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Schistosomiasis represents a condition in which every aspect of the disease,
starting from skin invasion of the cercariae to egg laying by adult worms, incites
a tissue response from the vertebrate host. This response, whether acute or
chronic, leads to the appearance of reporter molecules of tissue injury in bodily
fluids that could be surveyed as markers for disease diagnosis, status and
prognosis. In this scenario, the serum proteome associated with a schistosome
infection remains poorly explored; particularly by the use of high-throughput
mass spectrometric instrumentation. In this study, we aimed to comparatively
examine the serum proteome of control versus infected BALB/c mice,
spanning the interval between the onset of egg laying and the peak of the
acute phase of infection. Compositional analysis of the sera, using one
dimensional reversed-phase fractionation of tryptic peptides coupled to
mass spectrometry, allowed identification of 453 constituents. Among these,
over 30% (143 molecules) were differentially present comparing sera from
infected and non-infected mice, as revealed by quantitative label-free shotgun
approach. The majority of proteins exhibiting altered levels was categorised as
belonging to immune response (acute phase-related proteins) followed by
those linked to lipid transport and metabolism. Inspection of the lipid profile
from control and infected individuals demonstrated more pronounced and
significant alterations in triglycerides, VLDL and HDL fractions (p<0,001),
attesting for a disturbance in circulating lipid molecules, and suggesting a
key role in host-parasite interactions. Our findings provide a global view of the
serum proteome in the context of experimental schistosomiasis during the
acute phase of infection. It contributes by listing key molecules that could be
monitored to inform on the associated inflammatory disease status. We hope it
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will shed light into uncovered aspects of the Schistosoma mansoni parasitism
in the vertebrate host, particularly those related to modulation of the lipid
metabolism mediating immune responses.

KEYWORDS

schistosomiasis, serum proteome, lipid metabolism, host-parasite interaction,

mass spectrometry

Introduction

Schistosomiasis is a neglected tropical disease affecting
millions of people worldwide (1-3). Its clinical manifestations
promote in most cases irreversible tissue damage to the host,
resulting in a high morbidity disease (4). Schistosoma mansoni
adult worms dwell for years within the host vasculature, where
they interact with circulating host molecules and utilise the
nutritional rich constituents of sera to sustain parasitism.
Molecular investigations have provided a deep understanding
of parasite’s biology (5-7), however much remains to be
elucidated on the mechanisms operating in this complex host-
parasite interaction. Understanding host responses to
schistosomes could reveal biomarkers of active infection and
allow for better monitoring on the inflammatory status as a
manner to alleviate the long term chronic tissue injuries.

Proteomic investigations aimed at elucidating S. mansoni-
host interactions have been applied to the liver (8-10) and spleen
(11) soluble proteomes in the murine model of the disease. In
these occasions, significant changes in protein expression were
observed, but how these are triggered is poorly understood.
Therefore, analysis of the serum proteome in the context of
schistosomiasis could provide the basis to comprehend the
metabolic reprogramming operating at target tissues. Recent
studies have investigated the serum proteome during S.
japonicum infection in animal models of the disease and
markers of infection have been proposed (12, 13). To our
knowledge, we are the first to investigate the serum proteome
in the context of S. mansoni infection, in the murine model, with
a particular focus on proteins related to lipid metabolism.

Here we employed quantitative label-free shotgun proteomic
analyses of the serum proteome collected at the 5™ and 7™ weeks
post infection from S. mansoni infected BALB/c mice.
Compositional analysis of the undepleted sera allowed
identification of over 400 constituents, over 30% of which
were differentially abundant comparing control and infected
individuals. Distinct patterns of protein expression were seen at
these two time points, possibly as a response to specific demands
related to the onset of egg laying by adult parasites and
granuloma formation in the liver. Our findings provide a
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repertoire of differentially abundant serum constituents
in the context of S. mansoni infection and uncover key
molecules proposed to modulate lipid metabolism during
disease establishment.

Materials and methods
Ethics statement

All experiments involving animals were conducted in
accordance with the Brazilian Federal Legislation (Arouca’s
Law number 11,794). The routine methods for maintenance of
the S. mansoni life cycle and the experimental procedures
involving mice were reviewed and approved by the local Ethics
Committee on Animal Experimentation ‘Comissdo de Etica no
Uso de Animais’ (CEUA), Universidade Federal de Ouro Preto
(UFOP), and received the protocol numbers 2017/35 and 2017/
34, respectively.

Infection model and experimental design

Twenty-three male and female BALB/c mice aged 35 days
were anaesthetised using a combination of ketamine
hydrochloride (8 mg/kg) and xylazine (4 mg/kg) administered
intraperitoneally. For infected groups, mice were exposed to active
penetration by S. mansoni cercariae (LE strain) through tail
immersion (250 cercariae/animal). The control group was
established with 23 non-infected individuals of the same age.
After 5™ and 7™ weeks post-infection, both infected and control
mice were weighed and sacrificed using anaesthetic overdose.
Spleens were collected and weighed to measure the spleen-to-body
weight ratio Supplementary Figure 1. Serum samples were
collected and their protein content measured using the BCA
protein assay kit (Thermo Scientific, Cramlington, UK). Samples
were kept frozen under -20°C and used for the analyses within a
maximum of 60 days after collection from animals. The number
of samples varied depending on the type of analysis. A total of 40
sera (n = 10 per group) proved suitable (did not display hemolysis
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and quantity was not limiting) for analysis of the lipid profile. For
proteomic analysis sera from three animals from each group were
pooled and this constituted one biological replicate per group. A
second biological replicate was prepared by pooling three other
sera from each group. Compositional and quantitative proteomic
data were obtained from 6 independent LC-MS/MS runs.

In-solution digestion

Briefly, 30 pg protein representing pooled sera from control
or 5™ and 7™ post-infection groups were incubated with
RapiGest (Waters, UK), to a final concentration of 1% (w/v)
and maintained at 80°C for 10 min. Then, proteins were reduced
using dithiothreitol (Sigma Aldrich, St. Louis, MO, USA)
to a final concentration of 3,3 mM at 60°C for 10 min.
Alkylation was performed at room temperature in the dark,
using iodoacetamide (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) to a final concentration of 9,4 mM for
30 min. The digestion was performed using sequencing grade
trypsin (Promega, Madison, WI, USA) at a ratio of 50:1 (protein/
trypsin) during incubation at 37°C for 16 h. To precipitate
RapiGest and stop the digestion step, trifluoroacetic acid was
added to a final concentration of 0.5% v/v. Afterwards, a
centrifugation step was performed for 15 min at 7°C at 20,000
x g (Mikro 200R, Hettich Zentrifugen, Tuttlingen, DEU). The
clarified supernatant containing the peptides was then collected
and submitted to UHPLC-MS/MS analyses.

