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Abstract

Over 290 million people are infected by schistosomes worldwide. Schistosomiasis control
efforts focus on mass drug treatment with praziquantel (PZQ), a drug that kills the adult
worm of all Schistosoma species. Nonetheless, re-infections have continued to be detected
in endemic areas with individuals living in the same area presenting with varying infection
intensities. Our objective was to characterize the transcriptome profiles in peripheral blood
of children between 10—15 years with varying intensities of Schistosoma mansoni infection
living along the Albert Nile in Uganda. RNA extracted from peripheral blood collected from
44 S. mansoniinfected (34 high and 10 low by circulating anodic antigen [CAA] level) and
20 uninfected children was sequenced using lllumina NovaSeq S4 and the reads aligned to
the GRCh38 human genome. Differential gene expression analysis was done using
DESeq2. Principal component analysis revealed clustering of gene expression by gender
when S. mansoniinfected children were compared with uninfected children. In addition, we
identified 14 DEGs between S. mansoniinfected and uninfected individuals, 56 DEGs
between children with high infection intensity and uninfected individuals, 33 DEGs between
those with high infection intensity and low infection intensity and no DEGs between those
with low infection and uninfected individuals. We also observed upregulation and downregu-
lation of some DEGs that are associated with fibrosis and its regulation. These data suggest
expression of fibrosis associated genes as well as genes that regulate fibrosis in S. mansoni
infection. The relatively few significant DEGS observed in children with schistosomiasis sug-
gests that chronic S. mansoniinfection is a stealth infection that does not stimulate a strong
immune response.
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Author summary

Schistosomiasis is a neglected tropical disease transmitted via an intermediate snail host
through contact with contaminated fresh water. Even with routine Mass Drug Adminis-
tration for treatment of the infection, re-infections are still common and variations in
infection intensity and pathology are still observed in individuals in the same location.
These may be due to differences in individuals’ response to S. mansoni infection. In this
study, we used RNAseq to identify differentially expressed genes associated with S. man-
soni infection in children between 10-15 years. We conducted comparisons between phe-
notypes including infection intensities measured by circulating anodic antigen, wasting
by body mass index and stunting by height-for-age Z-score. Our data showed very low
numbers of significantly differentially expressed genes in all comparisons. Some of the few
differentially expressed genes that were observed were associated with fibrosis which is
the cause of pathology in humans and has been observed in late stages of S. mansoni infec-
tion in murine studies.

Introduction

Over 290 million people are infected by schistosomes worldwide. The infection is widespread
in tropical and sub-tropical regions with over 78 countries reporting transmission [1]. The
WHO estimated that approximately 236.6 million people required treatment in 2019 [2]. Dur-
ing their lifespan, schistosomes live in blood vessels and females lay eggs which migrate
through and lodge in organs of the host provoking local and systemic responses [1]. Despite
mass administration of praziquantel (PZQ) to control the infection, communities still have
high prevalence of schistosomiasis with variations in intensity of infection among individuals
[3,4]. Schistosomiasis in Uganda has been shown to be mainly caused by Schistosoma mansoni
[3,5] with low pockets of Schistosoma haematobium [6,7]. The WHO recommended choice for
schistosomiasis diagnosis is microscopy to detect S. mansion eggs in faeces by Kato Katz (KK)
and S. haematobium eggs in urine by filtration. Microscopy is low cost but labour intensive
and has low sensitivity particularly in low endemic areas. Other more sensitive techniques
such as the Point of Care-Circulating Cathodic Antigen (POC-CCA) and up-converting phos-
phor lateral flow- circulating Anodic Antigen (UCP-LF CAA) have been developed for diagno-
sis of schistosomiasis [8]. POC-CCA is available in a cassette format to detect the Cathodic
Circulating Antigen (CCA) secreted by schistosomes in urine within 20 minutes [9]. Itis a
qualitative test and has been recommended to be used to screen for S. mansion infections in
the field. The UCP-LF CAA on the other hand detects the Circulating Anodic Antigen (CAA)
in blood and urine. This test detects even the lowest schistosomiasis infection [10] but cannot
be conducted in the field as it requires processing in a laboratory setting.

We recently reported a high prevalence of S. mansion infection and stunting among school
age children along the Albert Nile in Uganda, more in boys than in girls, coupled with varia-
tion in infection intensity [4]. However, there is limited information on gene expression in
humans infected with schistosomes that could underpin the observed varying infection inten-
sity. Variations in infection intensity may be linked to the ability of the host to respond to the
infection which may be driven by a number of underlying molecular mechanisms. Animal
studies have shown upregulation of immune genes early in the infection and of metabolic
related genes later in the infection [11-13] as well as differences in expression profiles between
susceptible and less susceptible hosts [14]. Additionally, responses of human males and females

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011455 November 15, 2023 2/18


https://doi.org/10.1371/journal.pntd.0011455
https://ega-archive.org/search/EGAS00001007173
https://ega-archive.org/search/EGAS00001007173

PLOS NEGLECTED TROPICAL DISEASES Schistosoma mansoniinfected children reveal genes implicated in fibrosis

to infection appear to differ with each having distinct sets of DEGs as observed in Schistosoma
haematobium infection [15]. To date, there is no study that has profiled gene expression in the
blood of humans infected with S. mansoni. This study set out to characterise the transcriptome
profiles of genes expressed in children 10-15 years of age infected with S. mansoni along the
Albert Nile. We hypothesized that the expression of genes in peripheral blood of S. mansoni
infected children varies between children with high infection compared to those with low
infection intensity and that both would differ from the uninfected.

Methods
Ethics statement

The study protocol was reviewed by the institutional review board of the Ministry of Health,
Vector Control Division Research and Ethics Committee (Reference No. VCDREC106) and
approved by the Uganda National Council for Science and Technology (Reference No.
UNCST HS 118). The study was conducted with guidance from the district health officials,
including the selection and training of the village health teams that were involved in the mobi-
lisation and recruitment of the children into the study. The objectives, potential risks and ben-
efits of the study were explained to the parents/ guardians who signed informed consent, and
later explained to the school age children in English and Alur dialect who provided assent for
participation in the study. Written formal consent from parents and written assent from the
children were obtained. If a child was observed to have S. mansoni eggs in their stool, they
were offered free treatment, which consisted of praziquantel at a dosage of 40mg/kg adminis-
tered by trained Ministry of Health personnel, assisted by a district health worker. POC-CCA
results were not used as an indication for treatment.

Study design and study sites

This was a cross-sectional study carried out in communities along the Albert Nile. Samples
were collected from school children aged between 10-15 years in Pakwach District located in
the Northern part of Uganda near the Albert Nile. The selected areas of sampling were in sub-
counties of Pakwach, Panyingoro, Panyimur and Alwi all of which are within 10km of the
Albert Nile.

Screening and recruitment

The gene expression study was part of a cross sectional study conducted between October and
November 2020 to determine schistosomiasis prevalence among primary school children aged
between 10 to 15 years. Screening and recruitment were done as previously described [4]. Par-
ticipants aged between 10-15 years were mobilized and educated about schistosomiasis by vil-
lage health teams. They were then registered and screened based on ability to provide urine for
screening by the point-of-care circulating cathodic antigen (POC-CCA) (Rapid Medical Diag-
nostics, Pretoria, South Africa, batch No. 191031120). Briefly, 2 drops (100pl) of urine were
placed on the POC-CCA test cassette and left at room temperature for 20 minutes prior to
visualization. The results were scored by modifying the G scores as previously described [4].
The modified scores included: 0 (G1), trace (G2, G3), 1+ (G4, G5), 2+ (G6, G7), 3+ (G8, G9)
or 4+ (G10). Selection for inclusion in the RNAseq study was purposively done based on the
POC-CCA scores. These included individuals with high POC-CCA (4+ and 3+), low (1+ and
trace) and negative (0). Samples were also tested for S. mansoni and other parasites eggs in
stool using Kato Katz (KK) (S1 Table) as earlier published [4]. Samples were later classified by
infection intensity using CAA in the laboratory as described below. Participants who provided
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urine for screening were recruited to the study after being interviewed and informed consent
signed by the parent/guardian and assent by the child. The height and weight were obtained
from each participant to obtain estimates of body mass index (BMI) and stunting (Height for
Age Z-scores HAZ) as previously described [4].

