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We recently reported the discovery of a new parasite-derived protein that functionally mimics the
immunosuppressive cytokine transforming growth factor (TGF)-b. The Heligmosomoides polygyrus TGF-
b Mimic (Hp-TGM) shares no homology to any TGF-b family member, however it binds the mammalian
TGF-b receptor and induces expression of Foxp3, the canonical transcription factor of both mouse and
human regulatory T cells. Hp-TGM consists of five atypical Complement Control Protein (CCP, Pfam
00084) domains, each lacking certain conserved residues and 12–15 amino acids longer than the 60–
70 amino acids consensus domain, but with a recognizable 3-cysteine, tryptophan, cysteine motif. We
now report on the identification of a family of nine related Hp-TGM homologues represented in the
secreted proteome and transcriptome of H. polygyrus. Recombinant proteins from five of the nine new
TGMmembers were tested for TGF-b activity, but only two were functionally active in an MFB-F11 repor-
ter assay, and by the induction of T cell Foxp3 expression. Sequence comparisons reveal that proteins
with functional activity are similar or identical to Hp-TGM across the first three CCP domains, but more
variable in domains 4 and 5. Inactive proteins diverged in all domains, or lacked some domains entirely.
Testing truncated versions of Hp-TGM confirmed that domains 1–3 are essential for full activity in vitro,
while domains 4 and 5 are not required. Further studies will elucidate whether these latter domains fulfill
other functions in promoting host immune regulation during infection and if the more divergent family
members play other roles in immunomodulation.
� 2018 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Helminth parasites are well-recognised for their wide-ranging
immunomodulatory properties, which in many instances are
linked to the stimulation of regulatory T cells (Tregs) that dampen
immunity and inflammation (McSorley and Maizels, 2012; Finlay
et al., 2014). The murine intestinal helminth Heligmosomoides poly-
gyrus is particularly linked to suppression via Tregs (Finney et al.,
2007; Setiawan et al., 2007; Rausch et al., 2008; Smith et al.,
2016), and mechanistically we showed that parasite secretion of
a transforming growth factor (TGF)-b-like protein can account for
its ability to expand Treg populations in vivo (Grainger et al.,
2010). Notably, TGF-b signalling is also known to be critical to
the survival of H. polygyrus in its murine host (Ince et al., 2009;
Grainger et al., 2010; Reynolds and Maizels, 2012).

TGF-b itself is a member of an ancient gene family shared across
all metazoan animals, involved primarily in organismal develop-
ment. Thus, TGF-b family members are centrally involved in mor-
phogenesis and life cycle progression across all helminth species
from free-living nematodes such as Caenorhabditis elegans (Ren
et al., 1996), to flatworms such as Schistosoma mansoni (Freitas
et al., 2007; Loverde et al., 2007). In addition, TGF-b homologues
produced by some helminth parasites have been reported to act
on mammalian receptors (Gomez-Escobar et al., 2000; Sulaiman
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et al., 2016), and vice versa (Beall and Pearce, 2001; Zavala-
Gongora et al., 2006).

Despite this evidence for inter-phylum cross-talk between
homologous ligands and receptors, and the identification of the
TGF-b homologues encoded by H. polygyrus (McSorley et al.,
2010), we recently reported that the ability of this parasite to acti-
vate the TGF-b pathway resides not with a true homologue, but a
structurally novel mimic which replicates the functional activity
of this immunosuppressive cytokine (Johnston et al., 2017). The
parasite-encoded protein (TGM, for TGF-b Mimic) not only shows
no sequence similarity to the host cytokine, it is also considerably
larger as an active 404 amino acid (aa) full-length product; in con-
trast, mature mammalian TGF-b is the C-terminal 110 aa fragment
arising from proteolytic processing and activation from a function-
ally inactive 300 aa precursor.

In our earlier study, it was noted that the full coding sequence
of TGM is encoded by 11 exons in the parasite genome; exon I cor-
responds to a conventional signal sequence, and each successive
pair of exons (II + III, IV + V, etc) represents a module or domain
of 76–86 amino acids. The five domains of TGM so defined com-
prise a �60 aa sequence with distant similarity to the Complement
Control Protein (CCP) domain (Pfam00084), each preceded by a
novel tract of 12–15 aa. However, none of the five domains contain
all of the CCP consensus residues and they are sufficiently diver-
gent not to return significant homology to other CCP proteins in
conventional database searches. The CCP family appears to have
undergone extensive radiation and adaptation in many parasitic
nematode species (Hewitson et al., 2013), We therefore explored
a wider range of TGM-like proteins from H. polygyrus, and report
below the characterisation of a larger family with nine new prod-
ucts forming a new gene family.
2. Materials and methods

2.1. Identification of additional secreted TGM family members

A previously published analysis of proteins secreted by adult
and L4 stages of H. polygyrus had noted a small family of ‘‘novel
secreted proteins” present in each stage (Hewitson et al., 2013).
Subsequently, a separate study matched the TGF-b-like activity
from this parasite to one of these novel proteins, named it Hp-
TGM (GenBank Accession number MG099712) and classified it as
an atypical member of the CCP protein family (Pfam00084). Other
members of this gene family in H. polygyrus were then renamed
TGM-2 to TGM-10 as summarised in Table 1, with deduced protein
sequences presented in Supplementary Table S1.

