
The iNOS signal (red) surrounded the penetrating schistosomula 8 h post-infection (hpi) and spread also in the adjacent epidermal area (white
arrow). Leukocytes infiltrated the lesion 24 hpi, but neither INOS nor 3-NT signals were detected at this or later (48 hpi) time points. The space
occupied by schistosomula is marked with white line in DAPI images. Three mice per time point and at least two schistosomula-positive slides
per mouse were analyzed. The faint red signal observed 24 and 48 hpi represents a non-specific binding of the rabbit polyclonal antibody to the
schistosomula and was observed also in control samples incubated with negative rabbit serum (not shown). Scale-bars: 50 um

concentration of nitrites, degradation products of NO
released from NOR-3 (Additional file 4: Figure S3).

As for SIN-1, the ONOO~™ donor, an increase of
rTrCB1.1 peptidase activity to 130.9 & 19.9% (Dunnett’s
T3 multiple comparisons tests: P = 0.0204) was noticed
after incubation with 0.1 pM SIN-1; the similar trend
was also observed in the case of rTrCB2 (Dunnett’s T3
multiple comparisons tests: P = 0.0898) (Fig. 4, orange
boxplots). Incubation of both cathepsins with higher
concentrations of SIN-1 suggested declining of the

peptidase activity but the results were rather variable and
non-conclusive.

ONOOT, but not NO, reduced viability and damaged
ultrastructure of T. regenti schistosomula in vitro

To examine the direct effects of RNS on schistosomula,
they were cultivated with NOR-5 and SIN-1, donors of
NO and ONOOT, respectively. After 48 h, their viabil-
ity was evaluated as well as changes in topography and
ultrastructure.
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DAPI INOS 3-NT merge

14 dpi 7 dpi 3 dpi 0 dpi

21 dpi

Fig. 2 Immunolocalization of inducible nitric oxide synthase (iNOS) a 3-nitrotyrosine (3-NT) in the spinal cord of mice infected with Trichobilharzia
regenti. The iNOS signal (red, pointed by white arrow) surrounded schistosomula 3 days post-infection (dpi). The signal of 3-NT (green) started to
appear 7 dpi and was more frequent 14 and 21 dpi. It was localized within the cells surrounding the schistosomula as well within the schistosomula
internal tissues. The space occupied by schistosomula is marked with white line in DAPI images. Three mice per time point and at least two
schistosomula-positive slides per mouse were analyzed. Similarly to Fig. 1, the non-specific binding of the rabbit polyclonal anti-iINOS antibody to
the schistosomula was observed. Scale-bars: 50 um

Treatment of schistosomula by NOR-5 did not alter  0.0001). The actual concentration of nitrites, degrada-
their viability (Fig 5a, orange boxplots), but it increased  tion products of NO released from NOR-5, present in
their production of lactate in a dose-dependent manner the medium are provided in Additional file 5: Figure
(Fig. 5b, orange boxplots; ANOVA: F, 5;) = 32.28, P < S4. No changes in schistosomula motility were noticed
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Fig. 3 Effects of inducible nitric oxide synthase (iNOS) inhibition by aminoguanidine (AG) on Trichobilharzia regenti infection in mice. No effect on
parasite burden was observed 18 h post-infection (hpi) in the skin (@) and 3 days post-infection (dpi) in the spinal cord (b). However, moderately
increased parasite burden was noticed in the spinal cord, but not cerebellum of AG-treated mice (red boxplots) 7 dpi in comparison with the
control group treated by phosphate-buffered saline (PBS; blue boxplots) (). The graphs a-c show pooled data from two experiments, each using
five mice per group. Schistosomula isolated from AG-treated mice were shorter (d) and thinner (e) than those from control mice 3 dpi, but the
opposite was observed 7 dpi. For each time point, 36-56 schistosomula fixed in hot water were measured. Data were evaluated by Mann-Whitney
test (a) or two-way ANOVA followed by Sidak’s test (b—e); **P < 0.01, ***P < 0.001

(Additional file 6: Figure S5). On the contrary, treat-
ment by 1.5 mM SIN-1 reduced schistosomula viabil-
ity to 35.5 & 9.9% and 3 mM SIN-1 always killed all of
them (Fig. 5a, green boxplots; ANOVA: F, o = 205.6,
P < 0.0001). No changes in lactate production were
noticed in 1.5 mM-treated schistosomula, but it was
significantly diminished after treatment by 3 mM SIN-1
(Fig. 5b, green boxplots; ANOVA: F, 3, = 38.86, P <
0.0001).

The effect of NO and ONOO™ on schistosomula was
also examined by SEM and TEM. While NOR-5 treat-
ment did not cause any ultrastructural or surface changes
(Additional file 7: Figure S6), remarkable alterations were
observed after cultivation of schistosomula with SIN-1
(Fig. 6). Small holes appeared in the surface tegument
and the tegumental spines were disordered and more
submerged in schistosomula treated by 1.5 mM SIN-1
than in control ones. Furthermore, blebs usually found

on the tips of the spines were less numerous in this group
(Fig. 6a, b). Surprisingly, these defects were not noticed
in TEM examination (Fig. 6d, e).

