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alone, as well as in the presence of LPS. Pathways most significantly influenced by Sm16

(34–117) were those involving transcription factors peroxisome proliferator-activated recep-

tor (PPAR) and liver X receptors/retinoid X receptor (LXR/RXR) which are intricately

involved in regulating the cellular metabolism of macrophages (fatty acid, cholesterol and

glucose homeostasis) and are central to inflammatory responses.

Conclusions/Significance
These results offer new insights into the structure and function of a well-known immunomod-

ulatory molecule, Sm16, and places it within a wider family of trematode-specific small mole-

cule HDM immune-modulators with immuno-biotherapeutic possibilities.

Author summary

Sm16 is a low molecular weight protein (~16kDa) secreted by ����������	 �	
��
�, a
causative agent of human schistosomiasis. The molecule is secreted by the infectious cer-
cariae during skin invasion and performs an immune-suppressive function to protect the
invading parasite from immune attack. Using phylogenetic and gene structure analysis we
show that Sm16 homologues of parasites belonging to the Schistosomatoidea superfamily
of digenean worms are members of the helminth defence molecule (HDM) family that are
potent immune-modulators and exclusive to trematode species. Structural analyses
revealed that Sm16, much like other HDMs, consists predominantly of an amphipathic
alpha-helix. Sm16 is highly expressed in the cercariae and eggs of �. �	
��
� but not male
or female adult worms, suggesting that the molecule is of importance not only during skin
invasion but also in the pro-inflammatory response to eggs in the liver tissues. A synthetic
form of the molecule, termed Sm16 (34–117), was shown to bind to and enter immune
cells (macrophages) and induce a weak pro-inflammatory response. However, this peptide
also blocked the pro-inflammatory effects of bacterial endotoxin (lipopolysaccharide,
LPS). Analysis of the transcriptome of Sm16 (34–117)-stimulated macrophages in the
presence or absence of LPS suggests that it mediates immunomodulatory activity via sig-
nalling pathways that are intricately involved in regulating cellular metabolism (fatty acid,
cholesterol and glucose homeostasis) and central to inflammatory responses. These new
insights into the structure and function of a well-known immunomodulatory molecule,
Sm16, places it within a wider family of trematode-specific small molecule HDM
immune-modulators with immuno-biotherapeutic possibilities.

Introduction
Human schistosomiasis is a public health issue affecting approximately 200 million people in
over 74 tropical/sub-tropical countries, with many more people at risk of infection [1]. The
causative pathogens are digenean trematode parasites of the genus ����������	, mainly ������
�����	 �	
��
�, �. �	
�
���� and �. �	��	������. Chronic schistosomiasis has a significant
impact on morbidity and mortality as it affects the immune system, fertility, growth, and
development throughout life [2].

Schistosomiasis is acquired by contact with water containing free-swimming schistosome
larvae, cercariae, that attach to and penetrate the skin. Itching or a rash on the skin can occur
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peroxisome proliferator-activated receptor (PPAR) and liver X receptors/retinoid X receptor
(LXR/RXR), which are involved in regulating the cellular metabolism of macrophages and
central to controlling inflammatory responses. Our findings provide valuable new insights
into the role of Sm16 in host-parasite interactions at key stages of the schistosome life-cycle
and place it amongst the wider family of trematode-specific small molecule HDM immune-
modulators that have potential in the development of novel immuno-biotherapeutics.

Materials and methods

Preparation of �. ������� samples
�. �	
��
� cercariae and livers from infected mice were a gift from the laboratory of Dr. Paula
Ribeiro, McGill University. Mature �. �	
��
� were recovered from the mesenteric veins of
infected mice (kindly provided by the Biomedical Research Institute, Rockville, Maryland,
USA). Worms were transferred into DMEM for one to two hours at 37˚C until the adult male
and female were separated. Males and females were conserved separately at -80˚C for protein
extraction or in RNA�	��� (Ambion) for RNA extraction. Eggs were isolated from livers
according to the procedure of Dalton et al. [27]. Infected mouse livers were also cut into small
cubes and fixed in 4% paraformaldehyde in preparation for immunolocalization (see below).
Serum was prepared from blood taken from mice infected with 35 cercariae at 5-, 10- and
20-weeks post-infection. Animal procedures were reviewed and approved by the Facility Ani-
mal Care Committee of McGill University and were conducted in accordance with the guide-
lines of the Canadian Council on Animal Care.

Proteins were extracted from cercariae, eggs, adult males and adult females with 200 �L of
PBS pH 6.8 containing proteinase inhibitor cocktail (1 tablet/10ml; Roche, USA) using a pre-
chilled Dounce homogenizer. Mixtures were submitted to three freeze-thaw cycles in a freezer
set to maintain -20˚C. Total proteins were recovered by centrifuging 30 minutes at 17,900 x g
in a conventional tabletop microcentrifuge at 4˚C. Protein concentrations were evaluated by
Bradford assay.

