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A novel, non-neuronal
acetylcholinesterase of
schistosome parasites is essential
for definitive host infection

Patrick J. Skelly and Akram A. Da'dara*

Molecular Helminthology Laboratory, Department of Infectious Disease and Global Health, Cummings
School of Veterinary Medicine, Tufts University, North Grafton, MA, United States

Schistosomes are long-lived parasitic worms that infect >200 million people
globally. The intravascular life stages are known to display acetylcholinesterase
(AChE) activity internally as well as, somewhat surprisingly, on external tegumental
membranes. Originally it was hypothesized that a single gene (SmAChEL in
Schistosoma mansoni) encoded both forms of the enzyme. Here, we
demonstrate that a second gene, designated “S. mansoni tegumental
acetylcholinesterase, SMTAChE", is responsible for surface, non-neuronal AChE
activity. The SmTAChE protein is GPl-anchored and contains all essential amino
acids necessary for function. AChE surface activity is significantly diminished
following SMTAChE gene suppression using RNAI, but not following SmAChE1
gene suppression. Suppressing SmMTAChE significantly impairs the ability of
parasites to establish infection in mice, showing that SmMTAChE performs an
essential function for the worms in vivo. Living S. haematobium and S.
Jjaponicum parasites also display strong surface AChE activity, and we have
cloned SMTAChE homologs from these two species. This work helps to clarify
longstanding confusion regarding schistosome AChEs and paves the way for novel
therapeutics for schistosomiasis.
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Introduction

Schistosomiasis is a parasitic disease caused by helminth parasites of the genus
Schistosoma (1, 2). Schistosomiasis ranks among the most important infectious diseases
globally, affecting more than 200 million people world-wide, and over 700 million people live
at risk of infection (2-6). In sub-Saharan Africa alone, mortality is put at ~280,000 deaths per
year, with tens of millions having chronic morbidity (4, 7, 8). Furthermore, extensive
pathological changes associated with schistosome infection can affect multiple organ systems,
including the liver, spleen and the gastro-intestinal tract, especially in individuals with
longstanding or heavy infections (9). Three major species cause schistosomiasis in humans: S.
mansoni, S. haematobium and S. japonicum. Schistosomes have complex life cycles. Larvae
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(cercariae) are released from infected intermediate, freshwater snail
hosts. Upon encountering a human (the definitive host), cercariae
penetrate the skin, transform into juvenile forms called schistosomula
that migrate through the bloodstream to the liver where they mature
into adult male or female parasites. The adults mate and females
produce hundreds of eggs each day, some of which are released into
the environment. In fresh water, the eggs hatch and give rise to free
swimming larvae (miracidia) that seek and enter the snails to
continue the life cycle.

In our laboratory, we study the molecular and cell biology of the
schistosome tegument (skin) (10-16). The tegument of the
intravascular life stages is a major site for host-parasite interaction,
and proteins that make up the tegument represent potential
therapeutic targets and vaccine candidates. Here we focus on
schistosome tegumental acetylcholinesterase (AChE; EC. 3.1.1.7).

AChE, a widely distributed enzyme in animals, is best known for
its ability to catalyze the breakdown of the neurotransmitter
acetylcholine. This limits the interaction of acetylcholine with its
receptors at cholinergic synapses. The immunolocalization of AChE
in the neuromusculature of schistosomes, and the ability of
anticholinesterase compounds to paralyze adult worms, are both
consistent with a role for this enzyme in controlling neuromuscular
activity in these parasites, as in other animals (17-20). Somewhat
surprisingly, AChE has additionally been localized in the tegument of
intravascular-stage schistosomes, and AChE activity has been
associated with isolated tegumental membranes (17, 20-22). Indeed,
more than 50% of total S. mansoni AChE activity can be detected at
the surface of 24-h cultured schistosomula (23). The precise
relationship between the tegumental and non-tegumental AChE in
schistosomes has been unclear for many years. Earlier biochemical
characterization suggested the existence of two different AChE
enzymes differing in their solubility characteristics and quaternary
structures (24, 25). One form, with a sedimentation coefficient of 6.5S,
did not bind to heparin (26). Since this AChE is released from intact
parasites by treating them with phosphatidylinositol-phospholipase C
(Pi-PLC), it is considered to be the tegumental, host-interactive AChE
(26, 27). A second AChE form had a sedimentation coefficient of 8S
and bound heparin (26). In addition, in experiments with live
parasites, the non-membrane permeable AChE inhibitor
echothiophate (phospholine) selectively blocked the 6.5S enzyme
but not the 8S form, suggesting that the 8S form is located
internally (26). However, heterologous anti-AChE antibodies could
not distinguish between two distinct schistosome AChE forms and a
single identified AChE gene was proposed to encode both the internal
(neuromuscular) and external (tegumental) enzymes (17). A gene
encoding AChE was identified not just in S. mansoni (now designated
SmAChAE1) (28) but also in S. haematobium (17), S. bovis (28) and S.
japonicum (29). However, not one of the proteins encoded by these
genes is predicted to contain a GPI anchoring sequence, suggesting
that none encode the surface form of AChE. A second AChE gene has
been identified in S. mansoni (SmAChE2) but its reported sequence
also lacks both a predicted GPI anchoring motif and a leader sequence
(30). However, purified recombinant SmAChE1 and SmAChE2 do
both cleave acetylthiocholine, and suppression of either gene
diminishes the cholinesterase activity measured in extracts of gene-
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suppressed schistosomula compared with controls (30). Antibodies
raised against recombinant fragments of SmAChEl and SmAChE2
bind widely throughout the adult worms’ internal structures as well as
in the tegument. However, given that both AChEs share multiple
conserved motifs, it is likely that antibodies against one will cross
react with the other. Finally, while both SmAChEI and SmAChE2 are
reported to immunolocalize on the tegument “surface” (30) the
resolution by immunofluorescence microscopy is not sufficient to
support this claim.

Here, we set out to identify and characterize the gene encoding the
surface AChE in the three major schistosome species that infect
humans and to determine if the previously characterized AChE genes
encode the enzymes responsible for surface activity.

Materials and methods
Mice and parasites

Female, 6-8 week-old Swiss-Webster CD1 mice were purchased
from Charles River and maintained under specific pathogen-free
conditions at the animal facility of Cummings School of Veterinary
Medicine, Tufts University. All experimental procedures involving
animals were carried out in accordance with approved guidelines of
the Institutional Animal Care and Use Committee (IACUC) of Tufts
University and all animal work was done in the vivarium at
Cummings School of Veterinary Medicine, Tufts University.

Biomphalaria glabrata snails, infected with Schistosoma mansoni
(Puerto Rican NMRI strain) were obtained from the NIAID
Schistosomiasis Resource Center of the Biomedical Research
Institute (BRI), Rockville, MD, USA, and maintained in our
laboratory. Cercariae, infectious larvae, were prepared by exposing
infected snails to light for 1-2 h to induce shedding. Cercarial
numbers and viability were determined using a light microscope.

Schistosomula were prepared from cercariae by mechanical
removal of the cercarial tails via vortexing and subsequent Percoll
purification, as previously described (31). Schistosomula were cultured
in complete DMEM/F12 medium (Invitrogen) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 200 U/ml penicillin and 200
pg/ml streptomycin (Invitrogen), 1 UM serotonin (Sigma), 8 pg/ml
human insulin (Sigma), 0.2 UM triiodothyronine at 37°C, in an
atmosphere of 5% CO,. Schistosomula numbers and viability were
determined using a light microscope and the trypan blue exclusion test.

Adult male and female parasites were recovered by perfusion from
Swiss Webster mice that were infected with 120 cercariae (S. mansoni) or
25 cercariae (S. japonicum) 7 weeks previously (32-34). Adult S.
haematobium were recovered by perfusion of Golden Syrian hamsters
that had been infected with 350 cercariae 12 weeks previously. In all cases,
the mesenteric veins and the liver vasculature were examined for the
presence of any parasites that were not washed out by perfusion. Both S.
japonicum infected mice and S. haematobium infected hamsters were
provided by BRI. Adult parasites were maintained in complete DMEM/
F12 medium supplemented as described above. Schistosome eggs were
isolated from livers of mice infected with S. mansoni, as previously
described (34, 35).
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Measuring acetylcholinesterase
(AChE) activity

ACHhE activity was measured at room temperature by the modified
Ellman method using acetylthiocholine iodide (ATCh) as substrate
(36). The reaction mixture contained 1 mM acetylthiocholine and 1
mM 5,5 -dithiobis(2-nitrobenzoic acid) (DTNB) in 100 mM sodium
phosphate, pH 7.2, in a total volume of 200 pl. DTNB is a membrane
impermeant reagent (37, 38). Total parasite lysates were prepared by
homogenizing a specific number of male or female parasites in ice-cold
100 mM phosphate buffer, Ph 7.2. Experiments were carried out on
parasite lysates or on live, individual male or female parasites, or groups
of cercariae, schistosomula or eggs, in PBS or in clear, serum-free
DMEM/F12 medium containing reaction mixture. There was no
significant difference in the activity between PBS and clear medium
and in all subsequent experiments clear medium was used with living
worms. Absorbance at 412 nm was monitored over time (mostly every
5 mins) using a Synergy HT spectrophotometer (Bio-Tek Instruments,
Winooski, VT, USA). Note that parasites remained in the wells during
this assay, and their presence did not impact readings. In some
experiments the acetylcholinesterase inhibitor BW284c51 (1,5-bis(4-
allyldimethylammoniumphenyl)pentan-3-onedibromide, Sigma-
Aldrich) was added at a final concentration of 100 uM. Some
experiments were conducted using butyrylthiocholine iodide (BuTCh,
Sigma-Aldrich, 2.5 mM), and not acetylthiocholine, as substrate.

