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Abstract  As the exclusive intermediate host of the human blood fluke Schistosoma 
mansoni, species of the snail Biomphalaria, especially Biomphalaria glabrata, have 
been the subjects of numerous studies focused on the immunobiology of parasite–host 
interactions. With the recent applications of molecular, genomic, proteomic and  
glycomic approaches to the study of Biomphalaria’s immune response to schis-
tosomes and other trematode species, there is now accumulating a wealth of 
information that is beginning to address the mechanisms underlying these complex 
parasite–host associations. In this chapter, we attempt to broadly review our past 
understanding of Biomphalaria immunity and integrate recent information on 
the cellular and molecular events surrounding initial immune responses to larval 
trematode infections, the consequences of immune interactions and counter-immune 
strategies used by these parasites.

7.1 � Introduction

7.1.1 � Why Study Biomphalaria?

Freshwater snails of the genus Biomphalaria would be considered just another 
“pond snail” were it not for the fact that species of this group represent the obligate 
intermediate host for the human blood fluke Schistosoma mansoni, a major causative 
agent of hepatosplenic schistosomiasis affecting an estimated 83 million people in 
54 countries worldwide (Crompton 1999). A cursory PubMed search (http://www.
ncbi.nlm.nih.gov/) of the terms “Biomphalaria” or “Australorbis” (its former taxo-
nomic name) revealed 2,374 and 2,522 published works, respectively, dating back 
to the late 1940s. The first listed publication for Biomphalaria entitled “Susceptibility 
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of the snail Biomphalaria boissyi to infection with certain strains of S. mansoni” 
was by late Dr. Emile A. Malek, one of the pioneers of modern-day medical 
malacology (Abdel-Malek 1950). For Australorbis, the first listed publication was 
by von Brand and Files (1947) entitled “Chemical and histological observations of 
S. mansoni infections in Australorbis glabratus”. Of particular relevance to the 
present chapter, these earliest research topics addressed the differences among 
different Biomphalaria spp. in their susceptibility to S. mansoni infection, 
and the tissue responses evoked in this snail upon larval infection. After more than 
60 years since these investigations were conducted, researchers are still continuing 
to study the  underpinnings of schistosome-snail compatibility including the 
mechanisms underlying host response to infection. Thus, in large part, these earliest 
works have played (and continue to play) a significant role in the establishment of 
contemporary studies of molluscan immunobiology with Biomphalaria serving as 
a model organism.

7.1.2 � Biomphalaria/Schistosoma Compatibility  
and Immunobiological Studies

As a direct result of this important connection between Biomphalaria and its essential 
role in human blood fluke transmission, many early studies have also investigated 
the genetic basis of variation in host–parasite compatibility. They were mostly based 
on experimental infections of inbred laboratory stocks of Biomphalaria glabrata 
originating from allopatric or sympatric populations, and they demonstrated a 
substantial polymorphism in compatibility (Richards 1975; Richards and Shade 1987). 
Genetic studies then demonstrated that both snail susceptibility and schistosome 
infectivity were heritable and could be selected for in the laboratory (Richards and 
Shade 1987; Richards et al. 1992; Webster et al. 2004). However, subsequent efforts 
in elucidating the genetic determinism of resistance revealed a variety of underlying 
mechanisms ranging from a single major locus to a potentially high number of loci 
(Richards 1975; Richards et al. 1992; Webster and Davies 2001). In addition, snail 
strains that were naturally incompatible or selected for high incompatibility with 
one particular schistosome strain were often highly compatible with other schisto-
some strains (Richards and Shade 1987; Webster and Woolhouse 1998; Webster 
et  al. 2004). These complex results support the idea that B. glabrata/S. mansoni 
compatibility relies on complex genotype-by-genotype interactions (Basch 1975; 
Theron et al. 2008), where the success or failure of infection of an individual snail 
by an individual parasite larvae would depend on the concordance or discordance 
of potentially numerous host and parasite genes (and their products). The random 
loss or fixation of alleles at loci that participate in this genotype-by-genotype inter-
action may largely explain the diversity in compatibility status or compatibility 
determinism observed in the laboratory (Theron et al. 2008).

Although compatibility in the B. glabrata/S. mansoni system appears to be a 
joint trait of the host and parasite, the terms “susceptibility/resistance” can be used 
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when focusing on variation in compatibility among different hosts toward the same 
strain of parasite. Similarly, the term “infectivity” refers to parasite phenotypes 
measured against the same strain of host. Host and parasite laboratory strains 
differing in their resistance/susceptibility or infectivity status, respectively, have 
been particularly useful for functional approaches investigating snail immunity and 
trematode immune evasion processes. A vast body of literature has accumulated 
on the fundamental mechanisms of the immune defense system in this snail that 
represents an important comparative model for other lophotrochozoan invertebrates 
(Loker et al. 2004; Raghavan and Knight 2006). In the following review, we attempt 
to summarize broadly our current knowledge of the immune defense system of 
Biomphalaria spp., specifically its role in regulating interactions with larval trema-
todes. Although overlap with previous reviews of this topic (Loker and Bayne 1986; 
Bayne and Yoshino 1989; Yoshino and Vasta 1996; Adema and Loker 1997; Bayne 
2009; Coustau et al. 2009) is unavoidable, we attempt to integrate recent information 
on the molecular events surrounding initial establishment of snail–trematode relation-
ships and immune–counterimmune interactions involved in continued maintenance 
of larval infections.

7.2 � Back to Basics: Components of Biomphalaria  
Innate Immunity

Like other gastropod molluscs, the internal defense or immune system of 
Biomphalaria is composed of both cellular and humoral components, which may act 
either alone or in concert with each other to recognize and respond to invading 
microbes or parasites (Yoshino et al. 2001; Lockyer et al. 2004a; Loker et al. 2004; 
Bayne 2009). Circulating phagocytic cells, termed hemocytes or amebocytes, are 
found in the hemolymph of the snail and represent the primary effector cells involved 
in host reactions to invading pathogens, including larval trematodes. The soluble 
portion of hemolymph, termed plasma (Bayne et al. 1980a), serves as the hemocyte 
“transportation” system and contains humoral immune factors functioning to facilitate/
enhance cell-mediated responses or alone, as immune effectors directly interacting 
with and eliminating pathogens.

In the last decade, considerable efforts have been made to start characterizing 
genes or gene products involved in B. glabrata immune responses, thanks to the 
development of methodologies allowing identification and/or comparisons of 
expressed genes in nonmodel organisms. Gene discovery studies have incorporated 
various technical approaches including differential display reverse transcriptase, 
suppression subtractive hybridization, random sequencing of ESTs or ORESTES, 
and gene expression profiling through microarray studies. Regardless of the 
methodology used, theses studies have focused on identifying transcripts from 
circulating hemocytes (Mitta et al. 2005), transcripts differentially expressed before 
and after an immune challenge (Miller et al. 2001; Raghavan et al. 2003; Lockyer 
et al. 2000, 2004b, 2007; Nowak et al. 2004; Guillou et al. 2007a; Hanelt et al. 2008), 
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or differentially expressed transcripts in snails differing in their trematode 
susceptibilities (Schneider and Zelck 2001; Bouchut et al. 2006a, 2007; Lockyer 
et al. 2008; Adema et al. 2010; Ittiprasert et al. 2010). Proteomic studies also have 
been conducted with the aim of characterizing B. glabrata proteins that were 
differentially represented in the plasma or hemocytes from parasite-susceptible 
and -resistant B. glabrata (Vergote et al. 2005; Bouchut et al. 2006b). Taken together, 
these studies have yielded a multitude of immune-relevant candidates belonging to 
several major functional categories (see Bayne 2009 ; Coustau et  al. 2009 for 
review) such as genes involved in nonself recognition, cell–cell or cell–matrix 
adhesion, proteases and protease inhibitors, antimicrobial proteins, immune regula-
tors, antioxidants, as well as components of the three major signaling pathways 
involved in immune responses (Toll, Imd, MAPK). Thus, although it is clear that 
the genetic machinery exists in Biomphalaria for “building” an effective system of 
internal defense, the challenge now is to incorporate this vast genetic information 
into a unified picture of the mechanisms underlying cellular immune recognition 
and reactivity to invading trematode larvae and other pathogens.