Apart from the minor surface alterations seen in 1.5
mM SIN-1-treated group, severe tegumental disruption
was observed in schistosomula treated with 3 mM SIN-1.
In particular, the tegument was locally cracked and par-
tially or fully peeled off uncovering the underlying basal
lamina (Fig. 6¢). Sometimes even the structure of cir-
cular muscle fibres, localized beneath the basal lamina,
emerged in distinct stripes. TEM observation revealed
vacuolization, disintegration of the tegument and its
separation from the basal membrane (Fig. 6f). Further-
more, loss of integrity and electron density was evident in
internal tissues. Also, subtegumental mitochondria were
damaged exhibiting vacuolization, disruption of inner
membranes and distortion of cristae (Fig. 6f, inset).
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Discussion
Avian schistosomes cannot survive in mammals [56—
58], but the mechanisms involved in infection control
are unknown. Here we examined the role of NO in the
immune response of mice experimentally infected with T.
regenti. It is the prevailing model species of avian schis-
tosomes and the causative agent of human cercarial der-
matitis [34] distinguished also for its neuropathogenicity
[37, 41].

Skin is the first barrier that T. regenti must breach.
Neutrophils are recruited into the dermis 4-6 hpi,

eosinophils and macrophages appear 18-20 h later [37].
Corroborating with these findings, we observed massive
infiltration of leukocytes enclosing the schistosomula in
pinnae 24 and 48 hpi. A similar reaction, accompanied
by increased expression of iNOS, was also noticed in the
skin of S. mansoni-infected mice immunized by attenu-
ated cercariae [59]. Although the recruited leukocytes
are commonly capable of NO production, Ramaswamy
et al. [59] assumed that rather the skin resident cells pro-
duced NO. This assumption is consistent with our direct
observation of iINOS exclusively in the upper layers of the
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Fig. 5 Viability of Trichobilharzia regenti schistosomula after 48-h treatment by donors of nitric oxide or peroxynitrite. Nitric oxide was released
from NOR-5 (0.1 and 0.5 mM) and peroxynitrite from SIN-1 (1.5 and 3 mM). The viability was assessed by methylene blue staining (a) and analysis
of lactate production (b). NOR-5 treated schistosomula (orange boxplots) remained mostly unstained, i.e. viable, but they increased production
of lactate in a dose-dependent manner. However, schistosomula treated by SIN-1 (green boxplots) evinced decreased viability as well as reduced
production of lactate. The graphs show pooled data from three experiments, each performed in quadruplicates. Data were evaluated by one-way
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epidermis 8 hpi, suggesting that keratinocytes produced action of parasite excretory-secretory products (ESP)
NO early after the infection. It is likely a non-specific  released during penetration cannot be entirely excluded
reaction to the parasite-driven skin injury, which might since S. mansoni cercarial ESP did trigger pro-inflamma-
improve the healing process [60, 61]. However, a specific  tory cytokines in murine keratinocytes [62].

SEM TEM

CONTROL

1.5mM SIN-1

3mM SIN-1

ek ‘ Lo 1000 nm,

Fig. 6 Ultrastructural changes of Trichobilharzia regenti schistosomula treated with SIN-1, the donor of peroxynitrite. The schistosomula were
treated for 48 h and then examined under scanning (SEM; a-c) and transmission (TEM; d—f) electron microscopy. As revealed by SEM, the tegument
of 1.5 mM SIN-1-treated schistosomula had fewer blebs (white arrows) covering the layer of spines than the tegument of the control group. Also,
the topography of tegumental spines was changed after 1.5 mM SIN-1 treatment and small holes (black arrow) appeared in the surface (b). No
differences were observed between these groups in TEM (d, e) including ultrastructure of mitochondria (insets in d, ). Schistosomula treated with 3
mM SIN-1 had severely destructed tegument partially revealing the basal lamina (white asterisks) (c, f). Subtegumental mitochondria had disrupted
inner membranes and cristae (inset in f). Abbreviations: T, tegument; SP, spines; BL, basal lamina; CM, circular muscles; LM, longitudinal muscles; M,
mitochondria
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NO produced in the epidermis early after penetration
could hinder further parasite migration by affecting its
energy metabolism. Although detrimental effects of NO
on aerobic respiration were reported for human schisto-
somes [11, 14], we did not observe decreased viability or
mitochondrial damage, a usual ultrastructural footprint
of NO-related disruption of aerobic respiration, in T
regenti schistosomula treated by NO in vitro. This led us
to assume that NO has no detrimental effects on T. regenti
skin schistosomula aerobic metabolism. Indeed, it agrees
with previous studies showing that schistosomula shift
from fully aerobic to mostly anaerobic energy metabolism
soon after the penetration and secrete lactate as the major
metabolic end-product [16, 63—65]. This transition is trig-
gered and largely dependent on the sudden availability of
glucose in the host tissues [66]. However, we observed an
increased, dose-dependent production of lactate by schis-
tosomula cultivated in the glucose-rich medium after
they were treated by NO donors. Similarly, the bacte-
rium Staphylococcus aureus was shown to switch to mas-
sive lactate production after NO treatment to maintain
redox homeostasis during nitrosative stress [67]. Thus, we
hypothesize that NO might contribute to the schistoso-
mula metabolic transition by inhibiting respiration [11, 14,
68, 69] and promoting anaerobic metabolism associated
with increased production of lactate [70].

