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Helminth infections persist by influencing host immunity through the release of immunomodulatory
proteins which prevent immune ejection. The intestinal nematode Heligmosomoides polygyrus bakeri
(Hpb) secretes multiple families of immunomodulatory proteins, many of which are composed of consec-
utive Complement Control Protein (CCP) domains. We hypothesised that further CCP domain proteins are
secreted by the parasite to interact with the host. We identified an unusually large number of CCP
domain-containing proteins in the genome of Hpb, and cloned a range of these for screening in an
Avidity-based Extracellular Interaction Screening (AVEXIS) assay, focussing on interactions with host
immune proteins. This screen confirmed the binding of known immunomodulators (HpBARI, TGM1)
for their targets (ST2, TGFBR2) and identified a new interaction between a 2 CCP domain Hpb protein
and mouse resistin-like molecule beta (RELMB), a host protein demonstrated to have anti-helminth prop-
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AVEXIS
Protein-protein interaction erties. This protein was named Binder of RELMB (HpBoRB). This interaction was specific and heat-labile,
RELMB and was confirmed in ELISA, competition assays, size exclusion chromatography and surface plasmon

resonance experiments, identifying a subnanomolar affinity interaction between HpBoRB and RELMS.

These data may indicate that Hpb interferes with the potent anti-helminth host protein RELMB and adds

to our knowledge of the host-parasite interactions mediated by Hpb secreted proteins.

© 2025 The Author(s). 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 type 2 immune responses in the absence of regular parasite infec-

tions, resulting in an epidemic of allergic disease in the developed

Parasitic helminths are in an evolutionary arms race with their
hosts. The host immune system has developed pathways for para-
site ejection, while the parasite has co-evolved with its host to pro-
duce sophisticated modulators of the anti-parasite response
(Fumagalli et al., 2011; Maizels et al., 2018; Ryan et al., 2022;
Colomb and McSorley, 2025). This interaction allows many para-
sites to form chronic infections in their hosts, inhibiting type 2
immune responses against them. As the immune system evolved
in the context of constant parasite infection and consequent
immunosuppression, the immune system is prone to hyperactive
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world (Lambrecht and Hammad, 2017).

In recent years, some of the molecular basis of this interaction
has become clear, as multiple parasite-derived immunomodula-
tory proteins have been identified which modulate the host
immune response to the parasite’s advantage (Everts et al., 2012;
Navarro et al., 2016; Johnston et al., 2017; Osbourn et al., 2017;
de Los Reyes Jimenez et al., 2020; Vacca et al., 2020). These pro-
teins are of interest due to their potential as treatments for allergic
diseases such as asthma, and as vaccine candidates to prevent par-
asitic infections (Nisbet et al., 2013; Bancroft et al., 2019; Berkachy
et al., 2021; Smyth et al., 2025).

One of the parasitic nematodes that has received the most inter-
est as a modulator of host immunity is Heligmosomoides polygyrus
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bakeri (Hpb). The secretions of Hpb contain multiple families of
immunoregulatory proteins including the HpARIs, which bind to
IL-33 (Osbourn et al., 2017; Colomb et al., 2024a, 2024b; Jamwal
et al., 2024), the HpBARIs, which bind to the IL-33 receptor ST2
(Vacca et al., 2020), and the TGMs, which bind to the TGFp receptor
and cell-specific coreceptors (Johnston et al., 2017; Smyth et al,,
2018; White et al., 2021, 2025; van Dinther et al., 2023; Maizels
et al., 2025; Singh et al., 2025). These 3 families of proteins each
contain 3-10 family members (3 HpARIs, 3 HpBARIs and 10 TGMs),
and are structurally related to each other: each contain an N-
terminal signal peptide followed by a string of consecutive atypical
and nonidentical complement control protein (CCP) domains. CCP
domains are highly represented in regulatory proteins of the com-
plement pathway (such as CD46, factor H, C4 binding protein and
Decay Accelerating Factor), but have subsequently been found in
many mammalian proteins involved in protein-protein interac-
tions and receptors (Soares et al., 2005). CCP domains are charac-
terised by conserved sequence and structural elements, including
4 conserved cysteines per CCP domain, the first and fourth of
which demarcate the N- and C-terminal ends of the domain. These
conserved cysteines form disulphide bonds between C-C'"" and C"-
C! to stabilise the globular structure of the domain, consisting of
3-4 B-sheets (Lambris and Morikis, 2005; Jamwal et al., 2024).
CCP domain containing proteins often contain consecutive CCP
domains (some proteins containing >50 CCP domains) with each
CCP domain separated from its neighbour by short stretches of
3-8 amino acids (Soares et al., 2005). Although CCP domains have
largely been characterised in the mammalian complement system,
Kaposi’s sarcoma-associated herpesvirus (KSHV) also produces an
immune evasion CCP domain-containing protein which binds to
heparin and complement C3 convertases, facilitating infection
and inhibiting complement activation (Spiller et al., 2006).

