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ABSTRACT: Cutaneous leishmaniasis, the most common form of leishmaniasis,
is endemic in several regions of the world, and if not treated properly, it can cause

° ° e =
disfiguring scars on the skin. Leishmania spp. infection causes an inflammatory '{ : ; ; ; ; ;
&
response in its host, and it modulates the host metabolism differently depending
on the Leishmania species. Since Leishmania spp. has begun to develop resistance ! w1 / w1

against current therapies, we believe efforts to identify new possibilities for
treatment are critical for future control of the disease. Proteomics approaches
such as isobaric labeling yield accurate relative quantification of protein
abundances and, when combined with chemometrics/statistical analysis, provide
robust information about protein modulation across biological conditions. Using ‘
a mass spectrometry-based proteomics approach and tandem mass tag labeling, ,*Il | [ ”(I’ | I

we have investigated protein modulation in murine macrophages (in vitro model) ™ . . GRS .

and skin biopsies after exposure to Leishmania spp. (in vivo murine model).

Infections induced by L. amazonensis (endemic in the New World) and L. major

(endemic in the Old World) were compared to an inflammation model to search for Leishmania-specific and nonspecific protein
modulation in the host. After protein extracts obtained from in vitro and in vivo experiments were digested, the resulting
peptides were labeled with isobaric tags and analyzed by liquid chromatography-MS (LC-MS). Several proteins that were found
to be changed upon infection with Leishmania spp. provide interesting candidates for further investigation into disease
mechanism and development of possible immunotherapies.

KEYWORDS: cutaneous leishmaniasis, isobaric labeling proteomics, mass spectrometry, TMT

he leishmaniases are a group of diseases that can be in the New World”) and Leishmania major (L. major; endemic
caused by more than 20 different species of protozoa of in the Old World)."*>*
the genus Leishmania. The disease is transmitted through the CL treatment is complex, and the therapy used depends on
bite of sandflies of the genus Lutzomya spp.' The three main both the Leishmania species causing the infection and where
clinical forms of leishmaniasis are cutaneous, visceral, and the infection was acquired.® Successful treatment seeks to heal

mucocutaneous. Cutaneous leishmaniasis (CL) is the most
common form of the disease, which usually produces ulcers on
the exposed parts of the body, such as the face, arms, and legs.”
It is estimated that up to 1.2 million new CL cases occur
each year.3 CL is primarily found in Afghanistan, Algeria,
Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa
Rica, and Peru.>* CL is classified as New World cutaneous ] 8
Jeishmaniasis (NWCL) if is found in the Americas or Old respond well to pentavalent ant.lmoma}s. . Howe\.rer, treatmer}t
World cutaneous leishmaniasis (OWCL) when it occurs in the of New World cutaneous leishmaniasis requires systemic
Middle East, Mediterranean littoral, Arabian Peninsula, Africa, treatment with pentavalent antimonials and is sometimes
and India. OWCL typically presents as chronic, painless ulcers combined with antibiotics due to the development of parasite
or nodules.” Cutaneous leishmaniasis is being spread to the
New World due to travel from endemic areas.® In this work, we Received: July 24, 2019
investigated Leishmania amazonensis (L. amazonensis; endemic Published: October 10, 2019

the infection before it becomes chronic, to avoid disfiguring
lesions/scars and to decrease the spread of the disease.
Typically, treatment involves the parenteral administration of
pentavalent antimonials, although there may be alternative or
complementary local treatments.” Interestingly, Old World
cutaneous leishmaniasis can heal spontaneously but may also
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Figure 1. TMT labeling workflow of in vitro and in vivo experiments. The protocol involves extraction of proteins from cells or tissues followed by
reduction, alkylation, and digestion. Samples from each biological condition were labeled with one of the four isobaric tags of the TMT reagent.
Resulting peptides were pooled at equal concentrations before fractionation and data acquisition. The TMT-labeled samples were analyzed by LC—
MS/MS. In an MSI scan, same-sequence peptides from the different samples appear as a single unresolved additive precursor ion. Fragmentation of
the precursor ion during MS/MS (MS2) yields sequence-informative b- and y-ions, and further fragmentation by MS3 (SPS) provides quantitative
information as distinct masses between m/z 126 and 131 representing the four reporter ions. The reporter ion intensity indicates the relative
amount of peptide in the mixture that was labeled with the corresponding reagent. Data processing and data interpretation followed data

acquisition.

resistance against antimonials.”” '’ Indeed, previous reports
from our group have demonstrated that disease progression
and infectivity caused by L. amazonensis is more severe than
L. major."' =1

. s 1S 16,17
Recent transcriptomics, !

lipidomics, and proteo-
872! studies have demonstrated how different species of
Leishmania modulate the host in order to survive and
proliferate.” Our most recent studies'””’ compared an
inflammation model to different species of Leishmania spp.
to reveal hundreds of Leishmania-specific proteins that are
modulated in the host.

Mass spectrometry -based proteomics”* and machine learn-
ing algorithms™ have been combined to produce a powerful
tool to perform fast and accurate screening of biological
samples. In this study, we performed tandem mass tag (TMT)

<1
mics
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labeling proteomics for both in vitro and in vivo experiments.
Our results confirm previous transcriptomics/proteomic
findings and extend our understanding of protein modulation
in the host after L. amazonensis or L. major infection.
Interestingly, the upstream analysis of interleucin-10 receptors
(ILRA10) and the isoform 3 of stimulator of interferon genes
protein (Tmem173) revealed enhanced activation in Leishma-
nia-induced macrophages and cutaneous lesions. Moreover,
this analysis revealed other proteins that may be interesting
candidates for further investigation. Any new treatment that
targets Leishmania will eventually become ineffective because
the parasite’s genome plasticity”® allows it to continuously
develop resistance to available treatments. However, we believe
that understanding the modulation of host proteins during
infection will contribute to the development of new therapies
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to restore the host’s metabolism/immune system and,
therefore, to eliminate the parasite.