NO has also emerged as an important factor driving
the development and neuronal functions of invertebrates,
including platyhelminths [71, 72]. Such a need for “NO
developmental trigger” could explain our unexpected
observations of retarded schistosomula growth in the
early phase of the infection in AG-treated mice. How-
ever, further research is needed to identify the source
of NO responsible for this phenomenon. It could be the
host iNOS expressed by keratinocytes but also NO pro-
duced by the parasite itself. Indeed, NO synthase activ-
ity was demonstrated in human schistosomes and its role
in developmental processes was suggested [73-75], but
there has been no further progress in this field. Similarly,
relevant data are currently not available for T. regenti, as
well as long-term in vitro cultivation techniques, which
would facilitate validation of these hypotheses.

Apart from energy metabolism and development, NO
can also target cysteine peptidases, vital enzymes contrib-
uting to parasite pathogenicity and virulence [76, 77]. For
example, NO inhibited cysteine peptidases of the pro-
tozoan parasites Plasmodium falciparum, Leishmania
infantum or Trypanosoma cruzi in vitro [78]. However,
the relevance of this effect was not evaluated in vivo. Here
we first demonstrated the inhibitory effect of NO on
rTrCB1.1 and rTrCB2 peptidase activity in vitro. Cath-
epsins B are essential peptidases of T. regenti playing cru-
cial roles in the invasion of host tissues (such as TrCB2
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degrading collagen, elastin, keratin and MBP; [36]) and
also digestion (such as TrCB1.1 degrading collagen and
MBP; [43, 44]). Consequently, their impairment by NO
can impact on the course of T. regenti infection.

Supporting this assumption, we observed a moderately
increased parasite burden in the spinal cord of mice with
inhibited iNOS 7 dpi. It could be explained by higher
(NO-unaffected) activity of TrCB2 which helped schis-
tosomula to cleave host proteins more effectively, hence
enabling faster migration within the CNS. Furthermore,
the schistosomula from these mice were significantly
larger, suggesting that inhibition of iNOS might have pro-
moted parasite growth in this period. It could be associ-
ated with improved (NO-unaffected) function of TrCB1.1
which enables schistosomula to feed on myelin [41, 45],
i.e. to better digest MBP and gain more nutrients.

Our observations of NO-mediated disruption of proteo-
lytic machinery in T. regenti schistosomula raise the ques-
tion whether it can happen also in human schistosomes. As
for them, the major attention has been paid especially to the
NO-related inhibition of schistosomula aerobic metabolism
[11, 13, 15, 16]. Other mechanisms, including the effect of
NO on cysteine peptidases, have not been evaluated yet even
though these enzymes play a crucial role in schistosome biol-
ogy [77, 79]. This might be due to the generally accepted
view that the host immunity against schistosomes shifts from
initial Th1 (targeting schistosomula aerobic metabolism by
NO) to Th2/Treg which are not associated with NO produc-
tion harmful to adults [80, 81]. However, their vital enzymes
prone to NO-mediated inactivation might be suitable drug
targets. This is the case of hybrid therapeutic compounds
consisting of praziquantel and NO-donors furoxans which
significantly inhibited S. mansoni thioredoxin glutathione
reductase via (seleno) cysteine nitrosylation. This enzyme is
required for maintaining the redox homeostasis and its inhi-
bition led to impaired motility or even death of S. mansoni
adults in vitro [20, 82].

ONOO™ is more reactive than NO and severely harms
helminths in vitro [83, 84]. Accordingly, treatment of
T regenti schistosomula by 3 mM SIN-1, the donor of
ONOQOT, significantly decreased their viability and dev-
astated the tegument and mitochondria. However, the
effects of 1.5 mM SIN-1 were milder and caused only a
minor alteration of the tegument, specifically, partial loss
of the blebs on the tips of the tegumental spines. Under
physiological conditions, such blebs are regularly dis-
tributed on the surface of early schistosomula. This is a
manifestation of the ongoing cercaria-schistosomulum
transformation during which the old membrane is dis-
carded in the form of small microvilli [85, 86]. Hence,
the loss of these blebs after treatment by 1.5 mM SIN-1
might be a sign of inhibited surface transformation in
vitro.
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Although ONOO™ strongly impaired T. regenti schis-
tosomula in vitro, the relevance of these effects in vivo
must be interpreted with caution. Actually, our observa-
tions rather do not support the view that ONOO™ par-
ticipates in T. regenti elimination in mice at the examined
time points. First, we did not detect any 3-NT concur-
rently with iNOS which would point to the formation of
ONOO™ possibly acting against the schistosomula [4].
Secondly, no ultrastructural changes, resembling those
observed by us after in vitro treatment by SIN-1, were
noticed in schistosomula directly in the infected spinal
cord [87]. However, the actions of ONOO™ beyond the
examined time points/period cannot be fully excluded.
Anyway, other mechanisms causing nitrosative stress
must have been engaged in the spinal cord since 3-NT
was markedly present in the spinal cord 14 and 21 dpi
when no iNOS was detected. At these time points, the
schistosomula are enclosed by massive clusters of micro-
glia and macrophages [41] and granulocyte infiltration
peaks in the spinal cord [88]. Thus, we hypothesize that
protein tyrosine nitration was mediated by a myeloper-
oxidase-dependent pathway which converts extracellular
nitrites to nitrating species and is present in the afore-
mentioned cell types [89-91].

