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Abstract

Human infection with the intestinal nematode Strongyloides stercoralis is persistent unless
effectively treated, and potentially fatal in immunosuppressed individuals. Epidemiological data are
lacking due to inadequate diagnosis. A rapid antigen detection test is a priority for population
surveillance, validating cure after treatment, and for screening prior to immunosuppression. We
analysed open access ‘omics’ data sets and used online predictors to identify S. stercoralis proteins
that are likely to be present in infected stool, Strongyloides-specific, and antigenic. Transcriptomic
data from gut and non-gut dwelling life cycle stages of S. stercoralis revealed 328 proteins that are
differentially expressed. Strongyloides ratti proteomic data for excreted and secreted (E/S) proteins
were matched to S. stercoralis, giving 1,057 orthologues. Five parasitism-associated protein families
(SCP/TAPS, prolyl oligopeptidase, transthyretin-like, aspartic peptidase, acetylcholinesterase) were
compared phylogenetically between S. stercoralis and outgroups, and proteins with least homology
to the outgroups were selected. Proteins that overlapped between the transcriptomic and
proteomic datasets were analysed by multiple sequence alignment, epitope prediction and 3D
structure modelling to reveal S. stercoralis candidate peptide/protein coproantigens. We describe 22
candidates from seven genes, across all five protein families for further investigation as potential S.
stercoralis diagnostic coproantigens, identified using open access data and freely-available protein
analysis tools. This powerful approach can be applied to many parasitic infections with ‘omic’ data to

accelerate development of specific diagnostic assays for laboratory or point-of-care field application.
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Author summary

The worm Strongyloides stercoralis causes infectious disease in people throughout tropical and sub-
tropical regions, leading to an extensive reduction in quality of life and even death. Millions of
people are at risk of infection with this parasite and improved diagnostic and control methods and
technologies are urgently required. Currently, most diagnosis is carried out through methods
involving visual inspection of patient’s faeces, which has a number of drawbacks, particularly its poor
sensitivity. This paper presents a new method to develop improved diagnostic tests for S. stercoralis,
by computational analysis of publicly available gene and protein sequences to predict proteins that
may be detectable in faeces. This would enable the development of rapid diagnostic tests in the
form of lateral flows or dipsticks, with better predictive ability and fewer drawbacks than current
diagnostic methods. A number of potential proteins, predicted to have all the desired characteristics
for use in such tests were found through the new method and have been presented in this paper.
With validation, new diagnostic tests for S. stercoralis could be developed from these results and the

computational approach could be used to target other parasitic diseases.

Introduction

The intestinal nematode Strongyloides stercoralis is a soil transmitted helminth (STH) prevalent in
faecally-contaminated, humid soils in tropical and sub-tropical regions. Strongyloidiasis is estimated
to affect up to 40% of people in many endemic regions [1, 2]. Infection occurs when infective third
stage (L3) larvae penetrate the skin. The parasitic adult female resides in the epithelium of the
duodenum where it feeds on host tissue. Although clinical signs may be mild or non-specific, long
term infection by Strongyloides can have significant impact on quality of life and child development

and progress to severe and fatal disease [3-5].

S. stercoralis is unusual among human parasitic nematodes in that it can complete its life cycle

within the host, thus sustaining infection for decades if untreated [6-8]. During reduced immune


https://doi.org/10.1101/2022.09.01.506149
http://creativecommons.org/licenses/by/4.0/

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506149; this version posted September 3, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

competence due to immunosuppression, such as corticosteroid treatment of co-morbidities, or
HTLV-1 co-infection, very large numbers of larvae may undergo this autoinfective cycle, causing
hyperinfection or disseminated strongyloidiasis, both with a high fatality rate [9-11]. This
autoinfective lifecycle means that infections will fully re-establish if worms are not completely
cleared from the host during treatment. Diagnosis of strongyloidiasis and validation of cure after

treatment are therefore imperative.

Treatment with the first-line drug ivermectin has a reported efficacy of between 57% and 100%.
However, accurate determination of cure depends on follow-up and the diagnostic method used [8,
10, 12]. Albendazole and mebendazole, used to treat infection with other STH are less effective or
ineffective against Strongyloides [13-15]. Moxidectin has shown effectiveness against S. stercoralis,

that is equivalent to ivermectin, in early trials and continues to be developed [16, 17].

Diagnosis of strongyloidiasis can be made by microscopy using agar plate culture [18], Baermann
funnel or spontaneous sedimentation, all of which isolate larvae from fresh stool [19, 20]. gPCR on
extracted stool DNA is used in research and highly resourced laboratories, and improves sensitivity
over microscopy [21-24]. However, sensitivity may be reduced by inadequate DNA extraction [25],
low stool volume used in testing (as little as 0.1 g compared to 1 gram or more used for culture or
larval concentration methods), and irregular larval excretion [12]. Serology, detecting antibodies to
either whole worm or recombinant antigens NIE and SsIR, has sensitivity of 70-98% and high
specificity [26] but can only distinguish cure months to years after effective treatment [27-29].
Therefore, there is a need for a rapid diagnostic test (RDT) that can be used for screening as well as
for confirmation of cure. An antigen-based assay would fulfil this need, because it may achieve high
sensitivity and specificity and test for active infection. Pilots of such assays have shown proof of
principle under research conditions using antibodies against Strongyloides ratti and Strongyloides

venezuelensis somatic or excretory/secretory (E/S) antigens [30-32]. However, identification of
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93  specific S. stercoralis protein antigens would enable production of standardised diagnostic tests on a

94  large scale.

95  The wealth of ‘omic’ data now available in the public domain, coupled with online protein analysis
96  tools, enables a computational approach to antigen discovery. This concept was termed reverse
97  vaccinology when used in vaccine candidate discovery [33]. The approach begins with genomic
98  analysis, as opposed to biochemical or serological methods and it also has significant potential in
99  diagnostic antigen discovery. It has the advantages of not requiring culture of the organism and of
100 revealing antigens that may be less abundant or difficult to purify in vitro. Incorporation of
101  transcriptomic data can inform candidate gene/protein selection in parasites with multiple life

102 stages, such as S. stercoralis [33].

103 Our approach was facilitated by the publication of the genomes of S. stercoralis and three related
104  Strongyloides species [34]. Here, we have applied a series of computational analyses to open access
105 transcriptomic, genomic and proteomic data from Strongyloides species and other helminths. We
106 have used common bioinformatic tools, to identify Strongyloides protein antigens that may be

107 diagnostic targets detectable in human stool, using a coproantigen capture RDT.

