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MANSONI INFECTION

METABONOMIC INVESTIGATION
OF HUMAN SCHISTOSOMA 4 ’5



ABSTRACT

Schistosomiasis is a parasitic infection that is endemic in many developing countries
in the tropics and subtropics afflicting more than 200 million people primarily in rural
areas. After malaria, it is the second most important parasitic infection in terms of
socio-economic and public health importance. Investigation of the host-parasite
interaction at the molecular level and identification of biomarkers of infection and
infection-related morbidity would be of value for improved strategies for treatment
and morbidity control. To this end, we conducted a Nuclear Magnetic Resonance-
based metabonomics study involving a well-characterized cohort of 447 individuals
from a rural area in Uganda near Lake Victoria with a high prevalence of Schistosoma
mansoni, a species predominantly occurring in Africa, Madagascar and parts of South
America. From the individuals included in the cohort urine samples were collected at
five time-points, before and after (one or two times) chemotherapy with praziquantel.
Using a combination of unsupervised and supervised multivariate statistical analysis of
the 1-D NMR spectra generated, we were able to discriminate infected from uninfected
individuals in two age groups (children and adults) based on differences in their urinary
profiles. The underlying molecular markers of S. mansoni infection were found to be
primarily linked to changes in gut microflora, energy metabolism and liver function.
These findings are in agreement with data from earlier studies on S. mansoni infection
in experimental animals and thus provide corroborating evidence for the existence of
metabolic response specific for this infection.
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INTRODUCTION

Schistosomiasis is, after malaria, the second-most socio-economically devastating
parasitic disease. An estimated 600 million people in 74 countries are at risk of
infection, with over 200 million chronically infected (World Health Organization,
www.who.int). Individuals with persistent or heavy infections may show activity of
severe clinical manifestations such as hypertension, hepatomegaly, splenomegaly,
ascites, haematemesis, oedema and per-umbilical varices (1-3). Traditionally,
schistosomiasis is diagnosed by detecting parasite eggs in faeces and urine (4;5). This
microscopy-based method is very specific, simple and cheap but due to the uneven
distribution of Schistosoma mansoni eggs in solid excreta and the considerable day-to-
day fluctuation in egg output, infections, and especially low infections, are easily missed
(6). Alternatively, detection of antibodies is a highly sensitive and specific method to
diagnose schistosomiasis. Serology mostly gives straightforward answers for patients
tested within months after their first exposure, but data are difficult to interpret for
those who have a history of previous infection. Detection of circulating antigens by
immunological means is an effective strategy to distinguish active from past infections.
Two major intestinal polysaccharide antigens have been described: a negatively charged
circulating anodic antigen (CAA) and a positively charged circulating cathodic antigen
(CCA) (7:8). Sensitive and specific immunoassays using monoclonal antibodies have
been developed for the detection and quantification of these two antigens in serum
and urine of patients (9-12). Although these methods work well in endemic areas with

moderate and high prevalence of the disease, they are less sensitive in low infection
areas (11;12). These shortcomings indicate the need for new and improved tools
that can be utilized for sensitive and specific diagnosis of schistosomiasis. However,
there is also an obvious need for development better tools for monitoring morbidity,
understanding the host-parasite interaction, getting new insights into immunity and
treatment and control. Metabonomics, as one of the well established “omics” disciplines
Jis being applied increasingly to investigate diseases and mechanisms of diseases in
humans. In the clinical field, the exploitation of the Nuclear Magnetic Resonance-
generated metabolic data sets in combination with multivariate statistical analysis
allows sample classification, effective interpretation of the biochemical pathways and
has demonstrated potential for identifying candidate biomarkers. Several encouraging
results have been obtained using metabolite profiling, including studies on heart
disease (13), type 2 diabetes (14), cancer (15), and nervous system diseases such as
schizophrenia (16), amyotrophic lateral sclerosis (17), Huntington’s disease (18) and
Parkinson’s disease (19).

Since in all parasitic infections there is a significant metabolic interaction between
pathogen and host, systematic NMR metabolic fingerprints have been applied to
investigate the metabolic consequences of parasitic worm infections in rodent models



(20-25). The metabolic analysis (by NMR) in mice infected with S. mansoni determined
a metabolic signature of the infection that indicated the feasibility of using an “omics”-
based approach for accurate diagnosis (24). Likewise, using capillary electrophoresis
(CE) a characteristic metabolite fingerprint of S. mansoni infection in mouse urine was
identified (26). Recently, four parasite-rodent models, namely Plasmodium berghei-
mouse, Trypanosoma brucei brucei-mouse, S. mansoni-mouse and Fasciola hepatica-
rat models were used to investigate a multiplex panel of cytokines and metabolites
fingerprints and the authors showed that each parasite generated a unique metabolic
signature in the host (27).

