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Abstract 

Background  Venom allergen-like proteins (VALs) are abundant in the excretory-secretory products (ESPs) of numer-
ous parasitic helminths and have been extensively studied for over 30 years because of their potential to interact 
with host systems. Despite substantial research, however, the precise functions of these proteins remain largely 
unresolved. Schistosomes, parasites of the circulatory system, are no exception, with 29 SmVAL genes identified 
in the genome of Schistosoma mansoni to date. The eggs of these parasites, as primary pathogenic agents, interact 
directly with host tissues and release excretory-secretory products that aid their egress from the host. Although 
SmVALs have been detected in the egg secretome in the past, direct evidence of their secretion and functional 
interaction with host molecules has never been demonstrated. These findings fuel the ongoing debate as to whether 
egg-expressed SmVALs interact with the mammalian host or are rather miracidial proteins synthesized within the egg 
during larval development.

Results  Based on complete revision of the SmVAL family and an associated robust transcriptomic meta-analysis 
of gene expression across the life cycle, we show that many of SmVAL genes, including 6 newly identified genes, are 
expressed in the infective larvae-producing stages (eggs and sporocysts). Following localization of two “egg-specific” 
SmVAL9 and SmVAL29 did not prove active secretion of these molecules into surrounding tissues but were aligned 
with miracidial structures interfacing with the molluscan host, specifically the larval surface and penetration glands. 
Finally, we show the complete lack of interactions between candidate SmVAL proteins and an array of 755 human cell 
receptors via a state-of-the-art SAVEXIS screen.

Conclusions  Overall, we conclude that these “egg” SmVALs are not involved in direct host‒parasite interac-
tions in the mammalian host and are rather proteins employed during intermediate host invasion. Our study 
revisits and updates the SmVAL gene family, highlighting the limitations of in silico protein function predictions 
while emphasizing the need for up-to-date datasets and tools together with experimental validation in host-parasite 
interactions. By uncovering the diversity, expression patterns, and interaction dynamics of SmVALs, we open new 
avenues for understanding host manipulation and reevaluating orthologous proteins in other helminths.
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Introduction
Schistosoma mansoni is a major causative agent of schis-
tosomiasis, for which more than 250 million individuals 
required preventive treatment in 2021 [1]. These para-
sitic flatworms are distinctive among trematodes in terms 
of their gonochoristic lifestyle, where adults form pairs 
within the host’s vascular system and constantly lay eggs 
directly into the bloodstream. Successful egg excretion 
relies on parasite-induced granuloma formation, which 
aids in transporting eggs across the vascular and intesti-
nal walls into the external environment [2]. The interac-
tion between S. mansoni eggs and host tissues is believed 
to be facilitated mainly by egg excretory-secretory prod-
ucts (ESPs), which reportedly originate from the syncytial 
outer subshell envelope of the egg [2, 3]. To date, nearly 
200 proteins have been identified in the S. mansoni egg 
secretome [4–6]. Of these however, only IPSE-1/alpha-1 
and omega-1 have been intensively studied, and their 
immunomodulatory functions have been revealed [7–10] 
whereas other identified proteins remain enigmatic.

A significant group of alleged egg-secreted molecules 
are venom allergen-like proteins (VALs) [5, 11, 12]. The 
VAL protein family is part of the sperm coating protein/
Tpx-1/Ag5/PR-1/Sc7 (SCP/TAPS) superfamily (SMART: 
SM00198, Pfam: PF00188). All VALs are defined by a 
CAP domain in their core, which stands for cysteine-rich 
secretory proteins, antigen 5 proteins, and pathogene-
sis-related 1 proteins. The CAP domain is a structurally 
conserved, cysteine-rich, approximately 15  kDa domain 
with a typical α-β-α sandwich fold and encompasses the 
SCP/TAPS domain within its structure. This strong con-
servation of the tertiary structure could indicate shared 
common biochemical activity for all SCP/TAPS proteins 
[12–14]. Despite the general diversity in ESPs of various 
stages of helminths, VAL proteins are ubiquitous in these 
products and are likely specifically associated with the 
parasitic lifestyle [15].

To date, 29 VALs with complete SCP/TAPS domains 
have been identified in S. mansoni (SmVAL). The SmVAL 
superfamily is divided into two groups. Group 1 SmVALs 
were described as having 3 conserved disulfide bonds, an 
extended first loop region, and, importantly, predicted 
signal peptides indicating their active secretion. Group 2 
representatives (SmVAL6, 11, 13, 16, and 17) lack these 
features but have unique conserved histidine and tyrosine 
residues [14]. The gene expression of SmVALs seems to 
be stage- and tissue-specific [14, 16–19], with several of 
these genes from group 1 being exclusive to the egg and 
miracidia stages [14, 16, 20]. Moreover, group 1 SmVALs 
were identified among the most highly expressed genes 
in mature eggs from both liver and intestinal tissues 
[21]. Owing to the assumption that these proteins are 
actively secreted from the egg, many functions have been 

attributed to them in the past, including possible anti-
coagulant, immunomodulatory and tissue remodelling 
functions [12, 22]. However, the lack of direct evidence 
fuels an ongoing debate regarding whether SmVALs are 
truly secreted from the egg to the mammalian tissues or 
are rather miracidial proteins expressed by the egg and 
the developing miracidium stage in ovo [13, 23, 24].

In this work, we sought to resolve this debate by local-
izing the putative secretion of these proteins from the egg 
into the surrounding tissues of the infected host. This is 
preceded by a complete revision and de novo identifica-
tion of all SmVAL genes according to the recent genome 
version and a reanalysis of their sequences, annota-
tions and phylogenetic relationships, which in the past 
were only adopted from seminal studies. Furthermore, 
we employed a high-throughput state-of-the-art pro-
tein‒protein interaction screen to investigate whether 
egg-specific SmVALs can directly interact extracellularly 
with host cell receptors. This approach aimed to further 
confirm or challenge their potential functions within the 
mammalian host.

Materials and methods
Ethics statement
Research involving experimental animals was per-
formed in accordance with the animal welfare laws of 
Czechia and under the European regulations for trans-
port, housing and care of laboratory animals (CZ Act No. 
246/1992, EU Directive 2010/63/EU amended by Regula-
tion 2019/1010/EU). Experiments were approved by the 
Animal Welfare Committees of University of Life Sci-
ences and the Ministry of Education, Youth and Sports of 
Czechia (MSMT-29299/2020–3). All animals used in the 
study were maintained by a certified person (Certificate 
Number CZ 02847) in an accredited facility. Ketamine-
xylazine anaesthesia was employed to sacrifice the mice 
as indicated in “Parasite material“ section.

