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Schistosomiasis is a serious parasitic zoonosis caused by blood-dwelling flukes of the genus Schistosoma. Under-
standing functions of genes and proteins of this parasite is important for uncovering this pathogen's complex
biology, which will provide valuable information to design new strategies for schistosomiasis control. Effective
applications of molecular tools reported to investigate schistosome gene function, such as inhibitor studies and
transgenesis, rely on the developments of in vitro cultivation system of this parasite and cells. Besides the
in vitro culture studies dealing with Schistosoma mansoni, there are also numerous excellent studies about the
in vitro cultivation of Schistosoma japonicum, which were performed by Chinese researchers and published in
Chinese journals. Nearly every stage of the life-cycle of S. japonicum, including miracidia, mother sporocysts, cer-
cariae, schistosomula, and egg-laying adult worms, was employed for developing in vitro cultivation methods,
being accompanied by the introduction of several media and supplements that helped to improve culture condi-
tions. It was not only possible to generate mother sporocysts from miracidia in vitro, but also to obtain adult
worms from cercariae through in vitro cultivation. The main obstacles to complete the life cycle of S. japonicum
in the lab are the transition frommother sporocysts to cercariae, and the production of fertilized and completely
developed eggs by adultworms generated in vitro.With regard to cells from S. japonicum, besides established iso-
lation protocols and morphological observations, media optimizations were conducted by using different chem-
ical reagents, biological supplements and physical treatment. Among these, mutagens like N-methyl-N-nitro-N-
nitrosoguanidine and the addition of extracellular matrix were found to be able to induce mitogenic activities.
Although enzyme activities or the level of silver-stained nucleolar region associated protein in cultured cells in-
dicated still suboptimal conditions, the achievements made point to the possibility of reaching the aim of
establishing cell lines for S. japonicum. Both the improvements of the in vitro culture of larval and adult worms
of S. japonicum aswell as the access of cells of this parasite provide excellent advances for research on this impor-
tant parasite in the future.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Schistosomiasis, a chronic and debilitating parasitic zoonosis, is
ranked second after malaria in terms of worldwide public health sig-
nificance, with more than 200 million people infected. Transmission
of schistosomes, the pathogenic trematodes that cause schistosomi-
asis, is endemic over 70 tropical and subtropical countries (Hotez
et al., 2008; Montresor et al., 2012), without well-established control
measures. Besides humans, animals are also affected, which contrib-
utes to the enormous socioeconomic significance of schistosomiasis
(Gryseels, 2012; Huang and Manderson, 2005; King, 2010; Zhou
et al., 2012). The complex life-cycle of schistosomes, which includes
sexual and asexual reproduction within vertebrate and invertebrate
hosts, is a big challenge for the control of this parasitic disease. Paired
male and female worms reside in the mesenteric veins of mammalian
host, and the females produce a large quantity of eggs every day. Some
of the eggs are dischargedwith the feces, whilemany become entrapped
in the capillaries of the liver and other organs leading to serious patho-
logical consequences within the definitive hosts.

Praziquantel (PZQ), a non-specific broad-spectrum anthelmintic
drug, is used as main therapeutic treatment to control schistosomiasis.
Due to its low cost and high efficiency, PZQ has been administered as
the most frequently used drug to treat schistosomiasis in China, Egypt,
Cambodia, Brazil and the other countries (Chen, 2006; da Rocha Pitta
et al., 2013). However, since it is only effective in killing adult worms,
PZQ is unable to prevent re-infection (Hang et al., 2001; Pica-Mattoccia
and Cioli, 2004; Xiao et al., 1985). Moreover, reliance on and extensive
use of PZQ also in mass treatment programs create the risk of reduced
drug efficacy and emerging resistance, for which first evidence has
been obtained (Botros et al., 2005; Doenhoff and Pica-Mattoccia,
2006; Doenhoff et al., 2009; Melman et al., 2009). Therefore, it is a
highly desirable goal to develop new effective drugs or vaccines for
schistosomiasis control (Beckmann et al., 2012a; Huang et al., 2012;
Pitta et al., 2006; Sayed et al., 2008). However, this requires a full under-
standing of candidate gene/protein function.

Due to tremendous worldwide efforts genome sequencing projects
produced the first draft genomes of Schistosoma mansoni (see Berriman
et al., 2009; Protasio et al., 2012), S. japonicum (The Schistosoma
japonicum Genome Sequencing and Functional Analysis Consortium,
2009), and Schistosoma haematobium (see Young et al., 2012). Although
comprehensive knowledge about the gene repertoire of schistosomes
now exists, the functions of most genes are still unknown. This impedes
our understanding of this pathogen's complex biology, including its
interaction with mammalian and mollusc hosts and the mechanisms
involved in parasite development, and its reproduction.

Up to date molecular tools reported to investigate schistosome gene
function and importance havemainly included pharmacologic inhibitor
studies and transgenesis. Use of pharmacologic inhibitors of targeted
proteins has proven to be a better approach to identifying the functions
of enzyme- or receptor-encoding genes in schistosomes. These encoded

proteins include thioredoxin glutathione reductase (TGR) (Kuntz et al.,
2007; Song et al., 2012), protein kinase C (PKC) (Ludtmann et al., 2009),
protein kinases related to the reproductive system (Beckmann et al.,
2010; Knobloch et al., 2006; Leutner et al., 2011; Long et al., 2010), as
well as insulin receptors (You et al., 2010). In a landmark series of
reports on the transcriptome of S. mansoni, Verjovski-Almeida and
colleagues noted the presence of transcripts encoding dicer and
piwi/argonaute orthologues, indicating that an intact RNAi pathway
may exist in schistosomes (Verjovski-Almeida et al., 2003; Krautz-
Peterson and Skelly, 2008; C. Luo et al., 2010; R. Luo et al., 2010). At
the same time, Skelly and colleagues established protocols for RNAi in
S. mansoni using cultured schistosomula (Skelly et al., 2003). Subse-
quently, excellent studieswere performed usingRNAi for gene silencing
to characterize various genes in cultured schistosomes (Beckmann
et al., 2010, 2012b; Boyle et al., 2003; Cheng et al., 2005; Dinguirard
and Yoshino, 2006; Kuntz et al., 2007; Osman et al., 2006).With respect
to insertional transgenesis, biolistics (Davis et al., 1999; Grevelding,
2006), square-wave electroporation (Correnti et al., 2005; Krautz-
Peterson et al., 2007; Morales et al., 2008; Ndegwa et al., 2007; Rinaldi
et al., 2008), and soaking procedures (Boyle et al., 2003; Davis et al.,
1999; Dinguirard and Yoshino, 2006; Freitas et al., 2007; Grevelding,
2006; Heyers et al., 2003; Rossi et al., 2003; Wippersteg et al., 2002a,b,
2003, 2005) were performed with mRNA, plasmid DNA, reporter-
gene constructs or virions, and transient transformation was achieved.
Furthermore, progress has also been made on stable transformation
of schistosomes, since the genome integration of lentiviruseswas demon-
strated opening the possibility of gain-of-function and/or loss-of-function
analyses in schistosomes (Mann et al., 2011; Rinaldi et al., 2012).

In spite of this progress, the lack of established cell lines, the inability
to keep the entire life cycle of schistosome in vitro, and the limitations
of existing culture techniques for juveniles or adults hamper the progress
in the post-genomic era of schistosome research. Different in vitro culture
systems not only for adult and larval schistosomes but also for isolated
cells have been developed. These mainly focus on the S. mansoni and
S. japonicum. Due to its zoonotic nature S. japonicum has the greatest
impact on human and animal health of all schistosome species. Nev-
ertheless, most of the known in vitro culture studies have dealt with
S. mansoni, with only a few focusing on S. japonicum (see Mann et al.,
2010; Quack et al., 2010). One of the reasons for this is that most
studies about in vitro cultivation of S. japonicum were performed by
Chinese researchers and published in Chinese journal rather than
international ones leading to a communication deficit within the in-
ternational community. This review summarizes relevant research
achievements to close existing gaps and to exchange ideas about the im-
provement of schistosome in vitro cultivation.Within this article, wewill
1) summarize approaches regarding in vitro culture of different develop-
mental stages of S. japonicum, 2) review progress towards establishing
cell culture systems, 3) discuss the application of established in vitro
culture systems for functional studies and 4) propose future research
directions.
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2. In vitro culture of S. japonicum parasites