We hypothesised that further host-parasite interactions could
be mediated by Hpb CCP domain-containing proteins, therefore
we assembled a complete list of proteins containing these domains
in Hpb and other parasitic and free-living helminths, and con-
firmed that Hpb has dramatically expanded a family of CCP
domain-containing proteins. We expressed a range of these Hpb
CCP domain proteins and used an avidity-based extracellular inter-
action screening (AVEXIS) assay to identify Binder of RELMP
(HpBoRB), a secreted protein consisting of 2 CCP domains, which
binds to host RELMB. RELM is an effector molecule involved in
the ejection of helminth parasites, and mice deficient in RELMp
are more susceptible to several intestinal nematodes, including
Hpb (Herbert et al., 2009). Therefore, HpBoRB may represent part
of the immunomodulatory armoury of Hpb.

2. Material and methods

2.1. Helminth genome analysis for secretory CCP domain superfamily
proteins

All helminth genomic data were retrieved from WormBase
ParaSite (Howe et al., 2017). The data mining tool BioMart was
used to identify protein-coding genes containing CCP domain
superfamily proteins using the Interpro domain IPR035976 (Blum
et al.,, 2025) and signal peptides were identified by SignalP-5.0
(Almagro Armenteros et al., 2019).

2.2. H. polygyrus bakeri transcriptome

Adult H. polygyrus bakeri transcriptome data (produced in-
house) was also used for analysis. In brief, purified adult worm
mRNA was reverse transcribed to approximately 460,000 cDNA
sequences. Sequencing was performed on a Roche 454 instrument
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resulting in reads of ~200 nucleotides as described in (Hewitson
et al,, 2011).

2.3. H. polygyrus bakeri and murine immune recombinant protein
expression

The signal peptides of selected protein candidates were identi-
fied using predictions from SignalP-5.0 (Almagro Armenteros et al.,
2019) and excluded from subsequent gene synthesis. All AVEXIS
bait and prey constructs were cloned from Hpb or mouse cDNA
libraries where possible, or gene synthesised (GeneArt) if unavail-
able. Corresponding codon-optimised cDNA for human cell expres-
sion were synthesised with unique 5’ Notl and 3’ Ascl restriction
sites and subcloned into an expression plasmid. The plasmids used
in this project are: AVEXIS Bait and AVEXIS Prey (Plasmid #52328
available at https://www.addgene.org), and pSecTAG2A expression
vector (Thermo Fisher).

DH5a Competent Cells (Thermo Fisher) were transformed with
the construct of interest and plasmids were purified using the
PureLink HiPure midiprep kit (Thermo Fisher) according to manu-
facturer’s instructions. Plasmid constructs were transfected into
Expi293F cells using the Expifectamine transfection kit (Thermo
Fisher Scientific) according to manufacturer’s instructions. In brief,
3 x 106 cells/ml at >95 % viability were prepared according to cul-
ture volume required. Plasmid DNA (1 pg of plasmid DNA per mL
of culture volume to transfect) was diluted in OptiMEM-I reduced
serum medium and incubated with ExpiFectamine 293 Reagent
(Thermo Fisher) for 20 min at room temperature (RT) and was
added to Expi293F cells. Where biotinylated proteins were
required, these were co-transfected additionally with biotin
(100 uM) and BirA at a 1:10 ratio of plasmid DNA. After 18 h of cul-
ture post-transfection, ExpiFectamine293 Enhancer 1 and 2 were
added. Cell supernatants containing secreted protein were col-
lected 5 days after transfection and protein expression was con-
firmed by western blotting.

2.4. Protein purification

Protein constructs containing 6HIS tags were purified from
supernatants by nickel affinity chromatography using HiTrap
chelating HP columns (GE Healthcare), eluting bound proteins
using an imidazole gradient. Fractions containing pure expressed
protein were pooled, dialysed into PBS, and sterile filtered. Protein
concentration was determined by absorbance at 280 nm, calcu-
lated by each protein’s extinction coefficient.

