OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

Differences in the Gene Expression Profiles of
Haemocytes from Schistosome-Susceptible and
-Resistant Biomphalaria glabrata Exposed to
Schistosoma mansoni Excretory-Secretory Products

Zahida Zahoor'??, Anne E. Lockyer®>*", Angela J. Davies’, Ruth S. Kirk', Aidan M. Emery?,
David Rollinson?, Catherine S. Jones?, Leslie R. Noble?, Anthony J. Walker'*

1 Molecular Parasitology Laboratory, School of Life Science, Kingston University, Kingston upon Thames, Surrey, United Kingdom, 2 Wolfson Wellcome Biomedical

Laboratory, Natural History Museum, London, United Kingdom, 3 Institute of Biological and Environmental Sciences, School of Biological Sciences, Aberdeen University,

Aberdeen, United Kingdom

Abstract

During its life cycle, the helminth parasite Schistosoma mansoni uses the freshwater snail Biomphalaria glabrata as an
intermediate host to reproduce asexually generating cercariae for infection of the human definitive host. Following invasion
of the snail, the parasite develops from a miracidium to a mother sporocyst and releases excretory-secretory products (ESPs)
that likely influence the outcome of host infection. To better understand molecular interactions between these ESPs and the
host snail defence system, we determined gene expression profiles of haemocytes from S. mansoni-resistant or -susceptible
strains of B. glabrata exposed in vitro to S. mansoni ESPs (20 pg/ml) for 1 h, using a 5K B. glabrata cDNA microarray. Ninety-
eight genes were found differentially expressed between haemocytes from the two snail strains, 57 resistant specific and 41
susceptible specific, 60 of which had no known homologue in GenBank. Known differentially expressed resistant-snail genes
included the nuclear factor kappa B subunit Relish, elongation factor 1o, 40S ribosomal protein S9, and matrilin; known
susceptible-snail specific genes included cathepsins D and L, and theromacin. Comparative analysis with other gene
expression studies revealed 38 of the 98 identified genes to be uniquely differentially expressed in haemocytes in the
presence of ESPs, thus identifying for the first time schistosome ESPs as important molecules that influence global snail
host-defence cell gene expression profiles. Such immunomodulation may benefit the schistosome, enabling its survival and

successful development in the snail host.
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Introduction

The parasite Schistosoma manson: causes the neglected tropical
disease human intestinal schistosomiasis, and has a complex life
cycle that involves a freshwater snail intermediate host, a human
definitive host, and free-living motile stages that enable movement
between hosts [1]. Biomphalaria glabrata is the main intermediate
host for S. manson: in South America and like other snails it
possesses a potent internal defence system enabling protection
against pathogens [2], which however the parasite is able to
overcome in a compatible snail host. Haemocytes, macrophage-
like defence cells, are the main effectors of the internal defence
response in snails and are capable of performing multiple defence
reactions including phagocytosis [3,4], encapsulation, and nitric
oxide (NO) [5] and hydrogen peroxide (H,Oy) [6,7] production.
Over the last two decades, the B. glabrata-S. mansoni model has
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proved invaluable for studying snail-schistosome interactions and
coevolution, particularly because of its biomedical significance and
because snail strains are available that are resistant or susceptible
to S. mansoni infection [8-10].

When a S. mansoni egg hatches upon contact with freshwater, the
free-living miracidium emerges and swims in search of a
compatible host snail, which it will penetrate. The parasite then
rapidly transforms into a post-miracidium losing its ciliated plates,
and develops into the asexually-reproducing mother sporocyst that
produces daughter sporocysts, which in turn produce human-
infective cercariae [1]. During the early post-embryonic develop-
ment of miracidia to mother sporocysts various molecules termed
excretory-secretory products (ESPs; [11]) are released from the
parasite; some of these are likely to be from the penetration glands
and surface structures whereas others are metabolic by-products
released from the excretory pore. ESPs generally comprise
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molecules such as cysteine proteases, protease inhibitors, heat
shock proteins (HSPs), mucins, glycolytic enzymes, anti-oxidant
enzymes, and ion-binding proteins [12-14]. In witro studies have
shown that S. mansoni ESPs affect B. glabrata haemocyte defence
responses such as motility [15], and NO [16] and superoxide
production [17]. We have recently shown that S. mansoni ESPs
suppress signalling by extracellular signal-regulated kinase (ERK)
in haemocytes from S. mansoni-susceptible B. glabrata [18] and that
such suppression likely affects HSP70 [19] and NO [16] levels in a
dose dependent fashion. This supports the interference theory [20]
(reviewed by [21]) whereby the parasite is able to suppress the host
response to enable it to establish an infection. Strikingly, ESPs did
not affect ERK signalling in haemocytes from a S. mansoni-
refractory B. glabrata strain [18] demonstrating that haemocytes
from a resistant strain reacted differently to the presence of
parasite ESPs, indicating a different response at the molecular
level, which may be responsible for the outcome of infection.
Thus, by producing ESPs schistosomes seem able to modulate the
defence responses of host snail haemocytes to facilitate parasite
survival. However, the extent to which ESPs modulate global gene
expression of haemocytes remains an important and unanswered
question.

