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1,2,6,7-Tetraoxaspiro{7.11]nonadecane (N-89) is a chemically synthesized compound with good efficacy
against malaria parasites. We observed strong anti-schistosomal activities of N-89 both in vitro and in vivo.In a
murine model with experimental infection of Schistosoma mansoni, orally administered N-89 at the dose of
300 mg/kg resulted in a significant reduction in worm burden (63%) when mice were treated at 2-weeks
postinfection. Strong larvicidal effects of N-89 were confirmed in vitro; schistosomula of S, mansoni were
Keywords: killed by N-89 at an EC50 of 16 nM. In contrast, no significant reduction in worm burden was observed when
Schistosomna mansoni N-89 was administered at 5 weeks postinfection in vivo. However, egg production was markedly suppressed
N-89 by N-89 treatment at that time point. On microscopic observation, the intestine of N-89-treated female worms
Worm burden seemed to be empty compared with the control group, and the mean body length was significantly shorter
Fecundity than that of controls. Nutritional impairment in the parasite due to N-89 treatment was possible, and
Hemozoin therefore quantification of hemozoin was compared between parasites with or without N-89 treatment. We
found that the hemozoin content was significantly reduced in N-89 treated parasites compared with controls
(P<0.001). The surface of adult worms was observed by scanning and transmnission electron microscopy, but
there were no apparent changes. Taken together, these observations suggested that N-89 has strong
antischistosomal effects, probably through a unique mode of drug efficacy. As N-89 is less toxic to mammalian
host animals, it is a possible drug candidate against schistosomiasis.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction Artemisinin-derivatives (ADs) are compounds extracted from the

plant Artemisia annua used in traditional Chinese herbal medicine,
which have strong malaricidal effects [10-13]. Recent studies clearly
showed that these compounds also had strong effects against
schistosome parasites [14,15]. The most notable difference between
PZQ and ADs is the developmental stages of the parasite at which the
drugs show efficacy [16,17]. Adult worms are highly sensitive to PZQ,
while the larval stages are less sensitive to the drug [18,19]. On the
other hand, ADs are effective mainly against the larval stage parasites,

Schistosomiasis is a parasitic disease caused by trematode flatworms
of the genus Schistosoma that is common in many tropical countries and
affects more than 200 million people living in conditions of poor
sanitation and/or with less developed social infrastructure [1-3}].
The World Health Organization (WHO) is leading the global strategy
of schistosomiasis control, with a focus on morbidity control through
chemotherapy. Praziquantel (PZQ) is a safe and effective drug for

schistosomiasis and has been the drug of choice since the late 1970s.
This has raised concerns about the development of drug resistance, and
suggestive cases of PZQ-resistant parasites have been reported in
Schistosoma mansoni from African countries [4-6]. Therefore, the
development of new antischistosomal drugs is a matter of priority,
and new candidate compounds have been reported [7-9].
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while adult worms are less sensitive to treatment with these drugs. In
this sense, PZQ is a therapeutic drug, while ADs are drugs for
prophylaxis {20]. Therefore, it is recommended to use a combination
of the two drugs [21,22].

Although the mechanism of the efficacy has not yet fully been
elucidated, peroxide bridge is necessary for antimalarial activities of ADs
[10]. Previously, we reported that synthetic endoperoxide (1,2,6,7-
tetraoxaspiro[7.11]nonadecane: N-89) {23] has high antimalarial activity
against Plasmodium falciparum in vitro and Plasmodium berghei in vivo, and
it shows low levels of cytotoxicity in mice and rats (LD50: >2000 mg/kg)
[23-25]. ADs are structurally complicated and their chemical synthesis is
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Fig. 1. In vivo effects of N-89 to S.mansoni. S. mansoni-infected mice were orally treated
with N-89 from week 1 through week 5 postinfection. (a) Y-axis shows the number of
worms that were collected by perfusion 9 weeks postinfection (*P<0.001). (b) Y-axis
shows the number of eggs produced per female worm. (*P<0.05, *”P<0.001).

not easy. On the other hand, N-89 is a compound with a relatively simple
structure and is inexpensive to mass produce [23-25]. If N-89 also has
strong effects against schistosome parasites, this will allow a new strategy
of schistosomiasis control using a lower cost agent.