Sample collection

POC-CCA was used in the field to classify participants by infection intensity to select and col-
lect blood samples that were sequenced for RNAseq. Following the interview, each selected
participant was requested to provide peripheral blood which was collected in PAXgene®)
Blood RNA (PreAnalytiX, US) tubes for transcriptional analysis and in EDTA tubes (BD Bio-
sciences, US) for plasma separation for circulating anodic antigen (CAA) analysis and for
DNA extraction.

CAA assay for S. mansoni infection

To classify infection intensity, Circulating Anodic Antigen (CAA) levels were measured in
plasma using the up-converting phosphor lateral flow- circulating Anodic Antigen (UCP-LF
CAA) SCAA 20 assay as described previously by Mulindwa and colleagues [4]. Briefly, 50 ul of
plasma was mixed with 50 ul of 4% trichloroacetic acid (TCA), vortexed and incubated for 5
minutes at room temperature. Following centrifugation at 13000rpm for 5 minutes, 20yl of the
supernatant was incubated with 100 ul CAA reporter conjugate for 1 hour at 37°C. This was
followed by incubation of CAA lateral flow strips. The strips were left to dry and quantified
using the Labrox Upcon scanner (Labrox Oy, Finland) from which CAA concentrations were
calculated in pg/ml. CAA concentrations > 30 pg/mL were classified as positive; negative
(CAA < 30 pg/mL), low infection intensity (CAA 30-1000 pg/mL) and high infection inten-
sity (CAA > 1000 pg/mL) adapted from Corstjens et al [16] as well as guided by email commu-
nication from the Leiden assay development team.

RNA extraction and purification

RNA was extracted from blood collected in PAXgene® Blood RNA tubes using Trizol (Invi-
trogen, USA) protocol [17,18]. The RNA was quantified using Qubit (Invitrogen, USA) and
samples with >1pg of RNA were shipped to the Centre for Genomics Research at the Univer-
sity of Liverpool for sequencing where the quality of the samples was checked using an Agilent
Bioanalyser.

Library preparation and RNASeq

The QIAseq FastSelect rRNA HMR kits (Qiagen) were used to remove rRNA from total RNA
and libraries prepared using the NEBNext Ultra II Directional RNA Library Prep Kit (NEB,
New England Biolabs). The libraries were sequenced on an Illumina NovaSeq S4 (Illumina) in
the 2x150bp read configuration to a target depth of 30 million read pairs per sample at the
Centre for Genomic Research at the University of Liverpool. FASTQ reads were aligned to the
GRCh38 release 84 human genome sequence obtained from Ensembl [19] using HiSat2 [20]
and annotated using the human genome reference, Homo_sapiens GRCh38.104 from
Ensembl.

Identification of DEGs

Differentially expressed genes between phenotypes were identified using DESeq2 [21]. Analy-
sis of read counts for each gene considered CAA as the independent variable with age and sex
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as covariates. Principal component analysis was done using PCA Explorer to identify samples
that appeared as outliers [22]. Genes with adjusted p-value <0.05, Log2 (FC)> 1.0 for up-regu-
lated genes and Log2 (FC) < -0.8 for down regulated genes were selected as significant differ-
entially expressed. We compared gene expression between different infection intensities by
pairwise analysis of the different infection intensities described above; 1) all infected vs unin-
fected (IU), 2) high infection intensity vs low infection intensity (HL), 3) high infection inten-
sity vs uninfected (HU) and 4) low infection intensity vs uninfected (LU) while including sex
and age as covariates. As the objective of the study was hypothesis generating, no additional
statistical correction was made to the adjusted p-values from DESeq2 for the four comparisons
that were analysed.

In addition to high prevalence of schistosomiasis, our previous study found high levels of
stunting and under nutrition in this study population [4]. To understand the association of
BMI and stunting with gene expression, we conducted linear regression analysis with BMI and
stunting as dependent variables and sex and age as covariates for each analysis.

To identify the changes in relative abundance of different cell types with S. mansoni infec-
tion, the proportions of different cell types in each sample were estimated from the expression
data using Bisque [23]. Single cell reference sequence data from bone marrow and peripheral
blood from Chinese donors was obtained from 7551 individual human blood cells represent-
ing 32 leukocyte cell types [24].

Results

Following the screening of 914 children aged between 10-15 years in Pakwach District, 727
children were recruited for further studies [4] of which 152 children were recruited to partici-
pate in this gene expression by RNAseq study. The samples were selected for RNAseq based
on CCA. Schistosoma mansoni eggs were found in the samples for RN Aseq, however no other
parasite eggs were detected by KK in these samples (S1 Table). The 152 children with extreme
CCA values had blood collected in PAXgene tubes of which eighty-one (81) had the required
amount of RNA for sequencing recommended by the sequencing laboratory. One (1) sample
did not pass QC and was not sequenced. Eighty (80) samples were therefore sequenced to rep-
resent the extremes of infection intensity. Of the 80 sequenced, 11 lacked CAA results and
were excluded (Fig 1). PCA analysis identified five samples (3 high infection intensity, 2 nega-
tive) which did not cluster closely with the remaining samples (S1 Fig). As we do not know
why these samples did not cluster with the others, we took a conservative approach and
excluded them from the analysis. Therefore, 64 samples were analysed for gene expression in
peripheral blood of children aged between 10-15 years of which; 34 (17: high infection inten-
sity, 5: low infection intensity, 12: uninfected) were male and 30 (17: high infection intensity,
5: low infection intensity, 8: uninfected) were female (Tables 1 and S1).

Differential expression of genes by comparing S. mansoni infection
intensity categories

PCA analysis of gene expression data showed clear separation by gender on principal compo-
nents 1 and 2 (Fig 2). Genes were defined as significantly differentially expressed between con-
ditions using the following criteria: adjusted p-value <0.05; fold change (FC) Log2 (FC) > 1.0
for up-regulated genes and Log2 (FC) < -0.8 for down regulated genes. Four contrasts: 1) all
infected vs uninfected (IU), 2) high infection vs uninfected (HU), 3) high infection vs low
infection (HL), and 4) low infection vs uninfected (LU) were examined. The numbers of differ-
entially expressed up and down regulated genes for each contrast are shown in Table 2.
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Screened by POC CCA
n =914

Informed consent and assent
for sample collection

4

Recruited for further studies ,| Recruited for gene expression studies
n=727 n=152
Not taken for sequencing (RNA <1ug)
n=71
Taken for sequencing (RNA >1ug)
n=281
Not Sequenced (failed QC)
n=1
Sequenced

n=280

Not analysed
No CAAresults n =11
QOutliers on PCAn =5

Differential gene expression analysis
n=64

Fig 1. Screening and recruitment of children for differential gene expression. Of 727 children recruited for the schistosomiasis study project following
consent and assent, 152 were recruited for gene expression studies. Seventy-one (71) were excluded for not having the required amount of RNA required for
sequencing hence 81 samples from recruited children were sequenced. One (1) sample did not pass the QC; therefore 80 samples were sequenced; 64 samples
were analysed for differentially expressed genes following removal of 5 outliers and 11 samples without CAA results.

https://doi.org/10.1371/journal.pntd.0011455.9001

Gene expression differences between the S. mansoni infection comparisons

We found that 14 genes were significant differentially expressed between infected and unin-
fected children of which 9 (64%) were upregulated and 5 (36%) were down regulated among
infected individuals compared to uninfected (IU) (Tables 2 and 3 and Fig 3A).