Arrays developed for determining gene expression patterns in
snails include oligo arrays and cDNA microarrays [22-24]. A 5K
B. glabrata cDNA microarray was recently developed [25] using
sequences obtained from differential display [26] and suppression
subtractive hybridization (SSH) [10] gene expression projects
focusing on schistosome resistance/susceptibility, and from
ORESTES-derived expressed sequence tags (ESTSs) from different
snail tissues including haemocytes [27]. This 5K array was used to
evaluate differential gene expression in haemocytes from schisto-
some-resistant and -susceptible B. glabrata in response to a two
hour in vive infection by S. mansoni [25]. In the current study, we
have employed this B. glabrata cDNA microarray to explore the
hypothesis that haemocytes from these snail strains respond
differentially to S. mansoni ESPs released during miracidium-to-
mother sporocyst development. Ninety-eight genes were found
differentially expressed in these haemocytes in the presence of
ESPs and comparative analysis with previous studies revealed that
38 were unique ESP-mediated responses. These findings highlight
that the ESPs may play an important part in defining the ability of
S. manson: to sustain an infection in B. glabrata.

Methods

Ethics Statement

Laboratory animal use was within a designated facility regulated
under the UK animals (Scientific Procedures) Act, 1986,
complying with all requirements therein. The Natural History
Museum (NHM) Ethical Review Board approved experiments
involving mice and work was carried out under Home Office
project licence 70/6834.

Snails

Two snalil strains were used, one resistant to S. manson: infection
(NHM accession number 3017) originally derived from BS90 [28],
and one susceptible (NHM1742). Snails were maintained at 26°C
with a 12:12 h light:dark cycle in water that had been filtered
through a Brimak/carbon filtration unit (Silverline, Winkleigh,
UK) and were fed fresh round lettuce ad lbitum.

Preparation of S. mansoni ESPs

In vitro transformation of miracidia to mother sporocysts [29]
and the preparation of resultant ESPs have been detailed
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previously [16,18,19]. Briefly, S. mansoni (Belo Horizonte strain)
eggs were collected and left to hatch in spring water (Evian) for 3 h
under light. Miracidia were then collected, washed and concen-
trated using a Stericup HV filter with a 0.45 pym membrane
(Millipore, Watford, UK) and were placed in 25 cm” vented tissue
culture flasks in Chernin’s balanced salt solution (CBSS) [30]
containing glucose and trehalose (1 mg/ml each), penicillin and
streptomycin (100 U/ml of each; Sigma, Poole, UK). Flasks were
placed in the dark in an incubator at 26°C for 3640 h and
transformation monitored using an inverted light microscope. The
CBSS containing ESPs was then concentrated approximately 20X
at 4°C using Vivapore 10 ml concentrators (7,500 MW cut-off;
Vivascience, Sartorius, Epsom, UK). Protein concentration of the
ESPs was then determined against bovine serum albumin
standards using a NanoOrange fluorescence-based protein assay
kit (Molecular Probes, Leiden, Netherlands) and a Fluorstar
Optima microplate spectrofluorimeter (BMG Labtech, Aylesbury,
UK). In general, using the above approaches, we collect
approximately 1 pg ESPs from ~100 transforming miracidia.
The ESP solution was then divided into aliquots and stored at —
20°C until used.

Treatment of Haemocytes and RNA Extraction

Haemolymph (1 ml) from 35 — 40 S. mansoni-susceptible or -
resistant B. glabrata was extracted using head-foot retraction and
was pooled on ice in CBSS (2 parts haemolymph: 1 part CBSS)
supplemented with glucose and trehalose (1 mg/ml each).
Haemocyte monolayers were prepared by allowing haemocytes
to adhere to individual wells of a 12-well flat bottom cell culture
plate (Corning Costar, Schiphol-Rijk, The Netherlands) for
30 min at room temperature. The monolayers were then washed
three times each with 500 pl CBSS and were equilibrated for a
further 30 min before being challenged with 20 pg/ml S. mansoni
ESPs for 1 h. On average we recovered ~25 pl haemolymph per
snail; therefore haemocytes in this volume would be exposed to
approximately 0.5 pg ESPs [25 ul/(20 ug ESPs/1000 ul)] which
equates to ESPs from ~50 transforming miracidia. The CBSS
containing ESPs was removed and RNA extracted from haemo-
cytes using Trizol (Invitogen, Paisley, UK) according to the
manufacturer’s instructions. RNA was subsequently treated with
DNAse (Promega, Southampton, UK) followed by ethanol
precipitation and resuspension in nuclease free water. Quantities
of total RNA as well as its purity were estimated using a
NanoDrop spectrophotometer.

Microarray Hybridization

Labelled cDNA was prepared for microarray hybridization as
described previously [25]. Briefly, cDNA was synthesized from
1 pg total RNA using the SMART PCR [31] cDNA synthesis kit
(Clontech-Takara Bio, Europe, Saint-Germain-en-Laye, France)
according to the manufacturer’s instructions and each sample was
labelled with both Cy3 dCTP or Cy5 dCTP (GE Healthcare,
Amersham, UK) in 2 separate reactions (dye swap replicates) using
the BioPrime DNA labeling system (Invitrogen, Paisley, UK). The
custom 5K B. glabrata ¢cDNA microarrays [25] (printed at the
Microarray facility at Department of Pathology, University of
Cambridge, UK) include cDNA clones from open reading
expressed sequence tags (ORESTES) libraries [27] and suppres-
sion subtractive hybridization (SSH) libraries [10]. Four micro-
array hybridizations (technical replicates) were performed with
resistant and susceptible derived material as previously described

[24,25].
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Microarray Scanning and Analysis