In this study, we found strong effects of N-89 against S. mansoni both
in vitro and in vivo. The efficacies of N-89 were almost comparable to
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those of ADs. However, N-89 had additional effects that were not
reported in the case of ADs, suggesting that N-89 may be a novel
compound with unique antischistosomal activities.

2. Materials and methods
2.1. Parasites and animals

Puerto Rican strain S. mansoni, which was kept in our laboratory, was
used for the present study. Female 5-week-old BALB/c mice were
purchased from CLEA (Tokyo, Japan).

2.1.1. In vivo treatment of S. mansoni-infected mice with N-89

For in vivo study, mice were infected with 180 cercariae by the
standard method in which mice were percutaneously exposed via the
tail to cercariae for 1 h at room temperature {14}]. BALB/c mice infected
with S. mansoni were orally treated with N-89 suspended in olive oil ata
dose of 300 mg/kg twice a day for two consecutive days. Mice were
divided into 6 groups and treated with N-89 at various time points, ie.,
from week 1 through week 5 postinfection. To analyze parasite egg
burden, eggs were recovered from the liver and intestine by the method
reported previously [26]. Briefly, chopped liver and intestine were
digested in 4% KOH at 37 °C for 1 h. After incubation, the digested
samples were centrifuged at 1500 rpm for 5 min at room temperature,
and pellets were resuspended in distilled water. Eggs were counted
under a light microscope. Effects on pathological lesions after N-89
treatment were determined by observation of egg granulomas formed
in the liver. Liver sections of Azan staining were prepared, and
granuloma size was measured by using Image ] image processing
software (NIH). The mean size of 100 granulomas formed around a
single egg in N-89 treated mice was compared to that in control
(olive oil-treated mice). In addition, we calculated the body length of the
worms using Image J. All in vivo experiments were approved by the
Committee of Animal Rights and Ethics, Tokyo Medical and Dental
University.

2.1.2. In vitro treatment of S. mansoni with N-89
As N-89 seemed to be effective against larval stage parasites, we
prepared schistosomula from the lungs of mice and incubated them in
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Fig. 2. Schistosomicidal effects of N-89 in vitro. (a) 14-day schistosomula were round-shaped and in a state of continuous contraction and extension when they are alive in the
medium containing DMSO (2.5%) alone. (b) Schistosomula treated with 50 nM of N-89 were stiff and easily stained with trypan-blue. (c) Y-axis indicates the survival rate of 14-day

schistosomula after treatment with serial dilutions of N-89.
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Fig. 3. Light microscopic observation of adult parasites after in vivo treatment with N-89. S. mansoni-infected mice were treated with or without N-89 5-weeks postinfection,
Worms were collected 2 weeks after the treatment. 7-week S. mansoni worms were stained with hematoxylin-carmine solution. A male worm from mice treated with N-89 (a),
a male worm from control mice (b), a female worm from mice treated with N-89 (c), a female worm from control mice (d).

RPMI-1640 (Wako, Osaka, Japan) supplemented with 10% FBS
(JRH Biosciences, Kansas, MO), 150 U/ml! of penicillin, and 150 pg/ml
of streptomycin (Gibco, Gaithersburg, MD) in 24-well plates (Greiner,
Ulm, Germany). N-89 was dissolved in dimethylsulfoxide (DMSO) and
added 25 to the plates which contains 1 ml of RPMI at various
concentrations from 3.12 to 100 nM. Plates were incubated at37 °Cina
humidified atmosphere of 5% CO, and 95% air for 7 days. Survival of the
treated schistosomula was determined by trypan blue dye-exclusion
test. Based on the observations, we calculated the ECsq of N-89 against
schistosomula of S. mansoni in vitro.