Conclusions

Overall, this study shows the role of NO in the immune
response of mice infected with the neuropathogenic
schistosome Trichobilharzia regenti, a causative agent of
human cercarial dermatitis. It seems that NO has ambigu-
ous effects: it promotes the parasite growth in the early
phase of the infection but prevents it later, which is also
accompanied by suspended migration in the CNS. These
effects likely stem from continuous and chronic debilita-
tion of the parasite, partly related to NO inactivation of its
vital peptidases, rather than from acute NO cytotoxicity.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513071-020-04279-9.

Additional file 1: Table S1. Summary of iINOS and 3-NT signal occurrence
around Trichobilharzia regenti schistosomula in the skin and the spinal
cord.

Additional file 2: Figure S1. Concentrations of serum nitrite/nitrates dur-
ing infection of mice with Trichobilharzia regenti.

Additional file 3: Figure S2. Effects of inducible nitric oxide synthase
(iNOS) inhibition by aminoguanidine (60 mg/kg i.p.) on Trichobilharzia
regenti infection in mice 7 days post-infection.

Additional file 4: Figure S3. A negative association between the activity
of Trichobilharzia regenti cathepsin B1 or B2 and amount of nitric oxide
released from NOR-3.

Additional file 5: Figure S4. Amount of nitric oxide released from NOR-5
shown as the concentration of nitrites in the medium.

Page 12 of 14

Additional file 6: Figure S5. Number of body contractions performed by
T. regenti schistosomula treated in vitro by NOR-5, the donor of NO.

Additional file 7: Figure S6. Ultrastructural changes of Trichobilharzia
regenti schistosomula treated by 0.5mM NOR-5 visualised by scanning and
transmission electron microscopy.

Abbreviations

(NTrCB1.1: (recombinant) Trichobilharzia regenti cathepsin B1.1; (NTrCB2:
(recombinant) Trichobilharzia regenti cathepsin B2; 3-NT: 3-nitrotyrosine; AG:
aminoguanidine hydrochloride; ANOVA: analysis of variance; BSA: bovine
serum albumin; DMSO: dimethy! sulfoxide; dpi: day(s) post-infection; ESP:
excretory/secretory products; hpi: hour(s) post-infection; iNOS: inducible
nitric oxide synthase; NO: nitric oxide; ONOO™: peroxynitrite; PBS: phosphate
buffered saline; RFU: relative fluorescence unit; RNS: reactive nitrogen species;
SCM: schistosome cultivation medium; SEM: scanning electron microscopy;
TEM: transmission electron microscopy.

Acknowledgements

The authors would like to thank Hana Dvotékova and Libor Mikes for prepara-
tion of recombinant cathepsins, Veronika King for technical assistance with
infections and Veronika Siegelova for maintenance of the parasite life-cycle.
Magdaléna Krulova and Libor Mike$ are acknowledged for fruitful discussions
and/or critical reading of the manuscript.

Authors’ contributions

TM designed the study, interpreted the findings and drafted the manuscript. TM,
BS, JP. MM and JB performed the experiments and analyzed the data. PH conceived
and supervised the study. All authors read and approved the final manuscript.

Funding

The study was supported by Charles University Grant Agency (729516), Czech
Science Foundation (18-11140S), European Regional Development Fund and
Ministry of Education, Youth and Sports of the Czech Republic (CZ.02.1.01/0.
0/0.0/16_019/0000759) and Charles University institutional grants (PROGRES
Q43, UNCE/SCI/012-204072/2018 and SVV 260432).

Availability of data and materials
All data supporting the conclusions of this article are included within the
article and its additional files.

Ethics approval and consent to participate

Experimental animals were handled in accordance with the European and
Czech legislation (Directive 2010/63/EU, Acts No 246/1992 and 359/2012). All
experiments were approved by the animal welfare committee of the Faculty
of Science, Charles University (Prague, Czechia) and the Ministry of Education,
Youth and Sports of the Czech Republic (MSMT-33740/2017-2).

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Author details

! Department of Parasitology, Faculty of Science, Charles University, Prague,
Czechia. > Present Address: Center for Advanced Preclinical Imaging, First
Faculty of Medicine, Charles University, Prague, Czechia.

Received: 17 March 2020 Accepted: 3 August 2020
Published online: 20 August 2020

References

1. Bogdan C. Nitric oxide and the immune response. Nat Immunol.
2001;2:907-16.

2. Bogdan C. Nitric oxide synthase in innate and adaptive immunity: an
update. Trends Immunol. 2015;36:161-78.


https://doi.org/10.1186/s13071-020-04279-9
https://doi.org/10.1186/s13071-020-04279-9

Machécek et al. Parasites Vectors

20.

21.

22.

23.

(2020) 13:426

Gould N, Doulias P-T, Tenopoulou M, Raju K, Ischiropoulos H.
Regulation of protein function and signaling by reversible cysteine
S-nitrosylation. J Biol Chem. 2013;288:26473-9.

Radi R. Peroxynitrite, a stealthy biological oxidant. J Biol Chem.
2013;288:26464-72.

Bartesaghi S, Radi R. Fundamentals on the biochemistry of peroxyni-
trite and protein tyrosine nitration. Redox Biol. 2018;14:618-25.

Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health
and disease. Physiol Rev. 2007;87:315-424.