Microarray slides (n =4) were scanned sequentially for each Cy
dye, at 10 pm resolution using an Axon GenePix 4100A scanner
(Molecular Devices (UK) Ltd, Wokingham, UK). Photo multiplier
tube values were adjusted to give an average intensity ratio
between channels of approximately 1. Spot finding and intensity
analysis was carried out using GenePix Pro 5.0. Data from these
microarray experiments have been deposited with ArrayExpress
(www.ebl.ac.uk/arrayexpress) under the accession number E-
MTAB-2135. The identification of differentially expressed genes
was performed as previously described [24]. Briefly, mean pixel
intensity (Feature(wavelength)-Background(wavelength)) was nor-
malized using intensity-dependent Lowess normalization for each
feature [32] and consistency within each array was assessed by
comparing normalized mean pixel intensity ratios (Cy3/Cy5) for
cach duplicate feature (Acuity 4.0). Poor quality spots and low
intensity data were removed. For each array the mean intensity
values for pGem (vector) controls were calculated to give a
background level of hybridization and only features with intensities
greater than the mean plus one standard deviation threshold in
either channel (Cy3 or Cyb) were retained. Consistency between
array replicates was assessed by comparing mean (from the two
duplicates) intensity ratios for each clone. The mean and standard
deviation of the remaining data, excluding SSH clones, were used
to calculate 95% confidence limits for the normalized intensities
for each array and those features which showed differential
expression outside this 95% level marked. Genes that passed the
95% confidence level in 3 or 4 of the arrays were considered to
demonstrate differential expression. These genes were then
clustered on the basis of their sequence, using SeqTools (http://
www.seqtool.dk) to identify unique sequences. Gene ontology
(GO) functions were assigned using Blast2go (http://www.
blast2go) based on BLASTX homologies.

Results

Expression Profiling by Microarray

The 5K microarray was used here to compare directly gene
expression in haemocytes derived from schistosome-resistant and -
susceptible B. glabrata when treated with S. mansoni ESPs produced
during miracidia to mother sporocyst development. Differential
expression of haemocyte genes determined using this B. glabrata
c¢DNA microarray has been confirmed previously in our labora-
tory by qPCR and the array was found to deliver robust results
[24]. Haemocytes were exposed to ESPs for 1 h as this duration
was considered important in terms of early haemocyte defence
responses. Because only very low amounts of RNA are available in
haemocytes, independent SMART amplifications and labelling
reactions were carried out and four technical replicate hybridiza-
tions performed, as detailed in our previous array studies [24]. As
total ESPs were derived from miracidia from eggs present in the
livers of several mice [16,18,19], and because haemocyte pools
were made from 35 — 40 snails of each snail strain, the results
represent those from populations of miracidia and snails.
Moreover, the ESPs were prepared in such a way that only those
molecules possessing a molecular weight >7500 were present in
the preparation used for haemocyte exposures; therefore ciliary
epidermal plates were excluded. Following 1 h ESP exposure, 57
resistant-specific and 41 susceptible-specific genes were identified
from the snail haemocytes (Table S1). All of these 98 genes
displayed between ~1.9- and ~5.3-fold (mean of 4 arrays)
difference in expression between haemocytes from the resistant
and susceptible snails. Of the identified differentially expressed
genes, 36% were derived from SSH, 36% from ESTs and 28%
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from ORESTES. Certain differentially expressed genes were
represented by two or more sequences on the array. For example,
clongation factor-2 was represented by two SSH sequences
(EW997555, EW997067), whereas matrilin (CK656770,
CK988725) and paramyosin (CK656849, (CO870407,
EW996929, CO870250) were from ORESTES and EST libraries,
and SSH and ORESTES libraries, respectively (Table S1).

Annotation of Differentially Expressed Sequences

Using BlastX, 61 of the 98 identified differentially expressed
genes did not match others in GenBank and were therefore
categorized as having unknown function; an additional six genes
matched hypothetical proteins from a range of lower organisms
and Xenopus (T'able S1). The remaining 31 genes corresponded to
24 known proteins from a variety of organisms, of these 14 were
specific to resistant snail haemocytes and 10 to susceptible (Fig. 1).
Gene cluster analysis of the 98 genes mapped 14 into six different
clusters, with two clusters each containing three unknowns
(EW996998, EW997485, DY523254; EW997449, EW996825,
EW997106) all of which were resistant-specific (Table S1). The
remaining four clusters, each of which contained two genes,
comprised three resistant-specific groups (CK656770, CK988725:
matriling  EW997555, EW997067:  clongation  factor-2;
EW997374, DY523259: unknown) and one susceptible-specific
group (CO870250, CO870407: paramyosin) (Table SI).

Matched genes associated with immune mechanisms included
Relish (EG030744) that was differentially expressed in resistant
snail haemocytes by approximately 2.5-fold (mean of 4 arrays).
The antimicrobial peptide theromacin (CK989131) was the
greatest (3.7-fold) differentially expressed gene with a BlastX
match in susceptible snail haemocytes, whereas exported avidin
family protein (~5-fold; EW997105) was the most differentially
expressed BlastX-matched resistant-specific gene (Fig. 1). To
establish grouped gene function the matched sequences were
assigned GO categories in the context of snail phenotype (Fig. 2).
In resistant snail haemocytes there was a preponderance of genes
associated with the molecular function ‘binding’ (57%; 12 genes)
(nucleic acid, protein, ion, or nucleotide binding) when compared
to susceptible snail haemocytes (25%; 3 genes) with the latter
displaying a higher overall proportion of genes related to catalytic
activity (59% v’s 33%). Genes for ‘metabolic processes’ (biological
process) were overrepresented (5 out of 12 genes; 42%) in the
susceptible strain when compared to the proportion seen in the
resistant (8 out of 25 genes; 32%) (Fig. 2). Four (8%) cell
‘signalling’/ ‘response to stimulus’ genes (biological process) were
overexpressed in the resistant snail haemocytes with none in the
susceptible. Finally, GO analysis of cellular component revealed
no major differences between strains although genes associated
with ‘extracellular region’ were only overexpressed in the
susceptible snail haemocytes and those associated with ‘membrane
enclosed lumen’ were only overexpressed in haemocytes from the
resistant strain.