108 Methods

109  Data sources
110  This study used data obtained from public databases, primarily Wormbase ParaSite, a resource for

111  parasitic worm genomics curated by the Sanger Institute and the EMBL European Bioinformatics

112 Institute. Full details of data sources are listed in Supporting Information file S1.

113  S. stercoralis transcript sequences identified by the prefix ‘SSTP’ can be obtained via UniProtkB

114 (www.uniprot.org) or WormBase ParaSite (WBPS: www.parasite.wormbase.org).
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115  Overview of method
116  Three criteria were applied for candidate antigen selection: presence in infected stool; specificity to

117  Strongyloides and/or S. stercoralis; antigenicity, to facilitate raising sensitive antibodies. Datasets

118 and computational analyses used to make this selection are detailed in Figure 1.
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120  Figure 1. Schematic of the method for identifying coproantigens of Strongyloides stercoralis using
121  ‘omic’ data and computational analyses.

122 Filled shapes represent datasets, colours represent analyses against three characteristics of a

123 candidate coproantigen. E/S, excreted and secreted; MSA, multiple sequence alignment; Ss,

124  Strongyloides stercoralis; BLAST, basic local alignment search tool; DE, differentially expressed.

125

126  Evidence for the presence of candidate coproantigens in stool
127  Analysis of the Strongyloides genomes by Hunt et al. (2016) [35] was used to identify protein families

128  associated with parasitism. Five parasitism-associated protein families (‘priority protein families’)

129  were then our focus for identifying coproantigens: sperm-coating-proteins/Tpx-1/Ag5/PR-1/5c7
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130 (SCP/TAPS), transthyretin-like (TTL), acetylcholinesterase (AChE), prolyl oligopeptidase (POP) and
131 aspartic peptidases.

132

133  Transcriptomics
134  To reveal candidate coproantigens, we used transcriptomic data from Stoltzfus et al. (2012) [36],

135  which analysed transcriptomes of 7 life stages of S. stercoralis (Figure 2). RNA data were

136  downloaded from the National Centre for Biotechnology Information (NCBI) Sequence Read Archive
137 (SRA), with triplicate reads from each stage. We grouped these data by life stage and by presence or
138 absence within the host gut, thus representing stages excreting or secreting antigens into human

139 stool (Figure 2).
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141 Figure 2. S. stercoralis life stages.
142  Asterisks indicate life stages for which transcriptomic data were obtained by Stoltzfus et al. (2012).

143 We grouped these transcriptomic data by presence in the host gut, (boxed asterisks) and outside the
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144 host gut. P Females, parasitic females; PP, post parasitic; FL, Free-living; PFL, post free-living; L1,
145 stage 1 larva; L3, stage 3 larva; iL3, infectious third stage larva; L3+, tissue-migrating larva; L3a,
146 autoinfective L3. Figure modified from Stoltzfus et al. (2012) [36] under a CC BY license. Accession

147  numbers are given for NCBI SRA for the triplicate reads in Supporting Information S1 Table.

148

149  We calculated relative abundance of transcripts using RSEM [37] and bowtie2 [38] and subsequently
150 separated RNA data from the 4 non-gut-dwelling stages and 3 gut-dwelling stages into two groups.
151 Differential gene expression between the two groups was analysed using ebseq in RSEM. We

152  selected genes that were differentially expressed with 100% confidence, in either direction, between

153  gut-dwelling and non-gut-dwelling life stages.

154  Differentially expressed protein family identification
155  ClustalW [39] was used to perform multiple alignment of the differentially expressed (DE) genes and

156  to produce a phylogenetic tree, which was annotated with iTOL [40]. The tree, labelled only with S.
157  stercoralis gene accession numbers, facilitated grouping of the DE genes into protein/gene families

158  but protein identities remained unknown at this stage.

159 DE proteins were firstly identified by submitting amino acid sequences of selected clusters on the
160 tree to three domain-finding tools: Delta BLAST [41], InterPro [42] and ExPASy Prosite [43, 44] and a
161  consensus of all three used to obtain probable protein identity. Secondly, DE protein sequences
162 were submitted to BlastKOALA [45]. BlastKOALA protein identities were considered alongside

163 previous consensus or used alone if there was no identity from three domain-finding tools.

164  Excretory/secretory proteomics

165  Source of proteomic data
166 Soblik et al. (2011) [46] submitted excretory/secretory (E/S) material of S. ratti parasitic females to

167  mass spectrometry and identified the constituent proteins. In their presentation of the Strongyloides
168  rattigenome, Hunt et al. (2016) [34] re-analysed the spectral data and obtained protein identities
169  from corresponding genomic data of S. ratti. We acquired the list of parasitic female E/S proteins,

170  with S. ratti genome accession numbers and protein identities, from Supplementary Table 19 of
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171 Hunt et al. (2016) [34] and subsequently obtained the corresponding amino acid sequences from the

172  S. ratti protein file (WBPS v8) using samtools [47].

173 S. stercoralis orthologues to the S. ratti excretory/secretory proteome

174 At the time of this study, there were no E/S proteomic data available for S. stercoralis. Therefore, we
175  obtained S. stercoralis orthologues of the S. ratti E/S proteins, by searching the S. ratti E/S proteins
176  against a custom blast+ database consisting of the S. stercoralis protein file (WBPS v8), using blastp
177 with word size 2 and e-value -50. S. stercoralis hits, in the form of accession numbers, were

178 extracted from the resulting table and duplicated hits removed. Corresponding S. stercoralis amino
179 acid sequences were extracted from the S. stercoralis protein file using samtools. VENNY 2.1 [48]
180  was used to reveal the S. stercoralis accession numbers that occurred in both the DE proteins and
181 the E/S orthologues. All the E/S orthologues were submitted to BlastKOALA as before, to obtain
182 protein family identities, as well as matching them with the protein identities reported for the

183  original S. ratti E/S proteins, by Hunt et al. (2016) [34]. Separately, differential gene expression data
184  from analysis of the Stoltzfus et al. (2012) [36] dataset were extracted for the E/S orthologues that

185 occurred in both datasets.

186  Signal peptide prediction for evidence that a protein is secreted was performed on the S. stercoralis

187 DE proteins and E/S orthologues using SignalP 4.1 [49].

188  Specificity of candidate coproantigens to Strongyloides
189  We used phylogenetic comparison to indicate S. stercoralis proteins with least homology to those of

190 other relevant species, followed by multiple sequence alignment to identify exact regions of

191 specificity.

192 A custom blast+ database was created from the genome-derived proteomes of selected outgroup
193 species (Table 1). The outgroups were selected to represent parasitic and non-parasitic nematodes,

194  as well as trematodes, cestodes and human. Human protein/coding sequence (CDS) data were
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195 provided by the Human Genome Project at the Wellcome Trust Sanger Institute and was obtained
196  from Ensembl. Accession numbers for all data are available in Supporting Information file S1.

197
198
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Table 1. Outgroup species used for phylogenetic comparison to S. stercoralis.