Parasite material
The life cycle of the S. mansoni Puerto Rican strain is 
maintained in our laboratories using Biomphalaria 
glabrata as an intermediate host snail and C57BL/6JRj 
(Janvier Labs) female mice as the definitive host. The 
mice were infected in a water bath with 150 cercariae per 
mouse for one hour. The mice were sacrificed 7  weeks 
post infection by an intraperitoneal injection of keta-
mine (Narkamon 5%—1.2 ml/kg body weight) and xyla-
zine (Rometar 2%—0.6 ml/kg body weight), with heparin 
to prevent blood clotting. The small intestines and livers 
were harvested and processed as described previously 
[21]. The infected hepatopancreases were dissected from 
the snails 6 weeks after infection with miracidia.
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SmVALgenes de novo identification and analysis
To identify all S. mansoni genes coding for SmVAL pro-
teins, the SCP/TAPS Hidden-Markov Model (HMM) 
consensus domain profile was built with hmmbuild 
on the basis of seed alignment acquired from Pfam 
(PF00188). The protein sequences for all S. mansoni 
protein-coding genes were acquired from the WormBase 
ParaSite database (S. mansoni genome PRJEA36577 v9; 
database version WBPS19) [25, 26]. Sequences contain-
ing the SCP/TAPS domain were identified via hmmscan 
and were manually evaluated to determine whether they 
contained the complete domain. Only those sequences 
with identified domains > 100 amino acids and domain-
specific features such as conserved cysteines and resi-
dues at specific positions identified previously were 
included in the subsequent analyses [14, 27]. The whole 
peptide sequences of proteins identified as SmVALs 
were retrieved via BioMart at the WormBase ParaSite 
server [25]. The prediction of signal peptides and trans-
membrane elements was performed via Phobius [28]. 
Additionally, SignalP 6.0 [29] was used for comparison 
and presence of signal peptides was assumed when the 
probability score was ≥ 0.5. The amino acid positions 
bordering the peptide sequences identified as forming 
the CAP or SCP/TAPS domain (for phylogenetic analy-
sis and domain alignment, respectively) served as input 
for esl-fetch, which was used to extract the respective 
domain sequences. The tools hmmbuild, hmmscan and 
esl-sfetch used for the genes and domain recognition are 
part of HMMER v3.4 software [30]. All relevant interme-
diate files are available at https://​github.​com/​lukyk​ony/​
SmVAL_​ident​ifica​tion).

Alignment and phylogenetic analysis
To increase the reliability of the phylogenetic analysis, 
the CAP domain sequences were used, as they are the 
most conserved part of the SCP/TAPS proteins, pro-
viding a stable basis for evolutionary comparisons. The 
amino acid sequences of 36 complete CAP domains 
encoded by 35 identified SmVAL genes were aligned 
with MAFFT v7.520 using the L-INS-I strategy [31]. The 
resulting alignment in fasta format was trimmed with 
trimAl using default settings to remove poorly aligned 
regions that would later affect the accuracy of the phy-
logenetic analysis [32]. The best-fitting model WAG + R3 
was chosen on the basis of ModelFinder analysis as a part 
of IQtree analysis [33]. The maximum likelihood analy-
sis was performed via IQtree v2.3.5 with bootstrap val-
ues based on 1000 replicates. The resulting phylogenetic 
tree was visualized with FigTree v1.4.4 software [34]. For 
sequence analysis, the amino acid sequences predicted 
to form SCP/TAPS domains were extracted. 36 SCP/

TAPS-forming protein sequences were aligned with 
MAFFT v7.520 using the L-INS-I strategy, and the result-
ing multiple sequence alignment was manually inspected 
with Jalview 2 [35].

Gene expression of SmVALs throughout the parasite life 
cycle
The RNA-Seq datasets of selected parasite stages, which 
are freely available in the NCBI Sequence Read Archive 
(SRA) or European Nucleotide Archive (ENA), were pro-
cessed so that the expression of each gene was directly 
comparable between samples and within the sample. 
This was achieved by selecting public RNA-seq data-
sets prepared using the same methodology, specifically 
library preparation via PolyA selection and paired-end 
sequencing layout. Three datasets for each stage (mam-
malian liver eggs, miracidia, sporocysts, cercariae, schis-
tosomula and intramammalian parasitic stages collected 
at 6, 13, 17, 21, 28 and 35 days post infection) from pre-
viously published studies were selected for compara-
tive gene expression analysis [16, 36] (see Additional 
file 1: Table S1 for details on used datasets). The counts 
of aligned reads per run were acquired from the Worm-
Base ParaSite database [25, 36]. The read counts in the 
database were produced as described by Wangwiwatsin 
et al. (2020) [36]. Briefly, the acquired reads were mapped 
to the S. mansoni genome via TopHat version 2.0.8 and 
counted with HTSeq-count version 0.7.1 (for HTSeq 
counts see Additional file 2: Table S2). Gene length cor-
rected trimmed mean of M-values (GeTMM) normali-
zation, which allows for accurate inter- and intrasample 
comparisons, was performed in EdgeR according to a 
published methodology [37]. The resulting normalized 
GeTMM gene counts for each stage were averaged, and 
expression values for individual genes encoding SmVALs 
were retrieved via respective gene identifiers (for 
GeTMM normalised counts see Additional file  3: Table 
S3). The gene expression across the parasite life cycle 
was visualized as a heatmap created via the pheatmap R 
package. For better resolution of SmVAL expression in S. 
mansoni eggs, the data from immature and mature eggs 
from liver and intestinal tissues from our recent work 
were also analysed (data from Supplementary Table  2 
from Peterková et al. (2024) [21]. Because cDNA library 
preparation for these datasets differed from that for the 
other publicly available datasets mentioned above, these 
data were assessed and visualized separately.