2.2. Morphological observation of adult parasites after treatment with N-89
in vivo

To observe the morphological changes after N-89 treatment, infected
BALB/c mice were administered orally with N-89 at 5 weeks post-
infection at a dose of 300 mg/kg, and 2 weeks later adult worms were
recovered by portal perfusion. Recovered parasites were washed
thoroughly with 0.85% NaCl and 0.45% Na-citrate in distilled water,
and paired worms were fixed in 70% ethanol and stained with
hematoxylin-carmine solution for light microscopic observation.
Parasites were observed by scanning electron microscopy and
transmission electron microscopy (Hitachi, Tokyo, Japan) according to
the method reported previously {27,28].

2.3. Quantification of hemozoin contents of S. mansoni

Hemozoin was extracted from S. mansoni and quantified by the
method reported previously [29-31]. Protein contents of worm homo-
genates were measured using a protein assay kit (Bio-Rad, Hercules, CA).
Infected mice were administered orally with N-89 (300 mg/kg) at
5 weeks postinfection, and 2 weeks later adult parasites were tested for
hemozoin contents. The worms used for the tests were paired to compare
worms in the same/similar developmental stages. For each experiment, 15
to 30 worms were used from each mouse. Worms were homogenized in
1 ml of PBS (pH 7.2), and centrifuged for 10 min at 10,000 x g. Insoluble

pellets were washed with 0.1 M sodium hydrogen carbonate, and then
dissolved in 0.1 N NaOH. Hemozoin was converted to heme in this
treatment, and we then measured the converted heme as hemozoin in
accordance with the reagent manufacturer's protocol (Hemin, Sigma-
Aldrich, St. Louis, MO). Heme was quantified spectrophotometrically by
measuring absorbance at 405 nm. Hemozoin content in the parasite was
expressed as ng heme/mg protein.

2.4. Statistical analysis

Statistical analyses were performed by Student's ¢ test. In all analyses,
P<0.05 was taken to indicate statistical significance.

3. Results
3.1. Schistosomicidal effects of N-89 in vivo

Reduction of worm burden was observed when mice were treated
2 or 3 weeks postinfection, and the maximum effect of N-89 driven
reduction in worm burden was observed at 2 weeks postinfection
compared with the olive oil control group (Fig. 1a). Schistosomicidal
effects became less apparent at 3 weeks postinfection, and there was
no detectable reduction in worm burden when mice were treated at
5 weeks postinfection. However, egg production per paired female
worm was significantly reduced when mice were treated with N-89 at
5 weeks postinfection. Reduction in egg production per female worm
in the N-89-treated group was statistically significant in comparison
to the olive oil control group (Fig. 1b). These observations indicated
that the larval stage is the target for the killing effect of N-89, while
this agent showed inhibitory effects on fecundity of adult worms
without killing the parasite.

3.2. In vitro effects of N-89 for schistosomula of S. mansoni

To confirm the direct effects of N-89 against the larval stage of
S. mansoni, schistosomula were treated with serial dilutions of N-89 and
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Fig. 4. The mean body length of the worms. All worms used were obtained in the same manner as described in Fig. 3. Y-axis indicates the length of male worms (a) (*P<0.01) and

femnale worms (b) (*P<0.01).

cultured for 7 days in vitro. The schistosomicidal effects of N-89 were
dose-dependent, and the ECsq against S. mansoni larvae was calculated
as 16 nM (Fig. 2a-c). During the observation period, all schistosomula
were alive and active under culture conditions containing DMSO alone
(data not shown).

3.3. Pathological changes in the liver in infected mice treated with N-89

The sizes of granulomas formed around single schistosome eggs in
N-89 treated mice was compared to that in control animals. The liver
pathology of the mice treated at 5weeks postinfection showed
significantly smaller granulomas compared with controls (P<0.001)
(data not shown).