Production of Sm16 by recombinant expression and chemical synthesis
Recombinant Sm16 was produced in �����	 
	������ using the method previously described in
Collins et al. [28]. The recombinant protein (residues 23–117, which excluded the signal
sequence) was produced by fermentation at 30˚C and 250–300 rpm in one litre BMGY broth
buffered to pH 6.0 into 4 litre baffled flasks until an OD600 of 2–6 was reached. The cells were
centrifuged at 3,000 x g for 10 minutes at room temperature and the induction initiated by
resuspending the pellets in 200 ml BMMY broth and adding 1% filter–sterilized methanol
every 24 hours for 3 days. The culture was then centrifuged at 16,000 x g for 30 minutes at RT.
The pellets were discarded and Sm16 was isolated from the supernatant by Ni-NTA affinity
chromatography. Recombinant �. �	
��
� cathepsin B1 (SmCB1) was produced in a similar
manner as reported by Stack et al. [29].

A synthetic peptide corresponding to residues 34 to 117 of Sm16 (34–117) and various
derivatives of this peptide were synthesised upon request by GL Biochem (Shanghai, China)
and was dissolved in sterile, endotoxin-free water (Sigma Aldrich, UK) at 1 mg/ml and stored
aliquoted at -80˚C.

Anti-Sm16 antibodies
Polyclonal antibodies were produced in rabbits against the peptide sequence ‘MDKYIR-
KEDLGMKMLDVAKILGRRIEKRMEYIAKKC’ of Sm16 by Genscript (New Jersey, USA).
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The cysteine was added to the C-terminus to facilitate conjugation to ovalbumin. Antibodies
were lyophilized prior to shipping and were resuspended in ultrapure water before the specific
anti-Sm16 peptide antibody was purified by immune-affinity chromatography. The Sm16 pep-
tides were covalently immobilized to a beaded agarose support using the SulfoLink Immobili-
zation kit for peptides following the manufacturer’s recommendations (Thermo Scientific,
USA).

Phylogenetic analyses
Homologous sequences were identified by TBLASTN analysis of the publically available
genome databases at WormBase ParaSite (http://parasite.wormbase.org/index.html. Version:
WBPS11) from 42 species of the phylum Nematoda and 27 species of phylum Platyhelminthes
(S1 Table; S2 Table). BLAST analysis was based on the �. ��
	���	 HDM sequence
(CCA61804) and the �. �	
��
� Sm16 sequence (AAD26122), in addition to previously char-
acterised HDM and Sm16 sequences from ���
������ ��
�
���, �
���������� �������
� and ������
�����	 spp (S1 Table; S2 Table). Inclusion criteria for phylogenetic analysis were based on
primary sequence alignments and confirmation of an amphipathic helix by helical wheel pro-
jections (HeliQuest). Protein alignments were carried out using MAFFT using the ginsi
options [30], which was hand-edited using Geneious (v11.1.5; https://www.geneious.com)
resulting in a contiguous sequence block ranging from Leu30 to Lys87 (FhHDM nomenclature)
containing the amphipathic region of the proteins. Phylogenetic trees were constructed with
PhyML 3.0 [31] using the phylogenetic model LG +G+I, with five random starting trees and
1000 bootstrap support. The final tree figures were generated using FigTree (http://tree.bio.ed.
ac.uk/software/figtree/).

Structural analyses
The signal peptide at the N-terminus of Sm16 was identified using the SignalP 4.1 server [32].
The amino acid sequence of Sm16 was entered into the I-TASSER server (accessible via.
https://zhanglab.ccmb.med.umich.edu/I-TASSER/) to obtain an 	� �
���� prediction of the sec-
ondary structure. The I-TASSER server was also used to obtain a putative 3D model of secreted
Sm16 [33]. The HeliQuest tool [34], was used to construct helical wheel projections. Circular
dichroism (CD) spectra of recombinant Sm16 were recorded using a Jasco J-815 CD spectro-
polarimeter. Wavelength scans were performed between 190 and 250 nm in 10 mM Tris, 50
mM NaF buffer (pH 7.3) in both the presence and absence of trifluoroacetic aid (TFE) [30%
and 60% (v/v)] with a sample concentration of 100 �g/ml. Spectra were recorded in a 1 mm
quart cuvette at 20˚C. Data below 190 nM for the native Sm16 sample were removed from
analyses due to low signal-to-noise.