B RESULTS AND DISCUSSION

Leishmania-Mediated Modulation of Host Protein
Expression. Previous transcriptomic and proteomic reports
have demonstrated Leishmania-induced regulation of gene/
protein expression in infected cells/tissues and have attempted
to correlate such responses to disease outcome.'®*"*’ ™
These reports confirm that Leishmania induces host cells to
change their metabolism to guarantee parasite survival and that
some of these changes depend on the species of the parasite
causing the infection. The understanding of the parasite—host
relationship is fundamental for the development of therapeutic
tools to control parasitic infections, and Leishmania is no
exception. In this study, we used mass spectrometry-based
proteomics to evaluate Leishmania-specific protein modulation
in macrophages and in cutaneous tissue. Promastigotes of
L. amazonensis and L. major primarily infect macrophages
where they differentiate into amastigotes and multiply inside of
the cells. As recently published by our group, in vitro
experiments were monitored through microscopy, and it was
shown that L. amazonensis and L. major had successfully
infected J774 macrophages within 24 h of infection."
Likewise, in vivo experiments were monitored by measuring
footpad enlargement caused by the infection/inflammation
over time, and by 60 days post-infection, both species had
caused footpad enlargement of at least 30% and had revealed
signs of necrosis.”> In vitro and in vivo assays, protein
extraction, and digestion were performed as previously
described."*** The following sections describe our findings
on the modulation of proteins in the host (macrophages and
mice) following Leishmania infection or LPS stimulation. Some
of our previous work has demonstrated that infection caused
by L. amazonensis induces the formation of strongly vacuolized
macrophages, each of them containing multiple amastigotes,'”
and that infection by L. amazonensis progresses more
aggressively than infection caused by L. major."”***" The
correlation between the results from in vitro and in vivo
infections should not be discarded since both were induced by
promastigotes of Leishmania spp. that turn into amastigotes
inside of the macrophages after a few hours. Figure 1
represents the workflows employed to achieve the relative
quantification of proteins in in vitro and in vivo experiments
using tandem mass tag (TMT) labeling, an isobaric labeling-
based relative quantification technique used in shotgun
proteomics. TMT tags react with the e-amino group of lysine
to form an amide linkage that fragments when subjected to
collision-induced dissociation. This labeling is efficient for all
peptides regardless of protein sequence.’”

TMT technology allows comparative analysis of multiple
experiments upon perturbation and is immune to missing
values that affect identification and quantification. When
samples are run separately as in label-free quantification
methods, an ion selected for fragmentation in one LC—MS/
MS run may not be selected in subsequent runs or the spectra
may not be acquired, which results in missing values. However,
in isobaric labeling quantification, all labeled samples have a
common precursor ion corresponding to the same peptide
species which is fragmented to yield quantitative information
across samples within a single experiment. TMT technology is
useful to search for the modulation of proteins in the host after
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the exposure to different species of Leishmania when compared
to an inflammation model.

For TMT labeling-based quantification, each sample was
derivatized with an isotopic variant of a TMT reagent, and
then, the samples were pooled and analyzed simultaneously in
a mass spectrometer. The fragmentation of the precursor ion
during MS/MS resulted in peptide fragment ion peaks that are
used for identification of the peptide and, subsequently, the
proteins. Further fragmentation by MS3 allows accurate
quantification of the identified proteins. Since all tryptic
peptides can be labeled in an isobaric labeling experiment,
more than one peptide representing the same protein may be
identified, thereby decreasing missing values between experi-
ments and increasing the confidence in both the identification
and quantification of the protein.

Leishmania-Specific Protein Modulation in Macro-
phages. Using a label-free proteomic approach, our group first
demonstrated that macrophages uniquely change their protein
expression after Leishmania infection.~ In summary, we have
demonstrated how the parasite Leishmania modulates protein
expression in infected macrophages differently than in an
inflammation model, including identification of proteins
modulated exclusively after Leishmania exposure and several
examples of species-specific modulation of proteins. “Leishma-
nia-specific” refers to proteins that were uniquely modulated
after Leishmania spp. infection and “species-specific” refers to
proteins that were differently modulated after L. amazonensis
or L. major infection. While many of the proteins that were
quantified by label-free or isobaric labeling in our previous
works'»** overlapped, others were uniquely observed using
only one methodology. Thus, the results were complementary.
However, since isobaric labeling is more accurate and efficient,
we performed proteomics using isobaric labeling to search for
alterations in protein expression in macrophages following
Leishmania amazonensis or Leishmania major infection and
compared the results with an inflammation model (LPS
stimulation) to search for Leishmania-specific protein modu-
lation. A total of four conditions were analyzed: healthy
macrophage (i), LPS stimulated macrophage (ii), and
L. amazonensis or L. major infected macrophages (iii and iv,
respectively). Experiments were conducted in biological
triplicates. Proteins were extracted, digested, and labeled with
a TMT tag. The four conditions were pooled, and the data
were acquired using an Easy 1000 LC coupled to an Orbitrap
Fusion mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany).