3.4. Morphological changes of N-89 treated adult worms

To observe morphological changes of the parasite after N-89
treatment in vivo, we compared morphological profiles of the adult
worms with or without N-89 treatment. The most obvious difference
was noted in the intestine of female worms on light microscopic
observation. Briefly, the dense substances, probably hemozoin,

disappeared in N-89-treated worms (Fig. 3a-d). Furthermore, the
mean body length of the treated worms was smaller than that of
untreated controls (Fig. 4a—f). On TEM observation, the tegument
morphology was compared between parasites with and without N-89
treatment. In both males and females, there were no marked differences
between N-89-treated worms and control worms (Fig. 5a-d). In the
SEM profiles, we found small surface changes, such as the disappearance
of tubercles on the surfaces of males and shortened spines on females,
but these changes were not as severe as the findings of previous studies
for PZQ and ADs [28,32] (Fig. 5e-h).

3.5. Heme contents of adult parasites with and without N-89 treatment

As hemoglobin is the main source of nutrition for adult female
worms, we measured hemozoin contents of parasites with and without
N-89 treatment to examine whether nutritional impairment occurred in
N-89-treated parasites. In the N-89-treated group, the mean heme
content was 15 nmol heme/mg protein, while it was 89 nmol heme/mg
protein in the untreated controls; this difference in heme content was
statistically significant (P<0.001) (Fig. 6).
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Fig. 5. EM observation of S. mansoni adult worms. All worms used were obtained in the same manner as described in Fig. 3. TEM observation of a male worm from mice treated with
N-89 (a), a male worm from control mice (b), a fernale worm from mice treated with N-89 (c), and a female worm from control mice (d). SEM observation of a male worm from mice
treated with N-89 (e), a male worm from control mice (f), a female worm from mice treated with N-89 (g), and a female worm from control mice (h).

4. Discussion

Rational drug design should be applied to develop new agents for use
against schistosomiasis. As PZQ is the only drug available for controlling
disease activity, the appearance of drug-resistant strains is a non-
negligible concern. New drug candidates must be developed to address
this concern, and ADs are promising candidates for this purpose.
However, it should be noted that ADs are used for malaria therapy
because of the recent WHO recommendation for use of artemisinin-
based combination therapy (ACT). ADs are drugs prepared from plant
materials. Due to their structural complexity, these compounds are not
easy to chemically synthesize, and the distribution of the product
depends on the supply of herbal plant materials. On the other hand,
mass production of N-89 is not difficult, and it can be prepared at a much
lower cost than ADs. No serious toxicity has been noted for N-89 in
animal [23-25]. As N-89 is effective for reducing egg fecundity but not
worm burden when it is administered 5 weeks post infection, it can
supplement the effect of praziquantel that is effective for reducing
worm burden.

The results of the present study suggest that N-89 is a novel
antischistosomal compound with a unique mechanism of action
compared to other drugs used to combat schistosomiasis, such as PZQ

Hemozoin
(as nmotheme/mg ptn)

Control N-89

Fig, 8. Heme contents of adult parasites obtained after in vivo treatment with N-89.7-week
worms collected in the same manner described in Fig. 3 were examined for quantification
of hemozoin contents. Y-axis indicates the hemozoin contents (as nmol heme/mg protein)
(*P<0.001).

and ADs. Due to the structural similarity, we postulated that N-89 would
have both antimalarial and antischistosomal effects in the same manner
as observed for ADs. However, reference to previous publications
regarding ADs indicated that there were marked differences in its anti-
schistosomal effects. That is, N-89 showed two modes of antischisto-
somal effect — larvicidal effects and antifecundity effects. Previous
reports have indicated no such dual modes of drug efficacy for ADs [17].
Thus, it is possible that N-89 has functions distinct from those of ADs.