2.5. Avidity-based Extracellular Interaction Screening (AVEXIS)

The Avidity-based Extracellular Interaction Screening (AVEXIS)
assay is described in detail here (Kerr and Wright, 2012). Two pro-
tein libraries were generated: CCP domain-containing proteins
(parasite bait) and immune targets (prey). In brief, the parasite
protein-containing bait vector expressed a protein containing an
N-terminal 6His tag, BirA recognition site for biotinylation, and a
rat CD4d3+4 tag for detection. The immune target prey vector
expressed a protein containing a C-terminal rat cartilage oligo-
meric matrix protein (COMP) domain which pentamerises the pro-
tein, a rat CD4d3+4 tag, and a beta-lactamase tag to allow
detection (either by beta-lactamase activity or by using an anti-
beta-lactamase antibody). An overview of the immune targets
can be found in Supplementary Table 1. Streptavidin (Biolegend;
1 pg/mL) was coated on Maxisorp Nunc-Immuno 96 well plate
(ThermoFisher) in carbonate buffer (0.1 M Na,COs, 0.1 M NaHCOs,
pH 9.6) overnight at 4 °C. Plates were washed 3 times with ELISA
wash buffer (PBS with 0.05 % Tween 20, PBST) and blocked in block
buffer 2 % bovine serum albumin (BSA) in PBST for 30 min at RT.
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Biotinylated parasite bait proteins diluted 1:100 in block buffer
were added and incubated overnight at 4 °C, followed by washing.
Immune prey protein was diluted to pre-determined level in block
buffer and incubated overnight at 4 °C. After washing, anti-beta
lactamase antibody (Sigma; 1:5,000 in 2 % BSA PBST) was added
for 1 hr at RT, followed by goat anti-rabbit IgG, HRP conjugate (Pro-
mega; 1:5,000 in 2 % BSA PBST) for 1 hr at RT. Plates were washed 5
times, including a 10 min final soak, then rinsed twice in water.
TMB substrate was added and incubated for 20 min in the dark
at RT. The reaction was stopped using 1 M H,SO,4, and absorbance
was measured at 450 nm using a CLARIOstar Plus microplate
reader (BMG Labtech).

2.6. RNA-seq analysis of HpBoRB

We downloaded published RNA-seq data for H. polygyrus bakeri,
generated by Pollo et al. (2023), from the European Nucleotide
Archive (ftp://ftp.sra.ebi.ac.uk). We downloaded a published gen-
ome assembly and predicted protein-coding gene set for H. poly-
gyrus bakeri, generated by Stevens et al. (2023), from GenBank
(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/947/359/475/GCA_
947359475.1_nxHelBake1.1/GCA_947359475.1_nxHelBake1.1_ge-
nomic.fna.gz) and Github (https://github.com/lIstevens17/heligmo-
somoides_MS/raw/refs/heads/main/gene_annotation_files). = We
built a transcript set with genomic DNA sequences to philtre spu-
rious RNA-seq alignments, i.e., a gentrome (Srivastava et al., 2020,
2021), and mapped RNA-seq reads to protein-coding genes in this
gentrome with Salmon 1.10.2 (Patro et al., 2017), using the argu-
ments ’--no-version-cheque quant --seqBias --gcBias --posBias --
index [gentrome_index] --libType A --mates1 [paired-end read set 1]
--mates2 [paired-end read set 2] --output [salmon outputs] --
geneMap [transcript-to-gene tab-delimited table]. We identified
which protein-coding gene of Stevens et al. corresponded to
HpBoRB with BlastP.

2.7. ELISA binding of HpBoRB and RELMp

HpBoRB or RELMB (1 pg/mL) were coated onto a 96-well plate
using carbonate buffer. Plates were washed with ELISA wash buffer
and blocked with block buffer for 1 hr at RT. Proteins assessed for
binding include: HpBoRB, HpApyMut2, RELMpB and CD4d3+4 tag,
which were diluted at the indicated concentration in 2 % BSA PBST
and incubated for 1 hr at RT. In some experiments, HpBoRB was
first heat treated for 20 min at 95 °C prior to addition to RELMp-
coated plates. Binding was detected by probing for tags found on
the respective proteins, anti-FLAG (Biolegend; 1:2,500 in 2 % BSA
PBST), and anti-rat CD4d3+4 antibody (Bio-rad; 1:1,000 in 2 %
BSA PBST) for 1 hr at RT. After washing, goat anti-rat IgG, HRP con-
jugate (Abcam; 1:5,000 in 2 % BSA PBST) and goat anti-mouse IgG,
HRP conjugate (Bio-rad; 1:2,500 in 2 % BSA PBST) was added and
incubated for 1 hr at RT. TMB substrate was added and incubated
for 5 min in the dark at RT and the reaction was stopped using
1 M H,SO4 Absorbance was measured at 450 nm and 570 nm using
a CLARIOstar Plus microplate reader (BMG Labtech).