Cell culture
The human acute monocytic leukaemia THP-1 cell line (ATCC, Manassas, USA) was routinely
cultured (P2-30) in RPMI 1640 medium with L-glutamine (2 mM) (Gibco, ThermoFisher Sci-
entific, UK) supplemented with 10% (v/v) heat-inactivated foetal calf serum (FCS; Gibco,
ThermoFisher Scientific, UK) and 1% (v/v) penicillin/streptomycin (PAA Laboratories
GmbH, Pasching, Austria). Cells were seeded at a density of 2.5 x 105 cells/well in 24 well plates
and were differentiated to macrophages by incubating with 2 ml of medium with 162 nM
phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich, UK) for 72 hrs, then rested in fresh
media (PMA-free) for 24 hrs before use. Cells were incubated with peptides (20 �g/ml) and/or
LPS from ��������
	� 	�����
��	 (100 ng/ml, Serotype 10, Source strain ATCC 27316; Sigma
Aldrich, UK) in media for 16 hrs.
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anti-Sm16 (1:100). After three washes of five minutes in PBS, tissues were incubated for 1 hour
with the Alexa Fluor 488-conjugated anti-rabbit (Invitrogen, USA; 1:1000) in 2% BSA-PBS at
RT and protected from light. After a wash of five minute in PBS, DAPI (dilactate; Invitrogen,
USA; 1:750 in PBS) was added and incubated for five minutes at RT. Tissues were washed
three times for five minutes with PBS and mounted with PERMOUNT with a drop of mount-
ing media. Confocal microscopy was performed with a BIO-RAD RADIANCE 2100 confocal
laser scanning microscope (CLSM) equipped with a Nikon E800 fluorescence microscope for
confocal image acquisition and the LASERSHARP 2000 software package.

Internalisation of Sm16 by BMDMs
BMDMs (7 x 106) were treated with 10 �g/ml of Alexa Fluor 488-conjugated (Life Technolo-
gies, Vic Australia) recombinant Sm16 or peptide Sm16 (34–117) for 30 min at 37�C then
washed and fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X/PBS.
Samples were also stained with DAPI for identification of the cell nucleus. To follow internali-
sation of Sm16 (34–117), BMDMs (7x106) were simultaneously incubated with 10 �g/ml of
Alexa Fluor 488-labelled Sm16 (34–117) and 60 nM LysoTracker (Life Technologies, Vic, Aus-
tralia) and imaged live after 30 min at 37�C as described by Robinson et al. [36].

Immunoblot with infected mouse sera
To analyse the proteins by immunoblotting they were first resolved by 12% SDS-PAGE. Proteins
were transferred to nitrocellulose using a semi-dry blotting apparatus. The nitrocellulose mem-
brane was blocked for 1hr at RT with 15 ml of 5% milk in TBS/0.05% Tween-20. Then, 15ml of
2.5% milk in TBS/0.05% Tween-20 containing the primary antibody (anti-Sm16 or serum from
infected mice) was added to the nitrocellulose membrane for 1 hr, with rotation at RT. The nitro-
cellulose was washed three times for five min each with TBS/0.05% Tween-20 and then incubated
in 15 ml of secondary antibody-peroxidase conjugate in TBS/0.05%-Tween for 1hr at RT. The
nitrocellulose was washed three times for five min each with TBS/0.05 Tween-20 and then incu-
bated in 15 ml of secondary antibody-peroxidase conjugate in TBS/0.05%-Tween for 1 hr at RT.
The nitrocellulose filter was again washed three times for five min each. Bound antibody was visu-
alized by adding 1 ml of each reagent of SuperSignal West Femto Chemiluminescence Substrate
(ThermoFisher Scientific, USA) for 5 minutes. The membrane was dried and developed in the
dark using the autoradiography cassette and Kodak X-OMAT 2000 processor system.

Cytokine analysis
Human cytokines were measured using human IL-6 uncoated ELISA kit (Invitrogen, Thermo-
Fisher Scientific, UK), human TNF standard ABTS ELISA kit (Peprotech, London, UK), and
human IL-8 ELISA MAX standard kit (Biolegend, San Diego, CA, USA) according to the man-
ufacturers’ instructions. Cytokine arrays used were Human Cytokine Array C3 (RayBiotech,
Norcross, GA, USA). The levels of mouse cytokines present in culture supernatants were quan-
tified using an ELISA (BD Pharmingen, North Ryde, NSW, Australia), according to the manu-
facturer’s instructions.