To identify genomic loci, TGM family member sequences were
translated and compared (using BLASTP) against both available H.
polygyrus genomic assemblies produced by the Wellcome Trust
Table 1
Summary of the extended Transforming Growth factor-b Mimic (TGM) gene family from He
Genomic analyses were performed on WormBase ParaSite at the Wellcome Trust Sanger In
the prefix HPOL correspond to gene models accessible through the same source, and are b

Gene Name Length of Protein NCBI Accession Number Genomic Scaffold Pre

TGM-1 422 MG099712 0003818 HPO
TGM-2 430 MG429737 0003818 As
TGM-3 429 MG429738 0003818 As
TGM-4 422 MG429739 0000755 Non
TGM-5 341 MG429740 0003818 Non
TGM-6 254 MG429741 0005546 HPO
TGM-7 599 MG429742 0002616 Non
TGM-8 599 MG429743 0006700 Non
TGM-9 252 MG429744 Not found Non
TGM-10 251 MG429745 0000462 Non

aa, amino acid.
Sanger Institute, UK (BioProject PRJEB1203, (International Hel-
minth Genomes Consortium, 2018)) and the Blaxter Laboratory
at the University of Edinburgh, UK (BioProject PRJEB15396), both
accessible from WormBase ParaSite, https://parasite.wormbase.
org (Howe et al., 2016, 2017).

Phylogenetic analysis was performed using MEGA7 (Kumar
et al., 2016) and an inferred evolutionary tree drawn using the
Neighbour-Joining method (Saitou and Nei, 1987).
2.2. Cloning, expression and purification of TGM family members

For protein expression of selected TGM family members, the
signal peptide sequence was determined (using the online server
SignalP 4.1) and the resulting mature sequence of each (i.e. without
signal peptide) was synthesized by GeneArt (Thermo Fisher Scien-
tific, UK) codon-optimised with flanking AscI/NotI restriction digest
sites and inserted into a holding vector; codon-optimised nucleo-
tide sequences are presented in Supplementary Table S2. Each fam-
ily member DNA was subsequently subcloned into mammalian
expression vector pSECTag2A (Invitrogen, USA) using restriction
sites AscI and NotI, and resultant constructs were sequence
verified.

Ten micrograms of purified plasmid DNA of each construct was
transiently transfected into HEK293T cells using the calcium chlo-
ride method (Promega, USA). Cells were switched into serum-free
media (293 SFM II; Gibco, USA) after 24 h, and cultured for up to 4
days, after which point supernatants were collected, filtered
through a 0.45 mM filter and dialysed into imidazole-free binding
buffer before being loaded onto a 1 ml nickel sulphate charged
HiTrap Chelating HP column (GE Healthcare, USA) using a peri-
staltic pump. Proteins were purified using an Akta Purifier (GE
Healthcare) and positive fractions were dialysed into PBS.
2.3. Cloning of truncated Hp-TGM constructs

Mammalian codon-optimised Hp-TGM was synthesized by
GeneArt as previously published (Johnston et al., 2017), inserted
into a holding vector and subcloned into the mammalian expres-
sion vector pSECTag2a using restriction sites AscI and ApaI.

Amplification and cloning of the truncated versions of Hp-TGM
was performed by PCR amplification using full-length codon-
optimised Hp-TGM (Supplementary Table S2) as template DNA
and domain-specific primers with restriction sites (AscI/ApaI) and
cap sequence (gcgcgc) placed at either end (see Supplementary
Table S3). Primer pairs were used to systematically truncate one
or more domains either from the N-terminus or C-terminus with
the resultant nomenclature being TGMD1 = TGM with domain 1
truncated; TGM D1,2 = TGM with domains 1 and 2 truncated, etc.
ligmosomoides polygyrus. Protein sequences are presented in Supplementary Table S1.
stitute, and scaffold numbers relate to the assembly PRJEB1203. Predicted genes with
ased on a separate assembly (PRJEB15396).

dicted Gene Notes

L_0002154401 Predicted protein parts of Exons I, II and VI only, total 132 aa
above Same locus as TGM-1
above Same locus as TGM-1
e All 11 exons encoded 77896-86129 of scaffold
e �3 kb downstream of TGM-1
L_0001864701 Predicted 255 aa, 2 aa differences
e
e
e
e
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Truncated Hp-TGM inserts were amplified using proofreading
Taq polymerase Phusion Hi Fidelity Taq polymerase (New England
Biolabs (NEB), USA) under the following conditions: Initial denatu-
ration at 98 �C for 30 s followed by 35 cycles of denaturing at 98 �C
for 30 s; annealing at 55–65 �C for 30 s; extension at 72 �C for 30–
90 s (depending on truncation size) with a final extension of 72 �C
for 10 min and 12 �C hold. PCRs were electrophoresed through a
1.2% agarose gel and a single band of each predicted size of insert
was gel extracted, cloned into a pSECTag2A vector (Invitrogen) and
transformed into JM109 bacterial cells, selecting with Ampicillin
(100 mg/ml). Transformants were sequence checked before trans-
fection and expression in HEK293T cells.
2.4. Functional assays

