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SUMMARY

Schistosome parasites exhibit separate sexes and with the evolution of sex they have developed an
intricate relationship between the male and female worms such that signals between the male and
female that are initiated at the time of mating, regulate female reproductive development and
subsequent egg production. As the egg stage is responsible for pathogenesis and transmission,
understanding the molecular mechanisms of female reproductive development may identify novel
targets for control of transmission and morbidity of this major world public health problem. Recent
data has demonstrated that the pairing process, proliferation and differentiation of vitelline cells,
expression of female-specific genes and egg embryogenesis are regulated by the TGFp pathway and
protein tyrosine Kinases.

INTRODUCTION

Blood flukes of the genus Schistosoma infect over 200 million people in 76 countries [1].
Schistosomes have a complex lifecycle involving both a snail intermediate and a vertebrate
definitive host. Schistosome parasites have co-evolved an intricate relationship with their
human and snail hosts as well as a novel interplay between the adult male and female parasites.

Eggs produced by worm pairs are important in transmission of the parasite and responsible for
pathogenesis. For S. mansoni, worm pairs produce approximately 300 eggs per day.
Approximately half of the deposited eggs reach the outside environment in the excreta, to
continue the life cycle. The other 50% are swept into the circulation and filter out in the
periportal tracts of the liver eliciting granulomatous inflammatory reactions that can lead to
periportal fibrosis, portal hypertension and the serious sequelae of intestinal schistosomiasis
such as hepatosplenomegaly and esophageal and gastric varicies [2]. Thus, understanding the
molecular basis for male -female interactions that lead to female reproductive development
should offer targets to prevent egg production and thus prevent both transmission of the parasite
and morbidity due to the eggs. In this review we focus on the biological interplay between the
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male and female parasite, in particular the recent developments in signal transduction that
contribute to reproductive development and subsequent egg production.

Male-female interplay

To develop into a reproductively active female worm and to maintain reproductive activity and
egg production, the female worm is dependent on the presence of a mature male worm [3-7]
(Figure 1). Female schistosomes from single sex infections are underdeveloped in that they are
stunted in size and exhibit an immature reproductive system. In particular, the vitellaria, whose
cells produce the eggshell precursors and nutrients for the egg, are not developed. The nature
of the stimuli for female growth and for reproductive development are the subject of intense
study. At the molecular level, DNA synthesis increases 4-5 fold when females from single-sex
infections are paired with male worms indicating mitotic activity associated with the
development of the vitellaria [**8]. This coincides with the evidence that the eggshell precursor
genes (p14, p48) are expressed only in mature female worms where expression is first detected
at the time of worm pairing and increase to a high level with the start of egg production. p14
and p48 mRNA are synthesized and translated in vitelline cells and the gene products are
associated with the vitelline droplets (the proteinacious granules that contain the eggshell
precursor proteins among other molecules) (Figure 1). Thus the male stimulus is associated
with pairing and, in part, results in the regulation of vitelline cell (female-specific) gene
expression and mitotic activity. An intimate association between the male and female worm,
which is achieved by the female residing within a ventral groove, the gynaecophoric canal of
the male, is necessary and sufficient to direct female growth, reproductive development and
continuous egg production. The stimulus from the male worm is not only necessary for female
worms to complete physical and reproductive development but also for the female to maintain
her mature state. The fact that a continuous male stimulus is necessary to maintain female
reproductive activity makes this an important target for controlling morbidity and preventing
transmission by limiting (preventing) egg production.

Not surprisingly, the female schistosome has a stimulatory effect on the male as evidenced by
changes in levels of glutathione and lipids in the male and expression of new antigens in the
gynecophoric canal, all in response to mating with female worms [3,**9].

Role of TGFB signaling pathway in male-female interactions

Schistosomes have evolved an interesting biological interplay among the male and female
parasites such that male schistosomes via an unknown stimulus regulate female-specific gene
expression and thus female reproductive development and egg production. Signaling pathways
are prime candidates for transduction of the male stimulus to the vitelline cells of the female
parasite.