Comparative Gene Expression Analysis

Comparative analysis of differentially expressed haemocyte
genes with those seen in our previous experiments performed
following i vivo infection of B. glabrata with S. manson: revealed: two
unknown genes (DY523254/DY523255) previously identified in
haemocytes 2-24 h post-infection by SSH [10]; 12 genes including
elongation factor 2, ubiquitin-conjugating enzyme E2D 2, elastase
2-like, exported avidin family protein, one hypothetical protein;
and a further seven unknowns found previously in haemocytes 2—
24 h post-infection using the 2K microarray [24]. Additionally, 58
genes comprising 34 known, four hypothetical, and 20 unknown
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Expressed in resistant
snail haemocytes
exposed to ESPs

-4.0 -2.0 0.0 2.0 4.0 6.0

[
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A

Expressed in susceptible
snail haemocytes
exposed to ESPs

Figure 1. Genes differentially expressed between haemocytes from schistosome-resistant and -susceptible B. glabrata exposed to S.
mansoni ESPs. Only genes with known homologues are shown. Each bar represents the mean (=SD) normalised expression for the identified
differentially expressed gene (p=0.05, n=4). A positive value indicates the gene is expressed in susceptible snail haemocytes whereas a negative
value indicates the gene is expressed in resistant snail haemocytes. Multiple genes matching the same protein are shaded in a similar colour.

doi:10.1371/journal.pone.0093215.g001

were in common with our most recent analysis 2 h post-exposure
using the same 5K array [25], which explored gene expression
between resistant and susceptible snail haemocytes when snails
were either infected or not by S. mansoni. No genes were found in
common with our previous differential display study [26].
Although a total of 60 genes were found differentially expressed
in common with the other studies (Table S1), 38 were uniquely
detected in the current study following 1 h ESP (20 pg/ml)
exposure (Table S1; Fig. 3), comprising 16 resistant-specific and 22
susceptible-specific. The unique genes identified by BlastX that
were resistant-specific were elongation factor 1o, 40S ribosomal
protein S9, Relish, nhl repeat containing protein, whereas those
susceptible-specific were phage associate minor structural protein,
cathepsin D, cathepsin L, and paramyosin (Fig. 3).
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Discussion

Although ¢DNA microarrays [24,25] and other techniques
[10,22,23,26] have been used to determine effects of \S. manson: on
B. glabrata haemocyte gene expression profiles, including compar-
ing between schistosome-resistant and -susceptible strains [24,25],
this is the first study to explore specifically gene expression patterns
in haemocytes of these snails when exposed to S. manson: larval
transformation products. Defining haemocyte gene expression
patterns in this way has permitted the interrogation of host
differences when exposed to components released by the parasite
during transformation, rather than those that might arise directly,
or indirectly, in response to interactions between haemocytes and
the schistosome surface. Ninety-eight genes were found differen-
tially expressed representing 91 different proteins, with 57 genes
being resistant-specific and 41 being susceptible-specific. Because
haemocytes were exposed to ESPs for 1 h, we consider the
differences to best represent those that might prevail during an
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Figure 2. Gene ontologies for differentially expressed genes that possessed GO matches identified in haemocytes from S. mansoni-
resistant or -susceptible B. glabrata. Categories are grouped according to molecular function, biological process, and cellular component.
Sequences that were not assigned an annotation are not represented and each individual sequence may have more than one assignment.
doi:10.1371/journal.pone.0093215.g002

immediate/early response in haemocytes, rather than those that snail haemocytes before exposure and are thus constitutive

would occur indirectly as a consequence of cellular feedback phenotypic differences between the snail strains (discussed in

mechanisms. [25]); or 2) expressed differentially (in vitro (here) or in vivo (other
The 60 differentially expressed genes found here that corre- studies)) in response to ESPs (with a molecular weight of over

spond with those identified in our previous studies following 7,500) released by the transforming schistosome larvae. These

infection of B. glabrata with S. manson: [10,24-26] signify those that genes include elastase-2, matrilin, elongation factor-2, ubiquitin

are either: 1) differentially expressed in the resistant or susceptible conjugating enzyme E2D 2, and dermatopontin 2 in haemocytes
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Figure 3. Genes differentially expressed following ESP exposure that are uniquely identified in this study. Comparative analysis of
differentially expressed genes from this in vitro study with those from previous in vivo studies (Table S1) revealed 38 genes not previously identified
as being involved in S. mansoni-B. glabrata interactions. Mean expression values (=SD) are shown for each individual differentially expressed gene
(p=0.05, n=4). A positive value indicates the gene is expressed differentially in susceptible snail haemocytes whereas a negative value indicates the
gene is expressed differentially in resistant snail haemocytes. Multiple genes matching the same protein are shaded in a similar colour.
doi:10.1371/journal.pone.0093215.g003
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from resistant snails, and 50S ribosomal protein 12, H-ras-like
suppressor 3, neuromacin and theromacin in susceptible snail
haemocytes. Dermatopontin is a cell adhesion molecule likely
secreted by haemocytes [33] that might regulate haemocyte
adhesion and encapsulation responses possibly with matrilin also
playing a role. Dematopontin is upregulated in resistant B. glabrata
exposed to Echinostoma capromi (as is matrilin) [33], and is
downregulated at 0.5 days/upregulated at 1 day following
infection of susceptible B. glabrata with Echinostoma paraenser [23]
demonstrating the dynamic nature of dermatopontin gene
expression during the course of infection. Differential expression
in resistant snail haemocytes of the serine protease elastase 2 which
degrades extracellular matrix molecules and can mediate bacterial
killing [34] and of ubiquitin conjugating enzyme E2D 2 which
marks misfolded/damaged proteins for degradation by the 26S
proteasome [35] is indicative of increased proteolysis in the face of
infection and parasite induced stress. In susceptible snail haemo-
cytes the differential expression of antimicrobial peptides ther-
omacin and neuromacin support an antimicrobial response [36],
although this is insufficient to kill the invading schistosome larvae.

