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Imaging mass spectrometry (IMS) is recognized as a powerful tool to investigate the spatial distribution
of untargeted or targeted molecules of a wide variety of samples including tissue sections. Leishmania is
a protozoan parasite that causes different clinical manifestations in mammalian hosts. Leishmaniasis is a
major public health risk in different continents and represents one of the most important neglected
diseases. Cutaneous lesions from mice experimentally infected with Leishmania spp. were investigated
by matrix-assisted laser desorption ionization MS using the SCILS Lab software for statistical analysis.
Being applied to cutaneous leishmaniasis (CL) for the first time, MALDI-IMS was used to search for
peptides and low molecular weight proteins (2—-10 kDa) as candidates for potential biomarkers. Footpad
sections of Balb/c mice infected with (i) Leishmania amazonensis or (ii) Leishmania major were imaged.
The comparison between healthy and infected skin highlighted a set of twelve possible biomarker pro-
teins for L. amazonenis and four proteins for L. major. Further characterization of these proteins could
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Introduction

The leishmaniases are a complex group of diseases caused by
more than 20 different Leishmania species. These protozoan
parasites are transmitted to humans by the bite of infected
sandflies, and globally, there are an estimated 1.5-2 million
new cases and 70 000 deaths each year, and 350 million people
are at risk of infection.! Leishmaniasis is endemic in 88
countries and affects two million people every year. These
diseases may present themselves as cutaneous, mucocutaneous
or visceral forms, depending on which species is involved in the
infection.> Cutaneous leishmaniasis (CL) is the most common
form of the disease, and usually causes ulcers on the exposed
parts of the body, such as the face, arms or legs.” The control of
vectors (sandflies) and reservoirs in vector-borne diseases is
difficult due to challenges of interventional programs, mainly
in developing countries, where their prevalence is high.?
Current drugs against leishmaniasis lack in safety and efficacy,
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reveal how these proteins act in pathology progression and confirm their values as biomarkers.

and there is no vaccine against the disease.* The diagnosis of
CL is based on clinical features and laboratory testing with a
huge variation in accuracy.’

In the life cycle of Leishmania, the promastigote form is
transmitted from the sandfly to a mammalian host during a blood
meal. Inside the host macrophages, the parasites differentiate into
the intracellular amastigote form.*” To survive within the hostile
environment of the macrophage, the parasite has various
strategies to defeat the microbicidal power of the macrophage
and to decrease an effective host immune response.® Many
studies about peptides and proteins focusing on leishmaniasis
have considered a variety of aspects of parasite biology and host
interactions, drug resistance mechanisms, and the identification
of immunogenic proteins for vaccine development.”™ These
studies have improved our understanding of the pathogenesis of
Leishmania. The events related to Leishmania-host cell inter-
actions remain however poorly understood.’ In this study, we have
focused on two etiological agents of CL aiming to unveil molecular
signatures of disease progression in situ: (i) L. amazonensis, a
species mainly transmitted in the Amazon region and (ii) L. major,
transmitted in Asia and Africa.”> Discovery of new proteins or
peptides that could function as biomarkers while also providing
information about disease progression would deepen the under-
standing of leishmaniasis biology, since the effective control of CL
as well as other clinical forms must rely on proper diagnosis and
treatment.™

Mass spectrometry (MS) is a fast, highly sensitive and
selective analytical technique that can reveal the chemical
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composition of a sample using low sample quantities that can
complement morphological data obtained from traditional
diagnostic techniques based upon microscopy inspection or
immunological assays.'® MS analysis is therefore able to screen
for biomarkers, and it has produced remarkable results in
pharmaceutical,'>*® biological,">* and medical®*** fields.