Table S1 shows the total number of identified peptides and
proteins and the peptide/protein ratio for each sample. We
applied principal component analysis (PCA), an unsupervised
multivariate analysis, to find trends in the data set. Our results
showed that 78.1% of variance is observed at the first two
principal components (PCs) (Figure S1). The first PC explains
the differences between healthy and stimulated (infection or
inflammation) macrophages. The clustering of the data from
Leishmania spp. infections and the inflammation model shows
the high degree of similarity among them. Therefore, a
heatmap with hierarchical clustering analysis was employed as
another tool to evaluate clustering of the data set. Figure S2
reveals successful clustering of samples according to the 30
most statistically significant proteins based on their corrected
p-values (FDR). Upregulation of ciclin-dependent kinase 1
(P11440), equilibrative nucleoside transporter 1 (Q9JIM1),
60S acidic ribosomal protein P2 (P99027), ribonucleoside
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Figure 2. Venn diagrams represent the number of altered proteins (arrows represent the number of up- and downregulated proteins) for each
comparison. (Left) Healthy macrophages versus L. amazonensis infection (yellow) and healthy macrophages versus inflammation (blue). (Right)
Healthy macrophages versus L. major infection (yellow) and healthy macrophages versus inflammation (blue). The proteins that were found in
common between the infection and inflammation showed the same modulation (i.e., if it was upregulated after inflammation, it was upregulated

after infection).

diphosphate reductase large subunit (P07742), cytosine-S
methyl transferase 1 (P13864), and importin subunit alpha-1
(P52293) was observed after Leishmania spp. infections. The
loading plots of proteins P99027, P07742, and P13864 can be
clearly seen in Figure S1B, indicating their contributions to
cluster samples.

t tests were performed on the data set as a univariate analysis
to reject the null hypothesis when measuring the relative
abundance of proteins after macrophages are exposed to
Leishmania spp. or LPS. Fold changes were independently
calculated to measure changes in protein abundance after
macrophages were exposed to Leishmania spp. or LPS. Tmem
173 (Uniprot ID: P40240) was the most upregulated protein
in macrophages after both Leishmania infections, so it was
selected for Western blot to validate protein quantification
(Figure S3). Moreover, upstream analysis from cutaneous
lesions indicated Tmem173 activation (vide Leishmania-
Specific Protein Modulation in Cutaneous Lesions).

The number of altered proteins in healthy macrophages
versus infection (yellow) and versus inflammation (blue) are
represented in Venn diagrams (Figure 2). Some protein IDs
and their modulations will be discussed below. The complete
table of modulated proteins is available as Supporting
Information.

We also looked at species-specific protein modulation in
infected macrophages. A total of 71 proteins were found to be
statistically significant. Nine and 30 proteins of these were
exclusively modulated following L. amazonensis and L. major
infection, respectively; 32 were found in common sharing the
same modulation (Figure 3).

The proteins that showed the greatest fold changes in
expression in macrophages after Leishmania infection were also
observed to change in the inflammation model (except for
Mtpap, which was only upregulated after the infections).
However, Tmem41b and CybSr4 seemed to be specific to each
species of Leishmania (Table 1, in bold). The complete table
of modulated proteins is available as Supporting Information.

Tmem41b was upregulated after L. amazonensis infection
and LPS stimulation, and no change was observed after
L. major infection. Tmem41b was recently addressed as an ER
transmembrane protein required for autophagosome bio-
genesis and lipid mobilization.”® Moreover, Tmem41b is
physically and functionality associated with vacuole membrane
protein 1, which promotes the formation of intracelluilar
vacuoles,>* and this association could be related to the
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Figure 3. Venn diagram represents the number of altered proteins
(arrows represent the number of up- and downregulated proteins) in
macrophages comparing infections caused by L. amazonensis (yellow)
or by L. major (blue). The proteins found in common between the
infections showed the same modulation (i.e., if it was upregulated
after L. amazonensis exposure, it was upregulated after L. major
exposure).

Table 1. List of the Most Altered Proteins According to
Fold Changes in Macrophages after Stimulation by
Leishmania spp. Compared to LPS”

ECY
Uniprot ID gene protein name LA° LM? LPS°
Q8KI1AS Tmem41lb  transmembrane 3.2 - 3.2
protein 41B
Q3TDX8 CybSr4 cytochrome b$ - 11.2 11.2
reductase 4
Q3TBT3-3 Tmeml73  isoform 3 of 114 11.2 12.4
stimulator of
interferon genes
protein
Q9D0D3 Mtpap poly(A) RNA 106 103 -
polymerase,

mitochondrial

“Blanks (—) represent that protein modulation was not statistically
significant. “FC: fold change. “LA: L. amazonensis infected macro-
phage. 9LM: L. major infected macrophage. °LPS: lipopolysaccharide
stimulated macrophage.

formation of large and communal vacuoles harboring
L. amazonensis.

CybS5r4 is an enzyme that exhibits NADPH-hemoprotein
reductase activity, which is involved in NADP metabolic
processes. CybSr4 was 11X upregulated after L. major infection
and LPS stimulation, and no change was observed after
L. amazonensis infection. Tmem173 encodes a protein known
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as sting, which stimulates the immune response through beta-
interferon synthesis, a cytokine that promotes inflammation.*
Leishmania spp. and LPS induce inflammatory processes, and
Tmem173 was significantly upregulated in macrophages upon
exposure. Mtpap, a mitochondrial RNA polymerase, plays a
role in replication-dependent histone mRNA degradation.
Mtpap may be involved in the terminal uridylation of mature
histone mRNAs before their degradation is initiated.*® It is
significantly upregulated after Leishmania spp. infections but
not after inflammation, indicating that the expression of Mtpap
is specifically related to leishmaniasis.