Current data argues for multiple (pleiotropic) roles for the TGFp signaling pathway throughout
the schistosome life cycle, especially in female reproductive development and egg
embryogenesis involving the vitelline cells [*10].

The TGFB signaling pathway comprises a family of structurally related polypeptide growth
factors, each capable of regulating an array of cellular processes including cell proliferation,
lineage determination, differentiation, and adhesion (e.g. [11], Fig 2). TGF members signal
through a family of transmembrane protein serine/threonine kinases-type | (TBRI) and type 11
receptors (TBRII) that directly regulate the intracellular Smad pathway (Figure 2). Upon ligand
binding the type 11 receptor phosphorylates the type I receptor, which subsequently activates
receptor-regulated Smads (R-Smads) by phosphorylation. Activated R-Smads bind to Smad4,
the common Co-Smad, and the resulting complex enters the nucleus regulating transcription
of selected genes in response to ligand. Cooperation between Smads and other transcription
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regulators permits crosstalk between the TGFf signal pathway and other known pathways
[12]. All essential components of the TGF3 pathways have been identified in schistosomes,
and evidence was obtained for their expression in vitelline cells [*10].

Studies demonstrate that in adult male and female worms, S. mansoni (Sm)TBRII, SmTpRI,
SmSmad1B, SmSmad2, and SmSmad4 are localized to the tegument (outer covering of the
schistosome) and SmTBRII and SmTPBRI are surface exposed suggesting that they can interact
with components of the host environment [**9,13-19]. The fact that the TBRI and RII are
surface exposed also opens the possibility of communication between the male and female
parasite (see below).

In functional assays, host (human) TGFp has been shown to bind to SmTBRII resulting in the
phosphorylation of SmTBRI [**9,20] (Figure 2). For example, in the presence of the human
ligand, hTGFB1, SmTRRII is able to interact productively with SmTBRI which results in the
phosphorylation of SmSmad?2 by the activated SmTBRI and the formation of a complex with
SmSmad4 [**9]. This receptor-induced SmSmad2/SmSmad4 heterooligomeric complex
formation resulted in the nuclear translocation of the Smad complex and in activation of target
genes (by measuring reporter gene expression) [**9,17,18,20,21]. In fact, it has been
demonstrated in in vitro studies and in the schistosome worm itself that hTGB1 binds to
SMTPBRII and sends a signal that regulates target gene expression and consequently elicits a
specific TGFp effect [**9]. Thus, there is evidence that a host (human) ligand is capable of
transducing a signal through the schistosome TGFp signaling pathway. Whether this occurs
during infection is yet to be demonstrated.

Identification of SMGCP as a S. mansoni TGF target gene that is regulated in response to
worm pairing

A gynecophoral canal protein (SmGCP) has been demonstrated to be involved in promoting
intimate contact of the female with the tegument of the gynecophoric canal of the male
[**9,*22]. SmGCP localizes to the surface of the gynecophoric canal of the male (the site of
interaction between the mating pair) and to the entire surface of the en copula female but not
to non-mated males nor to immature females [23,24]. SmGCP shows homology to beta-ig-h3
(B-induced gene-Human clone 3) whose expression is induced in response to TGFp to mediate
cell adhesion [25]. SmGCP was shown to be regulated by TGFp (2-fold increase in SmGCP
expression compared to untreated worm controls) and to exhibit an expression peak at 28 days-
post infection [**9], which coincides with worm mating. To demonstrate that SmGCP
expression induced by hTGFp1 is a specific effect dependent on direct stimulation of TGF
signaling pathway, Osman et al. [**9] employed RNAi to knock down the TGF type Il receptor
expression to block the initial event of TGF signaling. RT-PCR data demonstrated that
SMTpRII-specific sSIRNA treatment diminished transcription levels of SmTBRII about 3-4 fold
in tested organisms. Not only did SmTBRII-siRNA treatment result in a concomitant reduction
in SmGCP levels (there was 2-3 fold reduction in levels of SmMGCP compared to levels of
untreated samples), but SmGCP also failed to respond to induction demonstrating that the
initial step of the TGFp pathway (hTGFp binding to the SmTBRII receptor) was prevented.
Recently, using siRNA silencing of the S. japonicum GCP, Cheng et al.[*22] demonstrated in
vitro that SJGCP gene silencing resulted in an abrogation of worm pairing whereas the systemic
delivery (in vivo) to infected mice significantly inhibited early parasite pairing. Taken together
the evidence suggests that the female worm stimulates the male worm (presumably by the
transfer of SmInAct, see below and Figure 2) to express the SmGCP as part of the pairing
process and that the expression of SmMGCP is regulated by the TGFp signal pathway. Whether
the human TGF ligand is involved in this part of the pathway or whether the female worm
produces a schistosome TGFp ligand (see below) is yet to be determined.
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Role of TGFB signaling in female reproductive development and egg production