Liquid chromatography-
mass spectrometry

After the digestion step, approximately 400 ng of peptide
samples were injected into the liquid chromatography platform
(UHPLC UltiMate R 3000, Dionex, San Jose, USA). Peptides were
loaded onto an Acclaim PepMapl100 C18 Nano-Trap column
(100pm id. x 2 cm, 5 pm, 100 A; Thermo Scientific, Waltham,
MA, USA) and washed for 3 min in 3,8% acetonitrile/0.1%
Trifluoroacetic acid solution (ACN, HPLC grade, USE), at a flow
rate of 5 uL/min. Then, peptides were directed to a reverse phase
chromatography using an Acclaim PepMap100 C18 RSLC column
(75pm id. x 15 cm, 2 um, 100 A; Thermo Scientific), in tandem
with the trap column on a constant flow rate of 300 nL/min. A
multistep gradient was performed, using solvents A (0.1% formic
acid, HPLC grade, JTBaker, Mexico) and B (80% ACN, 0.1% formic
acid) and applied as follows: a conditioning step with 3,8% of B
during 3 min, followed by a ramp from 3,8 to 30% B over 120 min,
and subsequently, 30-55% B to 150 min. Then a final ramp with
99% B to 162 min, followed by a reconditioning step with 3,8% B
until 180 min. The spectral data was acquired using a Q-Exactive
mass spectrometer (Thermo Scientific, Bremen, Germany)
operating at full-scan/MS2 mode. The nanospray flex ion source

Frontiers in Immunology

03

10.3389/fimmu.2022.955049

(Thermo Scientific) was set at 3,8 KV on positive mode, with a
capillary temperature of 250°C and S-lens levels set to 55. The Data
Dependent Acquisition method (DDA) was performed in the top
12 jons with charge states between +2 and +4 from a 1,2 m/z
window. Survey scans were tuned for a resolution of 70,000 with a
mass range between 300 and 2,000 m/z, and a AGC target of 1e°
ions in up to 120 ms. For MS/MS scans, selected ions were
fragmented by Higher Energy Collision Dissociation (HCD) with
a stepped Normalized Collisional Energy (NCE) of 28-30. After the
dissociation, the fragmentation spectra were acquired using a
resolution of 17,500 performing a maximum injection time of 60
ms with a dynamic exclusion time of 40 s and a target value of 5¢’
(minimum AGC target 6.25¢).

Analysis of proteomic data

The spectral data obtained from the UHPLC-MS/MS
platform was directed to protein identity search using PEAKS
Studio v8,5 (Bioinformatics Solutions Inc.). Searching
parameters included: Enzyme: trypsin; maximum of 2 missed
cleavage sites; fixed post-translational modifications: cysteine
carbamidomethylation (+57,0214 Da) and methionine oxidation
(+15,9949 Da) as variable modifications, maximum 3 post-
translational modifications per peptide; time window: 4
minutes; mass error tolerance of 10 ppm for precursor ions
and 0,1 Da for product ion fragmentation.

The database search was performed with a False Discovery
Rate (FDR) of 1%, a protein significance of 13 (p-value <0.05)
considering only proteins identified with at least one unique
peptide. The Mus musculus proteome database was downloaded
from the UNIPROT website, containing 55,398 protein
sequences. Quantitative label-free analysis was performed
under fold-change > 2, protein significance of 13 (p-value
<0,05) using the PEAKSQ significance method, considering
proteins identified with at least 1 unique peptide. Cytoscape
Software v. 3.9.1 (available at https://cytoscape.org/),
underpinned by STRING query tool, was used to construct a
protein interaction network for differentially abundant serum
constituents and retrieve the top 10 most significant enriched
molecular functions they are linked to.

Lipidogram analyses

Lipidogram analyses were performed through measurement
of Total Cholesterol, HDL Cholesterol and Triglycerides using
colorimetric detection methods (BioClin-Quibasa kits, Belo
Horizonte, MG, Brazil) using a Calm SBA2000 equipment
(Medsystem). VLDL cholesterol levels were estimated by
dividing triglyceride levels by 5, as specified in the literature
(14). The atherogenic fraction was calculated by subtracting
Total Cholesterol levels from HDL cholesterol. Sera from ten
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animals per group (control at 5™ and 7™ weeks post-infection
and respective infected groups) were used for these analyses.

Statistical analysis

Statistical analysis of data obtained from body weights,
spleen weights, and lipidogram parameters were evaluated for
significant statistical differences (p-value <0,05), using the
GraphPad Prism v8,0 program (San Diego, California, USA).
The Kolmogorov-Smirnov and Shapiro-Wilk tests were applied
to evaluate data normality. Then, the t-test or Mann-Whitney
test were applied according to parametric or non-parametric
distribution. All values were expressed as the mean + standard
deviation. For principal component analysis, the ClustVis (15)
platform was used to perform the multivariate analysis.

Results

Assessing disease establishment during
experimental schistosomiasis

In this investigation we first seek to evaluate disease progression
in the BALB/c model of experimental schistosomiasis aiming to
monitor the homogeneity of serum samples for downstream
analysis from control and infected individuals. As shown in
Supplementary Figure 1A the spleen from infected animals
exhibited significant increase in size at 5™ and 7™ post infection,
whilst for non-infected animals it remained unchanged. In addition,
the observed splenomegaly throughout the infection period is better
monitored by measuring the spleen-to-body ratio (9). As seen in
Supplementary Figures 1B, C for both investigated periods, infected
animals displayed a marked increase in this ratio compared to
control animals, attesting for the successful establishment of murine
schistosomiasis. As for the spleen, liver from infected animals were
visually enlarged in both periods with increased granuloma
formation, particularly at the later time point.