2.8. Competition binding assay

Streptavidin (Biolegend; 1 pg/mL) was coated on a 96-well
plate using carbonate buffer and incubated overnight at 4 °C. Plate
was blocked and biotinylated HpBoRB bait (1:100 in 2 % BSA PBST)
was added. Competing proteins HpBoRB or HpBAR], diluted to the
indicated concentration in 2 % BSA PBST, were co-incubated with
RELMB for 30 min at RT, then added to the plate and incubated
for 1 hr at RT. RELMB binding to immobilised HpBoRB was detected
using anti-beta lactamase antibody (Sigma; 1:5,000 in 2 % BSA
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PBST), followed by goat anti-rabbit IgG, HRP conjugate (Promega;
1:5,000 in 2 % BSA PBST) as described previously.

2.9. Size exclusion chromatography

All recombinant proteins were mixed in PBS and allowed to
bind for 30 min at 4 °C and then applied to a Superdex S200
10/300 GL column (Cytiva) pre-equilibrated with buffer containing
20 mM Tris-Cl pH 8.0 and 100 mM NaCl. Eluted fractions were
heated at 90 °C for 5 min, then run on a 12 % Tris-glycine gel under
reducing conditions and transferred to nitrocellulose membranes
for western blotting using anti-FLAG (Biolegend) for HpBoRB, or
anti-RELMp (PeproTech). Images were acquired using Chemi and
IR 700 channels on a Licor Odyssey Fc.

2.10. Protein preparation and surface plasmon resonance

RELM was expressed as a fusion with rat CD4d3+4 followed by
a BirA recognition site (for site-specific biotinylation) and a 6X-
histidine tag for protein purification. Nickel affinity
chromatography-purified RELMB was further purified via size
exclusion chromatography on a S200 10/300 increase (Cytiva) col-
umn equilibrated with 1X PBS to obtain aggregate-free protein.
Following this procedure, 0.4-0.5 mg protein was obtained from
100 ml of Expi293F cell supernatant. The C-terminal 6X-His tagged
HpBoRB protein was purified using the same protocol to yield
~1.5-2.0 mg of protein from 100 ml of Expi293F cell supernatant.
The purified RELMB fusion protein was monobiotinylated enzy-
matically using BirA500 biotinylation kit (Avidity LLC) and the
excess biotin was removed via PD-5 desalting column.

Experiments were performed at 25 °C on a Biacore T200 instru-
ment (GE Healthcare) using the Biotin CAPture kit (cytiva), in 1X
PBS, 0.05 % Tween-20. 300-400 RU RELMB:CD4 protein was used
for the binding analysis and kinetics. A twofold dilution series of
HpBoRB (50-0.78 nM) was passed over the chip surface at a flow
rate of 30 pl/min. Association was measured for 180 s, followed
by 240 s dissociation phase. The data was processed using BIA eval-
uation software version 1.0 (BlAcore, GE Healthcare). Response
curves were double referenced by subtracting the signal from the
reference cell and averaged blank injection.

2.11. Statistical analysis

Data were analysed using Graphpad Prism V10.2.3. When com-
paring independent groups, one-way analysis of variance (ANOVA)
with Dunnett’s post test was carried out. ****P < 0.0001, ***P < 0.001,
**P < 0.01, *P < 0.05, ns = not significant (P > 0.05).