The earliest in vitro culture report on S. japonicum in China can be
traced back to the 1930s (Chu, 1938; Lee and Chu, 1935). In those sys-
tems, adult worms were kept in balanced salt solution to which mam-
malian serum was added. The male worms survived up to 146 days,
whereas females only survived for 60 days in a mixture of Ringer's bal-
anced salt solution and horse serum (Chu, 1938). Moreover, pairing of
male and female worms also occurred in this medium but lasted less
than 24 h (Chu, 1938). These advances were followed by studies from
Japanese scientists who performed in vitro cultivation of S. japonicum
worms in the 1950s (Ito and Komiya, 1955; Ito et al., 1955). Since the
1980s, work was carried out more intensively in China with significant
progress in the establishment of various culture systems for the para-
sites from both intermediate and final hosts (see also Table 1). Larval
S. japonicum survived in vitro and to develop frommiracidia to daughter
sporocysts, but no infective cercariae could be produced from daughter

sporocysts (Bi et al., 1992; Coustau et al., 1997; Mei and Zhou, 1988,
1989). In contrast, definitive host stage worms were maintained
in vitro starting with schistosomula mechanically transformed from
cercariae to adult worms with the ability to lay eggs although these
eggs were unfertilized (Hua and Zhou, 1988; Hua et al., 1988; Lin
et al., 1983, 1985a; Wang and Zhou, 1987; Wang et al., 1986).

2.1. Intromolluscan parasite life-stages

2.1.1. Miracidia and mother sporocysts
Attempts to culture intromolluscan stage larvae of S. japonicum ini-

tially employed an axenic culture system. In this system, miracidia
hatched from eggs and transformed into mother sporocysts in vitro.
The best medium for transformation and survival of mother sporocysts
was RPMI-1640 solution with a concentration of 5.3 mg/ml supple-
mented by 10% rabbit serum (Mei and Zhou, 1988, 1989). Abundant
germ balls were observed inside of the transformed mother sporocysts

Table 1
In vitro cultivation of different stages of S. japonicum.

Stages to start cultivation Medium for cultivation Additives Results of cultivation Reference

Intramolluscan
stage

Miracidium 50% diluted RPMI-1640
adding 10% rabbit serum

Longest survival: 48 days; maximal length: 164 μm. Mei and
Zhou (1989).

Miracidium 50% diluted RPMI-1640
adding 10% calf serum

5-Hydroxytryptamine The strongest activity of larvae was detected at 24 h
post-treatment, while the maximal length and
strongest SDH activity in the parasite were observed
24–48 h post-treatment.

Zhou et al.
(2008).

Miracidium 50% diluted RPMI-1640
adding 10% calf serum

Protein extracts from head–foot
or gland tissue of O. hupensis

Longest survival: 58 days. The larvae in the
experimental group exhibited stronger motility and
larger sizes relative to those of the control group.
Differential gene expression was also induced by
protein extracts.

Zhu et al.
(2012).

Miracidium SF-900™ II SFM medium Sj9 cells as feeder layers Mother sporocysts were gradually embedded by
feeder layer cells after 20 days and were unable to
develop to daughter sporocysts. In vitro-cultivated
mother sporocysts were injected into O. hupensis and
developed to infective cercariae with same genetic
characteristics as wild-type cercariae.

Jiang et al.
(2011).

Cercariae 50% diluted RPMI-1640
adding 10% rabbit serum

Protein extracts from head–foot
or gland tissue of O. hupensis

The development of cercariae was promoted by
protein extracts from head–foot but inhibited by
those from gland tissue of O. hupensis.

Bi et al.
(1992).

Definitive host
stage

Skin-stage schistosomula Medium B Cultured worms survived for 41 days in vitro, and
only a small number of parasites developed to cecal
conjunction, but failed to develop to liver stage
schistosomula.

Lin et al.
(1985a).

In vitro-transformed
schistosomula

Medium 841 Mechanically transformed schistosomula survived for
more than 110 days inmedium841 anddeveloped to
adult female and male worms which paired. The
reproductive organs of the adults formed, and the
females laid eggs although unfertilized.

Wang and
Zhou (1987).

Lung-stage schistosomula Medium A
Medium B

The schistosomula in medium B were larger sized;
earlier emergence of cecal conjunction and repro-
ductive organs compared to those in medium A. The
mortality of the worms cultured in medium A was
significantly higher than that of the worms kept in
medium B up to the 25th day in culture.

Lin et al.
(1983).

Lung-stage schistosomula ED25 cells as feeder layers Schistosomula co-cultured with ED25 cells shared
more similarities in morphology and tegumental
structures with schistosomula directly obtained from
infected mice.

Ye et al.
(2012).

18 day-old schistosomula
(hepatic-portal- phase)

Medium 841
MediumM-841
M-841 + ghost cells

Parasites in M-841 and M-841 + ghost cells showed
lowermortality and bigger size than those inmedium
841 after 35 days in culture. The periods required for
egg production were different among the worms:
10 days for worms in M-841 + ghost cells, 29 days
for worms in M-841 and 25 days for those in 841,
respectively.

Hua et al.
(1988).

42 day-old adult worms Medium 841
Medium 851

Compared to 841, medium 851 induced a higher
production of eggs and less abnormal eggs; the period
for oviposition was elongated.

Hua and
Zhou (1988).

Adult worms Medium 851
Medium 891

Regardless of being kept in medium 851 or 891 for
several days, the number of eggs produced by adults
of S. japonicum still decreased, while the rate of
abnormal eggs increased.

Yang et al.
(1997).

1724 Q. Ye et al. / Biotechnology Advances 31 (2013) 1722–1737
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when cultured this way for 36 h. The tegument of some mother
sporocysts became thick and formed several folds within 24 days,
similar to the parasites inside their intermediate host, Oncomelania
hupensis. Cultured mother sporocysts survived for up to 48 days
and nearly doubled in length after 34 days of cultivation (Mei and
Zhou, 1988, 1989).

Motility and length of cultured mother sporocysts of S. mansoni
significantly increased in the presence of 1 μM serotonin (5-hydroxy-
tryptamine; 5-HT) (Boyle et al., 2000). Moreover, the successful
emergence of daughter sporocysts from cultured mother sporocysts
was supposed to be related to the endogenous stores of 5-HT (Boyle
and Yoshino, 2005). Consistent with these findings on S. mansoni,
supplementing cultures of S. japonicum mother sporocysts with 10 μM
5-HT positively affected motility and length of the larvae and the
activity of succinate dehydrogenase (SDH) in the parasites. The highest
motility among larvae was detected at 24 h post-treatment, while the
greatest increase in length and strongest SDH activity in the parasites
were detected at 48 h post-treatment. In this system, no production of
daughter sporocysts was achieved (Zhou et al., 2008).

In vitro cultivation of intromolluscan stages of S. mansoni was
promoted by adding Biomphalaria glabrata embryonic (Bge) cells into
the culture system (Hansen, 1976). B. glabrata is the intermediate host
of S. mansoni. Continuous developments from miracidia to daughter
sporocysts occurred in the presence of Bge cells, andmature, first gener-
ation daughter sporocysts emerged from mother sporocysts starting at
approximately 30–45 days of initial cultivation (Yoshino and Laursen,
1995), suggesting that host factors are essential for the development
of the parasite. Based on this, Bge cells were also tested for the in vitro
culture of S. japonicum. Interestingly, the emergence of daughter sporo-
cysts frommother sporocysts of S. japonicum co-cultured with Bge cells
occurred at the 11th week, indicating that Bge cells can also play a role
in promoting the development of S. japonicum sporocysts (Coustau
et al., 1997). However, under these conditions the development of
S. japonicum daughter sporocysts was slower than the development of
daughter sporocysts in its primary snail hostO. hupensis. This confirmed
the remarkable host-specificity of Schistosoma species (Basch, 1976; Ho,
1963) and prompted first attempts to isolate cells and establish cell
lines from O. hupensis. Although primary cultures of embryonic cells
and liver cells of O. hupensis were established (Peng et al., 2003b; Ye
et al., 2007), cell lines from O. hupensis have not been achieved at this
time. Instead of cell lines, protein extracts from head–foot of O. hupensis
were used to culture mother sporocysts of S. japonicum and exhibited
positive effects on survival time, motility, and size of mother sporocysts
(Zhu et al., 2012). In another study, oocytes of Spodoptera frugiperda
(Lepidoptera, Noctuidae) (sf9 cells), were used as feeder layers to cul-
ture miracidia of S. japonicum (see Jiang et al., 2011). After transforma-
tion into mother sporocysts in vitro for 24 h, there were some germ
balls inside the parasite. The larval motility decreased along with the
time in culture and disappeared on day 15. The mother sporocysts
were gradually embedded by feeder layer cells after 20 days, unable
to develop to daughter sporocysts. After being cultured in vitro in the
presence of sf9 cells for 3 days, the mother sporocysts were injected
into O. hupensis and continued to develop to infective cercariae with
the same genetic characteristic as wild type cercariae, providing a new
method for in vitro studies and/or manipulation of S. japonicum larvae
(Jiang et al., 2011).