2.4.1. TGF-b bioassay
The TGF-b bioassay (cell line clone MFB-F11) developed by

Tesseur et al. (2006) was performed as previously described
(Johnston et al., 2017). MFB-F11 cells were tested and found to
be mycoplasma-free. Briefly, confluent cells were detached with
trypsin, and resuspended in DMEM with 2.5% FCS, 100 U/ml of
penicillin, 100 lg/ml of streptomycin and 2 mM L-glutamine at a
concentration of 4x105 cells/ml. In 50 ll, 4x104 cells were added
to each well of a 96-well round-bottomed plate. HEK293T cell
supernatants (for truncated Hp-TGM proteins) or log dilutions
(starting at 1000 ng/ml) of purified proteins such as Hp-TGM or
TGM family members were then added to each well in a volume
of up to 50 ll and incubated for 24 h at 37 �C. For TGF-b receptor
1 and 2 inhibitor assays, either 5 mM SB431542 (Tocris Bioscience,
UK) or 10 mM ITD-1 (Tocris Bioscience) were added to each well
with DMSO added to control wells. For anti-TGM assays, rat poly-
clonal anti-Hp-TGM antibody was produced as previously
described (Johnston et al., 2017) and added at a final concentration
of 10 mg/ml with purified rat IgG used as a control at the same con-
centration (purified from the serum of Wistar rats in–house). Sub-
sequently, 20 ll of supernatant were aspirated from each well,
added to an ELISA plate (Nalge Nunc International, USA) with
180 ll of reconstituted Sigma FastTM p-nitrophenyl phosphate
substrate and incubated at room temperature in the dark for up
to 4 h. Plates were read on at 405 nm on an Emax precision micro-
plate reader (Molecular Devices, USA). All conditions were set up in
duplicate and repeated at least twice.
2.4.2. Foxp3+ Treg induction assay
A single cell suspension was prepared from the spleens of naïve

Foxp3-GFP BALB/c transgenic mice (Fontenot et al., 2005), with
contaminating red blood cells removed by resuspending the cells
from one spleen in 2 ml of red blood cell lysis buffer (Sigma) and
incubating at room temperature for 2 min. Cells were then washed
and resuspended in DMEM containing HEPES (Gibco), supple-
mented with 2 mM L-glutamine, 100 U/ml of penicillin and 100
lg/ml of streptomycin (Gibco), 10% heat-inactivated FCS (Gibco),
and 50 nM 2-mercaptoethanol (Gibco). CD4+ T cells were enriched
for by magnetic sorting using the mouse CD4+ T cell isolation kit on
the AutoMACS system (Miltenyi, Germany) as per the manufac-
turer’s instructions. Cells were cultured at 1x105 per well in flat-
bottomed 96-well plates (Corning, USA) with the addition of IL-2
(Miltenyi) at a final concentration of 200 U/ml and anti-CD3/
anti-CD28 coated beads (Miltenyi) at a bead to cell ratio of 1:4.
Purified proteins (eg. TGF-b, Hp-TGM, TGM family members) were
added in log dilutions starting at 100 ng/ml and cultured at 37 �C in
5% CO2 for at least 72 h before being removed for flow cytometric
analysis. All conditions were set up in triplicate and repeated at
least twice.
2.4.3. Flow cytometric analysis
For viability staining, LIVE/DEAD� fixable blue (Life Technolo-

gies, USA) was diluted to 1:1000 in PBS; 100 ll were added to each
sample of cells, which was then incubated in the dark for 20 min at
4 �C and washed twice in FACS buffer (1 x PBS, 0.5% (w/v) BSA,
0.05% sodium azide). To prevent non-specific antigen binding, cells
were incubated with 50 ml of polyclonal IgG (Sigma) (diluted 1:50
in FACS buffer) for 10 min at 4 �C and then washed twice in FACS
buffer. Cells were stained with anti-CD4–PerCP/Cy5.5 (GK1.5,
Biolegend, USA) to a total volume of 50 ml (diluted 1:200). Separate
Foxp3 staining was not required as cells were from Foxp3-GFP
transgenic mice. Single stain controls were individually added to
one drop of UltraComp eBeads (eBioscience, USA). Samples were
incubated for 20 min at 4 �C, washed twice in FACS buffer and then
resuspended in 300 ul of FACS buffer. All samples were acquired on
a BD Biosciences LSR Fortessa flow cytometer or Celesta and anal-
ysed using FlowJo software (Tree Star). The gating strategy is pro-
vided in Supplementary Fig. S1.
2.4.4. Ethical approval and care of animals
Mouse cells isolated for Foxp3+ Treg induction assays (Sec-

tion 2.4.2) were from spleens of inbred BALB/c Foxp3-GFP reporter
mice (Fontenot et al., 2005) aged 6–12 weeks, bred in–house and
maintained in individually ventilated cages under conventional
conditions. All animal breeding was performed under UK Home
Office licence and approved by the University of Glasgow Ethical
Review Board.
3. Results and discussion

3.1. Identification of a wider TGM gene family in H. polygyrus

TGM was discovered by matching mass spectrometric peptide
fragmentation data to an in–house transcriptome database assem-
bled from high-throughput mRNA sequencing (Hewitson et al.,
2013; Johnston et al., 2017). In following up these studies, nine
additional proteins secreted by H. polygyrus were identified which
had significant sequence similarity with the original TGM (termed
here TGM-1) as summarised in Fig. 1. From adult parasites, three
closely related variants were found and named TGM-2 (95.8%
amino acid identity across the mature protein), TGM-3 (93.8%)
and TGM-4 (80.4%). In addition, two more variants were found in
the adult secretome which lacked entirely, and exactly, domain 4
(TGM-5, with 90.1% identity across the other four domains) or
domains 1 and 2 (TGM-6, with 47.2% identity across the remaining
three domains). Finally, four homologues (TGM-7 to -10) were
secreted by the larval stage, as detailed below. These discoveries
indicated that the putative domains were discrete subunits which
could be added or subtracted from the protein without necessarily
compromising structure or solubility.