Itis still necessary to elucidate the detailed mechanisms of action for
the two different effects of N-89. Considering the presence of
endoperoxide structures in N-89, it is possible that oxygen stress
generated by N-89 may be a factor involved in the schistosomicidal
effects. Recent studies demonstrated the importance of the redox
system for parasite survival [33,34]. However, no direct evidence in
support of this possibility is available, nor killing effect of the worms was
observed when Sm-infected mice were treated with N-89 at 5 week
postinfection. In spite of this situation, we observed the reduction of egg
fecundity. Morphological observations in the present study suggested
that N-89 treatment induce nutritional deficits in the worms, as heme
contents in N-89-treated female worms were significantly reduced
compared to controls. This may be related to the antifecundity effect of
the drug against female worms. It is well discussed that host hemoglobin
derived from the host blood is essential for growth, development and
reproduction of schistosomes [35,36]. It is possible that N-89 inhibits a
process for hemoglobin usage in female worms, and more direct
evidence may be obtained by testing the effects of N-89 on the biological
pathways involved in hemoglobin uptake. It has been suggested that
proteolysis of hemoglobin was important for worm development in
male and female, and production of yolk protein in developing egg was
also important for female worm [37]. The two modes of drug efficacy in
N-89 raise questions regarding why the larval stages were destroyed,
while the adult stage was resistant to this drug. In other cases, such as
vaccine efficacy, lung stage parasites are the targets for the killing effects
[7], although these are immune-mediated mechanisms. Analysis of the
direct target molecules for N-89 could provide valuable information for
the development of therapeutic strategies. Studies to elucidate these
points using other approaches, such as proteomic analysis, are currently
underway in our laboratory.

In conclusion, N-83 is a promising compound for use as an
antischistosomnal drug, which may supplement the effects of PZQ



236 T. Taniguchi et al. / Parasitology International 60 (2011) 231-236

through mutually different modes of efficacy. Strategies using N-89 as
supplemental effect for praziquantel or ADs would be helpful to avoid
the development of drug-resistance. Therefore, N-89is a good candidate
partner for its efficacy, safety, and its low cost of mass production.
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Abstract C-type lectins (CTLs) are a group of proteins
which bind to carbohydrate epitopes in the presence of
Ca®", which have been described in a wide range of
species. In this study, a cDNA sequence coding a putative
CTL has been identified from the cDNA library con-
structed from the pig round worm Ascaris suum lung L3
(LL3) larvae, which was designated as 4. suum C-type
lectin-1 (As-CTL-1). The 510 nucleotide open reading
frame of As-CTL-1 c¢DNA encoded the predicted 169
amino acid protein including a putative signal peptide of
23 residues and C-type lectin/C-type lectin-like domain
(CLECT) at residue 26 to 167. As-CTL-1 was most
similar to Toxocara canis C-type lectin-1 and 4 (7c-CTL-1
and 4), and highly homologous to namatode CTLs and
mammalian CTLs as well, such as human C-type lectin
domain family 4 member G (CLECG4). In addition, As-
CTL-1 was strongly expressed in tissue migrating LL3
and the L4 larvae, which were developmental larvae
stages within the mammalian host. These results suggest
that A. suum larvae might utilize As-CTL-1 to avoid
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pathogen recognition mechanisms in mammalian hosts
due to it is similarity to host immune cell receptors.

Introduction

C-type lectins (CTLs) constitute a large family of proteins that
binds carbohydrate moieties in a Ca®*-dependent manner
(Drickamer 1988, 1996). They are characterized by a
conserved C-type lectin/C-type lectin-like domain (CLECT)
which shares Ca®*- and carbohydrate-binding motifs. CLECT
also contains at least four critical cysteine residues which form
a two-loop structure by disulphide bounds. It is well known
that CTLs are widely expressed among metazoan organisms
(Drickamer and Fadden 2002; Zelensky and Gready 2005). In
vertebrates, CTL represents a very large family that is
classified into 17 groups (Drickamer and Fadden 2002),
many of which are known as pattern-recognition receptors
implicated in the recognition of pathogens by innate immunity
(Weis et al. 1998). In addition, some evidence have indicated
that CTLs play an important role in immune homeostasis by
endogenous ‘self’ ligand recognition (Garcia-Vallejo and van
Kooyk 2009), and they themselves have a bactericidal
activation (Cash et al. 20006).