Importantly, the remaining 38 genes uniquely differentially
expressed in the current study are most likely those expressed in
response to the concentrations of ESPs (20 pg/ml) used, which
were chosen to represent the conditions that might be experienced
when haemocytes are in close proximity to transforming larvae
[16,18,19]. This concentration of ESPs was shown by us to
consistently down-regulate ERK signalling in schistosome-suscep-
tible B. glabrata [18], with lower doses (I pg/ml) resulting in
reduced HSP70 protein expression in the same snail strain [19].
The uniquely differentially expressed genes should also include
those expressed in response to ESPs that have the capacity to
interact with haemocytes in the absence of lymph factors.
Although we considered injecting ESPs into snails and subse-
quently collecting haemocytes, the quantity of ESP material
generated during miracidium-to-mother-sporocyst development is
very low and sufficient only for i vitro assays. Of these uniquely
differentially expressed genes, the nuclear factor kB (NF-kB)
subunit Relish was expressed by resistant snail haemocytes
exposed to ESPs. In molluscs, as in other organisms [37], Relish
is activated in response to immune challenge including by bacterial
LPS in the abalone Haliotis diversicolor [38] and scallop Chlamys
Jarreri [39]. Relish expression is also upregulated in the pearl oyster
Pinctata fucada after injection of the bacterium Vibrio alginolyticus [40]
and in the oyster Crassostrea gigas upon infection with Vibrio
carallulyhus [41]. In B. glabrata, Relish expression has recently been
shown to increase 6 h post S. mansoni infection [42]. That Relish is
differentially expressed in haemocytes from the different snail
strains after 1 h ESP exposure implies that ESPs might induce
early and specific effects on NF-kB signalling in haemocytes.
Modulation of this transcription factor by S. mansoni is therefore
worthy of further study because in humans and other organisms
the NF-xB pathway is rapidly activated following infection
resulting in expression of hundreds of early response genes
including antimicrobial peptides [43]. Resistant-specific differen-
tial expression of elongation factor lea, which binds t-RNA to
ribosomes, and of 40S ribosomal protein S9 are indicative of
increased protein translation in resistant snail haemocytes in
general. On the other hand, differential expression of cathepsins D
and L, intracellular lysosomal aspartic and cysteine proteinases
respectively, by susceptible snail haemocytes in the presence of
ESPs suggests an increased capacity to degrade protein, including
that released by the parasite and internalized by the haemocyte.
Because a cathepsin L-like protease precursor gene (CO870188)
was found to be upregulated in resistant B. glabrata 2/24 h after
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snails were exposed to S. manson: [24], it seems that intracellular
haemocyte protease expression in response to \S. mansont is complex
and might depend on the nature of the stimulus (e.g. ESPs verses
intact parasites) and the duration of exposure. Twenty-four genes
that displayed differential expression after 1 h ESP exposure and
were unique to this study are of unknown function. It is anticipated
that advances in functional genomics in snails, including gene
knockdown with RNA interference [44,45] to determine the
function of some of these genes, will be critical in furthering our
understanding of ESP-specific effects on haemocyte functional
biology.

In our recently published work 417 genes (146 susceptible- and
271 resistant-specific) were differentially expressed in B. glabrata
haemocytes following 2 h exposure to S. mansoni in vivo [25].
Therefore, as might be expected, the physical presence of the
schistosome, possibly with its ciliated epidermal plates (which were
removed from ESPs in the current study), appears to influence
haemocyte gene expression profoundly, beyond that seen in
response to ESPs alone (98 genes after 1 h). Genes for the
molecular chaperone heat shock protein 70 (HSP70) have been
found in many studies to be differentially expressed in S. mansoni-
resistant snails in response to S. manson: infection [10,24,25,45],
while in others they have been shown to be upregulated in the
susceptible strain [46]. Given that HSP70 is a stress response
protein that is activated rapidly by a plethora of potentially
harmful stimuli [47,48] it is perhaps surprising that when exposed
to ESPs haemocytes from the different snail strains did not reveal
differential HSP70 gene expression. When exposed to 20 pg/ml
ESPs for 1 h, haemocyte HSP70 protein levels are significantly
reduced in the same snail strains as those used in the current study
partly through degradation by the proteasome [19], but recover
only in the susceptible strain after 5 h. A possibility in the current
study is that certain genes including HSP70 are constitutively
expressed in the resistant strain more (or less) than in the
susceptible, and that ESP dependent changes result in a situation
where the mRNA levels become indistinguishable, masking any
effect. However, in our recent analysis [25], constitutive expression
of HSP70 did not differ between the same snail strains. Recently,
HSPs were shown to play a role in B. glabrata resistance to S.
mansont, as exposing resistant B. glabrata to increased temperature
for 4 h prior to S. mansoni infection resulted in a phenotype switch
whereby the resistant snails became susceptible to the parasite
[49]. Therefore it would be worthwhile studying HSP70 interac-
tion (client) partners in B. glabrata to better understand how the
dynamics of HSP gene and protein expression might influence
cellular outcome in the face of schistosome infection.

When evaluating the effects of schistosomes/schistosome
components on snail defence cell gene expression, it is valuable
to consider also how such effects might initially be mediated. It has
been shown that the activity of the ERK pathway is suppressed by
ESPs in haemocytes from schistosome susceptible snails but not in
those from the resistant strain [18]. One transcription factor that is
likely activated by ERK in B. glabrata is Elk-1 [50] and in humans
this transcription factor appears to target genes that are involved in
expression control, including basal transcriptional machinery
components and the spliceosome and ribosome [51]. Thus the
reduced expression of certain susceptible-specific genes both here
and in other studies may be due to the attenuation of ERK
signalling in susceptible snail haemocytes.