We identified 56 significant DEGs (Table 2) listed in Table 4 among the children with high
S. mansoni infection compared to the uninfected of which 43 (77%) were upregulated and 13
(23%) were downregulated (Fig 3B). We identified 33 significant DEGs (S2 Table and Fig 3C)
among individuals with high infection compared with those with low infection (HL) of which
30 (90.9%) were upregulated and 3 (9.1%) downregulated. We observed DEGs that were com-
mon to multiple comparisons and some that were unique to only one comparison (Fig 4). One
(1) DEG, CCDC168 was upregulated in the three comparisons (IU, HU and HL). Additionally,

Table 1. Summary of the study sample data by sex and S. mansoni infection status using CAA concentration in
pg/ml. There was no significant differences in the number of participants in each infection group by sex (Chisq,
p =0.49) or age (ANOVA, p =0.18).

Sex Infection Intensity Male (n = 34) Female (n = 30) Total (n = 64)
High (>>1000 pg/ml) 17 17 34
Low (25 to <1000 pg/ml) 5 5 10
Negative (<25 pg/ml) 12 8 20
Total 34 30 64

https://doi.org/10.1371/journal.pntd.0011455.t001
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Fig 2. PCA showed clustering of differentially expressed genes by gender when S. mansoni infected children were
compared to uninfected.

7 DEGs, 5 (SRGAP3-A, AC104035.1, CLIP1, LINC0095 and AC005153.1) upregulated and 2
(ZNF217 and SUZ12) downregulated common to the IU and HU comparison while fourteen
(13 (GLOD5, AC005703.6, SP110, PRMT7, CCDC141, CCDC86, AL049647.1, CUEDCI,
AC025278.1, FAM170B-AS1, KIF1B, AL132642.1) upregulated and 1 (MALAT1) downregu-
lated) DEGs were observed in HU and HL comparison and none in IU and HL comparisons.

Expression of genes associated with stunting and BMI

The mean height for age of the children in the study was in the bottom 3 percent for all chil-
dren worldwide and 48% of children met the WHO definition of being stunted (height for age
< -2 8D of global mean). To identify the association of stunting and BMI with gene expres-
sion, we conducted a linear regression analysis using height for age Z-scores (HAZ) and body

Table 2. Summary of number of significant upregulated and downregulated DEGs in the different comparisons.

Pair (total observations) Details DEGs Up regulated Down regulated

All infected vs uninfected (n = 64) Infected: 44 14 9 (64%) 5(36%)
Uninfected: 20

High vs uninfected (n = 54) High: 34 56 43 (77%) 13 (23%)
Uninfected: 20

High vs low infected (n = 44) High: 34 33 30 (91%) 3 (9%)
Low: 10

Low vs uninfected (n = 30) Low: 10
Uninfected: 20

https://doi.org/10.1371/journal.pntd.0011455.t1002
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Table 3. List of the significant DEGs between S. mansoni infected and uninfected children.

GeneName log2 Fold Change P value Adjusted P value GeneType State
CCDC168 2.275 4.66E-05 0.032 protein_coding Upregulated
AP003498.2 1.883 1.67E-05 0.022 IncRNA
AC115485.1 1.740 1.05E-05 0.020 IncRNA
VNI1RI110P 1.464 8.65E-05 0.040 processed_pseudogene
SRGAP3-AS2 1.298 3.09E-05 0.027 IncRNA
AC104035.1 1.260 5.55E-05 0.035 IncRNA
CLIP1 1.220 1.20E-05 0.020 protein_coding
LINC00945 1.070 8.81E-05 0.040 IncRNA
AC005153.1 1.024 8.67E-05 0.040 IncRNA
ZNF217 -0.874 0.00010464 0.040 protein_coding Downregulated
RN7SKP203 -1.198 4.13E-06 0.020 misc_RNA
AC234775.2 -1.415 0.00011825 0.044 processed_pseudogene
SUZ12 -1.586 3.03E-05 0.027 protein_coding
TRBC2 -1.637 8.82E-06 0.020 TRCgene
https://doi.org/10.1371/journal.pntd.0011455.t003
A B
-
I |
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| |
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Fig 3. Volcano plots showing differentially expressed genes between S. mansoni infected and uninfected individuals. A Fourteen (14) significant DEGs (9
upregulated and 5 down regulated) were identified among the S. mansoni infected children compared with the uninfected. B Fifty-six (56) significant DEGs (43
upregulated and 13 downregulated) were identified among children with high S. mansoni infection intensity compared to the uninfected. C Thirty-three (33)
significant DEGs (30 upregulated and 3 downregulated) were identified among children with high S. mansoni infection intensity compared to those with low

infection intensity. D No significant DEGs were identified among children with low S. mansoni infection intensity compared to the uninfected.

https://doi.org/10.1371/journal.pntd.0011455.9g003
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Table 4. Lists the significant DEGs between children with high S. mansoni infection intensity compared to uninfected. A total of 56 (43 upregulated and 13 downre-
gulated) DEGs between children with high S. mansoni infection intensity and the uninfected were observed.

Comparison GeneName log2 Fold Change P value Adjusted P value GeneType GeneDescription