Although, altered metabolic activities due to parasitic infections have been observed
in rodent models, little is known about metabolic biomarkers for infections in human.
In comparison with animal studies, our study, based on urine samples collected in
an area endemic for S. mansoni infection is more intricate due to variable infection
intensities and differences in the time course of the infection. Moreover, the inter-
and intra-individual biological variability, different food patterns, co-morbidities with
other infections, differences in age and gender are features influencing classification
procedures. Nevertheless, using a MALDI-ToF peptidomics profiling based approach
for the same cohort, high recognition rates for the detection of S. mansoni infection in
children were obtained(28).

In this paper we continue this line of research and using an NMR platform as a first
step towards understanding the metabolic consequences of S. mansoni infection in
human, we investigated the metabolic effects of this parasite infection in a large cohort
from an rural area in Uganda near lake Victoria endemic for S. mansoni and made an
attempt to give a physiological interpretation of our findings.

MATERIAL AND METHODS

Study design and sample collection

This study took place in Musoli village, Mayuge district, Uganda, an area situated
on the shore of Lake Victoria with perennial transmission of both S. mansoni and
malaria(28). Briefly, a cohort of 446 volunteers was selected using a stratified random
selection balanced for sex and age. Only individuals of 7 years and older were included
in the cohort. From each member of the cohort, three stool samples were collected
on consecutive days and these were examined for the presence of S. mansoni ova. The
presence of each infection was recorded as eggs per gram faeces (EPG) using two Kato-
Katz thick smears per stool sample (4). The study cohort received two single doses of
praziquantel (PZQ) 40 mg/kg of body weight with a two weeks interval. Urine samples,
collected at five time points, were used in the current study: before treatment (time
point A), one day after the first dose of PZQ (time point B), 2 weeks after the first



dose of PZQ (time point C), one day after the second dose of PZQ (time point D) and
8 weeks after the first dose of PZQ (time point E). Fifty percent of the participants
received an additional dose of PZQ at time point C (Fig. S1, Supplement Material). The
urine samples were kept cold (4°C) immediately after collection and stored at -20°C
when the day’s field activities were over. For long-term storage, samples were kept at
-80°C. Urine samples were analyzed using CCA strips, as previously described(11). The
test results thus obtained were given scores of 0, 0.5, 1, 2 and 3, respectively.

Ethical considerations

Ethical clearance was obtained from the Uganda National Council of Science and
Technology and the study was presented to the Danish National Committee on
Biomedical Research Ethics in Denmark. Consent forms were developed in the local
language. Although most of the potential study participants could read the consent
forms themselves, the purpose and contents of the study were explained in detail to the
community in the local language. They were informed that the decision to participate
in the survey was voluntary and any one who wished to withdraw was free without
any reprimand. Informed consent was obtained from individual adult participants; for
children the parents or guardians consented on their behalf. Thereafter, each individual
signed a consent form before commencement of any activity. All information obtained
from participants was kept confidential.

Preparation of urine samples for '"H NMR spectroscopy

After thawing, urine samples were centrifuged for 10 min at 4000 rpm at 4°C for the
removal of cellular components. For sample preparation 600 pL urine were added to
300 pL of pH 7.4 phosphate buffer (0.2 M) in 10% D,O containing 1.2 mM sodium
3-trimethylsilyl-tetradeuteriopropionate (TSP) and 0.1% (w/v) NaN, in a 96 deep-
well plate using an eight-channel Hamilton Microlab STAR robotic workstation and
immediately stored at -80°C. Well plates were thawed completely and centrifuged at
3000 g for 10 min prior to analysis in order to remove any precipitate(29).