2.1.2. Cercariae
In contrast to S. japonicummother sporocysts, no report on daughter

sporocysts in vitro culture exists for this species. The only investigation
on cercariae culture was started with S. japonicum cercariae embryos
by using the same medium used for mother sporocyst cultivation
(Bi et al., 1992). The length of cercariae embryos increased when pro-
tein extracts of the head–foot tissue of O. hupensis were added to the
medium. However, the addition of liver protein extracts of O. hupensis
inhibited the development of cercariae embryos indicating that liver

components negatively affected the development of this parasite
(Bi et al., 1992).

2.2. Definitive host stages

As adult worms develop from cercariae via juvenile schistosomula
stages within the definitive host, attempts to culture juveniles and
adults varied also with respect to the starting stage, but also the scien-
tific aim that was pursued such as promoting development, sexual
maturation or fertilization.

2.2.1. Skin-stage and lung-stage schistosomula
Early research on juveniles or adults focused on the screening

of suitablemedia tomaintain these stages in vitro. Based on theirmigra-
tion behavior, schistosomula were distinguished in three stages com-
prising the skin-stage, the lung-stage, and the liver-stage (Lin et al.,
1985b; Tang et al., 1973). For lung-stage schistosomula,whichwere iso-
lated from lungs of infected mice on day 3 post infection, two types of
modified media (Clegg, 1965; Yasuraoka et al., 1978) termed medium
A and medium B, respectively, were used. Both consisted of calf serum,
rabbit red blood cells, and antibiotics (penicillin and streptomycin). The
difference was that medium A employed Earle's balanced salt solution
and lactalbumin hydrolysate, while medium B contained TC 199 basic
medium. According to the comparison, schistosomula of S. japonicum
maintained in medium B grew more rapidly than those in medium A,
reached a larger size, and an earlier emergence of the junction of the
caeca, whichwas formed behind the ventral sucker by the union of bifur-
cated caeca (cecal conjunction), and reproductive organs was observed.
Themortalitywas significantly higher for theworms cultured inmedium
A (81%) than that of worms in medium B (26.7%) on day 25 of in vitro
culture suggesting thatmediumBwith richer nutritionwasmore suitable
formaintaining schistosomula in vitro (Lin et al., 1983). Based on this,me-
dium B was also used to culture S. japonicum skin-stage schistosomula
(0.5 h post infection). Under this condition, not only the body size, but
also the ultrastructure of the schistosomula cultured in vitro was similar
to those of in vivo-raised parasites obtained from host on day 3 following
infection. However, the culturedworms just survived for 41 days in vitro,
and only a small number of parasites developed cecal conjunction. Fur-
thermore, they never reached liver stage phenotypes suggesting the lim-
ited roles of this medium in promoting skin-stage schistosomula to
develop to further life stages (Lin et al., 1985a).

2.2.2. Schistosomula transformed in vitro
Themain problem to culture skin-stage and lung-stage schistosomula

is the limited amount of parasite material that can be obtained from
infected hosts. According to a previous report, at most only 30%
parasites can be obtained from a lung of an infected mouse on day
3 post infection (Meng et al., 2005). In contrast, 80–90% schistosomula
can be obtained if mechanically transformed from cercariae in vitro
(Chen and Zhou, 1995). To this end S. japonicum cercariae were
transformed into schistosomula in vitro by different methods includ-
ing syringe passage (Basch, 1981; Colley and Wikel, 1974), fresh
serum incubation (Yasuraoka et al., 1978), or PZQ treatment (Xiao
et al., 1987). Using syringe passage, more than 80% cercariae lost
their tails, which is one of the inducing moments for transformation.
Concerning fresh serum incubation, the comparison between rabbit
serum and calf serum revealed that within 48 h the rabbit serum
induced transformation more easily than the calf serum (Wang
et al., 1986). When incubated for 72 h, nearly 100% cercariae were
transformed to schistosomula in both sera, in contrast, only 3%
cercariae in control group medium (RPM1640) were transformed. Com-
pared to the transformation rate of schistosomula induced by fresh
serum for 72 h (98.9%), the transformation rates were 29.8% for serum
with inactivated complement, 20.1% for serum without B factor, and
12.5% for serum without complement C3, respectively. Moreover, rabbit
serum stored for weeks under −12 °C prompted 62.9% transformation
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of schistosomula. Serum stored for half year just induced 25.5% transfor-
mation. Thus it was proposed that the complement within the serum
played a role in the transformation process (Wang et al., 1986).

Independent of being transformed by either serum incubation or
syringe passage, transformed schistosomula were both sensitive
towards tap water and revealed a negative cercariae hullen reaction
(CHR) as well as changes in their ultrastructure that were similar to
those observed for schistosomula in mice (Wang et al., 1986). Nearly
97.5% schistosomula discharged the content of preacetabular gland
at 72 h post treatment under the influence of serum, while only 89.2%
of the mechanically transformed schistosomula discharged their gland
content (Wang et al., 1986).

After being transferred to Hank's balance solution (HBS), containing
2% calf serum, tailless cercariae of S. japonicum treated with 10 μg/ml
PZQ for 0.5 h promptly resumed their normal movement and became
more sensitive to tap water than before (Xiao et al., 1987). Between
84.9%–100% schistosomula discharged the contents of their penetration
glands at 2–3 days post transferring into HBS. The negative CHR and
the disappearance of sensitivity towards complement indicated that
tailless cercariae induced by PZQ were similar to post skin-penetration
schistosomula.

In order to culture transformed schistosomula in vitro, a new medi-
um termed 841 was established. It is a mixture of RPMI 1640 and
fetal bovine serum (9:1), containing 10−6 mol/l 5-hydroxytryptamine
(5-HT), 5 × 10−7 mol/l hypoxanthine, 10−6 mol/l hydrocortisone,
0.2 IU/ml insulin, 0.1% lactalbumin hydrolysate, 100 IU/ml penicillin,
and 100 μg/ml streptomycin (Wang and Zhou, 1987). Schistosomula
mechanically transformed by syringe passage grew more rapidly in
841 medium than those transformed by fresh serum incubation,
presenting a higher rate of cecal conjunction (p b 0.01) and a greater
overall length (p b 0.01) after 28 days in vitro. In medium 841, the
mechanically transformed schistosomula survived for more than
110 days and developed into adult female and male liver-stage
worms that paired. Moreover, the reproductive organs of the adults
formed, and the females laid eggs although unfertilized. These results
provided a promising perspective for in vitro cultivation of S. japonicum
at that time. Subsequently, medium 841 was widely used providing a
solid basis for the formulation of new culture media.

Since in vitro culture studies in the past revealed significant differences
in gene expression profiles between lung stage schistosomula isolated
from hosts and those conventionally cultured (Chai et al., 2006), and
since host factors such as age, gender, hormones, and/or immune re-
sponses were considered to affect growth, development, and gene
expression of schistosomes (Gobert et al., 2006), co-culture systems
ofmechanically transformed schistosomula of S. japonicumwith different

vertebrate host cells were tested (Ye et al., 2012). Among these, human
hepatic venous endothelial cells (ED25) turned out to be very suitable
and interesting feeder cells. Compared to controls cultured in vitrowith-
out feeder cells, or co-cultured with other cells, schistosomula co-
cultured with ED25 cells shared more similarities in morphology and
tegumental structures with schistosomula obtained from infected mice
as determined by bright-filed and electron microscopy.

2.2.3. Hepatic-portal-phase schistosomula and adult worms
In order to establish an in vitro culture system useful for studying-

reproductive physiology of Schistosoma for e.g. drug screening ap-
proaches, 18-day old schistosomula obtained from portal vein of the
liver (Hua et al., 1988) and 42-day old adult worms (Hua and Zhou,
1988) were employed to perform further experiments, respectively.