SmVAL genes amplification
To verify the sequences and in silico expression of the 
predicted novel SmVALs, genes from life stages where 
they are expected to be most highly expressed according 
to the gene expression meta-analysis were amplified via 

https://github.com/lukykony/SmVAL_identification
https://github.com/lukykony/SmVAL_identification
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conventional PCR. Total RNA was isolated from parasite 
eggs and sporocysts with TRIzol Reagent (Invitrogen) 
according to the manufacturer’s instructions. The con-
centration of isolated RNA was measured on a NanoDrop 
(Thermo Fisher), and 1 µg of RNA per sample was treated 
with Turbo DNase (Ambion) to remove contaminat-
ing genomic DNA. cDNA was generated with a Super-
Script IV RT kit (Invitrogen). The gene sequences of the 
SmVALs were retrieved from the WormBase ParaSite 
database, and specific primers were designed on the basis 
of CDSs (see Additional file 4: Document S1). PCR was 
performed with DreamTaq PCR Master Mix 2x (Thermo 
Scientific) according to the manufacturer’s instructions. 
The resulting PCR amplicons were purified via the PCR 
Cleanup Kit (Geneaid) and cloned with the pGEM T Easy 
Vector system (Promega Corporation), and the correct 
gene sequences were confirmed via Sanger sequencing. 
SmVAL9 and SmVAL29, the two most highly expressed 
SmVALs throughout the life cyclxe, were chosen for fur-
ther studies.

Recombinant production of SmVAL9 and SmVAL29 
in E. coli
For polyclonal antibody production, SmVAL9 and 
SmVAL29 were heterologously expressed in an E. coli 
expression system. The coding sequences without sig-
nal peptides and stop codons were amplified with PCR 
using PrimeSTAR Max DNA Polymerase (Takara Bio) 
and cloned into the pET22b( +) vector in frame with a 
6 × His tag via an In-Fusion cloning kit (Takara Bio) (for 
details on constructs see Additional file  5: Document 
S2). The recombinant proteins were expressed in E. coli 
BL21 (DE3) cells in LB medium at 37  °C for 6  h upon 
0.5 mM IPTG induction and further purified from inclu-
sion bodies. Briefly, the cells were resuspended in 20 ml 
(per 200  ml culture) of lysis buffer (50  mM NaH2PO4, 
0.3  M NaCl, and 10  mM imidazol, pH 8.0) and left at 
-80  °C overnight. The samples were subjected to three 
freeze‒thaw cycles in an ice bath (methanol and dry 
ice) with 4 × 15 s of sonication after every cycle. The cell 
lysates were centrifuged at 12,000 × g for 30 min at 4 °C, 
and the supernatant was discarded. The inclusion bodies 
were further purified via consecutive sonication-assisted 
solubilization via incubation in 50  mM Tris base, 2  M 
urea, 150 mM NaCl, and 1 mM EDTA, pH 8.0, followed 
by incubation in 50 mM Tris base, 150 mM NaCl, 1 mM 
EDTA, and 0.1% Triton-X 100, pH 8.0 for 10 min, after 
which both solubilization steps were followed by 4 × 15 s 
sonication and 30  min of centrifugation at 12,000 × g. 
Then, the pellets were repeatedly washed with two vol-
umes of dH2O, followed by centrifugation until the 
supernatant became clear. The resulting inclusion bodies 
were dissolved in equilibration buffer (50 mM phosphate 

buffer with 300 mM NaCl and 10 mM imidazole, pH 8.0) 
and centrifuged at 12,000 × g for 30  min. The superna-
tant was loaded onto a 5 ml Ni–NTA column. The bound 
rSmVAL proteins were washed with 10 volumes of equi-
libration buffer with 20  mM imidazole and eluted with 
equilibration buffer with 250  mM imidazole. Fractions 
containing the purified proteins were pooled and used to 
prepare polyclonal mouse antisera.

Polyclonal antibody production
Polyclonal antibodies against rSmVAL9 and rSmVAL29 
were produced in NMRI mice by injecting 30 µg of puri-
fied proteins in TiterMax Gold adjuvant (Sigma‒Aldrich) 
according to the manufacturer’s instructions intraperito-
neally three times at intervals of 14 days. The immunized 
mice were bled under deep ketamine/xylazine anaesthe-
sia 5 days after the last injection, and the resulting anti-
sera were collected via centrifugation. Control serum 
samples were collected from the mice prior to immuniza-
tion. The specificity of the produced antibodies was con-
firmed by immunoblotting following established protocol 
[38].

Immunolocalization of SmVALs in eggs and surrounding 
host tissues
For immunolocalization of the SmVALs in the para-
site eggs and surrounding tissues, liver and small intes-
tine samples were collected from female C57BL/6JRj 
mice (Janvier) at 7  weeks post infection. The organs 
were rinsed in PBS and then fixed in 4% neutral buff-
ered formalin for 3  days. The fixed tissues were dehy-
drated through a graded ethanol series (50%, 70%, 90%, 
96%, and 100% v/v ethanol), with each step lasting 
20  min. Following dehydration, the tissues were cleared 
in xylene (VWR) twice for 15 min each. The cleared tis-
sues were then embedded in Paraplast (Sigma‒Aldrich). 
Sections  (5  µm thick) were prepared via a Shandon 
Finesse® ME + microtome (Thermo Fisher Scientific) and 
mounted onto X-tra adhesive slides (Leica). The paraffin-
embedded sections were deparaffinized and rehydrated. 
Antigen retrieval was performed by boiling the sec-
tions in 0.05 M citrate buffer (pH 6.0) containing 0.05% 
Tween 20 in a microwave oven (500 W) for three cycles 
of 3 min each, followed by a 20-min cooling period. The 
sections were then blocked with buffer containing PBS, 
2% BSA, 0.25% Triton X-100, and a goat anti-mouse poly-
clonal antibody (Abcam, ab6668) diluted 1:50 for 1  h. 
After blocking, the sections were washed three times in 
PBS-T (PBS with 0.25% Triton X-100) for 5  min each. 
The sections were then incubated overnight at 4  °C in 
a wet chamber with immunized mouse serum against 
SmVAL9 or SmVAL29 diluted 1:50 in an antibody mix-
ture (PBS, 1% BSA, 0.25% Triton X-100). Preimmunized 
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mouse serum was used as the negative control. Following 
primary antibody incubation, the sections were washed 
three times in PBS-T for 5 min each. The slides were then 
incubated with goat anti-mouse IgG (H + L) conjugated 
with Alexa Fluor® Plus 647 (Invitrogen, A48289) diluted 
1:500 in PBS-T with 1% BSA for 1 h in the dark. The sec-
tions were subsequently washed three times in PBS-T 
for 5 min each and mounted with Fluoroshield contain-
ing DAPI (Sigma‒Aldrich). The fluorescence signals were 
visualized via a Leica TCS SP8 confocal microscope. The 
background signal threshold was determined via slides 
probed with control serum.