NMR data acquisition and processing

'H NMR data was obtained using a Bruker 600 MHz AVANCE II spectrometer
equipped with a 5 mm TCI cryo probe and a z-gradient system; a Bruker BEST (Bruker
Efficient Sample Transfer) system was used in combination with a 120 pL cryofit flow
insert for sample transfer. One-dimensional 'H NMR spectra were recorded at 300
K using the first increment of a NOESY pulse sequence (30) with presaturation (yB1
= 50 Hz) during a relaxation delay of 4 sec and a mixing time of 10 msec for efficient
water suppression (31). Eight scans of 65,536 points covering 12,335 Hz were recorded
and zero filled to 65,536 complex points prior to Fourier transformation, an exponential
window function was applied with a line-broadening factor of 1.0 Hz. The spectra were



manually phase and baseline corrected and automatically referenced to the internal
standard (TSP = 0.0 ppm). Phase offset artifacts of the residual water resonance were
manually corrected using a polynomial of degree 5 least square fit filtering of the free
induction decay (FID) (32). In order to monitor proper filling of the NMR flow cell
and for quality control one-dimensional gradient profiles (33) along the z-axis were
recorded for each sample prior and post data acquisition. Duration of 90 degree pulses
were automatically calibrated for each individual sample using a homonuclear-gated
nutation experiment (34) on the locked and shimmed samples after automatic tuning
and matching of the probe head.

Multivariate data analysis of NMR spectroscopic data

A bucket table with a bucket size of 0.04 ppm was generated for the regions 9.8 -
6.0 and 4.5 - 0.2 ppm, respectively, using an AMIX (version 3.5; Bruker Biospin,
Germany) command line based in-house automation routine. Buckets between 2.74
and 2.66 (both included) were merged to take account for the pH-related shift of the
citrate region and all buckets were normalized to a total area of 1.0 * 10* followed by
log transformation of absolute values. Variables were centered, but not scaled prior
to statistical analysis using the SIMCA-P+ (version 12.0, Umetrics, Sweden) software
package. For initial analysis and outlier detection principal component analysis (PCA)
was performed using 7 components. Outliers were identified based on scores and
distance to model-X (DModX) values and visual inspection of the individual NMR
spectra. Data with insufficient spectra quality due to poor water suppression, low
signal-to-noise ratio (high diluted samples) and high ethanol levels (alcohol abuse)
were excluded from the analysis. For partial least squares-discriminant analysis (PLS-
DA), orthogonal projection to latent structure discriminant analysis (OPLS-DA) and
orthogonal signal correction (OSC) filtering samples were categorized based on egg-
count in feces (Kato-Katz smear) (4) and an ELISA based dip-stick assay (11). Subjects
were considered as non-infected when egg counts in feces were zero and dry CCA strip
test scores below 1. For classification as heavily infected subject an arbitrary cut-off of
500 EPG was chosen. All other samples were classified as low-medium infected (1 <
EPG < 500 and CCA strip test > 1) or ambiguous (egg count = 0 and CCA strip test >
1). Individual models for children aged 7 to 15 years and adults between 20 to 40 years
were built. Data from the group between 15 and 20 years old and from subjects older
than 40 years were not selected for further analysis.

RESULTS

Since the complete study cohort is very diverse including male and female subjects of
all age groups, different socio-economic background and professions as well as showing
differences in prevalence of a variety of co-morbidities and infections the initial



analysis was focused on school-aged children of age ranging from 7 to 15 years only.
This selection reduces age-related differences and to some degree avoids variability due
to life-style. In addition, acquired immunity and organ damage as result of chronic
re-infection with S. mansoni should be less pronounced in younger individuals. We
also expected to find the metabolic discriminators to be more prominent in this group,
since younger individual usually show higher infection intensities compared to older
subjects (35). Initial PCA analysis of NMR spectra from 593 samples of children using
a model of 7 components explaining 69% of the variability shows a very homogenous
distribution in the scores for all 7 components with no clustering according to S. mansoni
infections as exemplified in the scores plot for the first two principal components in
Fig. 1. This lack of initial clustering indicates that the differences in urinary profiles
due to S. mansoni or any other co-morbidity are rather subtle and the inter-individual
and day-to-day variations clearly dominate the model. This is in contrast to animal
models where usually clustering due to S. mansoni infection can be found within the
first 3-4 principal components (PCs) of the PCA scores plot. This better discrimination
can most likely be attributed to the controlled environment and the high similarity
between the individual animals, as well to the much higher parasite load in the animal
models.
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Figure 1. Scores plot of first two principal components from PCA model built using 593
NMR spectra of urine from children aged 7 to 15 years. Data points are colored according to
level of infection indicating non-infected individuals with zero S. mansoni egg count and CCA
< 1 (M); low-to-medium infected individuals with 0 < S. mansoni egg count < 500 EPG or no
available egg count data and 1 <= CCA < 3 (®); heavily infected individuals with S. mansoni egg
count > 500 EPG (A).
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Figure 2. Scores plot of first and orthogonal component from OPLS/O2PLS-DA two class
model built using 91 NMR spectra of urine from children aged 7 to 15 years. Data points
are colored according to non-infected individuals (M) and heavily infected individuals (A),
respectively.