Brasil TR, Freire-de-Lima CG, Morrot A, Vetd Arnholdt AC. Host-
Toxoplasma gondii coadaptation leads to fine tuning of the immune
response. Front Immunol. 2017;8:1080.

Gutierrez FRSS, Mineo TWPP, Pavanelli WR, Guedes PMMM, Silva JS. The
effects of nitric oxide on the immune system during Trypanosoma cruzi
infection. Mem Inst Oswaldo Cruz. 2009;104(Suppl. 1):236-45.
Lopez-Romero G, Quintero J, Astiazardn-Garcia H, Velazquez C. Host
defences against Giardia lamblia. Parasite Immunol. 2015;37:394-406.

. Olekhnovitch R, Bousso P. Induction, Propagation, and activity of

host nitric oxide: lessons from Leishmania infection. Trends Parasitol.
2015;31:653-64.

. Ahmed SF, Oswald IP, Caspar P, Hieny S, Keefer L, Sher A, et al. Develop-

mental differences determine larval susceptibility to nitric oxide-
mediated killing in a murine model of vaccination against Schistosoma
mansoni. Infect Immun. 1997,65:219-26.

. James SL, Glaven J. Macrophage cytotoxicity against schistosomula of

Schistosoma mansoni involves arginine-dependent production of reac-
tive nitrogen intermediates. J Immunol. 1989;143:4208-12.

. Sher A, James SL, Simpson AJ, Lazdins JK, Meltzer MS. Macrophages as

effector cells of protective immunity in murine schistosomiasis. lll. Loss
of susceptibility to macrophage-mediated killing during maturation of
S. mansoni schistosomula from the skin to the lung stage. J Immunol.
1982;128:1876-9.

. Shen J, Lai D-H, Wilson RA, Chen Y-F, Wang L-F, Yu Z-L, et al. Nitric oxide

blocks the development of the human parasite Schistosoma japoni-
cum. Proc Natl Acad Sci USA. 2017;114:10214-9.

. Pearce EJ, James SL. Post lung-stage schistosomula of Schistosoma

mansoni exhibit transient susceptibility to macrophage-mediated
cytotoxicity in vitro that may relate to late phase killing in vivo. Parasite
Immunol. 1986;8:513-27.

. Skelly PJ, Stein LD, Shoemaker CB. Expression of Schistosoma mansoni

genes involved in anaerobic and oxidative glucose metabolism
during the cercaria to adult transformation. Mol Biochem Parasitol.
1993;60:93-104.

. James SL, Cheever AW, Caspar P, Wynn TA. Inducible nitric oxide

synthase-deficient mice develop enhanced type 1 cytokine-associated
cellular and humoral immune responses after vaccination with attenu-
ated Schistosoma mansoni cercariae but display partially reduced
resistance. Infect Immun. 1998;66:3510-8.

. WynnTA, Oswald IP, Eltoum IA, Caspar P, Lowenstein CJ, Lewis FA, et al.

Elevated expression of Th1 cytokines and nitric oxide synthase in the
lungs of vaccinated mice after challenge infection with Schistosoma
mansoni. J Immunol. 1994;153:5200-9.

. Zhang R, Yoshida A, Kumagai T, Kawaguchi H, Maruyama H, Suzuki

T, et al. Vaccination with calpain induces a Th1-biased protective
immune response against Schistosoma japonicum. Infect Immun.
2001,;69:386-91.

Guglielmo S, Cortese D, Vottero F, Rolando B, Kommer VP, Williams DL,
et al. New praziquantel derivatives containing NO-donor furoxans and
related furazans as active agents against Schistosoma mansoni. Eur J
Med Chem. 2014;84:135-45.

Fabre V, Beiting DP, Bliss SK, Gebreselassie NG, Gagliardo LF, Lee NA,

et al. Eosinophil deficiency compromises parasite survival in chronic
nematode infection. J Immunol. 2009;182:1577-83.

Gebreselassie NG, Moorhead AR, Fabre V, Gagliardo LF, Lee NA, Lee JJ,
et al. Eosinophils preserve parasitic nematode larvae by regulating
local immunity. J Immunol. 2012;188:417-25.

Kotodziej-Sobocinska M, Dziemian E, Machnicka-Rowinska B. Inhibition
of nitric oxide production by aminoguanidine influences the number
of Trichinella spiralis parasites in infected “low responders” (C57BL/6)
and "high responders” (BALB/c) mice. Parasitol Res. 2006;99:194-6.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 13 of 14

Gupta R, Bajpai P, Tripathi LM, Srivastava VMLL, Jain SK, Misra-Bhattacha-
rya S. Macrophages in the development of protective immunity against
experimental Brugia malayi infection. Parasitology. 2004;129:311-23.
Rajan TV, Porte P, Yates JA, Keefer L, Shultz LD, Keeper L, et al. Role of nitric
oxide in host defense against an extracellular, metazoan parasite, Brugia
malayi. Infect Immun. 1996,64:3351-3.

Rodrigues RM, Gongalves ALR, Silva NM, Cardoso CR de B, Araujo NR,
Coutinho LB, et al. Inducible nitric oxide synthase controls experimental
Strongyloides infection. Parasite Immunol. 2018;40:e12576.

Ruano AL, Loépez-Aban J, Ferndndez-Soto P, Lane de Melo A, Muro A.
Treatment with nitric oxide donors diminishes hyperinfection by Stron-
gyloides venezuelensis in mice treated with dexamethasone. Acta Trop.
2015;152:90-5.

