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a  b  s  t  r  a  c  t

Cystic  echinococcosis  (CE)  is  a pandemic  infectious  disease  caused  by  the tapeworm  Echinococcus  gran-
ulosus  that  forms  cysts in different  organs  such  as  lungs  and  liver.  Imaging  examination  and  serological
tests  have  some  drawbacks  such  as low  sensitivity.  In  this  study,  we  used  an  up-to-date  workflow  of  laser
microdissection-based  microproteomics  and  matrix-assisted  laser  desorption/ionization  time-of-flight
imaging  mass  spectrometry  in  order  to  depict  the proteomic  pattern  of CE in the  liver.  This  investigation
revealed  specific  markers  of  a parasitic  cyst  in  liver.  This proteomic  pattern  could  facilitate  diagnosis  of
eywords:
istoproteomics
ystic echinococcosis
aser microdissection
arasitic disease

CE in  the future.
© 2016  Elsevier  B.V.  All  rights  reserved.
ALDI IMS

. Introduction

Cystic echinococcosis (CE) is an endemic parasitic disease which
s caused by infection with metacestodes (larval stage) of the
apeworm Echinococcus granulosus (Eg) [1]. Humans as well as her-
ivores such as sheeps, goats or cattle are accidental intermediate
osts that become infected by ingested water, food, or soil contam-
nated with faeces from infected carnivores such as dogs or foxes
hich are definite hosts. Upon ingestion of the eggs, oncopheres are

eleased that have the capacity to penetrate the human intestinal

Abbreviations: ACN, Acetronitrile; CA, Citric acid; CE, Cystic echinococcosis; Eg,
chinococcus granulosus; ECM, Extra cellular matrix; FFPE, Formalin fixed paraf-
n embedded; fr/fr, Fresh/frozen; GO, Gene ontology; HIAR, Heat-induced antigen
etrieval; HIV, Human immunodeficiency virus; HLA, Human leucocyte antigen;
MS, Imaging mass spectrometry; LMD, Laser microdissection; LC–MS/MS, Liquid
hromatography-mass spectrometry/mass spectrometry; MALDI, Matrix-assisted
aser desorption-ionization; PAS, Periodic acid Schiff; ID, Protein identification; ROI,
egion of interest; TIC, Total ion count; UPLC, Ultra-performance liquid chromatog-
aphy.
∗ Corresponding author at: Im Neuenheimer Feld 224, 69120 Heidelberg,
ermany.

E-mail address: remi.longuespee@med.uni-heidelberg.de (R. Longuespée).

ttp://dx.doi.org/10.1016/j.molbiopara.2016.12.002
166-6851/© 2016 Elsevier B.V. All rights reserved.
wall where they gain access to the portal venous system and subse-
quently various organs where the oncospheres develop into cysts.
The liver (70%) and lungs (20%) are most commonly affected. How-
ever, cyst formation can occur anywhere in the body (10%). Since
the clinical course is relatively quiescent and patients present with
mild symptoms that are dependent on the cyst location and size,
CE poses challenges for accurate and timely diagnosis. Additionally
it can be expected that increased emigration of populations where
prevalence rates are as high as 5–10% such as in certain parts of
South Africa, Eastern Europe, Russia, the Middle East, and China
raise the possibility to attend patients affected by CE also in west-
ern countries [2]. Diagnosis is usually achieved by a combination
of clinical history, serum analyses and imaging observation such as
ultrasound, computed tomography or magnetic resonance tomog-
raphy. Whereas in early infections, serological studies are used, in
late stages imaging studies are usually performed [3]. Although the
host does produce detectable humoral and cellular responses, sero-
logical studies suffer from low sensitivities ranging from 30 to 80%
depending on the assay employed [4]. In some cases the diagnosis

of CE is delayed until histopathological examination of the resec-
tion specimen, especially in uncommon locations of echinococcal
cysts for example ossal, intramuscular, retroperitoneal or spinal
[5–9]. To confirm the diagnosis of CE a Periodic acid Schiff (PAS)

dx.doi.org/10.1016/j.molbiopara.2016.12.002
http://www.sciencedirect.com/science/journal/01666851
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molbiopara.2016.12.002&domain=pdf
mailto:remi.longuespee@med.uni-heidelberg.de
dx.doi.org/10.1016/j.molbiopara.2016.12.002
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eaction is routinely performed since the tapeworm stains PAS-
ositive. Treatment mostly relies on surgery for the removal of the
ysts and chemotherapy [1].