Three other adult-associated TGM homologues mapped to sep-
arate loci in the genome, which correspond to the complete
sequences of TGM-4 and TGM-6; in addition, exons I-V (ie the sig-
nal peptide and domains 1 + 2) of TGM-5 mapped � 3.3 kb down-
stream of TGM at the end of the existing scaffold in the assembly
(Table 1). Only TGM-6 is represented by an accurate gene model
in the current rendition of the predicted proteome (Table 1).

In our earlier study (Hewitson et al., 2013), four proteins
secreted by the tissue-dwelling L4 stage of the parasite had been
found with sequence homology only to the transcript subsequently
identified as TGM-1; each of these were highly abundant in the lar-
val secretome, and had been named Larval Secreted Protein (LSP) -
1, -2, -3 and -6 according to their overall abundance ranking
among all novel secreted proteins. These were renamed TGM-7
to TGM-10, respectively. Notably, TGM-7 and TGM-8 contained



Fig. 1. Extended family of secreted transforming growth factor (TGF)-bmimic (TGM) proteins from Heligmosomoides polygyrus. TGM-like proteins secreted by adult and larval
stages of H. polygyrus, and their similarity (% amino acid identity) to each of the five domains of TGM. Missing domains are shown as empty boxes and the D symbol. * in
Domain 5 denotes an 8 amino acid (aa) C-terminal extension is present (EGYSLILE in TGM-2, EEYFLILE in TGM-4). Note that TGM-7 and -8 include two additional domains
inserted after domain 3. The red outline denotes the domains and proteins found to show functional mimicry of transforming growth factor (TGF)-b.

Fig. 2. Phylogenetic tree of the transforming growth factor (TGF) -b mimic (TGM)
family members in Heligmosomoides polygyrus. The 10 amino acid sequences of
TGM family members presented in Table 1 were aligned by MEGA7 using the
Neighbour-Joining method as cited in the Section 2.1. The tree is drawn to scale
with branch lengths indicating inferred evolutionary distances.
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an additional two CCP domains, rendering both proteins 599 aa in
length, while TGM-9 and -10 each have lost two domains (corre-
sponding to domains 1 + 2, and 3 + 4, respectively). These findings
again emphasise the plasticity of domain gain and loss in the new
gene family. Details of the amino acid sequences for all 10 family
members are given in Supplementary Table S1.

Based on the domain model for TGM-1 presented in Fig. 1, it is
evident that domains 1–3 are more closely conserved, while
domain 5 is the most variable, and that the gene family displays
plasticity in the number of CCP domains per protein. Although
the diversity in both sequence and length across the broader family
of TGM-like proteins was quite extensive, a phylogenetic tree could
be constructed (Fig. 2).

Mapping of the deduced protein sequences with the genome
assembly of Heligmosomoides polygyrus bakeri available through
the Sanger Institute at WormBase ParaSite (https://parasite.worm-
base.org, Howe et al., 2016, 2017), indicated that TGM-1, -2 and -3
all correspond to the same genomic segment (Table 1) and may
thus be allelic forms of the same locus; however, none match the
genome sequence completely. As the parasite is in effect an out-
bred strain, and samples for sequencing were taken at different
times, exact matching between transcriptome and genome assem-
blies will not always occur. Annotation of the open reading frame
of the TGM-1 locus, with particularly small �70-nucleotide (nt)
exons III, V, VII, IX and XI may be problematic with gene prediction
algorithms, as only a small proportion of the TGM-1 protein
sequence was found to be represented by a gene model in the cur-
rent H. polygyrus genome assembly (Table 1).
3.2. Functional testing of TGM gene family members

To test the functional capacity of the sequence variants within
the TGM family, we first used a sensitive bioassay with MFB-F11
cells, which express alkaline phosphatase under the control of a
Smad-driven promoter. Notably TGM-2 and -3, similar to TGM-1,
showed strong activity which was blocked by the TGF-b signalling
inhibitor SB431542. However, the TGM-4 and TGM-6 proteins
were not active in the same assay (Fig. 3A). Attempts to express
recombinant TGM-5 protein were unsuccessful, so the functional
properties of this variant remain to be determined. For the larval
TGM family members, TGM-7 was expressed and tested in the
same assays but proved to be inactive (Fig. 3A).