SAVEXIS protein‒protein interaction screen
To identify whether egg/miracidium-specific SmVALs 
could directly interact with mammalian host tissues, 
a resource of 755 recombinant human surface recep-
tors was used for protein‒protein interaction screening. 
Recombinant monobiotinylated S. mansoni SmVALs 
and human receptor proteins were produced via tran-
sient transfection of HEK293-6E cells grown in Freestyle 
293 media supplemented with 0.1% Kolliphor, 0.5  μg/
mL G418 and 48 μg/mL D-biotin and cotransfected with 
a plasmid encoding the BirA biotin ligase as previously 
described [39]. Proteins were purified via His MultiTrap 
plates with a previously described purification platform 
and pneumatic press [40], followed by confirmation of 
expression via protein gel electrophoresis and western 
blotting with HRP-streptavidin (Jackson ImmunoRe-
search, 016–030-084, 0.2  μg/mL). Protein concentra-
tions were measured via the Bradford assay. To create 
“preys” for SAVEXIS, SmVAL proteins were normalized 
to 17.5  nM and tetramerised with PierceHigh Sensi-
tivity Streptavidin-HRP (Thermo Scientific, 21,130) as 
previously described. The human protein library was 
assembled from 755 proteins primarily expressed on the 
surface of leukocytes [41] with additional proteins from 
erythrocytes [42] and megakaryocytes [40] as proteins 
accessible to extracellular parasite antigens and arrayed 
on 384-well streptavidin-coated microtiter plates [41]. 
The preys were incubated with the baits for one hour 
and then washed in HBS-T with desthiobiotin; the host‒
parasite interactions were then revealed with a TMB/E 
chromogenic substrate. The plates were measured with a 
Tecan Spark plate reader at an absorbance of 650 nm as 
previously described [41].

Results
Revision of the SmVAL family revealed 6 novel SmVAL 
genes
The first objective of this study was to uncover a com-
plete repertoire of genes encoding S. mansoni VAL pro-
teins to characterize their sequence features on the basis 

of the latest databases and bioinformatics tools. The 
search using the SCP/TAPS HMM profile revealed 40 
transcripts, 38 of which contained the complete CAP 
domain. The incomplete SCP/TAPS domains of the iden-
tified transcripts Smp_345050.1 and Smp_176170.1 are 
only 26 and 73 amino acids long, respectively, therefore 
they lack critical conserved sites and are not expressed 
at any stage of the parasite according to our analyses. 
In addition to the SmVAL1-28 genes already described 
by Chalmers et  al. (2008) [14] and SmVAL29 identified 
by Wu et  al. (2009) [24], our analysis revealed 6 previ-
ously undescribed members of this family. In addition to 
these newly identified genes, one previously undiscovered 
splice variant, SmVAL11.2, was detected, where the sixth 
exon not transcribed, thus the resulting protein prod-
uct is 23 amino acids shorter than that in SmVAL11.1. 
The new genes were named on the basis of the numerical 
order of their Smp identifiers (Smp_131370—SmVAL30, 
Smp_200460—SmVAL31, Smp_300080—SmVAL32, Smp_ 
313710—SmVAL33, Smp_317520—SmVAL34 and Smp_ 
347320—SmVAL35). These newly discovered genes, 
except for SmVAL32, were successfully amplified from the 
cDNA stages where these genes are the most expressed 
based on our gene expression analysis across the life cycle 
(SmVAL30, SmVAL34 and SmVAL35 from sporocysts and 
SmVAL31 and SmVAL33 from eggs). SmVAL32 is identi-
cal to SmVAL7; therefore, it was not possible to distinguish 
these genes via conventional PCR. However, for example, 
the successful amplification and resolution of the SmVAL34 
and SmVAL35 genes, which share 93% identity, convinced 
us that SmVAL32, like the other newly discovered genes, is 
real and not just an artifact of the genome assembly. The 
updated SmVAL gene family and gene characteristics, 
including the new nomenclature, can be found in Table 1. 
A comparison of the current state of knowledge with previ-
ously published data is shown in Additional file 6: Table S4.

Updated analyses of SmVAL proteins confirm two distinct 
groups with unique features, challenging historical views 
on signal peptides
Updated phylogenetic analysis of all CAP domains of the 
previously known and newly identified SmVALs via the 
maximum likelihood method strongly supported the pre-
viously published division of this family into two distinct 
phylogenetic branches (100% bootstrap value) and pro-
posed division of these proteins into group 1 and group 
2 [13, 14, 23] (Fig.  1). Accordingly, 5 newly identified 
SmVAL genes belong to group 1 (SmVAL30, SmVAL32, 
SmVAL33, SmVAL34 and SmVAL35), and one belongs 
to group 2 (SmVAL31). In line with previously published 
phylogenetic analyses [13, 14, 23], the second domain of 
SmVAL11 belongs to group 2 according to our phyloge-
netic analysis. Moreover, the division of two groups is 
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also supported by the pairwise identity matrix (see Addi-
tional file 7: Figure S1).

The division of SmVALs into two groups has historically 
been associated with the presence of signal peptides in 
group 1 and their absence in group 2. The prediction of 

signal peptides via the latest version of SignalP 6.0 indi-
cated that the previously described Group 1 SmVAL3, 
SmVAL5, and SmVAL20 lack this feature together with 
the newly analysed Group 1 SmVAL29, SmVAL30 and 
SmVAL33. Further analysis with Phobius revealed that the 

Table 1  Overview and characteristics of an updated SmVAL family

SP/TM – signal peptide/transmemembrane domain – YES marks signal peptide, N/O marks the lack of signal peptide, TM marks the presence of transmembrane 
domain

Name Chromosome Gene ID Transcript ID Gene start 
(bp)

Gene end 
(bp)

Gene length Protein 
length

SP/TM 
(Phobius)