The compositional analysis of
undepleted sera in the context of
murine schistosomiasis

In order to evaluate the depth of proteome coverage through
mass spectrometric analysis of undepleted murine sera, we first
combined the spectral data obtained from uninfected and
infected animals to interrogate the available Mus musculus
proteome database. The accumulated 35,555 Peptide-Spectrum
Matches resulted in 3450 confidently assigned peptide sequences
yielding 453 distinct protein groups (Supplementary Table 1).
Inspection of the total accumulated area for the top and least
abundant constituents revealed five orders of magnitude
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difference, attesting for the identification of both high,
medium and low abundant serum components (Figure 1A).
Approximately 90% of cumulative abundance was accounted for
10 protein identities, the remaining 10% comprising the
additional 443 molecules (Figure 1B). The top 10 most
abundant proteins were mainly associated with transport,
immune function and acute phase response. Serum Albumin
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FIGURE 1

Compositional analysis of undepleted serum proteome during S.
mansoni infection in the BALB/c mice. (A) Dynamic range of
identified proteins encompassed five orders of magnitude
difference between the most and least abundant serum
constituent, as judged by Area Under Curve (AUC). (B)
Cumulative abundance plot revealed 10 molecules contributing
to 91% of the total ion signal. (C) Frequency histogram for
protein abundance in the samples.
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was the most abundant component (72.7% of the detected ion
signal), followed by Serotransferrin (7.5%) and Pregnancy zone
protein (2.9%). Additional seven constituents in the top 10 list
(Apolipoprotein A-I, Hemopexin, Immunoglobulin heavy
constant mu, Complement C3, Immunoglobulin kappa
constant, Alpha-2-HS-glycoprotein and Fibrinogen beta chain)
collectively contributed 8,3% to the cumulative ion abundance.
The vast majority of identified proteins contributed 8,7% to the
total ion signal. This variation in the dynamic range of protein
expression was confirmed by analysis of the frequency histogram
for protein abundance, which revealed a non-Gaussian
distribution (p<0,0001), Figure 1C. Next, we performed a
comparative label-free quantitative analysis on the mass
spectral data to detect differentially abundant serum molecules
in the acute phase of murine schistosomiasis.

The host serum proteome is
pronouncedly altered during the acute
phase of experimental schistosomiasis

The quantitative label-free proteomic analysis revealed 143
shared constituents (31.5% of the total identified proteins) as
differentially abundant comparing control and infected
individuals. A consolidated list of the top three differentially
abundant proteins categorised according to biological process is
shown on Table 1 (see Supplementary Table 2 for a list of
differentially abundant molecules). A heatmap plot indicated
that over % of the differentially abundant proteins showed
positive regulation at the 7" week. The 5" week period
represented a transition with a few groups of proteins
exhibiting either increased or decreased abundance, whilst for
the majority of identities, levels did not differ significantly from
control samples (Figure 2A). Only 22 proteins appeared
significantly down regulated exclusively at 7 weeks (Figure 2B)
and 36 displayed contrasting patterns of abundance at weeks 5
and 7 (Figure 2C). For the remaining differentially abundant
proteins (85 molecules) during infection, increased levels relative
to controls were observed at these two time points with higher
abundance at 7 week; possibly indicating that these molecules
accumulated in the serum as the peak of the acute phase
had been reached (Figure 2D). Protein lists associated with
these distinct patterns of protein expression are provided in
Supplementary Table 3.

These proteins were further categorised according to the main
biological processes they are related to (Figure 2E). Approximately
half (48.21%, 54 molecules) of the differentially abundant
molecules were associated with immune response. Among these,
immunoglobulin kappa and lambda chains comprised the most
prevalent signatures within this group. Immunoglobulin heavy
chains belonging to isotypes IgM (mu chain), IgG (gamma chain),
IgA (alpha chain) and 5 peptides matching the J chain, which joins
two IgM or IgA monomers, confirmed the dominant
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immunoglobulin profile induced by the parasitic infection. For
the majority of Ig entries, positive regulation was seen early at the
5™ week and fold changes relative to control were higher at the 7"
week. In the Acute Phase Response protein group, the classic
C-Reactive Protein, Alpha-1B-glycoprotein and Serum amyloid
P-component were the main representatives. In this group, positive
regulation was observed at the 5 week (except for Alpha-2-HS-
glycoprotein), and increased expression was seen at the 7% week.

Proteins related to lipid metabolism and transport were
represented by 13 members. In this category, over 50% were
apolipoproteins belonging to subtypes A-II, A-IV, B-100, C-II, C-
III, C-1V, and D. Overall, apolipoproteins were up regulated at
the peak of acute phase, with most exhibiting down regulation at
the 5" week. In this scenario, ApoB100 constitutes an exception,
exhibiting a discrete increase (~30%) at the 5™ week and reaching
approximately 500% increase at the 7" week. In parallel, proteins
involved in the control of fat metabolism and immune regulation,
such as CD5 antigen-like and adiponectin displayed contrasting
patterns of expression in response to the schistosome infection.
For lipid transport proteins, whilst corticosteroid-binding
globulin displayed down regulation as disease progressed from
5 to 7 weeks, phospholipid transfer protein exhibited an opposite
pattern of abundance.

Among the differentially abundant proteins 7 members of
the complement system contributed 6,25% to the total of
identities (Supplementary Table 2). Equal contribution was
provided by metal binding and acute phase response proteins.
The former were mostly associated with iron binding and
transport represented by ceruloplasmin, serotransferrin and
hemopexin, all displaying increased abundance as infection
progressed from 5 to 7 weeks. In agreement, decreased levels
were seen for alpha and beta haemoglobin subunits. Protein
identities related to hemostasis and proteolysis, or its inhibition,
contributed <5% each in the total number of differentially
abundant serum constituents. Concerning coagulation factors,
fibrinogen alpha, beta and gamma chains were consistently up
regulated from 5 to 7 weeks post infection. In contrast,
coagulation factor XIII B chain and platelet glycoprotein Ib
alpha chain exhibited down regulation at these two time points.
Alpha-1-antitrypsin, also classified as an acute phase response
protein, is a protease inhibitor for which expression levels were
high at the 5™ week and continued to accumulate, as seen at the
7™ week. The same behaviour was shared by kininogen 2, inter-
alpha trypsin inhibitor, protein Z-dependent protein inhibitor
and the serine protease inhibitor A3N.

Of note, abundance profiles for lipid metabolism and
transport proteins at the 5™ and 7" weeks were quite divergent
(Figure 3), typified by downregulation at 5™ week post-infection
(except for platelet-activating factor acetylhydrolase), and up
regulation at the 7™ week for the majority of identities in this
group. Three exceptions for this behaviour were adiponectin,
corticosteroid-binding globulin and apolipoprotein A-II, which
displayed decreased abundance up to the peak of the acute phase
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TABLE 1 Consolidated list of the top three differentially abundant proteins categorised according to biological process.