Species

1 Ancylostoma duodenale

2 Ascaris lumbricoides

3 Caenorhabditis elegans

4 Clonorchis sinensis

5 Enterobius vermicularis

6 Homo sapiens

7 Necator americanus

8 Onchocerca volvulus

9 Parastrongyloides trichosuri
10 | Strongyloides ratti

11 | Strongyloides venezuelensis
12 | Strongyloides papillosus

13 | Syphacia muris

14 | Taenia solium

15 | Trichuris trichiura

Rationale for selection

Hookworm, prevalent nematode of humans
Prevalent nematode of humans

Free-living nematode and model organism
Trematode of humans

Prevalent nematode of humans

Human, present in all samples

Hookworm, prevalent nematode of humans
Non-gut nematode of humans

Relative of S. stercoralis, facultative parasite of
opossums

Close relative of S. stercoralis, serological cross-
reactivity with S. stercoralis [50]

Close relative of S. stercoralis

Close relative of S. stercoralis

Nematode of mice and rats, serological cross-reactivity
with Strongyloides in experimental animal infection
[51]

Cestode of humans

Prevalent nematode of humans

Specificity of differentially expressed proteins to S. stercoralis
Specificity of DE proteins to Strongyloides was assessed by their clustering in a phylogenetic tree

after alignment with orthologues from the outgroups. The S. stercoralis DE proteins that resulted

from the transcriptomic comparison were searched as separate protein families, against the custom

outgroup database with blast+ criteria: word size 2 and e-value of -5 or -10, as appropriate, to obtain

about 100 to 1,000 hits (S2 Table). In cases where there were very few DE proteins in a particular

family, the DE protein(s) were also searched against a custom database consisting of only S.

stercoralis genome-derived proteins (S2 Table). This was intended to increase the number of S.

stercoralis proteins to enable species-specific clusters to be revealed on phylogenetic trees.

11
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210 Protein hits from each outgroup, and the additional S. stercoralis hits where appropriate, were

211  aligned with their respective original blast queries by multiple sequence alignment (MSA) using

212 ClustalW, and phylogenetic trees were constructed. Trees were annotated with iTOL [40] to show
213 proteins from each outgroup species in a different colour. S. stercoralis proteins which formed a

214  distinct cluster, or clusters, on each phylogenetic tree were viewed in MSA along with the most and
215 least similar proteins from each of the outgroups on that tree. These ClustalW alighnments were

216 analysed by eye for Strongyloides and S. stercoralis-specific regions which were submitted to BLASTP
217 search against the NCBI nr, and Nematoda (taxid: 6231) databases, as relevant, to validate their

218  specificity.

219  Antigenic potential of candidate coproantigens

220  Epitope prediction
221 BepiPred 1.0 [52] and bcepred [53] were used to predict epitopes within the DE proteins and E/S

222 proteome orthologues. A BepiPred threshold of 1.3 (range -4 to 4) was selected for maximum

223 specificity of 96%, with corresponding 13% sensitivity, of predicted epitopes in order to minimise the
224  chance of false positive predictions. Minimum length was 9 amino acids with no maximum. In the
225 differentially expressed proteins, longer sequences with an overall very high epitope score were

226  allowed to contain small regions scoring below 1.3.

227 Bcepred criteria were based on the reported highest accuracy of 58.7% which was achieved using a
228  threshold of 2.38 for the average score of four amino acid properties: hydrophobicity, flexibility,
229 polarity and exposed surface. In addition to BepiPred 1.0 and Bcepred, we also used BepiPred

230  version 2.0 [54] for certain candidate antigens. This version became available only after the majority
231 of the analysis and offered improved prediction of conformational epitopes. BepiPred 2.0 was used
232 with the same epitope length criteria and an epitope score threshold of 0.55 (range 0 to 1) which

233 provided specificity of 81.7% and sensitivity of 29.2% on epitope predictions.

234 Outputs from the two prediction tools were compared, initially for proteins present in both outputs.

235  The predicted epitope regions of these proteins were then examined for sequence overlap. Prior to

12
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236 selection as candidate antigens, predicted epitopes were assessed for their specificity to

237  Strongyloides. Sequences were searched using BLASTP against the NCBI non-redundant (nr)

238  database. The “expect threshold” in BLASTP was increased if no results were obtained with default
239  parameters. BLASTP output was examined by eye for the sequence identity and biological relevance,

240  i.e. likelihood of presence in a human stool sample.

241 3D modelling
242  Selected proteins of interest containing predicted epitopes, Strongyloides-specific regions, and in a

243 priority protein family, were submitted to Phyre2 [55] for 3D structure modelling against known
244 crystal structures, using the intensive mode. UCSF Chimera [56] was used to visualise and annotate

245 3D models to highlight specific sequences of interest on the model.

246 Glycosylation prediction
247 N-linked glycosylation was predicted with NetNGlyc [57] to account for the potential of a glycan to

248 obscure protein antigen regions, or conversely to contribute to antigenicity. The prediction tool

249 identified asparagine (N) residues with a high probability of being glycosylated via their amide

250 nitrogen. Prediction was based on the motif N-X-S/T, where X is any residue except proline (P), and
251 along with the presence of a signal peptide or trans-membrane domain on that protein, this

252 indicates that potential glycosylation sites are likely to be glycosylated. Intracellular, intramembrane
253 regions, or signal peptides of a protein are unlikely to be glycosylated. If present, a glycosylation site
254  close to a candidate antigen region on the 3D protein could indicate that the protein is less likely to
255 be accessible to antibodies in a capture assay and therefore a lower priority candidate, pending in

256 vitro screening.

257

13
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258 Results

259  Priority protein families
260 Hunt et al. (2016) [35] identified seven protein families associated with Strongyloides parasitism. For

261  our coproantigen search, we focused on 5 of these, namely: sperm coating protein/Tpx-1/Ag5/PR-
262 1/Sc7 (SCP/TAPS), transthyretin-like (TTL), acetylcholinesterase (AChE), prolyl oligopeptidase (POP)

263 and aspartic peptidases.

264  Differential gene expression in gut life stages
265 Of a total of 13,098 S. stercoralis genes identified in RNA-seq data by Stoltzfus et al. (2012) [36] we

266  found 328 which we were 100% confident of differential expression between gut-dwelling and non-
267  gut-dwelling life stages according to our groupings (Figure 3). Of these, 198 (60.4%) contained a

268  signal peptide. Of the 328 DE genes, 203 were expressed more in gut-dwelling life stages than non-
269  gut, including some or all of the proteins in the 5 priority protein families analysed here. These were
270  therefore the focus of our coproantigen search (Figure 3 and S3 file). Twenty eight protein families
271  were identified among the differentially expressed (DE) proteins, accounting for 193 (58.8%) of the
272 proteins, with the remainder either not identified (22%) or given a disorder prediction (19.2%),

273 indicating that they do not have a fixed conformation and are difficult to assign to a particular

274  function or family (Figure 3).

275
276
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278  Figure 3. S. stercoralis proteins differentially expressed between gut-dwelling and non-gut-

279  dwelling life stages.