Based on medium 841, two further types of media were developed
(Hua et al., 1988) and termed modified 841 (M-841) (Table 2) and
modified 841 adding ghost cells (M-841 + ghost cells). They were
used to culture 18 day old schistosomula. The ghost cells represented
erythrocytes treated with 0.38% NaCl showing a lighter color and a big-
ger size. Although all media supported pairing ofmales and females, the
parasites maintained in M-841 or M-841 + ghost cells showed lower
mortality and bigger size than those in medium 841 (p b 0.05) after
in vitro culture for 35 days. Therewas nodifference in the size of the tes-
tes and ovaries among the worms maintained in these different media.
Furthermore, the ovaries of females in three groupsmatured,whichwas
proven by fast red staining. However, the periods required to produce
eggs differed remarkably among the investigated worm batches:
10 days for worms in M-841 + ghost cells, 29 days for worms in M-
841, and 25 days for those in 841, respectively. This suggested that
M841 + ghost cells was suitable for further in vitro studies on the repro-
ductive physiology of schistosomes. However, the eggs laid by worms
cultured under these conditions were abnormal.

RPMI/1640 medium, rabbit serum and human serum were more-
favorable for the oviposition, as indicated by the number of eggs laid
by females and the proportion of abnormal eggs, than BMEmedium, bo-
vine serum and sheep serum (Hua and Zhou, 1988). In addition, 5-HT
and hypoxanthine were proven not only to increase the number of
eggs produced by females, but also to decrease the proportions of ab-
normal eggs. ATP and caseine hydrolysate just increased the number
of eggs and presented no effect on the proportions, while vitamin C
had no effect on the number of eggs but reduced the proportion of ab-
normal eggs. Norepinephrine decreased the number of eggs and
showed no effect on egg integrity. Medium 199 was also emphasized
for its importance on the oviposition of S. mansoni cultured in vitro.
Therefore, medium 851 was designed by adding ingredients

Table 2
Comparison of components between different modified media.

Components Concentration

841 M-841 851 891

RPMI-1640 10.4 mg/ml 8.32 mg/ml 8.32 mg/ml 10.4 mg/ml
Medium 199 – 2.2 mg/ml 2.2 mg/ml –

Rabbit serum 10% (v/v) 10% (v/v) 10% (v/v) 10% (v/v)
Lactalbumin hydrolysate 1 mg/ml – – 1 mg/ml
Casein hydrolysate – 1 mg/ml 1 mg/ml –

Insulin 0.2 IU/ml 0.2 U/ml 0.2 U/ml 0.2 IU/ml
Hydrocortisone 10−6 mol/l 10−6 mol/l 10−6 mol/l 10−6 mol/l
Hypoxanthine 5 × 10−7 mol/l 5 × 10−7 mol/l 5 × 10−7 mol/l 5 × 10−7 mol/l
Serotonin 10−6 mol/l 10−6 mol/l 10−6 mol/l 10−6 mol/l
ATP – 0.1 mg/ml 0.2 mg/ml –

Vitamin C – – 0.01 mg/ml –

Thymidine – – – 1.6 × 10−5 mol/l
Tryptone – – – 1 mg/ml
NaHCO3 pH 7.4 pH 7.6–7.8 pH 7.6–7.8 pH 7.6–7.8
Penicillin 100 IU/ml 100 IU/ml 100 IU/ml 100 IU/ml
Streptomycin 100 μg/ml 100 μg/ml 100 μg/ml 100 μg/ml

The bold characters showed differences on concentrations of some components added in the different medium.
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withapproved positive effect on oviposition compared to medium 841
(Table 2). These ingredients are medium 199 (2.2 g/l), ATP (0.2 g/l),vi-
tamin C (0.01 g/l), and caseine hydrolysate (1 g/l, replacing lactalbumin
hydrolysate in 841 medium). The numbers of eggs produced by worms
maintained in medium 851 were about 872 per couple within 10 days
and 1112 per couple within 23 days, values significantly higher than
those produced in medium 841 (p b 0.05), which included about 708
per couple within 10 days and 821 per couple within 23 days, respec-
tively. Besides this, the peak egg-producing period for the “851medium
group”was fromdays 2 to 10 in culture, while this periodwas fromdays
3 to 7 using medium 841. Although there was no significant difference
between these two groups from the 20th to the 23rd day of cultivation,
the proportions of abnormal eggs in medium 851 were significantly
lower than those in medium 841 within 14 days (p b 0.01) (Hua and
Zhou, 1988).

In spite of the positive effects of thymidine, ornithine, prednisolon
and tryptone on the oviposition of 42 day-old worms, only thymidine
and tryptone significantly reduced the number of abnormal eggs, lead-
ing to the establishment of medium 891 by supplementing these two
components intomedium 841 (Yang et al., 1997) (Table 2). The positive
effects of medium 891 on the oviposition of paired worms (increasing
egg productions, lowering the number of abnormal eggs, and prolonging
the oviposition period) were similar to those of medium 851 within
14 days of cultivation (Yang et al., 1997). Although remarkable progress
was achieved, especiallywith respect to the reducednumber of deformed
eggs using medium 891, the egg production period in vitro ceased from
days 10 (medium 851) and 11 (medium 891) on (Hua and Zhou, 1988;
Yang et al., 1997). This indicates that the in vitro simulation of the
in vivo situation still requires continuing research input since not all
factors necessary to maintain egg production of schistosome couples
in vitro over a long culture period have been identified yet.

In summary, although in vitromaintenance of the whole life cycle of
S. japonicum has not been achieved yet, the in vitro culture systems
including various media for parasite culture have been gradually im-
proved and are still under development. What has been achieved up
to now provides a good basis for different experimental approaches
such as studies on the interactions between host-parasite, development
of transgenic approaches (Yuan et al., 2005), or RNAi studies (Wang
et al., 2012). However, further improvements of the existing in vitro
culture systems are needed to achieve the final goal to complete the
life cycle of S. japonicum in vitro and to provide an optimal technical
platform for experimental studies.

3. Cell culture of S. japonicum

The cell culture approaches of S. mansoni were started in the 1990s
(Bayne et al., 1994; Coles and Fitzgerald, 1986; Hobbs et al., 1993;
Weller and Wheeldon, 1982), while the attempts to isolate and culture
cells from S. japonicumwere initiated from 1995 (Dong et al., 1995a,b).
Numerous studies related to culture conditions and cell lines were
performed in the subsequent years.

3.1. Primary cell culture

3.1.1. Cultural methods
The first step required for initiating a cell culture is to isolate primary

cells by enzyme digestion directly or let cells migrate from the tissue
pieces which were kept in an appropriate environment for a few days.
The moist system method, also termed tissue pieces adhesion-method
(Wu et al., 1979) and the cold digestion method (Dong et al., 1995b)
have been described as two different approaches for cell culture. The
moist system method, also termed tissue pieces adhesion-method,
was established by a Japanese researcher and described as follows:
after being cut into pieces of about 1 mm3, the tissue fragments were
attached to thewall of the culture flask with a little medium and subse-
quently incubated at 37 °C in an incubator. In order to strengthen the

adhesion of the cultured tissues, the flask was turned upside down to
remove the access of medium before the flask was put in an incubator.
The flask was turned back to its original position 2–4 h later, and suffi-
cient medium was added for continuing the culture. It was suggested
that the moist atmosphere could promote the capacity of tissues or
cells to attach the wall of the culture flask in this short time period,
which was very important for their growth. However, the number of
the cells isolated by this approach was limited.

For cold digestion, tissue pieces were digested with 0.25% trypsin
under 4 °C for several hours and subsequently centrifuged. After the
supernatant was discarded, the precipitate of isolated cells was resus-
pended in medium and seeded into culture flasks for culturing. This
way provides plenty of cells that could be isolated for in vitro mainte-
nance, however, the cells couldn't attach to thewall of theflasks leading
to gradual degeneration (Dong et al., 1995b).

Primary culture of S. japonicum cells was performed by employing
schistosomula or adults that were obtained from mice 3–6 weeks
post-infection (Dong et al., 1995b). Experiments using a combination
of the moist system and cold digestion methods showed beneficial
effects compared to the individual methods. Thus more free cells were
obtained and the survival time of the cultured cells was extended
(Table 3). In the following years, most work on the characterization of
these cells was performed on the basis of this combined method.