One of the latest developments in MS screening for biomarkers
is imaging MS (IMS) using different ionization techniques such
as matrix-assisted laser desorption ionization (MALDI) and
desorption electrospray ionization (DESI). IMS has greatly
advanced over the past years and has been demonstrated as
an outstanding protocol in the analysis of histological sections
of biological tissues by providing detailed information on the
whole pool of molecular species distributed along a whole 2D
or even 3D* surface in a particular sample.?®”

IMS enables therefore the visualization of the spatial distribu-
tion of a huge variety of biomolecules in a unprocessed tissue
section in a label-free manner.”®*® For peptides and proteins,
MALDI is the most suitable ionization technique for IMS and has
been used to search for biomarkers used as prognostic and/or
diagnostic indicators in several tumors.*** The spatial distribu-
tion of biomolecules obtained by IMS can be compared with the
results of standard protocols such as histology and immuno-
histochemistry (IHC).*®

Most of the previous studies regarding the leishmaniasis pro-
teome evaluated proteins larger than 15 kDa.'®"*® We therefore
used MALDI-IMS to screen for peptides and low molecular weight
(LMW) proteins within the m/z 2 to 10k range. Peptides and
LMW proteins differentially expressed in the liver during visceral
leishmaniasis, another clinical form of the disease, were investigated
using the same ionization technique as presented.>” MALDI-IMS was
applied to CL lesions in mice at different disease stages aiming to
compare the peptide and LMW protein profiles of healthy footpads
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with footpad lesions caused by L. amazonensis or L. major. Statistical
analysis was performed to highlight peptides or LMW proteins that
could be related to disease progression. To the best of our
knowledge, this is the first MALDI-IMS investigation of CL.

Results and discussion
Cutaneous leishmaniasis disease progression

The course of CL was first monitored by micro- and macroscopic
analysis, through the histology of footpad tissue sections (Fig. 1) and
measurements of footpad enlargement during infection progression
using a dial caliper (Fig. S1, ESIT). Histological analysis confirmed
the infection and added information about the progression of CL at
the dermis, showing that disease progression was different for the
two studied species under the same conditions. For L. magjor, at
30 days p.i., the dermis was still preserved, but defense cells were
being recruited. In contrast, also at 30 days, L. amazonensis infection
already presents signs of necrosis into the dermis.

At 60 days p.i., necrosis starts to progress in L. major
infection, whereas the tissue for L. amazonensis infection was
devastated due to severe necrosis and there were also signs of
granulomas. After 90 days, the tissues were microscopically
similar. Macroscopically, however, the clinical conditions of the
footpads from mice infected with L. amazonensis (Fig. 1A-C)
were considerably worse than the ones infected with L. major
(Fig. 1D-F). Fig. S2 and S3 (ESIt) provide detailed information
regarding macro- and microscopic analysis at 30 days p.i., when
more differences were observed between the infections.

MALDI IMS and data processing

Raw data from MALDI IMS were loaded into SCiLS Lab software
and normalized using the total ion count (TIC). A segmentation

Fig. 1 Panoramic view of histological analysis of footpads at different stages (40x). A, B and C belong to L. amazonensis infection, whereas D, E and F
belong to L. major infection. Epidermis is preserved in all stages. At 30 days p.i., the infection caused by L. amazonensis (A) shows signs of edema,
abundant inflammatory infiltrates, infected macrophages (1000x) and a focus of necrosis. The dermis is still preserved. At 60 days p.i. (B), the dermis is
suffering from wellspread necrosis and inflammatory cells. At 90 days p.i. (C), the dermis is severely compromised. At 30 days p.i., the infection caused by
L. major (D) shows signs of edema. Infected macrophages are rare and necrosis is not observed. At 60 days p.i. (E) the dermis is mostly preserved,
however, signs of necrosis are observed. Infected macrophages are shown in the inset (1000x). At 90 days p.i. (F), the dermis is severely compromised.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Segmentation mapping results for L. amazonensis (A) and L. major (C). The figure also illustrates dendrograms (B and D) with the respective

correlation distances (numbers), and the images are color assigned.