Furthermore, IPA upstream analysis predicts the inhibition
of IL-10 receptors (ILIORA) through the upregulation of
aconitate descarboxylase 1 (ACODL1), toll-like receptor 2
(TLR2), solute carrier family 2 member 1 (SLC2A1), and
solute carrier family 7 member 11 (SLC7Al1) genes after
Leishmania spp. infections in macrophages (Figure 4). IL-10 is

/\
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Figure 4. Upregulation of ACODI, TLR2, SLC2A1, and SLC7A11
after Leishmania spp. infections in macrophages predicted the
inhibition of IL10RA.

an important regulatory cytokine involved in parasite control in
leishmaniasis; it directly suppresses effects on T cell responses,
and it has been shown to lead to parasite persistence.”” Our
results demonstrate the inhibition of IL-10 receptors at 24 h
post-infection, an indication of disease progression that
suggests that stimulation of IL1I0RA may be an interesting
approach to control the infection (Table 2). We encourage

Table 2. Upstream Analysis of Macrophages after
Leishmania spp. Infection

predicted
upstream activation  activation  target molecules
regulator molecule type state z-score in data set
ILIORA  transmembrane inhibited —2000 ACOD1,
receptor SLC2Al,
SLC7All,
TLR2

further research using targeted approaches such as gene
knockout experiments and/or adding drug inhibitors/
enhancers of selected proteins to evaluate the control of the
disease.

Leishmania-Specific Protein Modulation in Cutane-
ous Lesions. Our previous label-free proteomics results
revealed differences in protein expression in skin biopsies
after Leishmania or LPS exposure.”” To improve the accuracy
of protein quantification, we performed an isobaric labeling
proteomic approach to search for alterations in protein
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expression in skin biopsies following Leishmania spp. infection
or inflammation (LPS stimulation). A total of four conditions
were analyzed in biological quintuplicates (healthy skin from
footpads (i), inflammation induced by LPS (ii), and lesions
induced by L. amazonensis or L. major (iii and iv,
respectively)).

Table S2 shows the total number of identified peptides and
proteins and the peptide/protein ratio for each sample; it also
demonstrates data reproducibility. PCA was used to cluster
samples in an unsupervised manner and showed that 69% of
variance is explained by the first two principal components
(PCs) (Figure SS). The first PC essentially explains the
differences between the four different conditions. However, the
greatest differences are observed between the clustering of the
control group and the inflammation model (i) and the control
group and Leishmania spp. infections (ii). Therefore, a
heatmap with hierarchical clustering analysis was employed
as another tool to evaluate clustering of the data set. Figure S6
reveals successful clustering of samples according to the 50
most statistically significant proteins based on their corrected
p-values (FDR). This analysis shows that, after Leishmania spp.
infections, 45 proteins of the 50 observed proteins were
upregulated. The loading plots of some of these proteins are
shown in Figure SSB.

Univariate analysis using t tests was applied to the data set,
similar to the analysis of the in vitro data set. p-values were
corrected for multiple comparisons using the Benjamini—
Hochberg method to filter out protein identifications with false
discovery rates (FDR) greater than 5$%. Fold changes were
independently calculated to measure changes in protein
abundance after macrophages were exposed to Leishmania
spp. or LPS. Western blot of protein Argl was performed to
validate protein quantification (Figure S8). Argl (Uniprot ID:
P40240) was specifically upregulated after Leishmania infection
when compared to the inflammation model.

The number of altered proteins in healthy macrophages
versus infection (yellow) and versus inflammation (blue) were
represented in Venn diagrams (Figure 5). Our results revealed
that all protein IDs that were shared between infection and
inflammation displayed the same modulation. (Protein IDs and
their modulations will be discussed in the following sections.)
The complete table of modulated proteins is available as
Supporting Information.

We also looked at species-specific protein modulation in
cutaneous lesions. A total of 482 protein IDs were found to be
statistically significant. A total of 203 and 21 proteins of these
were exclusively modulated following for L. amazonensis and
L. major infection, respectively; 258 were found in common,
sharing the same modulation (Figure 6).

Some of the greatest fold changes in protein expression in
cutaneous lesions were also observed in the inflammation
model. Protein expression changes seem to be specific to each
species of Leishmania (Table 3, in italic), with the exception of
Clec10a, which exhibited opposite modulation in infection and
inflammation (Table 3, in bold). The complete table of
modulated proteins is available as Supporting Information.

Lpcat 1 converts phospholipase A2 back to PC after PC
hydrolysis to lysophosphatidylcholine, and elevated levels of
lysophosphatidylcholine are known to play a pathogenic role in
the inflammatory events.”® However, the role of Lpcatl in
leishmanisis has not yet been reported. Our results reveal a
275X greater upregulation of Lpcat 1 after Leishmania
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Figure S. Venn diagrams represent the number of altered proteins (arrows represent the number of up- and downregulated proteins) comparing
(Left) healthy skin versus cutaneous lesions induced by L. amazonensis (in yellow) and healthy skin versus inflammation (in blue); (Right) healthy
skin versus cutaneous lesions induced by L. major (in yellow) and healthy skin versus inflammation (in blue). The protein IDs that were found in
common between the infection and inflammation showed the same modulation (i.e., if it was upregulated after inflammation it was upregulated

after infection).
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Figure 6. Venn diagrams represent the number of altered proteins
comparing lesions induced by L. amazonensis (yellow) or by L. major
(blue). The proteins found in common between the infections
showed the same modulation (i.e., if it was upregulated after
L. amazonensis exposure, it was upregulated after L. major exposure).

infection than after LPS stimulation, indicating that Leishmania
strongly induces the expression of Lpcatl.

The proteoglycan Srgn (serglycin) is important for the
binding and storage of proteases within the secretory
cytoplasmic granules. Proteoglycans and glycosaminoglycans
are involved with inflammatory/immune responses and have
been studied for leishmaniasis as potential therapeutic
targets.”” Our results revealed that Srgn is specifically >10X
upregulated after Leishmania infection.