7.2.1 � Cellular Components

Hemocytes represent the primary effector cells comprising the snail’s internal 
defense system (Fig. 7.1). Based on the morphology of adherent hemocytes under 
in  vitro conditions, B. glabrata hemocytes were initially reported as having two 

Fig. 7.1  Photomicrograph of live hemocytes of Biomphalaria glabrata adhering to and spreading 
over a glass coverslip surface. Circulating granular hemocytes (granulocytes) represent the primary 
effector cells involved in the snail’s internal defense including parasitic encapsulation reactions. 
(Nomarski DIC)
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distinctive cell types; granulocytes and nongranular hyalinocytes (Cheng 1975; 
Cheng and Auld 1977), although more recently, variations in the degree of 
granularity (Martins-Souza et al. 2009), cell size (Matricon-Gondran and Letocart 
1999; Martins-Souza et  al. 2009), ultrastructural features (Jeong et  al. 1983; 
Matricon-Gondran and Letocart 1999), and cell surface/biochemical markers 
(Granath and Yoshino 1983; Yoshino and Granath 1985; Martins-Souza et al. 2006) 
have prompted modifications of the snail’s cell classification scheme. Regardless, 
it is clear that Biomphalaria hemocytes represent a morphologically and function-
ally heterogeneous population(s) whose cellular composition can change with snail 
age, external factors (e.g., infection), and assay methodology.

Production of hemocytes in B. glabrata, and presumably other Biomphalaria 
spp., appears to take place primarily in an “amebocyte-producing organ” (APO; Lie 
et al. 1975; Jeong et al. 1983) located in the anterior pericardial wall separating the 
pericardial sac from the mantle cavity, although other sites of blood cell formation 
also have been proposed (Souza and Andrade 2006). The APO is responsible for 
maintaining steady-state populations of circulating cells and, importantly, is responsive 
to introduction of foreign invaders or substances. For example, hematopoeitic activity 
has been shown to be specifically stimulated by infection with selected trematode 
species/strains (Lie et al. 1976) or by injection of various foreign materials including 
schistosome larval extracts (Sullivan et  al. 2004; Sullivan 2007) or cell signal-
activating agents (Salamat and Sullivan 2009) (Fig. 7.2).

7.2.2 � Immune Recognition

Discrimination of “self” from “nonself” by circulating hemocytes of Biomphalaria is 
believed to be accomplished through pattern recognition receptors (PRRs; Janeway 
and Medzhitov 2002), in which “invariant” cell-associated or soluble receptors bind 
to fixed foreign chemical structures, referred to as pathogen-associated molecular 
patterns or PAMPs (Janeway 1989). However, recent discovery of a family of 
highly diversified pathogen-binding proteins, the fibrinogen-related proteins or 
Freps (Adema et  al. 1997; Zhang et  al. 2004), now provides new evidence that 
Biomphalaria, and other snail species (Zhang et al. 2009), possess a structurally 
and functionally related group of divergent molecules with potential wide-spread 
pathogen-binding activities (Zhang et al. 2008). Together, with similar findings in 
arthropod and echinoderm species (e.g., Brites et  al. 2008; Buckley et  al. 2008; 
Dong and Dimopoulos 2009; Schmucker and Chen 2009), the notion of invertebrate 
PRRs as an “invariant” system of immunorecognition is certainly being challenged 
(see Sect. 7.2.3). Whether “invariant” or “highly diversified”, PRR binding to 
their corresponding PAMPs at the hemocyte surface is presumed to generate intra-
cellular molecular signals that result in a variety of hemocyte responses. Chief 
among these responses are (a) phagocytosis – internalization and destruction of 
small particles (e.g., microbes, protozoan parasites), (b) encapsulation – multicellular 



164 T.P. Yoshino and C. Coustau

reactions in response to foreign bodies or organisms too large to be phagocytosed, 
and (c) cytotoxicity – extracellular killing of foreign cells or tissue grafts by contact 
cytolysis. Although phagocytosis represents an extremely important hemocyte 
function for eliminating microbial infections in Biomphalaria and other gastropods 
(Michelson 1975; Bayne and Fryer 1994; Yoshino and Granath 1985; Martins-Souza 
et al. 2009), emphasis in this chapter will be given to the encapsulation/cytotoxic 
responses of hemocytes due to their role in immune defense against larval trema-
tode infections. The role of hemocytes in immune encapsulation of trematodes will 
be covered in detail later in this chapter.

Fig.  7.2  Histological sections of the amebocyte-producing organ (APO), a major source of 
circulating hemocytes in Biomphalaria glabrata. This organ is located in the anterior peri-
cardial wall that forms part of the pericardial sac surrounding the heart (V ventricle; A atrium) 
(a). Stimulation by specific larval trematode infection or injection with the parasite extracts may 
result in hyperplastic expansion of this tissue due to increased mitotic activity of hemocyte 
progenitor cells (b, arrows). Photomicrographs kindly provided by Dr. John T. Sullivan (Univ. of 
San Francisco)
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7.2.3 � Cell-Associated and Plasma-Associated Pattern 
Recognition Receptors

What do we currently know about pattern recognition receptors (PRRs) in 
Biomphalaria? In the context of this chapter, the designation “PRR” is functionally 
defined as a hemocyte molecule (usually a protein) that binds to constitutively 
expressed (fixed) structures displayed by the parasite, and elicits in the cell either 
directly (through a membrane-associated PRR) or indirectly (through soluble 
PRRs) immune-related responses. In B. glabrata, hemocyte-associated adhesion-
type molecules, including a and ß integrin-like proteins, cadherins, dermatopon-
tins, and matrilin-like proteins (Davids and Yoshino 1998, 1999; Mitta et al. 2005; 
Bouchut et al. 2006a), may be functioning as “self” recognition receptors promot-
ing cellular interactions with host extracellular matrix, cytoskeletal or snail plasma 
proteins, and thereby influencing hemocyte behavior such as cell migration, 
chemotactic targeting, or cell–cell adhesion during encapsulation or wound healing 
responses. Other Biomphalaria PRRs with known or presumed microbial- or 
larval trematode-binding capabilities include short- and long-form peptidoglycan 
recognition proteins (PGRPs), a gram-negative bacterial binding protein (GNBP) 
(Zhang et  al. 2007), LPS-binding proteins/bactericidal permeability increasing 
proteins (LBP/BPIs) (Mitta et al. 2005; Guillou et al. 2007a), and the large family of 
fibrinogen-related proteins or Freps (Adema et al. 1997; Zhang et al. 2004, 2008). 
Unfortunately, except in the cases of ß integrins and selected Frep members (Stout 
et al. 2009), these adhesion molecules in Biomphalaria were identified solely via 
transcriptomic studies, and therefore little functional data are available for these 
proteins in this snail, including their role(s) in mediating pathogen recognition. 
Structurally, however, Zhang et  al. (2007) showed that while the GNBP gene 
appeared to encode a secreted molecule, the three long-form PGRPs lack a signal 
peptide and thus are presumed to be intracellular in their action. These results are 
consistent with Drosophila melanogaster PGRPs in which the DmPGRP-LE gene 
encodes three isoforms including two truncated forms, none of which have a signal 
peptide. Interestingly, these DmPGRP-LE can function by two distinct mechanisms, 
either as extracellular or intracellular receptors (Kaneko et al. 2006). Based on this 
information, it seems likely that Biomphalaria PGRPs also differ in their location 
and function (Zhang et al 2007), and future studies are clearly needed to determine 
whether these PGRPs can function as extracellular receptors.