https://parasite.wormbase.org
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Fig. 3. Functional testing of Heligmosomoides polygyrus TGM transforming growth factor (TGF) -bmimic (TGM) family members. Proteins were tested functionally in the MFB-
F11 bioassay (fibroblast cell line isolated from mouse embryos lacking TGF-b). (A–C) or with murine T cell induction of Foxp3 expression (D). TGM-5 is omitted from the
assays as it was not possible to express recombinant protein in the same system as the other family member proteins. (A) Activity detected in the MFB-F11 bioassay after 24 h
of culture with 100 ng/ml of TGM family members TGM-1, -2, -4 and -6, and 10 ug/ml of TGM-3 in the absence or presence of the type I transforming growth factor (TGF)-b
receptor kinase inhibitor, SB431542. (B) Activity in the same bioassay of the family members found positive in A, in the absence or presence of the type II TGF-b receptor
inhibitor, inducer of type II TGF-b receptor (TGFBR2) degradation-1 (ITD-1) (10 mM). (C) Activity in the bioassay of family members in the absence or presence of anti-TGM-1
antibody (10 mg/ml) or rat IgG control (10 mg/ml). (D) Percentage of Foxp3 induction induced by TGM-1 and TGM-2 compared with IL2 only (no induction control) and TGF-b
(positive control).
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To verify that the active proteins were engaging the TGF-b sig-
nalling pathway, the inhibitor ITD-1 which promotes degradation
of the TGFb receptor (Willems et al., 2012) was shown to block
activation of MFB-F11 cells by TGM-1, -2 and -3 (Fig. 3B). In addi-
tion, rat polyclonal antibody raised against TGM-1 strongly inhib-
ited the ability of all three isoforms to activate the cell line
(Fig. 3C). As TGM-2 differs from TGM-1 in domains 3–5 (Fig. 1),
its ability to also induce the Treg transcription factor Foxp3 in
CD4+ T cells was tested. Indeed, TGM-2 showed almost identical
activity as TGM-1 in inducing this transcription factor in naive,
Foxp3-negative cells in vitro (Fig. 3D).
3.3. Assignation of functional domains

Comparison among the active homologues indicated that con-
servation of domains 1–3 was shared by the functional proteins
(Fig. 1). On the strength of these observations, and to further delin-
eate the functional and non-functional domains of TGM-1, a range
of truncation constructs were expressed (as shown in Fig. 4A) to
experimentally determine the domains required for full activity.
Each truncation was constructed by PCR amplification from the
full-length open reading frame DNA of codon-optimised TGM-1,
using specific primers. Plasmids containing verified truncated
sequence were used to transform HEK293T cells for expression.
Transiently expressing HEK293T culture supernatants were used
to test for activity in the MFB-F11 reporter cell assay for TGF-b
activity. As shown in Fig. 4B, the minimal effective structure of
active TGM-1 was found to be domains 1–3, with domains 4 and
5 found not to be necessary for full activity, and the absence of
domain 1 abolishing biological activity.

The minimal active form of TGM-1 was thus found to be the
D4,5 form (TGM-D4,5) which was further tested, showing full inhi-
bition by the inhibitors ITD-1 (Fig. 5A), and SB432542 (Fig. 5B),
consistent with the properties of the full-length protein. In addi-
tion, activity was neutralised by polyclonal anti-TGM antibody
(Fig. 5C). Finally, TGM-D4,5 was tested in cultures of naive murine
T cells for Foxp3 induction and found to be very effective at all but
the lowest concentrations compared (Fig. 5D).
4. Conclusion

Most pathogens have evolved sophisticated molecular strate-
gies to block or redirect host immunity, thereby ensuring their sur-
vival in the host (Alcami and Koszinowski, 2000; Baxt et al., 2013).
Among parasitic helminths, a broader immune suppression of both
parasite and bystander antigens is often observed (Yazdanbakhsh
et al., 2002), and can be attributed in part at least to the expansion
of regulatory T cells through the TGF-b pathway (McSorley and
Maizels, 2012). Thus, our earlier reports that the murine nematode
H. polygyrus secretes a ligand which activates TGF-b signalling
(Grainger et al., 2010; Johnston et al., 2017) provide a clear exam-
ple of parasite-mediated manipulation of host immunoregulatory
pathways to promote its own survival.

Unexpectedly, the identification of the parasite ligand revealed
it to be not related to the TGF-b family (although that is well rep-
resented in helminth parasites), but a novel protein resulting from
adaptation of a very different evolutionary module, the CCP
domain. However, the TGMs diverge from the consensus at several
conserved residue positions, and include atypical insertions which
extend each domain significantly. Interestingly, family members
with domain deletions and insertions map to different loci in the
H. polygyrus genome assemblies, indicating that these variants
are evolutionarily diverging genes rather than alternatively spliced
forms encoded at a single locus.



Fig. 4. Truncation analysis of Heligmosomoides polygyrus transforming growth factor (TGF) -b mimic (TGM) domains. Functional testing of N- and C-terminal (term)
truncations of TGM-1 to determine essential domains for biological activity. (A) Anti-6xHis western blot of transiently expressed TGM truncations in HEK293T cells to show
protein expressed before adding supernatants to the MFB-F11 bioassay (fibroblast cell line isolated from mouse embryos lacking transforming growth factor (TGF)-b). *
indicates a faint band present on the blot. (B) Activity profile of TGM truncations in the MFB-F11 reporter cell assay for TGF-b activity. A volume of 50 ml was added of each
truncation supernatant. Full-length TGM-1 supernatant was used as a positive control.