Cloning and characterization of the
tegumental AChE (SmTAChE) of S. mansoni

Since initial studies showed that the surface AChE was not encoded
by the known AChE gene (now called AChEL1), this led us to search for
another gene which could potentially encode the surface AChE. S.
mansoni data bases (http://schistodb.net/, https://parasite.wormbase.
org/index.html and http://www.genedb.org/Homepage/Smansoni)
were queried for the presence of potential AChE sequences. Based on
signature elements found in other acetylcholinesterases, several genes
were identified including a strong candidate (ID: Smp_136690). All
other early database hits displayed only modest sequence similarity
over short distances and were filtered out on this basis. The
Smp_136690 coding sequence was amplified using the following
primers: SmAC2-F: 5-TGACTATTTGGATACACTTATG-3’, and
SmAC2-R: 5-TCTATGAAGTCATTTTACAAGG-3’, designed from
database information, and using AccuPrime Taq DNA Polymerase
high fidelity (following 40 cycles at 95°C for 30 sec, 50°C for 30 sec and
68°C for 3 min), as per the manufacturer’s recommendations (Thermo
Fisher Scientific). cDNA synthesized from total RNA (obtained from a
mixture of adult male and female worms) was used as a template for the
PCR. The amplified product was purified and sequenced at Tufts
University Core Facility and the final clone was designated
SmTAChE. RNA isolation and cDNA synthesis is described below
under “SmTAChE gene expression analysis”. Sequence analysis using
multiple tools (described below) was used to characterize
potential AChEs.
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Cloning of the tegumental AChEs of S.
haematobium and S. japonicum

Analysis of the S. haematobium genome at schistoDB.net resulted
in the identification of a gene (KL250835) encoding a protein with a
high degree of sequence similarity to SmMTAChE (now designated
MS3_0012973 at WormBase Parasite, https://parasite.wormbase.org/
index.html). The following oligonucleotides flanking the predicted
open reading frame (ORF) were used to amplify the cDNA using
RNA isolated from mixed adult stage parasites: ShAC2-F: 5’-AATAT
TCTTTCTTCCTATTGACAATG-3’, ShAC2-R: 5-ACATTTTCA
TCAATATAAAAAC-3’. The amplified coding DNA was sequenced
and designated ShTAChE.

Analysis of the S. japonicum genome did not immediately reveal a
gene encoding a protein similar to SmTAChE. However, extensive
analysis revealed the presence of sequences encoding potential
fragments of a SmTAChE homolog on two different contigs:
Sjp_0045440 (now known to code for the first exon), and
Sjp_0070510 (now known to encode the remaining 3 exons)
(WormBase ParaSite: https://parasite.wormbase.org/index.html). To
isolate the full predicted coding sequence, a rapid amplification of
cDNA ends (RACE) experiment was performed using the 3’, 5
SMARTer RACE kit, with mixed adult stage RNA and the
following gene-specific primers, (following the manufacturer’s
instructions, Clontech): SJAC2GSP-S1: CAGGCAGTGCTA
ATCTACAAGTATACAATGGTGC-3" and SjAC2GSP-S2:
GCTGAACATGTTGCTAGATTACCAAATGC, (for the 3’end),
and SJAC2GSP-AS1: GCACCATTGTATACTTGTAGATTAGCAC
TGCCTG and SJAC2GSP-AS2: GCATTTGGTAATCTAGCAACAT
GTTCAGC-3’ (for the 5’end). Several fragments with the predicted
size were amplified and sequenced. In this manner the full ORF,
encoding what we now call SJTAChE, was identified, and this
confirmed that the two contigs abut.

In Silico analysis of the predicted
tegumental AChEs

Several online tools were used to analyze the deduced amino acid
sequence of the tegumental AChEs. For the prediction of GPI anchors
and omega residues, the GPI-SOM (http://gpi.unibe.ch/) and the
NetGPI (https://services.healthtech.dtu.dk/service.php?NetGPI)
tools were used. Analysis of the signal peptide was performed using
SignalP prediction software (https://services.healthtech.dtu.dk/
service.php?SignalP-5.0). Analysis of potential N-glycosylation sites
was performed using the NetNGlyc 1.0 Server (https://services.
healthtech.dtu.dk/service.php?NetNGlyc-1.0). Multiple alignment
analysis was conducted using CLUSTAL O (1.2.4) at http://www.
ebi.ac.uk/Tools/msa/clustalo/. Phylogenetic analysis was performed at
phylogeny.fr (http://www.phylogeny.fr/) (39-41) using default
settings (Alignment: Muscle; Maximum number of iterations: 16;
Curation: Gblocks; Phylogeny: PhyML; Statistical test for branch
support: approximate likelihood ratio test (SH-like); Number of
substitution rate categories: 4).

frontiersin.org


http://schistodb.net/
https://parasite.wormbase.org/index.html
https://parasite.wormbase.org/index.html
http://www.genedb.org/Homepage/Smansoni
https://parasite.wormbase.org/index.html
https://parasite.wormbase.org/index.html
https://parasite.wormbase.org/index.html
http://gpi.unibe.ch/
https://services.healthtech.dtu.dk/service.php?NetGPI
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0
https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.phylogeny.fr/
https://doi.org/10.3389/fimmu.2023.1056469
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Skelly and Da'dara

Anti-SmMTAChHE antibody production

An SmTAChE-specific peptide, comprising amino acid residues
K*?% - E*° (NH,-KHRYDAVRKYLLPRYHKQE-COOH), was
synthesized by Genemed Synthesis, Inc. (San Antonio, TX). Note
that this peptide represents a sequence unique to SmMTAChE and is
not found in SmAChEL (accession no. AAQI14321.1). A cysteine
residue was added at the peptide’s amino terminus, to facilitate
conjugation to bovine serum albumin (BSA). Approximately 500 ug
of peptide-BSA conjugate in Freund’s Complete Adjuvant was used to
immunize two New Zealand White rabbits subcutaneously. The
rabbits were boosted with 100 pg of peptide alone in Incomplete
Freund’s Adjuvant 20, 40, and 60 days later. Ten days following the
last immunization, serum was recovered from both rabbits, pooled
and anti-SmTAChE antibodies were affinity-purified using the same
peptide at Genemed Synthesis.

RNA interference

Schistosome parasites (adults and schistosomula) were treated
with a synthetic siRNA (from IDT DNA Technologies) targeting
either SmMAChE1 (AF279461), or SmMTAChE (OP018961) or no
sequence in the schistosome genome (Control). Sequences of all
siRNAs are provided in Table S1. siRNAs were delivered to
parasites by electroporation, as described previously (31). Gene
suppression was assessed post-treatment by comparing mRNA
levels using reverse transcription quantitative PCR (RT-qPCR) and
by comparative enzyme activity measurements in target versus
control groups.

SMTAChAE gene expression analysis

The level of expression of both the SmAChE1 and the SmTAChE
gene in different life stages of the parasite, and in parasites treated with
gene-specific siRNAs, was measured by RT-qPCR, using custom
TagMan gene expression systems (Applied Biosystems, CA). First,
RNA from different life stages was isolated using TRIzol Reagent
according to the manufacturer’s instructions (Invitrogen). RNA was
then treated with DNasel to remove any genomic DNA, using a
Turbo-DNase I kit (Ambion). cDNA was synthesized using 0.5 pg
RNA, an oligo (dT),,s primer and Superscript III RT (Invitrogen).
For developmental expression, triose phosphate isomerase (TPI) was
used as a reference gene, as previously (31). Primer sets and reporter
probes labeled with 6-carboxyfluorescein (FAM) were obtained from
Applied Biosystems, CA (Table S2). All samples were run in triplicate
and underwent 40 amplification cycles on a StepOne Plus Real Time PCR
System. For relative quantification, the AACt method was employed (31).
For RNAI experiments, the schistosome alpha-tubulin gene was used as
the “within-stage” endogenous control, as earlier (13, 31).

Pi-PLC treatment and western blot analysis

To monitor the expression of the SmTAChE protein, parasite
samples were first homogenized in ice-cold lysis buffer (20 mM Tris-
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HCI, pH 8.0 containing 2% SDS). Protein concentration was
determined using the Pierce Micro BCA Protein Assay Kit
(ThermoFisher Scientific) according to the manufacturer’s
instructions. GPI-anchored proteins were recovered from live male
worms by in vitro incubation with phosphatidylinositol-
phospholipase C (Pi-PLC) (Sigma-Aldrich), as previously described
(42). Briefly, 20 freshly perfused male parasites were washed three
times in DMEM and were then incubated at 37°C for 1 h in the
presence of Pi-PLC (from Bacillus cereus) at 1.25 Units/ml. The
supernatant was removed and concentrated at 4°C using a 10-kDa
cut-off Pierce Protein Concentrators (ThermoFisher Scientific).
Proteins were resolved by SDS-PAGE under reducing conditions
and blotted to PVDF membrane. Membranes were blocked using
Tris-Buffered Saline (TBS) containing 0.05% Tween 20 (TBST) and
5% non-fat dry milk. The membrane was then probed overnight at 4°
C with affinity purified rabbit anti-SmTAChE antibody at 1:1000
dilution. After three washes in TBST, bound primary antibody was
detected using horseradish peroxidase-labeled anti-rabbit IgG
(1:5000, GE Healthcare). Signals were detected using ECL Western
Blotting Detection Reagents (GE Healthcare). Western blot images
were captured using a ChemiDoc Touch Imaging System (Bio-Rad).

Immunolocalization of SmMTAChE

Freshly perfused parasites were embedded in OCT compound
and flash frozen in liquid nitrogen. Adult worm frozen sections (7 um
thick) were obtained using a cryostat and fixed in ice-cold acetone for
30 min at -20°C. Cultured schistosomula (7 day) were fixed in 4%
paraformaldehyde for 20 min at room temp. Parasites/parasite
sections were washed three times in PBS before being incubated
with 1% BSA in PBS (blocking buffer) for 1h. The samples were
incubated with primary, purified anti-SmTAChE, antibody at 1:100
dilution for 1h. After washing with PBST (PBS containing 0.05%
Tween-20), parasites were then incubated with Alexa Fluor-488-anti-
rabbit IgG (H+L, Invitrogen) diluted 1:100 in blocking buffer for 1h,
as described (43). Samples were washed in PBS, mounted in
Fluoromount and viewed using an inverted fluorescent microscope
(TH4-100; Olympus, Tokyo, Japan) equipped with a Retiga 1300
camera (Q Imaging, BC, Canada).