Macrophages, as antigen presenting cells, sense the micro-
environment through several types of receptors that recognize
pathogen-associated molecular patterns, including C-type
lectins receptors. C-type lectins receptors recognize and
internalize specific carbohydrate antigens in a Ca**-dependent
manner and have been targeted in strategies for parasite
recognition.*’ However, very little is known about how C-type
lectins receptors are involved in host—pathogen relationships.
Interest in the role of C-type lectins receptors in parasite
infections is growing since it impacts our understanding of
specific immune responses and, therefore, the outcome of the
disease.”” The differential regulation of Clecl0a after
Leishmania exposure remains to be validated.

Ttyh3 and Tamm41l are specifically upregulated in
cutaneous lesions after L. amazonensis and LPS exposure.
Ttyh3 (protein tweety homologue 3) is a calcium activated
membrane protein with chlorine channel activity,"' and
Tamm41, a mitochondrial phosphatidate cytidylyltransferase,
catalyzes the formation of CDP-diacylglycerol from phospha-
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tidic acid in the mitochondrial inner membrane. Tamm41 is
required for the biosynthesis of cardiolipins that stabilize
supercomplexes of the mitochondrial respiratory chain in the
mitochondrial inner membrane.”” Mmp12, macrophage metal-
loelastase, is involved in tissue injury and remodeling™ and is
only statistically upregulated in cutaneous lesions after
L. amazonensis exposure.

Lsml (U6 snRNA-associated Sm-like protein LSml) is
exclusively upregulated in cutaneous lesions after L. major or
LPS exposure. Lsm1 plays a role in the degradation of histone
mRNAs and is part of an Lsm subunits-containing complex
involved in the general process of mRNA degradation.*
Heatr3 (HEAT repeat-containing protein 3) is upregulated
after L. major exposure but not after LPS stimulation. Lsm1
and Heatr3 have not previously been linked to leishmaniasis,
but a 6-fold change increase specifically after L. major exposure
warrants further attention.

Furthermore, IPA upstream analysis predicted the inhibition
or activation of several gene products, such as the inhibition of
IL-10 receptors (as observed in the in vitro results) and
activation of p38MAPK and Tmem173 (also observed in the in
vitro results).

The inhibition of ILIORA was predicted by the upregulation
of several proteins (Figure 7A), confirming what was
previously observed for the in vitro analysis. One of the
hypotheses of our previous work was that the activation of p38
MAPKs would be enhanced after Leishmania exposure.'”*’
Indeed, the present study confirms p38 MAPKs activation by
the upregulation of six proteins (Figure 7B). Kumar and
colleagues had previously demonstrated that selected anti-
inflammatory drugs inhibit LPS-stimulated cytokine produc-
tion, and this was linked to the inhibition of p38 MAPK and,
consequently, cytokine synthesis.** Since Leishmania exposure
enhances p38 MAPKs, it may be possible that these anti-
inflammatory drugs can be used to control Leishmania
infection. Tmem173 encodes a protein known as sting that
was demonstrated in this work to be activated in macrophages
after Leishmania exposure (Figure 7C). Further, according to
the previously reported results from the in vitro analysis (vide
Leishmania-Specific Protein Modulation in Macrophages),
Tmeml173 was 10X upregulated in infected macrophages,
supporting the hypothesis that the infection could have led to
the upregulation of Tmem173 in cutaneous lesions. Table 4
shows all the predicted upstream regulators and reveals protein
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Table 3. List of the Most Altered Proteins According to Fold Changes in Skin Biopsies after Stimulation by Leishmania spp.

Compared to LPS”

EC”
accession gene protein name PA® pM LPS*

Q62431 Arid3a AT-rich interactive domain-containing protein 3A 12.14295 12.31443 2.922205
Q3TFD2 Lpcatl lysophosphatidylcholine acyltransferase 1 11.8402 11.34467 4.271749
P13609 Srgn serglycin 10.6886 11.032 -

Q9Z0M6-3 Cd97 isoform 3 of CD97 10.40081 10.8547 7.037561
Q64277 Bstl ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 2 10.22397 9.437355 3.080815
P41233 Abcal ATP-binding cassette subfamily A member 1 9.93927 9.410309 2.851242
Q9Z2X2 Psmd10 26S proteasome non-ATPase regulatory subunit 10 7.404141 8.2042 7.296379
Q3USJ8-3 Fchsd2 isoform 3 of F-BAR and double SH3 domains protein 2 7.261907 7.301614 -

Q9EP73 Cd274 programmed cell death 1 ligand 1 5.081787 4.713175 -

P35174 Stfa2 Stefin-2 4.091948 4.18246 2.706628
AOAOB4J1GO Fcgr4 low affinity immunoglobulin gamma Fc region receptor IV 3.860301 3.819861 2.271174
P49300 Clecl0a C-type lectin domain family 10 member A 3.757269 3.670073 0.33767
Q80SY3 Atp6v0d2 V-type proton ATPase subunit d 2 3.739901 3.209451 1.253348
Q8BGBS Limd2 LIM domain-containing protein 2 2.730265 2.813116 1.522233
Q9D8U6 Mcempl mast cell-expressed membrane protein 1 2.826001 2.723099 1763518
P59764 Dock4 dedicator of cytokinesis protein 4 2.77799 2.628505 1.480765
Q61462 Cyba cytochrome b-24S light chain 2.577298 2.584057 1.395501
P24063 Ttgal integrin alpha-L 2.59674 2.484184 2.086825
Q8VE96 Sle35f6 solute carrier family 35 member F6 2.806858 2.463607 1.703107
P53569 Cebpz CCAAT /enhancer-binding protein zeta 2.303913 2.240065 1.381253
P12032 Timpl metalloproteinase inhibitor 1 2.288097 2.204282 1.820899
P97430 Slpi antileukoproteinase 2.088751 2.199712 1.768082
Q8KO0B2-3 Lmbrdl isoform 3 of probable lysosomal cobalamin transporter 2.391046 2.070068 1.427895
Q6PSF7 Ttyh3 protein tweety homologue 3 3.738347 - 3.832628
P34960 Mmp12 macrophage metalloelastase 2.053823 - -