High vs unifected CCDC168 2.593 4.09E-06 0.004 protein_coding coiled-coil domain containing 168
ZNF385B 1.701 0.00014699 0.015 protein_coding zinc finger protein 385B
GLOD5 1.601 2.41E-05 0.007 protein_coding glyoxalase domain containing 5
SSPN 1.499 0.000167 0.016 protein_coding sarcospan
AP000484.1 1.484 0.00018252 0.017 processed_pseudogene zinc finger pseudogene
BLM 1.459 3.70E-05 0.008 protein_coding BLM RecQ like helicase
AC127521.1 1.457 0.00026549 0.021 IncRNA novel transcript, antisense to SPNS3
AC008505.1 1.454 0.00011933 0.014 IncRNA novel transcript
SRGAP3-AS2 1.433 2.45E-06 0.004 IncRNA SRGAP3 antisense RNA 2
AC104035.1 1.421 1.48E-05 0.006 IncRNA novel transcript
CLIP1 1.397 2.68E-06 0.004 protein_coding CAP-Gly domain containing linker protein 1
AC092745.1 1.373 0.00035827 0.025 IncRNA novel transcript
AC005703.6 1.316 6.95E-06 0.005 TEC novel transcript
AL049548.1 1.287 1.27E-05 0.006 IncRNA novel transcript
SP110 1.262 2.53E-05 0.007 protein_coding SP110 nuclear body protein
LINC00945 1.238 1.59E-05 0.006 IncRNA long intergenic non-protein coding RNA 945
CHDH 1.202 0.00039212 0.026 protein_coding choline dehydrogenase
PRMT7 1.200 4.40E-05 0.008 protein_coding protein arginine methyltransferase 7
SRGAP3-AS3 1.174 3.02E-05 0.007 IncRNA SRGAP3 antisense RNA 3
EPN2-AS1 1.169 0.00015706 0.016 IncRNA EPN2 antisense RNA 1
AL031717.1 1.166 0.00012754 0.014 IncRNA novel transcript, antisense to MAPKS8IP3
CCDC141 1.146 1.89E-05 0.006 protein_coding coiled-coil domain containing 141
OLIG1 1.131 2.32E-05 0.007 protein_coding oligodendrocyte transcription factor 1
AC037198.2 1.120 0.00116746 0.048 IncRNA novel transcript, antisense to THBS1
CCDC86 1.119 8.39E-05 0.012 protein_coding coiled-coil domain containing 86
OLIG2 1.108 3.06E-05 0.007 protein_coding oligodendrocyte transcription factor 2
AL049647.1 1.104 1.64E-05 0.006 IncRNA novel transcript
CUEDC1 1.090 0.00025955 0.021 protein_coding CUE domain containing 1
ACSM1 1.083 1.74E-05 0.006 protein_coding acyl-CoA synthetase medium chain family member 1
AC091117.2 1.078 0.0012653 0.049 IncRNA novel transcript, antisense to SORD
AC005153.1 1.073 0.00014873 0.015 IncRNA novel transcript, antisense to GRB10
AC025278.1 1.069 0.00030718 0.023 IncRNA novel transcript, antisense to EMR4P
AC007327.2 1.052 0.00048388 0.030 IncRNA novel transcript
AC124283.4 1.045 0.00070679 0.037 processed_pseudogene ADP-ribosylation factor-like 2 binding protein (ARL2BP) pseudogene
PGD 1.033 0.00056168 0.032 protein_coding phosphogluconate dehydrogenase
AC090907.1 1.033 1.04E-05 0.006 IncRNA novel transcript, antisense to LRRK1
FAM170B-AS1 1.026 6.37E-06 0.005 IncRNA FAMI170B antisense RNA 1
KIF1B 1.025 2.85E-07 0.001 protein_coding kinesin family member 1B
AC135048.4 1.024 0.00020387 0.018 TEC novel transcript
AL136090.1 1.020 0.00082991 0.040 IncRNA novel transcript
SETP11 1.019 2.53E-05 0.007 processed_pseudogene SET pseudogene 11
SUV39H1 1.009 7.93E-05 0.012 protein_coding suppressor of variegation 3-9 homolog 1
AL132642.1 1.002 1.42E-05 0.006 IncRNA novel transcript, antisense to ASB2
ITGA4 -0.803 4.69E-05 0.008 protein_coding integrin subunit alpha 4
LINC01712 -0.805 0.00117351 0.048 IncRNA long intergenic non-protein coding RNA 1712
OGT -0.899 3.58E-05 0.008 protein_coding O-linked N-acetylglucosamine (GlcNAc) transferase
A1CF -0.899 0.00099447 0.044 protein_coding APOBECI complementation factor
AKRIA1 -0.945 0.00017262 0.016 protein_coding aldo-keto reductase family 1 member A1l
MS4A6A -0.957 0.00075701 0.038 protein_coding membrane spanning 4-domains A6A
ZNF217 -0.986 5.94E-05 0.010 protein_coding zinc finger protein 217
MALAT1 -1.005 1.12E-05 0.006 IncRNA metastasis associated lung adenocarcinoma transcript 1
TPT1 -1.018 0.00013564 0.015 protein_coding tumor protein, translationally controlled 1
MED7 -1.109 0.00034823 0.025 protein_coding mediator complex subunit 7
RNY1 -1.413 0.00057363 0.032 misc_RNA RNA, Ro60-associated Y1
SUZ12 -1.968 9.71E-07 0.003 protein_coding SUZ12 polycomb repressive complex 2 subunit
SLCI2A1 -2.587 4.89E-05 0.008 protein_coding solute carrier family 12 member 1

https://doi.org/10.1371/journal.pntd.0011455.1004
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Fig 4. Counts of DEGs among the different infection intensity comparisons.

https://doi.org/10.1371/journal.pntd.0011455.g004

mass index (BMI) scores respectively. We identified significant differential expression of the
neutral cholesterol ester hydrolase 1 (NCEH]) in stunting which was up regulated with log
fold change of 1.28 and p-adj value <0.05. Additionally, we identified four genes with expres-
sion that was significantly associated with increase in BMI of which three (MUC5B, DMD and
REXOI1LIP) were upregulated while one (SERPINA10) was downregulated (Fig 5 and

S5 Table).

Cell type analysis

To identify the changes in cell type expression with S. mansoni infection, the proportions of
different cell types in each sample were estimated using Bisque [23]. Bisque analysis uses refer-
ence single cell sequence datasets to estimate proportions of different cell types in bulk RNA-
seq data. We further used a 2-sided T-test to identify cell types with significant differences in
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Fig 5. A Differential expression of genes with stunting. One gene (NCEH1) was significantly upregulated in stunting. B Differential expression of genes with
BMI. Two genes (MUC5B and DMD were upregulated whereas one gene (SERPINA10) was downregulated by increased BMI.

https://doi.org/10.1371/journal.pntd.0011455.9g005

the proportions of each cell type in the blood of infected and uninfected children (S2 Fig). Of
the 32 cell types evaluated, only Multipotent Progenitors (MPPs) had a significant difference
in abundance and were significantly downregulated with a p-value of 0.012 in S. mansoni
infected individuals compared to the uninfected individuals (S6 Table).

Discussion

Previous studies have shown that mammalian host response to Schistosoma infection varies,
with some individuals being more susceptible to infection than others. We previously showed
high prevalence of S. mansoni infection among children living along Lake Albert in Uganda
and the same children also had high levels of wasting and stunting although this was not corre-
lated with Schistosoma infection [4]. In this study, we present for the first time, data on gene
expression in peripheral blood of S. mansoni infected children. Gene expression was compared
between all infected vs uninfected (IU), highly infected vs uninfected (HU), highly infected vs
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low infected (HL), and lightly infected vs uninfected (LU). Similar to findings by Dupnik and
colleagues, we observed sufficient difference in gene expression between males and females for
the two sexes to cluster separately in the principal components analysis (Fig 2) [15]. Like other
chronic infections [25,26], we observed only 63 DEGs in the S. mansoni infected. Additionally,
our data showed gene expression differences when children with high S. mansoni infection
intensity were compared with low infection intensities and uninfected whereas there was no
significant differential gene expression between children with low infection compared to the
uninfected. This suggests that gene expression in peripheral blood is scarcely perturbed in
individuals with low S. mansoni infection. We further observed some gene expression similari-
ties in the different infection intensity comparisons. The CCDC168 gene was observed in all
the comparisons (IU, HU and HL) indicating upregulation of this gene in highly infected indi-
viduals compared to the uninfected or those with low infection intensity. There is very limited
knowledge about its role [27], but it has been shown to be mutated in several cancers [28]. In
the infected and uninfected (IU and HU) comparisons CLIPI was upregulated. This gene has
been found to mediate microtubule capture through interaction with RHO GTPases [23].
Microtubule capture may be linked to wound healing through stimulation of cell migration
and fibroblasts [29,30] and is involved in T Cell regulation [30-32]. This finding is similar to
previous murine findings that demonstrated the upregulation of fibrosis linked genes in the
late stages of S. japonicum infection [11,12,33]. The role of other genes identified with the com-
parisons is not well known highlighting a need for further investigation of these genes. We
searched through Pubmed abstracts and titles using each of the 63 unique differentially
expressed gene names and the terms “schistosomiasis” or “schistosoma” and fibrosis.

Association of DEGs with schistosomiasis or fibrosis

Whilst schistosome infections cause lethargy and other non-specific symptoms, death is
mainly caused by the fibrosis accumulating around eggs lodged in the tissues, particularly in
the hepatic portal vein. None of the 63 genes had informative associations with schistosomiasis
following the Pubmed search with the terms “schistosomiasis” or “schistosoma”. The search
for abstracts and titles using the term “fibrosis” with each of the 63 genes in turn identified 27
gene names that appeared in articles that also mentioned fibrosis of which 13 had well docu-
mented associations with fibrosis (3 Table). Seven genes were also associated with TGFBI
(S4 Table).