One class of recognition receptors believed to be of particular importance in initial 
hemocyte interactions with larval trematodes are the nonenzymatic carbohydrate-
binding proteins known as lectins (Endo et al. 2006; Vasta et al. 2007). Given that 
complex carbohydrates (CHOs) represent major components of the larval tegument 
(Lehr et  al. 2007, 2008; Peterson et  al. 2009) and glycoproteins released during 
miracidial transformation (Wu et al. 2009), it has been hypothesized that a CHO-based 
recognition system may be pivotal in determining hemocyte responsiveness 
and ultimately the compatibility phenotype in B. glabrata/S. mansoni systems 
(Yoshino and Vasta 1996; Adema and Loker 1997; Loker et al. 2004; Bayne 2009). 
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This notion is supported by functional data demonstrating involvement of larval 
CHO in hemocyte-mediated cytotoxicity and phagocytosis (Boswell and Bayne 
1985; Fryer et al. 1989), induction of reactive oxygen species (ROS) production in 
hemocytes (Hahn et al. 2000; Lacchini et al. 2006; Zelck et al. 2007; Humphries 
and Yoshino 2008), and in vitro adherence of host plasma or hemocyte proteins to 
the S. mansoni sporocyst tegument or released proteins (Johnston and Yoshino 
1996, 2001; Castillo and Yoshino 2002; Castillo et al. 2007).

Prominent among lectin-based PRR proteins in Biomphalaria are the previously 
mentioned Freps. This is a highly diversified molecular family comprised of 
314 unique gene sequences encoding >200 different proteins (Stout et al. 2009). 
The rapid and selective upregulation of specific Frep transcripts in response to 
parasite challenge in resistant snails and the ability of Freps to precipitate larval 
secretory proteins may be functionally tied to the snail’s antiparasite response. This 
response appears to be quite selective, as only certain Frep members are stimulated/
upregulated in reaction to a given trigger (e.g., differing responses to schistosome 
vs. echinostome infections; Zhang et al. 2008). However, the precise mechanisms 
of interaction between Freps, hemocytes, and parasite larvae, and how such interac-
tions are related to susceptibility status of a given snail–trematode association still 
remain to be answered in this system (Bayne 2009).

In addition to Freps, other lectins have been identified in B. glabrata including 
selectin-like proteins (Duclermortier et  al. 1999; Guillou et  al. 2004), a C-type 
lectin related to mannose-binding protein (EST only; Bouchut et al. 2007), and a 
tandem-repeat galectin (Yoshino et  al. 2008). The selectins, galectin, and Freps 
appear to be produced in hemocytes, but only the galectin has been shown to be 
associated with the hemocyte surface membrane. In functional studies, both recom-
binant galectin and certain native Freps bind to trematode antigens (CHOs), but differ 
in their primary sugar-binding specificities (gal/lac/galNAc for galectin vs. fuc for 
Freps) and divalent cation-dependencies (Adema et al. 1997; Yoshino et al. 2008). 
In summary, although the in vivo functions of these hemocyte-associated lectins are 
still a matter of conjecture, current evidence supports a central role of lectin-like 
PRRs in parasite recognition and initiation of anti-parasite responses: (1) they 
are synthesized in, and for some, expressed on the surface of hemocytes, (2)  they are 
able to bind/recognize larval CHOs, (3) expression of some are selectively induced 
by pathogen-challenge, and (4) they possess significant gene homology with verte-
brate lectins with known immune function.

7.2.4 � Other Immune-Related Plasma Components

In addition to soluble PRRs, Biomphalaria plasma contains other proteins with 
potential immune activity. For example, hydrolytic/cytolytic enzymes such as 
lysozyme, acid phosphatases, or proteinases (Cheng et  al. 1978; McKerrow and 
Doenhoff 1988; Cheng and Dougherty 1989; Bouchut et  al. 2007) or putative 
antimicrobial proteins (Mitta et al. 2005; Guillou et al. 2007a; Hanelt et al. 2008) 
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also may be responsible for pathogen killing. Moreover, glycanases such as 
identified endo-ß mannanases 1 and 2 in B. glabrata plasma (Vergote et al. 2005) 
could function to modify CHO structures at the larval surface rendering the parasite 
recognizable by lectin PRRs.

7.3 � Immune Interactions Between Trematodes  
and Biomphalaria

7.3.1 � Encapsulation and Larval Killing In Vivo and In Vitro

In snails exhibiting a resistance phenotype hemocytic encapsulation represents their 
primary response to invasion by parasitic helminths (Bayne et al. 2001; Bayne 2009; 
Carton et al. 2005). Typically this involves circulating hemocytes being attracted 
to and infiltrating the area surrounding the parasite, followed by the formation of 
a multilayered cellular capsule leading eventually to larval death (Sullivan and 
Richards 1981; Loker et al. 1982). As mentioned earlier, the capacity of Biomphalaria 
hemocytes to recognize and encapsulate various trematode species, most notably 
S. mansoni and several species of echinostomes, is genetically determined, which 
has led to the isolation and cultivation of a number of genetically inbred B. glabrata 
strains selected for their susceptibilities to a given isolate of S. mansoni or 
Echinostoma spp. (Langand and Morand 1998; Ataev and Coustau 1999; Lewis 
et al. 2001). Although such inbreeding greatly reduces the genetic variability seen in 
natural populations (Lockyer et  al. 2004a; Theron et  al. 2008), these inbred snail 
lines continue to serve as valuable research resources for investigating host–parasite 
immune mechanisms under controlled laboratory conditions.

7.3.1.1 � Methods of Investigating Immune Interactions

In addition to the establishment of inbred B. glabrata strains differing in parasite 
compatibilities, several other important advancements in the study of hemocyte-
mediated encapsulation responses have been made. Of particular significance is the 
development of in  vitro methods for manipulating both the relevant early larval 
stages of trematode development and elements of the host’s immune system. These 
included the axenic isolation of free-living miracidia of S. mansoni and their induced 
transformation to the first intramolluscan developmental stage, the primary or mother 
sporocyst (Voge and Seidel 1972), and, based on the manipulation of sporocysts 
in culture, the design and development of an in  vitro assay for evaluating snail 
hemocyte–sporocyst interactions at the cellular and molecular levels (cell-mediated 
cytotoxicity or CMC assay; Bayne et  al. 1980a, b) (Fig. 7.3). Since these initial 
reports, there have been many refinements in the cultivation methods and media 
for maintaining both trematode larvae and snail cells (Ivanchenko et al. 1999; 
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Bixler et  al. 2001), as well as adaptations of the CMC assay (Bayne 2009) to 
explore the basic mechanisms underlying Biomphalaria susceptibility and resis-
tance to trematode infections.