3. Results
3.1. Cataloguing of helminth CCP domain-containing proteins

Using WormBase Parasite, we collated the genomic data from
158 helminth species, and used the BioMart function to identify
protein-coding genes which contained at least 1 CCP superfamily
domain (Interpro IPR035976) and a signal peptide, indicating these
could be secreted CCP domain proteins. Hpb contains 69 proteins
with these characteristics, by far the largest number of any hel-
minth species assessed (Fig. 1). The next highest was the close rel-
ative of Hpb, Nippostrongylus brasiliensis, in which 23 signal
peptide + CCP domain-containing proteins could be identified.
Even considering the numbers of known CCP domain-containing
immunomodulators (3 HpARIs, 3 HpBARIs, 10 TGMs = 16 total)
Hpb contains a large number of extra signal peptide + CCP
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Fig. 1. Distribution of CCP superfamily genes with a signal peptide across helminth species. Genomic data from 158 helminth species, obtained from WormBase ParaSite,
were analysed to identify CCP superfamily (IPR035976) genes with a secretory signal peptide. Free living nematode (n = 47), Parasitic nematode (n = 67), Plant parasitic
nematode (n = 12), Parasitic cestode (n = 16), Parasitic trematode (n = 16). The line indicates the median for each group. Grubbs test was performed to detect outliers in the

dataset and H. polygyrus bakeri was identified as an outlier.

domain-containing proteins. Therefore, we decided to screen these
Hpb proteins for further host-parasite interactions.

To collate a complete list of Hpb signal peptide plus CCP
domain-containing proteins in Hpb, we searched the Hpb Worm-
base Parasite genomes (Bioprojects PRJEB1203 and PRJEB15396)
as well as a transcriptome produced in earlier studies (Hewitson
et al.,, 2011), and added these to the list of known immunomodula-
tory CCP domain-containing proteins (the HpARIs, HpBARIs and
TGMs) to give a total of 112 candidates (excluding exact duplicates
between the in-house transcriptome and published genomes).
These translated protein sequences were aligned using Clustal
Omega, and a neighbour-joining phylogenetic tree was prepared
(Fig. 2). The HpARI, HpBARI and TGM families could be clearly dis-
tinguished as forming conserved sub-families. The other CCP
domain-containing proteins in the wider family contained
between 1 and 16 CCP domains per protein.

3.2. Screening for interactions with host immune proteins

To screen proteins for potential immunomodulatory activity,
we used the Avidity-based Extracellular Interaction Screening
(AVEXIS) assay. This assay allows screening of biotinylated “bait”
proteins (captured on a streptavidin-coated ELISA plate) against
pentamerised “prey” proteins.

Using the phylogenetic tree shown in Fig. 2, we selected 25
uncharacterised CCP domain-containing proteins for further inves-
tigation, which spanned the diversity of the CCP domain family
from Hpb (selected candidates shown in yellow), along with the
known immunomodulatory proteins HpBARI (Vacca et al., 2020)
and TGM1 (Johnston et al, 2017). These were expressed in
Expi293F cells in the bait vector as a monobiotinylated protein.
These parasite baits were screened for binding to a selection of
41 host proteins associated with a type 2 immune response (Sup-
plementary Table 1), including cytokines and cytokine receptor
ectodomains, which were expressed in a pentamerised prey vector.
Host proteins were chosen based on their involvement in the anti-
parasite type 2 immune response (e.g. IL-4, IL-5, IL-13, IL-25 and
their receptors), their involvement in immunoregulation (e.g. IL-

10 and TGFB receptors), general inflammation (e.g. CSF2, IL-2 and
receptors) or counter-regulation of type 2 immunity (e.g. IFNy
receptors). Screening of parasite baits and immune preys identified
the known interactions between HpBARI and ST2 (Vacca et al,,
2020), and TGM1 and TGFBR2 (Johnston et al., 2017), as expected
(Fig. 3A). Interactions were also detected between 2 uncharac-
terised CCP domain-containing proteins: the 2 CCP domain protein
HPOL_0001072601 bound to RELMB, while the 3 CCP domain pro-
tein Hp_17476_1G09420_1907 bound to IL1RAcP and IL-7Ra. These
assays were repeated, confirming these interactions (Fig. 3B-E).
For comparison, another CCP domain-containing protein
(HPOL_0000515501-2) is shown which did not interact with any
immune target (Fig. 3F). All further data from the AVEXIS assay
can be found in Supplementary Fig. 1.

As Hp_I117476_1G09420_1907 weakly bound to two unrelated
surface cytokine receptors (the IL-1 family receptor IL1RAcP and
the type I cytokine receptor IL-7Rat), both of which bind to multiple
ligands, we decided to focus on the interaction between
HPOL_0001072601 and RELMB. HPOL_0001072601 was renamed
as Binder of RELMB (HpBoRB).