Alonso-Trujillo J, Rivera-Montoya |, Rodriguez-Sosa M, Terrazas LI. Nitric
oxide contributes to host resistance against experimental Taenia cras-
siceps cysticercosis. Parasitol Res. 2007;100:1341-50.

Horédk P, Dvordak J, Koldfové L, Trefil L. Trichobilharzia regenti, a pathogen
of the avian and mammalian central nervous systems. Parasitology.
1999;,119:577-81.

Koldfova L, Hordk P, Skirnisson K, Marec¢kové H, Doenhoff M. Cercarial
dermatitis, a neglected allergic disease. Clin Rev Allergy Immunol.
2013;45:63-74.

. Machdcek T, Turjanicova L, Bulantova J, Hrdy J, Hordk P, Mike$ L. Cercarial

dermatitis: a systematic follow-up study of human cases with implica-
tions for diagnostics. Parasitol Res. 2018;117:3881-95.

Caron'Y, Cabaraux A, Marechal F, Losson B. Swimmer's itch in Belgium: first
recorded outbreaks, molecular identification of the parasite species and
intermediate hosts. Vector Borne Zoonotic Dis. 2017;17:190-4.

De Liberato C, Berrilli F, Bossu T, Magliano A, Montalbano Di Filippo M,

Di Cave D, et al. Outbreak of swimmer's itch in Central Italy: descrip-

tion, causative agent and preventive measures. Zoonoses Public Health.
2019,66:377-81.

Hordk P, Mikes L, Lichtenbergova L, Skdla V, Solddnové M, Brant SV. Avian
schistosomes and outbreaks of cercarial dermatitis. Clin Microbiol Rev.
2015;28:165-90.

Tracz ES, Al-Jubury A, Buchmann K, Bygum A. Outbreak of swimmer’s itch
in Denmark. Acta Derm Venereol. 2019,99:1116-20.

Dole¢kova K, Kasny M, Mikes L, Cartwright J, Jedelsky P, Schneider

EL, et al. The functional expression and characterisation of a cysteine
peptidase from the invasive stage of the neuropathogenic schistosome
Trichobilharzia regenti. Int J Parasitol. 2009;39:201-11.

Koutilova P, Syriicek M, Kolarova L. The severity of mouse pathologies
caused by the bird schistosome Trichobilharzia regenti in relation to host
immune status. Parasitol Res. 2004;93:8-16.

Koufilova P Hogg KG, Kolafova L, Mountford AP. Cercarial dermatitis
caused by bird schistosomes comprises both immediate and late phase
cutaneous hypersensitivity reactions. J Immunol. 2004;172:3766-74.
Majer M, Machécek T, Stikenikova L, Hrdy J, Hordk P. The peripheral
immune response of mice infected with a neuropathogenic schistosome.
Parasite Immunol. 2020;42:e12710.

Hradkova K, Hordk P. Neurotropic behaviour of Trichobilharzia regentiin
ducks and mice. J Helminthol. 2002;76:137-41.

Lichtenbergova L, Lassmann H, Jones MMK, Koldfova L, Hordk P. Trichobil-
harzia regenti: host immune response in the pathogenesis of neuroinfec-
tion in mice. Exp Parasitol. 2011;128:328-35.

Bulantovad J, Machacek T, Panska L, Krej¢i F, Karch J, Jéhrling N, et al.
Trichobilharzia regenti (Schistosomatidae): 3D imaging techniques in char-
acterization of larval migration through the CNS of vertebrates. Micron.
2016;83:62-71.

Dvorék J, Delcroix M, Rossi A, Vopélensky V, Pospiéek M, Sedinové M, et al.
Multiple cathepsin B isoforms in schistosomula of Trichobilharzia regenti:
identification, characterisation and putative role in migration and nutri-
tion. Int J Parasitol. 2005;35:895-910.

Dvorakové H, Leontovye R, Machacek T, O'Donoghue AJ, Sedo O, Zdréhal Z,
et al. Isoforms of cathepsin B1 in neurotropic schistosomula of Trichobilhar-
zia regenti differ in substrate preferences and a highly expressed catalytically
inactive paralog binds cystatin. Front Cell Infect Microbiol. 2020;10:66.
Leontovyc¢ R, Young ND, Korhonen PK, Hall RS, Bulantova J, Jefabkova

V, et al. Molecular evidence for distinct modes of nutrient acquisi-

tion between visceral and neurotropic schistosomes of birds. Sci Rep.
2019,9:1374.



Machécek et al. Parasites Vectors

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2020) 13:426

Machdacek T, Panska L, Dvorakova H, Horék P. Nitric oxide and cytokine
production by glial cells exposed in vitro to neuropathogenic schisto-
some Trichobilharzia regenti. Parasit Vectors. 2016;9:579.

Shi SR, Cote RJ, Taylor CR. Antigen retrieval immunohistochemistry: past,
present, and future. J Histochem Cytochem. 1997;45:327-43.