Two TGFB ligands from S. mansoni have been identified; An Inhibin/Activin-like molecule
(SmINACT) and a BMP-like molecule (SmBMP) [*10,**26,27]. As regards a role in female
reproductive development and egg production, the S. mansoni TGF significant role in female
reproduction and egg embryogenesis by demonstrating that in mature (bisexual) female worms,
the SmInAct transcript is highly expressed and localizes to the vitellaria and eggs. The protein
is absent in immature females and mature female worms recovered from infertile infections in
IL-7R -/- mice but very abundant in mature females from normal infections [**26]. Further,
the use of RNAI to knock down SminAct demonstrated that eggs from RNA. treated female
worms failed to develop compared to controls. When the eggs themselves were treated with
RNAi to knockdown SmInAct expression, only 6.4% of the eggs developed compared to 17.2%
for the controls [**26]. Thus, it is clear that SminAct plays an important role in the
embryogenesis of the egg and that the target cell is the vitelline cell. The mature female
produces 38 vitelline cells for each egg. The cells which surround the zygote are responsible
for eggshell formation and after the egg is laid provide the required nutrients for the embryo
during the 5-day period it takes for development of the egg enclosed miracidium in the host
tissue (Figure 1). That TBRII and TBRI along with SmSmad1B, SmSmad2, and SmSmad4 are
located in the vitelline cells and that SmiInAct is expressed in the vitelline cells and acts on egg
embryogenesis (vitelline cell development) argues that the TGFppathway transduces signals
between and within cells of the reproductive system to regulate parasite development [**9,
15-18,**26]. That male worms from single-sex infections, and from infections of IL-7R -/-
mice lack the SmInAct protein (but not transcripts) suggests that worm pairing plays a role in
the post transcriptional regulation of this ligand [**26]. To further support a role for
TGFBpathway in female reproductive development, a recent study employing a TBRI kinase
inhibitor (TRIKI) demonstrated that female vitelline cell mitotic activity was reduced up to
40% and egg production reduced 30% in TRIKI-treated worms [*28]. In a previous study the
same authors demonstrated that Herbimycin A, an inhibitor of protein tyrosine kinases (PTKSs),
also blocks mitotic activity and egg production of paired females [**8]. The authors suggest
that this may indicate a cross talk between PTKs and TGFp fnfnsignaling pathways that
regulates vitelline cell development and thus egg production (see [*28], for discussion). In this
regard, it has been shown that the ERK-MAPK pathway can negatively regulate TGFf signal
transmission by phosphorylating SmSmad4, thus preventing the downstream interaction with
SmSmad2, blocking the pathway [17,18].

Role of tyrosine kinases in female reproductive development and egg production

Tyrosine kinases are critical factors in the regulation of female reproductive development and
egg production, especially cytoplasmic tyrosine kinases (CTK) of the Src class, SmTK3 and
SmTKS5 [*28-30].