Fig. 5. Functional testing of recombinant truncated Heligmosomoides polygyrus transforming growth factor (TGF) -b mimic (TGM)D4,5. Recombinant truncated TGMD4,5,
comprising domains 1–3 alone, was tested functionally in the MFB-F11 bioassay (fibroblast cell line isolated from mouse embryos lacking TGF-b). (A–C) and for murine T cell
induction of Foxp3 expression (D). (A) Activity detected in the MFB-F11 bioassay after 24 h of culture with log fold dilutions of TGM D4,5 starting at 1000 ng/ml, in the
absence or presence of the type I transforming growth factor (TGF)-b receptor inhibitor, SB431542. (B) As (A) but in the absence or presence of the type II TGF-b receptor
inhibitor, ITD-1 (10 mM).(C). As (A) but in the presence of either polyclonal rat anti-TGM antibody (10 mg/ml) or rat IgG control (10 mg/ml). (D) Percentage of Foxp3 induction
induced in naive Foxp3-GFP negative splenic CD4+ T cells in response to TGM D4,5 compared with TGF-b and TGM (positive induction controls).
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The CCP, or Sushi, domain is an ancient motif from the origins of
the animal kingdom (King et al., 2003), and hence is well repre-
sented in the genomes of all parasitic helminths thus far
sequenced. In H. polygyrus there is a larger family of CCP proteins,
which includes a recently reported Alarmin Release Inhibitor (Hp-
ARI). Hp-ARI is a 3-domain product that binds the epithelial cell
alarmin, IL-33, thereby blocking sensitization and type 2 innate
lymphoid cell responses involved in initiation of the type 2
immune response (Osbourn et al., 2017). It is striking that ARI
and TGM target such different pathways, key to the innate and
adaptive immune responses, respectively, and yet both appear to
have evolved from the same ancestral building block. CCP domain
proteins are highly expressed in many other parasites including
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those of humans and it will be important to survey these for sim-
ilar, or new, immunomodulatory activities.

In this report we now show that H. polygyrus expresses and
secretes a set of TGM-like proteins with substantial plasticity in
domain structure and sequence. Preliminary inspection of the par-
asite genome sequence indicates that in most cases, domain gain
and loss resulted from gene duplication and modification, although
at this stage we cannot exclude alternative splicing events which
are known to be widespread both in helminths (Shoemaker et al.,
1992; Chalmers et al., 2008; Zahler, 2012) and in protozoan para-
sites (Lunghi et al., 2016). More intriguing is the question of func-
tional diversification within the TGM family, and whether the
homologues that do not directly mimic TGF-b have evolved quite
different functions within the overall setting of parasite modula-
tion of host immunity.

Acknowledgements

The authors thank Ms Nicola Britton for expert technical assis-
tance, and WormBase ParaSite for access to genomic data through
parasite.wormbase.org. Funding for this work was supported the
Kenneth Rainin Foundation, USA (Grant Number 2015-64), the
Wellcome Trust, UK (Investigator Award Ref 106122) and The
Wellcome Centre for Molecular Parasitology, UK, which is sup-
ported by core funding from the Wellcome Trust (Ref: 104111).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ijpara.2017.12.004.

References

Alcami, A., Koszinowski, U.H., 2000. Viral mechanisms of immune evasion.
Immunol. Today 21, 447–455.

Baxt, L.A., Garza-Mayers, A.C., Goldberg, M.B., 2013. Bacterial subversion of host
innate immune pathways. Science 340, 697–701.

Beall, M.J., Pearce, E.J., 2001. Human transforming growth factor-b activates a
receptor serine/threonine kinase from the intravascular parasite Schistosoma
mansoni. J. Biol. Chem. 276, 31613–31619.

Chalmers, I.W., McArdle, A.J., Coulson, R.M., Wagner, M.A., Schmid, R., Hirai, H.,
Hoffmann, K.F., 2008. Developmentally regulated expression, alternative
splicing and distinct sub-groupings in members of the Schistosoma mansoni
venom allergen-like (SmVAL) gene family. BMC Genomics 9, 89.

Finlay, C.M., Walsh, K.P., Mills, K.H., 2014. Induction of regulatory cells by helminth
parasites: exploitation for the treatment of inflammatory diseases. Immunol.
Rev. 259, 206–230.

Finney, C.A.M., Taylor, M.D., Wilson, M.S., Maizels, R.M., 2007. Expansion and
activation of CD4+CD25+ regulatory T cells in Heligmosomoides polygyrus
infection. Eur. J. Immunol. 37, 1874–1886.

Fontenot, J.D., Rasmussen, J.P., Williams, L.M., Dooley, J.L., Farr, A.G., Rudensky, A.Y.,
2005. Regulatory T cell lineage specification by the forkhead transcription factor
Foxp3. Immunity 22, 329–341.

Freitas, T., Jung, E., Pearce, E.J., 2007. TGF-b signaling controls embryo development
in the parasitic flatworm Schistosoma mansoni. PLOS Pathogens 3, e52.

Gomez-Escobar, N., Gregory, W.F., Maizels, R.M., 2000. Identification of Bm-tgh-2, a
filarial nematode homolog of C.elegans daf-7 and human TGF-b, expressed in
microfilarial and adult stages of Brugia malayi. Infect. Immun. 68, 6402–6410.