Although our study was of whole blood and schistosomiasis associated fibrosis occurs in
extracellular matrix, six of the 13 of the well documented DEGS associated with fibrosis had
been previously found to be differentially expressed in comparisons of liver fibroses with
healthy tissues [34] suggesting that expression data from whole blood could be informative.
For 11 genes it was possible to predict a direction of effect on fibrosis that would be caused by
a change in gene expression. The expression changes in five genes (OGGI, OGT, ITGA4,
PRMT?7, SUZ12), were predicted to increase fibrosis in participants with high parasitaemia and
the remaining 6 genes (MALATI, TPT1, AI1CF, SSPN, SUV39H1, ZNF217) were predicted to
reduce fibrosis. Therefore, it is not possible to predict the risk of fibrosis in these participants
from their expression profiles. A prospective study to determine whether these genes could be
useful biomarkers of morbidity risk may be more informative.

TGFBI has been described as the master regulator of fibrosis [35]. Although it was not dif-
ferentially expressed in our study, seven of the 13 genes associated with fibrosis were also asso-
ciated with TGFBI1. SUZ12 suppresses p27 [36] and p27 promotes TGFBI mediated
pulmonary fibrosis [37]. Furthermore, THBS1 modulates the TGFB1/Smad2/3 signalling path-
ways [38], OGG1 promotes TGFBI induced cell transformation and activated Smad2/3 by
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interacting with Smad7 [39]. ITGA4 and TGFBI have been found to be co-expressed in four
cancer studies [40-43]. Additionally, MALATI has been found to modulate TGFBI induced
epithelial to mesenchymal transition in keratinocytes [44] and TPT1I negatively regulates the
TGFBI signalling pathway by preventing TGFBI receptor activation [45]. These findings indi-
cate an interplay of fibrosis enhancers and modulators in S. mansoni infected children living
along the Albert Nile in Uganda.

Gene expression and stunting and BMI

We identified significant differential expression of one gene, the neutral cholesterol ester
hydrolase 1 (NCEH]I) in stunting as measured by HAZ scores. This gene is involved in the
breakdown of cholesterol esters in macrophages which makes them available for export and
recycling to the liver [46]. It is possible that in stunted children there is a higher rate of choles-
terol recycling to make best use of limited lipid resources. Additionally, four DEGS were asso-
ciated with BMI of which three (MUC5B, DMD and REXO1L1P) were upregulated whereas
one (SERPINA10) was downregulated. The increased expression of MUC5B with BMI is con-
sistent with previous observations on the role of obesity in lung function [47] since increased
expression of MUCS5B has been reported to mediate chronic obstructive pulmonary disease
development through regulation of inflammation and goblet cell differentiation [48].

Changes in cell type frequency

Our analysis of the relative abundance of different cell types showed significant downregula-
tion of Multipotent Progenitor cells (MPPs) in the children infected with S. mansoni. MPPs
are thought to regulate HSC proliferation in response to inflammation [49] and play a role in
regulation of immune response [50]. S. mansoni antigens are known to suppress Th1 and
Th17 pathways whilst stimulating Th2, B regs and T regs [51]. The reduction in relative abun-
dance of MPPs may contribute to this process.

Limitations of the study

There were few differentially expressed genes which limited further analysis of pathways
affected by the genes. POC-CCA test doesn’t differentiate between species and therefore fur-
ther testing to rule out S. haematobium may have been an added advantage although this was
not done. To avoid amplification steps, only samples with 1 ug of RNA were sequenced
although this could still introduce bias due to exclusion of samples with lower amounts of
RNA. Additionally, statistical analysis did not correct for multiple comparisons and an addi-
tional laboratory method (e.g. qQPCR or other method) to validate these findings would be
useful.

Conclusion

Our study shows evidence of differential expression of genes in S. mansoni infection in chil-
dren living in endemic areas. The low number of differentially expressed genes may be due to
S. mansoni having to avoid stimulating a strong immune response in order to survive for years
in the host. As such the parasite is known to suppress inflammatory responses leading to a rela-
tively weak effect of the parasite on the host transcriptome [51]. Furthermore, many of the
children in this study suffered from severe stunting and most were underweight. Malnutrition
is associated with increased risk of death from infections and may impair the immune
response [52]. Therefore, malnutrition may have reduced the response to S. mansoni infection
and the number of differentially expressed genes. Importantly we have also identified genes
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that may be involved in the development of fibrosis which is the principal pathology associated
with schistosomiasis. Follow up studies will be required to determine if expression of these
genes correlates with the development of hepatic fibrosis in these children. We also show that
there is no significant difference in gene expression between individuals with low levels of
infection and those who are uninfected; further studies are required to elucidate this finding.

Supporting information

S1 Fig. Principal component analysis of all sequenced samples with CAA results.
(TIF)

S2 Fig. Difference in abundance of cell types in S. mansoni infected compared to unin-
fected individuals.
(TIF)

S1 Table. Participant details for the RN Aseq analysis.
(PDF)

$2 Table. Significant DEGs between children with high S. mansoni infection intensity com-
pared to those with low infection intensity.
(PDF)

$3 Table. DEGs that may be associated with fibrosis.
(PDF)

S$4 Table. DEGs associated with TGFB1.
(PDF)

S5 Table. Expressed genes in stunting and BMI.
(PDF)

S6 Table. Cell types that differ in relative abundance between S. mansoni infected and
uninfected children.
(PDF)

S1 Data Analysis Script. RNA Sequence data analysis using DESeq2 pipeline.
(PDF)

Acknowledgments

We do acknowledge and thank all the children and the parents/guardians that participated in
this study. We do appreciate the efforts by the Village health team members and the local
council administrators of the villages of Panyigoro, Kivuje, Nyakagei, Kayonga, Dei, Pamitu
and Alwi. Membership of the TrypanoGEN+ Research group of the H3Africa Consortium:
Annette MacLeod, Bruno Bucheton, Gustave Simo, Dieudonne N. Mumba, Mathurin Koffi,
Ozlem T. Bishop, Pius V. Alibu, Janelisa Musaya, Christiane Hertz-Fowler.

Author Contributions
Conceptualization: Joyce Namulondo, Enock Matovu, Julius Mulindwa.
Data curation: Joyce Namulondo, Magambo Phillip Kimuda.

Formal analysis: Joyce Namulondo, Oscar Asanya Nyangiri, Peter Nambala, Harry Noyes,
Julius Mulindwa.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011455 November 15, 2023 14/18


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011455.s009
https://doi.org/10.1371/journal.pntd.0011455

PLOS NEGLECTED TROPICAL DISEASES Schistosoma mansoniinfected children reveal genes implicated in fibrosis

Funding acquisition: Enock Matovu.

Investigation: Joyce Namulondo, Harry Noyes, Julius Mulindwa.
Methodology: Joyce Namulondo, Julius Mulindwa.

Resources: Enock Matovu.

Supervision: Harry Noyes, Enock Matovu, Julius Mulindwa.
Writing - original draft: Joyce Namulondo.

Writing - review & editing: Oscar Asanya Nyangiri, Magambo Phillip Kimuda, Peter Nam-
bala, Jacent Nassuuna, Moses Egesa, Barbara Nerima, Savino Biryomumaisho, Claire Mack
Mugasa, Immaculate Nabukenya, Drago Kato, Alison Elliott, Harry Noyes, Robert Tweyon-
gyere, Enock Matovu, Julius Mulindwa.