Ascaris suum, a common round worm in pigs, is
infective to a wide range of hosts, including humans, mice,
cattle and chickens. When embryonated eggs are ingested
by a definitive swine host, larvae hatch in the small
intestine, penetrate the intestinal mucosa, and migrate
through the liver and lungs, before finally reaching the
intestine, where they sexually mature and produce eggs
(Dold and Holland 2011). In contrast, it is generally
considered that larvae, which are reached the lungs
following liver migration, disperse into various tissues and
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organs without further development in non-swine host
(Slotved et al. 1998; Crompton 2001), although 4. suum
has been reported to develop into adult stage infrequently in
human hosts (Anderson 1995; Nejsum et al. 2005; Arizono
et al. 2010). However, it has not been fully explained how
they discriminate pigs and other animals and what kind of
interaction is involved between host and parasite during the
lung phase of migration.

Expressed sequencing tag (EST) analysis is a powerful
tool for profiling the gene expression pattern in a particular
parasite population. Although publicly available EST data-
bases of 4. suum already exist in NAMBASE4 (http://www.
nematodes.org/nembase4/index.shtml), they were con-
structed from adult worm, intestinal L4 larvae, newly
hatched infective larvae (iL3) and egg embryos. EST
analysis of tissue-migrating larvae has not yet been
performed. Therefore, we explored cDNA of 4. suum lung
L3 (LL3) collected from infected rabbit lungs in order to
examine what kind of biological processes were activated
in tissue-migrating larvae. As one of the most frequently
occurring clones, we identified a ¢cDNA sequence for a
putative 4. suum CTL that showed specific expression
during internal larval stages in mammalian hosts.

Materials and methods
Parasites and infection

Adult 4. suum were collected from infected pigs at a local
abattoir in Japan. Eggs were freed from the uterine tissue by
incubating uteri in 0.1 N NaOH. After washing with
distilled water, eggs were suspended and stirred in 0.1 N
H,SO,4 and cultured at 27°C for 34 weeks. Infective L3
larvae (iL3) were mechanically hatched from eggs and
isolated free from egg shell contaminants (Takamiya et al.
1993). For the preparation of lung L3 larvae, male Japanese
white rabbits (Kyudo, Kumamoto, Japan) were orally
inoculated with 1.5x10° embryonated eggs. Six days after
infection, the lungs were removed and cut into 5-mm cubes
using scissors. The cubes were wrapped with Kimwipe
papers and incubated in phosphate-buffered saline (PBS) at
37°C for 1.5 h, and then emerging worms were collected.
Culture driven-L4 larvae (cL4) were obtained from cultures
of LL3 in vitro (Islam et al. 2006).

RNA isolation and cDNA library construction

Total RNA of LL3 was isolated with TRIzol Reagent
(Invitrogen, Carlsbad, CA), followed by purification of
poly (A)" RNA with GenElute™ mRNA Miniprep Kit
(Sigma, St. Louis, MO). A ¢cDNA library was constructed
using the SMART c¢DNA Library Construction Kit
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(Clontech, Mountain View, CA). The reverse transcription
step was performed using MMLV Reverse Transcriptase
with the SMART IV oligonucleotide primer and the CDS
I111/3’ PCR primer provided in the kit. The double-stranded
cDNA (ds-cDNA) was synthesized by long distance PCR
with the 5’ PCR primer and the CDS 11I/3' PCR primer
using the Advantage 2 PCR kit (Clontech). The ds-cDNA
was treated with proteinase K and then digested by Sfil.
After size fractionation, cDNA was cloned into pDNR-LIB
vector, and transformed into Escherichia coli ElectroMAX™
DH10B™ cells (Invitrogen, Carlsbad, CA).