3.3. HpBoRB sequence, structure and expression

The HpBoRB sequence contains 2 CCP domains (each with 4 cys-
teine residues and a characteristic tryptophan between Cy; and
Cv), which is consistent with an Alphafold3 model (Abramson
et al., 2024) showing the CCP domains containing characteristic
B-sheets and globular structure (Supplementary Fig. 2). Using
RNA-seq data for H. polygyrus bakeri (Pollo et al. 2023) with a
genome assembly and protein-coding gene set (Stevens et al.
2023), we determined expression values of HpBoRB in both male
and female biological replicates from 5 to 21 days after infection;
this showed that HpBoRB was strongly expressed in both males
and females during the earliest (5-day) stage of infection, with
expression values of ~3,800 to ~5,400 transcripts per million
(TPM). By >10 days after infection, expression of HpBoRB dropped
to 11-126 TPM. In accordance with this transcriptional profile,
HpBoRB protein can be detected in L4 larvae, but not adult
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Fig. 2. Phylogenetic tree of the CCP Superfamily proteins predicted from H. polygyrus bakeri. 112 CCP superfamily protein sequences were aligned using Clustal O
alignment. A phylogenetic tree was constructed using the neighbour joining method and BLOSUM 62 scoring matrix based on the sequence alignment from Clustal O. Known

CCP domain-containing immunomodulatory proteins are highlighted in blue. Candidates selected for expression and further testing are highlighted in orange. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

excretory/secretory products (Hewitson et al., 2013) (Supplemen-
tary Fig. 3). These data indicate that HpBoRB is a 2 CCP domain pro-
tein which is expressed in tissue-dwelling L4 Hpb larvae, and not

Hpb, and has immunomodulatory apyrase activity (Berkachy
et al.,, 2021). HpApyMut2 was mutated to ablate the enzymatic site

and is expressed in the same vector, therefore represents a good
later in infection. non-immunomodulatory control protein. As the RELMB AVEXIS bait
construct includes a TEV cleavage site between the rat CD4d3+4 tag

3.4. Confirmation and validation of HpBoRB as a binder of RELMpB

and the RELMpB sequence, TEV cleavage could be used to cleave off

the rat CD4d3+4 tag, which could then be purified as a control pro-

To confirm binding, HpBoRB and RELMB were subcloned into tein. Unfortunately, without the N-terminal rat CD4d3+4 solubilisa-

new expression vectors and purified on their 6HIS tags by nickel tion tag, tag-free RELMB protein precipitated and could not be used

affinity chromatography. HpBoRB was cloned into a pSecTAG2A for further assays. When purified HpBoRB was coated onto an ELISA

expression vector, while RELMp was subcloned into the AVEXIS bait plate, it interacted with RELMB bait protein, but not the cleaved CD4

vector. When RELMp bait was coated onto an ELISA plate, it could be tag control (Fig. 4B). Finally, the interaction between streptavidin-
bound by HpBoRB (Fig. 4A). For this assay, we used HpApyMut2 as a

coated plate-bound biotinylated HpBoRB bait and RELMp prey
control protein: wild-type HpApy2 is contained in secretions of could be inhibited by competition with non-biotinylated HpBoRB
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Fig. 3. AVEXIS assay screening of CCP molecules for immune target identification. (A) AVEXIS screen heatmap showing the mean fold change for each CCP candidate
against each immune prey interaction, based on 2-9 independent AVEXIS screens. Asterisks indicate statistically significant interactions. (B-F) Shows individual graphs of a
CCP domain-containing protein bait screened against 41 immune preys from 2 to 9 independent AVEXIS screens. The Y-axis fold change was calculated by dividing the optical
density for each parasite protein bait-immune prey interaction by that of the negative control no bait-immune prey interaction. The line represents the mean with each dot
representing a single experiment. Results were analysed by one-way ANOVA, if a statistically significant difference was reported, a post hoc Dunnett’s multiple comparisons

test to negative control was carried out. *P < 0.05, " p < 0.0001.

protein, but not a control of non-biotinylated HpBARI protein
(Fig. 4C). Finally, to assess whether the interaction with RELMp
required a conformational epitope, HpBoRB was denatured through
heat-treatment, which resulted in an ablation of binding (Fig. 4D).
These experiments confirmed the specificity of binding between
HpBoRB and RELMB, with interactions which reach saturation and
indicated a subnanomolar affinity.

To further validate the interaction between HpBoRB and RELMp
in solution, HpBoRB, RELMB, or a mixture of the two proteins were
applied to a size exclusion chromatography column. A peak shift
could be seen when proteins were allowed to interact, which indi-
cated that a larger molecular mass HpBoRB-RELMB complex was
forming in solution (Fig. 5).