Accession Description Coverage  Molecular Mass Log, 5™ week/ Log, 7" week/ Significance
(%) (Da) Control Control

Lipid Metabolism and Transport Proteins (n=13)

Q60963 Platelet-activating factor 10 49258 1,11 3,36 67,75
acetylhydrolase

P16301 Phosphatidylcholine-sterol 8 49747 0,60 2,76 64,11
acyltransferase

Q9QWK4 CD5 antigen-like 42 38863 1,17 2,14 30,03
Acute Phase Response/Inflammation Proteins (n=7)

Q00897 Alpha-1-antitrypsin 1-4 45 45998 2,15 5,03 124,24

P12246 Serum amyloid P-component 45 26247 0,82 2,77 91,06

Q60590 Alpha-1-acid glycoprotein 1 28 23895 0,54 2,08 37,12
Immune Response Proteins (n=54)

P03976 Ig kappa chain V-II region 17529.1 27 12390 3,64 7,77 116,64

A0A075B5P4  Ig gamma-1 chain C region secreted 52 35752 4,27 4,90 119,12
form

A0A075B664  Immunoglobulin lambda variable 2 14 12165 2,22 4,11 14,21
Complement System Proteins (n=7)

D3YXF5 Complement component 7 6 93338 -1,19 3,67 96,63

P06683 Complement component C9 10 62002 2,63 2,51 32,24

P11680 Properdin 14 50327 -0,42 1,92 86,36
Metal Binding (n=7)

G3X9T8 Ceruloplasmin 49 121080 0,97 1,64 19,67

Q91X72 Hemopexin 60 51318 1,15 1,50 33,69

Q92111 Serotransferrin 74 76724 0,20 1,18 28,33
Hemostasis (n=5)

E9PV24 Fibrinogen alpha chain 44 87429 0,19 1,60 51,35

Q8KOE8 Fibrinogen beta chain 77 54753 0,17 1,57 41,61

Q8VCM7 Fibrinogen gamma chain 73 49391 0,35 1,27 23,31
Proteolysis/Inhibition (n=15)

Q91WP6 Serine protease inhibitor A3N 43 46718 0,68 2,50 54,96

Q61704 Inter-alpha-trypsin inhibitor heavy 24 99358 0,27 2,06 42,84
chain H3

Q9JHH6 Carboxypeptidase B2 5 48871 0,06 1,77 45,5
Proteins related to other processes (n=54)

Q91XL1 Leucine-rich HEV glycoprotein 24 37431 0,69 3,20 63,36

AOA2R8VHP3 Predicted pseudogene 5478 11 57920 2,49 2,50 26,63

QIWVEF5 Receptor protein-tyrosine kinase 7 72907 1,04 2,05 32,28

Significance set to > 13 meaning p-value < 0,05 (=-Log'%(p-value)*10).

in infected animals. In contrast, Apolipoprotein B-100, CD5-
antigen like, platelet-activating factor acetylhydrolase,
phosphatidylcholine sterol transferase and phospholipid
transfer protein exhibited increased abundance throughout the
investigated periods. Apolipoproteins C-III, C-IV and D were at
reduced levels at week 5 in infected animals but their levels
increased relative to non-infected individuals at week 7. In this
group, Apolipoprotein C-II displayed the most pronounced fold
decrease early at the 5 week, exhibiting a discrete fold increase
relative to control animals at the 7" week.

Frontiers in Immunology

Given the molecular diversity in the serum proteome, 15
unrelated identities, accounting for approximately 14% of those
showing altered levels, were grouped as belonging to various
biological processes. Among them, known serum markers of cell
proliferation (e.g., leucine rich HEV glycoprotein), angiotensin
1-10 and fetuin-B displayed up regulation at the peak of the
acute phase. Next, the differentially abundant constituents (apart
from immunoglobulins) were interrogated for previously
reported protein-protein interactions using Cytoscape software
(Figure 4). The retrieved interactome revealed a highly
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(E) Functional categorisation according to biological processes for differentially abundant serum constituents.

connected protein network not only linking constituents under
the same category, but also displaying various possibilities for
protein interactions among those from distinct biological
processes. A list of top 10 enriched molecular functions
associated with the interactome reinforced lipid metabolism
and protease inhibition as significantly overrepresented
processes. Proteins uniquely found in one of the two time
points were listed in Supplementary Table 4. The majority of
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identities were also represented by immunoglobulin light and
heavy chains plus other identities with no clear enrichment to
merit their classification according to biological function. As
they were not consistently identified in all of the samples, they
were not dealt with any further in this study.

In light of the above findings concerning the distinct pattern
of serum constituents, we wondered whether the protein profile
associated with each condition (non-infected versus infected
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animals at the 5™ and 7™ weeks post infection) would allow
segregation of individuals using principal component analysis.
As observed in Figure 5, the PCA plot revealed a clear
discrimination between groups. In agreement with the
quantitative label-free analysis, serum profile from 5 week
infected individuals was more closely related to that of control
animals. The major fold differences observed for serum
constituents at week 7 justifies its position in the PCA plot.
This analysis demonstrated that a window of two weeks
difference between evaluated samples in the acute phase of
murine schistosomiasis promoted distinct profiles in the
relative abundance of serum constituents.

Serum lipid profile during
acute schistosomiasis

In order to back up the obtained proteomic data and the
observed altered levels for proteins related to lipid transport and
metabolism, we performed a comparative evaluation of the lipid
profile for control and infected individuals at the 5™ and 7™ weeks
post-infection. Lipidogram analyses demonstrated significant
alterations in the sera from infected individuals. Decreased levels
for Total Cholesterol (Figure 6A) and HDL Cholesterol (Figure 6B)
were observed at the 5™ week, with marked reduced levels for both
VLDL Cholesterol and Triglycerides. At this time point, the non-
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Protein interaction network displaying differentially abundant proteins, excluding immunoglobulins. Fifty out of 58 identities composed the
interactome. Cytoscape Software v. 3.9.1, underpinned by STRING query tool for interrogation of the Mus musculus database, was used to
visualise the generated network. Confidence cutoff score was set to > 0.4. Cytoscape also provided the Top 10 enriched molecular functions
related to this network. The significant terms and pathways were selected with the threshold of adjusted Log2 FDR < -10. Abbreviations for

protein identities are shown in Supplementary Table 2.
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Principal Component Analysis. Unit variance scaling was applied,
the standard variation with imputation was used to calculate
principal components. Axes demonstrates principal component 1
and principal component 2 showing 65.9% and 16% of the total
variance, respectively.