RNA microarrays
Cells obtained from three independently performed experiments were lysed in 400 �l TRIzol
Reagent (ThermoFisher Scientific, UK) and RNA was purified using PureLink RNA Mini Kit
(ThermoFisher Scientific, UK). RNA integrity number (RIN) scores were determined using
RNA 6000 nano gel matrices (Agilent Technologies, Santa Clara, CA, USA). Microarray
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female mixed), cercariae, and eggs. Sm16 transcription was significantly higher in both �. �	
�
��
� cercariae and egg samples compared to adult male worms. Low levels of Sm16 expression
were observed within the female worms and while higher than in males these levels were not
statistically different (Fig 3A). Anti-Sm16 antibodies, raised against a synthetic peptide derived
from Sm16 (residues 34–117) was used to probe a Western blot containing �. �	
��
� adults
(mixed, males, and females), cercariae, and egg crude extracts. Sm16 was not detected in the
adult worm samples, consistent with the data derived from qPCR (Fig 3B). Sm16 was most
abundant in cercariae and was detected in eggs when the immunoblots were exposed for longer
periods (see Fig 3B). Cercariae mechanically-transformed into schistosomules along with the
concentrated transformation medium were also probed with anti-Sm16 antibodies. This analy-
sis identified Sm16 in both parasite stages and in the medium demonstrating that Sm16 is
released from the cercariae during the transformation process (Fig 3C). It is worth noting that
mature Sm16 has a lower molecular weight with reports calculating the mature secreted protein
to be between 11.3–11.7 kDa in size [10,18], but it can run slightly higher on SDS-PAGE.

Sm16 is immunogenic in �. ��������infected mice, but only late in infection
In order to determine if Sm16 is immunogenic during infection, mice were experimentally
infected with 35 �. �	
��
� cercariae and serum samples harvested at 0-, 5-, 10- and 20-weeks

Fig 1. HDMs are a trematode-specific family of immunomodulatory peptides inclusive of Sm16-like molecules. Midpoint-
rooted maximum likelihood phylogram of the trematode-specific HDM family generated by PhyML, based on the protein
sequence Leu30 to Lys87 (FhHDM nomenclature) containing the amphipathic region of the proteins from 12 trematode species:
���
������ ��
�
��� (CsHDM_1), ����
�����	 �	
��
� (EcHDM_1.1 & EcHDM_1.2), �	�����	 ��
	���	 (FhHDM_1), �
����������
�������
� (OvHDM_1), ����������	 ���	���
� (Sc16 & ScHDM_2), �. �	��	������ (Sh16 & ShHDM_2), �. �	
�
���� (Sj16_1,
Sj16_2, Sj16_3, SjHDM_1 & SjHDM_2), �. �	
��
� (Sm16, SmHDM_1 & SmHDM_2), �. �	���������� (Smrz16), �. �	������
(Smtd16), �. ����	�
� (Sr16, SrHDM_1 & SrHDM_2) and ����������	���	 ����
�� (Tr16_1, Tr16_2 & TrHDM_2). The clusters of
Sm16-like HDMs and �	�����	-like HDMs are shown. Bootstrap support values (1000 iterations) are shown at each node.
Accession number/gene identifiers are presented in S1 Table.

https://doi.org/10.1371/journal.pntd.0008470.g001
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post-infection were used to probe Western blots containing recombinant Sm16 and synthetic
Sm16 (34–117). Recombinant �. �	
��
� cathepsin B1 (SmCB1), an immunogenic protease
that is produced and secreted abundantly by intra-mammalian �. �	
��
� [37] was used as a
positive control. The immunoblots showed that circulating antibodies to SmCB1 are present
as early as week five post-infection and remain high at week 10 and 20 post-infection. How-
ever, neither recombinant nor synthetic Sm16 preparations were detected on blots that were
probed with serum obtained from mice at 5 and 10 weeks after infection but were strongly
reactive with serum taken at 20 weeks post-infection (Fig 3D).

Sm16 is detected in eggs in �. ��������infected mice
�. �	
��
� eggs were identified in sections of liver tissue from mice that had been experimen-
tally infected with �. �	
��
� for seven weeks (Fig 4). Immunofluorescent imaging by means
of probing with anti-Sm16 antibody followed by Alexa Fluor 488-conjugated anti-rabbit anti-
bodies was used to confirm the presence of Sm16 in �. �	
��
� eggs. Anti-Sm16 antibody
binding was clearly observed within the unembryonated miracidium in the eggs. No labelling
was observed within eggs using control mouse serum.

Fig 2. Sm16 predominantly consists of an amphipathic alpha helix. (A) Predictive secondary structure of Sm16 generated
using I-TASSER: H–Helix; S–Strand; C–coil. Arrow (i) denotes the SignalP 4.1 predicted cleavage site for an N-terminal
secretory signal peptide between residues 22 and 23, and arrow (ii) shows the commencement of the synthetic Sm16 (34–
117) peptide sequence. The black line indicates the portion of Sm16 that is amphipathic. (B) 3D model of full length secreted
Sm16, generated using I-TASSER (C) Circular dichroism analysis performed on recombinant Sm16 in the absence of
tetrafluoroethylene (TFE), in 30% TFE, and 60% TFE. (D) Helical wheel analysis of Sm16 performed using HeliQuest
identified four hydrophobic faces (indicated by blue line through helix) in continuous succession in the amphipathic C-
terminal helix.<H>—Hydrophobicity;<�H>—Hydrophobic Moment.

https://doi.org/10.1371/journal.pntd.0008470.g002
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