SMTK3 and SmTKS5 are expressed among other places in the vitellaria, ovary and
spermatocytes indicating a role in adult reproductive activity. Src kinases among their multiple
functions regulate cell proliferation and differentiation in response to growth factor stimulation
([31] for review). The male schistosome by an unknown stimulus, induces a 4-5 fold increase
in mitotic activity in the female worm. The mitotic activity begins to disappear if the male
stimulus is removed by separating the worms but is regained after repairing. Knobloch et al
[**8] were able to show that a Src kinase inhibitor, Herbimicin A was able to block the 4-5
fold increased male-induced mitotic activity in female worms paired with the male. In addition,
Herbimicin treatment caused a dose-dependent 40-60% decrease in egg production in mature/
paired female worms. The vitellaria of mature female schistosomes consists of a large number
of undifferentiated and differentiated cells that occupy about 2/3rds of the entire body volume
(Figure 1). The undifferentiated cells (S1) proliferate and differentiate through two stages, S2
and S3 eventually developing into mature (S4) vitelline cells that provide the eggshell
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precursors for eggshell formation and become part of the egg to provide the yolk (nutrients)
for embryonation. The interpretation of the data is that the Src-CTK (SmTK3 and/or SmTKS5),
that function as transmitter molecules in signal transduction pathways play a central role in
mediating the mitosis stimulating effect of the male stimulus on S1 vitelline cells. Inhibition
of athird SmCTK, SmTK4 which is found in oocytes but not vitellaria, has no effect on mitosis
or egg production indicating specificity of the Src-CTKs [*28,32].

Interestingly, Herbimicin A treatment caused a 2.5 fold up-regulation of p14 transcription and
translation in paired and unpaired female schistosomes. This indicates that the up-regulation
in response to the inhibitor is pairing (male stimulus) independent and suggests that the p14
gene expression is tightly controlled in immature female worms by a repressor that is
inactivated by the male stimulus as opposed to an activator that turns on p14 gene expression
[*28]. Cumulative data suggest that the p14 gene expression is regulated by nuclear receptors
([3,6] for reviews). In this context, two schistosome retinoid acid receptors, SMRXR1 and
SMRXR2 localize among other tissues to the vitelline cells of female S. mansoni. Furthermore
SmMRXR1, SMRXR2 and SMRXR1/SmNR1 have been shown to bind to cis-elements in the 5'
upstream region of p14 and SmMRXR1 and SmRXR2 have been shown to drive p14 gene
expression [33-35].

A model is emerging in which signals that originate from worm pairing may involve a male-
derived stimulus or an initiating signal from a female residing in the gynecophoric canal that
would induce the male to send a signal, in either case, with the end result reproductive
development and egg production (see [3] for discussion). This could be a single signal that that
has a number of effects such as with the TGF pathway in which a single signal is converted
into programs of gene regulation and developmental outcomes. In this regard it is obvious that
the signaling pathways like the TGFp pathway depend on extensive communication with other
signaling pathways leading to programmed biological outcomes (e.g. [12]). Alternatively there
could be several male signals that each has a directed outcome. In any case a male-derived
ligand binds a receptor on the female surface and transduces a signal via one or more pathways
from the tegument to the target vitelline cell receptor which is located on the vitelline cell
membrane and then through intercellular substrates to the vitelline cell nucleus where vitelline
cell gene expression and proliferation is activated. The activation of proliferation for the
immature stage 1 vitelline cell to undergo development to a mature stage 4 cell that will
participate in egg production involves Src-CTK (SmTK3/SmTK5?) as a central component
[**8]. The mitotic inducing signal is male-derived [*28].

As vitelline cells undergo differentiation, the male-derived signal affects SmIinAct, a TGFp
pathway ligand, to transduce a signal within the vitelline cell that results in regulation of
embryogenesis of the schistosome eggs. Worm pairing is responsible for the source of the
signal as the SmInAct ligand is not present in males or females from single sex infections
[**26]. Previous studies have identified a number of female-specific genes (e.g. p14 and p48)
that were expressed in vitelline cells in response to worm pairing ([3] for review). The studies
that show inhibition of Src-CTK activity block proliferation also demonstrated a concomitant
increase in p14 eggshell precursor gene expression in immature and paired (mature) female
worms. These data now indicate that the male-derived signal did not activate the p14 gene as
previously postulated but instead expression seems to be tightly controlled through the action
of a suppressor molecule that is displaced by the male-derived signal.