HDL Cholesterol, here termed the atherogenic fraction (Figure 6C),
remained unchanged. In the late investigated period (7" week post
infection), disturbances in circulating lipid molecules were mostly
related to VLDL Cholesterol (Figure 6D) and Triglycerides
(Figure 6E). At this time point, both Total and HDL Cholesterol
levels did not differ significantly. Both evaluated periods exhibited
significant changes in the circulating lipid-content of lipoproteins
from infected animals, however, with distinct patterns associated
with each time point. These results, expressed as mean * standard
deviation, are listed in Supplementary Table 5.

Discussion

In this study, we used mass spectrometry-based label-free
quantitative proteomic analyses to comparatively evaluate the
serum proteome composition in two distinct phases of murine
schistosomiasis. Firstly, at the 50 week post-infection,
representing a stage in which parasites have completed their
sexual maturation with subsequent pairing and initiation of egg-
laying by females. Secondly, at the 7™ week post-infection,
meaning the peak of the acute phase, characterised by changes
from a dominant Tj1 to an egg-induced T2 response and
extensive granuloma formation, leading to impaired liver
function (4). In this investigation, the spleen weight and
spleen-to-body weight ratios for control and infected animals
were in agreement with previous studies (9-11) allowing to
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ascertain that schistosomiasis has successfully been established
in the murine model.

The obtained compositional analysis reflected the
paramount challenge of protein discovery in serum samples.
Since no fractionation methods were employed, the number of
identified protein groups represented a reasonable achievement
for a shotgun approach using non-depleted sera. Although a
single molecule (albumin) comprised 73% of the cumulative
abundance, the remaining identified proteins highlighted
uncovered aspects of the S. mansoni parasitism concerning
host-parasite interactions. This quantitative label-free
proteomic analysis provided a repertoire of differentially
abundant serum proteins over the course of S. mansoni
experimental schistosomiasis up to the peak of its acute phase.

In our previous investigation using shotgun analysis of the
soluble liver proteome, we have shown that it undergoes
significant alteration in protein expression as schistosomiasis
evolves (10). Those findings were also in agreement and
complemented earlier findings using the 2D-DIGE approach
applied to the murine model of this disease (8, 9). Taking into
account that the liver is a secretory organ and its protein
products constitute a major source of serum constituents, it
was not surprising that relative levels in the serum for liver-
derived molecules were significantly altered due to the infection.
In the present study, we have identified classical acute-phase
response proteins with altered levels early at week 5, but more
pronounced alteration at week 7, as shown for C-reactive
protein, alpha-1-acid glycoprotein and serum amyloid protein.
Their altered levels in the serum of infected animals is possibly a
non-specific response to the antigenic burden associated with
the parasitism. In agreement, a recent plasma proteome study
with patients on acute phase COVID-19 (16) and on infants that
had been exposed to Zika Virus (17), demonstrated a similar set
of molecules exhibiting altered levels in the plasma associated
with both infectious diseases.

Almost one-third of the identified molecules showed altered
levels in the serum during experimental schistosomiasis.
Complement constituents, acute phase and immune response
proteins were responsible for approximately 61% of those
differentially abundant, with immunoglobulins representing
the largest group in numbers. In this investigation peptides
matching IgG have chains contributed with the majority of
identities compared to IgA and IgM isotypes. The antigenic
stimuli for the induced humoral response are associated with
every aspect of the S. mansoni life cycle in the vertebrate host,
from cercariae penetration (18) to its final establishment in the
hepatic portal system (19, 20).

A novel aspect of this host-parasite interaction was
revealed by the abundance profile of proteins related to lipid
metabolism with implications for immune regulation. CD5
antigen-like is a key regulator of lipid synthesis and
inflammatory response mainly secreted by macrophages (21).
It circulates in the bloodstream in association with IgM (22).
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FIGURE 6

Serum lipid profile of experimental groups. Graphics represent the arithmetic means and standard deviations. Asterisks indicate significant
differences between the evaluated conditions (p < 0.05). (A) Total cholesterol content of control and infected mice. (B) HDL cholesterol
demonstrated a decrease at 5™ week post infection. (C) Infected mice at 7" week displayed a significant increase in the atherogenic fraction
(D) VLDL cholesterol levels declined at 5™ week post infection and increased at the late time point. (E) Triglyceride levels displayed a significant
decrease at 5" week post infection followed by an increase at the 7" week.

On adipose tissue, it is internalised by CD36 receptor and binds
to fatty acid synthase promoting a decrease in its activity. As a
result, lipolysis is stimulated leading to a decrease in lipid
droplet content through mobilisation of triglycerides and
consequent efflux of fatty acids and glycerol (23, 24).
Hepatocytes also incorporate CD5 antigen-like through the
same receptor (21, 25). In agreement, the soluble hepatic
proteome evaluated during the acute phase of S. mansoni
infection (10) also demonstrated downregulation of fatty acid
synthase in addition to other lipid metabolism-related
proteins. In our findings, CD5 antigen-like (Q9QWK4)
exhibited increased abundance in both investigated time
points. As a classically described immune effector, its
expression is positively regulated under inflammatory
circumstances (21), justifying its interpretation as a potential
biomarker of liver damage (21, 26, 27). To our knowledge, we
are the first to report on the differential abundance of CD5
antigen like in the sera of S. mansoni infected animals.
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In contrast, adiponectin, a classical anti-inflammatory
adipose tissue-secreted adipokine which also modulates
macrophage function (28) exhibited down regulation in
infected animals. Under normal circumstances, it promotes
inhibition of inflammatory chemokines and regulates the
production of anti-inflammatory cytokines (29). In addition,
adiponectin decreases serum levels of triglycerides by
enhancing lipoprotein lipase gene expression and activity,
leading to decreased levels of circulating triglyceride-rich
lipoproteins in the bloodstream (30-32). Moreover,
adiponectin augments circulating HDL-C levels by
stimulating ApoA-I hepatic synthesis and the ATP-Binding
Cassette Transporter Al pathway (33-35). The decreased
abundance in circulating adiponectin observed in our study
is in agreement with the inflammatory condition associated
with the schistosome infection. The accompanying reduction
in HDL cholesterol levels was particularly observed at week 5.
At week 7, the sustained low levels of adiponectin are in line
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with the increased content of liver derived lipoproteins (mostly
composing the atherogenic fraction), a finding reinforced by
high levels of apolipoprotein B-100 at the two investigated
time points.