Another important discovery significantly contributing to the schistosome-snail 
research field was isolation of the first, and presently only, molluscan cell line from 
5-day old embryos of B. glabrata (Hansen 1976). The Bge (B. glabrata embryonic) 

Fig. 7.3  Electron photomicrographs of hemocytic encapsulation of Schistosoma mansoni primary 
sporocysts (SP) by circulating hemocytes (HC) from a schistosome-susceptible (a) and -resistant 
(b) strain of Biomphalaria glabrata. After 24 h of in vitro hemocyte-sporocyst cocultivation, note 
the presence of an intact tegument (arrows) at the interface with susceptible snail hemocytes (a), 
compared to complete destruction of the tegument and internal damage associated with sporocysts 
during resistant snail encapsulation reactions (b). Arrows in panel (b) point to the basal lamina, 
normally located just proximal to the larval tegument, which is missing
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cell line has been an invaluable tool in investigations of snail–trematode interactions 
by significantly promoting in  vitro S. mansoni larval development from the 
miracidium through multiple daughter sporocyst (Yoshino and Laursen 1995) and 
cercarial (Ivanchenko et al. 1999) stages in coculture experiments. Due to its unique 
capacity to “nonlethally” encapsulate S. mansoni sporocysts Bge cells have been 
used to investigate adhesion receptors (Duclermortier et  al. 1999; Castillo and 
Yoshino 2002; Castillo et al. 2007), cell signaling pathways (Humphries et al. 2001; 
Humphries and Yoshino 2006), influence of parasite ESP on snail cell gene expres-
sion (Coustau et  al. 2003) and snail cell influences on larval S. mansoni gene 
expression (Coppin et al. 2003; Vermeire et al. 2004). Although not ontologically 
related to hemocytes, the behavioral and molecular attributes shared between these 
cell types have provided important insights into potential mechanisms involved in 
larval immune responses (Yoshino et al. 1999; Lockyer et al. 2004a).

7.3.2 � Recognition and Initial Triggering  
of Encapsulation Responses

As alluded to earlier, miracidial penetration of the host snail is accompanied by 
protein secretion from the lateral and apical penetration glands and release of a barrage 
of larval proteins during the subsequent transformation to the primary sporocyst stage. 
It is during this time that the chemical signals “announcing” the parasite’s presence 
is conveyed to the host, and to which the host response is initiated. Although previ-
ously referred to as excretory-secretory proteins/products (ESP; Lodes and Yoshino 
1989; Guillou et al. 2007b), the term larval transformation proteins or LTPs has been 
suggested to more accurately reflect this complex group of proteins. This was based 
on recent findings that the majority of identified S. mansoni LTPs lacked signal 
peptides or characteristics of nonclassical secretion, and that a significant source of 
released proteins appeared to originate from degenerating ciliated epidermal plates 
(Wu et al. 2009; Peterson et al. 2009). However, regardless of the origins of ESP/
LTPs, the fact that many of these proteins, as well as those expressed at the sporocyst 
tegument, are heavily glycosylated (Nyame et al. 2002; Lehr et al. 2008; Peterson 
et al. 2009) suggests that terminal CHOs may play a prominent role in determining 
hemocytic responses to larval infection. Since ESP continues to be used in the litera-
ture, for the purpose of this review the terms ESP and LTP are used synonymously.

Recent analyses of specific glycotopes expressed at the tegumental surface of 
S.  mansoni sporocysts and in ESP/LTPs indicate an array of fucosylated CHO 
structures built around the terminal lacdiNAc or LDN [GalNAcß1-4GlcNAcß1] 
backbone of expressed schistosome oligosaccharides (Peterson et al. 2009). These 
include F-LDN, LDN-F, F-LDN-F and LDN-DF. What is not known is whether or 
not these prominent sugar determinants actually serve as ligands for snail hemocyte 
or plasma PRRs. Using a cell-adhesion assay modified from Bayne et al. (1984), 
Castillo and Yoshino (2002) found that the binding of Bge cells to S. mansoni 
sporocysts was inhibited by fucoidan, a sulfated poly-fucose, and monoclonal 
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antibodies to LDN-F, suggesting the involvement of fucosylated sugars in Bge 
cell–sporocyst binding. Fucoidan also inhibited hemocyte–sporocyst binding inter-
actions (unpublished observation), suggesting a functional association between 
fucosylated sugar–snail cell-binding interactions. The observation that precipitation 
reactions involving Frep-Echinostoma ESP were inhibited by l-fucose further 
suggests that Freps may represent candidate PRRs responsible for mediating initial 
encapsulation reactions involving hemocytes in resistant (R) B. glabrata snails, or 
blocking of hemocyte reactivity in susceptible snails by interaction with selected 
fucosylated proteins (Adema et al. 1997; see Sect. 7.4.1). Although other candidate 
molecules as either host PRRs or potential parasite ligands may be functioning in 
this system, current evidence favors a lectin-CHO-based recognition system operating 
to regulate parasite–host immune interactions.

7.3.2.1 � Immune Signaling Pathways

In order for hemocytes to mount antiparasite responses, receptor–ligand binding 
must produce an initial stimulus that triggers the transduction of intracellular 
signals resulting in the eventual activation of target genes and/or proteins respon-
sible for generating hemocytic effector functions. In Biomphalaria, as pointed out 
earlier, CHOs represent an important class of “ligand” molecules with demon-
strated capacity to induce a spectrum of cell-mediated reactions including substrate 
adhesion, phagocytosis, encapsulation, ROS production and the like. However, 
until only recently have studies been initiated to determine putative signaling 
pathways linking together receptor–ligand binding and cell effector function. 
The involvement of Erk-like mitogen-activated protein kinase (Erk-MAPK) and 
protein kinase C-like (PKC) signaling proteins in regulating in vitro cell adherence 
and spreading (Humphries et al. 2001) and phagocytosis (Humphries and Yoshino 
2003) was first demonstrated in Biomphalaria using the Bge cell line as a model 
system. That hemocytes of B. glabrata and a related snail, Lymnaea stagnalis, also 
rely, at least in part, on MAPK/PKC signaling mechanisms during phagocytosis 
(Humphries and Yoshino 2003; Plows et  al. 2005; Zelck et  al. 2007) indicates a 
functional connection between Bge cells and hemocytes regarding the common-
ality of their signaling pathways. In addition, studies on Lymnaea hemocytes have 
revealed important aspects of intracellular signaling that relate to Biomphalaria: 
(1) signaling pathways (especially PKC/Erk) can be modulated by specific CHOs 
(Plows et al. 2005; Lacchini et al. 2006) and (2) PKC signaling may represent a 
primary pathway functionally linking CHO recognition and the generation of 
hemocyte ROS (Lacchini et al. 2006). Since treatment of L. stagnalis hemocytes with 
schistosome-related CHOs (neoglycoproteins fuc-BSA and gal-BSA) resulted in 
downregulation of PKC/Erk signaling (Plows et al. 2005), this set the stage for sub-
sequent studies investigating signaling pathways involved in regulating CHO–ROS 
interactions (Humphries and Yoshino 2008) and the role of larval ESP/LTPs in modu-
lating this system of intracellular signals (see Sect. 7.4.2.4 for further discussion). 
To date, although still a relatively new area of investigation, evidence favors the 
involvement of the PKC/MAPK (Humphries and Yoshino 2003, 2006, 2008; 
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Zelck et al. 2007; Zahoor et al. 2008) and the phosphatidylinositol 3-kinase (PI3-K) 
(Zelck et  al. 2007; Humphries and Yoshino 2008; Salamat and Sullivan 2009) 
pathways of signal transduction in hemocytes of B. glabrata.