Immunogold labeling and
electron microscopy

Freshly perfused adult parasites were fixed overnight with 2%
glutaraldehyde in 0.IM cacodylate buffer at 4°C. The samples were
then dehydrated in a graded series of ethanol, then infiltrated and
embedded in L.R. white acrylic resin. Ultramicrotomy was performed
using a Leica Ultracut R ultramicrotome and the sections collected on
gold grids. Grids were immunolabeled in a two-step method as
follows: the grids were conditioned in PBS for 5 min x 3 at room
temperature, followed by the blocking of non-specific labeling for
30 min at room temp using 5% non-fat dry milk in PBS. After rinsing,
the grids were exposed to primary antibody diluted 1:30 for 1h at
room temperature, followed by washing in PBS and then incubated
with secondary antibody diluted 1:30 (10 nm gold-labeled goat anti-
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rabbit IgG (H&L, GE Healthcare)) for 1h at room temperature, and
finally rinsed thoroughly in water. Control parasite preparations were
treated with secondary antibody alone. Grids were exposed to
osmium vapor and/or lightly stained with lead citrate to improve
contrast and were examined and photographed using a Philips CM 10
electron microscope at 80KV.

Infection of mice with SmMTAChE gene
suppressed schistosomula

One-day-old cultured schistosomula were electroporated with
siRNA targeting SmTAChE, or with control siRNA, or with no
siRNA (Table S1). Parasites were maintained in culture for 4 days,
then counted and resuspended in phenol-red-free RPMI medium.
Approximately 1000 schistosomula were used to infect each mouse by
intramuscular injection (100 pl total volume) into the thigh muscles,
using a 1 ml tuberculin syringe and a 25G-1 needle (12, 44). Mice
were perfused 6 weeks later, and worm burdens were determined
(32-34).

Statistical analysis

Data were assessed for normality using Shapiro-Wilk tests with
GraphPad Prism 9.4. Bartlett’s test for homogeneity of variances
confirmed the assumption of equal variances. The student’s t-test,
one-way analysis of variance (ANOVA) with Tukey post hoc analysis
and two-way ANOVA were used to compare the means between a

10.3389/fimmu.2023.1056469

target group and a control group using GraphPad Prism 9.4. P values
less than 0.05 were considered significant.

Results

Schistosome parasites exhibit surface
AChE activity

As shown in Figure 1A, intact, individual live male or female adult
S. mansoni cleave exogenous acetylthiocholine. The larger male
worms exhibit significantly higher (>2X) surface AChE activity
compared to females (p<0.001). When the AChE activity of total
lysates of individual male worms is set at 100%, the surface AChE
activity (i.e., that displayed by live individual worms) is approximately
70% of this value (Figure 1B). As shown in Figure 1C, live
schistosomula also display measurable AChE activity, and the
greater the number of schistosomula the greater the activity
recorded. In addition, essentially no AChE activity is detected in
clear, conditioned, serum-free culture medium where 500
schistosomula had been cultured for 24 hours (Conditioned Media,
Figure 1C), However, no AChE activity is detected using freshly shed
live cercariae (Figure 1C). Furthermore, no activity is observed when
butyrylthiocholine is incubated instead of acetylthiocholine with live
schistosomula, as indicated in Figure 1D. Similarly, no
butyrylcholinesterase activity was detected when live adult parasites
were used in similar experiments (data not shown). Schistosome eggs,
freshly isolated from the liver tissue of infected mice, exhibit
substantial AChE activity (Figure 1E). Once again, the greater the
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FIGURE 1

Acetylcholinesterase (AChE) activity (mean ODg41, + SD) in live S. mansoni parasites. (A) Acetylcholinesterase activity in individual live male (circles, n>10)
or female parasites (squares, n>10). Male parasites display significantly higher surface AChE than females (two-way ANOVA, p<0.0001). (B) Surface AChE
activity of individual live male parasites (at 60 min, black bar) compared to total AChE activity recorded in lysates of individual male parasites (white bar,
set at 100%). (C) AChE activity in groups of live, 7-day-old cultured schistosomula (black bars) or in 24 h conditioned media (from 500 cultured

schistosomula, hatched bar) or in groups of 500 cercariae (white bar), at 60

min (n>3), (D) Cholinesterase (ChE) activity (mean ODg4j» + SD) displayed by

live schistosomula (groups of 1000, n=4) in the presence of acetylthiocholine (ATCh, 2.5 mM, closed circles) or butyrylthiocholine (BuTCh, 2.5 mM, open
circles); no cholinesterase activity is detected when BuTCh is included as substrate. (E) AChE activity in groups of freshly recovered liver eggs at 60 min,
(n>5). (F) Surface AChE activity of different schistosome life stages at 60 min, (1 male, 1 female, 500 schistosomula, or 750 eggs per assay, n>4) in the
presence (white bars) or absence (black bars) of the acetylcholinesterase inhibitor BW284c51 (100 pyM final concentration; * t test, p<0.05).
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number of parasites in the assay, the greater the activity seen. As
shown in Figure 1F, the surface AChE activity of all life-stages is
significantly inhibited in the presence of the selective AChE inhibitor,
BW284c51 (p<0.05 in all cases).

Identifying the surface AChE enzyme

Figure 2A shows that treating adult male worms with siRNAs
targeting SmAChEI] results in the successful suppression of this gene
(by >75%, p<0.01 v either control). Three different siRNAs were
evaluated, and preliminary analysis showed that all 3 siRNAs
provided similar levels of gene suppression; therefore, SmACI-
siRNA1 was chosen in all subsequent RNAi experiments (Table S1).
Figure 2B shows that this suppression had no significant impact on
the ability of live worms to cleave exogenous acetylthiocholine
(Figure 2B). There was no significant difference in the AChE
activity displayed by the SmAChElgene-suppressed worms versus
controls. This result strongly suggests that a different gene, encoding a
surface AChE, is responsible for the live worm activity detected.
Therefore, as described in Methods, we performed an extensive in
silico analysis of schistosome DNA databases in order to identify
other potential acetylcholinesterase genes encoding proteins that
might be responsible. In this manner Smp_136690 was identified to
encode a strong candidate gene that we now designate SmTAChE
(https://parasite.wormbase.org/Schistosoma_mansoni_prjea36577/
Info/Index/; database version WBPS17). This gene is 23,068 bp (from
the start to the stop codon) and, as depicted in Figure 3A (top),
consists of 4 exons and 3 introns, unlike the SmAChEI gene
(Smp_154600) which contains 9 exons (Figure 3A, bottom). All
introns have the consensus splicing site sequence (5-GT/AG-3).
Both AChE genes are found on chromosome number 1, the largest
autosomal chromosome; they are ~300 kb apart. Several
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FIGURE 2

Suppression of SMAChEL gene expression. Adult male parasites were
treated either with an siRNA targeting SmAChEL, or with an irrelevant
siRNA (Control) or with no siRNA (None), as indicated. (A) Relative
expression of the SMAChEL gene, measured by RT-qPCR seven days
later. Treating parasites with siRNA targeting SmAChEL1 significantly
suppressed the expression of this gene (by ~ 70%; white bar, *p < 0.05
ANOVA) compared to controls. (B) AChE activity was measured in live
individual male parasites treated with siRNA, as indicated. Mean AChE
activity of the three groups of parasites did not differ significantly
when tested 7 days post siRNA treatment. Each point represents data
from an individual parasite, and the bars indicate the mean ( + SD) for
the group.
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oligonucleotides were designed based on the SmTAChE genomic
sequence and used to amplify the complete 2,085 bp open reading
frame, using adult S. mansoni cDNA as template. The GenBank
accession number for the complete nucleotide sequence of the
SmTAChE ¢cDNA is OP018961. The ORF codes for the SmTAChE
polypeptide of 694 amino acids. This is essentially a newly annotated
version of a previously reported shorter (489 amino acid) sequence
that was designated SmAChE2 (30). Due to substantial differences
between the predicted sequences of these proteins (as shown in Figure
S1), we elect to use the SMTAChE name for the new sequence
reported here.

As shown in Figure 3B, phylogenetic analysis shows that
SmTAChE (red text) is closely related to homologs from S.
haematobium and S. japonicum (described below) and these are
quite distinct from previously described schistosome AChE proteins
(SmAChHE! and its homologs). All trematode AChEs (from
schistosomes, liver flukes and cestodes) form a distinct clade,
distant from the AChEs of animals from other phyla, such as
nematodes and vertebrates. The multiple sequence alignment of all
the sequences used to generate the phylogenetic tree is presented in
Figure S2.

The SmTAChE sequence exhibits 36% amino acid sequence identity
with SmAChEI, and 35% identity with the human AChE enzyme

A SmTAChE P L2 B q
ATG TGA
SmAChE1 1 208 3 3415 6 783 9
ATG TGA
0.74— SJAChEL |
B 0.76L SmAChE1 i, Schistosome |
1 SbAChE1 | Neuromuscular |
i -
IshachEr . ]
08 1 SjTAChE | Schistosome |~ £
09 098 —SmTACRE ™ Tegumental | 2
ShTAChE
0.78 1 CSAChE Liver Flukes
; OVAChE
—ngAChE = Cestodes
EmAChE 4
1 -
g v
0.98 : 5
0.96 TtAChE i
1 TSAChE H
05 SfAChE i~ Nematodes
1 CbAChE |
CeAChE .
03
FIGURE 3

(A) Schematic representations of the SMTAChE (top) and SmAChE1
(bottom) genes. Black boxes represent the numbered exons and thin
lines introns. The positions of the start (ATG) and stop (TGA) codons are
noted. (B) Phylogenetic analysis of the following AChEs: S. mansoni
SMTAChE, (Accession no: OP018961, red), S. haematobium ShTAChE,
(OP018962), S. japonicum SJTAChE, (OP018963), S. mansoni SmAChEL,
(AAQ14321.1), S. haematobium ShAChEL, (AAQ14322.1), S. bovis
SbAChEL, (AAQ14323.1), S. japonicum SJAChEL, (ANH56887.1),
Echinococcus granulosus EQAChE, (EUB57267.1) Echinococcus
muiltilocularis EmAChE, (CDS43027.1), Clonorchis sinensis CsAChE,
(GAA53463.1), Opisthorchis viverrini OVAChE, (XP_009168237.1),
Caenorhabditis briggsae CbAChE, (XP_002643631.1), Caenorhabditis
elegans CeAChE, (NP_510660.1), Trichuris trichiura TtAChE,
(CDW55373.1), Trichinella spiralis TSAChE, (XP_003374589.1),
Strongyloides ratti STAChE, (CEF63281.1), Homo sapiens HsAChE,
(NP_000656) and the electric eel Torpedo californica TcAChE,
(PO4058.2). Numbers on the branches reflect the branch support value,
and the scale bar indicates 30% amino acid sequence divergence
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(HsAChE). As illustrated in Figure 4, SmTAChE contains all amino acids
considered essential for AChE activity: the catalytic triad ($**°, E*,
H>>), the choline-binding site (W''®), six cysteines responsible for 3
intrachain disulfide bonding, the four charged residues involved in
forming two salt-bridges, nine amino acids out of 14 aromatic residues
that line the catalytic gorge in Torpedo californica AChE. In addition,
SmTAChE contains the essential residues that form the oxyanion hole
(G™', G and A**®) which plays an important role in catalysis (45). The
SmTAChHE sequence is predicted to contain three intrachain disulfide
bonds formed between six conserved cysteine residues (C7-C**, c*3.
C*, C*-C*, indicated by blue dashed arrows in Figure 4) which are
considered essential for correct secondary structure formation.
Importantly, SmTAChE also contains a predicted signal peptide (M" -
$*°) and a strong predicted C-terminal GPI anchor sequence
(“’GGIKPTGNYILILGSGLLLFIGIFYG®™, dashed underline in
Figure 4) (30). The GPI-anchoring site (omega ()-residue, S568Y s
indicated by ¥ in Figure 4.