Despite multiple gene expression studies there is still much to
learn concerning the schistosome-snail host-parasite relationship
and the nature of resistance to the parasite. It is clear, however,
that schistosome ESPs produced during early parasite develop-
ment do affect host snail haemocytes. Investigations into the effects
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of the ciliary epidermal plates that are shed rapidly upon snail
mvasion on haemocyte physiology and gene expression patterns
are also needed. Through integration of gene expression studies
and functional biology it is hoped that we will arrive at a more
complete understanding of B. glabrata-S. mansoni molecular
Interactions, a necessary prerequisite to the design of schistosomi-
asis control strategies, which challenge successful infections in
natural populations.

Supporting Information
Table S1

Differentially expressed genes.

(DOCX)

References

1. Walker AJ (2011) Insights into the functional biology of schistosomes. Parasites &
Vectors 4: 203. doi:10.1186/1756-3305-4-203.

2. Bayne CJ (2009) Successful parasitism of vector snail Biomphalaria glabrata by the
human blood fluke (trematode) Schistosoma mansonz: a 2009 assessment. Molecular
and Biochemical Parasitology 165: 8-18. doi:10.1016/j.molbiopara.2009.
01.005.

3. Plows LD, Cook RT, Davies AJ, Walker AJ (2006) Phagocytosis by Lymnaea
stagnalis haemocytes: a potential role for phosphatidylinositol 3-kinase but not
protein kinase A. Journal of Invertebrate Pathology 91: 74-77. doi:10.1016/
34ip.2005.10.011.

4. Plows LD, Cook RT, Davies AJ, Walker AJ (2006) Integrin engagement
modulates the phosphorylation of focal adhesion kinase, phagocytosis, and cell
spreading in molluscan defence cells. Biochimica et Biophysica Acta -Molecular
Cell Research 1763: 779-786. doi:10.1016/j.bbamcr.2006.04.008.

5. Hahn UK, Bender RC, Bayne CJ (2001) Involvement of nitric oxide in killing of
Schistosoma mansoni sporocysts by hemocytes from resistant Biomphalaria glabrata.
The Journal of Parasitology 87: 778-785. doi:10.1645/0022-
3395(2001)087[0778:IONOIK]2.0.CO;2.

6. Hahn UK, Bender RC, Bayne CJ (2000) Production of reactive oxygen species
by hemocytes of Biomphalaria glabrata: carbohydrate-specific stimulation.
Developmental and Comparative Immunology 24: 531-541. doi:10.1016/
S0145-305X(00)00017-3.

7. Lacchini AH, Davies AJ, Mackintosh D, Walker AJ (2006) Beta-1, 3-glucan
modulates PKC signalling in Lymnaea stagnalis defence cells: a role for PKC in
H202 production and downstream ERK activation. The Journal of Experi-
mental Biology 209: 4829-4840. doi:10.1242/jeb.02561.

8. Mon¢ Y, Ribou A, Cosseau C, Duval D, Théron A, et al. (2011) An example of
molecular co-evolution: Reactive oxygen species (ROS) and ROS scavenger
levels in  Schistosoma mansoni/ Biomphalaria glabrata interactions. International
Journal for Parasitology 41: 721-730. doi:10.1016/j.ijpara.2011.01.007.

9. Mitta G, Adema CM, Gourbal B, Loker ES, Theron A (2012) Compatibility
polymorphism in snail/schistosome interactions: From field to theory to
molecular mechanisms. Developmental and Comparative Immunology 37: 1—
8. doi:10.1016/j.dci.2011.09.002.

10. Lockyer AL, Spinks J, Noble LR, Rollinson D, Jones CS (2007) Identification of
genes involved in interactions between Biomphalaria glabrata and Schistosoma
mansoni by suppression subtractive hybridization. Molecular and Biochemical
Parasitology 151: 18-27. doi:10.1016/j.molbiopara.2006.09.009.

11. Lodes MJ, Yoshino TP (1989) Characterization of excretory-secretory proteins
synthesized i vitro by Schistosoma mansoni primary sporocysts. The Journal of
Parasitology 75: 853-862.

12. Roger E, Gourbal B, Grunau C, Pierce R], Galinier R, et al. (2008) Expression
analysis of highly polymorphic mucin proteins (Sm PoMuc) from the parasite
Schistosoma mansoni. Molecular and Biochemical Parasitology 157: 217-227.
doi:10.1016/j.molbiopara.2007.11.015.

13. Guillou F, Roger E, Moné Y, Rognon A, Grunau C, et al. (2007) Excretory-
secretory protecome of larval Schistosoma i and  Echinost caproni, two
parasites of Biomphalaria glabrata. Molecular and Biochemical Parasitology 155:
45-56. doi:10.1016/j.molbiopara.2007.05.009.

14. Wu X-J, Sabat G, Brown JF, Zhang M, Taft A, et al. (2009) Proteomic analysis
of Schistosoma mansoni proteins released during i vitro miracidium-to-sporocyst
transformation. Molecular and Biochemical Parasitology 164: 32-44.
doi:10.1016/j.molbiopara.2008.11.005.

15. Lodes M]J, Yoshino TP (1990) The effect of schistosome excretory-secretory
products on Biomphalaria glabrata hemocyte motility. Journal of Invertebrate
Pathology 56: 75-85. doi:10.1016/0022-2011(90)90147-X.