280  The total range of DE proteins is included for comparison. Proteins are grouped by similarity and
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281  families are identified. Any protein family with less than 2 BLAST hits present not labelled. Colours
282 refer to features or families; the 5 priority protein families analysed (SCP/TAPS; TTL; AChE; aspartic
283 peptidases, and POP) are labelled with an asterisk. Labels indicate layers representing: A, the 328 S.
284  stercoralis DE proteins; B, proteins orthologous to S. ratti E/S proteins; C, proteins containing

285  epitopes predicted by BcePred (left) and BepiPred (right); D, the 203 proteins that were DE in gut-

286 dwelling life stages.
287

288

289  Excretory/secretory proteome
290 In the absence of a S. stercoralis excretory/secretory (E/S) proteome, we identified 1,057 S.

291  stercoralis proteins that had high homology to the 584 proteins in the published E/S proteome of S.
292 ratti [34], of which 325 (30.7%) contained signal peptides. Original S. ratti E/S proteins were given as
293 582 accession numbers, however two were found to have alternative isoforms which are also

294 included here. Multiple sequence alignment indicated that 550 (94.2%) of the 584 S. ratti E/S

295 proteins had a S. stercoralis orthologue at the selected similarity level (e-value 1E-50) and that 284

296  (51.6%) of these had multiple homologues in S. stercoralis (S4 file).

297  Toidentify possible S. stercoralis E/S proteins among those differentially expressed in the host gut,
298  we compared the 1,057 S. stercoralis orthologues with the 328 identified by transcriptomic data as
299 DE in gut-dwelling life stages of S. ratti. Seventy seven (23.5%) proteins were shared between both
300 data sets, of which 58 (28.6%) were shared between the 203 gut-stage DE proteins and the E/S

301 orthologues.

302 Toinvestigate gene expression of the E/S orthologues, we extracted data for the 1,057 S. stercoralis
303 proteins from RSEM analysis of the entire 13,098 active S. stercoralis genes. Protein families were
304 assigned by a combination of BlastKOALA, which identified 537 (50.8%) of the E/S orthologues, and
305 the S. ratti protein identifications provided by Hunt et al. (2016) [34] (S5 file). Relevant proteins were

306  assigned to the five ‘priority protein families’ (Figure 3).
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307 Predicted epitopes
308  Within the 328 confidently identified DE S. strongyloides proteins, BepiPred and bcepred jointly

309 predicted epitopes in 104 proteins, 78 and 62 proteins respectively, with 36 proteins containing

310 epitopes predicted by both tools (Figure 3 and S3 file). Within the 78 proteins, BepiPred predicted
311 125 epitopes, and within 62 proteins bcepred predicted 108 epitopes (S6 file). Fifty six epitopes

312  contained overlap or identity between the two prediction tools (S6 file). Predicted epitopes ranged
313  from 9 residues to entire proteins of up to 651 amino acids (aa) with BepiPred, and 8 to 66 aa with
314  bcepred. These regions were given greater scrutiny in the context of species specificity and antibody

315 accessibility.

316 S stercoralis orthologues (n = 1,057) of the S. ratti E/S proteome were also submitted to BepiPred
317  and bcepred which predicted 747 and 62 epitope regions respectively, in a total of 324 of the
318  proteins. These ranged from 9 to 99 residues and contained 49 epitope sequences that overlapped,

319  originating from 40 proteins (S6 file).

320

321  S. stercoralis-specific candidates identified by phylogenetic comparisons
322  Thefive S. stercoralis protein families linked to parasitism and among the DE proteins were analysed

323 for S. stercoralis genus or species-specificity. Separate BLAST searches of each protein family against

324 15 outgroups revealed the S. stercoralis proteins most likely to contain specific regions (Figure 4).

17


https://doi.org/10.1101/2022.09.01.506149
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506149; this version posted September 3, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

4 y N L 4 . Strongyloides stercoralis

(A) Al n (B) @ " "u, (€) L] Species
&

2. l_‘ Strongyloides ratti

™~

- =

I:‘ Strongyloides papillosus

m *

- : =[] strongyloides venezuefensis
- - = o
\ I:‘ Parastrangyloides trichosuri

\\\ B Ancylostoma duodenale

o\

|:| Necator americanus

[ ] Ascaris fumbricoides
D Trichuris trichiura

|:| Enterobius vermicularis
I:‘ Caenorhabditis elegans
[ onchocerca volvulus
I:] Clonorchis sinensis

|| Taenia solium

|:| Syphacia muris

u Homo sapiens

|:| Non-Strongyloides

325

326

327 Figure 4. Phylogenetic alighment of S. stercoralis high priority family proteins with other S.

328  stercoralis proteins and outgroups.

329 Proteins of the five high priority families of S. stercoralis (dark green), from the differentially

330 expressed dataset, in phylogenetic alignment with BLAST hits from S. stercoralis itself (black) and
331  outgroups (other colours). Colours reaching the outer edge represent Strongyloides species, whereas
332 shorter colour bands are non-Strongyloides outgroups. (A) SCP/TAPS, (B) transthyretin-like (TTL), (C)
333  acetylcholinesterase (AChE), (D) aspartic peptidase, (E) prolyl oligopeptidase (POP). Arrows indicate
334  clusters of S. stercoralis proteins containing species-specific regions; derived from both gut- and non-

335  gut-dwelling differential expression data, augmenting detection of lack of species specificity.

336

337  S. stercoralis proteins from the clusters identified in the phylogenetic trees were examined in

338  alignment with outgroup representative homologues with the most and least similarity. From the
339  alignments, the S. stercoralis regions with least homology to outgroups were selected as candidate
340 antigens. In some cases these included the entire protein. Results of this analysis are detailed below

341 by protein family.
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342  SCP/TAPS coproantigen candidates
343  Twenty one differentially expressed proteins were identified as definite (n = 19) or possible (n = 2)

344  members of the SCP/TAPS protein family (Figure 3 and S3 file). The two ‘possible’ SCP/TAPS proteins
345 clustered separately among CAP-domain proteins (Figure 3) and were therefore not included as

346 definite members of this protein family. In phylogenetic analysis following alignment against

347 outgroup genomes, seven of the 19 SCP/TAPS proteins formed a cluster of higher S. stercoralis

348 specificity (Figure 4A, arrowed) (SSTP_0001008500, 8600, 8700, 8900, 0000511800, 512000,

349  513400). Multiple sequence alignment (MSA) and BLAST searching showed that these SCP/TAPS
350 proteins contained several regions of apparent S. stercoralis species specificity, however, most were
351  more highly expressed in non-gut life stages, such as tissue-migrating larvae. In total 8 of the 19

352  were expressed more in gut-dwelling life stages. Therefore SCP/TAPS from outside the cluster (in
353 Figure 4A) were also viewed in MSA. A species-specific region was identified in gut-stage DE protein,
354  SSTP_0000990000, consisting of a large 381 aa sequence of this protein which is upregulated in the

355 parasitic female life stage (Table 2).