Group

Previously identified SmVALs

  SmVAL1 6 Smp_193680 Smp_193680.1 12,437,483 12,439,150 1667 234 YES 1

  SmVAL2 6 Smp_002630 Smp_002630.1 12,468,974 12,470,914 1940 229 YES 1

  SmVAL3 6 Smp_316760 Smp_316760.1 17,278,025 17,279,298 1273 178 N/O 1

  SmVAL4 6 Smp_002070 Smp_002070.1 4,187,554 4,193,626 6072 181 YES 1

  SmVAL5 6 Smp_336880 Smp_336880.1 17,331,374 17,335,886 4512 184 YES 1

  SmVAL6.1 1 Smp_124050 Smp_124050.1 11,722,354 11,790,303 67,949 429 N/O 2

  SmVAL6.2 1 Smp_124050 Smp_124050.2 11,722,354 11,790,303 67,949 423 N/O 2

  SmVAL6.3 1 Smp_124050 Smp_124050.3 11,722,354 11,790,303 67,949 414 N/O 2

  SmVAL7 6 Smp_300070 Smp_300070.1 17,323,751 17,327,231 3480 193 TM 1

  SmVAL8 6 Smp_123550 Smp_123550.1 12,477,072 12,480,198 3126 249 TM 1

  SmVAL9 6 Smp_176180 Smp_176180.1 16,367,696 16,373,800 6104 182 YES 1

  SmVAL10 6 Smp_002060 Smp_002060.1 4,171,241 4,183,900 12,659 170 YES 1

  SmVAL11.1 2 Smp_012350 Smp_012350.1 25,764,239 25,784,550 20,311 400 N/O 2

  SmVAL11.2 2 Smp_012350 Smp_012350.1 25,764,239 25,784,550 20,311 423 N/O 2

  SmVAL12 6 Smp_123540 Smp_123540.1 12,487,474 12,491,566 4092 204 TM 1

  SmVAL13 1 Smp_124060 Smp_124060.1 11,676,364 11,702,352 25,988 236 N/O 2

  SmVAL14 1 Smp_078490 Smp_078490.1 2,040,271 2,042,090 1819 219 YES 1

  SmVAL15 6 Smp_070250 Smp_070250.1 17,308,316 17,312,821 4505 248 YES 1

  SmVAL16 1 Smp_124070 Smp_124070.1 11,644,064 11,669,918 25,854 169 N/O 2

  SmVAL17 1 Smp_331830 Smp_331830.1 19,494,075 19,508,994 14,919 157 N/O 2

  SmVAL18 6 Smp_001890 Smp_001890.1 3,518,374 3,526,057 7683 194 TM 1

  SmVAL19 6 Smp_123090 Smp_123090.1 3,503,241 3,510,772 7531 186 YES 1

  SmVAL20 6 Smp_127130 Smp_127130.1 22,505,531 22,514,880 9349 225 N/O 1

  SmVAL21 6 Smp_159290 Smp_159290.1 12,417,430 12,419,089 1659 234 YES 1

  SmVAL22 4 Smp_139450 Smp_139450.1 2,688,513 2,690,855 2342 219 YES 1

  SmVAL23 6 Smp_160250 Smp_160250.1 17,281,855 17,283,130 1275 182 YES 1

  SmVAL24 6 Smp_141550 Smp_141550.1 17,213,661 17,215,006 1345 195 YES 1

  SmVAL25 6 Smp_141560 Smp_141560.1 17,239,323 17,240,623 1300 195 YES 1

  SmVAL26 6 Smp_154260 Smp_154260.1 16,413,349 16,416,075 2726 182 YES 1

  SmVAL27 6 Smp_154290 Smp_154290.1 16,593,216 16,595,909 2693 182 YES 1

  SmVAL28 6 Smp_176160 Smp_176160.1 16,378,302 16,381,034 2732 182 YES 1

  SmVAL29 6 Smp_120670 Smp_120670.1 16,391,667 16,396,592 4925 153 N/O 1

Newly identified SmVALs

  SmVAL30 6 Smp_131370 Smp_131370.1 21,769,518 21,776,061 6543 208 N/O 1

  SmVAL31 1 Smp_200460 Smp_200460.1 4,030,097 4,049,167 19,070 197 N/O 2

  SmVAL32 6 Smp_300080 Smp_300080.1 17,338,761 17,341,822 3061 193 TM 1

  SmVAL33 6 Smp_313710 Smp_313710.1 17,299,341 17,300,791 1450 178 N/O 1

  SmVAL34 6 Smp_317520 Smp_317520.1 17,237,013 17,238,811 1798 185 YES 1

  SmVAL35 6 Smp_347320 Smp_347320.1 17,210,799 17,213,179 2380 185 YES 1
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signal peptides of Group 1 SmVAL7, SmVAL8, SmVAL12, 
SmVAL18 and SmVAL32 are in fact transmembrane 
domains. This finding contradicts previously published 
data; however, our updated multiple sequence align-
ment further supported the division of the SmVAL fam-
ily into two distinct groups. All five newly identified group 
1 SmVALs contain 6 disulfide bond-forming cysteines 
characteristic of this group. Additionally, SmVAL34 and 
SmVAL35, which are closely phylogenetically related, 
contain two extra cysteine residues at positions 21 and 
66 within the SCP/TAPS domain, which might indicate 
specific folds of these two proteins and possibly distinct 

shared functions (Fig.  2). In addition to the previously 
described common deletion in the SCP/TAPS domain for 
all old and new members of group 1, the typical deletion 
for all the members of group 2 is also present.

Detailed analysis of individual identified gene fea-
tures also revealed differences in the length of genomic 
sequences for most of the previously described SmVALs 
(Table  1). In addition, three of the 13 coding sequences 
verified by PCR and deposited in GenBank (SmVAL1-
13) by Chalmers et  al. (2008) [14] have different coding 
sequences according to WormBase ParaSite prediction. 
While the predicted CDS of SmVAL1 according to the 

Fig. 1  Phylogenetic analysis of S. mansoni venom allergen-like protein CAP domains. The updated phylogenetic tree supports an evolutionary 
split between two distinct branches of previously proposed group 1 and group 2 proteins. The relative branch lengths are indicated by the scale 
bar. Newly identified SmVALs within this study and SmVALs put in the phylogenetic analysis are marked with an asterisk. SmVALs containing signal 
peptides within the sequence according to Phobius analysis are in bold
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latest genome annotation differs by only 9 nucleotides 
from the original characterization, the SmVAL3 and 
SmVAL5 CDSs are now shorter at the 5’ end by 105 bp 
and 66 bp, respectively. The complete comparison of pre-
viously published characterizations of individual genes 
with the current analysis we present in this work, includ-
ing the changes in nomenclature, can be found in Addi-
tional file 6: Table S4.