CE has been studied on the genetic level previously [10,11].
ven though proteomic investigations have been performed in
he past [12–20], few of new protein sequences of Eg have been
eported in databases. The proteome of Eg is indeed still poorly
escribed in universal databases such as Uniprot, with only few
rotein sequences available. Moreover, very few studies have been
xecuted on human samples.

In the present study, we applied up-to-date methods for the pro-
eomic analysis of formalin-fixed and paraffin-embedded (FFPE)
issues, the standard processing method to store tissues in pathol-
gy institutes worldwide.

We used laser microdissection (LMD)-based liquid chro-
atography tandem mass spectrometry (LC–MS/MS) for the

imultaneous extraction and digestion of proteins from specific
issue regions in a patient with CE: the cyst liquid containing the
orm, the cystic wall and the surrounding liver tissue. Additionally,
e performed matrix-assisted laser desorption/ionization time-

f-flight (MALDI) imaging mass spectrometry (IMS) to correlate
roteomic data and morphology. This is the first study to perform
MD and IMS  on FFPE tissue from a patient with CE and, to the best
f our knowledge, the first report combining LMD  and IMS  for the
iagnosis of CE.

. Material and methods

.1. Preanalytics

The tissue sample was provided by the University of Heidel-
erg with institutional ethical review approval. After surgery, the
issue was fixed in buffered formalin, embedded in paraffin, and
ectioned [21]. PAS reaction was performed for the visualization
f polysaccharides, glycogen, glycoproteins and glycolipids in the
issue section.

Materials for LMD  analyses and IMS  were described previously
21,22].

.2. LMD  and LC–MS/MS

Different regions of interest (ROIs) of the tissue section, includ-
ng the cyst fluid containing Eg (“cyst” in the article), the cystic

all and the surrounding liver tissue (“liver” in the article) were
ollected in three different tubes (Fig. 1, panel A).

LMD  was used as a sampling method for this investigation as
t appeared to be the best one for the accurate selection of the
ifferent parts composing the tissue. The tissues were processed

ollowing a procedure that avoids tissue loss during biochemi-
al preparation [21]. This method was specifically designed for
FPE tissues. This relies on the biochemical processing including
he proteolytic digestion of fixed proteins directly from the laser

icrodissected tissue piece, in a tube.
Peptides were subsequently separated by reverse-phase LC

sing ultra performance liquid chromatography (UPLC) 2D nanoAc-
uity (Waters, Corp., Milford, USA), and analyzed using a Thermo
cientific Q Exactive Hybrid Quadrupole-Orbitrap mass spectrom-
ter (Thermo Fisher Scientific, Waltham, USA) [21]. A first step of
ne dimension LC–MS/MS analysis with a 180 min  run with 200 ms
f accumulation of MS  peaks for further MS/MS, and the selec-
ion of 10 of the major MS  peaks for MS/MS, was  performed to

stimate the quantity of the peptide content in each sample. 2D
C–MS/MS analyses (RP x RP, high and low pH) included three iso-
ratic elution steps on which 180 min  LC gradient were performed,
s described before [21]. The time for accumulation of MS  peaks for
ical Parasitology 211 (2017) 9–14

further MS/MS  was 200 ms  10 of the major MS peaks were selected
for MS/MS.