References

1. Colley DG, Bustinduy AL, Secor WE, King CH. Human schistosomiasis. Lancet. 2014; 383: 2253.
https://doi.org/10.1016/S0140-6736(13)61949-2 PMID: 24698483

2. WHO. Schistosomiasis and soil-transmitted helminthiases: numbers of people treated in 2019 —Schis-
tosomiase et géohelminthiases: nombre de personnes traitées en 2019. Weekly Epidemiological
Record = Relevé épidémiologique hebdomadaire. 2020; 95: 629-640. Available: https://apps.who.int/
iris’/handle/10665/337573

3. Tukahebwa EM, Magnussen P, Madsen H, Kabatereine NB, Nuwaha F, Wilson S, et al. A Very High
Infection Intensity of Schistosoma mansoni in a Ugandan Lake Victoria Fishing Community Is Required
for Association with Highly Prevalent Organ Related Morbidity. PLoS Negl Trop Dis. 2013; 7: €2268.
https://doi.org/10.1371/journal.pntd.0002268 PMID: 23936559

4. Mulindwa J, Namulondo J, Kitibwa A, Nassuuna J, Nyangiri OA, Kimuda MP, et al. High prevalence of
Schistosoma mansoni infection and stunting among school age children in communities along the
Albert-Nile, Northern Uganda: A cross sectional study. WEBSTER JP, editor. PLoS Negl Trop Dis.
2022; 16: e0010570. https://doi.org/10.1371/journal.pntd.0010570 PMID: 35895705

5. Exum NG, Kibira SPS, Ssenyonga R, Nobili J, Shannon AK, Ssempebwa JC, et al. The prevalence of
schistosomiasis in Uganda: A nationally representative population estimate to inform control programs
and water and sanitation interventions. PLoS Negl Trop Dis. 2019/08/15. 2019; 13: e0007617. https://
doi.org/10.1371/journal.pntd.0007617 PMID: 31412023

6. Adriko M, Tinkitina B, Tukahebw EM, Standley CJ, Stothard JR, Kabatereine NB. The epidemiology of
schistosomiasis in Lango region Uganda 60 years after Schwetz 1951: Can schistosomiasis be elimi-
nated through mass drug administration without other supportive control measures? Acta Trop. 2018;
185: 412—418. https://doi.org/10.1016/j.actatropica.2018.06.009 PMID: 29935144

7. Adriko M, Tinkitina B, Tukahebwa EM, Standley CJ, Stothard JR, Kabatereine NB. Data on the pre-
MDA and post MDA interventions for Schistosoma mansoni and Schistosoma haematobium in a co-
endemic focus in Uganda: 1951-2011. Data Brief. 2018; 20: 991-998. https://doi.org/10.1016/j.dib.
2018.08.200 PMID: 30225313

8. Van Lieshout L, Polderman AM, Deelder AM. Immunodiagnosis of schistosomiasis by determination of
the circulating antigens CAA and CCA, in particular in individuals with recent or light infections. Acta
Trop. 2000; 77: 69-80. https://doi.org/10.1016/s0001-706x(00)00115-7 PMID: 10996122

9. VanLieshoutL, Polderman AM, Visser LG, Verwey JJ, Deelder AM. Detection of the circulating anti-
gens CAA and CCA in a group of Dutch travellers with acute schistosomiasis. Tropical Medicine and
International Health. 1997; 2: 551-557. https://doi.org/10.1046/j.1365-3156.1997.d01-324.x PMID:
9236822

10. Corstjens PLAM, de Dood CJ, Knopp S, Clements MN, Ortu G, Umulisa |, et al. Circulating Anodic Anti-
gen (CAA): A Highly Sensitive Diagnostic Biomarker to Detect Active Schistosoma Infections—
Improvement and Use during SCORE. Am J Trop Med Hyg. 2020; 103: 50. https://doi.org/10.4269/
ajtmh.19-0819 PMID: 32400344

11.  Burke ML, McManus DP, Ramm GA, Duke M, Li Y, Jones MK, et al. Co-ordinated gene expression in
the liver and spleen during Schistosoma japonicum infection regulates cell migration. PLoS Negl Trop
Dis. 2010;4. https://doi.org/10.1371/journal.pntd.0000686 PMID: 20502518

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011455 November 15, 2023 15/18


https://doi.org/10.1016/S0140-6736%2813%2961949-2
http://www.ncbi.nlm.nih.gov/pubmed/24698483
https://apps.who.int/iris/handle/10665/337573
https://apps.who.int/iris/handle/10665/337573
https://doi.org/10.1371/journal.pntd.0002268
http://www.ncbi.nlm.nih.gov/pubmed/23936559
https://doi.org/10.1371/journal.pntd.0010570
http://www.ncbi.nlm.nih.gov/pubmed/35895705
https://doi.org/10.1371/journal.pntd.0007617
https://doi.org/10.1371/journal.pntd.0007617
http://www.ncbi.nlm.nih.gov/pubmed/31412023
https://doi.org/10.1016/j.actatropica.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/29935144
https://doi.org/10.1016/j.dib.2018.08.200
https://doi.org/10.1016/j.dib.2018.08.200
http://www.ncbi.nlm.nih.gov/pubmed/30225313
https://doi.org/10.1016/s0001-706x%2800%2900115-7
http://www.ncbi.nlm.nih.gov/pubmed/10996122
https://doi.org/10.1046/j.1365-3156.1997.d01-324.x
http://www.ncbi.nlm.nih.gov/pubmed/9236822
https://doi.org/10.4269/ajtmh.19-0819
https://doi.org/10.4269/ajtmh.19-0819
http://www.ncbi.nlm.nih.gov/pubmed/32400344
https://doi.org/10.1371/journal.pntd.0000686
http://www.ncbi.nlm.nih.gov/pubmed/20502518
https://doi.org/10.1371/journal.pntd.0011455

PLOS NEGLECTED TROPICAL DISEASES Schistosoma mansoniinfected children reveal genes implicated in fibrosis

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Burke ML, McManus DP, Ramm GA, Duke M, Li Y, Jones MK, et al. Temporal expression of chemo-
kines dictates the hepatic inflammatory infiltrate in a murine model of schistosomiasis. PLoS Negl Trop
Dis. 2010;4. https://doi.org/10.1371/journal.pntd.0000598 PMID: 20161726

Chuah C, Jones MK, Burke ML, Owen HC, Anthony BJ, McManus DP, et al. Spatial and temporal tran-
scriptomics of Schistosoma japonicum -induced hepatic granuloma formation reveals novel roles for
neutrophils. J Leukoc Biol. 2013; 94: 353-365. https://doi.org/10.1189/jlb.1212653 PMID: 23709687

Yang J, FuZ, Hong Y, WuH, Jin Y, Zhu C, et al. The differential expression of immune genes between
water buffalo and yellow cattle determines species-specific susceptibility to Schistosoma japonicum
infection. Langsley G, editor. PLoS One. 2015; 10: e0130344. https://doi.org/10.1371/journal.pone.
0130344 PMID: 26125181

Dupnik KM, Reust MJ, Vick KM, Yao B, Miyaye D, Lyimo E, et al. Gene expression differences in host
response to Schistosoma haematobium infection. Infect Immun. 2019; 87: 1—11. https://doi.org/10.
1128/1A1.00291-18 PMID: 30323023

Corstjens PLAM De Dood CJ, Kornelis D Fat EMTK, Wilson RA Kariuki TM, et al. Tools for diagnosis,
monitoring and screening of Schistosoma infections utilizing lateral-flow based assays and upconvert-
ing phosphor labels. Parasitology. 2014; 141: 1841-1855. https://doi.org/10.1017/
S0031182014000626 PMID: 24932595

Mulindwa J, Leiss K, Clayton C. High-Throughput Sequencing for Trypanosome Transcriptome Charac-
terization. Methods Mol Biol. 2020; 2116: 83—-98. https://doi.org/10.1007/978-1-0716-0294-2_6 PMID:
32221915

Kim JH, Jin HO, Park JA, Chang YH, Hong YJ, Lee JK. Comparison of three different kits for extraction
of high-quality RNA from frozen blood. Springerplus. 2014; 3: 1-5. https://doi.org/10.1186/2193-1801-
3-76 PMID: 24567882

Howe KL, Achuthan P, Allen J, Allen J, Alvarez-Jarreta J, Ridwan Amode M, et al. Ensembl 2021.
Nucleic Acids Res. 2021; 49: D884—-D891. https://doi.org/10.1093/NAR/GKAA942 PMID: 33137190