356

357  Transthyretin-like coproantigen candidates
358 Fourteen (14) TTL proteins were differentially expressed between gut and non-gut-dwelling life

359  stages with 100% confidence, all of which were expressed more in gut-dwelling life stages, almost
360  exclusively in parasitic female worms (Figure 3 and S3 file). Twelve of these proteins grouped as a
361  cluster while the other 2 were more similar to other protein families or features (Figure 3). When
362 aligned against homologous proteins from the outgroup species, 11 TTL proteins clustered together
363 (Figure 4B, arrowed). All 14 TTL proteins were inspected visually in sequence alignment with

364  selected outgroup proteins and five (SSTP_0000700800, 700900, 1222000, 0485800, 1133200)

365 showed greater specificity to S. stercoralis and low sequence similarity to any of the outgroup

366 homologues. However, when many of the possible Strongyloides-specific regions were BLAST

367 searched separately, they were not sufficiently specific to be used as coproantigens. In particular,
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368  the search revealed that the amino acid sequence VTCDGKPL in protein SSTP_0000485800 is
369  conserved across many nematode genera and should therefore be avoided in any candidate antigen.
370  Two of the TTL proteins did contain one or more regions of Strongyloides species or genus

371  specificity, giving a total of 6 TTL candidate coproantigens (Table 2).

372 In addition to high Strongyloides-specificity across its whole sequence of 177aa, TTL protein

373  SSTP_0000700800 also contained predicted epitopes. To investigate the position of these, the

374  protein was 3D modelled to a template generated from TTR-52 protein of C. elegans (PDB accession:
375  3UAF) (Figure 5). This model aligned to 89 residues (aa 2-90; 50% of the sequence) with 99.9%

376 confidence. This protein contained a predicted glycosylation site at position N165 and, although not
377 predicted to have a signal peptide, it was indicated as an ‘extracellular or secreted’ protein in

378 UniProt [58] and is a known E/S protein family, therefore it is more likely to be glycosylated.

379

380 Figure 5. A transthyretin-like (TTL) protein of S. stercoralis in rotated view showing surface-

381 exposed epitope regions and N-linked glycosylation sites

382  Accession number SSTP_0000700800. Blue, BepiPred predicted epitope aa’s 124-143; pink, bcepred
383 predicted epitope aa’s 99-123; green, predicted N-linked glycosylation site at N165 in the motif NVS.
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384  The bcepred epitope (pink) extends to residue 141 but has been shortened to show the BepiPred

385  epitope (blue), which overlaps with it.

386  Acetylcholinesterase (AChE) coproantigen candidates
387 Nineteen AChE proteins were in the DE dataset, of which 18 were expressed higher in gut-dwelling

388  stages, particularly in parasitic female worms (Figure 3). The other AChE protein was highly

389  expressed in infectious and tissue-migrating larvae (S3 file). All 19 proteins formed a cluster when
390 compared with other DE protein families, indicating greater sequence similarity. The 19 proteins
391  were then aligned with BLAST hits from outgroup species and most grouped into two distinct

392 clusters in the corresponding phylogenetic tree, one cluster of 4 S. stercoralis proteins, the other of
393 10 (Figure 4C, arrowed), all of which were DE in gut-dwelling life stages. The cluster of 4 consisted of
394  SSTP_0000274700, 671000, 638700 and 670800, all of which contained several regions of potential
395  S. stercoralis specificity by visual inspection of the alignment. Equally, the 10 proteins within the

396 other cluster contained multiple regions of possible Strongyloides specificity which were then

397  analysed by BLAST to confirm this specificity. For AChE, 10 candidate antigens originated from 2

398  proteins: SSTP_0000274700 and 509400 (Table 2).

399 From the larger cluster in Figure 4C, one of the sources of candidate antigens, AChE protein

400  SSTP_0000509400 was modelled with 100% confidence to 6 templates that jointly covered aa’s 17-
401 551 (95%) with about 30% sequence identity. Peptides with potential S. stercoralis species-specific
402  sequences were annotated on the model to view their surface exposure (Figure 6). BepiPred 1.0 and
403 bcepred both failed to identify epitopes in this protein. However, BepiPred 2.0 did predict epitope
404  regions, with moderate specificity and surface exposure. This AChE protein contained multiple

405 potential glycosylation sites, three of which, at positions 38, 89 and 319, were predicted with high

406  confidence on this known glycoprotein (Figure 6).
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407

408  Figure 6. S. stercoralis acetylcholinesterase in rotated views showing surface-exposed epitope
409  regions and N-linked glycosylation sites. Accession number SSTP_0000509400. Predicted features
410 indicated in colour: blue, BepiPred 2.0 predicted epitope at residues 85-103; and yellow at 390-411;
411  green, predicted N-linked glycosylation sites at N38 (NVT), N89 (NFS) and N319 (NLT). The site at

412 N89 is within the blue epitope sequence.

413  Aspartic peptidase coproantigen candidates
414  Only 4 aspartic peptidases appeared in the DE proteins, all of which were expressed more in gut-

415 dwelling life stages. Two of these were less reliably identified in this protein family so the other two
416 (SSTP_0000164500 and 164700), with very high expression levels in parasitic female worms and

417 both orthologues of E/S proteins, were analysed for S. stercoralis specificity. An additional 9

418 homologous proteins from S. stercoralis itself were included and all 11 proteins were then compared
419  with the outgroups (Figure 4D, arrowed). The two DE proteins had low sequence similarity with each
420  other. However, BLAST searching indicated that most of the possible species-specific regions lacked
421  Strongyloides specificity and only one suitable peptide was identified from SSTP_0000164500 (Table
422  2). 3D modelling of this protein could not be achieved with any reliability and was thus not used for

423  epitope selection. There were no predicted epitopes in either of the DE aspartic peptidases.

424
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425  Prolyl oligopeptidase (POP) coproantigen candidates
426  The 5 differentially expressed POP proteins, all very highly expressed in parasitic females, were

427  combined with a further 10 S. stercoralis homologues. In the phylogenetic tree, all 5 clustered with
428  other Strongyloides proteins and away from non-Strongyloides outgroups (Figure 4E). Four of the DE
429 proteins (SSTP_0000289100, 1108800, 1108500, 1019400) had higher species-specificity, clustering
430  with other S. stercoralis homologues (Figure 4E, arrowed). One of these 4 proteins,

431 SSTP_0000289100 contained two Bepipred epitopes and was very highly expressed in parasitic

432 females, as well as being in the E/S orthologues (Figure 3 and S3 file). However, the epitope regions
433 had moderate sequence identity to other nematodes, a Staphylococcus species and to Plasmodium
434 vivax, suggesting widespread conservation. Therefore, these peptides were not considered

435  sufficiently specific to Strongyloides.

436  Analysis of the POP proteins in multiple sequence alignment and subsequent search for similar

437 proteins using BLASTP against NCBI nr and Nematoda databases, revealed several regions of high
438  specificity to S. stercoralis in one of the DE proteins (SSTP_0001108800) (Table 2). Amino acid motifs
439  conserved across genera, and therefore not Strongyloides specific, were removed from the

440 sequences originally selected from the MSA, these included: DKLEN, KTDSK, RNAH and DIFAFI.