Our quantitative data also points to differential lipoprotein
remodelling associated with the schistosome infection. Not only
lipoproteins were found mainly upregulated, the enzymes
phospholipid transfer protein and phosphatidylcholine-sterol
acyltransferase, known to participate in the transfer and
chemical modification of their lipid contents, increased in
abundance as judged by their relative levels at weeks 5 and 7 in
infected animals. Of note, various differentially abundant
constituents, such as those involved in acute phase response,
complement cascade and proteinase inhibitors, have been
reported to be ligand-binding partners of lipoproteins, in
particular HDL (36, 37). In fact, serum amyloid protein, here
found upregulated, is currently considered an exchangeable
lipoprotein. It was demonstrated to be associated with VLDL,
LDL and HDL leading to enhanced binding of these particles to
surface proteoglycans (38). Protocols designed to enrich for
lipoproteins in the context of schistosomiasis should provide a

10.3389/fimmu.2022.955049

better view of their potential ligands and clues to their distinct
roles in immune response or sustaining parasitism. Concerning
the latter, a recent report has highlighted the lipidomic profile in
the S. mansoni -infected hamster liver using a combination of
mass spectrometric approaches (39). Over 300 lipid markers of
infection were appointed in the granulomatous liver, mostly
representing phosphatidylcholines, phosphatidylethanolamines,
and triglycerides. Our findings provide molecular clues into how
lipid metabolism is modulated to attend both host and parasite
demands for lipid and lipid-derived molecules. In agreement, the
protein-protein interaction network, revealed the potential for
complex interactions among molecules related to Lipid
Metabolism and Transport group with those belonging to other
categories such as acute phase response, complement activity,
proteolysis inhibition and hemostasis. Given the predominance of
proteins with increased abundance composing this interactome,
the various binding possibilities attests for intricate mechanisms of
immune response and host metabolism operating in the
bloodstream during S. mansoni infection.

In this study, quantitative label-free proteomic analysis
revealed lipid metabolism related proteins as key modulators
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of host-parasite interactions during the acute phase of
schistosomiasis (Figure 7). The antigenic burden associated
with the schistosome infection, in particular during the onset
of egg laying, induces an inflammatory condition possibly linked
to intense mobilisation of lipids as reflected in the altered
lipoprotein profile and proteome of the infected sera. Our
study has demonstrated macrophage and adipose tissue-
secreted molecules, apolipoproteins/lipoprotein-bound proteins
and enzymes differentially abundant, possibly contributing to
lipid metabolism modulation. The complex interactions among
the differentially abundant serum constituents and target tissues
points to intense lipid metabolism regulation during
schistosomiasis. It remains to be determined whether the seen
alterations in the mouse serum can be translated to human
disease to explore novel markers of active infection and inform
on the inflammatory status posed by the S. mansoni parasitism.

Data availability statement

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (40)
partner repository with the dataset identifier PXD031974.

Ethics statement

The experimental procedures involving mice were reviewed
and approved by the local Ethics Committee on Animal
Experimentation ‘Comissio de Etica no Uso de Animais’
(CEUA), Universidade Federal de Ouro Preto (UFOP), and
received the protocol numbers 2017/35 and 2017/
34, respectively.

Author contributions

GG-S and WC-B designed, analysed, interpreted data and
wrote the manuscript. GG-S and LSV conducted experiments.
MC-C and AS conducted instrumental analysis and provided
technical expertise. DC contributed to the interpretation of data.
All authors reviewed the manuscript. All authors contributed to
the article and approved the submitted version.

Funding

This study was financially supported by Fundacdo de
Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG),
grant number: APQ-02745-18, FAPEMIG - Rede Mineira de

Frontiers in Immunology

12

10.3389/fimmu.2022.955049

Imunobiolégicos, grant number: 00140-16, Conselho Nacional
de Desenvolvimento Cientifico e Tecnologico (CNPq) grant
number: 438798/2018-0 and Universidade Federal de Ouro
Preto (UFOP), grant number: 23109.000928/2020-33. GG-S is
a recipient of a scholarship from Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES), Finance Code 001. WC-B is a fellow researcher from
CNPq (311286/2019-4). The authors also acknowledge the
support provided by PROPPI/UFOP and CAPES for fundings
provided through the internal call number 18/2022.

Acknowledgments

The authors acknowledge Lobato Paraense Mollusk facility
at René Rachou (Fiocruz Minas) for providing the S. mansoni
cercariae. The BioClin-Quibasa for providing the reagent kits for
serum lipids analysis and Laboratério Piloto de Analises Clinicas
(Lapac-UFOP). The authors also acknowledge the Laboratério
Multiusuario de Protedmica e Biomoléculas (LMU-ProtBio),
from Nucleo de Pesquisas em Ciéncias Bioldgicas,
Universidade Federal de Ouro Preto, MG, Brazil for providing
the required equipments and technical expertise.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.955049/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.955049/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.955049/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.955049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gongalves-Silva et al.

References

1. Chitsulo L, Engels D, Montresor A, Savioli L. The global status of
schistosomiasis and its control. Acta Trop (2000) 77(1):41-51. doi: 10.1016/
S0001-706X(00)00122-4

2. Engels D, Chitsulo L, Montresor A, Savioli L. The global epidemiological
situation of schistosomiasis and new approaches to control and research. Acta Trop
(2002) 82(2):139-46. doi: 10.1016/S0001-706X(02)00045-1

3. Katz N. Inquérito nacional de prevaléncia da esquistossomose mansoni e geo-
helmintoses. Belo Horizonte: CPqRR (2018) p 76.

4. Pearce EJ, MacDonald AS. The immunobiology of schistosomiasis. Nat Rev
Immunol (2002) 2(7):499-511. doi: 10.1038/nri843

5. Verjovski-Almeida S, DeMarco R, Martins EAL, Guimaraes PEM, Ojopi EPB,
Paquola ACM, et al. Transcriptome analysis of the acoelomate human parasite
schistosoma mansoni. Nat Genet (2003) 35(2):148-57. doi: 10.1038/ng1237

6. Berriman M, Haas BJ, LoVerde PT, Wilson RA, Dillon GP, Cerqueira GC,
et al. The genome of the blood fluke schistosoma mansoni. Nature (2009) 460
(7253):352-8. doi: 10.1038/nature08160

7. Protasio AV, Tsai IJ, Babbage A, Nichol S, Hunt M, Aslett MA, et al. A
systematically improved high quality genome and transcriptome of the human
blood fluke Schistosoma mansoni. PLoS Negl Trop Dis (2012) 6(1):e1455. doi:
10.1371/journal.pntd.0001455

8. Manivannan B, Rawson P, Jordan TW, Secor WE, La Flamme AC.
Differential patterns of liver proteins in experimental murine hepatosplenic
schistosomiasis. Infect Immun (2010) 78(2):618-28. doi: 10.1128/IAL.00647-09