Q3TUH1 Tamm41 phosphatidate cytidylyltransferase, mitochondrial 2.018851 - 1.418603
Q8VC8s Lsml U6 snRNA-associated Sm-like protein - 6.505335 3.175993
Q8BQM4 Heatr3 HEAT repeat-containing protein 3 - 6.364826 -

“Blanks (—) represent that protein modulation was not statistically significant. YEC: fold change. “PA: L. amazonensis infected macrophage. “pM:
L. major infected macrophage. °LPS: lipopolysaccharide stimulated macrophage.

candidates that should be further investigated using targeted
approaches, such as immunohistochemistry to add information
on protein distribution and/or gene knockout experiments to
evaluate the control of the disease.

B CONCLUSIONS

Substantial differences in protein expression in Leishmania
infected macrophages, infected skin, and an inflammation
model have been found. As recently reported by our group,
some proteins were species-specifically modulated after
Leishmania spp. exposure, which we believe leads to differences
in disease progression. In this work, our findings first revealed
the quantification of exclusively modulated proteins after
L. amazonensis or L. major exposure in macrophages. The
upregulation of Tmem41b was specific after L. amazonensis
infection, whereas CybSr4 was specifically regulated after
L. major infection. Tmem173 was nonspecifically upregulated
in macrophages (it was upregulated after infections and
inflammation), and Mtpap was uniquely upregulated after
Leishmania spp. infections. IPA upstream analysis predicted the
inhibition of ILIORA in infected macrophages, which suggests
that targeting this transmembrane could be a potential way to
control the infection.

For the murine model of infection, several proteins, such as
Lpcatl, Srgn, and CleclOa were exclusively upregulated in
cutaneous lesions induced by Leishmania compared to the
inflammation model. Clec10a was discussed as an interesting
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target to be further investigated to explore the host—pathogen
relationship. Ttyh3, Tamm41, and Mmpl2 were specifically
upregulated in cutaneous lesions induced by L. amazonensis,
whereas Lsml and Heatr3 were specifically upregulated in
cutaneous lesions induced by L. major. Moreover, IPA
upstream analysis has also predicted the inhibition of
IL10RA as well as the activation of several gene products,
such as p38MAPK and Tmem173, that may contribute to a
better understanding of the pathogenesis of leishmaniasis. Our
findings added relevant information about the host’s protein
expression following Leishmania infection, encouraging further
research on selected proteins to deepen the understanding on
the Leishmania—host relationship.

B METHODS

Parasite Cultures. L. amazonensis, strain MHOM/BR/67/
M2269, and L. major, strain Friedlin, were maintained by
regular passage in BALB/c mice, in accordance with the Ethics
Committee on the Use of Animals number 4041-1 (CEUA/
UNICAMP Universidade Estadual de Campinas). L. amazo-
nensis and L. major promastigotes were kept in RPMI medium
containing 10% FBS and gentamicin at 50 yg/mL and pH 7.4.
Parasite cultures were maintained at 26 °C. The starter culture
contained 10° promastigotes in S mL of medium, and the
parasites were used for in vitro and in vivo assays.

In Vitro Assay. The J774 macrophage cell line from BALB/
c mice was obtained from the American Type Culture
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Figure 7. Upregulation of selected proteins in cutaneous lesions after Leishmania spp. exposure leads to inhibition of ILIORA (A); activation of p38

MAPK (B), and activation of Tmem173 (C).

Table 4. Upstream Analysis of the Host after Leishmania spp. Infection

target molecules in data set

ACODI, GBP2, GBPS, HLA-A, IFI16, Tigpl, Irgm1, ITGAM, LCN, NPL, PARVG, PSMB9,
RIPK3, SAMHD1, SLC16A3, STAT1, TAP1, TAP2, TGM2, Tgtpl/Tgtp2, TTR, UPP1, ZBP1

ABCAL, APOA1, CD44, CD68, CTSB, CTSS, CYBB, FCGR2B, HMOX1, HSD11B1, ICAM],

ITGAM, LCN2, MSR1, NCF1, NCF2, S100A8, S100A9, TIMP1

predicted
upstream activation activation
regulator molecule type state z-score
IL10RA transmembrane inhibited —3965
receptor
APOE transporter inhibited —3434
APOA1 transporter inhibited —2236
P38 MAPK  group activated 2385
IFN alpha/  group activated 2813
beta
IL1 group activated 3512
TNC, XDH
Tlr group activated 2219
1L33 cytokine activated 2023
TNFAIP2
TMEMI173  other activated 2433

CYBB, ICAM1, ITGAM, MPO, XDH
ABCAL1, CYBB, HMOXI, ICAMI, PLA2G7, Tgtp1/Tgtp2
CLEC10A, HLA-A, IF116, Irgm1, SLPI, STAT1, STAT2, Tgtpl/Tgtp2