Life cycle expression patterns of SmVAL genes highlight 
dominance in early larval stages and stage‑specific profiles 
for SmVAL9 and SmVAL29
After SmVAL family members were identified accord-
ing to the recent genome version, it was important to 
determine gene expression across the life cycle to iden-
tify which of these genes are specific for the egg stage. 
This was accomplished via comparative bioinformatic 

Fig. 2  Multiple sequence alignment of 36 S. mansoni SCP/TAPS domains. Newly identified SmVALs within this study are in bold. The asterisk 
at SmVAL29 signifies that although identified before this study, it has been first time analysed. The black bar below the sequence alignment 
indicates CAP domain location. Highly conserved residues (≥ 90% identity threshold) are highlighted based on physicochemical properties 
(aliphatic/hydrophobic—pink, aromatic—orange, positive—blue, negative—red, hydrophilic—green, conformationally special—magenta). 
Conserved cysteine residues are highlighted in yellow. Distinct deletion regions typical for previously proposed group 1 and group 2 SmVALs are 
boxed. The alignment was processed in Jalview [35]
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analysis of publicly available gene expression datasets 
for each stage. In selecting the datasets, emphasis was 
placed on covering the widest possible range of life stages 
while maintaining the comparability of these datasets 
with respect to the methodology of their preparation 
and appropriate data standardization. For this purpose, 
GeTMM normalization was used, as it allows not only 
a direct comparison of relative gene expression between 
stages but also of individual genes within a stage. 
According to our analysis, SmVALs are relatively highly 
expressed at the miracidia stage, accounting for more 
than 41% of all SmVAL transcripts cumulatively across 
the life cycle. The second most active stage in terms of 
expression was the egg stage, with just under 21% of the 
transcripts being expressed, and the third stage was the 
sporocyst stage, with just over 12% of the total relative 
SmVAL expression. For the remaining life stages ana-
lysed, the relative expression of SmVAL genes was very 
low, ranging from as low as 1.31% in 21 dpi juveniles to 
5.84% in cercariae (see Additional file 8: Table S5).

As Chalmers et al. (2008) [14] and Farias et al. (2019) 
[23] revealed through qPCR analysis in their seminal 
work, our meta-analysis of publicly available RNA-Seq 

data pointed to both universal and development-spe-
cific expression patterns of various SmVALs across dif-
ferent life cycle stages (Fig.  3A). First, of a total of 35 
genes, SmVAL20, SmVAL26, SmVAL27, SmVAL28 
and SmVAL30 do not seem to be transcribed at any 
life stage (< 10 GeTMM normalized counts). In con-
trast, SmVAL11, the only member of the SmVAL fam-
ily that contains two SCP/TAPS domains, appears to 
be consistently expressed regardless of developmental 
stage. A similar trend was observed for SmVAL6 and 
SmVAL7. In addition, the newly identified SmVAL32 
gene was also relatively universally expressed, except 
at the egg and miracidium stages. In terms of develop-
mentally specific expression, the sporocyst is a stage 
where the most stage-specific SmVALs are expressed. 
While SmVAL14, SmVAL19, SmVAL21, SmVAL22 and 
SmVAL35 are expressed relatively weakly, SmVAL1 and 
SmVAL34 expression is notable (between 100 and 200 
GeTMM normalized counts); SmVAL4, SmVAL10, and 
SmVaL18 are among the most expressed SmVAL genes 
across the life cycle (> 250 GeTMM normalized counts). 
Another developmentally specific expression pattern 
was observed for SmVAL8 and SmVAL12, which formed 

Fig. 3  A Relative gene expression of SmVALs across the S. mansoni life cycle. The three datasets of expression counts for each stage were 
obtained as described in the Methods section. The heatmap shows the means of GeTMM-normalized counts, allowing for intra- and intersample 
comparisons. Newly identified SmVALs within this study are in bold. To add phylogenetic context to expression patterns across the life cycle, 
a proportionally transformed tree from Fig. 1 was added. B Gene expression of the SmVAL family compared between immature and mature S. 
mansoni eggs from the intestinal and liver tissues of experimentally infected mice. The heatmap shows the mean gene expression levels normalized 
to reads per million (RPM), which highlights the proportional contributions of each subgroup to the overall gene expression profile in a given 
sample. The expression data were obtained from Supplementary Table S2 of Peterková et al. 2024 [21]
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a common branch according to our updated phyloge-
netic analysis. These two genes are the only SmVALs 
exclusively expressed in juvenile and adult worms in the 
definitive host. The expression of SmVAL8 and SmVAL12 
is first detectable in the third week after host infection, 
and their levels increase markedly in the fourth week in 
freshly paired adults, reaching a maximum at the fifth 
week after infection in egg-laying adults. The most strik-
ing trend in our analysis was the observed combination 
of the abundance and intensity of SmVAL expression in 
the eggs and miracidia. A total of 9 different SmVALs 
were specifically expressed at these stages. While this 
stage-specific expression has been previously described 
for SmVAL2, SmVAL3, SmVAL5 and SmVAL9, our 
complete comparative analysis of all 35 SmVAL genes 
revealed that SmVAL15, SmVAL23, SmVAL29, SmVAL31 
and SmVAL33 also follow this pattern. Furthermore, 
SmVAL2, SmVAL5, SmVAL9 and SmVAL29 presented 
the highest expression compared with the other genes in 
the whole family. The most highly transcribed gene from 
this family is SmVAL29, with 2344 GeTMM normalized 
counts in miracidia, almost twice as high as the second 
most highly expressed SmVAL of all, SmVAL9, and many 
fold greater than most of these genes throughout the life 
cycle. Together with SmVAL5, these two genes were also 
the most transcriptionally active at the intramammalian 
egg stage (Fig. 3B).

Since our recent study revealed that S. mansoni egg 
gene expression is critically dependent on the develop-
mental stage of the egg and, more importantly, the tissue 
of origin [21], we also analysed SmVAL gene expression 
within these datasets (further referred to as “organ data-
sets”). These data could not be directly compared with 
the rest of the datasets used because of different library 
preparations and were therefore analysed separately. 
When examining the overall pattern of expression in dif-
ferent groups of eggs, it is clear that the expression pat-
terns of the most highly expressed genes correspond to 
the meta-analysis where mixed liver eggs were used. 
These genes are primarily SmVAL2, SmVAL5, SmVAL9, 
SmVAL15 and SmVAL29.

However, some genes have remained undetected due 
to the limited resolution of life cycle expression analy-
ses. While no expression of SmVAL26 or SmVAL28 
was detected in the GeTMM-normalized datasets, low 
expression in immature liver eggs was detected within the 

organ egg datasets. SmVAL27 was also clearly detected in 
liver immature eggs, although it was present in very low 
numbers in the life cycle expression meta-analysis (see 
Additional file: 2 Table S2) and this signal was lost due to 
data normalization. Another example is SmVAL22, which 
is expressed only in intestinal eggs; therefore, its expres-
sion was not detected in the life-cycle analysis because 
the source study for the egg dataset used only liver eggs 
[16]. This is likely the reason why the expression levels of 
SmVAL3 and SmVAL33, which are prominent in intesti-
nal eggs within organ datasets, are only weakly evident in 
the life cycle analysis. In the organ datasets, SmVAL9 and 
SmVAL29 were also the most highly expressed SmVALs, 
which were steadily expressed from immature to mature 
eggs in both liver and intestine of the host. Compared 
with that of SmVAL9, the gene expression of SmVAL29 in 
intestinal eggs increased even more markedly at maturity 
(Fig. 3B).