Probably due to the fact that little attention has been given to Biomphalaria 
antimicrobial response, information regarding the well-known Toll and Imd immune 
pathways are scarce. A Genbank database search reveals the existence of a transcript 
predicted to correspond to NF-kappa B (Genbank accession #FJ711166), a key 
element in both pathways (Tanji et al. 2007), but to our knowledge this result has not 
yet been published. Intriguing also is the fact that PGRPs, known to serve as receptor 
complexes in the IMD pathways (Maillet et  al. 2008), have been identified in 
B. glabrata (see Sect. 7.2.3). Although it is likely that Toll- and Imd-related pathways 
exist in B. glabrata, there is no evidence to date suggesting that they may be involved 
in regulating parasite infection.

7.3.2.2 � Consequences of Parasite Recognition: 
Effector Mechanisms

Depending on the specific intracellular signaling pathway(s) triggered by receptor–
ligand binding, hemocytes may respond by either upregulating or downregulating 
its effector cell activity. As discussed below, “purposeful” downregulating of 
hemocyte function may represent an important anti-immune mechanism by some 
trematode species or strains. However, in Biomphalaria snails that efficiently fight 
against a trematode infection, cellular activation usually leads to larval killing. How 
is this accomplished? Using an in vitro CMC assay, Bayne and colleagues (2001) 
have demonstrated that ROS, especially H

2
O

2
, and reactive nitrogen species (RNS) 

elaborated from hemocytes of S. mansoni-resistant (R) strains of B. glabrata are 
responsible for the killing of encapsulated sporocysts. In a series of follow-up 
studies, summarized in a recent review by Bayne (2009), they have implicated a 
Cu/Zn-superoxide dismutase (SOD1) as a key enzyme in the oxidative killing activity 
of R hemocytes based on their experimental findings: (a) SOD1 gene expression 
and enzyme activity were higher in R hemocytes compared to those of a susceptible 
(S) B. glabrata strain (Goodall et al. 2004), and this correlated directly with greater 
H

2
O

2
 productivity in the R strain (Bender et  al. 2005); (b) their finding that 

B. glabrata SOD is comprised of three alleles, of which one (SOD1 B allele) was 
significantly associated with the R snail phenotype (Goodall et  al. 2006), and 
(c) data indicating that SOD1 B allelic expression was greater in R hemocytes and 
significantly correlated with snail resistance (Bender et al. 2007). Based on their 
findings, it was suggested that snail differences in SOD1 hemocyte expression is 
causally linked to the observed susceptibility and resistance in their host–parasite 
strains system. Clearly the connection between elevated SOD enzyme expression/
activity and cytotoxic potential involves the augmentation of H

2
O

2
 formation from 

superoxide during the respiratory burst, and eloquently explains the ultimate out-
come of R phenotype expression (Bayne 2009).

Whether other effector mechanisms exist in Biomphalaria to deal with trematode 
infections is currently not known. Recent transcriptome analyses of R versus S strain 
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snails (whole body or hemocytes) reveal a variety of proteases and protease inhibitors 
that may play a role by directly distrupting tegumental membrane proteins resulting 
in fatal breaching of the parasite surface, or indirectly by modifying surface proteins 
or glycoproteins uncovering hidden molecular patterns that are recognized by host 
hemocytes or plasma PRRs (e.g., Lockyer et al. 2007; Hamlet et al. 2008). Other 
hydrolytic enzymes are described both within hemocytes and in plasma, but their 
role in antitrematode responses is unclear (Cheng 1975). Their activity more likely 
is focused on destruction of microbial invaders that are more sensitive to these 
lysosomal-type enzymes (Cheng et al. 1978).

7.4 � Anti-immune Counter-Measures by Parasites

7.4.1 � Mimicry or Immunological Smokescreen

Together with antigenic variation and immune suppression or modulation, molecular 
mimicry is considered as one of the major process of parasite immune evasion 
(Damian 1989, 1997). The idea that schistosomes avoid immune recognition partly 
through molecular mimicry processes originates from early studies showing cross-
reactivity between polyclonal antibodies raised against Biomphalaria hemolymph 
and schistosome miracidia and/or sporocysts (Yoshino and Cheng 1978; Yoshino and 
Bayne 1983). In these studies, both miracidia and in vitro-transformed mother sporo
cysts were derived in media devoid of snail host material, preventing the possibility 
that host antigens may have been acquired by the parasite during intra-host development. 
These results therefore showed that miracidial and sporocysts stages of S. mansoni 
constitutively harbor snail-like antigens (Yoshino and Cheng 1978; Yoshino and 
Bayne 1983). A reciprocal study confirmed the existence of mimicked antigens, as 
it showed that antibodies raised against schistosome miracidia cross-reacted with 
hemocytes or soluble plasma from B. glabrata (Bayne and Stephens 1983).

Although the nature of these shared antigens was unknown, previous results 
pointed out the possible importance of carbohydrates as shared moieties. Investi
gations using carbohydrate-binding lectins showed that some lectins were binding 
both parasite larval stages (miracidia and mother sporocysts) and soluble plasma 
components (Stanislawski et al. 1976; Yoshino et al. 1977). Using a monoclonal 
antibody to a schistosome oligosaccharide epitope, Dissous et  al. (1986) also 
detected cross-reactivity between glycoproteins on miracidia surface and a 
39-kDa glycoprotein from B. glabrata. More recently, studies that focused on the 
structural characterization of N-glycans from S. mansoni soluble egg antigens 
confirmed that cross-reacting species represent about 5% of the total glycans 
(Lehr et  al. 2007), further supporting the potential importance of carbohydrate 
moieties as shared epitopes participating in molecular mimicry in this host–parasite 
system (Lehr et al. 2008; Peterson et al. 2009). As pointed out by Damian (1989), 
the concept of molecular mimicry refers both to the fact that parasites or pathogens 
constitutively express shared moieties with their host (probably through convergent 
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evolution), and that this molecular sharing benefits the parasite by preventing their 
recognition as nonself. However, evidence for such a beneficial effect is scarce in 
the Biomphalaria-Schistosoma system, and the question of molecular mimicry as a 
major schistosome immune evasion process continues to be debated (Yoshino and 
Boswell 1986; Yoshino and Vasta 1996; Adema and Loker 1997; Bayne 2009).