16. Zahoor Z, Davies AJ, Kirk RS, Rollinson D, Walker AJ (2009) Nitric oxide
production by Biomphalaria glabrata haemocytes: effects of Schistosoma mansoni ESPs
and regulation through the extracellular signal-regulated kinase pathway.
Parasites & Vectors 2: 18. doi:10.1186/1756-3305-2-18.

17. Connors VA, Lodes MJ, Yoshino TP (1991) Identification of a Schistosoma mansoni
sporocyst excretory-secretory antioxidant molecule and its effect on superoxide

PLOS ONE | www.plosone.org

ESPs and B. glabrata Haemocyte Gene Expression

Acknowledgments

We would like to thank Jayne King and Mike Anderson (HNM) for snail
and parasite culture. Microarrays were printed by Anthony Brown at the
Department of Pathology, University of Cambridge.

Author Contributions

Conceived and designed the experiments: ZZ AEL AJD RSK DR AJW.
Performed the experiments: ZZ AEL AME CS]J. Analyzed the data: ZZ
AEL AJW. Contributed reagents/materials/analysis tools: CS] LRN DR.
Wrote the paper: ZZ AEL AJW. Edited near complete manuscript for
important intellectual content and final approval of manuscript: ZZ AEL

AJD RSK AME DR CSJ LRN AJW.

production by Biomphalaria glabrata hemocytes. Journal of Invertebrate Pathology
58: 387-395. doi:10.1016/0022-2011(91)90185-S.

18. Zahoor Z, Davies AJ, Kirk RS, Rollinson D, Walker AJ (2008) Disruption of
ERK signalling in Biomphalaria glabrata defence cells by Schistosoma mansoni:
implications for parasite survival in the snail host. Developmental and
Comparative Immunology 32: 1561-1571. doi:10.1016/j.dci.2008.05.014.

19. Zahoor Z, Davies AJ, Kirk RS, Rollinson D, Walker AJ (2010) Larval excretory-
secretory products from the parasite Schistosoma mansoni modulate HSP70 protein
expression in defence cells of its snail host, Biomphalaria glabrata. Cell Stress &
Chaperones 15: 639-650. doi:10.1007/512192-010-0176-z.

20. Lie KJ, Heyneman D, Richards CS (1977) Studies on resistance in snails:
Interference by nonirradiated echinostome larvae with natural resistance to
Schistosoma mansont in Biomphalaria glabrata. Journal of Invertebrate Pathology 29:
118-125. doi:10.1016/0022-2011(77)90183-5.

21. Walker AJ (2006) Do trematode parasites disrupt defence-cell signalling in their
snail hosts? Trends in Parasitology 22: 154-159. doi:10.1016/j.pt.2006.02.003.

22. Adema CM, Hanington PC, Lun C-M, Rosenberg GH, Aragon AD, et al.
(2010) Differential transcriptomic responses of Biomphalaria glabrata (Gastropoda,
Mollusca) to bacteria and metazoan parasites, Schistosoma mansoni and Echinostoma
paraensei (Digenea, Platyhelminthes). Molecular Immunology 47: 849-860.
doi:10.1016/j.molimm.2009.10.019.

23. Hanington PC, Lun C, Adema CM, Loker ES (2010) Time series analysis of the
transcriptional responses of Biomphalaria glabrata throughout the course of
intramolluscan development of Schistosoma mansoni and  Echinostoma  paraensei.
International Journal for Parasitology 40: 819-831. doi:10.1016/j.jjpara.2009.
12.005.

24. Lockyer AL, Spinks J, Kane RA, Hoffmann KF, Fitzpatrick JM, et al. (2008)
Biomphalaria  glabrata transcriptome: c¢cDNA microarray profiling identifies
resistant- and susceptible-specific gene expression in haemocytes from snail
strains exposed to Schistosoma mansoni. BMC Genomics 9: 634. doi:10.1186/
1471-2164-9-634.

25. Lockyer AE, Emery AM, Kane RA, Walker AJ, Mayer CD, et al. (2012) Early
differential gene expression in haemocytes from resistant and susceptible
Biomphalaria glabrata strains in response to Schistosoma mansoni. PloS One 7:
¢51102. doi:10.1371/journal.pone.0051102.

26. Lockyer AE, Noble LR, Rollinson D, Jones CS (2004) Schistosoma mansoni:
resistant  specific infection-induced gene expression in Biomphalaria glabrata
identified by fluorescent-based differential display. Experimental Parasitology
107: 97-104. doi:10.1016/j.exppara.2004.04.004.

27. Lockyer AE, Spinks JN, Walker AJ, Kane RA, Noble LR, et al. (2007)
Biomphalaria glabrata transcriptome: identification of cell-signalling, transcription-
al control and immune-related genes from open reading frame expressed
sequence tags (ORESTES). Developmental and Comparative Immunology 31:
763-782. doi:10.1016/j.dci.2006.11.004.

28. Paraense WL, Correa LR (1963) Variation in susceptibility of populations of
Australorbis glabratus to a strain of Schistosoma mansoni. Revista do Instituto de
Medicina Tropical de Sao Paulo 5: 15-22.

29. Ludtmann MHR, Rollinson D, Emery AM, Walker AJ (2009) Protein kinase C
signalling during miracidium to mother sporocyst development in the helminth
parasite, Schistosoma mansoni. International Journal for Parasitology 39: 1223-
1233. doi:10.1016/j.ijpara.2009.04.002.

30. Chernin E (1963) Observations on hearts explanted i vitro from the snail
Australorbis glabratus. Journal of Parasitology 49: 353-364.

31. Petalidis L. (2003) Global amplification of mRNA by template-switching PCR:
linearity and application to microarray analysis. Nucleic Acids Research 31:
e142. doi:10.1093/nar/gng142.