Finally, surface plasmon resonance was used to measure the
affinity of HpBoRB-RELMP binding (Fig. 6). Purified HpBoRB was
passed over a chip coated with monobiotinylated RELMS.
HpBoRB-RELMB binding showed a rapid on-rate and a slow off-
rate, indicating a high affinity interaction with a Kp of <0.1 nM,
and fit a 1:1 binding model. Therefore, this data confirms that
HpBoRB interacts with RELMp with high affinity.

4. Discussion

Parasitic helminths have an armoury of secreted proteins which
they use to modulate the host immune system. Apparently
uniquely, Hpb has expanded the CCP domain-containing family
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Fig. 3 (continued)

TGM protein families (each with their own immunomodulatory
activities), and we now show that it also contains a novel CCP
domain-containing protein, HpBoRB, which binds to host RELM

with high affinity.

of proteins to act on a range of immune pathways: we show that

the CCP domain-containing family is expanded in Hpb, but not in

any other parasitic or free-living helminth yet characterised. This
CCP domain-containing family contains the HpARI, HpBARI and
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Fig. 4. HpBoRB-RELMp binding by ELISA (A) RELMB was captured on an ELISA plate and incubated with serial dilutions of FLAG-tagged HpBoRB or HpApyMut2. Protein
interactions were detected using anti-FLAG antibody. SEM of 4 technical replicates shown. (B) HpBoRB was captured on an ELISA plate and incubated with serial dilutions of
RELMB or purified CD4d3+4 tag (CD4 tag). Protein interactions were detected using anti-rat CD4d3+4 0X68 antibody. SEM of 4 technical replicates shown. (C) Competition
binding of HpBoRB and RELMB. Biotinylated HpBoRB (expressed in AVEXIS bait vector) was captured on a streptavidin-coated ELISA plate. Binding of pentameric RELMB to
plate-bound HpBoRB was competed off by pre-incubation with free HpBoRB or HpBARI at a range of concentrations. RELMB binding was detected using anti-p-lactamase
antibody. SEM of 3 technical replicates shown. (D) RELMB was coated to an ELISA plate and HpBoRB binding detected as in panel B. HpBoRB heat-treated at 95 °C for 20 min
showed reduced binding. SEM of 3 technical replicates shown. Data in A-C representative of 3 independent experiments, data in D representative of 2 repeat experiments.

Although this study did not assess the functional consequences
of HpBoRB-RELMB interactions, it is reasonable to hypothesise that
HpBoRB may inhibit the activity of RELMB. RELMB is a member of
the resistin-like molecule family of proteins (which contains resis-
tin, RELMa, RELMB and RELMYy), which have varied effects against
bacterial and helminth infections, in metabolism, and on immune
cells (Pine et al., 2018). RELMa and RELMB are particularly strongly
upregulated in type 2 immune responses, in helminth infections
and asthma, however their mode of action is not well understood
as no host receptor has yet been identified for either protein. How-
ever, RELMB-deficient mice show defective clearance of several
helminth infections (including Hpb), while treating adult Hpb par-
asites in vitro with recombinant RELMp resulted in these worms
being more rapidly ejected when transplanted to a new host
(Herbert et al., 2009). Recently, RELMB-deficient mice were found
to be protected from anaphylactic reactions in food allergy models,
via interactions with the intestinal microbiota and consequent
reduced regulatory T cell expansion (Stephen-Victor et al., 2025).
Critically, RELMB expression was shown to reduce levels of Lacto-
bacillus and Alistipes commensal bacteria, both of which produce
indole metabolites and consequently induce regulatory T cell
expansion. Thus, in RELMB-deficient mice, or with anti-RELMB
antibody administration, Lactobacillus and Alistipes levels increase,
regulatory T cells expand, and allergic immune responses are sup-
pressed. Consistent with these observations, and our hypothesis

that HpBoRB inhibits RELMB, Hpb infection increases the abun-
dance of Lactobacilli during infection, which is associated with
increased regulatory T cell expansion (Reynolds et al., 2014).
Therefore, through blocking both direct and indirect effects on
the parasite of RELMp, HpBoRB could aid in Hpb survival.