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and genotyping
with HISAT2 and HISAT-genotype. Nat Biotechnol. 2019; 37: 907-915. https://doi.org/10.1038/s41587-
019-0201-4 PMID: 31375807

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014; 15: 1-21. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Marini F, Binder H. PcaExplorer: An R/Bioconductor package for interacting with RNA-seq principal
components. BMC Bioinformatics. 2019; 20: 1-8. https://doi.org/10.1186/S12859-019-2879-1/
FIGURES/2

Jew B, Alvarez M, Rahmani E, Miao Z, Ko A, Garske KM, et al. Accurate estimation of cell composition
in bulk expression through robust integration of single-cell information. Nature Communications 2020
11:1.2020; 11: 1-11. https://doi.org/10.1038/s41467-020-15816-6 PMID: 32332754

Xie X, Liu M, Zhang Y, Wang B, Zhu C, Wang C, et al. Single-cell transcriptomic landscape of human
blood cells. Natl Sci Rev. 2021;8. https://doi.org/10.1093/nsr/nwaa180 PMID: 34691592

Ahn R, Schaenman J, Qian Z, Pickering H, Groysberg V, Rossetti M, et al. Acute and Chronic Changes
in Gene Expression After CMV DNAemia in Kidney Transplant Recipients. Front Immunol. 2021; 12:
4669. hitps://doi.org/10.3389/fimmu.2021.750659 PMID: 34867983

Bouquet J, Gardy JL, Brown S, Pfeil J, Miller RR, Morshed M, et al. RNA-Seq Analysis of Gene Expres-
sion, Viral Pathogen, and B-Cell/T-Cell Receptor Signatures in Complex Chronic Disease. Clinical
Infectious Diseases. 2017; 64: 476—481. https://doi.org/10.1093/cid/ciw767 PMID: 28172519

Wang VG, Kim H, Chuang JH. Whole-exome sequencing capture kit biases yield false negative muta-
tion calls in TCGA cohorts. 2018 [cited 22 Aug 2023]. https://doi.org/10.1371/journal.pone.0204912
PMID: 30281678

LiY,GuoY, Cheng Z, Tian C, ChenY, Chen R, et al. Whole-exome sequencing of rectal neuroendo-
crine tumors. Endocr Relat Cancer. 2023;30. https://doi.org/10.1530/ERC-22-0257 PMID: 36645718

Charafeddine RA, Nosanchuk JD, Sharp DJ. Targeting Microtubules for Wound Repair. Adv Wound
Care (New Rochelle). 2016; 5: 444. https://doi.org/10.1089/wound.2015.0658 PMID: 27785378

Zaoui K, Duhamel S, Parachoniak CA, Park M. CLIP-170 spatially modulates receptor tyrosine kinase
recycling to coordinate cell migration. Traffic. 2019; 20: 187. https://doi.org/10.1111/tra.12629 PMID:
30537020

Bamidele AO, Kremer KN, Hirsova P, Clift IC, Gores GJ, Billadeau DD, et al. IQGAP1 promotes
CXCR4 chemokine receptor function and trafficking via EEA-1+ endosomes. J Cell Biol. 2015; 210:
257-272. https://doi.org/10.1083/jcb.201411045 PMID: 26195666

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011455 November 15, 2023 16/18


https://doi.org/10.1371/journal.pntd.0000598
http://www.ncbi.nlm.nih.gov/pubmed/20161726
https://doi.org/10.1189/jlb.1212653
http://www.ncbi.nlm.nih.gov/pubmed/23709687
https://doi.org/10.1371/journal.pone.0130344
https://doi.org/10.1371/journal.pone.0130344
http://www.ncbi.nlm.nih.gov/pubmed/26125181
https://doi.org/10.1128/IAI.00291-18
https://doi.org/10.1128/IAI.00291-18
http://www.ncbi.nlm.nih.gov/pubmed/30323023
https://doi.org/10.1017/S0031182014000626
https://doi.org/10.1017/S0031182014000626
http://www.ncbi.nlm.nih.gov/pubmed/24932595
https://doi.org/10.1007/978-1-0716-0294-2%5F6
http://www.ncbi.nlm.nih.gov/pubmed/32221915
https://doi.org/10.1186/2193-1801-3-76
https://doi.org/10.1186/2193-1801-3-76
http://www.ncbi.nlm.nih.gov/pubmed/24567882
https://doi.org/10.1093/NAR/GKAA942
http://www.ncbi.nlm.nih.gov/pubmed/33137190
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
http://www.ncbi.nlm.nih.gov/pubmed/31375807
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1186/S12859-019-2879-1/FIGURES/2
https://doi.org/10.1186/S12859-019-2879-1/FIGURES/2
https://doi.org/10.1038/s41467-020-15816-6
http://www.ncbi.nlm.nih.gov/pubmed/32332754
https://doi.org/10.1093/nsr/nwaa180
http://www.ncbi.nlm.nih.gov/pubmed/34691592
https://doi.org/10.3389/fimmu.2021.750659
http://www.ncbi.nlm.nih.gov/pubmed/34867983
https://doi.org/10.1093/cid/ciw767
http://www.ncbi.nlm.nih.gov/pubmed/28172519
https://doi.org/10.1371/journal.pone.0204912
http://www.ncbi.nlm.nih.gov/pubmed/30281678
https://doi.org/10.1530/ERC-22-0257
http://www.ncbi.nlm.nih.gov/pubmed/36645718
https://doi.org/10.1089/wound.2015.0658
http://www.ncbi.nlm.nih.gov/pubmed/27785378
https://doi.org/10.1111/tra.12629
http://www.ncbi.nlm.nih.gov/pubmed/30537020
https://doi.org/10.1083/jcb.201411045
http://www.ncbi.nlm.nih.gov/pubmed/26195666
https://doi.org/10.1371/journal.pntd.0011455

PLOS NEGLECTED TROPICAL DISEASES Schistosoma mansoniinfected children reveal genes implicated in fibrosis

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

llan-Ber T, llan Y. The role of microtubules in the immune system and as potential targets for gut-based
immunotherapy. Mol Immunol. 2019; 111: 73-82. https://doi.org/10.1016/j.molimm.2019.04.014 PMID:
31035111

Perry CR, Burke ML, Stenzel DJ, McManus DP, Ramm GA, Gobert GN. Differential expression of che-
mokine and matrix re-modelling genes is associated with contrasting schistosome-induced hepato-
pathology in murine models. PLoS Negl Trop Dis. 2011;5. https://doi.org/10.1371/journal.pntd.0001178
PMID: 21666794

ZhanZ,Chen Y, DuanY, LiL, Mew K, Hu P, et al. Identification of key genes, pathways and potential
therapeutic agents for liver fibrosis using an integrated bioinformatics analysis. Peerd. 2019;7. https:/
doi.org/10.7717/peerj.6645 PMID: 30923657

Meng XM, Nikolic-Paterson DJ, Lan HY. TGF-: the master regulator of fibrosis. Nat Rev Nephrol.
2016; 12: 325-338. https://doi.org/10.1038/NRNEPH.2016.48 PMID: 27108839

Huang W, Feng Y, Liang J, Yu H, Wang C, Wang B, et al. Loss of microRNA-128 promotes cardiomyo-
cyte proliferation and heart regeneration. Nat Commun. 2018;9. https://doi.org/10.1038/S41467-018-
03019-Z PMID: 29453456

Dai YH, Li XQ, Dong DP, Gu HB, Kong CY, Xu Z. P27 Promotes TGF- B-Mediated Pulmonary Fibrosis
via Interacting with MTORC2. Can Respir J. 2019;2019. https://doi.org/10.1155/2019/7157861 PMID:
31641391

Liu K, Wang J, Gao X, Ren W. C1g/TNF-Related Protein 9 Inhibits Coxsackievirus B3-Induced Injury in
Cardiomyocytes through NF- k B and TGF- 3 1/Smad2/3 by Modulating THBS1. Mediators Inflamm.
2020;2020. https://doi.org/10.1155/2020/2540687 PMID: 33414684