map®® allowed the correlation between MALDI IMS and histo-
logical analysis. In the first trial, spectra were acquired in the
m/z 2-20k range, but peak information was narrowed to the
m/z 2-10k range to obtain a better resolution at this m/z range
(data not shown). A spatial segmentation map®**° allows regions
to be clustered according to the similarities of the spectra. This
approach can be considered as semi-supervised, in which a
hierarchical clustering dendrogram allows the operator to
explore the data interactively.*® The results suggested four
clusters (Fig. 2), whereas histological analysis showed very
similar biological events for both species. Once histology was
correlated with the MALDI-IMS data, the dark blue cluster
corresponds to the healthy footpad, when the dermis is still
preserved. The light blue cluster is related to a very intense
infiltrate of defense cells. The yellow and brown clusters share
two inflammatory events in common: necrosis and granulomas.
Abundant infiltrates of inflammatory cells are clearly present at
the first stages of infection, whereas necrosis and granulomas
are dispersed at the later stages of infection. The yellow and
brown clusters are not clearly delimited by histology. The
statistical differences between these clusters could therefore
be related to discrete and probably relevant changes in the
peptide/LMW-protein composition, which are undetectable through
microscopy alone. In a trial to define the brown and yellow clusters,
we performed probabilistic latent semantic analysis (pLSA)*" with
deterministic initialization into the same data set. This statistical
technique is a recognized advancement in statistical graphic
models, which allows the interpretation of score images and
loadings in terms of mass spectral intensities.*' pLSA results
can be interpreted as spatial tissue components and their
corresponding mass (m/z) distributions in the tissue compo-
nent. In this case, pLSA allows a correlation between peptide/
protein profiles and a particular region of the tissue. This
correlation is particularly interesting for cutaneous leishmaniasis
since the infected tissue is composed of preserved and inflamed
tissues. There is also a heterogeneous population of defense
cells, necrosis, granulomas, amastigotes and preserved tissue.

2038 | Mol. BioSyst., 2017, 13, 2036—2043

The estimated number of components to run pLSA analysis was
determined in a semi-supervised manner, in which the number
of segments was chosen according to the results obtained from
histology. We used four components for both infections, referring
to four different events that predominate during the infection:
(i) preserved tissue, (ii) cellular infiltrates, (iii) necrosis and
(iv) granulomas (Fig. 2). MALDI-IMS of the tissue sections was
performed in biological triplicate for each species to guarantee the
reproducibility of our findings. Fig. S5 and S6 (ESIt) show three of
the most relevant spectra at specific m/z intervals for L. amazonensis
and L. magjor from tissue sections obtained from different mice.

Fig. 2 illustrates the distribution of pLSA components at
different infection times for L. amazonensis and L. major
through the segmentation map. All four components were color
assigned according to the results observed from microscopy.
Fig. S4 (ESIT) shows details on the pLSA components and the
distribution for some relevant spectra at specific m/z intervals.
The protein profile for each stage of the infection is also
represented by pLSA loadings (Fig. 3 and 4).

For both lesions, the preserved tissue (dark blue) is mainly
composed of component 2. In L. amazonensis lesions, the
inflammatory cellular infiltrates (light blue) are composed of
component 4, whereas for L. major lesions they are composed of
component 1. The yellow/brown regions could not be discrimi-
nated through microscopy, since necrosis and granulomas
were evenly dispersed over these regions. However, their pLSA
loadings are different. The reason why the yellow/brown regions
are distinguished might be related to another biological event
rather than necrosis or granulomas. The yellow/brown regions
are composed of components 1 and 3 for L. amazonensis lesions
and of components 3 and 4 for L. major lesions.

Evaluation of the most relevant pLSA loadings for each stage
of infection reveals how the abundance of particular m/z intervals
increases or decreases during both infections. The intensity
box plot chart (Fig. S7, ESIt) represents the intensities of a
given m/z interval filtered by the visible regions as a function of
different times.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 pLSA loading plots for L. amazonensis infection. Each loading plot can be interpreted as mass spectra specific of each segment, which we called

preserved tissue, hypercellularity, necrosis and/or granulomas.

The receiver operating characteristic (ROC) is a univariate mea-
sure quantifying how well a selected m/z interval discriminates two
different states. A perfect discrimination would yield an area under
the ROC curve (AUC value) equal to 1. The closer the AUC to 0.5, the
less discriminant the m/z interval.** Therefore, m/z intervals greater
than 0.75 were considered promising biomarkers. Our findings
revealed 62 relevant ions for L. amazonensis lesions (Table S1, ESIt)
and 46 for L major (Table S2, ESIt). Similarities between the
infections caused by L. amazonensis and L. major could be observed.
A total of 24 m/z intervals were found for both lesions, but the most
discriminative ions (AUC > 0.85) for each infection were different
(Table 1).