2.3. Data processing

MaxQuant version 1.5.2.8 was used for protein identifications
(IDs) from raw files. MS/MS  spectra were analyzed to retrieve
peptide sequences and to compare those to databanks, for iden-
tification. Andromeda search engine with the Uniprot database
from Homo sapiens and Eg (released versions 2015-04) was used
for interrogation. The following modifications were set for identi-
fication: N-ter acetylation, oxidation of methionines, deamidation
as variable modifications, carbamidomethylation of the cysteines
as fixed modification. The maximum number of missed cleavages
was set at seven amino acids. At least two  peptides per protein,
including one unique peptide were required for identification.

A Venn diagram was  made from the list of the proteins iden-
tified in each of the samples in order to differentiate the ones
that are common between different ROIs and the ones that are
only found in a specific ROI [23]. The Uniprot entry of the pro-
teins identified in each compartment were listed in the “GeneVenn”
website (http://genevenn.sourceforge.net/). Since three lists can be
inserted, a Venn diagram containing the number of proteins com-
monly found in the different compartments of interest in the liver
infected by Eg could be obtained. The Venn diagram was then man-
ually reconstructed in order to adapt the size of the overlapping
cells proportionally to the number of proteins.

Gene ontology (GO) annotation of the proteins specifically found
in the different tissue parts was  performed using Blast2GO 3.2.
For each compartment of the infected liver tissue, a FASTA file
listing the identified proteins was  created. Each of the sequences
was blasted against sequences of the Swissprot database, using the
National Center for Biotechnology Information (NCBI) Blast service.
The blasted sequences were then mapped in order to link the pro-
tein IDs to the GO database. The GO database contains millions
of functionally annotated gene products for hundreds of species.
The molecular function, biological process and cellular component
were retrieved from the GO database. Level 3 GO were selected
for representation. The number of sequences that were assigned
to each GO was  reported, and the nine most represented GO were
used to create a histogram.

Since two  species were checked for the analysis, no filter for
taxonomy was  applied.

2.4. IMS

FFPE tissue section was  subjected to in situ trypsin digestion,
sprayed with �-Cyano-4-hydroxycinnamic acid matrix for IMS
analysis as described before [22,24] and analyzed using a rapifleX
MALDI Tissuetyper mass spectrometer (Bruker, Bremen, Germany),
with data acquired at 50 �m spatial resolution. IMS  dataset was
imported into SCiLS Lab (SCiLS GmbH, Bremen, Germany) for visu-
alization of images and statistical analysis. 206 monoisotopic peaks
from peptides were detected and used for the establishment of the
peak list. Total ion count (TIC) normalization was used as well as
baseline removal using Top Hat algorithm. Molecular images in
Fig. 2 were represented with 50% transparency in order to show
tissue regions from the optical image. Hierarchical clustering was
chosen for the segmentation process to group the most similar
spectra or sets of spectra into clusters.

The identification of the peptides mapped by IMS  was made by
comparing the masses of the monoisotopic peptides with the one

obtained from the LC–MS data. As mainly monocharged peptides
were obtained by IMS, the LC–MS values corresponding to [M + H]
were used for correlation with IMS  values. “M” corresponds to the
mass of the peptides reported in the peptide identification table

http://genevenn.sourceforge.net/
http://genevenn.sourceforge.net/
http://genevenn.sourceforge.net/
http://genevenn.sourceforge.net/
http://genevenn.sourceforge.net/
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rom the LC–MS analyses, and “H” to the mass of hydrogen. In our
xperience, H+ species are likely found in FFPE tissues contrary to
a+ or K+ species. The peptides with a mass difference of more than
.3 Da between IMS  and the LC–MS data were discarded from the

ist of identification candidates.