Another possible mechanism involving glycoproteins participating in schistosome 
immune protection has been reported recently. As an approach to gain insights into the 
molecular determinant of B. glabrata/S. mansoni compatibility, Roger et al. (2008a) 
compared the proteomes of two strains of S. mansoni that were compatible and 
incompatible with a particular strain of B. glabrata. In their initial investigation, 
several mucin-like molecules were identified among differentially expressed proteins. 
Subsequent characterization of this set of proteins revealed a high degree of molecular 
polymorphism (Roger et al. 2008b) resulting from their being encoded by an extensive 
multigenic family whose individual members frequently recombine and are tran-
scribed as multiple splice variants (Roger et al. 2008c). Because these polymorphic 
mucins, designated SmPoMuc, are only expressed in the larval stages that interact with 
the snail host and are released during miracidial transformation as ESP, it has been 
suggested that these highly polymorphic and glycosylated proteins potentially may 
bind snail PRRs, such as snail Freps, thus serving as an immunological smokescreen 
functioning to overwhelming the snail immune system (Roger et  al. 2008b, c). 
Assuming that CHOs represent the ligands (PAMPs) for lectin-like freps and other 
lectin PRRs, the diversity of sugar structures associated with larval N- and O-linked 
glycans (Peterson et al. 2009) provides an even greater repertoire of potential diver-
gent structures for each SmPoMuc. Current efforts to begin identifying the glycan 
structures associated with larval mucins and other glycoproteins, and their reactive 
lectin counterparts are now in progress.

7.4.2 � Direct Interference with Immune Effector Cell Function

7.4.2.1 � Echinostome Versus Schistosome: Mechanisms of Survival

In addition to the possible avoidance of recognition through molecular mimicry or 
by “overwhelming” the immune system via the release of polymorphic glycopro-
teins such as the SmPoMuc, larval trematodes also can influence the host cellular 
response by directly modulating or interfering with hemocyte activity/function. 
This is most evident in the case of echinostome infections of B. glabrata in which it 
has been shown that hemocytes from infected snails lose adherence and phagocytic 
capabilities in vitro, as well as their larval encapsulation responsiveness (Loker 1994; 
Adema and Loker 1997; Humbert and Coustau 2001; Coustau et al. 2009). Early 
larval elaboration of ESP/LTP appears to be the source of hemocyte-modulating 
molecules (Loker et al. 1992), providing additional evidence for the importance 
of these parasite products in the initial establishment echinostome infections. 
By comparison, S. mansoni also appears to modulate hemocyte defense functions, 
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although S. mansoni disruption of B. glabrata hemoocyte responses is much less 
aggressive than interference observed in other trematodes such as echinostomes 
(Guillou et al. 2007b; Bayne 2009; Coustau et al. 2009).

Past in vitro studies showed that S. mansoni sporocysts or their ESP could affect 
hemocyte motility (Lodes and Yoshino 1990), intracellular protein synthesis (Lodes 
et al. 1991) and phagocytosis (Fryer and Bayne 1990). At the time of these early 
studies, the molecular characterization of active ESP factors had not developed 
beyond determination of the molecular weight of protein fractions, and therefore the 
identity of putative immunomodulatory factors remained unknown. However, with 
recent proteomic studies of S. mansoni and E. caproni ESP/LTP, protein candidates 
with possible immunomodulating activities are now being identified (Guillou et al. 
2007b; Wu et al. 2009). For example, a calreticulin (CRT) has been identified in the 
ESP proteome of S. mansoni. CRTs are well-conserved proteins that control Ca2+ 
homeostasis and are therefore involved in many cellular functions, including the 
Ca-dependent cellular adhesion and spreading processes. As in a parasitoid wasp, in 
which CRT has been shown to inhibit host hemocyte spreading, Guillou et al. (2007b) 
hypothesized that secretion of the S. mansoni CRT could modify the extracellular 
concentration of Ca2+ and prevent the hemocyte encapsulation process. In another 
proteomic study (Wu et al. 2009), several other Ca2+-binding proteins with potential 
immune modulatory activity were identified. One of particular interest was a calcium-
binding dynein light chain sharing significant homology with the fish (Apinephelus) 
and human PIN or protein inhibitor of nitric oxide (NO) synthase, an  essential 
enzyme involved in NO formation and NO-mediated larval killing by B. glabrata 
hemocytes (Hahn et al. 2001b). Other candidate proteins included a phospholipid-
binding protein and an annexin, both of which are capable of membrane binding 
and cell entry, and affecting various cell signaling activities (Wu et al. 2009).

7.4.2.2 � Antioxidant Molecules in ESP/LTP Associated  
with Larval Protection

Parasite survival relies, at least in part, on their ability to detoxify the ROS present 
within their normal host environment or produced as a consequence of their host’s 
immune response. Trematodes are exposed to ROS throughout their life cycle, 
including their intramolluscan stages. As mentioned earlier, hydrogen peroxide 
(H

2
O

2
) and NO are known to be important in parasite killing (Hahn et al. 2001a, b), 

and for this reason, a number of complementary studies have investigated the 
presence or the activity of antioxidant molecules in larval S. mansoni. Early 
investigations have shown that S. mansoni ES products/proteins (= LTPs; Wu et al. 
2009) released during the miracidium-to-mother sporocyst transformation could 
inhibit superoxide production in snail hemocytes (Connors and Yoshino 1990). 
Molecular separation of crude ESP/LTP resulted in the isolation of a 108-kDa 
polypeptide fraction capable of scavenging both exogenously produced and 
B. glabrata hemocyte-derived superoxide (O

2
−) anions (Connors et al. 1991). 

In another study, Zelck and von Janowsky (2004) targeted three key antioxidant 
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enzymes, SOD, glutathione peroxidase (GPx) and glutathione-S-transferase 
(GST), and showed that their transcripts were expressed in the sporocyst stages of 
S. mansoni. Although the potential secretion of these enzymes was not studied, 
their increase in expression upon in vitro exposure to ROS or to snail hemocytes 
strongly suggested that they were involved in ROS detoxification (Zelck and von 
Janowsky 2004). Using a similar approach, Vermeire and Yoshino (2007) targeted 
three peroxiredoxin genes (Prx1, Prx2, Prx3) that are key enzymes in the glutathi-
one (GSH)-thioredoxin redox pathway (Sayed and Williams 2004). They showed 
that Prx1 and Prx2 transcripts were upregulated during early S. mansoni sporocyst 
development, and that enzyme proteins were expressed within the apical papillae of 
miracidia and the sporocyst tegument, as well as in secretions released during 
in vitro larval transformation. Further evidence that these enzymes may function in 
the protection of S. mansoni sporocysts was provided by the fact that removal of 
Prx1 and 2 from larval ES products by immunoabsoption significantly reduced its 
ability to breakdown exogeneous H

2
O

2
 (Vermeire and Yoshino 2007).

Another series of studies suggesting the importance of antioxidant molecules 
consisted of proteomic analyses of ESP/LTP released during in vitro transformation 
of S. mansoni miracidia to mother sporocysts (Guillou et al. 2007b; Wu et al. 2009). 
Guillou and coworkers (2007b) identified three major groups of proteins in the ESP 
of S. mansoni sporocysts: antioxidant enzymes, glycolytic enzymes and calcium-
binding proteins. The secreted antioxidant enzymes were Cu/Zn SOD and GST. 
The Cu–Zn SOD catalyzes the dismutation of superoxide anion (O

2
−) into H

2
O

2
, 

and as a result of its peroxidative activity, SOD is able to utilize its own dismutation 
product, H

2
O

2
, as a substrate catalyzing further breakdown of H

2
O

2
 to H

2
O and O

2
 

(Kim and Kang 1997). Thus, it appears that S. mansoni Cu/Zn SOD could represent 
a first line of cellular antioxidant defense through its peroxidative activity, resulting 
in H

2
O

2
 inactivation and production of either H

2
O/O

2
 or •OH (via the Fenton rxn). 