441

442  Summary of candidate coproantigens
443  Table 2 presents selected candidate coproantigen protein regions that satisfy the criteria of being

444 present in stool, specific to Strongyloides or S. stercoralis, and being antigenic. The full amino acid

445 sequences of all candidate antigens are given in FASTA format in file S7.
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446
447
448

Table 2. Candidate coproantigens of S. stercoralis based on upregulation in parasitism, amino acid sequence specificity to Strongyloides or S. stercoralis,

and containing a predicted epitope. Gene accession numbers can be found in WormBase ParaSite or UniProtkB. Amino acid sequences are given in file S7.

PF: parasitic female, E/S: excretory/secretory.

Protein family Gene Residues | Length | Peptide is Protein is Protein Protein Protein contains
specific to upregulated in | contains | occursin E/S | predicted epitope,
Strongyloides | gut-dwelling signal orthologues | surface exposed
life stages peptide
SCP/TAPS SSTP_0000990000 | 363-743 | 381 Yes Yes- in PF No No No
Transthryetin-like (TTL) SSTP_0000700800 | 1-177 177 Yes Yes- in PF No No Yes
SSTP_0001222000 | 22-50 29 Yes Yes- in PF Yes No Yes
51-86 36 Yes
65-159 95 Yes
87-116 30 Yes
125-160 | 36 Yes
Acetylcholinesterase SSTP_0000274700 | 17-43 27 Yes Yes- in PF Yes Yes No
(AChE) 63-104 42 Yes
187-207 | 21 Yes
243-266 |24 Yes
268-306 | 39 Yes
308-328 | 21 Yes
372-451 | 80 Yes
551-607 | 57 Yes
SSTP_0000509400 | 85-103 19 Yes Yes- in PF Yes Yes Yes
390-411 | 22 Yes
Aspartic peptidase SSTP_0000164500 | 107-140 | 34 Yes Yes- in PF Yes Yes No
Prolyl oligopeptidase SSTP_0001108800 | 221-266 | 46 Yes Yes- in PF No Yes No
(POP) 384-421 | 38 Yes
422-507 | 86 Yes
741-779 | 39 Yes
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as9  Discussion

450  The paucity of data on S. stercoralis infection prevalence and its low profile compared with the other
451 STH species are largely due to inadequate diagnostics and lack of a single gold standard. While

452 serology has the highest sensitivity for active disease, it is unsuitable for monitoring treatment

453  outcome or defining cure in a timely manner [27, 59]. Incomplete cure and reinfection post-

454  treatment may occur [8, 60, 61]. Therefore, we aimed to identify specific diagnostic targets from the
455 nematode that could be captured by a rapid antigen detection test on stool samples. Such

456  coproantigen assays are commercially available for Giardia and Cryptosporidium and have been

457 developed for a wide range of human and animal parasites including Ascaris [62], Fasciola [63],

458 Echinococcus [64], Strongyloides ratti [32], S. venezuelensis [30], Opisthorcis [65], Toxocara [66] and
459 Entamoeba histolytica [67], among others. These assays employ either somatic, E/S material, or

460 known antigens as targets.

461  We used open access data sources, published literature and freely-accessible online protein analysis
462 tools to shortlist candidate antigens, based on the three criteria: presence in infected stool;

463  Strongyloides or S. stercoralis specificity, and antigenicity. A similar study by Culma (2021)

464 investigated cellular location, antigenicity and allergenicity, among other features, in the S.

465  stercoralis proteome to identify potential vaccine and diagnostic targets [68]. Here, we focused on
466  proteins that were differentially expressed between gut-dwelling and non-gut-dwelling life stages of
467  S. stercoralis, according to RNA-seq data [36]. Seven protein families have been identified by other
468  studies as expanded in the genomes of parasitic nematodes, and upregulated in parasitic life stages
469 [35]. Studies of the Ancylostoma hookworm E/S proteome and S. venezuelensis somatic larval

470 proteome detected some of the same families (SCP/TAPS, proteases and TTL) indicating likely

471 presence in stool [69, 70]. To identify coproantigen diagnostic targets, we have performed a detailed
472  analysis of 5 of the 7 parasitism-associated protein families. We also identified S. stercoralis

473 orthologues of the S. ratti E/S proteome [34, 46].
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474  We found an overlap of 77 proteins (5.9% of the total) between DE proteins and E/S orthologues.
475  This limited overlap may reflect post-transcriptional control of expression [34]. Thus, grouping

476  together transcriptomic data of life stages with different gene expression profiles may have limited
477  our resolution of stage-specific coproantigens. E/S proteomics are an alternative starting point for
478 coproantigen discovery. However, when we viewed gene expression data for all the E/S orthologues,
479 no single life stage accounted for all the parasitic female E/S proteome. Although the S. stercoralis
480 E/S orthologues broadly represented the S. ratti E/S proteome dataset, there were 1,057 compared
481  tothe original S. ratti 550 dataset. Therefore, differential gene expression between species is also
482 likely to be a complicating factor and ultimately, the E/S proteome of the species of interest would
483 be most suitable for coproantigen discovery. However, shared epitopes between these closely

484 related species still warrant the use of all available data [50].

485  Priority protein families and species specificity
486 Phylogenetic trees of S. stercoralis DE proteins and their homologues from a selection of outgroups

487  focused our analysis on individual proteins from the priority protein families. These proteins were

488 more likely to contain species- or genus-specific regions.

489  SCP/TAPS
490  The first of the priority protein families analysed here, SCP/TAPS, is among the CAP domain-

491 containing proteins and is proposed to have a role in modulating the host immune response [35].
492 Here, we identified 21 SCP/TAPS proteins and 6 additional CAP-domain-containing proteins among
493 the DE proteins. Many of the species-specific proteins or regions in this protein family, were highly
494  expressed in tissue migrating larvae, rather than gut-dwelling life stages, therefore, only one protein
495  expressed in adult female worms was the source of candidate antigens. This protein family has been
496  studied in other parasitic nematodes, particularly the hookworms Ancylostoma caninum,

497  Ancylostoma ceylanicum and Necator americanus, in which they are numerous. Multiple of these
498  SCP/TAPS proteins have been demonstrated to be antigenic and recognised by anti-E/S antisera,

499 showing that they do possess at least two of the characteristics predicted by this pathway.
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500  Transthyretin-like proteins
501  Transthyretin-like proteins are a nematode-specific protein family and are known to be in E/S

502 material of many species [71]. Two TTL proteins were sources of candidate coproantigens in the
503 present study, both of which were expressed highly in the parasitic female worm and very little in
504  other life stages. Neither of these DE proteins were among the E/S orthologues, however other TTL
505 proteins were, and were expressed highly across multiple life stages. In addition, a TTL protein has
506 been identified as a potential vaccine or diagnostic candidate through a similar bioinformatic

507 pipeline, adding to the evidence for this protein family as a source of diagnostic targets [68]. The
508 exact function of TTL proteins remains unknown in animal parasitic nematodes, but evidence from

509 plant parasites suggests a role in subduing the immune response to favour worm survival [72].