. Results

.1. LMD  and LC–MS/MS analyses

Three different compartments were investigated, namely cyst,
yst wall and liver. A total of 2354 IDs were retrieved from these ROI.
he IDs were distributed differently between these compartments
ith 559 in the cyst, 1310 in the cyst wall and 1985 in the normal

iver tissue. Overlap between the proteins identified in the various
ompartments was demonstrated by a Venn diagram (Fig. 1, panel
). In each compartment, we found proteins that were not found
nywhere else. We  found 85 proteins specifically in the cyst, 184 in
he cyst wall and 927 in the liver. The list of compartment-specific
roteins is reported in supplementary Table 1. The name of each
f the proteins specifically identified in one compartment of the
issue is provided in the first column of the table. The Uniprot entry

f each protein ID is provided in the second column, which gives
he information of the species type. The protein IDs are listed by
rder of abundance, reflected by the intensity reported in column
.

ig. 1. Laser microdissection-based proteomic workflow for the analysis of a liver infecte
yst  (C), the cyst wall (CW) and the liver (L), were annotated by a pathologist on a Period
icrodissection from a serial section. After the biochemical processing, the digested prote

pectrometry and data analysis (A). A Venn diagram was created from the list of identifie
e  found 85 proteins specifically in the cyst, 184 in the cyst wall, and 927 in the liver. T

iagram. (For interpretation of the references to colour in this figure legend, the reader is
ical Parasitology 211 (2017) 9–14 11

Additionally, we provided the full list of identified proteins and
peptides in supplementary Tables 2 and 3, respectively.

In supplementary Table 2, the protein accession number of the
protein groups, the protein names and the corresponding gene
names are listed. The number of identified peptides per protein,
as well as the number of the unique and razor peptides is depicted.
Unique peptides are peptides that are only identified within a pro-
tein group. Razor peptides are non-unique peptides assigned to the
protein group with the most other peptides. The sequence cover-
age, sequence length and the molecular weight of the proteins are
also given. Finally the intensity values of the proteins indicating
their abundance are listed.

In supplementary Table 3 all the peptides identified in the cyst,
the cyst wall and the liver are listed. The peptides that were cor-
related to IMS  analyses were highlighted in yellow. In this table all
the peptide sequences, lengths and masses are shown. The start-
and end position are also given, as well as the number of missed
cleavages. The gene name and protein name of the corresponding
identification are provided. We  annotated if the identified peptides
were unique or not. It is noteworthy that most of the identified
peptides are unique to one protein group. Finally, the intensities
of the peptides are given. Since the intensity of a protein is the
sum of intensities of peptides, it is important to know the intensi-

ties of peptides individually, as the sum of highly intense peptides
can result in lower intensity proteins, compared to other proteins
containing more peptides but with lower intensity values.

d by Echinococcus granulosus.  Specific tissue regions of interest (ROI) including the
ic acid Schiff reaction-stained tissue section. The ROIs were then collected by laser
olytic peptides were subjected to liquid chromatography-mass spectrometry/mass
d proteins in order attribute these proteins to the various tissue compartments (B).
he proteins specifically attributed to one compartment appear in red in the Venn

 referred to the web  version of this article.)
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In each of the selected tissues, proteins assigned to both human
nd Eg species were found. Surprisingly, some proteins assigned to
g species were only present in the liver and neither in the cyst,
or in the cyst wall. Otherwise, proteins assigned to human species
ere specifically present in the cyst and/or the cyst wall but not in

he liver.
We  annotated these specific proteins in function of their GO [25],

s described in Section 2.3. The GO database contains the anno-
ation of millions of genes and genes products corresponding to
housands of species, including human and Eg. Three GOs describe

 biological compound. The GO “cellular component” describes
he subcellular location of the compound of interest at the level
f subcellular structures and macromolecular complexes. The GO
molecular function” describes the biochemical ability of a com-
ound. The GO “biological process” describes the series of events
esulting from molecular functions of a protein or a group of pro-
eins.

Main GO group child GO that describe most specifically the func-
ionality of the protein. The nine most frequently attributed level 3
O patterns for cellular component, molecular functions and bio-

ogical processes were reported in supplementary Fig. 1, by order
f importance.

Interestingly, in the cyst, antigen binding was the most repre-
ented molecular function, and immune functions such as innate
mmune response proteins were found. Innate immune response,
eceptor-mediated endocytosis, Fc-receptor-signaling and com-
lement activation pathways were the most frequent biological
rocesses. Among the most intense proteins, different types of

mmunoglobulin were found, which are all involved in innate
mmunity. Six out of 85 proteins identified were assigned to Eg
pecies.