Grainger, J.R., Smith, K.A., Hewitson, J.P., McSorley, H.J., Harcus, Y., Filbey, K.J.,
Finney, C.A.M., Greenwood, E.J.D., Knox, D.P., Wilson, M.S., Belkaid, Y., Rudensky,
A.Y., Maizels, R.M., 2010. Helminth secretions induce de novo T cell Foxp3
expression and regulatory function through the TGF-b pathway. J. Exp. Med.
207, 2331–2341.

Hewitson, J.P., Ivens, A.C., Harcus, Y., Filbey, K.J., McSorley, H.J., Murray, J., Bridgett,
S., Ashford, D., Dowle, A.A., Maizels, R.M., 2013. Secretion of protective antigens
by tissue-stage nematode larvae revealed by proteomic analysis and
vaccination-induced sterile immunity. PLOS Pathogens 9, e1003492.

Howe, K.L., Bolt, B.J., Cain, S., Chan, J., Chen, W.J., Davis, P., Done, J., Down, T., Gao, S.,
Grove, C., Harris, T.W., Kishore, R., Lee, R., Lomax, J., Li, Y., Muller, H.M.,
Nakamura, C., Nuin, P., Paulini, M., Raciti, D., Schindelman, G., Stanley, E., Tuli,
M.A., Van Auken, K., Wang, D., Wang, X., Williams, G., Wright, A., Yook, K.,
Berriman, M., Kersey, P., Schedl, T., Stein, L., Sternberg, P.W., 2016. WormBase
2016: expanding to enable helminth genomic research. Nucleic Acids Res. 44,
D774–780.

Howe, K.L., Bolt, B.J., Shafie, M., Kersey, P., Berriman, M., 2017. WormBase ParaSite –
a comprehensive resource for helminth genomics. Mol. Biochem. Parasitol. 215,
2–10.

Ince, M.N., Elliott, D.E., Setiawan, T., Metwali, A., Blum, A., Chen, H.L., Urban, J.F.,
Flavell, R.A., Weinstock, J.V., 2009. Role of T cell TGF-b signaling in intestinal
cytokine responses and helminthic immune modulation. Eur. J. Immunol. 39,
1870–1878.

Johnston, C.J.C., Smyth, D.J., Kodali, R.B., White, M.P.J., Harcus, Y., Filbey, K.J.,
Hewitson, J.P., Hinck, C.S., Ivens, A., Kemter, A.M., Kildemoes, A.O., Le Bihan, T.,
Soares, D.C., Anderton, S.M., Brenn, T., Wigmore, S.J., Woodcock, H., Chambers, R.
C., Hinck, A.P., McSorley, H.J., Maizels, R.M., 2017. A structurally distinct TGF-b
mimic from an intestinal helminth parasite potently induces regulatory T cells.
Nat. Commun. 8, 1741.

King, N., Hittinger, C.T., Carroll, S.B., 2003. Evolution of key cell signaling and
adhesion protein families predates animal origins. Science 301, 361–363.

Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: Molecular Evolutionary Genetics
Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 33, 1870–1874.

Loverde, P.T., Osman, A., Hinck, A., 2007. Schistosoma mansoni: TGF-b signaling
pathways. Exp. Parasitol. 117, 304–317.

Lunghi, M., Spano, F., Magini, A., Emiliani, C., Carruthers, V.B., Di Cristina, M., 2016.
Alternative splicing mechanisms orchestrating post-transcriptional gene
expression: intron retention and the intron-rich genome of apicomplexan
parasites. Curr. Genet. 62, 31–38.

McSorley, H.J., Grainger, J.R., Harcus, Y.M., Murray, J., Nisbet, A., Knox, D.P., Maizels,
R.M., 2010. daf-7-related TGF-b homologues from trichostrongyloid nematodes
show contrasting life cycle expression patterns. Parasitology 137, 159–171.

McSorley, H.J., Maizels, R.M., 2012. Helminth infections and host immune
regulation. Clin. Micro Rev. 25, 585–608.

Osbourn, M., Soares, D.C., Vacca, F., Cohen, E.S., Scott, I.C., Gregory, W.F., Smyth, D.J.,
Toivakka, M., Kemter, A.M., le Bihan, T., Wear, M., Hoving, D., Filbey, K.J.,
Hewitson, J.P., Henderson, H., Gonzàlez-Cìscar, A., Errington, C., Vermeren, S.,
Astier, A.L., Wallace, W.A., Schwarze, J., Ivens, A.C., Maizels, R.M., McSorley, H.J.,
2017. HpARI protein secreted by a helminth 1 parasite suppresses interleukin-
33. Immunity 47, 739–751.

Rausch, S., Huehn, J., Kirchhoff, D., Rzepecka, J., Schnoeller, C., Pillai, S.,
Loddenkemper, C., Scheffold, A., Hamann, A., Lucius, R., Hartmann, S., 2008.
Functional analysis of effector and regulatory T cells in a parasitic nematode
infection. Infect. Immun. 76, 1908–1919.

Ren, P., Lim, C.-S., Johnsen, R.J., Albert, P.S., Pilgrim, D., Riddle, D.L., 1996. Control of
C.elegans larval development by neuronal expression of a TGF-b homolog.
Science 274, 1389–1391.