The first secretomic study identified SmVAL9, which 
has a signal peptide, in egg secretions and this protein 
has also previously been hypothesized to assist in extra-
cellular matrix (ECM) remodelling during the migration 
of eggs through tissues [5, 22]. On the other hand, the 
closely related SmVAL29 protein lacks a signal peptide 
(Fig. 4), has not been detected in egg secretions, and its 
function is unknown. Both SmVALs are the most domi-
nantly expressed in eggs and miracidia, and for these rea-
sons, these two proteins were selected for further studies.

The most transcribed SmVAL9 and SmVAL29 are localized 
to miracidial glands and surface with no detected 
secretion from eggs
For the immunolocalization of the most highly expressed 
SmVAL9 and SmVAL29 in eggs and miracidia, antisera 
were raised against proteins produced recombinantly in 
the bacterial system. Primarily mature eggs were selected 
for immunolocalization, as these are the eggs that 
should be the most active in terms of secretion [3, 43]. 
Our experiments revealed that the tissue localization of 
both proteins in eggs and miracidia is identical. Neither 
SmVAL9 nor SmVAL29 were observed to be secreted 
into the surrounding liver or intestinal tissues, nor did 
the signal correspond to the egg subshell envelope, where 
the egg-secreted proteins are believed to be synthesized 
[3]. In contrast, on the basis of the atlas of S. mansoni 
organs [44], the observed localizations corresponded 

Fig. 4  Pairwise sequence alignment of SmVAL29 and SmVAL9. Identical residues are highlighted in green, and the predicted signal peptide 
between positions 24 and 25 according to Phobius analysis is indicated by a red box. Conserved cysteine residues are highlighted in yellow
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with the lateral (penetration) glands of the miracidium, 
in both intestinal and liver sections. These effects were 
noticeably observed in both transverse and longitudinal 
sections through the egg/miracidium. Moreover, anti-
SmVAL9 and anti-SmVAL29 immunoreactivity was also 
clearly associated with the surface of developed miracidia 
larvae (Fig. 5), again in sections from both intestine and 
liver tissues. No significant signal was observed in the 
samples treated with the control sera (Fig. 5).

SmVAL9 and SmVAL29 do not interact with the array 
of human cell receptors
Because our immunolocalization experiments did not 
indicate that SmVAL9 and SmVAL29 are secreted from 
the egg, we decided to support these findings by screen-
ing for potential protein interactions between the para-
site and its mammalian host. The S. mansoni SmVAL 
proteins SmVAL9 and SmVAL29 were produced recom-
binantly in HEK293-6E cells and tested with SAVEXIS 
against a library of 755 human cell surface receptors. In 
these assays, no significant interactions were observed 
between the parasite proteins and human receptors, as 
shown by the lack of blue signals in any of the wells aside 
from the positive controls and a mutated LAIR1 receptor 

(containing T67L, N69S, and A77T mutations; well M23 
of plate B), which was proven to bind indiscriminately to 
many different proteins in the SAVEXIS screens and was 
therefore excluded from the final results (Fig.  6). These 
observations support our findings that these proteins 
are not secreted into the vicinity of the egg and are more 
likely function in the miracidium stage. For readings for 
each well see Additional file: 9 Table S6.

Discussion
Our comprehensive study of VAL in S. mansoni pro-
teins challenges existing assumptions about the roles of 
SmVALs previously attributed to the egg stage, particu-
larly in relation to mammalian host interactions. Initial 
hypotheses about numerous egg SmVALs were largely 
based on their detection in the early secretome [5] lead-
ing to assumptions that these proteins might contrib-
ute to mammalian host immunomodulation and tissue 
remodelling and aid in egg migration [12–14, 21–23]. 
However, our findings challenge this view, highlight-
ing the complexity of the SmVAL family and raising new 
questions about their precise roles in host invasion and 
tissue interactions.

Fig. 5  Immunolocalization SmVAL9 and SmVAL29 in the sections of S. mansoni infected mouse liver and intestine. Confocal close-ups 
illustrate mature eggs with developed miracidia. The red signal represents anti-SmVAL serum-specific sites, the green signal indicates eggshell 
autofluorescence, and the blue signal indicates the DAPI-labelled cell nuclei. Both SmVAL proteins are localized in the miracidia penetration glands 
and the surface of the developed larvae. There was no specific protein signal in the control serum obtained from an non-immunized mouse
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Since the last SmVAL family revision, the S. mansoni 
genome assembly has advanced significantly [26], as has 
the capacity and accuracy of bioinformatic tools [25]. 
Using an updated genomic dataset, we identified six pre-
viously undescribed SmVAL genes, notably expanding the 
known family diversity. Consequent sequence analysis of 
the revised family challenges the classification of SmVALs 
on the basis of signal peptide presence, which was pre-
viously used to divide SmVALs into secretory (Group 1) 
and nonsecretory (Group 2) categories, reflecting their 
phylogenetic relationships [12–14, 23]. Using the most 
advanced version of SignalP (v6.0), we found that previ-
ous assumptions about group features based on SignalP 
3.0 may have been flawed by an early version of the tool. 
Consequent analysis with the Phobius tool, which ena-
bles the differentiation of signal peptides and transmem-
brane elements, revealed that in several SmVAL group 1 
proteins these elements were likely confused, leading to 
incorrect conclusions. Even though predictive tools are 
not always completely accurate and extra care must be 
taken when interpreting in silico data (reviewed in [21]), 
we believe that our combined approach yields more accu-
rate insights. Together, our revision suggests that earlier 
assumptions about these proteins and their potential 

secretion and functional roles of these proteins may 
require substantial reconsideration while highlighting the 
importance of regular re-evaluation as genomic datasets 
and prediction tools improve.