In the cyst wall, three out of 184 proteins were assigned to

g species, namely phospholipase-D1, Ras-related protein Rab–6 B
nd titin. Many proteins involved in immune response were found
n the cyst wall. Among the 30 most intense proteins from the cyst

all, we interestingly found human leucocyte antigen (HLA) his-

ig. 2. Matrix-assisted laser desorption ionization imaging mass spectrometry of the liver i
mage  of the analyzed tissue. Images of several ions specifically present in the regions of i
ne  peptide mass (M + H) from the proteins identified with the laser microdissection-ba
o  tubulin alpha; m/z 1031.8 to vitamin K-dependent protein C; m/z 1646.9 to Ig kappa c
/z  1212.7 to integrin alpha-M; m/z 1777 to UBX domain-containing protein 1, in the live

450,  2C8 and m/z 1493.7 to UDP-glucuronosyltransferase 1–6. The merged image shows
lue  and m/z 1777 in red). The last image at the bottom right corner represents the statis
For  interpretation of the references to colour in this figure legend, the reader is referred 
ical Parasitology 211 (2017) 9–14

tocompatibility antigens class I and II that were not present in the
lumen of the cyst. Many extracellular matrix (ECM) proteins such as
different collagens, integrins and dermatopontin were found. One
of the most intense was  tenascin.

The most frequent proteins in the liver were related to physio-
logical biological processes such as oxydoreduction. Furthermore,
proteins which belong to nematode larval development and egg
hatching have been observed. Even though Eg is a cestode, it
shares common biological processes with other parasite worms
for its development [26]. Moreover, the Uniprot database lists only
168.503 unreviewed and 61 reviewed protein sequences for the
cestodes against 1.235.015 unreviewed and 4690 reviewed pro-
teins for nematodes. Most of the identifications assigned here to
nematode larval development may  actually be common to cestode
larval development.

In the liver, seven out of the 927 proteins specifically found in
this tissue were assigned to Eg species.

3.2. Molecular mapping by IMS

A serial tissue section was analyzed by IMS  in order to map  the
peptides in the ROIs: the cyst, the cyst wall and the liver, as pre-
sented in Fig. 2. Hierarchical clustering analysis allowed statistical
grouping of spectra that were displayed as a spatial segmentation
map. This process revealed molecular heterogeneity within the
ROIs. The correlation of the IMS  data with the LC–MS/MS results
allowed us to attribute the identification of some peaks (Fig. 2).

4. Discussion

The identification of the proteome of parasites may facilitate the

diagnosis in various tissue compartments. Additionally, scant infor-
mation is available concerning specific reactions of the surrounding
liver tissue to infection by CE. This knowledge may  contribute to the
development of new therapies against this parasitic infection.

nfected by Echinococcus granulosus. The image in the right upper corner is the optical
nterest of the tissue are shown. m/z values were selected that specifically matched
sed microproteomic method. These include, in the cyst: m/z 887.6 corresponding
hain V–III region NG9, in the cyst wall: m/z 1004.6 to Ras-related protein Rab-35;
r: m/z 907.5 to aminomethyltransferase, mitochondrial; m/z 1436.7 to cytochrome

 the overlaid distribution of three specific peaks (m/z, 907.5 in green, m/z 1646.9 in
tical segmented image, where each color represents a different molecular pattern.
to the web version of this article.)
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In the present study, we applied LMD-based LC–MS/MS and
MS  to evaluate the proteomic microanatomical context of CE in
he human liver. Although these methods are established on both,
FPE and fresh-frozen (fr/fr) tissue samples, we  decided to work on
FPE tissue, since it is the standard method to store tissue blocks
n pathology institutes. Although frozen samples are easier to be
nalyzed and imaged as they do not require multiple steps for sam-
le preparation (deparaffination and antigen retrieval), handling
nd storage of frozen specimens has disadvantages, since proteins
re degraded during repeated freeze-thaw cycles and there is a
eed for expensive logistics [27]. Also, the apparition of ice crys-
als during the process of freezing may  alter subsequent proteomic
nalyses [28–30]. The development of molecular methods on FFPE
issues for biomarker discovery and diagnosis holds great promise
or universalization.