3.1.2. Characteristics of cultured cells

3.1.2.1. Morphological observations. Along with the attempts to isolate
and culture cells of S. japonicum, the following morphological observa-
tions were made. Cultured cells with a diameter of 1–4 μm derived
from S. japonicum schistosomula were mainly round and granular ones,
some were flagellated, triangle fan-like, polygonal or irregularly shaped
(Chen et al., 1997). In contrast to this, most of the cells originating from
adultwormswere approximately 24 μm × 17 μmin size and polygonous
(Dong et al., 1995c). However, nomatter whether by bright-field or scan-
ning electronmicroscopy (SEM), the structures of the cells from juveniles
and adults were found to be similar to each other, with some papilla-like
projections, villi, concaves, and small holes on their surfaces (Chen et al.,
1997). In addition, by using SEM evidence for cell division was obtained
among schistosomula cells which survived for 7 months, implying that
these cells possessed proliferation potential (Chen et al., 1997).

Using transmission electron microscope (TEM), further analyses on
the ultrastructure of cultured cells from S. japonicum schistosomula
and adults were performed (Figs. 1, 2 and 3) (Dong et al., 2002a).
Some differences were observed between these with regard to their
shape, ultrastructure of the cell surface, and cell type. Most of the
cultured cells from adults were polygonal with papilla-like tubercula,
microvilli, and pinocytotic vesicles on their surfaces. These cells
were identified as germ cells, vitelline cells, flame cells, multinucleate
subtegumental cells, andnerve cells. Cultured schistosomula cells showed
a different ultrastructure on their surfaces andweremainly round granu-
lar. They could be determined as germ cells, sustentacular cells, flame

Table 3
Effect of cultural methods on cells from S. japonicum (see Dong et al., 1995b).

Methods Worms Number
of trials

Results

Moist system
method

Adults 3 Less free cells, but longer survival
time of cultured cells lasting for
60 days.

Cold digestion
method

Adults 4 More free cells, round-shaped; no
adherence to tissue culture flasks;
degeneration starting from the 3rd
day of inoculation.

Schistosomula 2

Combination
method

Adults 3 More free cells adhering to flasks;
longer survival time of cells lasting
for 110 days.
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cells, nerve cells, mast cells, muscle cells, multinucleate subtegumental
cells, interstitial cells, and penetration gland cells. The most interesting
finding by TEMwas that schistosomula cells obviously kept their capacity
to divide sincemany cells were detectedwith obvious division character-
istics (Fig. 2-F). In contrast to this, strong evidence for cell division in adult
cells was not obtained, either by TEM or by bright-field microscopy. This
indicated that schistosomula cells possess a division potential, which is
interesting with respect to strategies establishing permanent cell lines
in the future. Along with increasing culture time, progressive changes
were observed in the ultrastructure of schistosomula cells, including an
increase of heterochromatin, degeneration of mitochondria, and disap-
pearance of endoplasmic reticula (ER). Based on thesefindings, the period
between days 0–18 of cell cultivationwas narrowed down as the best pe-
riod to induce proliferation of cultured cells derived from schistosomula
according to the variation of chromatin.

The ER is an important organelle in animal cells and represents the
center of membrane systems. Its morphology, number, and distribution

are closely related to the type, function, differentiation, and mitotic
phases of the cells (Huang and Song, 1996; Wang and Song, 1999;
Zhao and Song, 1995). Due to lack of useful techniques, it was difficult
to observe the three-dimensional architecture of whole mount ER
membrane systems clearly by conventional method under TEM in the
previous studies (Dong et al., 2003). After fixing cultured cells by potas-
sium permanganate (Song, 1994), the three-dimensional architecture
of whole mount endoplasmic reticulum membrane systems in the
cultured cells of S. japonicum was observed under SEM and a small
cisternal network composed of membranous tubules and vesicles was
well distributed in scarce cytoplasm (Dong et al., 2003). As a cell struc-
ture extensively distributed within the cytoplasms of eukaryotic cells,
the cytoskeleton (CSL) was considered among others as a platform for
signal transduction systems within the cytoplasm (Wang et al., 1993).
The CSL of cultured cells isolated from adult S. japonicumwas primarily
analyzed by Coomassie blue and Rhodamin–Phalloidin fluorescence
staining (Fan et al., 2001b). It was consisted of intermediate filaments

Fig. 1.Ultrastructure of cultures from Schistosoma japonicum. Scale bars = 0.5 μm. (A) The flagella of a flagellated cell from schistosomula, cultured for 12 days. MI,mitochondria. (B) The
adult cell cultured for 12 days. PT, papilla-like tubercula; VI, microvilli; PV, pinocytotic vesicles; ▴, normal mitochondria; ▵, degenerated mitochondria. (C) An adult cell cultured for
2 days, with many mitochondria of different shapes in cytoplasm. (D) Flame cells from adult, cultured for 2 days. ▴, Basal part of the cilia; ▵, free part of the cilia; ET, excretory tubule.
(E) A multinucleate subtegumental cell from adult, cultured for 12 days, N, nucleus. (F) Primary oocyte cultured for 2 days. ER, endoplasmic reticula; V, vacuole. (G) Secondary oocyte
cultured for 48 days with a cluster of cortical granules (▵) near the cell membrane.
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and appeared as a tight network-like structure but lacking thick micro-
filament (MF) bundles (Fan et al., 2001b). Given that the stability of
MF bundles was demonstrated to be essential for the transition of
proliferated cells from G to S phase (Maness and Walsh, 1982), the
absence of the MF bundles in the cultured S. japonicum cells derived
from adult worms was interpreted as a cause of their inability to divide
continuously.

3.1.2.2. Enzyme localization and activities. In addition to the ultrastructural
observations of S. japonicum cells cultured in vitro, the concentration,
distribution, and variation of different enzymes within these cells were
also investigated by histochemical methods.

Succinic dehydrogenase (SDH) (Kawahara et al., 2009) and lactate
dehydrogenase (LDH) (Holbrook et al., 1975) are known to be involved
in the energy metabolism of cells. In cultured cells from 26 day-old

Fig. 2. Ultrastructure of cultures from Schistosoma japonicum schistosomula. Scale bars = 0.5 μm. (A) A sustentacular cell cultured for 12 days.▵, relicts. (B) A nerve cell (NC) and an inter-
stitial cell (IC) cultured for 6 days.▵, Tight junction between the nerve cell and the interstitial cell;▴, clear vesicle;□, granular vesicle. (C) The mast cell cultured for 12 days.▴, secretory
granule being released. (D) Amuscle cell cultured for 12 days.▴ and▵, thick and thin filaments of myofibril. (E) Round granular cells cultured for 2 days. In the right cell, euchromatin was
evidently more than heterochromatin and there were mitochondria (MI) and circular endoplasmic reticula (ER). The left was a penetration gland cell (PCG). (F) A division cell, cultured for
12 days. CH, chromosome;▴, thepart of nuclearmembranedisappeared. (G) A cell cultured for 24 days. Heterochromatin increased evidently, almostmuch than euchromatin. In cytoplasm,
there were normal mitochondria (▵), degenerated mitochondria (▴) in different degrees, enlarged and vacuolar endoplasmic reticula. (H) Cells cultured for 36 days. Heterochromatin was
evidentlymore than euchromatin. Some electron lucent (EL) areas appeared in the cells. There were small mitochondria (▵) with low electron density, ribosomes and glycogen granules in
cytoplasm. No other organelles were observed. (I) The cell cultured for 54 days. In the severely degenerated cell there were more electron lucent (EL) areas.
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adult S. japonicum, both SDH and LDH were observed within the
cytoplasm, of which the former one was mainly distributed around the
cell membrane of larger cells and the flagellum of flagellated cells, and
the latter one spreads evenly within the cytoplasm (Dong et al., 2002b).
Glucose-6-phosphate dehydrogenase (G-6-PD), the rate-limiting enzyme
of the pentose phosphate pathway, was also detected to spread evenly
within the cytoplasm of cultured cells of S. japonicum (see Zhu, 2002),
whichwas similar to that of LDH. The distribution of alkaline phosphatase
(AKP) varied with different types of cultured cells of adult S. japonicum.