SMTAChE developmental expression
The developmental expression of both the SmAChEl and

SmTAChE genes were examined in several schistosome life stages
by RT-qPCR. As shown in Figure 5, both genes have lowest relative

10.3389/fimmu.2023.1056469

expression in the cercarial stage and, in both cases, expression
increases greatly following infection - in schistosomula and in adult
males and females. Both genes are very well expressed in eggs,
strikingly so for SmTAChE. Based on available transcriptomic
datasets (https://v7test.schisto.xyz/), the expression of both genes is
high in adult male parasites.

Immunolocalization of SmMTAChE

To localize SmMTAChE, we first generated an anti-SmTAChE
antibody targeting a unique synthetic peptide (K>*?-E**,
underlined red text in Figure 4) found only in SmTAChE, and not
in SmAChEL. As shown in Figure 6A, the antibody detects a major
protein band of the expected size of SMTAChE (~75kDa, arrow) in
extracts of adult male parasites (arrow), both among the Pi-PLC
released proteins from live male parasites (Figure 6A, +Pi-PLC) and
in a total male worm lysate (-Pi-PLC). Immunolocalization of
SmTAChE was carried out using the anti-SmTAChE antibodies and
whole, fixed 7-day cultured schistosomula (Figure 6B) or fixed, frozen
sections of adult parasites (Figure 6C). Strong SmTAChE staining is
observed, very predominantly in the tegument; a clear “green ring” of
peripheral staining around the schistosomula is revealed (Figure 6B,
white arrows). Likewise in adult worms, clear tegumental staining is
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FIGURE 4

Alignment of the amino acid sequences of selected AChE proteins. The amino acid sequence of SMTAChE (Accession number OP018961), SmAChE1

(AAQ14321.1), human AChE (HsAChE, GPI-modified H form; NP_000656) and the Electric eel, Torpedo californica (TcCAChE; GPI-modified form,
G239 401 14553

P04058.2) were aligned using Clustal W. The catalytic triad residues (

SMTACHE sequence) are in red and indicated with e and shaded in yellow. The 6 amino acid signature sequence (***FGESAG?*!) of cholinesterases
around the active serine residue (5%*°) is boxed. The choline-binding site (W) is indicated with m. The three intrachain disulfide bonds formed using six
conserved cysteines (C%7-C*?°, C?93-C39¢, C*-C5%) are indicated with dashed blue lines. The four conserved charged residues involved in forming two
salt-bridges are marked with a and shaded in green. The positions of the 14 aromatic residues that line the catalytic gorge in T. californica AChE are
shaded in blue (9 are identical in SMTAChE). The oxyanion hole residues are indicated with v and shaded in red. Five potential N-glycosylation sites (with
the consensus sequence NXS/T) are marked with o. The amino acid sequence of the unique peptide (
SMTACHE is in red and double underlined. The signal peptide of SMTAChE (M'-52%) is underlined. The GPI anchor sequence of SMTAChE (G®%° - G®%) is
is indicated with #. Identical residues in all sequences are marked with an asterisk (*);
strongly similar residues (conserved substitution) are indicated with a colon (): weakly similar residues (semi-conserved) indicated with a dot (), and gaps,
introduced to allow maximum alignment, are marked with dashes (-). The numbers (right) tally the amino acid count per line for each sequence.

indicated with a dashed underline, and the omega (w)-residue (S°°8)
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K329-E%4%) used to generate antibodies for
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FIGURE 5

Developmental expression of acetylcholinesterase genes in different S.
mansoni life stages as determined by RT-qPCR. (A) SmAChE1 gene
expression. (B) SMTAChE Gene expression. All values are relative to
the gene expression level of male parasites, set at 1 (Mean + SD, n=3)

revealed in both the male longitudinal section (Figure 6C, top white
arrows) and in the female cross section (Figure 6C, middle panel,
white arrows). Control parasites, exposed to secondary antibody
alone, do not display signal in the tegument or elsewhere, in either
adult parasites or schistosomula (Figure 6B, C, bottom panels).
Further analysis using e.g., confocal microscopy would help confirm
expression of SMTAChOE in the tegument of schistosomula.
Localization of SmTAChE by immunogold electron microscopy
(Figure 6D) does confirm that the protein is distributed in adult
worm tegumental membranes. Immunogold particles are seen
scattered widely throughout the section, sometimes in small
clusters, including at the host interactive surface (red arrows). In
addition, immunogold particles are also seen lining tegumental pits
(green arrows). Very few immunogold particles are seen in control
sections incubated with gold-labeled secondary anti-rabbit antibody
alone (Figure S3).

(¢}
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The SmMTAChE gene encodes the
surface AChE

To evaluate whether the SMTAChE gene codes for the enzyme
responsible for surface AChE activity, we first knocked-down
expression of the gene using RNAI using 2 different siRNAs. Both
siRNAs gave similar levels of suppression, and for all subsequent
experiments SmAC2-siRNA1 was used. Figure 7A shows ~90%
SmTAChE gene suppression in parasites treated with an siRNA
targeting the gene compared to control parasites treated with a
control (irrelevant) siRNA or no siRNA (none), as determined by
RT-qPCR. To assess the impact of the knock-down on the surface
ACHE, the ability of live worms to cleave exogenous acetylthiocholine
was compared between the groups, 7 days after RNAI treatment. As
shown in Figure 7B, mean surface AChE activity is significantly
reduced in live male parasites treated with siRNA specific for the
SmTAChE gene, versus controls (p < 0.0001). No visible changes were
observed to SmMTAChE gene-suppressed parasites maintained in
culture for 14 days, as assessed by light microscopy.

SMTAChHE is essential for parasite
survival in vivo

To investigate whether SmTAChE has an impact on parasite
survival in vivo, we first suppressed its expression in schistosomula
and, after 4 days in culture, these parasites were used to infect mice.
Control mice were infected either with schistosomula treated with an
irrelevant (control) siRNA or no siRNA, as previously described (12,
44). Mice were perfused six weeks later, and worm burdens were
analyzed. As shown in Figure 8, in two independent experiments,
almost no parasites were recovered from mice infected with
schistosomula whose SmTAChE gene was suppressed compared to
mice infected with schistosomula treated with no siRNA (Figure 8A)
or mice infected with schistosomula treated with control siRNA
(Figure 8B) (p < 0.05, for both experiments, Student’s t test). This
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FIGURE 6

Immunolocalization of SMTAChE. (A, left) Anti-SmTAChE antibodies bind to a protein of the expected size of SMTAChE (~75 kDa, arrow) as seen by
western blot analysis in a protein preparation obtained following Pi-PLC treatment of live adult males (+) and in a total male lysate (not treated with Pi-
PLC, -). Numbers to the left indicate molecular mass markers (kDa). (B) Immunostaining of SMTAChE in 7-day old cultured schistosomula

(C) Immunostaining of SMTAChE in sections of adult male longitudinal section; (C, top panel) and adult female (cross section; C, middle panel) parasites.
Magnification level (10X or 20X) is indicated to the left. An Alexa-Fluor 488 conjugated secondary antibody was used for detection and was used as a
control. Both fluor (left panels) and bright (right panels) fields are shown for each section. Strong tegumental staining is seen in schistosomula and adults
(white arrows). (D) Electron micrograph of the adult tegument showing immunogold labeling of SMTAChE. Red arrows indicate localization of gold
particles on the external surface of the worm and green arrows indicate the presence of some gold particles lining tegumental pits.
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FIGURE 7

The SmTAChE gene encodes the surface AChE. Adult male parasites
were treated either with an siRNA targeting SmTAChE, or with an
irrelevant siRNA (Control) or with no siRNA (None), as indicated.

(A) Treating parasites with siRNA targeting SmTAChE significantly
suppressed the expression of this gene (by >90%; white bar, *p < 0.05
ANOVA) compared to controls, as revealed by RT-qPCR. (B) The AChE
activity of all three groups of live parasites, one week after treatment,
is shown, where each point represents the data from an individual
parasite, and the bars indicates the mean for the group ( + SD). Mean
surface AChE activity is significantly lower in parasites treated with
siRNA specific for SMTAChE (white bar) compared to parasites treated
with control siRNA or with no siRNA (None) (grey bars, ***p < 0.0001,
ANOVA, n >10).

important result shows that SmTAChE performs a vital function that
is key for parasite survival.