510  Acetylcholinesterase
511 Secreted AChE has a possible role in enabling certain parasitic helminths to evade host expulsion

512 mechanisms from mucosal surfaces [35, 73]. The transcriptomic and E/S proteomic data strongly
513  supported this, with AChE family proteins in the E/S orthologues being expressed almost exclusively
514  inthe parasitic female life stage (S5 file). Secreted AChE differs from the neuromuscular protein in
515  structure, gene family and substrate, being less specific to acetylcholine [73]. We found moderate
516 homology between the predicted epitope regions of a S. stercoralis AChE and other nematode

517 species. We identified candidate antigens in two AChE proteins. One of the candidate antigen

518 proteins (SSTP_0000274700), contained 8 regions of Strongyloides specificity, when less specific

519 regions were excluded, comprising over 50% of the full length 607 aa protein.

520  Aspartic peptidase
521  The aspartic peptidase family of enzymes is named for the creation of the active site from aspartic

522 acid residues. Very few aspartic peptidases were DE, but had high expression in parasitic females
523 and homologues to S. ratti E/S proteins. Aspartic peptidases play a role in haemoglobin digestion in
524  other parasitic helminths, therefore secretion may be linked to feeding within the host gut

525  epithelium where the adult worm resides [74, 75]. We identified a single candidate antigen from the
526  few examined aspartic peptidases which had considerable homology to aspartic proteases from

27


https://doi.org/10.1101/2022.09.01.506149
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506149; this version posted September 3, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

527  other Strongyloides species, but little to any other relevant species, whereas the full protein had

528  high homology to multiple relevant nematode species including hookworm.

529  Prolyl oligopeptidase
530 Five POP family proteins were DE between gut and non-gut dwelling life stages. All 5 were very

531  highly expressed in parasitic females where they may be involved in defending against the host

532 immune and parasite expulsion response. In the trematode Schistosoma mansoni, POP enzymes
533 have been found to cleave peptide hormones and neuropeptides [76]. Inhibiting POP activity in S.
534  ratti lead to immobility in a concentration-dependent manner, even in in vitro conditions, indicating
535 that this protein family is also vital to worm survival [46]. Only one of the 5 POP proteins contained

536 regions of sufficient Strongyloides specificity for consideration as a coproantigen.

537 In addition to the shorter, specific sequences listed here, there is broader potential to express whole
538 recombinant proteins such as those indicating higher Strongyloides specificity, in order to raise

539 polyclonal antibodies for screening. Alternatively, specific monoclonal antibodies could be

540 developed against these whole proteins and again, screened for Strongyloides specificity, as

541 conducted by Abduhaleem et al. (2019) with a monoclonal antibody raised against S. ratti somatic
542 antigens [77].

543  Epitope prediction

544  We performed epitope prediction on the DE proteins and E/S proteome homologues using two open
545 access online tools, which yielded many predicted epitope peptides. An alternative to this would be
546  to scan the entire genome for epitopes, a method applied to vaccine candidate discovery [78]. The
547 challenge faced by this approach is the complexity of conformational epitopes compared with linear
548 peptide epitopes. Antibodies frequently bind to conformational epitopes formed by the 3D structure

549 of the antigen, which therefore cannot easily be detected by sequence analysis alone [54].

550  The availability of 3D protein models can assist with selecting conformational epitopes by modelling
551 a sequence onto the structure of a homologous protein and revealing adjacent amino acids on the

552 surface of the protein [79]. Models do not necessarily have high sequence identity to the query
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553  sequence but this does not decrease the confidence in the model. Confidence in 3D models of >90%
554  indicates that the protein adopts the overall folds of the model but may differ from the native

555 protein in surface loops [55], thus this method is not guaranteed, but provides a good indication for
556  selecting candidate antigens. Ab initio-modelled regions, where the sequence was not covered by
557  the model, have very poor accuracy and should therefore be interpreted with caution and not used
558 as the sole basis for selecting conformational epitopes. The field of 3D structure modelling has been

559 progressed in leaps by the use of machine learning [80, 81].

560 We saw differences in predicted epitopes between the computational versus ‘by eye’ approach to
561 selecting epitope regions. The DE protein dataset contained longer predicted epitopes due to the
562 decision, where relevant, to extend predicted epitopes across a short region of lower epitope score
563 whereas the computational selection worked only on the exact score threshold and would not join

564  two adjacent high scoring regions.

565 Glycoprotein antigens were not considered in this study, apart from the presence of potential N-

566 linked glycosylation sites on candidate protein antigens. Glycans form existing species-specific, highly
567 antigenic diagnostic antigens, including CCA and CAA of Schistosoma mansoni and Schistosoma

568  genus trematodes respectively [82], and LAM of Mycobacterium tuberculosis [83]. They have also
569  been implicated in lysate seroantigen of S. stercoralis [84]. In helminths, glycan structures may not
570  only be species-specific, but also life-stage specific [85]. Glycans may obscure some of the protein
571  epitopes predicted here, particularly in the secreted AChE which is highly glycosylated. This is to be
572  expected as glycans form many of the host-parasite interactions [85]. In addition, secreted candidate
573  antigens may also contain O-linked glycans, via oxygen atoms of serine or threonine, which are not
574  easily predicted. Although we have excluded potential glycan epitopes, they could be accounted for
575 to some extent by expressing antigens of interest, ideally in a closely-related system, potentially C.

576 elegans or even Strongyloides itself [86]. As an alternative, glycans could be excluded altogether by
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577  synthesising peptides or expressing recombinant proteins in bacteria, thus focusing the antigen

578  search purely on proteins, as we have done here.

579  Limitations and future work
580 We have described a methodological approach to discovery of diagnostic antigens. The process is

581 predictive, based on computational analyses of ‘omic’ data. Predictions rely on the integrity of data
582 sources, efficacy of software, and correct use of cut-off values at multiple stages of analysis.

583 WormBase ParaSite, the source of most of the sequences used, is a curated database, regularly
584 updated with high quality additional data and regarded as predominantly reliable. Thus, large-scale
585  sequencing errors that might affect our use software, such as antigen prediction or BLAST analysis,
586  are rare. Single nucleotide and small-scale sequencing errors are unlikely to affect results of the
587  predictive pathways. With the E value cut-off used to select matching proteins by BLAST analysis,
588  some proteins returned multiple hits. This may be due to paralogs or reflect an E value that is too
589 lenient. Even in the latter case, over-inclusion of proteins at this stage, pared down by downstream
590 analysis, is preferable to rejection of candidates. Proof of candidate antigen validity requires follow-
591 up experimental laboratory research, which can reveal whether constraints and cut-off values have

592 been too strict or too lenient.