In order to reverse the process of protein crosslinking induced
y the fixative, we used heat-induced antigen retrieval (HIAR) [31].
he principle of the method adapted for microproteomics of FFPE
issues was previously explained and proved efficient for biomarker
iscovery [21]. In our case, HIAR-based workflow for micropro-
eomics of FFPE tissues allowed identifying proteins from various
issue compartments, namely the cyst, the cyst wall and the sur-
ounding liver tissue. The IMS  approach, which also relies on HIAR
nd on-tissue digestion [24], allowed mapping some of the identi-
ed peptides through the tissue section.

Several proteomic studies already focused on the study of Eg
12–20]. However, the number of protein sequences from this
pecies is very limited in classically used databases (26 reviewed
rotein sequences in Uniprot). In this context, we  interrogated
atabanks of proteins sequences from both, Eg and human for the

dentifications. Among the proteins assigned to human species, it is
ighly probable that some of these share common sequences with
roteins from Eg that were not yet described.

The defense of the host against parasitic infections involves var-
ous immunologic and non-immunologic biochemical pathways
17]. We  could identify proteins which are players of the host
mmune response.

Our findings suggested a strong immunoglobulin response
ithin the cyst.

In the cyst wall, processes of antigen presentation are more
ikely represented. Among others, e.g. HLA class II histocom-
atibility antigen gamma  chain (CD74), Marginal zone B- and
1-cell-specific protein where found in the cyst wall. Further
roteins attributed to antigen presentation include HLA class I
istocompatibility antigen, Cw-7 alpha chain, HLA class I histocom-
atibility antigen and A-36 alpha chain. Only one immunoglobulin
ype was found only in the cyst wall, Ig kappa chain V–III.

While antigens of Eg were present in the cystic as well as
n the cyst wall and the liver, immunological processes were

ainly located in the cyst and the cyst wall. Besides proteins of
mmune cells, such of immune processes (e.g. macrophage migra-
ion inhibiting factor) were also found in the cyst wall. Additionally,
e found ECM proteins in the cyst wall. The glycoprotein Tenascin
as identified. This protein is involved in wound healing and

nflammation [32].
Finally, the GO revealed proteins of the larval development of

he worm in the liver. This might suggest that even after Eg has
ormed a cyst, the infection is still molecularly visible in the liver
tself. This observation might represent a major asset for molecular
iagnosis, in the future. Using Eg markers specifically present in the

iver would allow the diagnosis from a single liver biopsy.
Proteolytic peptides were then mapped by IMS  in the various
ompartments. This analysis gives an insight of IMS  technology for
olecular diagnosis. IMS  allows the mapping of hundreds of prote-

lytic peptides directly from a single tissue section. The presence of
pecific marker peptides in a liver section may  inform of an infec-
ical Parasitology 211 (2017) 9–14 13

tion by Eg. Segmentation analyses can reveal different molecular
clusters within tissue sections. In our case, the segmentation of
the IMS  dataset was performed without taking into account the
outer part of the tissue. Areas of coagulated tissue due to the surgi-
cal process could indeed clearly be distinguished. Each color of the
segmentation map  represents a different molecular pattern in the
tissue. The segmentation map  that we obtained suggests molec-
ular heterogeneity from the core of the cyst to the margin of the
liver tissue. Those molecular differences might be due to slightly
different molecular events in the spatial context of the tissue.

5. Conclusion

This combined approach showed for the first time the asso-
ciation of specific proteins to various compartments, cellular
phenotypes, parasitic stages and pathobiochemical as well as
immune processes in human liver CE. Since few years, mass spec-
trometry workflows have raised as potential adjunct methods in
molecular pathology [33,34]. In this work, we  give an insight of
the potential of IMS  and LC–MS approaches for future biomarker
discovery studies and molecular diagnosis of CE.
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