In order to find molecular discriminators for S. mansoni infection and morbidities
in humans an OPLS/O2PLS-DA two class model was build using non-infected vs.
heavy infection classification as response variable. The scores plot in Fig. 2 of the first
and orthogonal component of an OPLS-DA model built using 91 urine spectra shows
clear discrimination between heavy and non-infected subjects. Based on coefficients
and loadings from this model the responsible metabolites for the discrimination of
the two groups were identified as summarized in Table 1. Apart from the endogenous
metabolites listed in Table 1 we also found a compound of non-mammalian origin as
one of the potential discriminators. This compound with resonances in the buckets
1.14, 3.46, 3.50, 3.58, 3.62, 3.66, 3.70, 3.86 and 3.82 ppm drew our attention already
at visual inspection of the spectra during data processing due to its high abundance
in some of the samples as shown in Fig 3. A full NMR-based structure elucidation
(see supplement material) revealed the presence of 2-methylbutane-1,2,3,4-tetrol. The
stereochemistry was not determined independently, but based on comparison with
literature data (36-38) the compound was annotated as the 2-C-Methylerythritol

stereoisomer. Initially an apparent decrease of this non-endogenous metabolite in
the presence of S. mansoni infection was observed as determined by multivariate
data analysis. However, in depth analysis based on relative quantification of the
compound in urine (creatinine normalized data) revealed correlation with time-point

and negative correlation with age but no link to S. mansoni infection (Fig. 4) or any



Table 1. Changes of metabolites observed in urine of S. mansoni-infected subjects compared
to control. (A, increase; W, decrease; ®, no change in concentration).

Metabolite Change in Children Change in Adults Chemical shift [ppm]
2-Oxo isovalerate 7 v 1.12

2-Oxo isocaproate 7 v 0.94

3-Hydroxy butyrate 7 (] 1.20

2-Oxo glutarate Vv v 3.01

Acetate ® (] 1.92

Acetone ® (] 2.24

Alanine ° ° 1.48

cis Aconitate ® ® 3.13

Citrate Vv v 2.67,2.54

Creatine N [ 3.93,3.04
Dimethylamine v L 2.72

Formate ® ® 8.46

Fumarate 7 v 6.52

Guanidino acetate " ® 3.80

Hippurate 7 L7 7.84,7.64,7.56, 3.97
Methylguanidine [\ () 2.83
Phenylacetylglutamine [\ () 7.43,7.36

Pyruvate L] L] 2.38

Succinate Vv 7 2.41

TMAO N ° 3.27

trans Aconitate Vv Vv 6.59, 3.45
Trimethylamine ()] T 2.88

Trigonelline Vv Vv 9.13, 8.84, 8.09, 4.44
3.34 ppm ] (] 3.34

3.30 ppm (] (] 3.30

2.35 ppm T N 2.35

of the investigated co-morbidities was seen. The apparent decrease of this metabolite
in the OPLS-DA model with infection is therefore an artifact and can most likely be
attributed to a bias between time point and infection status in the children model since
most heavily infected individuals can be found at time point A whereas most non-
infected controls are from the time point E group.

In order to exclude any seasonal bias from the metabolic discriminators of S.
mansoni infection, a second model was built based on data of urine collected exclusively
at time point A. For this model, samples from adults age 20 to 40 were used given that
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Figure 3. Excerpt of typical 600 MHz 1D-NOESY 'H-NMR spectrum of urine from non-S.
mansoni infected subject with high content of 2-C-Methylerythritol (resonances as indicated by
arrows).