Identification of SMTAChE homologs in S.
haematobium and S. japonicum

Analysis of the S. haematobium genome resulted in the
identification of a gene (MS3_0012973) encoding a potential
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FIGURE 8

SMTAChHE is essential for parasite survival in vivo. Schistosome
recovery from mice 6 weeks after infection with SmMTAChE-
suppressed or control parasites. Results from two independent
experiments are shown. (A) schistosomula were treated with siRNA
specific for SMTAChE, or with no siRNA, prior to infection and in

(B) schistosomula were treated with siRNA specific for SmMTAChE or
with control siRNA prior to infection. Each point represents the worm
burden from one mouse, and the line represents the mean ( + SD) for
the group. In both instances, treatment with SMTAChE siRNA
significantly reduced the number of recovered parasites (*P < 0.04,
Students’ t test).
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protein with 85% sequence identity to SmTAChE, which we
designate ShTAChE. The complete nucleotide sequence of
ShTAChE cDNA is deposited at the NCBI GenBank under the
accession number OP018962. In the case of S. japonicum, no single
contig or scaffold was identified that contained a complete SmTAChE
homolog. However, as detailed in Methods, two different contigs were
identified in WormBase ParaSite, each encoding part of an SmTAChE
homolog; based on these sequences and using the RACE technique,
we isolated the complete S. japonicum TAChE coding region. The
complete nucleotide sequence of SJTAChE cDNA is deposited at
NCBI GenBank under the accession number OP018963. The
predicted SJTAChE protein has 71% sequence identity with
SmTAChHE and 69% identity with ShTAChE. Analysis of the gene
structures of the three schistosome TAChE genes shows them to be
very similar; as shown in Figure S4, all genes contain 4 exons and 3
introns (Figure S4) and with all exon-splicing sites being identical in
the three genes. Figure S5 shows the predicted amino acid sequences
of the three schistosome TAChE proteins. Similar to SmTAChE, both
ShTAChE and SjTAChE proteins are predicted to have a signal
peptide and a GPI anchoring signal with conserved -site, as well
as all motifs conserved in other members of the AChE family.

Surface AChE activity of the three major
human schistosome species

Here we compare the surface AChE activity displayed by male
and female parasites of the three major human schistosome species.
As shown in Figure 9, individual live adult male (Figure 9A) and live
adult female (Figure 9B) schistosomes from all three species cleave
exogenous acetylthiocholine. S. haematobium parasites have the
highest AChE activity; individual male S. haematobium have
approximately twice the surface activity found in individual S.
mansoni or S. japonicum parasites, while individual female S.
haematobium parasites have almost 7 times the surface activity of
individual females of the other two schistosome species. (Quantitative
data reported in Table S3) It is noteworthy that individual female S.
haematobium display similar surface AChE activity to individual male
parasites (Table S3). For S. mansoni and S. japonicum, live individual
male AChE activity is about twice that of individual females.

The TAChHE genes of all three schistosome species were targeted
for suppression by treating male worms with a universal siRNA that
targets the TAChEs of all three. In each case this treatment resulted in
significant reductions in surface AChE activity seven days post
treatment (white bars) compared to control parasites treated either
with control siRNA or with no siRNA (grey bars) (Figures 9C-E).

Discussion

We demonstrated here for the first time that live, intact,
intravascular-stage schistosomes can cleave exogenous
acetylthiocholine. Adult male and female S. mansoni, as well as
schistosomula, display this activity, as do freshly isolated parasite
eggs. All such activity is blocked in the presence of the selective AChE
inhibitor BW284c51. The majority of total adult male worm AChE
activity (~70%) can be attributed to the action of the surface AChE.
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FIGURE 9
Surface AChE activity (mean ODy1, + SD) in live individual adults of the three medically most important schistosome species S. mansoni, S. haematobium
and S. japonicum, as indicated (n>5). (A) Live individual adult male parasites. (B) Live individual adult female parasites. S. haematobium parasites (both
male and female) exhibit significantly higher surface AChE activity versus S. mansoni or S. japonicum parasites (p < 0.001, Two-Way ANOVA). No
significant difference is observed between live S. mansoni and S. japonicum adult parasite AChE activity. (C—E) A universal siRNA targeting the
tegumental AChE gene of the three species was designed and used to knock-down the expression of this gene in adult male parasites. Seven days later
the surface AChE activity (mean ODg41, + SD) was measured in live, gene-suppressed versus control S. mansoni (C), S. haematobium (D) or S. japonicum
(E) adult males. Each point represents the data from one worm, and the line represents the mean ( + SD) for the group. In all cases, gene suppression
resulted is significant reductions in surface AChE activity (C, S. mansoni; ***p < 0.001), (D, S. haematobium; ***p < 0.0001) and (E, S. japonicum; ***p <
0.008, all by ANOVA). Values obtained at 60 min are presented.
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While a tegumental butyrylcholinesterase (BuChE) has been
identified in S. mansoni (SmBuChE (30),), we find that intact, live
parasites display no evidence of host-interactive BuChE activity,
suggesting that SmBuChE is not expressed on the external surface
of the intravascular-stage worms. In addition, we were unable to
detect secreted AChE activity, showing that AChE remains attached
to the parasites surface and is not excreted or secreted by the worms to
any great extent. In agreement with this, previous work detected
AChE activity only in medium where live parasites had been treated
with Pi-PLC, but not in the medium of control parasites (46).

A gene encoding an AChE was previously identified in S.
mansoni, S. haematobium, S. bovis and S. japonicum (17, 21, 28,
29). The worms had been reported to display AChE activity both
internally as well as on their external tegumental membranes and it
was originally proposed that the identified gene encoded both internal
and tegumental enzymes (17). However, we show here that
suppression of this gene in S. mansoni (SmAChE1) using RNAi
failed to significantly impact the surface AChE activity of live adult
male parasites. In addition, neither SmAChE1 (and its homologs in
other schistosome species), nor a second AChE identified in S.
mansoni (SmAChE2 (30),), were predicted to contain a consensus
C-terminal GPI anchoring sequence. Therefore, we hypothesized that
another gene coded for the surface AChE. I silico analysis of the S.
mansoni genome revealed the presence of a gene potentially encoding
a 694 amino acid protein that has a high degree of identity with the
previously published 488 amino acid SmAChE2 (30). Despite the fact
that both sequences are encoded by the same gene (Smp_136690),
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substantial differences have emerged between the published
SmAChE2 protein (30) and the sequence we present here. Our
predicted AChE is essentially a newly annotated version of the
previous sequence, and we elect to use the name SmTAChE for this
enzyme. We cloned the complete coding sequence of this gene and, as
detailed in Results, identified all domains and essential amino acids
required for AChE activity in its predicted amino acid sequence. We
have sequenced and analyzed multiple PCR products generated using
adult parasite cDNA as template, but have never found a sequence
that matches the published SmAChE2 sequence (30). Importantly,
our SmMTAChE sequence contains a leader sequence and a consensus
GPI anchoring domain, supporting the biochemical evidence that the
tegumental AChE is GPI linked (21, 27, 42). Indeed, we show here
that experimental treatment of live schistosomes with Pi-PLC releases
SmTAChE. Interestingly, it has been previously demonstrated that
treating parasites with Pi-PLC significantly upregulates the synthesis
of AChE (47).

Immunolocalization experiments reported here, using antibodies
that are specific for SmMTAChE, showed that the protein is
prominently expressed in the tegument of the schistosomula and
adult parasite stages, as expected if this protein is responsible for
surface AChE activity. Most importantly, knocking down the
expression of the SmTAChE gene resulted in a significant reduction
in the surface AChE activity displayed by live parasites. These data
prove that the tegumental surface AChE of S. mansoni is encoded by
the SMTAChE gene and help to clarify longstanding confusion
regarding schistosome AChE activity. To our surprise, SmMTAChE
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expression is not seen to be especially enriched in tegumental cells
(neither cluster 1 nor cluster 2) in an S. mansoni single cell dataset (48,
49). Instead, expression is detected in many cell types with
enrichment noted in several distinct neuronal cell groups and in
flame cells (48, 49). More work is needed to better reconcile the
transcriptomic versus tegument proteomic data sets.

Presumably SmTAChE is the protein earlier characterized as
having a sedimentation coefficient of 6.5S that does not bind to
heparin but that can be released from intact parasites by Pi-PLC
treatment (26, 27). In support of this and as noted earlier, treatment of
live schistosomes with Pi-PLC releases SmTAChE. We infer that
SmAChEL is the internal protein earlier characterized as having a
sedimentation coefficient of 8S that binds heparin (26). Genes
encoding both proteins are expressed in all intra-mammalian life
stages of the parasites, and both exhibit minimal relative expression in
the cercarial life stage.

In other animals, a key function of the AChE enzyme is to
terminate synaptic transmission at cholinergic synapses by
hydrolyzing the neurotransmitter acetylcholine, and we hypothesize
that SmAChEI largely fulfills this function in schistosomes. However,
the function of the non-neuronal, tegumental enzyme SmTAChE is
unknown (50). To examine the importance of this tegumental AChE
enzyme for S. mansoni in vivo, SmTAChE gene-suppressed versus
control schistosomula were used to infect mice and, after 6 weeks,
worm burdens were compared between the groups. Almost no
parasites are recovered from mice infected with schistosomula
whose SMTAChE gene was suppressed compared to controls. This
important result shows that the function(s) performed by SmTAChE
are vital for parasite survival. The essential function fulfilled by
SmTAChHE is unclear. The enzyme may influence host vascular
physiology, given that acetylcholine is a vasodilator (51-53).
Additionally, SmTAChE may have an immunoregulatory role since
several immune cells respond to acetylcholine (54, 55) and, due to
SmTAChHE action, it seems likely that immune signaling via
acetylcholine would be impaired, at least in the vicinity of the
worms. Glucose uptake is reported to be enhanced in the presence
of acetylcholine in adult S. haematobium and S. bovis but not S.
mansoni (56) and it is possible that the action of tegumental AChEs
could impact this. Beyond schistosomes, AChEs are now reported to
be distributed in a variety of non-neuronal tissues including in
hematopoietic, osteogenic and various neoplastic cells, where the
enzymes are predicted to express non-classical (and possibly non-
enzymatic) activities (21, 57-59). Currently, there is substantial effort
to understand the physiological significance and the molecular
mechanisms of these non-neuronal cholinergic activities (60-65).

Since the suppression of SmTAChE gene expression severely
impaired the ability of the worms to establish a robust infection,
this validates SMTAChE as a therapeutic target for schistosomiasis.
Indeed, it has been shown that human schistosomiasis can be treated
using the drug metrifonate, an organophosphorus compound (13,
66). The active metabolite of metrifonate, dichlorvos (2,2-
dichlorovinyl dimethyl phosphate), acts by inhibiting AChEs. It was
suggested that tegumental AChE is the target for this therapy (20).
While metrifonate is no longer commercially available as an anti-
schistosome agent due to the need for multiple doses, reduced efficacy
compared to the newer drug praziquantel (PZQ), and higher
specificity to human AChE which can result in toxicity (66, 67), its
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earlier use in humans highlights the potential value of identifying
schistosome-specific AChE inhibitors (against SmTAChE and/or
SmAChEL1) as novel therapies.