CRP, CTSB, CTSC, HMOX1, HP, ICAM]1, ITGAM, ITGB2, LYZ, S100A9, TGM2, TIMPI,

ARGI, HLA-A, ICAM1, LCN2, STAT1
ARG1, ELMO1, EPX, HCK, HMOX, ICAMI, ITTH1, NCF4, PAPSS2, PRG2, S100A8, TIMP]I,

GBPs, IF116, IFI44, ISG15, LCN2, UPP1

Collection. Cells were grown at 37 °C in RPMI medium
supplemented with 10% FBS and 50 pug/mL gentamicin in a
humidified atmosphere of 5% CO,. 5 X 10° cells were plated in
6-well plates and maintained for 18 h. Promastigotes were then
added to the macrophages at a ratio of 10:1 parasites/cell.
Escherichia coli lipopolysaccharide (LPS) (Sigma) stimulated
macrophages were used as an inflammation model by adding
100 ng/uL LPS to each well for 24 h.*® In vitro assays were
conducted in three replicates for each condition (healthy, LPS
stimulated, and infected macrophages). Microscopy analyses
were performed to confirm the infection as described

1
elsewhere.?
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In Vivo Assay. A total of 5 X 10° promastigotes
(L. amazonensis or L. major) were inoculated into the right
footpads of 5 week-old female BALB/c mice, obtained from
the Centro de Bioterismo/UNICAMP. Experiments were
performed in accordance with the Ethics Committee on the
Use of Animals number 4041-1 (CEUA/UNICAMP Uni-
versidade Estadual de Campinas). The inflammation model
was obtained after inoculation of 50 pg of lipopolysaccharide
(LPS) solution (1 pg/uL) in the right footpads of mice.
Footpads from an uninfected mouse were used as negative
controls. Mice were sacrificed by cervical dislocation after 60
days of infection (L. amazonensis or L. major infection models)
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and after the formation of edema induced by LPS inoculation
(3 h inflammation model). For proteomic analyses, skin
biopsies were obtained from the region right above the walking
pads (where LPS and Leishmania spp. were inoculated) using a
scalpel. The biopsies were snap frozen in liquid N, and ground,
and proteins were subsequently extracted and digested. The
corresponding area was obtained from uninfected footpads as
the negative controls. The entire skin biopsy was used to
obtain the tissue homogenate so that microenvironment
changes might be present. The size of the skin biopsy was
not standardized. However, the amount of protein to undergo
digestion was calculated as 100 ug per sample. Biological
experiments were conducted in three replicates for each
condition (healthy, LPS stimulated, and infected footpads).
Histology analyses were performed to confirm the infection as
described elsewhere.'"*

Peptide Labeling Using Tandem Mass Tags and Data
Acquisition. Protein extraction, digestion, and peptide
labeling were performed separately for in vitro and in vivo
assays. After determination of protein concentrations using the
Pierce BCA Protein Assay Kit (#23225) from Thermo
Scientific, a total of 100 ug of protein per sample was
aliquoted for digestion. Protein pellets underwent methanol/
chloroform precipitation to remove excessive detergents and
urea. The recovered pellets were dried completely and then
resuspended in 100 xL of 100 mM TEAB (pH 8.5). Proteins
were reduced and alkylated as described elsewhere.'>*’
Proteins were digested by incubation with 1:50 (enzyme/
protein, w/w) trypsin overnight at 37 °C with vigorous orbital
shaking. Peptides were sequentially quantified using the Pierce
for Quantitative Colorimetric Peptide Assay Kit (#23275)
from Thermo Scientific. A total of 20 ug of peptide per sample
was labeled with tandem mass tag reagent from Thermo
Scientific TMT Kit # 90061. TMT reagents were reconstituted
according to the manufacturer’s instructions. Tubes containing
the different isobaric chemical tags (0.8 mg each) were
solubilized in 41 uL of anhydrous acetonitrile at room
temperature. Reagents were dissolved by vortexing 5 min,
and the solutions were gathered by centrifugation. Peptides
were labeled by adding 41 yL of TMT isobaric tag, followed by
an incubation step for 1 h at room temperature. To quench the
reaction, 5% hydroxylamine (8 uL per sample) was added
followed by a 15 min incubation at RT. In this four-plex TMT
experiment, the biological conditions were finally pooled
(healthy (i); inflammation model (ii); L. amazonensis infection
(iii); L. major infection (iv)) into one microtube and then
fractionated to 8 fractions using the Pierce High pH Reversed
Phase Peptide Fractionation Kit from Thermo Scientific
(#84868). Each pooled sample equals one biological replicate.
A total of three biological replicates were analyzed for the in
vitro experiment, whereas five were analyzed for the in vivo
experiment. Each biological replicate contained 8 fractions that
were analyzed in sequence (1—8) by an Easy 1000 coupled to
an Orbitrap Fusion Tribid (Thermo Scientific). Samples were
eluted on a column self-packed with BEH (Ethylene Bridged
Hybrid) (Waters 100 gm inner diameter X 1.7 ym X 20 mm)
using a 1—30% gradient of solvent B for 160 min, 30—90% for
60 min, and 90% for 20 min at a 200 #L/min flow rate. Two
blanks were run after each biological replicate to avoid carry-
over effects.

The Orbitrap Fusion was operated in data-dependent
acquisition mode using the Multinotch MS3 method through
the XCalibur software.
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Survey scan mass spectra were acquired in a positive ion
mode in the 400—1500 m/z range with the resolution set to
120 000 (fwhm) and AGC target of 4 X 10° on the Orbitrap.
The 10 most intense ions per survey scan containing 2—7
charges were selected for CID fragmentation, and the resulting
fragments (MS2) were analyzed in the ion trap in the 400—120
m/z range. Dynamic exclusion was employed within 10 s to
prevent repetitive selection of the same peptide. The 10 most
intense MS2 fragments were selected for HCD fragmentation
(MS3), and the resulting fragments were detected in the
Orbitrap in the 120—500 m/z range with the resolution set to
15000 (fwhm) and AGC target of 10°.