9. Manivannan B, Jordan TW, Secor WE, La Flamme AC. Proteomic changes at
8 weeks after infection are associated with chronic liver pathology in experimental
schistosomiasis. | Proteomics (2012) 75(6):1838-48. doi: 10.1016/j.jprot.2011.
12.025

10. Campos JM, Neves LX, de Paiva NCN, de Oliveira E Castro RA, Casé AH,
Carneiro CM, et al. Understanding global changes of the liver proteome during
murine schistosomiasis using a label-free shotgun approach. J Proteomics (2017)
151:193-203. doi: 10.1016/j.jprot.2016.07.013

11. Cosenza-Contreras M, de Oliveira E Castro RA, Mattei B, Campos M,
Gongalves Silva G, de Paiva NCN, et al. The schistosomiasis SpleenOME: Unveiling
the proteomic landscape of splenomegaly using label-free mass spectrometry. Front
Immunol (2018) 9:3137. doi: 10.3389/fimmu.2018.03137

12. Huang J, Yin X, Zhang L, Yao M, Wei D, Wu Y. Serum proteomic proﬁling
in patients with advanced schistosoma japonicum-induced hepatic fibrosis. Parasit
Vectors (2021) 14(1):232. doi: 10.1186/s13071-021-04734-1

13. Bi NN, Zhao S, Zhang JF, Cheng Y, Zuo CY, Yang GL, et al. Proteomics
investigations of potential protein biomarkers in sera of rabbits infected with
schistosoma japonicum. Front Cell Infect Microbiol (2021) 11:784279. doi: 10.3389/
fcimb.2021.784279

14. Xavier HT, Izar MC, Faria Neto JR, Assad MH, Rocha VZ, Sposito AC, et al.
V Diretriz brasileira de dislipidemias e prevengdo da aterosclerose. Arq Bras
Cardiol (2013) 101(4):1-20. doi: 10.5935/abc.20135010

15. Metsalu T, Vilo J. ClustVis: A web tool for visualizing clustering of
multivariate data using principal component analysis and heatmap. Nucleic Acids
Res (2015) 43(W1):W566-70. doi: 10.1093/nar/gkv468

16. Mohammed Y, Goodlett DR, Cheng MP, Vinh DC, Lee TC, Mcgeer A, et al.
Longitudinal plasma proteomics analysis reveals novel candidate biomarkers in acute
COVID-19. ] Proteome Res (2022) 21(4):975-92. doi: 10.1021/acs.jproteome.1c00863

17. Macedo-da-Silva J, Rosa-Fernandes L, Barbosa RH, Angeli CB, Carvalho FR,
de Oliveira Vianna RA, et al. Serum proteomics reveals alterations in protease
activity, axon guidance, and visual phototransduction pathways in infants with In
utero exposure to zika virus without congenital zika syndrome. Front Cell Infect
Microbiol [Internet] (2020) 10:577819. doi: 10.3389/fcimb.2020.577819

18. Curwen RS, Ashton PD, Sundaralingam S, Wilson RA. Identification of
novel proteases and immunomodulators in the secretions of schistosome cercariae
that facilitate host entry. Mol Cell Proteomics (2006) 5(5):835-44. doi: 10.1074/
mcp.M500313-MCP200

19. Mathieson W, Wilson RA. A comparative proteomic study of the
undeveloped and developed schistosoma mansoni egg and its contents: The
miracidium, hatch fluid and secretions. Int J Parasitol (2010) 40(5):617-28. doi:
10.1016/j.ijpara.2009.10.014

20. DeMarco R, Mathieson W, Manuel SJ, Dillon GP, Curwen RS, Ashton PD,
et al. Protein variation in blood-dwelling schistosome worms generated by
differential splicing of micro-exon gene transcripts. Genome Res (2010) 20
(8):1112-21. doi: 10.1101/gr.100099.109

Frontiers in Immunology

13

10.3389/fimmu.2022.955049

21. Sanjurjo L, Aran G, Roher N, Valledor AF, Sarrias MR. AIM/CD5L: A key
protein in the control of immune homeostasis and inflammatory disease. ] Leukoc
Biol (2015) 98(2):173-84. doi: 10.1189/jlb.3RU0215-074R

22. Kai T, Yamazaki T, Arai S, Miyazaki T. Stabilization and augmentation of
circulating AIM in mice by synthesized IgM-fc. PloS One (2014) 9(5):€97037. doi:
10.1371/journal.pone.0097037

23. Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy E, Sul HS. Regulation
of lipolysis in adipocytes [Internet]. Annu Rev Nutr (2007) 27:79-101. doi: 10.1146/
annurev.nutr.27.061406.093734

24. Kurokawa J, Arai S, Nakashima K, Nagano H, Nishijima A, Miyata K, et al.
Macrophage-derived AIM is endocytosed into adipocytes and decreases lipid
droplets via inhibition of fatty acid synthase activity. Cell Metab (2010) 11
(6):479-92. doi: 10.1016/j.cmet.2010.04.013

25. Maehara N, Arai S, Mori M, Iwamura Y, Kurokawa J, Kai T, et al.
Circulating AIM prevents hepatocellular carcinoma through complement
activation. Cell Rep (2014) 9(1):61-74. doi: 10.1016/j.celrep.2014.08.058

26. Kim WK, Hwang HR, Kim DH, Lee PY, In Y], Ryu HY, et al.
Glycoproteomic analysis of plasma from patients with atopic dermatitis: CD5L
and ApoE as potential biomarkers. Exp Mol Med (2008) 40(6):677-85. doi:
10.3858/emm.2008.40.6.677

27. Nock S, Johann K, Harder L, Wirth EK, Renko K, Hoefig CS, et al. CD5L
constitutes a novel biomarker for integrated hepatic thyroid hormone action.
Thyroid (2020) 30(6):908-23. doi: 10.1089/thy.2019.0635

28. Yanai H, Yoshida H. Beneficial effects of adiponectin on glucose and lipid
metabolism and atherosclerotic progression: Mechanisms and perspectives. Int |
Mol Sci (2019) 20(5):1190. doi: 10.3390/ijms20051190

29. Fang H, Judd RL. Adiponectin regulation and function. Compr Physiol
(2018) 8(3):1031-63. doi: 10.1002/cphy.c170046

30. Chan DC, Barrett PH, Ooi EM, Ji J, Chan DT, Watts GF. Very low density
lipoprotein metabolism and plasma adiponectin as predictors of high-density
lipoprotein apolipoprotein Al kinetics in obese and nonobese men. J Clin
Endocrinol Metab (2009) 94(3):989-97. doi: 10.1210/jc.2008-1457