450

400

350

300

metabolite / creatinine (%)
) )
S &
8 3

a
2

2
<]

o
S

28.74

4977 i
N -

(a) (b) (c)

Figure 4. Distribution of normalized 2-C-Methylerythritol content in urine of 20-40 year-
old subjects. (a) Samples collected at time point A - first visit - from individuals with no S.
mansoni infection (egg count = 0); (b) samples collected at time point A from heavily S. mansoni
infected individuals (egg count > 500 EPG); (c) samples collected at time point E — 8 weeks
follow up - from individuals with no S. mansoni infection (egg count = 0).

the number of available samples from non-infected children for this time point was
not sufficient. We also excluded the buckets (1.10, 1.14, 1.18, 3.46, 3.50, 3.58, 3.62, 3.66,
3.70, 3.86 and 3.82 ppm), representing 2-C-Methylerythritol from the analysis prior to
normalization of the data, since the results from relative quantification as described
above did not show any correlation with S. mansoni infection for this metabolite. In
Fig. 5 the scores plot for the first and orthogonal component of a two-class (non vs.
heavily infected) OPLS-DA model after OSC-filtering using 5 components with a
remaining sum of squares of 34.2 % and an Eigenvalue of 2.96 is shown. Spectra from
heavily infected and non-infected individuals are clearly separated in the scores plot.
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Figure 5. Scores plot of first and orthogonal component from OPLS/O2PLS-DA two class
model built after removal of 2-C-Methylerythritol buckets and OSC filtering of data using
73 NMR spectra of urine from adults aged 20 to 40 years. Data points are colored according to
non-infected individuals (M) and heavily infected individuals (A ), respectively.

The identified molecular discriminators from this model and their relative changes
are largely in agreement with the metabolites identified in the children models. It can
therefore be concluded that neither seasonal nor time point bias can be seen for the
identified endogenous metabolites and the observed changes of these metabolites are
indeed a result of S. mansoni infection and S. mansoni infection-related morbidities in
human.

Since the initial children-based model was relatively limited in the number of
spectra that were included, a separate model was built based on 209 urine spectra from
adult individuals of age 20 to 40 years. In addition to spectra from time points A and
E also spectra from time point B were included with the assumption that the state of
infection / egg count is not significantly changing within the 24h time interval between
time points A and B. Only urine samples from heavily infected (egg count > 500) and
non-infected (egg count = 0) individuals were used to built the model. The scores plot
of an OPLS/O2PLS-DA two class model based on this data in Fig. 6 shows a clear trend
between the two groups, but as expected the discrimination is not as distinct as for
the equivalent children-based model. The identified metabolites responsible for the
discrimination between the two classes and their relative changes are summarized in
column 2 of Table 1. Direct comparison between the metabolic signatures of S. mansoni
infection in adults and children show a high degree of concordance. Differences in
relative changes were only observed for 3-Hydroxy butyrate, Creatine, Dimethylamine,
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Figure 6. Scores plot of first and orthogonal component from OPLS/O2PLS-DA two class
model built using 209 NMR spectra of urine from adults aged 20 to 40 years. Data points
are colored according to non-infected individuals (M) with egg count = 0 and heavily infected
individuals (A) with egg count > 500 EPG. For samples collected at time point b) no egg count
data were available and classification of infection was extrapolated based on egg count from time
point a).

Guanidino acetate and TMAO. The much larger discrimination between the infected
and non-infected group in the single time point model in Fig. 5 compared with the
multiple time point models in Fig. 2 and 6, respectively, can be attributed to the strong
OSC filtering approach, but is also due to less “noise” introduced by seasonal influences
(e.g., time point E coincided with the end of the raining season) and absence of any
treatment effect (e.g., systemic response to PZQ treatment, see Fig. S8 — supplement

material).

DISCUSSION

The current study is part of a multidisciplinary project to investigate the influence
of the treatment strategies on Schistosoma re-infection rates and Schistosoma-related
pathology. The overall study design involves the comparison of two treatment strategies
and includes samples from 460 individuals collected at five different time points (Fig.
S1 - supplement material). However, in the present study we have concentrated on
the global examination of urinary metabolites in the context of S. mansoni infection
aiming at the identification of metabolic signatures of this infection in humans. In
fact, so far only one report on metabonomics of Schistosoma infection in a human
population has been published (39). The main focus of that publication was on the