Subsequently, a co-localization step was performed using the
SCIiLS Lab software by Pearson’s correlation analysis that considers
only statistically significant correlations.*>** The statistical signifi-
cance p is defined as p = 0.05. Fig. 5 and 6 show some co-localized

This journal is © The Royal Society of Chemistry 2017

ions at different times during the infection for both parasites. It is
important to note that generally ions co-localized at a given stage
tend to increase or decrease in intensity during the infection,
representing molecular differences in disease progression. Differ-
ences revealed from our findings need to be further investigated,
since it would contribute to resolving unsolved questions about the
biology of the parasite and the host response against the infection.
Furthermore, the identification of potential biomarker candidates
would complement current diagnosis methodologies.

Experimental

Leishmania cultivation

L. amazonensis strain MHOM/BR/67/M2269 and L. major strain
Friedlin were separately maintained by regular passage in

Mol. BioSyst,, 2017, 13, 2036-2043 | 2039
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Fig. 4 pLSA loading plots for L. major infection. Each loading plot can be interpreted as mass spectra specific of each segment, which we called

preserved tissue, hypercellularity, necrosis and/or granulomas.

Table 1 m/z intervals (£10 Da) and AUC values most relevant to
L. amazonensis and L. major infection (AUC > 0.85)

Species mlz AUC Species mlz AUC

L. amazonensis 2182 0.986203 L. magjor 2560 0.896882
L. amazonensis 2234 0.974237 L. major 2804 0.896892
L. amazonensis 2350  0.909499 L. major 2477  0.859242
L. amazonensis 3837 0.892585 L. major 2434 0.851317
L. amazonensis 2248 0.884301 — — —

L. amazonensis 2446 0.875408 — — —

L. amazonensis 2902 0.875408 — — —

L. amazonensis 3837 0.874895 — — —

L. amazonensis 2114 0.874895 — — —

L. amazonensis 2818 0.874382 — — —

L. amazonensis 2474 0.86427 — — —

L. amazonensis 2084 0.853084 — — —

BALB/c mice.*” Parasites were kept in culture at 26 °C in 5 mL of
RPMI medium containing 10% of inactivated fetal bovine

2040 | Mol BioSyst, 2017, 13, 2036-2043

serum at a pH of 7.4. The starter culture contained 10°
promastigotes in 5 mL of medium and the parasites were used
for inoculation in mice.

Animals

The experimental protocols were approved by the Ethical
Committee for Animal Research (Protocol number 4140-1) of
the Institute of Biology/State University of Campinas. Six-week-old
female BALB/c mice, obtained from the Centro de Bioterismo/
UNICAMP, were infected in the footpad with 50 pL containing
5 x 10° promastigotes for each species. The mice were
sacrificed by cervical dislocation at different times post-
infection (0, 30, 60 and 90 days). At each time (i) three mice
infected with L. amazonensis and (ii) three mice infected with
L. major were sacrificed and the footpads were kept frozen at
—80 °C until the sectioning time. The negative control was the
footpad from an uninfected mouse.

This journal is © The Royal Society of Chemistry 2017
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p.i. for L. amazonensis infection.

Haematoxylin and eosin staining was used for the histolo-
gical analysis of the tissue sections, which was was performed
at each time to confirm the infection.**

Sample preparation

A frozen mouse footpad was sliced into a 16 um tissue sample
using a Cryotome (Leica Microsystems, Bannockburn, IL, USA)
at —22 °C and thaw-mounted onto conductive indium-tin-
oxide (ITO) coated glass slides (Bruker Daltonics, Bremen,
Germany). The subsequent section was analysed through
histology using haematoxylin and eosin (H&E) staining to
check the adequacy of the frozen material. Tissue slices were
air-dried in a desiccator for 30 min. ITO slides were washed
following a five-step washing protocol. The washing condi-
tions for the detection of peptides were as follows: 70%
ethanol (30 s), 100% ethanol (30 s); ethanol:chloroform:
acetic acid solution (6:3:1, % v/v) (2 min), 100% ethanol
(30 s), H,0O (30 s), and 100% ethanol (30 s). Then, the samples
were dried in a desiccator for 10 minutes prior to the applica-
tion of the a-cyano-4-hydroxycinnamic acid (CHCA) matrix,
which was overlaid onto the tissue sections using a sublima-
tion technique.