Tracey WR, Tse J, Carter G. Lipopolysaccharide-induced changes in plasma
nitrite and nitrate concentrations in rats and mice: pharmacological evaluation
of nitric oxide synthase inhibitors. J Pharmacol Exp Ther. 1995,272:1011-5.
Chanové M, Bulantové J, Maslo P, Horék P. In vitro cultivation of early
schistosomula of nasal and visceral bird schistosomes (Trichobilharzia
spp., Schistosomatidae). Parasitol Res. 2009;104:1445-52.

Basch PF. Cultivation of Schistosoma mansoni in vitro. I. Establishment

of cultures from cercariae and development until pairing. J Parasitol.
1981,67:179-85.

Lomonosova EE, Kirsch M, Rauen U, de Groot H. The critical role of Hepes
in SIN-1 cytotoxicity, peroxynitrite versus hydrogen peroxide. Free Radic
Biol Med. 1998;24:522-8.

Gold D. Assessment of the viability of Schistosoma mansoni schis-
tosomula by comparative uptake of various vital dyes. Parasitol Res.
1997,83:163-9.

Howe S, Zéphel D, Subbaraman H, Unger C, Held J, Engleitner T, et al. Lac-
tate as a novel quantitative measure of viability in Schistosoma mansoni
drug sensitivity assays. Antimicrob Agents Chemother. 2015;59:1193-9.
Nussbaum-Krammer Cl, Neto MF, Brielmann RM, Pedersen JS, Morimoto
RI. Investigating the spreading and toxicity of prion-like proteins using
the metazoan model organism C. elegans. J Vis Exp. 2015;95:52321.
Ressurreicdo M, Elbeyioglu F, Kirk RS, Rollinson D, Emery AM, Page NM,

et al. Molecular characterization of host-parasite cell signalling in Schisto-
soma mansoni during early development. Sci Rep. 2016;6:35614.

Blazova K, Hordk P. Trichobilharzia regenti: the developmental differences
in natural and abnormal hosts. Parasitol Int. 2005;54:167-72.

Haas W, Pietsch U. Migration of Trichobilharzia ocellata schistosomula in
the duck and in the abnormal murine host. Parasitol Res. 1991;77:642-4.
Olivier L. Observations on the migration of avian schistosomes in mam-
mals previously unexposed to cercariae. J Parasitol. 1953;39:237-46.
Ramaswamy K, He Y-XX, Salafsky B. ICAM-1 and iNOS expression
increased in the skin of mice after vaccination with y-irradiated cercariae
of Schistosoma mansoni. Exp Parasitol. 1997;86:118-32.

Frank S, Madlener M, Pfeilschifter J, Werner S. Induction of inducible nitric
oxide synthase and its corresponding tetrahydrobiopterin-cofactor-syn-
thesizing enzyme GTP-cyclohydrolase | during cutaneous wound repair. J
Invest Dermatol. 1998;111:1058-64.

Frank S, Kdmpfer H, Wetzler C, Pfeilschifter J. Nitric oxide drives skin repair:
novel functions of an established mediator. Kidney Int. 2002;61:882-8.
Bourke CD, Prendergast CT, Sanin DE, Oulton TE, Hall RJ, Mountford AP.
Epidermal keratinocytes initiate wound healing and pro-inflammatory
immune responses following percutaneous schistosome infection. Int J
Parasitol. 2015;45:215-24.

Leontovy¢ R, Young ND, Korhonen PK, Hall RS, Tan P, Mikes L, et al. Com-
parative transcriptomic exploration reveals unique molecular adaptations
of neuropathogenic Trichobilharzia to invade and parasitize its avian
definitive host. PLoS Negl Trop Dis. 2016;10:0004406.

van Oordt BEP, Tielens AGM, van den Bergh SG. The energy metabolism
of Schistosoma mansoni during its development in the hamster. Parasitol
Res. 1988;75:31-5.

Thompson DP, Morrison DD, Pax RA, Bennett JL. Changes in glucose
metabolism and cyanide sensitivity in Schistosoma mansoni during devel-
opment. Mol Biochem Parasitol. 1984;13:39-51.

Horemans AMC, Tielens AGM, van den Bergh SG. The reversible effect of
glucose on the energy metabolism of Schistosoma mansoni cercariae and
schistosomula. Mol Biochem Parasitol. 1992;51:73-9.

Richardson AR, Libby SJ, Fang FC. A nitric oxide-inducible lactate
dehydrogenase enables Staphylococcus aureus to resist innate immunity.
Science. 2008;319:1672-6.

Brown GC, McBride AG, Fox EJ, McNaught KSP, Borutaite V. Nitric oxide
and oxygen metabolism. Biochem Soc Trans. 1997;25:901-4.

Brunori M, Giuffre A, Sarti P, Stubauer G, Wilson MT. Nitric oxide and cel-
lular respiration. Cell Mol Life Sci. 1999,56:549-57.

Von Kruger MA, Gazzinelli G, Figueiredo EA, Pellegrino J. Oxygen uptake
and lactate production by Schistosoma mansoni cercaria, cercarial body
and tail, and schistosomule. Comp Biochem Physiol B. 1978;60:41-6.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Page 14 of 14

Wright N. A review of the actions of nitric oxide in development and
neuronal function in major invertebrate model systems. AIMS Neurosci.
2019,6:146-74.

Reuter M, Kreshchenko N. Flatworm asexual multiplication implicates
stem cells and regeneration. Can J Zool. 2004;82:334-56.