Since any new therapy for schistosomiasis should ideally target all
three medically important species, we looked for evidence of surface
AChE activity in S. japonicum and S. haematobium, in addition to S.
mansoni. Adult male and female worms of all three species were
observed to cleave exogenous acetylthiocholine with S. haematobium
parasites exhibiting the highest surface AChE activity, when
compared to the other two species. Both S. mansoni and S.
japonicum adult worms express very similar levels of surface AChE
activity. In contrast, individual adult male S. haematobium parasites
display about two-fold greater activity compared to individual males
of either S. japomicum or S. mansoni. Additionally, female S.
haematobium exhibits strikingly high relative AChE surface activity
- almost seven times that found in the other two species. These data
are in general agreement with reports that tegument extracts of adult
S. haematobium display substantially higher AChE activity compared
to equivalent tegument extracts of S. mansoni (20). The requirement
for such high surface AChE activity by S. haematobium, and whether
it is related to living in its distinct, preferred intravascular niche (the
vesicle plexus), is not known. Similarly, why S. mansoni eggs should
display such a very high relative SmTAChE expression level (>3 times
that of adult males) is unclear.

Finally, we investigated whether the surface AChEs of S.
haematobium and S. japonicum are encoded by SmTAChE
homologs. We first identified and cloned clear homologs from S.
haematobium (ShTAChE) and S. japonicum (SJTAChE) and we
identified that the genes encoding these proteins possess a very
similar structure across all three species, and all three proteins are
predicted to possess signal peptides and GPI anchoring sites. We next
targeted the surface AChE gene from each species for suppression by
RNAI. This yielded parasites with a significantly diminished ability to
cleave exogenous acetylthiocholine compared to controls, confirming
that the identified genes indeed encode the tegumental AChE in the
three schistosome species.

The two S. mansoni AChE gene structures are quite divergent;
SmAChE] has 9 exons while SmMTAChHE has 4. In addition, the 687
amino acid SmAChE]1 and the 694 amino acid SmTAChE display just
moderate (~35%) amino acid sequence identity and this is about the
same as that displayed by either of the schistosome AChEs versus
(evolutionarily distant) human AChE (614 amino acids). Given the
moderate level of amino acid sequence identity between the
schistosome AChEs versus the human enzyme, it is likely that
drugs preferentially inhibiting the schistosome enzymes could be
developed. Unlike schistosomes, the human genome encodes a single
ACAhE, and this makes any differential inhibitor screening (i.e., testing
for inhibition of schistosome vs. human AChE) very feasible.

Heterologous anti-AChE antibodies (raised by immunizing
rabbits with AChE from an electric eel, Eletrophorus electricus) bind
to live S. mansoni schistosomula (68). Incubating these parasites with
guinea pig serum (as a source of complement) results in ~ 50% killing
of the parasites (68). Similarly, incubating schistosomula with
antibodies raised against S. mansoni cercarial AChE (in the
presence of guinea pig serum) leads to ~80% parasite killing (69).
We infer that in these experiments the anti-AChE antibodies drive
this effect by binding to the SmTAChE that is exposed on the external
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surface of the worms; this provides a strong rationale for also
considering surface located SmMTAChE as a novel anti schistosome
vaccine candidate. Blocking SmTAChE function using either new
drugs, or immunologically, offers a new therapeutic approach to
control schistosomiasis.
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SUPPLEMENTARY FIGURE 1

Sequence comparison of SMTAChE and SmAChE2. Both sequences derive from
the gene Smp_136690; however, the SMTAChE protein (accession number
OP018961) is substantially different from the published SmMAChE2 sequence
(30). The SMAChE2 sequence lacks a signal peptide(M-52°) underlined in the
SMTAChE sequence) and a GPl-anchoring signal (G®®°-G®* double underlined
in SMTAChE) and, likely due to differences in annotation, is missing many blocks
of amino acids compared to SMTAChE. Differences between the sequences are
depicted by red text highlighted in yellow.

SUPPLEMENTARY FIGURE 2

Alignment of multiple AChE sequences using Muscle (http://www.phylogeny.fr/).
These data were used to generate the phylogenetic tree shown in . All accession
numbers are indicated in the legend. Similar residues are highlighted in blue as
most conserved according to BLOSUMG62. Average BLOSUMG62 score: Max: 3.0,
Mid: 1.5, Low: 0.5.

SUPPLEMENTARY FIGURE 3

Control electron micrograph (EM) image. Very few immunogold particles are
seen in sections, such as that shown, that were incubated with gold-labeled
secondary anti-rabbit antibody alone.

SUPPLEMENTARY FIGURE 4

A schematic representation of the conserved tegumental AChE gene structure
of three schistosome species. The gene encoding the tegumental AChE of S.
mansoni (SMTAChE, topo) is compared to that of S. haematobium (ShTAChE,
middle) and S. japonicum (SJTAChE, bottom). The sizes of exons and introns are
indicated (numbers represent base pairs). The//indicates that the complete
intron 1 of SJTAChE has not yet been characterized.

SUPPLEMENTARY FIGURE 5

Alignment of the amino acid sequences of the tegumental acetylcholinesterases
(AChEs) of three schistosome species. The amino acid sequence of the
tegumental Schistosoma mansoni AChE (SmMTAChE, accession number
OP018961), tegumental S. haematobium AChE (ShTAChE, accession number
OP018962) and tegumental S. japonicum AChE (SSTAChE, accession number
OP018963) were aligned using Clustal W. The catalytic triad residues (52%°, E*,
H553, where amino acid positions correspond to the numbering of the SMTAChE
sequence) are in red and indicated with e. The signature sequence (*SFGESAG®*)
of cholinesterases around the active serine residue (5>*°) is boxed. The choline-
binding site (W) is indicated with m. The three intrachain disulfide bonds formed
using six conserved cysteines are indicated with dashed blue lines. The boxed
cysteine residue (C°%) is predicted to be involved in dimer formation. Predicted
signal peptides are underlined and predicted GPI anchoring motifs are indicated
with a dashed underline. All three sequences have a conserved omega (m)-site
(indicated with #). All other domains are described in the legend to . Red arrows ({)
depict amino acids encoded by DNA sequences at exon/exon junctions, further
highlighting their conservation.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1056469/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1056469/full#supplementary-material
http://www.phylogeny.fr/
https://doi.org/10.3389/fimmu.2023.1056469
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Skelly and Da'dara

References

1. Steinmann P, Keiser J, Bos R, Tanner M, Utzinger J. Schistosomiasis and water
resources development: systematic review, meta-analysis, and estimates of people at risk.
Lancet Infect Dis (2006) 6(7):411-25. doi: 10.1016/S1473-3099(06)70521-7

2. Gryseels B. Schistosomiasis. Infect Dis Clinics North America (2012) 26(2):383-97.
doi: 10.1016/j.idc.2012.03.004

3. King CH, Dangerfield-Cha M. The unacknowledged impact of chronic
schistosomiasis. Chronic Illn (2008) 4(1):65-79. doi: 10.1177/1742395307084407

4. King CH. Parasites and poverty: the case of schistosomiasis. Acta Tropica (2010) 113
(2):95-104. doi: 10.1016/j.actatropica.2009.11.012

5. King CH, Dickman K, Tisch DJ. Reassessment of the cost of chronic helmintic
infection: a meta-analysis of disability-related outcomes in endemic schistosomiasis.
Lancet (2005) 365(9470):1561-9. doi: 10.1016/S0140-6736(05)66457-4

6. Hotez PJ, Alvarado M, Basanez MG, Bolliger I, Bourne R, Boussinesq M, et al. The
global burden of disease study 2010: interpretation and implications for the neglected
tropical diseases. PloS Negl Trop Dis (2014) 8(7):e2865. doi: 10.1371/journal.pntd.0002865

7. Gryseels B, Polman K, Clerinx J, Kestens L. Human schistosomiasis. Lancet (2006)
368(9541):1106-18. doi: 10.1016/S0140-6736(06)69440-3

8. Jia TW, Utzinger J, Deng Y, Yang K, Li YY, Zhu JH, et al. Quantifying quality of life
and disability of patients with advanced schistosomiasis japonica. PloS Negl Trop Dis
(2011) 5(2):e966. doi: 10.1371/journal.pntd.0000966

9. Warren KS. The secret of the immunopathogenesis of schistosomiasis: in vivo
models. Immunol Rev (1982) 61:189-213. doi: 10.1111/j.1600-065X.1982.tb00377.x

10. Skelly P, Wilson R. Making sense of the schistosome surface. Adv Parasitol (2006)
63:185-284. doi: 10.1016/50065-308X(06)63003-0

11. Nation CS, Da'Dara AA, Skelly P]. NAD-catabolizing ectoenzymes of schistosoma
mansoni. Biochem J (2022) 479(11):1165-80. doi: 10.1042/BCJ20210784

12. Krautz-Peterson G, Simoes M, Faghiri Z, Ndegwa D, Oliveira G, Shoemaker CB,
et al. Suppressing glucose transporter gene expression in schistosomes impairs parasite
feeding and decreases survival in the mammalian host. PloS Pathog (2010) 6(6):¢1000932.
doi: 10.1371/journal.ppat.1000932

13. Faghiri Z, Camargo SM, Huggel K, Forster IC, Ndegwa D, Verrey F, et al. The
tegument of the human parasitic worm schistosoma mansoni as an excretory organ: the
surface aquaporin SmAQP is a lactate transporter. PloS One (2010) 5(5):e10451. doi:
10.1371/journal.pone.0010451

14. Elzoheiry M, Da'dara AA, Bhardwaj R, Wang Q, Azab MS, El-Kholy EI, et al.
Intravascular schistosoma mansoni cleave the host immune and hemostatic signaling
molecule sphingosine-1-Phosphate via tegumental alkaline phosphatase. Front Immunol
(2018) 9:1746. doi: 10.3389/fimmu.2018.01746

15. Da'dara AA, Elzoheiry M, El-Beshbishi SN, Skelly PJ. Vitamin B6 acquisition and
metabolism in schistosoma mansoni. Front Immunol (2020) 11:622162. doi: 10.3389/
fimmu.2020.622162