For round granular, deltaic fan and multinucleate subtegumental cells,
stronger AKP activity was detected within the nucleus, while weaker
activity was found within the cytoplasm. For clustered polygonal cells,
AKP was mainly distributed in cytoplasm, whereas in flagellated cells,
stronger enzyme activity was in both the nucleus and the flagellum part
(Liu et al., 2002b). Acidic phosphatase (ACP) was also detected to be
very rich in cultured S. japonicum cells and distributed particularly around
the nucleus andwithin the cytoplasmof the larger cells (Liu et al., 2002b),
which were different from AKP distribution. The activities of SDH, LDH,

Fig. 3. Ultrastructure of cultured vitelline cells from Schistosoma japonicum. Scale bars = 0.5 μm. (A) Immature vitelline cells cultured for 0 day. MI, mitochondria; RER, rough-surfaced
endoplasmic reticula; VD, vitelline droplet. (B) An immature vitelline cell cultured for 6 days. The figure shows abundant rough-surfaced endoplasmic reticula with clear ribosomes.
(C) Vitelline cells cultured for 18 days.▴ and▵ shows the vitelline droplet ofmature and immature vitelline cell, respectively. ER, endoplasmic reticula. (D) Amature vitelline cell cultured
for 30 days. (E) Amature vitelline cell cultured for 36 days.▵, fused vitelline globules in the vitelline droplet. (F) An immature vitelline cell cultured for 36 days. (G) An immature vitelline
cell cultured for 60 days. ▵, uncovered vitelline globules. (H) Immature vitelline cells cultured for 73 days. ▴, enlarged rough-surfaced endoplasmic reticula.
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AKP andACP in cultured S. japonicum cells decreased gradually alongwith
the time of culture (Dong et al., 2002b; Jiang et al., 2004; Zhu, 2002).

Furthermore, the activity of “silver-stained nucleolar region associ-
ated protein” (AgNORs), an index cell proliferation (Yao et al., 2001),
was higher in cultured cells obtained from 18 day-old schistosomula
than those from 24 day adult worms, again indicating the stronger
proliferative ability of schistosomula cells (Dong et al., 2004).

3.1.2.3. Carbohydrates and calcium ions in cultured cells. Periodic Acid
Schiff (PAS) reaction or Alcian Blue-PAS revealed the distribution
and dynamic changes of carbohydrates in the cultured cells of
S. japonicum. Glycogen, acid mucopolysaccharide, neutral mucopoly-
saccharide, mucoprotein, glycoprotein and glycolipids are present in
cultured cells, and levels of these carbohydrates peaked during the first
2 weeks of the culture, but then gradually declined with the further
cultivation (C.J. Liu et al., 2002; Ming et al., 2005).

Free ionic calcium ([Ca2+]) is a second messenger playing a pivotal
role in the physiology and biochemistry of organisms and the cells
(Forsén and Kördel, 1994). The intracellular concentration of free ionic
calcium ([Ca2+]) is stable at approximately 187.0 ± 10.7 nmol/l on aver-
age in resting-stage S. japonicum cells which were cultured for 1–3 days
(Peng et al., 2003a). This suggests that the stabilized intracellular environ-
ment of the cultured cells benefited from the favorable in vitro culture
system at this early stage of culturing (Peng et al., 2003a).

3.1.3. Optimization of the culture system for S. japonicum cells
According to the previous investigations on the characteristics of

cultured cells of S. japonicum, not only the transformation of mitochon-
dria and endoplasmic reticula but also the changes of enzymatic activi-
ties (SDH, LDH, G-6-PDH, AKP and ACP) were supposed to be useful
indicators for assessing the in vitro cultural conditions for the cells
(Dong et al., 2002a,b; Jiang et al., 2004).

Aiming to optimize culture conditions for S. japonicum cells derived
fromadultworms, several parameterswere analyzed for their effects on
the growth of cultured cells (Dong et al., 1995a). First, lowering the
concentration of serum to 5% improved cell survival. Under these condi-
tions cells survived for more than 150 days, while 20% and 10% sera
decreased survival times (between 110 and 150 days). Second, TC-199
medium was found to be better suited for the survival of the cultured
cells than RPMI-1640. Finally, antibiotic concentration had no influence
on the survival time of the cells, which was consistent to the result
of Hobbs et al. (1993), but different from the report of Weller and
Wheeldon (1982).

The effects of complex media (TC-199, RPMI-1640, DMEM), extra-
cellular matrix (ECM, including collagen of rat tail, bio-matrix from
liver of rabbits and bio-matrix from lung of rabbits), and serum concen-
tration (5%, 10% and 20%) on the activities of SDH, LDH and G-6-PDH in
the cells of S. japonicum (21-day old) were determined by using or-
thogonal tests. The results showed that the strongest activities of
three enzymes were observed in cells cultured in the presence of
the bio-matrixes from liver of rabbits and the medium RPMI-1640
containing 20% bovine serum (Deng et al., 2005). Moreover, three
growth-promoting factors, transferrin, nucleotides, and basic fibroblast
growth factor (b-FGF) promoted the proliferation of cultured cells of
S. japonicum schistosomula much more efficiently than the other two
substances, non-essential amino acids or vitamin combinations (Gong
et al., 2005). Cells treated with these stimulators presented obvious
proliferation abilities and much higher AKP activities.

3.1.4. Effects of chemical reagents, biological supplements and physical
treatment on cultured cells

Based on the studies of primary cell cultures and the characterization
of in vitro-cultured cells of S. japonicum, experimental effortsweremade
to prompt the proliferation of these cells. Chemical reagents, biological
supplements, and physical treatmentwere tested aiming at establishing
an immortal cell line of S. japonicum.

3.1.4.1. Chemical reagents. After treatment with the mitogen phyto-
hemagglutinin (PHA) at a concentration of 333.3 μg/ml, cultured
cells from S. japonicum adults showed evidence for proliferation.
Lymphoblast-like cells emerged among degenerating cells, dumbbell-
like cells appeared, and cells in early stages of division were detected.
However, unlimited proliferation of the cultured cells did not occur
(Dong et al., 1998).

N-methyl-N-nitro-N-nitrosoguanidine (MNNG), a strong mutagen
which was shown to cause chromosomal DNA damage and to induce
cell transformation leading to immortalized cell lines (Gichner and
Veleminsky, 1982)was tested for its capacity to induce cell proliferation
(Ming et al., 2006a). Cells treatedwith 3 μg/mlMNNG for 48 h survived
for at least 246 days or more. Not only significant morphological
features such as villiae, microridges, ruffles, blebs, concavities, and
microvilli were observed on their surfaces, but also many binary and
multipolar divisions were found by SEM indicating the positive effects
of MNNG on the transformation and proliferation of cells. Transforma-
tion in the MNNG treated cells was confirmed by their disordered cyto-
skeletal arrangement (Fan et al., 2001a). Moreover, both the activities of
AKP and ACP, and the carbohydrate metabolism of the cultured cells
were improved by the stimulation of MNNG (Liu et al., 2002a; Ming
et al., 2006c), which is consistent to the energy requirements of the
cells during division. MNNG and liver-matrix protein were synergistic
in boosting carbohydratemetabolism in these cells (Ming et al., 2006b).

β-Mercaptoethanol was reported to promote cell viability and to en-
hance various cell reactions in lymphocytes (Fanger et al., 1970; Ishii
et al., 1981a,b) and embryonic carcinoma cells (Oshima, 1978; Rizzino
and Sato, 1978) through increasing the synthesis of intracellular gluta-
thione (GSH), which allowed the cells to overcome the oxidative stress
that occurs during in vitro cultivation (Zmuda and Friedenson, 1983).
The addition of β-mercaptoethanol to the medium led to the increase
of [Ca2+] in the cultured cells (Peng et al., 2003a). Compared to
liver-matrix, β-mercaptoethanol showed stronger effects on the in-
crease of the level of AgNORs and LDH activity in cells during the
first two weeks of culture (Peng et al., 2004; Qin et al., 2005). This
was reversed from the 3rd week on, proving the long-acting and stable
influence of liver-matrix. Unfortunately, no cooperative effect was ob-
served between β-mercaptoethanol and liver-matrix (Peng et al., 2004;
Qin et al., 2005).

Finally, an effect of spermidine was tested, which is a cationic amine
with functions during growth and proliferation of cells (Pegg, 1986;
Tabor and Tabor, 1984). Cultured cells treated with spermidine using
a concentration of 75 μM spermidine for 48 h showed the strongest
activity of SDH. Higher concentrations of this compound destroyed
the cells and the mitochondrial membranes, leading to the decrease
of SDH (Yi et al., 2005). The detection of AgNORs suggested the
supporting effect of spermidine on the proliferation of cultured cells
from S. japonicum (see Chen et al., 2006b).