This journal is © The Royal Society of Chemistry 2017
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vob

Data acquisition

MALDI-IMS analysis was performed in a Bruker Autoflex III,
equipped with SmartbeamTM laser technology (Bremem,
Germany). Images from the tissue sections were obtained using
the FlexControl 3.4 and FlexImaging 4.0 software (Bruker
Daltonics, Bremen, Germany). MS data were acquired in linear
positive mode in a mass range m/z of 2-10 kDa by 1000
consecutive laser shots in each pixel with a spatial resolution
of 150 pm. The laser focus diameter was adjusted to 150 um.

Data analysis and processing

Data analyses were performed using the SCIiLS Lab software
(Bruker Daltonics, Bremen Germany). Mass (m/z) shifts were
observed in previously analysed samples, thus an interval width
of £10 Da was chosen. All datasets were pre-processed using
baseline subtraction. Data normalization was performed using
the total ion count (TIC) method of each spectrum. This
method normalizes every spectrum separately by dividing each
spectrum intensity by the sum of all its ion peak intensities.*®

Subsequently, MS peak picking was performed in the
normalized data set reducing the number of ion peaks per

Mol. BioSyst., 2017, 13, 2036-2043 | 2041


https://doi.org/10.1039/c7mb00411g

Published on 27 July 2017. Downloaded by UNIVERSIDAD ESTADUAL DE CAMPINAS on 5/15/2021 2:00:22 AM.

Molecular BioSystems

spectrum according to SCiLS default settings. The peak alignment
uses the mean spectrum of the complete data set to calculate the
alignment.®® Aligned peaks were used to produce the spatial
segmentation map with bisecting &-means in combination with
the correlation distance. Bisecting k&-means is a top-down cluster-
ing method that iteratively divides a set of spectra into two sets
that are maximally different according to a metric measure.*®
The reduction of the spectrum-to-spectrum variation was
accomplished by spatial denoising, which was performed prior
to segmentation. All described steps were carried out within the
“segmentation pipeline” of the SCiLS Lab software. Probabilistic
latent semantic analysis (pLSA), a multivariate analysis, was
also performed with 4 components. Furthermore, we used
the receiving operating characteristic (ROC curve) and the
co-localization tool using the SCIiLS Lab software to find
relevant m/z intervals.

Conclusions

MALDI-IMS of CL has provided for the first time the temporal
monitoring of the peptides and LMW proteins that could be
directly related - via concomitant histological comparisons - to
disease progression as well as to the infections caused by two
distinct parasites.

Several m/z intervals were statistically relevant to disease
progression, and according to ROC analysis, cutaneous
leishmaniasis is mostly discriminated in L. amazonensis
infected murine footpads by the ions of m/z 2182, 2234, 2350
and 3837, whereas the ions of m/z 2560, 2804, 2477 and 2434
were most relevant to L. mgjor lesions. MALDI-IMS was there-
fore shown to be a suitable tool to diagnose CL directly from
biopsies of skin lesions as well as to compliment microscopy
studies on tissue discrimination by providing biomolecular
information for selected surfaces. MALDI-IMS was also shown
to contribute to discriminating infections, since statistically
relevant differences were not visualized by histology, as shown
for instance in Fig. 2 where it could discriminate the yellow and
brown clusters assigned by the segmentation map.

Further characterization of the peptides and LMW proteins
identified herein as possible biomarkers could reveal their roles
in cellular processes regarding Leishmania infection. These
biomolecules may also function as targets to develop new drugs
and diagnosis methodologies.
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