16. Da'dara AA, Angeli A, Ferraroni M, Supuran CT, Skelly PJ. Crystal structure and
chemical inhibition of essential schistosome host-interactive virulence factor carbonic
anhydrase SmCA. Commun Biol (2019) 2:333. doi: 10.1038/s42003-019-0578-0

17. Jones AK, Bentley GN, Oliveros Parra WG, Agnew A. Molecular characterization
of an acetylcholinesterase implicated in the regulation of glucose scavenging by the
parasite schistosoma. FASEB ] (2002) 16(3):441-3. doi: 10.1096/f].01-0683fje

18. Barker LR, Bueding E, Timms AR. The possible role of acetylcholine in
schistosoma mansoni. Br J Pharmacol Chemother (1966) 26(3):656-65. doi: 10.1111/
j.1476-5381.1966.tb01845.x

19. Pax RA, Siefker C, Bennett JL. Schistosoma mansoni: differences in acetylcholine,
dopamine, and serotonin control of circular and longitudinal parasite muscles. Exp
Parasitol (1984) 58(3):314-24. doi: 10.1016/0014-4894(84)90048-1

20. Camacho M, Tarrab-Hazdai R, Espinoza B, Arnon R, Agnew A. The amount of
acetylcholinesterase on the parasite surface reflects the differential sensitivity of
schistosome species to metrifonate. Parasitology (1994) 108(Pt 2):153-60. doi: 10.1017/
S0031182000068244

21. Camacho M, Alsford S, Agnew A. Molecular forms of tegumental and muscle
acetylcholinesterases of schistosoma. Parasitology (1996) 112(Pt 2):199-204. doi: 10.1017/
$0031182000084766

22. Levi-Schaffer F, Tarrab-Hazdai R, Schryer MD, Arnon R, Smolarsky M. Isolation
and partial characterization of the tegumental outer membrane of schistosomula of
schistosoma mansoni. Mol Biochem Parasitol (1984) 13(3):283-300. doi: 10.1016/0166-
6851(84)90120-8

23. Espinoza B, Parizade M, Ortega E, Tarrab-Hazdai R, Zilberg D, Arnon R.
Monoclonal antibodies against acetylcholinesterase of schistosoma mansoni:
production and characterization. Hybridoma (1995) 14(6):577-86. doi: 10.1089/
hyb.1995.14.577

24. Goldlust A, Arnon R, Silman I, Tarrab-Hazdai R. Acetylcholinesterase of
schistosoma mansoni: purification and characterization. J Neurosci Res (1986) 15
(4):569-81. doi: 10.1002/jnr.490150413

25. Tarrab-Hazdai R, Levi-Schaffer F, Gonzales G, Arnon R. Acetylcholinesterase of
schistosoma mansoni. molecular forms of the solubilized enzyme. Biochim Biophys Acta
(1984) 790(1):61-9. doi: 10.1016/0167-4838(84)90332-7

Frontiers in Immunology

10.3389/fimmu.2023.1056469

26. Tarrab-Hazdai R, Toker L, Silman I, Arnon R. Acetylcholinesterase from
schistosoma mansoni: interaction of globular species with heparin. Biochem ] (1999)
344 Pt 3:945-51. doi: 10.1042/bj3440945

27. Espinoza B, Tarrab-Hazdai R, Silman I, Arnon R. Acetylcholinesterase in
schistosoma mansoni is anchored to the membrane via covalently attached
phosphatidylinositol. Mol Biochem Parasitol (1988) 29(2-3):171-9. doi: 10.1016/0166-
6851(88)90072-2

28. Bentley GN, Jones AK, Agnew A. Mapping and sequencing of acetylcholinesterase
genes from the platyhelminth blood fluke schistosoma. Gene (2003) 314:103-12. doi:
10.1016/S0378-1119(03)00709-1

29. You H, Gobert GN, Du X, Pali G, Cai P, Jones MK, et al. Functional
characterisation of schistosoma japonicum acetylcholinesterase. Parasit Vectors (2016)
9(1):328. doi: 10.1186/s13071-016-1615-1

30. Tedla BA, Sotillo J, Pickering D, Eichenberger RM, Ryan S, Becker L, et al. Novel
cholinesterase paralogs of schistosoma mansoni have perceived roles in cholinergic
signalling and drug detoxification and are essential for parasite survival. PloS Pathog
(2019) 15(12):e1008213. doi: 10.1371/journal.ppat.1008213

31. Da'dara AA, Skelly PJ. Gene suppression in schistosomes using RNAi. Methods
Mol Biol (2015) 1201:143-64. doi: 10.1007/978-1-4939-1438-8_8

32. Da'dara AA, Li YS, Xiong T, Zhou J, Williams GM, McManus DP, et al. DNA-
Based vaccines protect against zoonotic schistosomiasis in water buffalo. Vaccine (2008)
26(29-30):3617-25. doi: 10.1016/j.vaccine.2008.04.080

33. Da'dara AA, Skelly PJ, Wang MM, Harn DA. Immunization with plasmid DNA
encoding the integral membrane protein, Sm23, elicits a protective immune response
against schistosome infection in mice. Vaccine (2001) 20(3-4):359-69. doi: 10.1016/
$0264-410X(01)00374-7

34. Tucker MS, Karunaratne LB, Lewis FA, Freitas TC, Liang YS. Schistosomiasis. Curr
Protoc Immunol (2013) 103:19 1 1- 1 58. doi: 10.1002/0471142735.im1901s103

35. Dalton JP, Day SR, Drew AC, Brindley PJ. A method for the isolation of
schistosome eggs and miracidia free of contaminating host tissues. Parasitology (1997)
115(Pt 1):29-32. doi: 10.1017/50031182097001091

36. Ellman GL, Courtney KD, Andres VJr., Feather-Stone RM. A new and rapid
colorimetric determination of acetylcholinesterase activity. Biochem Pharmacol (1961)
7:88-95. doi: 10.1016/0006-2952(61)90145-9

37. Cline DJ, Redding SE, Brohawn SG, Psathas JN, Schneider JP, Thorpe C. New
water-soluble phosphines as reductants of peptide and protein disulfide bonds: reactivity
and membrane permeability. Biochemistry (2004) 43(48):15195-203. doi: 10.1021/
bi048329a

38. Winther JR, Thorpe C. Quantification of thiols and disulfides. Biochim Biophys
Acta (2014) 1840(2):838-46. doi: 10.1016/j.bbagen.2013.03.031

39. Dereeper A, Audic S, Claverie JM, Blanc G. BLAST-EXPLORER helps you
building datasets for phylogenetic analysis. BMC Evol Biol (2010) 10:8. doi: 10.1186/
1471-2148-10-8

40. Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, et al. Phylogeny.fr:
robust phylogenetic analysis for the non-specialist. Nucleic Acids Res (2008) 36(Web
Server issue):W465-9. doi: 10.1093/nar/gkn180

41. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res (2004) 32(5):1792-7. doi: 10.1093/nar/gkh340

42. Castro-Borges W, Dowle A, Curwen RS, Thomas-Oates J, Wilson RA. Enzymatic
shaving of the tegument surface of live schistosomes for proteomic analysis: a rational
approach to select vaccine candidates. PloS Negl Trop Dis (2011) 5(3):e993. doi: 10.1371/
journal.pntd.0000993

43. Skelly PJ, Dougan PM, Maule A, Day TA, Shoemaker CB. Cloning and characterization
of a muscle isoform of a Na,K-ATPase alpha subunit (SNaK1) from schistosoma mansoni.
Parasitol Notes (2001) 123(Pt 3):277-84. doi: 10.1017/50031182001008484

44. Bhardwaj R, Krautz-Peterson G, Da'dara A, Tzipori S, Skelly P]. Tegumental
phosphodiesterase SmNPP-5 is a virulence factor for schistosomes. Infect Immun (2011)
79(10):4276-84. doi: 10.1128/IAL.05431-11

45. Zhang Y, Kua J, McCammon JA. Role of the catalytic triad and oxyanion hole in
acetylcholinesterase catalysis: an ab initio QM/MM study. ] Am Chem Soc (2002) 124
(35):10572-7. doi: 10.1021/ja020243m

46. Arnon R, Silman I, Tarrab-Hazdai R. Acetylcholinesterase of schistosoma
mansoni-functional correlates. contributed in honor of professor Hans neurath's 90th
birthday. Protein Sci (1999) 8(12):2553-61. doi: 10.1110/ps.8.12.2553

47. Espinoza B, Silman I, Arnon R, Tarrab-Hazdai R. Phosphatidylinositol-specific
phospholipase ¢ induces biosynthesis of acetylcholinesterase via diacylglycerol in
schistosoma mansoni. Eur ] Biochem (1991) 195(3):863-70. doi: 10.1111/j.1432-
1033.1991.tb15776.x

48. Wendt G, Zhao L, Chen R, Liu C, O'Donoghue AJ, Caffrey CR, et al. A single-cell
RNA-seq atlas of schistosoma mansoni identifies a key regulator of blood feeding. Science
(2020) 369(6511):1644-9. doi: 10.1126/science.abb7709