potential of 'H NMR-based metabonomics in large population studies. Even though
molecular discriminators for Schistosoma infection in animal models have been
reported, no discriminators were provided for human S. mansoni infection. However,
the complexity of such an analysis due to parasitic co-infections was mentioned. The
earlier respective study was carried out in the region of Man, western Ivory Cost — an
area with the highest prevalence of schistosomiasis in the country. The total study group
consisted of 500 participants (a number comparable to our cohort of 460 participants)
aged between 1 and 91 years. Despite many factors (geographical location, differences
in nutritional habits, co-infections), making a direct comparison of the results difficult,
the authors made several important observations which proved to be of great value for
interpretation of our data. For example, they showed a clear age-dependent grouping
in PCA analysis. The age factor dominated the first three principal components of the
model concealing effects of gender, nutritional status and most importantly infection
status and parasitic load. Initial analysis of our cohort also identified age as a dominant
factor (supplement material: Age-related effects). Moreover, it has been shown by Naus
et al. (35), that the intensity of Schistosoma infection itself has a convex relationship
with age, peaking in childhood and decreasing thereafter. Taken together, these facts
support our decision to carry out a separate analysis on each of two age sub-groups:
children of 7-15 years and adults of 20-40 years.

The initial PCA analysis of urinary metabolic profiles of children showed no clear
infection-related grouping. This is in contrast to studies on animal models where the
clustering due to S. mansoni infection was found within the first three PC's (24). Thelack
of clustering in our PCA model reflects, in a way, the complexity of the data set where
the combination of such factors as general biological variability, gender differences,
nutritional status, co-infections and different infection intensities may dominate the
model. In addition, the systemic response in the described animal models is expected
to be more pronounced due to the relatively much higher parasite load in the animals.
Working in an endemic area we also have to anticipate the fact that multiple co-
infections and associated morbidity are “the norm rather than the exception” (39).
Together with variations due to social and nutritional status these conceal metabolic
changes characteristic for Schistosoma infection. To unmask changes relevant to our
study we applied supervised modelling building a two-class OPLS/O2PLS-DA model
where samples of non-infected and heavily infected children (more than 500 EPG)
were used as classes. To avoid a misbalance in the model due to the unequal number
of samples in the classes we had to combine baseline time point A, where most of the
cases represented heavy infection, with the 8 weeks follow-up time point E where the
majority of non-infected samples are present. In the model those samples were treated
as independent observations, which would appear to be an acceptable compromise
considering the general variability and complexity of the data set. The score plot of the
first and orthogonal component shows a clear discrimination between the heavily and



non-infected subjects. However, 2-C-methylerythritol, a compound of non-mammalian
origin was identified as a major discriminator between the classes. An analysis based on
relative quantification of this compound in urine revealed a positive correlation with
the time point of sampling and a negative correlation with age but no correlation with
S. mansoni infection (Fig. 4) or any of the investigated co-morbidities. Therefore, the
buckets corresponding to 2-C-methylerythritol metabolite were debarred from further
analysis. This exclusion of 2-C-methylerythritol had minimal influence on the model.
Analysis of the adult group provided the opportunity to build a non-infected vs.
heavily infected model using only the baseline samples, and excluding any seasonal
bias from the metabolic discriminators of S. mansoni infection. The resulting model
demonstrated clear differences between the classes. Further, to get a model with a
more balanced number of spectra per class, we expanded the model by including the
urine samples collected at other time points (B and E). The respectively two class OPLS/
O2PLS-DA model also showed a clear trend between infected and non-infected adults.
Analysis of the metabolic discriminators most significantly contributing to the
models revealed a similarity in the metabolic signatures of infected children and infected
adults (Table 1). Furthermore, interestingly there exists a significant overlap with the
metabolic signatures of S. mansoni infection reported for the animal models (24;25;39).
Indeed, animal model data and our data indicate involvement of the same classes of
the metabolites, with gut microflora associated compounds and energy metabolism
components taking the largest share. At a first glance, it looks like the conventional set
of the “usual suspects”, but in the context of S. mansoni infection, the involvement of
these metabolites might have a physiological explanation. For example, the impact of
gut microflora on the host metabolism needs no additional “justification”, nor the fact
that parasitic infections directly affect the symbiotic mammalian-microbial equilibrium
(40). Abdominal pain, diarrhea, and blood in the stool are common symptoms of
intestinal schistosomiasis. Under such circumstances changes in the concentration of
“mammalian-microbial co-metabolites” (41), usually reflected in alteration of urinary
aromatic compounds such as hippurate or/and phenylacetylglutamine (PAG), are to
be expected. Indeed, in the present study, we observed a reduced concentration of
hippurate and elevated levels of PAG. This decrease in hippurate levels is in agreement
with the data reported for S. mansoni-infected mice, as shown with two independent
analytical approaches: NMR-based metabolic profiling and capillary electrophoresis
based metabolic fingerprinting (24;26). Moreover, this effect appears to be common
to all helminth infections studied to date (22-25;27:42). Elevated levels of PAG, a
human metabolite corresponding to mouse metabolite phenylacetylglycine, are also in
agreement with data reported for the Schistosoma-infected rodents (24;25).
Alterations in the compounds related to the energy metabolism may also be
considered as a consequence of the infection. S. mansoni resides in the inferior
mesenteric vein having direct access to the flow of nutrients. The energy metabolism