Following SmVAL family revision and sourcing 
high-quality data for eggs and miracidia from exist-
ing databases, along with the application of an innova-
tive normalization method [37], we created a new gene 
expression atlas for both the updated SmVAL family and 
all  S. mansoni  genes. Although the expression profiles 
of SmVALs throughout the life cycle have been investi-
gated relatively recently via RT‒PCR [23], the expression 
in the egg stage was omitted, as were expression profiles 
of newly identified genes presented in this study. Addi-
tionally, RT‒PCR may not be reliable for comparing 
gene expression across schistosome stages because of 
the lack of stable reference genes [45]. In contrast, RNA-
Seq-based approaches have proven invaluable, but high-
quality egg and miracidia RNA-Seq data have long been 
lacking in current gene expression atlases [16, 46]. In 
addition to supporting previous hypotheses that SmVALs 
likely play distinct roles throughout schistosome devel-
opment, the pronounced expression of distinct SmVALs 
in eggs and sporocysts (stages that produce invasive 

Fig. 6  SAVEXIS plates for SmVAL9 and SmVAL29 preys tested against a library of 755 human receptors. A library of 755 human receptors 
was arrayed across two 384-well plates (plates A and B). Controls are located in the bottom right corner of each plate. OX68 (well P24 on plates 
A and B) and anti-His (well O24 on plate B) are two biotinylated antibodies used as baits and target the Cd4 tag and 6 × His tag of the recombinant 
proteins, respectively. They act as positive controls by capturing prey through the relevant tags. CD4 (well P23 on plates A and B) corresponds 
to the biotinylated rat Cd4 (d3 + 4) tag used as bait. It acts as a negative control, and any signal observed in this well is considered background noise 
from the prey. CD200R (well O24 in plate A and N24 in plate B) is a positive control interaction between rat Cd200, which is used as bait, and rat 
Cd200R, which is used as prey. A mutated human LAIR1 ectodomain (well M23 in plate B) was included as bait in the SAVEXIS assay and proved 
to be very promiscuous, binding to > 75% of all preys tested in the assay
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larvae) indicates that these proteins likely play a role in 
host invasion.

That SmVALs are likely to be employed during host 
invasion rather than host exit is also supported by our 
localization experiments. SmVAL9 and SmVAL29, the 
most highly expressed SmVALs in eggs, are concen-
trated within miracidial penetration glands and the 
larval surface which are critical for the establishment 
of infection in the molluscan intermediate host. Pre-
ceding studies have suggested that SmVAL proteins 
expressed in eggs are actively secreted into mam-
malian host tissues on the basis of their detection in 
excretory–secretory products (ESPs). However, while 
SmVAL2, SmVAL3, SmVAL5 and SmVAL9 were iden-
tified in the first proteomic study of egg ESPs [5], they 
were not identified in later egg secretomic studies [4, 
6]. In contrast, SmVAL2, SmVAL3 and SmVAL9 were 
detected during miracidium-to-sporocyst transforma-
tion, indicating their role in molluscan invasion [24]. 
Additionally, SmVAL9 was previously localized within 
the miracidium, and its proposed role in snail invasion 
this protein has been attributed a possible role in mam-
malian tissue remodelling and egg translocation [22]. 
However, this protein was only localized in the paren-
chyma of the miracidium, and no evidence was provided 
regarding its localization in the egg or its secretions 
[22]. Although SmVAL9-specific igGs were detected in 
the mice at 14 weeks post infection, thus indicating pro-
tein release from the eggs, it is likely a consequence of 
the late, chronic phase of infection, in which the death 
and disintegration of eggs trapped in the host tissues 
take place [2, 22, 47]. The only SmVAL that has been 
detected in egg secretions without the use of high-
throughput omics methods is SmVAL26, but this pro-
tein appears to be a component of hatch fluid and is not 
truly secreted from intact eggs [4, 6, 11]. In line with the 
provided background, we found no evidence of SmVAL9 
or SmVAL29 secretion from eggs into mammalian tis-
sues, further supporting its miracidial origin.

Another support for our conclusions is the conspicuous 
similarity to the analogous situation in cercariae, which 
are invasive larvae that infect mammals. We found that 
SmVAL4, SmVAL10 and SmVAL18 were the most highly 
expressed SmVALs in sporocysts. These proteins have 
also been repeatedly identified in cercarial secretomes 
and localize to penetration glands of cercariae, likely sup-
porting tissue invasion when schistosomes encounter the 
mammalian host [48–50]. Egg expression may therefore 
reflect the protein weaponry of miracidia in the same 
way that sporocysts reflect the protein weaponry of cer-
cariae, as has been shown several times in the past [51–
53]. These similarities further suggest that SmVALs may 

function as multipurpose proteins essential for the inva-
sion of both molluscan and mammalian hosts rather than 
facilitating tissue remodelling for egg migration in mam-
malian tissues.

Finally, the lack of binding to the 755 tested human 
cell receptors in our SAVEXIS screen further suggests 
that egg SmVALs may not engage directly in protein-
mediated interactions with mammalian cells. Despite 
the previously reported ability of SmVAL9 to influence 
the expression of ECM remodelling-related molecules 
in murine macrophages [22], our screen did not iden-
tify any human receptors able to interact with the pro-
tein. This finding suggests that the previously observed 
interaction is either mediated by a cellular receptor that 
was not present in our high-throughput assay or that 
the ECM remodelling effects observed in earlier studies 
may be due to a nonspecific response to artificial pro-
tein treatment rather than a true biological interaction. 
Alternatively, interactions of different natures may take 
place, such as signalling lipid binding at the cell surface, 
a likely scenario given the lipid-binding properties of 
the CAP domain [54–57]. Nevertheless, the absence of 
specific interactions with mammalian host receptors 
aligns with the localization experiments, further sup-
porting the conclusion that these proteins function in 
the miracidia rather than the egg.

Conclusions
Our findings suggest that egg-expressed SmVALs are 
unlikely to directly mediate interactions with mamma-
lian host tissues, as previously proposed. Rather, these 
molecules appear to be adapted primarily for the inva-
sion of molluscan hosts. Notably, the identification of 
new SmVAL genes and their distinct expression pro-
files throughout the S. mansoni life cycle further sup-
ports the idea that SmVALs function at critical stages 
of invasion by miracidia and cercariae. While we can-
not entirely dismiss a role for egg-expressed SmVALs in 
host‒parasite interactions owing to their release upon 
egg damage, we believe that SmVAL molecules involved 
in host manipulation are more effectively studied at 
the life stages where the secretion of these proteins is 
undeniable. In future work, we therefore plan to apply a 
high-throughput SAVEXIS screen to cercarial SmVALs 
to definitively prove or disprove the ability of these 
proteins to bind to mammalian host cell receptors. In 
addition, techniques such as laser microdissection and 
improved proteomics could be implemented to fur-
ther elucidate the localization and dynamics of SmVAL 
secretion across life stages, allowing a more precise 
understanding of these enigmatic proteins.
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