Wang Y, ChenT, PanZ, LinZ, YangL, Zou B, et al. 8-Oxoguanine DNA glycosylase modulates the cell
transformation process in pulmonary fibrosis by inhibiting Smad2/3 and interacting with Smad7. FASEB
J. 2020; 34: 13461-13473. https://doi.org/10.1096/f1.201901291RRRRR PMID: 32808374

Singh R, De Sarkar N, Sarkar S, Roy R, Chattopadhyay E, Ray A, et al. Analysis of the whole transcrip-
tome from gingivo-buccal squamous cell carcinoma reveals deregulated immune landscape and sug-
gests targets forimmunotherapy. PLoS One. 2017;12. https://doi.org/10.1371/journal.pone.0183606
PMID: 28886030

Friedlander P, Wassmann K, Christenfeld AM, Fisher D, Kyi C, Kirkwood JM, et al. Whole-blood RNA
transcript-based models can predict clinical response in two large independent clinical studies of
patients with advanced melanoma treated with the checkpoint inhibitor, tremelimumab. J Immunother
Cancer. 2017;5. https://doi.org/10.1186/S40425-017-0272-Z PMID: 28807052

Huang C, Nie F, Qin Z, Li B, Zhao X. A snapshot of gene expression signatures generated using micro-
array datasets associated with excessive scarring. Am J Dermatopathol. 2013; 35: 64—73. https://doi.
org/10.1097/DAD.0b013e31825ba13f PMID: 22785331

Garlet GP, Horwat R, Ray HL, Garlet TP, Silveira EM, Campanelli AP, et al. Expression analysis of
wound healing genes in human periapical granulomas of progressive and stable nature. J Endod. 2012;
38: 185—190. https://doi.org/10.1016/j.joen.2011.09.011 PMID: 22244633

Zhang L, Hu J, Meshkat BI, Liechty KW, Xu J. LncRNA MALAT1 Modulates TGF-1-Induced EMT in
Keratinocyte. Int J Mol Sci. 2021;22. https://doi.org/10.3390/IJMS222111816 PMID: 34769245

Pinkaew D, Martinez-Hackert E, Jia W, King MD, Miao F, Enger NR, et al. Fortilin interacts with TGF-31
and prevents TGF-f3 receptor activation. Commun Biol. 2022;5. https://doi.org/10.1038/S42003-022-
03112-6 PMID: 35197550

Igarashi M, Osuga JI, Uozaki H, Sekiya M, Nagashima S, Takahashi M, et al. The critical role of neutral
cholesterol ester hydrolase 1 in cholesterol removal from human macrophages. Circ Res. 2010; 107:
1387-1395. https://doi.org/10.1161/CIRCRESAHA.110.226613 PMID: 20947831

Dixon AE, Peters U. The effect of obesity on lung function. Expert Rev Respir Med. 2018; 12: 755.
https://doi.org/10.1080/17476348.2018.1506331 PMID: 30056777

Huang X, Guan W, Xiang B, Wang W, Xie Y, Zheng J. MUC5B regulates goblet cell differentiation and
reduces inflammation in a murine COPD model. Respir Res. 2022; 23: 1-12. https://doi.org/10.1186/
S$12931-021-01920-8/FIGURES/6

Pietras EM. Inflammation: a key regulator of hematopoietic stem cell fate in health and disease. Blood.
2017; 130: 1693. https://doi.org/10.1182/blood-2017-06-780882 PMID: 28874349

Korniotis S D’Aveni M, Hergalant S, Letscher H, Tejerina EGastineau P, et al. Mobilized Multipotent
Hematopoietic Progenitors Stabilize and Expand Regulatory T Cells to Protect Against Autoimmune
Encephalomyelitis. Front Immunol. 2020; 11: 3342. https://doi.org/10.3389/fimmu.2020.607175 PMID:
33424854

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011455 November 15, 2023 17/18


https://doi.org/10.1016/j.molimm.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31035111
https://doi.org/10.1371/journal.pntd.0001178
http://www.ncbi.nlm.nih.gov/pubmed/21666794
https://doi.org/10.7717/peerj.6645
https://doi.org/10.7717/peerj.6645
http://www.ncbi.nlm.nih.gov/pubmed/30923657
https://doi.org/10.1038/NRNEPH.2016.48
http://www.ncbi.nlm.nih.gov/pubmed/27108839
https://doi.org/10.1038/S41467-018-03019-Z
https://doi.org/10.1038/S41467-018-03019-Z
http://www.ncbi.nlm.nih.gov/pubmed/29453456
https://doi.org/10.1155/2019/7157861
http://www.ncbi.nlm.nih.gov/pubmed/31641391
https://doi.org/10.1155/2020/2540687
http://www.ncbi.nlm.nih.gov/pubmed/33414684
https://doi.org/10.1096/fj.201901291RRRRR
http://www.ncbi.nlm.nih.gov/pubmed/32808374
https://doi.org/10.1371/journal.pone.0183606
http://www.ncbi.nlm.nih.gov/pubmed/28886030
https://doi.org/10.1186/S40425-017-0272-Z
http://www.ncbi.nlm.nih.gov/pubmed/28807052
https://doi.org/10.1097/DAD.0b013e31825ba13f
https://doi.org/10.1097/DAD.0b013e31825ba13f
http://www.ncbi.nlm.nih.gov/pubmed/22785331
https://doi.org/10.1016/j.joen.2011.09.011
http://www.ncbi.nlm.nih.gov/pubmed/22244633
https://doi.org/10.3390/IJMS222111816
http://www.ncbi.nlm.nih.gov/pubmed/34769245
https://doi.org/10.1038/S42003-022-03112-6
https://doi.org/10.1038/S42003-022-03112-6
http://www.ncbi.nlm.nih.gov/pubmed/35197550
https://doi.org/10.1161/CIRCRESAHA.110.226613
http://www.ncbi.nlm.nih.gov/pubmed/20947831
https://doi.org/10.1080/17476348.2018.1506331
http://www.ncbi.nlm.nih.gov/pubmed/30056777
https://doi.org/10.1186/S12931-021-01920-8/FIGURES/6
https://doi.org/10.1186/S12931-021-01920-8/FIGURES/6
https://doi.org/10.1182/blood-2017-06-780882
http://www.ncbi.nlm.nih.gov/pubmed/28874349
https://doi.org/10.3389/fimmu.2020.607175
http://www.ncbi.nlm.nih.gov/pubmed/33424854
https://doi.org/10.1371/journal.pntd.0011455

PLOS NEGLECTED TROPICAL DISEASES Schistosoma mansoniinfected children reveal genes implicated in fibrosis

51. Cleenewerk L, Garssen J, Hogenkamp A. Clinical Use of Schistosoma mansoni Antigens as Novel
Immunotherapies for Autoimmune Disorders. Front Immunol. 2020; 11: 1821. https://doi.org/10.3389/
fimmu.2020.01821 PMID: 32903582

52. Rytter MJH, Kolte L, Briend A, Friis H, Christensen VB. The Immune System in Children with Malnutri-
tion—A Systematic Review. PLoS One. 2014; 9: e105017. https://doi.org/10.1371/journal.pone.
0105017 PMID: 25153531

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011455 November 15, 2023 18/18


https://doi.org/10.3389/fimmu.2020.01821
https://doi.org/10.3389/fimmu.2020.01821
http://www.ncbi.nlm.nih.gov/pubmed/32903582
https://doi.org/10.1371/journal.pone.0105017
https://doi.org/10.1371/journal.pone.0105017
http://www.ncbi.nlm.nih.gov/pubmed/25153531
https://doi.org/10.1371/journal.pntd.0011455