3.1.4.2. Biological supplements. It was proposed that not only non-
optimal culture environments, but also the inability of the isolated
cells from S. japonicum worms to attach to culture flasks was the main
reason for the failure to establish cell lines (Dong et al., 1995a).
Since extracellular matrix (ECM) proteins showed important regula-
tory roles for the adhesion of cultured cells (Reid and Jefferson,
1984), three different ECMs, including rat tail collagen, bio-matrix
from livers, and lungs of rabbits were employed to cover the wall
of culture flasks prior to adding cell suspensions (Zhu et al., 2004).
The results showed that rat tail collagen most effectively supported
the adhesion of S. japonicum cells. Besides this, rat tail collagen also
enhanced the heat-resistance of these cells (Chen et al., 2002). How-
ever, bio-matrix from rabbit liver was the best ECM supplement with
regard to cell morphology, growth, metabolism, division and prolifera-
tion (Chen et al., 2006a; Deng et al., 2005). Cells cultured with this
ECM supplement had stronger activities of LDH (Zhu et al., 2002),
SDH (Zhu et al., 2002), AKP (Yi et al., 2003), and ACP (Yi et al., 2003),
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higher levels of AgNORs (Chen et al., 2006a), stronger abilities to
synthesize carbohydrates (Ming et al., 2005), and contained more di-
viding cells, which were not only in ordinary binary division, but also
in tripolar division (Chen et al., 2006a). Moreover, cell divisions oc-
curred as late as day 60 in culture using bio-matrix from rabbit lungs
(Chen et al., 2002), while cell divisions using bio-matrix from liver
only occurred up to day 28 (Fig. 4) (Chen et al., 2006a).

Feeder cells, which were reported in cell culture previously (Puck
et al., 1956), are able to provide the basis for cell–cell and cell–matrix
interactions (Ehmann et al., 1998), production of soluble growth factors
(Krakauer, 2002; Shimoaka et al., 2002; Tseng et al., 1996), and removal
of toxic products from the culture medium (Brodin et al., 1983). Long
term culture of cells from 12–21 day-old juvenile worms of S. mansoni
was reported to accomplish by the use of a feeder layer of irradiated
rat liver cells (Bayne and Barnes, 1997). As S. japonicum, mouse embry-
onic fibroblast (MEF) cells were used as feeder layers to culture cells of
S. japonicum and exhibited stronger effects than ECM, not only on the
adherence of cells (compared with rat tail collagen) (Li et al., 2006b),
but also on the activities of LDH and ACP (compared with liver matrix)
(Xiong et al., 2006). The combination of MEF and ECM (rat tail collagen
or liver matrix) was proven to have synergistic effects on the treated
cells (Li et al., 2006b; Xiong et al., 2006). The addition of conditioned

medium, which was filtered from the medium of nasopharyngeal
carcinoma (CNE) cells, led to an increase of LDH activity and AgNOR
levels in S. japonicum cells (C. Luo et al., 2010; R. Luo et al., 2010).

Paired schistosome females produce hundreds to thousands of
eggs per day, which require tens of thousands of vitelline cells to pro-
vide egg-shell precursor proteins, as well as yolk and lipids as energy
resources for the embryo, vitelline cells. Consequently, vitelline cells
were supposed to have a strong ability to divide and to differentiate
(Den Hollander and Erasmus, 1984, 1985). Furthermore, strong
evidence exists that males fulfill an essential role in controlling female
sexual development including mitosis and differentiation of their
pairing partners (Grevelding et al., 1997; Kunz, 2001; LoVerde and
Chen, 1991). Therefore, proteins extracted from male parasites were
employed to culture vitelline cells. They improved the activity of LDH
and significantly increased the level of AgNORs in treated cells with a
concentration of 100 mg/l (Li et al., 2006a). Moreover, there were
much more mature vitelline cells in the treated group compared to
the control group, with clear individual vitelline globules inside. The
cytoplasms and nuclei of these cells were homogeneously stained,
and abundant rough-surfaced endoplasmic reticulum was found in
immature vitelline cells of tested group. In the control group, vitelline
globules were fused with each other or released and uncovered.

Fig. 4.Morphology of cells from Schistosoma japonicum cultured with extracellular cell matrix (ECM). (A–D) Cells cultured for 28 days in the presence of bio-matrix from rabbit livers. A
few dividing cells (→) and dividing nuclei (▴) were observed under microscopy after being stained by periodic acid schiff (PAS) reaction. (E) Cells cultured for 60 days in the presence of
bio-matrix from rabbit lungs. Binary division was observed by scanning electronic microscope (SEM). (Figs. 1–3 and their legends are from: Dong HF, Chen XB, Ming ZP, Zhong QP, and
Jiang MS. Ultrastructure of cultured cells from Schistosoma japonicum. Acta Trop 2002a; 82:225-34. We've got a license agreement from Elsevier. License Number: 3140660550247.)
Fig. 4: A–D are from: Chen XG, Dong HF, Ming ZP, Zhong QP, Jiang MS, and Hu SQ. Effects of liver matrix on growth of cultured cells from Schistosoma japonicum. Chin J Schisto Control
2006a; 18:25-7, in Chinese. E is from: Chen DC, Dong HF, Jiang MS, Zhu JY, and Zhong QP. The function of the bio-matrixes from the rabbit lung and collagen from rat tail on the cultured
cells from Schistosoma japonicum. Chin J Endemiol 2002; 21:261-3, in Chinese. We've asked the magazines for permission to use the pictures, which was approved in each case.
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Rough-surfaced endoplasmic reticulum in control cells was enlarged
and space-vacuolated, and the ribosomes particle dropped from the
reticulum. Both results confirmed positive stimulation of development,
proliferation, andmetabolic activity of the S. japonicum vitelline cells by
male worm extracts (Zhong et al., 2011).

3.1.4.3. Physical treatment. Since there were some reports of positive
effects on cell proliferation induced by electromagnetic field (EMF)
(Li et al., 2003; Yang et al., 2003; Zhao et al., 2005), this physical stimu-
lation was introduced into the in vitro culture system to assess the
effects of EMF application on the activity of LDH in the cultured cells
of S. japonicum. Although higher level of LDH activity in the cells treated
by EMF suggested acceleration of cellular metabolism, no cell prolifera-
tion was observed (Huang et al., 2007).

3.2. Continuous passage cell culture

Besides the primary culture, continuous passage of S. japonicum cells
has been achieved. Successful in vitro passage cultivation of cells derived
frommiracidia, cercariae, and adult worms of S. japonicumwas reported
(Zhang et al., 2002a,b). Briefly, after being collected in modified RPMI-
1640 medium with 10% fetal bovine serum (FBS), parasite tissue was
disrupted by cutting every individual worm for 2–3 times. Subsequently,
the tissue fragments were digested with 250 U crab collagenase at 26 °C
(for miracidia and cercariae), or 37 °C (for adults) for 30 min. After
centrifugation and washing, the digested products were inoculated into
tissue culture flasks in 1 ml medium with 0.5% FBS (low concentration
to promote adhesion to the substratum) on the first day andwere trans-
ferred into freshmedium containing 5% to 20% FBS from the next day on.
The emergence of double cells, which was observed within the first
3 days, was considered as a sign of single round replication. Subcultures
were made by splitting 1:2 from the 10th culture day on, and they were
performed further every 7–14 days. This was cells obtained from mira-
cidia, cercariae, and adults were passaged up to the 6th, 5th and 8th
generations, respectively.

Cells isolated from 30-day adult S. japonicum worms were also suc-
cessfully subcultured in 1640-40 medium (RPMI-1640 medium with
addition of FBS and several growth factors, which was not provided in
detail) (Liu et al., 2006). Briefly, after being treated aseptically, the
collected worms were grinded through metal screen cloths with 300
meshes, subsequently digested and filtered. Following the centrifu-
gation at 300 ×g for 10 min, the cells were resuspended with
RPMI-1640 and were incubated in culture flasks with a density of
1 × 106/ml at 37 °C and 5% CO2. For in vitro cultivation, the medium
was changed every 3–5 days. When the cells covered the bottom of the
flask, or when the density reached more than three times of the original
one, passages were done splitting with the cells 1:2.

Unfortunately, no more details about the specific culture medium
(defined as medium1640-40) were provided in these publications
(Liu et al., 2006; Zhang et al., 2002a,b) although continuous passage cell
cultivations were reported.

Before being subcultured the cells were semi-floating in the me-
dium and gradually aggregated to the middle part of the cultural
flask with visible division phenomena, which emerged from the 5th
to the 7th day. The survival rates of primary cells, passed cells, as
well as the cells recovered from material frozen in dimethyl sulfoxide
(DMSO) prior to the 5th generation were all up to 90%, and then de-
creased to 80% after the 5th generation (Liu et al., 2006). Chromosome
karyotype of cells of 5 generations showed diploidy (2n = 8) with 16
chromosomes which were arranged into three groups according to
their sizes. Cultured cells of the 4th generation were round, ellipsoid,
irregular or spindle-shaped. They were measured 3.0–15.5 μm ×
2.5–12.0 μm in size, and the nuclei and cytoplasm of most cells
were distinct from each other. All four types of normal morphology
and three types of abnormal morphologywere observed on the cultured
cells of the 5th generation under TEM (Liu et al., 2006).