•OH has been shown to be considerably less toxic than H
2
O

2
 for sporocysts (Hahn 

et al. 2001a). A second group of antioxidant enzymes identified in proteomic stud-
ies was the GSTs including GST26, GST28 and GSTomega (Guillou et al. 2007b; 
Wu et al. 2009). GSTs neutralize cytotoxic by-products of lipid peroxidation arising 
from ROS acting on the cell membrane (Tew and Ronai 1999).

In addition to antioxidant enzymes, S. mansoni ESP/LTPs were found to contain 
a number of glycolytic enzymes, for example, triosephosphate isomerase (TPI), 
a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and an NAD-dependent 
malate dehydrogenase, possibly acting as reducing agents. Although the presence 
of glycolytic enzymes may be surprising in an extracellular environment, these 
enzymes have been reported in ES products from cercarial or adult schistosomes 
(Knudsen et al. 2005; Perez-Sanchez et al. 2006). TPI and GAPDH are involved in 
two successive reactions of the glycolysis involving the reduction of a molecule of 
NAD+ to NADH. The NADH generated can be used as a reducing agent to reduce 
oxidized glutathione (GSSG) accumulating due to the GST activity, thus restoring 
intracellular pools of reduced glutathione (GSH). These results strongly support the 
view that these enzymes of glycolysis may be involved in antioxidant stress response 
by contributing to the synthesis of NADH involved in the glutathione redox cycle 
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(Kum-Tatt et  al. 1975; Guillou et  al. 2007b). In addition to the aforementioned 
antioxidant proteins, Wu et  al. (2009) also identified several additional redox/
antioxidant molecules in their shotgun proteomics screen including a thioredoxin, 
H

2
O

2
-scavenger Prx, and hydroxyacylglutathione hydrolase. This study therefore 

largely confirmed the existence of the antioxidant proteins reported in previous 
studies and completed the identification of this parasite’s antioxidant arsenal.

7.4.2.3 � Role of Endogenous Antioxidant Enzyme Systems Against  
External Oxidative Stress

Although elaboration of potentially protective antioxidant proteins during the first 
hours of larval development following snail infection may be achieved by ESP/LTPs 
release during larval transformation, maintaining an intact and functional system 
throughout the development within the snail also would be of critical importance. 
This notion was recently explored in a study by Mourão et al. (2009a) in which RNA 
interference (RNAi) was used to knockdown transcript and protein expression of 
several antioxidants in S. mansoni sporocysts to determine whether endogenous 
larval antioxidants functioned to protect parasites from external oxidative stress. 
Results showed that sporocysts treated with double-stranded (ds)RNA for GST26, 
GST28, Prx and GPx exhibited higher sensitivity to the toxic effects of sublethal 
H

2
O

2
 treatment compared to larvae treated with control green fluorescent protein 

(GFP) dsRNA. Similarly, antioxidant dsRNA-treated sporocysts were more readily 
killed by susceptible NMRI hemocytes than GFP dsRNA-treated larvae in in vitro 
CMC assays, demonstrating for the first time a sporocyst-protective function of 
endogenous antioxidants against external oxidative stress, including that produced 
during hemocytic encapsulation reactions.

7.4.2.4 � Interference with Signaling Pathways

As discussed previously, larval trematode entry into its snail host may result either 
in stimulating the immune system (serving as “danger” signals; Bianchi 2007) or 
suppressing immunity through various hypothetical mechanisms including molecular 
mimicry (Damian 1989), compatibility polymorphism (Roger et al. 2008c) or by 
direct modulation of hemocyte reactivity. Although these general hypotheses of 
parasite–host immune interactions have been recognized, the specific molecular 
mechanism(s) by which either immune stimulation or suppression occurs is still 
poorly understood. One hypothesis for parasite-mediated suppression suggests that 
molecules (mainly glycoproteins) comprising ESP/LTPs released during early 
intramolluscan development can affect hemocyte function by modulation of cell 
signaling pathways (Walker 2006). This may be accomplished, in theory, by one of 
the following two mechanisms: (1) binding to a specific receptor that transmits a 
negative (downregulating) signal in cells or (2) molecules directly interferring with 
receptors involved in the cell’s signaling network. These notions are based on 
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earlier findings that ESP from echinostome larvae can directly interfere with B. 
glabrata hemocyte functions including phagocytosis and encapsulation reactions 
(Loker 1994; Loker et al. 1992; Coustau et al. 2009), and in S. mansoni, the inhibition 
of hemocyte motility and intracellular superoxide production (Lodes and Yoshino 
1990; Connors and Yoshino 1990) by in vitro ESP treatment.

More recently, this hypothesis has taken on broader support as a result of experi-
ments designed to assess the effect of ESP/LTPs on various signaling pathway 
molecules involved in the regulation of ROS and RNS production in hemocytes. 
For example, Erk and p38 MAPK/PKC-associated H

2
O

2
 release from hemocytes 

stimulated by PMA or BSA-gal was significantly reduced in the presence of ESP 
indicating that parasite products were either nonstimulatory, were preventing peroxide 
production/release or were metabolizing/scavenging H

2
O

2
 as it was being released 

from hemocytes (Humphries and Yoshino 2008). An earlier finding that larval ESP 
contained the H

2
O

2
-scavenging proteins Prx 1 and 2 (Vermeire and Yoshino 2007) 

implies the latter explanation. However, given that secreted schistosome proteins 
are highly glycosylated (Lodes and Yoshino 1989; Wu et al. 2009), direct binding of 
CHOs associated with larval ESP to hemocyte receptors also could be transducing 
a negative or inhibitory signal thus blocking specific biochemical or cellular activities 
(Walker 2006). Recently, Zahoor et al. (2008) demonstrated that S. mansoni ESP 
and fixed whole sporocysts significantly impaired Erk signaling in susceptible (S) 
B. glabrata hemocytes, but not in those of resistant (R) snails, implying a direct 
differential effect of ESP/sporocyst binding on the Erk MAPK signaling pathway 
in cells of R and S strain snails. In a recent follow-up study, production of NO in 
B. glabrata hemocytes was shown to be regulated through the Erk MAPK pathways, 
and that NO production could be induced in R strain hemocytes, but not those of S 
snails (Zahoor et al. 2009). Since S. mansoni sporocysts have been shown to be 
sensitive to NO-mediated killing in vitro (Hahn et al. 2001b), the data suggest 
that component(s) in ESP may be differentially regulating NO-based cytotoxicity 
through manipulation of the Erk signaling pathway. Current evidence supports the 
involvement of the PKC-MAPK pathway in signaling hemocyte–larval interactions 
and its modulation by larval CHOs. However, given the considerable contribu-
tions made by investigators to this parasite–host system, a cohesive picture of the 
linkages between specific CHO recognition by hemocytes, the signals propagated 
as a consequence of “recognition,” and the effector cell response (ROS generation) 
has yet to be created.