593 Another limitation is prediction of antigens that are present in the stool. In our pipeline, a protein
594 being excreted or secreted by a gut-dwelling stage of the parasite has been used as a proxy for

595 presence in the stool. This rests on the assumption that the protein passes through the gut, is

596 present in the stool in sufficient quantity and with antigenic properties unchanged by digestion or
597 denaturation. As S. stercoralis establishes and matures in the small intestine, E/S proteins will not be
598  subject to the denaturation and enzymatic degradation in the stomach but may be affected by

599  enzymes in the small intestine. However, post-parasitic larvae, which hatch from eggs laid in the
600 intestine, migrate through the small and large intestine, and can be found in faeces, so any E/S

601  proteins produced by these stages, especially lower down in the intestinal tract, are less likely to be
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602  affected by host processes. The validity of these assumptions can be investigated by analysis of

603 infected stool.

604 A further consideration is the focus of the approach on differentially expressed proteins and certain
605 parasitism-associated protein families. There is rationale to targeting proteins with these

606  characteristics, because they are proven to be expressed at higher levels in the relevant life cycle
607  stages, are likely to be excreted or secreted and species or genus-specific due to adaptive radiation
608  and protein family expansion. The focus on these groups limits the scope of an ‘omic’ approach,

609 however, proteins that do not belong to one of these two groups might still have the characteristics
610 of a candidate coproantigen. The approach presented here can therefore be applied to other

611 helminth infections, but may be complimented by an expanded approach that uses whole genomic
612 or proteomic data without focussing on parasitism-associated protein families or life stages, with the

613 results of the two methods being used in conjunction.

614  Other potential proteins for coproantigen detection assays include: enolase, common to

615 Schistosoma japonicum [87], Echinostoma and Fasciola [88], Onchocerca [89] and Trichuris [90], as
616  well asin among S. stercoralis E/S orthologous proteins reported here and with constitutive high

617  expression across all life stages (S5 file); protein 14-3-3 from E/S and somatic extract of Strongyloides
618 [91, 92], Ascaris [93], Schistosoma and Ancylostoma [70]. In addition, collagen, which forms some
619  80% of the outer cuticle of the nematode and was prominent among the DE proteins [94]. As an

620  antigen, collagen would have to be carefully analysed for species specificity and the influence of

621  glycosylation on its availability to capture antibodies [95]. A summary of E/S proteomic studies was
622 presented by Ditgen et al. (2014) [96], and analysis of S. venezuelensis somatic proteins was made by
623 Fonseca et al. (2019) [69] which may inform further antigen searches. Vaccine candidates for S.

624  stercoralis: sodium potassium ATPase (SsEAT), tropomyosin, and a galectin (LEC-5) [97, 98] may also

625 generate effective antibodies for antigen capture, if the relevant antigens are detectable in stool.

626

31


https://doi.org/10.1101/2022.09.01.506149
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506149; this version posted September 3, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

627  The most immediate work arising from this research is to validate the ‘omic’ pathway via wet

628  laboratory analyses, specifically proteomic methods to detect and assess the antigenicity of proteins
629  presentin stool. Production of predicted candidates followed by antigenic testing could also be used
630  toinvestigate the results of the ‘omic’ pathway as well as for development of lateral flow design for
631 successful peptides. Results could be used to inform and refine results from the ‘omic’ pipeline,

632 however, well-characterised stool sample collections are required to pursue diagnostic

633  development.

634  Antigenic diversity must be considered, due to geographic differences between nematode strains
635 [99]. This has impacted on diagnosis and vaccination for other parasitic infections [100, 101].

636 Diversity can be readily investigated by amplifying and sequencing the genes of interest from a wide
637  geographic range of samples. For S. stercoralis, this is especially required, because the reference
638  genome strain PV0O01 originates from a dog infection with UPD (University of Pennsylvania dog)

639 strain [102].

640  Conclusion
641  We have presented a detailed analysis of S. stercoralis proteins, leading to the selection of diagnostic

642 coproantigens. We have identified multiple S. stercoralis candidate protein antigen sequences with
643 evidence for their specificity to Strongyloides or S. stercoralis from phylogenetic and sequence

644  comparison with relevant other species. Evidence supporting their presence in infected stool was
645 assessed by belonging to parasitism-associated protein families, upregulation in gut-dwelling life
646 stages, presence in E/S material of other helminths, and being among S. stercoralis orthologues of
647  the S. ratti E/S proteome. Antigenicity was predicted using epitope prediction tools and 3D structure
648  modelling. Peptides or whole proteins analysed and presented here form a selection of promising
649  candidates for raising antibodies against and capturing S. stercoralis antigen in stool, with potential

650  adaptation to prototype point-of-care rapid diagnostic tests.
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978  S3file: S. stercoralis genes (n=328) differentially expressed in gut-dwelling (dark blue) versus non-
979  gut-dwelling (light blue) life stages of the nematode with those containing predicted epitopes
980 indicated. Transcriptomic data from Stoltzfus et al. (2012), gut and non-gut groupings and

981 differential analysis from the present study. Gene accession numbers (starting SSTP) are given for
982 WormBase ParaSite or UniProtKB and life stage transcriptomic data accession numbers (starting
983 ERR) for NCBI SRA. Expression levels are in normalized read counbts where red is high and white is
984  low.

985  S4file: BLAST results: S. stercoralis orthologues of the S. ratti E/S proteome. S. ratti E/S proteomic
986  data from Hunt et al. (2016) was BLAST searched against the S. stercoralis genome-derived

987  proteome using blast+ with e-value 1e-50

988  S5file: S. stercoralis orthologues of S. ratti E/S proteomic data. S. ratti E/S proteins (from Hunt et
989 al., 2016) were searched against a custom blast+ database consisting of the S. stercoralis genome-

990  derived proteome (from WBPS v8) to obtain homologues.

991 E-value -50 and word size 2 were used to perform the search. Protein identities are given for the
992 original S. ratti proteins (from Hunt et al., 2016) and the BLAST KOALA results from this study along
993 with corresponding KEGG orthology. Gene expression in normalised read count is from analysis of
994  data from different life stages of S. stercoralis (obtained from Stoltzfus et al., (2012)). Overlap is
995 indicated with proteins which were also differentially expressed (DE) with 100% certainty between

996  gut-dwelling and non-gut-dwelling life stages, as determined for this study. Proteins containing
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997  predicted epitopes according to two tools: BepiPred 1.0 and bcepred are indicated as well as
998  proteins predicted by SignalP to contain a signal peptide. Accession numbers starting ERR refer to
999 RNA-seq data in NCBI SRA and those starting SSTP are S. stercoralis gene transcripts which may be
1000  found in UniProt or WormBase ParaSite.
1001 Life-stage abbreviations are explained in the manuscript text.
1002  Se6 file: Predicted epitopes in S. stercoralis proteins using BepiPred and bcepred. ES: Orthologues of
1003  S. ratti E/S proteome. DE: Differentially expressed proteins between gut-dwelling and non-gut-
1004  dwelling life stages.
1005 S7 file: Candidate coproantigen sequences in fasta format. FASTA headers are in the format:
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