of S. mansoni solely depends on glucose. The parasite uses large quantities of the
host glucose — an amount equal to the dry weight the worm is utilized every 5 hours
(43). Being a so-called homolactic fermenter, the worm releases an approximately
equal quantity of lactate into the blood stream (44:;45). The consequences of glucose
losses and the local elevation of lactate levels in the blood stream will depend on the
severity of the infection and nutritional status of the host. The energy metabolism of
mammalians is undoubtedly more flexible than that of worms: it can use alternative
pathways to maintain balance but such adaptive changes will be instantly reflected in
the metabolic composition of urine. The available data provides us with little evidence
to decide whether TCA intermediates are “tapped oft” from the TCA cycle, or released
to urine through the anaplerotic pathways. However, it would appear to be a plausible
hypothesis to consider an alteration of the energy metabolism related compounds in
the urine as part of the host adaptive reaction. In this context also the changes observed
in the concentration of 2-oxoacids (2-oxo isovalerate, 2-oxo isocaproate and 2-o0xo
glutarate) could be interpreted as part of the same response.

Further, rather than building a “mechanistic” pathway-based interpretation we
consider the metabolic perturbations observed in the urine as a signature of the
response of the host on an infection. This, in turn, raises two questions: (i) does the
signature represent the morbidity or the infection status of the host, and (ii) how
specific is this signature for S. mansoni. This study by no means pretends to give a final
answer to these questions. However, as mentioned above our cohort has a longitudinal
design and on several occasions we had to include post-treatment samples of by then
uninfected individuals into the “non-infected” group. Considering the most common
morbidity and pathology characteristics reported for intestinal schistosomiasis such
as periportal fibrosis, portal hypertension, hepatosplenomegaly, diarrhea, abdominal
pain and blood in the stool, it would appear unlikely that a complete reversal of many of
these characteristics would be possible within a two-week period (Fig. S1 - supplement
material). Consequently, the observed metabolic signature probably reflects more the
infection status rather than a particular state of morbidity. On the other hand, such
morbidity symptoms as intestinal bleeding and diarrhea can reverse within the given
time-period leading to, at least partial, recovery of gut microflora equilibrium. The
specificity of our findings is difficult to evaluate on basis of the available data. It is
evident that no single metabolite presented in Table 1 can be a specific marker for
schistosomiasis. On the contrary, the metabolic signature itself could, at least in theory,
pass the “sensitivity test”. To address this hypothesis, an additional study, preferably in
another endemic area to allow extrapolation to a different endemic setting, would be
necessary.

In conclusion, we have presented for the first time the metabolic signatures of
human-S. mansoni infection and provided a possible physiological interpretation.
The underlying molecular markers of S. mansoni infection were found to be primarily



linked to changes in gut microflora, energy metabolism and liver function. These

findings are in agreement with data from earlier studies on S. mansoni infection in

experimental animals and thus provide corroborating evidence for the existence of

metabolic response specific for this infection. However the specificity of the presented

metabolic signatures and the impact of such factors as, for example, geographical

location, differences in nutritional habits, co-infections still remains to be evaluated.
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SUPPLEMENTARY MATERIALS
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217 Female Figure S1. Study design with individual time points for sample collection and
230 Male Praziquantel treatment regime for investigated age groups.

Structure elucidation of unknown metabolite M0O1

'H detected 1D and 2D NMR spectra of urine sample 65803240905 TubelD:
WELL0032#NMR#D03 were obtained using a Bruker 600 MHz AVANCE II
spectrometer equipped with a 5mm TCI cryo probe and a z-gradient system. 1D proton
spectra with water suppression (S1) were recorded using the first increment of a NOESY
pulse sequence (S2) with presaturation (yB, = 50Hz) during 4 sec relaxation delay and
a mixing time of 10 msec. 8 scans of 32768 points covering 6002.4 Hz were recorded
at 300K and zero filled to 65536 complex points prior to Fourier transformation, an
exponential window function was applied with a line-broadening factor of 1.0 Hz.