Data Processing. Raw files were extracted into msl, ms2,
and ms3 files from raw files using Raw Converter 1.1.0.19
(http://ﬁelds.scripps.edu/rawconv/). Protein identification
was performed using the Integrated Proteomics Pipeline-IP2
(Integrated Proteomics Applications; http://www.
integratedproteomics.com/) using ProLuCID*® and DTASe-
lect2* to a 1% protein false discovery rate (FDR). All tandem
mass spectrometry (MS/MS) spectra were compared against
the theoretical mass spectra calculated from the in silico
digested reference database using a decoy strategy.’’ In order
to differentiate between host and Leishmania proteins, the MS/
MS spectra were searched against a combined database
(UniprotKB/Mus musculus (mouse); Leishmania amazonensis;
L. major release 2018 04). Only proteins belonging exclusively
to the Mus musculus database were considered for further
analysis. Precursor mass tolerance was set to 50 ppm and
fragment ion tolerance, to 600 ppm for CID spectra with mass
shifts of 229.1629 m/z on lysine/N-terminus and 57.02146 m/
z (carbamidomethylation) on cysteine as static modifications.
PSMs were filtered out for those identifications with a FDR
above 1% at the protein level using DTASelect2."’

The most intense peptides per survey scan (MS1) were
selected for CID fragmentation (MS2) for peptide identi-
fication. Next, MS2 fragments were selected for HCD
fragmentation (MS3) to release the reporter ions for peptide
quantification. Each reporter ion reflects the abundance of a
peptide in a sample. The software Census’ was employed to
calculate the relative quantification of proteins at the MS3
level. In brief, the intensity of a given reporter ion was
normalized by the sum of the total intensity of all of the
reporter ions for each peptide. Thus, the normalized intensities
of the reporter ions reflect the relative abundance of a peptide
across samples. Next, the normalized abundances of peptides
assigned to a given protein were integrated to calculate the
relative abundance of proteins.”> For each sample, protein
abundances were given as intensities, which were then
normalized by the sum of the total intensities of proteins
and log transformed to search for Leishmania-specific protein
modulation in the host.

Statistical Analysis. Statistical analyses were performed
separately for the in vitro and in vivo assays. For the in vitro,
four conditions were analyzed (healthy macrophage, L. ama-
zonensis/L. major infected macrophages, and LPS stimulated
macrophages), each of them composed of three biological
replicates. Likewise, for the in vivo samples, four conditions
were analyzed (skin biopsy from a healthy footpad, skin lesions
induced by L. amazonensis/L. major, and inflamed skin (LPS)),
each of them composed of five biological replicates.

First, the unsupervised multivariate statistical analysis of
principal component analyses (PCA) was applied to check for
data reproducibility and sample preparation using the online
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server MetaboAnalyst 4.0 (www.metaboanalyst.ca).”> Then,
univariate analysis using the ¢ test and fold change calculations
were performed to evaluate changes in protein abundance
independently to provide descriptive information from
“control versus infection” and “control versus inflammation”.
Fold change, p-values, and corrected p-values (FDR) using the
Benjamini—Hochberg method were calculated as described
elsewhere.'”*® Corrected p-values < 0.05 were considered
statistically significant. Next, heatmaps with Ward’s hierarchical
clustering method using the most statistically modulated
proteins were accessed for further visualization of the data sets.

Finally, Ingenuity Systems Pathway Analysis v8.8 software
(IPA-Ingenuity Systems, Redwood City, CA, USA) was used
to predict the upstream regulation of gene products on
different conditions. In vitro and in vivo prediction analyses
were performed separately.

Validation of Protein Quantification Using Western
Blot Analysis. A total of three lysates for each biological
condition were used for the Western blot assays.

For the validation of the in vitro protein quantification, the
protein Tmem173 was chosen. This protein had an 11-fold
increase after infections and a 12-fold increase after
inflammation. A total of 20 ug of lysates was loaded onto a
Bolt 4—12% Bis-Tris Plus Gel (Thermo Scientific) and
transferred to a nitrocellulose membrane (Thermo Scientific).
The proteins were immunostained using anti-Tmem173
antigen (ProteinTech #19851-1-AP) diluted 1:500 with
blocking buffer (5% nonfat dry milk in Tris buffered saline
with Tween 20 (Sigma-Aldrich)), followed by incubation with
the secondary antibody (HRP, Thermo Scientific) diluted
1:5000 with blocking buffer. For the validation of the in vivo
protein quantification, the protein Argl was chosen. A total of
20 pg of lysates was loaded onto a Bolt 4—12% Bis-Tris Plus
Gel (Thermo Scientific) and transferred to a nitrocellulose
membrane (Thermo Scientific). ARG1 was upregulated after
infections and showed no modulation after the inflammation.
First, the proteins were immunostained using anti-ARGI
antigen (from Proteintech-16001-1-AP) diluted 1:1000 with
blocking buffer (5% nonfat dry milk in Tris buffered saline with
Tween 20 (Sigma-Aldrich), followed by incubation with the
secondary antibody (HRP, Thermo Scientific).

For each primary antibody, Anti-GAPDH (ab181602,
Abcam) diluted 1:1000 with blocking buffer was used as a
loading control, followed by incubation with a secondary
antibody antirabbit HRP (ab205718, Abcam) diluted 1:5000
with blocking buffer. ECL Western Blotting Kit (#32106,
Thermo Scientific) was used as the chemiluminescence
reagent. Image]”’ was used to access fold change by
densitometry (triplicate), and statistical analysis was performed
using the Mann—Whitney U Test.
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