7.5 � Conclusions and Future Directions

7.5.1 � General Conclusions

Although our current understanding of Biomphalaria/Schistosoma interactions 
remains fragmentary, the data accumulated so far provide evidence for highly complex 
interactions. When considering the extraordinary diversification of both putative 
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parasite-binding molecules of the host, such as the Freps, and parasite-secreted 
SmPoMuc proteins, one can only envision the diverse and complex molecular 
mechanisms underlying the success or failure of an infection. Adding to the 
complexity of trematode–snail encounters, the importance of posttranslational modi
fications such as protein glycosylation and phosphorylation, regulatory enzymes 
such as protease/protease inhibitors and signal transduction networks also must be 
recognized as essential parts of this host–parasite molecular dialogue. This is 
particularly true of signaling pathways involved in snail immunity. In contrast to 
other invertebrates where the importance of the Toll and Imd pathways has clearly 
been demonstrated, in studies to date on Biomphalaria, strongest evidence mainly 
points to the involvement of the MAPK- and PKC-related pathways in the immune 
response. Taken together, results of recent studies support the idea that the innate 
immune system of Biomphalaria may differ substantially from what is known in 
other invertebrate models (e.g., Drosophila, Caenorabditis, Manduca) belonging to 
the Ecdysozoa phylum. In addition, because most invertebrate immune studies have 
focused on antimicrobial responses, relatively little is known about antiparasitic 
responses, especially those underlying regulatory aspects. It is anticipated, however, 
that continued efforts to elucidate snail–trematode immunobiological interactions 
will surely provide us with novel and important information on invertebrate immunity 
and host–pathogen interactions.

7.5.2 � Critical Research Areas for Future Progress

With the dawning of the genomic and now postgenomic eras, new technological 
approaches in molecular biology, cell biology and biochemistry are now providing 
increased opportunities to address previously intractable questions associated with 
trematodes and their snail–host interactions. That being the case, however, there are 
still many methodological approaches and experimental tools that have yet to be 
developed to ensure continued future progress in this important research field. Here 
are some examples.

7.5.2.1 � Achievements of Genome Sequencing Efforts

The complete S. mansoni genome has now been sequenced and partially annotated, 
and the first comprehensive analysis recently has been published (Berriman et al. 
2009). Together with the sequencing of the Schistosoma japonicum genome (The 
Schistosoma japonicum Genome Sequencing and Functional Analysis Consortium 
et al. 2009), these represent the first completely sequenced genomes from lophotro-
chozoan species. Although the initial genomic analysis of S. mansoni was primarily 
orientated toward predicting novel drug targets (Berriman et al. 2009), the avail-
ability of this comprehensive dataset now paves the way for future postgenomic 
studies investigating other biological aspects such as host–parasite relationships. 
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Regarding Biomphalaria genome sequencing, efforts were initiated in 2001 by an 
international consortium (http://biology.unm.edu/biomphalaria-genome/index.
html; Raghavan and Knight 2006). With funding support from the National Human 
Genome Research Institute, a B. glabrata (BBO2 Brazilian strain) BAC library was 
generated (Adema et al. 2006), and the sequencing of the entire B. glabrata genome 
was initiated through a joint UNM-BRI-TIGR effort currently coordinated by the 
Washington University Genome Sequencing Center (http://genome.wustl.edu/
genomes/view/biomphalaria_glabrata/) (Raghavan and Knight 2006).

To our knowledge, genome sequencing at Washington University is still in 
progress and an anticipated completion date is not known at this time. One of the 
major difficulties is the large size of B. glabrata genome (930 Mbases), and it is 
anticipated that annotation will require substantial additional time and efforts. 
However, such data are crucial to future research developments if we are to begin 
to fully understand the interactions of Biomphalaria spp. and S. mansoni at the 
molecular level.

7.5.2.2 � Investigate Host–Parasite Interactomes 

Because of methodological constraints, investigations have so far focused on 
Biomphalaria immune response or Schistosoma immune evasion strategies. One 
possibly fruitful line of research is now to directly investigate Biomphalaria 
/Schistosoma interactomes. Current proteomic facilities are now able to analyze 
molecular complexes, thereby identifying interactions of specific proteins in 
complex mixtures (Holzmuller et al. 2008). In addition, genomic, transcriptomic 
and proteomic data on Biomphalaria and Schistosoma should soon be exhaustive 
enough to permit computational searches for predicted protein–protein or protein-
CHO interaction networks between host and parasite (Cui et al. 2009) and facilitate 
interpretation or integration of proteomic results. Such approaches should greatly 
facilitate the identification of proteins playing a key role in host–parasite molecular 
dialogue.

7.5.2.3 � Development of Tools for Functional Studies

Currently there exists only one molluscan cell line, the Bge cell line from B. glabrata. 
As pointed out earlier, this cell line has been a useful model for studying genes 
involved in basic cellular mechanisms such as adhesion, CHO-binding interactions, 
larval encapsulation and the like. Generation of additional snail cell lines, especially 
those that are ontologically related to hemocytes, would be a valued resource for 
future studies on snail internal defense mechanisms. In addition, currently there are 
no cell lines available for any parasitic platyhelminth, including the schistosome 
species. This lack of a schistosome cell line has greatly hindered development of 
transgenic/protein expression systems, as well as approaches to address functionality 
of parasite genes in their interactions with the snail or mammalian host.

http://biology.unm.edu/biomphalaria-genome/index.html
http://biology.unm.edu/biomphalaria-genome/index.html
http://genome.wustl.edu/genomes/view/biomphalaria_glabrata/
http://genome.wustl.edu/genomes/view/biomphalaria_glabrata/
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Since validation of gene function is a primary aim of molecular/genomic studies, 
another major drawback for the Biomphalaria/Schistosoma research community 
has long been the unavailability of gene manipulation techniques (Yoshino et al. 
2010). The development of RNA interference technology, although promising, still 
requires further refinement to improve on its sensitivity, knockdown efficacy and 
reproducibility. RNAi has been successfully used in both Biomphalaria (Zhang 
et al. 2005; Jiang et al 2006) and larval Schistosoma (Boyle et al. 2003; Dinguirard 
and Yoshino 2006; Mourão et al. 2009a). However, as shown in S. mansoni, the 
success of RNAi gene expression knockdown is highly variable and target gene- or 
DNA sequence-dependent, and accurate interpretation of results requires particular 
attention to details of experimental design and execution (Mourão et al. 2009b). 
A significant future achievement would be the ability to create stable transgenic 
lines of Biomphalaria snails carrying specific “knock-in” or “knock-out” gene 
characteristics. Although the general technology to reach this goal is available, 
development of the specific methods and approaches applicable to snails are still 
lacking. Perhaps, incorporating the Bge cell line in the initial development and 
testing of transgenic approaches (Yoshino et al. 1998) for eventual application to 
whole animals should be considered.

7.5.2.4 � Address the Question of Interaction Polymorphism

One of the major challenges in deciphering the molecular events underlying 
host–parasite compatibility in natural populations will be to address the question of 
host and parasite polymorphism. As mentioned in the Introduction section of this 
chapter, interactions between Biomphalaria spp. and S. mansoni populations are 
extremely variable and are likely determined by complex genotype-by-genotype 
interactions. Future elucidation of molecular interactions underlying compatibility/
incompatibility in laboratory strains should, in the future, be validated in natural 
snail populations exhibiting a diversity of genotypes. Because improvements and 
refinements in genomic, transcriptomic and proteomic analysis techniques are 
advancing at an extremely rapid pace, it seems highly probable that, in the near 
future, host-parasite interactions may be analyzed at the individual level. Previous 
identification of key protein families using laboratory strains should facilitate 
targeted investigations exploring their diversity or variability in host and parasite 
individuals from natural populations.
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