Reynolds, L.A., Maizels, R.M., 2012. Cutting Edge: In the absence of TGF-b signaling
in T cells, fewer CD103+ regulatory T cells develop, but exuberant IFN-c
production renders mice more susceptible to helminth infection. J. Immunol.
189, 1113–1117.

Saitou, N., Nei, M., 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425.

Setiawan, T., Metwali, A., Blum, A.M., Ince, M.N., Urban Jr., J.F., Elliott, D.E.,
Weinstock, J.V., 2007. Heligmosomoides polygyrus promotes regulatory T-cell
cytokine production in the murine normal distal intestine. Infect. Immun. 75,
4655–4663.

Shoemaker, C.B., Ramachandran, H., Landa, A., dos Reis, M.G., Stein, L.D., 1992.
Alternative splicing of the Schistosoma mansoni gene encoding a homologue of
epidermal growth factor receptor. Mol. Biochem. Parasitol. 53, 17–32.

Smith, K.A., Filbey, K.J., Reynolds, L.A., Hewitson, J.P., Harcus, Y., Boon, L.,
Sparwasser, T., Hämmerling, G., Maizels, R.M., 2016. Low level regulatory T
cell activity is essential for functional type-2 effector immunity to expel
gastrointestinal helminths. Mucosal Immunol. 9, 428–443.

Sulaiman, A.A., Zolnierczyk, K., Japa, O., Owen, J.P., Maddison, B.C., Emes, R.D.,
Hodgkinson, J.E., Gough, K.C., Flynn, R.J., 2016. A trematode parasite derived
growth factor binds and exerts influences on host immune functions via host
cytokine receptor complexes. PLoS Pathog. 12, e1005991.

Tesseur, I., Zou, K., Berber, E., Zhang, H., Wyss-Coray, T., 2006. Highly sensitive and
specific bioassay for measuring bioactive TGF-b. BMC Cell. Biol. 7, 15.

Willems, E., Cabral-Teixeira, J., Schade, D., Cai, W., Reeves, P., Bushway, P.J., Lanier,
M., Walsh, C., Kirchhausen, T., Izpisua Belmonte, J.C., Cashman, J., Mercola, M.,
2012. Small molecule-mediated TGF-b type II receptor degradation promotes
cardiomyogenesis in embryonic stem cells. Cell Stem Cell 11, 242–252.

Yazdanbakhsh, M., Kremsner, P.G., van Ree, R., 2002. Allergy, parasites, and the
hygiene hypothesis. Science 296, 490–494.

Zahler, A.M., 2012. Pre-mRNA splicing and its regulation in Caenorhabditis elegans.
WormBook, 1–21 http://www.wormbook.org/chapters/www_altsplicing.2/pre-
mRNA.html.

Zavala-Gongora, R., Kroner, A., Bernthaler, P., Knaus, P., Brehm, K., 2006. A member
of the transforming growth factor-b receptor family from Echinococcus
multilocularis is activated by human bone morphogenetic protein 2. Mol.
Biochem. Parasitol. 146, 265–271.

https://doi.org/10.1016/j.ijpara.2017.12.004
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0005
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0005
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0010
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0010
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0015
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0015
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0015
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0020
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0020
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0020
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0020
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0025
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0025
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0025
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0030
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0030
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0030
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0030
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0030
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0035
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0035
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0035
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0040
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0040
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0045
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0045
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0045
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0050
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0050
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0050
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0050
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0050
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0055
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0055
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0055
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0055
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0060
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0060
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0060
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0060
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0060
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0060
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0060
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0065
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0065
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0065
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0070
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0070
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0070
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0070
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0075
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0075
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0075
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0075
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0075
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0075
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0080
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0080
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0085
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0085
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0090
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0090
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0095
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0095
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0095
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0095
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0100
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0100
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0100
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0105
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0105
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0110
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0110
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0110
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0110
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0110
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0110
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0115
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0115
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0115
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0115
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0120
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0120
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0120
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0125
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0125
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0125
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0125
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0130
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0130
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0135
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0135
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0135
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0135
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0140
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0140
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0140
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0145
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0145
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0145
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0145
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0150
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0150
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0150
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0150
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0155
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0155
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0160
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0160
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0160
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0160
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0165
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0165
http://www.wormbook.org/chapters/www_altsplicing.2/pre-mRNA.html
http://www.wormbook.org/chapters/www_altsplicing.2/pre-mRNA.html
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0175
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0175
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0175
http://refhub.elsevier.com/S0020-7519(18)30047-X/h0175

	TGF-β mimic proteins form an extended gene family in the murine parasite Heligmosomoides polygyrus
	1 Introduction
	2 Materials and methods
	2.1 Identification of additional secreted TGM family members
	2.2 Cloning, expression and purification of TGM family members
	2.3 Cloning of truncated Hp-TGM constructs
	2.4 Functional assays
	2.4.1 TGF-β bioassay
	2.4.2 Foxp3+ Treg induction assay
	2.4.3 Flow cytometric analysis
	2.4.4 Ethical approval and care of animals


	3 Results and discussion
	3.1 Identification of a wider TGM gene family in H. polygyrus
	3.2 Functional testing of TGM gene family members
	3.3 Assignation of functional domains

	4 Conclusion
	ack17
	Acknowledgements
	Appendix A Supplementary data
	References