49. Wendt GR, Reese ML, Collins JJ3rd. SchistoCyte atlas: A single-cell transcriptome
resource for adult schistosomes. Trends Parasitol (2021) 37(7):585-7. doi: 10.1016/
j.pt.2021.04.010

frontiersin.org


https://doi.org/10.1016/S1473-3099(06)70521-7
https://doi.org/10.1016/j.idc.2012.03.004
https://doi.org/10.1177/1742395307084407
https://doi.org/10.1016/j.actatropica.2009.11.012
https://doi.org/10.1016/S0140-6736(05)66457-4
https://doi.org/10.1371/journal.pntd.0002865
https://doi.org/10.1016/S0140-6736(06)69440-3
https://doi.org/10.1371/journal.pntd.0000966
https://doi.org/10.1111/j.1600-065X.1982.tb00377.x
https://doi.org/10.1016/S0065-308X(06)63003-0
https://doi.org/10.1042/BCJ20210784
https://doi.org/10.1371/journal.ppat.1000932
https://doi.org/10.1371/journal.pone.0010451
https://doi.org/10.3389/fimmu.2018.01746
https://doi.org/10.3389/fimmu.2020.622162
https://doi.org/10.3389/fimmu.2020.622162
https://doi.org/10.1038/s42003-019-0578-0
https://doi.org/10.1096/fj.01-0683fje
https://doi.org/10.1111/j.1476-5381.1966.tb01845.x
https://doi.org/10.1111/j.1476-5381.1966.tb01845.x
https://doi.org/10.1016/0014-4894(84)90048-1
https://doi.org/10.1017/S0031182000068244
https://doi.org/10.1017/S0031182000068244
https://doi.org/10.1017/S0031182000084766
https://doi.org/10.1017/S0031182000084766
https://doi.org/10.1016/0166-6851(84)90120-8
https://doi.org/10.1016/0166-6851(84)90120-8
https://doi.org/10.1089/hyb.1995.14.577
https://doi.org/10.1089/hyb.1995.14.577
https://doi.org/10.1002/jnr.490150413
https://doi.org/10.1016/0167-4838(84)90332-7
https://doi.org/10.1042/bj3440945
https://doi.org/10.1016/0166-6851(88)90072-2
https://doi.org/10.1016/0166-6851(88)90072-2
https://doi.org/10.1016/S0378-1119(03)00709-1
https://doi.org/10.1186/s13071-016-1615-1
https://doi.org/10.1371/journal.ppat.1008213
https://doi.org/10.1007/978-1-4939-1438-8_8
https://doi.org/10.1016/j.vaccine.2008.04.080
https://doi.org/10.1016/S0264-410X(01)00374-7
https://doi.org/10.1016/S0264-410X(01)00374-7
https://doi.org/10.1002/0471142735.im1901s103
https://doi.org/10.1017/S0031182097001091
https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.1021/bi048329a
https://doi.org/10.1021/bi048329a
https://doi.org/10.1016/j.bbagen.2013.03.031
https://doi.org/10.1186/1471-2148-10-8
https://doi.org/10.1186/1471-2148-10-8
https://doi.org/10.1093/nar/gkn180
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1371/journal.pntd.0000993
https://doi.org/10.1371/journal.pntd.0000993
https://doi.org/10.1017/S0031182001008484
https://doi.org/10.1128/IAI.05431-11
https://doi.org/10.1021/ja020243m
https://doi.org/10.1110/ps.8.12.2553
https://doi.org/10.1111/j.1432-1033.1991.tb15776.x
https://doi.org/10.1111/j.1432-1033.1991.tb15776.x
https://doi.org/10.1126/science.abb7709
https://doi.org/10.1016/j.pt.2021.04.010
https://doi.org/10.1016/j.pt.2021.04.010
https://doi.org/10.3389/fimmu.2023.1056469
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Skelly and Da'dara

50. Soreq H, Seidman S. Acetylcholinesterase-new roles for an old actor. Nat Rev
Neurosci (2001) 2(4):294-302. doi: 10.1038/35067589

51. Kellogg DLJr., Zhao JL, Coey U, Green JV. Acetylcholine-induced vasodilation is
mediated by nitric oxide and prostaglandins in human skin. J Appl Physiol (1985) (2005)
98(2):629-32. doi: 10.1152/japplphysiol.00728.2004

52. Medow MS, Glover JL, Stewart JM. Nitric oxide and prostaglandin inhibition
during acetylcholine-mediated cutaneous vasodilation in humans. Microcirculation
(2008) 15(6):569-79. doi: 10.1080/10739680802091526

53. Holowatz LA, Thompson CS, Minson CT, Kenney WL. Mechanisms of
acetylcholine-mediated vasodilatation in young and aged human skin. J Physiol (2005)
563(Pt 3):965-73. doi: 10.1113/jphysiol.2004.080952

54. Kawashima K, Fujii T, Moriwaki Y, Misawa H. Critical roles of acetylcholine and
the muscarinic and nicotinic acetylcholine receptors in the regulation of immune
function. Life Sci (2012) 91:1027-32. doi: 10.1016/j.1fs.2012.05.006

55. Kawashima K, Fujii T. The lymphocytic cholinergic system and its contribution to
the regulation of immune activity. Life Sci (2003) 74(6):675-96. doi: 10.1016/
j.1fs.2003.09.037

56. Camacho M, Agnew A. Schistosoma: rate of glucose import is altered by acetylcholine
interaction with tegumental acetylcholine receptors and acetylcholinesterase. Exp Parasitol
(1995) 81(4):584-91. doi: 10.1006/expr.1995.1152

57. Kawashima K, Fujii T. Basic and clinical aspects of non-neuronal acetylcholine:
overview of non-neuronal cholinergic systems and their biological significance. J
Pharmacol Sci (2008) 106(2):167-73. doi: 10.1254/jphs.FM0070073

58. Wessler IK, Kirkpatrick CJ. The non-neuronal cholinergic system: an emerging
drug target in the airways. Pulmonary Pharmacol Ther (2001) 14(6):423-34. doi: 10.1006/
pupt.2001.0313

59. Wessler I, Kilbinger H, Bittinger F, Kirkpatrick CJ. The biological role of non-
neuronal acetylcholine in plants and humans. Japanese ] Pharmacol (2001) 85(1):2-10.
doi: 10.1254/jjp.85.2

Frontiers in Immunology

14

10.3389/fimmu.2023.1056469

60. Kirkpatrick CJ, Bittinger F, Nozadze K, Wessler I. Expression and function of the
non-neuronal cholinergic system in endothelial cells. Life Sci (2003) 72(18-19):2111-6.
doi: 10.1016/S0024-3205(03)00069-9

61. Maeda S, Jun JG, Kuwahara-Otani S, Tanaka K, Hayakawa T, Seki M. Non-
neuronal expression of choline acetyltransferase in the rat kidney. Life Sci (2011) 89(11-
12):408-14. doi: 10.1016/j.1fs.2011.07.011

62. de Almeida JP, Saldanha C. Nonneuronal cholinergic system in human
erythrocytes: biological role and clinical relevance. ] Membr Biol (2010) 234(3):227-34.
doi: 10.1007/s00232-010-9250-9

63. Pickett MA, Dush MK, Nascone-Yoder NM. Acetylcholinesterase plays a non-neuronal,
non-esterase role in organogenesis. Development (2017) 144(15):2764-70. doi: 10.1242/
dev.149831

64. Fujii T, Mashimo M, Moriwaki Y, Misawa H, Ono S, Horiguchi K, et al. Expression
and function of the cholinergic system in immune cells. Front Immunol (2017) 8:1085.
doi: 10.3389/fimmu.2017.01085

65. Fujii T, Mashimo M, Moriwaki Y, Misawa H, Ono S, Horiguchi K, et al.
Physiological functions of the cholinergic system in immune cells. J Pharmacol Sci
(2017) 134(1):1-21. doi: 10.1016/j.jphs.2017.05.002

66. Kramer CV, Zhang F, Sinclair D, Olliaro PL. Drugs for treating urinary
schistosomiasis. Cochrane Database Systematic Rev (2014) 2014(8):CD000053. doi:
10.1002/14651858.CD000053.pub3

67. Danso-Appiah A, Utzinger J, Liu J, Olliaro P. Drugs for treating urinary
schistosomiasis. Cochrane Database Systematic Rev (2008) 2008(3):CD000053. doi:
10.1002/14651858.CD000053.pub2

68. Tarrab-Hazdai R, Levi-Schaffer F, Smolarsky M, Arnon R. Acetylcholinesterase of
schistosoma mansoni: antigenic cross-reactivity with electrophorus electricus and its
functional implications. Eur ] Immunol (1984) 14(3):205-9. doi: 10.1002/ji.1830140302

69. Espinoza B, Tarrab-Hazdai R, Himmeloch S, Arnon R. Acetylcholinesterase from
schistosoma mansoni: immunological characterization. Immunol Lett (1991) 28(2):167—
74. doi: 10.1016/0165-2478(91)90116-R

frontiersin.org


https://doi.org/10.1038/35067589
https://doi.org/10.1152/japplphysiol.00728.2004
https://doi.org/10.1080/10739680802091526
https://doi.org/10.1113/jphysiol.2004.080952
https://doi.org/10.1016/j.lfs.2012.05.006
https://doi.org/10.1016/j.lfs.2003.09.037
https://doi.org/10.1016/j.lfs.2003.09.037
https://doi.org/10.1006/expr.1995.1152
https://doi.org/10.1254/jphs.FM0070073
https://doi.org/10.1006/pupt.2001.0313
https://doi.org/10.1006/pupt.2001.0313
https://doi.org/10.1254/jjp.85.2
https://doi.org/10.1016/S0024-3205(03)00069-9
https://doi.org/10.1016/j.lfs.2011.07.011
https://doi.org/10.1007/s00232-010-9250-9
https://doi.org/10.1242/dev.149831
https://doi.org/10.1242/dev.149831
https://doi.org/10.3389/fimmu.2017.01085
https://doi.org/10.1016/j.jphs.2017.05.002
https://doi.org/10.1002/14651858.CD000053.pub3
https://doi.org/10.1002/14651858.CD000053.pub2
https://doi.org/10.1002/eji.1830140302
https://doi.org/10.1016/0165-2478(91)90116-R
https://doi.org/10.3389/fimmu.2023.1056469
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A novel, non-neuronal acetylcholinesterase of schistosome parasites is essential for definitive host infection
	Introduction
	Materials and methods
	Mice and parasites
	Measuring acetylcholinesterase (AChE) activity
	Cloning and characterization of the tegumental AChE (SmTAChE) of S. mansoni
	Cloning of the tegumental AChEs of S. haematobium and S. japonicum
	In Silico analysis of the predicted tegumental AChEs
	Anti-SmTAChE antibody production
	RNA interference
	SmTAChE gene expression analysis
	Pi-PLC treatment and western blot analysis
	Immunolocalization of SmTAChE
	Immunogold labeling and electron microscopy
	Infection of mice with SmTAChE gene suppressed schistosomula
	Statistical analysis

	Results
	Schistosome parasites exhibit surface AChE activity
	Identifying the surface AChE enzyme
	SmTAChE developmental expression
	Immunolocalization of SmTAChE
	The SmTAChE gene encodes the surface AChE
	SmTAChE is essential for parasite survival in vivo
	Identification of SmTAChE homologs in S. haematobium and S. japonicum
	Surface AChE activity of the three major human schistosome species

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