While the binding of HpBoRB to RELMB was robust and of sub-
nanomolar affinity, we cannot currently speculate on the structure
of the HpBoRB-RELMpB complex formed. HpBoRB and RELMp have a
similar monomeric molecular weight of 14 kDa and 11.3 kDa
respectively, however the crystal structure of RELMB and analysis
of serum samples indicates that it exists in both trimeric and hex-
americ forms in vivo, with suggestions that the trimeric form may
show increased bioactivity (Patel et al., 2004). Whether HpBoRB
binds to monomeric, trimeric or hexameric RELMB, or indeed
whether HpBoRB'’s binding encourages formation of one of these
RELMB complexes, will be a subject for future studies.

HpBoRB is expressed at highest levels in the tissue-dwelling lar-
vae stage of infection (prior to day 10 of infection), similarly to the
peak expression and activity of HpARI and HpBARI family members
(Pollo et al., 2023; Smyth et al., 2025). Thus, this phase of infection
may represent a peak of immunomodulatory activity of the para-
site, inhibiting the later development of anti-parasitic responses.
Recently, we showed that using a vaccination approach to block
immunomodulation by HpARI and HpBARI in the early phase of
infection resulted in much increased type 2 responses and effective
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Fig. 5. Size exclusion chromatography reveals HpBoRB binds to RELM. 25 jig of HpBoRB (blue), 100 pg of RELMB (red) and 100 pg of RELMB was added to 25 pg HpBoRB
(green) and ran on a Superdex 200 Increase 10/300 GL gel filtration column. Absorbance 280 trace and 0.5 mL fractions were collected for western blot as indicated by the
dotted line. Collected fractions samples probed for anti-RELMp or anti-FLAG. In the case of sample containing HpBoRB and RELMB, blots were probed for anti-RELMSB, stripped
and re-probed for anti-FLAG. Data representative of 3 experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 6. Surface plasmon resonance to determine HpBoRB-RELMp interaction. A
surface plasmon resonance sensogram showing the binding of a concentration
series (two-fold dilutions from 50 nM) of HpBoRB to immobilised murine RELM§.
Black lines show SPR data and red lines fit a 1:1 binding model. Data from a single
experiment. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

immunity to the parasite (Smyth et al., 2025). It will be interesting
to investigate the effects of blocking HpBoRB in this context.

The AVEXIS protein-protein interaction screen was limited to
those immune proteins selected for cloning and expression. There
may be many further interactions between these parasite secreted
proteins and host partner proteins which were not included in this
version of the screen. As this screen was intended to identify speci-
fic and novel pathogen-host interactions, a low hit rate was
expected: in a recent study of malaria-host interactions using the
AVEXIS system, only 4 interactions (of which one was previously
known) were identified out of a screen of 84 malaria proteins

and 189 host proteins (Segireddy et al., 2024). This compares
favourably with our screen of 27 parasite and 41 host proteins,
where 3 interactions were identified (of which 2 were previously
known). Furthermore, while the CCP domain-containing family
contains a number of important immunomodulators,
immunomodulation is not exclusive to this family. Recently, gluta-
mate dehydrogenase (GDH) in Hpb secretions was shown to con-
trol type 2 immune responses through the induction of PGE2 (de
Los Reyes Jimenez et al., 2020). In mammals, GDH is a metabolic
enzyme, involved in the tricarboxylic acid cycle, however in Hpb
(and other helminths) this enzyme has been co-opted as an
immunoregulatory factor. Similarly, apyrases (extracellular
ATPases) are secreted by many parasites, including Hpb, and are
thought to degrade ATP, a potent extracellular damage associated
molecular pattern (DAMP) (Berkachy et al., 2021). Finally, several
intestinal nematodes, including Nippostrongylus brasiliensis and
Hpb, secrete type Il DNAses to degrade neutrophil extracellular
traps (NETs) (Bouchery et al., 2020). As GDH, apyrases and secreted
DNAses are not CCP domain proteins, but are instead enzymes
which have been co-opted for immune modulation and evasion,
these seem to be a separate class of host-pathogen interaction pro-
teins, which would not have been detected by our approach.

In summary, Hpb secretes an extraordinarily large family of CCP
domain-containing proteins, which have already been shown to
contain two independent sets of immunomodulators. Testing the
hypothesis that additional immunological functions have evolved
among other members of this family, and by using a sophisticated
protein-protein interaction screen, we identified HpBoRB, a novel
Hpb protein which binds to RELMB, a known player in the anti-
parasite type 2 immune response which is required to eliminate
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helminth infection. Our future studies will investigate the role of
HpBoRB in vivo, and extend our search within the CCP gene family
of helminth species to fully understand their scope in modulation
of the immune system.
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