EST sequencing, processing and analysis

Plasmid DNA of the 2,024 randomly selected clones was
extracted and single-pass sequenced from the 5'-end using
sequencing primer (5-GCATACATTATACGAAGTTAT
CAGTCG-3"). The sequencing was conducted on an ABI
Prism 3130xl Genetic Analyzer (Applied Biosystems,
Carlsbad, CA), using ABI Prism Big-Dye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems). EST sequences
were clustered using SEQUENCHER (Gene Codes Corpora-
tion, Ann Arbor, MI), with a minimum sequence overlap
length cut-off of 30 bases and an identity threshold of 90%, for
the removal of flaking vector and adaptor sequences, followed
by assembly. These contigs and singletons were subjected to
BLASTN and BLASTX programs (£ value of <1x107) at
the National Center for Biotechnology Information (http://
blast.ncbinlm.nih.gov/Blast.cgi). A protein sequence motif
was identified using the InterProScan at The European
Bioinformatics Institute (Zdobnov and Apweiler 2001).
Alignment of ESTs was conducted by using GENETYX-
WIN software (Genetyx Corporation, Tokyo, Japan).

Real-time PCR analysis

Total RNA from iL3, LL3, cL4 and adult worm tissues
(head, muscle, intestine, uterus, ovary and testis) was
extracted with TRIzol reagent. After treatment with DNasel
(Ambion Inc., Austin, TX), cDNA was generated from
250 ng of total RNA using PrimeScript® Ist strand cDNA
Synthesis Kit (Takara Bio Inc., Shiga, Japan). Primer sets
for amplification were as follows: As CTL-1 (sense, 5'-
CCACCATGTTCTCGACCGTTGCT-3"; antisense, 5'-
ATTTCCTCCTACTGGCGCTCCT-3') and 18S ribosomal
RNA gene (sense, 5-ATCGGTCGCGTAGGGTGGCT-3';
antisense, 5-AAGCCGCAGGCTCCACTCCT-3"). Real-
time PCR was then performed with an ABI Prism 7000
Sequence Detection Systems (Applied Biosystems) and a
GoTaq® qPCR Master Mix (Promega, Madison, WI).
Relative quantification was assessed by normalizing the
amount of the target transcript to the 18S ribosomal RNA
gene.
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Results and discussion

In paratenic hosts such as humans, larvae of 4. suum
penetrate the mucosal epithelium but thereafter remain
developmentally arrested in the migratory tissue phase
(Crompton 2001). To understand biological events taking
place in the arrested larvae, we carried out EST analysis in a
c¢DNA library of migrating L3 larvae (LL3) collected from
infected rabbit lungs (LL3). As a result from 5’ ends single-
pass sequencing of 2,024 clones, 1,650 ESTs were yielded.
Upon clustering, these ESTs were represented by 279
distinct gene products, which consist of 78 contigs and
201 singletons.

The consensus sequences of contigs and singletons were
compared against NCBI BLAST databases in BLASTX
analysis, revealing a novel CTL sequence referred to as 4.
suum C-type lectin-1 (As-CTL-1). We focused on this
molecule, because CTL might contribute to the establish-
ment of successful parasitism in nematodes (Loukas et al.
1999; Urwin et al. 2002). Using RT-PCR, the full-length
¢DNA corresponding to As-CTL-1 was successfully am-
plified from LL3 RNA (data not shown). As-CTL-1 is 710
nucleotides (GenBank accession no. HQ025087), which
encoded the protein of 169 amino acids including the
putative signal peptide of 23 residues and C-type lectin/C-
type lectin-like domain (CLECT) at residue 26 to 167. The
four cysteine residues at positions 62, 136, 154 and 166,
which are required to form the CLECT intemnal disulfide
bridge formations (Zelensky and Gready 2003), were
completely conserved in As-CTL-1, but the WIGL and
WND mootifs conserved in the classical CTLs (Zelensky
and Gready 2003) were replaced by WLAL and WDD.
According to carbohydrate specificity, CTLs are categorized
into mannose/GlcNAc - or galactose/GalNAc -recognizing
lecting (Weis et al. 1992; Tobst and Drickamer 1994). These
differences suggest substitutions at the key substrate binding
residues. As-CTL-1 had QPD, which was found in galactose/
GalNAc-binding CTLs. Thus, although the Ca®"-dependent
carbohydrate binding activity of As-CTL-1 was not assessed
in this study, it is most likely a galactose-binding CTL from
its amino acid motifs.