32. Cleveland WS (1981) LOWESS: A Program for Smoothing Scatterplots by
Robust Locally Weighted Regression. The American Statistician 35: 54.
doi:10.2307/2683591.

33. Mitta G, Galinier R, Tisseyre P, Allienne J-F, Girerd-Chambaz Y, et al. (2005)
Gene discovery and expression analysis of immune-relevant genes from

March 2014 | Volume 9 | Issue 3 | e93215



34.

36.

37.

40.

41.

42,

Biomphalaria glabrata hemocytes. Developmental and Comparative Immunology
29: 393-407. doi:10.1016/j.dci.2004.10.002.

Belaaouaj AA (2000) Degradation of outer membrane protein A in Escherichia coli
killing by neutrophil elastase. Science 289: 1185-1187. doi:10.1126/science.289.
5482.1185.

. Van Wijk SJL, Timmers HTM (2010) The family of ubiquitin-conjugating

enzymes (E2s): deciding between life and death of proteins. FASEB Journal 24:
981-993. doi:10.1096/1).09-136259.

Jung S, Sénnichsen FD, Hung C-W, Tholey A, Boidin-Wichlacz C, et al. (2012)
Macin family of antimicrobial proteins combines antimicrobial and nerve repair
activities. The Journal of Biological Chemistry 287: 14246-14258. doi:10.1074/
jbc.M111.336495.

Hultmark D (2003) Drosophila immunity: paths and patterns. Current Opinion in
Immunology 15: 12-19. doi:10.1016/50952-7915(02)00005-5.

. Jiang Y, Wu X (2007) Characterization of a Rel\NF-kappaB homologue in a

gastropod abalone, Haliotis diversicolor supertexta. Developmental and Compar-

ative Immunology 31: 121-131. doi:10.1016/j.dci.2006.05.014.

. Zhou Z, Wang M, Zhao J, Wang L, Gao Y, et al. (2013) The increased

transcriptional response and translocation of a Rel/NF-kB homologue in scallop
Chlamys farreri during the immune stimulation. Fish & shellfish immunology 34:
1209-1215. doi:10.1016/.£51.2013.01.009.

Huang X-D, Liu W-G, Guan Y-Y, Shi Y, Wang Q, et al. (2012) Molecular
cloning and characterization of class I NF-kB transcription factor from pearl
oyster (Pinctada_fucata). Fish & Shellfish Immunology 33: 659-666. doi:10.1016/
j.£51.2012.06.029.

Genard B, Miner P, Nicolas J-L, Moraga D, Boudry P, et al. (2013) Integrative
study of physiological changes associated with bacterial infection in pacific oyster
larvae. PloS One 8: ¢64534. doi:10.1371/journal.pone.0064534.

Zhang S-M, Coultas KA (2011) Identification and characterization of five
transcription factors that are associated with evolutionarily conserved immune
signaling pathways in the schistosome-transmitting snail Biomphalaria glabrata.
Molecular immunology 48: 1868-1881. doi:10.1016/j.molimm.2011.05.017.

PLOS ONE | www.plosone.org

43.

44,

46.

47.

48.

49.

50.

51.

ESPs and B. glabrata Haemocyte Gene Expression

Bonizzi G, Karin M (2004) The two NF-kappaB activation pathways and their
role in innate and adaptive immunity. Trends in Immunology 25: 280-288.
doi:10.1016/5.it.2004.03.008.

Hanington PC, Forys MA, Loker ES (2012) A somatically diversified defense
factor, FREP3, is a determinant of snail resistance to schistosome infection.
PLo0S Neglected Tropical Diseases 6: ¢1591. doi:10.1371/journal.pntd.0001591.

. Jiang Y, Loker ES, Zhang S-M (2006) In vivo and in vitro knockdown of FREP2

gene expression in the snail Biomphalaria glabrata using RNA interference.
Developmental and Comparative Immunology 30: 855-866. doi:10.1016/
3-dci.2005.12.004.

Ittiprasert W, Miller A, Myers J, Nene V, El-Sayed NM, et al. (2010)
Identification of immediate response genes dominantly expressed in juvenile
resistant and susceptible Biomphalaria glabrata snails upon exposure to Schistosoma
mansoni. Molecular and Biochemical Parasitology 169: 27-39. doi:10.1016/
j-molbiopara.2009.09.009.

Karlin S, Brocchieri L (1998) Heat shock protein 70 family: Multiple sequence
comparisons, function, and evolution. Journal of Molecular Evolution 47: 565

577. doi:10.1007/PL00006413.

Daugaard M, Rohde M, Jaittela M (2007) The heat shock protein 70 family:
Highly homologous proteins with overlapping and distinct functions. FEBS
Letters 581: 3702-3710. doi:10.1016/j.febslet.2007.05.039.

Tttiprasert W, Knight M (2012) Reversing the resistance phenotype of the
Biomphalaria glabrata snail host Schistosoma mansoni infection by temperature
modulation. PLoS Pathogens 8: ¢1002677. doi:10.1371/journal.ppat.1002677.
Plows LD, Cook RT, Davies AJ, Walker AJ (2004) Activation of extracellular
signal-regulated kinase is required for phagocytosis by Lymnaea stagnalis
haemocytes. Biochimica et Biophysica Acta - Molecular Cell Research 1692:
25-33. doi:10.1016/j.bbamcr.2004.03.002.

Boros J, Donaldson 1J, O’Donnell A, Odrowaz ZA, Zeef L, et al. (2009)
Elucidation of the ELKI target gene network reveals a role in the coordinate
regulation of core components of the gene regulation machinery. Genome

Research 19: 1963-1973. doi:10.1101/gr.093047.109.

March 2014 | Volume 9 | Issue 3 | e93215