4. Applications of in vitro culture systems for S. japonicum

Although not optimal yet, the in vitro culture systems available for
S. japonicum parasitic stages or cells today provide useful platforms for
various experimental studies such as protein expression in the homo-
logous system, drug screenings, or functional studies of genes by RNAi
and further transgenic approaches.

4.1. Application examples of parasite in vitro culture

Employing established in vitro culture systems (Wang and Zhou,
1988; Wang et al., 1987) the effect of PZQ on S. japonicum was investi-
gated with a focus on schistosomula since it was known from previous
studies in other schistosome species that this juvenile stage is less
susceptible to this drug. Cultured schistosomula treatedwith a low con-
centration of PZQ (b1 μg/ml) for a short time showed light contractions
and weak movements. They recovered completely if transferred to drug-
free medium within 48 h. However, at high concentration (N1 μg/ml)
PZQ caused strong and sustained contractions of schistosomula, and
theirmovements nearly stopped. Only if transferred to drug-freemedium
within 6 h, signs of recovery were noted and the schistosomula survived
(Wang et al., 1987). In addition, the tegumental ultrastructures of
schistosomula treated with PZQ were destroyed in a dose dependent
manner according to SEM analysis (Wang and Zhou, 1988).

In addition to assessing the effects of anti-schistosome drugs, the
in vitro culture system was also employed to study gene functions of
S. japonicum using RNAi, which was pioneered in S. mansoni (see
Skelly et al., 2003). The first report of RNAi experiments in S. japonicum
was to knock-down the gene coding for the gynecophoric canal protein
of S. japonicum (SjGCP) by dsRNA soaking (Cheng et al., 2005). The
transcript level of SjGCP in adult couples was reduced by 75% through
7 day treatment of dsRNA. Immunodetection experiments indicated
the disappearance of SjGCP from the gynecophoric canal when 100 nM
dsRNA was applied. From then on, different stages of schistosomes
have been probed with dsRNA or short interfering RNAs (siRNAs) on
the basis of in vitro cultivation of S. japonicum, with efficient and
specific interference effects on the target genes, including the mago
nashi gene (Zhao et al., 2008), peroxiredoxin genes (Prx-1 nor Prx-2)
(Kumagai et al., 2009), Wnt4 (Li et al., 2010), the calcium-regulated
heat-stable 24 kDa protein (CRHSP-24)-encoding gene SjCRHSP-24
(Zou et al., 2011), type V collagen (SjColV) gene (Yang et al., 2012),
and the small heat shock protein (sHSP)-encoding gene Sjp40 (Chen
et al., 2012).

In vitro culture of S. japonicumnot only allowed studies on the parasite
itself, but also facilitated investigations on molecules related to host-
parasite interactions. In a recent study, gene transcription profiles and
morphological characters were analyzed in mother sporocysts cultured
in the presence of head–foot protein extract of snails (Ye et al., 2012).
The expression of several transcripts such as those encoding cytochrome
c oxidase subunit 2 (Cox2) and NADH-ubiquinone oxidoreductase (ND1)
was significantly up-regulated, whereas dyskeratosis congenita 1 protein
(DKC1) was down-regulated by the head–foot protein extract of
O. hupensis from Hunan province, providing basic information for
further research on the interplay between this intramolluscan stage of
S. japonicum and its host. Based on a comparative co-culture system
study to analyzemolecular effects during the schistosomula/O. hupensis
interplay, a suppression subtractive hybridization (SSH) approach com-
paring transcriptional differences among co-cultured, host group, and
control group parasites was performed. The results revealed that four
candidate transcripts encoding the cathepsin L precursor (CatL), heat
shock protein 70 (Hsp70), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and programmed cell death protein 10 (PCDP 10) were
expressed differently among the three groups, which was confirmed
by real-time PCR. SDS-PAGE analysis finally showed not only congruent
protein patterns, but also interesting differences among the compared
schistosomula groups. Although some differences from host-derived
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schistosomula were still observed, the co-culture with human hepatic
vein endothelial cells (ED25) positively influenced parasitemorphology
and gene expressionwith respect to their comparability to the situation
in vivo (Ye et al., 2012).

4.2. Application of cell culture

Schistosome cell cultures have potential applications in the fields of
immunology and transgenesis. Although cells isolated from miracidia,
cercariae, and adult S. japonicumwere successfully passaged for several
generations (Liu et al., 2006; Zhang et al., 2002a), no more related
studies followed except one article focusing on the antigenicity of cells
from S. japonicum cercariae (Zhang et al., 2002b). Antigens derived
from cercarial cells of the fifth passage in vitro served to detect circulat-
ing antibody in 90.3% of patients with chronic schistosomiasis, whereas
the false positive ratewas 6.7% in a healthy control group. However, this
antigen hasn't been employed in a serodiagnostic test up to the present
day.

Beyond that, initial evidence has been obtained for the successful
transfection of primary cells from S. japonicum by electroporation using
a cytomegalovirus (CMV) promoter-GFP construct as vector (Yuan
et al., 2005), providing promising perspectives for future investigations.

5. Conclusion and perspective

Today we reflect on a history of 30–40 years of efforts to culture
S. japonicum in China. Nearly every stage of the parasite was the aim
of studies in this direction. These long-lasting efforts were accompanied
by the introduction of several media and supplements that helped to
improve culture conditions. Thus protocols exist to maintain miracidia,
mother sporocysts, cercariae, and egg-laying adult worms. It is not only
possible to generate mother sporocysts from miracidia in vitro, but also
to obtain adult worms from cercariae through in vitro cultivation. The
main obstacles to complete the life cycle of S. japonicum in the lab are
the transition from mother sporocysts to cercariae, and the production
of fertilized as well as completely developed eggs by adult worms
generated in vitro. These are tasks requiring some more intensive
research input in these early days of the post-genomic era.

With regard to cells from S. japonicum, besides established isolation
protocols media formulations exist, and it was shown that mutagens
like MNNG and ECMwere able to induce mitogenic activities. Although
enzyme activities or the level of AgNORs in cultured cells indicated still
suboptimal conditions, the achievements made point to the possibility
of reaching the aim of establishing cell lines for S. japonicum.

Also for S. mansoni it has not succeeded yet to complete the whole
life cycle in vitro. The use of Bge cells for culturing and the subsequent
emergence of daughter sporocysts promotedwork in this field, allowing
impressive studies on the interplay between S. mansoni and B. glabrata
in subsequent years (Bixler et al., 2001; Coustau et al., 1997; Ivanchenko
et al., 1999; Yoshino and Laursen, 1995). Therefore, for work with
S. japonicum not only the culture of parasites but also that of O. hupensis
cells should be explored. Besides this, a hypoxic environment, created
by gassing with nitrogen in an incubator, proved not only to promote
sporocyst production of S. mansoni independently of host factors
(Bixler et al., 2001; Ivanchenko et al., 1999), but also supported the
maintenance of healthy cell cultures over a longer time period (Bayne,
1998; Bayne and Parton, 2005), providing a valuable reference for
further endeavors on the in vitro cultivation of S. japonicum worms
and cells. Moreover, geneticallymodified S. japonicumwill be important
in the future for studying the functions of genes to understand their
importance for schistosome biology. This will help to pinpoint potential
target molecules for the design of novel anti-schistosomal strategies. In
addition to transgenic parasites, schistosome cell transfection with
DNA-constructs exhibiting oncogenic potentialmay represent a feasible
approach to produce permanently dividing cells (Quack et al., 2010). To
this end results of a new study shed the first light on the presence and

function of stem cells in S. mansoni (see Collins et al., 2013), which
will broaden the perspectives for new approaches to establish cell
lines. This is fostered finally by a newmethod to isolate complete repro-
ductive organs such as ovaries and testes from S. mansoni (see Hahnel
et al., 2013). This may allow to even pool organ-specific cells and to
concentrate cells with proliferative potential serving as suitable sources
to start cell-line establishment. Both the improvements of the in vitro
culture of larval and adult worms of S. japonicum as well as the access
of cells of this parasite provide excellent advances for research on this
important parasite in the future.
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