All 2D experiments were recorded at a temperature of 300K with presaturation
(yB, = 50Hz) during a relaxation delay of 2 sec. For DQF-COSY (S3) spectra a data
matrix of 256 x 2048 points covering 6009.6 x 6009.6 Hz was recorded with 8 scans for
each increment. Data was zero filled to 2048 x 2048 points prior to States-TPPI type 2D
Fourier transformation and a sine bell shaped window function shifted by n/2 in the F1
and /4 in the F2 dimension was applied. Coherence order selective gradient HSQC (S4)
spectra were recorded for a data matrix of 256 x 2048 points covering 24146 x 6009.6
Hz with 4 scans for each increment. Data was zero filled to 512 x 2048 points prior to
echo-anti echo type 2D Fourier transformation and a sine bell shaped window function
shifted by m/2 in both dimensions was applied. For HMBC (S5) spectra a data matrix of
256 x 2048 points covering 33202 x 6009.6 Hz with 16 scans for each increment. Data was
zero filled to 512 x 2048 points prior to echo-anti echo type 2D Fourier transformation
and a sine bell shaped window function shifted by m/2 in the F1 dimension and n/6 in
the F2 dimension was applied. Magnitude mode spectra were obtained by magnitude
calculation in F2. All spectra were referenced according to the internal TSP = 0.0 ppm.



Sample ID : 65803240905 TubeID: WELLOO32#NMR#DO3

. J“LMJLJ S S N T

ppm
| - =
L1z
' INSTRUM spect
.
F1.4 Tuvewr 208020
1.6
1.8
b a v f20
} .
s[ F2.2
[
% e
2.4
—J & % L6
) o
= L 5
L Lag E 600. 1293476 iz
o
i 0.05 8
. Lo I Lo0
& 3%
13 P
x ST e
' " 3.2 glsig QSINE
—‘% ' g U.Ug Hz
3.4
i 3.6
;E 3 b %
§ R A
ﬁ;v‘g'«“ fat 3.8
} 4.0
- T T T T T T T T T T T T T T T
4.0 38 3.6 34 3.2 3.0 28 26 24 22 20 18 16 14 12 ppm

Figure S2. Excerpt of DQF-COSY spectrum of sample 65803240905.
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Figure S3. Excerpt of HSQC spectrum of sample 65803240905.
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Figure S4. Excerpt of HMBC spectrum of sample 65803240905.

Age related effects

The strategy of focusing on individual age groups for investigation of S. mansoni
infection was chosen based on the fact that in the initial PCA analysis an age related
trend could be observed in the scores plot already for the first two components as
seen in Figure S5. Such age group related clustering has previously been described in
the literature for large population studies (S6). Therefore, selection of individual age
groups will reduce age related artifacts and background variability within the data.

The age related trend was further investigated by building an OPLS model with the
age group as the response variable as seen in Figure S6. In this model a clear separation
between children and adults is visible with samples from adolescent individuals (age
group 15-19) located in between these two clusters. No trend or clustering for the
children age groups 7-9 and 10-14 years can be observed. For the individual adult age
groups there is a slight trend visible, however, it is much less pronounced as for the
separation between children and adults.
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Figure S5. Scores plot of first two components from initial PCA model using all data colored
according to age groups.

For better visualization of these age-group related changes the response variable for
each individual sample were plotted against the predicted values as calculated using
the OPLS model (Figure S7). In this representation an age related trajectory can be
drawn with the above described characteristics. Major metabolic discriminators as
identified from the loadings plot are Creatinine, Lactate and PAG that show an increase
with advancing age, whereas Hippurate, trans-Aconitic acid, Citrate and Formiate are

decreasing with age.
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Figure S6. Scores plot of first two orthogonal components from OPLS model build using age
groups as response variable.
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Figure S8. Scores plot of first and orthogonal component from OPLS/O2PLS-DA two class
model built using 602 NMR spectra of urine using treatment status as response variable
illustrating Praziquantel treatment effect. Data points are colored according to before treatment
(M) and 24h post treatment (A ) time points including initial and 2 weeks follow-up visits.
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