Subsequent sequence analysis showed that the amino
acid sequence of CLECT in As-CTL-1 was found to have
33% identity to canine roundworm Joxocara canis C-type
lectin-1 (Z7c-CTL-1) and 38% identity to Te-CTL-4. It has
been reported that the free-living nematode Caenorhabditis
elegans has more than 270 genes encoding CLECT of
CTLs in their genome (Schulenburg et al. 2008). Interestingly,
As-CTL-1 showed greater identity with human CTL domain
family 4 member G (CLECG4; 28% identity) than with the
C. elegans homologue (clec-149; 24% identity). Considering
the eukaryotic phylogeny, it is reasonable that several CTLs
from parasitic nematodes, such as Ancylostoma ceylanicum

(AceCTL-1), Necator americanus (NaCTL-2), Heligmo-
somoides polygyrus (Hp-CTL-1) and Nippostrongylus
brasiliensis (Nb-CTL-1 and 2) CTLs, share greater
identity with C. elegans CTLs than mammalian CTLs
(Brown et al. 2006; Daub et al. 2000; Harcus et al. 2009).
On the other hand, 7e-CTL-1, Te-CTL-4 and NaCTL-1, as
well as As-CTL-1, appear to be much closer to homologues in
mammalian CTLs than those in C. elegans (Loukas et al
1999, 2000; Daub et al. 2000), raising speculations about the
role they might play in the adaptation to parasitism.

The expression of As-CTL-1 was evaluated by real-time
PCR in different developmental stages, including mechani-
cally hatched iL3, LL3, cL4 and adult (Fig. 1). The mRNA
for As-CTL-~1 was scarcely detected in iL.3 and tissues from
adult worms, including the head, muscle, intestine, uterus,
ovary and testis, whereas LL3 and cL4 larvae showed strong
expression of As-CTL-1 transcript. After amriving at the
jejunum, L3 larvae developed to L4 stage larvae in definitive
swine host in vivo. These results indicate that the expression
of As-CTL-1 is up-regulated through the tissue migrating
stage and intestinal larval stage.

Although the physiological function of CTLs remains
unclear, a number of nematode CTLs identified so far
act as a pathogen recognition molecule or an antibac-
terial protein in immune responses to protect the worm
itself against microbial infection (O'Rourke et al. 2006;
Schulenburg et al. 2008). However, considering that the
expression of As-CTL-1 is confined during tissue migra-
tion, it would not be very likely that As-CTL-1 is
employed for the recognition of microbes in A. suum,
because the worms may not encounter hazardous bacteria
on the migrating route, which would be maintained clean
by the host immunity. Instead, greater sequence identity
that As-CTL-1 shares with mammalian CTLs than C
elegans proteins, seems to suggest that As-CTL-1 acts as a
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Fig. 1 Comparison of As-CTL-1 mRNA cxpression in developmental
stages. Real-time PCR was performed with mechanically hatched iL3,
LL3, cL4 and various adult worm tissues (head, muscle, intestine,
uterus, ovary and testis). Relative expression of the As-CTL-1 mRNA
was assessed by normalizing to 18S rRNA expression. Data were
expressed as a ratio to As-CTL-1 gene expression in LL3
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