The role of SMGCP in facilitating mating seems to be the result of the female sending a signal
(SmiInAct?) that is transduced through the male TGFp pathway and results in the expression
of SmGCP in the gynecophoric canal of the male schistosome [**9,*22]. It is clear from the
studies presented that schistosome pairing results in a number of interrelated outcomes, such
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as proliferation of S1 vitelline cells to differentiate into S4 vitelline cells, regulation of p14
gene expression and egg embryogenesis.

The data available to date support the notion that Src-CTK and TGFf signaling pathway both
effect vitelline cell proliferation, differentiation, gene expression and subsequent egg
reproduction. This work brings us closer to understanding the reproductive biology of the
schistosome parasites. Although these recent studies have focused on the role of the male and
female schistosome interaction, the surface of the female worm is in direct contact with the
host environment as well as the male parasite. In this regard, there is solid evidence that host
signals also play a role in schistosome reproductive development, such interactions need to be
considered in studies of reproductive development (eg [**9,36-40]).

As the egg stage is responsible for the pathogenesis in schistosomiasis, understanding the
molecular basis for the intricate relationship between the sexes as presented above will identify
useful targets for control of parasite development and /or parasite caused morbidity.
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Figure 1.

Female Schistosoma mansoni, showing (a) an immature female from a single-sex infection that
is stunted and reproductively underdeveloped, (b) female lying in the gynecophoric canal of a
male, (c) a mature female from a bisexual infection showing that the posterior 2/3rds of the
body is comprised of the vitellaria (V) that develops in response to pairing; O, ovary (d)
enlargement of the mature female reproductive system. Oocytes produced in the ovary are
released into an oviduct. A dilitated region in the oviduct, the seminal receptacle, is the site of
fertilization. The fertilized egg moves down the oviduct to a region where it meets the vitelline
duct, the vitello-oviduct. Here, each fertilized egg is surrounded by approximately 38 vitelline
cells. This bolus of material moves into the ootype which is filled with mucus secretions
presumably from the Mehlis' gland. With the contraction of the ootype, which determines the
shape of the egg, granules are released from the surrounding vitelline cells. The materials from
the granules (vitelline droplets) begin to crosslink, due to the action of a tyrosinase enzyme(s)
and the eggshell forms. The egg (f) which contains the fertilized egg and a number of vitelline
cells that each contain nutrients for embryogenesis is released into the uterus and one at a time
deposited by the female worm through the gonopore, (e) Mature vitelline cell (S4) containing
the vitelline droplets (VD) and (f) just formed egg containing the zygote and numerous vitelline
cells that will contribute to embryonation. (Modified from [41])
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Figure 2.

TGFpsignaling pathway in male Schistosoma mansoni showing signaling from the female to
the male that contributes to parasite pairing (based on experimental data). The cartoon depicts
surface-exposed tegument of the gynecophoric canal. SmTGFptype 1l receptor (RII) binds a
parasite or a host TGFp ligand (SmiInAct, hTGFB1). The ligand/RII complex triggers the
interaction with atype I receptor (RIA; SmTBRI), phosphorylates and activates it. The activated
type | receptor relays the signal down to a R-Smad (RIA to SmSmad2), where the SmSmad2
is activated via phosphorylation. The activated SmSmad2 interacts with the co-Smad
(SmSmad4) in the subtegument. The SmSmad complex translocates to the nucleus of the sub-
tegumental cell, binds nuclear partners and the assembled transcription complex binds to the
Smad binding element in the promoter of the target gene (SMGCP) and regulates target gene
transcription. The SmGCP transcript is translated and the protein transported to the surface of
the gynecophoric canal where it facilitates worm pairing. See text and [3,6,*10] for further
details.(modified from [6]).
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