Kohn AB, Moroz LL, Lea JM, Greenberg RM. Distribution of nitric oxide
synthase immunoreactivity in the nervous system and peripheral tissues
of Schistosoma mansoni. Parasitology. 2001;122:87-92.

Kohn AB, Lea JM, Moroz LL, Greenberg RM. Schistosoma mansoni: use of
a fluorescent indicator to detect nitric oxide and related species in living
parasites. Exp Parasitol. 2006;113:130-3.

Long X-C, Bahgat M, Chlichlia K, Ruppel A, Li Y-L. Detection of induc-

ible nitric oxide synthase in Schistosoma japonicum and S. mansoni. J
Helminthol. 2004;78:47-50.

Colasanti M, Salvati L, Venturini G, Ascenzi P, Gradoni L. Cysteine protease
as a target for nitric oxide in parasitic organisms. Trends Parasitol.
2001;17:575.

Grote A, Caffrey CR, Rebello KM, Smith D, Dalton JP, Lustigman S. Cysteine
proteases during larval migration and development of helminths in their
final host. PLoS Negl Trop Dis. 2018;12:e0005919.

Bocedi A, Gradoni L, Menegatti E, Ascenzi P. Kinetics of parasite cysteine
proteinase inactivation by NO-donors. Biochem Biophys Res Commun.
2004,315:710-8.

Caffrey CR, Goupil L, Rebello KM, Dalton JP, Smith D. Cysteine pro-

teases as digestive enzymes in parasitic helminths. PLoS Negl Trop Dis.
2018;12:0005840.

Dunne DW, Cooke A. A worm’s eye view of the immune system: conse-
quences for evolution of human autoimmune disease. Nat Rev Immunol.
2005;5:420-6.

Lundy SK, Lukacs NW. Chronic schistosome infection leads to modula-
tion of granuloma formation and systemic immune suppression. Front
Immunol. 2013;4:39.

Rai G, Sayed AA, Lea WA, Luecke HF, Chakrapani H, Prast-Nielsen S, et al.
Structure mechanism insights and the role of nitric oxide donation guide
the development of oxadiazole-2-oxides as therapeutic agents against
schistosomiasis. J Med Chem. 2009;52:6474-83.

Sadeghi-Hashjin G, Naem S. Parasiticidal effects of peroxynitrite on ovine
liver flukes in vitro. J Helminthol. 2001,75:73-6.

Thomas GR, McCrossan M, Selkirk ME. Cytostatic and cytotoxic effects of
activated macrophages and nitric oxide donors on Brugia malayi. Infect
Immun. 1997,65:2732-9.

Hockley DJ, McLaren DJ. Schistosoma mansoni: changes in the outer
membrane of the tegument during development from cercaria to adult
worm. Int J Parasitol. 1973;3:13-20.

Stirewalt MA. Schistosoma mansoni: cercaria to schistosomule. Adv Parasi-
tol. 1974;12:115-82.

Machacek T, Krémarova V, Majer M, Dvofékova H, Panska L, Bulantova J,
et al. Neuropathogenic bird schistosome Trichobilharzia regenti activates
astrocytes and microglia of infected ducks and mice. In: XIIl European
Meeting on Glial Cells in Health and Disease, Edinburgh, UK; 2017.
Abstract T14-092A.

Machéacek T, Pankrac J, Majer M, Steiger V, Immig K, Horék P. Dynamics

of immune cells in the CNS of mice infected by Trichobilharzia regenti
(Schistosomatidae): implications for parasite clearance. In: Molecular and
Cellular Biology of Helminths XII, Hydra, Greece; 2018. Abstract 14.

Chen JW, Breckwoldt MO, Aikawa E, Chiang G, Weissleder R. Myelop-
eroxidase-targeted imaging of active inflammatory lesions in murine
experimental autoimmune encephalomyelitis. Brain. 2008;131:1123-33.
Eiserich JP, Hristova M, Cross CE, Jones AD, Freeman BA, Halliwell B, et al.
Formation of nitric oxide-derived inflammatory oxidants by myeloperoxi-
dase in neutrophils. Nature. 1998;391:393-7.

Gaut JP, Byun J, Tran HD, Lauber WM, Carroll JA, Hotchkiss RS, et al.
Myeloperoxidase produces nitrating oxidants in vivo. J Clin Invest.
2002;109:1311-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Nitric oxide debilitates the neuropathogenic schistosome Trichobilharzia regenti in mice, partly by inhibiting its vital peptidases
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Parasites
	Infection of mice and collection of tissue samples
	Measurement of serum nitritesnitrates
	Immunohistochemistry
	Aminoguanidine treatment
	Peptidase activity of recombinant T. regenti cathepsins B after treatment by NOONOO− donors
	In vitro preparation of schistosomula and treatment by NOONOO− donors
	Assessment of schistosomula viability after treatment by NOONOO− donors
	Examination of NOONOO−-treated schistosomula by electron microscopy
	Statistical analyses

	Results
	Trichobilharzia regenti triggered NO production in the skin and 3-NT formation in the spinal cord
	iNOS inhibition moderately increased T. regenti burden in the spinal cord 7 dpi and ambiguously affected parasite growth
	NO decreased activity of T. regenti essential peptidases in vitro
	ONOO−, but not NO, reduced viability and damaged ultrastructure of T. regenti schistosomula in vitro

	Discussion
	Conclusions
	Acknowledgements
	References