31. Qiao L, Zou C, van der Westhuyzen DR, Shao J. Adiponectin reduces
plasma triglyceride by increasing VLDL triglyceride catabolism. Diabetes (2008) 57
(7):1824-33. doi: 10.2337/db07-0435

32. Kobayashi J, Kusunoki M, Murase Y, Kawashiri M, Higashikata T, Miwa K,
et al. Relationship of lipoprotein lipase and hepatic triacylglycerol lipase activity to
serum adiponectin levels in Japanese hyperlipidemic men. Horm Metab Res (2005)
37(8):505-9. doi: 10.1055/s-2005-870318

33. Oku H, Matsuura F, Koseki M, Sandoval JC, Yuasa-Kawase M, Tsubakio-
Yamamoto K, et al. Adiponectin deficiency suppresses ABCA1 expression and
ApoA-I synthesis in the liver. FEBS Lett (2007) 581(26):5029-33. doi: 10.1016/
j.febslet.2007.09.038

34. Matsuura F, Oku H, Koseki M, Sandoval JC, Yuasa-Kawase M, Tsubakio-
Yamamoto K, et al. Adiponectin accelerates reverse cholesterol transport by
increasing high density lipoprotein assembly in the liver [Internet]. Biochem
Biophys Res Commun (2007) 358:1091-5. doi: 10.1016/j.bbrc.2007.05.040

35. Van Linthout S, Foryst-Ludwig A, Spillmann F, Peng J, Feng Y, Meloni M,
et al. Impact of HDL on adipose tissue metabolism and adiponectin expression.
Atherosclerosis (2010) 210(2):438-44. doi: 10.1016/j.atherosclerosis.2010.01.001

36. von Zychlinski A, Kleffmann T. Dissecting the proteome of lipoproteins:
New biomarkers for cardiovascular diseases? Trans Proteomics (2015) 7:30-9. doi:
10.1016/j.trprot.2014.12.001

37. Davidson WS, Shah AS, Sexmith H, Gordon SM. The HDL proteome
watch: Compilation of studies leads to new insights on HDL function. Biochim
Biophys Acta Mol Cell Biol Lipids (2022) 1867(2):159072. doi: 10.1016/j.bbalip.
2021.159072

38. Wilson PG, Thompson JC, Shridas P, McNamara PJ, de Beer MC, de Beer
FC, et al. Serum amyloid a is an exchangeable apolipoprotein. Arterioscler Thromb
Vasc Biol (2018) 38(8):1890-900. doi: 10.1161/ATVBAHA.118.310979

39. Wiedemann KR, Peter Ventura A, Gerbig S, Roderfeld M, Quack T,
Grevelding CG, et al. Changes in the lipid profile of hamster liver after
schistosoma mansoni infection, characterized by mass spectrometry imaging and
LC-MS/MS analysis. Anal Bioanal Chem (2022) 414(12):3653-65. doi: 10.1007/
500216-022-04006-6

40. Vizcaino JA, Csordas A, Del-Toro N, Dianes JA, Griss ], Lavidas I, et al. 2016
update of the PRIDE database and its related tools. Nucleic Acids Res (2016) 44
(22):11033. doi: 10.1093/nar/gkv1145

frontiersin.org


https://doi.org/10.1016/S0001-706X(00)00122-4
https://doi.org/10.1016/S0001-706X(00)00122-4
https://doi.org/10.1016/S0001-706X(02)00045-1
https://doi.org/10.1038/nri843
https://doi.org/10.1038/ng1237
https://doi.org/10.1038/nature08160
https://doi.org/10.1371/journal.pntd.0001455
https://doi.org/10.1128/IAI.00647-09
https://doi.org/10.1016/j.jprot.2011.12.025
https://doi.org/10.1016/j.jprot.2011.12.025
https://doi.org/10.1016/j.jprot.2016.07.013
https://doi.org/10.3389/fimmu.2018.03137
https://doi.org/10.1186/s13071-021-04734-1
https://doi.org/10.3389/fcimb.2021.784279
https://doi.org/10.3389/fcimb.2021.784279
https://doi.org/10.5935/abc.2013S010
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1021/acs.jproteome.1c00863
https://doi.org/10.3389/fcimb.2020.577819
https://doi.org/10.1074/mcp.M500313-MCP200
https://doi.org/10.1074/mcp.M500313-MCP200
https://doi.org/10.1016/j.ijpara.2009.10.014
https://doi.org/10.1101/gr.100099.109
https://doi.org/10.1189/jlb.3RU0215-074R
https://doi.org/10.1371/journal.pone.0097037
https://doi.org/10.1146/annurev.nutr.27.061406.093734
https://doi.org/10.1146/annurev.nutr.27.061406.093734
https://doi.org/10.1016/j.cmet.2010.04.013
https://doi.org/10.1016/j.celrep.2014.08.058
https://doi.org/10.3858/emm.2008.40.6.677
https://doi.org/10.1089/thy.2019.0635
https://doi.org/10.3390/ijms20051190
https://doi.org/10.1002/cphy.c170046
https://doi.org/10.1210/jc.2008-1457
https://doi.org/10.2337/db07-0435
https://doi.org/10.1055/s-2005-870318
https://doi.org/10.1016/j.febslet.2007.09.038
https://doi.org/10.1016/j.febslet.2007.09.038
https://doi.org/10.1016/j.bbrc.2007.05.040
https://doi.org/10.1016/j.atherosclerosis.2010.01.001
https://doi.org/10.1016/j.trprot.2014.12.001
https://doi.org/10.1016/j.bbalip.2021.159072
https://doi.org/10.1016/j.bbalip.2021.159072
https://doi.org/10.1161/ATVBAHA.118.310979
https://doi.org/10.1007/s00216-022-04006-6
https://doi.org/10.1007/s00216-022-04006-6
https://doi.org/10.1093/nar/gkv1145
https://doi.org/10.3389/fimmu.2022.955049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Profiling the serum proteome during Schistosoma mansoni infection in the BALB/c mice: A focus on the altered lipid metabolism as a key modulator of host-parasite interactions
	Introduction
	Materials and methods
	Ethics statement
	Infection model and experimental design
	In-solution digestion
	Liquid chromatography-mass spectrometry
	Analysis of proteomic data
	Lipidogram analyses
	Statistical analysis

	Results
	Assessing disease establishment during experimental schistosomiasis
	The compositional analysis of undepleted sera in the context of murine schistosomiasis
	The host serum proteome is pronouncedly altered during the acute phase of experimental schistosomiasis
	Serum lipid profile during acute schistosomiasis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


